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1 | INTRODUCTION
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Abstract

For the past few years, the world has seen a great shift toward renewable
energy resources from conventional ones. But the ever-increasing integration
of distributed generation (DG) to the electrical network leads to integration
limiting constraints like overvoltage, under voltage, harmonics, equipment
ampacity violations, and failure of protection schemes. Therefore, an extensive
investigation of the methodologies in which DGs can be incorporated into the
electrical network is presented in this manuscript. This article provides an
extensive review of all the hosting capacity (HC) terms, references, limiting
constraints of the studied networks, geographical segregation, and their
determination methodologies. Moreover, the factors defining the HCs of
various networks and the architectures employed to increase them, are also

explained briefly in the conducted review study.
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resources are the most common source that is being
utilized by the end-user.” Now a day's large number of

Power grids were started to establish around 1870. At that
time there was no concept of the generation of electric
energy by an independent consumer, so those grids were
only responsible for the unidirectional flow of power, from
the grid to the distribution centers. For the past few
decades, customers are being encouraged by utilities to
integrate distributed generation (DG). However, the
network operators must deal with network congestion
and power quality standard-abiding problem." Although all
renewable resources are being utilized in the electrical
grids at one point or another, photovoltaic (PV) energy

applications are received by distribution companies for the
installation of new PV systems that results in high PV
penetration in the low voltage (LV) networks, resulting in
the power-quality'’s standard abidance issue and the
operational constraints' violation problems,>* for instance,
voltage and ampacity violations of the distribution equip-
ment, protection scheme failure because of the reverse
power flow, and so on.*™® The system resilience toward the
PV penetration in the system requires an extensive study
related to the performance indices that might not be met if
the PV connections exceed a certain limit. And to define
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that limit of PVs that will not have an impact on the
normal operation of the existing distribution grid, the idea
of hosting capacity (HC) of a grid was introduced by Math
Bolan.® The HC concept later became the key idea in
relating the performance indices of the network and power
quality constraints’ violations that will be directly linked
with the amount of DGs that can be integrated into the
downstream network. One of the needs for proper studies
related to HC is to find a common ground for DG investors
and DG system operators. Hence, such studies became an
important tool in power system planning and power
quality abidance studies for the network operators where
the uncertainty of DGs is of utmost importance.”

In a traditional power system, the impacts of DGs on
the existing equipment operation and protection schemes'
coordination can be hazardous. For instance, the voltage
regulation equipment such as step voltage regulators
(SVRs), on-load tap changers (OLTC's), line drop compen-
sators (LDC), and capacitor banks are set as per the
requirement of the unidirectional power flow and have the
least information about the schemes to follow in case of
reverse flow of power. Therefore, some practice rule of
thumb is presented in Shayani and de Oliveira,® to select
the maximum DG penetration. Moreover, according to the
standard specified,” DG should not take part in the voltage
regulation scheme. They are only added to the existing
scheme when there is a mutual agreement between the
utility and the customer. As, DGs can cause high voltages
when connected in small residential areas and if the
transformer’s primary voltage is already at its upper limit,
the DG can reduce voltage drop through the transformer
and secondary conductors. This will cause high voltages
which will be experienced by other customers.'”

Voltage-controlled capacitor banks should not be
impacted by the DGs if they operate outside the voltage
regulation mode. To avoid the “voltage hunting” between
the capacitors and DG, some specific set points should
be adjusted, and time delays should be extended. If the
capacitor bank is switched on while a DG is operating,
resultant voltages could exceed the limits. DG can also
affect the capacitor switching in case line current control is
being used since the monitored current will not reflect the
current profile on the feeder. When operating DG at unity
power factor, the reactive power flow will not be much
affected, but if the capacitor control senses a reactive
power flow toward the load above the threshold value, it
can switch the capacitor which is a correct action from the
reactive power demand requirement.’* DG can also impact
LDC operations through SVR if a significant amount of
apparent power is produced as compared to the load flow
through SVR. Due to DG incorporation, current flow
through the SVR will get low, which will be assumed as
load reduction and tap-down action by the SVR, resulting

in low voltage at the far-end customer. The capacitors can
also affect the SVR in a similar way.

Traditionally, the protection schemes are designed
considering the unidirectional flow of power. But as the
power reverses in the periods of high generation of green
resources, the protection schemes are bound to mal-
function. Due to increased fault current magnitude and
the direction of fault current, false tripping will be
occurring if the amends will not be made to the existing
schemes. Fuses will be operating for the temporary
faults; DGs will be disconnected from the system for the
faults on the adjacent feeders leading to the unnecessary
islanding of a portion of the power system. Moreover, the
islanded portion of the system will have overvoltage due
to loss of grounding and self-excitation. According to
Santos et al.,'* the DGs connected to radial parts of the
system often cause fail-to-trip. The authors in Walling
et al.'"' highlighted problems related to the coordination
of protective devices and the islanding of a portion of the
grid. Sun" explained that conventional protection
coordination settings need to be revised after a certain
level of DGs has been added to the system.

In this review paper, an attempt has been made to
present a comprehensive overview of the different
aspects of the HC. In Section 2 a brief definition of HC
is given along with the definition of HC uncertainty and
HC coefficient. There are several references in respect of
which HC can be defined rather than one. These criteria
differ from network to network and as per the ease of
utilities in their choice. Due to this reason, it is not
feasible to generalize defining criteria for HC rather it is
important to have the knowledge of different defining
criteria. Section 3 consists of different criteria mentioned
in different studies in respect of which HC can be defined
for a particular network. Section 4 comprises limiting
constraints that affect the overall HC of a distribution
network. Having knowledge of the fact that what kind of
KPIs are important for a given network can be effective at
the planning stage. Also, having an idea of the possible
issues that could be faced by a grid can help the utilities
to focus on only those issues and thus enhance their
effectiveness. In the literature, there are several tech-
niques mentioned that are used to determine the HC of a
network. Selection of these determining methodologies is
a trickier task. Consideration of available data and its
nature plays a crucial role in selecting the method of
determination. So, a detailed explanation of several
methodologies is provided in Section 5 to give an
overview of all those techniques. Section 6 alludes to
different techniques to increase the HC of a distribution
network presented in different literature. The selection of
enhancement technique greatly depends upon the issue
faced by the distribution system and its severeness. There
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FIGURE 1 Hosting capacity definition with respect to different
performance indices

are different schemes mentioned in different research
papers, and an attempt has been made to explain all
those in detail.

2 | HC

HC is defined as “the total DG capacity that can be
accommodated on a given feeder without adversely
impacting voltage, protection, and power quality and
with no feeder upgrades or modifications.”

Figure 1 gives the idea of HC with respect to various
limiting constraints. For instance, just considered one
constraint, overvoltage, for the HC study. There is a
limit to the PV incorporation in the system after which
the system's voltage constraint will be violated, and
further increment in the PV integration will have an
impact on the smooth operation of the system. So, such
studies will abstain the network to enter the
unacceptable operation region that is above the limit
line. Moreover, HC can be measured and evaluated in
terms of many parameters in this case we have thermal
HC, current HC, and voltage HC. The defined criteria
can vary from study to study and grid to grid but most
commonly, power quality standards, such as EN50160,
are implemented in the studies and are predefined by
the network operators. If any of the evaluating
constraints exceed their defined limit, the DG attached
at that point in time will define the HC of that network.
To define the HC limit, certain performance indices of a
grid are selected, and then an acceptability limit for
those indices is defined. The limiting constraints for a
network depend upon the nature of the network and the
type of the grid selected, for instance, in rural networks
(typically radial and long) voltage level violation is the
primary concern while in the urban regions, ampacity
violation of the equipment is the HC defining constraint
because of large loads."

2.1 | HC uncertainty
HC is a location-sensitive phenomenon'* that can be
greatly impacted by the answer to the following points:

1. Customer location (start or end of the feeder) and type
of connection (single or three phases),

Energy storage capacity,

Type and number of inverters,

Intermittent nature of renewables,

Equipment limitations, and

Standards to be followed.

oW kv

All mentioned points vary from one customer to
another and to know the answer to all these critical
points is almost impossible but is essential to calculate
the exact HC of a particular network. Accordingly, the
resulting HC will not be a single value, but multiple
values that will be introduced according to the uncer-
tainty percentage. For instance, in the case of locational
uncertainty, mentioned in Ismael et al.,’® instead of units
at a fixed location different localities are considered for
the total amount of production to the feeder. Mover, to
tackle the uncertainties, Monte-Carlo Techniques can be
utilized that will generate several different scenarios, and
different performance indices will be used for the HC
determination. Hence, this methodology will result in a
range of HC values, instead of one value.

2.2 | Hosting capacity coefficient (HCC)
In literature, the HCC has been defined as “the ratio of
the curtailed energy and the installed capacity above the
initial hosting capacity.”

HCC = Curte.liled energy
Capacity above HC

@

The concept of HCC is related to the curtailment
techniques that are hard and soft curtailments. In
Etherden and Bollen'® a distinction is made between
“hard curtailment” where all production is disconnected
when overcurrent and overvoltage limits exceed a certain
limit and “soft curtailment” where the amount of
production to be disconnected is minimized depending
upon the conditions. The case studies show concerns
about the previously employed rule of thumb of 15% of
the peak load, which was implemented by the USA
distribution companies. It is a necessity to conduct a
proper analysis of the HC studies for every grid, as the
HC value will be different depending on the type of grid.
Bajaj and Kumar Singh'” considered the HC as
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equivalent to instantaneous penetration level and its
mathematical expression is given in Equation (2)

P; X 100
(RatedMVA)load

_ SGml k. cos@) @)

\/(PL + Pu)? + (Qr + Qnp)?

HC (%) =

where P; is injected power, n is harmonic order, P, and Qp
are active and reactive power of linear load, Py;, and Qu; are
active and reactive power of nonlinear load, V (h) is RMS of
hth order and Ip (k) is hth harmonic component of injected
current. Table 1 provides the distribution system operators'
(DSO) rule of thumb for the integration of DGs in the LV
networks. As for the medium voltage network rules, Czech
has a limitation on DGs such that their rating should be less
than the accumulation of the high-voltage (HV)/medium-
voltage (MV) transformer rating and the minimum sub-
station load. For South Korea, the DG rating should be less
than 20% of the HV/MV transformer ratings.'®

3 | HOSTING CAPACITY
DEFINING CRITERIA

As per the literature, the HC definition is relative to the
reference that is being utilized in the study and varies
between 20% and 200% of the selected reference.'® The
utilized references for the determination of HC are:

1. Transformer rating,
2. Number of customers having PVs,

TABLE 1 Different DSOs rule of thumb for DG integration

Limiting constraint Country

Transformer rating Portugal
Italy
Belgium
Spain

South Africa

CB rating South Africa
SCC USA
China
Feeder load Canada
USA

South Africa

3. Network loading,

4. Roof space availability,

5. Annual energy share of PVs, and
6. Active power of the load.

3.1 | Transformer rating

HC relative to the transformer rating is the ratio of the
total PV integration to the rating of the distribution or
feeding transformer. The transformer loading could vary
from region to region and network to network, for
instance, according to the Brazilian network mentioned
in Arshad et al.,” if the transformer loading is greater
than 187.5% then the violation will be flagged. The
further increase in PV penetration will cause the reverse
power flow to exceed the transformer rating and thus
affecting the net HC of the system. The use of smart
inverter control allowed an increase of 19.7% in the HC
from 246 kVA to almost 292 kVA. In Rahman et al.*"**
the effect of zero sequence current on the transformer
was discussed, and a voltage control strategy was devised
to counter it. With the proposed methodology the
network's PV hosting ability improved from 20%
(40kW) to 35% (64kW) and if we further increase
penetration for a decentralized PV system, it will have
more impact on voltage (overvoltage). But the proposed
methodology can remove the voltage violation and even
enhance the HC from 64 to 128kW and reduce the
network losses (kW), and transformer loading (kVA).
The network losses were reduced by up to 74% by
utilizing OLTC and DG in tandem. Similarly, in Singh

DSO rules for DG ratings
<25% of the MV/LV transformer rating
<65% of the MV/LV transformer rating
<MV/LV transformer rating
<50% of the MV/LV transformer rating
<50% of the MV/LV transformer rating

<25% of the feeding CB for shared feeder
<75% of the feeding CB for dedicated feeder for DGs

DG rating should be <10% of the SCC at the PCC

<50%-100% of the feeder capacity

<15% of the annual feeder load

Abbreviations: CB, circuit breaker; LV, low-voltage; MV, medium voltage; PCC, point of common connection; SCC, short circuit capacity.
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et al.,* utilization of active and reactive power control
strategies has increased the HC of the system by
approximately 95%. In Chathurangi et al.** authors
determined the HC with increasing penetration levels
of 50%, 60%, and 75% of the actual transformer rating.
The power losses were 6kW, 5kW, and 13kW, respec-
tively, for the above-mentioned penetration levels.

3.2 | Number of customers having PVs
HC in terms of the PV-equipped customers in the feeder
is the ratio of the total customers having PVs to the ones
that do not have the PV integration in their vicinity. The
authors in Navarro-Espinosa and Ochoa® defined the
HC value by using Monte-Carlo simulations and different
penetration levels (houses with PVs) to a real-time LV
network of seven feeders and further carried it out for a
network of 128 feeders. The network's constraint
violations arising due to PV systems, electric heat pumps
(EHPS), and electric vehicles EVs were 47%, 53%, and
34%, respectively. Also, feeders having less than 25
customers were having no problem with any of the
renewable technology. In Bollen et al.,' a test network
having a solar penetration level of 30% is shown without
any network constraint violations, while for 50%
penetration the voltage rise was outside the standard
statutory limits. Similarly, in Lamberti et al.>® an analysis
of power quality was performed to analyze the effects of
the increased PV penetration on the voltage profile of the
network. Authors in Navarro-Espinosa and Ochoa®’
proposed a solution to increase the number of customers
by using OLTC-fitted transformers for low-voltage net-
works. The results showed that the voltage problems
were shifted from 40% penetration to 60% penetration
and by using remote regulation the values can be
increased to 100% PV penetration. Moreover, to cope
with the uncertainty of location and the behavior of load,
a stochastic approach was utilized.

3.3 | Network loading

Network loading is the most used reference for the
quantification of the HC, as most of the researchers
utilized it in terms of the peak load of the feeder, that is,
the ratio of the maximum feeder loading to the capacity
of the PV integration.

In Rahman et al.,?! a suburban Australian low voltage
distribution network was presented, and effects of PV
generation and unbalanced loading were observed. The
PV HC ability was improved by improving network
voltage magnitude and unbalance voltages. The losses

meet:

were reduced to 78% by using OLTC and demand
response in cohesion, rather than using only a demand
response solution. Load profiles were collected, and the
worst-case hours were extracted from them for the HC
investigations. Torquato et al.*® examined the grid
constraints for a specific time interval at noon. A general
rule was presented for loading level according to which
low voltage networks having high loading will allow
more PV penetrations due to higher voltage drop along
with low voltage circuits. As per the results when the
percentage of customers having PV connections was
increased from 20% to 80% the average capacity per
generator decreased from 6.88% to 3.58%, but overall HC
of the system was increased from 37% to 80%. For the
studies conducted by Rusinaru et al.,* the voltage profile
of a low voltage grid on high network loading and lowest
loading with and without generation units and values of
HC was determined for each of the cases. The authors
presented a criterion according to which for voltage
regulation and to mitigate the voltage rise issue, the
maximum permissible HC for the test grid was 33.4% and
46.67%, respectively. In Saber et al.,’* annual time series
data for a substation loading was obtained for a 15-min
time resolution for five different feeders. The HC for the
feeders were 31.5%, 23.2%, 132.2%, 14.5%, and 18.1%,
while after Volt-Var control with VAR as a priority the
HC improved by 25% and the new HCs were 41.6%, 72%,
168%, 19.8%, and 22.6%. In Ding and Mather,”" an
algorithm was designed to determine the maximum load
of the network. The algorithm under the incremental
load conditions performed load flow analysis until the
violation occurs and once the violation is detected the
HC limit was set at that point. According to the
performed study, the PV HC was 3.3 MW without the
implementation of the OLTC, and the value increased to
12 MW with the OLTC in the network.

However, network loading is a reference that is
frequently used in HC studies; the ever-fluctuating load
curve will not be able to provide a stable reference point.
The authors of Baldenko and Behzadirafi** and Nijhus
et al.>® show that the variability of the load will lead to
inconsistent HC with the changing network conditions.

3.4 | Roof space availability

The HC relative to the roof space is the ratio of the
available space for the PV system installation at the
customer vicinity to the total PV capacity integration.
Arshad and Lehtonen'® considered roof space availability
as a major defining parameter. According to the study
the purely rural region has many empty spaces so HC can
be enhanced. HC will be somewhat the same for the
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intermediate region (with and without roof considera-
tion), and due to the lack of roof space in purely urban
areas, the HC value decreased in comparison to the
theoretical values that did not consider the roof space as
the limiting constraint. Moreover, results indicated the
HC of the rural area is affected by OV constraint (long
radial networks) with the increase in HC due to OLTC
implementation. The HC value without OLTC imple-
mentation was 105% but increased to 113% by using it. In
Heinrich et al.** authors pointed out that to enhance the
HC by reactive power control, remotely situated grids are
more suitable due to the presence of more rooftop areas.
According to Grabner et al.,> the authors considered the
roof data that includes the actual tilt of the PV panels and
roof orientations while randomly allocating PVs in the
system. The results showed that the chosen PV-installed
power greatly impact the results. The median HC for
10 kW installed PVs is almost 50% more as compared to
15kW installed PVs. However, some of the research
studies that are presented in this paper have added the
roof space consideration as one of the limiting con-
straints, but most of the research only provides the
theoretical maximum, without considering the real-
world scenario. Therefore, most of the research is
overestimating HC values.

3.5 | Annual energy share of PVs

HC in terms of annual energy share is the ratio of the
total generation of the integrated PVs to the annual
energy usage. The more the PV penetration for a locality,
the more its HC will be compromised. Different studies
conducted on low voltage networks in Germany having
high PV penetrations were presented in Divshali and
Soder.*® The results depicted the decrease in maximum
rapid voltage change from 8% to 5% thus enhancing the
HC. According to the authors, such a type of grid needs a
fast-controlling device to regulate rapid voltage change
and to improve the HC. In Weisshaupt et al.*’ the
impacts of high PV penetration in a low voltage network
of Zurich, Germany was studied focusing on the
placement of PV in such a manner that it is cost-
optimal and with a suitable sizing of battery storage. A
temperature-based active power curtailment (APC)
strategy was utilized, and the yearly energy losses were
reduced from 21.5% to 19.8%. However, the technique
was more suitable for short-term overloaded transform-
ers. In Ravikumar Pandi et al.>® the impacts of increasing
PV penetration on power quality were studied. The main
objective of the study was to quantify the maximum HC
of the system within the voltage and harmonic distortion
limits. The impacts on the DG penetration levels were

also considered by removing the capacitors. The DG
penetration level was 24.18%, but it got reduced to 23.16%
by removing the bus shunt capacitors. In Hasanpor
Divshali and Soder,* an extensive study has been carried
out to try to increase the PV penetration level and to use
some specialized techniques that could even enhance it
further like battery storage systems using a quadratic
power control to improve HC. The effect of the size of the
inverter on HC was also explained having 80kVA
converter improved the HC by 29.2% as compared to a
20 kVA inverter which increased the HC by only 12.3%.

3.6 | Active power of the load

The HC relative to the active power of the load is the ratio of
the PV capacity integrated to the cumulative active power of
the feeder. In Hashemi and Ostergaard® a process of
voltage droop control was presented to restrain the active
MV/LV transformers for high PV penetration. The study has
been applied to a low-voltage feeder in Felsberg, Germany.
The proposed method allows an extensive range of voltage
rise and can also be used to feasibly enhance the HC value.
According to the results by using an active MV/LV
transformer, the PV HC can be increased to 87% from
45%. This value can further be increased by using V-droop
control without even reactive power absorption by PV
inverters. Authors in Kikuchi et al.,* compared counter-
measures for two different systems (6.6 and 22 kV) and first
analyzed the HC without any control mechanism. After
that, the HC was calculated with a controlled power factor
strategy and finally with a distributed control strategy. The
HC was improved from 1.2 to 3.2 MW by using a constant
power factor strategy and the distributed control enhanced
it to 4 MW.

4 | LIMITING CONSTRAINTS

In the previous section, the HC defining criteria are
presented that can be calculated based on the violations
of one of the two technical categories comprising voltage
quality and network equipment's loading limitations.
These limiting constraint performance indices (PIs) were
introduced in Schwaegerl et al.** Based on the literature,
these major categories can be further classified into the
following PIs:

Voltage level violation (under and over voltages),
Equipment ampacity violations,

Voltage unbalance (VU),

Voltage flicker, and

Harmonics.

wohk v
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4.1 | Voltage level violation

With the increasing PV penetration downstream of the
LV distribution networks, the unbalance in the genera-
tion and consumption leads to the reverse power flows in
the peak generation periods. The increase in turn gives
rise to over voltage issues. However, in the off-peak
hours, the low voltage scenario can be the major issue
because of the transformer taps setting that is at a lower
value to eradicate the overvoltage problem. Therefore,
the PI that most of the DSOs must deal with in the
determination of HC of a particular network is the
voltage level violation issue. In Alalamat*® the approxi-
mated voltage rise at different busses is given as

AV = £ XR)”J;l(Q xX) 3)

Furthermore, the voltage level definition in different
regions varies, and different countries are utilizing different
voltage level standards. The most widely utilized standards
are presented in Table 2. The standard used in Alam et al.**
and Kitworawut et al.** allowed the maximum value for HC
to be increased up to 25%. According to the ANSI C84.1
standard mentioned in Bertini et al.,*® for an Italian LV grid
the HC was increased by a margin of 10%. The +5% of U,
criteria mentioned in Navarro and Navarro” had the
outcome of an increase in 10 MW of HC for a grid system in
the Philippines. In Etherden and Bollen®® the authors
concluded that a standard of +5% of U,, allowed an increase
of 30-60 MVA. There was an increase of almost 95% in the
HC for remote farm networks in Qatar following the
standard of +6% of U,.

As per the findings of mentioned literature, each
country has its own set of standards, and a single study
cannot be implemented in other localities. So before
increasing the PV penetration in a particular grid, a
detailed study is necessary by accurately modeling the
feeder characteristics, feeder length, and worst case hour
selection, so that the DSOs can prepare for the issues to
be faced in the future.

To mitigate these overvoltages and under voltage,
different techniques are used. The most prominent of
these is the usage of OLTCs. OLTCs can alter the voltage
level depending on the power generated by PV.>”>* Also,
active power curtailment can be used for maintaining the
voltage within its defined limits.”® Implementing voltage
regulators can also become useful in regulating voltage
levels.”® Different kinds of literature also presented
the idea of optimal placement of battery energy storage
system (BESS) to control voltages in a distribution
network.'”®° Usage of these techniques is presented in
detail in Section 6.

TABLE 2 Country-dependent voltage level standard

Country Standard Values
European®’ EN-50160 +10% of U,
German®® VDE-AR-N 4105 +3% of U,
American’! ANSI C84.1 +5% of U,
Australian** - —6/+10% of U,
Canadian® CSA +6% of U,
UK* BS EN-50160 —15/+10% of U,
Italy”? ANSI C84.1 —4/+10% of U,
Sri Lanka®* - +6% of U,
Denmark™ - +5% of U,
Philippines*’ - +5% of U,
Indonesia®® - +5% of U,
Sweden*® . +5% of U,
Switzerland®* - +3% of U,
Qatar® - +6% of U,
4.2 | Equipment ampacity violation

Maximum current limitation through the equipment
such as transformers and cables defines the ampacity
limit and is used in many of the papers for the HC
determination. There is no fixed value for the loadings of
the equipment that is utilized as a standard. In Shayani
and de Oliveira® authors proposed the following mathe-
matical equation for having an estimation of maximum
penetrable DG.

Ppg = 2 X Pigag + (1 - Sload)- (4)

However, the HC studies that are conducted with
respect to the countries and different region-dependent
grids define the limits of 100%-190% and 85%-150% of
the nominal rating of transformers and cables, respec-
tively. These values are utilized as the limiting values.
The details are presented in Table 3.

In the case of balanced and unbalanced PV installa-
tions, the largest HC value was observed when the
overvoltage limit was +10% of the nominal.'® The
network reinforcement along with the use of OLTC
improved the OV tolerance to 60% penetration from 30%
(no OLTC employed). Moreover, a large PV system per
node can be incorporated with smaller penetration levels,
for instance, PV systems of sizes 6.8 and 18 kW can be
integrated into 100% and 10% of the system nodes,
respectively. According to Torquato et al.,”® while
considering different technical aspects, the voltage
unbalance was found to reduce the PV penetration by
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TABLE 3 Regional studies considering the ampacity limitation
as the performance index

Equipment Region (grid) Limitation
Transformer Finland (rural, suburban, 100% of rated
urban)!*°

Zurich (urban)®’

Qatar (rural)*?

Germany (suburban)® 150% of rated

Brazil (urban)®® 187.5% of rated
Cable Zurich (urban)*’ 85% of rated

Qatar (rural)® 100% of rated

Finland (rural, suburban,
urban)'%*°

Germany (suburban)>° 150% of rated

New Orleans (urban) 105% of rated

9.6%. PV penetration was reduced by 27.7% in case of
conductor overload. Overvoltage has a clear dominance
of nearly 61%, while under voltage affect 1.2% of the
systems. In Singh et al.>* authors explained the role of tap
positions on HC and how the inverters operating at wider
pf range can affect the HC value. HC of the network was
improved from 90 to 175kVA. In Stetz et al.>® the
economic benefits of various strategies for inverter
control to enhance HC were presented. The HC was
determined based on the transformer and cable loading.
As soon the loading crossed 150% of the rated power, HC
is defined there.

In accordance with the above literature, the ratings
and loading of the transformer should be analyzed at the
planning stage for every region and network because it
can greatly impact the HC values. Similar is the case for
cable ampacity values. More PV penetration eventually
causes more thermal overloading on the equipment
especially distribution cables. So, a greater cable ampa-
city value will allow the DSOs for more PV penetration
and in result greater HC value.

4.3 | Voltage unbalance

Negative sequence voltage unbalance is defined as the
ratio of the negative sequence voltage to the positive
sequence voltage. In literature, VU is observed to be
limiting the LV networks where the distribution of
single-phase PV in the phases is not symmetric. The IES
standard defines the limit of 2% of the nominal voltage
on the negative sequence VU." However, its value is not
strictly implemented in different distribution regions.

TABLE 4 Various voltage unbalance limits in the literature

VU limit Literature

1% of U, [61]

1.3% of U, [45]

2% of U, [20, 22, 62, 63]
3% of U, [14, 28, 63-65]

Table 4 presents the various VU limitations as per the
literature.

The authors in Wang et al.°" proposed an optimal BESS
allocation method to minimize the voltage unbalancing by
considering loads, PV generators, and future installations as
an uncertainty. The PV capacity was increased from 393.9
to 463.6 kW in phase A. A similar increasing pattern was
also observed for phase B (233-578 kW) and phase C
(318-495kW). In Rahman et al.,* a method to integrate
network OLTC and residential PV systems was presented to
effectively improve the voltage unbalancing by using a
modified particle swarm optimization (MPSO) based
algorithm. Without any enhancement technique and
voltage violation the HC of the system was 20% which
was improved to 35% by using MPSO. The studies
conducted in Kitworawut et al.*> mentioned the PV
unbalance factor (VUF) in the range of 0.03%-0.4% for a
PV penetration of 100%. The VUF was 0.8% when PV
integration rose to 200% which was in accordance with the
standards. In Hu et al.,® five different OLTC control
options were explained to control the voltage unbalancing
to a specified limit. Each of the techniques had its own
effects on VUF growth. The adaptation of one-phase OLTC
control mitigated the voltage deviation from 17% to 11.8%
thus enabling the increase in the limit for HC. In Arshad
et al.* the increment in HC for balanced PV feed for a
prominently rural area was found to be 200% without the
usage of OLTC but was enhanced to 240% by using OLTC.
Authors in Arshad et al.°* evaluated and compared the HC
of the system for various configurations of BESS. As per the
simulated results the base value of 26% HC drops to 20% for
case A (BESS on random phase) but for case B (BESS on
the same phase as that of single-phase PV) and case C
(Load unbalance consideration). In Tang and Chang® the
photovoltaic hosting capacity (PVHC) was enhanced by
using PVs with smart inverters. Different operating modes
of inverters were implemented and compared. According to
the results, the base value of HC (4325 kW) was increased
to (6405 kW) by using Volt Watt control (7920 kW) by using
Volt-Var control, and (6720 kW) by using the combination
of both methods. In Dubey et al.** the effect of change in
the voltage (by changing network loading) on HC was
observed. In the conducted simulations the HC at 4 MW of
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load increased from 3000 kW to the value of 9500 kW by
increasing the load value to 12 MW.

44 | Voltage flicker

As per the IEEE standard 1453-2004, voltage flicker is the
high-frequency voltage change that can be seen through
the naked eye.®® These fast fluctuations are related to the
intermittency of the load in the traditional grid, but with
the DGs integration downstream of the network,
production intermittency can also give rise to the voltage
flicker. In the flicker studies the main points that are to
be considered are:

. Modeling of the network,

. Type of network (weak or strong),

. Resolution of the loading and generation of data, and
. The standard that is being implemented by the utility.

AW N -

Modeling plays an important role in the exact
analysis for the flicker studies, as in the HC studies the
inverter is considered a black box. However, if it is
exactly modeled it can be a source of flicker, as in Stewart
et al.,®” maximum power point tracking of the inverter is
the main source of flicker. Moreover, the grid that is
under study is also of great importance, whether it is a
weak grid or a strong one. As in Andreas Spring et al.*®
the voltage flicker value was within limits except for
those parts of the grids that were too long and scarcely
loaded (weak grid).

Some of the studies take the step changes to model
the load and irradiance changes, which is highly
unrealistic.®”’® Moreover, if the load and generation
curves are utilized, the resolution of the data is not high
enough.”’ Intermittency of the PV generation due to
cloud movements alone is not a source of flicker,’”” But
if all the parameters defined above will be considered at
the same time in the studies, the flicker value is bound to
breach the standard value.

The flicker measurement method that is frequently
utilized in the literature is the standard IEC61000-4-15
which replicates the incandescent light bulb and eye
response to fast voltage fluctuations. The flicker indices
that are usually defined are:

1. Short-term flicker index (Pst)
2. Long-term flicker index (PIt)

Furthermore, for the long-term flicker index evalua-
tion, a sliding window approach is utilized is defined in
IEEE 1453. According to standard EN-50160,”* the short-
term and long-term indices should be less than 1 for 95%

of the time for 1 week period. However, some utilities
have stricter guidelines, for instance, VDE-AR-N 4105
defines the long-term flicker index to be less than 0.5%°
for the LV networks and even stricter for the MV
networks, that is, 0.46.7*

In Sharma et al.”” a comparatively new technique of
using smart loads was used. The results showed that with
the usage of smart loads, the voltage unbalancing
decreased at all busses and the severity indexes of
voltage flicker were also in range according to the IEC
641000-4-15 standards. Studies in Ferdowsi et al.”®
showed that the flicker measurement of a network is
affected greatly by the time resolution of the analysis.
The granular nature of data is important to determine the
safe penetration level of PV. Authors in Rahman et al.”’
calculated a correlation coefficient between PV output
and Voltage flicker. The analysis of the studies concluded
that there are multiple reasons responsible for voltage
flickers like network topology, PV location, weather, and
atmospheric conditions. All these factors play a role in
limiting the HC value. The results of Arshad and
Lehtonen” showed that the unbounded flickers were
mostly found in the weaker grids and that too on the end
nodes of the feeder. So, a reactive power control was
applied to smooth out the flickers.

4.5 | Harmonics

New methods of energy generation, changing the
behavior of the consumers in energy utilization and the
addition of active power electronics in the system cause
the uprising of issues like supra-harmonics, low-
frequency subharmonics, and inter-harmonics. The
distortion in the normal voltage or current waveform is
defined as harmonics. The main cause of harmonics is
the nonlinear loads, which have seen a steep rise in their
usage at various points in the power system. Some other
causes of harmonics according to IEEE standard 141 are
high voltage DC transmission stations, magnetic core of
transformers, and synchronous motors.

From the literature, it has been observed that these
harmonics significantly constrain the HC. These harmo-
nics cause low power quality and energy losses in the
system. In Sakar et al,”” HC of a typical distribution
system was evaluated for various nonlinear loads. The
HC decreased to a large extent having harmonics as a
major limiting constraint. At 0% penetration of the
nonlinear loads, the HC was almost 90%, but as the
percentage nonlinearity increased to 25% the HC
decreased drastically to 20%. So, the authors employed
a C-type filter to maximize the HC value according to the
standards of IEEE-519, for voltage and current. After
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implementing the filter design, the new HC was 55.34%.
Similarly, in Harrison® the authors performed a time
series optimization analysis, and results showed that
harmonic limits were violated when active network
management freed up the new capacity. So, to overcome
the issue a harmonic constrained optimal power flow-
based harmonic mitigation technique, like active filters,
was proposed. It was observed that by curtailing the wind
power by only 5% yearly allowed the HC to increase by
127%. Authors in Ampofo et al.* mentioned the study of
HC in terms of harmonic distortion limit and a passive
harmonic filter to mitigate the harmonics was proposed.
The passive filter improved the HC from 44% to 73.33%.

4.6 | Multidirectional power flow

Power reliability and power quality are of great impor-
tance in power system operations. Many grids experience
multidirectional power flows because of the addition of
the DGs which eventually enhances the complexity of
grids operation. Since most of the grids comprise
equipment that was designed to counter unidirectional
issues. Complex fault currents, that is, from the custom-
er's end to the upstream render the functionality of that
equipment ineffective. Also, the bidirectional power flow
can cause wear and tear on the equipment. This can lead
to more frequent replacement of the equipment which is
cost utilizing.®* The mentioned issues are being tackled
by utilizing innovative equipment and using controlling
and monitoring technologies. Communication between
different equipment can also be used to overcome the
issue as well. International Electrotechnical Commission
introduced some standard protocols known as IEC 61850
which defines communication between different equip-
ment of a network connected to a local area network
(LAN). A supervisory software integrates all the Intelli-
gent electronic devices (IEDs) used in the network. The
most important component of these supervisory systems
are the sensors which generate information for the
supervisory system.®

5 | HC DETERMINATION
METHODOLOGIES

HC determination approaches are greatly influenced by
the data availability and its resolution. Traditionally, an
analytical approach was utilized that assesses every data
point to reach the final HC value. However, there are
some points in the data set that does not have any
impact on the final value of HC but result in a large
computational overhead. Therefore, worst-case hour

approaches were introduced that give near-accurate
results but with the least latency. There were many
different approaches that were utilized by the researchers
to conduct the HC studies, which are mentioned as
follows:

Deterministic approach
Stochastic approach

Time series approach
Worst-case hour approach
Stochastic-time series Approach

kv

5.1 | Deterministic approach

This approach utilizes the known fixed data that is
inputted to a model, conducting power flow analysis,
and determining an HC value as a single output. In
Luthander et al.** the combined effect of the storage
system and PV power curtailment was analyzed along
with the substation overloading and feeder currents
with different penetration levels. The study was
conducted on two medium voltage grids and 338 low
voltage grids along with the data of 5174 end users.
The deterministic approach was utilized to find the
number of customers affected by the overvoltage
problem. In Ampofo et al.*' authors tried to investi-
gate the effect of changing DG penetration level on
voltage change and the effects of different loading
conditions online thermal limits utilizing a determi-
nistic approach. In Parihar and Malik® a direct
deterministic approach to solving radial distribution
system was presented. The results obtained had faster
convergence for both the composite load model and
complex power. In Heslop et al.,*® many load flow
simulations for an Australian distribution network
system were conducted to derive a relation between
maximum PV generation, feeder impedance, and load.
The authors utilized a deterministic approach to find
out the PV generation limit that can be incorporated
into the system to determine the maximum HC of the
system. As per the reviewed literature, the computa-
tional overheads increase with the increase in the
complexity of the network. Moreover, the uncertain-
ties in the variables that are to be incorporated into the
methodology are not possible. A flow chart of the
deterministic approach is presented in Figure 2.

5.2 | Stochastic approach

As per the detailed review of the deterministic approach,
there are a few shortcomings that are:
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FIGURE 2 Flow chart of deterministic approach

1. Computational overhead.

2. Uncertainties in the generation, loading, connection,
and sizing of DGs, and so on not incorporated in the
methodology.

Therefore, to cope with the variables that are
inherently intermittent probabilistic approach is devel-
oped that will deal with the probability distribution
functions of such variables, leading toward more realistic
studies for the HC studies. For instance, in Torquato
et al,,”® authors have conducted an extensive study to
determine the PV HC of 50,000 real LV systems in Brazil.
The paper proposed a simple stochastic process to assess
PV characteristics for the LV system. In Navarro-
Espinosa et al.,>> a probabilistic assessment methodology
for a UK network has been presented which incorporates
different uncertainties related to various low carbon
technologies (LCTs) using Monte Carlo simulations. In
Ding et al.,>" a probabilistic approach based on MCSs was
used to determine the HC of a system. The methodology
considered the impact of multiple loading scenarios on
HC and uncertainty in the location and size of PV.
Similarly, in Rossi et al.®*” the 800,000 simulations of
randomly generated DERs' configurations (size and

Increase PV
penetration from 0%
by a step of n%

Randomly allocate PV

Randomly define loads of
different values

Perform Load Flow
Analysis for n times

Constratint violated

YES
End

FIGURE 3 Flow chart of stochastic approach

location) were carried out, and later their impact on
the network was evaluated. The detailed flow chart of the
stochastic approach is presented in Figure 3.

5.3 | Time series approach

The stochastic approach is found to be the most realistic
approach in dealing with uncertainties in HC studies.
However, the detailed study from the point of the
equipment that changes their steps as per the changes
in the network constraints, for instance, OLTC, cannot
be gauged utilizing the probabilistic approach. This
requires the time-series approach that utilizes the actual
measurements of the variables from the power system
and correlates the generation and loading patterns. For
instance, authors in Khoshkbar-Sadigh and Smedley®
highlighted the importance of the resolution of data used
for time series simulations. High variability points have a
high impact on the operation of different system
components like voltage regulator capacitor banks, and
substation tap changers. The following recommendations
were given in the paper for time resolution:

1. Energy impacts: hourly.
2. Voltage fluctuations: secs-mins.
3. Steady-state overvoltage: minutes.
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According to authors in Behravesh et al® who

compared the voltage in 1 and 10-min time resolution.
The findings of the study proved that the data of high
temporal resolution is more suitable to capture daily voltage
fluctuations. In Fan et al.”® on basis of time series analysis,
quantification indices, that is, voltage quality, economics,
and HC were established to provide measurement criteria
for practical planning and operation purposes. A drawback
of the time series approach is the longer time taken if the
simulation is to be carried out for several years with a time
step of an hour or even less. So according to authors in
Pagnetti and Delille,”” if we simulate some specific
representative points, it is possible to reconstruct the whole
time series for any output. These specific points were
termed the worst-case hours, and this approach will be
discussed in the following section. Figure 4 shows a
semantic of the time series deterministic approach.

5.4 | WC hour approach

Deterministic, stochastic, and time series methodologies

can be made computationally less extensive if only those
instances are to be considered where there is a large

Select a Constraint

Increase PV
Penetration

Perform Load Flow
Analysis for n times

Constratint violated
for n minutes

FIGURE 4 Flow chart of time series HC determination approach

chance of constraints’ violation in the power system. For
instance, rather than considering the data set for the
whole day, only the hours having maximum generation
and minimum loading will be sufficient for the HC
determination study.

Therefore, in the WC hour approach, only the critical
data values are considered in the study. In Arshad
et al.,*® authors used the barycenter approach to find the
worst-case hours using total grid load and load barycen-
ter along the feeder. The procedure also depicts the
impact of a number of nodes on worst-case hours. In
Chen,” it was explained that worst-case hours' analysis
was significant for urban distribution systems. In
Torquato et al.*® a risk-based determination approach
was presented that randomly chose the hours of critical
situations and based on those critical hours, the HC of
the whole system was determined. The workflow of the
worst-case hours approach is presented in Figure 5.

5.5 | Stochastic-time series approach

In this methodology, many load profiles, as well as
generation profiles, are available, and random profile
selection is made from the pool for defining the
probabilistic variables. In Navarro-Espinosa and Ochoa*
MC approach was applied on an electrothermal system to
examine the effects of combined heat and power unit
(CHP) plant size and location. Multiple snapshots of load
and generation were considered. The impacts were
quantified by using both probabilistic and time-series
approaches.

6 | HOSTING CAPACITY
ENHANCEMENT

In recent times, plenty of research is being carried out on
finding ways to enhance the HC of distribution networks
to avoid high-cost up-gradation. This section deals with
different methods and techniques presented in different
kinds of literature to increase the HC of the electrical
network. In Ismael et al.,’’ a method for the optimal
selection of a conductor is proposed using Salp Swarm
Optimization (SSO) algorithm. The objective is to reduce
the combined annual investment cost and cost of energy
while staying within the limits of system voltages and
conductors' thermal and mechanical capacities. There
are some practical hindrances in the proposed strategy,
so in the same article, another method of feeder
reinforcement is proposed as well, resulting in enhanced
HC values. In Divshali and Soder® the focus is to keep in
control the dynamic voltage changes in the DG
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FIGURE 5 Flow chart of worst-case hour approach

integrated systems. For the improvement of voltage
regulation in a steady state as well as in a dynamic state,
an adaptive controller is proposed for the STATCOMs
that are used in LV grids. The controller improves both
static and dynamic hosting capacity. In Al-Saadi et al.,” a
risk assessment technique is used for the evaluation of
the HC of active distribution networks (ADNs) while
considering different uncertainties of DGs. The probabi-
listic HC approach was used to consider the system
uncertainty. Also, numerous techniques have been
developed to increase the network HC such as the
demand response of smart grids; in Karimi et al.* and Al-
Saadi et al,’ optimal PV placement in Athari et al.**
Moreover, Rascon et al.,> proposes the two techniques
for the reactive power control, that is, cos (¢) and Q(V),
and prediction-based active power control with DG were
considered. The control strategies were simulated over an
existing distribution grid consisting of a single MV feeder
and many LV grids. It was observed that as compared to
the cos (@) control strategy HC of an area can be
increased by 15% using the Q(V) strategy. In Hashemi
and Ostergaard,”® a voltage control strategy for active
transformers is presented. According to the literature,
after implementing this control limitation for the
installation of PV systems is no longer the overvoltage

in the network but the ratings of the grid components. As
far as all these mentioned techniques are concerned,
these are not very generic (dependent on the grid
topology and specifications) and have certain limitations
that will be discussed in the following section.

6.1 | OLTC transformer employment
Voltage control using OLTCs is one of the most used tools
for providing automatic compensation for voltage level
violation in the system. In Schwaegerl et al.** the impacts of
uncontrollable DG units on the system's voltage profiles
were presented. The studies conducted in Berizzi et al.”®
proved that voltage control has many positive effects on the
improvement of voltage quality, reduction in system losses,
and enhancement of HC. The decentralized method of local
voltage control by using the local information can be used to
increase the HC. The process of local voltage control can be
done by power factor control of DG or by OLTC. The studies
in Mina Mirbagheri et al.”” compared the scenarios of no
OLTC, five taps on OLTC, and nine taps on OLTC. The
results demonstrated HC can be increased from 50% to
100%. OLTCs that use a few local field measurements to
control the voltage in the feeders (wide-area control) are
effective in only 48% of the feeders. A centralized solution
that combines OLTC and DG control produces good results
in only 20% of the feeders. In the rest of the cases, as
additional generation is added to the system, many feeders
become thermally compromised, and this voltage-control
solution becomes ineffective. Potentially more expensive
solutions like curtailment or classical grid reinforcement are
applicable everywhere.” Similarly using different techniques
in cohesion with the other voltage-controlling techniques
can enhance the HC as presented in Table 5.

6.2 | Curtailment of dispersed
generation resources

Curtailment of DG sources includes a reduction in the
output power of some specific resources at the time of
need. Using DG curtailment, HC can be controlled if the
performance indices' limits get exceeded, and the
remaining energy production will be curtailed.”” Using
the curtailment technique will enable utility systems to
install a large capacity of distributed energy resources.
But one thing to be kept in mind is that during
curtailment the energy is still produced by the sources
but only as much permissible by HC limits. If the
curtailment of DG units can be acceptable for the larger
durations, then more production capacity can be added
to the system.*®
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TABLE 5 Increase in HC using different techniques

Increase in

Country Centralized voltage control HC (%)

Germany Field measurement based OLTC 67.00

Spain OLTC + STATCOM control 64.53

Austria Field measurement-OLTC + DG 62.99
reactive power control

Australia Field measurement-OLTC 53.36

Spain STATCOM control 20.02

One drawback of the technique is that if we keep on
increasing the production capacity the need for addi-
tional energy curtailment also increases, eventually a
point comes when it is no longer useful to increase the
production because that increased production will
eventually be curtailed.

6.3 | Optimized PV deployment

In the literature, there are some works that use the optimal
PV deployment for the enhancement of HC. Some specific
PV locations can have a strong effect on the total amount
of PV power that can penetrate a feeder. A locational
sensitivity study was conducted in Ding et al.”® and the
hosting capacity of the PV system was determined by
selecting PV customers based on the factors like primary
impedance, distance from the substation, and phase
connection. The results conducted in the study concluded
that by integrating PV systems nearer to the substation, HC
can be increased. Also, if we select the PV locations based
on the primary impedance as compared to selecting them
on basis of feeder length, we can achieve better perform-
ance. In Bartecka et al.”’ an attempt has been made to
mitigate the PV generator's effect by placing them properly
using greedy algorithms. These algorithms work by selecting
the best choice for the moment and operate by finding a
sequence of locally optimal solutions, which usually leads to
a globally optimal solution. The algorithm is computation-
ally effective and fast enough to be suitable for effective PV
deployment even though the obtained solution is sometimes
not so effective.

However, the optimized PV deployment demon-
strates enhancements in the HC of the network but
cannot be a solution for the small-scale PV integrations
that are made by the customers at their houses. They
are small-scale systems, and the locations cannot be
predefined. Therefore, the optimization problem is to
be solved for the cases in which large PV systems are to
be incorporated into the system.

6.4 | Active power control

Controlling active power can be meant to increase the
HC and can solve the issues of rising voltage in high
penetration conditions. In Hashemi and @stergaard,*® a
voltage droop control method is presented to control the
active power of the MV/LV transformer. Results showed
that without using reactive power absorption by PV
inverters, the HC can be increased from 45% to 78%. In
Ding and Mather’’ an active distribution network
management system is presented to improve the HC
value. The approach deals with the optimal control of
capacitor banks, and tap changers, reconfiguration of the
system, and adjusting the power factor of inverters. The
PV capacity was enhanced to 97.3% of the peak load and
reduced the system losses by 22.1%. A similar approach is
presented to enhance the network's HC. Results showed
that HC on a constant power factor of 0.95 lagging
increased the HC by 3.96%, whereas the Volt-VAR
operation method increased the HC on average by
18.74%. However, there was a 100% HC increase when
using the Volt-Watt operation method. In Collins and
Ward'® two different methods for active power control
(APC), that is, static maximum (SM) and dynamic
maximum (DM) were presented. Results showed that
voltage reduction by DM-APC was better than SM-APC.
The SM-APC model reduced the overvoltage by 20%-25%
whereas the DM-APC reduced the overvoltage
by 40%-60%.

However, a significant improvement will be made in
HC by the involvement of active power control tech-
niques, but the power curtailment would be large if this
technique is the only employed methodology. During the
peak hours, when the mismatch between the generation
and load is maximum, temporary -curtailment is
unavoidable, but during the off-peak hours, the cohesion
of more than one enhancement technique will bring a
fourth better result, with the least curtailment possible.

6.5 | Reactive power control

In Seuss et al.,'°! the authors used the PV inverters for
voltage balancing and to study the impact of VAR control
on the HC of the network. The results showed that there
is an increase in the HC by 50% from 600 to 900 kW. In
Collins and Ward,'® an effective control scheme for
inverters was implemented that reduces the amount of
curtailment of real power and reduces the overvoltage.
The results showed that the inclusion of the reactive
power Volt-VAR method has resulted in additional
voltage reduction of around 8% and 15% for dynamic
maximum and static maximum, respectively. According
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to Rascon et al.,’ the capability of a PV inverter to
control reactive power or Q(V) control was used to
mitigate the voltage rise problem. The reactive power is
regulated depending upon voltage on point of common
connection (PCC), thus enabling the inverter to operate
only when reactive power control is needed. The baseline
scenario for HC was taken to be 1357 kW which was
increased by 116% to 1694 kW, using the Q(V) control
strategy. In Atmaja Sarjiya et al.,'* the improvement in
rooftop PV penetration by using reactive power control
was presented. Three different power factors, that is,
unity, leading, and lagging, were employed and the HC
was determined. HC for unity pf was in the range of
113-479 kW, for lagging pf the range was 233-1967 kW
and for leading pf the HC range was the least from all,
that is, 53-327 kW because of the voltage rise problem.

However, reactive power control is one of the most
utilized enhancement techniques that is employed for
voltage regulation as well as increasing a grid's HC. But
during the peak generation periods, the Q-reserves are
not enough to tackle the OV problem. Either curtailment
is to be employed that will incur monetary loss, or an
oversized inverter can be used to increase the reactive
power capability of the inverter. As in Demirok et al.'>®
and AlKaabi et al,'® 17.64% and 41.4% oversized
inverters are utilized, respectively, to increase the
inverter's reactive power reserves. In Hasanpor Divshali
and Soder,” the voltage regulation was achieved by only
applying the RPC, and the curtailment was not employed
even in the peak generation periods. Although the
oversized inverter is the most feasible methodology to
eradicate the voltage violation problem, nevertheless the
cost-effectiveness is to be checked as well. As per Su
et al.,"” 60% inverter oversizing is feasible both in terms
of cost-effectiveness and voltage regulation. Moreover, in
Divan et al.'® the author described the 15% oversizing of
the inverter will significantly increase the reactive power
control capability with minimal cost increment. In
Divshali and Soder,*® a method to control the central
BESS to improve the HC was presented depending on the
size of the inverter. A 20kVA inverter has an HC of
about 12.3% which was increased to 29.2% by using an
inverter of 80 kVA.

6.6 | Network reconfiguration

The HC of a distribution system greatly depends upon
the characteristics of the feeder. Feeder reconfiguration is
generally used to improve voltages and reduce energy
losses."®” It can also be used to improve the DG HC. For
the maximum DG power, an optimal topology of the
feeder can be determined by solving an optimization

problem. As after the system reconfiguration the PV
locations and primary impedances change, the
reconfiguration problem can be formulated as restricting
primary impedances within the limits. The proposed
method in Smith et al.'®® first solves the problems in the
case of worst-case scenarios, and then the resulting
configuration is assessed for the rest of the time periods
to check if it is suitable with the given network
constraints. The objective function is examined to correct
such reconfigurations that cause over or under voltages
at the busses and overloading of distribution lines. For a
given network configuration, the fitness function can be
obtained by considering both the maximum allowed
power supplied by DG sources and the exploitation of the
lines together with the bus voltage profiles. The purpose
of the problem is to reconfigure the network and DG
sizing to improve the HC and reduce network power loss.
For the solution to this problem, the Particle Swarm
Optimization technique is used. In Chittur Ramaswamy
et al.'"” and Makarov et al.,” a genetic algorithm is
proposed to reconfigure the system to maximize the HC
at selected nodes. In Ismael et al.”* an optimized problem
was presented to minimize the annual energy losses
while satisfying the system voltage limits and thermal
capacity of the equipment. Also, a sensitivity index, that
is, feeder reinforcement index is also presented in the
literature for the feeders that need to be reinforced first.
Different penetration levels were used for the base case
and reinforced network case. The HC for the reinforced
case was improved to 150% considering the voltage
constraints.

According to the distribution system operation time
frame network reconfiguration can be classified into the

following two categories'':

1. Static reconfiguration.
2. Dynamic configuration.

The work described in the paper provides an
optimized power flow framework to cope with the
voltage rise and thermal issues. The proposed method
was able to improve the HC by up to 51.8% as compared
to the original configuration. In Capitanescu et al.''® an
optimization problem is defined for boosting PV hosting
capacity by adjusting taps of voltage regulators, reconfi-
guring the network, switching capacitor banks, and
operating PV inverters. Decision variables for optimiza-
tion problems include the kVA capacities and power
factors of PV inverters, the states of controllable branch
switches, tap positions for voltage regulators, and the
states of switched capacitors. Thus, the PV hosting
capacity maximization problem is finally formulated
as a constrained, mixed-integer nonlinear optimization
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problem. The results showed that the unity PF approach
will cause the reduction in HC because of loss increment
and the switched operation in branches will have a
significant impact on the PVHC value increment. In
Xiong et al,''! the authors discussed the reconfigur-
ability of a Chinese high voltage distribution network
(HVDN). By managing load curtailment and PV shed-
ding, the PVHC was improved from 17.2% to 73.46%. HC
depends greatly on the PV location and primary
impedance of the PV bus (lower impedance results in
higher HC). Thus, keeping in mind, the mentioned fact
authors in Ding et al.”® objectified the reconfiguration of
the network to restrict the primary impedances which
improved the HC from 30% to 50%. Authors in Jothibasu
et al.'"® modified a distribution system by incorporating
new distribution lines equipped with tie switches to
enhance the HC. According to the results, the HC was
increased to 53% by just adding two additional distribu-
tion lines. In Capitanescu et al.''® a method is proposed
to improve the HC by implementing static
reconfiguration (configuration at the planning stage)
and dynamic reconfiguration (reconfiguration using
remotely controlled switches) along with active network
management (ANM). According to the results, there was
a 51.8% gain in HC by using SR while 50.2% for DR.

6.7 | BESS

Another type of technique that is being used to enhance
HC is to control the voltage of DGs with feed-in
limitation or also known as BESS. Energy storage
techniques enable the power system to react to long,
medium, and short-term variability and can enhance the
HC. Different applications of storage described in
different works of literature include smoothing of
fluctuations from renewable sources,'®® regulation in
frequency,”® and load leveling.'"® There are different
methods that are utilized to increase the BESS involve-
ment in the HC enhancement like stochastic optimiza-
tion,"'* probabilistic methods,"'> and cost-benefit analy-
sis."'® The selection of the method depends upon the
nature, location, and type of the system being studied.
Along with these, some other strategies have also been
devised to improve the HC of the systems. In Hashemi
and Ostergaard® using PV generation forecasting, the
power injected into the grid and power stored by PV
systems is observed, and dynamic operating points were
determined for the storage system. The results showed
that by using dynamic set points, the maximum active
power absorbed by the storage system was reduced to
about half. For a 75% penetration, the storage system
required to prevent over-voltage was reduced to 5 kWh at

dynamic set points, as compared to the 14 kWh at fixed
power threshold which in turn can increase the PV
penetration to about 50% without encountering the over
voltages. In Gupta et al.,''” a tractable convex optimal
power flow technique was presented to estimate and
increase the HC by placing and sizing the BESS
optimally. In Etherden and Bollen,*® uses a thermal line
model where ambient temperature, aggregated heating,
and dissipation in power lines are used to calculate the
maximum permissible current through time that is
dynamic line loading. In Wang et al.’* an optimal
allocation of BESS to improve the HC of a low voltage
distribution network. HC was boosted by a value of
281.45kW. Authors in Joshi and Gokaraju®® proposed a
four-quadrant operation of BESS to maximize the HC
from 25% to 60%. In Hasanpor Divshali and Sodern’® an
optimal method for placement and size of BESS using a
quadratic power control was proposed. Placing BESS at a
large distance from the substation increased the HC up to
50% which was more than the configurations in which
BESS was placed closer. In Arshad et al.®® results for
different BESS locations with respect to PV were
compared. A fall of about 23% was observed when PV
and BESS were at random phases, but connecting PV and
BESS at the same phase caused the HC to rise to a value
of 111%. In Hashemi and @stergaard* a centralized
control methodology of BESS to improve HC was
discussed. The process involved estimating PV genera-
tion, consumption of load, and estimating reactive power
absorbed by the inverter to determine BESS set points
(points at which voltage at any point exceeds the allowed
value). The PV penetration increased by up to 75% by
using a 5 kWh of BESS, and without this BESS the value
of HC was 50%.

6.8 | Mitigation of harmonics

The harmonics cause low power quality and energy
losses in the system. Therefore, proper protection
measures should be taken against these harmonic issues
before the designing process of a grid. In Sakar et al.,”’
the HC of a Brazilian two-bus industrial distribution
system is determined by considering harmonic con-
straints. According to the studies, the HC decreases very
sharply with the increase in nonlinearity on the load side.
So, to mitigate those harmonics a C-type passive filter is
proposed to maximize the HC while also providing better
voltage regulation, improved power factor, and limiting
the harmonics, enhancing the HC up to 55.34%. A
generic equation capable of determining the HC at a
specific point concerning harmonic distortions in distri-
bution and transmission systems was presented in Santos
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et al.'* An actual Brazilian power system was tested for

HC assessment and a range (worst and best-case
scenario) for HC was made. HC for the worst-case
scenario was 37 MW, while it was 160 MW for the best-
case scenario. In the studies conducted in Sun et al.,*'®
an AC optimal power flow technique was used to counter
the harmonics that were presented as the main
constraint that causes the limiting of HC along with
voltage and thermal constraints. The authors of
Bhowmik et al.,''® formulated closed-form equations to
determine the allowable limit for the penetration of DGs.
The proposed method has been developed in compliance
with acceptable harmonic analysis assumptions for every
possible condition. The method was justifiable both
technically and economically and suitable for conven-
tional radial distribution systems.

Results shown in Figures 6-9 represent the results of
enhancement in HC because of using different enhance-
ment techniques.

These results do not articulate the idea of one
technique being better than the other one. Rather it
shows the average enhancement of different literature
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FIGURE 8 Enhanced value using on-load tap changer

160%
140%

123%
120%
100% 84%
80%
- 50%

24.83%

]

[107] [101] [109] [36] Average
Enhancement

137%

Hosting Capacity

NS
Q 9 8
SRS IR

Reference Papers

FIGURE 9 Enhanced value using reactive power control

using the same techniques. The networks and methodol-
ogies used in the literature were totally independent of
each other. After carrying out a proper investigation of
the feeder and analysis of the factors that influence the
HC of the feeder, only then the enhancement technique
can be deployed.

7 | DISCUSSION AND
CONCLUSIONS

HC is a locational-sensitive phenomenon and depends upon
different criteria like characteristics of the grid understudy
and defining criteria of HC for a specific case. Therefore, a
single generic approach, for defining the HC, cannot be
implemented on all the grid systems. Moreover, the DGs'
penetration will keep on increasing with the steps taken by
the different governments to reduce the carbon footprint.
Therefore, before incorporating DGs, specifically PVs into
the system, a detailed study should be carried out keeping in
mind the limiting constraints, economic and operational
feasibility, and the applicable HC determination and
enhancement technique. In the presented manuscript an
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(Continued)

TABLE 6

Enhanced HC value

55.34%

HC value
38.5%

Enhancement technique

Limiting constraints

Defining criteria

Reference
[79]

Implementing a C type Filter

Harmonic Distortion

Current carrying capability

60%

30%

Volt-Var control

Voltage Magnitude and voltage

[31]

unbalance

18%

Network reconfiguration

Rapid voltage changes

Ampacity limit of lines and cables

[53]

45% with maximum

38%

Efficiently controlling active transformers

Over Voltages

Transformer rating and number of

[40]

of 3% of

customers having PV

voltage rise

84.4%

Reactive power control

Transient and steady state

Number of customers with PV

[101]

Voltage violations

80% by Cos(6) control
120% by Q(V) control
70% by forecasting

Using residential PV storages and reactive

Over voltages

Equipment overloading

[95]

power control

attempt was made to explain the concept of HC in detail
and examine different factors associated with it. Some basic
definitions associated with the HC, that is, hosting capacity
uncertainty and hosting capacity coefficient were explained
briefly. At first different defining criteria for HC were
described which included equipment ampacity, number of
customers having PVs, roof space availability, the active
power of load, and network loading.

It was found that the defining criteria is a DNO-
specific term and can vary from region to region. There
are no common criteria that can be used to define the HC
for different regions based on the same reference value.
Later based on the type of network loading data and the
standards implemented, limiting constraints were
defined that included harmonics, voltage flickers, voltage
level violation, voltage unbalance, and equipment
ampacity violations. A system can be affected by any of
these constraints depending on its characteristics and
location. The most common HC limiting criteria was
found to be overvoltage due to increased DG penetration
downstream of the network. The availability of data in
different resolutions greatly impacts the HC study and
determination methodology. For instance, high-
resolution data is required for the flicker studies, whereas
time series data was mandatory to calculate the impact of
increasing penetration on regulation equipment like
OLTC and voltage regulators.

The main determination techniques found in the
literature were deterministic, time series, worst-case
hour, stochastic and stochastic-time series approaches
with their respective pros and cons. Lastly, HC enhance-
ment techniques were presented which included the
usage of OLTC transformers, curtailment of DGs, active
and reactive power control, optimized PV deployment,
network reconfiguration, and usage of BESS. All these
techniques were used independently or in different
combinations depending on the operational requirement,
and a significant increment was observed in the HC
results.

In a nutshell, HC is a terminology that was found to
be a constraint, grid, standard, and enhancement
methodology-dependent phenomenon that is always
different for different regions. Unless there is a standard
that is defined for the HC studies and is uniformly
implemented throughout the globe, the comparison
studies will not be easy to make for different regions'
grids. However, there might be a solution in the machine
learning techniques that will be used to define the
common criteria for different types of grids to have a
rough estimate of the HC values. Table 6 presents a
summary of limiting constraints, defining criteria,
enhancement techniques, and enhanced values observed
in different literature.
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NOMENCLATURE

ANM active network management
APC active power curtailment
BESS battery energy storage system
DG distributed generation

DHC dynamic hosting capacity
DM-APC dynamic maximum active power control
DSO distribution system operator
HC hosting capacity

HCC hosting capacity coefficient
HV high voltage

LDC line drop compensator

LV low voltage

MCS Monte Carlo simulations

MV medium voltage

OLTC on-load tap changer

ov over-voltage

PF power factor

PI performance indices

PV photovoltaic

SHC static hosting capacity
SM-APC static maximum active power control
SVR step voltage regulator

VU voltage unbalance
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