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Abstract: Regulatory boards are promoting closed distribution systems (CDSs), which are different
from traditional public-access networks, that can be owned and managed by energy communities
(ECs). The inclusion of local renewable energy potential and an adequate schedule of storage devices
in a CDS allow cooperation among the EC’s members in order to reduce operational expenditure
(OPEX), providing internally competitive electricity prices with respect to those provided by publicly
regulated networks and electricity markets. The CDS operators can assume a new role as the
centralized energy dispatchers of generation and storage assets in order to maximize the profits of the
members of the EC. This paper proposes an innovative optimal active and reactive power dispatch
model for maximum community welfare conditions. A key difference between this proposal and
existing social-welfare-based dispatches on public-access networks is the exclusion of the profit of the
external wholesale electricity market. The focus of the proposed method is to maximize the welfare of
all community members. A remuneration framework based on a collective EC with a single frontier is
adopted, considering agreements between members based on locational marginal pricing (CDS-LMP).
Results from an illustrative case study show a reduction of 50% in the EC’s OPEX with a payback
time of 6 years for investments in CDSs, renewable sources, and storage.

Keywords: closed distribution systems; energy community; social welfare; power dispatch; optimization;
renewable energy; storage

1. Introduction

Many regulatory boards are adopting different remuneration schemes for users grouped
into an energy community (EC) and connected to public grids using multiple metering
frontiers or points of delivery (PoD). The literature on transactive energy local markets is vast,
and a complete review of the state of the art on this topic can be found in [1].

In some countries, such as Colombia, the regulatory board (Resolution 901-501-2024,
Art. 11) [2] allows that an EC can be constituted with its own closed distribution system
(CDS) with a single frontier or PoD with the public grid, as shown in Figure 1. In this case,
EC members adopt a private agreement with the conditions for the dispatch and remunera-
tion of the produced energy, as well as the investment in distribution and generation assets.
The regulator also establishes a remuneration scheme for the energy exported to the grid.

The idea of a CDS for the exclusive use of an EC, different from the traditional public
network, is not a new concept. Since 2013, the Council of European Energy Regulators
has been promoting the unbundling requirements for system operators (SOs) in order to
improve economic efficiency [3]. According to the European Directive 2019/944/CE [4] (Art.
38), industrial, commercial, and residential ECs, integrated within a specific confined area,
can establish and manage their own CDSs [5]. The CDS is admitted in several European
countries, for instance, Germany [6], Spain [7], Portugal [8], Italy [9,10], and Estonia [11].
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Figure 1. Energy community whose CDS is connected to the public grid with a single metering
frontier or point of delivery.

European regulators argue that CDSs will play a relevant role in industrial sectors
at the risk of relocation due to high energy costs and network access tariffs, with the
consequent economic advantages for the whole economy [3]. A CDS is for the exclusive
use of EC members and cannot be considered a public, open-access network. As a result,
the CDS is not subject to remuneration via regulated tariffs for the use of the network.
The EC is responsible for the CDS’s capital expenditures and operating expenses. The CDS
will allow a reduction in costs and the economics of electrical energy for medium and large
industries, improving their competitiveness at a time when it is key to the maintenance of
the existing industry and reindustrialization [7].

Harnessing local renewable energy potential and the adequate management of energy
storage devices connected to a CDS allows cooperation among the EC’s members in order to
reduce operational expenditure (OPEX), with internally competitive electricity prices with
respect to those provided by publicly regulated networks and electricity markets. The Su-
pervisory Control and Data Acquisition and Energy Management System (SCADA/EMS)
of the CDS must be handled by a new entity: the CDS operator (CDS-O), who must assume
a new role as a centralized energy dispatcher of generation and storage assets in order to
maximize the EC’s profits. This implies a new paradigm that requires the development
of new EMS functions, such as energy dispatch models for specific CDS infrastructure,
different from those applied by traditional SOs [12].

The CDS-O seeks to operate the generation assets by maximizing profits from energy
exchange with the electricity market as well as minimizing the operation cost. The CDS-O
has more centralized control, allowing the precise management of the system, including
optimizing active and reactive power generation resources, load balancing, and voltage
regulation. Thus, the power dispatch of several loads, energy storage devices, and gen-
erators can be performed according to a remuneration scheme that seeks overall positive
profits for all EC members.

The literature on optimal power dispatch for microgrids and distributed genera-
tors connected to traditional distribution systems is also extensive. A comprehensive
review of system operator dispatch models for from-the-meter arrangements can be found
in [13,14]. There is also a lot of research on new models for behind-the-meter power
dispatch optimization, mainly about small-sized micro-grids in residential energy commu-
nities. Table 1 shows the most-cited contributions on microgrid power dispatch models
according to Scopus over the last 10 years.
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Table 1. State of the art on microgrid optimal power dispatch models.

Reference Year Citations Considers CDS? Includes Reactive Power?

[15] 2023 123 no no
[16] 2022 165 no no
[17] 2021 101 no no
[18] 2020 204 no no
[19] 2019 308 no no
[20] 2018 253 no no
[21] 2017 375 no no
[22] 2016 138 no no
[23] 2015 165 no no
[24] 2014 233 no no
[25] 2021 7 yes no
This paper 2024 - yes yes

Most of the publications listed in Table 1 do not include CDS as an option to improve
the EC’s power system performance. The literature devoted to dispatch models considering
CDSs is scarce. In [25], a simple real-time pricing model is proposed for the sizing and
the active power dispatch of an EC with multiple commercial frontiers. This model is
formulated as a bi-level optimization problem where the profit of the CDS operator and
the profit due to energy exchange are maximized separately.

However, the use of a CDS with multiple commercial frontiers may be questionable
in the light of existing regulations. Added to this, ref. [25] aims to maximize EC’s profits,
disregarding the mathematical representation of active and reactive power flows in the
CDS. The dispatch of active (P) and reactive (Q) power, considering an explicit network
model, is crucial to ensuring adequate voltage support. The CDS-O must develop adequate
pricing and power dispatch methodologies in order to reach economic efficiency.

To fill the research gap, this paper proposes an innovative optimal active and reactive
power dispatch model for energy communities with a detailed representation of a closed
distribution system connected to an external public grid through a single frontier. Different
actors, such as local electricity producers with storage devices and industrial, commercial,
and residential loads with demand response, are connected to a CDS. The economic surplus
of the CDS is also included as a component of the community welfare objective to be
maximized. A key difference between this proposal and existing social-welfare-based dis-
patches is that the surplus of external generators in the wholesale market is not considered.
A remuneration framework based on distribution locational marginal pricing (CDS-LMP)
is applied according to the ongoing smart grid paradigm [26–28]. Battery scheduling
and generation/demand dispatch are determined for the maximum community welfare
condition, considering the reactive power capability of energy producers. The proposed
model has been applied to an illustrative case study.

The rest of the paper is organized as follows. Section 2 describes the conceptual
framework of this contribution. Section 3 presents the model applied. A case study is
described in Section 4. The results are analyzed in Section 5. Finally, a conclusion is drawn
in Section 6.

2. Conceptual Framework

According to the Colombian energy community policy framework ([2], Art. 11), EC
members, producers, and consumers can be aggregated behind a single PoD, as shown in
Figure 1. The energy community commercially aggregates different kinds of energy users:
industrial, commercial, and residential consumers; traditional energy producers (electricity
and steam); renewable producers (PV and wind); and energy storage systems (batteries
and reversible hydro-pumping).

The EC members adopt a private agreement where the CDS operator defines the
storage scheduling pattern according to the expected output of renewable plants, load
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consumption, and wholesale spot prices. The EC exchanges energy (purchase and sell) at
spot market hourly prices, paying the corresponding tariffs for use on the public network.

The energy pricing model applied to the members of the EC, as shown in Figure 2, is
based on the smart grid paradigm [26–28]. Two stages are considered. First, the active and
reactive power dispatch of the EC is carried out by the CDS-O in order to obtain active
energy locational marginal prices (CDS-LMPs) by means of the optimization model stated
in Section 3. In a second stage, the investment attractiveness of the project is evaluated
considering the economic results of the first stage.

PV
Plant

BESS

Loads

Pu
bl

ic 
Gr

id

CDS

Optimization
Process

CDS-LMPs
Power Dispatch

CDS-LMPs
Power 

Dispatch CDS-LMPs

Figure 2. General framework for active and reactive power dispatch with marginal pricing signals.

The optimization process corresponds to an active and reactive power dispatch, seek-
ing the maximum community welfare condition. Locational marginal price signals for
active powers (CDS-LMPs) are sent to all agents connected to the CDS. This means that
the price set in nodes 2, 3, and 4 in Figure 1 may be different for each node, depending on
the incurred losses. Loads have been modeled with demand response capability, with the
ability to change their consumption level depending on varying hourly CDS-LMPs. With
the CDS-LMPs and energy flows, the operational income and expenditures (OPEX) of all
energy community members are determined. Finally, according to the capital expenditure
requirements of renewable generators, storage devices, and CDSs, financial indicators such
as the project payback time, net present value, benefit/cost ratio, and internal rate of return
are assessed.

3. Methodology

In the section we present the proposed methodology for the optimal power dispatch
for energy community welfare by considering closed distribution systems and renewable
resources. To improve the understanding of the mathematical formulation, a list of symbols
and acronyms is included in the Nomenclature section.

The energy community’s best power dispatch solution is achieved in the search for
economic efficiency. Economic efficiency is procured by maximizing the maximum welfare
for all the community members as objectives: electricity producers, loads, storage devices,
and the EC’s network operator. The optimization model has different kinds of restric-
tions: nodal power balance at each hour, energy flow capacity constraints, reactive power
capability of generators and battery energy storage systems (BESSs), storage scheduling
constraints, and demand response facing changing electricity prices.

The general structure of the proposed power dispatch model is giving as follows:

max CW [Maximum community welfare];
s.t.;
(1) CDS Model: The AC Power Balance;
(2) Capacity constraints;
(3) Power capability curves of generators and BESSs;
(4) BESS model;
(5) Load demand response model.
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3.1. Optimization Model Objective

Welfare economics is a concept that reflects the well-being of society; in this case,
the concept is applied only to the EC members. Community welfare (CW) is defined in this
paper as the sum of all actors’ economic surpluses [29]:

CW = ΠG + ΠD + ΠBESS + ΠCDS [$/T] (1)

where ΠG is the producer economic surplus in $/T, ΠD is the demand economic surplus
in $/T, ΠBESS is the storage economic surplus in $/T, and ΠCDS is the CDS economic
surplus in $/T. Term T is the time span, typically, a year, a week, 24 h (one day), etc.
However, these surpluses, as well as the economic interchange with the spot market,
should be extrapolated on an annual basis to determine if the savings obtained for the
optimal power dispatch procedure are enough to recover the capital costs of the EC assets.

In traditional power dispatch social-welfare models, such as [30], the term ΠCDS is
usually related to the surplus of the traditional SO when marginal prices are applied to the
entire public distribution grid. Marginal pricing is important in this context since it allows
for a fair allocation of losses and congestion [29].

In the case of a CDS, the profit from ΠCDS is exclusive to the CDS owner. It is important
to recall that, according to [31], marginal loss pricing causes a profit that can be used to
partially cover various fixed costs. It must be noted that the profits of the spot market are
not included in the objective since they do not belong to the community.

3.1.1. Producer Surplus ΠG

The energy community is able to manage its own generation facilities. Entry ΠG is the
surplus of all generators (renewable or not) due to energy sold at a given CDS-LMP over
the period T. The producer surplus (ΠG) is defined as the difference between the producer
revenues for energy sold λt

kPGk and the producer costs (CGk) [29]:

ΠG =
T

∑
t=1

n

∑
k=2

λt
kPt

Gk −
T

∑
t=1

n

∑
k=2

Ct
Gk [$/T] (2)

where T denotes the time span, for instance, 24 h (a day);
n denotes the last node number of the CDS;
k denotes a CDS node number, k = 2, . . . , n;
k = 1 corresponds to the single frontier node (connection with the public grid);
t denotes a given hour;
λt

k is the CDS-LMP at node k hour t in $/MWh;
Pt

Gk is the average active power produced at node k hour t in MW, k ≥ 2;
and the production cost Ct

Gk is given by

Ct
Gk =

1
2

βk(Pt
Gk)

2 + αkPt
Gk, 0 ≤ Pt

Gk ≤ Pmax
Gk [$/h] (3)

where Ct
Gk is the total production cost at node k, Pt

Gk is the power output of the producer
in MW, αk is the linear marginal coefficient expressed in $/MWh, and βk is the quadratic
marginal coefficient in $/MW2·h. Coefficients αk and βk are specific for each producer,
reflecting the operational expenditure of the technology used to generate electric energy.
It is well known that renewable-based generation, such as PV, has a low operational
expenditure. Note that generation at node 1 is not included in the generation surplus
associated with a CDS.

3.1.2. Consumer Surplus ΠD

The introduction of smart meters (SMs) and advanced metering infrastructure (AMI)
may allow demand response that originates from locational marginal prices to be calculated
by the SO [28,30]. The SM is a device that includes sophisticated measurement and calcula-
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tion hardware, software, calibration, and communication capabilities. For interoperability
within a smart grid infrastructure, SMs are designed to perform functions and store and
communicate data according to certain standards. This means that CDS-LMPs (λt

k) can
be charged to all consumers connected at a given node k on a day-ahead or real-time
basis [26,27]. Under this paradigm, higher prices lead to lower power consumption. Lower
prices lead to higher power consumption.

The demand curve (Figure 3) follows the following linear function [29]:

λt
k = λmax

k − mkPt
Dk [$/MWh] (4)

where λt
k is the CDS-LMP at node, λmax

k is the highest price that the demand is willing to
pay in $/MWh, mk is the slope of the demand curve in $/MW2·h, and Pt

Dk is the power
consumed at node k in MW. The slope mk is specific to each node k.

l!
"#$

l!
%,'

P(!'

l!
'

P(!"#$P(!%,'

"!
' = $%&'(

Figure 3. Demand curve function.

According to [29], the utility of demands connected at node k is defined as

Ut
Dk =

∫
λt

kdPt
Dk = λmax

k Pt
Dk −

1
2

mk(Pt
Dk)

2 [$/h] (5)

The consumer surplus ΠD is defined as the difference between the utility (Ut
Dk) and

the payment for the purchased power λt
kPDk [29]:

ΠD =
T

∑
t=1

n

∑
k=2

Ut
Dk − λt

kPt
Dk [$/T] (6)

The total demand utility is given by UD = ∑T
t=1 ∑n

k=2 Ut
Dk [$/day].

3.1.3. BESS Surplus ΠBESS

The surplus of BESS is defined as the arbitrage, that is, the difference between the
power Pt

Sk sold at time t when the battery is discharging and the power Pt
Sk purchased at

time t when the battery is charging along a span time T:

ΠBESS =
T

∑
t=1

n

∑
k=2

λt
kPt

Sk [$/T] (7)

The daily energy purchased by the BESS is EPBESS = ∑T
t=1 ∑n

k=2 λt
kPt

Sk when Pt
Sk ≤ 0.

On the other hand, the daily energy sold by the BESS is ESBESS = ∑T
t=1 ∑n

k=2 λt
kPt

Sk
when Pt

Sk ≥ 0.

3.1.4. CDS Surplus ΠCDS

The CDS is owned by the EC. Unlike networks operated by traditional SOs, each node
in the CDS has a different CDS-LMP. As the CDS is not linear, losses and congestion have
an impact on CDS-LMPs, depending on the amounts of active and reactive power injections
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by each community member. Therefore, the operator that manages the CDS has a surplus
(ΠCDS), defined as [29]:

ΠCDS = EBD − ESG =
T

∑
t=1

n

∑
k=2

λt
kPt

Dk −
T

∑
t=1

n

∑
k=2

λt
kPt

Gk [$/day] (8)

where EBD is the daily energy bought by demands and ESG is the daily energy sold by
the generators.

The introduction of ΠCDS constitutes a contribution to this paper in the context of the
new paradigm based on CDSs exposed to marginal prices. The marginal surplus shown
in Equation (8) was extensively treated by Schweppe in [29] for transmission networks,
and, in our opinion, this concept can be applied to special networks such as the CDS in
order to send appropriate cost-reflective signals for the community members.

3.2. Optimization Model Constraints

Five sets of constraints are considered in the proposed model: (1) The network model
for the CDS, (2) Capacity constraints, (3) Reactive power capability curves, (4) BESS model,
and (5) Demand response model.

3.2.1. The Network Model for the CDS

The n-node CDS is represented by its admittance matrix Y. Thus, given an n × n
matrix Y = G + jB, the nodal balance is

Pt
Gk + Pt

Sk − Pt
Dk = Vt

k ∑n
j=1 Vt

j [Gkj cos θt
kj + Bkj sin θt

kj] (9)

Qt
Gk + Qt

Sk − Qt
Dk = Vt

k ∑n
j=1 Vt

j [Gkj sin θt
kj − Bkj cos θt

kj] (10)

∀t = 1, . . . , T; k = 1, . . . , n

where G and B are the conductance and susceptance matrices, respectively. Gkj and Bkj are
the kj elements of the G and B matrices, respectively. Vt

k is the voltage magnitude at node k.
θt

kj = θt
k − θt

j is the angular difference between buses k and j. Entries Qt
Gk, Qt

Dk, and Qt
Sk are

reactive power generated by renewable generators, consumed by demands, and injected
by BESSs. All entities are given per unit, except angles, which are in radians.

A key difference with respect to existing behind-the-meter dispatch models such
as [25] is the specific inclusion of network constraints in the optimization model, as shown
in Equations (9) and (10).

3.2.2. Capacity Constraints

Capacity constraints such as operational voltage limits, power generation, and trans-
mission line ratings are included as follows:

Vmin
k ≤ Vt

k ≤ Vmax
k , ∀t = 1, . . . , T; k = 2, . . . , n (11)

0 ≤ Pt
Gk ≤ Pmax

Gk , ∀t = 1, . . . , T; k = 2, . . . , n (12)

0 ≤ St
ij ≤ Smax

ij , ∀t = 1, . . . , T; i, j = 1, . . . , n (13)

where St
ij is the aparent power flow between nodes i and j. Voltage limits Vmin

k , Vmax
k and

power flow limit Smax
ij must be previously defined by the CDS-O’s planner. All entities are

expressed per unit.
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3.2.3. Reactive Power Capability Curves

Reactive power injections produced by distributed generators, as well as reactive
power generated or absorbed by BESS facilities, are limited to local reactive power sup-
port availability.

−Qmin
Gk ≤ Qt

Gk ≤ Qmax
Gk , ∀t = 1, . . . , T; k = 2, . . . , n (14)

−Qmin
Sk ≤ Qt

Sk ≤ Qmax
Sk , ∀t = 1, . . . , T; k = 2, . . . , n (15)

where Qmin
Gk , Qmax

Gk , Qmin
Sk , and Qmax

Sk are the maximum and minimum operational limits
for generators and BESS facilities, respectively. All entities are expressed per unit. The
inclusion of reactive power as a state variable in the optimization problem is crucial to
improving CDS’s economic efficiency while achieving technical limits.

3.2.4. BESS Model

At a given time t = {1, . . . , T=24 h}, the active energy, also called the State of Charge
SoCt

k, stored in the batteries at node k will depend on the previous state. The usage of the
battery is limited to SoCt

k ∈ [ρ1Ck, ρ2Ck], 0 ≤ ρ1, ρ2 ≤ 1, where Ck is the battery capacity.

SoC1
k = SoCT+1

k , k = 2, . . . , n (16)

SoCt+1
k = SoCt

k − ηcPt
Sk(Pt

Sk < 0)− Pt
Sk(Pt

Sk>0)
ηd

, ∀t = 1, . . . , T; k = 2, . . . , n (17)

ρ1Ck ≤ SoCt
k ≤ ρ2Ck, ∀t = 1, . . . , T; k = 2, . . . , n (18)

−Pmax
Sk ≤ Pt

Sk ≤ Pmax
Sk , ∀t = 1, . . . , T; k = 2, . . . , n (19)

where ηd and ηc are the discharging and charging roundtrip efficiencies, respectively.
The depth of discharge DoD is given by the difference between ρ2 and ρ1. Thus, if the
maximum and minimum capacity limits are 1.0 and 0.2, the DoD is 80%. Equation (16) is
optional. All entities are per unit.

The equivalent hours of each battery k are given by Ck/Pmax
Sk . The C-rate is given by

CRk = Pmax
Sk /Ck. The equivalent hours of a battery are a measure used to describe the

energy storage capacity of the battery. For the sake of simplicity, other specific parameters
such as battery aging and ancillary service consumption are not included in the model.

3.2.5. Demand Response Model

Demands can change their consumption patterns according to variable CDS-LMPs.
The demand response function is defined by Equation (4):

λt
k = λmax

k − mkPt
Dk, ∀t = 1, . . . , T; k = 2, . . . , n

where λt
k is the CDS-LMP at the demand node, expressed in $/MWh; λmax

k is the maximum
price willing to be paid by demands (scarcity price); 0 ≤ Pt

Dk ≤ Pmax
Dk ; and Pmax

Dk = λmax
k /mk.

Figure 3 depicts a linear demand curve. At a given operation point (when the EC is not
constituted) (λt

1, P0,t
Dk), k = 1, . . . , n, t = 1, . . . , T = 24 h, the price elasticity of demand at each

node k and time t is defined by Equation (20):

ϵt
k =

∆Pt
Dk

P0,t
Dk

∆λt
k

λ0,t
k

, ∀t = 1, . . . , T; k = 2, . . . , n (20)

Thus, given (λ0,t
k , P0,t

Dk) and λmax
k , the slope mk of the demand curve at each node k is:

mk =
λ0,t

k

ϵt
kP0,t

Dk

, ∀t = 1, . . . , T; k = 2, . . . , n (21)
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In practice, for each time t, to calculate the elasticity ϵt
k we must fix the scarcity price

λmax
k , the base demand P0,t

Dk, and the price λ0,t
k = λt

1. As a standard rule, inelastic demands
have |ϵt

k| < 1, and elastic demands have |ϵt
k| > 1 [29].

3.3. Step-by-Step Procedure

The proposed method has two stages, as seen in Figure 4. In the first stage, a re-
active and active optimal power dispatch is performed according to available economic
and technical data. In this first stage, energy and economic balances are also provided.
The economic balance relates to the operational expenditure (OPEX) of the project. These
economic flows are used to determine the financial indicators of the project according to
the capital expenditure of the equipment (renewable generators, batteries, and the closed
distribution system).

Spot prices
PV/wind patterns

Load elasticity

CDS structure

Load curves

BESS capacity
PV/Wind capacity

Economic Data
Equipment CAPEX

Community
Social

Welfare
Optimization

Active & Reactive Power dispatch
Locational Marginal
Prices
Energy Balance
Economic Balance (OPEX)

Rate of
Return

Analysis

IRR
PBT
NPV
B/C
ratio

Figure 4. Block diagram of the proposed method.

In Algorithm 1, a step-by-step procedure is provided. Firstly, case study data must
be compiled. Step 1 defines the objective function—in this case, the community welfare
equation according to Section 3.1, Equations (1)–(8). Steps 2 to 5 correspond to the definition
of the constraints of the model. These constraints are discussed in detail in Section 3.2,
Equations (9)–(21). The optimization model is non-linear and suitable to be scripted using
any general-purpose tool (step 6). In step 7, we define the solver required to obtain a
solution. In this paper, we use an interior point algorithm to achieve solutions. Steps 8–11
display the results for energy and economic flows (OPEX). CAPEX requirements associated
with renewable sources, batteries, and the CDS is defined in step 12. The financial study is
carried out in step 13 in order to obtain typical indicators such as net present value (NPV),
internal rate of return (IRR), payback times (PBT), and benefit/cost ratios (B/C).

Algorithm 1 Community Welfare Optimal Power Dispatch
Input: Set up the case-study economic/technical data
1: Define the objectives of the model
2: Define the PV/Wind generation model
3: Define the Load model
4: Define the BESS model
5: Define the CDS model
6: Scripting the optimization problem
7: Solve the optimization problem
8: Plot the energy community prices
9: Plot the active/reactive power dispatch

10: Print the energy balance
11: Print the economic balance (OPEX results)
12: Define CAPEX requirements
13: Determine financial indexes
Output: Print results: NPV, IRR, PBT, B/C ratio.

The financial study should determine the annual savings obtained due to the applica-
tion of the optimal power dispatch strategy. The operational savings are determined by the
difference between the OPEX values with and without an EC, using Equations (22)–(24):
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Operational Savings = OPEXnoEC − OPEXwEC (22)

where

OPEXnoEC =
T

∑
t=1

n

∑
k=2

P0,t
Dkλt

1 (23)

OPEXwEC =
T

∑
t=1

Pt
G1λt

1 (24)

where T = 8760 h, P0,t
Dk is the base power consumption (with no EC), and Pt

G1 is the power
exchanged with the spot market through the frontier node 1 (PoD).

4. Case Study

The case study corresponds to a large-scale energy community with two industries
(5 and 35 MW) connected to a closed distribution system (CDS) with a unique commercial
frontier or point of delivery (PoD) with the external public grid, as shown in Figure 5.
The network access tariff at the PoD is a fixed payment of 36 $/kW-year for 60 MW of
contracted power capacity. The energy community imports and exports active energy at
the PoD, considering known spot prices λ1.

Both industries adopted a private agreement to constitute an EC with its own CDS,
installing a 55 MW photovoltaic (PV) park, connected at node 2, and a 100 MWh/30 MW
lithium-ion battery energy storage system (BESS), connected at node 3. The C-rate of the
battery is 0.3. Notice that the 5 MW industry has enough space to install a 55 MW PV park,
and the 35 MW industry has a space that is reduced enough to install a 30 MW/100 MWh
BESS. By constituting an EC through a CDS, the cooperation between both industries is
clearly stated.

We assume installation costs as follows: 1400 $/kWp for the PV plant, 200 $/kW for
the BESS converter, and 400 $/kWh for the batteries. The installation cost of the closed
distribution system (SCADA/EMS and transmission infrastructure) is set at $10 million.
The total investment to constitute the CDS with distributed generation and storage assets is
$133 million.

SSpot
Electricity

Market

PoD	1
PG2

QG2
PG1
QG1

S𝑃𝑆3

𝑄𝑆3

55MW PV 
Solar Park
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3
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30km

15km

𝑃𝐷3

l3
𝑃D3

𝑄𝐷3

𝑄𝐷2
𝑃D2

𝑃𝐷2

l2

30MW, 100MWh 
Lithium-Ion 
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5MW Elastic
Demand

35MW Elastic Demand

l1

=

=

69 kV Meshed
Transmission

Network

Figure 5. Test system: EC with two industries, with PV and BESS assets connected to a CDS.

The set of spot prices is fixed as λ1 = [104.3 95.7 95.7 95.3 94.1 94.7 100.0 119.6 131.9
132.4 127.4 118.0 122.1 121.7 116.2 113.3 110.1 124.5 133.4 135.3 136.0 135.8 131.5 114.9]
in $/MWh, as shown in Figure 6. The daily average forecasted (from 0:00 to 23:00) PV
production in MW is Pmax

G2 = [ 0 0 0 0 0 0 8.11 18.23 28.84 38.04 44.80 50.43 52.54 48.48 45.88
38.09 28.73 18.29 7.68 0 0 0 0 0] MW. We consider the reactive capability of PV generators
with a power factor ranging from 0.5 to 1 (leading and lagging). The lithium-ion battery at
node 3 has a capacity of C3 = 100 MWh. Inverter capacity is Pmax

S3 = 30 MW. The battery’s
equivalent hours are 3.33 h. The depth of discharge parameters ρ1 and ρ2 are fixed at 20%
and 100% in order to cover battery cooling consumption and reserves. We consider that the
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BESS inverter/rectifier equipment has reactive capabilities, with a power factor ranging
from 0.5 to 1 (lagging and leading). For the sake of simplicity, we assume that the BESS
efficiencies are equal to 1.
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Figure 6. Daily spot prices at frontier (PoD 1).

The CDS comprises a three-line 69 kV transmission system that interconnects all enti-
ties with node 1 (PoD): single-pole 69 kV with phase conductor ACSR 266.8 MCM 26/7, neu-
tral/shield wire conductor 3/8′′ copperweld. CDS line capacity limits Smax

12 , Smax
13 , and Smax

23
are set as 30 MW. The positive sequence impedance of the line is 0.2403 + j0.4815 ohm/km.
The corresponding CDS admittance matrix (pu) is given by Equation (25):

Y =

 52.7 − j105.5 −13.2 + j26.4 −39.5 + j79.1
−13.2 + j26.4 39.5 − j79.1 −26.3 + j52.7
−39.5 + j79.1 −26.3 + j52.7 65.9 − j131.9

 (25)

Both industries can adjust their consumption patterns according to locational prices
(CDS-LMP) as follows. The first industrial demand at node 2 is specified as P0,7

D2 = 5 MW,
Pmax

D2 = 5.5 MW. CDS-LMP prices with λ0,7
2 = 100 $/MWh and λmax

2 = 1000 $/MWh are
considered. The corresponding elasticity value at hour 7 is ϵ7

2 = 0.1111 << 1 (inelastic),
and the slope m2 is 100/5.55 = 18.1 $/MW2·h. The load power factor is 0.8 (lagging).
The second industrial demand at node 3 is specified as P0,7

D3 = 35 MW, Pmax
D3 = 38.88 MW.

Prices consider λ0,7
3 = 100 $/MWh and λmax

3 = 1000 $/MWh. The elasticity of load 2 at
hour 7 is also ϵ7

3 = 0.1111 << 1 (inelastic), and the slope m3 is 100 /35.88 = 2.53 $/MW2·h.
The load power factor is 0.8 (lagging). The base load curve is shown in Figure 7.
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Figure 7. Base load curve of industries connected at nodes 2 and 3.

Other predefined parameters are reference voltage at PoD is set as 1.0 pu. Capacity lim-
its are established as active power at PoD Pmax

G1 = 60 MW, minimum voltage Vmin
k = 0.9 pu,

and maximum voltage Vmax
k = 1.1 pu. The system’s bases are 10 MVA (power), 10 MWh

(energy), and 69 kV (voltage).
As a reference or base scenario for comparison purposes, it is important to refer to

the fact that energy purchased at the spot market by both industries is 941.8 MWh/day
($109,830 per day) when no EC is constituted.

5. Results

The optimization model stated in Section 3, Equations (1)–(21), has been applied to
the case study described in Section 4, and the results are compared with the optimal active
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power dispatch proposed by [25] for closed distribution systems. The details of this model
are included in Appendix A.

The nature of the problem is nonlinear, and all variables are continuous. The op-
timization model has been coded in Python 3.9.18 and solved using the Ipopt/Pyomo
6.6.1 environment (https://pypi.org/project/ipopt/, accessed on 1 November 2023) on
a 2.6 GHz Apple MacBook Pro i7 with 16 GB of RAM. The resulting CPU time was 30 s.
The interested reader can replicate the results and obtain the code at https://github.com/
pmdeoliveiradejesus/DSOIEC (accessed on 18 September 2024).

5.1. The CDS/EC Optimal Dispatch Results

The resulting locational marginal prices CDS-LMPs (λ2 and λ3) at nodes 2 and 3 are
displayed in Figure 8a. These LMPs are similar to the spot prices at node PoD λ1 (Figure 6).
The internal market price ε obtained with the reference method [25] is shown in Figure 8b.
These internal prices coincide with the spot prices at node PoD λ1 (Figure 6). The LMPs
are slightly higher than ε and λ1 since they incorporate the effect of active power losses.
As indicated above, reference method [25] does not include a CDS detailed model.
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Figure 8. Proposed CDS−LMPs (λ2 and λ3) and internal market price ε [25].

Figure 9a shows the resulting dispatch for active powers using the proposed method-
ology: the BESS facility (SoC and PS3), the load demands (PD2 and PD3), the PV plant (PG2),
and the power exchanged at the PoD (PG1). Figure 9b shows the resulting dispatch with
the reference method [25].
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Figure 9. Resulting active power dispatch for the proposed method and the reference method [25].

Notice that both results shown in Figure 9a,b are different but with a similar pattern.
Both SoC curves are compatible with an arbitrage model. In Figure 9a,b, the BESS connected
at bus 3 is charging (PS3 < 0) at low LMP prices λ3 (see Figure 8a) and internal market
prices ε (see Figure 8b), respectively. On the other hand, the BESS is discharging (PS3 > 0)
at high prices. In both cases, the BESS is purchasing energy at night and morning hours

https://pypi.org/project/ipopt/
https://github.com/pmdeoliveiradejesus/DSOIEC
https://github.com/pmdeoliveiradejesus/DSOIEC
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(0 to 7 h) and selling energy at noon (9–13 h) and afternoon hours (19–22 h). The BESS
discharge stops at hours 13 and 15 due to the lower limit capacity constraint (20 MWh).

In general, as shown in Figure 9a,b, there was no curtailment at the PV generator PG2
in both cases. In this example, as expected, BESS and PV generation are unable to cover
load demand at night. As a result, the EC should purchase energy (PG1 > 0) from the
external grid at the PoD spot prices at hours with null or low solar irradiance. In hours
with high solar irradiance, the EC diverts excess energy to the PoD due to the contribution
of the photovoltaic plant and BESS. The main difference between Figure 9a,b with respect
to the exchange with spot market in the reference model is that ref. [25] exchanges more
energy with the spot market because this scheme has two frontiers. Under the proposed
method, the EC is more resilient, with less need to buy and sell energy in the spot market.

For the proposed method, resulting responsive loads at nodes 2 and 3 (PD2 and PD3)
are near 5 and 35 MW, with small changes with respect to the base load curve shown in
Figure 7 (strong inelastic behavior). In the case of the reference method [25], load demands
are insensitive to price changes.

One key advantage of this proposal with respect to the reference method [25] is that it
provides useful technical grid information that is required to facilitate exchange between
producers and consumers. As indicated above, ref. [25] does not include the exact model of
the CDS, disregarding the effects of reactive power dispatches. Thus, it is not possible to
provide specific information about losses, voltage patterns, and reactive powers.

Figure 10 depicts some technical parameters of the CDS: overall network power losses,
system voltages (V2 and V3), and the reactive power dispatch (QG2 and QS3). The energy
losses are 19.0 MWh per day (the area below the power loss curve depicted above). Figure 10
also shows that the voltage magnitude at nodes 2 and 3 is stable around 1 pu due to
adequate reactive power provision at nodes 2 and 3. System losses were considerably
reduced when reactive power capability was enabled.
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Figure 10. Technical parameters of the CDS obtained with the proposed method.

The consolidated energy balance and economic results for the proposed and the
reference method [25] are presented in Tables 2 and 3, respectively.
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Table 2. Energy balance results.

Description Proposed Method Reference Method [25]
MWh/day MWh/day

Energy injected by the PV 428.2 428.2
Energy injected by the BESS 185.7 185.8
Energy injected by the spot market 649.9 668.7

Total energy injected 1263.8 1282.7

Energy consumed by the BESS 185.7 185.8
Energy consumed by the demand 939.0 939.0
Energy consumed by the spot market 120.1 158.0
Energy CDS losses 19.0 0.0

Total energy consumed 1263.8 1282.7

Notice that, under the proposed approach, the energy balance of the EC is slightly
lower (1263.8 MWh/day) than the reference method (1282.7 MWh/day) [25]. This result
is meaningful in consideration that the reference method does not include the impact of
active power losses of the CDS. In other words, with this proposal, less exchange of energy
with the spot market is required.

In the proposed method, the EC demand is 939.0 MWh per day. However, the total
energy produced or consumed by the EC is 1263.8 MWh per day. The difference (185.7 and
120.1 MWh per day consumed by the BESS and the spot market, respectively) is required
to be exchanged at different hours in order to maximize the overall EC surpluses. The CDS
energy losses correspond to 1.5% of the total energy produced. If reactive powers are not
included in the optimal dispatch by a constraint, such as QG2 = QS3 = 0, the resulting CDS
energy losses would be higher (2.2%).

Table 3. Power dispatch economic results.

Description Symbol Proposed Reference [25]
Method ($/day) Method ($/day)

Community welfare CW 470,685 −52,773
Demand utility UD 525,609 0
PV surplus ΠG 50,489 50,489
Consumer surplus ΠD 413,362 −109,503
BESS surplus ΠBESS 3690 4798
CDS surplus ΠCDS 3143 4405
Demand energy bought EBD 112,247 109,503
PV energy sold ESG 50,489 51,925
Energy sold by the BESS ESBESS 24,418 24,524
Energy bought by the BESS EBBESS 20,727 19,726
Energy sold by the spot market ESspot 70,206 72,575
Energy bought by the spot market EBspot 15,282 19,801
OPEX with EC, BESS, and CDS OPEXwEC 54,924 52,774

The proposed method yields a positive community welfare value of $470,685 per day,
as all EC members have surplus positive values. As the reference method [25] loads do not
change their consumption pattern when internal prices ε change over time, the resulting
demand utility is zero and the community welfare is negative (−52,773 $/day), reflecting
only the economic interchange with the spot market. In this case, the energy purchased is
higher than the energy bought from the market.

A positive surplus for the CDS when LMPs are applied (3143 $/day) constitutes a key
incentive to procure low power losses by means of an adequate reactive power provision.
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If reactive powers are not included in the optimal dispatch by a constraint, such as
QG2 = QS3 = 0, the resulting CDS surplus would be only $1347 per day with a smaller
community welfare value of $468,842 per day with respect to the community welfare
obtained with reactive power provision ($470,685 per day) shown in the first row of
Table 3. In the case of reference method [25], the CDS-O surplus is higher ($44,052 per day)
since the applied CDS tariffs φs = 0.0025 $/kWh and φb = 0.0075 $/kWh lead to a higher
remuneration.

5.2. Economic Analysis: Is It Worth It for an EC to Invest in CDS, PV, and BESS?

In the results of the case study discussed in Section 5.1, the capital expenditure
(CAPEX) requirement for a scenario of an industrial energy community with CDS, PV,
and BESS assets is around $133 million. Therefore, based on the resulting economic flows,
it is worth asking the question of whether it is attractive or not for ECs to invest in CDS, PV,
and BESS.

Considering a base scenario with no EC, no BESS, and no CDS, both industries
connected at buses 2 and 3 have to pay OPEXnoEC = $109,830 per day to cover their
energy demand (941.8 MWh per day). These figures are important to determine whether
the resulting new OPEX with CDS, storage, and renewable generation is lower than the
OPEX of the base case without no EC. The resulting savings can be used to finance the
project. In this case, by applying Equation (22), we find that operational savings are
$109,830 − $54,924 = $54,906 per day = $20.0 million per year, almost a 50% reduction in
operational expenses with respect to the base scenario.

Table 4 displays the financial indicators obtained for the savings achieved in the
case study for annualized power dispatches and economic flows of the proposed method.
Results are compared with the ones obtained with the reference method [25].

Table 4. Financial indicators.

Description Proposed Method Reference Method [25]

Savings in $ million per year 20.0 20.8
Net present value in $ million 116.8 126.5
Internal rate of return % 14.0 14.6
Payback time (years) 5.9 5.7
Benefit/cost ratio 1.88 1.95

Considering annual figures, the 20-year net present value of the proposed method
is $116.8 million, with a savings of $20 million per year. The benefit/cost ratio of the EC
investment in CDS/PV/BESS is 1.88, with a payback time of 5.9 years (with a discount rate
of 5%) and an internal rate of return of 14%.

On the other hand, the reference method [25] produces better and more optimistic
results regarding the internal rate of return, payback, and benefit/cost ratio results. Con-
sidering annual figures, the 20-year net present value of the proposed method is slightly
higher at $126.5 million, with a savings of $20.8 million per year. The benefit/cost ratio of
the EC investment in CDS/PV/BESS is 1.95, with a lower payback time of 5.7 years and a
higher internal rate of return of 14.6%. These results should be taken with caution since the
reference model [25] does not incorporate the effect of energy losses on the CDS.

Finally, in order to consider a broader number of scenarios, a sensitivity analysis was
carried out to assess financial results when varying some parameters, such as the price
elasticity of demand and the average spot prices. Figure 11 shows how the internal rate of
return and the payback time of the project are improved when loads become more elastic.
Figure 12 shows how the internal rate of return and the payback time deteriorate when the
project is exposed to higher spot prices.
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5.3. Limitations of the Work

The proposed optimal power dispatch model assumes that CDS, PV, and BESS assets
were previously sized by an energy planner. The sizing problem for an EC with CDS, as pro-
posed by [25], is outside the scope of this paper and a matter for further research efforts.

6. Conclusions

This paper proposes an innovative optimal active and reactive power dispatch model
for maximum energy community (EC) welfare conditions with storage and distributed
generation facilities connected to closed distribution systems (CDSs).

There is no precedent for active and reactive power dispatch models for CDSs owned
by ECs. Previous contributions in the literature do not consider the exact mathematical
representation of active and reactive power flows in the CDS. As a key contribution,
the optimal dispatch is obtained for the maximum social welfare of EC members, including
the surplus of an internal CDS operator. In this model, the surplus of the external spot
market is not included.

The proposed model has been applied to an illustrative case study, and the results
show the importance of managing active and reactive energy from storage and renewable
generation facilities in CDSs owned by energy communities. A reduction of 50% in opera-
tional expenditures in the energy community is observed, with a payback time of 5.9 years
for investments in CDSs, renewable sources, and storage.
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Nomenclature

Acronyms
AC Alternating current
AMI Advanced metering infrastructure
B/C Benefit cost ratio
BESS Battery energy storage system
CAPEX Capital expenditure
CDS Closed distribution system
CDS-O Closed distribution system operator
CW Community welfare
DoD Depth of discharge
EC Energy community
EMS Energy management system
IRR Internal rate of return
LMP Locational marginal prices
NPV Net present value
OPEX Operational expenditures
PBT Payback time
PoD Point of delivery
PV Photovoltaic system
SCADA Supervisory control and data acquisition
SGC Smart grid conceptual
SM Smart meters
SO System operator

Subscripts
n Number of nodes of the CDS
k CDS node number

Superscripts
t Hour

Greek letters
αk Linear marginal coefficient
βk Quadratic marginal coefficient
ηd Discharging efficiency
ηc Charging efficiency
λ1 Set of spot prices
λt

1 Spot price at frontier node 1
λt

k CDS-LMP at node k
λmax

k Price that the demand is willing to pay at node k
ΠG Producer economic surplus
ΠD Demand economic surplus
ΠBESS Storage economic surplus
ΠCDS CDS economic surplus
ψ Use of the network tariff (reference method)
ρ2 Upper BESS capacity limit
ρ1 Lower BESS capacity limit
θt

j Angle at node k
ε Internal market price (reference method)
φs CDS-O energy selling price (reference method)
φb CDS-O energy purchasing price (reference method)

Latin letters
APk Profit of industries connected at node k (reference method)
APCDS Profit of the CDS operator (reference method)
B Susceptance matrix
Bkj Element kj of B
Ck Capacity of the BESS at node k
CRk C-Rate of the BESS at node k
EBD Energy bought by demands
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EBspot Energy bought by the spot market
ESG Energy sold by the generators
ESspot Energy sold by the spot market
EPBESS Energy purchased by the BESS
ESBESS Energy sold by the BESS
G Conductance matrix
Gkj Element kj of G
mk Slope of the demand curve at node k
OPEXnoEC Energy payments without EC
OPEXwEC Energy payments with EC
Pt

Gk Average power produced at node k hour t
P0,t

Dk Power consumed at node k at equilibrium
Pt

Dk Power consumed at node k
Pt

Sk Power injection of the BESS system at node k
Pmax

Dk Maximum power consumption at node k
Pmax

Gk Maximum operational power generation at node k
Pt

ij,CDS Active power flow between nodes i and j (reference method)
Pt

dk Active power discharged at BESS at node k (reference method)
Pt

chk Active power discharged at BESS at node k (reference method)
Pt

bk Active power bought from the market at node k (reference method)
Pt

sk Active power sold to the market at node k (reference method)
Qt

Gk Reactive power generated at node k
Qt

Dk Reactive power consumed at node k
Qt

Sk Reactive power injected by BESS at node k
Qmin

Gk Minimum reactive power flow operational level
Qmax

Gk Maximum reactive power flow operational level
Qmin

Sk Minimum BESS reactive power flow operational level
Qmax

Sk Maximum BESS reactive power flow operational level
SoCt

k State of the charge of the BESS at node k
St

ij Apparent power flow between nodes i and j
Smax

ij Maximum apparent power flow operational level
T Time span
u Binary decision variable
Ut

Dk Utility of demand at node k
UD Utility of demand
Y Admittance matrix
v Binary decision variable
Vt

k Voltage magnitude at node k
Vmin

k Minimum operational voltage level at node k
Vmax

k Maximum operational voltage level at node k
w Binary decision variable
z Binary decision variable

Appendix A. Reference Method [25]

In this paper, for comparison purposes, we apply, to the case study discussed in
Section 4, the power dispatch model for a closed distribution system (CDS) proposed
by [25]. The original optimization model states two objective functions to be maximized
under a bi-level approach: one for the CDS operator profit and the other for the sum of all
electricity profits of industries gathered in an energy community.

We assume that, as in our proposal discussed in Section 3, the profit of the CDS
operator (CDS-O) is a part of the profit of the energy community; therefore, the objectives
must be maximized together. Under this approach, two frontiers are considered. This
means that each industry has its own point of delivery (PoD) with the public service
network, as seen in Figure A1. Notice that the CDS corresponds to a simple link between
industry 1 and industry 2, disregarding the effect of resistances and reactances. Only active
power is considered.
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Figure A1. EC scheme with two points of delivery and a CDS [25].

The optimization problem is stated using the nomenclature of this paper as follows:

max
ε,SoC,PG1,PS3,P23,CDS ,P32,CDS

3

∑
k=2

APk + APCDS (A1)

subject to

APk = ∑T
t=1 λt

1Pt
sk − (λt

1 + ψt)Pt
bk + (A2)

(εt − φs)(Pt
23,CDS + Pt

32,CDS)− (εt + φb)(Pt
23,CDS + Pt

32,CDS) ∀t, ∀k = {1, 2} (A3)

APCDS = ∑T
t=1(φs + φb)(Pt

23,CDS + Pt
32,CDS) ∀t (A4)

Pt
bk + Pt

G2 + Pt
32,CDS = Pt

sk + Pt
D2 + Pt

23,CDS ∀t, ∀k = {1, 2} (A5)

SoCt+1
3 = SoCt

3 + ηcPt
ch3 +

Pt
d3

ηd
∀t (A6)

Pt
ch3 ≤ u · Pmax

S3 ∀t (A7)

Pt
d3 ≤ (1 − u) · Pmax

S3 ∀t (A8)

Pt
b2 ≤ w · Pmax

21 ∀t (A9)

Pt
s2 ≤ (1 − w) · Pmax

21 ∀t (A10)

Pt
b3 ≤ v · Pmax

31 ∀t (A11)

Pt
s3 ≤ (1 − v) · Pmax

31 ∀t (A12)

Pt
23,CDS ≤ z · Pmax

CDS ∀t (A13)

Pt
32,CDS ≤ (1 − z) · Pmax

CDS ∀t (A14)

εt ≤ λt
1 + ψ2 ∀t (A15)

εt ≤ λt
1 + ψ3 ∀t (A16)

εt ≥ λt
1 ∀t (A17)

Pt
S3 = Pt

d3 − Pt
ch3 ∀t (A18)

Pt
G1 = Pt

b2 − Pt
s2 + Pt

b3 − Pt
s3 ∀t (A19)

u, w, v, z are binary (A20)

This optimization model is a Mixed-Integer Problem (MIP), which can be suitably
solved with standard tools such as GAMS or Gurobi. We include a script in GAMS Studio
version 47 to solve this problem in https://github.com/pmdeoliveiradejesus/DSOIEC
(accessed on 18 September 2024).

https://github.com/pmdeoliveiradejesus/DSOIEC
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