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sharing under collective self-consumption schemes. The centralized EMS is formulated
as a Mixed-Integer Non-Linear Programming (MINLP) optimization problem, whereas
the decentralized EMS employs a rule-based algorithm that requires no information
exchange among members. Both strategies have been evaluated under the Spanish
regulatory framework, a) using fixed allocation coefficients and b) introducing
improvements borrowed from the Portuguese regulation, selected as a benchmark due
to its advanced regulatory maturity. For the case of ex-ante allocation coefficients
computation, an optimization-based methodology is proposed combining Mixed-Integer
Linear Programming (MILP) with data clustering techniques.

Results indicate that both EMS architectures achieve comparable energetic
performance. The centralized EMS achieves the highest levels of self-consumption,
self-sufficiency and energy sharing, particularly when proportional allocation
coefficients are used, while the decentralized EMS performs closely. From an
economic perspective, the centralized EMS provides the highest cost reductions, while
the decentralized EMS yields lower economic savings but with significantly less
computational effort, with runtimes up to eighteen times shorter. These findings
highlight a clear trade-off between economic optimality and computational efficiency,
positioning decentralized EMS solutions as a scalable and privacy-preserving
alternative for individual self-consumers transitioning to collective self-consumption
schemes in evolving regulatory frameworks.
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Abstract

The increasing deployment of individual and collective self-consumption systems is
reshaping Energy Management Systems (EMSs) under evolving regulatory frameworks. This
paper presents a techno-economic comparison between a centralized EMS and a
decentralized EMS for flexible resources dispatching and sharing under collective self-
consumption schemes. The centralized EMS is formulated as a Mixed-Integer Non-Linear
Programming (MINLP) optimization problem, whereas the decentralized EMS employs a
rule-based algorithm that requires no information exchange among members. Both strategies

have been evaluated under the Spanish regulatory framework, a) using fixed allocation
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coefficients and b) introducing improvements borrowed from the Portuguese regulation,
selected as a benchmark due to its advanced regulatory maturity. For the case of ex-ante
allocation coefficients computation, an optimization-based methodology is proposed
combining Mixed-Integer Linear Programming (MILP) with data clustering techniques.
Results indicate that both EMS architectures achieve comparable energetic
performance. The centralized EMS achieves the highest levels of self-consumption, self-
sufficiency and energy sharing, particularly when proportional allocation coefficients are
used, while the decentralized EMS performs closely. From an economic perspective, the
centralized EMS provides the highest cost reductions, while the decentralized EMS yields
lower economic savings but with significantly less computational effort, with runtimes up to
eighteen times shorter. These findings highlight a clear trade-off between economic
optimality and computational efficiency, positioning decentralized EMS solutions as a
scalable and privacy-preserving alternative for individual self-consumers transitioning to

collective self-consumption schemes in evolving regulatory frameworks.

Keywords: Allocation coefficient, collective self-consumption, distributed energy resource,

energy management system, peer-to-peer market.
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1. Introduction

The European Union's decarbonization objectives of a 55% reduction in CO>
emissions by 2030 and climate neutrality by 2050 are accelerating the energy transition [1].
This will require a massive integration of renewable energy sources (RES) into the energy
generation mix, with the decentralization of the energy system playing a key role, driven by
self-consumption regulations and the development and deployment of distributed energy
resources (DERs). According to [2], [3] distributed and decentralized solar photovoltaic
generation (PV) will become the largest renewable capacity source by 2030.

In this way, the RePowerEU Plan required Member States to accelerate the
transposition of the Electricity Directive to enable consumers to actively engage in energy
markets either exercising individual self-consumption (ISC) activities, or within collective
self-consumption (CSC) schemes or energy communities, by generating, self-consuming,
selling, or sharing renewable energy within CSC structures [4]. These initiatives are boosting
the deployment of decentralized PV through rooftop panel installation [5]. Indeed, self-
consumption reduces end-users' electricity cost, allowing them to use self-generated
renewable energy, enhancing their energy independence, and lowering their environmental
footprint. It also empowers users by giving them greater control over their energy usage and
opens opportunities to sell or share surplus energy, particularly within CSC structures.
Furthermore, self-consumption also contributes to reducing net and peak demand and can
help minimizing transmission losses by incentivizing local energy balancing from local
generation. Moreover, CSC can enhance grid flexibility by aggregating their members’

flexibility and participating in demand response and balancing services, among others [6],



O©CO~NOOOTA~AWNPE

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

[7], [8], [9], [10]. Although self-consumption regulatory frameworks vary considerably
across European countries, restricting regulations may sometimes constrain the deployment
of CSC structures. In this way, their overall potential is reduced, and the socioeconomic and
grid-related benefits are diminished by establishing limiting constraints and not providing
flexible enough energy sharing mechanisms. These disparities are exemplified by the Iberian
Peninsula scenario, where Spain has a significantly less advanced regulatory framework than
Portugal's, as described in [11].
1.1 Self-consumption regulatory framework

Regional regulatory frameworks in both Portugal and Spain define two main
modalities of self-consumption under harmonized principles, as established by Portuguese
Decree-Law 15/2022 [12] and Spanish legislation, including Law 24/2013 [13], Royal
Decree-Law 15/2018 [14], and Royal Decree 244/2019 2019 [15] (see also [11] for a detailed
comparison). ISC is defined as the act of a final consumer producing its own electricity from
RES for its own use, with the possibility of either storing the surplus energy or injecting it
into the grid. CSC refers to a group of consumers who, subject to defined proximity rules,
come together to produce renewable energy for their own use and to share any surplus with
other CSC members according to mutually agreed rules. In the case of Spain and Portugal,
their regulatory frameworks are differentiated by the adoption rules, energy-sharing
mechanisms and renewable generation surplus treatment [11], [16], [17], [18], [19], [20].

Regarding energy-sharing mechanisms within CSC schemes, the Spanish regulatory
framework is more restrictive than the Portuguese counterpart. In both countries, the
allocation of renewable energy generated in CSC schemes among participants can be

explained with the so-called allocation coefficients (ACs). Under the Spanish framework,
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allocation is based on fixed ACs (according to the meaning in [11]), meaning that each
generation facility participating in a CSC must define, before the CSC operation, a specific
AC for each consumer and for every settlement period (ISP), which in Spain is hourly. These
ACs must be submitted to the distribution system operator (DSO) during the licensing
process, in accordance with the collective agreement of the CSC members. Two main types
of fixed ACs are regulated: a) those called fixed by the Spanish regulation, which in fact
means they remain constant throughout the entire year; and b) those called variable, which
are in fact fixed in the sense of [11], but allowing time discrimination on an hourly basis. In
both cases, AC must be pre-defined and submitted at licensing time and can be modified only
once every four months. If no specific allocation methodology is selected, the DSO will apply
a default scheme of fixed ACs, whereby the energy is allocated proportionally to each
participant's contracted power.

Conversely, the Portuguese framework defines ACs based on a 15-minute ISP and
permits a wider range of ACs: a) fixed ACs (in the sense of [11]) that define how the
aggregated local surplus is shared with the consuming CSC member, corresponding to both
the fixed and variable Spanish AC options, being also defined a priori and allowing time
discrimination, and b) those called post-delivery ACs in [11], since they are computed after
the energy measurements become available, [11], which are a) proportional-to-consumption,
or b) dynamic. For the Portuguese fixed ACs, if a CSC member does not consume during a
given interval, the DSO recalculates the ACs of those members consuming proportionally to
the initial AC, so that they always add up to one, something not considered in the Spanish
regulation. In the proportional-to-consumption ACs, the DSO allocates the energy surplus

among the consuming CSC members proportionally to their consumption, according to their
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verified smart meter measurements. Finally, in the dynamic ACs framework, the ACs, (that
are bilateral and link members with surplus to members consuming) are computed, after the
energy delivery, by the CSC manager (EGAC under the Portuguese regulation) based on
predefined sharing rules and sent to the DSO that validates and applies them to compute the
final energy allocation.

The treatment of renewable energy surpluses in Spain depends on the self-
consumption modality: either the surplus energy is compensated in the electricity bill at a
price negotiated between the consumer and the retailer (only allowed for self-consumption
systems with a total installed capacity below 100 kW), or the surplus energy is directly sold
on the electricity market, in which case the installation is classified as a generating plant and
is subject to the corresponding regulatory and market obligations (such as guarantees),
constituting a large barrier for small facilities. In Portugal, both ISC and CSC schemes are
allowed to sell the electricity surplus through private peer-to-peer (P2P) transactions,
bilateral contracts, or in organized electricity markets (where market obligations such as
guarantees also apply). For ISC, surplus energy can be sold to an aggregator or market
facilitator. In the case of CSC, all surplus energy generated by the CSC members must be
aggregated by the CSC manager and then sold to an aggregator or directly to the market.

1.2 CSC schemes control architecture

Recent literature has increasingly addressed the challenges and solutions for
managing CSC schemes under different regulatory frameworks. A significant portion of this
research focuses on the design of energy management systems (EMSs) for the adoption of

flexible DERs in CSC schemes and scheduling the flexible assets to minimize the CSC cost.
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Most existing literature focuses either on countries with relatively flexible regulatory
frameworks or on idealized scenarios that allow for dynamic optimization of ACs. In contrast,
EMSs for CSC under restrictive regulatory conditions remain underexplored. A key example
Is Spain, one of the focus countries of this article, where current regulations require ACs to
be defined during the licensing period, preventing any dynamic adjustment thereafter. This
rigidity poses a significant barrier to the broader deployment of CSC schemes.

A summary of the literature review is collected in Table 1, where works [20], [21],
[22], [23], [24], [25], [26] and [27] are classified with respect to their regulatory framework
country, their control architecture typology, the deployed EMS algorithm and the ACs

calculation approach.

Table 1: Summary of the literature review.

Reference Regulatory _Control EMS algorithm AC calculation
framework  architecture type
Portugal, . Ex-post (IT),
[20] Italy Centralized MILP dynamic (PT)
: Rule-based,
[21] France Centralized optimization-based Ex-post
[22] France Centralized LP Ex-post
[23] Spain Centralized Genetic algorithm  Fixed, dynamic
[24] Spain Centralized Rule-based Fixed, dynamic
Rule-based,
[25] Spain Centralized sequential least Fixed, dynamic
squares
optimization
. . . . Fixed (updated
[26] Spain Centralized Genetic algorithm every 4 months)
. Convex
Centralized, . :
[27] France Distributed programming, Fixed
Game theory
7
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Given this context, it is highly relevant to evaluate regulatory approaches adopted in
more advanced frameworks, such as in Portugal, to identify measures that could be adapted
to the Spanish case with regulatory adjustments. However, there is a clear gap in the literature
regarding the design of effective EMSs that operate within such fixed frameworks. Although
some studies address optimal allocation or focus on post energy delivery settlement
mechanisms, they tend to overlook the practical and regulatory challenges involved in
managing individual energy distribution when ACs are fixed and must be determined in
advance.

This article addresses the aforementioned gap with a techno-economic evaluation of
the transition from ISC to CSC with two different EMSs approaches within the Spanish
regulatory framework, but considering improvements based on the Portuguese regulation.
First, a specific case study is defined with potential ISC DERs embracing CSC schemes,
including the optimization of the fixed ACs based on clustering methods applied to historical
CSC members data, which must be done at licensing time. Then, the implications for ISC
installations adopting a CSC scheme are assessed using both centralized and decentralized
EMS approaches, with the objective of comparing energetic and economic performance
indicators. As a next step, to assess the inefficiency of the regulated Spanish AC framework,
selected measures from the Portuguese regulatory framework are integrated to improve
techno-economic outcomes and stakeholder engagement. Finally, the operation of both
EMSs is evaluated and compared over a one-year simulation period, analysing key
performance indicators (KPIs) such as economic savings, computational costs, and system

performance, among others. The main contributions of this paper are the following:
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e Evaluation of the implications of CSC adoption for ISC installations under
the Spanish regulatory framework, with only pre-delivery (fixed) AC,
compared to using post-delivery AC as in the Portuguese context;

e Development and comparison of a centralized and a decentralized EMSs for
CSC within an ex-ante (fixed) AC computation;

e Techno-economic assessment and comparison of the centralized and
decentralized EMSs approaches.

The rest of the paper is organized as follows. Section 2 describes the methodology,
presenting the AC calculation, the developed centralized and decentralized EMSs approaches,
and the settlement. Section 3 presents the case study for the CSC scenario, and Section 4

presents and discusses the main results. Finally, Section 5 presents the key conclusions.

2. Methodology for energy sharing and management in collective self-

consumption schemes

Given the strong national effort and financial incentives for residential buildings (RB)
and large tertiary buildings (LTB) self-consumption deployment in Spain (PNIEC [28]),
these installations are included in the present study, as depicted in Figure 1. Under this
framework, the selected DERs (i.e. self-consumption installations) are well-positioned to
adopt CSC schemes in future phases, thereby enhancing their energy and economic benefits.
The methodology adopted in this study comprises four main components designed to
evaluate the performance of different energy sharing configurations within a CSC scheme.
First, ex-ante ACs are computed during the licensing period. Second, a centralized EMS is

developed to optimize energy flows within the CSC, leveraging global information to achieve
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system-wide efficiency and cost-efficient energy allocations. Third, a decentralized rule-
based EMS is developed, where each member operates autonomously according to
predefined rules, enabling local decision-making with neither centralized coordination nor
real-time assets data sharing. This approach is an improved version of the ISC scenario,
although it is not as optimal as the centralized EMS. Fourth and last, the settlement is

computed to provide the individual and collective bill calculations.
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Figure 1: Assumed DER technologies for CSC.

2.1 Ex-ante Allocation Coefficient definition

Within the Spanish regulatory framework, at CSC licensing time, the CSC must
provide the ACs that will be used to share the production of each generation unit with the
CSC members. In order to boost the CSC deployment, one modification is implemented in
this function: the AC is applied to the energy surplus of each DER after its self-consumption.

In this way, each DER self-consumes from its own installation and shares only the excess

10
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energy. On this basis, this block computes the optimal fixed ACs for each DER using
historical data of each DER, such as generation, consumption, grid electricity consumption
price and surplus energy injection price. To limit complexity, optimal ACs are computed for
four representative operation patterns. These patterns come from the k-medoids clustering
algorithm applied to four scenarios built combining two dimensions of variability: a) working
days versus non-working days, and b) summer versus winter periods. This classification
captures both behavioural differences in demand and seasonal variations in PV generation,
because consumption is particularly sensitive to the nature of the end-user, and PV generation
has a dependency on the weather. Unlike k-means, which generates centroids as
mathematical averages that do not correspond to real daily profiles, k-medoids always selects
actual observations from the dataset as cluster representatives, particularly relevant when
working with energy profiles to avoid smoothing demand peaks or distort the variability of
PV generation. In addition, k-medoids is less sensitive to outliers, thereby ensuring that the
resulting clusters remain robust and realistic [29], [30], [31], [32], [33].

Once the representative profiles of each DER have been obtained for all scenarios,
the ISC-oriented EMS (developed in [34]) is run for each DER to estimate the amount of
energy available for sharing. The ISC-oriented EMS [34] aims to increase the self-sufficiency
of each DER by controlling the existing energy storage systems (ESS), giving the
individually optimal operation profiles of each DER. To compute the ACs, a mixed-integer
linear programming (MILP) based optimization is applied to each representative pattern to

minimize the CSC energy cost, as expressed in (1).

11
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N

T
. _ imp,grid imp,P2P exp,grid exp,P2P
min COStCSC = E ( é (Cn,t + Cn,t - Cn,t - Cn,t )) )

VNneN,VteT
n=1

where C,:P9""*and C,/:P"*" are, respectively, the costs of the energy bought from the grid

and the energy bought within the CSC, for n € N where set N is the total number of CSC

members at each sample time t of the horizon T of the representative pattern, both in [€].

Conversely, C expg”d is the compensation for injecting energy into the grid in [€] and
CPP?" is the revenue obtained from sold energy within the CSC in [€].

The cost of buying electricity from the retailer, (2), is the import cost of purchasing

lmp grid .

energy from the grid, C, in [€] minus the income from the energy exported to the grid,

Cﬁ’gp 97 in [€]. These costs are calculated according to (3) and (4), respectively.

retailer _ imp,grid _ exp grid 2
ch ZC i
imp,grid __ 4imp,grid _pimp,grid 3)
Cn t An,t P n,t At
exp,grid __ exp grid exp,grid
Cn t - /1 e n,t At 4
where /’llmp 9714 5 the price of the energy consumed from the grid in [€/kWh] and P,"7**? rid

in [KW] the power imported from the grid during At [h], assumed both constant during this

interval. Similarly, the A grid ;

is the price received for the energy exported to the grid in
[€/kWh] and P,ﬁfp’grid in [KW], the power injected into the grid during At. It was assumed

that /’lﬁl’j’;’”g”d is the Spanish regulated electricity tariffs (called voluntary price for the small

consumer, PVPC [35]) and that 4;, " 97 s the pool price.

12



O©CO~NOOOTA~AWNPE

238

239

240

241

242

243

244

245

246

247

248

249

The cost of the electricity traded within the CSC (C£?P) is the cost C,,P*?" of the

purchases minus the income Cexp F2P from the sales, both in [€], as expressed in (5). The cost

of the imported energy from CSC peers is given by (6) and the income from selling to other

CSC peers in (7).

p2p imp,P2P _ exp P2P (5)
ch ZC cr

i 6

C;ertzp ,P2P — /1p2p lep,PZP At (6)

C:){c:p ,P2P — APZP Pexp ,P2P At )

where PoP"2F and e are the powers bought and sold within the CSC in [kW] at the
local electricity price A53”in [€/kWh], assumed all constant during At. This price was set as

the mean value between the grid export and import prices [36], [37], [38], as in (8).

Aimp,grld + Aexp ,grid

AP = 2L > ®)

The net power imported from the grid for each At and considering all the DERs

belonging to the CSC (see Figure 3) is given in (9):

Pr:r;lp grld lmp grid (Pg,;"id — Qe Ptexc,tot); urilr,r;p,grid — {1(imp), O(exp)} ©)
where u””p 974 s the grid import binary variable, BJ “Uin [KW] is the power measured at

each participant utility meter that results from the energy balance between each DER

consumption, PV generation and battery operation as in (10), a,, . is the AC defined for each

13
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250 DER at the specific time step, P;% is the power surplus of each DER given in (11), and

251  P°*“'°!is the sum of all DERs power surpluses given in (12).

id (10)
Png:l = ﬁgns - Png,ten - PTIIB}—:
25 = max(~R%,0) "
N
Ptexc,tot — z T(i);::c (12)
n=1
252 Similarly, the power exported to the grid given in (13) where ufl’_‘tp'g”d is the grid

exp,base

253  export binary variable and w,,’;

is the binary parameter for the ISC operation that results

254  in a power export for each At, being the 1 for grid exports and 0 for imports.

Pexp,grid — uexp,grid . (CZ . Ptexc,tot _ (1 _ uextp,base . Pgrid (13)
n,t n,t n, n, n,t
255 Local sales (that result from the ACs) and purchases are in (14) and (15) respectively,

256  and must be balanced as in (16).

- 14
P;:r;lp,PZP = Qe Ptexc,tot (14)
exp,P2P __ exp,base  pgrid (15)
Pn,t =T Upe Pnt
N N
Z P;:r;lp,PZP — z Pneicp,PZP (16)
n=1 n=1
257 Constraint (17) avoids simultaneous power import from and export to the grid:
an

imp,grid exp,grid
Uy + U, <1

258 Some additional constraints to ensure robustness and feasibility are added. First, (18)

259  guarantees that the energy component of the retailer’s bill for the billing period remains non-

14
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271

negative to comply with the self-consumption Spanish regulation. Second, (19) ensures that

energy is only allocated when there are surpluses. For that, a binary parameter (u:*“") is

introduced when P is higher than 0. Third, (20) ensures that in each time step the sum

of all AC a,,, is equal to 1.

T
imp,grid pimp,grid exp,grid pexp,grid (18)
D @i BT ap - 2P PP AL) 2 0
t=0
19
W, < ugxc,tot (19)
N
exc,tot
n=1

Finally, (21) ensures that all participants benefit from belonging to the CSC,
enforcing that their total energy bill when being part of the CSC is below their energy bill

when operating as an ISC.

T
Cretailer + szp < Aimp,grid . Pimp,grid,base At _Aexp,grid . Pexp,grid,base At @1)
n n = n,t n,t n,t n,t

t=0
2.2 Centralized EMS
In this section, only new variables are defined: for the rest refer to the previous section.
The proposed centralized EMS is formulated as a mixed-integer nonlinear programming

(MINLP) problem. The objective function, (22), minimizes the total operating costs:

N T

_ i o rid i i

mlnE ( (PImPaTid . A . QimpTid _ pexp.gTid ., £ . jeXPOT )) (22)
t=0

n,t
n=1

To ensure consistency in P2P trades, (23) enforces these transactions to be reciprocal:

15
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283

Pimp,PZP _ Pexp,PZP

nm;t mn,t (23)

imp,P2P -

where P is the power bought by n from m and B;;7"*" is the power sold by m to n.

nm,t
Regarding energy allocation, fixed and proportional-to-consumption ACs are considered.
The values of the fixed ACs, defined during the licensing period, are derived as described in

the previous section. Thus, when using fixed ACs, the power that a consuming member n

(7 ' > 0) can purchase from a producing member m (P,ﬁ;id < 0) is determined by (24):

imp,P2P adj . rid rid
Pl =ap PRE, if B =0ABRY <0
(24)
imp,P2P __ . grid grid
Pime =0, if By <OVPB,, =0
where a,‘f‘é’ is the normalized AC. This AC normalization, applied in the Portuguese

regulation, redistributes the local surplus only among consuming members based on their ex-

ante ACs, and excludes the producing members so that the total sum of azﬁj remains 1.
These normalized ACs, af{_‘ff , are computed as in (25):
ot = Tt 25)

nt ]
2 k(P40 et
where a,,  is the ex-ante AC. Meanwhile, when using proportional ACs, the ex-ante ACs are

no longer required. Instead, the power a consuming member n purchases from a producing

member m is computed according to (26):

imp,P2P _ . pexc . pgrid grid
Pomyt = Ant " Pyt if By =20AP,, " <0
(26)
imp,P2P __ , grid grid
Pn,m,t =0, if Pn,t <0v Pm,t >0
16
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294

where a,, . is the proportional AC calculated based on the net consumption of each member,

as in (27):

grid
Pn t

Unt = : 27)
g ) grid
Zke{P;z?dm} Bet
Proportional ACs ensure that local production is allocated exclusively to members
who are consuming and distributed proportionally to their consumption. This approach
minimizes the surplus not shared locally and allocate more energy to the members with

higher consumption. Next, the energy trade balance is given by (28):

grid _ pimp,grid _ exp grid imp,P2P _ exp P2pP (28)
Pn _Pn,t + (ant nmt )

m=1m#n

The energy balance accounts for consumption, behind-the-meter PV generation, and

the operation of the ESS, and is given by (29):

Pngd — COTLS Pgen + Z(PBT Chg BT dch (29)

n,s,t nst

where and PET"9 and pET/4" are, respectively, the power charged and discharged by each

n,s,t n,s,t

ESS. Next, (30) limits the members’ power exchanges to their contracted power pontracted:

tracted grid tracted
_pncon racte S Pn,t S PT{,‘OTL racte (30)

Regarding the ESS, their energy is tracked with (31):

BT,dch 1
ESS _ pESS BT,chg _ESSchg _ "ns;t .
En,st E n,s,t—1 + <Pn,s,t ns ESS.dch At
ns
17
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where EE33, is the energy stored by the ESS, EES5,_, is the energy stored by the ESS in the

previous time step, and n,ffss’Chg and nﬁ,sss"“h are its charging and discharging efficiencies,

respectively. The SOC of each ESS is given by (32):

Erst
SOCE, = =2 . 100

ESSnom )
n,s

where SOCE , is the SOC of the ESS, and E;.5>"°™ is its nominal capacity. Constraint (33)

(32)

limits the SOC to minimum and maximum values, SOC/™¥™ and SOCI'@*, respectively.

SOCTin < SOCE,, < SOCT™ 33
And ESS charging and discharging rates are limited by (34) and (35):
Prfz:,tchg < Prfg",max (34)
PTEZ:,tdCh < Pfg‘,max (35)
where PPT™%% is the maximum charging and discharging power of the ESS. Finally, the

energy component of the retailer’s billing is constrained to remain non-negative to comply

with the self-consumption Spanish regulation, as in (36).

T
imp,grid . qimp,grid exp,grid . qexp.grid
Z(Pn,t At An,t - Pn,t At An,t ) = 0 (36)
t=0

2.3 Decentralized EMS

The decentralized EMS developed in this work is a hierarchical rule-based approach
whose main objective is the minimization of the individual daily operation costs. The
decentralized EMS consists of a high-level strategy for the planning stage and a low-level
strategy for real-time operation.

2.3.1 Decentralized EMS: high-level strategy

18
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The high-level EMS strategy schedules the battery operation to reduce the DER grid-
imported energy cost considering also CSC energy sharing, and is based on rules whose
behaviour depend on the following variables: a) generation energy, b) consumption energy,
¢) grid import electricity price, d) grid export electricity price, e) CSC fixed ACs and f) CSC
fixed ACs impacts.

The consumption share matrix (M € RY;T) reflects the consumption share of each
CSC member consuming at time t, as shown in (37):

cons
n,t

M, = ZN Pcons’
0, lf an,t == 0

The power bought locally by each member, as a result of applying the AC referred to

if ane >0 37

its consumption, is given by matrix S € RYxT, as defined in (38):

exc,tot
ACn,t " Pt

PCOTLS 4

0, if dpe =0V PY™ =0

if ane>0 A P7¥ >0 (38)
Sn,t =

Matrix Tmax € {0,1}¥*T is used to identify the time step with the maximum AC

value for each DER, as in (39):

1, if Opt = Max dpn¢ 39
Tmax. . — j=1,..,T (39)
nt 0, if @y, # max a,;

SO ES U

This Tmax,,, allows to determine which member has to be prioritized by other CSC
members and in which time step, in order to know when to increase the shared energy, i.e.
the energy surpluses, without grid cost consideration.

Two binary matrices are also defined: a) BM € {0,1}"*7, that identifies the CSC

members whose consumption exceeds 50% of the total CSC consumption at time t, as in
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(40), and b) BS € {0,1}*T, indicating that the allocated energy exceeds consumption, which

is useful for ESS charging decisions, as in (41).

BM _ {1, lf Mn,t >05A an’t >0 (40)
nt =1, if Mpy <05V apy =0

BS . {1, lf Sn,t >1A an’t >0 (41)
nt =10, if Spe <1V ttn, =0

The high-level EMS was designed to schedule the ESS to avoid grid consumption at

high-electricity price periods (Aﬂ_rtid'imp > 2974ImPy hased on [34]. First, the amount of

energy needed from the ESS (E7¥¢¢¢ in [kWh]) is given in (42) as a function of the forecasted

energies EZ¢™ and ESS™ (generated and consumed) and the retailer price, where 227 is

the daily mean value of the grid energy import price in [€/kWh].

cons gen grid,imp grid,imp cons gen
pneed — ) "t —Eye Ant = Ay NEne™ > Eq; (42)
n,t - P - 3
’ grid,imp grid,imp cons gen
0, A7 <A NESS™S < EFS

From this, the time steps T;*¢¢¢ during which energy from the ESS is needed are
identified using (43). The corresponding starting point is denoted by ¢7¢¢ in (44), and the

total energy needed over T;*¢¢4 is calculated in (45).

43

Treed = {t € T|ER¢e? > 0} “3)
. 44

t,’},%ed = min(T;*e¢%) (44)
. 45

Errlljed,tot min EESS,nom’ Efql,ied (45)

tereed
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The desired energy in the ESS (Ef¢57e4) s the energy needed to supply E;L"ied't"t,

which must be stored X hours before /4%, as shown in (46), to ensure that ESS charging is

scheduled in advance of discharge.

d, .
gt =[BT e sl ) @
n,

0, otherwise
The high-level EMS is described in the pseudo-code in Table Al of the Appendix

section. The operation is classified into different operational modes based on the power
balance. For each time step t (one hour in this work), three branches are defined: a) negative
power balance, indicating an energy surplus scenario, b) positive power balance, representing
an energy consumption scenario and c¢) zero power balance, denoting a state of equilibrium
between generation and consumption.

Mainly, at the individual maximum AC instances (Tmax,,in ) the ESS charging is
prioritized as long as the ESS SOC allows it and the BM,, . and BS,, , are activated, as this
grid energy is assumed to be the allocated energy within the CSC energy sharing. Otherwise,
in the other CSC members maximum AC instances (Tmax,,out ,) With active BM,, ; value the
ESS discharge is prioritized to maximize surplus distribution among CSC members while
individual objectives are preserved (EZ¢se?). A more detailed description is provided in the
Appendix.

2.3.2 Decentralized Energy Management System: low-level strategy
The low-level strategy is to ensure the correct operation of the battery with real-time

measurements of generation and consumption powers and the ESS state. Building upon the
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strategy described in [34], several adaptations have been introduced, in order to be
conservative with the HL EMS scheduled ESS operation during real-time operation.

Two additional metrics have been calculated. First, the variance of real-time

Pgen

generation, denoted as Var, /", is computed with (47) to quantify the deviation of the

measured real-time generation (PZ7™"") from the clustered generation profile used in the AC

calculation (

P91y Given the geographical proximity of CSC participants, it is assumed

that this variance also affects the power generation of all the CSC members and consequently

the expected amount of energy to be shared among them.

Pgen,rt _ Pgen,clus
Pgen _ ‘nt nt (47)
Var, 7" =

nt Pgen,clus
n,t

A negative variance indicates lower generation than expected, resulting in reduced
surplus energy for sharing. Conversely, a positive variance suggests higher generation and
increased energy sharing potential. As a result, grid-based ESS charging operations are
limited, since the high-level strategy is programmed to prioritize charging from the grid
expecting energy allocated through the CSC. In a negative variance case, a charge will result
in a non-optimal operation with an extra retailer energy cost.

In addition, to prevent unnecessary ESS discharges aimed at increasing surplus

energy for members with high AC values but low consumption impact, a matrix Cbt,, , €

RYXT was defined. This matrix captures the normalized impact of external consumption

cons,AC ESS,nom
(13 t En

) on the nominal energy capacity of the ESS for each member n ( ), under

cons,AC
Pn t

the condition that energy sharing is expected (49). The term refers to the adjusted
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consumption profile resulting from energy sharing within the data clustering scenario, as

defined in (48).

{ PEO™S — ay - By7O%5,if z Qpe >0
chns,AC — nenN (48)
n,
l 0, if z ant >0
Z' y Pcons,AC At nen
JEN,j#n tjt .
EESS,nom ’ lf Z ACn,t >0
Cbt,, = n nen (49)
[ 0, if ) ACy =0
nenN

The decentralized rule-based low-level strategy follows the logic of the high-level
strategy, and operates using real-time generation, consumption and ESS powers. Additional
conditions are incorporated to regulate ESS charging from the grid and prevent unnecessary
grid consumption extra costs. Further details are provided in the Appendix Section.

2.4 Settlement and billing process

Finally, in the settlement stage, the final energy bill of the CSC is computed. This
stage is divided in three parts: a) bill calculation, b) P2P evaluation and c) proportional ACs
calculation. The energy bill calculation is done for each DER in the CSC and aggregated at
CSC level, as expressed in (50) and (51) respectively, considering that the response error and
times of the subsystems to the EMS setpoints are negligible. The graphical representation of
the settlement process is depicted in Figure 2. For simplicity, only the energy term of the bill
is computed. However, a complete electricity bill would also incorporate the contracted
power term for each DER, the corresponding access tariffs and charges, and applicable

electricity taxes.
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energy __ energy (50)
Costogr 77 = z Cost,
n=1
T
energy __ imp,grid imp,P2P __ ~exp,grid _ ~exp,P2P
Costs™™® = 3 (CoePo™ + i1 ce CoP PPy 6D
t=0

The ACs definition in the licensing period leads to non-optimal energy sharing among
the CSC participants during operation due to the use of DERS' operation representative
historical data and their discrepancy with real measurements. Therefore, it becomes
necessary to evaluate the P2P energy sharing under real operating conditions and consider
the recalculation of ACs based on updated generation and consumption data. This enables a
more responsive and equitable energy sharing mechanism that better reflects the operational
reality of the system.

The proportional ACs recalculation is done in the post-delivery period, once the
energy is delivered. At each time step, the total surplus is first determined as the aggregated
net export from all generating members. This available surplus is then allocated following a
hierarchical approach. First, consuming DERs are prioritized by covering their demand until
either their consumption is satisfied, or the aggregated surplus is exhausted. If any surplus
remains, it is distributed among the generating DERs proportionally to their contributions to
the total surplus.

Additionally, for each time step and participant, the settlement process identifies
those cases where the original AC is zero and a surplus exists. In such cases, the surplus
energy is proportionally redistributed among participants according to their individual
contributions to the total surplus. Finally, the assigned values are normalized to obtain the

new ACs, ensuring that their sum equals unity in every time step. This algorithm guarantees

24



O©CO~NOOOTA~AWNPE

409

410

414

415

416

417

418

419

420

a fair and transparent redistribution of energy flows, since each participant’s allocation

reflects their actual role in both consumption and generation within the CSC scheme.
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Figure 2: Graphical representation of the settlement process.

3. Collective Self-Consumption case study

3.1 Case study description

The proposed outline for the evaluation of the decentralised and centralised EMSs
approaches for CSC within the Spanish regulatory framework is depicted in Figure 3. As
introduced in Section 1, some regulatory adjustments based on the current Portuguese
regulatory framework have been implemented to better support CSC schemes. These
adjustments are in line with the new Spanish Royal Decree draft proposal (currently pending

approval), which incorporates rules already adopted under Portuguese regulation, namely: a)
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the CSC AC calculation after the ISC scheme operation (contemplated in the draft), b) the
possibility of internal P2P trades for the shared energy to increase profitability (not
contemplated) and c) non-optimal AC correction in the billing period with proportional ACs
(not contemplated).

The outline is divided into different blocks and timeframes. First, during the licensing
or planning, the scenario and ex-ante ACs definition are executed (Section 2.1). Afterwards,
in the operation, the DERs' EMS are performed (Sections 2.2 and 2.3), and finally, after

energy delivery, the settlement is done for the corresponding billing period (Section 2.4).

Scenario definition Ex-ante AC definition Settlement
JERs mocel DERs data clusteri Bill calculati
CSC structure formation $ data clustering ill calculation
— —

DERs characteristics _ DERL | AC calculation optimization | P2P evaluation
EMS| 4
RES/ESS features exc fot

L

Generation data —— LTB% B —— Proportional

Consumption data pv R M ol DERs EMS AC evaluation
d

Electricity price data ESS EE Py ‘

DERZ

a) ISC strategy ‘
EMS

RB @ G ’ bl Centralized CSC strategy ‘
PV BB [V @
ESS P, cl Decentralized CSC strategy‘
DER3
EMS,
8 oy <
i

ESS A P

Figure 3: Case Study main diagram.

3.2 Scenario definition

The selected CSC scenario is composed of 3 DERs, one LTB and two RBs, as these ISC
units are expected to be future participants engaged in CSC schemes. Specifically, this case
study represents an unfavourable energy sharing configuration, as the chosen DERs exhibit
a lack of complementarity. The objective is to assess whether performance improvements

can still be achieved under these conditions. The technical specifications of the DERs are
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summarized in Table 2, including contracted power and annual energy consumption,
installed PV capacity and annual energy generation, as well as ESS energy capacity and
nominal voltage. The historical dataset used for this study corresponds to the year 2023, with
annual mean values of 0.1468 €/kWh for imported energy and 0.08709 €/kWh for exported
energy to the grid prices. The generation and consumption profiles are used without including
any forecasting errors or predictive adjustments. All the ESS have the same SOC limits, with

set to a minimum of 10% (SOC/™) and a maximum of 90% (SOC/***), and identical

charging and discharging efficiency of 86.4% (nZ5<"9 = pESS.dchy,

Table 2: Technical parameters of the DERSs.

Member Consumption PV installation ESS

Cont. power | Annual energy | Power | Annual energy | Capacity | Voltage
([I)_ETFél) A0KW  |142,887.20 KWh| 32 kW | 44,980.97 kWh | 8.64 KWh| 48V
[()F'fg)z 40KW | 7.491.04 kWh | 32KW | 4,498.09 KWh | 2.04 KWh| 24V
[()55)3 6.0KW | 12,793.43KWh | 48KW | 6747.14 kWh |5.76 kWh | 48V

3.3 Energy management system strategies for distributed energy resources

Annual simulations are conducted during the operational phase to evaluate the three
EMS strategies considered: a) ISC, b) Centralized CSC, and c¢) Decentralized CSC. The ISC
algorithm described in Section 2.1 for the ACs calculation is used as the baseline EMS for
each DER [34]. This predictive EMS is a rule-based algorithm composed of different
modules designed to control an ESS within a self-consumption installation. In the first stage,
the planning stage, the forecasting and high-level strategy modules are executed to define the

daily optimal ESS operation schedule to minimize electricity costs and maximize self-
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sufficiency. Subsequently, during the operational stage, the low-level strategy module is
executed to adjust operations based on real-time measurements.

The centralized EMS supervises the operation of all DERs within a CSC scheme. Its
deployment requires an entity such as a CSC manager, who is responsible for managing all
the DERs, as well as collecting and processing data. The centralized EMS has access to data
from all the participating DERs. Having this full overview of the CSC scheme allows for a
collective optimization that is expected to outperform local control strategies with respect to
the defined objective function. Its detailed implementation has been presented in Section 2.2.

Lastly, the decentralized EMS is an adaptation of the ISC-oriented EMS, designed to
operate independently within a CSC scheme without requiring real-time data from other
DERs, thereby preserving user privacy. Instead, it incorporates certain impact indicators to
adjust the local ESS control strategy. The detailed implementation of this decentralized EMS
has been presented in Section 2.3. In this paper, a X value of 3 hours and a y parameter of

0.25 (a generation variance of 25 %) are implemented.

4. Techno-economic comparison of centralized and decentralized

Energy Management Systems

The techno-economic analysis is divided into four parts. First, the three different EMSs
(ISC, centralized CSC and decentralized CSC) are compared to evaluate their operation and
ESS control decisions in terms of energy management. Then, a technical assessment
evaluates the performance of the CSC schemes using several KPIs and compares them with

the ISC scenario. Similarly, an economic assessment based on parameters such as energy
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cost savings compares all approaches. Lastly, the computational performance of the
centralized and decentralized strategies is compared.
4.1 DERs’ assets operation analysis

The DERs’ assets operation analysis examines the behaviour of the DERs under each
EMS strategy. The goal is to compare the different approaches in terms of the resulting
energy balances, including grid and P2P exchanges, as well as ESS operation.

4.1.1 ISC strategy

The power profiles for DER1 under ISC, where DERS operate independently, are shown
in Figure 4 for one selected day. Negative (resp. positive) battery power profile values

indicate the ESS is being charged (resp. discharged).

N
o

=
(=]

(=]

Power [kW]

|
=
[=}

+Agr!d,imp lo.18
——S0C,

DER1

r0.16

[€/kWh]
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0.12

0 5 10 15 20
Time (h)

Figure 4: ISC EMS — DER1,; a) power profiles and b) SOC and grid import prices.

As can be seen, during the morning DER1 imports power from the grid to cover its
consumption. As solar generation starts to increase, part of it is used to meet local demand,

while the surplus is stored in the ESS. Around midday, when generation exceeds
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consumption and ESS capacity, the resulting surplus is exported to the grid. Then, as PV
generation decreases, DER1 discharges its ESS to support local demand and reduce grid
imports. Hence, without CSC, DER1 alternates between relying on the grid during low-
generation periods with no energy in the ESS and on storing energy during high-generation
hours, exporting the remaining surpluses to the grid.

4.1.2 Centralized CSC strategy

The power profiles for DER1 under the centralized EMS are shown in Figure 5 for fixed
ACs and in Figure 6 for proportional ACs. Compared to ISC scenario, DERs participate in
P2P trading, where positive values indicate P2P imports and negative values P2P exports. As
observed, DER1 exhibits similar behaviour under both AC types. It starts by importing
energy from the grid, and as PV generation increases, it is used to meet local demand, with
surplus being stored in the ESS until it is fully charged. Afterwards, the remaining surplus is
either sold to the other DERs or to the grid. Once PV generation is no longer available, the
DERs rely on grid imports and ESS discharge. The ESS behaviour is comparable across both
ACs; however, this does not imply identical operation. In both ACs, ESS is managed to
minimize total costs, which depends on the cost allocation determined by the ACs. The
similarity arises because all DERs have the same energy prices, making the cost allocation
indifferent to the distribution of surplus among DERs. Consequently, the main differences
between the two ACs types are observed in the P2P exchanges, with small shifts in their
timing and magnitude. Moreover, under the centralized EMS, DERs do not receive energy
from P2P imports during hours when they have an energy surplus, which is an outcome of

the normalization of the fixed ACs, described in Section 2.2.
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Figure 5: Centralized EMS — DER1 operation with fixed ACs; a) power profiles and b) SOC and grid import prices.
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Figure 6: Centralized EMS — DER1 operation with proportional ACs; a) power profiles and b) SOC and grid import
prices.

4.1.3 Decentralized CSC strategy
The power profiles for DER1 under the decentralized CSC EMS strategy are shown in

Figure 7 for fixed ACs and in Figure 8 for proportional ACs. As in the centralized EMS, the
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overall ESS operation remains mostly similar across both ACs. Additionally, since the

decentralised EMS uses the same rule-based logic for both ACs to operate the ESS, charging

and discharging patterns are identical for both schemes. Therefore, the main differences are

in P2P exchanges, with their timing and magnitude varying depending on the used ACs.

Remarkably, under fixed ACs, DER1 receives energy from P2P imports during hours when

it has a local surplus, for instance at 13h, highlighting the inefficiency and disadvantage of

these ACs. Meanwhile, under proportional ACs, this situation does not arise, showing an

advantage of the latter.
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Figure 7: Decentralized EMS — DER1 operation with fixed ACs; a) power profiles and b) SOC and grid import prices.
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Figure 8: Decentralized EMS — DER1 operation with proportional ACs; a) power profiles and b) SOC and grid import
prices.

4.2 Technical performance analysis

For the technical analysis a set of KPIs are calculated, including the self-consumption
ratio (SCR), the self-sufficiency ratio (SSR), and the energy sharing ratio (ESR). The SCR is
defined as the ratio between the self-consumed energy and the generated energy, representing
self-generated energy utilization. The SSR is defined as the ratio between self-consumed
energy and the total consumed energy, indicating grid independence. Different formulations
are needed when applying these KPIs to ISC and to CSC. Finally, the ESR is defined as the

ratio between the total energy shared among the DERs and the total generated energy.

The ISC SCR is calculated as expressed in (52), where EJ¢™“""* in [kWh] is the
cumulative self-consumed energy of all the members operating with the ISC EMS and E;fj"
Eg(zn,cons,ISC

in [KWh] is the generated energy of all members during the timeline T. IS

disaggregated into the consumption supplied by the generation installation (EFY~¢°" in
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[KWh]) and the generation energy used to charge the ESS (E,, “**“"Y in [kWh]), as
expressed in (53). The ISC SSR is calculated employing (54), where EZ9™ in [kWh] is the
consumed energy by all members during the horizon T.

en,cons,ISC
YNt E:

IsC _ , .
SCRISC | = G 100 (52)
Zn Zt n,t
en,cons,ISC PV—ESS,ch
Er‘?t — E?i‘l,{_)cons + En,t 9 (53)

~ Zﬁ Z? Ef,(;n,cons,lsc

SSRistar = SIS Fea +100 (54)

The CSC SCR is calculated in the same way, as shown in (55). In this case, EJ¢™°™¢5¢

in [kWh] includes ESY=cons, g7 55" and the energy imported from the CSC used for
consumption (EXP-P2P=cons iy [kkWh]) and to charge the ESS (EXPP2P2ESSCRT i [1kwh)),

nt nt

as in (56). Meanwhile, the SSR for the CSC scheme is calculated as shown in (57).

ZN ZT Egen,cons,CSC
csc _ &n 4t mnt
SCRita = en -100 (55)
ZN ZT Eg
n 4t Hnit
en,cons,CSC PV—ESS,ch imp,P2P—-cons imp,P2P—ESS,ch
Erél]t = Eﬁ'lgecons + En,t 7 + En,tp + En tp 7 (56)

Zﬁ Zz: Egen,cons,CSC

csCc  _ nt .

SSRiotat = 5w S 100 (57)
n n,

Finally, the CSC ESR is calculated as expressed in (58).

imp,P2P
ESRCSC Zg Z’{ ETI::’;p

= =100 (58)
total
ota 24\{2? E‘é’]’in

Table 3 presents the quarterly and annual results of the SCR under the different strategies.

Both CSC strategies outperform ISC, which yields a SCR of 84.32%. The highest SCR is
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achieved by the centralized EMS with proportional ACs, reaching 89.79%. This is followed
by the centralized EMS with fixed ACs at 87.48%. The decentralized EMS presents lower
values, with a SCR of 85.35% and 86.36% for fixed and proportional ACs. These results
highlight the benefits of the centralized EMS to increase self-consumption, particularly under

proportional ACs to minimize surpluses and maximize self-consumption.

Table 3: Quarterly and annual SCR results comparison.

Centralized EMS Decentralized EMS
Quarter ISC CSC CSC
Fixed AC Prop. AC Fixed AC Prop. AC

Q1 87.78% 89.93% 93.48% 88.89% 89.93%

Q2 84.25% 88.25% 90.34% 86.09% 87.37%

Q3 77.55% 79.44% 81.44% 77.85% 78.47%

Q4 91.20% 96.02% 97.82% 91.86% 92.93%
Annual 84.32% 87.48% 89.79% 85.35% 86.36%

Additionally, a seasonal pattern is observed in all strategies, where the SCR is lower in
Q3 (summer) and higher in Q4 (autumn). In Q3, lower consumption combined with higher
PV generation leads to greater injection into the grid and, consequently, a lower SCR.
Meanwhile, in Q4, higher consumption and lower PV generation lead to more energy
consumed locally, increasing the SCR.

Next, Table 4 presents the quarterly and annual results of the SSR under the different
strategies. Again, both CSC strategies outperform ISC, which yields a SSR of 29.06%, and
the highest SSR is achieved with the centralized EMS using proportional ACs, at 30.94%.
This is followed by the centralized EMS with fixed ACs with 30.14%. The decentralized
EMS presents slightly lower results, at 29.41% and 29.76% for fixed and proportional ACs,

respectively. The same seasonal pattern is observed in all strategies, with the highest values
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being observed in Q3 due to a higher PV generation that reduces grid reliance, and the lowest

values in Q4 when lower generation and higher consumption increase grid reliance.

Table 4: Quarterly and annual SSR results comparison.

Centralized EMS

Decentralized EMS

Quarter ISC CSC
Fixed AC Prop. AC Fixed AC Prop. AC
Q1 23.70% 24.28% 25.24% 24.00% 24.28%
Q2 35.96% 37.66% 38.55% 36.74% 37.29%
Q3 37.57% 38.48% 39.45% 37.71% 38.01%
Q4 21.06% 22.34% 22.76% 21.37% 21.37%
Annual 29.06% 30.14% 30.94% 29.41% 29.76%

At last, Table 5 presents the quarterly and annual results of the ESR under the different

strategies. Since ESR can only be computed when P2P trading is available, the values for

ISC are set to 0%. The highest annual ESR is achieved under the centralized EMS with

proportional ACs, reaching 7.32%, indicating this is the most effective regarding energy

sharing between DERs. The second highest value corresponds to the decentralized EMS with

fixed ACs, at 6.00%. The remaining strategies lead to lower ESR values, with the centralized

EMS with fixed ACs at 3.71%, and the decentralized EMS with proportional ACs at 2.20%.

Table 5: Quarterly and annual ESR results comparison.

Centralized EMS

Decentralized EMS

Quarter ISC CSC
Fixed AC Prop. AC Fixed AC Prop. AC
Q1 0.00% 3.78% 7.94% 6.18% 2.11%
Q2 0.00% 4.24% 7.68% 5.85% 3.14%
Q3 0.00% 2.29% 5.26% 7.58% 1.22%
Q4 0.00% 4.95% 9.24% 3.55% 2.21%
Annual 0.00% 3.71% 7.32% 6.00% 2.20%

The decrease in ESR in the decentralized EMS with proportional ACs compared to fixed

ACs is primarily due to the decentralized structure itself. In this approach, proportional ACs
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are determined after energy delivery and are adjusted according to the actual consumption.
This results in operating conditions where CSC members reduce their energy share based on
real-time demand. In other words, the energy allocation is optimized according to real-time
requirements, and any non-shared energy surplus is exported to the grid by its generator.
Conversely, in the centralized EMS approach, proportional ACs are recalculated within the
optimization process, enabling DER operation to maximize the energy sharing based on real-
time asset values. Additionally, the difference in the ESR between the two EMSs under fixed
ACs can be attributed to the objective of the decentralized EMS, where the ESS scheduling
is designed to maximize energy sharing.
4.3 Economic performance analysis

The economic analysis evaluates the reduction in energy bills under CSC relative to ISC,
and it is supported by the calculation of individual savings (I1S) and collective savings (CS).

The IS in [%] is calculated as the difference between the energy cost under CSC
(CostSmer97C5C=EMS 1y [€]) and under ISC (CostS™ 915~ EMS in [€]), with respect to the

ISC energy cost, as in (59). Individual energy costs (Cost, " 9”) are calculated using (51).

energy,CSC—EMS energy,ISC—EMS
Cost — Cost,

oS
cSC  __ n .
IStorar = COStenergy,ISC—EMS 100 (59)

n

The CS in [%] is calculated as the difference between the total energy costs under CSC

and the total costs under ISC, divided by the total costs under ISC, as in (60).

energy,CSC—EMS energy,ISC—EMS
YN(Cost, 9> — Cost,**"97 )

csC  _ .
CStotal - ZN Costenergy,ISC—EMS 100 (60)
n n

Figure 9 depicts the quarterly energy costs within the simulated EMS strategies.
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Figure 9: Quarterly energy costs and CS comparison of ISC and CSC schemes within centralized and decentralized EMS.

The centralized EMS with proportional ACs consistently achieves the highest savings

across all quarters, while the decentralized EMS with fixed ACs leads to the lowest savings.

Additionally, the best performance of the centralized EMS is recorded in Q2 using

proportional ACs, with a CS of 3.34% (an average electricity price of 0.09432 €/kWh). This

trend persists throughout the year, with proportional ACs consistently providing greater

savings than fixed ACs, and the centralized EMS outperforming the decentralized EMS in

costs minimization. Next, Table 6 presents the individual costs across all EMSs.

Table 6: Annual energy costs comparison between CSC members.

Centralized EMS

Decentralized EMS

Member ISC CsSC CsSC
Fixed AC Prop. AC Fixed AC Prop. AC
DER1 15955.74€ | 15680.52€ | 15591.54€| 15901.90€ | 15917.95¢€
DER2 490.62 € 469.59 € 468.64 € 506.84 € 471.95 €
DER3 1062.39 € 995.85 € 100691 € 1069.72 € 1041.74 €
Annual 17508.75€ | 1714596€ | 17067.09€ | 17478.45€ | 17431.65¢€

As expected, transitioning from ISC to CSC brings benefits in terms of individual costs.

However, a more detailed analysis of each DER’s costs reveals that not all members benefit
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equally from CSC. For instance, under the decentralized EMS with fixed ACs, DERL1 reduces
its costs from 15 955.74 € to 15901.90 €, whereas the costs for DER2 and DER3 increase.
The main reason for this is the impact of the AC calculation during the licensing period. Since
real-time operations are not considered, this results in suboptimal energy allocation (e.g.,
DER1 sells more energy to DER2 and DER3 than they need). Consequently, energy
allocation based on proportional ACs proves to be the best approach, as it consistently
delivers lower costs than fixed ACs. In this context, under the proportional AC operation, the
centralized EMS achieves an annual collective reduction of 2.10% compared to the
decentralized EMS operation.
4.3.1 Computational performance

The computational performance is evaluated by comparing the execution times of the
centralized and decentralized EMSs, highlighting the trade-off between solution optimality
and computational burden. All simulations were executed on a 64-bit Windows 11
workstation equipped with a processor (1.70 GHz) and 32 GB of RAM, and all developed
algorithms were implemented in Python.

The data clustering function has been developed using the k-medoids and the sklearn
libraries, and consequently, the fixed ACs calculation optimization has been developed using
the Pyomo library with the Gurobi solver [40]. The centralized EMS, modelled as a MINLP,
has been implemented using the Pyomo optimization library and solved using SCIP [41].
Regarding the rule-based decentralized EMS, it has been deployed using NumPy and Pandas
libraries. All optimizations have been run daily over a 24-hour time horizon. The

computational performance results are summarized in Table 7.
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Table 7: Computational performance analysis results.

Centralized EMS Decentralized EMS
Runtimes ISC CSC CSsC
Fixed AC Prop. AC Fixed AC Prop. AC
Avg. monthly 3.39s 14.20 s 66.35s 3.62s 3.62s
Max. monthly 3.73s 15.71s 91.12s 4.26s 4.26s
Min monthly 3.18s 12.98 s 46.08 s 3.25s 3.25s
Total (1 year) 40.67 s 170.44 s 796.27 s 4351 s 4351 s

The results show the decentralized EMS has a greater degree of scalability, making this
approach suitable for larger CSC schemes, where a centralized EMS would be more
computationally demanding, particularly under proportional ACs. Additionally, from an
operational perspective, the low runtimes of the decentralized EMS make it compatible with
real-time or near-real-time operation, while the centralized EMS might struggle as the
number of CSC members or temporal resolution increase. Furthermore, the decentralized
EMS offers easier short-term implementation, as it is simpler and does not require additional
layers on top of the ISC EMS. In this way, it serves as an intermediate approach between ISC
and the optimal CSC solution, as introducing a set of decentralized adjustments to the ISC
EMS enables the system to progressively transition towards CSC while improving
performance. The centralized EMS requires additional communication and control layers, as
it is a global optimal solution. Thus, it is more costly and complex in terms of deployment,

and this centralized controllability also entails extra service-related costs.
5. Conclusions

This paper has presented a techno-economic assessment of two EMS approaches for
CSC within the Spanish regulatory framework. To improve performance and participation,

several regulatory measures inspired by the Portuguese regulatory framework have been
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incorporated: a) the calculation of CSC ACs after the baseline operation of the ISC scheme,
b) the inclusion of P2P energy trading for shared energy to increase profitability, and c) the
proportional correction of ACs within the billing period to mitigate non-optimal allocations
arising from fixed ACs computed ex-ante without being updated using real-time
measurements.

The adoption of ISC DERSs has been extended to CSC schemes, enabling operation under
both fixed and proportional AC configurations (pre- and post-delivery ACs, respectively).
The fixed ACs calculated in the licensing period have been determined through data
clustering of historical consumption and generation profiles, and a centralized MILP
optimization algorithm has been applied to support this process. Subsequently, two EMS
architectures, a centralized optimization-based EMS and a decentralized rule-based EMS,
have been designed and implemented for CSC schemes, enabling comparative evaluation
under both fixed and proportional ACs.

The results have shown that, despite some differences, both EMSs lead to comparable
energetic behaviours, with the centralized EMS being more adaptable, particularly under
proportional ACs. Grid and P2P exchanges have followed comparable trends across, with
some variations arising from the ACs methodology. Meanwhile, the technical KPIs evaluated
have shown small differences between strategies. The centralized EMS with proportional
ACs achieved the highest values, with a SCR of 89.79%, a SSR of 30.94%, and an ESR of
7.32%, an increase of 5.47% in SCR and 1.88% in SSR compared to the ISC case. Meanwhile,
the decentralized EMS still outperformed ISC, achieving its highest SCR (86.36%) and SSR

(29.76%) under proportional ACs, and the highest ESR (6.00%) under fixed ACs.
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The economic KPIs also revealed differences between the simulated strategies. The
centralized EMS delivered the highest cost reductions under proportional ACs, with a
reduction of 2.52% compared to ISC, proving its ability to allocate energy more efficiently.
The decentralized EMS also reduced costs, but only by 0.17% under fixed ACs and by 0.44%
under proportional ACs. Thus, both EMS approaches have demonstrated an increase in the
profitability of energy sharing within CSC schemes, driven by the integration of P2P trading.
These results have suggested that adopting an approach for calculating ACs closer to real-
time operation can improve both economic and energy performance, even under scenarios
characterized by low DER complementarity. This evidence has highlighted the potential
benefits of dynamic allocation mechanisms and warrants further investigation into their
integration within existing Spanish regulatory frameworks.

The main limitation of the centralized EMS is its higher computational demand. For one
year, the centralized EMS requires 796.27 s under proportional ACs and 170.44 s under fixed
ACs, making it up to eighteen times slower than the decentralized EMS, which has a runtime
of 43.51s. This makes the decentralized EMS more suitable for larger CSC schemes or
applications requiring near-real-time operation, while preserving data anonymity.

Finally, the findings have shown a clear trade-off between economic optimality and
computational tractability. The decentralized EMS offers fast and scalable operation with
performance close to that of the centralized EMS, while the centralized EMS provides
superior cost minimization at the expense of higher computational effort, achieving a 2.10%
reduction in the energy bill but operating up to eighteen times slower. The simplicity of the
decentralized EMS facilitates the transition from ISC schemes to CSC, requiring fewer

modifications compared to the centralized EMS. The latter provides optimal solutions, but it
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adds complexity and requires extra control and information layers. The results of this study
support the development of new business models, with the decentralized EMS facilitates the
adoption of CSC by ISC consumers, as it requires fewer modifications to existing
infrastructure and allows for simpler short-term implementation. Consequently, this
approach is more practical in contexts characterized by dynamic or evolving regulatory
frameworks.

Nevertheless, the scope of this work is limited to a specific case study and regulatory
framework. In scenarios with a larger number of participants and a higher diversity of DERs,
beyond the current configuration based on PV-based self-consumption and with
heterogeneous consumption patterns, greater complementarity among consumption and
generation profiles could be expected. Such diversity along with more flexible regulations
would enable higher levels of energy sharing and enhanced economic and energy

performance for both EMS approaches.
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The pseudo-code of the decentralized high-level EMS is presented in Table Al. The
high-level EMS is divided into different operational modes based on the power balance
computed in line 2. As described in Section 2.3, for each time step t (one hour in this work),
three branches are defined: a) negative power balance, indicating an energy surplus scenario
(lines 8-21), b) positive power balance, representing an energy consumption scenario (lines
22-27) and c) zero power balance, denoting a state of equilibrium between generation and
consumption (lines 28-37).

In the energy surplus scenario, at the individual maximum AC instances (Tmax,in , in
line 9) the ESS charging is prioritized as long as the ESS SOC allows it. The charged energy
will come from PV generation or the grid, as this grid energy is assumed to be the allocated
energy within the CSC energy sharing (lines 10 and 11). Subsequently, in the other CSC
members maximum AC instances (Tmax,,out ,) With active BM,, , value, the ESS discharge
is prioritized to maximize surplus distribution among CSC members while individual
objectives are preserved (EZ¢5¢?) in lines 13-15.

In the case of not having enough generation to meet consumption demand, ESS charging
is scheduled only if individual Tmax, ., BM,, . and BS,, ; are activated during low electricity
price periods (lines 22-25). In the final scenario, where the generation covers the exact
amount of the consumption power, as in the two previous cases, the ESS charge from the
grid is prioritized in individual Tmax,, ; and BM,, , instances, expecting CSC energy sharing
(lines 28-31). Furthermore, the ESS is partially discharged due to EZ¢5"¢@ when other CSC

members Tmax, ., BM,, . are activated (line 33). If none of the aforementioned conditions
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were met, the EMS operates under standard conditions following the ISC strategy outlined
in [34] (lines 21, 27 and 35).

All the chargeable and dischargeable power rates and the ESS energy levels have been
calculated at the beginning of each time step (lines from 4 to 7). In line 4, the actual ESS
energy was calculated, with EZ55™°™ | the SOCI™ is the ESS SOC in [%] at the simulation
initial point (t = 1), E£%, is the energy stored in the previous time step (in [kWh]) and
PJT_, is the power provided by the ESS during the previous time step (At in [h]). In line 5,

the available energy in the ESS was calculated (ESv"*"**#55) in [kWh]), where 754" is

the ESS discharge efficiency in [%]. In line 6, the chargeable energy of the ESS was

calculated (Ep*"9°***5S) in [kwhi), where n;>“" is the charge efficiency of the ESS in

[%]. Finally, power limit constraints were applied in line 38, ensuring that the grid power

calculated via (10) did not exceed the contracted power for each CSC member.

Table Al: The decentralized HL EMS pseudo-code.

Pseudo-code: Decentralized rule-based high-level EMS
1: Calculate desired energy in the ESS (46)

2: Calculate power balance: Pp¢lence = peqns — pJ."
3:fort=1t0 T

EZSSmom. soci, if t=1
4: Calculate ESS energy EE3S =4 & BT L.f
’ ETl,t—l - Pn,t—l " At, Lf t > 1
5. Calculate ESS available energy: Eq,*ePieSS = (EESS — gEsSnom. gocmin) .

ESS,dch
n

6: Calculate ESS chargeable energy:

(EESS,nom . SOCrrlnax _ Eﬁis)/nESS'Chg

n
7. Calculate ~ ESS  charge and  discharge  powers pnl?erhg —

. BT,max pchargeable,ESS . pBT,dch __ . BT,max r.available,ESS
min(P, En /At); Bo4" = min(P, JERY /At)

8: if poalance <
9:if Tmax,in ,
10: if Ej*79¢%P1ESS 5 0 then Charge ESS surplus and grid; PZT = —P[ "

n,t

Echargeable,ESS _
nt -
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11:
12:
13:

14:

else Standby ESS and surplus injected to grid; PS{ = 0
end if (line 10)
elseif Tmax,out , and BM  out ,

if EguettableEss s pdesired then Discharge ESS until Edesired ; pBT =

min(Per",dch’ (Ercll,etSired _ Eavailable,ESS)/At)

15:
16:
17:

18:
19:
20:
21.
22:

23:

24:

25:
26:
27:

28:
29:
30:
31:
32:
33:

n,t
else Standby ESS and surplus injected to grid PF] =
end if (line 14)
elseif Tmax,out ;. ; aNd BM out ;4
if Ep,"9°®P1@ESS 5 0 then Charge ESS surplus and grid PET = —Py; <"
else Standby ESS and surplus injected to grid; PE7 = 0
end if (line 18)
else Normal operation (based on [34])
elseif ppglance > (

if Tmax,,in . and Eg; 9555 > 0 and BM yin ,

if A9 4P < QTP and BS, i , then Charge ESS from grid; PET = —p;, "
else Standby ESS and consumption from grid; P = 0

end if (line 24)

else Normal operation (based on [34])

else pbglance = ¢

if Tmax in , and BM in,

if Ey,9°®P1@ESS > 0 then Charge ESS from grid; PET = —p[“"

else Standby ESS; P27 = 0

end if (line 30)

elseif Tmax,oue, and BM,ouc, and Epy2"1eP1eFSS > pdesired then Discharge

ESS until Eg'%sired; Pf{ = min(PnB'Z",dch’ (E;{i,etsired _ Eavallable,ESS)/At)

34:

nt
elseif Tmax,in ., and BMm ,,, and if E, *"9¢****55 > 0 then Standby ESS;

PET = 0

35:
36:
37:
38:
39:

else Normal operation (based on [34])

end if (line 29)

end if (line 8)

Compute power limits —pfontracted < pIr 'd < peontracted
end for

The decentralized rule-based low-level strategy follows the logic of the high-level

strategy (4-39 of the pseudo-code Table Al), and operates using real-time generation,

consumption and ESS powers. An additional condition was incorporated (lines 10, 18, 24,
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and 30) to regulate ESS charging from the grid. This condition ensures that grid charging is

only permitted when: a) the electricity price at t is less than or equal the daily average price

( 1 grid,imp

e < 297'%MPy and b) the generation variance is lower than the defined parameter y

(Varp g€ > —y). These constraints are designed to prevent unnecessary grid consumption

n,t
costs due to ESS charging during periods of high prices and low expected surplus availability
for sharing.
Furthermore, ESS discharge to the grid is controlled by integrating the condition
Cbt, . > 0 and limiting the discharge power of the ESS. Cbt,, . is used to limit the discharge
power (lines 14 and 33 of the pseudo-code) as formalized in (61). This mechanism ensures
that the energy discharged from the ESS does not exceed the expected consumption of other

members, thereby avoiding non-optimal operations and improving overall system efficiency.

Pg'{ — mll’l(Cbtn't . Prfz,dch, (Egi-Sired _ Es,lzallable,ESS)/At) (61)
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Centralized strategies maximize collective economic savings through optimization.
Decentralized strategies achieve near-optimal performance with minimal computation.
Decentralized strategies ensure user privacy by operating without data exchange.
Calculating allocation coefficients closer to operation increase cost savings.
Decentralized systems facilitate the transition to collective self-consumption.
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