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Abstract: Microgrids (MGs) have increasingly attracted the attention of researchers, government officials, 

and electricity companies for the values and services they can add to the grid. They can operate 

independently as a single controllable unit in a coordinated way while connected or islanded, which make 

them suitable to integrate the growing amount of distributed energy resources (DERs) into the distribution 

network (DN). An active distribution network with high penetration of DERs could be redefined into a collection 

of microgrids in different layers, pooling their resources together to enhance the grid’s performance in the 

sense of electricity as a service. However, enabling a microgrid-based power system infrastructure poses 

challenges concerning operation and control. In this paper, a comprehensive overview of research topics 

regarding microgrid operation are shown in a hierarchical or stratified manner, looking for a holistic vision of 

a microgrid-based distribution system. First, multi-objective optimization within one microgrid is formulated 

aiming to minimize costs and maximize battery life is presented. Second, the interaction among MGs, DERs 

and the DN was modeled using the OPF technique to represent the operation of the grid as a whole. 

HIGHLIGHTS 
 

 Efforts in research to enable a microgrid-based power system infrastructure are shown. 

 In a first level, by the optimization of the assets within a microgrid via multi-objective optimization; 

 In a second level, by the optimization of microgrid while connected to the main grid via OPF 

analysis; 

 In a third level, by the optimization of multi-microgrids connected together and to the grid. 

 Alternatively, by considering decentralized energy markets as an integration approach. 
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Following, a methodology for collaborative optimization of multiple MGs operating together is presented and 

at last a theoretical framework for MG operation through decentralized energy markets is discussed. As a 

result, this paper aims to contribute to a broad vision of the distribution system based on microgrid operation 

in all its levels. 

Keywords: Microgrid; Active distribution network; Multi-microgrid; Transactive energy. 

INTRODUCTION 

Over the past 15 years, microgrids (MG) have increasingly attracted the attention of researchers, 

government officials, and electricity companies for the values and services they can add to the grid. In 2011, 

the Microgrid Exchange Group defined a microgrid as a group of interconnected loads and distributed energy 

resources (DER) with clearly defined electrical boundaries, which can act as a single and controllable entity 

in the main grid, with the ability to operate in both grid-connected and island mode [1].  

According to this definition, microgrids could be seen as modular pieces, that, connected together and 

arranged hierarchically, form the distribution system infrastructure. In other words, the electric grid itself could 

be viewed as a smart super-structure of microgrids synchronized together. This concept would serve a 

decentralized view of energy production and consumption,  associated with integration of renewable energy 

sources (RES), reduction of greenhouse gases, resilience, and reliability. All of them are well-known 

advantages that an MG can offer [2,3]. 

However, a distribution network based on MG and DER can present new challenges concerning 

operation and control. The effects of an increased level of penetration of RES and the coordination of multiple 

energy resources throughout the distribution network, such as distributed generation (DG), storage systems, 

and flexible loads, are examples of new issues to the grid operation. Thus, there is a growing interest in 

recent researches to investigate how to coordinate and manage all these new features in a distribution 

network [4] while meeting the 3D’s transformation process based on decarbonization, decentralization, and 

digitalization. 

There is an increasing interest in MG development in Brazil. In the last decade, the Brazilian Electricity 

Regulatory Agency (named ANEEL in Portuguese) developed several public calls for strategic research and 

development (R&D) projects within topics of DER integration such as photovoltaic energy, energy storage 

systems and electrical mobility. Attuned to ANEEL’s efforts, the power distribution company of the State of 

Paraná, Copel Distribuição S.A. is developing R&D projects for optimizing DERs into the distribution grid, 

evolving it to an active distribution grid. Copel aims at developing a leading smart grid operational center and 

reaching expertise in MG technology. By the end of 2020, this utility released the DIS GD Public Call 001/2020 

(public notice of widespread disclosure for contracting public works and services without bidding, according 

to federal law) for contracting energy from microgrids [5], with deadline for receipt of proposals by June 2021. 

The initiative aims to offer incentives to energy producers who want to build MGs in Copel's DN and thus 

contribute to improving the company's reliability indicators. As a result, the State of Parana may soon have 

several MGs in its DN. 

This work presents a compendium of study on MG that help set the path to a vision of a microgrid-based 

distribution system. Each section addresses a specific topic, which represents a research segment being 

carried out in the State of Paraná on the subject of MG, with a brief literature review followed by a subject 

development, and simulation results when applicable. Each section should be viewed as a study in itself 

regarding its specific theme. They share an overlapping relationship, therefore exploring the MG operation 

topics cohesively from a single MG unit to multiple MG and advanced energy markets. By bringing them 

together, this paper aims to highlight the issues for a broad vision of an MG based distribution system 

including technological framework, planning and optimization of operation, MG integration to the active 

distribution network, multi-microgrid operation, and market issues. 

The optimization of a single microgrid has been widely studied in the literature [6–9], as MG needs to be 

economically efficient, producing energy at the lowest possible cost while eliminating or minimizing losses, 

maximizing their assets’ useful life, and meeting operational constraints. In the present work, a multi-objective 

optimization problem of a microgrid is formulated in the second section. The objectives are to minimize costs 

and maximize battery life considering DG, an energy storage system (ESS), and residential loads. 

However, an investigation on the integration between MG and the active distribution network is also 

necessary as MG usually operates in the grid-connected mode. Therefore, the Distribution System Operator 

(DSO) needs to verify the impacts that MG and DER can cause in the operation of a distribution network and 

then establish the operational limits to be met by them. Some works have investigated this subject using 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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optimal power flow (OPF) as in [10,11]. In the third section, the present work seeks to investigate the 

interaction among MG, DER, and the distribution network using the OPF technique to model the operation of 

the grid as a whole. 

Furthermore, with the increasing popularity of MGs, some areas of the distribution network may contain 

several MG, each with its purposes of operation, which may not necessarily be the same purposes as the 

DSO. Also, an independent optimization of the MGs can generate conflicting results. Thus, it is necessary to 

have an optimization methodology that takes into account the interests of the various stakeholders, seeking 

an optimal collaborative result for the group as in [12–14], which is characterized as multi-microgrid (MMG) 

optimization. The fourth section of the present work addresses the optimization of MMG, presents a short 

literature review with the main works published, explores MMG concepts, and presents a methodology for 

collaborative optimization of multiple MG. 

Finally, the fifth section addresses MG from the point of view of decentralized energy markets, where the 

network operation is transaction-driven. This concept represents a new paradigm for future energy markets. 

After a short bibliographic review, a theoretical framework is presented, and at the end of the section, further 

developments are discussed. 

MICROGRID OPTIMIZATION 

Proper microgrid energy management enables it to operate within technical specifications while meeting 

operational objectives such as minimize operation costs and pollutant emissions or maximize battery life 

[8,15,16]. Optimization tools can be used to determine the optimal operating points of the system that can be 

used to plan the operation of a microgrid. Previous studies were developed to solve these issues. However, 

their main focus is on isolated microgrid optimization instead of a grid-connected microgrid. 

The present section aims to develop a multi-objective optimization of a microgrid based on the Non-

Dominated Sorting Genetic Algorithm II (NSGA-II) to minimize costs and maximize battery life. Local 

elements in the model were considered such as tariffs, generation type, distribution system characteristics, 

and costs. In this section, the microgrid is comprised of photovoltaics, batteries, and residential loads. 

The first part that composes the multi-objective function is presented at equation (1) which is the criterion 

that minimizes operation costs [6]: 

min costs = min ∑ ∑(𝑃𝑝𝑣
𝑖,𝑡 . 𝑐𝑝𝑣

𝑖 + 𝑃𝑐ℎ𝑎𝑟𝑔𝑒
𝑖,𝑡 . 𝑐𝑐ℎ𝑎𝑟𝑔𝑒

𝑖 + 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑖,𝑡 . 𝑐𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑖 + 𝑃𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒
𝑖,𝑡 . 𝑐𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒

𝑖 − 𝑃𝑠𝑒𝑙𝑙
𝑖,𝑡 . 𝑐𝑠𝑒𝑙𝑙

𝑖 )

𝑀

𝑖=1

𝑁

𝑡=1

 (1) 

where 𝑃𝑝𝑣
𝑖,𝑡 is the power provided by photovoltaics, 𝑃𝑐ℎ𝑎𝑟𝑔𝑒

𝑖,𝑡  is the power charged by batteries; 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑖,𝑡  is the 

power discharged by batteries, 𝑃𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒
𝑖,𝑡  is the power purchased from the distribution grid, 𝑃𝑠𝑒𝑙𝑙

𝑖,𝑡  is the power 

sold for the distribution grid, all of them for instant 𝑡 and element 𝑖; 𝑐𝑝𝑣 is the photovoltaic operation and 

maintenance costs [$/kWh], 𝑐𝑐ℎ𝑎𝑟𝑔𝑒 is the battery charge cost [$/kWh], 𝑐𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the battery discharge cost 

[$/kWh], 𝑐𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒 is the purchase price of energy [$/kWh] and 𝑐𝑠𝑒𝑙𝑙 is the selling price of energy [$/kWh]. 

The second part that composes the multi-objective function is presented at equation (2) which is a 

function that maximizes battery life, to be calculated through minimization of battery degradation [17]: 

min 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = min 𝐷𝑇𝑂𝑇𝐴𝐿 (2) 

The model degradation equations were based on [17], where total battery degradation is calendar 

degradation plus cycling degradation, as presented in equation (3). 

𝐷𝑇𝑂𝑇𝐴𝐿 = 𝐷𝑐𝑎𝑙𝑒𝑛𝑑𝑎𝑟 + 𝐷𝑐𝑦𝑐𝑙𝑖𝑛𝑔 (3) 

where 𝐷𝑇𝑂𝑇𝐴𝐿 is the total battery degradation, 𝐷𝑐𝑎𝑙𝑒𝑛𝑑𝑎𝑟 the calendar degradation, and 𝐷𝑐𝑦𝑐𝑙𝑖𝑛𝑔 cycling 

degradation. 

Calendar degradation is represented by equation (4). 

𝐷𝑐𝑎𝑙𝑒𝑛𝑑𝑎𝑟 =  
𝑡𝑡

𝑡𝑓

. 2
𝑇−25

10  (4) 

where 𝑡𝑡 is the period since battery manufacturing, 𝑡𝑓 is the calendar life informed by the manufacturer, and 

𝑇 is the battery temperature in degrees Celsius. 
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On the other hand, cycling degradation is obtained by equation (5).  

𝐷𝑐𝑦𝑐𝑙𝑖𝑛𝑔 = ∑ 𝐷𝑐𝑦𝑐𝑙𝑖𝑛𝑔(25°𝐶)(𝐷𝑜𝐷𝑖). 2
𝑇−25

10

𝑛 𝑐𝑦𝑐𝑙𝑒𝑠

𝑖=1

 (5) 

where 𝐷𝑐𝑦𝑐𝑙𝑖𝑛𝑔  is the cycling degradation at temperature 𝑇(℃), 𝐷𝑐𝑦𝑐𝑙𝑖𝑛𝑔(25°𝐶) the cycling degradation at 

25°C, 𝑇 is the battery temperature in degrees Celsius, and 𝐷𝑜𝐷𝑖 is the corresponding value of degradation 

obtained through the cycle curve versus the depth of discharge. 
Therefore, the multi-objective function is presented by equation (6) is conditioned by constraint equations 

given by (7)-(15) [6], and referred to each of the 24 hours of planning. Inequalities (7)-(9) represent the 
operational limits whereas equation (10) shows the active power balance. Moreover, inequalities (11)-(14) 
express battery operational limits, and equation (15) represents the state of charge at instant 𝑡 + 1. 

multi-objective function =  (min 𝑐𝑜𝑠𝑡𝑠) +  (min 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛) (6) 

𝑃𝑖
𝑚𝑖𝑛 ≤ 𝑃𝑖

𝑡 ≤ 𝑃𝑖
𝑚𝑎𝑥 (7) 

where 𝑃𝑖
𝑚𝑖𝑛 is the minimum power generation and 𝑃𝑖

𝑚𝑎𝑥 is the maximum power generation. 

𝑃𝑖𝑗
𝑚𝑖𝑛 ≤ |𝑃𝑖𝑗

𝑡 | ≤ 𝑃𝑖𝑗
𝑚𝑎𝑥 (8) 

where 𝑃𝑖𝑗
𝑡  is the power between nodes 𝑖 and 𝑗, 𝑃𝑖𝑗

𝑚𝑖𝑛 is the minimum power between nodes  𝑖 and 𝑗 and 𝑃𝑖𝑗
𝑚𝑎𝑥 

is the maximum power between nodes 𝑖 and 𝑗. 

𝑉𝑖
𝑚𝑖𝑛 ≤ 𝑉𝑖

𝑡 ≤ 𝑉𝑖
𝑚𝑎𝑥 (9) 

where 𝑉𝑖
𝑡 is the voltage at node 𝑖 and instant 𝑡, whereas 𝑉𝑖

𝑚𝑖𝑛 e 𝑉𝑖
𝑚𝑎𝑥 are the minimum and maximum voltage 

limits at node 𝑖, respectively. 

𝑃𝑙𝑜𝑎𝑑
𝑡 + 𝑃𝑐ℎ𝑎𝑟𝑔𝑒

𝑡 + 𝑃𝑠𝑒𝑙𝑙
𝑡 = 𝑃𝑝𝑣

𝑡 + 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑡 + 𝑃𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒

𝑡  (10) 

where 𝑃𝑙𝑜𝑎𝑑
𝑡  is the load power, 𝑃𝑐ℎ𝑎𝑟𝑔𝑒

𝑡  is the power charged by batteries, 𝑃𝑠𝑒𝑙𝑙
𝑡  is the power sold for the 

distribution grid, 𝑃𝑝𝑣
𝑡  is the power provided by photovoltaics, 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡  is the power discharged by batteries 

and 𝑃𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒
𝑡  is the power purchased from the distribution grid. All the values are for instant t. 

0 ≤ 𝑠𝑡𝑐ℎ𝑎𝑟𝑔𝑒
𝑡 + 𝑠𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡 ≤ 1 (11) 

where 𝑠𝑡𝑐ℎ𝑎𝑟𝑔𝑒
𝑡  is the sign of battery charge and 𝑠𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡  is the sign of battery discharge. The sum of the 

values cannot be greater than 1 since the battery does not perform the actions simultaneously.  

0 ≤ 𝑃𝑐ℎ𝑎𝑟𝑔𝑒
𝑡 ≤ 𝑠𝑡𝑐ℎ𝑎𝑟𝑔𝑒

𝑡 . 𝑃𝑐ℎ𝑎𝑟𝑔𝑒𝑚𝑎𝑥  (12) 

where 𝑃𝑐ℎ𝑎𝑟𝑔𝑒
𝑡  is the power charged by the battery, 𝑠𝑡𝑐ℎ𝑎𝑟𝑔𝑒

𝑡  is the sign of battery charge at instant 𝑡 (0 for no, 

1 for yes) and 𝑃𝑐ℎ𝑎𝑟𝑔𝑒𝑚𝑎𝑥 is the maximum power charged by the battery. 

0 ≤ 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑡 ≤ 𝑠𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡 . 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑚𝑎𝑥 (13) 

where 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑡  is the power discharged by the battery, 𝑠𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡  is the sign of battery discharge at instant 

𝑡 (0 for no, 1 for yes) and 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑚𝑎𝑥 is the maximum power discharged by the battery. 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶𝑡 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 (14) 

where 𝑆𝑂𝐶𝑚𝑖𝑛 is the minimum battery state of charge, 𝑆𝑂𝐶𝑡 is the state of charge at instant 𝑡 and 𝑆𝑂𝐶𝑚𝑎𝑥 é 

is the maximum battery state of charge. 

𝑆𝑂𝐶𝑡+1. 𝐶𝐸𝑆𝑆 = 𝑆𝑂𝐶𝑡 . 𝐶𝐸𝑆𝑆 + 𝜂𝑐ℎ𝑎𝑟𝑔𝑒 . 𝑃𝑐ℎ𝑎𝑟𝑔𝑒 . Δ𝑡 −
1

𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

. 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 . Δ𝑡 (15) 

where 𝐶𝐸𝑆𝑆 is the battery capacity, 𝜂𝑐ℎ𝑎𝑟𝑔𝑒 is the battery charge efficiency, 𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the battery discharge 

efficiency, Δ𝑡 is a rational number that represents the period between 𝑡 and 𝑡 + 1. In this case ∆𝑡 = 1. 
The multi-objective function can be solved by NSGA-II (Non-dominated Sorting Genetic Algorithm II) [8–

10]. There are differences between single-objective and multi-objective optimization modeling. Single-
objective optimization combines and solves several competing objectives into one global objective function. 
However, the result may not represent reality as one or more objectives could influence the process. On the 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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other hand, multi-objective optimization considers each objective as an objective function and solves them 
separately [18]. Moreover, single-objective optimization operates in only one dimension while multi-objective 
optimization is characterized by the existence of a multidimensional space through the objective function [19]. 
Both designs have countless sets of solutions, although single-objective optimization problems can have a 
unique solution. At last, both are subject to restrictions which are conditions to be met to enable a certain 
solution to be feasible [20]. 

MICROGRIDS INTEGRATION IN DISTRIBUTION NETWORKS 

Relevant research has been developed using optimal power flow (OPF) models to improve both the grid 

operation itself and the operation of a microgrid integrated to it. However, there is a lack of studies that carry 

out an optimization by modelling with detail the entire grid with active elements with the microgrids connected 

to it. In [10], the authors developed an OPF that optimizes a microgrid operation. The main objective is to 

minimize the price of energy exchange from the microgrid with the main grid, using a multi-period 

programming and recursive search to determine the microgrid operation parameters. [11] proposed a 

nonlinear alternating current OPF (ACOPF) model, in which the battery energy storage system is defined to 

mitigate the fluctuation of a renewable energy generation aiming to determine minimum cost of generation, 

the storage level change, and the power exchanged with the utility grid. In this case, the ACOPF was solved 

using the general algebraic modeling system (GAMS) with the interior-point method. 

In the present section, an optimal power flow is modeled for a distribution grid considering the 

representation of a power grid as a whole (not an equivalent circuit) and active elements as distributed 

generation, storage system, flexible loads, and microgrids. A microgrid can be modeled from its point of 

common coupling (PCC) with the main grid as a flexible load bus, capable of inserting or absorbing energy 

to the grid over time.  

OPF is an optimization problem in which the objective function defines the grid characteristics that must 

be optimized and some constraint related to grid operation limits. The proposed OPF modelis solved by the 

primal-dual interior-point method, with good performance when applied for nonlinear problems. 

The proposed methodology minimizes costs of power losses, the costs of operation, costs of battery 

degradation, and the flexible loads' deviations. The first part that composes the multi-objective function is 

presented in equation (16), which is the criterion that minimizes the power losses (𝒇𝒍𝒐𝒔𝒔𝒆𝒔). 

𝒇𝒍𝒐𝒔𝒔𝒆𝒔 =  𝒖𝒕. (𝑷𝒈 + 𝑷𝒈𝒔𝒐𝒍𝒂𝒓 −  𝑷𝒅 − 𝑷𝒈𝒍𝒅 − 𝑷𝒃𝒂𝒕). 𝒄𝒐𝒔𝒕 (16) 

where 𝐮 is a unit vector, 𝐏𝐠 is the vector with the power provided by the substation [MW], 𝐏𝐠𝐬𝐨𝐥𝐚𝐫 is the 

vector with total power provided by the distributed generation sources [MW], 𝐏𝐝 is the vector with the total 

load of the system [MW] and cost represent the energy cost function, based on white tariff values of Brazil 
[21]; 𝐏𝐛𝐚𝐭 is the vector with the power injected or absorbed by the battery system and 𝐏𝐠𝐥𝐝 is the vector with 

the flexible load values. All the vectors (𝐏𝐠, 𝐏𝐠𝐬𝐨𝐥𝐚𝐫, 𝐏𝐝, 𝐏𝐠𝐥𝐝, and 𝐏𝐛𝐚𝐭) include values referring to 24 hours 

of planning. 
The portion related to the operational costs (𝒇𝒐𝒑𝒆𝒓) is presented in equation (17), which corresponds to 

the power utility costs to provide power to the grid. 

𝒇𝒐𝒑𝒆𝒓 = 𝐜(𝐏𝐠) (17) 

where 𝐜(𝐏𝐠) corresponds to the cost function of power provisioned by the utility (𝐏𝐠. 𝒄𝒐𝒔𝒕). For this end,the 

white tariff [21] is considered in monetary units (m.u.). It presents higher prices during the peak time (6 p.m. 

to 9 p.m.) due to grid congestion.. 

For the storage system degradation cost, a battery system is considered and the degradation cost [22] 

can be defined as presented in equation (18).The 𝒄𝒐𝒔𝒕𝒆𝒔𝒔 represents the price of the battery system, in (m.u.), 

the DoD is the depth-of-discharge [%] according to the battery operation, 𝒄𝒚𝒄𝒍𝒆𝒔 corresponds to the number 

of life-cycles that this battery system can perform with the DoD specified and 𝑬𝒃𝒂𝒕 is the total energy storage 

capacity of the battery [MWh]. Considering a lithium-ion battery, the price of a 2MWh/1MW system is around 

12 million monetary units. For this technology is possible to consider a DoD of 70% that will entail a life cycle 

of 4000 cycles (complete charge and discharge) [23]. 

 

𝒄𝒐𝒔𝒕𝒆𝒔𝒔𝒅𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐𝒏
=  

𝒄𝒐𝒔𝒕𝒆𝒔𝒔

𝑫𝒐𝑫. 𝒄𝒚𝒄𝒍𝒆𝒔. 𝑬𝒃𝒂𝒕
  (18) 
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Thus, to obtain the maximum return on investment when purchasing the storage system, the cost of 

degradation (𝒇𝒆𝒔𝒔𝒄𝒐𝒔𝒕) should be minimized using the equation (19). 

𝒇𝒆𝒔𝒔𝒄𝒐𝒔𝒕 = 𝐏𝐛𝐚𝐭. 𝐜𝐨𝐬𝐭𝐞𝐬𝐬𝐝𝐞𝐠𝐫𝐚𝐝𝐚𝐭𝐢𝐨𝐧
  (19) 

Finally, the last criterion aims to reduce the deviation of the load management done by the utility (𝐏𝐝𝐠𝐥𝐝) 

concerning the loads expected by the flexible loads (𝐏𝐝𝐠𝐥𝐝_𝐞𝐱𝐩𝐞𝐜𝐭𝐞𝐝). So, the expected loads of the flexible 

loads or microgrid integrated with the power grid must be changed if the electricals restrictions are reached, 

but in a way that the main grid interferes as little as possible in the planning of injection/energy consumption 

of the microgrid. Such interference no matter how small, directly impacts the optimization problem of a single 

MG presented in the second section, as it imposes additional restrictions on the variables 𝑃𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒
𝑖,𝑡  and 𝑃𝑠𝑒𝑙𝑙

𝑖,𝑡  

from the objective function (1). Thus, the load management deviation objective function is modeled by (20). 

𝑓𝑔𝑙𝑑𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑖𝑑 = 𝐮t. (𝐏𝐝𝐠𝐥𝐝 − 𝐏𝐝𝐠𝐥𝐝_𝐞𝐱𝐩𝐞𝐜𝐭𝐞𝐝)2 − 𝑤𝑙𝑜𝑎𝑑𝑡𝑎𝑟𝑔𝑒𝑡. 𝐮t. 𝐏𝐝𝐠𝐥𝐝    (20) 

where 𝐏𝐝𝐠𝐥𝐝_𝐞𝐱𝐩𝐞𝐜𝐭𝐞𝐝 is the vector with the load values expected by the flexible loads (microgrid); 𝐏𝐝𝐠𝐥𝐝 is 

the vector with the load values optimized by the OPF in a way to satisfy the electrical restrictions; 𝑤𝑙𝑜𝑎𝑑𝑡𝑎𝑟𝑔𝑒𝑡 

corresponds to the weight that considers the importance of keeping the expected total load maximized. 

Therefore, it is possible to gather all the criteria, composing a multi-objective function presented in 

equation (21). 

𝑶. 𝑭 = 𝒘𝒑. 𝒇𝒍𝒐𝒔𝒔𝒆𝒔 +  𝒘𝒄. 𝒇𝒐𝒑𝒆𝒓 +  𝒘𝒃𝒂𝒕. 𝒇𝒆𝒔𝒔𝒄𝒐𝒔𝒕 + 𝒘𝒈𝒅. 𝒇𝒈𝒍𝒅𝒎𝒊𝒄𝒓𝒐𝒈𝒓𝒊𝒅 (21) 

where 𝑤𝑝, 𝑤𝑐, 𝑤𝑏𝑎𝑡 and 𝑤𝑔𝑑 are weights related to each one of the functions. The weights values should 

be adjusted to allow the best performance of the optimization presenting striking results as expected. 

The complete OPF formulation, objective function, and constraint equations are presented at equations 

(22) to (27), in which values are referred to each of the 24 hours of planning. The equality equations represent 

the active and reactive power balance (equations (22) and (23), respectively). Moreover, inequality 

expressions represent the operational limits. Equation (24) is related to the voltage operational limits, 

equation (25) to voltage regulator tap levels, equations (26) and (27) the limits of power and energy of the 

battery energy storage system. 

 

𝑶. 𝑭 = 𝒘𝒑. 𝒇𝒍𝒐𝒔𝒔𝒆𝒔 +  𝒘𝒄. 𝒇𝒐𝒑𝒆𝒓 +  𝒘𝒃𝒂𝒕. 𝒇𝒆𝒔𝒔𝒄𝒐𝒔𝒕 + 𝒘𝒈𝒅. 𝒇𝒈𝒍𝒅𝒎𝒊𝒄𝒓𝒐𝒈𝒓𝒊𝒅 

                s.t. 

 

𝐏𝐠 + 𝐏𝐠𝐬𝐨𝐥𝐚𝐫 − 𝐏𝐝 − 𝐏𝐝𝐠𝐥𝐝 − 𝐏𝐛𝐚𝐭 = 𝐏 (22) 

𝐐𝐠 + 𝐐𝐠𝐬𝐨𝐥𝐚𝐫 − 𝐐𝐝 − 𝐏𝐝𝐠𝐥𝐝. 𝐭𝐚𝐧 (𝐚𝐜𝐨𝐬(𝒑𝒇)) − 𝑷𝒃𝒂𝒕. 𝐭𝐚𝐧 (𝐚𝐜𝐨𝐬(𝒑𝒇)) = 𝑸 (23) 

𝐕𝐦𝐢𝐧 ≤ 𝐕 ≤ 𝐕𝐦𝐚𝐱 (24) 

𝐚𝐦𝐢𝐧 ≤ 𝐚 ≤ 𝐚𝐦𝐚𝐱 (25) 

− 𝑷𝒃𝒂𝒕𝒎𝒂𝒙 ≤ 𝑷𝒃𝒂𝒕 ≤  𝑷𝒃𝒂𝒕𝒎𝒂𝒙 (26) 

𝑬𝒃𝒂𝒕𝒎𝒊𝒏 ≤ 𝑬𝒃𝒂𝒕 ≤  𝑬𝒃𝒂𝒕𝒎𝒂𝒙 (27) 

  

where 𝒑𝒇 is the power factor of the battery system and flexible loads, 𝐚 is the vector of tap position of voltage 

regulators. 

For the analysis, a 90-bus test feeder (Figure 1) was considered. It is based on  the 69-bus system from 
[24], plus 20 low voltage buses [25] and 16 distributed equivalent solar generators [26].  A battery system 

was appended to the substation bus [23] . Flexible loads and microgrids were inserted at buses 27, 36, 48, 

64, and 66. 

In order to carry out the analysis and comparison of system behavior and impacts on power grid 

optimization, different scenarios were considered, together with their results (Table 1). 
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Figure 1. A schematic diagram of the modeled and simulated 90-bus test circuit. 

Table 1. Simulation scenarios and results. 

 Description Losses 
(MWh) 

Operational 
Cost (m.u.) 

 

Scenario 1 
(base) 

Distribution grid just with distributed generation (solar 
photovoltaic) 

2.52 35,361.97  

Scenario 2 Scenario 1 + connection of a storage system (battery) 
at the substation bus. 

2.97 34,895.16  

Scenario 3 Scenario 1 + increase on power demand + demand-
side management (DSM) for flexible loads. The flexible 
load operates as a microgrid, which sometimes will be 
a load, or a generator or can be disconnected from the 
main grid 

Without 
DSM: 3.3 

With DSM: 
3 

With 
MG:2.19 

Without DSM: 
39,424.61 

With DSM: 
38,125.76 
With MG: 

32,397.90 

 

 

When the battery system is considered  (Scenario 2), the total energy loss increased due to the charging 

period of the battery system, which happens during the solar generation, and thus, more power needs to flow 

to charge the storage. The operational costs reduce since the battery system discharges during the peak 

time, contributing to supply the peak load and thus reducing the amount of power that should be provided by 

the substation at a high price. 

The third scenario, however, is more complex, because it is necessary to adjust the weights of the 

objective function balancing the relationship between cost and flexible load. By trying to minimize the cost, 

the methodology tends to reduce the load. For this analysis, the power of the buses 27, 36, 48, 64, and 66 

are increased and without the DSM strategy, undervoltage levels will happen in some circuit buses (for 

example, the bus 85, located upstream of the voltage regulator, presents voltage levels equal to 0.92 p.u.). 

Nonetheless, when flexible loads are considered in those buses, it is possible to reduce the load demand, 

mainly during peak time, contributing to keeping all the buses inside of voltage limits. Figure 2(a) presents 

the active power balance at the substation bus, in which is possible to visualize the complementarity between 

the power provided by the substation (green color) and the solar generation (red color), as well the load 
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reduction during the peak time (yellow color). It represents 14% of reduction when compared with the 

scenarios without demand-side management. 

At last, consider that the flexible loads are now connected microgrids. The difference consists that in 

some periods the microgrid injects power into the main grid (grey color). The microgrid load profile operates 

as a load during the night and the first hours of the day (0 to 7 a.m.), is disconnected from the main grid 

during the solar generation period (8 a.m to 5 p.m.), during the peak load time the microgrid provides power 

to the grid (6 to 9 p.m.) and at least, from 10 to 11 p.m. the microgrids operates as load. In Figure 2(b), it is 

possible to visualize that when the microgrid is operating as a load, the total demand of the microgrid cannot 

be supplied by the grid while respecting the operational limits, resulting in a load reduction of 28% (yellow 

color). The operational costs are reduced in 1% when compared with the scenario just with demand-side 

management and 8% in comparison with scenario 1. 

  

(a) (b) 

Figure 2. Active power balance at the substation bus with (a) demand-side management (b) demand-side management 

and microgrid integration. 

From the results is possible to understand the optimization realized by the OPF, considering multiple 

objectives and considering the operational constraints of the grid. When the microgrid is integrated into the 

main grid, the total demand of the microgrid could not be supplied by the grid, due to voltage and power flow 

boundaries in some periods, resulting in load reduction. In practical aspects, the utility OPF results would 

inform the microgrid control to try to manage the total demand in a given way that the power utility and the 

microgrid operation could happen in the best optimal for both systems. 

MULTI-MICROGRIDS OPTIMIZATION 

When a group of multiple MGs can be operated and controlled in a coordinated manner, taking 

advantage of electrical connections among microgrids and between MGs and the main grid, such a group 

has been called a multi-microgrid (MMG) system [13], or microgrid cluster [27], or even networked microgrid 

[4]. Figure 3 shows a block diagram of a distribution network with multi-microgrids. The advantages of an 

MMG go beyond the well-known advantages of individual microgrids since the association of multiple 

microgrids can result in additional benefits. Microgrids belonging to an MMG can provide support to each 

other in the occurrence of contingencies, as in the 𝑀𝑀𝐺𝐵 shown in Figure 3. Also, they can improve the 

efficiency of a distribution system and increase its reliability and resilience [4,13,27]. 

In an MMG, each element (MG) can have operational independence as it must be able to operate 

individually in a group dismemberment event. Also, the elements of a group can operate for their purposes, 

which can be independent of those in the group. However, the operation of the group (MMG) has to be 

collaborative as its elements must have at least one common goal, as suggested for the MGs belonging to 

𝑀𝑀𝐺𝐴 and 𝑀𝑀𝐺𝐵 shown in Figure 3. As a consequence, an MMG fits the definition of system-of-systems 

(SoS) presented in [28] and verified in [13]. Also, an MG in a distribution network with multiple MGs is not 

necessarily participating in an MMG group, as the 𝑀𝐺-𝑐 shown in Figure 3. Finally, the operation of an MMG 

requires coordination with the DSO and can be performed by an energy management system (EMS), whose 

real-time decisions can be made automatically and free of human intervention. 
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Figure 3. Block diagram of a distribution network with multi-microgrids. 

MMG optimization has been investigated in several studies in the literature [12–14]. Authors in [13] 

propose an SoS approach to modeling the energy management of an MMG system. To reduce the operating 

costs of a distribution network, an optimization problem considering uncertainties in PV and wind (WT) 

generation was presented in the article. Two optimization problems are solved iteratively in the method 

proposed by the authors. In the former, a Distribution Management System (DMS) treats each MG with a 

single entity and aims to reduce both the cost of energy exchange between pairs of MGs and between a 

distribution network and an MG. In the latter, each MG central controller (MGCC) has the objective of reducing 

both costs with energy resources (PV, WT, diesel, ESS, load shedding) and with the purchase of energy from 

other MG and the distribution network. Authors conclude that the collaborative operation between MG has a 

lower operating cost compared to an independent operation. In [12], the authors formulate the problem of 

operating an MMG system as a unit commitment problem. In that work, a coordinated operation approach 

allows an MG to exchange energy with both the DN and other MGs. Authors consider a scenario where 

several homes containing rooftop PVs, controllable loads, conventional loads, and electric vehicles as 

storage units are connected to a DN. Thus, each house is an MG, and the complete system is called 

residential MMG. As in [13], authors in [12] also conclude that operating independently, exchanging energy 

only with DN, may be more costly than operating collaboratively. In the study presented in [14], the authors 

propose a decentralized energy management framework for MMG operation. Dispatchable distributed 

generation, such as microturbine generators, controllable loads, energy storage, PV and WT generation, and 

conventional loads were considered in the model. Also, the model considers DER connected across the DN 

outside the MG. The distribution system and MG are operated by different entities, which, although having 

their objectives, also have the common purpose of reducing the overall cost of the DN operation. Tests were 

performed on the IEEE 33-bus model modified with three MG. The results show the validation of the algorithm 

and the consequent optimization of MMG costs. 

Optimizing the operation of a single MG implies determining the optimal operating point for each internal 

asset during a day of operation, as presented in the second section. On the other hand, optimizing an MMG 

involves determining the optimal operating point for each MG in the distribution network. In the first case, the 

main interest is to reduce MG operating and energy costs. In the second case, in addition to the concern with 

energy costs and expenses in general, there is also a preoccupation with violations of operational limits 

throughout the distribution network, which requires the calculation of the power flow in the distribution network 

with MMG, as discussed in the third section. Thus, the results can be used as constraints on the optimization 

problem of each MG. Consequently, conflicts of interest between the distribution system operator and the 

microgrids operators may arise. For example, an action to perform an optimum power flow (OPF) to reduce 

losses in an MMG area can limit the power flow at the point of common coupling of an MG and, as a result, 

increase its energy costs. Therefore, performing an MMG optimization problem requires an interaction 

between the optimization algorithms of the DSO (as in equation (21), for example) and MGCC to achieve the 

best solution for the group that is suitable for all stakeholders, as presented in Figure 4. 

Figure 4 illustrates a block diagram of an interactive methodology used to solve the MMG optimization 

problem. Although objective functions may change with the problem approach (e.g., OPF or minimizing 

operating costs) and the available distributed energy resources, this methodology may remain, as it can 
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address conflicts of interest among stakeholders. According to the diagram in the figure, for each step of the 

MMG optimization algorithm, each MGCC solves a complete optimization problem. After that, the MGCC 

optimal results are sent to the MMG algorithm for the next step. This procedure continues until the MMG 

algorithm reaches convergence. A similar methodology was used, for example, in [13] and [12]. The algorithm 

begins with a power flow analysis (PFA) of the MMG distribution network area. The result of the PFA is an 

initial feasible vector 𝐳 of active powers between MGs and between MGs and the main grid that meets the 

operational and contractual restrictions of the distribution network and the MMG. Then, the DSO passes on 

that information to each MGCC and waits for the optimal cost vector 𝒗∗(𝐳) to continue its optimization process. 

Upon receiving the vector 𝐳, each MGCC applies it in the MG power balance constraint to perform the 
optimization. Next, the optimal cost vector 𝒗∗(𝐳) for the current iteration 𝑘, obtained by all MGCC, is passed 

on to the DSO that makes up its first feasible solution to the optimization problem. The procedure ends when 

the MMG algorithm converges to an optimal value that represents a collaborative optimization of the group. 

 
Figure 4. Block diagram of a methodology for MMG optimization. 

In the previously mentioned Copel’s project [5], there is an incentive offered to energy producers who 

want to form microgrids in the Copel's distribution network and thus contribute to improving the company's 

reliability indicators. With such an incentive, the State of Parana may soon have several microgrids in its 

distribution network. Therefore, the company will be able to apply MMG approaches in those MGs, which 

may be a relevant action to optimize its distributed energy resources and better serve consumers. On the 

other hand, it can also be an opportunity for researchers to study and validate MMG architectures in practice. 

MICROGRIDS AND DECENTRALIZED ENERGY MARKETS 

As a potential solution for orchestrating the growing amount of decentralized energy resources with the 

reliable operation of the grid, the market-driven operation of distribution systems has attracted significant 

research attention in recent years. Fundamentally, transaction-based operation differs from demand 

response platforms in a way that prosumers are not reacting to price signals, but actively negotiate their 

energy demands and offers [29]. 

Under the theoretical framework of microgrid transactive energy system, each connected user (for 

example a smart home, building, industrial site, storage owner, electric vehicle, etc.) can engage in market 

trade for energy, individually or clustered in microgrids, negotiating a transaction at the distribution system 

level [30].  

As an alternative to coordinated approaches that orchestrate the response of DERs and MGs by casting 

the energy management problem as an optimization problem, such as shown in the previous sections, the 
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prosumer/microgrid energy trading aims to integrate DERs by establishing decentralized energy markets [31]. 

The market, if properly designed, works as an energy management system in itself, using traded prices as a 

key operational parameter. Both the energy demands and surpluses from an MG may be actively traded as 

long as the operational restrictions imposed by the DSO or by the physical limits of the grid are obeyed.  

In a microgrid paradigm, such a market-driven operation can tap into the flexibility of the prosumers to 

help locally balancing of supply and demand, minimize operational costs for the market participants, minimize 

the dependency of the network in grid-connected mode and avoid load shedding in islanded mode [32–35]. 

Based on [36], the mechanisms and enabling technologies that comprise a transactive energy system 

can be broken down and classified into 5 layers, according to Figure 5. 

 
Figure 5. Layer model for microgrid transactive energy system. 

The user layer is composed of the participants and their DERs. The most important feature of this layer 

is prosumer flexibility, provided mainly by storage systems and responsive load devices. This flexibility is 

considered as a resource, allowing these agents to tune their preferences and own individual objectives with 

the systems operation objectives employing energy trading. Microgrids play a role in aggregating these 

agents into communities or energy collectives which potentializes the economic value for the individual 

participants. 

The network layer includes the electricity and communication infrastructure. The transactions and 

delivery of electricity are inherently linked to this electrical physical system, whose operation reliability is a 

fundamental trait. The grid architecture and microgrid setups have a profound influence on the market 

outcomes considering the delivery of traded energy must respect the network constraints. Microgrids in grid-

connected mode, for example, are impacted by their congestion limit in their point of common coupling. In 

islanded mode, on the other hand, the market-based operation must ensure dynamic supply and demand 

balance.  

The communication infrastructure must guarantee a fast and reliable exchange of information between 

all participants through, among other things, a suitable amount of bandwidth, coverage, and latency. In terms 

of information systems, one of the main technologies being explored to enable decentralized energy trading 

is blockchain. Blockchain is seen as particularly promising in the area of peer-to-peer (P2P) trading and 

decentralized energy management since through blockchain a large number of self-interested actors can be 

connected and coordinated. In [37], the concept of blockchain-based power microgrids without the need for 

central intermediates is explored. The study makes a separate analysis of microgrid energy markets and 

blockchain technology, deriving from this knowledge seven criteria for the efficient operation of the 

blockchain-based microgrid energy markets. Finally, it shows as a case study the “Brooklyn Microgrid” (BMG) 

project, considered the world's first real microgrid to operate blockchain-based. The study in [38] proposes 

an integrated blockchain-based energy management platform is proposed to optimize energy flows in a 

microgrid whilst implementing a bilateral trading mechanism. The model is implemented on a blockchain 

network with a smart contract acting as a virtual aggregator. 
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The system operator layer is responsible for orchestrating and monitoring the operation of the power 

system during the trade and delivery of energy. In a transactive energy system, the microgrid energy 

management system may act as a controller and market operator and may communicate with an independent 

system operator from the main grid in hierarchical levels. This energy management system can drive the 

energy trading and operation according to multiple objectives such as the balance of demand and supply, 

stability, power quality, resiliency, minimizing losses, costs, or maximizing revenues. 

In the market layer, different mechanisms and structures can be used to establish transactions between 

market participants. The layouts can range from a full electricity pool format (Figure 6), where the prosumers 

exchange their bids and offer with a central coordinator that calculates the single system marginal price, to a 

full bilateral trading paradigm, also known as peer-to-peer, where every market participant negotiates directly 

with one another. A combination of these two layouts can be set up, with the inclusion of aggregation nodes. 

These aggregators can have a physical limit in form of microgrids, with clearly defined electrical boundaries, 

or be cast in a virtual form, such as virtual power plants. The aggregation can provide energy trading in 

hierarchical levels, from prosumers within a microgrid, prosumers outside the microgrid, and inter-microgrids, 

for example. These combinations could incentivize local trading and provide scalability to a system with a 

large number of trading agents. In this layout, the individual interests may be superseded by the interest of 

the group. For example, the study in [39], where the designed system has more advantage in a collective 

mode than a solution achieved individually. A similar conclusion was obtained for the MMGs in the fourth 

section. 

In the domain of pricing mechanisms, three main techniques can be distinguished, as based in [40] and 

shown in Table 2. 

 

 
Figure 6. Electricity market layouts. 

Table 2. Pricing mechanisms classification based in [40]. 

Game Theory Competition or cooperation in an iterative process to 
deliver a solution that is stable and mutually beneficial 

Auction Theory Interaction between several sellers and buyers in a step-
by-step fashion, like the stock exchange. 

Constrained optimization Mathematical programming where P2P trading is cast as 
an optimization problem.  

 

 

Finally, the regulation layer has the important task of driving this transition to active and decentralized 

power systems by integrating the microgrid transactive energy framework to other electrical markets and the 

bulk power system. The regulatory framework must therefore ensure that the designed markets provide cost-

reflective trading that brings economic benefits to all stakeholders. 

The research of microgrid transactive energy systems is quite new, but despite the significant research 

attention in recent years, there is much to be yet technically solved. A unified model comprising a bigger 

picture to capture this kind of market-based operation on large scale is missing, simultaneously looking at 

issues such as network charges, ancillary services, multi-level storage management, contingencies, and 

forecast errors, etc. For the P2P energy trading to gain acceptance on a larger scale, it will be necessary for 
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utilities to model its technical and economical impacts on the electricity networks and work on integrating the 

layers that compose these systems. In [41], for example, a co-simulation framework is presented to analyze 

the impacts of local energy markets in the distribution system.  

Several pilot projects are being developed worldwide, such as the Brooklyn Microgrid [37], to better 

understand this market-based operation and to increase interest and awareness between the prosumers. In 

Brazil, Copel’s pilot project [5] must contain a comparison analysis on investment and return from grid 

reinforcement versus implementation of microgrids to achieve the desired grid reliability. This analysis gives 

the opportunity to show the potential of market-based operation and its economical benefits for the operator 

as well as for the community-based prosumers.  

CONCLUSION 

This study sought to present a summary of the current research at the State of Parana on the topic of 

microgrids, with the view of enabling a microgrid-based distribution system infrastructure. It featured a broad 

view of an MG and its operating environment, including technological framework, planning, optimized 

operation, integration with active distribution networks, multi-microgrid environment, and market issues. The 

studies are shown from their overlying relationship, from the optimization of a single MG to the optimization 

of a multi-microgrid structure connected to the main grid.  

The optimization of a single and independent MG was presented in second section. It requires modeling 

the PV system to estimate the generation capacity for the next day, modeling the storage system to estimate 

its degradation at each cycle, model the load to estimate MG consumption for the next day, in addition to 

observing both the operational limits of the assets and those of the distribution network. Such a mathematical 

programming problem has been solved using Genetic Algorithms. 

On the other hand, when analyzing MG in an integrated way with the distribution system as in the third 

section, it was found that the interests of the distribution system operator are at a level above the interests of 

an MG. Thus, the optimization of the distribution system as a whole can result in the imposition of operational 

limits by the DSO for the MG power flow at the point of coupling. In practical cases, this means limits for the 

MG, as presented in the second section, to buy and sell energy. 

The growing number of MGs in the distribution network should enable practical cases of operation for a 

group of MGs with common operating objectives. Although they are integrated with the DN and subject to the 

restrictions commented on in the third section, such MGs can still constitute an MMG and thus benefit from 

the optimized group operation, as discussed in the fourth section. Thus, it is possible to conclude from the 

second, third, and fourth sections that an MG can operate in an integrated manner with the active distribution 

networks, in an MMG environment, without, however, failing to have its individual operating objectives. 

It should be considered that soon, MGs, whether operating independently or participating in an MMG 

group, may be inserted in decentralized and transaction-based energy markets, as described in the fifth 

section. It was verified in this section that, although it can be an attractive market for microgrid operators, 

there are many challenges to be overcome for this type of market to be operational, such as regulatory 

policies, standards, incentives, price mechanisms, among others. 

Finally, due to the public call Copel 001/2020, the State of Parana may soon have an environment with 

multiple microgrids and will have the opportunity to implement the concepts of MGs and MMGs optimization, 

decentralized energy markets, and their integration into an active distribution network, as presented in this 

work.  

As a result, these studies contribute in a practical way to the path for enabling a decentralized, microgrid-

based paradigm of distribution systems. When reviewed together, they allow a more holistic view to research 

and development of microgrid technology. 
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