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Abstract

Distributed energy resource (DER), such as rooftop
photovoltaics (PV), provide clean energy to the grid
and have the potential to improve the grid efficiency.
On the other hand, DER left unregulated can cause
over-voltages and dangerous levels of reverse power
flow.  This paper proposes resistive load dumps to
be placed at the low-voltage nodes of distribution
circuits to equitably regulate the voltage and reverse
current. The low-cost resistive devices require limited
knowledge of the distribution system and are operated
using local measurements, which minimizes the overall
cost of the system. The basic profit models developed
in this paper suggest curtailing real power to regulate
voltage with load dumps could be economical. Local
measurement based strategies are introduced to operate
the load dumps, and placement and sizing heuristics
are proposed when there is limited distribution circuit
knowledge. The load dumps are shown to eliminate over
99% of the over-voltages by curtailing only 5% of the
PV generation during a simulated year of operation on
a synthetic distribution circuit model.

Keywords: Distribution Grid, Resistive Load Dump,
Equitable Operation, Distributed Energy Resources

1. Introduction

Climate change and financial incentives are driving
the increase in rooftop photovoltaics (PV) and other
customer owned behind-the-meter (BTM) distributed
energy resources (DER). DER, and in particular rooftop
PV, can cause dangerous over-voltages and excessive
reverse current. To resolve these issues and provide
additional grid support services, a wide variety of
new solutions have been developed to coordinate
and optimize the operation of the BTM devices on
distribution grids Evangelopoulos et al., 2016; H. Sun
et al.,, 2019. Innovative optimization techniques and
intelligent coordination of the devices have been shown
to provide a wide variety of benefits to the grid
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Agiiero et al. (2017), such as demand response Rahimi
and Ipakchi (2010) and Wang et al. (2015), adaptive
protection strategies Barra et al. (2020) and Brahma and
Girgis (2004), and voltage regulation using grid forming
inverters Lasseter et al. (2019) and Unruh et al. (2020),
to name a few. Unfortunately, most of the proposed
solutions are currently infeasible and do not consider
the significant cost to upgrade the system and regulatory
barriers in the way of realizing benefits to the grid.

Building the control and knowledge required to
operate the grid is still a major challenge Morgenstern
et al. (2018), Morgenstern et al. (2022) and can be
a significant cost. Present regulations and customer
participation are also significant barriers for operating
BTM devices that are required for most control schemes.
BTM device operation can also lead to inequitable
operation of devices located in more sensitive and
older parts of the grid. Table 1 summarizes the
requirements and outcomes of different distribution grid
control schemes. Centralized control strategies such as
those presented in Borghetti (2013), Dall’ Anese et al.
(2014), and X. Sun et al. (2021) are the most expensive
option, since they require communication to all the
devices and complete system knowledge. Decentralized
and distributed methods Etemadi et al. (2012) and
Hommelberg et al. (2007), require less communication
and system knowledge and are consequentially less
expensive, but also operate the grid less optimally. Local
control Karagiannopoulos et al. (2019) and passive
operation Abate et al., 2015, do not require any data
transmission but still require adjusting or controlling
BTM devices and could lead to insufficient voltage
regulation.

Eventually, the communication system will be
developed, the distribution dataset will be built, and
regulatory barriers will be overcome to enable operation
of BTM devices. Unfortunately, utilities are already
struggling to operate their distribution circuits with
high PV penetration, and solutions are needed now.
These solutions must require little to no communication,
cannot depend on operating customer-owned devices,
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Control Type | Voltage Regulation | System Cost | System Knowledge | Data Transmission | BTM Control
Centralized Optimal Highest Complete High Yes
Distributed Nearly Optimal High Simplified Hierarchical Yes
Decentralized | Locally Optimal Medium Local Local Yes
Local Sufficient None None None Yes
Passive Insufficient None None None Initial
Low Voltage Sufficient Low None None No
Controllers

Table 1. Distribution Control Strategies.

and should not rely on accurate system knowledge. One
such solution proposed is low voltage controllers Moghe
et al. (2016).

Low voltage controllers add reactive power to a
feeder to regulate the voltage. They do not require
system knowledge for operation, do not require any
data transmission, and are utility owned so they do
not operate BTM devices. Since there is no cost for
data transmission and system knowledge, their system
cost is low compared to the more sophisticated control
schemes. The devices operate on the basic principle
that to keep the voltage the same, the amount of
reactive power injected is proportional to the real power
times the ratio between the resistance and the reactance
Q = fAPg, Tonkoski et al. (2010) and Xu and
Taylor (2008). Since distribution networks have high
R/X ratios Tonkoski and Lopes (2008) an abundance
of reactive power balancing is required to prevent
over-voltages. The primary cost comes from the devices
themselves, which consist of 10, 1 kVAR capacitors. 1
kVAR capacitors are approximately $700 on Grainger,
so these devices are still too expensive to generously
place around a distribution feeder. Nonetheless in a
field experiment they have been shown to improve the
PV penetration of a feeder to from 90% to 120% Asano
(2019).

A cheaper option that has not yet been considered is
resistive load dumps, consisting of purely resistive load
to curtail real power, illustrated in Figure 1. Curtailing
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Figure 1. Load dump block diagram.

real power may initially appear to be unattractive since
utilities would have to pay for the excess electricity.
But, as discussed earlier, the primary cost of regulating
rooftop PV is actually the cost of the system itself.
Curtailing power (or dumping load) is actually a
common practice in power generation; coal plants dump
excess power rather than shut off completely in low
load scenarios to avoid start-up costs. Additionally, load
dumps are commonly used for small wind turbines to
add resistive load when there are high wind speeds and
low power requirements to ensure the turbines are not
damaged. Resistive load dumps would be cheaper than
low voltage reactive controllers since the components
are less expensive for similar sizes ($30-40 for 1 kW of
resistive load) and the devices can be smaller due to 1:1
AP ratio rather than R/X. Maybe most importantly,
resistive load dumps consist of simple components that
lead to reliable operation and easy installation.

Low-cost load dumps owned by utilities would
be equitable in their funding and operation under
the right cost structures, as demonstrated by the cost
models developed in Section 2. The cost models
show that BTM PV can result in a net profit gain for
utilities, so customers purchasing their own rooftop
PV would naturally absorb the cost of the load
dumps, which is feasible since the load dumps are
so inexpensive. Additionally, their operation would
be equitable, since they do not affect customers’ PV
generation or compensation for power fed back to the
grid (i.e., rebate), and should not change the rates of
the customers without PV. Comparably, solutions that
directly control BTM devices could favor operating the
devices in more sensitive parts of the grid and unfairly
reduce rebates.

This paper aims to study under what circumstances
resistive load dumps are effective and profitable.
Therefore the contributions of this paper are:

* Develop a cost model to understand the primary
factors affecting the change in profit due to
installed PV and curtailing power.

e Provide strategies for placement, sizing, and
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operation of distributed load dumps.

e Compare voltage regulation and power
curtailment of different load dump control
schemes on a synthetic distribution circuit model
employing hourly time series data.

The paper is organized as follows. Section 2
introduces the cost model to examine under what
conditions power curtailment with load dumps would be
profitable. Section 3 discusses strategies for placement,
sizing, and operation of the load dumps. Section 4
provides simulated results from a synthetic circuit model
to study the effectiveness of the load dumps. Section
5 summarizes the outcomes discovered from this study
and details future work.

2. Cost Analysis

This section introduces a simple economic model to
understand under what circumstances curtailing excess
power from distributed PV is profitable.

2.1. Profit Model for a Single PV Installation

Power curtailment is required as a result of excess
power fed back to the grid by PV devices. It is therefore
essential to first study the changes in profit from PV
installations before understanding the lost revenue due
to power curtailment. The following section illuminates
the circumstances where utilities can financially benefit
from BTM PV, despite the general perception that PV
instillation signifies a loss in revenue for utilities.

The analysis aims to determine what the change
in profit for a utility will be when a customer with a
monthly load of [, wants to install a PV system. The
original profit Uy, is the revenue generated by the cost
of the electricity purchased by the customer at a rate 7,
subtracted by the cost of the wholesale power purchased
by the utility at rate 7., and factoring in a loss for
delivering the power Y. The neighbors will be partially
supplied by the new PV system so their aggregate load
Iy is factored into the total profit. This profit model
is illustrated in Figure 2 and described by the simple
expression,

\IIOZ(lc+lN)rc_(lc+lN)rth- (D

Note that it is assumed the loss factor T is approximately
the same for the local area. The wholesale cost and
loss factor r, Y is a general supply cost, and could
be replaced by the generation cost when considering an
integrated utility.

When the customer installs the PV system the total
profit changes, ¥,,. For simplicity, assume that the
customer with PV has a net-metering rate r,, (lower

Grid

Figure 2. Cost model prior to the installation of
PV by customer 1.

than the original rate r.), there is a monthly subscription
cost s, for additional grid support, and the customers
load [ does not change. The PV system generates g,,
per month, and the excess power that does not get used
by the customer, gpy, ez, is sold back to the grid. The
power the customer will need to purchase from the grid
for the month is I, 4. The customer’s load is then
described as the load drawn from the grid, plus the total
PV power generated, minus the excess power sold back
to the grid, such that,

lc = lc7gr + 9pv — Gpv,ex - (2)

The profit from the customer with PV is the
subscription cost plus the additional grid power required
by the customer, minus the cost of excess power
purchased and the cost of supplying the customer with
grid power,

\ijval = Spv + lc,gr Tpv = Gpv,ex Tpv — lc,gT Twh T (3)

= Spu +(lc,gr - gpv,ex) Tpy — lc,g'r Twn L. (4)

Additionally, the profit of the neighbors W, is
adjusted to account for being supplied partially by the
excess power generate by the PV,

\ijvaN = ZN Te *(ZN - gpv,em) Twh T. (5)

Note that the cost of buying the excess generation
from the PV system is not included in the neighbors’
profit since it was already purchased from the original
customer. This scenario is illustrated in Figure 3 and the
total profit is determined as,

Uiy = Ypov +Vhy,n (6)
= Spo +(le,gr — Gpuv,ex) Tpo — le,gr Twn T
+Inre —(IN — gpv,ex) Twn T @)
= Spo + In Te +(le,gr — Gpv,ex) Tpo
— (IN — gpv,ex +leygr) Tun Y. ®)
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Figure 3. Cost model with PV installed by
customer 1.

Therefore the difference in profit AW when the
customer installs a PV system is,
AV =T, - )
Spv + lN Tec +(lc,g'r - gp'u,ez) Tpo
- (lN — Gpv,ex + lc,gr) Twh T
—((le+in)re=(le+In) run 1) (10)
= 5pv+rp'u lc+gpu Twh’r_gpv Tpv,s (11)

which is realized after simplifying and making use of
(2). What is observed from (11) is the difference in
cost is the additional subscription fee s,,, the cost
of the customers load at the net-metering rate 7, I,
the losses recovered due to using local generation
Twh 1 gpy, minus the cost of the power generated by
the new PV system g, 7,. Intuitively these results
makes sense. Ultilities have the most to gain when the
customer is a larger load /. and the losses of supplying
the customer are high compared to the net metering rate
Gpu(Twn T — 7Tpy). Somewhat counter-intuitively, these
results suggest that a distributed PV system can provide
a net increase in profit to the utility.

2.2. Profit Model Including Voltage
Regulation Cost

The model introduced in the previous subsection
describes a single PV installation, but does not account
for the additional cost of voltage regulation C,,- required
to regulate many distributed PV systems. Therefore the
total change in profit for a system AW, with many PV
installations is,

AV = (Z A\I/Z) — Cyy . (12)

Generally, the voltage regulation cost may be broken
down into two distinct pieces, the cost of curtailed
(or lost) power g..,+ and the cost of the system to

regulate the voltage Cs,s. Considering that the voltage
would need to be regulated during high PV generation
scenarios, the curtailed power would be purchased at the
net-metering rate so that the total voltage regulation cost
is,

Cvr = Tpo Z Jeurt +Csys- (13)

Most work focuses on minimizing only the first
part of the cost by curtailing the least amount of
power. Realistically, the voltage regulation cost is
likely dominated by the cost of the system since the
curtailment would occur sparingly.

2.3. Conditions for Profitable Curtailment

Curtailing real power seems like wasting revenue,
but is necessary to reduce the voltage and avoid
dangerous circuit conditions during high PV and low
load instances. Ideally, power curtailment occurs
sparingly, and realized by load dumps could prove to be
a profitable voltage regulation strategy. We expand (12)
to define the following inequality for the profit to remain
net positive,

Z Spy + Z Tpo le + ng(rwh T —rpy)

> Z Tpv Geurt +Csys- (14)

To isolate the effect of curtailed power on the profit,
the subscription cost s,,, cost of load consumed by
the PV customer 7, [, and the system cost C,, are
disregarded since they are all constant regardless of
power generated or curtailed. This leaves the following
simplified inequality,

(rwh T - Tpv) Z Gpv > Tpov Z Jeurt (15)

To better understand this inequality, consider that
only a fraction of the generated PV will end up being
curtailed. Most of the time the power will be consumed
by the load on the grid and will not cause voltage
violations. Therefore, the curtailment factor o describes
the fraction of curtailed to generated power,

Z Jeurt
= . 16
S~ dre (16)

Substituting (16) into the right hand side of (15) and
simplifying gets,

o

(rth_Tpu)ngv > Tpuazgpvu (17)
Twn T > Tpy (1 + ). (18)
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Equation (18) determines that (when disregarding
the system cost) the profit is net positive when the cost
of supplying wholesale power r,;, Y is greater than
the net-metering rate adjusted by the curtailment factor.
Therefore, to maximize profit, curtailing power should
be minimized, but can still result in a net positive profit if
the net-metering rate is lower than the wholesale power
cost.

Setting the rates for purchasing and supplying
customers with PV is the key variable to ensure profit
gains. Choosing the optimal rates and subscribtion costs
is utility dependent and must also consider likelihood
of investment from customers. Additionally, too much
PV can cause excess curtailment (as demonstrated in
Section 4.2). Therefore, while optimizing the rates to
balance customer investment, utility profits, and limiting
curtailment is an interesting and difficult problem, it is
outside the scope of this work.

3. Basic Heuristics for Placement, Sizing,
and Operation of Load Dumps

This section introduces simple strategies for
operating, placing, and sizing the resistive load dumps.
The strategies developed in this section do not require
circuit models so that even with limited knowledge
of the distribution system, over-voltages and reverse
current from PV can be significantly reduced or
eliminated. Determining the optimal placement, sizing,
and operation settings with complete knowledge of the
distribution system will be the focus of future work.

3.1. Operation

Turning the load dump on or off is dependent on the
voltage and current thresholds defined by the user. The
low voltage resistive load dump illustrated in Figure 1
assumes access to the node voltage and branch current.
The simplest way to operate the load dump, would be to
switch it on when the load dump voltage V; exceeds
a preset voltage threshold. Ideally the load dumps
operate only when the customer nodes are in danger
of exceeding the 1.05 volt per-unit (vpu) limit. Due to
the resistance in the low-voltage wire, there is a voltage
difference between the load dump and customer node.
Therefore, in reverse current scenarios, the load dump
voltage (LDV) will be less than the customer voltage,
V. > Viq4, so the threshold voltage to switch the load
dump on should be less than the voltage limit.

In an instance where a distribution transformer is
supplying a single customer, the voltage at the customer
node V, can be estimated if the impedance of the wire
is known Z,,;.. and the branch current flowing from
the customer into the transformer is also measured

lGrid .ii
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Figure 4. Spider-web and radial configurations
of low-voltage networks.

Tyranch- The calculated customer voltage could be used
to switch on the load dump, rather than directly using
the LDV. Estimating the resistance is straightforward if
the low-voltage wires rating is known and length can be
approximated. Quite simply, the customer voltage of a
2-node system is determined as,

V:: = ‘/ld + Zwire-[branch' (19)

Generally, a distribution transformer does not supply
a single customer. Sometimes the configuration can
be spider-web like, where each customer is directly
connected to the transformer and supplied off of
their own line. Other times the low voltage mimics
the radial configuration of the distribution network,
where multiple customers are tapped off a single line.
Examples of these configurations are shown in Figure 4.
These configurations would require approximating the
customer voltages, since direct estimation is not
possible.

These configurations would require approximating
the customer voltages, as it is not possible to obtain
a direct calculation. Setting the load dump to activate
when the customer approximated voltage (CAV) was
lower than the 1.05 per-unit volt limit would ensure the
load dump started curtailing power even if the voltage
was under-estimated.

The simulations completed in Section 4 use both the
LDV and the CAV to operate the load dumps. Various
threshold voltages are tested to compare the curtailment
ratio (16) and the record the voltage violations over a
simulated year.

3.2. Placement and Sizing

Placing and sizing the load dumps is dependent on
a variety of variables. Not only will the downstream
load and PV generation affect how much power needs to
be curtailed by each load dump, but also the sensitivity
of the node to the rest of the system. Optimizing
the size of a load dump is also dependent on the
surrounding load dumps, which will likely be turned
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on at the same time since the nearby network will
have similar voltages. Developing optimal strategies
enlisting the use of a system model incorporating load
and generation profiles could guide the development of
a low-knowledge heuristic for sizing the load dumps.
Optimal sizing and placement are intertwined problems
that can leverage development in related work for
sizing PV inverters Chen et al. (2023). Without these
models, simple strategies using traditional techniques
for deciding on distribution circuit upgrades must be
employed to guide the placement and sizing of the
distributed load dumps.

A basic strategy utilities use to upgrade their
distribution transformers is to increase the size of a
low-voltage transformer if the net power rating of
the downstream PV exceeds the transformer’s rated
power, Y P,, > Py, Alternatively, a load dump
could make up the difference between the PV and
transformers size so the reverse power did not exceed
the transformer’s power rating. Specifically, size the
load dump to curtail power P4 so that the the following
inequality is valid,

Jpld > Z ]Dp’u - Pxfm'r~ (20)

This strategy could be a guide for utilities to
progressively install load dumps as more PV is added
to their systems, and is a natural extension to an existing
system upgrade strategy that is currently employed.

For the simulations completed in Section 4, this
placement strategy was not employed. Since the circuit
model was synthetically generated, the transformers
were generously sized for the low-voltage network they
supplied and so only a few transformers would have
required upgrades. Instead, load dumps were placed at
every low-voltage transformer node so their use could
be tracked under different operating parameters. The
results from the experiments will be discussed in further
detail in Section 4, but do reveal a potential heuristic for
sizing and placement.

Based on the experimental results, the load dumps
most frequently switched on were the ones furthest from
the feederhead and had the largest PV systems. Using
the PV size and distance from the feederhead could
provide a heuristic for how utilities should prioritize
placing load dumps. This strategy would vary based on
each feeder, as some feeders are more resilient to PV
than others, even those operated by the same utility.

3.2.1. Load Dump Standard Sizing Optimal
sizing techniques are not traditionally employed for
other distribution circuit assets such as transformers,
reclosers, and fuses. Instead utilities estimate the

required rating and install devices of standard sizes. For
the purposes of this paper we size the load dumps at 3
kW, similarly to central air conditioning systems which
have been a proposed for demand response Katipamula
and Lu (2006). Additionally, 3 kW of 240-volt rated
resistive load can be built using 5, 600 watt, 48-volt
resisitve loads in series for approximately $100 from
online suppliers. In most cases 3 kW might suffice,
but when there is significant amount of downstream
PV the size of the load dumps should be increased.
For the simulations presented in Section 4, if the PV
rating exceeded 60kW the load dumps were sized by
3kW intervals to not exceed 10% of the downstream PV
rating.

4. Simulation Results

This section details the synthetic circuit model used
to test the load dumps, and provides simulated results to
compare the efficacy for different control strategies and
PV penetration levels.

4.1. OpenDSS Circuit Model

A synthetic OpenDSS circuit model from the
NREL’s Smart-DS project was used for all simulations
Krishnan et al. (2017). The specific circuit was
plrhs6_1247-p1rdt2998 from the Bay Area Synthetic
Network, which is shown in Figure 5. The size of
some of the smaller loads were increased and the PV
generating units were added to each load node. The PV
generating units were sized based on the specified PV
penetration for the simulation,

PV size = load kV A x PV penetration.

Additionally, load dumps were placed at all the
low-voltage nodes of the customer transformers, using
the sizing strategy detailed in Section 3.2.1. The circuit
model properties are summarized in Table 2.

Feederhead Voltage | 1.03 vpu
Node Count 1842
Total Loads 344
3-Phase Loads 16

Load Dump Count | 167

Base Load Rating 6059 kVA
Furthest Node 12.557 kM
Largest Load 193 kVA

Table 2. Circuit Model Properties
The model was integrated with hourly time series

data for the load and PV generation. The load shapes
are from NREL’s synthetic dataset Hoke et al. (2012).
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Figure 5. OpenDSS circuit model
plrhs6_1247—p1rdt2998 from the Bay Area
Synthetic network.

The generation profiles are from NREL’s Solar Power
Data for Integration Studies dataset Lew et al. (2013).
The circuit model was very resilient to high levels
of PV penetration, as there were almost no recorded
over-voltages until the PV units were scaled to 1.1 the
size of the rate load. To get a sense of how the PV
penetration affects the circuit, the hourly over-voltages
are shown in Figure 6, without load dump operation.
Very few over-voltages occur at 1.1 PV penetration (76
for the simulated year), and this increases to 20,000
over-voltages at 1.4 PV penetration. The remainder of
this section will compare the curtailment factor (16)
and the resulting over-voltages for the different PV
penetration levels and load dump control strategies.
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= 3004 1.3
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Figure 6. Over-voltage counts for different
levels of PV penetration.

4.2. Load Dump Evaluation

The load dumps are controlled with the 2 different
strategies introduced in Section 3.1. The strategies
use the load dump voltage (LDV) or the customer
approximated voltage (CAV) to operate the load
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Figure 7. Over-voltages when operating load
dumps with LDV and CAV thresholds.

== 1.035 LDV

1.04 LDV
== 1.045 LDV
)
)

)

=
o
157

0.064 =¥ 1.04CAV
= 1049 CAV

0.041

0.02 1

Curtailment Factor (o

0.00 +

1.1 12 1.3 1.4
PV Penetration

Figure 8. Curtailment factors when operating
load dumps with LDV and CAV thresholds.

dumps. Varying threshold voltages are tested for the
different levels of PV penetration. The total recorded
over-voltages for the different operating strategies and
threshold voltages are shown in Figure 7.  The
accompanying curtailment factor recorded from the
simulations is shown in Figure 8. From Figures 7
and 8 it is clear that as PV penetration increases, so
do the over-voltages regardless of operating strategy.
Unsurprisingly, when the load dumps had a lower
threshold voltage, they reduced the over-voltages the
most but also had the highest amount of curtailment.
The load dumps were able to eliminate all but
10 over-voltages using the 1.035 LDV, at 1.2 PV
penetration. Since only 5% of the PV was curtailed,
this suggests that even employing this basic operating
strategy could potentially result in a positive curtailment
profit (18). At higher levels of PV penetration, the load
dumps could not completely eliminate the over-voltages.
This suggests that the load dumps should be able
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to curtail more power for very high PV penetration
scenarios, but better strategies should be developed to
avoid increasing the curtailment factor.

Interestingly, while the CAV and LDV with 1.04 vpu
thresholds resulted in similar levels of over-voltages,
the CAV had a consistently higher curtailment factor.
These results suggest that the load dumps were not sized
large enough to reduce the voltage at their respective
downstream PV units on their own. When working
as a network they were more effective at reducing the
over-voltages and minimizing the curtailment.

Another interesting result of the simulation is that
some load dumps operated much more than others.
Load dumps were more likely to operate when they
were further from the feederhead. The total operating
hours for each load dump with respect to the feederhead
distance is shown in Figure 9, when using the 1.4 PV
penetration and 1.04 CAV. Additionally, the load dumps
with the larger downstream PV were operated more
frequently than others. Though not shown, the larger
customers could record over-voltages even when the
load dump were switched on. To reduce over-voltages
and minimize excessive load dump operations for larger
PV systems, the load dumps could be placed closer
to the customer node leading to less reverse current
through the low-voltage wires. Additionally, larger load
dumps could be operated in steps, rather than an entire
unit, to reduce curtailing power excessively.
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Figure 9. Load dump operating hours, colored
by downstream PV. Results from 1.4 PV
penetration and 1.04 CAV threshold.

Lastly, though not shown in any figures, when the
load dumps were inactive the reverse current through
any transformer never exceeded the rating even for the
highest PV penetration. While this may be a product of
the synthetic model over-sizing customer transformers,
it hints that this would be a bad strategy for placing load
dumps and/or upgrading transformers. Realistically,
though it is theoretically possible for the reverse power
flow to exceed the transformer rating, if the transformer

is not drastically undersized, all downstream customers
have to have nearly no load and maximum PV output,
which is highly unlikely.

5. Discussion and Future Work

This work proposed using low-cost resistive load
dumps to reduce the over-voltages and reverse current
caused by distributed PV. The basic economic models
detail the conditions where real power curtailment with
load dumps could be profitable. A synthetic distribution
circuit was simulated to test the effectiveness of the load
dumps.

Even with limited knowledge and basic control
strategies, load dumps were shown to eliminate more
than 99% of the over-voltages for the synthetic
feeder at 120% PV penetration, while only curtailing
approximately 5% of the total PV generation. The low
equipment cost could make distributed load dumps a
viable economical solution for utilities that are presently
struggling to regulate the distribution voltage. More
load curtailment is required at the end of the feeder, but
since these are utility owned devices this is an equitable
solution. If utilities want to reduce curtailment in less
resilient areas of their system, the cost analysis provides
a measurable incentive to do so.

Future work could gear toward evaluating the
practicality of load dumps by developing a prototype,
gauging utility interest, and eventually launching a
field test. Before implementing a field test, additional
work to optimize the sizing, placement, and control
of distributed load dumps could improve the voltage
regulation, minimize the curtailment, and reduce the
overall cost of the system even further. Though any local
regulation strategy may be nonoptimal, distributed load
dumps could be placed on the grid in the present day to
give utilities time to develop the models, communication
infrastructure, and data processes required to eventually
optimally operate the future grid.
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