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Abstract

The transition toward capacity-based network tariffs shifts the primary role of battery energy storage
systems (BESS) from traditional energy arbitrage to active peak shaving. This paper presents a mixed-
integer linear programming (MILP) optimization model for the co-optimization of both BESS size and
operation scheduling for multiple prosumers operating individually and within energy community
(EC). The model accounts for battery cyclic degradation and reduces the state of health (SOH) over the
project lifetime. The framework is evaluated by a comprehensive techno-economic analysis of BESS
integration under Slovenia’s multi-block tariff structure. The results demonstrate that while individual
distributed BESS integration is highly profitable, centralized EC BESS financially underperforms.
Because centralized BESS cannot directly reduce individual contracted power limits, its profitability
relies on energy arbitrage, making the initial investment and double grid fees the primary barriers.
Conversely, integrating distributed storage with peer-to-peer (P2P) trading minimizes the required
BESS capacity while maintaining profitability. The evaluation also reveals that ECs do not automatically
act as socio-economic equalizers, indicated by a stable Gini coefficient. However, a break-even analysis
reveals the necessary reduction in capital costs to overcome these hurdles, confirming the strong future
viability of centralized EC BESS.

Keywords: battery energy storage systems; techno-economic analysis; optimization; prosumer; energy
community; capacity-based network tariffs

1. Introduction

The growing integration of renewable energy sources (RES), particularly photovoltaic (PV) sys-
tems, into low-voltage (LV) grids has shifted the operational paradigm of distribution systems. This
transition towards an active distribution grid is no longer a future scenario but a present operational
reality. However, the existing grid infrastructure faces increasing challenges in accommodating further
RES hosting capacity. As highlighted by the International Energy Agency (IEA), grid modernization
and digitalization are becoming critical prerequisites to prevent infrastructure from acting as a limiting
factor in the energy transition [1]. This trend is further supported by the "REPowerEU" plan, which
aims to accelerate the deployment of rooftop PV systems across the residential and commercial sectors
to enhance energy independence, thereby increasing the operational complexity of LV networks [2].

Consequently, the stochastic nature of RES generation, which often mismatches local consumption
profiles, leads to frequent bidirectional power flows [3]. These reverse power flows lead to technical
challenges, including voltage deviations, line congestion, transformer overloading, and increased grid
losses [3-7]. Beyond these technical constraints, the economic landscape has also evolved. While
early PV profitability relied heavily on favorable feed-in tariffs [8], their gradual phase-out under
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modern tariff structures has shifted the economic rationale toward maximizing self-consumption and
minimizing grid reliance. In this context, battery energy storage systems (BESS) have emerged as a
critical solution to mitigate RES intermittency and enhance the operational flexibility of the power
system [9,10].

However, the effective deployment of BESS relies heavily on optimal sizing and operation
strategies that balance upfront investment costs against long-term operational savings. Consequently,
mixed-integer linear programming (MILP) has emerged as the dominant methodological approach
due to its robustness in handling complex constraints [11]. In this domain, recent research [12]
successfully employed an MILP framework to optimize prosumer operations, demonstrating that
BESS integration can simultaneously minimize costs and quantify reductions in distribution grid
losses. Despite these advancements, recent studies increasingly emphasize the need to accurately
account for BESS’s battery wear to prevent overly optimistic profit estimates. In [13], a MILP model
for home energy management systems (HEMS) was developed that explicitly integrates cycle-aging
factors, such as depth of discharge (DOD). The results indicated that while intensive cycling can
reduce short-term energy bills by up to 26.56%, it significantly accelerates degradation, necessitating
careful optimization trade-offs. Similarly, a two-stage optimization framework was utilized in [14] to
demonstrate that cyclic aging is the dominant cost component, and neglecting it leads to suboptimal
capacity sizing. To address these aging mechanisms, [15] applied the Rainflow counting algorithm
and validated that BESS can remain profitable even after the standard warranty period, provided that
the state of health (SOH) is actively managed. Furthermore, [16] compared MILP against dynamic
programming for battery cell revamping strategies, confirming that MILP effectively balances short-
term arbitrage against long-term replacement needs. Regarding investment viability in the context of
the circular economy, [17] highlighted that detailed degradation modeling is the decisive factor, finding
that second-life batteries remain economically infeasible compared to new units due to their rapid
health deterioration. While MILP remains the widely adopted method for precise techno-economic
sizing, recent reviews in [18] and [19] highlight the growing complexity of coordinating large-scale
communities. To address computational challenges in such heterogeneous environments, the study in
[20] proposed clustering algorithms to group prosumers with similar consumption patterns prior to
optimization. Furthermore, beyond deterministic approaches, game-theoretic models have gained
traction for resolving multi-agent conflicts. In [21], evolutionary game theory is applied to model
dynamic peer-to-peer (P2P) interactions, while in [22], a novel "rental energy storage" concept governed
by Stackelberg games is introduced, offering an alternative to direct ownership. Therefore, to ensure
a globally optimal solution while rigorously accounting for BESS battery aging, this paper adopts a
MILP framework that explicitly models degradation mechanisms. This approach balances short-term
arbitrage gains against preserving the battery’s SOH, thereby ensuring a realistic assessment of the
system’s long-term techno-economic viability.

Beyond optimizing individual units, the comparative economic viability of centralized versus
distributed storage systems is a key research priority. Numerous studies have analyzed the economic
implications of these opposing structures. In [23], the economic performance of community-level
storage was investigated, demonstrating that shared infrastructure significantly reduces net present
costs compared to distributed equivalents due to economies of scale. Similarly, [24] highlighted
that centralized BESSs enable the simultaneous provision of multiple ancillary services, thereby
allowing operators to co-optimize behind-the-meter cost savings with front-of-meter market revenues.
Furthermore, [25] showed that a centralized provider model requires less total installed capacity
to achieve the same level of service, effectively mitigating the synchronization of peak loads often
observed in uncoordinated distributed systems [26].

Conversely, the distributed storage model is favored for its autonomy and resilience, particularly
when enabled by P2P trading mechanisms. In [27], it was found that although individual storage
systems may have lower base profitability, integrating P2P markets allows prosumers to monetize
excess generation more effectively than standard feed-in tariffs, thereby validating private investment.
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The study in [28] confirmed this financial shift, showing that local energy trading can significantly
reduce the payback period for residential PV-battery systems. From a security perspective, [29]
emphasized resilience, noting that although distributed systems may be more capital-intensive, they
offer greater reliability during grid outages by maintaining an independent power supply for each
household.

In addition to ownership structures, market mechanisms, and regulatory frameworks critically
impact the economic viability of BESS. the optimal capacity sizing and operational scheduling of BESS.
In [30], a "Battery-as-a-Service" model was proposed, demonstrating that precise price forecasting
significantly improves revenue stacking in volatile markets. Moreover, local regulations dictate the
operational boundaries of these systems. In the Italian context, studies [31] and [32] developed models
specifically to maximize "shared energy" incentives, illustrating how national rules directly shape the
technical design and profitability of storage systems.

Given the observed gaps in the literature, this paper presents a comprehensive techno-economic
comparison of individual prosumer strategies and community-based BESS solutions. While existing
MILP-based optimization studies [12,13] have effectively investigated operational aspects, and others
have analyzed specific energy-sharing models [23,28], the literature reveals significant limitations in
long-term evaluation horizons. Most current studies rely on short-term simulations, ranging from a
single day to a few weeks, and then extrapolate these results over the project lifetime. Furthermore,
the economic impact of emerging capacity-based network tariffs remains largely unexplored in this
comparative context. As multi-block billing schemes are increasingly implemented, relying solely on
energy-only tariffs and short-term operational models no longer captures the true lifetime economic
potential of BESS.

To bridge these gaps, this paper introduces a comprehensive techno-economic framework that
evaluates BESS integration through an MILP model. The core objective is to determine whether pro-
sumers achieve superior financial outcomes by operating individually or within an energy community
(EC), and to evaluate both centralized and distributed BESS configurations. The unique contributions
of this paper, highlighted in Table 1, lie in the following methodological advancements:

e Lifetime co-optimization framework: Developing a MILP model that simultaneously co-
optimizes BESS sizing and operation scheduling over a complete 15-year project lifetime. Unlike
standard models that rely on short-term extrapolation of data, this approach dynamically in-
ternalizes the costs of cyclic degradation and linear SOH reduction to prevent long-term profit
overestimation.

*  Advanced tariff integration: Explicitly incorporating complex multi-block capacity-based net-
work tariffs into the mathematical objective function. By distinguishing between volumetric
energy (kWh) and contracted power (kW) charges, the model captures the operational shift from
traditional energy arbitrage to active peak shaving.

e  Evaluation of energy sharing architectures: Developing distinct mathematical formulations to
represent and evaluate various operational setups, including isolated prosumers, centralized
BESS (C-BESS), and distributed BESS (D-BESS) integrated with P2P energy trading. This unified
framework enables a quantitative comparison of their techno-economic performance while
incorporating the Gini coefficient as a post-optimization metric to explicitly evaluate the socio-
economic fairness of financial distribution among participants.
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Table 1. Comparative overview of the proposed framework against selected state-of-the-art techno-economic

studies.
Reference Optimization Tariff Evaluated Degradation Evaluation
scope framework configurations modeling horizon
[12] Operation  Energy (Time  Individual None 1-Year
of Use) (extrapolated)
[13] Operation  Energy (Time  Individual Cycle aging 1-Day
of Use)
[23] Sizing & Energy only  Individual + Simplified 4 Weeks
operation C-BESS + P2P (O&M) (extrapolated)
[28] Operation  Dynamic/  Individual + Fixed 2 Weeks
Spot pP2P assumption  (extrapolated)
Proposed  Sizing & Energy + Individual +  Cyclic cost + 15-Year
operation capacity C-BESS + P2P SOH

The remainder of this paper is organized as follows. Section 1 introduces the research context,
reviews the relevant literature, and defines the specific research gaps and contributions. Section 2
details the proposed methodology, including the mathematical formulation of the MILP model and
the integration of the capacity-based network tariff structure. Section 3 presents the case study by
defining the input data, the observed operational scenarios, and the computational results. Section 4
provides a critical discussion of the findings, focusing on the comparative techno-economic viability of
the scenarios and on the sensitivity and break-even assessments. Finally, section 5 summarizes the
main conclusions of the study.

2. Methodology

The methodological framework developed in this study provides a comprehensive techno-
economic evaluation of BESS integration across different prosumer ownership structures, assessing
their financial viability relative to a baseline scenario in which prosumers operate with PV systems
only. The primary objective of the proposed approach is to simultaneously co-optimize the BESS
capacity and its operational scheduling to minimize the total cost of ownership (TCO) over the entire
BESS lifetime. The core of the framework is structured around an MILP model. MILP was selected for
its proven robustness and computational efficiency in solving complex energy management problems
with discrete decision variables, making it well-suited for extensive, multi-year techno-economic
assessments [18].

To ensure scalability and broad applicability, the mathematical model is formulated using a
flexible set of parameters and decision variables. This modular design allows the framework to
evaluate and compare distinct operational configurations, ranging from individual prosumer setups to
centralized community storage and distributed P2P structures. A critical aspect integrated into this
framework is the explicit modeling of a complex capacity-based network tariff. This tariff structure
accounts for both active energy consumption and contracted peak power across diverse seasonal blocks,
and is coupled with an internalized, linearized battery degradation mechanism to prevent unrealistic
profit estimations. Furthermore, to efficiently assess the economic feasibility of the BESS investment,
the optimization algorithm determines the optimal capacity and scheduling for a representative
base year. These optimized profiles are then incorporated into a multi-year simulation loop that
dynamically adjusts for annual battery degradation and economic inflation. The structure of the
proposed methodological framework, covering the entire process from input data collection to the
final sensitivity analysis, is illustrated in Figure 1.
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Figure 1. Flowchart of the proposed methodological framework.

The proposed methodological framework comprises four distinct stages, as illustrated in Figure 1.
The process begins with Phase 1 (grey): Inputs and framework setup. In this phase, high-resolution
time-series data (15-minute resolution) are collected, specifically load profiles and PV generation pro-
files. Additionally, the technical parameters of the BESS and the specific constraints of capacity-based
tariff are defined. These inputs form the basis for Phase 2 (blue): Sizing and base year optimization.
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At this stage, the MILP algorithm determines the optimal BESS capacity and operational dispatch for
the representative base year (y = 1) to minimize the TCO. The resulting optimal capacity is then fixed
and serves as an input for Phase 3 (orange): Lifetime simulation and degradation loop. Unlike static
approaches, this phase iteratively re-optimizes the BESS dispatch for each year of the BESS lifetime.
This loop dynamically accounts for battery aging through a linear SOH degradation mechanism and
adjusts for economic factors such as inflation. Finally, the aggregated annual net cash flows from the
entire operation period are consolidated in Phase 4 (green): Techno-economic assessment. In this final
stage, the project’s viability is evaluated using cumulative financial metrics such as net present value
(NPV) to identify the optimal investment strategy.

The core optimization model is formulated as an MILP problem. In the primary sizing stage, the
central objective is to minimize the total annualized cost of the analyzed system configuration, explicitly
accounting for both investment annuities and operating expenses (OPEX), across the scenarios defined
in section 3.2. Conversely, during the lifetime simulation, the model minimizes solely the annual
operational costs. Both computational stages strictly adhere to a set of technical and regulatory
constraints. These include the power balance equations, which ensure that generation and BESS
discharge meet consumption requirements at each 15-minute interval, as well as BESS technical
limits that define the charging and discharging power, state-of-charge (SOC) boundaries, and cycle
degradation costs. Furthermore, the model incorporates grid and tariff constraints that restrict power
exchange based on connection power limits and enforce the specific rules of the capacity-based network
charge. Consequently, the framework is applicable to diverse investment strategies, from standalone
prosumers to ECs with P2P trading, without altering the underlying mathematical formulation.

2.1. Formulation of the Objective Function and Operational Costs

The proposed economic model establishes a universal methodological framework for accurately
evaluating the financial performance of prosumer and EC configurations. The model is adaptable to
capacity-based network tariff structures that are increasingly being adopted globally to mitigate grid
congestion. To ensure universality, the mathematical formulation is defined for a generalized set of
system users and time intervals. Let HH denote the set of households indexed by &, T the set of time
intervals indexed by ¢, M the set of monthly billing periods indexed by m, and B the set of time blocks
indexed by b. The framework formulates operational costs based on bi-directional volumetric energy
exchange, contracted peak-power capacity, local trading fees (applicable to both P2P trading and
community BESS utilization), constraint-violation penalties, and BESS investment and degradation.

Following a two-stage computational approach, the objective function differs between the sizing
phase and the operational lifetime simulation. As defined in the framework overview, the primary
goal is to minimize the TCO over the entire BESS lifetime. To achieve this in the primary sizing stage
(base year, y = 1), the universal objective function is formulated to minimize the equivalent annualized
total cost (Cfot .1), representing the annualized TCO for each household £, as defined in (1):

min Cthotal = Ch + Célap + Clhocal - IIIZV - Il}:)cal + Cgeg + C}@en + Cihnv,arm/ Vh e H (1)

vol

Conversely, during the lifetime simulation loop, the model sequentially evaluates each operational
year y € {2,..., Lproj}, where Ly corresponds to the BESS lifetime. In this phase, the initially sized
BESS capacity is fixed, treating the BESS investment as a sunk cost. Consequently, the sequential
objective function reduces to minimizing the OPEX costs (C(h)PEX) for each specific year y, defined in (2)
as:

min Copx () = Cloi () + Cliap (¥) + Clocat () = Ty (4) — Bocar(¥) + Clleg () + Chen(v), VR € H @

h
cap
peak power; Cﬁ) a1 Tepresents the total cost incurred from importing energy through the local P2P

where: C\’} o1 18 the total volumetric cost for energy import; Cg,, is the capacity charge for contracted

network, encompassing both the agreed internal market price and the specific network charges; Ik, is
the revenue from surplus PV export to the grid; Iﬁ) <a1 18 the revenue from P2P energy trading; C’;en
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represents the mathematical shadow penalties ensuring strict grid constraint adherence; Cg og 1S the
h

invann is the annualized BESS investment cost.

total annual battery degradation cost; and C

The fundamental components of the volumetric cost and PV revenue are calculated discretely
across the entire set of time intervals t € T, as defined in (3) and (4):

T

ch, = At Zpi’}np(t) cyol(t), Yh e H @3)
=1
T

Ipy = At~ Y PA, (1) - cexp(t), Yh € H (4)
=1

where: ¢ is the time index; T is the total number of time intervals in the observed period; Piﬁ’np (1)
and Pé’xp (t) are the power imported from and exported to the grid by household h, respectively; cyq (t)
is the generic unit volumetric price for imported electricity; cexp (t) is the unit grid export price; and At

is the time step duration.

To ensure universal applicability across diverse national policies, the unit volumetric price of
electricity imported from the grid, ¢y (t), is disaggregated into several underlying components. For
every interval ¢, it is defined in (5) as:

Cvol(t) = Cmarket(t) =+ Ctrans,vol(t) + Cdist,vol(t) =+ Ctax(t)' VteT (5)

where: ¢parket(f) is the unit retail electricity price provided by the supplier; cyansvol (f) is the
unit volumetric network fee for energy transmission; c4jst vor (f) is the unit volumetric network fee for
energy distribution; and ctax(t) represents applicable unit fixed taxes and excise duties.

Calculated on a per-billing-period basis, the aggregate capacity-based network fee Cé’ap is formu-
lated to account for multi-block network tariffs globally, defined in (6) as:

M B
Célap = E 2 Pglon(m/b) : Ccap(mr b)r Vh e H (6)
m=1b=1
where: m is the billing period index; M is the total number of billing periods in a year; b is the
time block index; B is the total number of blocks; P/ (m, b) is the optimized contracted peak power
of household # for billing period m and time block b; and ccap (1, b) is the specific aggregate capacity
tariff applicable to that block.

Similarly to the volumetric energy price, the unit aggregate capacity tariff ccap (m, b), applied per
billing period, is disaggregated into several underlying components, as defined in (7):

Ceap (11, 0) = Ctrans,cap (1, b) + Cdist,cap (M, b) + cres(m, b), Vm € M, Vb € B (7)

where: ctrans,cap(m, b) is the unit capacity fee for energy transmission; cdiSt’cap(m, b) is the unit
capacity fee for energy distribution; and crgs(m, b) is the unit RES incentive fee applied per kW of
contracted power in each respective time block.

In EC configurations, local P2P trading introduces specific financial interactions. The total cost
incurred from importing shared energy (Cl! ) comprises both the agreed internal market price paid
to the exporting peer and the specific local grid utilization fee paid to the distribution system operator.
Conversely, exporting surplus energy within the community generates direct peer revenue (I{g cal)

These are defined in equations (8) and (9):

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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h a h
Clocal - Z (Clocal market + Cdlst,vol( )) - B local,imp(t) ,Vhe H (8)
h . h
Ilocal = At- Z P local,exp(t) : Clocal,market(t)r Vhe H )
=1
where: P! imp(t) and Pt exp(t) are the power imported and exported locally within the

EC by household #, respectively and cjocal market () is the agreed unit internal market price for P2P
transactions.

To ensure a fair and equitable distribution of financial benefits among the EC members, the
internal P2P market price is modeled using the standard split-the-difference pricing mechanism. This
establishes the internal energy price as the exact arithmetic mean of the unit retail electricity price
(Cmarket) and the unit grid export price (cexp), as defined in (10):

Cmarket () + Cexp (t)
Clocal,market(t) = = < 7 a4 ’ VteT (10)

To maintain strict adherence to grid connection limits and contracted power boundaries, the

shadow penalty C}’Zen acts as a rigid mathematical constraint ensuring grid stability, as defined in (11):

Cgen - Z exc Cpenalty/ Vh e H (11)

where: P

!t (1) is the excess power dynamically exceeding the optimally contracted block limit at

any interval ¢ for household #; and cpenalty is a sufficiently large, constant penalty coefficient.

Rather than serving as a regulatory billing mechanism, this coefficient functions purely as a
soft-constraint penalty, mathematically forcing the solver to strictly prevent capacity violations.

The investment (C!! ) and degradation (C" ) costs, critical for preventing unrealistic energy

inv,ann deg
arbitrage and ensuring accurate BESS sizing, are formulated using the capital recovery factor (CRF),

as defined in (12), (13), and (14):

Clhnvann cpEss - Efom - CRF, Vh € H (12)
Lpro'
CRF = r(1+—z)’ 13)
(T4r)-proi —1
Clieg = Cdeg - Ot Z P (t), Vhe H (14)

t=1

where: cggsg is the specific capital expenditure of the BESS; Enom is the decision variable repre-
senting the nominal BESS capacity of household #; r is the discount rate; Ly, is the project lifetime
(equivalent to the total BESS lifetime); Pgis (t) is the BESS discharging power of household h; C! eg 18
the annual battery degradation cost; and cqeg is the specific unit degradation cost applied per kWh of
discharged energy.

By integrating Cg e directly into the objective function, the solver is mathematically constrained
from performing aggressive, low-margin energy arbitrage that would prematurely degrade the battery.

2.2. Modeling of System Components, Technical Constraints and Performance Indicators

The proposed optimization framework is defined by specific physical and technical constraints
that establish the system’s operational boundaries. These constraints are categorized into three main
groups: the technical limits of the PV system, the dynamic characteristics of the BESS, and the grid

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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interaction rules. The model simultaneously optimizes the installed capacity and the operational
schedule, ensuring that the power balance equations and maximum allowable export limits are strictly
respected at every time step t.

2.2.1. PV System Sizing

The installed capacity of the PV system is determined based on the specific energy requirements
of each prosumer, aiming to achieve a balanced self-sufficiency potential. For each household £, the
nominal installed power (PIIZV,nom) is calculated as the ratio of the household’s total annual electricity
consumption to the specific PV electricity generation potential of the location, as defined in (15):

Eh
P{’anom _ load,annual , Vhe H (1 5)
! Yspec
where: E{ga dannual 18 the total annual electricity consumption of household & (kWh); and Yspec is
the specific annual PV generation yield characteristic of the geographical location (kWh/kWp) and
P{}V,nom is the resulting nominal installed PV power (kWp).

2.2.2. Battery Energy Storage System modeling and Constraints
While the following mathematical constraints are formulated using the household index & to
represent D-BESS configurations, identical operational logic and physical limitations apply to the
C-BESS. For the C-BESS, the index & is omitted, and the variables govern the single aggregated unit.
The BESS is modeled as a controllable storage unit with discrete sizing. The nominal BESS capacity
(Eﬁom,()) for each user / is defined in (16):

El oo =N, AEyoa, Vh € H (16)

nom,0

where N{)’at is the integer decision variable representing the number of installed battery blocks;
and AEp ok is the specific capacity increment per block. This discrete formulation ensures that the
model selects commercially available battery capacities rather than unrealistic continuous fractional
values.

Battery aging is modeled through the state of health (SOH), which decreases linearly over the
project lifetime based on the annual degradation factor (dgeg), as expressed in (17):
SOH(y) =1~ [(y —1) - daegl, Yy € Y (17)

where: SOH (y) is the state of health factor in year y, expressed as a dimensionless value; and Jgeg
is the annual degradation factor, defined as a dimensionless factor per year (year—?) (e.g., 0.02 for a 2%
annual capacity loss).

Consequently, the available nominal BESS capacity (EX .. (v)) for any given operational year y is
reduced relative to the initially installed capacity, as defined in (18):

Elom(y) = Elomo - SOH(y), Vh € HVy € Y (18)

where: E!' . () represents the usable capacity of the BESS in year y.

The simulation for each year begins with an initial state of energy (Eﬁat(O)), derived from the
specific capacity of that year and the initial state of charge (SOCinit), as defined in (19):

Eﬁat(o) = Eﬁom(]/) : SOCinit/ Vh € H (19)
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The state of energy (E’gat) is calculated for each time step t based on the previous timestep (t — 1),
formulated in (20):
h h i Plis ()
Ef () =EL (t—1) + | PA(t)  fen — % “At, Vhe HVteT (20)

dis

where: P! (t) and P! (t) are the BESS charging and discharging powers at time f, respectively;
and 7, 4is are the charging and discharging efficiencies of the BESS.

Simultaneous charging and discharging of the BESS is naturally prevented by the optimization
logic; such behavior would strictly incur energy losses due to conversion inefficiencies and trigger
unnecessary degradation penalties within the objective function, making it economically suboptimal.

The (SOC") is defined in (21) as:

h
Ebat(t)
Eh

nom (}/)

soch(t) = ,YVhe HVteT (1)

BESS SOC is limited between minimum (SOCpipn) and maximum (SOCmax) value, as expressed in
(22):

SOCpin < SOC"(t) < SOCiax, Vh € H Nt € T (22)

To ensure cyclic consistency for the simulation year, the final SOC is strictly constrained to match
the pre-defined target value (SOCgp,1), defined in (23) as:

SOCH(T) = SOCginal ,Vh € H (23)

The BESS charging and discharging power limits are governed by the C-rate applied to the
available nominal BESS capacity, expressed in (24) and (25):

0 < P (t) < Crate - Elom(y), VR € HVEE T (24)

0< P (t) < Crate - Elom(y), VR € H NVt E T (25)

where Crate is the nominal maximum C-rate specified by the battery manufacturer, representing
the maximum allowable power-to-energy ratio for safe charging and discharging operations.

2.2.3. Power balance and grid interaction constraints

The fundamental constraint in the model is the power balance, which ensures energy conservation
in each time interval f. This implies that the total consumption and power outflows must be equal to
the total generation and power inflows. The mathematical formulation of this constraint, applicable to
both individual prosumers and EC members, is defined in (26):

Pl () + Pl () + Py () + Plicatexp (1) + Plurt (£) = Py () + Pl (1) + Pl () + Plocatimp (1), VR € HVE €T (26)

where: P! . (t) represents the household load at timestep t; P}k, (t) is the available PV generation
at time step t; and P! ,(t) is the curtailed PV power at time step t. The curtailment variable is
introduced to provide operational flexibility and ensure mathematical feasibility within the solver.
Specifically, it enables the system to curtail excess PV generation during periods of high PV generation
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when the BESS is fully charged, the local load is satisfied, and the maximum grid export limits are
reached, thereby maintaining grid compliance.

The interaction with the distribution grid is limited by the connection capacity (P ...). For indi-
vidual prosumers not participating in an EC, the local exchange variables (P! calimp (t) and P! calexp (1))
are strictly set to zero. The total imported power is constrained by the full connection rating, while the

total exported power to the grid is limited by a specific regulatory factor (kexp), as defined in (27) and

(28):
Pi}rlnp(t) + Plhocal,imp<t) < Pélonn' Vh € HvteT (27)
ngp(t) + Pllz)cal,exp(ﬂ S keXp : Pchonnr Vh € H/ Vt € T (28)

where: P is the connection power limit; and kexp is the export limitation coefficient.

The contracted power (PL) is optimized for each billing period 7 and time block b, within the
allowable technical range, as defined in (29):

P! < ph

con,min — * con

(m,b) <P ., VheHYmeM,VbeB (29)

. ph
where: P on, min

connection capacity.

is the administrative minimum contracted power, determined based on the

Furthermore, capacity-based tariff frameworks often dictate a strict nesting rule for contracted
power across time blocks. The capacity contracted in a lower-cost block must be greater than or equal
to the capacity contracted in the preceding, more expensive block. This mathematical restriction is
formulated in (30):

Pt (m,b) <P (m,b+1), Vh e HVme M,¥be{1,...,B—1} (30)

The excess power (P,

') exceeding the contracted capacity is calculated to quantify penalty costs.

Since penalties apply only to positive deviations, this is modeled using two inequalities, as defined in

(31) and (32):
Ph(t) > Pl (t) — Pl (m,b), Vhe H Wt € T (31)
Ph.(t) >0, Vhe HVteT (32)

2.3. Comprehensive tEchno-Economic Analysis Model and Performance Metrics

To quantify the operational efficiency and financial viability of the analyzed investment strategies,
a comprehensive techno-economic analysis model was developed. This model integrates technical
efficiency metrics with long-term financial indicators to enable a robust comparison across diverse
system topologies, explicitly distinguishing between individual prosumer strategies and collaborative
EC models with either distributed or centralized BESS.

2.3.1. Technical performance metrics

The degree of energy independence and the local utilization efficiency are quantified using the
self-sufficiency rate (SSR) and the self-consumption rate (SCR). The fundamental variable in these
calculations is the directly utilized PV generation (Eﬁtiliz q), defined as the portion of PV generation
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used to cover the load or charge the BESS, excluding grid exports and curtailment. This is calculated
in (33) as:

T
Eﬁtilized = At Z (Pl}’lV(t) - ngp(t) - Pl;(lmal,exp(t) - Pchurt(t))/ Vh e H (33)
t=1

Consequently, the SSR and SCR are defined in (34) and (35):

EM ..

SSRM = _utilized 900, vh € H (34)
load,annual
EM .

SCRM = _utilized . 100, Vh € H (35)
PV,annual

where: Elh0 ad,annual and EI@V, annual T€PTEsent the total annual electricity demand and potential PV
generation of household h.

Given the focus on capacity-based tariffs, the model uses the power cost share (Ci’,ower) to quantify
the impact of peak-load management. This metric represents the proportion of the total electricity bill
attributed solely to contracted power charges, defined in (36). While primarily calculated annually,
this metric is also evaluated monthly to assess the seasonal impacts of tariffs.

h

cap,annual

C
Ehower = —pi 100, Vh € H (36)

bill, total
where: C?ap, annual 18 the total annual cost of contracted power capacity; and Cﬁiu’t ota] 18 the total
gross annual electricity bill, including all levies and taxes.

2.3.2. Community Cost Allocation Mechanism

In scenarios with a centralized community BESS, the optimization model minimizes the EC’s
aggregate TCO. However, to evaluate individual financial performance, these centralized costs must
be fairly distributed post-optimization.

The capital investment of the shared BESS (Ciny,comm) is allocated proportionally based on the
nominal installed PV capacity (Ppynom) of each household. This approach ensures that the assigned
share of storage investment corresponds directly to the individual renewable generation potential, as
defined in (37):

Ph
PV,
Cihnv = Cinv,comm H&’ Vhe H (37)

i
Z:i =1 P PVnom

where: CihnV is the allocated total investment cost for household /; Ciny,comm is the total investment

cost of the central BESS; and Plllv,nom is the nominal installed PV capacity of household k.

Conversely, the OPEX generated directly by the centralized BESS functioning as a distinct grid
entity (such as its own grid import, charging fees, and contracted peak power charges) are distributed
volumetrically. Each household pays a dynamic share proportional to the total energy discharged from
the central BESS to the respective household, as defined in (38):

T
At - Zt:l Pgom_bess(t)
H T i
At - Zi:l Zt:1 Pflrom_bess(t)

where: CéPEX, comm 18 the allocated OPEX of the central BESS for household &; Copgx total is the
total annual operational bill of the central BESS unit; and Pfhrom bess (1) is the discharged power from

the central BESS to household # at time interval ¢t.

CoPEX,comm = COPEXtotal * ,Vhe H (38)
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In centralized community storage scenarios, the shared BESS capacity (Efo"™) is virtually allo-

cated to individual members to determine their respective shares of investment costs and benefits. The
allocation key is defined proportionally to the installed PV capacity of each prosumer, as formulated in

(39):
Py
Egat,alloc - E}C)(;{nm : #/ Vhe H (39)
Z:z':l PVnom
where: E{;at alloc 18 the allocated BESS capacity for household /; and E;oi"™ represents the total

installed capacity of the centralized community BESS.

2.3.3. Financial Viability Analysis And Distributional Fairness

As previously defined in the section 2.1, a degradation cost penalty (Cg o g) is included within the
MILP objective function to prevent unrealistic battery micro-cycling. However, it must be emphasized
that this strictly serves as an operational soft penalty. To avoid double-counting, this specific cost
component is excluded from the ex-post financial evaluation. Instead, the true economic impact of
battery aging is accounted for through the physical reduction in SOH over the project lifetime and the
eventual end-of-life decommissioning costs.

Although excluded from the MILP objective to maintain linearity and solver efficiency, fixed
constants, such as monthly metering fees and value-added tax (VAT), are fully accounted for in the
post-optimization techno-economic assessment. The final gross household bill is calculated as defined
in (40):

h h h h h h h
Cbill,gross = (Cvol + Ccap + Clocal — Ipy — Ilocal + Cixed + COPEX,comm> ’ (1 + VAT)' Vh e H (40)

where: Cgyeq represents the total annual fixed supplier fee per metering point; and CéPEX,Comm
represents the prosumer’s allocated share of the shared community battery’s energy-related operational
costs (e.g., costs incurred from grid electricity imports). To clearly distinguish between the operational
architectures, this parameter applies exclusively to the centralized C-BESS scenarios, whereas for
individual distributed configurations (D-BESS), it is strictly set to zero.

To systematically quantify the economic viability of the proposed BESS integrations relative to
a baseline scenario (PV-only), the annual net cost savings (ANC) metrics are utilized. Adapted from
the methodology proposed in [12], the absolute (AN Cg’bs) and percentage (AN C{;erc) savings for each
household # are defined in (41) and (42):

h  __ ~href h,eval
ANCps = Cbill,gross; o Cbill,grc:)ss’ Vhe H (41)
h,ref _ heval
o bill,gross bill,gross
ANCl, = = -100, Vh € H (42)
bill,gross

where: C{;{fffgr oss Tepresents the total gross annual bill of household / in the Baseline reference

h,eval
Cbill,gross
integration scenario (denoted by the superscript "eval").

scenario (PV systems only); and represents the total gross annual bill in the evaluated BESS

Long-term economic performance is evaluated using the net present value (NPV), return on

investment (ROI), and the discounted payback period (PBP). The analysis spans the BESS lifetime

(Lproj), explicitly accounting for the initial capital expenditures (CAPEX) (Ch

o o), annual operation and

maintenance costs (Cé‘) &) and the end-of-life decommissioning costs (Cé‘l ccomm)"
The primary metric for this analysis is the annual net cash flow (CF"(y)), calculated for each year
y as defined in (43):
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CF'(y) = ANC"(y) — Cham(¥), ¥y € [1, Lpxoj] (43)

where: ANC"(y) represents the annual net cost savings. This variable captures the inflation-
adjusted difference between the baseline and optimized scenario bills, accounting for the annual
increase in energy prices and BESS degradation effects, and Cg «M (V) denotes the annual operation
and maintenance cost.

Consequently, the (NPV) is calculated by discounting annual cash flows to the base year, as

expressed in (44):
NPV = —ch, — Cllcomm +L§j CB'W) e (44)
M (1 4 ) Lo (T+r)

ROI measures profitability relative to capital cost. It is derived as the ratio of the NPV to the
initial investment, calculated according to (45):

ROI" — NPV

(45)

an

PBP is determined by tracking the cumulative discounted cash flow (CCF"). It is defined as the
year Y where CCF" transitions from negative to positive, indicating that the initial investment has
been fully recovered. C CF" is calculated as defined in (46):

CFh

CCFM"(Y) = —Cl, + Z , Vh € H,VY € [1, Lyy)] (46)

Finally, for scenarios involving ECs, the fairness of the benefit distribution is assessed using the
Gini coefficient (G). This indicator is computed based on the distribution of the achieved NPVs across
the EC members, as expressed in:

£V, £, NPV - NPVI|

G = — — - 47
2-N-YN, NPVi 47

where: N is the total number of EC members; and NPV’ and NPV/ represent the net present
values of EC members i and j. A coefficient of 0 indicates perfect equality, while a value closer to 1
implies significant disparity in the achieved financial benefits.

3. Results

In this section, the results obtained by applying the methodology described in the section 2 are
presented and analyzed in detail. It begins by presenting the main input data based on real-world mea-
surements from the Luce, Slovenia case study, along with the specific tariff configuration settings used
in the models. Subsequently, the system’s performance is evaluated at the prosumer level, accounting
for optimized operating profiles and economic savings. Furthermore, the comparative economic
viability of centralized versus distributed BESS configurations is analyzed, including distributional
fairness. Finally, the cumulative results of the targeted sensitivity analysis regarding investment costs
and energy price variations are presented.
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3.1. Input Data

This subsection systematically presents all essential input data used to parametrize the opti-
mization models and conduct comprehensive techno-economic and distributional fairness analyses.
The inputs are categorized into technical system parameters, covering prosumers’ load profiles, PV
generation data, and BESS specifications, and into economic parameters, comprising the specific
capacity-based tariff structure and the BESS investment and operating costs.

3.1.1. Prosumers’ Operation Profiles and BESS Parameters

The case study analyzes 15 households in Luce, Slovenia. To ensure the validity of the simula-
tion results, the study uses high-resolution verified measurement load data. The physical load and
generation profiles correspond to the reference year 2021. This selection is justified by the availability
of a complete, validated 15-minute-resolution dataset, which ensures that the temporal correlation
between demand peaks and PV generation is strictly preserved.

The load profiles were obtained from smart meters installed at the prosumers’ premises. To obtain
realistic renewable generation patterns, the specific PV power output time-series were extracted from
the PVGIS online tool [33]. The data was generated using the PVGIS-SARAH 3 solar radiation database,
assuming standard crystalline silicon (c-5i) PV technology with optimized slope and azimuth angles.
Since the raw dataset provides hourly PV generation values normalized to 1 kWp, a pre-processing
step involving time-based linear interpolation was applied to downscale the profiles to a matching
15-minute resolution. The resulting specific annual PV generation for the analyzed location was
determined to be 1148.92 kWh/kWp.

The key technical parameters of the 15 analyzed households are summarized in Table 2. The
connection power limits (P . ) were determined according to the standard connection capacity values
defined in [34]. Furthermore, to ensure grid stability and compliance with local technical requirements,
the maximum permissible export power into the grid is constrained to 80% of the connection capacity
(kexp = 0.8). Additionally, according to the methodology for calculating network charges [35], a
minimum limit for P _ is applied to satisfy the constraint in equation (29). This lower bound (Pfonlmm)
is set to 31% of the connection capacity for single-phase users (min. 1.8 kW) and 20% for three-phase
users (min. 2.8 kW).

Table 2. Annual load, grid connection, and PV system characteristics of the analyzed prosumers.

h h h
Eload,annual P, chonn EPV,annual P, PV,nom

Prosumer ID (kWh) kW)  (kWh) (kWp)

HO1 5750.95 11.00  5744.58 5.00
Ho02 10,717.08  14.00 10,340.25 9.00
HO03 5100.94 11.00  5744.58 5.00
HO4 8834.94 14.00  9191.33 8.00
HO05 6506.39 11.00  6893.50 6.00
HO06 8210.89 14.00  8042.42 7.00
HO07 3256.64 8.00 3446.75 3.00
HO08 3818.32 7.00 3446.75 3.00
HO09 8769.31 14.00 919133 8.00
H10 4540.46 7.00 4595.67 4.00
H11 6352.38 11.00  6893.50 6.00
Hi2 8888.26 14.00  9191.33 8.00
Hi13 11,699.11  14.00 11,489.17 10.00
Hi14 3748.85 7.00 3446.75 3.00
H15 7201.40 11.00  6893.50 6.00

While Table 2 summarizes the annual energy totals, the simulation requires high-resolution data
to capture the mismatch between load and PV generation. Figure 2 depicts the load and PV generation
for a representative prosumer (HO01) during two specific periods: a typical winter week characterized
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by high consumption, and a summer week dominated by excess PV generation. To provide a complete
annual perspective, Figure 3 shows the load and PV generation intensity over the year. In these
heatmaps, the horizontal axis represents the months, while the vertical axis shows the time of day,
enabling clear identification of peak load periods and the daily PV generation profiles.

44a)

Power (kW)

" Jl |

W/

0 T T T T T

18-Jan 19-Jan 20-Jan 21-Jan 22-Jan 23-Jan 24-Jan 25-Jan

b)

Power (kW)

0 T T T T T

28-Jun 29-Jun 30-Jun 01-Jul 02-Jul 03-Jul

Date

—— Load PV Generation

04-Jul 05-Jul

Figure 2. Load and PV generation profiles for a representative prosumer (HO1). (a) Representative winter week;

(b) Representative summer week.
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Figure 3. Annual load and PV generation heatmaps for a representative prosumer (HO01). (a) Annual load profile;
(b) Annual PV generation profile.

For this paper, the selected 15 prosumers are modeled as connected to a representative low-voltage
radial feeder. This topological representation visualizes the physical placement of the BESS units
and distinguishes between the storage-integration concepts used in the different simulation scenarios.
Figure 4 illustrates the system layout. The diagram clearly defines the two approaches: C-BESS,
highlighted by the blue frame, is active in scenarios 2 and 3, while D-BESS, marked with green frames,
is utilized in scenarios 1 and 4.
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Figure 4. Single line diagram of the modeled LV feeder in Luce, Slovenia.

Table 3. Technical parameters of the modeled BESS.

Parameter Symbol Value  Unit
Charging efficiency Ych 0.95 -
Discharging efficiency Mdis 0.95 -
Maximum C-rate Crate 0.50 h-!
Capacity sizing step AEpiock 0.50 kWh
Minimum SOC SOCpin 0.20 -
Maximum SOC SOCrax 1.00 -
DOD DOD 0.80 -
Initial SOC SOCinit  0.50 -
Target end SOC SOC¢ina 0.20 -
Annual degradation factor Odeg 0.02  year!
Project lifetime Lproj 15.00  years

3.1.2. Economic Parameters and the Slovenian Tariff Framework

The economic viability of the proposed system configurations is evaluated under the current
Slovenian regulatory framework [35-37]. This tariff system represents a shift from traditional energy-
based billing towards a capacity-based structure, designed to reflect the true cost of grid utilization
and incentivize peak shaving.

The pricing scheme follows a complex time-of-use (ToU) structure. The year is divided into two
seasons: the high season (HS) and the low season (LS). During these seasons, network charges are
billed in five time blocks (B1-B5) [35]. B1 denotes critical peak hours with the highest cost, whereas B5
denotes off-peak periods. The time distribution of these blocks is visualized in Figure 5.
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Figure 5. Matrix of tariff time blocks throughout the year and day types in the current Slovenian system.

The most significant cost component is the aggregate capacity tariff ccap. As defined in (7), this fee
is disaggregated into several underlying components: Ctrans,cap, Cdist,cap” and cggs. The specific values
for each component, differentiated by season and time block, are detailed in Table 4.

Table 4. Structure of monthly capacity fees by season and time block [35,37,38].

Block Ctrans,cap (EUR/I(W) Cdist,cap (EUR/kW) CRES (EUR/kW) TOTAL Ccap (EUR/kW)

HS LS HS LS HS LS HS LS
Bl 0.2001 0.1001 3.2224 1.6112 0.7756  0.7756  4.1981 2.4869
B2 0.0465 0.0465 0.8657 0.8657 0.7756  0.7756  1.6879 1.6879
B3 0.0091 0.0091 0.1539 0.1539 0.7756  0.7756  0.9386 0.9386
B4 0.0000 0.0000 0.0041 0.0041 0.7756  0.7756  0.7797 0.7797
B5 0.0000 0.0000 0.0000 0.0000 0.7756  0.7756  0.7756 0.7756

In addition to capacity charges, the total variable cost of electricity (cyo]) comprises the market
energy supply price (Cmarket) and volumetric grid fees. The cparet component follows a double-tariff
system based on the time schedule defined by the distribution system operator [39]:

¢ High tariff (HT): 0.1199 EUR/kWh. Active on working days from 06:00 to 22:00.
e Low tariff (LT): 0.0979 EUR/kWh. Active during nighttime hours (22:00-06:00) on working days,
and throughout the entire day (00:00-24:00) on non-working days.

The specific market prices used in the simulation are taken from representative retail offers applicable
to 2025. Furthermore, the total annual fixed operator fees (Cyixeq) are calculated as a monthly charge of
1.99 EUR per metering point [40]. Regarding electricity exports, the financial compensation for surplus
PV generation injected into the grid (cexp) is set to 0 EUR/kWh, according to [41].

The volumetric network fee consists of transmission (Ctrans vol) and distribution (cgist vo1) fees plus
excise duties (ctax). These fees are constant across seasons but vary slightly by time block, as shown in
Table 5.
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Table 5. Volumetric network fees by time block [35,37].

Block  Ciransvol (EUR/KWh)  cgistvol (EUR/KWh)  cax (EUR/KWh) ¢y (EUR/KWh)

Bl 0.0066 0.0134 0.0015 0.0215
B2 0.0059 0.0124 0.0015 0.0199
B3 0.0055 0.0126 0.0015 0.0196
B4 0.0058 0.0127 0.0015 0.0201
B5 0.0059 0.0128 0.0015 0.0203

In EC scenarios (scenarios 2, 3, and 4), the model integrates specific economic mechanisms defined
by the regulatory framework. The internal market price (cjocal market) i calculated using the split-the-
difference method defined in equation (10). Based on market prices, cjocal market amounts to 0.0599
EUR/kWh during the HT and 0.0489 EUR/kWh during the LT.

To evaluate potential regulatory incentives, specific exemptions are modeled for ECs. Internally
exchanged energy is exempt from the ¢y ans vo1 to reflect reduced grid utilization, while participating
prosumers receive a simulated policy exemption from the cggs.

The C-BESS operates as a distinct grid user with its own metering point. Its operational costs are
dynamically calculated based on the source of energy:

*  Grid import: when charging from the grid, the C-BESS incurs full network charges (ccap and

Cgrid,vol)'

*  Local charging: when charging from excess community PV generation, it benefits from the same
exemptions as P2P exchange.

These operational costs recorded by the C-BESS metering point are distributed among the EC
members according to the cost allocation key defined in equation (38).

Crucially, since the C-BESS is an asset owned by the EC, prosumers are exempt from paying the
agreed internal market price (Cjpcal market) When discharging the C-BESS. However, regarding network
fees, the current regulatory framework results in a "double grid fee" effect: volumetric network charges
are paid once by the C-BESS during charging, and effectively paid again by the prosumers when
retrieving that energy from the C-BESS.

Regarding the violation of the contracted power (Pchon), a shadow penalty cost (¢penalty) is set to
100 EUR/kW. This cost is applied to the excess power variable (Pg’xc), defined in equations (31) and
(32), to penalize any consumption exceeding the P _ limits.

The economic assessment relies on a project lifetime (L) of 15 years. By applying a discount
rate (r) of 3% and an estimated inflation rate of 2.6%, the CRF is calculated according to equation (13),
resulting in a value of 0.0838. Furthermore, all end-user financial calculations include a 22% VAT [42].

The BESS CAPEX (cggss) is set to 500 EUR/kWh for both the centralized and distributed configu-
rations based on [43]. This equalization ensures a fair techno-economic comparison, considering the
comparable physical scale of the analyzed systems. To account for battery aging during operation, the
specific unit degradation cost (c4eg) is set to 0.015 EUR/kWh. In addition to the initial investment, the
annual operation and maintenance cost (Cognm) is set at 5 EUR/KW of the maximum discharging power
(Pgis) according to [44]. Finally, the decommissioning cost (Cgecomm) is estimated at 80 EUR/kWh
based on [45].

3.2. Scenario Definition and Optimization Settings

This subsection defines the analyzed scenarios and outlines the configuration of the optimization
framework. First, it describes the computational hardware, software environment, and the solver
applied to execute the optimization. Subsequently, it details the different scenarios formulated for the
analysis.
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3.2.1. Software Tools and Computational Environment

The proposed optimization model is implemented in Python (version 3.13.9) utilizing the Pyomo
modeling framework [46] and solved using the Gurobi Optimizer (version 13.0.0) [47]. As defined in
section 2, the simulation process is structured into two sequential phases: the initial co-optimization of
the BESS sizing and operation, followed by the operational optimization for the remaining years of the
Lproj- The time step (At) is set to 15 minutes (0.25 hours). All computational tasks were performed on a
personal computer running Windows 11 Pro, equipped with an Intel Core i5-14400 processor (2.50
GHz, 10 cores, 16 logical processors) and 32 GB of RAM.

3.2.2. Simulated Scenarios

Six distinct scenarios are defined to evaluate the impact of BESS integration and EC frameworks.
These scenarios are structured to compare different investment and operational strategies from the
prosumer’s perspective. Specifically, they assess the economic viability of operating as an individual
prosumer versus participating in an EC, and the financial implications of investing in a centralized
BESS versus distributed BESS units. The defined scenarios are:

*  Baseline scenario (BS): individual prosumers without BESS
e  Baseline EC scenario (BS-EC): EC without BESS

®  Scenario 1 (S1): individual prosumers with D-BESS

®  Scenario 2 (52): EC with an optimized C-BESS

®  Scenario 3 (S3): EC with a fixed-capacity C-BESS

e  Scenario 4 (54): EC with D-BESS

In the BS, households operate as independent prosumers with PV systems only. They interact
directly with the grid without any BESS or P2P trading capabilities, exporting excess generation

to the grid. This scenario establishes a benchmark for operation without energy management and
h,ref

Cbill,gross

through BESS integration strictly for S1. In 51, the optimization model determines the optimal nominal

serves as the reference case ( ) to calculate the annual net cost savings (AN C") achieved
capacity (E!.,.,) and operation of a D-BESS for each prosumer, with households still acting outside any
community framework.

Conversely, the remaining configurations integrate the prosumers into an EC, enabling internal
P2P energy sharing and the application of grid fee exemptions defined in section 3.1.2. To accurately
isolate the financial contribution of the BESS from the regulatory benefits of the EC, the BS-EC is
introduced. In the BS-EC, prosumers participate in the community with P2P trading but without any
BESS installed. This scenario serves as the dedicated reference case (Cgﬁle’fgmss) for evaluating ANC"
and the profitability of BESS investments in 52, S3, and S4.

In S2, the optimization model jointly determines the optimal investment and operation of a single
C-BESS for the entire community. To provide a direct comparative benchmark, S3 utilizes the identical
EC framework, but the C-BESS capacity is not optimized; instead, it is pre-defined and fixed to the
exact sum of the optimal individual D-BESS capacities (Y}, El'_ ) obtained in S1. Finally, S4 explores
a decentralized community approach in which the optimization model determines the El! .. and the
operation of a D-BESS for each prosumer, similar to S1, but leveraging the financial benefits of P2P
trading and the EC regulatory framework

Note that local P2P energy sharing in collaborative EC configurations is modeled as a cooperative
pool-based mechanism. For these scenarios, the objective function is formulated to minimize the total
aggregated operational cost of the entire EC, rather than simulating competitive bilateral bidding or
profit-sharing algorithms among individual peers. While this centralized optimization approach is
necessary to determine the absolute techno-economic potential of the integrated BESS capacities, it
does not guarantee an equitable distribution of financial savings among individual prosumers. To
addpress this limitation, the fairness of the resulting cost distribution is evaluated ex-post using the Gini
coefficient (G). This methodological choice represents a conscious trade-off: it prioritizes evaluating
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optimal BESS sizing and operation under capacity-based tariff structures over simulating individual
market behaviors, which remains an avenue for future research.

3.3. Optimization Results: BESS Sizing and Investment Costs

The initial stage of the techno-economic assessment determines the optimal BESS capacity and
h

inv
optimization results for the 15 analyzed prosumers across the evaluated scenarios. For the distributed

the corresponding C;!  required to minimize the equivalent annualized TCO. Table 6 summarizes the
configurations (S1 and S4), the capacity values represent the directly optimized E! ... Conversely, for
the centralized EC configurations (52 and S3), the table presents the Ell;at alloer Which is determined
proportionally to each member’s installed PV power according to (39), enabling individual economic
evaluation.

Table 6. Optimal BESS capacities and investment costs across scenarios for the base year.

Optimal BESS capacity (kWh) Initial investment cost (EUR)
Proi,%mer Eﬁom E{l)at,alloc Eﬁat,alloc Eﬁom Cihnv Cihnv Cihnv Cihnv

S1 S2 S3 S4 S1 S2 S3 S4
HO1 3.50 0.00 3.05 0.00 1750.00 0.00 1524.73 0.00
HO02 3.50 0.00 5.49 0.00 1750.00 0.00 2744.51 0.00
HO03 5.00 0.00 3.05 1.00  2500.00 0.00 1524.73 500.00
HO04 1.50 0.00 4.88 0.00 750.00  0.00 2439.56 0.00
HO05 3.00 0.00 3.66 1.00  1500.00 0.00 1829.67  500.00
HO06 5.00 0.00 427 0.00  2500.00 0.00 2134.62 0.00
HO07 3.00 0.00 1.83 0.00  1500.00 0.00 914.84 0.00
HO08 2.00 0.00 1.83 0.50  1000.00 0.00 914.84 250.00
HO09 4.00 0.00 4.88 1.00  2000.00 0.00 2439.56 500.00
H10 5.00 0.00 2.44 1.00  2500.00 0.00 1219.78 500.00
H11 2.00 0.00 3.66 0.00  1000.00 0.00 1829.67 0.00
H12 7.00 0.00 4.88 1.00  3500.00 0.00 2439.56 500.00
H13 5.50 0.00 6.10 050  2750.00 0.00 3049.45 250.00
H14 2.50 0.00 1.83 0.00 1250.00 0.00 914.84 0.00
H15 3.00 0.00 3.65 1.00  1500.00 0.00 1829.64 500.00
TOTAL 55.50 0.00 55.50 7.00 27,750.00 0.00 27,750.00 3,500.00

Optimization results under the Slovenian framework highlight a direct CAPEX-OPEX trade-off.
In S1, individual D-BESS investments prove viable, with optimal capacities between 1.5 kWh and 7.0
kWh (totaling 55.5 kWh). By effectively shaving peak loads and reducing contracted power (P )
during expensive blocks, OPEX savings exceed annualized CAPEX. As will be detailed in the economic
evaluation, this favorable balance is directly reflected in the positive Net Present Value (NPV) outcomes
for the prosumers. To benchmark EC operation, S3 adopts this exact 55.5 kWh aggregate capacity and
virtually allocates it based on members’ PV potential.

Conversely, the optimization model determines an optimal C-BESS capacity of 0 kWh for S2.
Because the investment is rejected, the operational and financial outcomes of S2 are functionally
identical to the BS-EC scenario, where prosumers generate savings exclusively through P2P energy
sharing and regulatory grid fee exemptions without any storage. By minimizing pre-tax annualized
costs (Cilotal) alongside a cycle penalty (cqgeg), the MILP objective function evaluates the C-BESS as
economically unviable.

This rejection stems from the capacity-based tariff mechanics. Unlike behind-the-meter D-BESS,
C-BESS energy must pass through individual smart meters, preventing it from reducing contracted
power peaks (PL ), the primary driver of savings. Moreover, regulatory "double grid fees" on C-BESS
operations narrow arbitrage margins, making P2P trading more cost-effective for surplus PV. Since
limited operational savings cannot offset CAPEX and degradation, S2’s break-even evaluation is
deferred to the sensitivity analysis (Section 3.6).
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In S4, combining D-BESS with active P2P trading drastically reduces optimal capacities to merely
7.0 kWh total. Profitable P2P conditions prioritize immediate trading of excess PV. The resulting 0.5
to 1.0 kWh micro-capacities represent the mathematical minimum required to shave isolated peaks
unresolvable by P2P sharing. Although practically infeasible—as commercial residential units typically
exceed 3.0 kWh, this highlights a critical synergy: P2P markets efficiently manage bulk surplus, while
D-BESS remains essential for residual peak shaving and securing optimal P/ limits.

3.4. Prosumer-level technical performance and operational savings

To evaluate the technical and economic implications of the optimized configurations, this sub-
section analyzes the operational dynamics at the individual prosumer level. Presented results refer
to the first operative base year (y = 1). Since the optimization yielded a 0 kWh BESS capacity for S2,
this scenario is excluded from the subsequent detailed technical and economic breakdowns and is
evaluated only in the sensitivity analysis in section 3.6. Table 7 presents the monthly breakdown of the

gross electricity bill (C&’fﬁ gross) for the representative prosumer (HO1) across all evaluated scenarios.

The sum of these monthly values corresponds to the total annual gross bill (Cﬁ calculated using

ill,gross)
equation (40).

Table 7. Monthly gross electricity bills for prosumer HO1 across evaluated scenarios for the base year.

Monthly gross bill (Cyij} gross) (EUR)

Month BS BS-EC S1 S3 S4

January 167.77 13297 136.76 132.58 131.90
February 12775 9344 9518 93.15 92.64

March 88.40 60.53  68.86 58.72  59.36
April 89.13 48.17  61.65 4351  46.92
May 63.30 3425 4534 3095 3353
June 45.47 2055 31.14 1469 20.12
July 44.60 2097 3255 14.00 21.00
August 56.11 28.52 3774 18.68  27.69
September  73.83 3720 4545 3054 36.37
October 93.24 5879 6891  56.32  57.67

November 147.82 103.51 117.01 103.04 10242
December  219.14 17423 19139 17451 173.35

TOTAL 1216.56 813.13 931.98 770.64 802.97

The results confirm that all evaluated configurations effectively reduce the prosumer’s operational
costs compared to the individual baseline (BS). Notably, simply joining the community framework
without storage (BS-EC) yields the most substantial initial cost drop, reducing the annual gross bill from
1216.56 EUR to 813.13 EUR purely through P2P energy sharing and regulatory grid fee exemptions.

Integrating BESS provides further targeted operational savings. For the individual prosumer, S1
effectively mitigates costs relative to BS by storing surplus energy and lowering expensive capacity
peaks (P ). Within the EC, S3 and S4 achieve additional cost reductions beyond the BS-EC benchmark,
particularly during the summer months when excess solar output is efficiently shifted rather than
exported to the grid. While the winter months inherently result in higher bills due to increased heating
demand and lower solar generation, the operation of BESS and P2P trading consistently minimizes
these seasonal costs across all optimized configurations relative to their respective baselines.

While the monthly financial analysis confirms the economic benefits of EC configurations, a
detailed assessment of the contracted power profiles (P ) reveals differences in how each scenario
interacts with the distribution grid. Figure 6 illustrates the optimally contracted power across all 12
months and all 5 specific time blocks for the representative prosumer (H01). The gray cells denote
inactive blocks as defined by the Slovenian tariff methodology [35].
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Figure 6. Optimized monthly contracted power by time block for prosumer H01 across evaluated scenarios: (a)
Baseline; (b) Scenario 1; (c) Baseline EC and Scenario 3; (d) Scenario 4.

The heatmaps clearly show a stark contrast in grid interaction and peak-shaving capabilities
among the evaluated configurations. During the winter high season, only the D-BESS in S1 effectively
performs behind-the-meter peak shaving. The optimization model reduces the prosumer’s physical
peak demand in the most expensive block (B1) from 5.76 kW in the BS to 4.01 kW in December, and
down to the 2.80 kW technical minimum in January and February, thereby directly minimizing capacity
charges.

Conversely, the profiles for S3 and S4 remain identical to the BS-EC benchmark, though for
fundamentally different reasons. For S3, this is a systemic limitation: the centralized architecture of the
C-BESS cannot physically shave individual meter peaks for any community member. For S4, however,
this is a localized economic outcome specific to this representative prosumer, whose optimal D-BESS
capacity was 0 kWh; the objective function determined that, given the benefits of P2P trading, paying
standard capacity tariffs is more cost-effective for this household than investing in individual storage.
Unlike S3, other prosumers in S4 with non-zero D-BESS capacities actively perform peak shaving
similar to S1.

A strategic operational shift emerges during the summer low season. While S1 maintains strictly
minimized capacity limits across all active blocks, the EC configurations (BS-EC, S3, and S4) inten-
tionally maximize the contracted power in the off-peak block (B5) to the 11.00 kW upper connection
limit. Since the capacity fee for B5 is practically zero, the optimization algorithm selects the maximum
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limit because it provides absolute operational flexibility at no additional cost. This mathematically
optimal choice ensures that the prosumer has the maximum available grid bandwidth for high-volume
P2P energy imports and C-BESS discharges without increasing the monthly bill. Consequently, these
results demonstrate a fundamental operational trade-off: while D-BESS in S1 minimizes grid reliance
to reduce capacity costs, community sharing frameworks strategically leverage free off-peak grid
bandwidth to maximize cost-effective energy exchange.

To provide a clear overview of the annual energy balance, Figure 7 presents Sankey diagrams
illustrating the energy flows for the representative prosumer (HO01) across all evaluated scenarios.
These diagrams detail how locally generated PV energy is distributed and how the total household
load is met, providing a transparent physical breakdown of energy allocation across each configuration.

a) b)
Grid import Grid import
4088.24 kWh Load 3978.72 kWh Load
5750.95 kWh| 5750.95 kWh
__P2P import
PV to load 109.52 kWh PV to load
1662.71 kWh 1662.71 kWh
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. grid export,
5744.58 kWh PV grid export| 5744.58 kWh 3946.75 KWh
4081.87 kWh| P2P export
13512 kWh
V] d)
. Grid import
3622;1 Glélln 11:‘(/:21 Load 3640.22 kWh Load
5750.95 kWh C-BESS discharged i 375095k Why
PV to load =334.07 kWh —F2F import
1662.71 kWh - 113.95 kWh
DBDU?EOS i‘,c\l;;charged IPV to load
PV generation ’ PV seneration 1662.71 kWh PV grid export
5744.58 kWh .D‘BESS charged PV grid export 574;558 Wh 3799.03 kWh
885.98 kWh 3195.89 kWh . __P2P export
__BESS losses 168.04 kwh ~ C-BESS charged
85.38 kWh 114.80 kWh
e)
Grid import
3916.98 kWh Load
5750.95 kWh|
—P2P import
171.26 kWh PV to load
1662.71 kWh
PV generation PV grid export
5744.58 kWh 3871.42 kWh
P2P export
L]
210.45 kWh

Figure 7. Annual energy flow diagrams (Sankey) for the representative prosumer (H01): (a) Baseline; (b) Baseline
EC; (c) Scenario 1; (d) Scenario 3; (e) Scenario 4.

As illustrated in Figure 7, the BS scenario’s PV-load mismatch causes high unremunerated PV
to grid export (4081.87 kWh) and significant grid imports. Integrating an individual D-BESS (S1)
captures this surplus, minimizing both imports and PV to grid exports, subject only to standard battery
conversion losses (85.38 kWh). Conversely, energy flows in the EC scenarios reveal the limitations
and dynamics of shared resources. In S3, the C-BESS acts as a shared buffer, with the prosumer
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withdrawing more energy (334.07 kWh) than contributed (114.80 kWh), yet failing to meaningfully
reduce PV to grid export (3799.03 kWh).

Comparing the BS-EC baseline to 54 highlights the network effects of decentralized storage. In
the BS-EC, relying purely on P2P sharing without any community batteries yields only 109.52 kWh of
P2P import and 135.12 kWh of P2P export, leaving 3946.75 kWh as unremunerated PV to grid export.
In 54, although HO1 lacks a D-BESS, the active D-BESS units of other EC members absorb and release
energy into the shared pool. This dynamic rerouting increases H01’s P2P export to 210.45 kWh and
P2P import to 171.26 kWh, directly reducing its grid import to 3916.98 kWh. Consequently, physical
energy balances confirm that while individual storage (S1) maximizes direct PV self-consumption,
a distributed EC framework (54) improves energy utilization even for participants without local
investments.

Expanding the analysis to all 15 participants, Table 8 details their base-year economic results,
presenting final gross electricity bills alongside the absolute and percentage annual net cost savings
(ANC) calculated via equations (41) and (42). As defined in section 3.2.2, the ANC for 51 is benchmarked
against the BS scenario, whereas savings for S3 and 54 are calculated relative to the BS-EC scenario. To
evaluate individual operational dynamics across scenarios, Table 9 tracks key technical indicators for
each prosumer, specifically self-sufficiency ratio (SSR"), self-consumption ratio (SCR"), and the power
cost share (égower), derived using equations (34), (35), and (36).

Table 8. Annual gross electricity bills and annual net cost savings for all individual prosumers across the evaluated
scenarios during the base year.

Prosumer ID Clittgross (EUR) ANC! _ (EUR) ANCh,.. (%)
BS BS-EC S1 S3 S4 S1 S3 S4 S1 S3 S4

Ho1 121656  813.14  931.98 77064 80297 28458 4250 1017 2339 349  0.84
HO02 1867.03 140130 157643 126321 140032 290.60 13809 098 1556 740  0.05
HO03 124117 72949 78393 69225 68429 45724 3724 4520 3684 300 3.64
HO04 1312.87  956.26  1211.69  909.34 96448 10118 4692 822 771 357 -0.63
HO05 114065 72700  869.76  671.09 68124 27089 5591 4576 2375 490 401
HO6 1601.79 112044 121669 1057.34 111841 38510 6310 203 2404 394 013
HO07 106323  585.88 84614 55426 58195 217.09 3162 393 2042 297 037
HO8 82031  517.82 64212 46342 49056 17819 5440 2726 2172 663 332
HO09 1496.63 106257 114379 92487 100680 352.84 13770 5577 2358 920  3.73
H10 1046.64 60076 60690  509.69 54334 43974 9107 5742 4201 870 549
Hi11 110443 72874 93473 63577 74776  169.70 9297  -19.02 1537 842  -172
HI2 173493 111868 111251 93654  1061.25 62242 18214 5743 3588 1050 331
H13 208356 153720 1624.83 128099 150338 45873 25621 3382 2202 1230 162
H14 84397 52946 63866 44054 52378 20531 8892 568 2433 1054  0.67
H15 131055 89429 104234  699.01 80545 26821 19528  88.84 2047 1490 678

Table 9. Annual operational metrics for all individual prosumers across the evaluated scenarios.

Prosumer ID SCR" (%) SSR" (%) B ower (%)

BS BSEC S1I S3 S4 BS BSEC S1 S3 S4 BS BSEC S1I S3  S4
Ho1 2894 3130 4437 3387 2894 2891 30.82 4432 3670 2891 4415 1867 41.03 19.89 1891
HO2 2831 3035 3714 3311 2831 2732 2826 3583 3808 27.32 3251 1171 2852 1323 1172
Ho03 2559 3245 4939 3385 3011 2881 3305 5562 4029 3338 5132 2329 4830 2483 2246
Ho4 3592 3824 4033 4199 3592 3737 4177 4196 4539 3737 3212 1153 3143 1224 1143
H05 4019 4426 5209 4621 4404 4258 4633 5519 5436 4624 4500 19.05 4194 21.00 17.95
Ho6 2753 2997 4168 3594 27.53 2697 29.19 4083 3494 2697 3862 1477 3280 1580 14.79
HO7 1642 2200 2954 2869 1642 17.38 2712 3126 3314 17.38 5671 2800 5330 29.84 28.19
Ho08 3800 3910 5321 4511 41.83 3430 3887 4803 49.80 3740 48.07 2091 4584 23.87 2044
H09 3223 3452 4421 4291 3516 3378 3619 4634 4830 3654 3681 1396 3169 1643 13.18
H10 3583 3773 6200 5192 4147 3627 4270 6275 5817 41.38 5312 2314 4818 2812 22.60
Hi1 3305 3998 4151 4712 3305 3587 3893 4504 5298 3587 3958 1515 37.95 1791 1476
H12 3255 3480 5130 4866 3543 3366 3688 5305 5321 3633 4463 1742 3632 2149 1684
H13 2754 2931 3939 6312 2871 2704 2790 38.68 4515 2808 33.80 1172 27.11 1451 1145
Hi14 3510 3676 5372 7901 3510 3227 3684 4939 5542 3227 4875 2161 4712 2693 21.84
H15 3543 3919 4691 8318 3926 3391 3633 4491 5942 3721 4010 1579 3602 2126 1559

The presented results reveal clear operational distinctions among the evaluated scenarios. When
isolating the financial contribution of the shared storage, S3 achieves the highest economic impact
among the EC configurations, yielding the maximum AN C}lgem relative to the BS-EC benchmark
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(peaking at 14.90% for H15). However, examining the power cost share (Egower) reveals an important
mathematical dynamic. Because the centralized architecture in S3 cannot reduce individual contracted
power peaks, the absolute capacity costs remain identical to the BS-EC scenario. Consequently, as the
C-BESS successfully reduces the volumetric energy costs and lowers the total final bill, these fixed
capacity costs inherently represent a slightly larger percentage of the remaining bill.

While the individual approach in S1 delivers the highest absolute financial savings relative
to its respective BS benchmark, it is also the superior configuration for maximizing physical self-
consumption, consistently achieving the highest SCR" and SSR". Notably, for prosumers where the
optimization model allocated zero D-BESS capacity in S4, the physical metrics (SCR" and SSR") and
power cost shares ((jgower) remain nearly identical to those of the BS-EC.

3.5. Comprehensive Techno-Economic Analysis Results

The long-term economic viability of the proposed configurations was assessed by aggregating
financial performance over the 15-year BESS lifetime (Lyyoj), accounting for BESS decommissioning in
year 16. Figure 8 illustrates the aggregated cumulative discounted cash flow dynamics for the entire
prosumer group across the evaluated scenarios. Complementing this, Table 10 summarizes the final
profitability indicators: NPV, ROI, and PBP. These metrics are calculated according to equations (43),
(44), and (45). Since the RO is derived directly from the NPV, any value greater than 0% explicitly
indicates pure net profit beyond the recovery of the initial investment. Furthermore, to quantify the
fairness of the financial distribution among individual participants, the Gini coefficient (G) is calculated
using equation (47).
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Figure 8. Aggregated cash flow analysis for the evaluated scenarios: (a) Scenario 1; (b) Scenario 3; and (c) Scenario
4.

Table 10. Lifetime economic indicators and Gini coefficients across the evaluated scenarios.

Scenario Cj,y (EUR) NPV (EUR) ROI (%) PBP (years) G

S1 27,750.00 27,626.23 99.55 7 0.27
S3 27,750.00 -14,608.16 -52.64 N/A* 0.28
54 3500.00 870.34 24.87 11 0.25

*Investment not recovered within the project lifetime.

The aggregated results highlight clear differences in investment viability across the operational
frameworks. For the individual prosumers (S1), the optimally sized D-BESS achieves strong financial
performance, yielding an aggregate NPV of 27,626.23 EUR and a PBP of 7 years. Conversely, forcing
the exact same total battery capacity into a S3 results in a highly negative NPV (-14,608.16 EUR) and an
unrecoverable investment (ROI of -52.64%). This stark financial underperformance definitively justifies
the optimization model’s decision in S2 to reject the C-BESS investment entirely (0 kWh capacity).
As previously established, the C-BESS cannot reduce individual contracted power (P% ) behind the
meter and is burdened by double grid fees, rendering it economically unviable.In 54, the optimization
model leverages P2P energy trading to satisfy most EC energy-matching needs, drastically reducing
D-BESS installations to a total aggregate CAPEX of just 3500 EUR. This minimal investment yields a
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positive NPV of 870.34 EUR and an 11-year PBP, confirming the financial viability of the optimized
configuration.

These findings provide critical insights into the financial justification of BESS investments within
an EC under capacity-based tariffs. While individual D-BESS (S1) is broadly profitable, transitioning to
an EC framework shifts the economic focus: unrestricted P2P trading effectively replaces the bulk need
for local storage, avoiding substantial CAPEX if internal energy sharing already achieves sufficient
savings. Beyond total profitability, the Gini coefficient (G) evaluates the socio-economic fairness of the
NPV distribution among the participants, where 0 represents perfect equality and 1 represents absolute
inequality. In the individual setup (S1), differences in prosumer load profiles and PV capacities result
in a baseline inequality of financial savings (G = 0.27). Notably, transitioning to an EC framework
does not improve this equity. The G values remain relatively stable, slightly increasing to 0.28 in 53
and marginally decreasing to 0.25 in S4. Although these values indicate a moderately fair distribution
of savings overall, the persisting gap confirms a key trade-off: minimizing the total EC costs does not
guarantee an equal distribution of the resulting NPV among participants. This highlights the need for
dedicated profit-sharing mechanisms in future research.

3.6. Sensitivity Analysis of the Evaluated Scenarios

To evaluate the robustness of the baseline economic findings against future market uncertainties
and policy shifts, a sensitivity analysis was conducted across the primary operational frameworks
(S1, S3, and S4). This analysis examines the influence of two critical parameters on the aggregated
cumulative cash flow. First, the BESS CAPEX (cpgss) was reduced by 40%, from the baseline 500
EUR/kWh to 300 EUR/kWHh, to simulate the potential introduction of an incentive framework. Second,
the unit volumetric price of electricity imported from the grid (cyo1()) was increased by 40% to reflect
extreme price volatility and inflation in the energy market. Consistent with the defined scenario
framework, the fixed C-BESS capacity in S3 dynamically tracks the new optimal aggregate capacities
determined in S1 under each evaluated market variation. The impact of these market variations on the
cumulative cash flows is illustrated in Figure 9, while the resulting optimal aggregate BESS capacities
and final NPV are detailed in Table 11.

Table 11. Aggregate BESS sizing and final NPV under the evaluated market variations.

Market S1 S3 S4

condition Y E! . (kWh) NPV (EUR) ES,, = (kWh) NPV (EUR) Y E! . (kWh) NPV (EUR)
Reference 55.50 27,626.23 55.50 -14,608.16 7.00 870.34
cBEss (—40%) 81.50 44,488 84 81.50 -6599.15 68.00 12,636.24
Cyol (+40%) 65.50 41,050.34 65.50 -9005.15 47.50 10,074.00
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Figure 9. Sensitivity analysis of the cumulative discounted cash flow considering variations in investment costs
and electricity prices over the project lifetime for the evaluated scenarios: (a) Scenario 1; (b) Scenario 3; and (c)
Scenario 4.

The sensitivity analysis reveals that both market variations significantly affect the optimal BESS
sizing and long-term profitability, as detailed in Table 11. In S1, both a 40% reduction in cggsg and a
40% increase in ¢y stimulate further investments in D-BESS. The optimal aggregate capacity for the
individual prosumers increases from the baseline 55.50 kWh to 81.50 kWh under reduced cggss, and to
65.50 kWh under elevated c,,). As defined by the scenario framework, the C-BESS capacity in S3 strictly
mirrors these capacity expansions. In S1, the CAPEX reduction has a stronger positive impact on the
final NPV (44,488.84 EUR) than the c. increase (41,050.34 EUR), as overcoming the initial investment
barrier remains the primary financial bottleneck for individual prosumers. Conversely, in S3, applying
these identical capacity expansions results in negative financial outcomes. Even with a 40% reduction
in cggss or a 40% increase in ¢y, the NPV remains unrecovered at -6599.15 EUR and -9005.15 EUR,
respectively. As illustrated in Figure 9, the annual cash flows in S3 are structurally limited by the
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centralized architecture, which cannot perform individual behind-the-meter peak shaving under the
capacity-based tariff. Consequently, maintaining the exact aggregate capacity of S1 within a centralized
community setup proves economically unviable across all evaluated market conditions.

The most profound change in system behavior is observed in S4. In the reference setup, unre-
stricted P2P trading provided a cheaper mechanism for minimizing EC costs compared to investing
in storage, resulting in a minimal aggregate capacity (Y El, ) of 7.00 kWh. However, the sensitivity
analysis shows that altering the market parameters substantially alters the investment logic. When
cpiss decreases by 40%, the optimization model increases the total ) Eﬁom to 68.00 kWh. Similarly,
under a 40% increase in cy., the EC invests in 47.50 kWh of BESS capacity to minimize expensive
grid imports. Consequently, these variations push the final NPV in 54 to 12,636.24 EUR and 10,074.00
EUR, respectively. This proves that lower BESS costs or higher electricity prices stimulate the par-
allel utilization of local energy sharing and battery storage. Under these modified conditions, 54
significantly outperforms the centralized S3 configuration. It ensures community-wide profitability
while equipping prosumers with their own D-BESS units, which effectively reduces individual peak
consumption and creates a mutually beneficial setup for the prosumers, the EC, and the distribution
grid.

To determine the exact CAPEX at which the optimization algorithm integrates a C-BESS, a break-
even analysis was conducted within S2. The analysis reveals that a 55% reduction, lowering cpgss
to 225 EUR/kWHh, acts as the critical break-even point. At this price level, the model allocates an
optimal C-BESS capacity of 26.50 kWh (ES;BFSS), resulting in an aggregate investment of 5962.50 EUR.
Consequently, this configuration achieves a positive final NPV of 920.60 EUR, an ROI of 15.44%, and
a PBP of 10 years.

4. Discussion

The outcomes confirm that under this framework, profitability is not primarily driven by energy
arbitrage, but by actively minimizing contracted power (Pon) during peak winter blocks. In the case of
individual prosumers with D-BESS (S1), distributed units successfully executed behind-the-meter peak
shaving, directly lowering individual capacity charges. However, an operational limitation emerges
in community-based setups. As demonstrated by the negative financial outcomes of the EC with
a fixed-capacity C-BESS (S3), the C-BESS physically cannot reduce individual Peon limits. Because
energy discharged from the C-BESS to a household passes through the prosumer’s primary meter,
it is registered as standard grid import subject to volumetric and capacity tracking. Consequently,
while centralized storage aggregates community loads and reduces volumetric energy costs, it lacks
the direct behind-the-meter peak shaving capability of D-BESS, ultimately rendering it economically
unviable under the current capacity-based tariff.

This inability to reduce individual capacity limits is further complicated by the current grid fee
structure, which directly dictates optimal BESS sizing. When evaluating the central battery under
baseline market conditions (S2), the optimization model allocated exactly 0 kWh of capacity. The
primary cause for this rejection is the so-called "double grid fee" mechanism: the C-BESS is treated as
an independent grid user. Deprived of capacity-based savings, its financial justification within the
solver relies solely on energy arbitrage. However, the double grid fees reduce this arbitrage margin,
making it impossible to cover the annualized capital costs and the cycle degradation penalty (cqeg). To
evaluate the operational potential of centralized storage despite this solver rejection, S3 was established
by pre-defining the C-BESS capacity to 55.50 kWh, matching the exact sum of the individual capacities
obtained in S1. Although operating this fixed capacity smooths the aggregate energy exchange with the
main grid, it does not translate to proportional financial benefits for the prosumers. In fact, comparing
S3 to the BS-EC benchmark reveals that the C-BESS actually increases the relative power cost share
(&power)- Because the absolute capacity costs remain fixed while volumetric energy costs decrease, the
capacity fee mathematically becomes a larger fraction of the final bill. These findings validate the
theoretical models presented in [23] and [25], which demonstrate that shared infrastructure offers
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superior aggregate load smoothing. Simultaneously, the complete investment rejection in S2, alongside
the negative financial returns in S3, confirms the conclusions of [31] and [32], emphasizing that local
tariff rules and grid fees ultimately dictate the practical feasibility of these models.

The comprehensive techno-economic indicators confirm that capacity-based network tariffs
significantly enhance the investment potential of BESS. While individual prosumers with D-BESS
(S1) maximize the self-consumption ratio (SCR) and self-sufficiency ratio (SSR) and achieve strong
absolute profitability, evaluating distributed storage within an active P2P framework (54) reveals a
highly efficient alternative operational strategy. Since P2P trading efficiently manages the EC’s PV
surplus, the optimization model minimizes the required physical D-BESS capacity. In this setup,
P2P trading handles the bulk of energy sharing among participants, while targeted D-BESS units are
deployed strictly for peak shaving. This operational strategy yields a positive NPV of 870.34 EUR
and an ROI of 24.87%. This mechanism confirms the findings of [27] and [28], which concluded that
P2P platforms allow prosumers to effectively exchange excess generation and significantly reduce
payback periods. Beyond overall profitability, the Gini coefficient (G) analysis reveals critical insights
into the socio-economic sphere. While community integration is often expected to act as an equalizing
mechanism, transitioning from isolated operation (51, G = 0.27) to collaborative frameworks does not
significantly reduce financial inequality among participants. The G values remain relatively stable,
slightly increasing to 0.28 in S3 and marginally decreasing to 0.25 in S4. This highlights a fundamental
trade-off: minimizing the total EC costs mathematically ensures collective efficiency, but it does not
guarantee a just distribution of the generated savings. Furthermore, the sensitivity analysis confirms
the robustness of these configurations against market volatility. A simulated reduction in BESS CAPEX
(cBEss) or an increase in volumetric cost for energy import (cyo1) stimulates investments in larger
battery capacities across the distributed setups (51 and S4). Specifically, the break-even analysis for
the EC with an optimized C-BESS (S2) reveals that a 55% decline in capital costs, lowering cpgss to
225 EUR/kWH, is required for the optimization model to allocate a modestly sized C-BESS capacity
under strict baseline market rules. This confirms that anticipated future cost reductions will effectively
bridge the gap between theoretical centralized EC benefits and practical investment viability.

The insights derived from this techno-economic analysis provide a solid foundation for several
future research directions. First, future work should expand the current energy storage model by
incorporating combined cyclic and calendar aging mechanisms, along with variable charge and dis-
charge efficiencies, to enable a more precise economic assessment of lifetime. Additionally, the present
deterministic approach relies on perfect foresight for PV generation and load profiles. Integrating
stochastic or robust optimization methods would effectively account for these real-world forecasting
uncertainties. Within the market framework, the local energy-sharing model could be evolved from
a centralized community pool to a fully decentralized bilateral P2P trading mechanism to evaluate
individual prosumer negotiation strategies. Moreover, developing dedicated profit-sharing mecha-
nisms or fairness-oriented objective functions is essential to address the socio-economic inequalities
highlighted by the Gini coefficient analysis. Furthermore, exploring alternative business models for
centralized storage, such as cloud energy storage systems, where participants pay a service fee for
virtual capacity, represents a promising alternative to direct EC ownership. Expanding the operational
scope to encompass multiple interacting ECs could also unlock new revenue streams by providing
ancillary services to the distribution system operator. Finally, integrating detailed technical network
constraints, specifically active voltage regulation, into the optimization framework remains a critical
future goal to ensure that the maximized economic benefits of ECs do not lead to voltage violations
within the local grid.

5. Conclusions

In this paper, a techno-economic framework was developed to evaluate the integration of BESS
under an emerging capacity-based tariff structure, specifically analyzed through the Slovenian regu-
latory context. A MILP optimization model was utilized to co-optimize BESS sizing and operation
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during the first year. For the remainder of the project lifetime, the model systematically reduces the
battery’s SOH and optimizes its operation based on this degraded capacity. Consequently, the study
confirmed that BESS investments are highly profitable for distributed architectures (D-BESS), whereas
centralized community storage (C-BESS) faces critical economic barriers under the current regulatory
conditions. The results demonstrate that under multi-block capacity charges, storage systems are
utilized not merely for traditional energy arbitrage, but primarily for active peak shaving.

The comparative analysis revealed clear financial distinctions between storage architectures.
While individual D-BESS units yield strong positive returns, centralized storage financially underper-
forms, resulting in a negative NPV due to its inability to reduce individual capacity peaks. Furthermore,
integrating D-BESS within an EC framework minimizes the required physical capacity, yielding a realis-
tic ROI of 24.87%. The evaluation also revealed that ECs do not automatically serve as socio-economic
equalizers; the Gini coefficient remained relatively stable, demonstrating that community-wide cost
minimization does not guarantee an equitable distribution of financial savings among prosumers.

Finally, the sensitivity analysis demonstrated how the evaluated configurations respond to market
volatility. While C-BESS theoretically offers substantial advantages, including economies of scale,
enhanced community load smoothing, and increased operational flexibility, the current regulatory
conditions severely limit its financial viability. Specifically, the application of double grid fees and the
inability to reduce individual contracted power prevent the profitable operation of this shared asset.
The break-even analysis revealed that a minimum 55% reduction in capital costs is required for the
optimization model to allocate C-BESS capacity. Consequently, under the existing capacity-based tariff
framework, the economic deployment of ECs is currently most effectively realized through D-BESS
rather than C-BESS.
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