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Abstract—Conservation voltage reduction (CVR) is widely
adopted by utilities for peak demand reduction and energy sav-
ings through reducing the voltage level of the electrical distribution
system. This paper presents an in-depth review on implementing
and assessing CVR. The methodologies to quantify CVR effects
are categorized into comparison-based, regression-based, syn-
thesis-based and simulation-based methods. The implementation
strategies for voltage reduction are classified into open-loop
and closed-loop methods. The impacts of emerging smart-grid
technologies on CVR are also discussed. The paper can provide
researchers and utility engineers with further insights into the
state of the art, technical barriers and future research directions
of CVR technologies.

Index Terms—Conservation voltage reduction (CVR), demand
reduction, distribution system, energy saving.

I. INTRODUCTION

ONSERVATION voltage reduction (CVR) is an estab-

lished idea and one of the most cost-effective ways to
save energy. By lowering voltages on the distribution system in
a controlled manner, CVR can reduce peak demand, losses and
achieve more energy savings while keeping the lowest customer
utilization voltage consistent with levels determined by regula-
tory agencies and standards-setting organizations [1], [2]. Con-
siderable CVR tests were performed in the 1980s and 1990s, and
achieved significant peak demand or energy reduction. More ef-
forts have been made in the industry and academia in CVR re-
cently, which is particularly influenced by the increasingly strin-
gent requirements for energy saving and environmental protec-
tion as well as accommodating emerging smart monitoring and
control technologies in distribution systems.
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The earliest reported CVR test was performed by American
Electric Power System (AEP) in 1973 [3]. After that, many util-
ities such as Southern California Edison (SCE) [4], Northeast
Utilities (NU) [5], Bonneville Power Administration (BPA) [6],
BC Hydro [7], Northwest Energy Efficiency Alliance (NEEA)
[8], Hydro Quebec (HQ) [9], and Dominion Virginia Power [10]
conducted their CVR tests and obtained significant outcomes
of energy savings associated with voltage reduction, usually
ranging from 0.3% to 1% load reduction per 1% voltage re-
duction. Recent studies show that deployment of CVR on all
distribution feeders of the United States could provide a 3.04%
reduction in the annual national energy consumption [11]. CVR
was also widely tested in other countries, such as Australia [12]
and Ireland [13]. It was found that 2.5% voltage reduction re-
sulted in 1% energy savings on residential circuits in Australia.
Applying CVR to circuits in Ireland could achieve 1.7% energy
reductions.

Besides the above successful experiences, there still exists
skepticism on CVR performance and its potential negative ef-
fects on system reliability and power quality [14]-[16]. More-
over, in some European countries, distribution systems are oper-
ated at the upper voltage limit levels due to the lack of incentives
to reduce load consumption and concerns on possible increase
of system losses (which may not be true for certain types of
loads as discussed in detail in the following section). However,
increasing interests on CVR can be found in some European
countries. For example, the Electricity North West Limited in
the United Kingdom, has launched a demand response project
with CVR trials on 60 substations with the purpose to manage
electricity consumption through voltage reduction [17].

The technical barriers related to CVR can be summarized into
three aspects: 1) coordination of different Voltage/Var devices
to reduce voltage in a reliable and optimal way; 2) assessment
and verification of CVR effects; 3) coordination between CVR
and distributed generation (DG). Although there are many pub-
lications introducing CVR field experiences and assessing its ef-
fects, to the authors’ best knowledge, a comprehensive literature
survey on CVR is widely desired. The purpose of this paper is to
show the latest development of field experiences and research
in performing voltage reduction, quantifying CVR effects and
analyzing impacts of smart grid technologies on CVR.

The remainder of this paper is organized as follows. Section 11
introduces the basic concepts of CVR and investigates electrical
components’ reaction to CVR. Assessment of CVR effects is
reviewed and compared in Section III. Section IV discusses ex-
isting techniques to reduce voltage. Section V analyzes the im-
pacts of DGs on CVR. Section VI recommends some directions
for future work.
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Fig. 1. (left) Peak demand reduction and (right) 24-hr energy reduction.

II. CONCEPTS OF CVR

A. Definition of CVR

American National Standards Institute (ANSI) Standard
C84.1 [18] sets the range for voltages at the distribution trans-
former secondary terminals at 120 Volts ==5% or between 114
Volts and 126 Volts. CVR works on the principle that the ac-
ceptable voltage band can be easily and inexpensively operated
in the lower half (114-120 Volts), without causing any harm
to consumer appliances [19]. CVR effects can be evaluated by
the conservation voltage regulation factor (C'V R), which is
defined as follows:

AE%

VI = Xy

1)
where AE% is the percentage of energy reduction and AV % is
the percent voltage reduction.

There are two ways to perform CVR: short-term demand re-
duction and long-term energy reduction, as shown in Fig. 1. The
left plot of Fig. 1 shows the short-term CVR, voltage reduction
is applied during peak hours (T%) to reduce peak demand. In
long-term energy reduction, as shown in the right plot of Fig. 1,
the voltage is reduced permanently to save energy. The peak de-
mand and energy reduction are compared in several papers [3],
[20], [21]. It is found that CVR is effective in both energy and
demand saving, but the effects of reduction are different.

B. Electrical Equipments and CVR Effects

Transformers are a critical and widely deployed electrical
equipment in power systems. Applying CVR can reduce the
core losses including eddy current losses and hysteresis losses
of the transformer [15], [22]-[24]. As far as transmission line
losses are concerned, while the line current may increase when
voltage is reduced for constant-power loads, thus resulting in the
increase of line losses, this is not true for constant-impedance
and constant-current loads. According to studies in [15], CVR
can reduce the net system losses when transformer losses are
taken into account, and line losses only increase slightly (typi-
cally less than 0.1 percent). Therefore, there are obvious energy
savings on the utility side of meter.

Benefits of CVR are also linked to the voltage sensitivity of
the loads, i.e., the CVR factor will increase when the voltage
dependence of the load changes from a constant power type
to a constant impedance type. EPRI [14], [25] measured the
power consumption of electric appliances by varying the ser-
vice voltage so as to quantify the energy consumption of electric
load components as a function of supply voltage. For open-loop
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loads, there is no control mechanism that would change the
operation of the load to correct or compensate for the reduc-
tion of the input voltage, while this control mechanism exists
in closed-loop loads. Typical open-loop loads include lighting
loads (e.g., incandescent lamps, fluorescent lamps and high in-
tensity discharge lamps) and unregulated motors (e.g., ventila-
tion motors). Both incandescent lamps and fluorescent lamps
tend to absorb less energy at a reduced supply voltage. An-
other beneficial side effect is that the recued temperature can
increase the life of the lamp [11], [14], [23]. For high inten-
sity discharge lamps, reduced voltage may lead to decreased life
[14]. The change of energy consumption of unregulated motors
with CVR depends on many factors such as motor type, size,
load and speed. If a motor is operating at less than full load
(which is usually the case), CVR can reduce its losses and in-
crease efficiency [16], [23]. Typical closed-loop loads include
motor drives, loads with thermal cycles (such as electric water
heaters) and regulated constant power loads (such as furnaces).
No energy reduction effects are found for this kind of loads [11],
[14]. The study in [23] claimed that a small amount reduction of
isolation transformer losses and switching losses may be found
in loads with modern electronics.

C. CVR Benefits

Consumers can benefit from the reduced energy consumption
from CVR. However, the utilities may lose revenues, which
is a common problem for many demand-response programs
[15]. The CVR benefits for utilities can be summarized as:
peak loading relief of distribution network; net loss reduction
considering both the transformers and distribution lines; poten-
tial incentives and requirements from regulatory bodies (e.g.,
California Public Utilities Commission encouraged utilities to
implement CVR, Northwest Power and Conservation Council
performed extended research on CVR incentives [15]); in-
creasing social welfare such as fuel consumption and emission
reduction. Moreover, CVR can be combined with system
improvements (such as adding capacitors, load and phase
balancing) to achieve optimal Voltage/Var control, which is the
future trend of distribution efficiency programs and discussed
in Section IV.

III. ASSESSMENT OF CVR EFFECTS

Assessing the performance of CVR on feeder circuits has al-
ways been a critical issue in deciding its implementation, se-
lecting target feeders to apply voltage reduction and performing
cost/benefit analyses. The load consumption without voltage re-
duction during the CVR period cannot be measured and pro-
vide a benchmark for comparison. How to quantify a credible
estimated energy-saving effect is the driving force for research
and implementation of CVR. Skepticism regarding the effect
of CVR remains a barrier to its acceptance. The major chal-
lenge to quantify CVR effects is to distinguish the changes in
load and energy consumption due to voltage reduction from
other impact factors. The methodologies for assessing CVR ef-
fects can be classified into four categories: comparison-based,
regression-based, synthesis-based and simulation-based. There
are also papers that combine two of these methods to analyze
CVR effects. This section reviews and compares the existing
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methodologies. The impact factors for CVR effects are also
discussed.

A. Comparison-Based Methods

There are two basic comparison methods for measuring CVR
effects. The first one is to select two similar feeders in the same
performance period. In other words, the two feeders have sim-
ilar configurations, topologies, load conditions, load mix and
are close in location. Voltage reduction is applied to one feeder
(treatment group), while normal voltage is applied to the other
feeder at the same time (control group). The second way is to
perform a CVR test on a feeder (treatment group) and apply
normal voltage to the same feeder but during another time pe-
riod with similar weather conditions (control group). The CVR
effects can then be calculated based on the measurements from
the two tests. The problems with the basic comparison methods
are that load changes due to factors other than voltage reduc-
tion, such as weather differences and measurement noises are
included in the calculation, which can blur the small CVR effect.

In [26], the averages of data on test and non-test days are used
for comparison to analyze CVR test results of Detroit Edison.
Power consumptions of low-voltage days and high-voltage days
in a season were averaged, and then the averaged data were
compared to calculate the CVR factor. In [27], the CVR tests
were employed on each circuit of Snohomish County Public
Utility District (Snohomish PUD) on an alternating 24-h cycle
of normal voltage and reduced voltage. Their tests started in the
early winter when it tended to be colder. To offset the impact of
temperature, they paired a test day with a colder non-test day and
a warmer non-test day, respectively. Then a weighted average
of the two was computed to obtain the CVR factor.

The comparison-based methodology is the most straightfor-
ward to calculate the CVR factor. However, there are some
shortcomings: 1) a good control group may not exist; 2) the
noises such as weather impacts are not very well considered and
simple averages may not be sufficient to cancel noises; 3) after
averaging the data, it is not possible to obtain the CVR factor
for a particular time on a particular test day, which loses the
time-dependant nature of the CVR factor.

B. Regression-Based Methods

In regression-based methods, loads are modeled as a function
of their impact factors. In [15], [16], and [28], loads are modeled
as a function of temperature. Models for the normal-voltage load
process are identified using linear regression, and their outputs
are compared with the measured reduced-voltage load to calcu-
late the CVR factor. The overall procedure can be summarized
as follows [15]:

Step 1) Model parameters estimation

L =001+ 51Tl =T+ 52Ty 1 - T+ (2)

where L and T are training data for the model, L
represents the vector of measured normal-voltage
load data, T, is the heating reference temperature,
Ty is the cooling reference temperature (e.g., in
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[15], T¢, and T, are set to be 60F and 70F, respec-
tively), T is the vector of recorded ambient tempera-
ture, the resolution of L and T depends on measure-
ment devices and user preferences (e.g., the resolu-
tion is 15 min in [15]), 8o, 51 and 32 are parameters
that need to be calculated using linear regression, &
represents the errors.

Step 2) Parameter estimation: The parameters g, 1 and O
can be estimated by minimizing the errors. For ex-
ample, if an ordinary least squares method is used,
the parameters can be calculated as follows:

B =(X"X) 'X"L

X:[l Tl —T Ty 1 —T] 3)
where ,3 = [Bg G BQ]T represents the estimated
parameters.

Step 3) Calculation of load consumption without CVR: With
a new vector of temperature T* on test days, the
load consumption without CVR on those days can
be calculated as follows:

Li = ol + [Tl — T + Bo[Ty1 — T7] 4)

where L is the estimated load if CVR is not imple-
mented.

Step 4) CVR factor calculation: With the measured load on
test days with CVR on, denoted as L7, and the L§
calculated in (4) from Step 3, we can calculate the
CVR factor as follows:

AL%
CVR; = —_
= AV%
L: —L*
AL% = =21 x 100%. (5)

0

The most established regression-based method-
ology is “Protocol #1 for automated CVR” [15],
[16], [28].

References [20] and [21] assume a linear model for the load
with a linear dependence on voltage, temperature as well as
other factors. Multivariate regression is used to detect sensitivi-
ties of load to its impact factors. Such a model can be formulated
using the following equation:

L=oyl+a 1T+ AV +¢ (6)

where AV represents the measured depth of voltage reduc-
tion, at the substation transformer, ¢« is the basic load com-
ponent, a1 is the load-to-temperature (LTT) dependence, s is
the load-to-voltage (LTV) dependence, € represents the errors.
The estimated parameter o can be used to calculate the CVR
factor.

The nature of the multivariate method is to identify LTV.
Besides using temperature as a regression variable, load con-
sumption of a “reference feeder” or “reference day” can also be
used to formulate the multivariate model. References [7] and
[8] used the multivariate model to obtain LTV and calculate the
CVR factor. Markushevich et al. [29] improved the above LTV
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method. The calculated LTV was input into a power flow pro-
gram to verify its accuracy.

Other impact factors can also be included in a multivariate
regression model. For example, [21] analyzed the data from
California Public Utilities Commission (CPUC) using a mul-
tivariate regression model including voltage, temperature, day
of the week, month and other impact factors. Only the resulting
coefficient for voltage change was used in calculating the CVR
factor. Preiss and Warnock [3], [20] used the regression method
to analyze CVR tests in AEP. They applied regression to find
the LTT dependence to remove the masking effect of tempera-
ture and obtained new energy consumption data. Then, a base
case was established on the non-reduction days for CVR factor
calculation.

As the regression methods are based on linear regression
models that decompose the load, usually into basic and weather
dependent components, they are widely used to assess CVR
effects because some physical interpretations may be attached
to model components, allowing utilities to understand the
model behavior. The regression models can also be used to
forecast the CVR factors. However, since the CVR effects are
usually a few percent of energy reduction, it may fall within
the error bound of the regression models. It is necessary to
distinguish CVR effects from the estimation errors. Moreover,
the regression methods are heavily dependent on the accuracy
of regression models. Models used by most papers are basically
linear, but the load series they try to explain are known to
be distinctly nonlinear functions of the exogenous variables.
Recent developments of nonlinear regression methods such as
artificial neural network (ANN) and support vector regression
(SVR) provide an opportunity to approximate the nonlinear
behaviors of load [30]-[33]. Impact factors of loads such as
weather information and historic load can be used as inputs
to train these nonlinear regression models. There are a large
number of papers using ANN and SVR to forecast load, how-
ever, only a few of them applied these methods to analyze CVR
effects [34]. ANN and SVR may have better estimation results
of CVR effects than linear regression based methods.

C. Synthesis-Based Methods

Synthesis-based methods aggregate LTV behaviors to esti-
mate the CVR effects of a circuit. There are two ways to perform
the aggregation: synthesis from load components and synthesis
from customer classes. In the component-based synthesis, the
energy consumption of major appliance loads is modeled as a
function of voltage, which is identified through laboratory tests.
The load shares of each appliance are obtained through surveys.
The total energy consumption at the circuit level can be com-
puted as

E (V)= ZEZ-(V)SZ- @)

where F,; (V') represents the energy consumption of appliance #
at voltage V, S; is the load share of appliance . Energy saving
effects can be estimated by applying reduced and normal volt-
ages to (5).

Chen et al. [35], [36] investigated the relationship between
energy consumption and voltage of major appliances and pro-
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TABLE I
CVR FACTORS OF DIFFERENT CUSTOMER CLASSES
References Residential Commercial Industrial
California [40] 0.76 0.99 0.41
BPA [38] 0.77 0.99 0.41
AEP [3] 0.61 0.89 0.35
CPUC [21] 1.14 0.26 N/A
SCE [4] 1.30 1.20 0.50
Snohomish [27] 0.33-0.68 0.89-1.10 N/A
HQ [9] 0.06-0.67 0.80-0.97 0.10
NEEA [8] 0.63 0.37 N/A
Detroit [26] 0.96-1.11 0.75-0.80 0.50-0.83

vided a preliminary overview on estimating aggregated energy
consumption using assumed load compositions.

Types of customers can be classified into residential (R), com-
mercial (C), and industrial (I). Different classes of customers
have different percentages of appliance load composition. CVR
effects are closely related to classes of customers on the feeder.
Table I summarizes published results of CVR factors of each
customer class. Although the quantitative CVR effects of each
customer type may vary, there is a basic conclusion that, com-
pared with industrial loads, reducing voltage could reduce more
energy consumption for composite residential and commercial
customers since they have larger voltage sensitivities [37]. The
circuit-level CVR factor can be estimated as a linear combina-
tion of CVR factors and load shares of each customer class:

CVR = RCVERr+ CCVRc + ICVER; ®)

where R, C, and I represent the load share of residential, com-
mercial, and industrial customers, respectively. CV Rg, CV R,.,
and C'V R represent the CVR factor of residential, commercial,
and industrial customers, respectively.

Kirshner [1] and Steese [38], [39] applied both of the two
synthesis methods to quantify CVR effects at BPA. They found
that the first method, in which energy savings were synthe-
sized from equipment-level performance, produced estimates
that were 35% lower than those from the customer-class level of
the second method. Reference [2] found the following formula
could be used to estimate CVR effects:

CVR; = 0.7+ 0.5 x Npsc )

where Npsc is a percentage of residential and small business
customers on a feeder. Thus, C'V Ry varies between 0.7% and
1.2% as Nrge varies between 0 and 1.

Synthesis-based methods can be used to obtain a quick es-
timation of CVR effects before its implementation. The basic
assumptions of synthesis methods are that all of the appliances
behave as they did during the lab test and the load composition
information is correct. However, it is difficult to collect accu-
rate load share information as well as the LTV response of every
existing electric appliance. Thus, the results obtained from syn-
thesis methods should be used with caution.

D. Simulation-Based Methods

Simulation methods are based on system modeling and power
flow calculation. This method simulates what the load consump-
tion would be if there is no CVR. Fig. 2 shows the flowchart of
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this method. Load can be modeled as a function of voltage, time
and weather factors. Power flow is run based on measured op-
eration data and weather information. The difference between
power-flow results and measured load consumption is used to
calculate the CVR factor. The circuits that have detailed models
can be of high precision. The challenge is how to model the load
which contributes to the major energy saving effect. Traditional
load models such as exponential and ZIP models can be used to
represent open-loop appliances. For closed-loop loads such as
heating, ventilation, and air conditioning (HVAC) systems, the
equivalent thermal parameter (ETP) model should be used. In
ETP, the power demand of the HVAC system is modeled as a
function of solar input, temperature, humidity, voltage and ther-
mostatic set points [41], [42].

Chen et al. [36], [43] proposed a load flow program to esti-
mate CVR effects of a Taipower feeder. Their program requires
two kinds of information: the power consumption as functions
of voltage and temperature for major electric appliances [35],
[44]; load composition describing the percentage of power
consumption by each type of appliances during a certain time
interval. Markushevich ef al. [29] used the power flow program
to verify the LTV calculated from a regression-based method.
EPRI [45] modeled the load as an exponential function of
voltage and attempted to replicate the operation of the CVR
system under the test days and non-test days to analyze CVR
effects. Schneider et al. [46] incorporated the ETP model to
represent loads with closed-loop controls into an open-source
simulation software to analyze CVR effects.

It can be seen that the simulation methods have high preci-
sion if the models can accurately represent the load behaviors.
However, the current simulation methods are component-based
while it may be too difficult to build models for all existing and
emerging load components. A better method is to identify the
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TABLE 11
CVR FACTORS OF DIFFERENT SEASONS
References Type Spring | Summer Fall Winter
R 0.79 0.79 0.45 0.87
AEP [20] C 091 1.01 0.64 0.82
| 0.89 0.83 0.33 0.53
NEEA [15] M 0.57 0.78 0.60 0.51
R N/A 0.67 N/A 0.12
HQ [9] C N/A 0.97 N/A 0.80
1 N/A 0.10 N/A 0.10
BC Hydro [7] M 0.60 0.77 N/A N/A

aggregated load models at the circuit level. Moreover, it is clear
that CVR effects change with time, but the current load models
are all time-invariant, which may impact the estimation results
ofthe CVR factor. Thus, it is necessary to make the model adap-
tive to dynamic changes of feeders and load behaviors.

E. Seasons and CVR Factor

Seasonal variations of CVR factors are due to different
weather and human behaviors in various seasons. Table II
summarizes published CVR factor results by season. There
are four types of feeders: residential (R), commercial (C),
industrial (I) and mixed (M). CVR effects change from season
to season as the load compositions of appliances vary. For test
results from NEEA [15] and HQ [9], it can be seen from the
table that CVR factors in summer are relatively higher and
those in winter are lower. Reference [15] provides a possible
reason for this phenomenon: it may be due to the large portion
of electric motor loads, such as air conditioners in summer. As
heating loads with thermal cycles come to dominate the load
composition in winter, CVR effects are expected to decrease,
since this kind of loads reacts to voltage reduction with a longer
operation time. CVR factors in spring and fall are between the
other two seasons. However, the results from AEP [20] show
that CVR factors in fall could be smaller, while those of the
other three seasons are similar. More tests are still necessary
to make a conclusion on the relationship between CVR factors
and seasons.

Table III summarizes the existing assessment methodologies.
In fact, there are two basic ideas. The first one is to determine
what the load consumption would be if CVR was not applied.
The comparison methods based on the single-variate regression
model in Section III-B and simulation-based methods all be-
long to this category. The second idea is to detect LTV sensi-
tivities. The multivariate regression method in [20] and [21] is
a representative of this idea. Since it is impossible to know the
load consumption under normal voltage during the CVR period,
lack of validity becomes the common roadblock for all assess-
ment methodologies. The comparison-based methods are not
very popular due to the lack of accuracy. The synthesis-based
methods require load-share information which is difficult to be
obtained. The regression-based methods are widely used in as-
sessing CVR effects. Simulation methods have the potential to
be used for validation, if the load behaviors could be accurately
modeled. Some of the four methods can be combined in certain
cases, e.g., simulation-based methods can be used to validate re-
gression-based methods. If there is no benchmark for compar-
ison, the reported CVR effects cannot be well accepted. Using
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TABLE I
ASSESSMENT METHODOLOGIES
References | EST Attributes CVRf
Snohomish [19][ CO (+) easy and straightforward, (-) 0.50
NU [5] co dependent‘ on control group, (-) 1.00
noise vulnerable
AEP [3] RE 0.62
California [40] | RE (+) clear physical meaning, (+) 1.00
NEEA [8] RE capable of forecasting CVR 0.61
Avista [47] RE effects, (-) regression error, (-) 0.84
BC Hydro [7] | RE load model is linear 0.70
SCE [4] RE 1.00
BPA [38] SY (+) quick estimation and forecast | 0.99
. : of CVR effect, (-) accurate load
Australia [12] | SY information is difficult to collect 0.40
EPRI [45] SI (+) maybe highly accurate, (-) 0.70
. precise load modeling is difficult,
Taipower [43] | ST | 7 31024 model is time-invariant | 07

EST: assessment methodology, RE: regression based, CO: comparison
based, SY: synthesis based, SI: simulation based, (+) means positive
attributes, (—) means negative attributes.

LTV for assessing CVR effects is another attractive method,
since it can reflect the nature of CVR. More sophisticated iden-
tification algorithms are needed to filter out noises and detect
LTV.

IV. IMPLEMENTATION STRATEGIES OF CVR

The early techniques to reduce voltage are open-loop without
voltage feedback, such as load tap changer (LTC), line drop
compensation (LDC), voltage spread reduction (VSR) [48],
capacitor-based reduction and home voltage reduction (HVR).
The installation of SCADA and advanced metering infrastruc-
ture (AMI) has led many utilities to implement closed-loop
Voltage/Var control (VVC), such as SCADA-based VVC and
AMI-based VVC. CVR becomes an operation mode in these
close-loop VVCs, while many other control objectives such as
loss reduction, power factor improvement and voltage deviation
minimization are also included. For example, “AdaptiVolt” is a
typical closed-loop VVC product with a CVR function [49].

A. LTC, LDC, and Capacitor

LTC/LDC is the most used method to implement voltage re-
duction. LTC is typically used to control the secondary voltage
of a substation and almost available in all substations, which
means there is no additional cost for system improvement. How-
ever, to apply voltage reduction merely by LTC, the circuits
should be carefully selected. For a feeder with large voltage
drops, the depth of voltage reduction may be limited. LDC can
lower the average voltage by 2% to 3% [50]. LDC involves set-
ting the controls on substation voltage regulators or LTC to keep
the most distant portion of the circuit at some minimum accept-
able voltage levels, such as 114 volts, while the rest of the cir-
cuit voltage is allowed to vary with load conditions. Although
LDC is an easy way to control voltage, it has some drawbacks.
Settings of LDC are difficult to determine and cannot adapt to
the dynamic nature of distribution loads and changes of network
configurations. As most utilities include some safety margin to
ensure that the voltage levels remain above the minimum re-
quirements, the voltage reduction potential is relatively small,
which will decrease CVR effects.
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Capacitors can provide Var compensations for CVR.
Switched capacitors can be coordinated with voltage control
methods to conduct VVC to implement CVR. For a feeder
with a certain CVR factor, deeper voltage reduction within the
permissible range can lead to more energy-savings. The depth
of voltage reduction is limited for circuits that experience a
significant voltage drop. A relatively flat voltage profile along
the feeder is preferable to achieve an effective implementation
of CVR. By placing capacitors at multiple locations, it is
possible to flatten the voltage profile, correct the power factor
to near unity, and reduce power losses. Capacitor placement
has been extensively researched [51]. However, few papers
discuss the placement of capacitors for CVR. Reference [52]
proposed optimal capacitor placement for CVR. A multi-objec-
tive optimization problem was formulated as (10). One genetic
algorithm was applied to solve the following problem:

F= M/I.’n(fpl,oadv fPloss~, fa)
st.G(x)=0

H(x)<0 (10)
where fpj.qq represents active power consumed by loads while
load is modeled as an exponential function of voltage, fpi,ss
represents active power losses on the feeder, f. represents ca-
pacitor investment, x represents the vector of system state vari-
ables, G(x) represents the equality constraints such as power
flow, H(x) represents the inequality constraints such as allow-
able ranges of bus voltages.

Reference [53] proposed a two-step Voltage/Var optimiza-
tion algorithm for CVR. The first step is to schedule capacitor
bank commitment to correct power factor and flatten the
voltage profile, the second step is to change LTC tap ratio to
achieve voltage reduction. Georgia Power Company (GPC)
[54], Oneida-Madison Electric Cooperative (OMEC) [55]
and Snohomish PUD [19] combined LDC and capacitors to
implement CVR.

For feeders without LTC or voltage regulators, capacitor
banks can be used to reduce voltage directly, which can provide
1% feeder voltage reduction [56]. SCE [4] implemented a
closed-loop capacitor optimal control system and achieved a
3.8% reduction. However, this method requires a large number
of voltage sensors and switched capacitors, which limits its
application.

The voltage can also be regulated at customer meters, which
is called HVR [28]. In HVR, a device is installed at the cus-
tomer meter and used to regulate the voltage at the lower level
within the customer premises. NEEA [15] installed HVR de-
vices in 395 homes in its service area, and the voltage reduction
was 3.5% to 5.2%. A drawback of HVR is that it depends on the
customers to install equipment on their sites and to pay the cap-
ital costs. Additionally, it does not have the benefit of less distri-
bution system losses. Hence, HVR is not widely implemented.

In general, open-loop voltage reduction is a convenient and
cost-effective way to implement CVR. However, there are three
major drawbacks of open-loop voltage reduction: 1) the depth
of voltage reduction is limited; 2) as control of all devices is
based on local data and disjointed from one another, it is not
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optimized, or at least not systematically optimal; 3) it cannot
adapt to dynamic changes of distribution networks.

B. Closed-Loop Voltage/Var Control (Close-Loop VVC)

The SCADA-based or AMI-based close-loop VVC can be
run in CVR mode. The closed-loop VVC takes advantage of
various measurements to determine the best Voltage/Var control
actions during certain time periods [57]. VVC s studied in many
papers and some of them discuss optimal algorithms for CVR
implementation. Roytelman et al. [58] proposed a centralized
VVC algorithm for accomplishing energy saving in distribution
systems. The algorithm was based on the oriented discrete co-
ordinate decent method. The objective functions such as min-
imum power losses, power demand and number of control steps
were taken into account. Souza and Almeida [59] used GA to
solve a multi-objective volt/var optimization problem to mini-
mize power losses and voltage drops along the feeder.

There are several utilities implementing closed-loop VVC
in their distribution systems and operating them in the CVR
mode. Inland Power and Clatskanie PUD [47], [60] imple-
mented a SCADA-based closed-loop VVC system to achieve
a 3% voltage reduction. The emerging of AMI extends the
measurements and system models to every customer [61]. As a
new technology, AMI-based VVC is used by some utilities and
runs in the voltage reduction mode, such as Dominion Virginia
Power [10], SCE [62] and Duke energy [63]. It was found that
AMI could improve the overall distribution operation, enable
more precise voltage optimization and provide additional room
for voltage reduction, thereby improve the energy-savings of
CVR without AMI by approximately 40% [64].

Compared with LTC and LDC, the advantages of closed-
loop VVC are clear: systematically optimal voltage reduction,
greater energy-saving effect and adaptive to dynamic system
changes. The only shortcoming may be its complexity and high
cost. Table IV summarizes voltage reduction techniques. The
selection of suitable methods depends on the existing infra-
structure of the targeted system, availability of equipment and
budget.

V. DISTRIBUTED GENERATION AND CVR

Integrating DG into distribution networks is a major trend in
a Smart Grid. Impacts of DG integration on distribution systems
are well analyzed, however, there are few papers discussing
the relationship between DG and CVR. For impacts of CVR
on DG, it was found that PV systems would not be adversely
influenced by CVR, since power inverters can be set to gen-
erate constant power [56]. The output of DG such as PV and
wind power depends on weather, and cannot be anticipated ac-
curately. The integration of DG makes the voltage profile along
the feeder change more quickly, thus, may interfere with the
control scheme and performance of CVR. Singh [65] discussed
the impacts of adding PV to a feeder on CVR effects using sim-
ulations. In their test, the CVR factor was insignificant with a
high PV penetration, which was attributed to the failure of the
voltage control strategy to keep the voltage levels within the
desired range. Markushevich and Berman [66] applied simula-
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TABLE 1V
VOLTAGE REDUCTION TECHNIQUES
References VR Attributes VD
(+) easy and economical, (-)
. . small volt reduction, (-) no volt
California [40] LT feedback, may result in low 2:5%
volt
NEEA [8] LD (+) end-of-line voltage is 2-3.9%
Australia [12] LD controlled, (+) larger volt 3%
CPUC [21] LD reduction than LT, (-) 2.5%
complicated settings, (-) no volt
Duke [63] LD feedback, (-) cannot adapt to 2%
dynamic changes
Snohomish (+) end-of-line voltage is o
[19] LD,CA controlled, (+) larger volt 2.1%
BPA [38] LD,CA reduction than LD, (+) less 4.6%
NU [5] LD,CA power losses, flattened volt 3%
profile and improved power
factor (-) capacitor placement is
complicated, (-) no volt
GPC [54] LD,CA feedback, (-) lack of 4.1%
coordination between LD and
CA, (-) cannot adapt to
dynamic changes, (-) high cost
BC Hydro [7] VVO (+) larger volt reduction, (+) 3%
Avista [47] VVO more reliable with volt 2.3%
feedback, (+) adaptive to
Dominion [10] VVO dynamic changes, (-) 4%
complicated and high cost

VR: voltage reduction methodology, VD: percentage of voltage reduction,
LT: LTC, LD: LDC, CA: capacitor, VVO: closed-loop VVC. (+) means
positive attributes, (-) means negative attributes.

tions to find that LTV of a feeder with a high penetration of DG
would vary a lot from time to time due to the stochastic nature
of DG outputs.

There are two major research topics on the relationship be-
tween DG and CVR: 1) sizing and placement of DG for loss
reduction and voltage profile improvement; 2) the coordination
between controls of DG and VVC to further optimize CVR ef-
fects. A number of objectives can be associated with sizing and
placement of DGs, among which, to minimize voltage devia-
tion along the feeder and to minimize power losses are closely
related to CVR. References [67] and [68] applied a harmony
search algorithm [69] and sensitivity analysis to achieve optimal
DG placement with the objective to minimize power losses and
voltage deviation. It should be noted that only a few papers con-
sidered the stochastic nature of DG output when solving the DG
placement problem [70].

The inconsistent output of DG does have impacts on VVC.
Traditional VVC is designed for slow and gradual changes of
loads on a distribution feeder due to the slow reaction of capac-
itors and LTC [71], [72]. The random and rapid change of DG
output requires a faster controller, such as an inverter [71]-[73].
The coordination of traditional VVC and inverters is a new chal-
lenge when CVR is applied to a feeder with a high penetration
of DG. Reference [73] proposed a two-timescale optimal con-
trol algorithm for loss and load reduction. Slow time-scale con-
trol is designed for VVC, while the fast one is designed for in-
verters. In order to deal with the stochastic output of DG, a sto-
chastic multi-objective framework was presented in [74]. Sce-
nario-based methods and evolutionary algorithms were used to
minimize voltage deviation and energy loss.
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VI. FUTURE WORK

With the advent of smart-grid technologies, CVR is a conve-
nient and cost-effective way to save energy. As CVR is initiated
by utilities, it is different from price-driven demand response
programs which depend on the sensitivity of customers’ energy
consumption to electricity prices and their choices to turn off
some electrical equipments during high-price periods. Although
CVR is an established idea, a lot of work is still needed to ana-
lyze and improve its performance.

The regression-based methodologies are the most established
and popular ways to assess CVR effects. More sophisticated re-
gression models are needed to improve the estimation accuracy.
ANN and SVR might be used to analyze CVR effects consid-
ering the complex relationship between loads and the impact
factors. Simulation methods have the potential to accurately
quantify CVR outcomes, if the system and load models can be
more precise and adaptive to dynamic changes. The idea to use
LTV to estimate CVR effects is relatively new and can reveal
the nature of CVR. How to accurately identify LTV is a topic
that needs to be studied. Another major advantage of the LTV
method is that the CVR effects of any test time can be estimated,
if LTV is calculated using recursive algorithms.

Open-loop voltage reduction is still the dominant technique to
implement CVR. Closed-loop VVC incorporating the dynamic
information on distribution network configuration from Geo-
graphical Information Systems (GIS), detailed real-time mea-
surements from AMI, advanced optimal power flow algorithms
and CVR operation mode is the trend of VVC in the future. It is
necessary to study how to use a large amount of system informa-
tion from smart meters to coordinate voltage and reactive power
control to realize real-time system-wide optimal operation.

The impact of DG penetration on CVR is an emerging
research topic. How to improve VVC schemes to maintain a
desired voltage profile along the feeder with DG needs to be
studied. How to coordinate VVC and controls of DG to further
optimize CVR operations becomes a new research area. Con-
sidering the uncertainty of DG output, stochastic optimization
may be applied.

APPENDIX

LIST OF ACRONYMS

AMI Advanced metering infrastructure.
ANN Artificial neural network.

CVR Conservation voltage reduction.
CVRf CVR factor.

DG Distributed generator.

ETP Equivalent thermal parameter.
GA Genetic algorithm.

HVAC Heating, ventilation, and air conditioning.
LDC Line drop compensation.

LTC Load tap changer.

LTT Load-to-temperature dependence.
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LTV Load-to-voltage dependence.
SVR Support vector regression.
VSR Voltage spread reduction.
VvC Voltage/Var control.

VVO Voltage/Var optimization.
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