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Abstract: This paper presents a stochastic approach to assessing the hosting capacity for solar PV.
The method is part of the optimal techniques for the integration of renewables. There are two
types of uncertainties, namely aleatory and epistemic uncertainties. The epistemic and aleatory
uncertainties influence distribution networks’ hosting capacity differently. The combination of
the two uncertainties influences the planning of distribution networks. The study introduces and
considers the epistemic probability distribution function (PDF). DSO does take levels of risk for a
parameter violation when planning. Epistemic PDF is a range of values of the planning risk margin
for quantifying the hosting capacity. The planning risk acknowledges that overvoltages may occur
at weaker conceivable locations in a distribution network. In the paper, it has been shown that the
number of customers who will be able to connect solar PV in future is influenced by the DSO’s
planning risk margin. The DSO can be stricter or less strict in planning risk margin. It has been
concluded that fewer customers can connect solar PV to a distribution network when a DSO takes
a stricter planning risk. Alternatively, more customers can connect solar PV units for a less strict
planning risk. How stricter or less strict the DSO is with the planning risk margin determines the
investment needed for mitigation measures. The mitigation measures in the future will lead to not
exceeding the overvoltage limit when solar PV is connected to the weaker conceivable points of the
distribution network.
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1. Introduction

Solar photovoltaics (PV) power is increasing globally [1]. The increase is two folds.
One-fold is directed towards utility-scale and is in larger sizes. The sizes are larger than the
63A fuse rating for most residential houses. The second fold is directed toward residential
customers and has a maximum size of 43.5 kW three-phase solar PV (63 A fuse). The units
are installed on rooftops mostly.

The continuous addition of solar PV in distribution networks makes them become
more composite in configuration [2]. The latter composition leads to undesirable effects on
the power quality and reliability in general [2–5]. The effects can be severe and depend on
factors of a distribution network, for example, feeder structure, consumption of the loads,
locations, single or three-phase solar PV and size of solar PV units. Due to the severity
caused by solar PV addition, a limit must be quantified, termed the hosting capacity [3,6].

Some factors that will determine the impact of solar PV are unknown. The unknown
factors lead to uncertainties associated with integrating distributed generation, like solar
PV, in distribution networks [7]. They are uncertainties classified into two types: aleatory
and epistemic [8]. When uncertainties are considered, time-series and stochastic methods
can be applied to estimate the hosting capacity. The two methods can generate scenario-
based structures to estimate the hosting capacity of a distribution network. It is so amid
new production (solar PV), or new consumption (EV) with traditional customer loads also
considered [9].
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Distribution network operators (DSO) often need to plan for the future addition of
solar PV units (new production), which are usually spread at various locations in the
network. There is a need to evaluate the connection cases of solar PV. In the planning
amid more solar PV installations in a distribution network, the operation state must be
considered to maintain good power quality. The planning for future cases or possible
scenarios is done amid the two types of aleatory and epistemic uncertainties, which will
impact the number of customers allowable to install solar PV in the future [7].

Distribution network planning must ensure a reliable power supply to the customers
in the future [10,11]. It has to be done even amid solar PV power [1]. There is always a risk
associated with the addition of solar power that can impact the operations of a distribution
network. Most planning methods and processes consider the optimal placement of the
distributed generation, solar PV, for example. Many constraints come with planning.
The objective of the planning needs to maximise the penetration level, reliability and
capacity [12].

On the other hand, the investment, operational costs, line losses and power quality
impacts need to be minimised or reduced to levels below their limits. Hosting capacity
estimation must consider some or all the constraints. The planning risk that DSO makes in
order to maximise certain (penetration level or capacity, for example) aspects or minimise
other aspects (voltage rise or thermal overloading, for example) has an impact on the need
for investment for the distribution network in the future [5,11]. Optimal planning and
integration of renewables such as solar PV can be done with any of the following methods;
Conventional techniques or Metaheuristic algorithms [10]. One of the methods under
conventional techniques is probabilistic. It is selected to encompass the uncertainties. Opti-
mal planning attempts to eliminate the planning risk of exceeding constraints and limits
by maximising desirable aspects and minimising unacceptable elements. The DSO takes
the planning risk considering the combination of the aleatory and epistemic uncertainties.
What is the description of the planning risk that DSO often take? How is it considered
when it involves both uncertainties? The aleatory uncertainties can be characterised by a
probability distribution function (PDF), while the epistemic uncertainties are due to a lack
of information. A combination of the two uncertainties in a model presents a unique way
of uncertainty modelling.

In this, a stochastic approach that involves the combination of both types of uncertain-
ties in a model will be applied to estimate the hosting capacity. The complete method was
developed in [13]. The 90th percentile as the planning risk margin was introduced. This
paper will discuss the planning risk margin, what it is and what DSO use in the concept of
a hosting capacity estimation method.

The paper will assess the hosting capacity by applying a stochastic approach
in [13,14]. The influence of the planning risk margin which DSOs take in planning, “epis-
temic probability distribution function (PDF)”, will be evaluated. The evaluation will
determine how the hosting capacity for a low-voltage (LV) distribution network in North-
ern Sweden is impacted. The approach used in this paper can also be applied to distribution
networks in other countries and regions. The paper’s contributions are:

• A detailed explanation of the planning risk that DSO takes for hosting capacity
estimations.

• The Introduction and explanations of the epistemic probability distribution function
(PDF) as the origin of the planning levels and risk used by DSOs.

• Evaluating the impact of the planning risk margin on the hosting capacity estimations.
• Illustrations of the impact of DSO’s stricter and less strict planning risk margin on the

hosting capacity for a distribution network

The paper is arranged into six sections. After the introduction section, Section 2
describes the literature review. Section 3 describes the stochastic method used in this paper.
The planning risk and epistemic PDF used in this paper are introduced and explained in
Section 4. The results, discussions and conclusions are presented in Sections 5–7.
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2. Uncertainties, Hosting Capacity and Planning Methods

The estimation of the hosting capacity for new electricity production (solar PV) or
consumption (EV) can be done with either the deterministic, stochastic or time-series
method [1,15]. The addition of solar PV power to the distribution network has uncertain-
ties associated with it [8,16,17]. Uncertainties are classified into aleatory and epistemic
uncertainties [8,18].

The uncertainties associated with solar PV hosting capacity assessment are classified
into two categories (aleatory and epistemic, A–E). The uncertainties often considered in
hosting capacity studies for solar power include solar irradiation, solar PV size, solar PV
type, cloud cover inclusive of a clear sky or shading, consumption, customers’ location
with solar PV and the phase to which a single-phase unit, will be connected. The latter-
mentioned uncertainties have been considered by studies in [1,3,19–23].

Considering the uncertainties entail that the use of the deterministic methods is
not excluded. The stochastic and time-series methods are applicable. The stochastic
approach applies the hosting capacity assessment considering the epistemic probability
distribution function (PDF). The stochastic approach or probabilistic approach uses Monte
Carlo simulations.

Other studies that have applied stochastic approaches are [1,3,19–23]. In [1], it is
emphasised that a planner must be able to estimate the hosting capacity and thus be able
to regulate the entry of new units. It indicates the need for a planning decision amid
solar PV penetrations. Additionally, many uncertainties often complicate the estimation of
hosting capacities. There is also a need to benchmark between deterministic and stochastic
approaches. The comparison and benchmarking were made in [3]. An assessment was
done for different methods of estimating the hosting capacity. The latter allows for the
selection of appropriate methods.

The hosting capacity approach was indicated as a planning tool in [24]. In a novel
framework [19], the hosting capacity approach was also recommended as a planning
tool to determine the limit of solar PV installations. Between [19,24], it is evident that
the development of hosting capacity approaches must be embedded with the planning
aspect of distribution networks that DSOs can use for decision-making in the midst of PV
penetrations. It is further emphasised in [20] that the hosting capacity be estimated from a
planning and operational perspective. Planning has got to be optimal so that the solution
goes for maximisation or minimisation to combat the adverse effects. According to [10], a
DSO has got to consider the conventional techniques or metaheuristic algorithms for the
planning problem.

In the conventional techniques, methods like analytical techniques, exhaustive analysis,
Mixed-Integer for linear and non-linear programming, optimal power flow and proba-
bilistic methods can be used [10]. For the Metaheuristic algorithms, methods like genetic
algorithms (GA), particle swarm optimization (PSO), Tabu search (TS), simulated annealing
(SA) and Ant colony optimization (ACO) are applicable [10,11]. The practicalities of the
techniques or methods are often evaluated for their use in industry. It is often questioned
whether it should be generic or specific [20]. The merits and drawbacks of the techniques
have been tabulated in [10].

A shift to a generic and not specific scenario is recommended in [20] for hosting
capacity studies. A realistic distribution network is important for applying methods
developed for hosting capacity estimation. In [21], a Finnish distribution network with
varying levels of solar PV penetration was used for a stochastic study. The overvoltage
problem was the limiting aspect for more PV penetrations [5,6]. In the execution of the
stochastic study, Monte Carlo simulations were applied in [21,22]. The voltage support
and storage aspects increased the hosting capacity by reducing overvoltage issues [21,22].
A comprehensive study with a Monte Carlo-based stochastic approach to thousands of
low-voltage (LV) distribution networks was done [23]. The random nature of customers
and a time window similar to the time-of-day (ToD) introduced by [14] were done in [23].
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The study in [23] showed that it is possible to implement a risk-based approach to stochastic
hosting capacity.

The above studies highlight the importance of the hosting capacity approach as a
planning tool and consider the uncertainties. None of them explicitly identifies the aleatory
and epistemic uncertainties. The planning risk and impact on the hosting capacity were not
made in the studies [1,2,9–13]. It has motivated me to introduce and explain the epistemic
PDF. This paper further goes on to show the impact of the planning risk emanating from
the epistemic PDF.

Description of A–E Uncertainties

The aleatory and epistemic (A–E) uncertainties, also found in other fields [16,17],
impact the stochastic hosting capacity studies.

The natural randomness and inbuilt variability of variables give rise to aleatory
uncertainties. The data and information relating to aleatory uncertainties can be represented
in a statistical way and obtainable from measurement data. A probability distribution
function (PDF) or probabilities characterise the aleatory uncertainties [13,25]. The PDF can
be used as input to stochastic studies that the aleatory uncertainties affect the outcome.
One such example is the study in this paper.

There is a lack of knowledge or information about uncertain variables. The latter is
epistemic uncertainty. Modelling epistemic uncertainties is essential for stochastic studies.
Interval analysis, evidence or possibilistic theory can be used to model the variable of epis-
temic in nature [26]. The variability of epistemic uncertainties can be reduced by collecting
more information or building more knowledge [11,25]. The two latter activities can take a
long time. In addition, obtaining statistical information about epistemic uncertainties from
measurements is often impossible.

The aleatory and epistemic uncertainties are important for stochastic studies. The
application should start with identifying them concerning the stochastic study and their
influence. Collect identification will enable us to distinguish between the two types of
uncertainties. This will lead to the development appropriate models that can be applied to
stochastic studies for hosting capacity estimation.

In most of the studies on hosting capacity [1,3,19–23], both uncertainties are in use.
Identifying them in relation to the application for hosting capacity studies for decision-
making is necessary.

3. Stochastic Hosting Capacity-Method

The Stochastic approach is used to study the impact of epistemic uncertainties on
the hosting capacity for solar PV. The basic underlying assumption for the approach is
that overvoltages due to solar PV will first occur during the four sunny hours of the day
(10 a.m.–2 p.m.) and the months of the year (March–September). The approach considers
both aleatory and epistemic uncertainties [13].

The hosting capacity estimate for a distribution network can be done for single-phase
solar PV or three-phase solar PV units at the customer locations in the model. The method
supports either single-phase or three-phase inverter types. The injection of solar power is
at a unit power factor has been considered in this paper (active power injection only).

3.1. Voltage Magnitude Rise Calculation

A transfer impedance (TI) matrix that connects the voltage magnitude at two particular
locations (location-A and B) [27,28] is applied. The voltage rise and the current injected are
connected with Equation (1).

U(A) = Ztr(A, B) · IPV(B) (1)

where Ztr (A, B) is the transfer impedance from location-B to location-A and IPV(B) is the
current injected at location-B. The impedance is element AB of the transfer impedance matrix.
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The addition of solar PV is aided by a voltage rise on the existing voltage obtained
during periods of low customer consumption and originates in the medium voltage level
called the background voltage. Adding many more units at locations in the distribution
network causes multiple additions to the voltage at the location. The resulting voltage is
estimated using Equation (2).

U(A) = U0(A) + ∑N
B = 1 Ztr(S, T)× {IPV(B)− Icons(B)} (2)

where Icons(B) is the current consumption at location-B, U0(A) is the background voltage
and IPV(B) is current injection due to the solar PV unit at location-B.

A Monte-Carlo simulation is used to obtain the voltage distribution function using
Equation (2), including the uncertainties. The Monte-Carlo simulation generates random
voltage magnitude values for each customer location. The values are used to obtain
probability distribution functions, one function for each customer location. For a cus-
tomer location, the probability distribution is the distribution of the highest voltage at
that location.

3.2. Background Voltage

The background voltage is obtained locally for a customer with zero production
and locally consumed at the customer connection (node). The second term (U0(A)) in
Equation (2) shows the background voltage. The voltage rise is expected with the addition
of solar PV and the lowest consumption, as shown in Equation (2). The rise in voltage will
give the highest voltage that a customer in a distribution network will experience. The
highest voltage is compared with an overvoltage margin (EN50160 or SS-EN50160) and a
planning risk (See Section 4).

3.3. Aleatory and Epistemic Uncertainties

The stochastic approach considers both aleatory and epistemic uncertainties. The
background voltage, customer power consumption and solar PV production are aleatory
uncertainties that are modelled with their probability distribution functions. The model of
the aleatory uncertainties includes.

• The probability distribution function (PDF) for each phase’s lowest consumption
(after-diversity) of a customer is built. The customer consumption used is a uniform
distribution with values between 0 and 250 W [14,29].

• The probability distribution functions of the maximum solar production for a given
size per installation. A range of values from 0.7 to 0.95 of the peak rated accounts for
variations in production.

• The highest background voltage and probability distribution functions are selected
during the ToD and ToY. The distribution represents the worst-case scenario during
the considered ToD and ToY for the distribution network. A uniform distribution
between 238 V and 242 V was used in this study.

The epistemic uncertainties include the number of solar PV customers, size, type,
tilt and tilt direction (Azimuth), and phase connection (if single-phase). Additionally,
included as a particular type of epistemic uncertainty is the planning risk described as an
epistemic PDF (See Section 4). The epistemic uncertainties models applied for the stochastic
approach are:

• There is an equal probability of connecting a single-phase solar PV unit to any three-
phase. In addition, there is a possibility for a customer with a single-phase unit to
connect to any of the three phases.

• There is a possibility of an interval for a distribution network for one customer
with solar PV to the total number of customers with solar PV. The interval range
of the number of customers with solar PV (NPV) is considered from one customer
to 33-customers (40% penetration). The penetration, in this paper, is the maximum
number of customers with solar PV (33) as a percentage of the total number of cus-
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tomers in the study distribution network (83). The national target of 7–14 TWh of
electricity production in Sweden should come from solar PV in 2040. The target is part
of the desire to have a 100% renewable supply in 2040 [30]. The target is a combination
of large-scale and small-distributed (maximum of 43.5 kW for houses) solar PV units. It
translates to a share of 25% for the small distributed solar PV units. A penetration level
of 40% was selected to represent an upper planning aspect by 15% of the translated
national target for Sweden.

• All customers have the same probability of installing solar PV in the distribu-
tion network.

• The peak solar PV size (Maximum) is considered fixed. A 15 kW three-phase solar PV
was used in this paper. The power is injected at a unit power factor.

3.4. Stochastic Approach Flowchart

The flow chart for the stochastic approach applied in this paper to estimate the hosting
capacity and show the impact of the epistemic probability distribution function (PDF) is
shown in Figure 1.
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In Figure 1, the step of distribution network data is obtained from a DSO. The data
collection is based on measurements and how the DSO has built the distribution network.
The distribution network data in Section 3.5 is used as the input for the voltage calculation.
The voltage calculation equation is given by Equation (2). The calculation is done for
the entire network by converting the admittance matrix to the impedance matrix and
then creating the novel transfer impedance matrix [27,28]. The flowchart implementation
was done in MATLAB as a tool for estimating the hosting capacity for the distribution
network (See Section 3.5 for the study distribution network). The implementation can
also be done in other conventional software that DSOs use by building the novel transfer
impedance matrix.

The stochastic approach flow chart is generic for estimating single-phase and three-
phase solar PV hosting capacity. This paper uses three-phase solar PV with a peak of 15 kW
to introduce and explain the epistemic PDF leading to the planning risk (margin) that a
DSO often takes. The hosting capacity is the number of customers that can install solar
PV without violating the overvoltage margin and considering the planning risk applied
when all possible customer locations are considered. Section 4 illustrates the principle
and application of the base planning risk of the 90th percentile (10% planning margin) to
estimate the hosting capacity.

3.5. Study Distribution Network

A three-phase low-voltage distribution network in Northern Sweden with 83-customers
located in a suburban area is used for the study. It is a 500 kVA, 10/0.4 kV, Dyn11 trans-
former with an impedance of 4.9 % that supplies power to the network [14]. The layout of
the study distribution network is shown in Figure 2.
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The data used, whose layout is shown in Figure 2, was obtained from a Swedish
network operator. The customers connected at each cable cabinet denoted by letter B are
shown as 3C, for example. There is a distribution of customers at each cable cabinet from
1-customer (1C) to 6 customers (6C). The study distribution network is the input data for
step number two in Figure 1.
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4. Planning Risk and Epistemic PDF

The stochastic approach to determining the hosting capacity considers uncertainties.
The two types, aleatory and epistemic uncertainties, of uncertainties are considered. The
two uncertainties consider solar PV production and integration into the grid. The hosting
capacity values obtained have different risks associated with them. The planning risk
acknowledges that limited overvoltage (or overload) may occur if solar PV is installed at
the worst conceivable locations.

Epistemic PDF

The epistemic PDF is formulated by first considering a certain “normal consumption”.
A distribution network can have a given amount of solar PV production. The distribution
network should handle the maximum net production due to solar PV. The latter refers to
a high percentile value (99.99%, for example). The expected voltage and currents should
be within limits acceptable in the standards or distribution networks. The latter is one of
the solutions to multiple solutions for a basic planning problem. The power delivered to
the customers should meet acceptable operating limits. The loading during acceptable
operation is often called “dimensioning loading,” and there are well-developed rules for
distribution networks. The dimensioning loading is also known as the “after-diversity
maximum demand”. The after-diversity maximum demand is a high percentile value
contribution of each customer to the annual peak consumption, which is aleatory.

The other uncertainties to consider are epistemic uncertainties. Some of the examples
mentioned before in Section 3 include location, size of PV, number of customers with PV,
single-phase or three-phase PV connection, and trends in growth. The combination makes
the annual peak a stochastic variable with a probability distribution function. The PDF
is not always known, and its details are rarely known also. For the planning purpose, a
kind of assumption needs to be made. It entails that a distribution function is needed. It is
a probability distribution function of the annual peak loading under epistemic uncertain-
ties. The latter is associated with risk due to planning in such a condition (planning risk
of aleatory-epistemic).

The planning risk obtained from the combination of the aleatory and epistemic uncer-
tainties gives rise to an epistemic PDF. The epistemic PDF is assumed to follow a certain
probability distribution, as shown in Figure 3.
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The probability distribution function (PDF) of the assumed annual peak, maximum or
99.9% percentile of the loading under aleatory uncertainties with an element of epistemic
is shown in Figure 3. The latter sentence shows that the maximum or a high percentile is
used to cover the aleatory uncertainties. It is not so in the case of epistemic uncertainties.
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The planning risk taken by the distribution network operator (DSO) is the percentile of
the epistemic PDF shown in Figure 3. The DSO accepts that it can be exceeded during
planning.

The epistemic PDF is a whole distribution of values instead of just one single value for
the annual peak load. The distribution network planner must pick one value. For example,
a 10% planning risk means that the 90th percentile is picked. Once that value is picked, it
reverts to standard planning rules to build the distribution network.

Figure 3 shows four future planning levels with varying planning risks. The levels are
S1, S2, S3 and S4. DSOs should guarantee a reliable supply of power, which must include
any future scenarios. The planning decision is required for which the four planning levels
are needed. The choice of a particular planning risk should balance the costs of investment
and that of exceeding the limits for acceptable power quality. In certain instances, the
political environment, economic incentives and regulations may strongly influence the
choice. The actual choice can also become very political, as a society can carry the risks of a
regulated monopoly.

5. Hosting Capacity (HC) Results

A choice of a limit and indices is needed to evaluate the hosting capacity. Overvoltage
is used in the stochastic approach for this paper. The voltage rise due to solar PV injection
should not exceed 110% of the nominal value. The probability distributions of the voltage
are obtained for each customer in the distribution network. The hosting capacity is obtained
by comparing the limit of the percentile value in the probability distribution. The hosting
capacity varies from one customer to the NPV value (100%). The percentile value, whose
value is obtained in the epistemic PDF, constitutes the planning risk and is explained in
Section 5.1. The 90th percentile is first applied as this paper’s base case for the hosting
capacity. The 90th percentile indicates a planning risk margin of 10%. The DSO is willing
to consider future investment needs in the planning margin.

5.1. HC Estimation Applying 10% Planning risk

The hosting capacity estimation was done for the 90th percentile (10% planning risk).
The results obtained are shown in Figure 4.
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Figure 4. The probability distribution function for the studied distribution network applying the
epistemic PDF with the levels of planning of 10% (Margin above the black dotted line) for 90th
percentile values for the customers.

The values along the 90th percentile line in Figure 4 are obtained. They are shown in
Figure 5. The values are compared with the 110% overvoltage limit.
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Figure 5. The 90th percentile values for the customers’ voltages in Figure 4 are applied to obtain the
hosting capacity for the distribution network.

In Figure 5, the number of customers with voltage values obtained from Figure 4 that
do not exceed the 110% gives the allowable number of customers (hosting capacity). The
hosting capacity is 26-customers out of the 33-customers (79%). The hosting capacity value
was obtained at the 90th percentile, which is a 10% planning risk for a DSO. The DSO may
take stricter or less strict planning risks in its planning or hosting capacity estimation. They
will impact the number of customers allowable to connect solar PV. The cases for stricter
and less strict planning risks were obtained and are shown in Sections 5.2 and 5.3.

5.2. Stricter Planning risks

The stricter planning risks were applied to obtain hosting capacity. The HC was
estimated for the 99th,96th, 93rd and 90th (base case) percentile values. The interpretation
is planning risk margins of 1%, 4%, 7% and 10% (base case). The results obtained are shown
in Figure 6.
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The results in Figure 6 show a downward trend in the hosting capacities. A decrease
in the planning risk margin from 10% to 7% shows a corresponding decrease in hosting
capacity by 8%. There is a similar decrease in hosting capacity with a stricter planning risk
margin from 10% to 4% and 1%, as shown in Figure 6. The change in planning risk margin
from 10% to 1% (stricter planning) corresponds to a 31% decrease in the hosting capacity
for the studied distribution network. Fewer customers can connect solar PV units when a
DSO has strict planning risk.

The other option is for the DSO to be less strict. The studies were done for less strict
planning risk margin examples that a DSO can opt to select for hosting capacity estimation.
The results are shown in Section 5.3.

5.3. Less Strict Planning Risk

The less strict planning risks were applied to obtain hosting capacity. The HC was
estimated for the 60th, 70th, 80th and 90th (base case) percentile values. The interpretation
of the percentiles is the planning risk margins of 40%, 30%, 20% and 10% (base case). The
results obtained are shown in Figure 7.
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The increase in the planning risk margin from 10% to 20%, which is being less strict,
cause an increase in the hosting capacity by 15%. More customers in the distribution
network can connect solar PV units. A further increase in the planning risk margin from
10% to 30% and 40% enables all considered customers (33) to be allowed to connect their
solar PV units. The number of customers allowed to connect their solar PV units increased
with an increase in the planning risk margin, as observed in Figure 7.

6. Discussion

The hosting capacity calculations in this paper have considered the planning risk
margin. DSOs consider higher levels of planning risk and stricter margins. DSO’s account
for the risk of overvoltage or overloading in their distribution network planning. The actual
value taken is not known.

In the base case, the 90th percentile was considered, and the interval range of one
customer with solar PV to 33-customers. In this case, 79% of the customers would not
exceed the overvoltage margins. The planning risk margin accepts that an overvoltage
may still occur if solar PV is installed at certain locations that are electrically weak. In the
initial case, 10% is shown as the tolerance for the latter overvoltage at those locations in
distribution networks.

The assessment of the two levels of decision, which are strict and less strict planning
risk margins, showed several aspects of the hosting capacity. When there is an overvoltage,
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mitigation measures are needed to reduce the risk of exceeding the limit. When stricter
planning risk is considered, mitigation measures are less likely to be needed than less strict
levels. The number of customers allowed due to a particular planning risk margin will lead
to investments for overvoltage mitigations. When a DSO considers a less strict planning
risk margin, more investment for mitigation measures is needed. It is the opposite when a
stricter planning risk margin is taken.

The planning risk margin depends on countries’ laws and regulatory frameworks. In
addition, the tariff settings and structure will also influence the DSO’s choice. The two will
vary from country to country and among utility companies. Choice one of the levels in
Figure 3 (S1, S2, S3 or S4) will influence the cost and investments needed for solar PV in
distribution networks.

The planning risk is often taken in the planning of distribution networks. The decision
taken by DSO’s is a combination of aleatory and epistemic uncertainties. The value of the
planning risk accounts for the combination of the two uncertainties. It is not known by
DSO’s that this value considers the uncertainties and impacts the investment profile that
will be needed in the future. This paper shows that it could be a massive investment to
counter the possibility of overvoltage violations due to solar PV. It could also prevent the
need for it when careful planning is done and the levels selected already consider the future
entry of new consumption (EV) or production (PV). A certain planning risk margin must
be considered.

The planning risk margin obtained from the epistemic PDF explained in Section 4
highlights the complex nature of epistemic uncertainty regarding hosting capacity esti-
mations. Examples include the number of customers that will install solar PV in future,
that customer’s location, solar PV size and the DSO planning risk margin. The epistemic
uncertainties influence the hosting capacity and need to be assessed through different pos-
sibilities with sensitivity analysis. It is because information or data collection may require
an extended period. The possible future trends can be evaluated without the needed data
or information through different scenarios.

The assessment in the paper considered the penetration of solar PV. The planning
risk applies to other sources. It can include electric vehicle (EV) charging in distribution
networks. The concept of EV charging, which falls under new electricity consumption,
presents the risk of undervoltage or overloading cables, lines or transformers. The charging
aspect of EVs has uncertainties associated with the estimation of the hosting capacity. The
planning risk approach in the latter case acknowledges that undervoltage or overloading
can occur in the distribution network under EV charging.

The method has outlined the impact of planning risk margin. The remaining question
is what values DSO’s use. What is the distribution of these values when combined when
the aleatory uncertainties? What does a particular DSO consider among S1, S2, S3 and S4
in Figure 3? What has been used in Figure 3 is an arbitrary distribution function. A step
further in the development of this paper is obtaining the trends among DSO’s globally.
It will give an indication and a possibility to estimate the actual probability distribution
function. Therefore, more data is needed to construct the actual PDF in the industry.

7. Conclusions

The paper has presented a stochastic approach considering the epistemic PDF termed
the planning risk that gives possibilities of what DSO’s use for planning. The approach
considered the aspect of optimal solar PV in a different dimension with acceptable planning
risk. A detailed explanation has been given to show the significance and origin of the
planning risk that DSOs often take.

The study has shown the impact of the planning risk on the hosting capacity esti-
mations. It is concluded that the less strict the planning risk is (flexibility of the DSO),
the more investments will be needed in the future for mitigations to operate below the
limit. Alternatively, the more strict a DSO is with planning risk margin entails that less
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investment will be needed for mitigations in future. The mitigations in both cases will
allow more customers to install solar PV units without exceeding the overvoltage limits.
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