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Abstract: Integration of distributed energy resources (DERs) has numerous advantages as well as
some disadvantages. To safely integrate DERs into a given distribution network and to maximize
their benefits, it is important to thoroughly analyze the impact of DERs on that particular network.
The maximum amount of DERs that a given distribution network can accommodate without causing
technical problems or without requiring infrastructure modifications is defined as the hosting capacity
(HC). In this work, a review of the recent literature regarding the HC is presented. The major limiting
factors of HC are found to be voltage deviation, phase unbalance, thermal overload, power losses,
power quality, installation location and protection devices’ miscoordination. The studies are
found to employ one of four different methods for HC calculation: (i) deterministic, (ii) stochastic,
(iii) optimization-based and (iv) streamlined. Commercially available tools for HC calculation are also
presented. The review concludes that the choice of tools and methods for HC calculation depends on
the data available and the type of study that is to be performed.

Keywords: hosting capacity; distribution networks; distributed energy resources; optimization techniques

1. Introduction

The world electricity demand grew by 4% in 2018, the fastest growth since 2010, which was
fulfilled to a large extent by renewable energy sources and nuclear power [1,2]. The growth in global
demand of electricity and the negative impacts of fossil fuels on the environment have contributed to
an increased deployment of renewable energies [3]. The total world installed capacity of renewable
energy by the end of 2018 was about 2351 GW [4]. This capacity is expected to increase by 50% between
2019 and 2024 [5]. Although renewable energy resources have many advantages, there are some
challenges with their integration into the distribution networks.

Distributed Energy Resources (DERs) are small or medium sized power sources that are connected
directly to the low voltage (LV) distribution network or near the point of power consumption [6,7].
It is expected that the global DER capacity will be 528.4 GW by 2026 [8]. The output power of some of
the DERs is highly dependent on natural resources, such as solar irradiance and wind speed [9,10].
This means that the generation patterns of these DERs may not coincide with the consumption patterns
of the load. In this case, the surplus energy produced during the time of low energy consumption
flows in a reverse direction in the distribution network, which were designed to supply power in a
unidirectional manner [11]. Hence, the intermittent nature of DER technologies and the reverse power
flow poses challenges towards the integration of DER into the distribution networks [12].
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To overcome the challenges of DERs integration, it is important to calculate how much distributed
generation (DG) can be integrated into a given distribution network without violating the distribution
network’s operational criteria (thermal, voltage/power quality, protection, and reliability). This is
called Hosting Capacity (HC), which is defined as the amount of distributed energy resources that can
be incorporated into a given distribution network while keeping its performance within an acceptable
range and without making any modifications to the existing power system infrastructure [13,14].
The concept of HC was introduced by André Even to identify the effects of high DER integration
into the power distribution network [11,15,16]. The concept was later developed by Math Bollen and
Fainan Hassan who defined the HC as the maximum penetration level of DER beyond which the
performance of the power system becomes intolerable [11,16]. The advantage of the HC concept is that
it is “specific, measurable and practical” because it evaluates the acceptable DER penetration level
based on well-defined performance limits [11]. The concept of HC is illustrated in Figure 1. There are
many factors that limit the HC of a given distribution network. Some of these factors are related to
the operational standards while others are related to the physical limits of the various components in
distribution networks, such as bus overvoltage, thermal overload, power loss, etc. Several studies are
present in the literature that calculate the HC of distribution networks based on various limiting factors
and using various techniques [17–77]. These studies used a wide variety of techniques to calculate
the HC.
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Figure 1. The concept of hosting capacity.

A detailed literature review of the HC related studies published in the past five years (2016–2020)
is conducted in this paper to determine the major impact factors that limit the HC of distribution
networks and to examine the various HC evaluation techniques. The literature review is based on
two databases, IEEE Xplore and ScienceDirect, as well as other results obtained through Google
Scholar. The following keywords were used to obtain journal articles and conference proceedings:
hosting capacity techniques, renewable energy, distributed energy resources capacity, hosting capacity
calculation and hosting capacity distribution networks. English publications that focused on the
calculation of the HC were selected and analyzed in this work. Since the scope of this work was
to review the various HC calculation methods and highlighting the divergent factors which limit it,
publications whose main focus was on improving the HC with techniques such as active power
curtailment, reactive power injection, transformer tap control, network reconfiguration, storage devices
utilization, etc., were disregarded.

This paper is organized as follows, Section 2 introduces the performance indices that are considered
as limiting factors in different studies, Section 3 describes the various HC calculation techniques
used throughout the literature, Section 4 gives a description of the commercial tools available in the
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market for the HC calculation and Section 5 presents the conclusion of this review. The overview
of the work’s structure is presented in Figure 2. The main contribution of this work is the intensive
review of the various HC calculation methods (including the optimization-based and streamlined
methods) for various DER technologies, not limited to specific technology like [14], including the
impact of the majority of the limiting factors discussed in the literature (including protection devices
miscoordination). In addition, this paper provides, to the best of our knowledge, for the first time an
extensive assessment of the different commercial tools available in the market for HC calculation.
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Figure 2. Overview of the review structure.

2. Limiting Factors

Impact factors, limiting factors and performance index/indices are the terms used to describe
the properties of the distribution network that are affected by the integration of DERs. These terms
describe the same properties but in various contexts. Impact factors refer to the properties that are
affected by the integration of the DERs. For example, integration of Photovoltaics (PV) systems into
a distribution network may affect the bus voltages. In this case, bus voltages are an impact factor.
Limiting factors and performance indices refer to the properties that limit the integration of DERs into
distribution networks based on a defined criterion. For example, if the integration of a PV system into a
distribution network is stopped when the bus voltage increases beyond the grid voltage limit, then the
overvoltage is a limiting factor for the integration of PV systems. Several studies use a combination of
these limiting factors to calculate the HC of a given distribution network. The major limiting factors
are as follows:

2.1. Voltage Deviation

In cases where the active power produced by a DER unit is higher than the active power
consumption of a load, the voltage level on that load bus increases beyond the acceptable level. This can
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lead to a damage of various equipment connected to that bus. On the other hand, undervoltage
occurs when the demand at the bus increases beyond the normal load, as in the case of electric vehicle
(EV) stations. Overvoltage or undervoltage have been the main limiting factors in most of the HC
determination studies.

An impact assessment framework, based on Monte Carlo technique, has been proposed in [17] to
evaluate the effects of two types of solar PV systems (customer-based installation and utility-based
installation) on a given distribution network. Here, reverse power flow and voltage violation have been
considered as the limiting factors to minimize energy loss, voltage deviation and voltage fluctuation in
a realistic distribution network. It was found that voltage violation occurs above 30% penetration for
customer-based PV installations and the utility-based PV installation scheme can extend the penetration
ratio to a higher limit.

In [18], over/undervoltage and voltage imbalance between different phases have been taken as the
limiting factor to evaluate the HC of a feeder using Monte Carlo simulation. Here, parallel algorithm
was developed using Message Passing Interface (MPI) to decrease the simulation time by splitting
the Monte Carlo simulation scenarios into various processing elements handled by high-performance
computing (HPC) systems. It was found that in some cases PV penetration was limited to 10% on days
when solar irradiance was high. On the other hand, PV penetration could be as high as 50% on days
with low energy demand.

The study in [19] investigates the impact of integrating distributed rooftop PV systems on
three distribution networks (residential, commercial and industrial) in Cape Town, South Africa.
The developed methodology assesses the effect of voltage increase and equipment overload on the
PV HC of the three distribution networks. It was found that initially, the integration of PV systems
decreases the line and transformer loading. However, after a certain penetration level, the effects of PV
system integration start to reverse due to surplus PV generation and reverse power flow.

In [20], the authors used a Monte Carlo simulation-based probabilistic power flow calculation
method on three real power networks in Canada to determine their hosting capacities. Overvoltage
was found to be the major limiting factor.

The DER HC and the effects of load variability were studied for three different types of distribution
networks in North America in [21]. Thermal limit, steady-state voltage and voltage deviation were taken
as the limiting factors. It was found that the most significant limiting factor was the voltage deviation.

A probabilistic-based framework based on a two-step algorithm to linearize the HC model has been
proposed in [22] to find the HC of DGs in a distribution network. Voltage rise and voltage deviation
were considered as the constraints in this analysis. One of the conclusions of the study is that the
variable nature of the loads and DGs leads to a variable value for the HC since it varies with the network
structure, installation location, output of the DG units and their technologies. In [23], new equations
were formed to perform the load flow calculations by linearizing the standard, non-linear load flow
equations. These equations were used along with a developed optimization-based calculation method
to calculate the HC of the IEEE 33 bus test distribution network. Bus overvoltage and line overload
were selected as the performance indicators for this calculation. Six cases were analyzed to assess the
performance of the developed technique and to calculate the HC of the distribution network. It was
shown that the proposed method significantly decreased the computational time while providing
nearly identical HC results.

2.2. Thermal Overload

The excess power generated by DER units during the time of high production and low consumption
flows back to power stations through the distribution lines and distribution transformers. Both lines
and transformers have a rated current limit that they can accommodate. Exceeding this limit causes
overheating of these components leading to various operational failures. Many of the HC studies
found thermal overload to be a limiting factor.
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In [24], the effects of integrating EVs and fast charging stations into distribution networks have
been studied to find the optimal location for the installation of fast charging stations. The study was
based on data obtained from real houses in Norway. It was found that 20% EV penetration was possible
with respect to the rated power of the lowest cable capacity and 50% EV penetration was possible with
respect to the voltage variation. Hence, in this case, overloading was the major limiting factor.

In [25], a new method for calculating the HC of DERs was proposed. The method proposed the
modeling of the lines using the π model. In this case, the capacitance of the lines is not ignored, and a
better value of HC was obtained. The limiting factors in this study are overvoltage, line overloading
and transformer overloading.

Stochastic calculations were performed in [26] to calculate the HC of distribution networks.
The proposed method was tested on a large distribution network in South Australia. Overvoltage and
overloading were considered as the technical constraints in this study.

In [27], the authors developed a novel method called “Bricks approach” to calculate the HC
of distribution networks that have unknown parameters. This method is useful in cases where
the complete information of the distribution networks is not available to calculate the HC from
the traditional load flow method. The operational constraints considered in this study are the
steady-state voltage limit, rapid voltage variations and thermal limits of the transformers and the
power lines. The main advantages of this method are the requirement of less information and the high
computational speed.

2.3. Power Losses

The power losses of the electrical system are directly related to the magnitude of the current
and the length of the power lines. The integration of DERs in the distribution network can lead to
reverse power flow, which causes an increase in the network losses and decrease the operational
efficiency of the distribution network. Many studies examined the impact of high DER penetration on
the distribution network losses.

In [28], an iterative method is employed to find the PV systems HC of a distribution network in
Yogyakarta. The chosen limiting factors are voltage violation, current violation and reverse power flow
and different loading conditions were analyzed. It was found that voltage violation occurs only when
the load is less than 48% of the average value while reverse power flow occurs in most of the cases.

The authors in [29] assesses the effects of higher PV systems penetration on an urban low voltage
network in Sri Lanka. The network already had a PV systems penetration of 40% and it was found that
further increase in PV systems penetration would lead to over voltage and increased losses.

In [30], the authors developed a novel methodology based on a gradual increase in the PV
penetration level to determine the maximum PV penetration of a given distribution network.
The algorithm was created in MATLAB to automate the process of load flow calculation. The IEEE LV
European test feeder was used as a test case with real load and PV profiles data. Distribution network
losses and bus overvoltage were considered as the limiting factors. It was found that the network losses
were the major limiting factor in maximizing the PV penetration in the tested distribution network.

2.4. Power Quality

In certain DER integration scenarios, the produced power is in the DC form. This needs to be
converted into AC form so that the power can be utilized by the load. Power Electronic Converters
(PECs) are used to convert the DC power into AC power. These PECs introduce harmonics into the
distribution networks which decrease the power quality. Various studies looked into the problem of
power quality for the calculation of the HC.

A Monte Carlo simulation was performed in [31] to find the probabilistic HC of a non-sinusoidal
distribution system with a high PV penetration. Several constraints such as bus voltage, line thermal
capacity, power factor, and individual and total hormonic distortion (THD) were taken into account.
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It was found that the HC calculated through this method is higher than the HC calculated through
conservative (worst-case) methods, rule of thumbs and deterministic methods.

Similarly to the study in [19], the authors in [32] determined the maximum rooftop PV HC of a
residential area in Mauritius. The limiting factor in this study was system harmonics. It was found
that the harmonic increased with increasing PV systems’ power output and vice versa.

A sensitivity analysis was performed in [33] to determine the PV systems’ integration harmonic
hosting capacity of the IEEE 13 bus network using MATLAB and OpenDSS. It was found that the
presence of capacitors in the distribution network contributed to a higher voltage total harmonic
distortion (THDv).

In [34], an optimization based technique was used to calculate the PV systems’ HC of a given
distribution network. The constraints considered in the study are over and under voltage, current
capacity of the power lines and the harmonic distortion of the system. The authors concluded that the
HC is lower when the harmonic distortion is higher in distribution networks.

2.5. Protection Devices

The distribution networks are a radial system and the protection devices connected to these
networks operate in a directional manner. This means that they are designed to operate and disconnect
a section of the network when a certain amount of power flows in the opposite direction. The reverse
flow of the power caused by DER integration may lead to unneeded operation or malfunction of these
protection devices causing power interruption in the network. Although many studies mention that
protection devices may limit the distribution network HC [14,23,31,35,36], only studies related to the
streamlined method (c.f. Section 3.4) consider the protection devices’ lack of coordination for the
HC calculation.

3. Hosting Capacity Assessment Methods

The calculation of the HC of a distribution network can be thought of in two ways, customer-based
and utility based [17]. When considered from the customer-based perspective, the problem of the HC
calculation becomes a probabilistic one. In this case, the utility does not have control over the number,
locations and sizes of the DERs. Here, stochastic methods can be used to calculate the HC. In the
utility-based HC calculation, the problem can be defined as an optimization problem where the objective
is to maximize the DER integration without causing technical problems in the distribution networks.

There are four major methods used for calculating the HC of distribution networks in the literature.
One similarity between all of the methods is the use of the power flow calculation to find the values of
voltages and currents in distribution networks. The four methods are: deterministic method, stochastic
method, optimization-based method and streamlined method. Although, the methods are quite
different in terms of the implementation, they all follow the same general steps for the HC calculation
which are shown in Figure 3 [11].
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Figure 3. General HC calculation methodology.

3.1. Deterministic Method

The deterministic method involves the calculation of the HC with known values of DER generation
and load consumption. In the deterministic method, there is no randomness in the calculation and the
load consumption, DER production and location information are defined before the start of the HC
calculation. The deterministic method is further divided into two methods: the constant generation
method and the time series method.

3.1.1. Constant Generation Method

In the constant generation method, the value of the DER output does not vary over the calculation
period. This method does not consider the dynamic nature of DERs (the variation of the natural
resources). Generally, the output of the DER is assumed to be maximum while calculating the HC in
the constant generation method [25,28,33,37–39]. Scenarios such as iteratively increasing the DER units’
size/number until one of the performance criteria is violated are used to calculate the HC [21,33,37–40].
Sometimes, the worst-case scenario is used to find the HC of distribution networks [25,38,39]. In the
worst-case scenario, the output of the DER units is assumed to be maximum while the power demand
of the load is assumed to be minimum. This leads to an increase in the bus voltages causing a violation
of the grid voltage codes. The worst-case scenario can also sometimes lead to a violation of other
limiting factors such as overloading of distribution lines or distribution transformers.

The constant generation method is usually used to perform a sensitivity analysis of DERs’
integration into the distribution networks [33,37,40]. Very few studies rely on the constant generation
method to calculate the HC. This is because the constant generation method is very simplistic and
can only be used to estimate the HC value. Furthermore, it is very easy to underestimate the HC
when calculating it based on the worst-case scenario [14,41]. The reason for this is that minimum load
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consumption and maximum DER generation is unlikely to occur at the same time for most of the
cases [42].

In [21], the HC of three low-voltage distribution networks was determined using the incremental
constant generation method. First, a location for the DER unit installation was selected, then the size of
the DER unit was incrementally increased by 1 kW and finally, the power flow calculation was done to
check for performance indices’ violations. These steps were repeated for all required/selected locations
to find their HC. Effects of load variability and split-phase transformer unbalance were also studied.
It was found that the HC is independent of load variability if the limiting factor is voltage deviation
and the HC varies with the load if the limiting factors are overvoltage, line overload or transformer
overload. For the split-phase transformer case, it was found that HC is maximum when the load is
shared evenly between the two legs of the phase.

In [25], the authors estimated the HC of a 16 bus test feeder. The performance indices selected
in this study were bus overvoltage, line overloading and transformer overloading. The HC was
estimated for two cases, (1) considering the shunt capacitances of the lines (π model) (2) ignoring the
shunt capacitance of the lines. It was found that the HC of the feeder was higher in the case of using
the π model. This is an expected result because the shunt capacitors inject reactive power into the
distribution network which lowers the bus voltages. Therefore, more DG units can be integrated into
the network without causing bus overvoltage.

The effects of PV system integration on medium voltage (MV) networks were studied in [28].
First, the authors determined the PV systems’ HC by assuming the PV system generation to be
maximum and the load consumption to be fixed at a normal condition of 74% of the maximum capacity.
The PV system size was increased iteratively until a violation occurred and the HC was determined to
be 100% of the normal load consumption. Then, the effects of load variability on the hosting were
studied by varying the load from 30% to 90% from the normal condition. It was determined that the
PV systems’ HC had a linear relationship with the load variation. Effects of PV system’s location on
the HC were also studied.

A sensitivity analysis was performed in [33] to study the voltage harmonics as a limiting factor
of the PV systems’ HC. The analysis was performed on the IEEE 13 node test feeder. A limit of
5% and 8% was set for the individual voltage harmonic distortion component and the voltage total
harmonic distortion, respectively. The effects of two types of PV inverters were studied (one type has a
total harmonic distortion (THD) of current <3% and the other type has a total harmonic distortion
(THD) of current <6%). Furthermore, the effects of voltage regulating capacitors were also studied.
The main findings of the study are that: capacitor banks decrease the harmonic HC of the network,
the background distortion can heavily impact the HC depending on the harmonic phase angles,
and integration of PV systems near large loads can minimize the distribution losses.

The authors in [37,39] and [40] analyzed the impacts of DER units’ location on the HC of
distribution networks. The authors in [37] proposed that the location of DER units is a major limiting
factor of the HC. In [40], an analysis of locational HC (LHC) of 216 feeders is presented and feeders
are classified according to various performance factors. They concluded that the LHCs are highly
dependent on the voltage level of the feeder and highly impacted by the line loading thermal limitations.
The authors in [39] presented a method to find the hosting locational HC of a distribution network,
where the effects of different DG technologies (inverter-based and rotating machine resources) were
considered and they concluded that the HC limiting factors depends on the DG technology. All these
studies used the constant generation method as a tool for their analysis. A summary of the studies that
utilize the constant source method is presented in Table 1. The performance indices included in the
table are overvoltage (OV), undervoltage (UV), line thermal limit (LN limit), transformer loading limit
(TX limit), harmonic distortion (HD), reverse power flow (RPF) and fault current level (FCL).
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Table 1. Studies that utilize the constant source method for hosting capacity evaluation.

Ref. DER
Technology

Performance Index
Study Objective

OV UV
LN

Limit
TX

Limit HD RPF FCL

[21] DER 4 4 4 4 Analyze the hosting capacity of the secondary side of a
North American split-phase residential network.

[25] DG 4 Find the hosting capacity of a distributed feeder using π

line model.

[28] PV 4 4 4 Find the PV hosting capacity of MV and LV distribution
networks in Kentungan.

[33] PV 4 Find the harmonic hosting capacity of radial
distribution feeders.

[37] DG 4 4 4 Study the effects of DG location on the hosting capacity.

[38] PV 4 4 Develop a methodology to study the effects of MV-LV
interconnection on the PV hosting capacity.

[39] DG 4 4 4 4 Estimate the location-specific utility-scale DG
hosting capacity.

[40] PV 4 4 4 4 Analyze 216 MV distribution feeders and present the
results of the locational hosting capacity calculation

3.1.2. Time Series Method

The time series method is an improvement of the constant generation method and takes into
account the dynamic nature of the DERs. The constant values of the DERs in the constant generation
method are replaced by the generation profiles of the DERs. Profiles are assigned to all the dynamic
components of the network and then load flow calculations are performed for the smallest time step
available for the data set [19,42–44]. The size, location or number of DERs is varied until one of the
performance indices is violated [19,29,32,44]. The time series method is highly dependent on data
where more data can reveal more information about the effects of DERs dynamics on the HC [19,44].
However, large amount of data can increase the computational time. Therefore, 24-hours profiles are
generated based on average consumption and generation values [19,29], minimum consumption and
maximum generation values [19] or some other criteria [32,43,44].

Most time series studies for calculating the HC have focused on PV technology since the output
of PV systems varies greatly throughout the day [19,29,32,42,44]. Few studies have also used the time
series method for the analysis of HC of wind turbines [43,45]. The time series method provides a much
more realistic value of the HC of distribution networks because it takes into account the fluctuations in
the consumption and generation profiles [46]. However, the accuracy of this method is limited by the
amount of available data.

Various methodologies based on the time series method were presented to find the distribution
network HC of PV and wind turbines in [19] and [45], respectively. The authors in [19] considered bus
overvoltage and equipment overload as the technical constraints in their methodology for calculating
the HC of different types of distribution networks integrated with randomly distributed rooftop PV
systems. It was found that the maximum PV penetration level of residential network was between 82%
and 150%, the maximum PV penetration level for industrial network was 31%, while the commercial
network was limited by the available roof space. The authors in [45], considered voltage drop and
reverse power flow, in addition to overvoltage and overload, as the limiting criteria for the integration
of wind turbines into a real medium voltage distribution network. It was found that the HC decreased
significantly with the consideration of the additional limiting criteria.

The authors conducted time series analyses in [29] and in [44] to study the impact of PV systems’
integration in real distribution networks. In [29], the authors modeled an urban low voltage network
in Sri Lanka and studied the effects of high PV penetration, defined as a percentage of distribution
transformer capacity, on the active power flow, feeder voltage, transformer’s secondary side power
factor, voltage unbalance and network losses. It was found that overvoltage at the end of the feeder
limits the HC of the distribution networks. In [44], real consumption and PV systems’ generation
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profiles were used in the IEEE 69 bus network to analyze the effects of PV systems’ integration on
the current and voltage profile as well as the network losses. Load profiles for three types of loads
(residential, commercial and industrial) were created based on data obtained from a distribution
network in Richmond, Virginia. Various scenarios of PV systems’ locations and sizes were tested. It was
observed that a higher reduction in losses was possible with PV system installations at commercial
loads because of the coinciding of demand and PV systems’ generation. A one-day time series analysis
was performed in [43] on the IEEE 13-node test system. Weather data from Seattle was used to create the
wind turbines generation profile. The effects of wind turbines integration on the economics evaluation
index, voltage and HC were assessed. It was shown that the node voltages stayed within ±5% of
the rated value at the time of maximum generation and the distribution losses decreased with wind
turbine integration, improving the economic evaluation index. The wind turbine HC was found to be
about 23% of the total feeder capacity.

A sensitivity analysis was performed on the CIGRE medium voltage network in [42]. First, the HC
of each bus is determined by assuming the consumption to be minimum (20% of the maximum
demand) and PV system’s production to be maximum. Then, a PV system of twice the size of the HC is
connected to a bus and a load flow analysis is performed for one year at 10 minutes intervals and this
is repeated for each bus. It is suggested that the DGs should be integrated closer to the transformer
because exceeding the HC closer to the transformer affects fewer components of the network.

The PV systems’ HC of a residential area in Mauritius was calculated in [32] with voltage harmonics
as the limiting factor. Real load profiles and PV system generation data obtained from the area was
used to determine the acceptable level of PV systems’ integration. It was found that high PV system
generation led to an increase in the system harmonics. For the modeled system, PV penetration of less
than 40% was observed to keep the harmonics within the acceptable limits of the IEEE Standard 519.
A summary of the studies that utilize the time series method is presented in Table 2. The performance
indices included in the table are overvoltage (OV), undervoltage (UV), line thermal limit (LN limit),
transformer loading limit (TX limit), harmonic distortion (HD), reverse power flow (RPF), distribution
losses (DL), power factor (PF) and voltage unbalance (VU).

Table 2. Studies that utilize the time series method for hosting capacity evaluation.

Ref. DER
Technology

Performance Index
Study Objective

OV UV
LN

Limit
TX

Limit HD RPF DL PF VU

[19] PV 4 4 4 Find the hosting capacity of a sample distribution
network with randomly distributed PV systems.

[29] PV 4 4 4 4 4 Analyze the impact of high PV penetration on the
power quality of a LV network.

[30] PV 4 4 Determine the hosting capacity of a distribution
network with distribution losses as the

limiting criteria.

[32] PV 4 4 4 4 Study the effects of harmonics on a real LV network
using actual consumption and PV system output data.

[42] PV 4 4 4 4 Evaluate the probability of performance index
violation in a MV distribution network when the

hosting capacity limit is not obeyed.

[43] Wind
turbine

4 4 Assess the impact of DG integration on the voltage
quality, economics and hosting capacity of a

distribution network.

[44] PV 4 4 Analyze the impact of PV integration into a real
distribution network using time-series analysis.

[45] Wind
turbine

4 4 4 4 4 Calculate the hosting capacity of real distribution
feeder and determine the factors that limit the

integration of wind generation into the
distribution network.
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3.2. Stochastic Method

The process of integration of DER units into the distribution network has many unknown variables.
the number of customers who will utilize DERs and the locations and sizes of the DERs are not known
beforehand. Other than these uncertainties, the output of the DERs and the consumption profiles
are also intermittent. All these unknown variables have an impact on the HC. The studies present
in the literature take the randomicity of some of these variables into account in calculating the HC
of distribution networks. To account for these unknown variables, Probabilistic Power Flow (PPF) is
used. In PPF, several load flow calculations are performed with various values of unknown variables
to produce a wide range of output results. The general steps of the PPF involve the creation of random
scenarios (number, location and/or size of DER), the simulation of networks, the inspection of network
variables (voltage, current, losses, etc.) against the performance limits and the determination of the HC
based on the predefined performance limits [47].

There are various methods for generating random scenarios. The most common is the Monte
Carlo simulation [17,18,20,26,41,47–60]. Other methods include random DER deployment [61], sparse
grid technique [55] and Quasi Monte Carlo [54]. Since there are many unknown variables involved
in DERs integration, it is reasonable to set some of those variables while varying others through
stochastic techniques. In some of the studies [18,41,52,53,56], the number of DER units in the
distribution network is set by the authors and is increased from the minimum value to 100% (DER is
connected to each potential integration location) while Monte Carlo simulations are performed at
each increment. The Monte Carlo simulation is used for different purposes such as, to generate
the DER location [17,18,20,22,41,47,50,52,53,56,57,60], size [17,18,20,47,53,56,57], connection phase in
the three-phase distribution networks [50,57,60], type [22] and DER generation and load profiles
scenarios [56].

The stochastic method is the most popular method in the literature for HC calculation. It can be
used for forecasting and sensitivity studies. Within the stochastic method, Monte Carlo simulation is
the most common technique used for the calculation. Although the stochastic method can be used to
represent real-life scenarios, it should be kept in mind that the result of the stochastic method might
not be the most optimal solution for the HC. To obtain the most optimal HC, an optimization-based
method can be used. A summary of the studies that utilize the stochastic method is presented in Table 3.
The performance indices included in the table are overvoltage (OV), undervoltage (UV), line thermal
limit (LN limit), transformer loading limit (TX limit), harmonic distortion (HD), reverse power flow
(RPF), power factor (PF), voltage unbalance (VU) and distribution losses (DL).

Table 3. Studies that utilize the stochastic method for hosting capacity evaluation.

Ref.
DER

Technology

Performance Index

Study Objective Technique
OV UV

LN
Limit

TX
Limit HD RPF PF VU DL

[17] PV 4 4 Present an impact-assessment
framework to study two types

of PV system deployment
scenarios: customer-based

(Stochastic) and utility-based
(Optimization).

Monte-Carlo based
technique for random
placement and sizing

of PV units.

[18] PV 4 4 4 4 Present an impact assessment
framework based on parallel
computing and Monte Carlo
simulation for PV systems
integration into LV feeders.

Monte-Carlo based
technique for random
placement and sizing

of PV units.

[20] PV 4 Calculate the hosting capacity
of three real distribution

networks using a
methodology based on Monte

Carlo simulation.

Monte-Carlo
simulation based

probabilistic power
flow for random

placement and sizing
of PV units.
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Table 3. Cont.

Ref.
DER

Technology

Performance Index

Study Objective Technique
OV UV

LN
Limit

TX
Limit HD RPF PF VU DL

[26] PV 4 4 Determine the hosting
capacity and probabilistic

expectation of violations for
PV system integration into

distribution networks.

Nataf transformation
for spatial correlations
between PV units and

loads.

[41] PV 4 Investigate the effects of the
resolution of historical data
and the uncertainty of DG
placement on the hosting
capacity of distribution

networks.

Monte-Carlo based
framework for PV

unit sizing.

[47] DG 4 4 4 Present an innovative
procedure based on Monte

Carlo simulation with limited
iterations for hosting capacity

and congestion curve
calculation.

Monte-Carlo based
probabilistic approach

for DG unit
placement and sizing.

[48] DER 4 4 Use a three-step probabilistic
methodology to analyze the

hosting capacity of
distribution network with
various operation modes.

Monte-Carlo based
probabilistic load flow

for random DER
sizing and placement

along with Secant
Method algorithm for
scaling up the power

of all generators
proportionally.

[49] PV 4 4 4 4 4 Signify the usefulness of smart
meter data in finding the

maximum PV hosting capacity
of LV distribution feeders.

Monte-Carlo based
algorithm for

sampling from smart
meter data.

[50] PV 4 Estimate the hosting capacity
of a LV distribution network

taking into account the
harmonic distortion of

single-phase PV inverters.

Monte-Carlo based
method for PV unit

placement in the
busses and phases.

[51] EV 4 4 Find the distribution network
EV hosting capacity using a

probabilistic method based on
Combined Cumulants and
Gram-Charlier Expansion.

Monte-Carlo
simulation used to

find the Cumulants of
EV charging demand.

[52] PV 4 4 4 4 4 Provide an understanding of
LV systems’ hosting capacity
by analyzing the stochastic

results of 50,000 real LV
systems.

Simplified
Monte-Carlo based
method taking PV
unit location as the
random variable.

[53] PV 4 4 4 4 4 Estimate the hosting capacity
of 17 utility distribution

feeders and analyze the effects
of feeder and PV system

characteristics on the hosting
capacity.

Monte-Carlo
simulation-based

technique taking PV
unit size and location

as the random
variable.

[54] PV 4 4 4 4 Provide a tool for distribution
network operators (DNOs) for

determining the maximum
permissible PV systems size.

Quasi Monte-Carlo
method for handling

the uncertainties.

[55] PV and
Wind

turbine

4 4 Present a risk assessment tool
for estimating the hosting

capacity of distribution
networks.

Sparse grid technique
for risk assessment.
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Table 3. Cont.

Ref.
DER

Technology

Performance Index

Study Objective Technique
OV UV

LN
Limit

TX
Limit HD RPF PF VU DL

[56] PV, EV,
electric heat
pumps and
combined
heat and

power units

4 4 4 4 Develop a probabilistic impact
assessment methodology to

study the impact of low
carbon technologies on the LV

network.

Monte-Carlo
simulation for sizing
and placement of PV,
EVs, EHPs and µCHP

units.

[57] PV 4 Develop a multi-objective
voltage unbalance factor to

assess the effects of
single-phase PV system

integration on three-phase
residential distribution

networks.

Monte-Carlo
simulation for sizing
and placement of PV

on the busses and
phases and Gaussian
distribution model to

characterize the
uncertainty of loads.

[58] PV 4 Find the hosting capacity of
LV rural distribution networks

with regards to the
negative-sequence voltage

unbalance for single phase PV
system integration.

Monte-Carlo based
method for placement

of PV units on the
busses and phases.

[60] PV 4 Find the single-phase PV
hosting capacity of LV

networks with regards to
negative-sequence voltage
balance and uncertainty in

location and connection phase.

Monte-Carlo method
for PV unit placement

on the busses and
phases.

[61] PV 4 4 Study the impact of high PV
penetration on a MV

distribution feeder, taking into
account the uncertainty of PV

systems’ location and size.

Random generation of
PV units size and

location using
MATLAB.

3.3. Optimization-Based Method

In the optimization-based method, DER integration is defined as an optimization problem where
the objective is to maximize the active power injection of DER into the distribution network while
making sure that the distribution network operational limits are satisfied. Sometimes [17,62,63],
a multi-objective function is set up to find the HC that results in maximizing the DER integration
while minimizing the distribution losses or costs. Other times, a single objective function is defined
to maximize the HC [23,64–67]. Constraints such as the bus voltages, line currents, node power
injection, etc. are also defined. Various techniques are used to solve the optimization problem.
The most common techniques are Particle Swarm Optimization (PSO) [62,68] as it is easy to implement,
Artificial Bee Colony (ABC) [69] because of its fast convergence, Robust optimization [70–72] as it
incorporates the uncertainty of DG output/size/location into the calculation and Genetic Algorithm
(GA) [73] since it produces fast results but with a probability of finding near-optimal solutions instead
of global optimal solutions.

The drawback of these optimization algorithms is that they require several iterations to obtain
an optimal solution. Furthermore, they utilize AC power flow calculations, which is in itself an
iterative calculation. Higher number of iterations require longer computational times. To overcome
this challenge, some studies utilize the linear programming technique [22,23,65,67]. In this technique,
AC power flow equations are linearized by assuming that the voltage phase angle between two
connected buses is equal and by defining the bus voltages and angles relative to the voltage at the
point of interconnection [65,67].

A multi-period, multi-resource assessment technique based on optimal power flow (OPF) is used
in [64] to find the maximum possible energy injection in a distribution system through a combination of
wind and solar PV distributed resources. OPF is a formulation of the power flow equation in the form
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of an optimization problem to find the best operational settings while maintaining the distribution
networks within the performance limits. The objective of this study was to analyze the benefits of a
hybrid renewable energy system, which was compared with a system containing only one technology
of DER. It was found that the hosting capacity was higher for the hybrid system. In [66], OPF was used
to develop a method to calculate the DG penetration limit of a feeder without an advanced distribution
system (ADS). It was shown that the proposed method could find higher HC as compared to the other
analytical power distance test tools.

Multi-objective optimization methods were developed in [62] and [63] to maximize the DER
HC while minimizing the distribution losses [62] and cost [63]. The multi-objective PSO algorithm
along with the Pareto-dominance-based approach is used in [62] to optimally site open unified power
quality conditioner (UPQC-O) while maximizing the PV HC and minimizing distribution losses
simultaneously. It is noted that increasing PV penetration results in increased losses at higher PV
penetration levels. It is also shown that the addition of UPQC-O results in higher PV HC and lower
losses but requires extra investment. In [63], a stochastic multi-objective optimization framework
is proposed and tested on a 69 bus and 152 bus distribution network to maximize the wind power
HC and minimize the cost of operation and maintenance. The wind HC is indirectly maximized by
minimizing the energy acquisition cost from the higher-level network.

In [65,67], the authors linearized the AC power flow equations to reduce the computational time
of the HC calculation. Linearization of the AC power flow equations produces equations that can be
solved in a single step without requiring iterations. Both studies tested this method on the IEEE 33-bus
radial network. In [65], the optimal loading capacity of a radial distribution network is determined
through optimization, which determines the maximum amount of load that can be integrated into a
given distribution network. Since the study determines the loading capacity of the system, it is more
representative of the HC of EVs than DGs. In [67], the marginal HC of active distribution networks is
determined for the integration of EVs. The marginal HC differs from the optimal HC by the fact that
the marginal HC determines the effects of the addition or removal (the next increment) of power on
the optimal HC [74].

Techno-economic studies are performed in [68] and [69] to determine the HC of DERs. It is noted
in [68] that the HC of wind turbines is comparatively much higher than the load in the installation
location. However, several economic aspects, such as wind turbines’ investment or operation cost,
limit the HC. The PSO algorithm is used to optimize the cost of wind turbines installation in the
69-bus system. It is found that integration of wind turbines in the middle of the lines is economically
beneficial in the test system. In [69], the ABC algorithm is used to minimize the active power losses in
the IEEE 34 and IEEE 37- nodes systems through optimal placement and sizing of hybrid DER units.
Since, reduction of distribution losses results in cost savings, a reduction of 56.98% of losses is observed
for the modified IEEE 37-node system resulting in a saving of 14.85% compared to the base case.

Robust optimization techniques are used in [70], [71] and [72] to determine the EV HC, DG HC in
active distribution networks and DG HC in unbalanced distribution networks, respectively. In [70],
real vehicle journey data is used to model the uncertainty of EV charging demand for the EV HC
analysis. A robust optimization equation with modifiable uncertainty set is formulated and is solved
in two stages by the modified column and constraint generation and outer optimization method.
The method has been verified on the IEEE 123-node network. From this method, the grid constraints
are respected and EV charging requests are fulfilled to the highest degree. In [71], the DG output
and load demand are generated stochastically using an ambiguous distribution to model the random
nature of DG output and load demand. A robust optimization method based on data-driven DG
capacity assessment model, distributionally robust capacity assessment model (DR-CAM), is used to
find the maximum DG penetration level. The DR-CAM method is tested on the IEEE 33-bus system
and the IEEE 123-bus system and compared to the deterministic DG capacity assessment model
(D-CAM), robust optimization and the traditional distributionally robust optimization (T-DRO). It is
shown that the DR-CAM method is more robust and produces better optimization results. In [72],
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the robust comprehensive capacity assessment method (RC-CAM) to optimally size and site DGs in
an unbalanced distribution network is proposed. The method consists of two-stage mixed integer
linear programming problem. In the first stage, the optimal DG placement and sizing decision are
made along with the optimal active network management (ANM) decisions. In the second stage,
the worst-case scenario is tested. Apart from the RC-CAM, a three-step optimization algorithm method
is also proposed to improve the results of the evaluation. The RC-CAM method was tested on the
IEEE 33-bus network and compared with two other approaches based on the Monte Carlo simulation.
The RC-CAM method was shown to be more robust and to produce more optimal results as compared
to the other state-of-the-art DG capacity assessment methods.

In [73], a new method for optimal siting and sizing of DGs for loss minimization is proposed.
This method combines the analytical and GA methods to find the ideal location, size and power factor
of the DG. In this method, the number of DGs has to be predetermined. The method is tested on
the IEEE 33-bus and the 69-bus network. This method is compared to the improved analytical (IA)
method, exhaustive load flow method (ELF) and loss sensitivity factor (LSF) method. It is shown that
the proposed method achieves the highest loss reduction. A summary of the studies that utilize the
optimization-based method is presented in Table 4. The performance indices included in the table
are overvoltage (OV), undervoltage (UV), line thermal limit (LN limit), transformer loading limit
(TX limit), harmonic distortion (HD), reverse power flow (RPF), voltage fluctuation (VF) and voltage
unbalance (VU).

Table 4. Studies that utilize the optimization-based method for hosting capacity evaluation.

Ref.
DER

Technology
Performance Index Study Objective Objective Function

OV UV LN
Limit

TX
Limit

HD RPF VF VU

[17] PV 4 4 Present an impact-assessment
framework to study two types of
PV systems deployment scenarios:
customer-based (Stochastic) and

utility-based (Optimization).

Minimize energy losses, voltage
deviation and voltage fluctuation.

[22] DG 4 4 Propose a framework for radial
distribution system hosting

capacity estimation that considers
loads and DGs uncertainties.

Maximize the active power
generation of a DG.

[23] DG 4 4 4 Propose a linear power flow
based robust optimization

method to find the DG hosting
capacity of distribution networks

using linear programming.

Minimize the active power
generation of a DG over the

uncertain variables while
maximizing it over the

primal variables.

[34] PV 4 4 4 4 Finding the PV hosting capacity
of a distribution system

containing harmonic distortions.

Maximize HC where HC is
dependent on the main capacitive
reactance, the inductive reactance,

dampening resistance and the
capacity of PV unit.

[62] PV 4 4 4 Site open unified power quality
conditioner (UPQC-O) while

optimizing PV hosting capacity.

Maximize the PV units active
power generation and minimize

the total energy loss of
the network.

[63] Wind
turbine

4 4 4 Introduce a stochastic
multi-objective model to

maximize the wind turbine
hosting capacity and minimize
the energy procurement costs.

Minimize the expected cost of
power purchased from the

upstream network and minimize
the operation and maintenance

cost of the wind farms.

[64] PV and
wind

turbine

4 4 4 4 Optimally size and site wind and
PV systems to maximize the

hosting capacity of
distribution networks.

Maximize the energy production
of the hybrid system.

[65] DG 4 4 4 Find the optimal loading capacity
of a distribution network by

linearizing the AC power
flow equations.

Maximize the additional load
capacity that can be added to

the system.
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Table 4. Cont.

Ref.
DER

Technology
Performance Index Study Objective Objective Function

OV UV LN
Limit

TX
Limit

HD RPF VF VU

[66] DG 4 4 4 4 4 Present a methodology to increase
the DG penetration in a

distribution system without
advanced distribution system.

Maximize the active power
generation of the DG.

[67] EV 4 4 4 Present a mathematical model for
calculating the marginal EV

hosting capacity of nodes in a
distribution network.

Maximize the additional
generation or load over the

additional active power that can
be added to the network and
minimize it over the available

load demand.

[68] Wind
turbine

4 4 4 Present a method for calculating
the wind turbine hosting capacity

of distribution systems while
maximizing the economic

benefits.

Maximize the additional income
of wind turbines by traditional
generation reduction, net loss
reduction and environment

profits.

[69] PV and
Wind

turbine

4 4 Minimize active power losses by
placing hybrid renewable

generators and shunt capacitors
using ABC algorithm.

Maximize the loss reduction and
voltage stability.

[70] EV 4 4 4 Propose a concept of EV
chargeable regions for

distribution network EV hosting
capacity calculation.

Minimize total distribution
network operation cost by

minimizing the line losses and the
compensation cost of delayed

charging.

[71] DG 4 4 4 Propose a robust
optimization-based DG hosting

capacity calculation method.

Maximize the total DG output.

[72] DG 4 4 4 Optimally size and site DGs in an
unbalanced distribution network

using the RC-CAM method.

Maximize the total DG output.

3.4. Streamlined Method

The streamlined method is a heuristics technique developed by the Electric Power Research
Institute (EPRI) to estimate the DER HC of a feeder. The streamlined method was developed by
performing detailed stochastic studies on a wide range of distributed feeders and identifying trends
that are common to the integration of PV systems into those feeders [75]. Instead of performing load
flow and short-circuit analyses on a large number of scenarios of DER integration, the streamlined
method performs a series of sensitivity analyses and provides three values of hosting capacities:
realistic, optimistic and conservative. These values are based on scenarios such as inclusion/exclusion
of diversity of branches in the feeder and extreme/probable DER location. This method can be thought
of as an improvement of the stochastic method where instead of simulating a large number of scenarios,
a small number of scenarios are simulated to find an estimate of a given feeder HC. This is based on the
knowledge of PV systems integration trends from previous studies. However, the improvement of this
method is with regards to the computation time and resources only. As for the results, the streamlined
method tends to calculate an inaccurate value of the HC in cases where the actual HC is high or
where the feeder has high branch diversity [75]. The use of the streamlined method is limited to
very few studies [75–77], due to the fact that the algorithm is not opensource but is available as a
commercial tool by the name of “Distribution Resource Integration and Value Estimation (DRIVE)”.
Furthermore, developing the streamlined algorithm from scratch would require a large number of
detailed HC studies of feeders with diverse characteristics. A summary of the studies that utilize
the streamlined method is presented in Table 5. The performance indices included in the table are
overvoltage (OV), undervoltage (UV), line limit (LN limit), transformer limit (TX limit), harmonic
distortion (HD), reverse power flow (RPF), protection devices (PD) and fault current (FC).
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Table 5. Studies that utilize the streamlined method for hosting capacity evaluation.

Ref.
DER

Technology

Performance Index

Study Objective
OV UV

LN
Limit

TX
Limit RPF PD FC

[75] PV 4 4 4 4 4 4 Outline the methodology of streamlined
analysis by determining the PV hosting

capacity of a distribution feeder.

[76] PV 4 4 4 4 4 4 4 Outline the methodology of streamlined
analysis by determining the PV hosting

capacity of a distribution feeder.

[77] DER 4 4 4 4 4 Provide a summary of a new streamlined
method to assess the impacts of DER

integration on a distribution.

3.5. Comparison

A general comparison of the different HC calculation techniques is presented in Table 6.
However, it should be kept in mind that the exact characteristics of the methods can vary depending
on the design of the study. For example, the complexity of the stochastic method can be decreased by
making some approximations such as limiting the integration of DERs to a fixed number of buses and
the data requirement of the time series method can be decreased by taking seasonal average generation
and consumption profiles instead of the complete yearly profile.

Table 6. Comparison of the HC calculation methods.

Characteristic Constant
Source

Time
Series Stochastic Optimization-Based Streamlined

Data requirement Small Large Moderate Moderate Moderate

Complexity Simple Moderate Complex Complex Complex

Calculation time Small Moderate Large Large Moderate

No. of scenarios tested Few Few Many Several Several

Results Approximate Accurate Accurate Exact (for given constraints) Approximate

4. Tools for Hosting Capacity Calculations

There is a wide range of commercial and non-commercial software programs available for power
system simulation and analysis. A list of these software programs is available at [78]. Most of these
programs can be used to find the HC using one of the methods mentioned in this paper. However, for the
purpose of this work, only those software programs that provide an off the shelf HC calculation tool
are mentioned. The information presented here, regarding the tools, is based on the online information
provided by the tool providers.

4.1. PSS Sincal Integrated Capacity Analysis Module

PSS Sincal is a power system simulation program owned by Siemens. It can be used to plan,
model and analyze various networks such as distribution, transmission, rail, industrial and renewable
systems [79]. PSS Sincal offers the ICA (Integrated Capacity Analysis) module for calculating the
maximum HC of a given network. The ICA module helps the user in finding the best location and
size for the DER. The criteria used for calculating the HC are thermal loading, voltage limits, voltage
fluctuations, short-circuit endurance, reverse power flow and protection. These criteria can be adjusted
by the user along with the behavior of the DER. The loads and generators have to be modeled accurately
and should include their past or predicted profiles. The HC is calculated for each node, independently
from the other nodes and the maximum generation or load is determined using the time series iterative
method. In the ICA method, the size of the DER is increased iteratively at a specific location and a
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load flow calculation is performed each time. The disadvantages of this method are the expected
long computation times and the limited scenarios testing. A single DER unit is integrated at a single
location which leads to an overestimation of the HC at that location because increasing the number of
DER units in a system increases the overall HC of the system but decreases the HC of the individual
locations [52]. The detailed information about the PSS Sincal ICA module can be found in [80].

4.2. DIgSILENT PowerFactory

PowerFactory is a generation, transmission, distribution and industrial network modelling and
simulation software by DIgSILENT. The 2019 onwards versions of PowerFactory offer a tool to calculate
the HC of balanced and unbalanced distribution feeders based on thermal, voltage, protection and
power quality limits. The users can select single or multiple nodes for the HC calculation. The method
use for the determination of the HC is an iterative method based on the standard binomial search
algorithm which is a stochastic method. The detailed information of the PowerFactory HC analysis
tool can be found in [81].

4.3. NEPLAN

The NEPLAN power system analysis software can be used for network planning, simulation,
optimization and analysis. It offers a module which uses the stochastic method for the calculation of
the distribution network HC [82]. The stochastic method used is the Monte Carlo simulation with
a pre-filter of possible sizes to limit the search space for realistic worst-case values. In addition to
modeling DGs, the software can model EVs as well. The limiting factors considered are voltage
violation, overloading and other performance indices.

4.4. Synergi Electric

Synergi Electric is a planning and analysis software for the electric grid developed by DNV GL.
It provides a tool for calculating the PV HC of distribution networks. There are five different methods
available for the calculation: stochastic, feeder rating, feeder maximum demand, incremental, sectional
incremental [83]. However, these methods can be classified together based on the HC calculation
methods mentioned in Section 3. In the stochastic method, PV systems are placed randomly over
the complete network. The limiting criteria for the HC calculations are overvoltage, feeder loading
and reverse power flow [83]. In the feeder rating and feeder maximum demand methods, the HC is
calculated based on the feeder rating and minimum daytime load and feeder demand and minimum
daytime load, respectively. The exact procedure is not mentioned in [83]. In the incremental and
sectional incremental methods, the PV output is increased iteratively until voltage or thermal loading
limit is reached. The difference between the two is that in the former, the size of the existing PV systems
on the feeder is increased, while in the latter, a single new PV system is placed at a location and its size
is iteratively increased.

4.5. CYME

CYME power engineering software is a simulation tool by EATON which can be used to analyze
distribution, transmission and industrial power systems. It has two modules which can be used to find
the HC of a distribution network: Integration Capacity Analysis module and EPRI DRIVE module.

4.5.1. Integration Capacity Analysis

Similar to the PSS Sincal’s ICA module, the Integration Capacity Analysis module in CYME uses
the iterative method to calculate the maximum generation or load that can be added independently to
a node in a distribution network [84]. However, this iterative method is based on the constant source
technique. The user is required to provide the minimum and maximum load values, along with the
maximum DER generation or load value. The limiting criteria for the HC calculation are thermal



Energies 2020, 13, 2758 19 of 25

loading, reverse power flow, steady-state voltages, voltage variation, protection and sympathetic
tripping. The detailed information about the Integration Capacity Analysis module is available at [85].

4.5.2. EPRI DRIVE

The Distribution Resource Integration and Value Estimation (DRIVE) module developed by
the EPRI can be used through the CYME software for calculating the DER HC of a distribution
network. The DRIVE module can calculate the HC for various DER technologies, such as, PV systems,
wind energy systems, battery storage systems, fuel cells, microturbines and synchronous generators.
The performance limits used for the calculation are thermal, power quality, voltage, protection and
reliability/safety. The method used for the calculation is the streamlined method which has been
developed by EPRI.

4.6. Highlights

A summary of all the HC calculation tools is presented in Figure 4. The orange boxes list software
with a HC calculation tool. The yellow boxes present the names of the tools. Most of the software offer
a single module that employs one HC calculation method (blue boxes). Synergi Electric offers a single
module but offers the ability to use two different methods for the HC calculation. CYME software
offers two modules each of which employs one method for HC calculation. The green boxes list the
limiting factors that the tools use for HC determination.
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5. Conclusions

From the analysis of the literature, it is clear that there is no single value for the HC of a given
distribution network. The value of HC depends on the limiting factors that are predefined to calculate
it. There are various factors that can limit the HC of a given distribution network and some factors
have a greater effect than others. It is also observed that considering all the limiting factors in studying
the HC is very difficult and may even be impossible (inclusion of so many limiting factors might make
the analysis extremely complicated). Most studies have focused on the bus overvoltage and voltage
deviation and line and transformer overload as the limiting factors, some have considered distribution
loss and power quality as limiting factors in the HC calculation and no study has considered the effects
of the miscoordination of protection devices on the HC as a limiting factor.

Furthermore, various methods were used to calculate the HC such as the deterministic, stochastic,
optimization-based and streamlined. Each of these methods have their own advantages and
disadvantages. The most basic technique is the deterministic method. This technique seems to
be the best technique for sizing a single DER at a specific location. Especially if the generation profile is
known or can be forecasted. The stochastic technique can be used for forecasting and sensitivity studies.
These can give DNOs a better understanding of the impacts of DER integration into distribution
networks. The stochastic method emulates the real-life scenario where the DNO does not have control
over the customer’s choice of DER integration. In cases where the utility can determine the size,
number, and location of the DERs, the optimization method is the best choice since it can be used to
improve the overall performance of the distribution network by cutting losses and/or cost. The choice
of the HC calculation method will depend on the objective of the study.

Various commercial tools are available for HC calculation and each tool utilizes one of the
above-mentioned HC calculation methods. The choice of the tool can depend on various factors
such as, the objective of the network study, the cost of the tool, the available data for the analysis, etc.
The objective of this work was to highlight some of the available tools, without going into details
regarding the accuracy, functionality, performance, cost, etc. of each tool.
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