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Abstract

This paper presents a scenario-analysis framework for evaluating the impacts of local energy communities on distribution network
performance and associated economic implications. A distribution network comprising residential, commercial, and industrial
prosumers, defined as per their demand profiles, is considered. Scenarios are constructed based on all possible community com-
positions and benchmarked against a reference case in which prosumers purchase electricity under a self-consumption strategy.
Each scenario is implemented in two stages. First, operating schedules are optimized to minimize total energy procurement cost.
Second, optimized schedules are evaluated using linearized distribution power flow equations to assess network performance.
Each scenario is evaluated using network KPIs, including maximum feeder loading and minimum nodal voltage, and economic
KPIs, including energy cost, peak cost, and overall cost. The results suggest that local energy communities primarily achieve
overall cost minimization through reductions in peak-related costs. Across all local energy community configurations, 13% cases
exhibit a higher maximum line loading than in the reference case, with these instances predominantly associated with homoge-
neous prosumer compositions. This effect arises from the mismatch between local community demand patterns and aggregate
feeder demand. While batteries reduce the peak of a homogeneous community, their charging during community low-demand

hours can coincide with the feeder peak, leading to higher maximum line loading at the network level.

1 Introduction

End-consumers in modern distribution systems are increas-
ingly equipped with flexible resources such as rooftop PV,
electric vehicles, heat pumps, and home batteries through both
private investment and public support schemes. These dis-
tributed resources alter power flows and may increase grid-side
variability, creating new requirements and opportunities for
flexibility provision and local energy management. In this con-
text, Local Energy Communities (LECs) have emerged as a
community-based framework for the collective management
and operation of prosumer energy resources.

The deployment of such community-based approaches has
been enabled by recent European Union (EU) regulatory
reforms. The Clean Energy Package provides the overarch-
ing framework by recognizing energy communities and facil-
itating their participation in energy markets [1]. Directive
(EU) 2019/944 defines Citizen Energy Communities [2], while
Directive (EU) 2018/2001 (RED II) establishes Renewable
Energy Communities [3], together supporting collective renew-
able generation, self-consumption, and enhanced consumer
participation. Moreover, Regulation (EU) 2019/943 strength-
ens market design provisions for the non-discriminatory partic-
ipation of flexibility resources, including storage and demand-
side solutions [4].

In response to these regulatory developments, LECs have
attracted increasing research attention in Europe. A Norwe-
gian low-voltage case study on a real neighborhood feeder with

52 households shows that uncoordinated battery and EV arbi-
trage can increase peaks, losses, and voltage fluctuations [5].
Using demand data from Madrid, Spain, similar adverse net-
work effects under uncoordinated battery and EV arbitrage are
reported [6]. An Italian case study similarly emphasizes the
need for grid-aware incentives and control, noting that individ-
ual customer objectives can conflict with Distribution System
Operator (DSO) flexibility requirements while can also lead to
increased losses and line loading [7]. Medium-voltage impacts
are further shown to be topology-dependent [8]. By contrast,
a German low-voltage case study demonstrates that monitor-
ing and active network management can mitigate violations
under local energy exchange [9]. Collectively, these studies
show that LEC performance is shaped by control strategy
and network topology, as well as by participant composition
and available assets. However, most studies consider only a
narrow set of community compositions and do not systemati-
cally explore variations in prosumer demand types, technology
configurations, and community sizes.

This paper performs a scenario analysis on the impacts of
LECs across communities comprising different prosumer com-
position and community sizes. The main contributions are as
follows:

+ A scenario-analysis framework is developed to assess the
impacts of LECs on distribution network performance
and the economic outcomes for prosumers, considering an
exhaustive set of community compositions and sizes relative
to self-consumption (SC) scenarios.
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Fig. 1. Schematic representation of a LV network.

+ Identification of the key performance indices across LEC
scenarios for DSOs, LEC managers and prosumers for
understanding the scope of LECs in terms of benefits for
the prosumers and LEC managers and network impacts for
the DSO.

The remainder of the paper is organized as follows: Section
2 presents the study framework, supported by mathematical
modelling in Section 3. Section 4 reports the test system and
results, and Section 5 concludes the paper.

2 Scenario Analysis Framework and
Methodology

Figure 1 shows the schematic of the LV distribution system,
in which the DSO supplies electricity to consumers and the
LEC manager functions as an aggregator coordinating pro-
sumers within a community framework. Under the SC scheme,
prosumers optimize their assets independently to reduce their
electricity bills, whereas under the LEC scheme, selected
prosumers are coordinated and optimized jointly while non-
participating prosumers continue to operate under SC, thereby
enabling a consistent baseline comparison under identical tem-
poral and market conditions. The physical layer represents the
flow of electricity, while the virtual layer represents the cor-
responding economic interactions within the network. Figure
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Fig. 2. Flow of the presented work.

2 illustrates the scenario analysis workflow. A mixed-demand
feeder with twelve prosumers are considered such that the
overall feeder demand is almost equally distributed among
industrial, commercial and residential prosumers. These pro-
sumers are also equipped with either PV or BESS or both
PV and BESS. Considering these prosumers, all feasible LEC
compositions are generated, ranging from two-prosumer com-
munities to a single community comprising all prosumers, with

each of them self scheduling independently in the reference
case. For each case, operating schedules are first optimized
for minimum daily costs and then assessed through load-flow
analysis incorporating network characteristics and prosumer
location. The tariff structure is adopted from Goteborg Energi,
Sweden [10]. The prosumer tariff comprises of a subscription
fee, energy tariff and a monthly power tariff, detailed in the
next section. The resulting outputs are used to derive network
KPIs, including maximum changes in line loading and voltage
deviations in LEC relative to SC, as well as economic KPIs,
including energy cost, peak cost, and total cost, as described in
the following section.

3 Mathematical Modelling

This section presents the optimization model used for the
analysis. The formulation is based on Mixed Integer Linear
Programming (MILP). The modelling is partly adopted from
[11].

3.1 Objective Function

The objective is to minimize each prosumer’s daily electricity
cost according to equation (1), comprising a subscription fee,
an energy tariff, and a power tariff. For the i*" prosumer, the
subscription fee C:“® is a fixed monthly charge. Here, C;™"9¥
denotes the hourly energy cost for the *" prosumer for imports
P/™ and exports P"". The energy cost is given by equa-
tion (2), where o”*-°"°" is the day-ahead spot price, 77"
the transmission fee, o7°® the tax component, and o°°™P the
network loss compensation.

min Z = Z(C:“b + Cf"eTgy 4 C«Zpower) (1)

Cienergy — Z |:(O'tDA’SPDt 4 O,T’r‘ans + O,Taz) Pti'mp
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Cippa = Opeak_effect_fee * Ppeak Vi (3)
3.2 Constraints

3.2.1 Load balance constraint: Equation (4) defines the power
balance between imports, exports, demand, and asset sched-
ules. Here, P/ and P7™ denote imported and exported
power, respectively; P, denotes the demand of prosumer i at
time ¢; Pf”fh and Pﬁ’t’“s represent BESS charging and discharg-
ing power, respectively; and P;,” denotes PV generation. The
constraints in (5) employ a big-M formulation to prevent P™?
and P°*? from being positive simultaneously.

Rimp _ Pteacp — Z (Pﬁ + sz,’:h) _ Z (PZI;V + ‘Plb’,tdzs)

0<P"™ < M-u,0<PF"" < M- (1—u),u, € {0,1}
(&)



3.2.2 Battery Energy Storage System: A simplistic model of
BESS is used, wherein charging and discharging powers are
bounded by P2, ., as described in equations (6)-(7). w; , is a
binary variable that prevents simultaneous charging and dis-
charging. The relation between the battery State of Charge
(SoC) and the charging/discharging powers is described in
equation (8). 7. and 7, are the charging and discharging effi-
ciencies. E? is the rated BESS capacity. The SoC is constrained
by SoC\i, and SoCy,,, denoting its lower and upper bounds
in equation (9). A cyclic boundary condition enforces equality
between initial and final SoC to avoid end-of-horizon effects as
describe in equation (10).

0< P <P (1—w,,) VtVi (6)
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SoC’f’,1 = SoOﬁT Vi (10)

3.3 Linearized Distribution Power Flow

The second-stage load-flow (LF) analysis uses linearized dis-
tribution flow equations[12] to estimate line flows and nodal
voltages. This also reduces computational burden relative to
AC-LF. Equations (11) and (12) relate nodal power demand to
line power flows while neglecting line losses, where ® denotes
the Bus Injection to Branch Current (BIBC) matrix represent-
ing network topology. Equation (13) then relates nodal voltages
to line flows.

P/ =@ Pk, 1)
Q{,t =P Q'rI:t 12)
Vn+1,t = Vn,t - (szl{t + lelf,t) (13)

4 Results and Discussions
4.1 Description of Test System

The single line diagram of feeder used in the simulations is
shown in Fig. 3. The feeder model is derived from the cor-
responding CIGRE LV [13] residential feeder data, and the
assumed prosumer configurations are listed in Table 1. The pro-
sumers are considered such that the feeder demand is almost
distributed equally among industrial, commercial and residen-
tial. Load power factors are assumed to be 0.9 lagging for all
loads. Line current limits are set to 0.8 kA. The hourly data
used in simulation for prosumer demand, spot prices [14], and
PV generation [15] are presented in Fig. 4. The data is consid-
ered for two months, viz., winter peak and summer peak in area
SE3 in Sweden.

4.2 Results and Discussions

This section presents network and economic performance
across 4083 LEC combinations, ranging from communities

Table 1 Prosumer configurations, connected demand and rated
capacity of DERs

Connected PV BESS
Prosumer  Category Demand (kW) (kWp) (kW/kWh)

P1 Industrial 172 50 50/150
P2 Commercial 55 25 25175
P3 Commercial 55 - 25175
P4 Commercial 55 25 -
P5 Residential 20 10 10/30
P6 Residential 20 - 10/30
P7 Residential 20 10 -
P8 Residential 20 10 10/30
P9 Residential 20 - 10/30
P10 Residential 20 10 -
P11 Residential 20 10 10/30
P12 Residential 20 - 10/30

with two prosumers to those comprising all twelve prosumers,
and compares each case against the SC baseline, as explained
in Section 2.

4.2.1 Network KPIs: Fig. 5 illustrates the case-wise change in
maximum feeder line loading under LEC operation relative to
SC. The maximum line loading observed in SC case is 82.3%.
The line loading observed in LECs varied within the range of (
-5.5% to 2.6%), approximately. The number of cases, wherein
line loading observed in LEC cases is greater than SC case
are 527 (13 %). Around 1% cases observed no change in line
loading, and around 86 % cases saw a reduced line loading lev-
els in LEC when compared with SC. This suggests that LECs
generally contribute to reducing maximum feeder line loading.
However, in certain cases, they may also lead to an increase in
feeder maximum line loading.

Figure 6 further categorizes all cases according to differ-
ent prosumer-type combinations to examine the maximum
line loading results. It is observed that residential-only and
commercial-only case more frequently observe a higher maxi-
mum line loading compared to SC case, which indicates that
LECs composed of homogeneous prosumer types are more
likely to exhibit higher maximum line loading compared to
SC case. Further, with the inclusion of industrial prosumers,
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Fig. 3. Single line diagram of simulated network
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Fig. 4 Hourly prosumer demand, spot prices, and normalized
PV generation for February (Winter) and July (Summer).

approximately half of the cases exhibit lower maximum line
loading in LECs than in SC. The most favorable outcomes
are observed for prosumer combinations with complementary
demand profiles, specifically residential and commercial pro-
sumers, where LECs observe more frequently a reduction in
maximum line loading relative to SC. Overall, these results
suggest that prosumer homogeneity increases the likelihood of
higher line loading in LEC configurations, whereas greater het-
erogeneity, particularly through complementary demand pat-
terns, enhances the probability of achieving lower line loading
compared with SC.

Figure 7 shows the effect of LEC size on the instances where
LECs observe a higher maximum line loading compared to SC.
It is observed that the effect of LEC size on maximum line
loading depends strongly on the underlying prosumer compo-
sition. For homogeneous configurations, viz., residential only
and commercial only, an increase in LEC size is associated
with a higher probability of LECs exhibiting greater maxi-
mum line loading than the corresponding SC case. In contrast,
for mixed configurations with complementary demand profiles,
especially the residential-commercial combination, the likeli-
hood of higher line loading in LECs decreases with increasing
LEC size. This suggests that scaling up LECs composed of
complementary prosumer types can improve load diversity and
reduce maximum line loading relative to SC, whereas increas-
ing the size of more homogeneous LECs may amplify coinci-
dent demand and thereby increase the probability of higher line
loading.

Fig. 8 compares the monthly minimum nodal voltage under
LEC and SC operation using parity plots, where the dotted line
separates cases with improved minimum voltage under LEC
from those with reduced minimum voltage relative to SC. Over-
all, the observed variation is very less across cases and is well
within the limits, with no consistent monotonic trend.

4.2.2 Economic KPIs: Fig. 9 compares the monthly aggregated
peak, energy, and total costs under LEC relative to SC using
parity plots, where points below the parity line indicate cost
reductions under LEC. Overall, LECs yields consistent reduc-
tions in total cost, driven primarily by reductions in peak costs,
as evidenced by the systematic shift below parity line in the
peak-cost plots. By contrast, energy-cost changes are small
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Fig. 5 Change in maximum line loading of feeder under LEC
relative to SC
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Fig. 6 Share of cases classified as per the maximum line load-
ing levels

and remain close to parity line, indicating almost no to limited
contribution from energy arbitrage relative to peak shaving.

4.2.3 Discussions on Overall Network Impact: Fig.10 illus-
trates the trade-off between community-level peak reduction
and local network impacts for a LEC case. By coordinating
operation, the LEC reduces the community-level peak load rel-
ative to the SC case during 08:00 and 18:00 hrs. However,
this peak reduction is achieved through a shift in the operating
profile of the LEC members, which increases its own peak con-
sumption during 12:00 hrs which coincides with the non-LEC
members’ peak demand. As a consequence, the loading of line
1-2 increases under LEC operation and the minimum voltage at
bus 2 is reduced compared with the SC baseline, highlighting
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Fig. 9 Comparison of peak, energy, and total costs under LEC
versus SC across feeder types.

that community-level objectives can induce localized conges-
tion and voltage degradation when the coordination strategy
is not explicitly constrained by network limits. The scenario
analysis framework presented considers all probabilistic com-
binations of the prosumers assumed in the system. Hence, the
problem size grows combinatorially and amounts to 2" — 1
cases, including the SC reference cases, for n prosumers. Par-
allel computing is used for solving the framework. The results
also suggest that many of the possible LEC cases are unlikely to
worsen network performance and may therefore be excluded.
A case pruning strategy is within the scope of future work
to reduce the number of scenarios and thus the computational
burden.

5 Conclusion

This paper evaluates an exhaustive set of LEC configurations
across industrial, commercial, and residential feeders to bench-
mark LEC operation against a SC baseline using network and
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Fig. 10 Case where higher feeder line loading is observed in
LEC compared to SC

economic KPIs. Around 13% cases observe a higher maximum
line loading in LEC compared to the reference SC case. The
maximum line loading in LECs varied in the range of (-5.5% to
2.6%) relative to the SC. Results show that monotonous com-
positions of LECs lead to higher maximum feeder line loading
levels while communities with heterogeneous composition of
prosumers are more likely to reduce the maximum feeder line
loading. Economically, LEC operation consistently reduces
total cost across all feeders, driven predominantly by peak-
charge reductions, with energy-cost changes remaining small.
Overall, cost-optimal coordination primarily acts through peak
shaving, which can induce localized line overloading and volt-
age deviation impacts unless explicit grid constraints are incor-
porated, motivating planning-oriented screening of community
designs.
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