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Abstract: Electric utilities are seeking to improve the overall efficiency and performance of the
distribution system while helping to achieve energy and demand savings. Distribution volt-var
optimization (VVO) can play a major role in accomplishing these objectives while maintaining
safety, preserving assets, and meeting all operating constraints such as loading and voltage
levels. Initial studies and experience show there is significant potential for energy savings, demand
management and loss reduction through improved management of distribution voltage profiles
and reactive power flow. Consistent methods are needed for verifying the benefits achieved by
VVO systems that have already been implemented. Guidelines for modeling system loads as well
as distributed resources and their response to voltage and var changes are needed along with
methods for performing the evaluations to estimate total benefits. These benefits can then be
evaluated as a function of the investment requirements for the improved VVO on a feeder by feeder
or substation by substation basis and deployment priorities can be developed.

Keywords: conservation voltage reduction (CVR), demand reduction, IEEE 1885™ loss reduction,
measurement and verification, volt-var optimization (VVO)
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers.
These notices and disclaimers, or a reference to this page (https://standards.ieee.org/ipr/disclaimers.html),
appear in all standards and may be found under the heading “Important Notices and Disclaimers Concerning
IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards
through an accredited consensus development process, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. IEEE Standards are documents developed by volunteers
with scientific, academic, and industry-based expertise in technical working groups. Volunteers are not
necessarily members of IEEE or IEEE SA, and participate without compensation from IEEE. While IEEE
administers the process and establishes rules to promote fairness in the consensus development process, IEEE
does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of any
judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning this standard, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant or represent that the
use of the material contained in its standards is free from patent infringement. IEEE standards documents are
supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English version published by IEEE is the approved IEEE standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures, symposia, seminars,
or educational courses, an individual presenting information on IEEE standards shall make it clear that the
presenter’s views should be considered the personal views of that individual rather than the formal position of
IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, consulting
information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of interests.
For this reason, IEEE and the members of its Societies and Standards Coordinating Committees are not able to
provide an instant response to comments, or questions except in those cases where the matter has previously
been addressed. For the same reason, IEEE does not respond to interpretation requests. Any person who would
like to participate in evaluating comments or in revisions to an IEEE standard is welcome to join the relevant
IEEE working group. You can indicate interest in a working group using the Interests tab in the Manage Profile
and Interests area of the IEEE SA myProject system." An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.?

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.

!Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
2Available at: https://standards.iece.org/content/icee-standards/en/about/contact/index.html.
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Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual, non-
commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center,
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400; https://www.copyright
.com/. Permission to photocopy portions of any individual standard for educational classroom use can also be
obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit [IEEE Xplore or contact IEEE.? For more information
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard number and
year of approval to access the web page of the published standard. Errata links are located under the Additional
Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to periodically
check for errata.

Patents
IEEE Standards are developed in compliance with the IEEE SA Patent Policy.’

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE
SA Website at https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are

3Available at: https://ieeexplore.iece.org/browse/standards/collection/ieee.
4Available at: https://standards.ieee.org/standard/index.html.
’Available at: https://standards.iece.org/about/sasb/patcom/materials.html.

Documents

5 Document Sharing Hub
Authorized licensed use limited to: Tsinghua UniveRRY SN R:2824 JrFEnANNIIRS 586@k\R812:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1885-2022


https://www.copyright.com/
https://www.copyright.com/
https://ieeexplore.ieee.org/browse/standards/collection/ieee/
https://standards.ieee.org/content/ieee-standards/en/about/contact/index.html
https://standards.ieee.org/standard/index.html
https://ieeexplore.ieee.org/browse/standards/collection/ieee/
https://standards.ieee.org/about/sasb/patcom/materials.html
https://standards.ieee.org/about/sasb/patcom/patents.html
https://ieeexplore.ieee.org/browse/standards/collection/ieee
https://standards.ieee.org/standard/index.html
https://standards.ieee.org/about/sasb/patcom/materials.html
http://www.avadocuments.com/doc/ieee-1885-2022
http://www.avadocuments.com/doc/ieee-1885-2022

reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure against
interference with or from other devices or networks. IEEE Standards development activities consider research
and information presented to the standards development group in developing any safety recommendations.
Other information about safety practices, changes in technology or technology implementation, or impact
by peripheral systems also may be pertinent to safety considerations during implementation of the standard.
Implementers and users of IEEE Standards documents are responsible for determining and complying with
all appropriate safety, security, environmental, health, and interference protection practices and all applicable
laws and regulations.
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Introduction

This introduction is not part of IEEE Std 1885™-2022, IEEE Guide for Assessing, Measuring, and Verifying Volt-Var
Control and Optimization on Distribution Systems.

Utilities have been transforming the distribution system for multiple years by adding remote control, sensing
and communication systems. This technology transformation has provided the opportunity to improve the
operational efficiency of the distribution system with real-time load balancing, voltage and power factor
optimization, and automated restoration as well as control and optimization of distributed energy resources.
With these new capabilities comes the need to measure and verify the benefits associated with these advanced
operational efficiencies. This guide is intended to provide insight into how measurement and verification can
be accomplished for voltage and var control optimization.

Documents

9 Document Sharing Hub
Authorized licensed use limited to: Tsinghua UniveRRY SN R:2824 JrFEnANNIIRS 586@k\R812:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1885-2022


http://www.avadocuments.com/doc/ieee-1885-2022
http://www.avadocuments.com/doc/ieee-1885-2022

Contents

Lo OVIVICW ..ttt ettt ettt et ettt et e bt e et e bt e e e b em et e emt e ee e bt e st e bt emee e bt emte e bt emteebeenbeeseenteeneenneenes 11
L o) o OO OSSPSR 12
L2 PUIPOSE .ottt ettt ettt ettt e h e bt s e e bt e et e bt e et e bt en e bt en e e bt e n e eh e et e ene et et et enean 12
1.3 WOTA USAZE ..ottt ettt sttt et e e et e bt e st e bt e et e bt ea e bt em e e et e en e e sbeenteeaeeneeeneenaeenean 12

2. NOTIMALIVE TETETEIICES ....enviuteiiinieiieiieiieieete ettt sttt ettt b bbbt b e bt ettt et e bt eat bt ebeebesbe et e b e 12

3. Definitions, acronyms, and abDIVIAtIONS ..........couieiiruiriirieie ettt e e eneas 12
I B D 1< 311 11 o) 4 TSSOSO UP RSP 12
3.2 Acronyms and abDIEVIAtIONS ........ccouiiuieiiiiieiieiieitt ettt ettt eee et ettt et sae e e e e eeeas 13

4. Determining VVO CVR SAVINGS .......oocveriiiieiiiieiieetesieeteettete et etestesseeseesseessesseessesseessesssensesssenseessenseenes 14
4.1 VVO 0bjectives and DENETILS .........cocuiiieriiiieiieeiesieeiesteie ettt ettt esaeseeneesseenes 14
4.2 VVO CVR KPIS QNd MELIICS ...ttt ettt sttt ettt ettt sbe b b e 14
4.3 Example measurements for evaluating CVR performance............ccooceveevienienieiienienieieeiee e 15
4.4 Developing a baseline voltage Profile.........cooiiiiiiiiiiieiieieeeet e 16
4.5 Daily and hourly average voltage SAMPLING..........ccvecvirieriieieriieieie ettt eeee e ens 17
4.6 Selecting feeders/substations for VVO/CVR deployment..........c.ccveceerieieiienieiieieeieieeeeee e 17

5. Measurement and verification (M&V) methods to estimate the potential energy savings of VVO

AV ) 3 157 1 1 O OO PRSP 19
5.1 Estimating demand and energy savings prior to implementing a VVO CVR system.........ccccccccevuenee. 19
5.2 Estimating energy savings after implementing a VVO CVR SYStem.........ccceeverieiienieninienicnieeeee. 26
5.3 Estimating demand reduction potential using similar circuit asSeSSMEeNt .........ccceevvereerereereereenuennne. 37
5.4 Sustainability 0f CVR DENETILS .....eeuiiiieiiiieiieeiee e e 42
Annex A (informative) Using models for load-to-voltage sensitivity (LTVS).....ccoovoeviiiiinieieieieeeeee 43
Annex B (informative) BiblIOGIaphy ..........ccoooiiiiiiiiieie e 56
Documents
10 Document Sharing Hub

Authorized licensed use limited to: Tsinghua UniveRRY SN R:2824 JrFEnANNIIRS 586@k\R812:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1885-2022


http://www.avadocuments.com/doc/ieee-1885-2022
http://www.avadocuments.com/doc/ieee-1885-2022

IEEE Guide for Assessing, Measuring,
and Verifying Volt-Var Control and
Optimization on Distribution Systems

1. Overview

Volt-var control (VVC) has been used by electric utilities for many years to maintain acceptable customer
voltage levels on the distribution system as well as to maintain power factor to reduce losses and provide
reactive support for the electric transmission system. VVC in its simplest form can include locally controlled
capacitor and line regulation devices operating independently but reacting to system conditions.

In recent years, grid modernization has changed the way electric utilities design and operate their electric
distribution systems. The methods and objectives for VVC have expanded considerably beyond simply
maintaining acceptable voltage and power factor. VVC has become volt-var optimization (VVO), which has
the expanded objectives to increase overall efficiency, reduce electrical demand, promote energy conservation,
improve power quality, and (in some cases) mitigate the adverse consequences of intermittent renewables.

VVO allows for more optimal voltage control capabilities including peak demand voltage reduction (PVR)
and conservation voltage reduction (CVR). PVR involves lowering the voltage during peak demand periods to
reduce system demand. CVR involves operating the distribution feeder at a voltage that is in the lower portion
of acceptable voltage ranges for energy conservation. Industry studies and utility implementations show
there is significant potential for energy savings, demand management, and loss reduction through improved
management of distribution voltage profiles and reactive power flow. VVO systems can include both PVR and
CVR as well as optimization of power factor, loss reduction, and distributed generation (DG) integration.

With the expanded consideration and implementation of VVO systems, which in many cases includes one
or both forms of voltage reduction (VR), consistent methods are needed for verifying the benefits achieved
by these systems. Energy and demand savings benefits can justify significant expenditures for VVO. These
benefits can then be evaluated as a function of the investment requirements for the improved optimization on a
feeder-by-feeder or substation-by-substation basis and deployment priorities can be developed.

It is especially challenging to identify the actual energy efficiency improvements associated with VVO voltage
reduction because energy efficiency cannot be measured directly. The stochastic (random) nature of customer
loading makes it very difficult to determine the actual benefit at any given point in time. As a result, various
techniques can be used to estimate the benefits achieved by energy efficiency projects. This guide describes
some of the measurement and verification (M&V) techniques that can be used to estimate the energy and
demand savings benefits associated with VR over time with a reasonable level of confidence. The annexes
provide supporting details on VVC and optimization methodologies as well as details on load-to-voltage
(LTV) sensitivities.
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IEEE Std 1885-2022
IEEE Guide for Assessing, Measuring, and Verifying Volt-Var Control and Optimization on Distribution Systems

1.1 Scope

This guide provides practical methods for assessing, evaluating, and verifying the benefits and impact of
electric power demand and energy consumption of VVO on electric power distribution systems.

1.2 Purpose

The purpose of this guide is to provide some demonstrated practical methods to estimate and verify the potential
energy savings and demand reduction that can be achieved with distribution system VVO methodologies.

This guide presents methods for distribution system modeling/measurements, load modeling/measurements,
and performing assessment studies and pilot projects to project and verify the potential or actual benefits.
1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).%’

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard (may equals
is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of the
referenced document (including any amendments or corrigenda) applies.

There are no normative references in this standard.

3. Definitions, acronyms, and abbreviations
3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The /EEE Standards Dictionary
Online should be consulted for terms not defined in this clause.

conservation voltage reduction (CVR): The practice of using voltage reduction (up to 24 h a day) to promote
energy conservation.

load-to-voltage sensitivity (LTVS): A parameter that applies to a single electrical load or appliance type that
indicates how the electric power used by the device varies as the voltage at the terminals of the device is varied.

The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations.

"The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.

8IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the dictionary,

and one can be created at no charge on the dictionary sign-in page. oc u m e nts
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IEEE Std 1885-2022
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measurement and verification for volt-var control and optimization: The methodology for determining
the benefits achieved by volt-var optimization that involves measurement of specified electrical parameters
and analysis of these parameters.

peak demand voltage reduction (PVR): The practice of using voltage reduction only during peak load
conditions for peak demand reduction purposes.

voltage reduction (VR): The general practice of intentionally keeping the service delivery voltage as low as
possible (within the acceptable range specified by national or regional regulatory organizations).

volt-var control (VVC): The general term that encompasses the entire topic of managing voltage and reactive
power flow on the electric distribution system to achieve utility-specified operating objectives. Operating
objectives can always include maintaining acceptable conditions and improving feeder efficiency and
performance.

volt-var optimization (VVO): The general term that encompasses the entire topic of managing voltage and
reactive power flow on the electric distribution system to achieve optimal performance. Optimal performance
objectives can include for example minimizing energy consumption and electrical losses and reducing peak
electrical demand.

3.2 Acronyms and abbreviations

AMI advanced metering infrastructure
CBECS Commercial Buildings Energy Consumption Survey
CVR conservation voltage reduction
CVRf conservation voltage reduction factor
DER distributed energy resource
DG distributed generation
DMS distribution management system
IED intelligent electronic device
IVvvcC integrated volt-var control
KPI key performance indicator
LTC load tap changer
LTV load to voltage
LTVS load-to-voltage sensitivity
M&V measurement and verification
OLPF online power flow
PVR peak demand voltage reduction
RECS Residential Energy Consumption Survey
SCADA supervisory control and data acquisition
VR voltage reduction
Vreg voltage regulator
\AY® volt-var control
VVO volt-var optimization
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4. Determining VVO CVR savings

This clause describes some typical operating objectives for VVO and the key performance indicators (KPIs)
and metrics required to perform M&V of VVO CVR savings. The measurements required are described in
detail, including the establishment of a baseline voltage profile. Typical sources of measurement data are
described along with the measurement intervals that can be utilized. Finally, selection of substations and
feeders for VVO deployment is described.

4.1 VVO objectives and benefits

The latest VVO solutions allow the electric utility to combine both independent voltage and var control
systems. Independent voltage and var systems can often compete with their objectives and result in unnecessary
equipment switching and inefficient operation. Generally, the utility’s objective with system improvement
projects is to replace those independent systems with a single efficient VVO system that could be focused on
several operating objectives. VVO operating objectives and benefits may include the following:

— Maintain voltage levels as specified by national or regional standards or requirements
— Reduce energy demand through reduced voltage and var flow

— Reduce power loss on distribution and transmission (maintain acceptable PF)

— Reduce peak demand through reduced voltage and var flow

— Reduce or maintain the number of operations for specified pieces of electrical equipment [load tap
changers (LTCs), regulators, and switched capacitors]

— Manage the voltage and var impact of distributed energy resources (DERs)

Some VVO solutions may have a strategy that focuses on several of these objectives at the same time while
others may be limited to a specific objective such as reduced peak demand.

4.2 VVO CVR KPIs and metrics

This subclause discusses the KPIs and metrics that could be utilized to determine how well the VVO CVR
solution is performing. Measurement and verification techniques discussed in this guide describe possible
mechanisms for computing the metrics. The KPIs used by the electric utility may vary depending on the
specific operating objectives for the VVO solution. Not all of the metrics are described with examples.

VVO KPIs/metrics may include some or all of the following items. The focus of this guide is on KPIs/Metrics
1 through 5.

— Metricl: Percent reduction in average service delivery voltage when VR is applied

— Metric 2: Percent of customer hours that voltage is outside the desired limits specified in the VVO
solution when VR is applied

—  Metric 3: CVR factor or the ratio of per unit change in energy per unit change in voltage

The CVR factor is different from substation to substation, feeder to feeder, and load to load. It is
primarily determined by the end-user’s load mix and modified in the aggregate load by voltage control
devices (e.g., regulators and switched capacitor banks) along the feeder.

— Metric 4: Percent change in peak electrical demand of the controlled facility when VR is applied
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— Metric 5: Energy saved when CVR is applied

— Metric 6: Percent reduction in distribution and transmission losses when CVR is applied
— Metric 7: Percent of period hours that VR was in effect

—  Metric 8: Percent change in transformer tap changer operations when CVR was applied
—  Metric 9: Percent change in feeder capacitor bank failures when CVR was applied

—  Metric 10: Percent change in feeder capacitor bank operations when CVR was applied

4.3 Example measurements for evaluating CVR performance

To evaluate the KPIs and metrics for CVR projects, field measurements need to be acquired with highly
accurate precision time tagged measurements. This is required to correlate control actions with measurements
to produce meaningful results. The primary reason is that the expected benefits are usually a small percent of
normal operating quantities. For example, the demand reduction or energy consumption reduction associated
with CVR may be in the range of 2% to 3% of nominal quantities, so if measurements used in the calculation
are only accurate to within 2% to 3% or are not time synchronized, the calculation results can be meaningless
since the difference is within the measurement error.

In addition to the input measurements listed below, the electric utility should account for system events, such
as feeder reconfiguration or sensing device failures that need to be recognized and possibly excluded from the
analysis of VVO CVR benefits. Failure to exclude such “outlier” data may result in inaccurate results.

The following is a list of measurements that may be required for evaluating the KPI metrics associated with
VVO CVR performance:

—  Bus or circuit voltage per phase or three-phase averages on each substation transformer: Monitor and
store the bus or circuit voltage on each substation transformer for determining VR at the head end of
the circuits while CVR is active versus not active.

—  Status indication to determine whether CVR is active or not: Status indication for CVR active (voltage
reduced), status indication for CVR not active (normal voltage applied). For M&V protocols that are
built around a “on” versus “off” comparison, monitor and store the status indication to know whether
the CVR system is “on” or “off.”

—  Megawatts and megawatt-hours delivered to each CVR feeder: Monitor and store megawatts and
megawatt-hours as needed to determine demand and energy savings for each circuit while CVR is
active versus not active. Recording megawatts and megawatt-hours also identifies average load on
feeder, peak load on feeder and total energy delivered for each M&V period.

—  Megavars and megavar-hours delivered to each CVR feeder: Monitor and store megavars and
megavar-hours to determine reactive power and reactive power hours savings for each circuit while
CVR is active versus not active.

— Total megawatts, megavars, megawatt-hours, and megavar-hours on each CVR substation
transformer: Monitor and store total megawatts, megavars, megawatt-hours and megavar-hours to
determine savings for each substation while CVR is active versus not active. Recording at the substation
should identify total energy delivered, average demand, and reactive power for each substation.

— Tap position of each CVR substation transformer or substation voltage regulators (Vregs): Monitor
and store the tap position of each substation LTC or voltage regulator to track the amount of tap
operations that have occurred while CVR is active versus not active.

— Tap position of each line Vregs: Monitor and store the tap position of each line-voltage regulator to
track the amount of tap operations that have occurred while CVR is active versus not active.
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—  On/off position of each switched capacitor bank: To keep track of the quantity of open/close operations
while CVR is active versus not active, monitor and store capacitor switch status.

— Temperature (or cooling/heating days) and humidity measurements in vicinity of each substation:
Temperature measurements are necessary for M&V protocols that incorporate heating/neutral/cooling
zones. Temperature variables that would be considered include ambient temperature, temperature drift,
average daily high/low temperatures, and period average temperatures. Temperature and humidity
measurements are crucial factors to consider when doing M&V if the bulk of the feeder’s load is from
air conditioning (inductive load) or from heating (resistive load).

—  Megawatts and megawatt-hours delivered to each non-CVR “similar” circuit used for M&V: Certain
protocols use a “similar circuit” comparison method where it would compare the megawatt and
megawatt-hours of a circuit under CVR to a circuit that is not under CVR to estimate savings.

—  Megavars and megavar-hours delivered to each non-CVR “similar” circuit used for M&V: Certain
protocols use a “similar circuit” comparison method where it would compare the megavar and
megavar-hours of a circuit under CVR to a circuit that is not under CVR to estimate savings.

— Total megawatts, megavars, megawatt-hours, and megavar-hours on each non-CVR “similar”
substation transformer: Certain protocols use a “similar circuit” comparison method where it would
compare the above variables of a substation that is under CVR to a substation that is not under CVR to
estimate savings.

— Additional information VVO CVR M&V analysis should consider while performing pre-
implementation estimation and post-implementation type analysis include the following:

— Customer classifications/type of load on feeder (i.e., residential, commercial, industrial) by %. If
not available by circuit, customer classification/type of load % by substation can be utilized.

— Class of heating/cooling devices operated by utility customers (e.g., heat pumps, natural gas, oil)
— Customer utilization patterns (Load factor/demand profile)

— Presence of DG resources

— Maps of feeder configuration and electrical description (e.g., 13.8kv, etc.)

— End-of-line voltage measurements to verify VVO CVR does not violate voltage operating limits
— Substation transformer and feeder impedance data

— Nominal daily energy conservation systems operation, such as load reduction and peak load
shaving events

— Commercial and Residential energy CVR factors (CVR))
— Voltage control device settings, i.e., capacitors and regulating devices.

— Length of CVR Protocol period

4.4 Developing a baseline voltage profile

A valid baseline voltage profile should be established before VVO CVR implementation. It is important
to have adequate history to obtain an accurate voltage profile over various seasonal variations and to use
the same measurement points before and after VVO implementation. The voltage regulation strategy needs
to be completely consistent with past practices before VVO was available. This provides a time period of
background data to establish the voltage baseline.

4.4.1 Source data for voltage baseline

All of the measurement points should be available in a data historian. A data historian can provide robust data
compression tools that allow a virtually continuous record of data.
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A data historian plan can use functions that deliver averages based upon all available data. This gives maximum
accuracy based on millions of data samples.

4.4.2 Example measurement interval

The preferred measurement interval provides good accuracy and visible trends without overwhelming the
analysis with too many data points. In order to provide an example, one utility tested several strategies for
extracting data from a data historian. At one extreme, hourly average voltage was calculated for all distribution
points for each of the 8760 h per year. Analysis for this example indicated various methods gave similar
averages. Table 1 shows some of those results:

Table 1—Example of baseline average

Sampling Method Hourly average Daily Average
Number of data points 93 805 points 2358 630 averages 97 406 averages
Annual average 1232V 1232V 1232V

In this example the daily average voltage provided the best combination of useful trends, processing time and
accuracy. The daily average truly is the average of all data for the day, so nothing is lost. The verification plan
uses daily average voltages by individual circuits for the baseline and for verification of savings. This may
not be true in all cases. The analysis should check to verify that VR estimates are not materially affected by
aggregating the data first to daily averages.

4.5 Daily and hourly average voltage sampling

A data historian can keep many more data samples than necessary to perform analysis. Even considering
internal data compression, there are often many voltage samples preserve—even in a single minute.
Fortunately, data historians can provide the capability to report a single number which is the time weighted
average over time intervals requested by the user. This provides very accurate information based on all
available data. A typical daily average voltage reported by historian is a single number based on a few hundred
to a few thousand data points.

4.6 Selecting feeders/substations for VWVO/CVR deployment

The factors to be considered in the feeder/substation selection process should be influenced by the VVO
operating objectives. For example, if peak demand reduction is the primary VVO operating objective, then
feeders/substations that are frequently voltage-limited (i.e., a significant number of customers are already at
the low end of the established voltage guidelines range prior to VR) during peak load conditions should not be
selected assuming no other voltage mitigation i.e., a capacitor or line Vreg, has or will be applied

If feeder/substation selection is associated with a proof-of-concept demonstration on a small number of
feeders, the electric utility should avoid selecting the “ideal” feeders/substations that would appear to provide
the maximum benefits. The results of a demonstration conducted on “ideal” feeders may overstate the potential
benefits from “non-ideal” feeders, which, in turn, may not produce the predicted benefits.

Table 2 lists the factors that should be considered when selecting substations and feeders for VVO/CVR
implementation.’

“Information on references can be found in Clause 2.
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