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Abstract—Distributed photovoltaic (DPV) hosting capacity is
widely used by distribution system operators to evaluate how
much DPV the distribution networks can accommodate without
violating operational constraints. If the proliferation of DPV
deployment is appropriately managed, it offers an excellent
opportunity to mitigate the energy inequity issue in electric grids.
Hosting capacity improvement plans that neglect energy equity
can exacerbate unequal DPV access. To consider energy equity in
distribution network planning to enhance DPV accommodation,
hosting capacity evaluations should be improved to consider
equity constraints endogenously. This paper proposes a DPV
hosting capacity evaluation method that considers equitable DPV
access among sub-regions of a distribution feeder partitioned
by socioeconomic indicators, such as income level. The results
demonstrate that considering equity in DPV hosting capacity
evaluations can provide a valuable reference in the equitable
energy transition. This work provides guidance for future distri-
bution network upgrade planning for equitable DPV deployment.

Index Terms—Energy equity, Distributed PV, Hosting capacity.

I. INTRODUCTION

Energy inequity has persisted in electric systems for a
long time because the current large-scale electric grid was
mainly built from an economic and engineering perspective
with limited equity consideration [1, 2]. Recent literature has
analyzed socioeconomic indicators of energy burden dispar-
ities among regions of different groups categorized by, for
example, household income, unemployment rate, education
level, and gender [3, 4]. How to mitigate energy inequity
is becoming pressing during the decarbonization transition.
On the one hand, the decreasing levelized cost of energy
of renewable generation and distributed energy resources
(DERs) [5] can lead to reduced electricity bills and thus
reduced energy burdens for households [6]. Therefore, the
decarbonization of the electricity system with DERs offers
a unique opportunity to mitigate energy inequity if DERs
can be equitably accessed [7]. On the other hand, existing
grid planning rarely models energy equity, which can put the
equitable energy transition at risk [8]. Currently, the DPV
deployment disparities of households with different social-
economic backgrounds are primarily because of the DPV
investment cost. With more assistance programs targeting low-
medium income households’ DPV installation and reduced
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cost of DPV, the network deficiencies can become another
barrier to future equitable DPV deployment. For example,
distribution network deficiencies can lead to a lower DER
accommodation capability in low-income groups in California
regions than other income groups, as shown in [9]; therefore,
it is pressing to consider energy equity in DPV deployment.

Hosting capacity is widely used to evaluate the capability
of distribution networks to accommodate DERs, such as dis-
tributed photovoltaics (DPV) [10]. To calculate the DPV host-
ing capacity in a given distribution feeder, multiple scenarios
are considered where the capacity of DPV is increased until the
distribution feeder has voltage or other operational violations.
In the this procedure [10], the uncertain of DPV installation at
customers’ locations is accounted through random deployment
of DPV capacity in the distribution network without con-
sidering the socioeconomic perspective; therefore, currently,
hosting capacity can only account for the randomness of the
DPV deployment and the impact of the grids.

Therefore, the current DPV hosting capacity evaluation
process does not consider the socioeconomic disparities among
distribution feeders subregions. Consequently, this might lead
to unequal distribution network upgrade planning. For exam-
ple, early DPV adoption in the high-income area might lead to
further unequal investment from the grid, such as measurement
and intelligent control capabilities. Ref. [9] first calculated
the distribution feeders’ DPV hosting capacity considering
only the distribution networks’ electric parameters. Then the
different feeders’ hosting capacities were analyzed from the
equity lens, such as the income of different regions. The
results demonstrated that the low-income regions/feeders were
prone to having lower DPV hosting capacities from a purely
engineering/technical perspective. This hosting capacity post-
analysis can expose the inter-feeder inequity issue of DPV
hosting among distribution feeders. However, it ignores the
intra-feeder DPV deployment inequity within the distribution
feeder because the hosting capacity was calculated without
equity consideration within the distribution feeder. More im-
portantly, because current hosting capacity evaluation methods
do not need to evaluate the intra-feeder DPV accommodation
inequity, developing intra-feeder network upgrade plans is not
easily available while considering equitable DPV access.

The disregard of equity in the current DPV hosting capacity
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Fig. 1. Distribution planning considering hosting capacity and equity

evaluation method can exacerbate the energy inequity issue
in distribution network planning. As shown in Fig. 1, the
x-axis represents the hosting capacity level of a distribution
feeder, and the y-axis represents the equity of DPV access.
Note that the example only addresses the benefits of the
potential upgrades to B, C, or D. The costs may differ, and
a complete cost-benefit evaluation is necessary (in addition to
both types of benefits) before identifying the “desired” option.
Assume the current distribution network condition is at Point
A, with a low hosting capacity and equity. The network needs
upgrades to increase its hosting capacity to accommodate more
DPV capacity and improve equity. There are three potential
upgrade options with different investment costs. The first is to
upgrade from Point A to B, which significantly increases the
hosting capacity but exacerbates the inequity gap. The second
is to upgrade the network from Point A to C, increasing the
hosting capacity and equity. The third is to upgrade from Point
A to D, which does not meaningfully increase the hosting
capacity but significantly improves equity. The second plan—
upgrading from Point A to C—is the desired plan if the
investment cost permits. To efficiently achieve this, the equity
should be endogenously considered in the hosting capacity
evaluation to guide the distribution upgrade plan. If the hosting
capacity evaluation does not consider equity, the upgrade plan
to increase hosting capacity might not efficiently improve
equity.

This paper proposes a hosting capacity evaluation method
that endogenously considers intra-feeder DPV hosting equity.
First, we design a DPV hosting equity index (H EI) that can
represent the equity of the DPV hosting capability among
different subregions within a distribution feeder. Then, in
the hosting capacity calculation process, different subregions’
hosting capacities are evaluated in addition to the whole
feeder’s hosting capacity evaluation. This high spatially gran-
ular intra-feeder hosting capacity evaluation provides more
intra-feeder equitable DPV accommodation information. Con-
sequently, the feeder’s final calculated DPV hosting capacity
values explicitly provide DPV hosting equity information.

The main contributions of this paper can be summarized as
follows:

o We first propose a novel DPV hosting equity indicator
(HEI). This indicator represents the most considerable
deviations of DPV hosting capabilities of different socioe-
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Fig. 2. Different socioeconomic indicators in distribution networks, data
sources from [11]. A block group with darker color represents a higher
percentile regarding the corresponding socioeconomic indicators. The figure
is only intended to show the differences schematically.

conomic subregions within a distribution feeder, which
can guide future distribution network upgrades.

¢ The current DPV hosting capacity evaluation framework
is revised to consider the equitable DPV capacity alloca-
tion among different subregions of a socioeconomic indi-
cator. This way, the hosting capacity can be endogenously
calculated while considering equity.

o The bottlenecks in the distribution network that constrain
hosting capacity and equity can be explicitly identified.
It will give system operators more guidance about the
weakest segments in the distribution feeder for equitable
DPV accommodation.

The rest of this paper is organized as follows: Section II
introduces the proposed DPV hosting equity indicator. Section
IIT presents the DPV hosting capacity evaluation procedure
with equity. Section IV performs the case studies. Section V
concludes the paper.

II. ENERGY EQUITY IN HOSTING CAPACITY
A. Socioeconomic Indicators

Many socioeconomic indicators can evaluate energy equity
from different perspectives, such as income level, unemploy-
ment rate, education level, gender, and age [1-4]. For each
socioeconomic indicator, distribution feeders can be parti-
tioned into different subregions, as shown in Fig. 2. The
energy burden was analyzed in previous literature based on
different indicators but hosting capacity evaluation considering
equity was not comprehensively analyzed. If a feeder’s DPV
hosting capacity is not evaluated while considering equity,
the intra-feeder DPV access inequity cannot be well exposed.
Consequently, future distribution network upgrades for DPV
hosting improvement can lead to inequitable results.

B. Equity Metrics

To consider energy equity in DPV deployment within dis-
tribution feeders, the DPV hosting equity indicator (H ET) is
proposed as follows:

HC; = DPV;/Load;, set}

set}}

(1)
2

i € {subregions

HCpow = max{HC;, i€ {subregions
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HCpin = min{HC;, set}t  (3)

i € {subregions

Loo(AHC) = maz{|HC; — HC;|, 1i,j
€ {subregions set}} “)
= HChaz — HCpin
AHC
HEI=1- e %)

where i is the subregion index of one socioeconomic indicator;
HC; is the hosting capacity of subregion i in the distribution
feeder; DPV; is the total DPV capacity installed in subregion
i; Load; is the total active demand capacity in subregion i;
HC,,q, s the maximum hosting capacities of different subre-
gions; HC),;,, is the minimum hosting capacities of different
subregions; in (4), AHC represents the largest difference
of the hosting capacities of the subregions; in (4), L, is
the Chebyshev distance representing the largest distance of
two values; and HET is the proposed DPV hosting equity
indicator. When the values of HC; of different subregions are
close, AHC' is small. A small AHC means a large H E'I and
thus a high DPV hosting equity. Ideally, if all subregions have
the same HC;, AHC will be 0, and HEI will be 1, which
means that the DPV accommodation is very equable among
different subregions. In contrast, if the difference of HC;
among different subregions is large, AHC will be large, and
HET will be smaller than 1. Therefore, this equity indicator,
HEI, can be used to evaluate the equity of DPV hosting in
the distribution network.

The hosting capacity evaluation considering this equity
indicator will be discussed in more detail in the next section.

III. FRAMEWORK OF HOSTING CAPACITY EVALUATION
A. Hosting Capacity Evaluation without Equity Metrics

Hosting capacity measures the maximum accommodation
capability of a distribution feeder for a certain resource, such
as DPV. To consider the actual DPV deployment realities in
a real distribution feeder, such as when and where actual
customers want to install DPV, a typical hosting capacity
estimation is based on a Monte Carlo stochastic approach
[12], [13]. Listing 1 shows such a calculation procedure. Start
with the feeder model and determine the desired number of
Monte Carlo simulations to form an outer loop. This number
is a trade-off between the accuracy of hosting capacity and
computational burden. Next, we form an inner loop to deploy
DPV from 0% to, e.g., 200% penetration. Here, the total DPV
ratings divided by the total peak load of a feeder defines the
penetration level. Then, randomly select the DPV locations at
each penetration level and generate the corresponding DPV
deployment with specific DPV ratings. (Normally, this rating
is somewhat less random; a DPV rating is often decided based
on the loading condition, i.e., net zero energy consumption or
two to three times the peak load.) The next step is to perform
the power flow analysis and record any operational violations.
Examples of operational constraint metrics and thresholds
are shown in Table I [13]. After finishing all the looped

TABLE I
OPERATIONAL CONSTRAINT METRICS FOR HOSTING CAPACITY
CALCULATION

Metric Threshold
Voltage + 5% deviation from the nominal value
Thermal 100% asset loading
Power quality Voltage unbalance 3%, etc.
Protections Coordination, set points (false/missdetection)

calculations, the system’s max and min hosting capacity values
[12] can be determined.

1| Start

2| Prepare feeder models

3| for i= 1 to 10: # No. of Monte Carlo simulations

4 for pen_level in [5, 10, 15, ... , 200]:

5 Generate DPV deployment: randomly select
locations to deploy DPV until

reaching pen_level
Perform grid impact analysis

7 Record operational constraints such as

voltage and thermal violations

8| Post-processing: determine max and min hosting

capacity values

=)}

Listing 1. Typical process for calculating hosting capacity

B. Hosting Capacity Evaluation With Equity Metrics

To consider equity in the hosting capacity evaluation, in-
stead of generating DPV deployment scenarios across the
whole distribution feeder, we first partition the feeder into
subregions based on socioeconomic indicators. Then we sep-
arately evaluate each subregion’s hosting capacity by allocat-
ing DPV within each subregion. After obtaining the hosting
capacity for each subregion, (5) calculates an HEI for the
feeder. A comprehensive cost-benefit analysis related to HEI
can determine the sensitivities of HEI and the investment cost.
If the value of HEI is small, the equity of the DPV access
is lower than the given level. The distribution operators is
recommended to enhance the feeder to improve equitable DPV
access and plan appropriate distribution feeder and sub-region
enhancements. We check whether the value of HEI is satisfied
after obtaining all the subregions’ hosting capacities. Thus, we
revise Listing 1 to Listing 2.

—_

Start

Prepare feeder models

3| for i= 1 to 10: \# No.

simulations

for pen_level in [5, 10, 15, ... , 200]:
for subregion in subregion set of one

social-economic indicator:
6 Generate DPV deployment: randomly

select locations in a specific
subregion to deploy DPV until
reaching pen_level

NS}

of Monte-Carlo

[V N

7 Perform grid impact analysis

8 Record operational constraints such
as voltage and thermal
violations

9| Post-processing: determine max and min hosting
capacity values

Listing 2. Process for calculating hosting capacity with equity
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Fig. 3. (a) Feeder topology on top of a geographic information system
map. ©OpenStreetMap. (b) Low-income heat map from EJScreen. The colors
indicate the low-income percentile; Table II explains detailed information.
Note that the data are slightly modified in the table for clear presentation,
data sources from [11]. (c) Feeder topology (produced from OpenDSS) with
partitioned regions. The thickness of the blue line indicates the magnitude of
power flowing through the lines.

For each distribution feeder, first, the feeder’s overall DPV
hosting capacity is evaluated via the procedure shown in
Listing 1. Then, the procedure in Listing 2 evaluates the
hosting capacities of each subregion. Next, (5) calculates the
DPV HEI of the feeder.

IV. CASE STUDIES

This section illustrates the impacts of equity constraints on
hosting capacity evaluations. An example feeder near San Jose,
SFO, is chosen from the SMART-DS data set [14]. Table II
shows the feeder statistics. The corresponding socioeconomic
data are from EJScreen [11]. In this study, we chose income as
the indicator for the socioeconomic analysis. Other indicators
can be chosen for the equity analysis as well.

A. Hosting Capacity Evaluation of Distribution Feeder

Fig. 3 shows the distribution feeder’s topology; the lines’
thickness indicates the magnitude of the power flows. Based
on Listing 1, with ten random DPV deployments within this
feeder, the calculated min and max hosting capacities of the
whole feeder are 5% and 25%, respectively. These results
lack resolution for the sub-regions. The system operator will
not know the distribution of the DPV deployment within the
feeder. Consequently, this feeder’s hosting capacity results do
not demonstrate the DPV access equity within the feeder. In
other words, this hosting capacity evaluation does not provide
information to identify the bottleneck of increasing the DPV
penetration and equity levels.

4

TABLE II
STATISTICS OF THE DISTRIBUTION FEEDER

Subregion No. of Load Low- Low-
customers (MW) income income
percent- percentile
age
0 506 9.6 57 86
1 34 1.5 41 70
2 44 1.06 73 95
Overall feeder 584 12.16 / /
TABLE III
MIN AND MAX HOSTING CAPACITY CALCULATION RESULTS
Subregion Min HC (%) Max HC (%) Ave HC (%)
0 0 20 11
1 35 80 66
2 0 90 27
Whole feeder 5 25 13
HEI 0 0.222 0.167

B. Hosting Capacity Evaluation of Subregions With Income
Indicator

As shown in Fig. 3, the feeder is partitioned into three
subregions based on each region’s population’s low-income
percentile, where each region or block group is defined by
Census Bureau that usually has in the range of 600-3000
people living in it.! The low-income group is defined as the
percentage of a block group’s population in households where
the household income is less than or equal to twice the federal
“poverty level.” Here, in EJscreen, the percentile value shows
the rank ordering of people compared to others nationally.
For example, a region with a low income of 57 percent and
86th percentile indicates that in this group, 57% of households
belong to the low-income group, and this percentage value is
equal to or higher than where 86% of the U.S. population
lives. As shown in Table II, in this partition, Subregion 1 has
the highest income level, Subregion 2 has the lowest income
level, and Subregion 0 has the medium income level. Based on
Listing 2, Table III shows the calculated min and max hosting
capacities for the three subregions.

The subregion results show more granular hosting capacity
results. Table III shows that low-income subregions have
lower DPV accommodation capability in this feeder. The
minimum hosting capacity in Subregion 0 and Subregion 2
is 0, whereas the minimum DPV hosting capacity of the high-
income Subregion 1 is 35%. In the low-income Subregion 0,
the highest hosting capacity is 20%, which is lower than the
whole feeder’s highest hosting capacity. In the high-income
Subregion 1, the lowest DPV hosting capacity is 35%, much
higher than the whole feeder’s minimum hosting capacity of
5%.

The DPV hosting equity indicator (H ET) is calculated and
shown in Table III. The minimum, average, and maximum
HEI are 0, 0.167, and 0.222, respectively. As mentioned in
previous subsections, the higher H E] represents a more eq-

Uhttps://www.epa.gov/ejscreen/overview-socioeconomic-indicators-ejscreen
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uitable DPV accommodation within the feeder. In this feeder,
even the maximum H EI is near 0.222, which is not high.
Therefore, the distribution feeder enhancement plan for equity
improvement might need to be designed accordingly. Table
IIT demonstrates that if the distribution operator is planning
to improve the DPV hosting capacity and the DPV equity
access within the feeder, sub-regions 0 and 2 might need to be
prioritized but also considering the overall investment budget
limits. This is also resonant with the definition of equity,
which refers to providing varying levels of support—based on
specific needs—to achieve greater fairness of treatment and
outcomes.?

V. CONCLUSION

This paper proposes a DPV hosting capacity evaluation
model considering equity. We first propose A DPV hosting
equity indicator (HH E'T) to evaluate the DPV access equity of
different subregions based on socioeconomic indicators, such
as income level, across the distribution network. The HET
is explicitly considered in the previous engineering-centered
hosting capacity evaluation process. The simulation results
demonstrate that equity is necessary for the obtained hosting
capacity to demonstrate the equity information of DPV accom-
modation within the distribution feeder. The proposed hosting
capacity evaluation model obtains more granular geographic
information about subregions’ DPV hosting capacity. The
proposed hosting capacity evaluation method with equity can
provide valuable information about the distribution network
reinforcement to improve DER accommodation equity. Future
work includes cost-benefit analysis considering equitable host-
ing capacity evaluation and grid upgrades.
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