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Abstract: The main methods employed for Hosting Capacity (HC) calculations are basically classified
into deterministic, stochastic and time series. In this scenario, the authors herein propose a hybrid
methodology, which shows efficiency and ease of implementation. Besides the method presented, it
is also calculated a hosting capacity of a real feeder which was modeled and analyzed taking into
consideration variations in load and power injected by distributed generation sources. The proposed
hybrid method deploys just one time series with the feeder power demand data, which are easily
obtained from the feeder’s origin substation. Low voltage loads were modeled by the ratio between
their maximum demands and the feeder maximum demand, making easier to start up the grid model
implementation. Hence, the advantages of the proposed methodology can be summarized in: (a) easy
to obtain the input parameters; (b) agility in implementing the study; (c) higher processing speed and
(d) results consistent with the time series method. Finally, in view of the advantages and obtained
results, the proposed hybrid methodology shows itself as a promising and attractive tool for the
studies of hosting capacity by the utilities.

Keywords: hosting capacity; solar energy; solar power integration; distributed energy resources;
power quality; electricity distribution; distribution-system planning

1. Introduction

Over the last ten years, photovoltaic energy has shown potential to become one of the
most prominent sources of electric energy in the world, through its robust and continuous
growth, even during periods of financial and economic turmoil. The International Energy
Agency (IEA) estimates that solar energy will become one of the main sources of energy by
2050 and will contribute with around 11% of world energy generation [1].

Brazil is following this worldwide tendency and presents itself as a promising market.
According to the national energy balance of 2019, there was an increase in the generation
of electric solar energy of 316.1% from the year 2017 to 2018, which represented a jump
from 832 GWh to 3461 GWh [2]. Through such, the participation of the solar energy on the
Brazilian electric energy grid, in 2019, arrived at 1% of its total [3] and in the December
of 2021 to 2.4% [4]. If one considers both distributed generation (DG) and centralized
generation (CG), also until the December of 2021, Brazil registered an installed operational
power of 12.2 GW [4].
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Aligned with this panorama and paying close attention to the market, the Brazilian
National Agency of Electric Energy (ANEEL) released, in 2016, the so-called N◦.001/2016
Priority R&D Project for Efficient and Strategic Energy: “Energy Efficiency and Mini-
generation at Public Institutions of Higher education”, aimed at creating partnerships
between Energy Utilities and Public Universities. The objective behind the public notice
was to ease the insertion of photovoltaic generation onto the Brazilian energy grid and onto
the public sector, while seeking to assess the economic viability of local generation and its
impacts on distribution systems [5].

Therefore, on the one hand, one has the growth of the renewable photovoltaic source
that brings benefits to the consumer and contributes to: security in the supply of electric
energy; tariff moderateness; decrease in environmental impact of the electric energy sector
and a reduced dependency on hydropower generation. On the other, new worries are put
on utilities concerning the dissemination of GD on their network, along with the impacts
that the increase in photovoltaic generation can bring.

In their study, Karimi et al. [6] point out that due to the growth in the popularity
of photovoltaic plants (PVPs), it becomes necessary to perform studies into the possible
impacts to the quality of the “electric energy product”, along with the coordination and
operation of the protection provided to distribution networks.

In this manner, the studies from this area, which assess problems arising from the
connection of distributed generation onto the grid, use the hosting capacity (HC) and/or
sustainability limit to define the maximum capacity of the photovoltaic solar energy source
that can be connected to a particular network (in a given location; on a given feeder or onto a
network as a whole), without contravening any regulatory parameter, i.e., without resulting
in unacceptable parameters of reliability, in terms of energy quality and/or security [7,8].

According to EPRI [9], the concept of hosting capacity (HC) is not new, but its applica-
tion is becoming more widespread, as the market needs a wide-ranging approach in order
to understand the impacts from DG. In light of such, various methods for determining
hosting capacity have been developed over recent years [10–13], which has resulted in an
intense debate on “which”, “how” and “when” such methods should be used.

In this aspect, the studies reported in [9,11,12,14] present the main methods employed
for the calculation of the Hosting Capacity and classify such methods basically into de-
terministic, stochastic and time series. One can still find other methodologies based on
optimization, neural networks, genetic algorithms and deep learnig [14–16]. These meth-
ods, however, are more related PV Hosting Capacity Enhancement in LV/MV networks
with high photovoltaic penetration and are beyond the scope of this paper. In the following
session, a succinct definition is given for each of these methods, in order to highlight the
main indicators that are able to determine the choice and application of each methodology
(see Table 1). Faced with this scenario, the authors herein propose a hybrid methodology,
which shows efficiency and ease of implementation. In order to validate the proposed
method the study results are presented, which had the objective of determining the hosting
capacity of a real feeder situated in the municipal of Poços de Caldas, Brazil, from the utility
DME Distribution (DMED). The referred to feeder was modeled and analyzed taking into
consideration variations in load and power injected by DG sources onto the different buses
that make up the system.
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Table 1. Comparison between methods for calculating HC.

Characteristic Ref. Deterministic Stochastic Time Series
Proposed
Hybrid
Method

Obtainment of input parameters [9,10] Easy Complex Moderate Moderate
Implementing the study [9–12] Easy Complex Complex Moderate
Supports the processing
of uncertainties [11–14] No Yes Yes Yes

Simulated Scenario [11–14]
Worst

possible
case

Realistic
scenario

(millions of
simulations)

Realistic
scenario

(based on
measure-
ments)

Realistic
scenario

(based on
measure-
ments)

Maintains temporal relationship between quantities [11–13,17] Yes No Yes Yes
Processing speed [11–14,16] Fast Moderate Slow Moderate
Simulation time [12,14,16] Fast Slow Slow Moderate
Computational effort (processing) [11–14,16] Low High High Moderate
Scalability of the methodology [11–14,16] Easy Complex Complex Moderate
Interpretation of results [11,12] Easy Complex Easy Easy

2. Main Methods for Determining HC
2.1. Deterministic Method

Deterministic methods apply known and fixed input data to a distribution network
model, for analyzing the impacts from inserting photovoltaic solar energy [12]. As such,
their implementation is simple and the distribution network is modeled using active power
(P), reactive power (Q), series line impedance (Z) and load models with impedance, current
or constant power. These methods assess the system based on scenarios and normally
consider the worst case possible to evaluate the extreme impact of predefined parameters,
such as the input of a photovoltaic plant [9,12,18].

The method employs the traditional power flow analysis as a tool for the calculations.
Their implementation is considered as simple, given that analyzes employing power flow is
the fundamental analysis resource used by a majority of energy utilities [12]. In the results,
a general and prompt view is presented of the network performance with a distributed
generation (DG) connection. As fixed values are assumed, the intermittent nature of
photovoltaic DG is not considered and as such, the hosting capacity obtained is an estimate
for the worst case scenario. Consequently, the impact tends to be overestimated and the
hosting capacity underestimated [11].

2.2. Stochastic Methods

Upon modeling a distribution network with DG, it is common to encounter uncertain
parameters. As for example, the production of photovoltaic energy from a particular PVP
is uncertain, as it depends on solar irradiation, which in turn is influenced by changes in
climatic conditions. Apart from these uncertainties, the power demand from consumers, the
size of the PVP that will be added to the grid, their respective geographic location and many
other technical and constructive characteristics are often unknown [12,18–20]. Therefore,
stochastic methods consider the possibility of occurrence and the variations present on
the distribution network amidst these uncertainties and culminate into a probabilistic
power flow.

Accordingly, for data entry of this calculation method, it is necessary to define which
uncertainties will be considered and which statistical probability density function give the
best representation (for example: Uniform, Poisson, Gaussian or Binomial among others).
Consequently, the output variables will also be given by a probability density function. The
evaluation and interpretation of these results is not trivial and, as such, the determination
of the hosting capacity presents a degree of difficulty [12,21,22].
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According to Kharrazi, Sreeram and Mishra [18], the stochastic technique is that which
best models the uncertainties and randomness of the network. However, it requires a large
amount of computational time and effort, as the network model or number of uncertainties
considered increases [17,18].

The collaborators Mulenga, Bollen and Etherden [12], claim that if the objective of the
study is the dimensioning of the network, there will be little value aggregated in considering
a large quantity of scenarios with moderate conditions, i.e., it would be sufficient to analyze
only the worst case. In light of the aforementioned, stochastic methods are not always
necessary.

2.3. Time Series Method

Time series methods use real system measurements as input for hosting capacity
calculations. In this way, “load shapes”, “photovoltaic energy production shapes”, “voltage
profile of the feeder”, among others, are used to simulate the grid at each desired moment.

As these use data measured in terms of time, the method allows for correlations to be
made between variables, as for example, the increase in temperature with the increase in
energy consumption and the increase—or reduction—in photovoltaic energy production.
This method also allows for a realistic view of the behavior concerning a network with DG,
since photovoltaic energy production and energy consumption—on the part of users—are
characteristics that are naturally variable over time.

The implementation for this type of method is complex as it requires a lot of data
measurements (data that will make up time series) for creating behavior analysis. In cases
where does not exists a historical data series, one can alternatively consider the use of
stochastic processes for creating the data time series over a longer period of time, such as
in the following methods: autoregressive (AR), autoregressive moving average (ARMA)
and autoregressive integrated moving average (ARIMA) [12].

Attention should also be paid to which parameter you wish to use for the studies, since
this will directly influence the temporal resolution of data sampling rate. For instance, a
resolution of 15 min may be sufficient for long-term voltage variations, however, short-term
voltage variations may require a temporal resolution of one minute—or less—and as such
represent a computational challenge as the time span for data collection increases.

2.4. Proposed Hybrid Method

Through an analysis of each method, it appears that the deterministic method for the
calculation of HC, although fast and easy to use, does not take into account uncertainties
such as photovoltaic energy production, consumer demand, the size of PVP, etc. In turn,
the stochastic method deals with uncertainties, but loses the temporal relationships of the
studied quantities, thus preventing the performing of protection coordination studies or
the correlation between the production and demand of energy.

Finally, the method that employs time series deals with the variations in photovoltaic
energy production, as well as with the variations in power demand from consumers,
although this demands historical data in order to construct the time series, in a way that
allows for the behavioral analysis of the loads.

In order to obtain a hybrid method, the option was made to combine the deterministic
and time series methods, with the aim of getting the best from both. To this end, the
feeder modeling should take into consideration the temporal variations of the loads and
the injection of energy from the PVP, as would be done in the typical time series method.
The difference, however, resides in how these load shapes are collected directly from the
feeder’s substation, since it is common for the energy utilities to install meters and loggers
in the medium voltage feeders. The way of data collection, by itself, already represents an
advantage over the time series method due to the ease of obtaining it.

Low voltage loads were modeled by the ratio between their maximum demands and
the maximum demand of the feeder. That is, the loads are defined in a deterministic way
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and each load contributes proportionally to the feeder’s power demand, as shown in the
Equations (1) and (2):

α1 · DF(t) + α2 · DF(t) + · · ·+ αn · DF(t) = DF(t) (1)

αi =
max(DLi )
max(DF)

∣∣∣∣
i=1,2,··· ,n

(2)

were DF is the feeder’s power demand; DL is the load’s power demand; αi is the load i
contribution coefficient and n is the number of loads.

In this way, the system can be simulated according to the typical behavior of the
network, thus creating more realistic scenarios. The processing speed and computational
time will be an intermediate value between the two. Its implementation is simpler, as it
executes only the cases of interest to the study in question.

Therefore, it is within this context that this article seeks to contribute to the theme, by
applying the proposed hybrid methodology into the hosting capacity calculation of a real
feeder, located in municipal of Poços de Caldas, MG, of the energy utility DME Distribution
(DMED).

3. Model of the System in Question

The system in question is composed of a medium voltage radial feeder, a solar photo-
voltaic power plant (PVP) and various loads that are noted from the single-line diagram
presented in Figure 1. The feeder circuit 19, supplies the South Zone of the municipal of
Poços de Caldas, and which extends for 22 km and provides energy for 7084 consumer
installations (until the moment of writing). In addition, the feeder operates at a nominal
voltage of 13.8 kV that starts from a transformer of 20 MVA from the substation (SEPC3). The
construction of the load models and of the PVP is explained in the following subsections,
along with information concerning the components of the model (cables, capacitors etc.),
which were provided by the utility DME Distribution.

Figure 1. Feeder 19 single line diagram.
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The modeling in the proposed hybrid methodology was performed through the
commercial software SSEP® (acronym for Electric Power Systems Simulator, in Portuguese)
version 4.0.0.25 [23]. The program uses domain frequency techniques for the solution of
conventional and harmonic load flows of electrical power systems. For comparison and
validation purposes, the system was also modeled using the software OpenDSS™ [24]
which was in charge of time series methodology calculations.

3.1. Linear Loads

According to Kagan, Oliveira and Robba [25], from among all the components that
make up the electric system, those that possibly present the greatest challenge in terms
of modeling are the loads. In light of this aspect, for their representation, it is common to
use concentrated loads at given points of the network, uniformly distributed loads, loads
represented by maximum demand and loads represented by typical loads shapes.

Two distinct ways were then adopted for loads modeling. In the model where the time
series technique was used, low voltage loads were represented by typical loads shapes.
In the model used for the hybrid technique, low voltage loads were represented by the
maximum demand, according to Equation (1). Table 2 shows the contribution coefficients
values for each load, calculated by the Equation (2). In both models, loads were grouped
according to the neighborhoods served, as shown in Figure 2.

Table 2. Loads contribution coefficients of the proposed hybrid method.

Load1 Load2 Load3 Load4 Load5 Load6

αi 10.3% 1.1% 33.7% 26.9% 10.1% 17.9%

Figure 2. Google Earth view of Feeder 19 and its loads groups.

The behavior of the medium voltage network was modeled through the load curve
with data collection performed by a demand and energy logger, installed at the substation
(SEPC3). This kept a record of the voltage and current values, energy and demand for the
period of January to December of 2019, with an integration interval of 5 min.

The results compiled for power demand are represented in Figure 3. Noteworthy here
is that the behavior of this curve is typical of consumers with a predominantly residential
profile, as is indicated in studies [26–28].
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Figure 3. Average daily power demands between January and December 2019 and associated
standard deviation of Feeder 19.

3.2. Photovoltaic Power Plant

The distributed generation (DG) inclusion into feeder 19 will be based on the photo-
voltaic plant (PVP) that already exists on the feeder, located at the Poços de Caldas campus
of IFSULDEMINAS, installed since January 2017, with 88 kWp of nominal power.

According to Sauthier et al. [29], a recurring problem in the modeling of photovoltaic
applications is the prediction of electric behavior concerning a photovoltaic generator,
given that there exists the need for constructive information on the photovoltaic modules,
the geographic location and the local climate that directly influence energy production. In
order to bypass this difficulty, the photovoltaic generator will be modeled as a harmonic
current source and the current injection value will vary according to the case for simulation,
following the average monthly curves for energy production of the PVP. Figure 4 shows
some examples of these energy production curves for the months of January, July and
November of 2019.
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Figure 4. Average hourly production for (a) January, (b) March, (c) July and (d) November of 2019
from the PVP at the IFSULDEMINAS Campus Poços de Caldas. Noteworthy is the monthly hourly
average and the maximum and minimum reported values over the period.

3.3. Adjustments and Calibration of the Model

In order to evaluate both models, the decision was made to set the simulations against
measurements taken in the field. As such, demands, generation of solar photovoltaic power
and the voltage levels were reported in a simultaneous fashion at the output of the main
substation (SEPC3) as well as at the grid connection point of the IFSULDEMINAS substation
(SEIF). To this end, a Wednesday (16 January 2019), a Saturday (26 January 2019) and 17
July 2019—a Wednesday with the highest registered power demand over the period in
question—were the days chosen.

Table 3 presents the data obtained with measurements and simulations, on January
16 and 26, only for the hybrid method model. It is noteworthy that in cases 01 and 02,
the grid model was configured for the photovoltaic generation peak and, in the others,
for the feeder power demand peak. Also in Table 3, PFV indicates the photovoltaic plant
instantaneous power; DIF and DAL19 are, respectively, the demands of IFSULDEMINAS
and feeder 19; VSEPC3 and VSEIF are the bus voltages at main (SEPC3) and IFSULDEMINAS
(SEIF) substations, respectively.

Table 3. Synthesis of data for the computational model validation for proposed hybrid method.

Input Data Measured Data Simulated Data

Case Day Hour PFV DIF DAL19 VSEPC3 VSEIF VSEPC3 Error VSEIF Error
[kW] [kW] [kW] [pu] [pu] [pu] [%] [pu] [%]

01 16.01 12 h 45 54.43 0 2177.28 1.028 1.023 1.028 0.0000 1.02298 0.0020
02 26.01 15 h 30 52.56 0 2217.60 1.046 1.027 1.046 0.0000 1.02934 0.2240

03 16.01 19 h 45 0 9.74 3507.84 1.037 1.017 1.037 0.0000 1.0210 0.3933
04 26.01 19 h 45 0 9.41 3528.00 1.046 1.031 1.046 0.0000 1.0300 0.0970

In turn, the Figure 5, presents the results obtained with the measurements and sim-
ulations for the 24 h of the 17th of July and compares the response of both models. The
percentage error between simulated values and measured values is presented as a bar chart.
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Figure 5. Voltages at bus 3 throughout the day 17th of July 2019: Comparison between measured and
simulated values.

Thus, both from the Table 3 and the Figure 5, it appears that the simulation follows the
expected behavior, replicating the measured data for the cases studied. It is also verified that
the percentage errors presented in the Figure 5, are, in general, below 1.0% and, therefore,
it can be said that the network modeling it is suitable for carrying out the desired studies
and reported in this work.

4. The Hybrid Methodology Proposed for Determining HC

As defined in [11], the grid hosting capacity (HC) for DG is not a fixed calculation with
a singular result, i.e., it depends on the parameters analyzed (voltage variations and/or
frequency, thermal overload, power quality and protection concerns) which, for this study,
uses the limits defined by chapter 8 of PRODIST (Distribution Procedures) defined by
ANEEL (Brazilian National Agency of Electrical Energy) [30].

However, according to [6], the increase in voltage is seen as the most prominent
problem on a feeder, in addition the authors from [18,31] conclude that the problems
associated with voltage regulation, due to excessive generation, are more likely to occur
than other power quality problems, even at lower levels of PV penetration. As such, in
this paper, the option was made for calculating the hosting capacity of the network, while
discerning the voltage limits in steady state.

Hence, to calculate the grid hosting capacity based on voltage limits, the hybrid
method proposes to save computational time by simulating the most critical scenario for
the grid wich will always occurs with the the maximum PV generation and a low feeder
loading. The identification of the scenario of interest is possible when combining the
Figures 3 and 4 into Figure 6. One may observe that the peak of photovoltaic energy
production (at 12 h) does not coincide with the peak demand of the feeder (19 h).

Figure 6. The identification of the scenario of interest is possible when overlapping and comparing
the PV generation and the feeder loading charts.

Therefore, once set the hour and the parameter for analysis, the calculation process
can be written in the form of the flowchart in Figure 7 where: i denotes the buses that will
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have DG installed—Buses B1, B3, B5 and B6, see Figure 1—and k indicates the PRODIST’s
parameter analyzed (in this case Long-duration Voltage Variation).

Start

Power 

Flow

+10kWp 

of GD on

bus “i”

Save

HC

GD 

installed

on bus

“i”

End

Next 

“i”

Y

Y

N

N
End of

buses?

Limit “k”

exceeded

??

Figure 7. Simplified flowchart of the Hosting Capacity calculation.

5. Results and Discussion

The computational analysis performed is highlighted through the implementation
of five cases. The first, denominated as “case 00” in which the system does not count on
any installed DG. In the cases that follow, PVP were added on previously selected buses,
and the model dedicated to the hybrid method was configured for noon, that is, peak
photovoltaic generation and low demand on feeder 19. Each case is compared with the
time series model where a 24 h period was simulated. Next, the main obtained results are
presented for each case analyzed and finally, the feeder hosting capacity is determined.

It should be noted that the study in question has not considered nor analyzed the
impacts arising from small generating units installed on the rooftops of residential, com-
mercial and industrial installations because, by the time when this work was conducted,
there was no rooftops PVP in the feeder 19. However, each LV network that was presented
as a concentrated load in this paper, will be investigated and is part of a work in progress
whose results will be published in future work.

5.1. Case 00

Here, one notes the system running without any PVP installed. In this configuration,
the buses voltages, at noon, are all between 1.016 and 1.031 pu as can be seen in the Figure 8.
As expected, the voltage at bus 6 (VB6) is the lowest since it is the farthest bus from the
substation.

When observing the 24 h period, one sees the typical behavior of a predominantly
residential radial feeder, where the highest voltages occur during the night and the lowest
during the peak demand, which in this case occurs between 18 h and 19 h.
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Figure 8. Case 00: Voltages in buses 6, 5, 3 and 1. The curves are given by the time series method and
the dots, by the proposed hybrid method.
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5.2. Case 01

In this scenario, the PVP will was installed on bus 6. The region where this bus is
located is an area of municipal expansion, it possesses large open spaces for construction,
and can serve projects linked to photovoltaic plants.

Following the steps indicated in Figure 7, it was determined that it is possible to install
2.3 MWp when the overvoltage limit of 1.05 pu established by PRODIST [30] was exceeded.
It can be seen in the Figure 9 that the violation occurs at 12 p.m. at the PVP site, i.e., at
bus 6, as expected, and that the voltages at the other buses are around 1.04 pu.

It can also be observed when comparing the Figures 8 and 9 that the behavior of the
voltage profile is changed with the insertion of the PVP at the end of the feeder.
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Figure 9. Case 01: PVP installed on bus 6 (indicated by the solid line in the graph). The curves are
given by the time series method and the dots, by the proposed hybrid method.

5.3. Case 02

The PVP, in this case, was installed on bus 5. The bus is situated in a region of
interest of the energy utility, as it is a region of a large middle class population, which is
predominantly residential, and counts on a school, local market and other small commercial
businesses.

Similar to the previous case, the upper voltage limit was also broken by the bus on
which the PVP was installed, hosting a maximum of 3.5 MWp. In the Figure 10 it is again
possible to observe that the other buses were also affected and had a voltage level close to
1.05 pu. This can be explained by the fact that Bus 5 is geographically close to the center of
the feeder, impacting it more evenly.
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Figure 10. Case 02: PVP installed on bus 5 (indicated by the solid line in the graph). The curves are
given by the time series method and the dots, by the proposed hybrid method.

5.4. Case 03

The case in question, presents bus 3 that serves a medium voltage consumer (IF-
SULDEMINAS) who already has a PVP installed. Within the current Brazilian legisla-
tion [32], this single consumer could expand its PVP up to 5.0 MWp. However, the upper
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voltage limit is already exceeded when a total of 3.8 MWp is installed in this bus, as can be
seen in the Figure 11. Still in the figure, it can be seen that buses 5 and 6 were not affected
as much as buses 3 and 1, although they still show a voltage rise.
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Figure 11. Case 03: PVP installed on bus 3 (indicated by the solid line in the graph). The curves are
given by the time series method and the dots, by the proposed hybrid method.

5.5. Case 04

In this scenario, the PVP was installed on bus 1 which is closest to the main substation
(SEPC3). The neighborhood in the vicinity is similar to case 2, i.e., with a large population
density, predominantly residential but with schools, local market and other commercial
points.

Thus, the grid reach the hosting Capacity at 3.9 MWp of DG installed on this bus. As
in the previous case, it can be seen that buses 5 and 6 were not as affected as buses 1 and 3,
as can be seen in the Figure 12.
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Figure 12. Case 04: PVP installed on bus 1 (indicated by the solid line in the graph). The curves are
given by the time series method and the dots, by the proposed hybrid method.

In order to better compare the results between the time series methodology and the
proposed hybrid methodology, Table 4 shows the obtained results and the percent variance
related to the hybrid method. It is noteworthy that the variation between them was below
0.1%. In the cases presented, one can see that the proposed methodology reached the same
values, with a smaller number of simulated cases.
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Table 4. Comparative between applied methodologies: Buses voltages at 12 p.m.

Time Series
Method

[pu]

Proposed
Hybrid Method

[pu]
∆%

Case 00

VB6 1.0156 1.0164 −0.075%
VB5 1.0212 1.0217 −0.050%
VB3 1.0293 1.0293 −0.004%
VB1 1.0309 1.0309 0.005%

Case 01

VB6 1.0501 1.0501 0.000%
VB5 1.0414 1.0411 0.030%
VB3 1.0430 1.0422 0.077%
VB1 1.0434 1.0424 0.087%

Case 02

VB6 1.0453 1.0453 −0.018%
VB5 1.0507 1.0506 0.004%
VB3 1.0492 1.0485 0.070%
VB1 1.0490 1.0481 0.085%

Case 03

VB6 1.0368 1.0369 −0.006%
VB5 1.0423 1.0421 0.017%
VB3 1.0506 1.0500 0.060%
VB1 1.0498 1.0490 0.077%

Case 04

VB6 1.0355 1.0359 −0.033%
VB5 1.0410 1.0411 −0.010%
VB3 1.0489 1.0485 0.035%
VB1 1.0505 1.0500 0.045%

With the obtained results at hand, one can even define an index for Photovoltaic
Penetration (PenPV [%]), as a percentage of feeder maximum demand as defined in [33], as
shown in Equation (3):

PenPV [%] =
Pp

PVP
max(DF)

· 100% (3)

where Pp
PVP is the nominal peak power of the solar photovoltaic plant and max(DF) is the

feeder maximum power demand.
Thus, adopting max(DF) equal to 4576.32 kW—as shown in Table 3—then penetration

rates of 51.4%, 76.5%, 81% and 85.7% were obtained respectively. Which is in line with the
postulate by Kharrazi, Sreeram and Mishra [18] showing that possible voltage regulation
problems due to over-generation can occur even at lower penetration levels.

Therefore, it is concluded that the study carried out reveals that the feeder in focus
has space for integration of distributed generation, however, one must pay attention to
the grid connection region because, the distance between the connection bus and main
substation will influence all other buses, as noted. In other words, connection at bus 1 is
preferred, followed by buses 3, 5 and finally at 6. As a beneficial side effect, as long as the
grid operation limits are respected, there is an improvement in the voltage level at the end
of the feeder during the PVP’s operating period.

In short, the hybrid method presented, used just one time series with the feeder
power demand data, which are easily obtained from the feeder’s origin substation. Low
voltage loads were modeled by the ratio between their maximum demands and the feeder
maximum demand, making easier to start up the grid model implementation. It should be
noted that if data collection directly from consumer’s smart meters is available, the load
modeling suggested by the hybrid methodology could easily be refined to accommodate
this new layer of information.

Bearing in mind the operational difficulties of Brazilian utilities, which have seen the
number of connections to their grids grow exponentially year after year [4], one can see
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that to simulate only the critical point of the system through the proposed methodology,
allows to speed up the analysis and, consequently, the process to release the integration of
new PVPs.

It is noteworthy that analyzes with large feeders, such as 880, 1760 and 4400 nodes [16,34],
were not the focus of this work. However, the expansion of the proposed methodology to
feeders with these configurations is planned for future work.

Hence, the advantages of the proposed methodology can be summarized in: (a) easy
to obtain the input parameters; (b) agility in implementing the study; (c) higher processing
speed and (d) results consistent with the time series method.

Once again, it should be noted that the study in question has not considered the im-
pacts arising from small rooftops PVP because, by the time when this work was conducted,
there was no rooftops PVP in the feeder 19. However, each LV network that was presented
as a concentrated load in this paper (see Figure 2), will be investigated and is part of a work
in progress whose results will be published in future work.

Finally, in view of the aforementioned advantages and the efficiency presented by the
method, the proposed hybrid methodology shows itself as a promising and attractive tool
for the studies of hosting capacity by the utilities.
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