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 Abstract— The distribution system operator is 

increasingly concerned about the efficient use of Low 

Voltage (LV) distribution grids. Such efficiency can be 

promoted by the adoption of solar microgeneration and 

energy storage technologies. These technologies when 

combined can help reducing energy losses and agregate 

consumption from the grid side, and therefore promote an 

effective demand side managenent. It is important to 

understand the extent to which LV grids have the capacity 

to accommodate the injection of Photovoltaic 

Microgeneration (PM) and how Energy Storage Systems 

(ESSs) allow to increase such capacity in a context of smart 

grids. Based on this premise, a methodology was developed 

that allows (i) to evaluate the hosting capacity for the 

penetration of PM in the LV grids, (ii) to assess how such 

capacity is affected by the use of ESSs, and finally (iii) to 

illustrate how the combination of these technologies impact 

onto power flow and energy losses. The results show a high 

hosting capacity of the LV distribution network to the 

penetration of PM and an increase of this capacity by the 

use of ESSs, which results in a significant reduction of the 

power delivered by the grid as well as of the overall grid 

energy losses. 

 
Index Terms—Smart Grids, Photovoltaic Microgeneration, 

Energy Storage, Demand Management, Efficiency of LV 

Networks. 

 

I. INTRODUCTION 

HIS study was proposed by EDP Distribuição (EDPD), the 

Portuguese DSO, and intends to address some emerging 

subjects in power distribution systems in LV networks such as 

demand management, microgeneration and energy storage. In a 

scenario of SG these subjects can contribute to the improvement 

of the efficiency of the LV distribution system. 

From the perspective of the DSO is extremely relevant to 

promote the efficient use of LV distribution system. The 

adoption of PM technologies by the consumers can potentiate 

this efficiency because they can produce their own energy, that 

leads to a decrease in the consumption from the distribution 

network and of the energy losses. There are benefits for both 

parts (DSO and customers), but it is necessary to evaluate the 

capacity of the LV distribution system for the installation of 

PM, considering the development of SG. 

Considering a futuristic scenario, the penetration of PM will 

be a reality to consider, since the tendency will be to invest in 

non polluting and widely distributed energy production. From 

the DSO’s perspective there are two points of  view that should 

be taken in consideration with the increase of this type of 

installations: the load on the network will be lower because the 

customers have in their dwelling equipment that allows them to 

consume energy without using the distribution system; on the 

other hand, when they are in production and the customers’ 

consumption is lower than this production, or even non-

existent, there may be constraints on the LV distribution 

network. These constraints are essentially due to the injection 

of non consumed energy into the network, preventing its normal 

operation and causing periods of interruption in the power 

supply due to voltage and current violations. 

Along with the microgeneration comes the energy storage. 

This type of technology enhances the penetration of PM points, 

as it is an auxiliary system that allows that the produced energy 

does not have to be consumed by the customers or injected in 

the grid, during its production. These two technologies 

combined will lead to a scenario where the energy needs are 

met by the microgeneration point at certain times of the day 

(due to the intermittence of this type of technology) and the 

excess of produced energy is stored, allowing customers to 

consume the energy in ESSs when it suits them. For the DSO, 

implementing ESSs at consumer level might be a solution for 

the excess energy injected into the grid, mitigating possible 

voltage and current violations. Thus, it is possible to avoid the 

energy waste and disturbances at the level of LV distribution 

network. 

Still, it is important to highlight the potential of the PM and 

ESSs for an autonomous demand management by consumers. 

Once again, the conciliation of these technologies allows the 

reduction of the load on the side of the LV distribution network, 

resulting in a decline of the energy consumption coming from 

the Distribution Transformers (DTs), in certain periods of the 

day. 

II. SMART GRIDS, MICROGENERATION, ENERGY STORAGE, 

DEMAND MANAGEMENT AND DEMAND RESPONSE 

The solar microgeneration systems will have an unavoidable 

role in the future operation of the LV distribution networks, so 

it is important to highlight its benefits, but also its detrimental 

factors to the normal operation of this networks. With the 

increase of the adoption of this type of technology by the 

consumers it is necessary that the distribution network is 
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prepared for this, to avoid possible constraints. It is critical to 

realize the predisposition of the current distribution system for 

microgeneration penetration and how it can be enhanced. 

In this context, it is extremely relevant to determine which 

factors may contribute to increase microgeneration penetration 

and how they can be applied in the LV distribution network. 

This analysis considered the application of energy storage 

systems as a way of enhancing microgeneration penetration. 

These systems enable the reduction of the energy injection in 

the grid, resulting in the mitigation of possible constraints 

caused by the penetration of solar microgeneration, and the 

reduction of customers’ consumption coming from the 

distribution network, constituting a way of autonomous demand 

management. 

A. Smart Grids 

Smart grids will be the future of distribution networks and 

several studies have been carried out to show its benefits and 

applicability. A smart grid has communication devices in its 

constitution and will be a reality in distribution networks soon. 

This type of grid uses energy and communications in a 

bidirectional way to create an automated and widely distributed 

distribution network [1]. 

The necessity to develop this type of technology is essentially 

related to the growing complexity of distribution networks, 

increasing demand, requirement for better service guarantees, 

safety and efficiency, as well as environmental concerns and 

energy sustainability [2]. An interconnection of resources 

applicable to smart grids, such as renewable energy, energy 

storage, demand response and demand management can lead to 

a significant improvement of the factors mentioned above [2]. 

B. Microgeneration 

Microgeneration allows a distribution of resources at the 

level of energy production and can offer certain guarantees on 

the energy supply. The research developed in this area indicates 

the existence of some harmful factors associated to the 

implementation of this technology, namely the increase of local 

voltage and the possible exceedance of the thermal limit of 

cables and transformers [3]. These factors constitute a 

limitation for the penetration of microgeneration, and it is 

crucial for the DSO to determine this limitation. 

It is important to carefully evaluate the installation of 

microgeneration, due to the need to implement new protections, 

adequate to this reality [3]. An alternative and potentiating 

approach is energy storage that increases the permeability of the 

distribution system for the penetration of this type of 

technology [4]. 

Nevertheless, the benefits of installing microgeneration are 

unquestionable, such as the reduction of carbon dioxide 

emissions, a substantial reduction of losses in the distribution 

elements and an increase in security of energy supply, among 

others [3]. Hence, it is important to realize how the distributed 

energy production can be enhanced without harming the normal 

functioning of the energy system. 

C. Energy Storage 

Regarding the energy storage, the research carried out shows 

several benefits in the adoption of this type of technology. 

There is a development of sustainable methodologies for 

technical and economic feasibility for the implementation of 

storage in energy systems [5]. Other efforts in this area include 

the design, optimization and control of batteries of storage 

systems for various applications [6] - [8]. There is also a trend 

in the application of lithium-ion batteries in energy storage 

systems due to their high efficiency in charge and discharge 

processes, as well as their high energy density [9]. 

The microgeneration and energy storage have been 

interconnected, being this an added value for both. In [10] is 

presented an algorithm to evaluate the capacity of a lead-acid 

battery to store electrical energy, where it is still evident the 

capacity of the energy storage systems to enhance the versatility 

of microgeneration, since they allow to satisfy the variability in 

the consumption of electric energy. Results obtained in this area 

show that, in some cases, the need to inject energy from 

microgeneration in the distribution network can be reduced by 

90% and that the efficiency of this type of storage system varies 

between 70% and 72% [10]. Despite this, the conventional lead-

acid batteries will be replaced by vanadium redox batteries, or 

other more sophisticated ones [11]. 

D. Demand Management and Demand Response 

Demand response is gaining relevance in terms of the 

sustainability and efficiency of electricity distribution systems. 

This concept is defined as the changes in the consumption of 

energy by consumers in comparison with their normal 

consumption in response to the fluctuations in energy prices 

throughout the day, as well as the financial incentives given to 

customers, so that they reduce their energy consumption at 

times of the day when the energy price is higher [12]. Several 

programs and methodologies have been highlighted for 

application of demand response [12] - [14]. 

There is a critical analysis to the application of demand 

response, highlighting its benefits and challenges. The benefits 

include the enhancement of the penetration of renewable 

energies by possible compensation in the fluctuation of their 

production, the increase of the economic efficiency through the 

variation of the price of the energy in real time and the reduction 

in the capacity of the generation systems. The challenges are 

the application of reliable control strategies, a market structure 

that makes it possible to optimize the resources of demand 

response and the greatest difficult is that this concept has little 

practical implementation which leads to many assumptions for 

the study of this [15]. 

The concept of Demand Side Management (DSM), is also 

important to mention and define. The DSM system is a set of 

measures to improve the energy system on the consumer side. 

This concept is composed by several factors such as the 

improvement of energy efficiency, the creation of dynamic 

tariffs, as well as economic incentives for the adoption of these 

techniques, as well as real time control systems for distributed 

energy resources [16]. 

It is thought that with the increase of smart grids, demand 

response will play an unavoidable role in energy systems and in 

the energy market operations so that the energy distributor will 

have to take this fact into account for study and control network 

[17]. From an economic perspective, the application of demand 

response may delay the investment to improve the distribution 

network [18]. 
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Demand response and demand management related to 

microgeneration and energy storage has also been a constituent 

part of the research carried out. To evaluate the effects of 

combining these subjects, an analysis has been made to measure 

the changes in the active and reactive powers, energy losses in 

the systems, voltage profiles and harmonic emissions [19].  

Besides this study does not intend to study the influence of 

the electric vehicles in this study, the analysis scenario can and 

will account for these vehicles allied to demand management 

and energy storage [20]. 

III. CHARACTERIZATION OF LV MODEL NETWORKS 

For the development of this work, two LV model distribution 

networks were used: an urban model network and a rural model 

network. These networks were provided and developed by 

EDPD with the aim of representing urban networks with a 

Distribution Transformer (DT) of 400 kVA of installed power 

and rural networks with a DT of 100 kVA of installed power. 

The model network with a DT of 400 kVA of installed power 

is representative of suburban zones, mainly constituted by 

dwellings, where it is predicted a greater adhesion to PM 

technologies by the consumers.  

The model network with a DT of 100 kVA was designed to 

characterize LV networks with this installed power, but also 

networks that have DTs of 160 kVA. This model network is 

quite representative of the LV distribution system, in rural 

environment. 

This study will allow the extrapolation of the results obtained 

for similar networks present in the national LV distribution 

system. The uncharacterized customers present in these type 

networks have their contracted power between 1.15 kVA and 

41.4 kVA and are Normal Low Voltage customers [21]. 

A. Urban model network 

The urban model network used has a DT of 400 kVA of 

installed power, with a transformation ratio of 15 kV / 400 V 

and four outputs, where 130 customers are assigned, distributed 

by 132 nodes, interconnected by 425 branches, and there were 

9 Distribution Panels (DPs). In this model network, the 

installation is mostly underground, having 1313.25 m of 

underground network and 718.80 m of aerial network, making 

a total of 2032.05 m of network length. 

The customers who compose this network have their 

contracted powers between 1.15 kVA and 27.6 kVA assuming 

for study purposes, that all have contracted flat tariff and the 

total contracted power of this model network is 839.50 kVA. 

The configuration of this network is non-radial, typical of LV 

networks, and can be seen in Figure 1. The different colours of 

the branches at the output of the 400 kVA DT representing each 

of the four outputs and the colours at the load points represent 

their voltage level (yellow - if the voltage is between 100% and 

102% of the stipulated minimum for the node and green - if the 

voltage is between 98% of the maximum and the maximu 

stipulated for the node [22]). 

 

 
Fig. 1. Urban model network configuration. 

B.  Rural model network 

The model LV rural network used has a DT of 100 kVA of 

installed capacity, with a transformation ratio of 15 kV / 400 V 

and three outputs, which assigned 52 clients, distributed for a 

total of 92 nodes and interconnected by 236 branches not being 

verified the existence of any DP as it is proper of the rural 

networks. This network is mainly aerial, having 2204.49 m of 

aerial network and 1 m of underground network, making a total 

of 2205.49 m of network length. 

The customers who compose this network have their 

contracted powers between 3.45 kVA and 13.8 kVA. As in the 

previous model network, for the study purposes it was assumed 

that all have contracted flat tariff and the total contracted power 

is 299 kVA. 

Similar to the urban model network, this network has a non-

radial configuration and can be observed in Figure 2. The 

different colours of the branches at the output of the 100 kVA 

DT representing each of the three outputs and the colours at the 

load points represent their voltage level (yellow - if the voltage 

is between 100% and 102% of the stipulated minimum for the 

node and green - if the voltage is between 98% of the maximum 

and the maximum stipulated for the node [23]). 

 

 
Fig. 2. Rural model network configuration. 

IV. CHARACTERIZATION OF THE CONSUMPTION AND 

PRODUCTION DIAGRAMS 

A. Consumption Diagrams 

To simulate the behavior of the model networks it was 

necessary to assign load diagrams to each of the clients. The 

diagrams used were provided by AmberTREE, which develops 

the DPlan software, used by EDPD for network studies and 

used in the development of this work. 

These consumption profiles were developed according to the 

contracted power of each customer and allocated to each one of 

them. Each consumption diagram consists on 96 points, where 

each point represents the average consumption of a given 
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customer, in kW, for 15 minutes, resulting in a daily 

consumption profile (24 hours). For simulation purposes, each 

diagram was considered as the average daily consumption 

diagram, over a year. 

In order to be correctly loaded to DPlan, the consumption 

diagrams have a script associated to them, which assigns each 

load point the diagram that corresponds to it, by an 

identification code. The consume diagrams and their 

identification have their own formatting so the DPlan can 

interpret them. 

B. Production Diagrams 

Unlike the consumption diagrams, which are provided 

externally to DPlan, the production diagrams are generated by 

itself considering a set of specifications provided by the user. 

Since it is intended to carry out an annual analysis of the 

power flow in the two model networks and in several scenarios 

of microgeneration penetration, this software generates twelve 

production diagrams for each customer that holds a PM point. 

These diagrams refer to the four seasons of the year, where three 

diagrams are generated for each season: one referring to 

working days, one referring to Saturdays and the other referring 

to Sundays. Like the consumption diagrams, the production 

diagrams represent an average production day and they are 

constituted by 96 points, each point representing the average 

production for 15 minutes, in kW. 

For each customer, there were obtained twelve production 

profiles and their average is made to obtain an average diagram 

of daily production over a year. These diagrams will be 

provided to the DPlan allowing the simulation of the various 

scenarios desired. 

The production diagrams also need a script that allows DPlan 

to assign them to the corresponding network nodes, which 

differs from the consumption diagrams that are allocated 

directly to the load point and not to the network node to which 

the load points are connected. 

V. PENETRATION OF PHOTOVOLTAIC MICROGENERATION 

In this chapter the main goal is to define a methodology to 

evaluate the permeability of the LV distribution system for the 

penetration of PM. To achieve the proposed objective, power 

flow simulations were carried out in the two model networks 

for different penetration rates in different scenarios, in order to 

verify possible voltage and current violations resulting from the 

introduction of microgeneration and the variation of energy 

losses. For this purpose, was used the power flow calculation 

software: DPlan. 

For this study, four PM penetration scenarios were defined: 

1) Scenario 1 

Customers with a contracted power above 5.75 kVA can 

install photovoltaic panels with 1 kW of nominal power. 

2) Scenario 2 

Customers with a contracted power above 3.45 kVA can 

install photovoltaic panels with 1 kW of nominal power. 

3) Scenario 3 

Customers with a contracted power above 5.75 kVA can 

install photovoltaic panels with 2 kW of nominal power. 

4) Scenario 4 

Customers with a contracted power above 3.45 kVA can 

install photovoltaic panels with 1.5 kW of nominal power. 

A. DPlan 

Using the DPlan software, the four scenarios were simulated 

in an annual period. This software presents a functionality that 

allows to generate PM points randomly in a network given the 

mode of randomness (proportional - where the probability of 

being assigned a photovoltaic panel to a given customer 

increases when the contracted power is higher; uniform - where 

the probability of a photovoltaic panel being assigned to a given 

customer is the same for all clients, regardless of their 

contracted power), the minimum and maximum contracted 

powers for the microgeneration allocation, the percentage of 

customers over which the photovoltaic panels are allocated (this 

percentage is related to the number of customers of the grid that 

have their contracted powers between the previously mentioned 

limits) and finally, the nominal power of the PM.  

For each scenario, a mode of proportional randomness was 

chosen, since the higher the contracted power of a given 

customer, the greater its consumption, thus it is more 

compensatory for these customers to install a system of 

photovoltaic panels. The minimum contracted powers were 

varied according to the scenario to be analyzed, as well as the 

nominal power of PM. The maximum power contracted had a 

value of 41.4 kVA, not being a restrictive factor for the 

penetration of microgeneration since all the contracted powers 

in the model networks are below this value. 

Regarding the percentage of customers to which photovoltaic 

panels were allocated during the simulation of energy transit, it 

experienced a variation of 10% in 10% up to the total 

penetration rate in each of the scenarios studied. An important 

note in relation to these percentages is that, for example, a 100% 

penetration rate in each scenario does not imply that all 

customers above the defined minimum contracted power have 

a photovoltaic panel. It represents that if there is a certain 

number of clients that have their contracted powers above the 

minimum value defined in each scenario, there will also be the 

same number of PM points in the network, with the possibility 

of being assigned more than one photovoltaic panel to each 

customer. 

For both model network, the production diagrams generated 

were treated as described in IV.B. and allocated together with 

the consumption diagrams in a single file, accompanied by the 

necessary command files. Thus, it is possible to carry out the 

desired analysis and it is imperative that these diagrams are in 

the same file to avoid an incorrect interpretation by the DPlan. 

In terms of the operation of the DPlan software and the 

method chosen for this study, it is important to note that the 

possible current or voltage violations are the result of a specific 

PM allocation. Since this allocation is the result of a random 

proportional distribution process, at a given model network, for 

the same microgeneration penetration rate, in the same 

scenario, it may be the case that there are violations in a power 

flow simulation and in another one does not. This happen due 

to the specificity of the allocation of photovoltaic panels, as 

well as the number of panels assigned to each client that vary 

for each simulation performed. Hence, it is intended to highlight 

some potential problems promoted by the installation of PM 
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into the LV distribution networks and measure the level of 

permeability of the model networks for the penetration of this 

type of microgeneration. 

VI. MICROGENERATION AND ENERGY STORAGE 

The major goal of this chapter is to define a methodology to 

verify whether the penetration rate of PM in the LV networks 

studied can be enhanced by the installation of storage systems, 

guaranteeing the inexistence of any type of violation, under 

these conditions. For this purpose, MATLAB software was 

used to manipulate the consumption and production diagrams 

of several clients that belong to each of the model networks, in 

each analysis scenario. 

An algorithm was developed to optimize the energy 

consumption of each client, in each 15 minutes period, 

minimizing the energy that is injected into the LV distribution 

network. For the four scenarios, the starting point for the 

application of this algorithm will be each microgeneration 

penetration rate studied. After the application of the algorithm 

in the two model networks (urban and rural), it is intended to 

simulate the behaviour of each, in  annual period, to ascertain if 

the possible violations obtained in the study of penetration of 

PM are mitigated and how the energy losses vary. 

B. Characterization of Energy Storage System 

The storage system considered is based on the system used 

in the European Project "Sensible", which is developed by 

EDPD, in the village of Valverde, in Évora [23]. This project 

presents several components in terms of energy storage and 

microgeneration and each customer who has installed a 

photovoltaic panel also has a battery LG Chem RESU 3.3, with 

3.3 kWh of capacity [24]. Associated with this battery there is 

a set of equipment [25] that allow the correct operation of the 

same and the connection with the LV distribution network. 

The auxiliary system for connection of the battery to the 

network is composed by: 

- An inverter Sunny Island 3.0M; 

- A Sunny Remote Control (SRC-20); 

- A Sunny Island Speedwire; 

- A Sunny Home Manager; 

- A SMA Energy Meter. 

 

C. MATLAB Algorithm 

The developed algorithm in MATLAB starts by receiving the 

.txt files that contain information about the consumption and 

production of each client (case the client has a PM point), as 

well as the information regarding the network node that each 

client is connected. After being loaded, the files are allocated 

into cells for further processing of the information. The 

consumption and production diagrams used were representative 

of an average daily consumption and production over a year, for 

each customer. 

In DPlan the production diagrams are allocated to the 

network nodes while the consumption diagrams are allocated to 

the load points that are connected to the network nodes. Given 

this fact, there was a need to manipulate the production to 

determine which customers of a given node would have 

photovoltaic panels and how many they would be, because in 

this random distribution it is not possible to limit the number of 

photovoltaic panels that each customer may be held. Therefore, 

after the files are uploaded, the microgeneration points are 

distributed by the clients in each model network, considering 

the assignment method (proportional distribution) used by the 

DPlan. 

For example, assume a node of the network with four 

customers with contracted powers of 3.45 kVA, 5.75 kVA, 6.9 

kVA and 10.35 kVA. Using the command file for assigning PV 

panels, it is known that there are two PM points on this network 

node. Assume the scenario 2, where only the customers with 

contracted power above 3.45 kVA install photovoltaic panels 

with 1 kW of nominal power. Thus, only the customers with 

contracted power of 5.75 kVA, 6.9 kVA and 10, 35 kVA can 

receive the two microgeneration points. The randomness mode 

used was the proportional, and, due to that, the photovoltaic 

panels will be attributed to the customers with 6.9 kVA and 

10.35 kVA of contracted power. 

Allocated the costumers’ production and consumption 

diagrams in matrices, the ESS was considered.  Each customer 

who has installed a photovoltaic panel also has a LG Chem 

RESU 3.3 battery, with 3.3 kWh of capacity [24]. Thus, all 

customers that own one or more photovoltaic panels are also 

equipped with a battery of 3.3 kWh, whose efficiency is 95% 

(𝜂𝑏𝑎𝑡) [24] associated to an inverter with 95.5% efficiency 

(𝜂𝑖𝑛𝑣) [25]. It should be noted that the efficiency of the inverter 

connected to the photovoltaic panels [26] is neglected, since the 

DPlan does not consider this efficiency for the calculation of 

the power flow and because it has a maximum value of 97.2%. 

Every 15 minutes, the algorithm checks whether the power 

available by the photovoltaic panels (𝑃𝑝𝑟𝑜𝑑) is enough to supply 

the consumption (𝑃𝑐𝑜𝑛𝑠), this for each client. In case of being 

enough there are two possibilities: production is equal to 

consumption or production is higher than consumption. In the 

case of they are equal, the resulting consumption (𝑃𝑐𝑜𝑛𝑠
∗) will 

be zero and nothing else will happen. In the case of the 

production is higher than consumption, the resulting 

consumption (𝑃𝑐𝑜𝑛𝑠
∗) it will be zero again and there are two 

alternatives to the excess produced: if the battery (𝑃𝑏𝑎𝑡) has 

capacity to store, this excess is stored; if the battery is at 

maximum capacity (𝑃𝑏𝑎𝑡𝑚á𝑥) the excess is injected into the grid. 

In mathematical terms for each period of 15 minutes 𝑖, 
relative to client 𝑘: 

 

𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 ≥ 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 ⇒ 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘
∗ = 0⇒ (1) 

 

⇒

{
 
 

 
 
𝑖𝑓 𝑃𝑏𝑎𝑡𝑖−1,𝑘 = 𝑃𝑏𝑎𝑡𝑚á𝑥 𝑎𝑛𝑑 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 > 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 ⇒

⇒𝑃𝑖𝑛𝑗𝑖,𝑘 = 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 − 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘
𝑖𝑓 𝑃𝑏𝑎𝑡𝑖−1,𝑘 ≠ 𝑃𝑏𝑎𝑡𝑚á𝑥 𝑎𝑛𝑑 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 > 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 ⇒

⇒𝑃𝑏𝑎𝑡𝑖,𝑘 = (𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 − 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘) ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑏𝑎𝑡

 

 

 

(2) 

 

 

In contrast, if the power produced by the photovoltaic panels 

(𝑃𝑝𝑟𝑜𝑑) is lower than the customer's consumption (𝑃𝑐𝑜𝑛𝑠) there 

are three alternatives to satisfy the difference between the 

energy consumed and the energy produced: the battery has load 

(𝑃𝑏𝑎𝑡) enough to satisfy the comsuption and the energy 

contained in it is greater than the minimum limit (𝑃𝑏𝑎𝑡𝑚í𝑛)  

(10% of its capacity), so it can be discharged to supply this 

difference with the resulting consumption (𝑃𝑐𝑜𝑛𝑠
∗) being equal 
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to 0; the second case is when the battery has charge, but the 

energy contained in it is not sufficient to supply the difference 

and it will have to resort to the distribution network to obtain 

this lack of power (𝑃𝑐𝑜𝑛𝑠
∗); finally, the battery has no charge 

and this difference (𝑃𝑐𝑜𝑛𝑠
∗) will be satisfied by resorting, 

exclusively, to the distribution network. 

Mathematically formulating the above described for each 

period of 15 minutes 𝑖, with respect to the client 𝑘: 

 

𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 < 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 ⇒ 

 

(3) 

⇒

{
 
 
 
 
 

 
 
 
 
 

𝑖𝑓 𝑃𝑏𝑎𝑡𝑖−1,𝑘 > 𝑃𝑏𝑎𝑡𝑚í𝑛  𝑎𝑛𝑑 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 − 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 <

< (𝑃𝑏𝑎𝑡𝑖−1,𝑘 − 𝑃𝑏𝑎𝑡𝑚í𝑛) ∙ 𝜂𝑖𝑛𝑣 ∙ 𝜂𝑏𝑎𝑡 ⇒ 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘
∗ = 0

𝑖𝑓 𝑃𝑏𝑎𝑡𝑖−1,𝑘 > 𝑃𝑏𝑎𝑡𝑚í𝑛  𝑎𝑛𝑑 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 − 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 ≥

≥ (𝑃𝑏𝑎𝑡𝑖−1,𝑘 − 𝑃𝑏𝑎𝑡𝑚í𝑛) ∙ 𝜂𝑏𝑎𝑡 ∙ 𝜂𝑖𝑛𝑣 ⇒ 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘
∗ =

= 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 − 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘 − (𝑃𝑏𝑎𝑡𝑖−1,𝑘 − 𝑃𝑏𝑎𝑡𝑚í𝑛) ∙ 𝜂𝑏𝑎𝑡 ∙ 𝜂𝑖𝑛𝑣

𝑖𝑓 𝑃𝑏𝑎𝑡𝑖−1,𝑘 ≤ 𝑃𝑏𝑎𝑡𝑚í𝑛 ⇒𝑃𝑐𝑜𝑛𝑠𝑖,𝑘
∗ = 𝑃𝑐𝑜𝑛𝑠𝑖,𝑘 − 𝑃𝑝𝑟𝑜𝑑𝑖,𝑘

 

 

 

 

 

 

 

(4) 

 

At the initial moment, the battery is totally discharged and the 

diagrams of production and consumption are average diagrams. 

Thus, a period of 72 hours was defined to performing the 

algorithm operations, because from the third day on (inclusive) 

the convergence of the algorithm is guaranteed. 

After applying the algorithm, the amount of power that each 

costumer injects and consumes from the LV distribution 

network is extracted. This amount of power will be the result of 

the application of the algorithm and will be used for a new 

power flow calculation. Finally, the files containing the 

information about the injection and consumption of each client 

of a given network, as well as the associated command files are 

created and generated to promote the correct interpretation of 

these diagrams, by the software used. These files have their own 

format so that it is possible for the DPlan to interpret the data. 

In addition, graphs are printed to show the power flow in the 

DTs where the original consumption is exposed in each model 

grid (without the utilization of generation and storage systems), 

the power flow in the DTs with the utilization of PM and the 

power flow with the utilization of MF and ESSs in the network. 

These graphs were obtained by summing all the power 

consumed and injected by all the customers present in the two 

model LV distribution networks studied, in each instant of 15 

minutes. Only a day of power flow (24 hours) is presented, for 

which the convergence of the algorithm developed in 

MATLAB was assured. 

In mathematical terms, the original consumption in the DT 

(𝑇1) is given by the sum of the consumption 𝐶, of each customer 

𝑘, every 15 minutes period 𝑖: 
 

𝑇1(𝑖) = ∑ 𝐶𝑖,𝑘

𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑐𝑙𝑖𝑒𝑛𝑡𝑒𝑠

𝑘=1

 

 

(5) 

The power flow in the DT considering the utilization of PM 

(𝑇2) is given by the difference between the sum of the 

consumption 𝐶, of each customer 𝑘, and the sum of the 

production 𝑃, of each customer 𝑘, for each period of 15 minutes 

𝑖: 
 

𝑇2(𝑖) = ∑ 𝐶𝑖,𝑘

𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑐𝑙𝑖𝑒𝑛𝑡𝑒𝑠

𝑘=1

− ∑ 𝑃𝑖,𝑘

𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑐𝑙𝑖𝑒𝑛𝑡𝑒𝑠

𝑘=1

 

 

(6) 

 

The power flow in the DT considering the utilization of PM 

and ESSs (𝑇3) is given by the difference between the sum of the 

consumption 𝐶, of each customer 𝑘, and the sum between the 

sum of the production 𝑃, of each customer 𝑘, and the sum of 

storage 𝐴, of each customer 𝑘, every 15 minutes period 𝑖: 
 

𝑇3(𝑖) = ∑ 𝐶𝑖,𝑘

𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑐𝑙𝑖𝑒𝑛𝑡𝑒𝑠

𝑘=1

− ∑ 𝑃𝑖,𝑘

𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑐𝑙𝑖𝑒𝑛𝑡𝑒𝑠

𝑘=1

+ ∑ 𝐴𝑖,𝑘

𝑛ú𝑚𝑒𝑟𝑜 𝑑𝑒 𝑐𝑙𝑖𝑒𝑛𝑡𝑒𝑠

𝑘=1

 

 

 

(7) 

 

The variable A has positive sign when energy is stored and 

negative signal when it is supplied to each customer. 

In the graphs related to the consumption (for billing 

purposes) and energy injection in the network only 24 hours are 

presented, for which the convergence of the algorithm 

developed in MATLAB was guaranteed. It is important to 

clarify that to obtain these graphs, only the consumption of each 

customer is considered, just using the LV distribution network, 

not considering the consumption that is satisfied by the PM and 

the ESSs. The energy injection results are the quantity of energy 

produced that cannot be used to satisfy the consumption of the 

customer who produces it or store it. 

D. DPlan 

The diagrams of consumption and injection in the power in 

the network were extracted and now is crucial to validate the 

results using the power flow simulations. Following this, it is 

necessary to import into DPlan the files that contain the 

information of the consumption and injection diagrams, as well 

as the associated command files. Posteriorly, an analysis will 

be carried out on the operation of the model networks in 

question, for each of the rates that compose each of the four 

scenarios studied to verify if after the manipulation of the 

diagrams any type of constraints is obtained and what happens 

to the energy losses. 

The procedure is similar to the one in Chapter V.A., except 

that the diagrams to be evaluated by DPlan (injection and 

consumption) are provided by external source. The validation 

of the results can be obtained by resorting to the system report 

generated by the software used. 

VII. RESULTS 

A. Penetration of Photovoltaic Microgeneration 

This part of this study follows two main objectives: assess 

the permeability of the LV distribution system for the 

penetration of PM and to evaluate the impact of the increase of 

these technologies in terms of energy losses. As described in 

Chapter V, four analysis scenarios were defined to evaluate the 
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penetration of microgeneration in the rural and urban model 

networks, to achieve the proposed objectives. 

1) Scenario 1 

Tables I and II show the results for urban and rural model 

networks, respectively.  In the urban model network were 

verified four voltage violations, for the rate of 70%. In the 

rural model network, no violations were confirmed. The 

energy losses for all the tested rates were always under of the 

one obtained with no PM penetration.  

 
TABLE I 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – URBAN MODEL 

NETWORK 
Penetration 

Rate 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 10,9 0 0 

10 10,2 0 0 

20 9,7 0 0 

30 9,8 0 0 

40 8,8 0 0 

50 8,3 0 0 

60 8,5 0 0 

70 8,6 0 4 

80 7,6 0 0 

90 8,0 0 0 

100 7,3 0 0 

 

TABLE II 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – RURAL MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 4,5 0 0 

10 4,3 0 0 

20 4,3 0 0 

30 4,2 0 0 

40 3,8 0 0 

50 3,8 0 0 

60 3,7 0 0 

70 3,7 0 0 

80 3,4 0 0 

90 3,3 0 0 

100 3,2 0 0 

2) Scenario 2 

Tables III and IV show the results for urban and rural model 

networks, respectively. In both model networks, no violation 

was validated. Once again, the energy losses for all the tested 

rates were always under of the one obtained with no PM 

penetration. 

 
TABLE III 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – URBAN MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 10,9 0 0 

10 10,2 0 0 

20 9,7 0 0 

30 9,2 0 0 

40 8,4 0 0 

50 7,9 0 0 

60 8,2 0 0 

70 8,1 0 0 

80 7,8 0 0 

90 7,2 0 0 

100 7,5 0 0 

 

 

 

TABLE IV 
ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – RURAL MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 4,5 0 0 

10 4,3 0 0 

20 4,3 0 0 

30 4,1 0 0 

40 3,9 0 0 

50 3,9 0 0 

60 3,5 0 0 

70 4 0 0 

80 4 0 0 

90 3,9 0 0 

100 3,6 0 0 

3) Scenario 3 

Tables V and VI show the results for urban and rural model 

networks, respectively. Current violations were verified for 

penetration rates of 90% and 100%, in the urban model 

network, besides that all the values of the energy losses of 

the tested rates were always under of the one obtained with 

no PM penetration. In the rural model network, voltage 

violations were verified for the rates of 60% to 90% and the 

energy losses were only under of the one obtained with no 

PM penetration for the rates of 10% to 40% and 60%. 

 
TABLE V 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – URBAN MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 10,9 0 0 

10 9,9 0 1 

20 9,0 0 0 

30 8,4 0 0 

40 8,4 0 0 

50 8,3 0 0 

60 8,7 0 0 

70 8,3 0 0 

80 10,2 0 0 

90 9,5 6 0 

100 9,9 24 0 

 

TABLE VI 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – RURAL MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 4,5 0 0 

10 4,2 0 0 

20 3,9 0 0 

30 4 0 0 

40 4 0 0 

50 5,1 0 0 

60 4,2 0 4 

70 6,8 0 371 

80 5,9 0 24 

90 6 0 376 

100 5,3 0 0 

4) Scenario 4 

Tables VII and VIII show the results for urban and rural 

model networks, respectively. For the urban model network 

two current violations were verified for a rate of 70% and, 

once again, the values of the energy losses for all the tested 

rates were always under from the one obtained with no PM 

penetration. In respect to the rural model network voltage 

violations were verified for the penetration rates of 90% and 
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100%, only for these rates the energy losses were above of 

the one obtained with no PM penetration. 

 
TABLE VII 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – URBAN MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 10,9 0 0 

10 10,1 0 0 

20 8,8 0 0 

30 8,1 0 0 

40 8,3 0 0 

50 8,4 0 0 

60 7,9 0 0 

70 8,6 2 0 

80 8 0 0 

90 8,5 0 0 

100 8,8 0 0 

 

TABLE VIII 

ENERGY LOSSES, CURRENT AND VOLTAGE VIOLATIONS – RURAL MODEL 

NETWORK 
Rate of 

Clientes 

[%] 

Energy Losses 

[MWh/year] 

Current 

Violations 

[#] 

Voltage 

Violations 

[#] 

0 4,5 0 0 

10 4,5 0 0 

20 4,1 0 0 

30 3,7 0 0 

40 3,9 0 0 

50 3,9 0 0 

60 4,2 0 0 

70 4,2 0 0 

80 4,5 0 0 

90 4,8 0 1 

100 5,3 0 400 

B. Microgeneration and Energy Storage 

In this sub chapter, the objective is to gauge whether it is 

possible to enhance the penetration of PM in the two model 

networks under study, with the utilization of ESSs. These 

systems can work as mitigators of voltage and current 

violations, promoted by the installation of microgeneration in 

the network, as well as reducers of energy losses. Moreover, it 

is intended to highlight the potential of batteries to promote 

active demand management by the consumers. 

No violations were verified, being the ESSs the mitigators 

for the previous violations obtained with the penetration of solar 

microgeneration. Comparing the energy losses with and 

without ESSs, there was a reduction of these resulting from the 

utilization of storage systems. Furthermore, it is possible to 

observe in Figures 3, 5, 7 and 9 that power flow have a 

significant variation with the utilization of PM, remaining when 

there are PM and ESSs, in the network. The energy 

consumption for billing purposes it can be observed in the 

Figures 4, 6, 8 and 10 that reduces its value when there is PM, 

reducing more with the utilization of PM and ESSs, in the 

network. These conclusions were obtained in each of the four 

scenarios, for each penetration rate tested, in both model 

networks. 

The graphs represent a 24 hours period for which was 

ensured the convergence of the developed MATLAB 

algorithm.  

1) Scenario 1 

To evaluate the influence of ESSs, Table IX and Figures 3 

and 4 are presented. In Table IX are exposed the energy 

losses for several penetration rates in the urban and rural 

model networks, respectively. Figure 3 represents the power 

flow in those networks for a penetration rate of 100%. Figure 

4 represents the energy consumption (for billing purposes) 

and the energy injection for a penetration rate of 100%. 

 
TABLE IX 

ENERGY LOSSES – URBAN AND RURAL MODEL NETWORKS 
 

Rate of 

Clientes 

[%] 

Urban Energy 

Losses w/ PM 

[MWh/year] 

Urban Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

Rural Energy 

Losses w/ PM 

[MWh/year] 

Rural Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

0 10,9 10,9 4,5 4,5 

10 10,2 10,1 4,3 4.2 

20 9,7 9,5 4,3 4,1 

30 9,8 9,5 4,2 3,8 

40 8,8 8,3 3,8 3,6 

50 8,3 7,7 3,8 3,3 

60 8,5 7,7 3,7 3,2 

70 8,6 7,3 3,7 3,0 

80 7,6 6,9 3,4 2,8 

90 8,0 6,4 3,3 2,8 

100 7,3 6,2 3,2 2,7 

 

  
Fig. 3. Power flow in the DT of 400 kVA and in the DT of 100 kVA, 

during a day – scenario 1. 

  
Fig. 4. Consumption (billing effects) and injection in the urban and 

rural model networks, during a day – scenario 1. 

2) Scenario 2 

To evaluate the influence of ESSs, Table X and Figures 5 and 

6 are presented. In Table X are exposed the energy losses for 

several penetration rates in the urban and rural model 

networks, respectively. Figure 5 represents the power flow in 

those networks for a penetration rate of 100%. Figure 6 

represents the energy consumption (for billing purposes) and 

the energy injection for a penetration rate of 100%.  
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TABLE X 
ENERGY LOSSES – URBAN AND RURAL MODEL NETWORKS 

 

Rate of 

Clientes 

[%] 

Urban Energy 

Losses w/ PM 

[MWh/year] 

Urban Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

Rural Energy 

Losses w/ PM 

[MWh/year] 

Rural Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

0 10,9 10,9 4,5 4,5 

10 10,2 10,1 4,3 4,2 

20 9,7 9,3 4,3 4,0 

30 9,2 8,6 4,1 3,8 

40 8,4 8,0 3,9 3,3 

50 7,9 7,5 3,9 3,5 

60 8,2 7,4 3,5 3,0 

70 8,1 7,2 4 2,8 

80 7,8 6,5 4 2,9 

90 7,2 6,2 3,9 2,9 

100 7,5 6,1 3,6 2,6 

 

 
Fig. 5. Power flow in the DT of 400 kVA and in the DT of 100 kVA, 

during a day – scenario 2. 

 

 
Fig. 6. Consumption (billing effects) and injection in the urban and 

rural model networks, during a day – scenario 2. 

3) Scenario 3 

To evaluate the influence of ESSs Table XI and Figures 7 

and 8 are presented. The Table XI displays the energy losses 

for several penetration rates in the urban and rural model 

networks, respectively. Figure 7 represents the power flow in 

those networks for a penetration rate of 100%. Figure 8 

represents the energy consumption (for billing purposes) and 

the energy injection for a penetration rate of 100%.  
 

TABLE XI 

ENERGY LOSSES – URBAN AND RURAL MODEL NETWORKS 
 

Rate of 

Clientes 

[%] 

Urban Energy 

Losses w/ PM 

[MWh/year] 

Urban Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

Rural Energy 

Losses w/ PM 

[MWh/year] 

Rural Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

0 10,9 10,9 4,5 4,5 

10 9,9 9,1 4,2 4,0 

20 9,0 8,4 3,9 3,6 

30 8,4 7,5 4,0 3,5 

40 8,4 7,2 4,0 3,1 

50 8,3 6,5 5,1 3,2 

60 8,7 6,7 4,2 2,8 

70 8,3 6,3 6,8 2,8 

80 10,2 6,7 5,9 2,8 

90 9,5 6,8 6,0 2,8 

100 9,9 6,7 5,3 3,4 

 

 

 

 
Fig. 7. Power flow in the DT of 400 kVA and in the DT of 100 kVA, 

during a day – scenario 3. 

 
Fig. 8. Consumption (billing effects) and injection in the urban and 

rural model networks, during a day – scenario 3. 

4) Scenario 4 

To evaluate the influence of ESSs, Table XII and Figures 9 

and 10 are presented. In Table XII are presented the energy 

losses for the several penetration rates in the urban and rural 

model networks, respectively. Figure 9 represents the power 

flow in those networks for a penetration rate of 100%. Figure 

10 represents the energy consumption (for billing purposes) 

and the energy injection for a penetration rate of 100%.  
 

TABLE XII 
ENERGY LOSSES – URBAN AND RURAL MODEL NETWORKS 

 

Rate of 

Clientes 

[%] 

Urban Energy 

Losses w/ PM 

[MWh/year] 

Urban Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

Rural Energy 

Losses w/ PM 

[MWh/year] 

Rural Energy 

Losses w/ PM 

and ESS 

[MWh/year] 

0 10,9 10,9 4,5 4,5 

10 10,1 9,9 4,5 4,5 

20 8,8 8,2 4,1 3,8 

30 8,1 7,5 3,7 3,5 

40 8,3 6,9 3,9 3,3 

50 8,4 6,9 3,9 3,0 

60 7,9 6,4 4,2 2,8 

70 8,6 6,6 4,2 2,7 

80 8 6,3 4,5 2,7 

90 8,5 6,2 4,8 3,0 

100 8,8 6,3 5,3 3,1 

 

 
Fig. 9. Power flow in the DT of 400 kVA and in the DT of 100 kVA, 

during a day – scenario 4. 
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Fig. 10. Consumption (billing effects) and injection in the urban and 

rural model networks, during a day – scenario 4. 

VIII. CONCLUSION 

From this study, it was possible to reach some relevant 

conclusions such as the LV distribution system has high 

permeability for the penetration of PM, mainly in a suburban 

context. ESSs can be an important tool to mitigate current and 

voltage violations promoted by the penetration of 

microgeneration. These two technologies combined may 

increase the efficiency of LV distribution networks by reducing 

their energy losses. Moreover, they can promote an autonomous 

demand management by consumers, which results in a 

reduction in their energy bill and promote a lower load on 

distribution networks.  

In this context was verified for the urban model network a 

reduction in the energy consumption (for billing purposes) of 

17.88%, 22.45%, 23.08% and 24.76% in the scenarios 1, 2, 3 

and 4, respectively, for the total penetration rate. In the rural 

model network, a reduction of 18.05%, 19.39%, 21.85% and 

17.94% was achieved, for the same scenarios. These reduction 

rates were obtained with the utilization of PM and ESSs in the 

network, evidencing the capability of these technologies to 

reduce the consumption coming from the distribution grid. 
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