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Abstract: This guide identifies the mechanisms and analytic approach for ac interference effects
on conductive linear facilities due to the operation of co-located electric transmission lines. The
common mechanisms for ac interference such as magnetic inductive coupling, capacitive coupling,
and conductive voltage transfer through soil are discussed. Included are general guidelines and
considerations for performing detailed ac interference analyses, with sections specific to the analysis
of co-located pipeline and railroad facilities. This guide does not dictate specific compliance limits,
direct when an ac interference analysis must be performed, or cover other issues that may need to
be considered in joint-use corridors, such as effects due to lightning striking the line or dc corrosion
on structures.
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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 does not warrant or represent the accuracy or completeness of the material contained in its standards, and expressly disclaims all
warranties (express, implied and statutory) not included in this or any other document relating to the standard, including, but not limited
to, the warranties of: merchantability; fitness for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency,
or completeness of material. In addition, IEEE disclaims any and all conditions relating to results and workmanlike effort. 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 ONANY THEORY
OF LIABILITY, WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE)
ARISING INANY 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 IEEE standard is
translated, only the English version published by IEEE is the approved IEEE standard.

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.
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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 & 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.

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.
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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 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 2746-2020, IEEE Guide for Evaluating AC Interference on Linear Facilities
Co-Located Near Transmission Lines.

AC interference is a growing area of concern, with more lines being co-located with pipelines and railroads.
The railroad side is somewhat covered by the Electric Power Research Institute (EPRI)/American Railway
Engineering and Maintenance-of-Way Association (AREMA) handbook [B9], while some pipeline
consortiums have developed material on their side (CEPA [B6], INGAA [B16])." This guide helps to fill in
the gaps and is written with members of electric utilities in mind. It captures common guidelines/limits from
other sources that electric utilities may not have access to as well as provide guidance as to what is practical
to consider/analyze. While the guide focuses on pipelines and railroads, other co-located facilities including
fences, other power lines, communications facilities, etc., may apply portions of this guide and, where
applicable, additional IEEE guides are referenced.

'The numbers in brackets correspond to those of the bibliography in Annex A.
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IEEE Guide for Evaluating AC
Interference on Linear Facilities
Co-Located Near Transmission Lines

1. Overview
1.1 Scope

This guide identifies the mechanisms and analytical approach for ac interference effects on conductive
linear facilities due to the operation of co-located electric transmission lines. The common mechanisms for
ac interference, including magnetic inductive coupling, capacitive coupling, and conductive voltage transfer
through soil are discussed. Included are general guidelines and considerations for performing detailed ac
interference analyses, with sections specific to the analysis of co-located pipeline and railroad facilities.

This guide does not dictate specific compliance limits, direct when an ac interference analysis must be
performed, or cover other issues that may need to be considered in joint-use corridors, such as effects due to
lightning striking the line or dc corrosion on structures.

1.2 Purpose

The electric utility industry is often encouraged or required to share corridors with other linear facilities, such as
pipelines and railroads. Electric transmission lines can electromagnetically couple onto and energize adjacent
facilities, resulting in electrical hazards to personnel and equipment. Guidance for analyzing these hazards is
limited. The purpose of this guide is to provide general guidance on when a study may be required to analyze
these hazards, what data is needed for a study, available industry compliance limits, general scenarios that may
need to be analyzed, and sample mitigation approaches. This guide aids users, from both the electric utility
and affected facility, in understanding the concerns and to develop approaches for studying and mitigating ac
interference issues on their systems. While the guide focuses on co-located transmission lines and pipeline or
railroad facilities, much of the information applies to similar linear facilities.

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.
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IEEE Std 80™, IEEE Guide for Safety in AC Substation Grounding®*

IEEE Std 81™, IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface Potentials
of'a Grounding System

IEEE Std 1695™, IEEE Guide to Understanding, Diagnosing, and Mitigating Stray and Contact Voltage.

3. Definitions, acronyms, and abbreviations
3.1 Definitions

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

ac interference: the total electromagnetic effects of an energized electrical facility on adjacent facilities,
including magnetic inductive coupling, electric field capacitive coupling, and conductive voltage transfer
through soil.

co-located: a term used to describe facilities near each other, often in shared or adjacent linear corridors.
reverse-phased system: two parallel circuits where the phasing is opposite from each other, such as a double
circuit structure, A-B-C top-to-bottom on one side, and C-B-A top-to-bottom on the other side. Syn.: cross-

phased, ideal-phased, low reactance-phased, optimal-phased.

holiday: a physical defect or hole in the insulating surface coating of a pipeline where ac-induced corrosion
may occur.

linear facilities: metallic infrastructure or structures that traverses a path along the land, such as pipelines,
railroads, or fences.

3.2 Acronyms and abbreviations

CDF cumulative distribution fuction
EHV extra high voltage

GPR ground potential rise

HVDC high voltage direct current
NEV neutral-to-earth voltage
OPGW optical ground wire

4. Basics of ac interference

Energized electrical systems both contribute and are susceptible to ac electromagnetic interference, hereafter
referred to simply as ac interference. Metallic facilities co-located to energized electrical systems are also
susceptible, increasing the risk of ac-induced corrosion, equipment degradation, malfunctions, and exposure
of humans and animals to shock hazards. A basic understanding of the types of ac interference present in the
electrical system is necessary in order to identify, analyze, and mitigate the risks posed.

’IEEE publications are available from the Institute of Electrical and Electronics Engineers (http://standards.ieee.org/).
3The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,

Incorporated.
“IEEE 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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4.1 Types of ac interference coupling for co-located linear facilities

AC interference effects are driven by three primary coupling mechanisms: inductive, capacitive, and
conductive. This clause introduces these topics as they apply to linear facilities co-located to energized
electrical systems. For additional discussions, see the reference material provided in Annex A.

4.1.1 Inductive

Inductive coupling in ac systems occurs when time-varying current passes through a conductive path, such as
atransmission line or cable, producing a time-varying magnetic field around the path. When this infrastructure
is co-located in parallel with other continuous conductive pathways, mutual inductive coupling between
the systems can occur. For inductively coupled systems, time-varying current in one conductive pathway
induces voltages and currents in the co-located pathway. Common co-located linear facilities and equipment
susceptible to the effects of inductive coupling include railroad rails, pipelines, shield wires and optical ground
wire (OPGW) cables, grounding systems, communications cables, and other electrical lines or cables.

When systems are inductively coupled, a mutual inductance (L,,) exists between the co-located facilities.
Figure 1 shows an energized conductor inductively coupled to a co-located linear facility, providing both a
current (I,) and a voltage (V,) onto that facility.

Energized
Conductor

Co-located
Facility

Figure 1—Inductively coupled systems example

4.1.2 Capacitive

Capacitive coupling in ac systems occurs when time-varying electric fields are present within energized
transmission lines or cables. When this infrastructure is co-located in parallel with other continuous conductive
pathways, capacitive coupling between the systems can occur. For capacitively coupled systems, time-varying
electric fields from the energized conductors interact through free space, causing a voltage on the co-located
linear facilities. If the capacitively coupled voltage is of sufficient magnitude, the co-located facility can
represent a shock hazard or cause interference in sensitive electrical equipment. Common co-located linear
facilities and equipment susceptible to the effects of capacitive coupling include railroad rails, above-grade
pipelines, shield wires and OPGW cables, metallic fencing, handrails, and other overhead electrical lines.
Capacitive coupling between overhead energized lines and below-grade metallic objects is greatly reduced
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by the surrounding earth material, which causes electric charge to distribute more evenly over a large volume.
Higher voltage lines result in greater capacitive coupling as these effects are proportional to voltage.

When systems are capacitively coupled, an equivalent mutual capacitance (C,,) exists between the co-located
facilities. Figure 2 shows an energized conductor capacitively coupled to a co-located linear facility, producing
avoltage (V,) on that facility. For co-located facilities connected to ground through their self-capacitance (C,,)
only, excessive voltage buildup due to capacitive coupling presents a shock hazard to personnel and damage
to equipment.

Energized
Conductor

Co-located
Facility

Cao

TLE

Figure 2—Capacitively coupled systems example

4.1.3 Conductive

Conductive coupling in ac electrical systems is the method of energy transfer of which most engineers are
familiar. When time-varying electric fields are present in energized transmission lines, a voltage gradient and
electrical current are established within the conductors. If inadvertent physical contact is made between one
of the energized conductors and another conductive object, (commonly referred to as an electrical fault), the
conductive coupling can result in significant energy transfer and cause severe damage. If the voltage gradient
is high enough to exceed the breakdown voltage of the surrounding material, an ionized current conducting
channel can be formed, which is referred to as an arc fault.

In the context of ac interference on co-located facilities, coupling involving a grounded object (line-to-ground
fault) is the most prevalent concern, as the earth becomes part of the return path for the fault current and can
energize other objects also in contact with the soil. Unbalanced faults, especially single-line-to-ground faults,
which occur near the co-located linear facility or beyond the shared corridor, typically represent the greatest
risks to personnel and equipment. Some common modes of triggering a ground fault include encroaching
foliage, lightning-induced flashovers, animals, and equipment failures.

Co-located linear facilities, equipment, and other objects susceptible to the effects of conductive coupling
include shield wires and OPGW cables, above-grade metallic objects, metallic fencing, handrails, and other
adjacent overhead lines. Below-grade metallic objects, such as pipelines and grounding systems, can be
directly affected by the voltage gradients in the soil.
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4.2 General considerations for ac interference analysis

AC interference analysis is a complex combination of several effects, as addressed above. In all but the
simplest cases, the use of software is necessary to completely analyze these interference effects, incorporating
a large amount of site-specific data. The following subsections discuss the general considerations for ac
interference analysis, specifically related to aspects regarding the transmission line and items common to
most interference studies. Specifics related to pipelines and railroads are found in Clause 5 and Clause 6,
respectively. An example of a simple ac interference project is described in Annex B, while Annex C provides
example results from a complex ac interference project.

4.2.1 Data collection

Performing an ac interference analysis requires a significant amount of data. This data is generally shared with
all parties involved in a co-located project as applicable. At a minimum, a GIS based map providing accurate
and detailed locations of the co-located facilities can be made available to all affected parties. For any data
collection, mutual testing requirements can be coordinated among affected parties (such as soil resistivity
testing, data from which may be used for other unrelated analyses).

Transmission line companies generally have information about geometry of their transmission lines but may
not have all the information about grounding details, soil conditions, future loading, or fault forecasts readily
available. Significant delays may result while utilities are gathering this data. If scheduling constraints or data
unavailability dictates, conservative assumptions may be necessary to perform the ac interference analysis.
Any assumptions made can be documented and vetted with the appropriate stakeholders.

4.2.2 Electrical system geometry

The longitudinal voltage induced in linear facilities from parallel transmission line(s) depends on a number of
parameters. Gathering as much of the following data as practical for each transmission line that is co-located
in a corridor improves the accuracy of the ac interference analysis.

— Reference name

— Length of exposure

— Horizontal offset between linear facility and transmission line
— Span between towers

— Structure dimensions (horizontal and vertical placement of line conductors)
— Phasing of conductors

— Conductor data, type and sag at study condition(s)

—  Shield wire data, type and sag

—  Guy detail

— Grounding facilities including counterpoise

— Details of corrosion protection systems

— Phase transposition details and locations
If the transmission line is underground, some of the data outlined above may not apply. The following data is
gathered for underground facilities:

— Depth of conductors

— Cable types, size, construction details
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