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ABSTRACT Recently, several types of distributed energy resources (DERs) have been developed to reduce
the environmental impact and support the global demand for electrical energy. However, the continuous
penetration of the DERs into modern power systems (MPSs) may cause several adverse impacts in terms
of operation performance indices (PIs) and power quality issues, especially in low-voltage distribution
systems (LVDSs). To cope with these serious impacts and achieve optimal control, the hosting capacity
(HC) of DERs must be accurately estimated and optimally optimized. However, it requires an extensive
communication infrastructure, which is hardly offered without clear financial benefits. In this regard, this
article investigates the historical developments of HC definitions as well as the recent developments in
terms of operational performance indices, and estimation methods for active distribution networks (ADNs)
with the high-penetration level existence of the DERs, energy storage systems (ESSs), electric vehicle
(EV) charging systems, sector coupling, hydrogen technologies, and multi-carrier energy systems (MESs)
to deal with electrical, thermal, and cooling demands. In this regard, this review article is intended to
exhibit an appropriate reference for comprehensive research trends in HC estimation and optimization
based on ADNSs. Additionally, it involves and covers most current research HC topics in detail compared
to other published review articles. Moreover, the authors deliberate the recent approaches for evaluating and
improving the HC, especially concerning data-driven methods, with the aid of various software for simulating
real systems. Moreover, modern research trends and main factors of MPS operations are deliberated with
current energy market developments. Also, prominent challenges, current status, and future aspects are
discussed.

INDEX TERMS Hosting capacity, distributed energy resources, energy storage systems, electric vehicles,
active distribution networks.
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I. INTRODUCTION

A. BACKGROUND

Owing to the increased global demand for electrical energy,
it is required to utilize alternative energy sources to
conventional sources to reduce their bad environmental
impacts. So, the penetration of distributed energy resources
(DERs) for instance; renewable energy sources (RESs),
especially solar photovoltaics (PV), increases periodically
in low-voltage distributed systems (LVDSs) [1]. Regarding
the global statistics, energy consumption shows a gradual
increase from around 112 petawatt hour (PWh) in the year
2000 to 159 PWh in 2021, also observing energy con-
sumption decline in 2020 to amount of 151 PWh due to
the coronavirus pandemic and global lockdown policy [2].
Looking specifically at Fig.1, it is clear that most energy
consumption depends mainly on fossil fuels such as gas,
coal, and oil besides small contributions of RESs and other
sources to cover the global energy demands. In [3], the statis-
tics depict that only energy amount 28 PWh was used for
electricity production globally with a percentage of 18.5% of
total energy consumption in 2021. In 2022, the various RESs
generated about 52% of the total electricity production and
are expected to increase by 20.6 % in 2050 [3], [4]. China
became the first leading country to implement large stations’
capacities of RESs achieving about 1.16 terawatts. In turn,
the USA came in the second rank with 352 gigawatts while
the remaining counties contributed 91.25% of total electricity
production from RESs [5]. Consequently, it is critical to
reduce energy consumption from fossil fuels and provide
alternative sources with low carbon emissions and harmful
impacts on our environment.

Worldwide, the penetration of various DERs is being
increased significantly which has several impacts on the
modern power systems (MPSs) [6]. So, it is essential to be
regulated to avoid deteriorating the power quality (PQ) of the
active distribution networks (ADNs). The DER penetration
in the ADNs can be classified into three stages based on
the ratio of DER production to power consumption namely
as low, moderate, and high levels [7]. At a high level, the
negative impacts of the excessive generation of DERs can be
worryingly observed by system operators in terms of ADNs
performance and quality deterioration, voltage unbalance,
losses, harmonics, and distribution line ampacities. So, it is
essential to preserve the adverse impacts under acceptable
limits. Thus, the term of the hosting capacity (HC) of ADNs is
extensively utilized, which is primarily originated in 2004 by
Bollen et al. [8]. As depicted in Fig. 2, the HC concept
can be defined as the maximum generation of DERs that
can be accommodated without endangering the ADNs’ PQ
and reliability [7]. By applying the HC concept, the optimal
amount of DERs, which can be integrated into the ADNs
without adverse impacts, is critically specified for current
power consumption and future ADN support with predicted
expansions [9]. In this regard, several approaches have been
established to recognize and optimize the HC of the ADNs
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and study the comprehensive influences of different param-
eters and considerations. Moreover, other studies elaborated
on the HC enhancement techniques and the suitable tools and
software to find the accurate HC value, as detailed in [9], [10],
[11], [12], and [13]. These studies considered only the impact
of increased penetration level-based PV systems neglecting
other influences of applied DERs in ADNSs.

B. MOTIVATION AND RESEARCH GAP

For ADNs, the integration of several types of DERs (PV,
wind turbine (WT), thermal distributed generators (DGs, etc.)
has been significantly increased with the presence of electric
vehicle (EV) charging stations and various types of energy
storage systems (ESSs), that have adverse influences on the
PQ indices [7]. As well the concept of energy hub (EH)
has been extensively applied using multi-carrier energy sys-
tems (MESs) to support the electrical, thermal, and cooling
demands [14]. All of these advanced components essentially
require both distributed smart meters and powerful com-
munication systems that should be implemented in ADNs
to accomplish the effectiveness of centralized control and
achieve the balance between generation and consumption
without violating the technical and economic constraints [15].
By using the smart meters, huge collected data from measure-
ment devices are attained which are required to implement
extensive communication infrastructure to treat the increased
availability of collected data for optimal control, performance
prediction, and cost-effective management of ADNs [16].
Therefore, it is essential to extend the HC concept for all
advanced power system components in order to specify their
maximum allowable integration into the ADNs while con-
serving the acceptable operation constraints of performance
indices (PIs). In addition to dealing with the obstacles of
extreme availability data from smart meters for achieving
complete system controllability with using limited commu-
nication infrastructure. According to published articles, most
of the existing review articles fail to elaborate on all these
raised prominent points in detail and their impact on HC
calculations and the operation performance of ADNs.

Most articles acknowledged that the HC research trends
associated mainly with the PVs only neglect other impor-
tant aspects, and other recent technologies. The first missing
aspect is the consideration of various types of DERs, in addi-
tion to the role of various types of ESSs, and especially EVs,
which have great impacts on modern ADNs. The second
aspect is the lack of a unified definition of HC that considers
diverse factors in MPSs. The next aspect is the assessment of
HC by empowering new PIs in ADNs, which requires more
investigation. Furthermore, the consideration of the rising
role of hydrogen technologies will have a great impact on the
HC task. Accordingly, the next missing aspect is to review
the recent trends in such hydrogen technologies. Besides, the
contribution of energy management systems and EH with
various MESs considering various demand types (cooling,
thermal, and electrical loads), requires more investigation.
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FIGURE 2. General HC concept.

Finally, the role of the following terms is required to be
highlighted for HC improvement, including, energy forecast-
ing, communication infrastructure, networks’ configuration,
sector coupling, and energy markets linked with the HC
assessment. Thus, this article covers most of the important
recent HC research topics in detail compared to other pub-
lished articles.

C. CONTRIBUTIONS

To cover the abovementioned gaps, this article presents a
comprehensive analysis of the HC research trends in terms
of various objectives and contributions which can be summa-
rized as follows:

v’ Declaring the state of the art of the HC concept and
definitions considering various DERs, EVs, and ESSs
in addition to their impacts on the modern ADNs based
on their uncertainties.

v" New HC definition is stated in terms of various sig-
nificant factors and elements found in MPSs. Besides
signifying the most vital PIs for HC assessment includ-
ing newly applied PIs in MPSs such as risk index (RI).

VOLUME 12, 2024

v" Indicating the various HC estimation approaches espe-
cially the data-driven methods, supported with compar-
ison, discussions, recommendations, and the applied
tools and software.

v' Identifying various HC enhancement techniques and
the application of modern techniques such as hydro-
gen technologies. Also highlighting the role of energy
management systems (EMSs) in HC enhancement with
the contribution of EH with various MESs to respond
to the energy demands (cooling, thermal, and elec-
trical loads), as well as the EVs and their charging
stations.

v Discussing the various aspects related to the modern
power grids such as emerging grids, risk and secu-
rity assessment, communication infrastructure, and loss
sensitivity analysis.

v Mentioning some of the real networks’ configuration,
and energy markets associated with the HC concept.

v’ Deliberating perspectives for prominent challenges
and current status following future technologies of
HC approaches as research trends: perceptions and
outlooks.

D. ARTICLE ORGANIZATION

The remainder of this article is summarized as section II states
the search methodology of historical developments of the HC
concept that is comprehensively investigated in section III.
Section IV discusses the various PIs applied for assessing
and calculating the HC using conventional, modified, and
data-driven approaches that are elaborated respectively in
section V. As a result, section VI presents the used tools and
software frameworks for calculating the HC before investi-
gating the HC enhancement techniques in section VII. The
new concepts applied in the MPSs to increase their sensi-
tivity and reliability are discussed in section VIII. Followed
by deliberating the energy markets, challenges, and future
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aspects in section IX, and section X, respectively. Finally,
the work conclusion is given in section XI. Moreover, Fig. 3
depicts the article layout with the main contributions.

Il. SEARCH METHODOLOGY

The search methodology followed in this article for com-
prehensive analysis of HC research trends, is dependent on
both indexed articles (journal or conference proceedings)
and books on Scopus and Web of Science databases using
IEEE Xplore, Google Scholar, and ScienceDirect websites
(considering only English publications). The utilized key-
words were (hosting capacity, DER, renewable energy, PV,
EV, HC assessment, Performance indices, HC estimation
approaches, HC enhancement techniques, machine learning
(ML), and future technologies) which in turn generated over
1757 document results. Hence, the search methods can be
concluded as:

o Initial search results: a total of 1757 document results
were attained using IEEE Xplore, Google Scholar, and
ScienceDirect.

o Initial search results assessment: a total of 1115 docu-
ments were evaluated based on the article title, abstract,
keywords, article construction, contribution, results,
and conclusion, which were associated with the main
topic.

« Rigorous search results refinement: a total of 660 were
considered based on the publishers, impact factors, and
significant coherence.
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o Final procedure: The most recent and relevant total of
350 published documents were selected over the past
5-year period.

Moreover, the coherence among various terminologies,
aspects, and research keywords associated with the HC con-
cept is investigated based on the Scopus database in Fig. 4,
using the VOS viewer platform [17]. Hence, 6 data clusters
are depicted to make the complete picture of the HC research
trends, which can be summarized as follows;

e Cluster 1 (Yellow): considering the HC calculation
methods and their relations with electrical load dispatch-
ing and hydrogen storage elements.

o Cluster 2 (Green): performing relations among perfor-
mance indices, HC assessment methods, and ESSs.

o Cluster 3 (Cyan): depicting the research trend of PQ
improvement, especially harmonic analysis.

o Cluster 4 (Blue): stating the various HC enhancement
techniques and their relations to the penetration level.

o Cluster 5 (Purple): declaring the associations among
economic solutions, and energy market, and EHs.

o Cluster 6 (Red): investigating the impacts of EV charg-
ing systems, and virtual power plants on microgrids and
ADNSs related to energy management and forecasting
using the ML techniques.

Besides the conventional research trends of the HC concept,
the high-penetration level of DERs, and the gradual serious
impacts new ESSs, EV charging systems, and MESs to deal
with energy demands, are considered. Further, the data-driven
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FIGURE 4. Historical development presentation of HC concept using VOSviewer platform.

approaches are gradually applied to EMSs to enhance and
control the HC of MPSs and to forecast optimal operation.

lIl. HISTORICAL DEVELOPMENTS OF HC CONCEPT

The HC concept was first proposed by Math Bollen in 2004
[8] as a vital approach to deal with the various impacts on the
utility grid (UG) during the vastly increased penetration of the
DERs [7] which also highlighting the technical restrictions
influenced directly on both system operators and customers.
In this section, general HC definition, HC uncertainty and HC
coefficient (HCC) are discussed followed by a comprehensive
analysis of the HC developments based on various published
review articles. From these sub-sections, the authors propose
a new definition of HC for ADNS.

A. GENERIC HC CONCEPT

Several studies investigated the HC as the maximum specified
amount of DERs can be integrated into the UG without any
PIs deteriorations or interruptions. Others in [11] and [18]
stated that the HC definitions are investigated using various
references in many aspects like peak load, transformer rating,
customers’ PV systems, active power, energy consumption,
and roof-space PV systems. The authors concluded that the
references values and limiting factors are variable standards
that linked directly to the HC calculations based on distri-
bution system operators (DSOs’) rules of thumb for DER
coupling, as summarized in Table 1.
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By using peak feeder load as a restricted reference, the
authors in [19], [20], and [21] concluded that the HC equals
the ratio of the maximum capacity of PV implementation to
the peak load demand. With restricting the voltage deviation
+5% of nominal value, the authors in [19] estimated the
maximum PV HC of connected feeders by 97.3% of peak
load using various energy management approaches on IEEE
123-bus system. To maintain the voltage deviation within
the acceptable limit, both deterministic and stochastic HC
methods were employed based on the amount of PV units
connected to the customer’s feeder. The estimated HC was
about 45%-70% of the feeder’s design load associated with
the PV generation probabilistic [20]. Another new possi-
bilistic method was applied with the accurate membership
function based on load demand in order to assess the HC
under uncertainties of both PV outputs and peak load demand.
The HC was estimated in IEEE 34-bus system by 2—10% of
PV penetration higher than conventional methods [21].

Regarding to the transformer rating constraint, the maxi-
mum HC should equal the total amount of PV output as a
ratio to the transformer capacity [22], [23], [24], [25]. Hence,
the improved HC was conducted by 20% to 35% of the
transformer rating, using both the optimal residential demand
response program (DRP) and on-load tap changer (OLTC)
transformers based on the Australian LV network [25]. For
Finnish and real LVDSs, the Monte Carlo (MC) and other
simulation methods were applied in [22], [23], and [24] to
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TABLE 1. Various international DSOs’ rules of thumb for DER coupling [7], [11].

Limiting Constraints
Country TR C.B scc | FL DSO rules
rating
Belgium v DERs rating < MV/LV transformer capacity
Canada v | DERs rating < 50% — 100% of feeder capacity OR DERs rating < 15% of annual FL
China v DERs rating < 10% of SCC at PCC
Czech v DERs rating < MV/LV transformer capacity
Italy v DERSs rating < 65% of MV/LV transformer capacity
Portugal v DERSs rating < 25% of MV/LV transformer capacity
o TR: DERSs rating < 50% of MV/LV transformer capacity
South v v ~ | *CB rating: DERs rating < 25 % of LV feeding CB rating for shared feeder OR DERSs rating <75 % of
Africa LV feeding CB rating for dedicated feeder
oFL: DERSs rating < 50% — 100% of feeder capacity OR DERs rating < 15% of annual FL
South v v o TR: DERSs rating < 20% of MV/LV transformer capacity
Korea ¢ SCC: DERs rating < 15% of the thermal limit of the affected feeders
Spain v DERSs rating < 50% of MV/LV transformer capacity
USA v v ¢ SCC: DERs rating < 10% of SCC at PCC
oFL: DERs rating < 50% — 100% of feeder capacity OR DERs rating < 15% of annual FL
*TR: transformer rating; CB: circuit breaker; PCC: point of common connection; SCC: short circuit capacity; FL: feeder load;

analyze the increased HC as a function of OLTCs, Battery
ESSs (BESSs), and other reactive power control (RPC) equip-
ment. According to the number of customers, some authors
defined the HC as a ratio between the number of DSOs who
installed PV and the total number of DSOs. The estimated
number of customers that were badly influenced by the volt-
age deviation was reduced from 118 to about 9 customers
on 100% PV penetration by adopting (OLTC) transformer,
and capacitor banks with MC analysis based on a real UK
residential LV network [26], [27].

Another small percentage of published articles around
(14% of total articles) state the HC concept relative to the
actual load’s active power, the roof-space availability, and the
annual energy share of PV generation units. The increment
HC is determined as a percentage of the roof space that can
be exploited to implement PV arrays to all roof space of
“feeder-connected households”. Hence, the authors in [28]
represented the most economical solution for increasing the
penetration by 30% to 70% without exceeding the PIs of
the rural LVDSs using RPC and other methods based on the
roof-space of customers’ households terms. Whereas others
defined the HC as a proportion of PV output (active power) to
the total energy consumption or load’s active power. As stated
by [29], the voltage stability could be maintained at 10% -
30% PV penetration levels for R/X ratio LVDSs, based on
the load’s active power, with the capability to improve the HC
using PV inverter reactive power support and other ancillary
services. To cope with the increased consumption, the optimal
quadratic control schemes were utilized in order to raise the
HC of rooftop PVs in LVDSs with the aid of various HC
improvement approaches [30].

The previous definitions are associated with the PV pene-
tration into the ADNSs only; however, various articles consider
the penetration level of other DERs, EVs, and ESSs in coop-
eration with the PV systems related to the recent research
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trends for instance in [31], [32], [33], [34], [35], [36],
and [37]. The voltage stability was investigated due to the
integration of wind farms by considering the stochastic
behaviour and their impacts on the UG as well as proposing
a new control method to withstand the acceptable voltage
limits on the IEEE-57 bus system [31]. To diminish the
increased involvement of DERs in the ADNSs, various ESSs
are applied to sustain the best operation and PQ by opti-
mizing their best location and capacity as reviewed in [38]
and [39]. On the other hand, the negative impacts of the
increased EV number can be eliminated using a suitable
energy management method in collaboration with PV sys-
tems and other ESSs. Further, EVs can be deployed with
various MESs to enlarge the operator’s profit and minimize
CO; emissions which have been recognized as a promising
research trend recently [32], [33]. Another efficient proba-
bilistic energy management strategy is used with concerns of
EV charging systems, ESSs, DRPs, and both smart meters
and transformers with robust communication systems [34],
[35]. To accomplish reliability and high operation quality in
MPSs, robust communication networks with the help of data-
driven methods, should be installed for smart monitoring and
complete control of all integrated systems such as EVs, ESSs,
DERs, smart meters.....etc; as discussed in [36] and [37].
As previously reviewed, it is clear that the HC definitions
differ based on various aspects of MPSs. So, it is important
to involve new HC concepts associated with these modern
technologies.

B. LITERATURE REVIEW

To follow the historical developments of the HC concept,
various previous studies are considered, which were pub-
lished to propose the outlines of the HC concept in terms
of many research objectives such as HC calculation meth-
ods, techniques for HC enhancement...; based on how to

VOLUME 12, 2024
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contain the presentation of research objectives according to
R1 +—— RS, as summarized in Table 2. In which the
prominent articles mentioned in the literature review are
chronologically organized over the past 18 years. Most men-
tioned articles in literature review investigated some of the
provided research objectives especially HC estimation and
enhancement aspects. Moreover, as acknowledged, no unique
review article covered all the research objectives in detail.
Therefore, this article will cover all research objectives
related to the HC concept besides presenting new research
trends that have recently been applied. Hence, this article
proposes an inclusive review of the HC concept based on
the historical developments, continuous impacts of high-level
DERs and ESSs integration into ADNSs, calculation and
assessment approaches, data-driven methods, applied soft-
ware, HC enhancement methods, energy markets, challenges,
and future aspects. In addition to discussing the effects of the
DERs and ESSs on the energy management strategies during
stochastic integration of MESs to supply the thermal, cooling,
and electrical energy demands.

C. HC UNCERTAINTY

According to the stochastic nature of DEREs, it is critical to
consider the various sorts of uncertainties during HC cal-
culations in the LVDSs. Many articles concluded that the
uncertainties can be classified into DERs’ uncertainties or
consumer and feeder uncertainties [11], [40]. The DERSs’
uncertainties based on Electric Power Research Institute
(EPRI), include the size and the location of the DERs, con-
nection type (1por3¢), DERs connection on the distributed
phase, number of units, and different scenarios of energy
generation. Alternatively, the consumer and feeder uncertain-
ties specialize in load profiles and type, transformer capacity
and voltage, as well as consumer location from the supplied
feeder. In addition, other uncertainties should be considered
when exhibiting HC estimation in MPSs for instance; ESSs’
capacity, intermittent nature of EVs or RESs, the protection
devices, type of converters (conventional or smart), collected
measurements of smart meters, voltage equipment restric-
tions, communication infrastructure, and applied standards.
After applying these uncertainties, the calculated HC is not
a unique value but will be multiple values depending on the
number of contributed uncertainties to the HC calculations or
optimization problem.

D. NEW HC DEFINITION
From the above-mentioned discussions, the authors can state
a new comprehensive HC definition for MPSs as follows;
(Total DERs, and ESSs that can be accommodated on the
ADNs without any violation in various performance indices
and exclusive of requiring network upgrades for MPSs,
using limited communication infrastructure systems, in the
presence of EV charging systems and MESs to deal with
Electrical, thermal, and cooling demands)
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IV. PERFORMANCE INDICES OF HC ASSESSMENT

With regards to the HC definition, it is essential to specify
the limiting constraints and impact factors of the PIs for
accurate HC calculation and optimization due to the increased
penetration of the DERs into the MPSs, as explained in [7],
[11],[12], and [18]. In this section, a comprehensive overview
of various PIs for HC evaluations and their limits according
to applied standards, are investigated as follows.

A. VOLTAGE VIOLATION PROBLEMS
The most prominent PI to assess the PQ of LVDSs is system
voltage which can perform several issues as follows;

1) VOLTAGE LEVEL CRITERIA

The voltage level may be under or above the acceptable limit
as a function of the consumed active power, and increased
DERs penetration. In the peak generations, there is an unbal-
ance between the power generation and consumption causing
a reverse power flow which leads to voltage rise issues.
However, in off-peak load periods, under-voltage problems
come into the picture. So, it is critical to specify the voltage
level (AV) using the following approximated equation [58];

AV = (PxR)|—|V—|(Q><X)

here P and Q are the active and reactive powers as a function
of system resistance (R) and reactance (X), respectively. So,
implementation of voltage regulators with voltage techniques
is crucial besides being ready to provide reactive power by
governing the converters and flexible AC transmission system
(FACTS). For proper voltage regulating, the five voltage
standards globally applied named “European Standard EN-
50160 (£10% of nominal voltage (Vn)), German Standard
VDE-AR-N 4105 (4+3% of Vn), American Standard ANSI
C84.1 (£5% Vn), Australian Standard (—6/+10% Vn), and
Canadian Standards Association (CSA) (=6%Vn)” [18]. For
example, the authors in [59] conducted their HC assessment
with the specified voltage rise (10% Vn) and unbalanced
(2% Vn) limits for the Danish LVDSs under the connection
of OLTC and PV inverters.

ey

2) VOLTAGE UNBALANCE CRITERIA

Owing to the load diversity and various connection types
(1gpor3¢p), there will be unsymmetrical load profiles that
cause a voltage unbalance issue which is the proportion of
the negative sequence voltage component to the positive
sequence voltage component. Hence, the global standards
have identified acceptable voltage unbalance in LVDSs
within 1-3% of nominal voltage. The voltage unbalance factor
(VUF) can be determined by the following equations:

VUF% = 22 x 100 2)
Vi
Vo | 1 1 V,
Vil==1|1 a & Vi 3)
Vs 3 a? a Ve
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TABLE 2. Literature review of the most prominent articles related to the HC concept.

Ref.

Year

Research Objectives

R1 | R2 | R3 | R4

RS

R6

R7

R8

Article contribution

[41]

2005

By using the HC concept, the European Distributed Energy Partnership project (EU-
DEEP) proposed a unique method (DER aggregation method) to evaluate the UG
performance during the increased penetration of the DERs in the low and medium
voltage (LV and MV) distribution networks over the 10-year time interval from 2010 to
2020.

[42]

2006

Constructing a semi-definite association between the degree of harmonic distortions and

their effects on the HC in the presence of the high-level penetration DERs.

[43]

2011

Investigated the influences of various DERs on the UG performances and the PIs limits
to keep safe operation.

[44]

2012

Studied the performance limits in Swedish distribution networks using the HC concept
via “(simulation, modelling and calculation)” during the high-level penetration of the
solar PV substations. The study outlined the significant impacts of surpassed
performance limits and the pivotal performance limits should be monitored during
calculating the HC such as overvoltage. Which can be diminished and enhanced by the

HC using RPC techniques and transformer tap changer alteration.

[45]

2014

To enhance the HC, the outcomes of the CIGRE research group specified the
performance limits which influence the UG stability. Also presenting the HC assessment
methods of some international DSOs and their rules of thumb for DG interconnections.

[46]

2014

Investigated several HC improvement methods such as active power curtailment (APC),
implementing energy storage units (battery, super-capacitor, EV, full cell), and
modifying infrastructure of communication systems; on both theoretical and practical
topics supported by practical case studies.

[47]

2015

Studied the stochastic nature of the DERs’ output power which influenced the control
system operation in terms of the HC aspect. Also, formulated an optimization problem

for HC estimation, evaluation, and improvement.

[48]

2015

By evaluating the HC problem, various HC enhancement techniques were proposed
based on RPC and cable reinforcement methodologies considering the various limits of

the PIs such as overvoltage.

[49]

2015

Involved in the various HC approaches in terms of different performance indices. In
addition to presenting the HC optimization and estimation methods.

[6]

2016

Stated the various influences of high-level PV systems penetration based on voltage
deviations and investigated the proper mitigation techniques to overcome these bad

impacts and maintain the dominant operation of LVDSs.

[50]

2017

Proposed an assessment methodology of the HC estimation for ADNs based on the
uncertainties of both DERs and connected loads.

[22]

2018

Applied the MC-based method for analyzing the HC based on real systems.

(51

2018

ML techniques, especially support vector machine (SVM), was used as a mean of grid

classifications for HC estimation and enhancement.

(71

2019

Studied the urgent impacts of the increased penetration of RESs into the UG and how
to overcome them by applying the HC concept. This article investigated point by point
the HC assessment, estimation, and optimization approaches in terms of real studied

systems.

[52]

2019

To maintain the power system stability and reliability during the increased integration
of the DERs considering uncertain power generation, the authors investigated the state-
of-the-art protection and voltage regulation systems to enhance the voltage profile and
overall PQ.

[18]

2020

In this review article, the HC definition, estimated values, evaluation parameters, limits,
and enhancement methods were discussed with respect to the impacts of high-level PV
systems integration into the UG.
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TABLE 2. (Continued.) Literature review of the most prominent articles related to the HC concept.

Besides studying the influences of high DERs and RESs penetrations into the UG and
[12] 2020 | vV |V |V | x x v | x x how to estimate the HC, it discussed the tools and their related software that are used
for calculating the HC.

Analyzed the fundamental three approaches for calculating the HC for LVDSs and
comparing them with possible research trends.

9] 2020 | v v v x x x x v

Stated the security impacts on modern UG due to the increased emerging of RESs by
reviewing the ESSs developments as backup sources used in the UG based on 100%
[53] 2021 | vV |V |V |V |V | x x v | RESs. In addition to investigating assessment of Pls, voltage and frequency control
schemes, optimization methods for optimal allocation of DERs, and enhancement UG

operation to perform good PQ performance.

Explained in detail the formworks' development of the deep-learning (DL) algorithms
[54] 2002 | v N N N v v N v that contributed to dealing with complexity, nonlinearity, uncertainty, data diversity, and
domestic observability of the modern ADNs due to the increased RESs integration into
the UG. Along with, investigating the frequency analysis and control methods.

Here, Artificial Intelligence (Al) techniques are used to evaluate the PQ of MPSs in the

[55] 2022 | V| % x x vV | v | x v' | presence of various types of RESs by considering the harmonics and waveform

distortion indices.

Investigated the various approaches for estimating the HC of the LVDS based on the
[40] 2022 |V |V |V | x x v | v | v | integration of the residential PV installations into the UG with a comprehensive

comparison of them in a consistent manner using the definite real network.

A comprehensive review of the HC estimation methods and enhancement techniques
[56] 2022 | vV |V |V |V | x x v | v/ | was presented based on industrial and practical projects considering new research
trends.

[11] 2022 | vV |V | % v | x x v' | v | Has similar contributions to Ref. [18].

Proposed a comprehensive analysis associated with AL techniques as a significant tool
[10] 2023 |V |V |V |V |V | x x v | for real-time estimation of the PQ factors and the HC forecasting due to the increased
integration of the DERs in ADNs.

In this article, the HC assessment and calculation methods were not only discussed but
[13] 2023 |V |V |V |V |V | x x v’ | also the coordinated voltage control techniques using the Reinforcement Learning (RL)

strategies were deliberated.
In this article, not only the state of the art of both HC estimation methods and HC
evaluation factors explained in detail, but also the approaches and tools for implantation

571 2023 | v | v | v | x x v | x x
of the HC calculations as a function of the amount of PV generations or EV charging,

were deliberated.

This work presents a comprehensive review of the HC concept in terms of the historical
developments, serious influences of high-level DERs and ESSs integration into ADNs,
HC estimation and evaluation methods, implementation tools/software, improvement
techniques, energy markets, challenges, and future aspects. Further, this article
This 2003 | v v v v v v iy v investigates the prominent role of not only PV systems but also the various types of
work DERs, EVs and ESSs in energy management strategies, especially in the existence of
MESs to supply the thermal, cooling, and electrical energy demands. Moreover, the
data-driven methods are disused as alternative solutions to conventional HC estimation

methods. Finally, investigating the various perspectives of the MPS operation with the

applications of new industrial technologies.
R1: Impacts of high-level DERs and ESSs integration into the UG.

R2: PIs of HC assessment.

R3: HC estimation and optimization

—

R4: HC enhancement techniques.

RS: Operation of protection and control systems.
R6: Tools/software for HC Calculations.

R7: Economic solutions and energy market.

R8: Prominent challenges, current status, and future opportunities.
*Cross (%) sign indicates ‘no’, Tick (V) sign indicates ‘yes’
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where V1, V», and Vj are the positive, negative, and zero
sequence voltages, respectively. V,, Vj, and V¢ are the line-
line voltages, a = 1£120°.

Further, the authors in [60] proposed a distribution factor
(Dr) to specify the voltage unbalance due to governed vari-
ables such as DERSs rating and location, as demonstrated in
Eq. (4).

N, N, N,
] il o) R ol G
N, total N, total N, total

here Nioa1, Nas Np, and N, donate respectively the total num-
ber of DERs coupled into all phases, and the number of DERs
connected to phases a, b and c.

The authors in [23] found that the HC plunged from 26% to
20% due to the various phase connections of the BESSs which
were random in Case (A), connected in the same phase of PV
inverters in Case (B), and in Case (C) the load uncertainties
were analyzed. To mitigate the voltage unbalance issue, the
BESSs were applied by specifying their optimal capacity
and locus [61]. Here, the PV HC was raised from 393.9 to
463.6 kW in phase A, phase B (233-578 kW), and phase C
(318-495 kW) under load and generation uncertainties.

3) VOLTAGE FLICKER CRITERIA

Voltage flicker (VF) is a phenomenon in which the voltage
waveform at the MPS oscillates rapidly and randomly. The
most common causes of voltage flicker can be varied as the
power electronic-based devices such as PV inverters, low-
frequency voltage harmonics, high rate deviation of load
sharing at the PCC, voltage mitigation techniques, industrial
loads (induction motors with speed soft starter or drivers),
varied allocation and capacity of DER stations and EV charg-
ing stations or aggregators, and finally the environmental
conditions like clouds, wind speed and solar irradiance varia-
tions [11], [18]. Relating to various applied standards, voltage
flicker measurement indices can be classified into short-term
(Pst) and long-term (Plt) flicker indices in addition to the
acceptable international constraints depicted in [62]. To miti-
gate the voltage flicker influences, various control schemas
and reactive compensation methods, like FACTS and PV
inverters, are discussed during the integration of DERs, ESSs,
and EVs with different operation scenarios. In [63], a compre-
hensive review of voltage flicker mitigation techniques was
studied in highly PV-rich LVDSs over a three-level control
strategy.

The authors in [64] proposed a three-level control scheme
to reduce the voltage fluctuations and flicker by using the
various smart functions of both PV inverters and control
instruments implemented in PV-rich LVDSs. Under real-time
simulation of the modified 119-node 11-kV test distribution
system (DS), the proposed strategy appeared superior com-
pared to other strategies and reduced the voltage flicker index
by 0.003%. In [65], the voltage rise and long-term voltage
flicker were investigated and evaluated during high penetra-
tion of the rooftop solar PVs on real LVDS in Louisiana. That
concluded 10% of customers could implement 7 kW-PVs
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under exceeding the 30% of penetration level in which sig-
nificant PQ issues were observed. Hence, the overview of
utilizing PV inverters with the ability to support the voltage
quality and prevent the reverse power flow was deliberated for
LVDSs in [66]. Owing to the stochastic nature of wind speed,
the FACTS devices were applied in the wind energy conver-
sion systems (WECSs) to minimize the voltage flicker and
improve the PQ by optimizing the UG current deviations [67].
So, the optimal planning of the LVDSs should consider volt-
age flicker and other voltage deviation problems as pivotal
constraints in the optimization objective function. Hence, the
optimal allocation (size and capacity) of ESSs, WTs, and PVs
with the contribution of other compensation devices were
revealed in planning problem to avoid the voltage flicker
in [68] and [69]. Moreover, the voltage deviation issues espe-
cially voltage flicker were discussed during the integration of
the fast EV charging stations and their effects on the PQ of
LVDSs [70]. According to industrial applications especially
the electric arc furnace, the static var compensator (SVC) was
employed as a voltage flicker mitigation technique [71].

B. AMPACITY AND THERMAL OVERLOADING PROBLEMS
Corresponding to the incremental integration the DERs into
MPSs, it is crucial to estimate the current carrying capacity
(ampacity) and thermal overloading of cables, CBs, trans-
formers, and other types of equipment, which is not a unique
value, but it depends mainly on the DSOs’ experiences, rules
of thumb, and applied standards. The ampacity and thermal
overloading problems of various implemented components in
MPSs can be occurred mainly due to the reverse power flow
and voltage deviation at off-peak periods within the electrical
demands less than the generation. Moreover, the bidirectional
power flow among generation buses especially at unbalanced
peak loads, and ageing models of various equipment, which
make the designed capacity of lines, transformers, cables, and
other equipment, will be exceeded causing the overheating
and operational failures obstacles [12]. So, their limits should
be considered and well specified during the HC optimiza-
tion to avoid exceeding the capacity limits of various power
system components. Thus, the maximum penetrated power
estimation equation of DERs (Ppggs) in LVDSs as a function
of both active (Pjyqq) and apparent (Sj,4q) powers of loads,
was proposed in [72] as follows;

Ppggrs = 2 x Pioaa + (1 - Sload) (5)

During the HC evaluation, the limits of ampacity and thermal
overloading of various equipment are specified and discussed
in several articles. However, these limits are associated with
different factors that should be deliberated on such as the
influence of EV charging stations, DERs, and ESSs, load vari-
ations, equipment capacities, and environmental conditions.
In [73] and [74], the various PQ issues due to the inte-
gration of the EVs into the ADNs are discussed in terms of
voltage unbalance, VF, harmonics, ampacity, and the thermal
overloading of cables, lines and transformers thus affecting
their life expectancy because of the fast charging stations.
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Therefore, the authors in [75] stated some vital solutions
based on the optimal allocation, and scheduling of the EV
charging stations in the LVDSs using Bi-level planning algo-
rithms in view of EV uncertainties. To diminish the worst
impacts of EV charging stations, the DRP was proposed
considering the thermal overloading of transformers [76]. Not
only the PIs of PQ were enhanced but also the life expectancy
of transformers increased to 20.55 years with 50% penetra-
tion of smart EV charging stations without developing or
augmenting the existing infrastructure of ADNs, compared
to 1.55 years at the worst charging scenario during different
seasons of the year.

According to the evaluation of TR under both current and
temperature restrictions and ageing considering the DERs,
ESSs, and EVs, the dynamic TR feasible region is investi-
gated in cold and warm climates without requiring any load
profiles [77]. As a result, an additional capacity higher than
100% of nominal TR was achieved. The authors in [78] used
both deterministic and stochastic approaches to quantify the
HC associated with the component load ability of transform-
ers and feeder cables with planning strategies. While in [79],
the thermal modelling and capacity of transformers were
considered as agents in HC optimization functions for energy
management of LVDSs using EVs and heat-pumps based on
load and temperature predicting.

C. POWER LOSS PROBLEMS

As aresult of reverse power flow during the uncontrolled pen-
etration of DERs, power loss problems are occurred, which
are mainly depended on the ampacity of cables and their
length as depicted in Eq. (6).

T L
Plosx:ZZ|if|2Rl (6)

t=1 I=1

where if is the current through the specific line (/) in time (7),
R; is the total resistance of the line. Hence the total power loss
is calculated over all time (7) and lines (L).

Consequently, it is critical to state the accurate location
and capacity of DERs and ESSs in order to overcome the
overloading of the cables and connected transforms which
lead to solve the power loss problems. Several studies are
conducted for optimal network planning of the ADNs using
probabilistic analysis in terms of the technical and economic
limiting constraints considering cable and transformer capac-
ities [53], [80]. In [7], the imitation of power loss can be
solved by installing the DERs near the served feeder, which
will lead also to reduce the thermal overloading and increase
the life expectancy of equipment, under an accurate bal-
ance between the generation capacity and electrical demands
especially in off-peak loads. The various PIs related to the
line losses were considered in [81] to specify the optimal
DGs’ location in 4-bus and IEEE 33-bus radial DSs. To deal
with the reverse power flow, energy loss and voltage viola-
tion, multi-objective optimization techniques were utilized
to allocate the PVs with a suitable capacity [82]. The study
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concluded that the voltage violation occurred beyond 30% of
PVs penetration level, however, the various negative impacts
of high-level penetration were overcome by installing high
DERSs’ capacities. Other optimization algorithms are applied
for the optimal placement of FACTS [83], DERs [84], and
RESs with risk evaluation [85] to reduce the overall power
loss in MPSs. Another approach based on load shifting pro-
vided the DRP performed optimal planning and allocation
of DERs for minimum power losses [86]. In [87], recent
methods for diminishing power losses and evaluation are
argued and established on the relationship between individual
prosumers and energy communities.

D. POWER QUALITY ISSUES

In this subsection, the crucial PQ factors to measure the per-
formance of the MPSs between the UG and prosumers may
have occurred for numerous reasons particularly harmonics
and frequency unbalance.

1) HARMONICS

The over-penetration of various new DERs, EVs, and ESSs
necessitates high switching frequencies power electronic con-
verters that produce harmonics which deteriorate the PQ of
ADNs [7], [40], [60], [88]. Also, it is found that the excessive
voltage disturbances due to nonlinear loads, magnetic core
of transformers, fast EV charging stations, high voltage DC
transmission stations, electrical motors, and others, cause har-
monics which lead to shorten the lifetime of the power system
components, negative impacts on other PIS, and maloperation
of protection devices. So, it is essential to keep the total
harmonic distortion (THD) within acceptable limits to sustain
good PQ in ADNs. The percentage of the THD of voltage or
current components (THD, %) per bus can be calculated as;

H 2
THD, % = Vi (i) % 100 %)
Xi1
where X; pgives the voltage or current components according
to the harmonic & at the node i; X; is the fundamental
voltage or current components at the node i. H highlights the
maximum harmonic order applied for calculations.

From the literature, the HC was calculated by considering
the acceptable limits of harmonic distortions for PV-rich
distribution systems in non-sinusoidal environments in addi-
tion to analyzing other PIs of the PQ study [89], [90]. The
results showed that the THD was increased relative to the
non-linear loads’ existence, which affected the HC level.
Therefore harmonic mitigation techniques were proposed
such as passive filters to reduce the THD [90]. Hence, new
harmonics assessment methods were suggested for achieving
optimal power flow and scheduling the both various DERs
and ESSs’ location and capacities with uncertainties besides
investigating the effective placement of harmonic control
equipment, and FACTS in [91], [92], and [93]. The negative
influences of EV charging stations were discussed based on
the harmonic distortion concerns in addition to proposing
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new evaluation methods using combined deterministic and
stochastic methods to improve the HC of EVs in [94], [95],
and [96]. With the presence of robust optimization algorithms
and data-driven methods, the HC improvement methods were
studied regarding the PQ issues especially minimizing the
THD in [97] and [98].

2) FREQUENCY DEVIATION

Another challenge of over-penetration of the DERs on the
ADNSs based on the PQ concerns is the frequency devia-
tion caused by decreased overall system inertia, unbalance
between generated and consumed powers, and sudden load
variations [53], [99]. The frequency disturbance may cause
damage to generators, system instability, and blackouts. Thus,
the inertia of synchronous generators (SGs) in the rotating
parts controls the required time response to energy variations
until the governor’s response rotating parts to maintain the
balance power flow [100]. However, the speed variation of
the SGs leads to frequency deviations within the maximum
acceptable ratio (1%), otherwise, loss of synchronism occurs.
Owing to the increased replacement of SGs by non-SGs, the
power system inertia is decreased in MPSs [101]. So, it is
required to apply accurate frequency control methods regard-
ing the stochastic characteristics of DERs and load variations
in the ADNs planning stage. Hence, some frequency con-
trol techniques are investigated such as automatic generation
control (AGC) regulators, and local frequency control (LFC)
using optimization and data-driven methods [54], [99], [102],
[103], [104]. Moreover, new virtual inertia compensation
methods are used to improve the frequency stability in low-
inertia ADNSs, as discussed in [105], [106], [107], and [108].

E. PROTECTION CONCERNS

The excessive DERs penetration higher than the energy
consumption demands causes reverse power flow, varied
magnitudes of fault currents, and other protection problems
[109]. This may increase the maloperation risk of protection
systems and other connected equipment, in turn, decreasing
the power system reliability. Current protection schemes are
designed to operate in unidirectional power flow conditions.
However during bidirectional power flow, several obstacles
have appeared for instance; overvoltage, misoperation of pro-
tective relays, CBs, re-closers, fuses, blackouts, and voltage
regulators [7]. So, advanced protection coordination strate-
gies are applied based on centralized control methods and
communication solutions.

F. OTHER PERFORMANCE INDICES

1) ENERGY CURTAILMENT

During the overvoltage condition, the APC strategies
are applied to regulate the total generated active power
(Total generated Pﬁfﬁ;ﬁial) from the various types of DERs
in ADNS to match consumption necessities without violating

the operational UG limits [109]. APC strategies involve three
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conditions, as demonstrated in the following equation.

DERs
nominal

0 Y Vaer. Z Vinax
_ PﬁaEﬁx x (Vmax - Vact.)
(Vact. - Vref)

Total generated P

A4 V,«eff Vact. S Vmax

P ﬁaE,\IfQ * V Vaer. < Vref
3)
where Pﬁﬂes » Vact.» Vinax> Vier are the maximum generated

active power from DERs, actual, maximum, and reference
operating voltage, respectively.

Although sustaining the normal operation, the output
power loss (total amount of curtailed DERs’ active power) on
the end feeders connected to the DERs increases more than
others [110]. So, various droop coefficient schemes should be
applied to ensure power loss for all DERs’ feeders using smart
inverters, local measurements with limited communications,
and others.

2) POWER FACTOR

Controlling the reactive power exchanged among feeders, this
reflects directly on the power factor (PF) which can be used
as an important PI for assessing the HC study besides the
voltage, as determined in the following equations:

P;
Pfi= ———= ©)
V(P + (Q)
in which
o =LV — LI (10)
P; = Virmslirms cos (¢;) (11)
Qi = Virmxlirmx sin (@i) (12)

The phase-locked loop (PLL) block is applied to examine and
calculate these variables. Here, ¢; is the phase angle for the
same phase i. Then P;, Q;, Viyms, and Ii,s, are the active and
reactive powers, and both rms values of the phase voltage and
current, respectively.

With respect to the optimal placement of PVs, the HC
improvement was evaluated under several operation PFs
using RPC schemes [111]. The HC increased to 96% during
operating with lagging PF than operating with UPF condition.
Similarly, the genetic algorithm (GA) was applied to calcu-
late the HC under variable PF operation [112]. The results
depicted more HC accommodation in the LVDSs during oper-
ating at non-unity PFs and the study can be expanded using
various approaches of HC enhancement. In [113], the EV-HC
was evaluated in unbalanced LVDSs during peak demands in
which the PF was considered in EV demand profiles by using
the PF correction methods installed in EV chargers.

3) RISK INDEX

The Rl is a tool applied to evaluate and determine the level of
risk associated with any predictable deflection or fluctuations
of any system variables such as voltage or frequency and their
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consequences on the power system operation as a result of
increased penetration of DERs. The RI for any bus (RI (X;))
can be represented in the worst-case of probabilistic load
flow for any system variables in the optimization objective
function for security concerns [85].

RI (Xj) = P; x A(X)) (13)

where P; is the probabilistic limit of the applied system vari-
able at any bus (i) that will exceed the acceptable constraints.
A(X;) is the average deviation of the utilized system variable
at a specific bus which can be calculated as;

AX) =[1-X] (14)

In [85], the normal conditions in high-level penetration of
DERs were maintained using the optimal allocation of DERs
and voltage control methods to evade the risk of over/under
voltage. Likewise, the stochastic risk evaluation approach
was applied considering the high penetration of DERs, and
multi-energy carrier ESSs regarding the economic and tech-
nical risks aspects [114], [115], [116].

G. SUMMARY OF LIMITING CONSTRAINTS

The most important PIs used for evaluating the HC are volt-
age and ampacity, other PIs in turn depend on them. The
researchers may use one or more PIs to assess the HC of
their studied systems. Thus, it is critical to specify the limits
of various PIs in LVDSs for accurate HC evaluation under
several vital aspects for instance; applied global standards,
system parameters, equipment and configuration, capacity
and position of DERs, EVs and ESSs, load variations, and
environmental concerns. Table 3 summarizes the most impor-
tant limiting constraints and recommendations of applied PIs
for HC assessment in the LVDSs in which the data collected
from [11] and [18].

Regarding to the limiting constraints in HC assessment
for various countries given in Table 3, most of them rec-
ommended to use £5% of Vn for voltage violation limits,
both cable ampacity and transformer rating are from 100%
to 150% of nominal rating, and voltage unbalance as 1-3%
of Vn. The authors recommend to use the following values
of limiting constraints to evaluate the HC based on increas-
ingly applying in various articles: voltage limits +10% of
Vn; both cable ampacity and transformer rating 125% of
nominal rating; voltage unbalance 3% of Vn; THD(v,i) ~5%;
PF range : 0.95; and frequency range: £0.3% of nominal
value. The authors recommend working on developing a
unified HC index that can assess conflicting aspects includ-
ing techno-economic and environmental factors. Based on
the authors’ background, there is no efforts directed to this
research.

V. HC ESTIMATION APPROACHES

From the above discussion, it is observed that the HC esti-
mation is a challenging trajectory to implement as directly
depends on the variation amount of DERs, connected feeder,
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and various PIs for instance “voltage and frequency varia-
tions, thermal overload of both cable and transformer, PQ and
protection problems” [40]. For the general presentation of
HC calculations, several concepts are applied for various
approaches in many works by Eqs. (15-18). By assuming
that total additional DERSs can be installed into specific buses
of feeders (N) for given LVDSs with respect to consumer
demand without violation of any limiting constraints, the total
HC of the network (HCy ) is formulated as;

N
HCy =" PP™osir, |PRER| < |Pled| ()
where Pl? ERs are generated power of DERs connected to the

specific bus (b), N is the total number of system busses.
PﬁERS and Pﬁg“d define the total generated power of DERs and
total consumers’ demand, respectively, for all total connected
buses. Hence, the penetration level percentage of DERs A(%)
can be determined as follows;

N max
E:b:lPDER&b
T
max (thl Pioad 1)

where Ppr , is the maximum power of installed DERs at the
specific bus, Pj,,4,; denotes the electrical load with respect to
the total time (7).

The HC can be determined as a relationship of trans-
former capacity (S,”md) or maximum consumers demand
(max (Pfg“d)). By assuming that all used transforms are in
the same size and high ratings with limited considerable
constraints, the transformer HC can be calculated by;

HCy
TS s "
While the HC relative to maximum demands (HC,,;) is
defined as;

M%) = x 100 (16)

HCy

HCpp = ————
" max (Plgad)

(18)
Moreover, the generic detailed steps for HC estimation
approaches are summarized as follows in Table 4.

In this section, the various HC calculation approaches
are deliberated which can be depicted into three main
groups namely, conventional, modified, and data-driven
approaches, as shown in Fig. 5, which captures most of
the HC assessment approaches corresponding to various
recent publications. Further, the comparative study and
recommendations are involved with various approaches’
features.

A. DETERMINISTIC APPROACHES

The deterministic approaches depend mainly on the
prior-knowledge data of both technical and economic param-
eters of the ADNSs in addition to DERs generation and energy
consumption, which can be fixed or variable during the
calculation period [53]. Although their calculation simplicity
with low computational time, these methods do not reflect
the realistic nature of uncertain variables which is considered
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TABLE 3. Limiting constraints of applied Pls for HC assessment in the LVDSs.

Most-utilized PIs of HC assessment Applied General standard
Ref. Country global Limiting constraints recommendations
PIT | PI2 | P13 | PI4 | PIS | PI6 standard of undefined PIs
[25], . 0 0 .
[61], Australia 4 v Australian PIL:-6/+10% glf 4V111 c;ro/-Séghc:r +6% of Vn; =
[117] 2 1-2% .S
B _PI3- P4 > T
22] Brazil v v v ) PI1: -8/+5% of V;J,/Pg.\l/?ﬁ% of TR; P14: 5 E\I”
(] -
[118] Canada | v CSA PI1:£6% of Vi Y
[119] China/ v v v ) PI1: £5% of Vn; P12: 100% of CR; P13:100% T2
Taiwan of TR = 8
[120] Cyprus v EN-50160 PI1: £10% of Vn b &
[[1529}] Denmark | v v EN-50160 PI1:+5% of Vn; PI4:2% of Vn ERS
=z —
PI1: £10% of Vn; PI5:short-term <1 (Imin.), g E
[122] Egypt v v v - long-term <0.8 (3 days to a week); PI6: <5% § S E
THD; PF>0.9; Frequency:-3%/+2% of 50Hz = =g}
[123] European | v EN-50160 PI1:£10% of Vn = E
. 0 . . 0, . S o
23], [24] | Finland v | v EN-50160 PII: £10% of W PI2: 100% of CR; 2E g
. 0 .o
024 [ Gy | v | v | v P VDE-AR- | PIl: +3% of Vn; PI2: 150% of CR; PI3:150% )
[125] N 4105 of TR; PI5: (0.5-1) - 29
[126] Indonesia v - PI1:+5% of Vn 5 %5
ANSI S
[127] Italy v v C841 PI1:-4/+10% of Vn; P15:6% of rated value S 2
. S 5H
[128] Japan v - PI1:+5% of Vn Y
N IEEE Sw g
[129] Mauritius v 5192014 PI6: 1.9% to 6.1% =g &
R Vo
[130] | Philippines | v - PI1:+5% of Vn SEZ
PI1: £6% of Vn; P12: 100% of CR; PI3:100% -
[131] Qatar VvV - ° of TR ° g %DE
South g :;
[20] Africa v EN-50160 PI1: £10% of Vn z o
5 £
[132] Sri Lanka v v PI1:+6% of Vn; PI4:1% of Vn © g
[133] Sweden v PI1: +5% of Vn ‘5 v
[28], . v v v PI1:+3% of Vn; PI2: 85% of CR; PI3:100% =
[134] Switzerland of TR 0\2 g
BS EN- PI1:-15/410% of Vn; PI4: 1.3% of Vn; PI6: © g
v v v > > H
[135] UK 50160 5% THDv =
1651, ANSI ok
[136], USA v v v C84.1 PI1:+5% of Vn; P12:105% of CR; PI5: (0.03)
[137] )
*PI1:voltage limits; P12:cable ampacity; PI3:transformer overloading; PI4: voltage unbalance; PIS: flicker; P16: harmonics; TR: transformer rating; CR:
cable rating;

a worst-case scenario for validating the system robustness
and reliability [6]. These methods use forward, backward,
or forward-backward procedures to estimate the HC due to
DER deployment [9]. Their strategies depend on perturbing
the DERS’ capacity in steps, calculating the HC until one or
more limiting constraints are violated. These approaches are
classified according to the type of provided load consumption
and generation dataset as the constant generation method and
the time series method in which the input data of system
parameters are fixed [12].

In the constant generation method, the load, and DERs gen-
eration profiles are assumed constant in their maximum rate
which don’t reflect their stochastic nature and variety during
calculating the HC to make a sensitivity analysis of DERs’
deployment in the ADNs. On the other hand, the time series
method takes into account the variety of DERs generation and
load profiles over calculation time which is totally based on
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the provided historical dataset without considering the current
uncertainties of DERs, EVs, and ESSs. It may calculate the
HC using a limited number of scenarios to avoid the large
amount of data consequences on the computational time that
influence the calculation accuracy. Several articles used the
deterministic approaches to estimate the approximate HC for
MPSs as summarized in Table 5.

B. STOCHASTIC APPROACHES

As an opposite of deterministic approaches which don’t con-
sider any uncertainties of generation units and load demand
profiles besides the variation of capacity and location of uti-
lized DERSs, stochastic approaches are developed to overcome
these obstacles and reflect the realistic HC estimation [40].
The different uncertainties can be classified into prosumer or
feeder, location, and power injection uncertainties as delib-
erated in section III-C. The strategy is reliant on predefined
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TABLE 4. General procedures of HC estimation approaches.

Step 1 Input: {selected performance index, limit of performance index, amount of DERs};

Step 2 Output: {enhanced HC};
Step 3 Initialize: inputs values;
Step 4 Calculate the performance index as a function of DERs’ amount;
Step 5 Execute the model with load flow algorithm;
Step 6the If performance index result is < its limit
Increase the amount of DERs gradually; and Return to Step 5;
Step 7 Elself performance index result > its limit
If {not applying HC enhancement techniques}
Uncontrolled HC= the amount of DERs from Step 6;
Go to Step 10;
Else Apply suitable HC enhancement techniques;
Endif;
Endif;

Step 8 Execute the model with load flow algorithm considering applied HC enhancement technique;

Step 9 If performance index result < its limit

Increase the amount of DERs gradually; and Return to Step 8;

Else
Endif;
Step 10 End for all;

Controlled HC= the amount of DERs from Step 9;

HC Calculation
Approaches

A

L4
l Conventional l Modified | Data-driven
|
|
. o : P
[ Streamlined ] [ Optimization ] Hybrid ] [ Others ] | Learning based
based |
A A A
Constant e B 1 driven

Generation

Deterministic
Deterministic

Time series

WC hour

Constraint based

FIGURE 5. HC calculation approaches.

PIs’ constraints, a large range of random scenarios and
the uncertainties of input variables. Which are depicted by
probability distribution functions (PDFs) or probability mass
functions (PMFs) that are created from collected historical
data [57]. From that the baseline power flow analysis is
performed iteratively by gradually varying the capacity and
the location of DERs until exceeding the PIs’ violation is
observed. The stochastic algorithms are employed numerical
and analytical strategies as discussed in [56]. In numerical
approaches, the MC simulation algorithms such as sequential
and non-sequential MC are applied which are elaborated
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adequately in [138]. The analytical strategies attaint the PDF
or PMF of the output variables as a relationship of the
PDF or PMF of their input variables by linearization-based
and approximation-based approaches [10]. The probabilistic
approaches also are capable of predicting and sensitivity
studies of real-life scenarios [139]. However, these methods
might not give the optimal solution because of misconnec-
tion among network variables, inaccurate historical data, and
an increased number of uncertainties and applied scenarios.
That will lead to an increase in the simulation complexity,
computational time, and memory usage. A summary of recent
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articles that applied the stochastic approaches is represented
in Table 6.

C. WORST-CASE (WC) HOUR APPROACH

By considering specific hours over the whole day, the deter-
ministic or stochastic approaches can be used to calculate
the worst-case (WC) hour scenario to investigate the PQ and
reliability of the MPS, and predict their performance under
sudden disturbances for avoiding power outage [11], [140],
[141]. For the same purposes, the WC approach is considered
as robust approach in optimization-based algorithms not only
for HC estimation but also aiding on power system planning
and operational decision-making. The WC hour approach
studies the specific period of both minimum and maximum
demand scenarios which is sufficient for HC calculation with
less computational burden. However, the results are associ-
ated with the availability and accuracy of the applied dataset
which can lead to overestimation and miscalculation of HC
in ADNs. The MC method was used to optimize the DERs’
placement and size to sustain reliable operation with accept-
able voltage deviation limits during the WC hours [142].
Similarly in [24], the MC method was applied to analysis the
HC of the Finnish LVDS under several limiting constraints
by considering the WC hour strategy.

D. TIME SERIES APPROACHES

Time series approaches are considered as an upgrade of deter-
ministic approaches that give realistic HC value based on long
time-scale and high-resolution historical data or actual mea-
surements of the ADNSs. Instead of using fixed data of input
variables in the deterministic approaches, the time series
approaches to deal with the changeable dataset of various
input variables with their uncertainties such as generation and
load curve profiles dependent on the time-varying [9]. The
strategy is dependent on varying the technical characteristics
of DERSs at each time until reaching the maximum allowable
DERs for the ADNs in which 5- 10 seconds time resolution of
applied data is recommended. For a short time span (24 hrs.),
these approaches can generate required data profiles for HC
calculations however in a long time span, as autoregressive
moving average (ARMA) and autoregressive integrated mov-
ing average (ARIMA) algorithms can provide alternatively
the time series data [57].

The most popular applied tools are the quasi-static time
series (QSTS) simulation [157] and dynamic HC analy-
sis [158]. The QSTS simulation solves a data series of
sequential steady-state power flows in each time step based
on the previous time steps which require high-resolution
data and computational burden. On the other hand, dynamic
analysis captures time-dependence data for the long-term
period to verify the full grid impacts and sensitivity and
calculate the annual energy losses. Thus, the dynamic HC
can be 60%—-200% higher than the HC calculated with statics
methods. The time series approaches give a more accurate
HC value if both high-resolution measurement data and a
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high computational burden are used. A summary of recent
articles that applied the time-series approaches is represented
in Table 7.

E. CAPACITY CONSTRAINT-BASED

For initial HC estimation, the capacity constraint-based
(CCB) approach is implemented which depends mainly on
the historical data collected from the various measurement
meters [10]. The CCB approach studies the acceptable capac-
ity constraints of DERs, EVs, and ESSs that are integrated
into the ADNs without endangering the PQ or exceeding the
limiting constraints of PIs. This approach investigates the
imported data of ADNSs’ parameters and their operational
limiting constraints, then the optimization algorithms cal-
culate the HC by incrementally increasing the capacity of
DERs or other technologies until reaching the accurate HC
value. Hence, the uncertainties of DERs are not considered
in the power flow simulation. Although the forecasted data
of generation or load profiles can be considered, its accuracy
is highly contingent on the applied data collected from smart
meters with relative reading errors. As a result, this approach
may not be reflected in the real operation of ADNs because
of the limited applied scenario. This method is applied to
estimate the maximum DERs’ capacities of ADNs using
a two-stage optimization algorithm based on ‘‘unbalanced
three-phase power flow modelling and active network man-
agement (ANM) techniques™ [159]. The authors in [160],
proposed a new strategy based on the estimation of the viola-
tion of the PIs initially then decreasing the DERs’ capacities
selectivity and gradually until the sustain the optimal oper-
ation conditions. In [161], the maximum HC was evaluated
using an optimization algorithm based on the capacity con-
straints of the ADNs. While in [162], the capacities of MESs
were estimated to supply the electrical, cooling, and heating
demands coupled into microgrids that connected to remote
ADNE.

F. STREAMLINED APPROACH
The streamlined approach is used to estimate the HC and
perform power flow and short-circuit analyses in the ADNs
without simulating a large number of scenarios like stochastic
approaches. Moreover, giving an accurate overview of daily
variations for the electrical characteristics and the load profile
and giving the proper location and capacity of the integrated
DERs similar to time series approaches [56]. Two types of
streamlined approaches are employed such as the Streamlined
Integrated Capacity Analysis (ICA) method and another
approach developed by EPRI [10]. The strategy of stream-
lined approaches is based on continuously simulating a
pre-defined set of equations and algorithms to evaluate the PIs
at each bus after a baseline power flow analysis is performed
to attain the initial circumstances of ADNs [57]. Correspond-
ing to their features, simple data are required considering the
uncertainties of DERs and compact computational burden.
Also, three values of HC ““(realistic, optimistic and conser-
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TABLE 5. Selective studies of deterministic HC estimation methods.

C HC HC
Ref. | Year ountry or Controlled PI enhancement Study Objectives
Network type technology
Yes NO
Proposed analytical expressing for calculating the optimal size and
69-and 33-bus location of PV systems as a function of voltage deviation and power
[143] | 2014 LVDSs PILPI3 PV v loss indices also based on time-varying load models and
probabilistic PV generation.
Several Estimated the maximum PV generation that could be integrated
[144] | 2016 benchmarks PILPI4 PV v into the ADNs.
[145] | 2017 GridLAB—D PI1 PI2.PI3.PI6 DG capacity v Calculated the a‘cceptable DG capacity considering phase mutual
modelling tool T inductance and line losses.
Sweden and Slr;g\l/e-]g}\lfase Studied the influence on several networks due to integrating the
[146] | 2017 Germany PI1, PIS,PI7 cha;ging 4 single-phase PV systems and EV charging stations and how to
stations reduce the bad consequences which lead to voltage unbalance
Studied yearly PV penetration with their adverse impacts such as
(1471 | 2017 Sweden PILPI2 PV v voltage deviation and thermal overloading. Also, proposing a new
(Herrljunga) ’ method to overcome these influences using a power cutoff
technique, and ESSs with applicable smart inverters.
[126] | 2018 &22;22% PI1,PI2, P14 PV v | Analysis of the HC of LV and MV networks in Kentungan.
[148] | 2018 |  Campus grid (h';ko';ﬂis) PV v
Consider the THD limit on HC calculation.
(1491 | 2019 IEEE 13-bus PI3, PI‘6 PV v
LVDS (harmonics)
IEEE 33-bus
[150] | 2020 LVDS PILPL2 EV Y Estimated the maximum EV HC for DSs under some
[151] | 2021 Several PI2 EV v considerations.
benchmarks
IEEE 37 bus and Employing an analytical approach based on voltage sensitivity
[152] | 2021 1EEE 123 bus PI1,PI7 PV v analysis for random multiple allocations and stochastic constraints
LVDSs of PV systems without high computational burden.
33-bus LVDS The maximum PV HC was determined using the linearization
[153] | 2021 | with 6-node heat PI1,P12 PV v method based on the Big-M method for the complex non-linear
network model of MESs including electrical and heat EHs.
Calculating the optimal locations of single or multi-type DERs
[154] | 2022 IEEE 33-bus PI1PI2 Multi-type v based on provided parameters mathematically then the optimal
LVDS ’ DERs power flow (OPF) applied to estimate the optimal capacities of
DERS related to previous selective optimal locations.
IEEE 8-bus and A constructive model with three rules to overcome the analytical
[155] | 2022 123-bus radial PI1, PI2,PI6 PV v HC estimation methods based on geometrical understanding,
LVDSs historical dataset, and realistic constraints.
Involved three stages to accommodate the optimal size and location
IEEE-33-bus of EVs,} and DQS into ADNs without violating technical and
[156] | 2023 IEEE-~ 69-bus’ PI1LPI3 DG.EV v economic cpnstralpts'. In.the first gtage, EVs were located at the best
radial LVDSs ’ ’ bus then using optimization algorithms for planning the DGs before
regulating charging and discharging ratios analytically to minimize
the power losses.
*PI1:voltage limits;; PI2:thermal overloading; PI3: Power losses; PI4:reverce power flow; PI5: protection limits; P16: power quality; PI7: Reliability and
sensitivity

vative)”’ can be given with acceptable accuracy besides their
capability to forecast the DERs expansions, load profiles,
and network reconfiguration, to analysis the HC assessment
methods using the collected data from smart meter and other
monitoring devices [12]. In [163], the factors and challenges
of various HC calculation methods are discussed especially
streamlined approaches. The location of PV systems was
optimally optimized on individual feeders without violating
the technical constraints [164].

G. OPTIMIZATION-BASED APPROACH

To handle the computational challenges and complexity asso-
ciated with the pervious approaches, the optimization-based
approaches can deal with the power flow simulation which
can be deterministic, stochastic, or data-driven frameworks
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to obtain the optimal HC value [57]. In these approaches, the
input variables data with their uncertainties and constraints
are defined as an optimization problem before running the
power flow simulation to maximize the power injection of
the DERs penetration into the ADNS without violating the
technical and economic constraints. There are various clas-
sifications based on applied strategy, variables domain, and
many objective functions as depicted in Fig. 6. Moreover,
the optimization problem can be formulated to minimize
the different types of cost, emission, and power loss, and
to maximize power injection, reliability, life span, and prof-
its [193]. Hence, single or multi-objective algorithms can
be applied for any variables domains or strategies to solve
the optimization problem involving various constraints. Each
optimization algorithm has its advantages and drawbacks,

18561



IEEE Access

H. H. H. Mousa et al.: Comprehensive Review on Recent Developments of HC Estimation and Optimization

TABLE 6. Selective studies of Stochastic HC estimation methods.

Country or Considering
H
Ref. | Year Network Method HC uncertainties Controlled HC ¢ Study Objectives
tvpe PI technology enhancement
yp Yes NO
LV and MV
v
[163] 2019 Feeders MC DER capacity and PII=PI7 PV
[166] 2019 33 and 135 Ppwer ﬂow loc':atilon, load PI1PI7 v
bus systems simulation deviation, power
IEEE 33 bus injection WT,PV
[167] | 2020 ! MC ! PI1,PI6 v
system
Fast-specialized R1,R2
IEEE 69-bus point estimate DG capacity and
[168] 2021 and real method compared to location, load PI1,PI3,PI4 DG v
systems MC and Cumulant deviation
approaches
[169] 2021 - () E'V' EV v
uncertainties
e RI1,R2
IEEE 37 and e analysis of
PV outputs and :
v
[170] 2022 | IEEE 123 bus load demand PI1PI7 PV spat10t§1pppral
systems probabilistic
MC voltage sensitivity
21-bus and (5)EV
[171] 2022 33-bus DC . DG, EV v
. . uncertainties
microgrids
LVDS in aleatory and
[172], Northern epistemic v
[173] 2022 Sweden with uncertainties at the PV RI,R2
83 customers planning level
. (9) planning level
General polynomial H
- v
[174] 2022 chaos and opergtlgnal PILPI2 PV
uncertainties
e R1,R2
Network of PV constraints, e Proposed bass
[175] 2022 Armag~ao de load deviation, PV v diffusion model
Buzios power injection used for each
consumer
Brazilian LV MC EV and consumer
[176] 2022 load profiles; PV PI1, PI2,PI3 PV,EV v
network .
constraints
- R1,R2
LV and MV DG capacity and
[177] 2022 location, load PI1,PI2 DG v
Feeders S
deviation
128 real LV Mixed-integer linear PV constraints, R1,R2 .
. . load deviation, PI6, P17, Scheduling the
[178] 2022 feeders in the programming S PV, BESSs v
UK (MILP), and MC power injection, cost BESSs
: > BESSs, cost Similar to [23]
IEEE 33- ocation load " New Pl developed
[179] | 2023 radial bus MILP CaHot PI1,P14, WT, PV v ow evelope
deviation, power related to the load
system S L
injection deviations
*PI1:voltage limits;; PI2:thermal overloading; PI3: Power losses; Pl4:reverce power flow; PI5: protection limits; P16: power quality; P17: Reliability and
sensitivity;
R1: Calculating the maximum HC of integrated DERs.
R2: Assessment of the PIs of the ADNs.

and the application mainly depends on the user’s judgment.
Although their ability to overcome the shortcomings of other
approaches, they require several iterations to find the optimal
solution which needs long computational time and memory,
especially in complex power systems with a large number of
scenarios. Which can get rid of using linear programming
algorithms. A summary of recent articles that applied the
optimization-based approaches is represented in Table 8.

H. HYBRID APPROACHES
Hybrid approaches combine the various advantages of con-
ventional approaches and reduce their complexity or long
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computational simulation time [40]. Other uncertainties of
DERs and various limiting constraints can be investigated
for a large number of scenarios and feeders. Moreover,
these approaches can give a unique value of HC instead of
the serval distribution values. Hence, several studies have
applied the hybrid approaches for specific objectives in [21],
[209], [210], [211], [212], and [213]. To deal with the high
computational simulation time in large scenarios number,
a multi-parametric programming tool was implemented to
accelerate the power flow simulation (10 times) by analyzing
the uncertainties and evaluating their impacts [209]. Another
algorithm called vine copula was implemented to generate
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FIGURE 6. Classification of optimization-based approaches [191], [192], [193].

TABLE 7. Selective studies of time series HC estimation methods.

Country or Simulation Tim HC Considering HC
Ref. | Year ountry o wiatio N Controlled PI enhancement Study Objectives
Network type type step technology
Yes NO
[180] | 2017 IEEE 13-bus test 1- v MO(_ielhng the  controller
system second devices.
TEEE-123 bus test .
- v
[181] | 2018 system Fast QSTS 1-min PIL,PI7 PV e RIR2
Real distribution 1- e Analysis of the RPC
[182] | 2019 feeder with 2969 second v parameters
buses (5469 nodes)
[183] | 2019 Campus_data dynamic 10-min PI1,PI5,PI6 PV v
[157) | 2019 | Feeder model with QSTS 5-min PI1,PI2,PI6 v
3500 nodes PV
California, feeder Static and PI1
el > /
[158] | 2020 | el with 943 nodes | dynamic | 9P | ppypr3pre RI,R2
[184] | 2020 131 buses UK Power flow | 10 i PV,BESS |
network simulation
DUTH. located 1 PI1, PI6
[185] | 2021  ocatedin QSTS 15-min PV, WT v
Greece
e RI,R2
IEEE 123-bus and 33- MC and ’
- v i i
[186] | 2021 bus radial DSs QSTS 1-hr PI1,P17 PV, BESS e Analysis of the reactive
power control parameters
e RI,R2
[187] | 2022 IEEE 34-bus DS QSTS PI1,P17 PV,EV v e Analysis of the depreciation
. of OLTC lifetime
15 min
Power flow * RLR2
[188] | 2023 | EPRI Ckt5 test model . . PI1,PI5,PI6,P17 PV v e Analysis of the RPC
simulation
parameters
e RI,R2
e Analysis of the economical
[189] | 2023 three Finnish DSs dynamic 1-hr PI1,P12,PI3,P17 PV v HC improvement method
based on PV curtailment
e Similar to [190]
*PI1:voltage limits;; PI2:thermal overloading; PI3: Power losses; Pl4:reverce power flow; PIS: protection limits; P16: power quality; PI7: Reliability and
sensitivity;
R1: Calculating the maximum HC of integrated DERs.
R2: Assessment of the PIs of the ADNs.

correlated scenarios before the allocation of the WTs and to estimate the HC based on time series methods [210].
calculating the HC [212]. A hybrid methodology is used To overcome the availability of historical and measurement
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data, the a-Cut-based strategy was proposed without requir-
ing the PDFs of input variables [21]. Hence, a two-stage
optimization algorithm was proposed with the support of
both stochastic and time series methods for ANM of the
ADNs [211]. In the first stage, a heuristic optimization
algorithm calculated the optimal PV base capacity to max-
imize the HC sum. While the second stage was employed
to analyze prior knowledge input variables with their uncer-
tainties obtained from MC simulation, and the generation and
load curves using time series methods. This study proposed
a two-stage multi-time scale energy management strategy to
minimize the operation cost, and regulate the power balance
between local generations and peak load for microgrids using
both stochastic two-layer framework and online time series
approaches [213].

I. DATA-DRIVEN APPROACHES

To fulfil the obligations of the ADNs and overcome the draw-
backs of the previous approaches (model-based approaches),
the applications of Al algorithms are extensively applied in
MPSs [214]. Hence, the data-driven approaches are utilized
to process the historical dataset or measured data from smart
meters, to develop models for real-time estimation and fore-
casting of the HC of the ADNs with reliable operation [10].
The data of input variables can be systems parameters and
generations of DERs and load profiles with their uncertain-
ties. These approaches are convenient for real-time monitor-
ing of all system characteristics during the high penetration
of DERs, ESSs, and EV charging systems [215]. Based on
the input variables, the data-driven methods can be classified
into smart-meter-driven and ML methods, as shown in Fig. 7.
Furthermore, data-driven approaches can be combined with
previous approaches to increase their reliability for estimating
and predicting the HC of ADNs.

1) SMART-METER DRIVEN METHODS

In these approaches, the collected data from the smart meters
through the communication systems are analyzed in terms of
the energy consumption, demand response, and optimization
of grid reliability, stability, and security for real-time deter-
mining and predicting the HC of the ADNs [216], [217].
The effectiveness of these approaches is mainly associated
with the accuracy of measurement devices, communication
infrastructure, and time intervals of collected data.

2) ML METHODS

The ML methods can be mainly classified into DL, super-
vised, semi-supervised, unsupervised, and hybrid methods,
each of them has its own merits and demerits for applying
to specific models. In [218], ML methods are discussed as
robust tools for predicting both generation and load profiles,
scheduling the flexibility services of the ADNs, and mon-
itoring real-time operation. While the powerful capability
of DL methods for frequency control in the ADNs, based
on data analysis, prediction, and classification, is elaborated
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in [54]. Moreover, the classification of ML methods applied
to calculate the HC of LVDSs is depicted and compared to
other methods in [51]. A summary of recent articles that
applied the data-driven approaches is represented in Table 9.

J. OTHER APPROACHES

To deal with the slight shortcomings of previously explained
approaches, other robust strategies are implemented which
each has its own procedures and power flow analysis such
as iterative and Hybrid-DRIVE approaches.

1) ITERATIVE ICA APPROACH

Unlike the streamlined approach, the iterative ICA approach
is considered an effective planning tool to evaluate the PIs
of the ADNs without using a detailed calculation-based
model [163]. It can optimally allocate the DER at a single
location at a time and its capacity is increased gradually
until perturbing the limiting constraints (thermal and voltage
limits). Furthermore, it can perform protection analysis at
the attained HC level without delaying the response of the
protection devices during fault conditions. Although it’s pow-
erful planning criteria within various platforms and performs
time-based HC analysis, it still suffers from a large com-
putational burden, especially at ADNs with large numbers
of feeders, compact accuracy in large LVDSs, and limited
scenario analysis competency.

2) HYBRID-DRIVE APPROACH

In [163], the EPRI has developed the distribution resource
integration and value estimation (DRIVE) approach for HC
calculation to overcome the computation burden of previous
approaches. This approach provides an accurate HC eval-
uation depending on stochastic analysis with similarity in
concept to streamlined and iterative approaches. It creates
several power flow scenarios of the feeder response and then
calculates the HC-like streamlined approach. In addition,
it can be used for analyzing the protection aspects and sen-
sitivity of ADNs in the same manner as the iterative ICA
approach [56]. The strategy involves two stages, and their
accessible data are attained from the planning and power flow
analysis considering the feeder’s operation limits initially.
Then the various DERSs’ scenarios are simulated for HC
assessment. The least computational time is obtained com-
pared to other approaches, however single-feeder analysis
only can be performed at time.

K. APPROACHES’ COMPARISON, AND DISCUSSIONS

For accurate selecting decisions of the HC estimation meth-
ods in LVDSs, many impact factors should be considered
such as various assessed PIs, used dataset, network gen-
eration capacity, energy demands and policies, number of
uncertainties, DERs’ capacity and location, and system
configuration and complexity. Relative to the conventional
approaches which mainly depend on the model parame-
ters, both deterministicc, CCB and WC hour approaches
give an overestimated value of HC without considering the
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FIGURE 7. Classification of data-driven approaches [10], [54], [218].

uncertainties of input variables in a constant of both stochas-
tic and time series approaches. That gives an approximate
distribution of HC values. The complexity, computational
burden, and accuracy are associated with the data of input
variables, applied constraints and uncertainties, number of
scenarios, power flow simulation tools, and calculation strat-
egy of each approach. The conventional approaches can be
used efficiently in small distribution systems with a limited
number of operational scenarios to specify the over-estimated
capacity expansion during the planning process.

Moreover, the modified approaches are developed to han-
dle the shortcoming of conventional approaches for accurate
HC estimation in terms of considering uncertainties and a
large number of scenarios without influencing the simu-
lation time. Initially, the optimization algorithms perform
baseline power flow data based on system constraints and
uncertainties to drive the power flow calculation towards
achieving several objective functions at the same time. How-
ever, the complexity and computational time are increased
with a large number of iterations and complex ADNs that
directly influence the obtained HC value. Subsequently,
streamlined, hybrid, and other approaches are applied with-
out requiring an accurate presentation of benchmarks and
estimate an approximate HC value based on the prior-
knowledge equations that verify the system reliability and
sensitivity.

Thus, the data-driven methods have superiority compared
to other approaches in terms of real-time estimation and
forecasting of uncertainties of DERs, generation profiles,
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load deviation, and power injection. Also, they can combine
with other methods to improve their operation strategies with
acceptable computational time and accuracy. Moreover, they
can be used to predict the behaviour of system variables
which helps to avoid fault occurrence or blackouts.

Table 10 gives a brief comparative study of HC calcula-
tion approaches. Fig. 8 depicts the research trends of HC
estimation approaches according to the statistics of the cited
articles. It is obvious that the optimization-based approaches
are most popular for calculating the HC (21.25%), due
to their accuracy and ability to estimate the accurate HC
under various uncertainties and constraints. Followed by the
deterministic approaches with around 19.15% are applied to
attain fast and approximate HC calculation in the worst-case.
Both data-driven and stochastic approaches are almost the
same applied percentage (16%) before time series methods
that need extreme amounts of historical data which are not
provided in old power systems. Finally, the remaining per-
centages involve both hybrid and other approaches which are
developed for special calculation cases.

According to the previous discussion, the authors rec-
ommend using conventional HC calculation methods for
small and old power systems that include less complex-
ity and a limited number of operational scenarios. While
applying optimization, data-driven, and hybrid methods for
MPSs with large sizes and high complexity with the high
accuracy desired. The authors prefer to employ, in general,
hybrid methods to combine the various advantages of both
optimization, and data-driven methods, and eradicate their
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TABLE 8. Selective studies of optimization-based HC estimation methods.

Considering
Country or . HC HC HC L
Ref. | Year Network type Algorithm Controlled PI uncertaintics technology enhancement Study Objectives
Yes NO
Low .
Voltage Cap4a<:1ty and
Network Heuristic location of heat Heat pumps
[194] | 2021 . pumps, EVs, ’ v
Solutions methodology S EVs
load deviation,
(LVNS) ower injection
project P J R1- R4
Capacity and
. location of PV
[195] | 2021 | EEE33-bus | Slime Mould systems, BESSs, | PV, BESS v
DS Algorithm o
load deviation,
power injection
Manta Ray
Foraging .
[196] | 2021 optimization Clapa‘t’?ty anfd v | R2R3
algorithm DERs, load DERs
(MRFQ) deviatior; power
Artificial in'ect’ion
[197] | 2022 Several hummingbird J 4 R2,R3,R5,R6
ADNs algorithm
Capacity and
o capcitor | DS
[198] | 2022 GA i jord capacitor v R2- R4
deViatior; power banks
PI1,PI3 injection
GA, Particle Capacity and
[199] | 2022 | 'EEE33-bus Swarm location of v | R2R3
radial DS Optimization DERs. load DER
(PSO) deviatiosr; giwer ’
1200] | 2022 | TEEE123bUs | ¢ 0 cated PSO injection v | RLR2
network
Artificial
18-bus, 33- location of DGs,
[201] | 2022 | bus and 69- (AEO), and BESSs, load | DGs, BESS | v R3- RS
PSO and Harris L
bus systems deviation, power
Hawks infection
Optimizer yectio
(HHO)
Capacity and
83-bus and location of DGs *R2R3
[202] | 2023 135-bus GRASP-TS and EVs, load DGs, EVs v .
o e Similar to [203]
systems deviation, power
injection
Artificial Capacity and .
IEEE 33-bus rabbits’ location of PV PV ln;/Serters
i et . v
[204] | 2023 DS optlmlgatlon 1nyer_ters, load STATCOM R2- R4
algorithm deviation, power device
(AROA) injection
30 MVA, Cammty and
location of DGs,
[112] | 2023 | 110/35/10 kV GA PI1,P12,P13,PI5,PI6 L DGs v RI->R3
. load deviation,
substation power injection
IEEE 33-bus Capacity and
and TNEB location of DGs,
[205] | 2023 | 84- MOEA/D-DRA PI1, PI3, P17 and BESSs, load | DGs, BESS v R2- R6
bus radial deviation, power
DSs injection
San Andres Several convex Cap a city and
Distribution | optimal power location of PV,
[206] | 2023 . PI1, PI3 and BESSs, load PV, BESS v R3
Network flow algorithms, deviation. power
Model PSO aton, p
injection
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TABLE 8. (Continued.) Selective studies of optimization-based HC estimation methods.

eR1—- R4
e Considering  the
IEE 24-bus Hybrid sine Capacity and impacts of
[207] | 2023 vstem cosine artificial PI1,PI2,PI3,P17 location of DERs, ESSs v transmission lines
Yy rabbits DERs, and ESSs expansion,  fault
current limiters on
HC enhancement.
S Capacity and
IEEE-33-bus Multi-Objective location of DGs,
and 69-bus Advanced Gray ESSs. and DGs (PV,
[208] | 2023 Wolf PI1, PI3 ’ WT), ESSs, v R1- R4
ML test L FACTs, load
Optimization . FACTS
systems (MOAGWO) deviation, power
injection

sensitivity;

R1: Calculating the maximum HC of integrated DERs.
R2: Assessment of the PIs of the ADNs.

R3: Minimizing the total energy losses.

RS5: Minimizing investment cost.
R6: Minimizing CO2 emission.

*PI1:voltage limits;; PI12:thermal overloading; PI3: Power losses; Pl4:reverce power flow; PIS: protection limits; P16: power quality; P17: Reliability and

R4: Investigating impacts of HC enhancement techniques (ESSs, FACTS,....).

Research trends of HC estimation approaches

21.25%

] 15.95%

FIGURE 8. Research trends of HC estimation approaches.

disadvantages. However, some methods are highly recom-
mended for special systems and calculations according to
various research articles at the pervious presentation of HC
estimation methods.

VI. TOOLS FOR HC CALCULATIONS

To overcome with complexity, nonlinearity, uncertainty, data
diversity, and domestic observability of the modern ADNs
due to the increased RESs integration into the UG, several
aided tools (software) are being implemented as reviewed
in [229]. For HC calculation methods, several software
programs are utilized as power system simulation and anal-
ysis platforms which are discussed in [12], [57], [230],
and [231]. Hence, the selection of a suitable tool for con-
ducting the HC calculation depends on several factors such
as the calculation method, controlled PIs, the system con-
struction and complexity, the size of the dataset, required
accuracy, etc. for conventional and modified methods of the
HC calculations, some platforms can be used for instance;
Etab, Matlab [10], [179]; Power Factory, PSS Sincal ICA,
NEPLAN, etc. While the data-driven methods can be uti-
lized using Tensorflow, Keras, Caffe, etc, with the aid of

VOLUME 12, 2024

several programming languages for example; Matlab, Java,
and Python. The information on the tools that will be dis-
cussed is based on tool providers and companies from online
websites. Some of them are discussed below and other plat-
forms are summarized in Table 11.

A. TOOLS FOR CONVENTIONAL AND MODIFIED

HC METHODS

According to the conventional and modified HC methods,
several simulation tools can be used in commercial and non-
commercial projects, besides Etab and Matlab, as discussed
below:

1) POWER FACTORY

Power factory software developed by DIgSILENT company
which used for complete electrical power system analysis
with different voltage levels in addition to calculating the
HC in balanced or unbalanced systems in view of voltage,
thermal loading, protection and PQ limits. It used stochastic
(based on standard binomial search (SBS)), iterative and
time series methods [232]. It is widely applied for study-
ing the PQ of the UG [233], [234], power system stability
in [235], [236], [237], [238], and [239], protection require-
ments in [240], [241], [242], [243], [244], and [245], optimal
planning and operation [246], [247], [248], or control and
optimization [249], [250]. Hence, it calculates the HC with
respect to high-level penetration in PV systems [251], [252],
EV charging stations [253], ESSs [254], or RESs [254], [255],
[256], [257]. In [251], it is employed for HC calculation
and studying HC enhancement due to high-level PV systems
penetration in remote industrial microgrids considering UG
disturbance and recovery scenarios in the presence of ESSs.
Here, the deterministic approach was applied for estimating
and assessment of PV HC with respect to over-voltage limits
in LVDSs using the PF simulator [252].
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TABLE 9. Selective studies of data-driven HC estimation methods.

Country or HC HC Stud
Ref. | Year untry Method Controlled PI HC uncertainties enhancement ey
Network type technology Objectives
Yes NO
Australian MV
[216] | 2020 feeder Smart meter driven PI1 v RIR2
supplying 79 PV
LV networks
[219] | 2021 Australia Smart meter Pl System parameters v Ri- R3
driven, DNN
IEEE 37-bus
[16] | 2022 and 906-bus PI4,P15,P16 PV v R1,R2,R5
systems Data-Driven
Search Algorithm Capacity and PV.ESS e R3,R6
[220] | 2023 Historical data P17 location of PV, iEVs S v e Similar to
ESSs, EVs [221]
[222] | 2023 IEEE 34- bus, Spatial-Temporal PII Capacity and v RI>R3
123 bus systems DL locati FDER DERs
[223] | 2023 Australia CNN-LSTM PI6,PI7 Oeaton OF =S, v | RIS R3,R6
12 northeastern Random Forest load deviation,
iecti v
[224] | 2023 feeders Model (RFM) PI1,PI2 power injection PV R1I- R3
e RI->R3
IEEE-33 bus Hlstog_ram-based e Fault pr o
[225] | 2023 DS gradient boost PI5,P16,P17 System parameters DERs v detection
(HGB) algorithm and
location
EPRI Cki5 Capacity and e RI->R3
[188] | 2023 model Smart meter driven | PI1,PI5,PI6,P17 location of DGs, PV v o Similar to
power injection [226]
. Capacity and
Multi-agent deep - Thermal DGs,
reinforcement location of DERs, PV, WT
[227] | 2023 | 33-bus and 152- learni PI1,P13,P14,P17 and ESSs, load P 4 RI-R6
earning (MADRL) L ESSs, flexible
bus systems . deviation, power
algorithm S loads
njection
[228] | 2023 Australia Smart meter driven PIl System parameters PV, EV v RI->R3
*PI1:voltage limits;; PI2:thermal overloading; PI3: Power losses; P14:reverce power flow; PI5: protection limits; P16: power quality; P17: Reliability and
sensitivity;
R1: Calculating the maximum HC of integrated DERs.
R2: Assessment of the PIs of the ADNs.
R3: Predication of operational factors and planning.
R4: Minimizing the total energy losses.
RS: Investigating impacts of HC enhancement techniques (ESSs, FACTS,....).
R6: Minimizing investment cost.
R7: Minimizing CO2 emission.

2) PSS SINCAL ICA

PSS Sincal ICA module offered by Siemens as a tool for
electrical power system analysis such as modelling of gener-
ation, transmission, DSs, network planning or operation with
integrated RESs. Also, it can be used to estimate the maxi-
mum HC of LVDSs using time series or iterative methods in
terms of various PIs for example voltage limits or protection
limits. Although its effective features, it still suffers from long
computation times and restricted PI testing [258]. In [259],
it is used to investigate the ability to improve distance protec-
tion relays for fault detection and discrimination in electrical
transmission systems. While in [260], it is applied to study
the dynamic stability for isolated electrical power systems
considering load variations and DERs uncertainties depend-
ing on the frequency control. The authors in [261], discussed
the sensitivity analysis of increased uncontrolled HC and its
impacts on the UG due to the high penetration level of RESs
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and utilized ESSs concerns economic uncertainties and the
energy market.

3) OPENDSS

The open electric power distribution system simulator
(OpenDSS) is a platform developed by and supported by
the EPRI for investigating the power system performance
operation under the integration of the DERs [262]. It is based
on frequency domain simulation that is able to efficiently per-
form several power system analysis tasks such as planning,
protection, stability, and PQ [39], [263], [264], [265], [266].
However, it can’t be used for investigating electromagnetic
transients in time domain simulations. Also, it is designed to
operate and integrate with other varieties of existing software
such as Matlab [267]. In [22], it is applied to assess the HC
of LVDSs due to the integration of various DERs. In [62],
[63], and [64], it is utilized to investigate the maximum HC
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TABLE 10. Comparative study of HC estimation methods concluded from [10], [12], and [56].

Conventional Modified
I - . . . . imization- . Data-dri
tem Deterministic Stochastic WC hour Time series CCB Streamlined Opnll;:zczzltmn Hybrid Others ata-driven
Considering .
. Hybrid strategy
technical and Historical based on
uncertainties of measure.ment stovchastlcvand Using the input Processing the
. . and variable . time series . -
input variables input data Analyzing the methods b variable data and historical
Fixed input data, then baseline Like a cng'ation a’n il historical data of simulatin ); uncertainties as an dataset or
generation and load power flow deterministic & load ADNs” conlinuouslg set optimization Combining the Developed to measured
Brief consumption profiles analysis is method but it is consumption parameters based of riory problem which is 3 ‘merits gf deal with some data, to
description used to calculate HC by performed applied for rofiles afe used on the capacity knmgled e simulated in various obstacles of develop
P! modifying DERs iteratively by maximum and l:o caleulate HC constraints of the equations ind optimization approaches conventional models for
capacities in steps until gradually minimum hour- by modifyin DERs without qarame;crx algorithms to PP’ o approaches real-time
violating PQ limits. varying the period only. th yine considering their P N achieve specific estimation and
: DERSs capacities S depended on A - .
capacity and the . - uncertainties. . objective forecasting
. in steps until baseline power .
location of Jiolating P fl i functions. the HC
DERs until violating PQ  Hlow unti
exceeding the limits. violation of any
PIs’ violation. PL
reql:?raetr:em Small Moderate Small Large Moderate Moderate Large Depends Depends Large
Cons1d‘en‘ng' No Yes No Yes Yes Yes Depends Depends Yes
uncertainties?
No. of ap_plled Few Large Few Moderate Moderate Large Moderate Moderate Extreme
scenarios
Complexity Simple Complex Simple Complex Moderate Complex Complex Moderate Depends Complex
Com;:?niaenonal Small Large Small Large Moderate Moderate Large Moderate Depends Large
Scalability Eas Complex Easy Complex Complex Eas Complex Moderate Moderate Eas;
In te(l)-:rtgtl:ﬁon Easy Complex Easy Complex Complex Easy Easy Easy Easy Easy
Model-Based Yes Yes Yes Yes Yes Yes Yes Yes No
i;ixi:s Approximate Accurate Approximate Accurate Approximate Approximate Exact Accurate Accurate Exact

of RESs during the presence of EV charging systems or ESSs
considering several PlIs such as voltage limits and reverse
power flow.

4) SYNERGI ELECTRIC

Another robust simulation and optimization software called
Synergi Electric developed by DNV GL can be used for
real system implementations to detect the power DS plan-
ning, and reliability [270]. It provides the ability to treat a
huge dataset of power systems measurements from SCADA
systems to reach the past 10-year period on looped, radial
and ring network systems with different voltage levels and
configurations. In addition to integrating to estimate the PV
HC during stochastic behaviour of EV charging systems and
ESSs under various PIs [271], [272], [273].

5) NEPLAN

NEPLAN is a power system simulation platform devel-
oped by Neplan AG utilized for investigating various power
systems (planning, optimization, analysis) considering dif-
ferent PIs [274]. It simulates the electrical power systems
under the existences of various types of RESs, ESSs, and
EVs based on stochastic behaviours (using MC simulation )
and determines the HC associated with the limiting PIs [275],
[276], [277].

6) CYME

CYME is a power system simulator developed by EATON to
validate the generation, distribution, transmission and indus-
trial power systems including DERs, RESs, EVs, ESSs, and
variable loads [278]. There are two modules for simulation
namely ICA and EPRI DRIVE modules which are helpful
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during estimating the HC. Firstly. The CYME (ICA) module
employs both iterative and streamlined methods with a con-
stant source approach to calculate the HC restricted by the
PIs’ constraints such as thermal loading, reverse power flow,
voltage limits, protection aspect, and sympathetic tripping as
discussed in [279] and [280]. On the other hand, the CYME
(EPRI-DRIVE) modules use a streamlined method which is
suitable for HC calculation during MESs especially on EH
systems including RESs, and ESSs. The studied PIs can be
thermal loading, PQ, voltage fluctuations, protection aspects,
and reliability, as applied in [281] and [282].

7) OTHER TOOLS

Several tools are applied to evaluate the power system oper-
ation including the increased integrations of DERs and EVs
besides examining and determining the various PIs and the
HC of RESs and ESSs, as discussed in [229]. Some important
tools for instance; EDSA Paladin Toolkit [283], HYPERSIM/
ePOWERgrid [284], EasyPower [285], DSA Tools [286], and
HOMER [287].

B. TOOLS FOR DATA-DRIVEN HC METHODS

Various tools are developed for data-driven methods such as
Tensorflow, Theano, Caffe, Torch, and PyTorch which can
be programmed using C, C++, Python, Lua, Matlab, etc; as
stated in [10] and [54]. In cooperation with the previous tools,
some tools can be used to simulate the power system environ-
ment based on data-driven HC methods [10], [22]. In [264],
mixed-domain of ML techniques such as RL environment
using OpenDSS for the power system and Python package
is used for evaluating the cyber-resilient power system. With
respect to the increased integration of DERSs into the UG,
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TABLE 11. A brief survey of HC calculation Software tools summarized from [12] and [57].

Software Company Availability Tool Method Controlled PI Refs.
Stochastic  (SBS [233],
Power Factory DIgSILENT Commercial Module method);  Time | PI1,PI2,PI3,PI6, and P17 [235]-
series; Iterative [257]
. . Commercial / | ICA Time series; [258]-
PSS Sincal ICA Siemens Free trial module lterative PI1,P12,P13,PI4,PIS, and P16 [261]
Open source [22], [39],
Module ; [263]-
OpenDSS EPRI code depends depends [266],
[62]-[64]
Commercial Stochastic ~ (RP [270]-
Synergi Electric DNV GL Module method);  Time | PI1,PI2,PI3, and PI5 [273]
series; Iterative
Free Demo / Stochastic  (MC [274]-
NEPLAN Neplan AG Commercial Module method) PI1,PI2,PI3, and others [277]
CYME (ICA) Free trial ICA Streamlined PI1,PI2,PI3,PI5,PI6,PI9
module (ICA); Iterative [278]-
EATON EPRI [282]
CYME (EPRI) drive Streamlined PI1,P12,P13,PI6,P17, and PI8
Data-driven  platforms | Various companies | depends Dataset; . .
such as (EPRI, LTB, | (EATON, code; Data-driven Ee:frf)clhlr:i %r;;:ﬁ dsetlgcilon Eg%’ [552‘;]]’
Tensorflow,...etc) Mathworks,....etc) module ° others ’
*PI1:voltage limits; PI2:voltage fluctuations; PI3:thermal overloading; PI4: short circuit limits; PIS:reverce power flow; P16: protection limits; PI7: power
quality; PI8: Reliability; PI9: Sympathetic tripping; SBC: Standard binomial search; RP: Random placement;

TABLE 12. Various

articles related to solving PQ issues.

Ref. Year Research Objectives

[288] | 2018 Referring to the PQ improvement techniques, this article discussed the various applicable devices in cooperation with the multi-function DERs in
addition to the control strategies and schemes.

[289] | 2018 | Thege articles investigated an overview of the various analytical, DL, and optimization approaches to state the optimal location and capacity of
the ESSs in the LVDSs besides the control methods to ensure the best operation and to restrict the PQ issues. Similar to these contributions, the

[38] 2019 | authors in [290] discussed the role of BESSs to rise the HC of LVDSs.

Bg?} 2019 The purpose of these articles is to depict an overview of the most prominent techniques to treat voltage violation issues and reduce them to

[292]’ acceptable limits. Also, discussing the impacts of these techniques to increase the HC of the ADNs.

[293] | 2020 Studied the various techniques and control systems to enhance the HC with respect to dealing with the power system protection, operation, and
stability issues.

[294] | 2021 To minimize the effects of increased penetration of the DERs into the UG, various protection coordination schemes were studied from the point
of view of their pros and cons, and implementation cost.

[218] | 2022 According to the planning and forecasting operation of smart ADNS, this article studied the various ML algorithms for complete EMS
implementation in cooperation with EV charging systems, ESSs, and smart meters. Moreover, protection and PQ aspects were considered.
Studied the techniques of volt-var control to reduce the urgent impacts of high penetrations of RESs into the UG, similar in [295], in terms of

[88] 2022 network side management (NSM) and demand side management (DSM). Also, the effect of integrating the EVs, DERs, and ESSs in cooperation
with the volt-var control techniques was significantly discussed and supported with a detailed comparison in the vision of the current and future
challenges.

[296] | 2022 | T gvercome the serious impacts of the voltage violations in the ADNS, as discussed in [52], due to the widespread of power electronic converters
equipped with the RESs, conventional and modern techniques to enhance the PQ was investigated besides discussing the role of the PV converters

[297], 2023 | on the reactive power compensation using advanced control techniques based on optimization strategies.

[298]

[299] | 2023 The authors proposed a new transactive energy control (TEC) strategy for EMSs due to the high-level RESs penetration in microgrids with respect
to economic, computational, and communication factors, supported by the literature review of TEC approaches for EMSs.

(300] | 2023 Referring to MPSs, this article gave an overview of the role of ESSs on MESs to sustain the optimal operation of the UG duration and the high
integration of DERs.

the necessity of estimating the short circuit current levels
during urgent faults was significantly raised especially with

the complexity
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So, the artificial neural network (ANN) is applied with the aid
of DIgSILENT PowerFactory to overcome in [244]. Depend-

of simulating complex time domain systems. ing on the dataset of real systems in South Australia, the
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FIGURE 9. Classification of HC enhancement techniques.

PV system curtailment and its influences on the demand
side response were analyzed to increase the HC using the
data-driven methods [221]. In [225], ML techniques have
been used for fault prediction diagnosis (type and location)
on reconfigured IEEE-33 bus ADNs developed in Typhoon
HIL’s real-time environment. Moreover, three DL algorithms
were applied to increase the accuracy during calculating the
HC through DSs (IEEE 34, 123-bus feeders) using CYME
in [222].

VIi. HC ENHANCEMENT TECHNIQUES

This section investigates various HC enhancement techniques
applied in MPSs to eradicate the PQ issues that are mainly
associated with voltage violations and other PIs. Which
in turn maximizes the accommodation of DERs without
exceeding the technical and economic aspects. Hence, several
studies are summarized in Table 12, which investigated the
state of the art of mitigation techniques for PQ issues to
improve ADNSs’ operation and reliability. The HC enhance-
ment techniques can be classified into several groups in
terms of operation strategy and characteristics, as depicted in
Fig. 9.

A. VOLTAGE VIOLATION MITIGATION TECHNIQUES

The most important HC techniques are the voltage control
methods as the voltage PI influences directly other PlIs.
In this sub-section, various classifications of these techniques
which depend on the operation topologies, advantages, con-
trol schemes, and others, are elaborated as mentioned in [52],
[109], and [139].

1) REACTIVE POWER CONTROL

It is assumed that the reactive power influences directly
the voltage profiles, so the RPC methods can be used for
reactive power support to enhance the voltage index under
high penetration DERs in ADNs. Various prominent RPC
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Active and reactive
power control

ESSs and OLTC

techniques are employed such as fixed capacitor banks, Var
control of PV inverters, and FACTS devices.

a: CONTROL OF PV INVERTERS

By coupling the ESSs with the PV inverters, the combined
system can be controlled for active, reactive, or hybrid power
support. The RPC using smart inverters can be implemented
by three methods namely, reactive power as a function of
voltage (QV), PF as a function of PV active power (PF(P)); PF
as a function of voltage (PF(V)), and constant power factor.
Among these methods, the most common method is the QV
method implemented for controlling the PV inverters. Several
studies investigated the role of PV inverters to enhance the
HC as mentioned in [301], [302], [303], [304], and [305].

b: FACTS DEVICES

Fixed capacitors can be used for RPC to enhance the
voltage profile however several drawbacks appear. So, the
FACTS devices are extensively used which involve some
most common devices in LV ADNs such as SVC, dis-
tributed static compensator (D-STATCOM), and unified
power flow controller (UPFC), as investigated in [56]. Some
studies highlighted the importance of FACTS devices as
RPC techniques in [282], [305], [306], [307], [308], [309],
and [310].

2) VOLTAGE CONTROL USING OLTC TRANSFORMER

One of the most utilized HC enhancement techniques is the
OLTC transformer which can be a single phase or there
phases connected in MV or LV feeders [52]. It can regulate
the output voltage by changing its turn ratio. Moreover, it is
essential to operate in parallel with other voltage control
techniques to avoid voltage instability during heavy loads
that caused power blackouts [109]. Many articles studied the
OLTC transformer as an efficient HC improvement technique
for emerging grids in [311], [312], and [313].
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3) ACTIVE POWER CURTAILMENT

In the absence of voltage control methods, the APC strategy is
implemented to cut off the excessively generated active power
from the supply side to tackle the overvoltage problems with-
out influencing the power flow directions and to sustain the
energy balance between generation-side, and customers [52].
The APC strategy can be soft or hard curtailment meth-
ods [7]. In soft methods, the active power is curtailed partially
according to the overvoltage deviations. In contrast, the hard
methods curtail the active power completely once the voltage
PI is violated. Both of them can curtail the active power
with fixed or variable amounts according to the violated PI,
generated power, and energy demands. Some DGs like PVs
or WTs utilize the maximum power point tracking (MPPT)
control technique to regulate the output power according
to the energy demands and their stochastic environments,
as discussed in [1] and [314]. Several studies employed the
APC strategies in [315], [316], and [317], as discussed in
the literature review. Moreover, some articles investigated the
applications of data-driven methods to forecast the amount of
active power that will be curtailed considering the uncertain-
ties of the DERs and predict the other operation performances
of the ADNs [318], [319].

4) ENERGY STORAGE TECHNOLOGIES

ESSs are implemented to improve the PIs and enhance the
HC by supporting the ADNs with additional active or reac-
tive powers based on control schemes of their charging and
discharging modes [52]. So, various optimization techniques
are applied for specifying system reliability and minimiz-
ing the implementation cost by using the optimal allocation
of ESSs in terms of their required capacity and suitable
positions, as discussed in [38], [201], [320], [321], [322],
[323], and [324]. A comprehensive review of the state of
the art of ESSs is established in terms of their topologies,
control schemes, technical characteristics, benefits, and oth-
ers, at both network and customer sides in [38] and [289].
Moreover, the impacts of applied ESSs as ancillary services
on the various PIs and their role in enhancing the HC, are
explained in [300]. One of the most important roles of the
ESSs is performing peak shaving strategy for loads. To over-
come PQ issues and reduce energy costs in high energy
demand intervals, the peak shaving strategy is used by regu-
lating the energy consumption from the UG and ESSs [300].
Another role of ESSs is to maintain frequency stability by
integrating the DERs inverters with them under complete
control of active and reactive power exchange which is the
same concept of virtual inertia. The impacts of EV charging
systems on the capacity of ESSs in standalone microgrids,
is investigated in [325].

5) DEMAND SIDE MANAGEMENT

One of the most vital EMSs is demand side management
(DSM) which enhances the HC, and the system security and
reliability by maintaining the acceptable voltage level and
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reducing the energy loss. The DSM strategy is defined as a
sort of residential load control protocol between the system
operators and consumers that stated some action had to be
activated to shift the deferrable household loads from the
peak hour to off-peak hour such as EVs, and electrical boiler,
in order to enhance the PQ and make profits for both system
operators and consumers [52]. Also, it specifies the guided
code for integrating the generated power from rooftop PV
systems of prosumers into the grid. The DSM policy depends
on smart PV inverters, voltage enhancement techniques, and
DRPs, as elaborated in [88]. Moreover, both smart meters and
ESSs are essential to implement besides the PV generation
systems, for monitoring the historical data of generation and
consumption of each end-user to schedule the energy con-
sumption, however, customer privacy is still questionable.
It involves three schemes peak shaving, load shifting, and
valley filling which can be applied based on the scheduled
energy consumption [109]. Several articles investigated the
DSM strategy based on load shifting and DRP in [326], [327],
[328], and [329].

6) HYBRID TECHNIQUES

To benefit from the advantages of various voltage control
methods and eradicate their drawbacks, hybrid techniques are
applied that can be active and reactive power control, RPC
with OLTC, RPC with ESSs, and ESSs and OLTC [330].
The selection of various techniques to be combined mainly
depends on the generation and consumption profiles, imple-
mentation cost, the HC enhancement percentage, required
control schemes and their complexity degree, voltage level,
and other aspects. Various studies highlighted the contri-
bution of hybrid techniques in improving the HC and PQ
in [331], [332], [333], [334], and [335].

B. POWER QUALITY SOLUTIONS

Besides the voltage violation mitigation techniques, the
PQ solutions based on harmonic mitigation and frequency
control techniques are investigated as HC enhancement tech-
niques [56]. The frequency control methods are applied
for frequency stability especially in the presence of
non-dispatchable generation units in the MPSs by using vir-
tual inertia power plants as an example [336]. Relative to the
presence of non-linear loads and power electronic converters,
the harmonic distortion should be declined to enhance the PQ
using various types of filters as discussed in [288]. Hence,
the passive [337], [338], [339], [340], [341], active [342],
and hybrid filter [343], [344] configurations can be used
to mitigate the THD level in the ADNs due to DERS-rich
integration. Other techniques can be used also for enhancing
the PQ such as voltage regulators and restorers, FACTs, smart
impedance, hybrid, and others [288].

C. PROTECTION COORDINATION SCHEMES
The protection systems can tackle the bad effects due to
the high penetration DERs, ESSs, and EVs, using devices

VOLUME 12, 2024



H. H. H. Mousa et al.: Comprehensive Review on Recent Developments of HC Estimation and Optimization

IEEE Access

or control strategies as deliberated in [52] and [294]. The
protection systems have to respond efficiently to the vari-
ous coordination obstacles because of bidirectional power
flow, excessive faults, variations of integrated component
capacities, and operating modes (grid-connected or islanded),
without causing misoperation of both protection devices’
functions and control schemes. To sustain the ADNs’ relia-
bility and stability and enhance the HC, various protection
strategies are implemented which are classified into conven-
tional or modified techniques.

1) CONVENTIONAL PROTECTION STRATEGIES

Conventional protection strategies handle the initial arrange-
ments that should be considered before occurring probable
protection issues. Firstly, the DERs disconnection can be
applied if there is an excessive generated power and then
reconnecting them under UG standards. Second, the strat-
egy based on the optimal allocation of DERs is signifi-
cantly helpful to avoid adverse impacts on the protection
systems. Other auxiliary strategies can be implemented
such as applications of ESSs and modifications of control
schemes.

2) MODIFIED PROTECTION STRATEGIES

In contrast, modified strategies depend on modifications
to the functions of protection devices and applied control
methods and variables. Advanced protection relays can be
used such as differential relays to provide new functions.
Moreover, applied control methods and variables are utilized
by symmetrical components, voltage-based, signal process-
ing and Al techniques, alternation on relay parameters,
and other electrical parameters. Some protection strategies
are designed to combine both conventional and modified
schemes. Hence, several articles investigated the coordinated
control schemes for PV inverters with reconfigured networks
in [345], [346], [347], and [348], and optimization of EV
operation in [349], to treat the declared protection system
issues.

D. NETWORK RECONFIGURATION AND REINFORCEMENT
Network reconfiguration and reinforcement (NRR) tech-
niques contribute to enhancing the HC by reducing the overall
system energy loss and voltage violations which effected
directly on the end-user feeders [350]. In these techniques,
the network configuration is modified by changing the DERs’
location and capacity and loads and their connection among
phases. Then the RL algorithms are utilized to regulate the
process of network reconfiguration in order to maintain the
system’s reliability and efficiency. The network reconfigura-
tion can be static or dynamic [351]. In the static approach,
the modifications on the networks are acted on using fixed
parameters. Regarding the dynamic approach, the statutes
of controlled switches or components, and capacities and
locations of DERs, ESSs, EVs, and loads, are changed as a
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function of time using online monitoring devices and systems
such as SCADA. Several studies have applied the NRR strat-
egy by allocating several system components to improve the
HC in [194], [208], [352], [353], [354], [355], [356], [357],
and [358].

E. ADVANCED NETWORK MANAGEMENT APPROACHES
By applying new control techniques for energy manage-
ment, the HC is enhanced and the ADNs reliability is
improved [56]. Hence, the ANM approaches depend on the
communication infrastructure to implement centralized, dis-
tributed, and decentralized controllability with the help of
system parameters’ measurements. These approaches can be
combined with other HC enhancement techniques to increase
the merits however they require more attention to avoid
their drawbacks on other systems parameters that may be
performed maloperation of protection devices [359], [360],
[361]. In [333], [362], and [363], the ANM approaches
are applied for coordinate control and planning of various
components, such as ESSs, OLTC, and EVs, based on the
ADNs with integrated DERs under their uncertainties. While
in [364], [365], and [366], fact-acting devices like PV invert-
ers, and EV aggregators, are used to perform coordinated
control for minimizing energy loss and sustaining optimal
operation. Reactive power and voltage control schemes, NRR
techniques, and other techniques are merged for planning
and managing efficiently the energy exchange in the ADNS,
which are considered in [367] and [368].

F. RENEWABLE ENERGY MIX

By implementing several types of energy resources in the
MPSs, PQ and other performance conditions are improved
and fulfilled the energy demands with high efficiency and
economic and environmental benefits. To minimize annual
energy loss, the optimal allocation of several generation units
of RESs (WTs, PVs, thermal DGs) in [369], [370], [371],
[372], [373], [374], and [375]. Other fossil fuels with RESs
are combined to accomplish the energy balance [376]. More-
over, nuclear energy is used with RESs or EVs to optimize
the power grid operation [376], [377].

G. HYDROGEN TECHNOLOGIES

According to the energy transition policy, low-carbon tech-
nologies are implemented such as hydrogen ESSs [378].
To treat the performance violations due to the increased
DERSs’ integration in the ADNSs, large-scale hydrogen ESSs
are coupled with the DERs which are considered promising
technologies [379]. Which can reduce the worst environ-
mental impacts, improve the grid’s operational performance,
exchange the energy to accumulate a large amount of energy
to provide energy demands for a long time, especially
during operation disturbances, and have other beneficial
aspects [380]. In [381], [382], [383], [384], and [385], the
state of the art of hydrogen technologies are reviewed in
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terms of applications, control systems, economic vision, chal-
lenges, and future directions. Several studies are concentrated
on calculating the HC of hydrogen ESSs, that are integrated
with various DERs and EV charging stations, in ADNs by
optimizing their size and placement in [386], [387], [388],
[389], [390], [391], and [392]. Hydrogen technologies are
considered promising research directions to increase the HC
in ADNs.

H. ENERGY SECTOR COUPLING

Relative to the energy market, it is essential for energy man-
agement to use various sorts of energy sources and ESSs at
the level of service providers, and prosumers to gain eco-
nomic benefits and enrich the investments in this sector. The
energy sector coupling (ESC) strategy performs the optimal
planning and scheduling for the energy sources and other
power systems components based on the energy demand
and generated capacities, especially in the MPSs with high
levels of DERs integrations. By adding smart meters, the
ESC strategy improves the energy efficiency of the con-
sumers using the demand-side response program with the
change to make profits [393]. Moreover, the energy man-
agement is optimized on the network side which helps to
avoid blackouts and other grid disturbances. In [394], the
flexibility of ESC strategy is investigated using business
models for prosumers in the energy market. While in several
optimization techniques are used for power system planning
using several economic policies based ESC approach to max-
imize the profits of both prosumers and service providers
in [395] and [396].

I. OTHER ENERGY MANAGEMENT TECHNIQUES

Various HC enhancement techniques are merged to per-
form a new hybrid robust technique as mentioned in [397],
[398], and [399]. However, more modifications in the energy
management techniques are still required to enhance their
producers and combine other techniques with them. By usage
expansions of MESs, the EH concept is extensively applied
for establishing a robust framework to optimize the genera-
tion and consumption of various DERs, ESSs, EVs, and other
MESs in ADNs [153]. The EH has the ability to provide
the electrical, cooling, and thermal demands for consumers
with high efficiency and low cost. Further, the increased
penetration of ESSs and EV charging systems requires to
optimize their capacity and placement to attain the best oper-
ation without influencing the PQ [400], [401], [402]. So,
special EMSs are developed to deal with the integration of
the previous components in the MPSs as highlighted in [403],
[404], [405], and [406]. These techniques may depend on
data-driven approaches that are helpful in maintaining the
better operation performance of ADNs, planning the grid
growth, and forecasting the operation PIs to avoid PQ issues
and power outages.
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J. SUMMARY

Table 13 discusses selective articles on HC enhancement
techniques for the past three years. Moreover, Fig.10 depicts
the research trends of HC enhancement approaches according
to the statistics of the cited articles. Regarding the previous
discussion, the most prominent HC enhancement techniques
which are applied for voltage control methods presented the
highest percentage at 33.94%. These methods may use PV
inverters and FACTs which require more attention to apply.
While the application of OLTCs, ESSs, DSM, and hybrid
techniques is popular, the implementation cost should be
considered. Moreover, the energy curtailment techniques are
applied to maintain the acceptable operation of ADNs, how-
ever, the output power loss (total amount of curtailed DERSs’
active power) on the end feeders connected to the DERs
increases more than others. So, droop coefficient schemes
should be implemented. The PQ solutions, and protection
coordination schemes recorded 8.26% and 4.59% of total
cited articles, respectively. They are important to maintain
both the THD and frequency within acceptable limits and
avoid the maloperation of protection devices. Hence, both
soft and hard network configuration schemes (8.26%) come
into the picture to enhance the HC by re-phasing and opti-
mizing the size and location of DERs, EVs, and ESSs that
combined with the ANM strategies (11%) for accomplishing
the best operation. The renewable energy mix and energy
sector coupling policies percentages are 6.42% and 3.77%,
respectively. These schemes are vital to support the energy
transition policy in the energy market that reduce carbon
emission, provide various energy demands, and make prof-
its for both system operators and consumers. Further, the
hydrogen technologies for ESSs (10%), reveal promising
industrial applications to be integrated into the ADNs. Other
EMSs (13.76%) are developed for special HC enhancement
applications and to deal with the MESs and EVs in the
EHs.

VIil. MODERN POWER GRID OPERATION

To enhance the operation of MPSs, several terms for new
technologies that are developed besides the explained HC
technologies will be deliberated in this section.

A. ENERGY TRANSITION

To reduce the climate change impacts, the global community
takes steps toward replacing the conventional sources that
produce large amounts of CO, emissions. So, the imple-
mentation of MPSs should have the capability to treat the
increased penetration of DERs and limit CO; emissions
without influencing the consumption demand [408], [409].
All these efforts are concluded under the energy transition
concept which is defined as ‘“‘using accessible technologies
and spread knowledge or activities to develop the power
grid structures by replacing the conventional energy sources
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TABLE 13. Selective articles on HC enhancement techniques for the past three years.

. ’ Country or HC estimation S § Applied HC . o
Ref. | Year Network type Controlled PI method Applied software, tool HC technology hnig Studied objectives
Allocating the various DERs to minimize the power
[373] | 2020 Voltage deviation, power loss Matlab DERs DER mix loss and voltage deviation using a multi-objective
optimization problem.
Voltage deviation, power loss, L
IEEE 33 bus DS thermal overloading of feeders and Optimization-based Matlab The protection problems and PQ issues are solved
[346] | 2020 transformers, harmonic distortion, L PV NRR using both optimization techniques on the
. N Hardware-in-loop
mal-operation of protection reconfigured network.
devices
Studies the reliability and economic impact of ESSs
Stochastic and planning with the OLTC during the high penetration
[330] | 2020 33-bus and 123-bus ESS investment cost Optimization-based Mgllab ! YALMIP PV OLTC, ESSs of PV systems using various HC calculation
DSs . . combined with MOSEK. N
with Data-driven methods. Hence, the ESS investment cost was
reduced compared to other methods.
Data-driven methods are applied to analyse the PV
I - SO system curtailment and its influences on increasing
[221] | 2021 South Australia Voltage deviation Data-driven - PV APC the HC using the datasct of real systems in South
Australia with respect to the demand side response.
15-bus IEEE - P Optimizing the optimal location and size of the
[387] | 2021 scheme Voltage deviation, power loss MATLAB/Simulink RESs Hydrogen ESSs DERS and hydrogen ESSs.
A new coordinated control scheme was developed
. . . ANM using OLTC, for energy management in the existing various
[333] | 2021 IEEE 69-bus DS Voltage deviation PV RPCdevices, EVs integrated components to enhance the HC. A similar
MATLAB strategy was applied for WTs in [364].
Voltage deviation, power loss, Optimization-based . Four objective functions are optimized using PQ
[337] | 2021 harmonic distortions, filter cost P DGs PQ solutions solutions (passive filters).
Benchmark imizati i i
Voltage deviation, power loss, CPLEX under Python EV charging Opumlzatmns. of the operation of EV chargmg_
[316] | 2021 thermal loadi (DOcplex) systoms. PV APC systems and PV inverters to mitigate the voltage rise
ermat overioading pex, systems, based on the APC strategy. Similar to [315].
Regulating the exchanged power between customers
[329] | 2021 IEEE 37-bus DS Voltage deviation, power loss, cost GAMS and MATLAB EVs DSM and service providers in the presence of EVs and
load variations.
312 2022 6-bus distribution Voltage deviation, power loss Data-driven OpenDSS OLTC transformer Implementing OLTC transformer to enhance the HC.
system 2 p P p g
Modified IEEE 15- PV
328 2022 bus distribution Voltage deviation, power loss, cost | Optimization-based - DSM Stating the load-shifting strategy to enhance the HC.
2 2 4 g
network.
[323] | 2022 IEEE 123-bus DS Time-series framework
IEEE 33- and 69- o . .
[324] | 2022 bus distribution Voltage deviation, power loss, cost | Optimization-based DGs BESSs Optimizing the capacity and placement of BESSs to
systems improve the HC and reduce power loss.
18-
[201] | 2022 | node, 33-node and MATLAB
69-node DSs
Voltage deviation, power loss, Another approach Advanced control technique applied for effective
[317] | 2022 LV system s f > P § based on the MPPT PV APC regulation of PV inverters based on APC strategy to
requency . y
algorithms reduce the voltage rise.
3 stages of planning strategy based on NRR
DERs, EV , S1age  Tates] ; )
IEEE 37-bus charging technique for load re-phasing of three or single phase
[356] | 2022 P Voltage deviation - . lines and varying the allocation of the DERs to
distribution network stations, heat .
umps reduce the voltage unbalance and maximize the HC.
Optimization-based pump NRR Similar to [194].
Both the HC and PQ of high harmonic-polluted
1407 | 2022 Modified 33-bus Voltage deviation, power loss, R PV ADNs are improved using the NRR technique by
and 69-bus DSs harmonic distortions optimizing the location and the size of DERs. Similar
to [352], [358].
Coordinated control of Achieving optimal power flow using new
[347] | 2022 | Southern California Voltage dcvmuqn, thermal line Time serics Opan_SS, Hardware- PV PV inverters in l‘hc coordinated control schcrﬁc; of PV inverters in
loading in-loop presence of capacitors dependence on load variations and feedback
banks correction of measurement devices. Similar to [348].
PV, WT, EV,
[388] | 2022 Saudi Arabia Cost Optimization-based HOMER battery and Battery and hydrogen Reducing the operation cost.
hydrogen fuel- fuel-cells
cells
R . . Optimizing the economic benefits and performing
[349] | 2022 EV Systems Battery state of charge and fuel Data-driven Matlab/Simulink, EV Online coordinated | a1 operation of EV systems based on online
economy Hardware-in-loop control strategy of EVs . "
control methods.
[375] | 2022 | AlAshkharah- Voltage deviation, power loss MATLAB, HOMER DERs DER mix Optimal allocation of DGs and RESs to enhance
Oman power system operation. Similar to [374].
Optimization-based
[389] | 2023 InteHrz?erggl;:er Voltage deviation, power loss, P
~ & 8y investment cost PV, WT, BESSs,
System MATLAB g g Hydrogen ESSs
MESs Optimal all of hyd; ESSs for
[390] | 2023 | Southwestern China Cost, risk constraints Data-driven profits. Similar to [386], [392].
[391] | 2023 | IEEE 33 bus DS Voltage deviation, power loss, MATLAB/Simulink RESs Hydrogen ESSs
investment cost
IEEE 33-bus and Voltage deviation, power loss, NRR, ESSs, voltage The HC s cnhanf:cd by reinforcing the ADNS. using
[208] | 2023 P . - RESs NRR strategy using other enhancement techniques.
69-bus DSs harmonic distortions regulators, SVCs -
Similar to [353]-[355].
1357 | 2023 City of Terni, IEEE Voltage deviation, power loss, Optimization-based EV charging NRR New planning strategies are applied to increase the
- 70 bus DS investment cost - stations HC by allocating the EV charging stations.
Modified IEEE 15- . .
. — § . The coordinated control scheme is implemented to
[363] | 2023 bus a‘.]d I.EE].: 33- Voltage deviation, power loss GAMS software ANM-based RPCusing enhance the HC by optimizing the size and location
bus distribution SVCs
systoms of SVCs.
313] | 2023 Slovak Republic Time series OLTC transformer Implementing OLTC transformer to enhance the HC.
P PV p g
OpenDSS
[305] | 2023 City of Cuenca . . .
Enhancing the HC using the smart inverter control
IEEE 33-bus and method for reactive power support.
[304] | 2023 69-bus DSs Voltage deviation, power loss, MATLAB
thermal overloading L )
[308] | 2023 Il]):ul:s]: :i-lbsusb-inffs— Optimization-based GAMS software and . RPC
- ’ DSs MATLAB Implementing both D-STATCOM devices and
TEEE 13- ar;d - capacitor banks to enhance the voltage profile and
[310] | 2023 | bus distribution - DGs HC.
systems
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Research trends of HC enhancement techniques

Voltage violation mitigation 33.94%

Power quality solutions
Protection coordination schemes
Network reconfiguration

Advanced network management

FIGURE 10. Research trends of HC enhancement techniques.

with RESs with concerns of energy balance and economic
aspects”. This term was first announced by US President
Jimmy Carter in 1977 after the oil crisis in 1973. The
term involves several policies namely energy conversion of
out-aged power systems and industrial applications, apply-
ing RESs, and using sustainable transport vehicles or other
sustainable energy applications. In Fig. 11 (a), the energy
contribution percentage of various energy resources in the
global energy consumption in 2022, is demonstrated. Which,
fossil fuels still sustain an excessive percentage about 55%
of the total energy consumption followed by hydropower
sources (about 15%). Hence the RESs achieved about 22%
that requires to be increased in the future. Fig. 11 (b)
shows the proportions of total electricity production from
RESs per country. China comes in the first top countries
that employed large stations’ capacities of RESs about
1.16 terawatts, followed by the USA with 352 gigawatts
and the remaining countries contribute 91.25% [5]. If the
policies of the energy transition are considered, various bad
environmental impacts will be reduced in the upcoming
decades.

B. UNIT COMMITMENT PROBLEM

As a result of spreading the thermal DGs which depend
on fossil fuels, optimization, and scheduling of these DGs
are challenging task need to be considered in the energy
management schemes which are known as unit commit-
ment problems (UCPs), as discussed in [410]. Regarding
the developments of MPSs, advanced computational tech-
niques should be applied to optimize the UCP that involves
new DERs, ESSs, and EV charging stations with their
uncertainties and technical and economic constraints. With
the cooperation of the HC concept, the UCP is required
for energy management methods using advanced optimiza-
tion techniques [411]. Moreover, the UCP is a robust tool
for energy markets as it is used to minimize the cost of
MPSs’ components, capital costs and fuel or natural gas
costs.

C. LOSS SENSITIVITY ANALYSIS AND VIRTUAL INERTIA
INCREMENTAL

Corresponding to the operation performance, two prominent
concerns are applied in the MPSs namely loss sensitivity
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FIGURE 11. Statistics of energy resources consumption and generation
in 2022.

analysis (LSA) and virtual inertia incremental, due to the
increased integration of modern components and generation
units. It is obvious that the LSA framework was associated
with power loss problems in the past which are increased
in the MPSs. Nowadays, LSA is not only required to regu-
late the integration of DERs, ESSs, and EVs as a planning
framework but also for operational applications, as elaborated
in [412]. In the LSA, the power loss can be classified into
technical and non-technical losses. The technical losses are
associated with the physical system component properties
which include losses of distribution and transmission systems
due to component resistance, and other losses, on the other
hand, the non-technical losses are dependent on the accuracy
of protection devices or smart meters. Several analytical and
optimization solutions are used for load flow analysis based
on the LSA. The LSA is a powerful concern that should
be taken into account during energy management and HC
calculation.

In the extreme presence of non-dispatchable generation
units (such as RESs) that require power electronic con-
verters, the power system inertia is decreased which in
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turn in causing frequency instability as reviewed in [336]
and [413]. Therefore, the virtual inertia compensation algo-
rithms are implemented with the inverters to improve the fre-
quency stability in low-inertia ADNS, as discussed in [105],
[106], [107], and [108]. Before calculating the HC value,
it is essential to regulate the virtual inertia compensation
techniques.

D. COMMUNICATION INFRASTRUCTURE

For complete controllability in the MPSs, a powerful com-
munication infrastructure should be installed to link all
power system components (such as smart meters) together
with high accuracy and compact implementation cost.
The communication architectures, including wired, wireless,
satellite, or power line communication infrastructure net-
works, interconnect the MPSs with all stages (generation,
transmission, distribution, and prosumers) with the energy
markets, operations, and service providers [414]. Moreover,
the communication architectures should provide easy and
effective information exchange among various components
of MPSs, real-time system monitoring for operation per-
formance and any small disturbance using cyber-physical
systems, and decentralized decision-making in cases of con-
flicting objectives. The state of the art of communication
infrastructure is reviewed in terms of classifications, methods
and standards, and enhancement implementation strategies
in [415].

E. EMERGING POWER GRID

In cooperation with the HC technologies and previous ter-
minologies, the emerging power grid ensures the integration
of various smart power system components with different
voltage levels under decentralized control to achieve profits
for both customers and utilities. The included subsystems can
be classified as smart infrastructure, information, protection,
energy management, and data communication subsystems,
as discussed in [53]. The smart infrastructure systems secure
the power flow at various stages with complete controllabil-
ity using the information from smart meters and advanced
communication systems (5G, Internet of Things (IoT)). Fur-
ther, the integration optimization of DERs, ESSs, and EVs
contributes to decreasing power loss and providing energy
demands for consumers. The protection systems with vir-
tual power plants enhance the PQ and ensure frequency
stability. While the EMSs (such as EHs) support the power
system operation using advanced Al and data-driven tech-
niques. All previous considerations should be in emerging
power grids to deal with the adverse impacts of their
components.

IX. ENERGY MARKET

In the previous section, most technologies and strategies are
applied to optimize the operation of MPSs which contribute
to economic dispatch for energy markets. The energy market
regulates the various energy sources and specifies their cost.
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According to global energy statistics, the energy market is
predicted to incremental growth as the energy demands (elec-
trical, cooling, and thermal) will increase. Also, it is expected
that energy sources will be attained using cleaner and sustain-
able sources such as RESs. So, the future directions of the
energy market can be summarized as;

o Expansion of the RESs in the MPSs to reduce the
dependence on fossil fuels which will reduce the bad
environmental impacts. So, new technologies should be
adopted to adapt the operation of RESs with acceptable
quality and low implementation costs.

o The progress of nuclear energy will be associated
with the country’s economy mainly as the high oper-
ation and implementation cost with robust protection
systems.

o The industrial communities will face more challenges
and pressures to fulfil their obligations towards the
energy transition policy. Which obligates them to
decline the usage of fossil fuels and utilize the RESs with
ESSs. Also, the interruption of oil costs globally may
affect positive or negative factors dependent on the oil
cost compared to the implementation cost of alternative
energy sources.

« Nowadays, the global energy crises and current wars
(Russia-Ukraine war) highlight the importance of uti-
lizing extensively alternative energy sources in various
countries’ policies. So, it is expected the cost of
RESs and ESSs will be decreased in the long-term
vision.

o The energy management strategies (EHs) supported
with HC enhancement techniques will be utilized exten-
sively to regulate the integration of DERs, ESSs, and
EVs in the MPSs. These strategies will have obligations
on supplying the various energy demands with accept-
able energy prices and PQ by minimizing power loss and
upgrading the power system infrastructure.

o The development of ESSs will influence the implemen-
tation of RESs. So, new industrial technologies should
be developed for ESSs to minimize their implementation
cost.

« Hydrogen technologies are forecasted to be increasingly
integrated into industrial applications especially hydro-
gen ESSs.

o The widespread applications of EV charging systems
will significantly influence the PQ and their interaction
with the RESs which should be considered and studied
in various grid standards. In addition, the usage of EVs is
expected to continuously grow so, the convention trans-
port means that the use of fossil fuels will reduce which
helps reduce carbon emissions and other environmental
influences.

To sum up, the energy market depends on several factors that
specify the contribution and cost of each energy source to be
consumed.
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FIGURE 12. Research trend of HC concept.

X. DISCUSSION

A. RESEARCH TRENDS RELATED TO HC CONCEPT

The HC concept was developed in 2004 as an alternative
expression of maximum integrated generation units and has
been widened in the MPSs to regulate the power exchange
without interruption in the operation limits. According to the
Scopus database, the most relevant documents based on the
HC concept over the past 20 year-period are about 1757 pub-
lished documents. Hence, the increased trendline is observed
over the statistics per year of the published documents, as por-
trayed in Fig. 12(a). In Fig. 12(b), the contribution of top
countries to the published documents is shown. In which the
United States comes in the first rank with 363 documents
followed by Chine which recorded around 212 documents.
Besides the big industrial countries, the small and developing
countries are sharing the promised percentage of published
articles like Egypt. This proves their determination to imple-
ment alternative energy sources for fossil fuels to deal with
their economic crises. Regarding the various publication sorts
as illustrated in Fig. 12(c), the conference papers and articles
are recording the high ratios around 48.72% and 45%, respec-
tively. The remaining proportions are specified for other
publication sorts.

B. PERSPECTIVES FOR PROMINENT CHALLENGES
With increased applications based on the HC concept, various
significant challenges have appeared, as depicted in Fig. 13.

18578
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In this section, the most important challenges with their pro-
posed solutions are discussed using the following items;

o Data Availability: for calculating the accurate value of
the HC and selecting the suitable enhancement tech-
nique, both accurate historical data and measurements
should be available. The data include the system param-
eters, characteristics of DERs, ESSs, EVs, and other
components with their uncertainties, generation and
consumption profiles, and network topology. Unfortu-
nately, the lack of data availability and data sharing, are
the main challenges, especially in the old power systems.

So, advanced HC estimation methods are implemented which
depend mainly on the updated data of various system com-
ponents gained from smart meters, and analysis of them
using the data-driven methods with the capability to pre-
dict the generic operation performance of the MPSs. Also,
a powerful communication infrastructure should be installed
to instantaneously take actions related to system behaviour
and power flow simulations. Some decentralized control
strategies are applied in remote grids depending on local
measurements.

e Complexity: the accurate HC estimation is based on
the data availability, number of simulation scenar-
10s, and iterations, involved PIs, simulation framework,
and size of ADNs. Which increases the complexity
and accuracy of applied software that will lead to
miscalculations of HC. So, optimization-based and
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FIGURE 13. Brief description of HC challenges, solutions, and future technologies.

data-driven methods should be applied in cooperation
with time-series methods to overcome these draw-
backs. Good system presentations with their uncer-
tainties and constraints, and applications of powerful
software with robust data analysis capability, are help-
ful to reduce the complexity and computational time.

e Applied standards: the HC calculations require defin-
ing the limiting constraints of variables which depend
on the international standard for each region. These
standard differences cause challenges in HC esti-
mation to achieve the requirements for the target
place.

e Scalability: recognizing the ability of ADNs to adapt
to the increased penetration of DERs, ESSs, EVs, and
other components, is a challenging task in HC calcu-
lation especially in conventional approaches. So, the
data-driven methods are suitable for highlighting the
scalability of HC calculation.

e Modelling assumptions: to reveal the real operation
scenarios in HC calculations, all required system
parameters of various variables should be accurately
recognized. However, this can’t happen due to the
increased system complexity, even a high number of
iterations and scenarios are used to calculate the HC.
Hence, several assumptions are utilized to reduce the
complexity and speed up the power flow analysis to
gain the approximate HC value. These assumptions
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depend mainly on the judgment and experiences of
system operators.

e System uncertainties: all system uncertainties should
be considered in estimating the HC such as uncer-
tainties in generation and consumption profiles, DERs,
EVs, and others. Which influence directly on the com-
plexity of system modelling and HC calculation.

e Communication systems: for performing centralized
control and observing the online variations of HC,
powerful communication systems need to be installed
as monitoring all system variables with gaining updated
at each time using smart meters. Unfortunately, this is
not available for conventional systems.

C. FUTURE TECHNOLOGIES OF HC CONCEPT:
PERCEPTIONS AND OUTLOOKS

The analysis of the HC concept is vital for ensuring the safe
and reliable operation of the ADNs. In this sub-section, the
future technologies related to the HC concept are demon-
strated as follows,

« For an accurate definition of system parameters during
the HC calculations, several PIs should be included
in the modelling tools and objective functions of
optimization-based for monitoring the power system
operation. Also, new PIs have to be investigated for
assessing the HC.
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o New HC calculation and improvement methodologies
are being developed to address the economic and techni-
cal challenges which are detected in the current methods.

« Using new techniques for monitoring the system perfor-
mance will increase data availability.

o Advanced HC estimation approaches based on data-
driven approaches can be utilized to modify the strate-
gies of the conventional and modified approaches with
concerns of computational time and accuracy especially
in complex ADNs involving various DERs with uncer-
tainties, communication failures, and risk assessments.

« Expansion of applying the data-driven approaches on
forecasting the assessment of various PIs, suitable
enhancement techniques and their process (predicting
the curtailed active power in APC strategy), the gener-
ation and consumption profiles under uncertainties, and
other operation performance of ADNSs.

o Estimating the accurate HC value momentarily using
powerful software for power flow simulations that is
integrated with smart meters which are used for moni-
toring and measuring the system parameters.

o Extreme applications of enhanced ESSs for HC
improvements especially supercapacitors devices,
hydrogen technologies, and thermal ESSs in the EH, that
are integrated with advanced control schemes.

o Developing advanced DSM strategies to regulate the
power exchange between prosumers and system oper-
ators in the presence of EVs and rooftop PV systems.

o Privacy protection and security should be considered
through the DSM policies. In addition to protecting
the service providers from cyber-attacks that may cause
disturbances in the power supply for customers.

« Applying a zero-export power strategy that aims to pre-
vent any generated power from being exported to the
UG and consumed on-site or stored locally. Moreover,
the DSM policies should involve the worst-case situa-
tions, especially the sudden large load interruptions near
the feeders connected to the DERs and ESSs, besides
regulating the power exchange in the existence of EV
charging stations.

« Investigating new control strategies for reactive power
support based on smart inverters and coupled ESSs.

o Using multi-objectives planning strategies for DERs,
EV charging stations, and ESSs considering the
demand response and other HC enhancement tech-
niques, towards low carbon emission MPSs.

o Expansion of using the virtual inertia compensation
techniques for frequency stability control in ADNs.

« An extensive investigation based on the collaboration
effectiveness of EVs, ESSs, and MESs on the system
reliability and performance.

« Developing data-driven control design methods for opti-
mal autonomous controls of the ADNs using advanced
optimization, and ML techniques with the account of
the limited and cost-effective commutation structure and
unpredicted environmental circumstances.
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The brief conclusion of the future research trends is summa-
rized in Fig. 13.

XI. CONCLUSION

The necessity for substituting fossil fuels and the evolution
of environmental apprehensions are the main motivations for
green energy growth in the MPSs. So, various types of DERs
are being developed to decrease the worst environmental
impacts and support the global demand for electrical energy.
However, the continuous penetration of the DERs, EVs, and
ESSs into MPSs (MPSs) may cause several adverse impacts
endangering the PQ and reliability in ADNs. To deal with
these shortcomings, the HC concept is applied to optimally
estimate the maximum capacity and suitable location of
DERs, EVs, and ESSs without violating the technical and
economic limiting constraints. However, centralized optimal
energy management and control require extensive communi-
cation infrastructure, which is hardly offered without clear
financial benefits. In this article, the urgent necessity of a
new HC definition is discussed in terms of the incorporation
of various significant factors and elements for the MPSs.
Firstly, the historical developments of HC definitions, PIs,
and estimation methods for ADNs with the high-penetration
level existence of the DERs, ESSs, EV charging systems,
and multi-energy carrier systems to deal with electrical, ther-
mal, and cooling demands, are studied. Secondly, the authors
deliberate the recent approaches for assessing and enhanc-
ing the HC, especially regarding the data-driven methods,
with supporting various software for simulating real systems.
Thirdly, recent research trends and major factors of mod-
ern power grid operation are considered with an overview
of current developments in energy markets. Fourth, various
prominent challenges, current status, and future research
trends are discussed. Finally, this review article has appeared
to demonstrate an appropriate reference for comprehensive
research trends in HC estimation and optimization based on
ADNE.

APPENDIX

NOMENCLATURE
ADNSs Active distribution networks.
AGC Automatic generation control.

Al Artificial Intelligence.

ANN Artificial neural network.

ANM Active network management.

ARIMA Autoregressive integrated moving average.

ARMA Autoregressive moving average.

CB Circuit breaker.

CCB Capacity constraint-based.

D-STATCOM Distributed static compensator.

DER Distributed energy resource.

DG Distributed generator.

DL Deep learning.

DRIVE Distribution resource integration and value
estimation.

DRP Demand response program.
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DS Distribution system.

DSM Demand side management.
DSOs Distribution system operators.
EH Energy hub.

EMSs Energy management systems.

EPRI Electric Power Research Institute.
ESC Energy sector coupling.
ESSs Energy storage systems.

EV Electric vehicle.

FACTS Flexible AC transmission system.
FL Feeder load.

GA Genetic algorithm.

GWO Gray Wolf Optimization.

HC Hosting capacity.

HCC HC coefficient.
ICA Integrated Capacity Analysis.

IoT Internet of Things.

LFC Local frequency control.

LSA Loss sensitivity analysis.

LV Low voltage.

LVDSs Low-voltage distribution systems.
MC Monte Carlo.

MESs Multi-carrier energy systems.

MILP Mixed-integer linear programming.
ML Machine learning.

MPPT  Maximum power point tracking.
MPS Modern power system.

MRFO Manta Ray Foraging optimization.

MV Medium voltage.

NRR Network reconfiguration and reinforcement.
OLTC  On-load tap changer.

OPF Optimal power flow.

PCC Point of common connection.

PDF Probability distribution function.

PF Power factor.

PIs Performance indices.

PLL Phase-locked loop.
PMF Probability mass function.

PQ Power quality.

PSO Particle Swarm Optimization.
PV Photovoltaics.

QSTS Quasi-static time series.
RESs Renewable energy sources.
RI Risk index.

RL Reinforcement Learning.
RPC Reactive power control.
SCC Short circuit capacity.

SG Synchronous generator.
SvC Static var compensator.

SVM Support vector machine.
THD Total harmonic distortion.

TR Transformer rating.

ucCp Unit commitment problem.
UG Utility grid.

VF Voltage flicker.

VUF Voltage unbalance factor.
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wC Worst-case.
WECS  Wind energy conversion system.
WT Wind turbine.
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