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coefficients and b) introducing improvements borrowed from the Portuguese regulation, 25 

selected as a benchmark due to its advanced regulatory maturity. For the case of ex-ante 26 

allocation coefficients computation, an optimization-based methodology is proposed 27 

combining Mixed-Integer Linear Programming (MILP) with data clustering techniques. 28 

Results indicate that both EMS architectures achieve comparable energetic 29 

performance. The centralized EMS achieves the highest levels of self-consumption, self-30 

sufficiency and energy sharing, particularly when proportional allocation coefficients are 31 

used, while the decentralized EMS performs closely. From an economic perspective, the 32 

centralized EMS provides the highest cost reductions, while the decentralized EMS yields 33 

lower economic savings but with significantly less computational effort, with runtimes up to 34 

eighteen times shorter. These findings highlight a clear trade-off between economic 35 

optimality and computational efficiency, positioning decentralized EMS solutions as a 36 

scalable and privacy-preserving alternative for individual self-consumers transitioning to 37 

collective self-consumption schemes in evolving regulatory frameworks. 38 

 39 
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1. Introduction 43 

The European Union's decarbonization objectives of a 55% reduction in CO2 44 

emissions by 2030 and climate neutrality by 2050 are accelerating the energy transition [1]. 45 

This will require a massive integration of renewable energy sources (RES) into the energy 46 

generation mix, with the decentralization of the energy system playing a key role, driven by 47 

self-consumption regulations and the development and deployment of distributed energy 48 

resources (DERs). According to [2], [3] distributed and decentralized solar photovoltaic 49 

generation (PV) will become the largest renewable capacity source by 2030. 50 

In this way, the RePowerEU Plan required Member States to accelerate the 51 

transposition of the Electricity Directive to enable consumers to actively engage in energy 52 

markets either exercising individual self-consumption (ISC) activities, or within collective 53 

self-consumption (CSC) schemes or energy communities, by generating, self-consuming, 54 

selling, or sharing renewable energy within CSC structures [4]. These initiatives are boosting 55 

the deployment of decentralized PV through rooftop panel installation [5]. Indeed, self-56 

consumption reduces end-users' electricity cost, allowing them to use self-generated 57 

renewable energy, enhancing their energy independence, and lowering their environmental 58 

footprint. It also empowers users by giving them greater control over their energy usage and 59 

opens opportunities to sell or share surplus energy, particularly within CSC structures. 60 

Furthermore, self-consumption also contributes to reducing net and peak demand and can 61 

help minimizing transmission losses by incentivizing local energy balancing from local 62 

generation. Moreover, CSC can enhance grid flexibility by aggregating their members’ 63 

flexibility and participating in demand response and balancing services, among others [6], 64 
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[7], [8], [9], [10]. Although self-consumption regulatory frameworks vary considerably 65 

across European countries, restricting regulations may sometimes constrain the deployment 66 

of CSC structures. In this way, their overall potential is reduced, and the socioeconomic and 67 

grid-related benefits are diminished by establishing limiting constraints and not providing 68 

flexible enough energy sharing mechanisms. These disparities are exemplified by the Iberian 69 

Peninsula scenario, where Spain has a significantly less advanced regulatory framework than 70 

Portugal's, as described in [11]. 71 

1.1 Self-consumption regulatory framework 72 

Regional regulatory frameworks in both Portugal and Spain define two main 73 

modalities of self-consumption under harmonized principles, as established by Portuguese 74 

Decree-Law 15/2022 [12] and Spanish legislation, including Law 24/2013 [13], Royal 75 

Decree-Law 15/2018 [14], and Royal Decree 244/2019 2019 [15] (see also [11] for a detailed 76 

comparison). ISC is defined as the act of a final consumer producing its own electricity from 77 

RES for its own use, with the possibility of either storing the surplus energy or injecting it 78 

into the grid. CSC refers to a group of consumers who, subject to defined proximity rules, 79 

come together to produce renewable energy for their own use and to share any surplus with 80 

other CSC members according to mutually agreed rules. In the case of Spain and Portugal, 81 

their regulatory frameworks are differentiated by the adoption rules, energy-sharing 82 

mechanisms and renewable generation surplus treatment [11], [16], [17], [18], [19], [20]. 83 

Regarding energy-sharing mechanisms within CSC schemes, the Spanish regulatory 84 

framework is more restrictive than the Portuguese counterpart. In both countries, the 85 

allocation of renewable energy generated in CSC schemes among participants can be 86 

explained with the so-called allocation coefficients (ACs). Under the Spanish framework, 87 
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allocation is based on fixed ACs (according to the meaning in [11]), meaning that each 88 

generation facility participating in a CSC must define, before the CSC operation, a specific 89 

AC for each consumer and for every settlement period (ISP), which in Spain is hourly. These 90 

ACs must be submitted to the distribution system operator (DSO) during the licensing 91 

process, in accordance with the collective agreement of the CSC members. Two main types 92 

of fixed ACs are regulated: a) those called fixed by the Spanish regulation, which in fact 93 

means they remain constant throughout the entire year; and b) those called variable, which 94 

are in fact fixed in the sense of [11], but allowing time discrimination on an hourly basis. In 95 

both cases, AC must be pre-defined and submitted at licensing time and can be modified only 96 

once every four months. If no specific allocation methodology is selected, the DSO will apply 97 

a default scheme of fixed ACs, whereby the energy is allocated proportionally to each 98 

participant's contracted power. 99 

Conversely, the Portuguese framework defines ACs based on a 15-minute ISP and 100 

permits a wider range of ACs: a) fixed ACs (in the sense of [11]) that define how the 101 

aggregated local surplus is shared with the consuming CSC member, corresponding to both 102 

the fixed and variable Spanish AC options, being also defined a priori and allowing time 103 

discrimination, and b) those called post-delivery ACs in [11], since they are computed after 104 

the energy measurements become available, [11], which are a) proportional-to-consumption, 105 

or b) dynamic. For the Portuguese fixed ACs, if a CSC member does not consume during a 106 

given interval, the DSO recalculates the ACs of those members consuming proportionally to 107 

the initial AC, so that they always add up to one, something not considered in the Spanish 108 

regulation. In the proportional-to-consumption ACs, the DSO allocates the energy surplus 109 

among the consuming CSC members proportionally to their consumption, according to their 110 
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verified smart meter measurements. Finally, in the dynamic ACs framework, the ACs, (that 111 

are bilateral and link members with surplus to members consuming) are computed, after the 112 

energy delivery, by the CSC manager (EGAC under the Portuguese regulation) based on 113 

predefined sharing rules and sent to the DSO that validates and applies them to compute the 114 

final energy allocation. 115 

The treatment of renewable energy surpluses in Spain depends on the self-116 

consumption modality: either the surplus energy is compensated in the electricity bill at a 117 

price negotiated between the consumer and the retailer (only allowed for self-consumption 118 

systems with a total installed capacity below 100 kW), or the surplus energy is directly sold 119 

on the electricity market, in which case the installation is classified as a generating plant and 120 

is subject to the corresponding regulatory and market obligations (such as guarantees), 121 

constituting a large barrier for small facilities. In Portugal, both ISC and CSC schemes are 122 

allowed to sell the electricity surplus through private peer-to-peer (P2P) transactions, 123 

bilateral contracts, or in organized electricity markets (where market obligations such as 124 

guarantees also apply). For ISC, surplus energy can be sold to an aggregator or market 125 

facilitator. In the case of CSC, all surplus energy generated by the CSC members must be 126 

aggregated by the CSC manager and then sold to an aggregator or directly to the market. 127 

1.2 CSC schemes control architecture 128 

Recent literature has increasingly addressed the challenges and solutions for 129 

managing CSC schemes under different regulatory frameworks. A significant portion of this 130 

research focuses on the design of energy management systems (EMSs) for the adoption of 131 

flexible DERs in CSC schemes and scheduling the flexible assets to minimize the CSC cost. 132 
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Most existing literature focuses either on countries with relatively flexible regulatory 133 

frameworks or on idealized scenarios that allow for dynamic optimization of ACs. In contrast, 134 

EMSs for CSC under restrictive regulatory conditions remain underexplored. A key example 135 

is Spain, one of the focus countries of this article, where current regulations require ACs to 136 

be defined during the licensing period, preventing any dynamic adjustment thereafter. This 137 

rigidity poses a significant barrier to the broader deployment of CSC schemes. 138 

A summary of the literature review is collected in Table 1, where works [20], [21], 139 

[22], [23], [24], [25], [26] and [27] are classified with respect to their regulatory framework 140 

country, their control architecture typology, the deployed EMS algorithm and the ACs 141 

calculation approach. 142 

Table 1: Summary of the literature review. 143 

Reference 
Regulatory 

framework 

Control 

architecture type 
EMS algorithm AC calculation 

[20] 
Portugal, 

Italy 
Centralized MILP 

Ex-post (IT), 

dynamic (PT) 

[21] France Centralized 
Rule-based, 

optimization-based 
Ex-post 

[22] France Centralized LP Ex-post 

[23] Spain Centralized Genetic algorithm Fixed, dynamic 

[24] Spain Centralized Rule-based Fixed, dynamic 

[25] Spain Centralized 

Rule-based, 

sequential least 

squares 

optimization 

Fixed, dynamic 

[26] Spain Centralized Genetic algorithm 
Fixed (updated 

every 4 months) 

[27] France 
Centralized, 

Distributed 

Convex 

programming, 

Game theory 

Fixed 

 144 
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Given this context, it is highly relevant to evaluate regulatory approaches adopted in 145 

more advanced frameworks, such as in Portugal, to identify measures that could be adapted 146 

to the Spanish case with regulatory adjustments. However, there is a clear gap in the literature 147 

regarding the design of effective EMSs that operate within such fixed frameworks. Although 148 

some studies address optimal allocation or focus on post energy delivery settlement 149 

mechanisms, they tend to overlook the practical and regulatory challenges involved in 150 

managing individual energy distribution when ACs are fixed and must be determined in 151 

advance. 152 

This article addresses the aforementioned gap with a techno-economic evaluation of 153 

the transition from ISC to CSC with two different EMSs approaches within the Spanish 154 

regulatory framework, but considering improvements based on the Portuguese regulation. 155 

First, a specific case study is defined with potential ISC DERs embracing CSC schemes, 156 

including the optimization of the fixed ACs based on clustering methods applied to historical 157 

CSC members data, which must be done at licensing time. Then, the implications for ISC 158 

installations adopting a CSC scheme are assessed using both centralized and decentralized 159 

EMS approaches, with the objective of comparing energetic and economic performance 160 

indicators. As a next step, to assess the inefficiency of the regulated Spanish AC framework, 161 

selected measures from the Portuguese regulatory framework are integrated to improve 162 

techno-economic outcomes and stakeholder engagement. Finally, the operation of both 163 

EMSs is evaluated and compared over a one-year simulation period, analysing key 164 

performance indicators (KPIs) such as economic savings, computational costs, and system 165 

performance, among others. The main contributions of this paper are the following: 166 
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 Evaluation of the implications of CSC adoption for ISC installations under 167 

the Spanish regulatory framework, with only pre-delivery (fixed) AC, 168 

compared to using post-delivery AC as in the Portuguese context; 169 

 Development and comparison of a centralized and a decentralized EMSs for 170 

CSC within an ex-ante (fixed) AC computation; 171 

 Techno-economic assessment and comparison of the centralized and 172 

decentralized EMSs approaches. 173 

The rest of the paper is organized as follows. Section 2 describes the methodology, 174 

presenting the AC calculation, the developed centralized and decentralized EMSs approaches, 175 

and the settlement. Section 3 presents the case study for the CSC scenario, and Section 4 176 

presents and discusses the main results. Finally, Section 5 presents the key conclusions. 177 

2. Methodology for energy sharing and management in collective self-178 

consumption schemes 179 

Given the strong national effort and financial incentives for residential buildings (RB) 180 

and large tertiary buildings (LTB) self-consumption deployment in Spain (PNIEC [28]), 181 

these installations are included in the present study, as depicted in Figure 1. Under this 182 

framework, the selected DERs (i.e. self-consumption installations) are well-positioned to 183 

adopt CSC schemes in future phases, thereby enhancing their energy and economic benefits. 184 

The methodology adopted in this study comprises four main components designed to 185 

evaluate the performance of different energy sharing configurations within a CSC scheme. 186 

First, ex-ante ACs are computed during the licensing period. Second, a centralized EMS is 187 

developed to optimize energy flows within the CSC, leveraging global information to achieve 188 
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system-wide efficiency and cost-efficient energy allocations. Third, a decentralized rule-189 

based EMS is developed, where each member operates autonomously according to 190 

predefined rules, enabling local decision-making with neither centralized coordination nor 191 

real-time assets data sharing. This approach is an improved version of the ISC scenario, 192 

although it is not as optimal as the centralized EMS. Fourth and last, the settlement is 193 

computed to provide the individual and collective bill calculations. 194 

 195 
Figure 1: Assumed DER technologies for CSC. 196 

2.1 Ex-ante Allocation Coefficient definition 197 

Within the Spanish regulatory framework, at CSC licensing time, the CSC must 198 

provide the ACs that will be used to share the production of each generation unit with the 199 

CSC members. In order to boost the CSC deployment, one modification is implemented in 200 

this function: the AC is applied to the energy surplus of each DER after its self-consumption. 201 

In this way, each DER self-consumes from its own installation and shares only the excess 202 
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energy. On this basis, this block computes the optimal fixed ACs for each DER using 203 

historical data of each DER, such as generation, consumption, grid electricity consumption 204 

price and surplus energy injection price. To limit complexity, optimal ACs are computed for 205 

four representative operation patterns. These patterns come from the k-medoids clustering 206 

algorithm applied to four scenarios built combining two dimensions of variability: a) working 207 

days versus non-working days, and b) summer versus winter periods. This classification 208 

captures both behavioural differences in demand and seasonal variations in PV generation, 209 

because consumption is particularly sensitive to the nature of the end-user, and PV generation 210 

has a dependency on the weather. Unlike k-means, which generates centroids as 211 

mathematical averages that do not correspond to real daily profiles, k-medoids always selects 212 

actual observations from the dataset as cluster representatives, particularly relevant when 213 

working with energy profiles to avoid smoothing demand peaks or distort the variability of 214 

PV generation. In addition, k-medoids is less sensitive to outliers, thereby ensuring that the 215 

resulting clusters remain robust and realistic [29], [30], [31], [32], [33]. 216 

Once the representative profiles of each DER have been obtained for all scenarios, 217 

the ISC-oriented EMS (developed in [34]) is run for each DER to estimate the amount of 218 

energy available for sharing. The ISC-oriented EMS [34] aims to increase the self-sufficiency 219 

of each DER by controlling the existing energy storage systems (ESS), giving the 220 

individually optimal operation profiles of each DER. To compute the ACs, a mixed-integer 221 

linear programming (MILP) based optimization is applied to each representative pattern to 222 

minimize the CSC energy cost, as expressed in (1). 223 
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min
∀𝑛∈𝑁,∀𝑡∈𝑇

𝐶𝑜𝑠𝑡𝐶𝑆𝐶 =∑(∑(𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

+ 𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃 − 𝐶𝑛,𝑡

𝑒𝑥𝑝,𝑔𝑟𝑖𝑑
− 𝐶𝑛,𝑡

𝑒𝑥𝑝,𝑃2𝑃)

𝑇

𝑡=0

)

𝑁

𝑛=1

  (1) 

where 𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

and 𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃

are, respectively, the costs of the energy bought from the grid 224 

and the energy bought within the CSC, for 𝑛 ∈ 𝑁 where set 𝑁 is the total number of CSC 225 

members at each sample time 𝑡 of the horizon 𝑇 of the representative pattern, both in [€]. 226 

Conversely, 𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 is the compensation for injecting energy into the grid in [€] and 227 

𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃

 is the revenue obtained from sold energy within the CSC in [€]. 228 

The cost of buying electricity from the retailer, (2), is the import cost of purchasing 229 

energy from the grid, 𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

 in [€] minus the income from the energy exported to the grid, 230 

𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 in [€]. These costs are calculated according to (3) and (4), respectively. 231 

𝐶𝑛
𝑟𝑒𝑡𝑎𝑖𝑙𝑒𝑟 =∑𝐶𝑛,𝑡

𝑖𝑚𝑝,𝑔𝑟𝑖𝑑
−

𝑇

𝑡=0

 𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 
(2) 

𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

= 𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡  
(3) 

𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

= 𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡   (4) 

where 𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

 is the price of the energy consumed from the grid in [€/kWh] and 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

 232 

in [kW] the power imported from the grid during ∆𝑡 [h], assumed both constant during this 233 

interval. Similarly, the 𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 is the price received for the energy exported to the grid in 234 

[€/kWh] and 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 in [kW], the power injected into the grid during ∆𝑡. It was assumed 235 

that 𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

 is the Spanish regulated electricity tariffs (called voluntary price for the small 236 

consumer, PVPC [35]) and that 𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 is the pool price. 237 
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The cost of the electricity traded within the CSC (𝐶𝑛
𝑃2𝑃) is the cost 𝐶𝑛,𝑡

𝑖𝑚𝑝,𝑃2𝑃
 of the 238 

purchases minus the income 𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃

 from the sales, both in [€], as expressed in (5). The cost 239 

of the imported energy from CSC peers is given by (6) and the income from selling to other 240 

CSC peers in (7). 241 

𝐶𝑛
𝑃2𝑃 =∑𝐶𝑛,𝑡

𝑖𝑚𝑝,𝑃2𝑃 − 𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃

𝑇

𝑡

   
(5) 

𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 𝜆𝑛,𝑡

𝑃2𝑃 ∙ 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃 ∙ ∆𝑡   

(6) 

𝐶𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃 = 𝜆𝑛,𝑡

𝑃2𝑃 ∙ 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃 ∙ ∆𝑡   (7) 

where 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃

 and 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃

 are the powers bought and sold within the CSC in [kW] at the 242 

local electricity price 𝜆𝑛,𝑡
𝑃2𝑃in [€/kWh], assumed all constant during ∆𝑡. This price was set as 243 

the mean value between the grid export and import prices [36], [37], [38], as in (8). 244 

𝜆𝑛,𝑡
𝑃2𝑃 = 

𝜆𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

+ 𝜆𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

2
   (8) 

The net power imported from the grid for each ∆𝑡 and considering all the DERs 245 

belonging to the CSC (see Figure 3) is given in (9): 246 

𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

= 𝑢𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ (𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

− 𝛼𝑛,𝑡 ∙ 𝑃𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡);      𝑢𝑛,𝑡

𝑖𝑚𝑝,𝑔𝑟𝑖𝑑
= {1(𝑖𝑚𝑝), 0(𝑒𝑥𝑝)}    (9) 

where 𝑢𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

 is the grid import binary variable, 𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

in [kW] is the power measured at 247 

each participant utility meter that results from the energy balance between each DER 248 

consumption, PV generation and battery operation as in (10), 𝛼𝑛,𝑡 is the AC defined for each 249 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



14 

 

DER at the specific time step, 𝑃𝑛,𝑡
𝑒𝑥𝑐 is the power surplus of each DER given in (11), and 250 

𝑃𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡

 is the sum of all DERs power surpluses given in (12). 251 

𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

= 𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠 − 𝑃𝑛,𝑡

𝑔𝑒𝑛
− 𝑃𝑛,𝑡

𝐵𝑇  
(10) 

𝑃𝑛,𝑡
𝑒𝑥𝑐 = max(−𝑃𝑛,𝑡

𝑔𝑟𝑖𝑑
, 0)  

(11) 

𝑃𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡 = ∑𝑃𝑛,𝑡

𝑒𝑥𝑐

𝑁

𝑛=1

 (12) 

Similarly, the power exported to the grid given in (13) where 𝑢𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

 is the grid 252 

export binary variable and 𝑢𝑛,𝑡
𝑒𝑥𝑝,𝑏𝑎𝑠𝑒

 is the binary parameter for the ISC operation that results 253 

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

𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

= 𝑢𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ (𝛼𝑛,𝑡 ∙ 𝑃𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡 − (1 − 𝑢𝑛,𝑡

𝑒𝑥𝑝,𝑏𝑎𝑠𝑒) ∙ 𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

)   (13) 

Local sales (that result from the ACs) and purchases are in (14) and (15) respectively, 255 

and must be balanced as in (16). 256 

𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 𝛼𝑛,𝑡 ∙ 𝑃𝑡

𝑒𝑥𝑐,𝑡𝑜𝑡   
(14) 

𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃 = −  𝑢𝑛,𝑡

𝑒𝑥𝑝,𝑏𝑎𝑠𝑒 ∙ 𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

 
(15) 

∑𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃

𝑁

𝑛=1

= ∑𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃

𝑁

𝑛=1

 (16) 

Constraint (17) avoids simultaneous power import from and export to the grid:  257 

𝑢𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

+ 𝑢𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

≤ 1   
(17) 

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

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

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



15 

 

negative to comply with the self-consumption Spanish regulation. Second, (19) ensures that 260 

energy is only allocated when there are surpluses. For that, a binary parameter (𝑢𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡

) is 261 

introduced when 𝑃𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡

 is higher than 0. Third, (20) ensures that in each time step the sum 262 

of all AC 𝛼𝑛,𝑡 is equal to 1. 263 

∑(𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡 − 𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡)

𝑇

𝑡=0

≥ 0   
(18) 

𝛼𝑛,𝑡 ≤ 𝑢𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡

 
(19) 

∑𝛼𝑛,𝑡

𝑁

𝑛=1

= 𝑢𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡  (20) 

Finally, (21) ensures that all participants benefit from belonging to the CSC, 264 

enforcing that their total energy bill when being part of the CSC is below their energy bill 265 

when operating as an ISC. 266 

𝐶𝑛
𝑟𝑒𝑡𝑎𝑖𝑙𝑒𝑟 + 𝐶𝑛

𝑃2𝑃 ≤∑𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑,𝑏𝑎𝑠𝑒

∙ ∆𝑡 −

𝑇

𝑡=0

𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑,𝑏𝑎𝑠𝑒

∙ ∆𝑡 (21) 

2.2 Centralized EMS 267 

In this section, only new variables are defined: for the rest refer to the previous section. 268 

The proposed centralized EMS is formulated as a mixed-integer nonlinear programming 269 

(MINLP) problem. The objective function, (22), minimizes the total operating costs: 270 

min∑(∑(𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡 ∙ 𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

− 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡 ∙ 𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

)

𝑇

𝑡=0

)

𝑁

𝑛=1

  (22) 

To ensure consistency in P2P trades, (23) enforces these transactions to be reciprocal: 271 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 

 

 𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 𝑃𝑚,𝑛,𝑡

𝑒𝑥𝑝,𝑃2𝑃  (23) 

where 𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃

is the power bought by 𝑛 from 𝑚 and 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑃2𝑃

 is the power sold by 𝑚 to 𝑛. 272 

Regarding energy allocation, fixed and proportional-to-consumption ACs are considered. 273 

The values of the fixed ACs, defined during the licensing period, are derived as described in 274 

the previous section. Thus, when using fixed ACs, the power that a consuming member 𝑛 275 

(𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

≥ 0) can purchase from a producing member 𝑚 (𝑃𝑚,𝑡
𝑔𝑟𝑖𝑑

< 0) is determined by (24): 276 

{

𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 𝛼𝑛,𝑡

𝑎𝑑𝑗
∙ 𝑃𝑚,𝑡

𝑒𝑥𝑐 , 𝑖𝑓 𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

≥ 0 ∧ 𝑃𝑚,𝑡
𝑔𝑟𝑖𝑑

< 0

 

𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 0,                           𝑖𝑓 𝑃𝑛,𝑡

𝑔𝑟𝑖𝑑
< 0 ∨ 𝑃𝑚,𝑡

𝑔𝑟𝑖𝑑
≥ 0

 (24) 

where 𝛼𝑛,𝑡
𝑎𝑑𝑗

 is the normalized AC. This AC normalization, applied in the Portuguese 277 

regulation, redistributes the local surplus only among consuming members based on their ex-278 

ante ACs, and excludes the producing members so that the total sum of 𝛼𝑛,𝑡
𝑎𝑑𝑗

 remains 1. 279 

These normalized ACs, 𝛼𝑛,𝑡
𝑎𝑑𝑗

, are computed as in (25): 280 

𝛼𝑛,𝑡
𝑎𝑑𝑗

=
𝛼𝑛,𝑡

∑ 𝛼𝑘,𝑡𝑘∈{𝑃𝑘,𝑡
𝑔𝑟𝑖𝑑

>0}

 (25) 

where 𝛼𝑛,𝑡 is the ex-ante AC. Meanwhile, when using proportional ACs, the ex-ante ACs are 281 

no longer required. Instead, the power a consuming member 𝑛 purchases from a producing 282 

member 𝑚 is computed according to (26): 283 

{

𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 𝛼𝑛,𝑡 ∙ 𝑃𝑚,𝑡

𝑒𝑥𝑐 , 𝑖𝑓 𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

≥ 0 ∧ 𝑃𝑚,𝑡
𝑔𝑟𝑖𝑑

< 0

 

𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃 = 0,                         𝑖𝑓 𝑃𝑛,𝑡

𝑔𝑟𝑖𝑑
< 0 ∨ 𝑃𝑚,𝑡

𝑔𝑟𝑖𝑑
≥ 0

 (26) 
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where 𝛼𝑛,𝑡 is the proportional AC calculated based on the net consumption of each member, 284 

as in (27): 285 

𝛼𝑛,𝑡 =
𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

∑ 𝑃𝑘,𝑡
𝑔𝑟𝑖𝑑

𝑘∈{𝑃
𝑘,𝑡
𝑔𝑟𝑖𝑑

>0}

 (27) 

Proportional ACs ensure that local production is allocated exclusively to members 286 

who are consuming and distributed proportionally to their consumption. This approach 287 

minimizes the surplus not shared locally and allocate more energy to the members with 288 

higher consumption. Next, the energy trade balance is given by (28): 289 

𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

= 𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

− 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

+ ∑ (𝑃𝑛,𝑚,𝑡
𝑖𝑚𝑝,𝑃2𝑃 − 𝑃𝑛,𝑚,𝑡

𝑒𝑥𝑝,𝑃2𝑃)

𝑀

𝑚=1,𝑚≠𝑛

  
(28) 

The energy balance accounts for consumption, behind-the-meter PV generation, and 290 

the operation of the ESS, and is given by (29): 291 

𝑃𝑛,𝑡
𝑔𝑟𝑖𝑑

= 𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠 − 𝑃𝑛,𝑡

𝑔𝑒𝑛
+∑(𝑃𝑛,𝑠,𝑡

𝐵𝑇,𝑐ℎ𝑔
− 𝑃𝑛,𝑠,𝑡

𝐵𝑇,𝑑𝑐ℎ)

𝑆

𝑠=1

 
(29) 

where and 𝑃𝑛,𝑠,𝑡
𝐵𝑇,𝑐ℎ𝑔

 and 𝑃𝑛,𝑠,𝑡
𝐵𝑇,𝑑𝑐ℎ

 are, respectively, the power charged and discharged by each 292 

ESS. Next, (30) limits the members’ power exchanges to their contracted power 𝑃𝑛
𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑: 293 

−𝑃𝑛
𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑 ≤ 𝑃𝑛,𝑡

𝑔𝑟𝑖𝑑
≤ 𝑃𝑛

𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑 (30) 

Regarding the ESS, their energy is tracked with (31): 294 

𝐸𝑛,𝑠,𝑡
𝐸𝑆𝑆 = 𝐸𝑛,𝑠,𝑡−1

𝐸𝑆𝑆 + (𝑃𝑛,𝑠,𝑡
𝐵𝑇,𝑐ℎ𝑔

∙ 𝜂𝑛,𝑠
𝐸𝑆𝑆,𝑐ℎ𝑔

−
𝑃𝑛,𝑠,𝑡
𝐵𝑇,𝑑𝑐ℎ

𝜂𝑛,𝑠
𝐸𝑆𝑆,𝑑𝑐ℎ) ∙ ∆𝑡 

(31) 
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where 𝐸𝑛,𝑠,𝑡
𝐸𝑆𝑆  is the energy stored by the ESS, 𝐸𝑛,𝑠,𝑡−1

𝐸𝑆𝑆  is the energy stored by the ESS in the 295 

previous time step, and 𝜂𝑛,𝑠
𝐸𝑆𝑆,𝑐ℎ𝑔

 and 𝜂𝑛,𝑠
𝐸𝑆𝑆,𝑑𝑐ℎ

 are its charging and discharging efficiencies, 296 

respectively. The SOC of each ESS is given by (32): 297 

𝑆𝑂𝐶𝑛,𝑠,𝑡
𝐵 =

𝐸𝑛,𝑠,𝑡
𝐸𝑆𝑆

𝐸𝑛,𝑠
𝐸𝑆𝑆,𝑛𝑜𝑚 ∙ 100 

(32) 

where 𝑆𝑂𝐶𝑛,𝑠,𝑡
𝐵  is the SOC of the ESS, and 𝐸𝑛,𝑠

𝐸𝑆𝑆,𝑛𝑜𝑚
 is its nominal capacity. Constraint (33) 298 

limits the SOC to minimum and maximum values, 𝑆𝑂𝐶𝑛,𝑠
𝑚𝑖𝑛 and 𝑆𝑂𝐶𝑛,𝑠

𝑚𝑎𝑥, respectively.  299 

𝑆𝑂𝐶𝑛,𝑠
𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑛,𝑠,𝑡

𝐵 ≤ 𝑆𝑂𝐶𝑛,𝑠
𝑚𝑎𝑥 

(33) 

And ESS charging and discharging rates are limited by (34) and (35): 300 

𝑃𝑛,𝑠,𝑡
𝐵𝑇,𝑐ℎ𝑔

≤ 𝑃𝑛,𝑠
𝐵𝑇,𝑚𝑎𝑥

 
(34) 

𝑃𝑛,𝑠,𝑡
𝐵𝑇,𝑑𝑐ℎ ≤ 𝑃𝑛,𝑠

𝐵𝑇,𝑚𝑎𝑥
 

(35) 

where 𝑃𝑛
𝐵𝑇,𝑚𝑎𝑥

 is the maximum charging and discharging power of the ESS. Finally, the 301 

energy component of the retailer’s billing is constrained to remain non-negative to comply 302 

with the self-consumption Spanish regulation, as in (36). 303 

∑(𝑃𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡 ∙ 𝜆𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

− 𝑃𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑

∙ ∆𝑡 ∙ 𝜆𝑛,𝑡
𝑒𝑥𝑝,𝑔𝑟𝑖𝑑) ≥ 0

𝑇

𝑡=0

 (36) 

2.3 Decentralized EMS 304 

The decentralized EMS developed in this work is a hierarchical rule-based approach 305 

whose main objective is the minimization of the individual daily operation costs. The 306 

decentralized EMS consists of a high-level strategy for the planning stage and a low-level 307 

strategy for real-time operation.  308 

2.3.1 Decentralized EMS: high-level strategy 309 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



19 

 

The high-level EMS strategy schedules the battery operation to reduce the DER grid-310 

imported energy cost considering also CSC energy sharing, and is based on rules whose 311 

behaviour depend on the following variables: a) generation energy, b) consumption energy, 312 

c) grid import electricity price, d) grid export electricity price, e) CSC fixed ACs and f) CSC 313 

fixed ACs impacts. 314 

The consumption share matrix (𝑀 ∈ ℝ≥0
𝑁×𝑇) reflects the consumption share of each 315 

CSC member consuming at time t, as shown in (37): 316 

𝑀𝑛,𝑡 = {

𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠

∑ 𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠𝑁

𝑛=1

, 𝑖𝑓 𝛼𝑛,𝑡 > 0

0, 𝑖𝑓 𝛼𝑛,𝑡 = 0

 
(37) 

The power bought locally by each member, as a result of applying the AC referred to 317 

its consumption, is given by matrix 𝑆 ∈ ℝ≥0
𝑁×𝑇, as defined in (38): 318 

𝑆𝑛,𝑡 = {

𝐴𝐶𝑛,𝑡 ∙ 𝑃𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡

𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠 , 𝑖𝑓 𝛼𝑛,𝑡 > 0 ∧  𝑃𝑛,𝑡

𝑐𝑜𝑛𝑠 > 0 

0,                                 𝑖𝑓 𝛼𝑛,𝑡 = 0 ∨  𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠 = 0 

  
(38) 

Matrix 𝑇𝑚𝑎𝑥 ∈ {0,1}𝑁×𝑇 is used to identify the time step with the maximum AC 319 

value for each DER, as in (39): 320 

𝑇𝑚𝑎𝑥𝑛,𝑡 = {
1,                                 𝑖𝑓 𝛼𝑛,𝑡 = max

𝑗=1,…,𝑇
𝛼𝑛,𝑡 

0,                                𝑖𝑓 𝛼𝑛,𝑡 ≠ max
𝑗=1,…,𝑇

𝛼𝑛,𝑡
  

(39) 

This 𝑇𝑚𝑎𝑥𝑛,𝑡 allows to determine which member has to be prioritized by other CSC 321 

members and in which time step, in order to know when to increase the shared energy, i.e. 322 

the energy surpluses, without grid cost consideration. 323 

Two binary matrices are also defined: a) 𝐵𝑀 ∈ {0,1}𝑁×𝑇 , that identifies the CSC 324 

members whose consumption exceeds 50% of the total CSC consumption at time 𝑡, as in 325 
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(40), and b) 𝐵𝑆 ∈ {0,1}𝑁×𝑇, indicating that the allocated energy exceeds consumption, which 326 

is useful for ESS charging decisions, as in (41). 327 

𝐵𝑀𝑛,𝑡 = {
1,                                 𝑖𝑓 𝑀𝑛,𝑡 > 0.5 ∧  𝛼𝑛,𝑡 > 0

0,                                𝑖𝑓 𝑀𝑛,𝑡 ≤ 0.5 ∨ 𝛼𝑛,𝑡 = 0
  

(40) 

𝐵𝑆𝑛,𝑡 = {
1,                                 𝑖𝑓 𝑆𝑛,𝑡 > 1 ∧ 𝛼𝑛,𝑡 > 0 

0,                                𝑖𝑓 𝑆𝑛,𝑡 ≤ 1 ∨ 𝛼𝑛,𝑡 = 0
  

(41) 

The high-level EMS was designed to schedule the ESS to avoid grid consumption at 328 

high-electricity price periods (𝜆𝑛,𝑡
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

≥ 𝜆𝑛
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

), based on [34]. First, the amount of 329 

energy needed from the ESS (𝐸𝑛,𝑡
𝑛𝑒𝑒𝑑 in [kWh]) is given in (42) as a function of the forecasted 330 

energies 𝐸𝑛,𝑡
𝑔𝑒𝑛

 and 𝐸𝑛,𝑡
𝑐𝑜𝑛𝑠 (generated and consumed) and the retailer price, where 𝜆𝑛

𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
 is 331 

the daily mean value of the grid energy import price in [€/kWh]. 332 

𝐸𝑛,𝑡
𝑛𝑒𝑒𝑑 = {

𝐸𝑛,𝑡
𝑐𝑜𝑛𝑠 − 𝐸𝑛,𝑡

𝑔𝑒𝑛
, 𝜆𝑛,𝑡

𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
≥ 𝜆𝑛

𝑔𝑟𝑖𝑑,𝑖𝑚𝑝
∧ 𝐸𝑛,𝑡

𝑐𝑜𝑛𝑠 > 𝐸𝑛,𝑡
𝑔𝑒𝑛

0, 𝜆𝑛,𝑡
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

≤ 𝜆𝑛
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

∧ 𝐸𝑛,𝑡
𝑐𝑜𝑛𝑠 ≤ 𝐸𝑛,𝑡

𝑔𝑒𝑛
 

(42) 

From this, the time steps 𝑇𝑛
𝑛𝑒𝑒𝑑 during which energy from the ESS is needed are 333 

identified using (43). The corresponding starting point is denoted by 𝑡𝑛,0
𝑛𝑒𝑒𝑑 in (44), and the 334 

total energy needed over 𝑇𝑛
𝑛𝑒𝑒𝑑 is calculated in (45). 335 

𝑇𝑛
𝑛𝑒𝑒𝑑 = {𝑡 ∈ 𝑇|𝐸𝑛,𝑡

𝑛𝑒𝑒𝑑 > 0} 
(43) 

𝑡𝑛,0
𝑛𝑒𝑒𝑑 = min(𝑇𝑛

𝑛𝑒𝑒𝑑) 
(44) 

𝐸𝑛,𝑡
𝑛𝑒𝑒𝑑,𝑡𝑜𝑡 = min(𝐸𝑛

𝐸𝑆𝑆,𝑛𝑜𝑚, ∑ 𝐸𝑛,𝑡
𝑛𝑒𝑒𝑑

𝑡∈𝑇𝑛
𝑛𝑒𝑒𝑑

) 
(45) 
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The desired energy in the ESS (𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑) is the energy needed to supply 𝐸𝑛,𝑡

𝑛𝑒𝑒𝑑,𝑡𝑜𝑡
, 336 

which must be stored 𝑋 hours before 𝑡𝑛,0
𝑛𝑒𝑒𝑑, as shown in (46), to ensure that ESS charging is 337 

scheduled in advance of discharge. 338 

𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = {

𝐸𝑛,𝑡
𝑛𝑒𝑒𝑑,𝑡𝑜𝑡 , 𝑖𝑓 𝑡 ∈ {𝑡𝑛,0

𝑛𝑒𝑒𝑑 − 𝑥|𝑥 = 1, … , 𝑋}

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(46) 

The high-level EMS is described in the pseudo-code in Table A1 of the Appendix 339 

section. The operation is classified into different operational modes based on the power 340 

balance. For each time step 𝑡 (one hour in this work), three branches are defined: a) negative 341 

power balance, indicating an energy surplus scenario, b) positive power balance, representing 342 

an energy consumption scenario and c) zero power balance, denoting a state of equilibrium 343 

between generation and consumption.  344 

Mainly, at the individual maximum AC instances (𝑇𝑚𝑎𝑥𝑛𝑖𝑛,𝑡) the ESS charging is 345 

prioritized as long as the ESS SOC allows it and the 𝐵𝑀𝑛,𝑡 and 𝐵𝑆𝑛,𝑡 are activated, as this 346 

grid energy is assumed to be the allocated energy within the CSC energy sharing. Otherwise, 347 

in the other CSC members maximum AC instances (𝑇𝑚𝑎𝑥𝑛𝑜𝑢𝑡,𝑡) with active 𝐵𝑀𝑛,𝑡 value the 348 

ESS discharge is prioritized to maximize surplus distribution among CSC members while 349 

individual objectives are preserved (𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑). A more detailed description is provided in the 350 

Appendix. 351 

2.3.2 Decentralized Energy Management System: low-level strategy 352 

The low-level strategy is to ensure the correct operation of the battery with real-time 353 

measurements of generation and consumption powers and the ESS state. Building upon the 354 
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strategy described in [34], several adaptations have been introduced, in order to be 355 

conservative with the HL EMS scheduled ESS operation during real-time operation. 356 

Two additional metrics have been calculated. First, the variance of real-time 357 

generation, denoted as 𝑉𝑎𝑟𝑛,𝑡
𝑃𝑔𝑒𝑛

, is computed with (47) to quantify the deviation of the 358 

measured real-time generation (𝑃𝑛,𝑡
𝑔𝑒𝑛,𝑟𝑡

) from the clustered generation profile used in the AC 359 

calculation (𝑃𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑙𝑢𝑠

). Given the geographical proximity of CSC participants, it is assumed 360 

that this variance also affects the power generation of all the CSC members and consequently 361 

the expected amount of energy to be shared among them.  362 

𝑉𝑎𝑟𝑛,𝑡
𝑃𝑔𝑒𝑛

=
𝑃𝑛,𝑡
𝑔𝑒𝑛,𝑟𝑡

− 𝑃𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑙𝑢𝑠

𝑃𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑙𝑢𝑠  

(47) 

A negative variance indicates lower generation than expected, resulting in reduced 363 

surplus energy for sharing. Conversely, a positive variance suggests higher generation and 364 

increased energy sharing potential. As a result, grid-based ESS charging operations are 365 

limited, since the high-level strategy is programmed to prioritize charging from the grid 366 

expecting energy allocated through the CSC. In a negative variance case, a charge will result 367 

in a non-optimal operation with an extra retailer energy cost. 368 

In addition, to prevent unnecessary ESS discharges aimed at increasing surplus 369 

energy for members with high AC values but low consumption impact, a matrix 𝐶𝑏𝑡𝑛,𝑡 ∈370 

ℝ≥0
𝑁×𝑇  was defined. This matrix captures the normalized impact of external consumption 371 

(𝑃𝑗,𝑡
𝑐𝑜𝑛𝑠,𝐴𝐶

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

), under 372 

the condition that energy sharing is expected (49). The term 𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠,𝐴𝐶

 refers to the adjusted 373 
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consumption profile resulting from energy sharing within the data clustering scenario, as 374 

defined in (48). 375 

𝑃𝑛,𝑡
𝑐𝑜𝑛𝑠,𝐴𝐶 =

{
 
 

 
 𝑃𝑛,𝑡

𝑐𝑜𝑛𝑠 − 𝛼𝑛,𝑡 ∙ 𝑃𝑛,𝑡
𝑒𝑥𝑐,𝑡𝑜𝑡, 𝑖𝑓 ∑ 𝛼𝑛,𝑡 > 0

𝑛∈𝑁

0, 𝑖𝑓 ∑ 𝛼𝑛,𝑡 > 0

𝑛∈𝑁

 
(48) 

𝐶𝑏𝑡𝑛,𝑡 =

{
 
 

 
 
∑ 𝑃𝑗,𝑡

𝑐𝑜𝑛𝑠,𝐴𝐶 ∙ ∆𝑡𝑗∈𝑁,𝑗≠𝑛

𝐸𝑛
𝐸𝑆𝑆,𝑛𝑜𝑚 , 𝑖𝑓 ∑ 𝐴𝐶𝑛,𝑡 > 0

𝑛∈𝑁

 

0, 𝑖𝑓 ∑ 𝐴𝐶𝑛,𝑡 = 0

𝑛∈𝑁

 (49) 

The decentralized rule-based low-level strategy follows the logic of the high-level 376 

strategy, and operates using real-time generation, consumption and ESS powers. Additional 377 

conditions are incorporated to regulate ESS charging from the grid and prevent unnecessary 378 

grid consumption extra costs. Further details are provided in the Appendix Section. 379 

2.4 Settlement and billing process 380 

Finally, in the settlement stage, the final energy bill of the CSC is computed. This 381 

stage is divided in three parts: a) bill calculation, b) P2P evaluation and c) proportional ACs 382 

calculation. The energy bill calculation is done for each DER in the CSC and aggregated at 383 

CSC level, as expressed in (50) and (51) respectively, considering that the response error and 384 

times of the subsystems to the EMS setpoints are negligible. The graphical representation of 385 

the settlement process is depicted in Figure 2. For simplicity, only the energy term of the bill 386 

is computed. However, a complete electricity bill would also incorporate the contracted 387 

power term for each DER, the corresponding access tariffs and charges, and applicable 388 

electricity taxes. 389 
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𝐶𝑜𝑠𝑡𝐶𝑆𝐶
𝑒𝑛𝑒𝑟𝑔𝑦

=∑𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦

𝑁

𝑛=1

  
(50) 

𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦

=∑(𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑔𝑟𝑖𝑑

+ 𝐶𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃 − 𝐶𝑛,𝑡

𝑒𝑥𝑝,𝑔𝑟𝑖𝑑
− 𝐶𝑛,𝑡

𝑒𝑥𝑝,𝑃2𝑃)

𝑇

𝑡=0

   (51) 

The ACs definition in the licensing period leads to non-optimal energy sharing among 390 

the CSC participants during operation due to the use of DERs' operation representative 391 

historical data and their discrepancy with real measurements. Therefore, it becomes 392 

necessary to evaluate the P2P energy sharing under real operating conditions and consider 393 

the recalculation of ACs based on updated generation and consumption data. This enables a 394 

more responsive and equitable energy sharing mechanism that better reflects the operational 395 

reality of the system. 396 

The proportional ACs recalculation is done in the post-delivery period, once the 397 

energy is delivered. At each time step, the total surplus is first determined as the aggregated 398 

net export from all generating members. This available surplus is then allocated following a 399 

hierarchical approach. First, consuming DERs are prioritized by covering their demand until 400 

either their consumption is satisfied, or the aggregated surplus is exhausted. If any surplus 401 

remains, it is distributed among the generating DERs proportionally to their contributions to 402 

the total surplus. 403 

Additionally, for each time step and participant, the settlement process identifies 404 

those cases where the original AC is zero and a surplus exists. In such cases, the surplus 405 

energy is proportionally redistributed among participants according to their individual 406 

contributions to the total surplus. Finally, the assigned values are normalized to obtain the 407 

new ACs, ensuring that their sum equals unity in every time step. This algorithm guarantees 408 
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a fair and transparent redistribution of energy flows, since each participant’s allocation 409 

reflects their actual role in both consumption and generation within the CSC scheme.  410 

 411 
Figure 2: Graphical representation of the settlement process. 412 

3. Collective Self-Consumption case study 413 

3.1 Case study description 414 

The proposed outline for the evaluation of the decentralised and centralised EMSs 415 

approaches for CSC within the Spanish regulatory framework is depicted in Figure 3. As 416 

introduced in Section 1, some regulatory adjustments based on the current Portuguese 417 

regulatory framework have been implemented to better support CSC schemes. These 418 

adjustments are in line with the new Spanish Royal Decree draft proposal (currently pending 419 

approval), which incorporates rules already adopted under Portuguese regulation, namely: a) 420 
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the CSC AC calculation after the ISC scheme operation (contemplated in the draft), b) the 421 

possibility of internal P2P trades for the shared energy to increase profitability (not 422 

contemplated) and c) non-optimal AC correction in the billing period with proportional ACs 423 

(not contemplated).  424 

The outline is divided into different blocks and timeframes. First, during the licensing 425 

or planning, the scenario and ex-ante ACs definition are executed (Section 2.1). Afterwards, 426 

in the operation, the DERs' EMS are performed (Sections 2.2 and 2.3), and finally, after 427 

energy delivery, the settlement is done for the corresponding billing period (Section 2.4). 428 

 429 
Figure 3: Case Study main diagram. 430 

3.2 Scenario definition 431 

The selected CSC scenario is composed of 3 DERs, one LTB and two RBs, as these ISC 432 

units are expected to be future participants engaged in CSC schemes. Specifically, this case 433 

study represents an unfavourable energy sharing configuration, as the chosen DERs exhibit 434 

a lack of complementarity. The objective is to assess whether performance improvements 435 

can still be achieved under these conditions. The technical specifications of the DERs are 436 
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summarized in Table 2, including contracted power and annual energy consumption, 437 

installed PV capacity and annual energy generation, as well as ESS energy capacity and 438 

nominal voltage. The historical dataset used for this study corresponds to the year 2023, with 439 

annual mean values of 0.1468 €/kWh for imported energy and 0.08709 €/kWh for exported 440 

energy to the grid prices. The generation and consumption profiles are used without including 441 

any forecasting errors or predictive adjustments. All the ESS have the same SOC limits, with 442 

set to a minimum of 10% (𝑆𝑂𝐶𝑛
𝑚𝑖𝑛 ) and a maximum of 90% (𝑆𝑂𝐶𝑛

𝑚𝑎𝑥 ), and identical 443 

charging and discharging efficiency of 86.4% (𝜂𝑛
𝐸𝑆𝑆,𝑐ℎ𝑔

= 𝜂𝑛
𝐸𝑆𝑆,𝑑𝑐ℎ

). 444 

Table 2: Technical parameters of the DERs. 445 

Member 
Consumption PV installation ESS 

Cont. power Annual energy Power Annual energy Capacity Voltage 

DER1 

(LTB) 
40 kW 142,887.20 kWh 32 kW 44,980.97 kWh 8.64 kWh 48 V 

DER2 

(RB) 
4.0 kW 7,491.04 kWh 3.2 kW 4,498.09 kWh 2.04 kWh 24 V 

DER3 

(RB) 
6.0 kW 12,793.43 kWh 4.8 kW 6,747.14 kWh 5.76 kWh 48 V 

 446 

3.3 Energy management system strategies for distributed energy resources 447 

Annual simulations are conducted during the operational phase to evaluate the three 448 

EMS strategies considered: a) ISC, b) Centralized CSC, and c) Decentralized CSC. The ISC 449 

algorithm described in Section 2.1 for the ACs calculation is used as the baseline EMS for 450 

each DER [34]. This predictive EMS is a rule-based algorithm composed of different 451 

modules designed to control an ESS within a self-consumption installation. In the first stage, 452 

the planning stage, the forecasting and high-level strategy modules are executed to define the 453 

daily optimal ESS operation schedule to minimize electricity costs and maximize self-454 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



28 

 

sufficiency. Subsequently, during the operational stage, the low-level strategy module is 455 

executed to adjust operations based on real-time measurements. 456 

The centralized EMS supervises the operation of all DERs within a CSC scheme. Its 457 

deployment requires an entity such as a CSC manager, who is responsible for managing all 458 

the DERs, as well as collecting and processing data. The centralized EMS has access to data 459 

from all the participating DERs. Having this full overview of the CSC scheme allows for a 460 

collective optimization that is expected to outperform local control strategies with respect to 461 

the defined objective function. Its detailed implementation has been presented in Section 2.2. 462 

Lastly, the decentralized EMS is an adaptation of the ISC-oriented EMS, designed to 463 

operate independently within a CSC scheme without requiring real-time data from other 464 

DERs, thereby preserving user privacy. Instead, it incorporates certain impact indicators to 465 

adjust the local ESS control strategy. The detailed implementation of this decentralized EMS 466 

has been presented in Section 2.3. In this paper, a 𝑋 value of 3 hours and a 𝑦 parameter of 467 

0.25 (a generation variance of 25 %) are implemented. 468 

4. Techno-economic comparison of centralized and decentralized 469 

Energy Management Systems 470 

The techno-economic analysis is divided into four parts. First, the three different EMSs 471 

(ISC, centralized CSC and decentralized CSC) are compared to evaluate their operation and 472 

ESS control decisions in terms of energy management. Then, a technical assessment 473 

evaluates the performance of the CSC schemes using several KPIs and compares them with 474 

the ISC scenario. Similarly, an economic assessment based on parameters such as energy 475 
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cost savings compares all approaches. Lastly, the computational performance of the 476 

centralized and decentralized strategies is compared.  477 

4.1  DERs’ assets operation analysis 478 

The DERs’ assets operation analysis examines the behaviour of the DERs under each 479 

EMS strategy. The goal is to compare the different approaches in terms of the resulting 480 

energy balances, including grid and P2P exchanges, as well as ESS operation. 481 

4.1.1 ISC strategy 482 

The power profiles for DER1 under ISC, where DERs operate independently, are shown 483 

in Figure 4 for one selected day. Negative (resp. positive) battery power profile values 484 

indicate the ESS is being charged (resp. discharged).  485 

 486 
Figure 4: ISC EMS – DER1; a) power profiles and b) SOC and grid import prices. 487 

As can be seen, during the morning DER1 imports power from the grid to cover its 488 

consumption. As solar generation starts to increase, part of it is used to meet local demand, 489 

while the surplus is stored in the ESS. Around midday, when generation exceeds 490 
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consumption and ESS capacity, the resulting surplus is exported to the grid. Then, as PV 491 

generation decreases, DER1 discharges its ESS to support local demand and reduce grid 492 

imports. Hence, without CSC, DER1 alternates between relying on the grid during low-493 

generation periods with no energy in the ESS and on storing energy during high-generation 494 

hours, exporting the remaining surpluses to the grid. 495 

4.1.2 Centralized CSC strategy 496 

The power profiles for DER1 under the centralized EMS are shown in Figure 5 for fixed 497 

ACs and in Figure 6 for proportional ACs. Compared to ISC scenario, DERs participate in 498 

P2P trading, where positive values indicate P2P imports and negative values P2P exports. As 499 

observed, DER1 exhibits similar behaviour under both AC types. It starts by importing 500 

energy from the grid, and as PV generation increases, it is used to meet local demand, with 501 

surplus being stored in the ESS until it is fully charged. Afterwards, the remaining surplus is 502 

either sold to the other DERs or to the grid. Once PV generation is no longer available, the 503 

DERs rely on grid imports and ESS discharge. The ESS behaviour is comparable across both 504 

ACs; however, this does not imply identical operation. In both ACs, ESS is managed to 505 

minimize total costs, which depends on the cost allocation determined by the ACs. The 506 

similarity arises because all DERs have the same energy prices, making the cost allocation 507 

indifferent to the distribution of surplus among DERs. Consequently, the main differences 508 

between the two ACs types are observed in the P2P exchanges, with small shifts in their 509 

timing and magnitude. Moreover, under the centralized EMS, DERs do not receive energy 510 

from P2P imports during hours when they have an energy surplus, which is an outcome of 511 

the normalization of the fixed ACs, described in Section 2.2. 512 
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 513 
Figure 5: Centralized EMS – DER1 operation with fixed ACs; a) power profiles and b) SOC and grid import prices. 514 

 515 
Figure 6: Centralized EMS – DER1 operation with proportional ACs; a) power profiles and b) SOC and grid import 516 

prices. 517 

4.1.3 Decentralized CSC strategy 518 

The power profiles for DER1 under the decentralized CSC EMS strategy are shown in 519 

Figure 7 for fixed ACs and in Figure 8 for proportional ACs. As in the centralized EMS, the 520 
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overall ESS operation remains mostly similar across both ACs. Additionally, since the 521 

decentralised EMS uses the same rule-based logic for both ACs to operate the ESS, charging 522 

and discharging patterns are identical for both schemes. Therefore, the main differences are 523 

in P2P exchanges, with their timing and magnitude varying depending on the used ACs. 524 

Remarkably, under fixed ACs, DER1 receives energy from P2P imports during hours when 525 

it has a local surplus, for instance at 13h, highlighting the inefficiency and disadvantage of 526 

these ACs. Meanwhile, under proportional ACs, this situation does not arise, showing an 527 

advantage of the latter. 528 

529 
Figure 7: Decentralized EMS – DER1 operation with fixed ACs; a) power profiles and b) SOC and grid import prices. 530 
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 531 
Figure 8: Decentralized EMS – DER1 operation with proportional ACs; a) power profiles and b) SOC and grid import 532 

prices. 533 

4.2 Technical performance analysis 534 

For the technical analysis a set of KPIs are calculated, including the self-consumption 535 

ratio (SCR), the self-sufficiency ratio (SSR), and the energy sharing ratio (ESR). The SCR is 536 

defined as the ratio between the self-consumed energy and the generated energy, representing 537 

self-generated energy utilization. The SSR is defined as the ratio between self-consumed 538 

energy and the total consumed energy, indicating grid independence. Different formulations 539 

are needed when applying these KPIs to ISC and to CSC. Finally, the ESR is defined as the 540 

ratio between the total energy shared among the DERs and the total generated energy. 541 

The ISC SCR is calculated as expressed in (52), where 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐼𝑆𝐶

 in [kWh] is the 542 

cumulative self-consumed energy of all the members operating with the ISC EMS and 𝐸𝑛,𝑡
𝑔𝑒𝑛

 543 

in [kWh] is the generated energy of all members during the timeline 𝑇 . 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐼𝑆𝐶

 is 544 

disaggregated into the consumption supplied by the generation installation (𝐸𝑛,𝑡
𝑃𝑉→𝑐𝑜𝑛𝑠  in 545 
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[kWh]) and the generation energy used to charge the ESS (𝐸𝑛,𝑡
𝑃𝑉→𝐸𝑆𝑆,𝑐ℎ𝑔

 in [kWh]), as 546 

expressed in (53). The ISC SSR is calculated employing (54), where 𝐸𝑛,𝑡
𝑐𝑜𝑛𝑠 in [kWh] is the 547 

consumed energy by all members during the horizon 𝑇. 548 

𝑆𝐶𝑅𝑡𝑜𝑡𝑎𝑙
𝐼𝑆𝐶 =

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐼𝑆𝐶𝑇

𝑡
𝑁
𝑛

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛𝑇

𝑡
𝑁
𝑛

 ∙ 100 (52) 

𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐼𝑆𝐶

= 𝐸𝑛,𝑡
𝑃𝑉→𝑐𝑜𝑛𝑠 + 𝐸𝑛,𝑡

𝑃𝑉→𝐸𝑆𝑆,𝑐ℎ𝑔
   (53) 

𝑆𝑆𝑅𝑡𝑜𝑡𝑎𝑙
𝐼𝑆𝐶 =

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐼𝑆𝐶𝑇

𝑡
𝑁
𝑛

∑ ∑ 𝐸𝑛,𝑡
𝑐𝑜𝑛𝑠𝑇

𝑡
𝑁
𝑛

∙ 100 (54) 

The CSC SCR is calculated in the same way, as shown in (55). In this case, 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐶𝑆𝐶

 549 

in [kWh] includes 𝐸𝑛,𝑡
𝑃𝑉→𝑐𝑜𝑛𝑠, 𝐸𝑛,𝑡

𝑃𝑉→𝐸𝑆𝑆,𝑐ℎ𝑔
 and the energy imported from the CSC used for 550 

consumption (𝐸𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃→𝑐𝑜𝑛𝑠

 in [kWh]) and to charge the ESS (𝐸𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃→𝐸𝑆𝑆,𝑐ℎ𝑔

 in [kWh]), 551 

as in (56). Meanwhile, the SSR for the CSC scheme is calculated as shown in (57). 552 

𝑆𝐶𝑅𝑡𝑜𝑡𝑎𝑙
𝐶𝑆𝐶 =

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐶𝑆𝐶𝑇

𝑡
𝑁
𝑛

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛𝑇

𝑡
𝑁
𝑛

∙ 100  (55) 

𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐶𝑆𝐶

= 𝐸𝑛,𝑡
𝑃𝑉→𝑐𝑜𝑛𝑠 + 𝐸𝑛,𝑡

𝑃𝑉→𝐸𝑆𝑆,𝑐ℎ𝑔
+ 𝐸𝑛,𝑡

𝑖𝑚𝑝,𝑃2𝑃→𝑐𝑜𝑛𝑠 + 𝐸𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃→𝐸𝑆𝑆,𝑐ℎ𝑔

   (56) 

𝑆𝑆𝑅𝑡𝑜𝑡𝑎𝑙
𝐶𝑆𝐶 =

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛,𝑐𝑜𝑛𝑠,𝐶𝑆𝐶𝑇

𝑡
𝑁
𝑛

∑ ∑ 𝐸𝑛,𝑡
𝑐𝑜𝑛𝑠𝑇

𝑡
𝑁
𝑛

∙ 100 (57) 

Finally, the CSC ESR is calculated as expressed in (58). 553 

𝐸𝑆𝑅𝑡𝑜𝑡𝑎𝑙
𝐶𝑆𝐶 =

∑ ∑ 𝐸𝑛,𝑡
𝑖𝑚𝑝,𝑃2𝑃𝑇

𝑡
𝑁
𝑛

∑ ∑ 𝐸𝑛,𝑡
𝑔𝑒𝑛𝑇

𝑡
𝑁
𝑛

 ∙ 100 (58) 

Table 3 presents the quarterly and annual results of the SCR under the different strategies. 554 

Both CSC strategies outperform ISC, which yields a SCR of 84.32%. The highest SCR is 555 
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achieved by the centralized EMS with proportional ACs, reaching 89.79%. This is followed 556 

by the centralized EMS with fixed ACs at 87.48%. The decentralized EMS presents lower 557 

values, with a SCR of 85.35% and 86.36% for fixed and proportional ACs. These results 558 

highlight the benefits of the centralized EMS to increase self-consumption, particularly under 559 

proportional ACs to minimize surpluses and maximize self-consumption. 560 

Table 3: Quarterly and annual SCR results comparison. 561 

Quarter ISC 

Centralized EMS Decentralized EMS 

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% 

 562 

Additionally, a seasonal pattern is observed in all strategies, where the SCR is lower in 563 

Q3 (summer) and higher in Q4 (autumn). In Q3, lower consumption combined with higher 564 

PV generation leads to greater injection into the grid and, consequently, a lower SCR. 565 

Meanwhile, in Q4, higher consumption and lower PV generation lead to more energy 566 

consumed locally, increasing the SCR.  567 

Next, Table 4 presents the quarterly and annual results of the SSR under the different 568 

strategies. Again, both CSC strategies outperform ISC, which yields a SSR of 29.06%, and 569 

the highest SSR is achieved with the centralized EMS using proportional ACs, at 30.94%. 570 

This is followed by the centralized EMS with fixed ACs with 30.14%. The decentralized 571 

EMS presents slightly lower results, at 29.41% and 29.76% for fixed and proportional ACs, 572 

respectively. The same seasonal pattern is observed in all strategies, with the highest values 573 
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being observed in Q3 due to a higher PV generation that reduces grid reliance, and the lowest 574 

values in Q4 when lower generation and higher consumption increase grid reliance. 575 

Table 4: Quarterly and annual SSR results comparison. 576 

Quarter  ISC 

Centralized EMS Decentralized EMS 

CSC 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% 

 577 

At last, Table 5 presents the quarterly and annual results of the ESR under the different 578 

strategies. Since ESR can only be computed when P2P trading is available, the values for 579 

ISC are set to 0%. The highest annual ESR is achieved under the centralized EMS with 580 

proportional ACs, reaching 7.32%, indicating this is the most effective regarding energy 581 

sharing between DERs. The second highest value corresponds to the decentralized EMS with 582 

fixed ACs, at 6.00%. The remaining strategies lead to lower ESR values, with the centralized 583 

EMS with fixed ACs at 3.71%, and the decentralized EMS with proportional ACs at 2.20%.  584 

Table 5: Quarterly and annual ESR results comparison. 585 

Quarter  ISC 

Centralized EMS Decentralized EMS 

CSC 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% 

 586 

The decrease in ESR in the decentralized EMS with proportional ACs compared to fixed 587 

ACs is primarily due to the decentralized structure itself. In this approach, proportional ACs 588 
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are determined after energy delivery and are adjusted according to the actual consumption. 589 

This results in operating conditions where CSC members reduce their energy share based on 590 

real-time demand. In other words, the energy allocation is optimized according to real-time 591 

requirements, and any non-shared energy surplus is exported to the grid by its generator. 592 

Conversely, in the centralized EMS approach, proportional ACs are recalculated within the 593 

optimization process, enabling DER operation to maximize the energy sharing based on real-594 

time asset values. Additionally, the difference in the ESR between the two EMSs under fixed 595 

ACs can be attributed to the objective of the decentralized EMS, where the ESS scheduling 596 

is designed to maximize energy sharing. 597 

4.3 Economic performance analysis 598 

The economic analysis evaluates the reduction in energy bills under CSC relative to ISC, 599 

and it is supported by the calculation of individual savings (IS) and collective savings (CS). 600 

The IS in [%] is calculated as the difference between the energy cost under CSC 601 

(𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐶𝑆𝐶−𝐸𝑀𝑆

 in [€]) and under ISC (𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐼𝑆𝐶−𝐸𝑀𝑆

 in [€]), with respect to the 602 

ISC energy cost, as in (59). Individual energy costs (𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦

) are calculated using (51). 603 

𝐼𝑆𝑡𝑜𝑡𝑎𝑙
𝐶𝑆𝐶 =

𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐶𝑆𝐶−𝐸𝑀𝑆

− 𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐼𝑆𝐶−𝐸𝑀𝑆

𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐼𝑆𝐶−𝐸𝑀𝑆  ∙ 100 (59) 

The CS in [%] is calculated as the difference between the total energy costs under CSC 604 

and the total costs under ISC, divided by the total costs under ISC, as in (60). 605 

𝐶𝑆𝑡𝑜𝑡𝑎𝑙
𝐶𝑆𝐶 =

∑ (𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐶𝑆𝐶−𝐸𝑀𝑆

− 𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐼𝑆𝐶−𝐸𝑀𝑆

)𝑁
𝑛

∑ 𝐶𝑜𝑠𝑡𝑛
𝑒𝑛𝑒𝑟𝑔𝑦,𝐼𝑆𝐶−𝐸𝑀𝑆𝑁

𝑛

∙ 100  (60) 

Figure 9 depicts the quarterly energy costs within the simulated EMS strategies. 606 
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 607 

Figure 9: Quarterly energy costs and CS comparison of ISC and CSC schemes within centralized and decentralized EMS. 608 

The centralized EMS with proportional ACs consistently achieves the highest savings 609 

across all quarters, while the decentralized EMS with fixed ACs leads to the lowest savings. 610 

Additionally, the best performance of the centralized EMS is recorded in Q2 using 611 

proportional ACs, with a CS of 3.34% (an average electricity price of 0.09432 €/kWh). This 612 

trend persists throughout the year, with proportional ACs consistently providing greater 613 

savings than fixed ACs, and the centralized EMS outperforming the decentralized EMS in 614 

costs minimization. Next, Table 6 presents the individual costs across all EMSs. 615 

Table 6: Annual energy costs comparison between CSC members. 616 

Member ISC 

Centralized EMS Decentralized EMS 

CSC CSC 

Fixed AC Prop. AC Fixed AC Prop. AC 

DER1 15 955.74 € 15 680.52 € 15 591.54 € 15 901.90 € 15 917.95 € 

DER2 490.62 € 469.59 € 468.64 € 506.84 € 471.95 € 

DER3 1 062.39 € 995.85 € 1 006.91 € 1 069.72 € 1 041.74 € 

Annual 17 508.75 € 17 145.96 € 17 067.09 € 17 478.45 € 17 431.65 € 

 617 

As expected, transitioning from ISC to CSC brings benefits in terms of individual costs. 618 

However, a more detailed analysis of each DER’s costs reveals that not all members benefit 619 
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equally from CSC. For instance, under the decentralized EMS with fixed ACs, DER1 reduces 620 

its costs from 15 955.74 € to 15901.90 €, whereas the costs for DER2 and DER3 increase. 621 

The main reason for this is the impact of the AC calculation during the licensing period. Since 622 

real-time operations are not considered, this results in suboptimal energy allocation (e.g., 623 

DER1 sells more energy to DER2 and DER3 than they need). Consequently, energy 624 

allocation based on proportional ACs proves to be the best approach, as it consistently 625 

delivers lower costs than fixed ACs. In this context, under the proportional AC operation, the 626 

centralized EMS achieves an annual collective reduction of 2.10% compared to the 627 

decentralized EMS operation. 628 

4.3.1  Computational performance 629 

The computational performance is evaluated by comparing the execution times of the 630 

centralized and decentralized EMSs, highlighting the trade-off between solution optimality 631 

and computational burden. All simulations were executed on a 64-bit Windows 11 632 

workstation equipped with a processor (1.70 GHz) and 32 GB of RAM, and all developed 633 

algorithms were implemented in Python. 634 

The data clustering function has been developed using the k-medoids and the sklearn 635 

libraries, and consequently, the fixed ACs calculation optimization has been developed using 636 

the Pyomo library with the Gurobi solver [40]. The centralized EMS, modelled as a MINLP, 637 

has been implemented using the Pyomo optimization library and solved using SCIP [41]. 638 

Regarding the rule-based decentralized EMS, it has been deployed using NumPy and Pandas 639 

libraries. All optimizations have been run daily over a 24-hour time horizon. The 640 

computational performance results are summarized in Table 7. 641 
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Table 7: Computational performance analysis results. 642 

Runtimes ISC 

Centralized EMS Decentralized EMS 

CSC CSC 

Fixed AC Prop. AC Fixed AC Prop. AC 

Avg. monthly  3.39 s 14.20 s 66.35 s 3.62 s 3.62 s 

Max. monthly  3.73 s 15.71 s 91.12 s 4.26 s 4.26 s 

Min monthly  3.18 s 12.98 s 46.08 s 3.25 s 3.25 s 

Total (1 year) 40.67 s 170.44 s 796.27 s 43.51 s 43.51 s 

 643 

The results show the decentralized EMS has a greater degree of scalability, making this 644 

approach suitable for larger CSC schemes, where a centralized EMS would be more 645 

computationally demanding, particularly under proportional ACs. Additionally, from an 646 

operational perspective, the low runtimes of the decentralized EMS make it compatible with 647 

real-time or near-real-time operation, while the centralized EMS might struggle as the 648 

number of CSC members or temporal resolution increase. Furthermore, the decentralized 649 

EMS offers easier short-term implementation, as it is simpler and does not require additional 650 

layers on top of the ISC EMS. In this way, it serves as an intermediate approach between ISC 651 

and the optimal CSC solution, as introducing a set of decentralized adjustments to the ISC 652 

EMS enables the system to progressively transition towards CSC while improving 653 

performance. The centralized EMS requires additional communication and control layers, as 654 

it is a global optimal solution. Thus, it is more costly and complex in terms of deployment, 655 

and this centralized controllability also entails extra service-related costs. 656 

5. Conclusions 657 

This paper has presented a techno-economic assessment of two EMS approaches for 658 

CSC within the Spanish regulatory framework. To improve performance and participation, 659 

several regulatory measures inspired by the Portuguese regulatory framework have been 660 
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incorporated: a) the calculation of CSC ACs after the baseline operation of the ISC scheme, 661 

b) the inclusion of P2P energy trading for shared energy to increase profitability, and c) the 662 

proportional correction of ACs within the billing period to mitigate non-optimal allocations 663 

arising from fixed ACs computed ex-ante without being updated using real-time 664 

measurements. 665 

The adoption of ISC DERs has been extended to CSC schemes, enabling operation under 666 

both fixed and proportional AC configurations (pre- and post-delivery ACs, respectively). 667 

The fixed ACs calculated in the licensing period have been determined through data 668 

clustering of historical consumption and generation profiles, and a centralized MILP 669 

optimization algorithm has been applied to support this process. Subsequently, two EMS 670 

architectures, a centralized optimization-based EMS and a decentralized rule-based EMS, 671 

have been designed and implemented for CSC schemes, enabling comparative evaluation 672 

under both fixed and proportional ACs. 673 

The results have shown that, despite some differences, both EMSs lead to comparable 674 

energetic behaviours, with the centralized EMS being more adaptable, particularly under 675 

proportional ACs. Grid and P2P exchanges have followed comparable trends across, with 676 

some variations arising from the ACs methodology. Meanwhile, the technical KPIs evaluated 677 

have shown small differences between strategies. The centralized EMS with proportional 678 

ACs achieved the highest values, with a SCR of 89.79%, a SSR of 30.94%, and an ESR of 679 

7.32%, an increase of 5.47% in SCR and 1.88% in SSR compared to the ISC case. Meanwhile, 680 

the decentralized EMS still outperformed ISC, achieving its highest SCR (86.36%) and SSR 681 

(29.76%) under proportional ACs, and the highest ESR (6.00%) under fixed ACs. 682 
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The economic KPIs also revealed differences between the simulated strategies. The 683 

centralized EMS delivered the highest cost reductions under proportional ACs, with a 684 

reduction of 2.52% compared to ISC, proving its ability to allocate energy more efficiently. 685 

The decentralized EMS also reduced costs, but only by 0.17% under fixed ACs and by 0.44% 686 

under proportional ACs. Thus, both EMS approaches have demonstrated an increase in the 687 

profitability of energy sharing within CSC schemes, driven by the integration of P2P trading. 688 

These results have suggested that adopting an approach for calculating ACs closer to real-689 

time operation can improve both economic and energy performance, even under scenarios 690 

characterized by low DER complementarity. This evidence has highlighted the potential 691 

benefits of dynamic allocation mechanisms and warrants further investigation into their 692 

integration within existing Spanish regulatory frameworks. 693 

The main limitation of the centralized EMS is its higher computational demand. For one 694 

year, the centralized EMS requires 796.27 s under proportional ACs and 170.44 s under fixed 695 

ACs, making it up to eighteen times slower than the decentralized EMS, which has a runtime 696 

of 43.51 s. This makes the decentralized EMS more suitable for larger CSC schemes or 697 

applications requiring near-real-time operation, while preserving data anonymity. 698 

Finally, the findings have shown a clear trade-off between economic optimality and 699 

computational tractability. The decentralized EMS offers fast and scalable operation with 700 

performance close to that of the centralized EMS, while the centralized EMS provides 701 

superior cost minimization at the expense of higher computational effort, achieving a 2.10% 702 

reduction in the energy bill but operating up to eighteen times slower. The simplicity of the 703 

decentralized EMS facilitates the transition from ISC schemes to CSC, requiring fewer 704 

modifications compared to the centralized EMS. The latter provides optimal solutions, but it 705 
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adds complexity and requires extra control and information layers. The results of this study 706 

support the development of new business models, with the decentralized EMS facilitates the 707 

adoption of CSC by ISC consumers, as it requires fewer modifications to existing 708 

infrastructure and allows for simpler short-term implementation. Consequently, this 709 

approach is more practical in contexts characterized by dynamic or evolving regulatory 710 

frameworks. 711 

Nevertheless, the scope of this work is limited to a specific case study and regulatory 712 

framework. In scenarios with a larger number of participants and a higher diversity of DERs, 713 

beyond the current configuration based on PV-based self-consumption and with 714 

heterogeneous consumption patterns, greater complementarity among consumption and 715 

generation profiles could be expected. Such diversity along with more flexible regulations 716 

would enable higher levels of energy sharing and enhanced economic and energy 717 

performance for both EMS approaches. 718 
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The pseudo-code of the decentralized high-level EMS is presented in Table A1. The 727 

high-level EMS is divided into different operational modes based on the power balance 728 

computed in line 2. As described in Section 2.3, for each time step 𝑡 (one hour in this work), 729 

three branches are defined: a) negative power balance, indicating an energy surplus scenario 730 

(lines 8-21), b) positive power balance, representing an energy consumption scenario (lines 731 

22-27) and c) zero power balance, denoting a state of equilibrium between generation and 732 

consumption (lines 28-37).  733 

In the energy surplus scenario, at the individual maximum AC instances (𝑇𝑚𝑎𝑥𝑛𝑖𝑛,𝑡 in 734 

line 9) the ESS charging is prioritized as long as the ESS SOC allows it. The charged energy 735 

will come from PV generation or the grid, as this grid energy is assumed to be the allocated 736 

energy within the CSC energy sharing (lines 10 and 11). Subsequently, in the other CSC 737 

members maximum AC instances (𝑇𝑚𝑎𝑥𝑛𝑜𝑢𝑡,𝑡) with active 𝐵𝑀𝑛,𝑡 value, the ESS discharge 738 

is prioritized to maximize surplus distribution among CSC members while individual 739 

objectives are preserved (𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑) in lines 13-15.  740 

In the case of not having enough generation to meet consumption demand, ESS charging 741 

is scheduled only if individual 𝑇𝑚𝑎𝑥𝑛,𝑡, 𝐵𝑀𝑛,𝑡 and 𝐵𝑆𝑛,𝑡 are activated during low electricity 742 

price periods (lines 22-25). In the final scenario, where the generation covers the exact 743 

amount of the consumption power, as in the two previous cases, the ESS charge from the 744 

grid is prioritized in individual 𝑇𝑚𝑎𝑥𝑛,𝑡 and 𝐵𝑀𝑛,𝑡 instances, expecting CSC energy sharing 745 

(lines 28-31). Furthermore, the ESS is partially discharged due to 𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 when other CSC 746 

members 𝑇𝑚𝑎𝑥𝑛,𝑡, 𝐵𝑀𝑛,𝑡 are activated (line 33). If none of the aforementioned conditions 747 
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were met, the EMS operates under standard conditions following the ISC strategy outlined 748 

in [34] (lines 21, 27 and 35). 749 

All the chargeable and dischargeable power rates and the ESS energy levels have been 750 

calculated at the beginning of each time step (lines from 4 to 7). In line 4, the actual ESS 751 

energy was calculated, with 𝐸𝑛
𝐸𝑆𝑆,𝑛𝑜𝑚

, the 𝑆𝑂𝐶𝑛
𝑖𝑛𝑖 is the ESS 𝑆𝑂𝐶 in [%] at the simulation 752 

initial point (𝑡 = 1), 𝐸𝑛,𝑡−1
𝐸𝑆𝑆  is the energy stored in the previous time step (in [kWh]) and 753 

𝑃𝑛,𝑡−1
𝐵𝑇  is the power provided by the ESS during the previous time step (∆𝑡 in [h]). In line 5, 754 

the available energy in the ESS was calculated (𝐸𝑛,𝑡
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

) in [kWh]), where 𝜂𝑛
𝐸𝑆𝑆,𝑑𝑐ℎ

 is 755 

the ESS discharge efficiency in [%]. In line 6, the chargeable energy of the ESS was 756 

calculated (𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

) in [kWh]), where 𝜂𝑛
𝐸𝑆𝑆,𝑐ℎ𝑔

 is the charge efficiency of the ESS in 757 

[%]. Finally, power limit constraints were applied in line 38, ensuring that the grid power 758 

calculated via (10) did not exceed the contracted power for each CSC member. 759 

Table A1: The decentralized HL EMS pseudo-code. 760 

Pseudo-code: Decentralized rule-based high-level EMS 

1: Calculate desired energy in the ESS (46) 

2: Calculate power balance: 𝑃𝑛,𝑡
𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑃𝑛,𝑡

𝑐𝑜𝑛𝑠 − 𝑃𝑛,𝑡
𝑔𝑒𝑛

 

3: for t= 1 to T 

4: Calculate ESS energy 𝐸𝑛,𝑡
𝐸𝑆𝑆 = {

𝐸𝑛
𝐸𝑆𝑆,𝑛𝑜𝑚 ∙ 𝑆𝑂𝐶𝑛

𝑖𝑛𝑖, 𝑖𝑓 𝑡 = 1

𝐸𝑛,𝑡−1
𝐸𝑆𝑆 − 𝑃𝑛,𝑡−1

𝐵𝑇 ∙ ∆𝑡, 𝑖𝑓 𝑡 > 1
 

5: Calculate ESS available energy: 𝐸𝑛,𝑡
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆 = (𝐸𝑛,𝑡

𝐸𝑆𝑆 − 𝐸𝑛
𝐸𝑆𝑆,𝑛𝑜𝑚 ∙ 𝑆𝑂𝐶𝑛

𝑚𝑖𝑛) ∙

𝜂𝑛
𝐸𝑆𝑆,𝑑𝑐ℎ

 

6: Calculate ESS chargeable energy: 𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

=

(𝐸𝑛
𝐸𝑆𝑆,𝑛𝑜𝑚 ∙ 𝑆𝑂𝐶𝑛

𝑚𝑎𝑥 − 𝐸𝑛,𝑡
𝐸𝑆𝑆) 𝜂𝑛

𝐸𝑆𝑆,𝑐ℎ𝑔
⁄  

7: Calculate ESS charge and discharge powers 𝑃𝑛,𝑡
𝐵𝑇,𝑐ℎ𝑔

=

min(𝑃𝑛
𝐵𝑇,𝑚𝑎𝑥, 𝐸𝑛,𝑡

𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆
∆𝑡⁄ ); 𝑃𝑛,𝑡

𝐵𝑇,𝑑𝑐ℎ = min(𝑃𝑛
𝐵𝑇,𝑚𝑎𝑥, 𝐸𝑛,𝑡

𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆 ∆𝑡⁄ ) 

8: if 𝑃𝑛,𝑡
𝑏𝑎𝑙𝑎𝑛𝑐𝑒 < 0 

9: if 𝑇𝑚𝑎𝑥𝑛𝑖𝑛,𝑡  

10: if 𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

> 0 then Charge ESS surplus and grid; 𝑃𝑛,𝑡
𝐵𝑇 = −𝑃𝑛,𝑡

𝐵𝑇,𝑐ℎ𝑔
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11: else Standby ESS and surplus injected to grid; 𝑃𝑛,𝑡
𝐵𝑇 = 0 

12: end if (line 10) 

13: elseif 𝑇𝑚𝑎𝑥𝑛𝑜𝑢𝑡,𝑡 and 𝐵𝑀𝑛𝑜𝑢𝑡,𝑡 

14: if 𝐸𝑛,𝑡
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆 > 𝐸𝑛,𝑡

𝑑𝑒𝑠𝑖𝑟𝑒𝑑  then Discharge ESS until 𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ; 𝑃𝑛,𝑡

𝐵𝑇 =

min(𝑃𝑛,𝑡
𝐵𝑇,𝑑𝑐ℎ, (𝐸𝑛,𝑡

𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝐸𝑛,𝑡
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆) ∆𝑡⁄ ) 

15: else Standby ESS and surplus injected to grid 𝑃𝑛,𝑡
𝐵𝑇 = 0 

16: end if (line 14) 

17: elseif 𝑇𝑚𝑎𝑥𝑛𝑜𝑢𝑡,𝑡+1 and 𝐵𝑀𝑛𝑜𝑢𝑡,𝑡+1 

18: if 𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

> 0 then Charge ESS surplus and grid 𝑃𝑛,𝑡
𝐵𝑇 = −𝑃𝑛,𝑡

𝐵𝑇,𝑐ℎ𝑔
 

19: else Standby ESS and surplus injected to grid; 𝑃𝑛,𝑡
𝐵𝑇 = 0 

20: end if (line 18) 

21: else Normal operation (based on [34]) 

22: elseif 𝑃𝑛,𝑡
𝑏𝑎𝑙𝑎𝑛𝑐𝑒 > 0 

23: if 𝑇𝑚𝑎𝑥𝑛𝑖𝑛,𝑡 and 𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

> 0 and 𝐵𝑀𝑛𝑖𝑛,𝑡 

24: if 𝜆𝑛,𝑡
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

≤ 𝜆𝑛
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

 and 𝐵𝑆𝑛𝑖𝑛,𝑡 then Charge ESS from grid; 𝑃𝑛,𝑡
𝐵𝑇 = −𝑃𝑛,𝑡

𝐵𝑇,𝑐ℎ𝑔
 

25: else Standby ESS and consumption from grid; 𝑃𝑛,𝑡
𝐵𝑇 = 0 

26: end if (line 24) 

27: else Normal operation (based on [34]) 

28: else 𝑃𝑛,𝑡
𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 0 

29: if 𝑇𝑚𝑎𝑥𝑛𝑖𝑛,𝑡 and 𝐵𝑀𝑛𝑖𝑛,𝑡 

30: if 𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

> 0 then Charge ESS from grid; 𝑃𝑛,𝑡
𝐵𝑇 = −𝑃𝑛,𝑡

𝐵𝑇,𝑐ℎ𝑔
 

31: else Standby ESS; 𝑃𝑛,𝑡
𝐵𝑇 = 0 

32: end if (line 30) 

33: elseif 𝑇𝑚𝑎𝑥𝑛𝑜𝑢𝑡,𝑡  and 𝐵𝑀𝑛𝑜𝑢𝑡,𝑡  and 𝐸𝑛,𝑡
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆 > 𝐸𝑛,𝑡

𝑑𝑒𝑠𝑖𝑟𝑒𝑑  then Discharge 

ESS until 𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑; 𝑃𝑛,𝑡

𝐵𝑇 = min(𝑃𝑛,𝑡
𝐵𝑇,𝑑𝑐ℎ, (𝐸𝑛,𝑡

𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝐸𝑛,𝑡
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆) ∆𝑡⁄ ) 

34: elseif 𝑇𝑚𝑎𝑥𝑛𝑖𝑛,𝑡+1 and 𝐵𝑀𝑛𝑖𝑛,𝑡+1 and if 𝐸𝑛,𝑡
𝑐ℎ𝑎𝑟𝑔𝑒𝑎𝑏𝑙𝑒,𝐸𝑆𝑆

> 0 then Standby ESS; 

𝑃𝑛,𝑡
𝐵𝑇 = 0  

35: else Normal operation (based on [34]) 

36: end if (line 29) 

37: end if (line 8) 

38: Compute power limits −𝑃𝑛
𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑 ≤ 𝑃𝑛,𝑡

𝑔𝑟𝑖𝑑
≤ 𝑃𝑛

𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑 

39: end for 

 761 

The decentralized rule-based low-level strategy follows the logic of the high-level 762 

strategy (4-39 of the pseudo-code Table A1), and operates using real-time generation, 763 

consumption and ESS powers. An additional condition was incorporated (lines 10, 18, 24, 764 
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and 30) to regulate ESS charging from the grid. This condition ensures that grid charging is 765 

only permitted when: a) the electricity price at t is less than or equal the daily average price 766 

(𝜆𝑛,𝑡
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

≤ 𝜆𝑛
𝑔𝑟𝑖𝑑,𝑖𝑚𝑝

) and b) the generation variance is lower than the defined parameter 𝑦 767 

(𝑉𝑎𝑟𝑛,𝑡
𝑃𝑔𝑒𝑛

> −𝑦). These constraints are designed to prevent unnecessary grid consumption 768 

costs due to ESS charging during periods of high prices and low expected surplus availability 769 

for sharing.  770 

Furthermore, ESS discharge to the grid is controlled by integrating the condition 771 

𝐶𝑏𝑡𝑛,𝑡 > 0 and limiting the discharge power of the ESS. 𝐶𝑏𝑡𝑛,𝑡 is used to limit the discharge 772 

power (lines 14 and 33 of the pseudo-code) as formalized in (61). This mechanism ensures 773 

that the energy discharged from the ESS does not exceed the expected consumption of other 774 

members, thereby avoiding non-optimal operations and improving overall system efficiency. 775 

𝑃𝑛,𝑡
𝐵𝑇 = min(𝐶𝑏𝑡𝑛,𝑡 ∙ 𝑃𝑛,𝑡

𝐵𝑇,𝑑𝑐ℎ, (𝐸𝑛,𝑡
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝐸𝑛,𝑡

𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒,𝐸𝑆𝑆) ∆𝑡⁄ ) (61) 

 776 
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 Centralized strategies maximize collective economic savings through optimization. 2 
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