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The growth of distributed generation resources, local electricity markets, and peer-to-peer energy exchanges has 

introduced challenges, notably balancing network technical constraints with maximum utilization of distributed 

generation units.  Static operation envelopes (SOEs) and Dynamic operation envelopes (DOEs) have emerged as 

solutions, statically and dynamically setting network constraints over time, respectively. However, these envelopes 

often calculated by distribution system operators (DSOs) and imposed on users, may overlook participants' 

preferences, reducing profits and incentives to engage in local markets. Addressing this, the paper proposes a 

framework for determining feasible transaction regions (FTRs), established through agreements between energy 

communities (ECs) and DSOs. These FTRs represent optimal operating envelopes that consider uncertainties in 

ECs and DSO constraints. The framework models EC uncertainties using the chance constraint method and solves 

the optimization problem with the alternating direction method of multipliers (ADMM) on a standard IEEE 69-

bus network using GAMS software. Results highlight the method's efficiency and accuracy compared to DOE and 

SOE approaches, effectively defining safe regions for peer-to-peer energy trading in distribution networks. This 

novel approach optimizes energy exchanges while respecting technical constraints and participant preferences. 

Also, this paper, by providing different confidence levels during simulations, verifies the proper efficiency of the 

proposed method in operating the uncertainty of distributed generations. The simulation results show cost 

reduction of ECs and loss reduction in the distribution network along with increment in active and reactive power 

exchanges compared to DOE and SOE methods. 

Keywords: Energy communities, dynamic operation envelopes, peer-to-peer energy trading, feasible transaction region, and active 

distribution network. 
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Nomenclature 

Acronyms 

P2P Peer-to-Peer 

DSO  Distribution System Operator 

SOE Static Operational Envelope 

EC Energy Community 

ADMM Alternating Direction Method of Multipliers 

DOE Dynamic Operational Envelope 

FTR Feasible Transaction Region 

Sets and Indices 

i,j Index for network bus 

C, 𝐶′ Index for set of energy communities 

EC, 𝐸𝐶′ Index for energy communities 

t Index for time interval 

* Indicator of optimal value 

f Index for flexible load 

u Index for dispatchable unit 

v Index for Non-dispatchable loads 

s Index for energy storage 

 Indicator of proposed value of shared variable 

EC’s decision variables 

D

u ,tQ  
Reactive power of dispatchable unit u  of the 

EC 

FL

f ,tQ  Reactive power of flexible load f  in the EC 

EX

tQ  Reactive power exchange with the 

distribution network  

Total

tP  Total active power injected by the EC  
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Total

tQ  Total reactive power, injected by the EC  

/

,

ch dch

s tP  
Charging/Discharging power of storage s in 

the EC 

 𝑃𝑐,𝑡
𝑖𝑛𝑗

 Total real injected power 

D

u,tP  
Active power of dispatchable unit u  in the 

EC  

ND

u ,tP  
Active power of non-dispatchable unit v  in 

the EC 

FL

f ,tP  Active power of flexible load f  in the EC 

,

Bat

s tP  
Active net power of storage s in the EC 

EX

tP  Active power exchanged with the distribution 

network  

,

Bat

s tE  
State-of-charge of the storage s in the EC 

 𝑄𝑐,𝑡
𝑖𝑛𝑗

 Total reactive injected power 

DSO’s decision variables 

ND ,EC

nd ,tP  
Predicted output power of the non-

dispatchable unit 

, , , , , , , , ,/ /line line line

k i j t k i j t k i j tP Q S  Active/reactive/apparent power flowing 

through the line (i,j), under operating 

condition k  

, ,/DSO DSO

i t i tP Q  
Upper bound of active/reactive FTR, at bus i  

, ,/DSO DSO

i t i tP Q  Lower bound of active/reactive FTR, at bus i 

, ,

tr

c c tQ  , , ,

tr

c c tQ    
Reactive power negotiated in p2p trades 

,c tQ  , ,c tQ    
Upper and lower limits of ECs reactive power  

,c tP , ,c tP   
Upper and lower limits of ECs real power  

,

DSO

i tP  , ,

DSO

c tP  
Upper and lower limits of DSO real power 

, ,k i tU  Squared voltage magnitude of bus i  at hour 

t , under operating condition k   

, , ,

line

k i j tJ  
Squared current flowing through the line (i,j) 

, under operating condition k   

, ,/ref ref

k t k tP Q  
Active/reactive power imported to the 

network 

, ,

tr

c c tP  , , ,

tr

c c tP   
Real power negotiated in p2p trades 

iU  , iU  Lower and upper limit of bus voltage 

Parameters 

D

uR  Maximum ramp rate limit of dispatchable unit 

u 

, ,/ND avg

v t v tP P  
Rated capacity/average power of non-

dispatchable unit v 

/FL FL

f fP P  
Active power limits of flexible load f 

,

,

FL Des

f tP  
Desired consumption value of flexible load f 

fpf  Power factor of flexible load f 

min

fE  
Minimum required energy of flexible load f 

FL

fR  
Maximum ramp rate limit of flexible load f 

/dch dch

s sP P  Discharging power limits of storage s 

/s sE E  Stored energy limits of storage s 

P P

t t/   Uncertainty envelopes of ECs 

  Stopping criterion in the ADMM algorithm 

  Confidence level 

,i jr , ,i jx  Resistance and reactance between buses i and 

j 

D

u,t  
Marginal cost of dispatchable unit u 

ND

v,t  
Deviation cost coefficient of non-dispatchable 

v 

FL

f ,t  
Deviation cost coefficient of flexible load v 

Deg

s,t  
Degradation cost coefficient storage s 

ex

t  Hourly energy price in distribution network 

/D D

u uP P  Active power limits of dispatchable unit u 

/D D

u uQ Q  Reactive power limits of dispatchable unit u 

/ch ch

s sP P  Charging power limits of storage s 

/ch dch

s s   Charging/discharging efficiency of storage s 

EXP  Maximum active power exchanged with the 

distribution network 

i

cIN  Bus-community incident matrix element: 1 if 

EC c is located at bus i, 0 otherwise 

,ρ  Penalty factors in the ADMM algorithm  

,

p

c t,,

Q

c t,

p

c t,

,,i t,,i t,,

Q

c t

,i t,,i t 

Lagrange coefficients 

1. Introduction 

The development of distributed generation resources has led to 
widespread changes in energy trading in distributed networks. One of 
these developments is the growth of local energy markets. The local 
energy market is a platform for trading locally generated (renewable) 
energy between small-scale subscribers in a geographically and 
socially close community. [1] Distributed generation resources are 
managed within the framework of local energy markets in distribution 
networks, and producers and consumers of renewable energy can 
actively participate in the market through energy exchanges and local 
electricity markets. Local energy markets offer numerous benefits, 
including reducing losses, facilitating energy transmission, and 
promoting the development of a smart grid [2]. 

With the growth of local electricity markets, the development and 
implementation of microgrids [3] and energy communities (ECs) in 
the distribution network have also expanded significantly. Microgrids 
and ECs connected to distribution networks consist of renewable 
resources such as solar cells, wind turbines, electric vehicles [4], fixed 
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and flexible loads, etc. These communities increase the flexibility, 
stability, and resilience of the network and also perform peak 
shaving in the distribution system [5]. Despite providing many 
advantages, the presence of microgrids and ECs has also created 
challenges, such as modeling renewable resources due to their 
inherent complexity [6], including electric vehicles and energy 
storage systems [7], load forecasting [8], energy management [9], 
and flexibility, as well as implementing network technical 
constraints. These challenges have provided the basis for various 
research studies. In this study, the aspect of how to implement 
network technical constraints during ECs’ transactions in the 
distribution network is discussed.  

In local energy markets, peer-to-peer energy exchanges are an 
emerging and effective method that brings several benefits, 
including independence and security for users, helping to increase 
the participation of small-scale producers in local electricity 
markets, and enhancing grid stability. Peer-to-peer energy trades 
enable network consumers to exchange their surplus energy 
production with each other without intermediaries and under the 
distribution network. The development of peer-to-peer exchanges 
encourages small-scale consumers to use distributed generation and 
participate in local electricity markets [10]. 

However, the decisions of producers and consumers 
participating in the market may not be operable in the physical 
distribution network, and the network operator faces technical 
challenges in implementing the agreements made on the distribution 
network platform. These challenges include maintaining voltage 
and line loading within the permitted range, establishing fairness 
among all traders in terms of equal opportunity for energy supply 
and demand, and also considering the private security of peer-to-
peer exchanges. In recent years, researchers have proposed various 
solutions to address the challenges raised, which have led to the 
development of the security and volume of peer-to-peer energy 
exchanges in distributed networks. However, a comprehensive 
method that covers all the aforementioned challenges is still one of 
the goals of energy researchers. 

In the operation of distribution networks with the presence of 
independent entities such as energy communities (ECs) that include 
a set of distributed generation units[11], the more the operation is in 
the form of ownership and control, the less the ECs are willing to 
participate and establish peer-to-peer exchanges in local electricity 
markets. As a result, if the operation is directed towards regulation, 
the participation and encouragement of ECs in local electricity 
markets will increase.  Therefore, the transition of the operator from 
ownership to the regulator is one of the new and modern aspects in 
the field of energy markets. In general, the role of the operator and 
independent entities as market players in energy exchanges in 
distribution networks can be classified into three categories: 

In the first category, the market is completely in the hands of the 

operator, for example, the distribution system operator (DSO). In 
such a way that the agreements of independent entities and ECs with 
each other on the volume and price of energy in the local market are 
made available to the DSO, and the operator approves or rejects the 
agreements based on the physical conditions of the network and 
technical constraints. Therefore, many peer agreements are not 
realized. In this case, the network constraints are maintained by the 
ownership of the DSO. 

For example, in [12], the DSO receives and checks the P2P 
transactions of the prosumers, performs network sensitivity 
analysis, and eliminates transactions that may compromise the 
integrity of the network. In [13], the authors propose an electrical 
distance-based peer-to-peer transaction matching mechanism that 
prioritizes transactions from those prosumers those are physically 
close to each other to reduce line overload. However, due to the 
dependence of these approaches on the DSO, concerns about the 

privacy of transaction information are raised, and the incentive for 
generators-consumers to participate in local electricity markets is 
reduced. 

The authors [14,15] present a decentralized peer-to-peer trading 
mechanism in which consumers select their peers for energy exchange 
by assigning indices based on the cost of network usage, the electrical 
distance of generators, and power exchange losses. However, these 
approaches rely on DSO to directly manage peer-to-peer transactions 
and, despite considering technical constraints and decentralization, 
conflict with the privacy of ECs’ trade information. 

In the second category, the system operator establishes its desired 
technical constraints through a negotiation mechanism. This 
agreement is on the amount of energy injection or absorption by ECs. 
In [16], the distribution network constraints are established through a 
negotiation mechanism and agreement on the amount of energy export 
and import. The drawback of this method is the lack of justice in the 
network operator's negotiations with ECs because in this method, the 

amount of ECs' participation in exchanges depends greatly on their 
location. For example, independent entities and ECs located at the end 
buses of distribution networks, which are generally radial, have 
restrictions on energy consumption. 

Also, in another set of studies [17,18], the optimal allocation of 
transactions in local electricity markets is carried out by imposing a 
network usage fee, the basis of calculation of which for market 
prosumers is the distributed local marginal price (DLMP). The 
drawback of this method is the allocation of a marginal price to all 
prosumers at each stage of peer-to-peer negotiations, which challenges 
the condition of independence of participants. In addition, 
simultaneous marginal price changes in peer-to-peer transactions 
cannot be applied in this type of pricing. 

The third category is the consideration of static and dynamic 
operating limits for market players. In recent research, in a simple and 
preliminary way, static operation envelopes (SOEs) are considered to 
maintain the technical constraints of the network [19]. This, despite 
maintaining the network constraints during peer-to-peer energy 
exchanges, causes ECs to be unable to use their full energy capacity, 
which reduces the flexibility of the network. 

In the latest mechanism for implementing network constraints in 
the third category, dynamic operating envelopes (DOEs) have been 
proposed. These envelopes, which are calculated by the DSO and 
communicated to the ECs, dynamically determine the scope of energy 
exchange and the establishment of exchanges between ECs. In this 
case, in addition to maintaining network constraints, the volume of 
energy exchanges of market players also increases. [20]. 

Initially, the DOE method only considered the exchange of 
consumers with the network and the injection of energy into the 
upstream network. However, with the development of peer-to-peer 
exchanges, this method has been applied in recent research in 
modeling based on P2P trades. [21]. 

The authors in [22] proposed that the full observation and 
awareness of EC constraints by DSO to calculate DOEs. In this way, 
the uncertainty of ECs was considered in the DOE calculation. This 
ignores the privacy of end users and, in turn, causes less incentive for 
ECs to participate in local electricity markets. Also, all data of ECs is 
not available to DSO. 

Reference [23] proposes a framework in which DOEs are 
integrated into peer-to-peer trades. In this approach, the DSO 
calculates dynamic operation envelopes after receiving the DOEs 
desired by the ECs, and then P2P trades are formed. In this case, 
although DOEs are calculated based on the preferences of the ECS, 
the problem is that the ECs do not have the opportunity to adjust their 
P2P trades based on the final allocation of DOEs, and it may not lead 
to the best interests of the ECs. 
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In the recent studies on the optimal calculation of DOEs, 
reference [24] has calculated the operating envelopes in agreement 
with DSO, which covers the weaknesses of previous studies, but it 
is still necessary to implement an integrated framework that 
considers the uncertainty of distributed generation resources in DOE 
modeling. 

From the study of the above research, two important issues are 
identified as gaps in conventional methods.  

First, in general, the uncertainty of energy production sources 
leads to dependence on the flexibility market, so that if this is not 
taken into account in the transactions, in some cases the network 
operator needs the flexibility market to maintain technical 
constraints, and consequently, costs arise for the network and ECs. 
As a result, it becomes difficult for the network operator and ECs to 
carry out accurate planning. 

The second is to protect the privacy of ECs and DSO while 
encouraging energy communities to participate in the local 
electricity market and P2P energy trades. Traditionally, to 
accurately implement technical constraints in the network, either the 
DSO must be aware of the production and uncertainties of the ECs 
or the energy communities must be aware of the preferences and 
constraints of the DSO, which in the first case reduces the incentive 
for ECs to participate in P2P markets due to concerns about their 
privacy, and in the second case, it is impossible to provide network 
operator information to ECs. As a result, it is necessary to provide a 
safe margin so that the privacy of ECs and DSO is preserved. 

Also, an important limitation of existing DOE-based 
frameworks is the assumption that DOEs are determined solely by 
the DSO. While this centralization ensures technical compliance, it 
may limit EC flexibility. To address these issues, this study 
introduces a framework for calculating feasible transaction regions 
(FTRs) based on collaborative agreements between DSOs and ECs. 
This approach incorporates uncertainties and preferences specific to 
ECs, allowing for more equitable and efficient participation in local 
electricity markets.  

In this paper, in order to provide a comprehensive and coherent 
framework for determining the optimal network operation limits 
using the maximum capacity of ECs, feasible transaction regions 
(FTRs) are introduced. This framework is obtained by integrating 
the role of independent network actors in categories 2 and 3, namely 
the negotiation mechanism and dynamic operation envelopes. In this 
way, operation envelopes are calculated using negotiation between 
ECs and DSO and provide the FTRs.  

In this framework, DSO provides its desired operation 
envelopes according to the technical constraints of the network, and 
on the other hand, ECs provide their desired operation constraints 
and their energy production and absorption limits according to the 
uncertainty of their inherent production resources. In this situation, 
the agreement reached, which is introduced in the form of FTRs, 
takes into account both the technical constraints of the network and 
the uncertainties of ECs. As a result, the challenges of the failure to 
realize the pre-planning of independent entities and the need for a 
flexible market are minimized and energy efficiency is increased. 
This situation increases the security of users' information and their 
motivation to participate in the local electricity market. Also, in the 
proposed method, the uncertainty of ECs is calculated by the chance 
constraint method and numerical simulation based on different 
confidence levels is implemented to prove the accuracy of the 
proposed method in modeling uncertain resources. The 
determination of the FTRs according to the proposed method is 
calculated by an optimization method based on the ADMM 
algorithm. In order to provide a comprehensive comparison among 
dynamic operating envelope (DOE), static operating envelope 
(SOE), and proposed feasible transaction region (FTR) methods, 
table 1 is presented.  

Table 1. Comparison of the proposed method with other methods for 
calculating operating limits in peer-to-peer energy transactions 

Ref. 
Network 

Constraints 

Operation 

Constraints 

Implementation 

Uncertainty 

Impacts of ECs 

[13] Centralized - - 

[17] Decentralized - - 

[19] SOE By DSO - 

[20]-[22] DOE By DSO - 

[24] DOE 

Agreement 

between ECs 

and DSO 

- 

Proposed 

method 
FTR 

Agreement 

between ECs 

and DSO 

✓  

Given the independent nature of ECs, their private data is not 

shared with the network operator. Consequently, the dynamic 
operational envelopes (DOEs) calculated by the network operator, 
even if they guarantee the secure operation of the grid, suffer from two 
fundamental shortcomings. First, they do not account for the 
uncertainties inherent to the ECs. Second, they do not ensure the 
satisfaction of all consumers and may be contested by some market 
participants. 

This paper designs a decentralized framework to address these two 
issues. In the proposed framework, the distribution system operator 
(DSO) participates in the local market alongside the ECs, but not for 
the purpose of buying or selling energy from them. Instead, the DSO 
engages in the market to determine the operational envelopes in 
coordination with the ECs. As a result, ECs—by leveraging their own 
forecasts of renewable resource uncertainties—can influence the 
operational envelopes. By expanding these envelopes, they increase 
their own flexibility and freedom of action, enabling them to develop 
more effective strategies in the market. Therefore, in addition to 
negotiating active and reactive power exchanges among themselves, 
the ECs also negotiate with the DSO regarding the minimum and 
maximum permissible power injections into the grid. Furthermore, 
since the operational envelopes are established with the participation 
of the ECs, no EC can subsequently dispute them. This approach 
ensures complete transparency and reduces the DSO's role from a 
direct controller—which can limit competition in local markets—to 
that of a regulator. Accordingly, the contributions of the proposed 
method can be summarized as follows: 

1- In this study, a decentralized framework based on P2P trades of 
energy communities (ECs) consisting of solar and wind generation, 
fixed and flexible loads, and batteries in the active distribution 
network is presented. In order to maintain the distribution network 
constraints and increase the volume of exchanges, an optimal area 
called the feasible transaction region (FTR) has been determined, 
which, in addition to maintaining the technical constraints of the 
network, leads to an increase in the volume of peer-to-peer exchanges 
of ECs in the distribution network by determining the maximum 
permissible operating ranges. FTR is calculated from the agreement 
between ECs and DSO. In this way, the preferences of ECs are also 
taken into account in calculating the operating limits. 

2- A safe margin for the uncertainty of distributed generation 
resources located in ECs is also considered so that during exchanges, 
despite the uncertainty of the resources, we do not go beyond the 
proposed operating limits. In this case, no data is shared between ECs 
and DSO, and the operation area is obtained while the DSO is not 
aware of the wind and PV generation of ECs. This is while the 
calculated operation limits in recent studies have generally not taken 
this point into account. 

3- In general, the uncertainty of energy production sources leads 
to dependence on the flexibility market, so that if this is not taken into 
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account in exchanges, in some cases DSO needs the flexibility 
market to maintain technical constraints, and consequently, costs 
arise for the network and ECs. As a result, it becomes difficult for 
DSO and ECs to carry out accurate planning. This is while, by 
considering uncertainty in the proposal method, transactions are 
settled without the need for the flexibility market. 

4- In this research, in order to verify and demonstrate the effect 
of the uncertainty of distributed generation sources, different 
confidence levels have been considered for distributed generation 
sources located in ECs. Also, the optimization of ECs’ P2P trades is 
carried out with the ADMM algorithm, which is a robust and 
effective method for solving problems with many variables. 

The remainder of this paper is structured as follows: Section 2 
delves into the framework description developed to enhance 
participant benefits in local electricity markets and P2P trades based 
on proposed FTR method. Section 3 explores the problem 
formulation for both participants and DSOs, along with the 

modeling of FTRs. Section 4 explains the ADMM method in detail 
for optimizing the objective function.  Section 5 presents the 
simulation results derived from applying this framework to a test 
system. Finally, Section 6 offers conclusions drawn from the study’s 
findings. 

2. Framework Description 

This section starts with an in-depth discussion of the idea of 
FTRs. Next, it clarifies the functions of prosumers, ECs, and the 
DSO in the suggested methodology, concluding with an explanation 
of the general framework. 

2.1. Feasible Transaction Regions (FTRs) 

As mentioned earlier, in most studies, DOEs are calculated by 
the DSO and assigned to the ECs, or it is assumed that the DSO has 
full knowledge of the uncertainties of ECs and calculates the 
optimal dynamic operating envelopes based on it. The drawback of 
this scheme is that the notified DOEs may conflict with the ECs' 
purchased flexibility. However, if DOEs are calculated by 
agreement between ECs and DSOs and taking into account the 
uncertain nature of ECs and their flexibility, more accurate values 
for DOEs are calculated, and the profit margin of ECs is also 
increased.  

 

Fig. 1. FTR compared to dynamic operational envelopes 
(DOEs) and static operational envelopes (SOEs). 

Therefore, in this paper, we calculate the feasible transaction 
regions for ECs based on the technical constraints of the network and 
the preferences of communities. Figure 1 shows feasible transaction 
regions according to the proposed method compared to the DOEs and 
SOEs calculated by DSO for a sample EC. 

In order to provide a comprehensive comparison among dynamic 
operating envelope (DOE), static operating envelope (SOE), and 
proposed feasible transaction region (FTR) methods, table 2 is 
presented.  

2.2. P2P Energy Transaction Considering FTR Method 

In this paper, energy communities consist of photovoltaic systems, 
wind turbines, energy storage devices, and both fixed and flexible 
loads. Their goal is to optimize individual advantages while adhering 
to operational limitations.  

Another important role in P2P trading is played by DSO, which is 
responsible for calculating the feasible transaction regions in 
agreement with ECs. The system operator's goal is to minimize the 
cost of operating the distribution network according to the power 
injection pattern associated with the allocation of FTRs, as well as 
maintaining the technical constraints of the network. In this paper, it 
is assumed that DSO does not know the amount of P2P transactions 
and their prices. 

For example, the P2P energy trading of 3 ECs in a distribution 
network, considering the feasible transaction regions, is shown in 
Figure 2. As can be seen in Figure 2, ECs perform P2P energy trading 
with each other and with the upstream network. To determine the 
feasible transaction regions, ECs first determine their uncertainties in 
each time interval based on their calculated uncertainty value. DSO 
also calculates the desired permitted operating region in each time 
interval based on the allowed network limits and the maximization of 
the network operating region. Then, the final feasible transaction 
regions are calculated from the agreement between DSO and ECs for 
each time interval. To explain the proposed framework and describe 
the proposed scheme step by step, the following points are necessary: 

▪ In this paper, P2P energy trades are performed between energy 
communities in an active distribution network. An energy 
community (EC) consists of a wind turbine, solar cells, fixed and 
flexible loads, and batteries. 

▪ ECs establish P2P energy trades to minimize costs and achieve the 
most economically feasible transaction regions, taking into 
account their inherent uncertainties. 

▪ The DSO aims to maintain the technical limitations of the ADN 
and maximize the allowed region of power injection by ECs to 
increase its flexibility in network operation. 

▪ According to the proposed framework, each EC makes the best 
decision about the upper and lower limits of its required operating 
region by examining the data related to its estimated energy 
production pattern. DSO also determines the upper and lower 
permissible operating limits. Then, the feasible transaction regions 
are calculated from the agreement between the ECs and DSO. 

▪ The market type in the proposed framework is assumed to be day-
ahead, and the actors (DSO and ECs) reach an agreement through 
a cooperative game to calculate the feasible transaction regions. 

▪ The constraints of the equations are relaxed using the ADMM 
algorithm and placed in the objective functions, and the market 
variables are calculated using the Nash equilibrium theory. 
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Table 2. Comparison of operational envelope frameworks 

Feature SOE [19] DOE [20]-[22] FTR [Proposed framework] 

Temporal 

Resolution 

Fixed for the entire 

optimization horizon. 

Time-varying (updated per 

interval, e.g., hourly). 
Time-varying & negotiated per interval. 

Primary DSO 

Focus 

Worst-case security based on 

a single snapshot. 

Security with updated snapshots 

over time. 

Secure & optimal flexibility via market 

signals. 

Uncertainty 

Handling 

Implicit (via conservative, 

fixed assumptions). 

Limited to updated point 

forecasts. 

Explicit & Proactive via ECs' private 

forecasts influencing the region. 

EC Participation 

Mode 

Passive recipient of fixed 

limits. 

Passive recipient of updated, 

DSO-calculated limits. 

Active Co-creator in a distributed 

negotiation. 

Information 

Privacy 

Protected (ECs share no 

data). 

Compromised (may require 

sharing forecast data). 

Fully Protected (only boundary proposals 

are exchanged). 

Flexible Load Battery Storage

PV Pannel Wind Turbine

EC 1 EC 2

Fixed Load

EC 3

Substation

P2P Energy Trading

Fixed Load

FTR Calculation

Flexible Load Battery Storage

PV Pannel Wind Turbine

Flexible Load Battery Storage

PV Pannel Wind Turbine

DSO

FTR (EC1) FTR (EC2) FTR (EC3)

 

Fig. 2. Peer-to-peer energy trading between 3 ECs, with the calculation of FTR negotiated with DSO 

3. Mathematical Formulation 

The proposed mechanism involves independent Energy 
Communities (ECs) optimizing their internal operations and desired 
energy trades. Since ECs act autonomously, a negotiation process is 
required to agree on exchange amounts. The Distribution System 
Operator (DSO) seeks to establish grid power limits in agreement 
with the ECs, not unilaterally. This structure forms a cooperative 
game, where participants collaborate for a mutually beneficial 

outcome. To find a solution that is both optimal and acceptable to all, 
a Nash equilibrium—where no participant benefits from changing 
their strategy—is pursued. This section presents each participant's 
optimization problem and the process for reaching this market 
equilibrium. 

3.1. The EC Local Problem Formulation 

In equation (1), the objective function of ECs is presented to 
minimize production costs, which consists of six terms. In this 
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equation, t T represents each one-hour time interval and 

represents [15]. 

( )

D D,EC

c u ,t u ,t
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  
  
 + − − + − 
   

+







    

(1) 

In equation (1), 
D

u ,t is the marginal cost of the dispatchable unit 

u in hour t for each EC and 
D ,EC

u ,tP represents the actual power 

generated by the dispatchable unit u in hour t. 
ND

v ,t is the cost 

coefficient of the deviation from the predicted output value of the 

non-dispatchable unit v and 
ND ,EC

v ,tP indicates the actual power 

output value of the non-dispatchable unit nd at hour t. 
ND ,EC

v ,tP is 

also the amount of power output predicted by the non-dispatchable 

units at hour t. 
F

f ,t is the discomfort cost of the flexible load f at 

hour t. 
FL ,EC

f ,tP is the actual power consumption of the flexible load 

f at time t. Also, 
FL ,EC

f ,tP is the planned power consumption of the 

flexible load f at time t. 
Deg

s ,t is the battery degradation cost at time 

t and 
Bat ,EC

s ,tP  is the battery output power of each EC at time t. The 

fifth term of equation (1) is related to the calculation of feasible 
transaction regions considering the uncertainty of each EC at time t. 
The purpose of establishing this term is to increase the regions 
between the high and low operational envelopes of the real and 

reactive power of ECs. The larger this area, the more capable the ECs 
are of providing the flexibility needed to overcome uncertainties. 
This increases the feasible transaction regions [26]. It should be 

noted that the quadratic term with the coefficient 𝜔 is intended to 
distribute the flexibility ranges equally over different periods and 
control the variance of feasible transaction regions.  

The sixth term shows the objective function of the cost of energy 
exchange between ECs and the distribution network. In this term, 

ex

t is the energy price of the upstream network (time of use) and 

EC ,ex

tP is the real power exchanged between ECs and the 

distribution network. Equations (2) to (15) express the constraints 
of the ECs’ optimization problem. 

 

, , ,

,    D EC D EC D EC

u u t uP P P   (2) 

,

,     D D EC D

u u t uQ Q Q   (3) 

R D ,EC D ,EC R

u u ,t u ,t 1 uP P P P       u,t 1−−  −     (4) 

, ,

, ,0 ND EC ND EC

v t v tP P   (5) 

,

,

FL FL EC FL

f f t fP P P   (6) 

, , 2

, , 1FL EC FL EC

f t f t f fQ P pf pf= −  (7) 

FL ,EC min
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t

P E    f FL    (8) 
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, , 1   R FL EC FL EC R
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,

, , ,     Bat EC dch ch

s t s t s tP P P s S= −  
 

(10) 

,
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,
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P
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
−= + −

 
(13) 

,s s t sE E E 
 

(14) 

EC ,ex EC ,ex

t0 P P 
 

(15) 

, , , ,

, , ,

, ,

,

Total EC D EC ND EC Bat EC

t u t v t s t

u v s

EC ex FL EC

t f t

f

P P P P

P P

= + +

+ −

  
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 (16) 

, , , ,

, ,

Total EC D EC EC ex FL EC

t u t t f t

u f

Q Q Q Q= + −   (17) 

, , ,EC tot EC tot EC tot

t t tP P P   (18) 

, , ,EC tot EC tot EC tot

t t tQ Q Q   (19) 

EC P

t tP   (20) 

P EC ,p

t tP   (21) 

Equations (2) and (3) represent the lower and upper limits of real 

and reactive power of the dispatchable unit u, respectively. The lower 
and upper ramps of the real power of the dispatchable unit u are 
determined by the constraint of equation (4). The planned power limits 
of the non-dispatchable unit v are also determined by equation (5). 
Equation (6) specifies the lower and upper limits of the real power, 
and constraint (7) specifies the relationship between the active and 
reactive powers of the flexible load f, which are assumed to have a 
constant power factor in this study, for each EC. Equation (8) shows 
the minimum energy consumption of the flexible loads. Equation (9) 
determines the lower and upper ramps of the real power changes of 
flexible loads. Equation (10) models the battery power of each EC at 
time t. Equations (11) and (12) express the charge and discharge 
ranges of the batteries. Equation (13) shows how to calculate the 

energy at each time t. In equation (13), 
ch

s and 
dch

s  are the efficiency 

coefficients of charging and discharging of batteries, respectively. 
Equation (14) specifies the permissible range of energy stored in 
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batteries. The limit of real power purchased by ECs from the 
upstream network is presented in equation (15). Equations (16) and 
(17) represent the total real and reactive power of the ECs at time t, 
respectively. Equations (18) and (19) show the upper and lower 
limits of the real and reactive power of the ECs based on their 
estimated uncertainty. In equation (20), the lower bound of the 
feasible transaction region is expressed as a lower bound of the 
uncertainty of ECs, which must be greater than or equal to the lower 
bound of the uncertainty of ECs. Similarly, in equation (21), the 
upper bound of the feasible transaction region is expressed as a 
lower bound of the uncertainty of the energy communities. These 
two constraints are intuitively shown in Figure 1. 

After mathematical modeling of each energy community, the 
P2P trades model and the agreement of each EC with DSO are 

presented in equations (22)-(32). In equation (22), ,

inj

c tP is  the real 

injected power of all ECs at time t, which is calculated from the sum 

of the real power of dispatchable, non- dispatchable and battery 
loads minus the flexible real power of all ECs. In equation (23), 

,

inj

c tQ is the reactive injected power of all ECs at time t [20]. 

, , ,

, , ,

,

, ,

D EC ND EC Bat EC

u t v t s t

u D v ND s S
t T t T

FL C inj

f t c t

f FL
t T

P P P

P P

  
 




+ +

− =

  


 (22) 

, ,

, , ,

D EC FL EC inj

u t f t c t

u f

Q Q Q− =   (23) 

'

, , ,

inj tr

EC t EC EC t

EC C

P P 



=   (24) 

, , , , , ,0 : ( )tr tr

c c t c c t c c tP P   + =  (25) 

, , , , , ,0 : ( )tr tr

c c t c c t c c tQ Q   + =
 

(26) 

In equation (24), 𝐸𝐶′  denotes the energy community in the 
neighborhood of EC that exchanges energy with each other with the 
abbreviation tr. The exchanged injected power is calculated from 
equation (24). According to equations (25) and (26), the real and 

reactive power traded between each EC and 𝐸𝐶′ at time t have the 

agreed price 𝜆𝑐,𝑐′,𝑡 and 𝜇𝑐,𝑐′,𝑡  , respectively. These powers must be 

equal. In equation (25), , ,

tr

c c tP  and , ,

tr

c c tP  are respectively the real 

powers agreed upon in the P2P trading between EC and 𝐸𝐶′ at time 

t, and in equation (26), , ,

tr

c c tQ  and , ,

tr

c c tQ  are respectively the 

reactive powers agreed upon in the P2P trading between the EC and 

𝐸𝐶′ at time t. In these equations, EC c and ' 'EC c . 

, , ,

inj

c t c t c tP P P   (27) 

, , ,

inj

c t c t c tQ Q Q   (28) 

, , ,. : ( )DSO i p

c t i t c c tP P IN =
 

(29) 

, , ,. : ( )DSO i p

c t i t c c tP P IN =  (30) 

, , ,. : ( )DSO i Q

c t i t c c tQ Q IN =  (31) 

, , ,. : ( )DSO i Q

c t i t c c tQ Q IN =  (32) 

Equations (27) and (28) show the permissible range of real and 

reactive powers injected by each EC at time t. These ranges are the 
feasible transaction regions (FTRs) that must be obtained from the 
agreement with the DSO. Equations (29) to (32) show the calculation 
of FTRs. In this paper, the optimization problem is solved with the 
ADMM algorithm, which is fully explained in Section 4. This 
algorithm has Lagrangian coefficients for optimization. In calculating 
the FTRs with the corresponding Lagrangian coefficients of the 

ADMM algorithm, ,

p

c t and ,

p

c t are the corresponding Lagrangian 

coefficients of the EC and DSO agreement on the upper and lower 

limits of real power. Also, ,

Q

c t and ,

Q

c t are the corresponding 

Lagrangian coefficients for the upper and lower limits of reactive 

power, respectively. ,

DSO

i tP and ,

DSO

c tP  are respectively the upper and 

lower limits of real power. Also, ,

DSO

i tQ and ,

DSO

i tQ  are the upper and 

lower limits of reactive power respectively desired by DSO in order to 

maintain the technical constraints of the network. 
i

cIN is also the 

internal matrix that determines the connection of ECs to distribution 
network nodes. 

In this paper, the chance constraint method is used to calculate 
feasible transaction regions. In this method, the power generation by 
non-dispatchable units (solar and wind) varies around the predicted 
values. 

 ,

ND ND

r v t vP P P    (33) 

 ,

ND ND

r v t vP P P    (34) 

In equations (33) and (34), the desired confidence level of the ECs 
is shown by δ. To convert the above chance constraints into definite 

constraints, reference [26] is used. According to this reference, 
ND

vP

and 
ND

vP are calculated by through the inverse of the cumulative 

function and using equations (35) and (36). 

( ) ( )
1

ND ND

vP  
−

=  (35) 

( ) ( )
1

1ND ND

vP  
−

= −  (36) 

In this study, the normal distribution function is used to model the 
uncertainty of non-dispatchable units, and the inverse cumulative 
function in the normal distribution is calculated by equation (37) to 

determine the minimum and maximum values of ,

ND

v tP .  

( ) ( )
1 3

ln
1

ND e
 
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 

−

= +
−

 (37) 

In this way, the predicted region of output power from non-

renewable units ( ,

ND

nd tP ) is calculated from equation (38): 

,

, , , ,

,

,

3
ln( )

1

3
ln( )

1

ND
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v t v t v t v t

ND
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P P P P

P

 

 

 

 
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−

+ =
−

 (38) 

Since different energy production sources are present in ECs, a 
mechanism must be provided in which the FTRs that are the result of 
the upper and lower limits of the resources available in the ECs are 
calculated. For this purpose, two sets of variables corresponding to the 
power of each of the resources available in the ECs are considered, 
which represent the upper and lower limits of the power of the 
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resources available in the ECs. These variables are represented as

X and X , which represent the upper and lower bounds of the vector 

x in equation (39), respectively. Finally, vector X  represents the 
decision variables of ECs. With this description, feasible transaction 
regions are calculated from equation (40): 

, , , ,

, , , , ,
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Γ
 (40) 

In equation (40), Γ is the feasible transaction region and is 
calculated from the product of the upper and lower bounds of the 

decision variables of ECs. The energy communities should expand 

the space Γ  as much as possible. For this purpose, the vector of 

variables X and X must satisfy equations (2) to (15). Also, the 

equations (41) to (60) must be hold for these variables: 
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, , ,EC ex EC ex EC ex
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t t tQ Q Q   (59) 

, , , , ,EC ex EC ex EC ex EC ex EC ex
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So, the upper and lower envelopes of the real power of feasible 
transaction regions are calculated from equations (61) and (62), 
respectively, and the upper and lower envelopes of the reactive power 
of feasible transaction regions are calculated from equations (63) and 
(64), respectively. 
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3.2. DSO’s Local Problem Formulation 

In this sub-section, the equations related to calculating the 
objective function of DSO are presented  

Also, the amount of the FTRs desired by DSO which is calculated 
from the agreement with the ECs, is evaluated to adjust the permissible 
range of network operation and fulfill the technical constraints. In 

equation (65), i represents the network buses and Ω  shows the 

scenario. Equation (65) represents the objective function of DSO with 
the aim of maximizing the range of real and reactive powers of the 
network for more flexible operation while maintaining network 
integrity. 

( ) ( ), , , , 
tr

DSO DSO DSO DSO

i t i t i t i t

i

Max P P Q Q


 − + −
   (65) 

In equation (65), ,

DSO

i tP and 
,

DSO

i tP  respectively represent the 

upper and lower limits of the real power desired by DSO at time t in 

bus i. Also, ,

DSO

i tQ and ,

DSO

i tQ respectively represent the upper and 

lower limits of the reactive power desired by DSO at time t in bus i. In 
the following, equations (66) to (72) represent the constraints of DSO 
equations. 

, , , , , , , , , , , ,

2

, , , ,

2( . . )

.

line line

k i t k j t k i j t i j k i j t i j

line

k i j t i j

U U P r Q x

J Z

− = +

−
 (66) 

2 2

, , , , , , , , , , ,.line line line

k i j t k i t k i j t k i j tJ U P Q +  (67) 

, ,i k i t iU U U 
 (68) 

2 2

, , , , , , , ,

line line

k i j t k i j t i j tP Q S+   (69) 

2

, 1,k i t refU V= =
 (70) 

, , , 1, , , , , , , , , , ,. 0DSO ref line line line

k i t k i t k i j t j i k i j t k i j tP P P r J P=+ + − − =  (71) 
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, , , 1, , , , , , , , , , ,. 0DSO ref line line line

k i t k i t k i j t j i k i j t k i j tQ Q Q x J Q=+ + − − =  (72) 

Equations (66) and (67) represent the voltage balance. k is the 
operating mode counter (upper or lower envelope of the FTRs) and 

, ,k i tU is the voltage of bus i at time t. Also, , ,k j tU is the voltage of 

bus j at time t. 
, , ,

line

k i j tP is the real power flowing between buses i and 

j at time t and 
, , ,

line

k i j tQ is the reactive power flowing between buses 

i and j at time t. Also, ,i jr and ,i jx are the resistance and reactance 

between buses i and j respectively. Z is the branch impedance 

between buses i and j. In equation (68) 
iU and iU represent the 

lower and upper limits of voltage in each bus i, respectively. In 

equation (69), 
2

, , ,

line

k i j tP , 
2

, , ,

line

k i j tQ and 
, ,i j tS represent the square of 

real power, the square of reactive power and the upper limit of 
power between buses i and j in each negotiation round at time t, 

respectively. In equation (70), , 1,k i tU = is the reference voltage at the 

first bus at time t. Equations (71) and (72) represent the balance of 
the distribution network operator's real and reactive powers between 
buses i and j in each negotiation round at time t in comparison with 
the corresponding reference values. 

, , ,. ( )DSO i

i t c t c i tP P IN =  (73) 

, , ,. ( )DSO i

i t c t c i tP P IN =  (74) 

, , ,. ( )DSO i

i t c t c i tQ Q IN =  (75) 

, , ,. ( )DSO i

i t c t c i tQ Q IN =  (76) 

Like equations (29) to (32) in subsection 3.1 which are 
presented to calculate FTRs with the agreement between ECs and 
DSO, according to equations (73) to (76), the minimum and 
maximum ranges of the real and reactive powers desired by DSO 
must be calculated with the agreement of the ECs. In this case, the 

Lagrangian coefficients of the ADMM algorithm are ,i t and ,i t

for the upper and lower limits of real power, respectively. Also, ,i t

and 
,i t are the upper and lower limits of reactive power, 

respectively. ,c tP and ,c tP are the upper and lower limits of real 

power, respectively. Also ,c tQ and 
,c tQ are respectively the upper 

and lower limits of reactive power of each EC, which are presented 
for agreement with DSO. 

3.3. Unified Distributed Optimization Problem 

As formulated in Sections 3.1 and 3.2, the ECs and the DSO 
have their respective local optimization problems. The challenge is 
to solve these problems coordinately, considering their 
interdependence 

( ) ( ) EC DSO

c c

c

Min − x y  (77) 

Subject to: 

( ) ;     cEC

c c  x 0  (78) 

( ) 0DSO y  (79) 

( ),. .    : ; c,cc c c c 
+ = x x 0 λ  (80) 

( ). .       : ; cc c+ = x y 0 μ  (81) 

The overall market objective function is given in (77). Its first term 
represents the sum of the ECs' costs, and its second term expresses the 
distance between FTRs, which is to be maximized and therefore 
appears with a negative sign in the objective function. In this 

objective, 
cx  is the vector of decision variables for the c’th 

community, and y  is the vector of decision variables for the DSO. 

The internal operational constraints for each EC's resources are 
expressed in (78), and the internal operational constraints for the 
distribution network are given in (79). 

The agreement among ECs on the amount of active and reactive 
power exchange is generally stated in (80). In this equation, the 

EC c  reaches an agreement with the EC c  on how much active and 

reactive power to exchange. The vector ,c c λ  is the dual multiplier of 

this constraint and is interpreted as the trading price. 

The agreement between ECs and the DSO on the FTR values is 

formulated in (81), with the dual multiplier vector of
cμ . In this 

reformulation, the functions (e.g. 
EC

c , 
DSO

, 
EC

c , 
DSO

) and 

the matrices (e.g. , , , ) are derived from the underlying 

technical and economic characteristics of the system.  

3.4. ADMM Reformulation 

Two fundamental challenges in this optimization problem 
motivate the use of the ADMM algorithm for its decentralized 
solution. The first motivation is to preserve the autonomy of the 
market participants (ECs and the DSO) without requiring a central 
market operator with access to all data. The second motivation is that 
EC costs are in dollars, while the DSO's objective is in per-unit (pu), 
making them dimensionally incompatible for direct summation. 
Therefore, the use of distributed algorithms like ADMM is essential 
[27]. 

It is evident that the problem (77)-(81) is separable. If constraints 
(80) and (81) were not considered in this optimization problem, each 
market participant could solve its own problem independently. It is 
precisely these two constraints that link the optimization problems of 
the participants. Consequently, they are relaxed using the ADMM 
technique. The relaxed form of the ECs' problem is given in (82) and 

(84), whereρ  is the penalty coefficient in the ADMM algorithm. 

( )

( ) ( )

( )

2

, 2

2

2

 

1
. . . .

2

1
. . . .

2

EC

c c

c c c c c c

c

EC

c c c

Min



  



 
+ + + + 

 

+ + + +



x

λ x x ρ x x

μ x y x y

 
(82) 

( ) ;     cEC

c c  x 0  (83) 

Where the vector ρ  and parameter   denote the ADMM’s 

penalty factors and  represents the elementwise product. The 

relation (82) presents the objective function of the optimization 

problem for community c . It is important to note that since the 

community c  does not have direct access to the decision variables of 

c   or the DSO, it substitutes these variables with the values proposed 

by community c   and the DSO, respectively, within its local 

optimization. Consequently, in this reformulation, the tilded 

vectors (e.g. c x and y ) are treated as input parameters. Similarly, the 

relaxed form of the DSO's problem is given in (84) and (85), where

  is the ADMM penalty coefficient. 
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( ) ( )

2

2

 . .

1
. .

2

DSO DSO

c c

c

Min



− + +

+ +

y μ x y

x y
 (84) 

( ) 0DSO y  (85) 

It is essential to note that the parameters 
EC

cμ  and 
DSO

cμ  are, in 

fact, the same as the dual multiplier
cμ , but used locally on the EC 

and DSO sides, respectively. 

4. Solution Methodology 

To clarify the proposed algorithm, the solution algorithm is 
described in detail in this section and a flowchart along with a 
pseudocode network have been provided to enhance 
comprehensibility.  

In this section, the proposed algorithm for reaching an 
agreement between the ECs and the DSO on energy transactions and 
the FTRs is elaborated. Given the convergence capability of the 
Alternating Direction Method of Multipliers (ADMM), this 
algorithm is employed to solve the problem. The overall procedure 
is illustrated in Figure 3. As outlined in this algorithm, the market 
participants—namely the ECs and the DSO—first cooperatively 
initialize the penalty parameters for the ADMM algorithm. For 

instance, they jointly determine the vector ρ  and parameter . It is 

important to note that if the ECs were to initialize different values 
for these parameters prior to executing the algorithm, convergence 
would still be achieved. However, the agreed-upon prices between 
them, which are updated according to Equations (86) - (88), would 
differ, consequently leading to the cancellation of the transactions 
[26]. 

( ), , . .new old

c c c c c c  = + +λ λ ρ x x  (86) 

( ), , . .EC new EC old

c c c= + +μ μ x y  (87) 

( ), , . .DSO new DSO old

c c c= + +μ μ x y  (88) 

Therefore, the penalty parameters must be adopted uniformly 
among all ECs. Furthermore, to initiate the iterations of the ADMM 
algorithm, the shared variables among all participants—i.e., all 
tilded variables—must be initialized. For this purpose, all 
participants can set the initial values for these shared variables to 
zero as their starting proposal.  

In the next step, each EC proceeds to solve its own optimization 
problem. After solving its local problem, each EC shares its updated 
shared variables with the other market participants to facilitate the 
next iteration. Naturally, the DSO must wait until it has received all 
shared variables from the ECs before it can proceed to solve its own 
optimization problem. 

In the third step, the DSO solves its optimization problem and 
subsequently shares its own set of shared variable values. Once all 
market participants have solved their respective optimization 
problems and exchanged the shared variables, the Lagrangian 
multipliers are updated, and the algorithm's stopping criteria (89)-
(90) are checked. It is important to note that since the penalty 
parameters are considered equal among all market participants, the 
values of the primal and dual residuals will be identical on both sides 
of any negotiation.  

 

2 2

2 2
. . ,  . .c c c +  + x x x y  (89) 

2
, ,

, , 2

2

2

,

2

2

,

,  ,  new old EC new EC old

c c c c c c

DSO new DSO old

c c

 



 −  − 

− 

λ λ μ μ

μ μ

 (90) 

Consequently, if the stopping criteria are satisfied, the algorithm 
terminates, and the necessary schedules for the following day are 
determined. To ensure maximum clarity, this entire procedure is 
presented in Pseudocode 1.  

Pseudocode 1:  Decentralized framework for P2P energy trading 
and FTR scheduling 

Initialize: ,c c λ , 
EC

cμ , 
DSO

cμ ,ρ ,  , and   

While: Stopping criteria (89)-(90) are not met: do  

ECs minimize (82), subjected to (83)  

DSO minimizes (84), subjected to (85) 

Each market participant updates the respected Lagrangian 

multipliers using (86)-(88) 

End while 

The flowchart for solving the feasible transaction region 
calculation problem is shown in Figure 3. According to this figure, the 
problem-solving process is carried out in the following way: first, the 
parameters are initialized, then the agreement problem between ECs is 
solved, and its output is used to solve the DSO problem. If the 
convergence condition is met, the problem-solving process ends. 
Otherwise, the coefficients of the problem-solving algorithm are 
updated, and the optimization and problem-solving process is started 
again with the new problem-solving coefficients until the convergence 
condition is achieved. 

Parameter 

Initialization

Output (P-Q-FTR)

Convergence 

criteria (89)-(90)

Yes

No

EC model: (1)- (64) 

EC1

EC2

ECN

DSO s model: (65)- (76) 

Update multipliers:

(86)-(88)

Start

Sharing 

Variables

 

Fig. 3. Flowchart of the proposed FTR method  

 



 Journal of Energy Management and Technology (JEMT)        Vol. 10, Issue 1         72 

 

Research Article 

5. Numerical Results 

5.1. Description of the studied system and initial simulation of 

the proposed method 

In this section, the 69-bus distribution network [29] is 
considered to implement the proposed method, as shown in Figure 
5. In this study, the base power for per-unit calculations is assumed 
to be 100 kW. According to Figure 5, five ECs are connected to the 
network. To ensure the comprehensiveness of the simulations, all 
these ECs are equipped with flexible loads, dispatchable and non-
dispatchable energy sources, and energy storage systems. The 
generation capacity of the non-dispatchable unit for EC3 is as shown 
in Figure 4. 

The forecasted generation of the other ECs is a proportional 
share of the forecasted power of the ECs. In this study, the 
generation capacity of EC1 is 0.14 times that of the EC3. Similarly, 
these ratios for EC2, EC4, and EC5 are 0.326, 0.279, and 0.259, 
respectively. Other technical and economic specifications of the 
ECs are provided in Tables 3 and 4, respectively [17]. Also, all the 
sets, parameters and variables are explained in Nomenclature. 

 
Fig.4. Predicted production capacity of non-dispatchable units in EC3 

 The simulations were performed using the CPLEX calculator 
in the GAMS software environment using an Intel(R) Xeon(R) E5-
1630 v4@3.70 GHz processor and 16 GB of RAM. On this network, 
five ECs are assumed to exchange energy with each other. Each EC 
includes distributable (controllable power plant types) and non-
distributable (wind and solar turbine) energy production units, 
adjustable loads, fixed loads, and an energy storage system. The 
simulation time horizon is also considered to be 24 hours. ECs are 
located on buses 20, 33, 40, 50, and 62 of the 69-bus distribution 
network and exchange energy with each other. 

To execute the ADMM algorithm, all penalty parameters are set 
to 1, all initial values are set to zero, and the convergence criterion 

is set to 10-4[29]. 

In the proposed method of this paper, in order to increase the 
flexibility in the network, feasible transaction regions are calculated 
considering the uncertainty of distributed generation units located in 
ECs and their agreement with the DSO, which causes energy 
exchanges to be established according to the maximum allowed 
capacity of ECs, which increases the volume of exchanges and brings 
more profit to the units along with maintaining the integrity of the 
network. This is while the limit of allowed exchanges in the network 
is traditionally calculated by the distribution network operator as 
dynamic operation envelopes and communicated to ECs, or these 
restrictions are applied as a fixed threshold during the exchange 
process. Figure 6 shows the real power peer-to-peer exchanges in a 
24-hour period between 5 ECs using the proposed method based on 
calculating FTRs in the network. As is clear from the figure, ECs 3 
and 5 are in the energy purchase position and ECs 1, 2 and 4 are in the 
energy sale position. Similarly, the reactive power exchanges of the 
ECs are also shown in Figure 7 according to the proposed method. As 
shown in Figure 7, in the reactive power exchanges, ECs 3, 4 and 5 
are in the buying position and ECs 1 and 2 are mainly sellers. 

In order to show the optimization process of the problem based on 
the calculation of FTRs, Figure 8 shows the convergence curve of the 
ADMM algorithm. By observing this figure, it is clear that the 
optimization problem has reached convergence after 130 iterations, 
which is acceptable, and the optimization has been carried out 
correctly and in the appropriate number of iterations, and the condition 
of reaching the optimal point has also been met. 

EC4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

53 54 55 5756 58 59 60

47

36 37 38 39

19 20 21 22 23 24 25 26 27

68 69

40 41 42 43 44 45 46

61 62 63 64 65

66 67

48 49 50

28 29 30 31 32 33 34 35

EC5 EC3

EC2

EC1

Substation

 

Fig. 5. Standard 69 bus network with 5 ECs. 

Table 3. Technical characteristics of ECs (all in p.u.) 

( ),s sE E ( ), ,,ch dch ch dch

s sP P 
min

fE ( ),FL FL

f fP P ( ), ,,ND ND

v t v tP P 
D

uR ( ),D D

u uQ Q ( ),D D

u uP P EC 

(0.60,3) (0,0.24) 18 (0.585,1.35) (0.057,0.744) 0.15 (0,0.60) (0,0.60) EC1 

(0.60,3) (0,0.24) 12 (0.53,1.237) (0.129,1.734) 0.15 (0,0.60) (0,0.60) EC2 

(0.60,3) (0,0.24) 9 (0.455,1.05) (0.399,5.304) 0.15 (0,0.60) (0,0.60) EC3 

(0.60,3) (0,0.24) 13.5 (0.39,0.90) (0.111,1.485) 0.15 (0,0.60) (0,0.60) EC4 

(0.60,3) (0,0.24) 3 (0.216,0.50) (0.279,3.714) 0.15 (0,0.60) (0,0.60) EC5 

 

Table 4. Economic characteristics of ECs 

Location (bus) ( )Deg 2

s ,t $ p.u.  ( )FL 2

f ,t $ p.u.  ( )ND 2

v,t $ p.u.  ( )D

u,t $ p.u.  Prosumer 

(40) 4 100 160 2.7 EC1 

(20) 4 900 160 5.2 EC2 

(62) 4 400 160 5.8 EC3 

(33) 4 625 160 2.54 EC4 

(50) 4 400 160 2 EC5 
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Fig. 6. P2P active power transactions of ECs according to the 

proposed method based on FTR calculation. 

 

Fig. 7. P2P reactive power transactions of ECs according to the 

proposed method based on FTR calculation. 

 

 
Fig. 8. The convergence curve of the ADMM algorithm in 

calculating the FTRs  

5.2. Voltage Profile Investigation  

In order to demonstrate the effectiveness of the proposed method in 

maintaining the network constraints within the permissible range, the 

average network voltage profile during peer-to-peer exchanges between 

ECs is presented in Figure 9. It can be seen that the permissible voltage 

range, which is a minimum of 0.95 and a maximum of 1.05 per unit [30], 

is observed during the exchanges, considering the energy exchange of 

the ECs within the calculated FTRs. 

It should be noted that the voltage profile in other methods based on 

SOE and DOE is also within the permissible range because the operating 

region of ECs in those methods is determined and communicated to 

them by DSO. 

 
Fig. 9. Voltage profile of distribution network during P2P energy 

trading between ECs based on FTR calculation in the proposed method 

5.3. Uncertainty evaluation of ECs by calculating different confidence 

levels 

One of the criteria for validating the proposed method based on FTR 

is to investigate different confidence levels in the production units of ECs. 

In the proposed method, the variable δ, described in relations 33 - 38, 

shows the inherent uncertainty of distributed generation resources located 

in ECs. By changing this parameter, the production range of ECs changes 

and, as a result, the feasible transaction regions also change. This is while 

in conventional methods based on SOE and DOE, where the operation 

range is communicated to ECs by DSO, the inherent uncertainty of energy 

generation resources is not considered in the trades and determination of 

operation regions. This causes reduction in the volume of energy 

exchanges in the network and also cause the need for flexibility to 

establish technical network restrictions. In Figure 10, for example, the 

feasible transaction regions based on different confidence levels (δ = 0.5, 

0.75) for EC1 has been calculated. The operation area has also been 

calculated and displayed using the DOE method. According to Figure 10, 

it can be seen that in the proposed FTR-based method, the preferences of 

ECs are considered in determining the permissible operation limits, and 

these preferences change with the parameter δ, which increases the 

incentive for ECs to participate in P2P transactions in local electricity 

markets and increases the volume of exchanges, while in the DOE-based 

method, such a parameter is not considered. 

 
Fig. 10. Comparison of proposed FTR method based on confidence 

level=0.5, 0.75 and DOE method in calculating operation envelopes. 

5.4. The effect of the proposed method on the volume of energy 

transactions 

In order to demonstrate the effectiveness of the proposed method 
in terms of increasing the volume of exchanges in the network, the 
method proposed in this paper in determining the feasible transaction 
regions of ECs has been compared with two conventional methods of 
non-agreement dynamic operational envelopes with ECs [20] and 
static operational envelopes [19] for real and reactive power peer-to-
peer exchanges. It should be noted that all three methods are 
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successful in terms of maintaining the technical constraints of the 
network within the permissible range. Table 5 presents the 24-hour 
volume of real and reactive power exchange between 5 ECs by the 
3 methods mentioned, which shows that the proposed method has a 
43.3% increase in exchanges compared to the method of applying 
static operational envelopes and a 20% increase in exchanges 
compared to the method based on DOE method. Also, the volume 
of reactive power exchanges in the proposed method has a growth 
of 49% compared to the method of static operational envelopes and 
23% compared to the DOE method. The proposed method takes into 
account the inherent uncertainties of distributed generation 
resources located in ECs, allows for more accurate planning of ECs, 
and also uses their maximum capacity in the local electricity market. 
While in SOE and DOE methods, operating envelopes are imposed 
unilaterally by DSO, which causes the ECs' preferences not to be 
considered and, as a result, their maximum operating capacity are 
not used. 

5.5. Total Cost of ECs  

One of the important indicators for comparing the proposed 
method with other methods is the cost of ECs during peer-to-peer 
energy exchanges. This index has been simulated and compared for 
five ECs using the proposed method and another conventional 
method in determining the permitted area of ECs’ transactions. 
Table 6 shows the results of the total cost of P2P trades of ECs, using 
different methods (Equation 1). According to the obtained results, it 
is observed that the total cost of ECs has been reduced in the 
proposed method compared to other methods. This cost reduction in 
itself increases the volume of transactions in the proposed method 
compared to other methods, which can also be seen in the results of 
table 5. 

Table 5. Comparison of the proposed method with two methods 
based on applying technical constraints regarding the volume of 

P2P transactions within a 24-hour timeframe  

Reference 
Network 

Constraint 
Modeling 

Active Power 
Trading 

Volume (kW) 

Reactive Power 
Trading 

Volume (kVar) 

[10] SOE 3440 61 

[20] DOE 4110 74 

Proposed 
method 

FTR 4930 91 

 

Table 6. Comparison of the total cost of ECs during a 24h P2P 

energy trading based on the proposed FTR method, base case, SOE 

and DOE methods. 

Method Total Cost ($) 
Total Cost Reduction 

(%) 

Base Case 1280 - 

SOE 1190 7 

DOE 1096 14.4 

FTR 1051 17.8 

5.6. Active and Reactive Power Losses 

To demonstrate the performance of the proposed method in the 
real and reactive power loss index, the simulation results of the 
proposed FTR method, DOE method, SOE method and the base 
case are shown in Table 7. The results show that the peer-to-peer 
energy trading with the proposed method have reduced active losses 
by 19.35% and reactive losses by 22% compared to the base case. 
In the simulation with the DOE method, the active and reactive 

losses have been reduced by 14/8 and 14.3% respectively compared to 
the base case, and also in the simulation with the SOE method, the 
active and reactive losses have been reduced by 6.5 and 5.8% 
respectively compared to the base case.  

Therefore, the proposed method provides a more appropriate 
performance in reducing real and reactive losses than other 
conventional methods. 

 

Table 7.  Power losses based on proposed FTR method compared 

with the base case, SOE and DOE method 

Method 

Rective 
Power 
Losses 

Reduction 
(%) 

Rective 
Power 
Losses 
(kVar) 

Active 
Power 
Losses 

Reduction 
(%) 

Active 
Power 
Losses 
(kW) 

Base 
Case 

- 1351 - 2929 

SOE 5/8 1272 6/5 2740 

DOE 14/3 1158 14/8 2495 

FTR 22 1054 19/35 2362 

5. Conclusions 

In this paper, a peer-to-peer exchange framework between ECs in 
an active distribution network is presented, in which, to increase 
flexibility in the network and use the maximum capacity of distributed 
generation resources, the permissible operating limits of the network 
are maintained by calculating an area called feasible transaction 
regions (FTRs). This permissible operating area is calculated from the 
agreement between the distribution system operator and energy 
communities and is not communicated unilaterally by the distribution 
network operator, as in previous studies. This point causes the ECs to 
share the operating limits with the distribution network operator, 
considering their uncertainty, inherent uncertainty, and required 
flexibility, and as a result, the permissible operating area presented in 
this paper is calculated bilaterally and is welcomed by the producers. 
This method has been implemented on a standard 69-bus network and 
the results show that, in addition to maintaining the technical 
constraints desired by the distribution network operator during 
exchanges, the volume of exchanges between local producers, which 
in this paper are energy communities, has increased compared to 
previous methods, which can increase flexibility in the network and 
also increase the motivation of subscribers to participate in local 
electricity markets based on peer-to-peer energy exchanges. In 
addition, this study, by calculating different confidence levels in 
determining the uncertainty of ECs, shows the effect of considering 
the permissible operating threshold in agreement with the network 
operator in the proposed method compared to other conventional 
methods. In the proposed structure, all ECs solve their optimization 
problems in parallel. Consequently, the time required to execute each 
iteration of the algorithm equals the sum of the maximum solution 
time among the ECs and the solution time for the DSO's problem. 
Based on this, the total solution time is 42.4 seconds. Given that the 
market is cleared one day ahead of the operating day, this 
computational burden does not pose a complexity issue. 
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