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FOREWORD 

IIT Research Institute is pleased to submit this final report to Oak Ridge National 
Laboratory for work performed under Subcontract No. 62X-SV820Vy RAPID Program 
Engineering Project 8. 

This draft report consists of two volumes. 

Volume 1, the main body, contains an introductory section, an overview of magnetic fields 
section, and field reduction technology evaluation section. Magnetic field reduction methods are 
evaluated for transmission lines, distribution linespubstations, building wiring, appliances/ 
machinery, and transportation systems. The evaluation considers effectiveness, cost, and other 
factors. 

Volume 2 contains five appendices. Appendix A presents magnetic field shielding 
information. Appendices B and C present design assumptions and magnetic field plots for 
transmission and distribution lines, respectively. Appendices D and E present cost estimate details 
for transmission and distribution limes, respectively. 

Respectively Submitted, 

IITRESEARCHINSTITUTE 

m 
Tim R Johnson 

Approved: 

and Information Technology 
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transmission line right of way. If low magnetic field levels were mandated, minimizing unbalanced current would 
be necessary throughout the transmission network. This would entail balancing the line loading at transmission 
substations, transposing transmission line conductors, and adding low-impedance shield wires to “attract” zero 
sequence current. 

Distribution Lines 

The magnetic fields, electric fields, and life cycle costs of various distribution line designs were also examined 
during the project. Both “rural” and “suburban” designs were modeled for 7.6 kV single-phase, 13.2 kV three- 
phase, and 34.5 kV three phase categories. Several magnetic field reduction concepts were evaluated, including 
compaction, phase splitting, and the use of higher voltage (same load) to reduce current. 

* 

For balanced phase current conditions, low-field distribution line life-cycIe costs were predicted to increase 
significantly only for presumed exposure limits of about 5 mG or less. Costs increased as much as 40% for a 2 mG 
limit at 7.6 kV and 13.2 kV, for which tall compact and split-phase Hendrix cable designs could be used. Life cycle 
costs for 34.5 kV lines were predicted to increase by 50% to 100% to meet a 2 mG limit, accomplished with a split- 
phase Hendrix cable design. Heavily loaded distribution lines would have to be shielded, perhaps by underground 
conduit, to meet a 2 mG limit. 

Underground duct and direct burial designs produced the highest magnetic fields at 13.2 kV and 34.5 kV. The 
underground duct designs nearly triple the baseline design life cycle costs. 

Unbalanced resultant (zero sequence) current is often the most significant source of distribution line magnetic fields. 
If very low magnetic field exposure limits were mandated, control of zero sequence current would be necessary at 
every point in the distribution network. This significant challenge would require rethinking not only line design 
methods, but broader network-scale issues Such as grounding methods, dmiut ion  voltage selection, and 
transformer sizing. 

Substations 

Most of the magnetic field at a substation perimeter fence is fiom transmission and distriiution lines entering or 
leaving the facility. The need to build low-field transmission and distribution line segments at the station entrance 
would heavily influence the feasibility and cost of reducing substation magnetic fields. Field reduction methods and 
life cycle costs of these line segments would be similar to those listed for transmission and distriiution lines. Few, 
if any, methods are available to allow 500 kV and 765 kV lines to meet exposure limits below 100 mG. 

The cost of a “low-field” substation design would also include the cost of expanding the perimeter fence or wall, if 
needed. More difficult to predict would be the cost of reducing substation worker exposures. Potential methods for 
reducing worker exposures include shielding, especially with metal-clad switchgear or gas insulated substation 
buses, and remote operation and maintenance. 

Customer-Side Power Distribution 

Many magnetic field sources are found on the customer side of the electric utility service connection. These include 
customer-owned power distribution equipment such as transformers, switchgear, buses, feeders, service panels, and 
general wiring. Grounding methods at and beyond the service connection can also affect magnetic fields if stray 
return current paths are created. Residential and small commercial environments use mostly single-phase sources. 
Larger commercial and industrial environments use mostly three-phase sources. 
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1.0 INTRODUCTION 

Purpose 

The purpose of EMF RAPID Engineering hoject 8 is to inform decision makers about existing power fiequency 
magnetic field reduction techniques. To do this, field reduction methods have been evaluated for a variety of sources 
on the basis of their effectiveness, cost, safety, and environmental impact. 

Background and Scope 

It is possible to specify magnetic field interference thresholds for devices like pacemakers, computer video displays, 
and electron scanning microscopes. It is not possible, on the other hand, to specify “safe” magnetic field human 
exposure levels based on the current state of health effects research. No biological mechanism has yet been found by 
scientific consensus to explain the magnetic field-health effects associations reported in several epidemiology studies. 

Until the proposed power fiequency magnetic field health effects hypotheses are either proven or disproven, there will 
be no scientific basis for defining health-effects-related safe exposure thresholds. Hence, Yow field” methods for 
generating, transmitting, or using electric power on the basis of health concerns cannot be determined at the present 
time. 

Long-term planners must nonetheless ask some intriguing questions. If magnetic fields were linked to adverse health, 
would it be technically and economically possible to modify the existing electric power transmission and distribution 
network? Would it be possible to design low-field building and plant power systems? Could low-field appliances and 
machines be devised? Would it be possible to design transportation systems to ensure low-enough field exposure? 

RAPID Project 8 provides information to assist decision makers at all levels. The project examines field reduction 
methods for electric power transmission, distribution, and end use devices fiom both an engineering and financial 
viewpoint. The report focuses on power fiequency magnetic fields because these have been the focus of most of the 
recent health effects research. The effect of magnetic field reduction methods on electric fields is included. 

Overview 

The report is organized into three basic sections. The first is this introductory section. The second provides an overview 
of magnetic fields and basic reduction methods. The third provides a detailed evaluation of the application of various 
field reduction methods for specific sources. These are: transmission lines, distribution lines, substations, building 
wiring, machinery/appliances, and transportation systems. 

Augmenting the basic report are several appendices. 
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2.0 MAGNETIC FJELD REDUCTION OVERVIEW 

Fundamentals 

Electromagnetic fields permeate the modem world. Man-made fields run the gamut of the frequency spectrum from 
DC (0 Hertz) to the extremely high fiequency band (Em 30-300 Gigahertz), as Table 2-1 illustrates. Man-made 
electromagnetic fields also exist at higher frequencies, in the infrared, visible light, ultraviolet, X-ray, and gamma ray 
bands. 

Natural electromagnetic fields also exist. The earth has a 250-500 milligauss static magnetic field and a small time- 
varying “magneto-telluric field” that measures about 0.0002 milligauss at 60 Hz. Higher frequency electromagnetic 
energy &om our sun and from other solar systems also reaches the earth. Even the brain and nervous system of humans 
and other animals creates small, but measurable, electromagnetic fields in the ELF frequency band. 

Table 2-1: The Electromagnetic Frequency Spectrum 

Frequency Band Frequency Range 

Extremely Low Frequency (ELF) 3-300 HZ 

Ultra Low Frequency (ULF) 300-3,000 HZ 

Very Low Frequency (VLF) 

Low Frequency (LF) 

3 KHZ-30 KHZ 

30 KHZ-300 KHZ 

Very High Frequency (VHF) 30 MHZ-300 MHZ 
~~ ~~ ~ 

Ultra High Frequency 0 

Super High Frequency (SHF) 

300 MHZ-3 GHZ 

3 GHZ-30 GHZ 

Extremely High Frequency (Em) 30 GHz-300 GHZ 

!I Primary Use 

Power, ELF Communication, Seismic Exploration 

AircWSpacecraft Power 

Navigation, Induction Heating 

Induction Heating 
~~ 

Navigation, AM Radio 

Radio 

Television, FM Radio 

TV, Microwave Communication, Microwave Heating 

Radar, Microwave Communication 

Fundamental power fiequencies reside in the ELF band, with harmonics extending into the VLF band. At such low 
fiequencies, the electric field (related to voltage) and magnetic field (related to current) are effectively independent of 
one another and can be studied separately. Power fiequency magnetic fields are the primary focus of RAPID Project 
8. 

The Magnetic Field 

Electric current in a conductor can deflect a nearby compass needle, can induce voltage and current in nearby 
conductors, and can exert forces on nearby moving charges or current elements. To describe these effects of action at 
a distance, 19th century scientists devised the theoretical magneticfield. 

The force between two current elements is determined by the magnitude and orientation of the currents, the distance 
between the currents, and the properties of the medium surrounding the currents. In the absence of one of the current 
elements, the p0ssibiZit-y of a force can still be predicted by the magnetic field of the remaining element. 

Permanent magnets also “create” magnetic fields, but the forces associated with them are actually due to currents at the 
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atomic level. Thus, it can be said that magnetic fields are created only by charge in motion. 

The Biot-Savart Law, sometimes called Ampere’s Law, defines the basic relationship between electric current and 
magnetic fields [Ramo, 19841. It predicts the magnetic field at any fixed observation point near a line of current by 
describing a line integral along the current path. The differential current element dl, source-subject distance r, and 
magn,etic field intensity H are all vectors. Their magnitudes and directions are interrelated, as shown in Figure 2-1. 

a 

Figure 2-1: Biot-Savart Law Description 

Where: H is the magnetic field intensity in Oerstead (Oe) (cgs) or amperes per meter (Mm) (mks) 
I is the current in amperes (A) flowing along a conductor 
dl is a differential vector element oriented in the direction of the current 
r is a vector (in meters) from the differential vector element to the observation point 

The meter-kilogram-second ( m k s )  unit, tesla, is IO4 times the common centimeter-gram-second (cgs) unit, gauss. 
1 Oersted = 79.577 amperes per meter. a 
The magnetic field vector is best visualized by the right hand rule. If the thumb of the right hand points along the 
current path, the magnetic flux density vector is oriented in the direction of the fingers. The field curves around and 
completely encloses the current path. 

Another commonly used magnetic field descriptor is the magnetic flux density vector, B, given in gauss (G) (cgs) or 
tesla 0 (mks) .  B is related to H by the expression B = p H , where p is the magnetic permeability of the region near 
the current element. p = popp where p, is the magnetic permeability of fi-ee space, a constant p, = 4n x henries 
per meter (mks), and pr is the relative permeability of the medium. 

Ferromagnetic permeabilities, for materials such as iron and steel, can be hundreds to thousands of times larger than 
free space permeability. These materials act as a sort of magnifying lens for a magnetic field, an effect used to 
advantage in transformers, electromagnets, and magnetic shields. Ferromagnetic material permeabilities are not 
constants. Instead, they vary with the strength and frequency of an applied magnetic field H. 

At a specific point, the magnetic field vector of a steady direct current @C) source points constantly in one direction. 
For a single-phase alternating current (AC) source, the magnetic field vector still points in one direction, but it’s 
magnitude changes polarity every half cycle. Single-phase AC fields are said to be “linearly polarized”. 

Three-phase AC magnetic fields are more complex. Standard electric power systems use three phase currents of equal 
magnitude but offset in phase, with Phase A at 0 degrees, Phase B at 240 degrees, and Phase C at 120 degrees. Near 
a three-phase source, the magnetic field vector rotates on its “tail” while at the same time varying in magnitude. The 
vector describes an ellipse every 1/60th of a second (1/50th of a second in Europe) and is said to be “elliptically 
polarized”. Near a three-phase power line or cable, the field ellipse is in a plane perpendicular to the conductors. 

’ 
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Care must be used when measuring a three-phase magnetic field. Most field meters provide a resultant field value 
calculated by taking the square root of the sum of the squares from three orthogonal field coils. In the presence of an 
elliptially-polarized field, these meters can overestimate the actual maximum field; typically by 10-15 percent but 
sometimes by as much as 30 percent. The easiest way to measure an elliptially-polarized magnetic field is to rotate a 
single-axis coil, or one of the coils on a three-axis meter, to find a maximum reading. 

Magnetic Field Reduction Methods 

Closed-form solutions of the Biot-Savart line integral are possible for simple problems such as long straight lines or 
circular loops of current. Computer-based numerical integration can solve more complex cases. 

Long straight lines of current create magnetic fields that, being constant at a fmed from the line, vary only in two 
dimensions. Some basic two-dimensional sources are shown in Figure 2-2. The equations are valid only when the 
observation distance r is relatively large compared to the conductor separation distance d [Zaffanella, 19921. 

Single Line 
of Current 

(3) 

Figure 2-2: Basic Two-Dimensional Sources 

This simple example illustrates at least five magnetic field reduction methods. First, magnetic fields are minimized 
when current-carrying conductors are matched with the appropriate return conductors. Second, fields are lowest when 
opposing current pairs are placed as close together as possible. Third, current splitting is available as a magnetic field 
reduction option. Fourth, magnetic fields decrease with distance from the source. Fifth, and finally, magnetic fields 
are directly proportional to the current flowing on the conductors. Whenever current is reduced, magnetic fields are 
reduced. 

Return current “splitting” can be carried further. The more times the return current is split, the faster the field will drop 
with distance. Carried to an infinite conclusion, current splitting leads to an ideal coaxial cable. An ideal cccoax” creates 
no magnetic field outside it outer conductor. 

Another magnetic field source type with a closed-form Biot-Savart law solution is the three-dimensional magnetic field 
dipole. This source, a small circular current loop, approximates magnetic field sources whose largest dimensions are 

c 

a 
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small compared to the observation distance. Examples include small transformers and motors. Its magnetic field 
magnitude is given by the following expression. 

.. .. . .  . .  . .  
e ’  . .  

Q 

Figure 23: Basic Three-Dimensional Source 

Where: A is the area enclosed by the loop and r, the observation distance fiom the center of the source, is much greater 
than the loop diameter. 

Equation (5)  shows that three-dimensional dipole fields are inversely proportional to the cube of distance from the 
source. “3D-dipole” fields can be reduced by reducing current, reducing loop diameter, and, especially, increasing 
source-observation distance. 

One additional field reduction method can be considered for three dimensional sources. If an opposing three- 
dimensional dipole is placed nearby, its field will partially cancel the original dipole’s magnetic field, as shown in 
Figure 2-4. Field reduction improves as the distance between dipoles is reduced. 

Lines of Magnetic Flux B cancel 
outside loops, add within loops . -  . 

Dipole #I Dipole #2 

Toroidial Configuration (8 Dipole Example) 

Magnetic field 
tends confined to be -. - . -3% 
to the toroid w 

Figure 2-4: Three Dimensional Dipole Cancellation 

Unless the dipoles are placed right on top of one another, the magnetic fields will tend to cancel each other outside the 
loops and add to each other inside the loops. More dipoles can be added to reduce magnetic fields even further. Carried 
to its ultimate conclusion the process leads to an ideal toroid that produces no magnetic field outside of its coils. 

Cancellation 

Most of the magnetic field reduction methods mentioned so far can be achieved through “self cancellation”, in which 
the source currents are simply rearranged to reduce magnetic fields 

Magnetic field reduction can also be achieved through “active cancellation”, where add-on “cancellation currents” are 
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used to minimize fields. Some type of active control system, based on a magnetic field sensor, drives cancellation 
current in a set of conductors or coils. The cancellation current is supplied independently of the original source current. 

Active cancellation systems are used in specialized applications, such as magnetic field exposure systems, but their 
added complexity make them the option of last resort for most power fiequency magnetic field applications. 

Another type of magnetic field cancellation is passive cancellation, also called inductive cancellation or eddy current 
cancellation. Passive cancellation occurs when a magnetic field induces current in a closed conductive path such as a 
loop. The induced current creates its own opposing magnetic field that tends to cancel the original field. 

A magnetic field induces a current in a passive conductive loop according to the following expression -0, 19841. 

where: A, is a unit vector normal to the coil surface area dS 
B is the magnetic flux density vector 
f is the frequency of the magnetic field in Hertz 
R, is the resistance of the coil in Ohms 
Ll is the inductance of the coil in Henrys 

Passive cancellation works best when the loop is large, has low impedance, is close to the field source, and is oriented 
so that most of the magnetic-field is perpendicular to the loop face. The loop impedance can be minimized by using 
a thick conductor and by adding series capacitance to offset the inductance. 

Passive cancellation in the form of long cancellation loops has been studied for use with transmission l ies ,  with 
intriguing results [EPRI TR-105571,1995]. 

Shielding 

Passive shielding can be an important tool for reducing power frequency magnetic fields. It has been used for many 
years to shield sensitive instruments from electromagnetic interference usually caused by higher fiequency fields. In 
recent years, more and more power fiequency and static field @C) shielding applications have appeared. 

Two passive shielding mechanisms are available. The first is magnetic flux shunting, provided by materials with high 
magnetic permeability. The second is inductive, or eddy current, cancellation, which is a “continuous sheet” version 
of passive loop cancellation. 

Examples of materials with high permeability include steel, iron, and any of a variety of nickel-iron alloys. One well 
hown high permeability alloy, called Mumetal, is composed of 17% nickel, 16% iron, 5% copper, and 2% chromium. 
Similar alloys are called Permalloy, Supermalloy, Hypernick, Conetic, and so on. Such alloys are usually much more 
expensive than steel and are more difficult to work with, but provide permeabilities that can exceed those of steel by 
more than 100 times. 

Magnetic flux shunting occurs when a shield of sufficiently high magnetic permeability provides a shunt, or shortcut, 
path for a magnetic field. This is analogous to the low resistance shorting of an electrical circuit, with the shield 
providing a so-called “low reluctance” path for magnetic flux in the same way that a short circuit provides a path for 
electric current. Another way to think about flux shunting is that the shielding material ccatfracts’7 the magnetic field, 
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drawing it away fiom the shielded area. Magnetic flux shbting works for both static @C) and time-varying (AC) 
magnetic fields. The flux shunting mechanism improves with higher shield magnetic permeability, with increasing 
shield thickness, and, in many cases, with smaller source-shield distance. 

Flux Shunting Shielding Eddy Current Shielding 

Figure 2-5: Magnetic Field Shielding Mechanisms 

Inductive, or eddy current, cancellation, is provided by materials with high electrical conductivity. Examples of such 
materials include copper, aluminum, gold, brass, and chromium. Aluminum is usually the shielding material of choice 
due to its lower cost. Eddy current cancellation only works for time varying (AC) fields. 

Eddy current shi’elding occurs when a magnetic field induces current in a conductive material. The induced current 
creates its own opposing magnetic field that partially cancels the original field. The eddy current shield appears to 
“repulse” magnetic fields while a flux shunting shield seems to “attract” them. 

The eddy current effect improves with shield conductivity, with shield thickness, with increasing frequency, and with 
the amount of surface area available for eddy current induction. Eddy current shielding improves as the source moves 
further fiom the shield, at least as long as the shield ccappears” to be much larger than the source-shield distance, because 
more shield surface area is exposed to the field. 

Some materials provide both flux shunting and inductive cancellation. Iron and steel, for example, have high 
permeability and are good conductors. They provide flux shunt shielding at DC and at low frequencies and eddy current 
shielding at higher frequencies. The geometry of source and shield interacts with these materials in a more complex 
way than with “pure” flux shunting eddy current shields. A change in the source-shield distance may, for example, 
decrease shielding at low frequencies while improving it at higher frequencies. 

Another way to provide both flux shunting and eddy current cancellation is with layered shields of conductive and 
highly permeable materials. An alumindsteel “sandwich” can work better than single-material shields of comparable 
thickness, for example. The layered shield works best if the material closest to the magnetic field source is the more 
conductive layer. 

’ 

Appendix A provides an expanded discussion of magnetic field shielding. 
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3.0 MAGNETIC JTCELD REDUCTION TECHNOLOGY: EVALUATION BY SOURCE 

To evaluate the state of power fiequency magnetic field reduction technology, it is necessary to consider in some detail 
how the available methods might be applied. order to do this, RAPID Project 8 considers a variety of magnetic field 
sources, including transrms - sion lines (Section 3.1), distribution lines (Section 329, substations (Section 3.3), building 
wiring (Section 3.4), appliances and machinery (Section 3.5), and transportation systems (Section 3.6). In each 
category, magnetic field reduction methods are evaluated on the basis of effectiveness, coeenvironmental impact, and 
safety impact. 

Some of the source categories are examined in more detail than others. This is due to the fact that field reduction 
techniques for some sources; transmission lines for example; have been studied in detail during the past few years, while 
methods for other sources, such as transportation systems, have not been considered in depth. 

3.1 TRANSMISSION LINES 

Case Study Description 

A case study approach is used in RAPID Project 8 to compare magnetic fields, electric fields, and life cycle costs of 
various transmission line designs. Both “mid‘‘ and “suburban” designs are examined within each of four voltage 
categories. These include 69 kV, 115 kV, 230 kV, and 345 kV. In addition, rural-only designs are examined at 500 
kV and 765 kV. Both overhead and underground designs are considered for the four suburban voltage categories. 

Standard reference loads are assumed within each voltage class as follows. 

Voltage Class Reference Load Level Current per Phase 

69 kV 
115 kV 
230 kV 
345 kV 
500 kV 
765 kV 

72 MVA 
120 MVA 
239 MVA 
717 MVA 

1559 MVA 
3180 MVA 

600 amperes 
600 amperes 
600 amperes 

1200 amperes 
1800 amperes 
2400 amperes 

Higher voltage, same-load options are tested for the 69 kV and 115 kV voltage c-mes. -ewer voltage, same-load 
designs are examined for all but the 69 kV voltage class. 

Rural lines are assumed to traverse cross-country with long spans, few bends, and no distribution underbuild. Suburban 
l i e s  are designed for routing along streets and roadways with many turns and short, 250 foot spans. Suburban 
transmission line poles are sized to provide clearance and strength for distribution line underbuilds. All designs include 
overhead ground wires and are based on NESC Heavy Load conditions. 

Tables 3.1-1 and 3.A-2 provide basic design information for the modeled transmission lines. Figure 3.1-1 shows the 
’ basic transmission lime tower types considered. Additional design details are provided in Appendix B. 
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Figure 3.1-1: Transmission Line Tower Types 

I 

Delta 
Post 

Vertical 
Post 

Split-6 
Post Delta Split4 

susp. Post 
H-Frame 
susp. 

Split-6 
surp. 

Cpct. 
Delta Split-6 Split4 H-Frame Vertical Delta 
V-StHng v-string V-sning Vatring v-string Vatring 

UG Duct UG Pipe 

Table 3.1-1: 69 kV-115 kV Transmission Line Designs 
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Table 3.1-2: 230 kV-765 kV Transmission Line Designs 

500 kV Vertical 
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Cost Estimates 

The following assumptions are made for cost estimating purposes. 

Case 

Suburban 
Rural 
Rural 
Rill-al 
Rural 
Rural 
Rural 

Voltage 
Class 

All* 
69 
115 
230 
345 
500 
765 

Length 
of Line 
Miles 

10 
25 
25 
25 
50 
75 
100 

Number of Structures 
Medium Dead 
Angle End 

20 
10 
10 
10 
16 
24 
32 

10 
5 
5 
5 
8 
12 
16 

Angle and dead end structures must be stronger, and thus are more costly, than tangent structures. To make generic cost 
estimates, the lines are assumed to be over relatively flat terrain with the above number of angles and dead end 
structures, 

Three cost estimates are provided material and labor, project, and life-cycle. The material and labor cost estimate 
includes all hardware and the cost of the labor needed to construct the line. Project costs include material and labor costs 
plus cost of land and land rights, right of way clearing and restoration, licensing and permits, engineering and surveying, 
inspections, and administrative costs. Rapid 8 project cost estimates are based on national averages for comparison 
purposes, but actual costs can vary significantly fiom region to region. The project cost represents the total capital 
required to build the line and place it in service [Cost Effectiveness Analysis ... , 19911. 

Life-cycle cost is the present worth of all costs incurred over the 35-year lifetime of the project. Life-cycle cost includes 
fixed costs, cost of losses, and O&M costs. The annual fixed costs of owning the power line are calculated using a 16% 
fixed charge rate, which is representative of the utility industry. The fixed charge rate includes capital depreciation, 
interest or dividends paid to investors, property taxes, and insurance. Fixed costs are usually the most significant 
component of life-cycle costs. Cost of losses represent the power losses that occur during operation of the power line. 
These can represent 5 to 30% of the total life-cycle costs. O&M (operation and maintenance) costs are related to upkeep 
of the transrms * sion line and its right of way. O&M costs are usually a small component of life-cycle costs. For Rapid 
8, an industry average of 1% is assumed. 

Cost estimates do not include transfoxmers, switches, capacitors, arresters, and related equipment that usually comprise 
a transmission system. This omission is not important for side-by-side comparison of same-voltage design options. 

Appendix D provides details of the transmission line cost estimating method. 

Transmission Line Field Modeling Methods 

The Southern California Edison “Fields” computer program was used to predict the modeled transmission line magnetic 
and electric fields for mid-span transverse profiles one meter above ground. It uses a Biot-Savart Law approximation 
[IEEE Committee Report, 19881. Magnetic and electric fields were modeled for both balanced and unbalanced current 
conditions. A “worst-case” transmission line unbalanced condition of 5% current unbalance and 2 degree phase 
unbalance was assumed [Olsen, et al, 1993]@2PRI TR-104413; 19953. 

Balanced three-phase transmission line currents have equal magnitude, are each 120 degrees out of phase with the other 
two, and sum to zero. When unbalanced in magnitude or phase, the phase currents sum to a non-zero value. This 
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unbalance resultant, called “zero-sequence current” by power engineers, flows in grounded overhead shield wires and 
through the earth beneath the line via transformer and tower grounding connections. Shield wires are typically grounded 
at every tower. Usually, fransmission line zero-sequence current is a small percentage of the phase current magnitudes. 
Its division between the shield wire and earth paths is based on the shield wire impedance, on grounding connection 
impedances, and on the impedance of the earth in the vicinity of the line. 

It is the “stray” unbalanced resultant current flowing through the earth that is responsible for most of the magnetic field 
increase seen near an unbalanced line. The effective “depth” of this dispersed earth current separates it fkom 
transmission line conductors by hundreds of feet depending on soil conditions, creating a large current c‘loop”. The 
resulting magnetic field source looks like a single line of current with a magnitude equal to the e& current. Its field 
decreases slowly, in inverse proportion to distance fiom the line, and dominates the balanced current magnetic field in 
areas off the right of way. . 

Transmission line current unbalance has two sources. One source; unbalanced loading; is uncommon for transmission 
lines because they are usually terminated in inherently-balanced, delta-configured transformer banks. The second source 
is long, non-transposed transmission line segments. If one phase conductor is nearer to the earth than the others for a 
long distance, it will induce more current in the earth and suffer more losses, creating current unbalance. Most 
transmission line designs limit this type of unbalance to 2% or less by occasionally transposing, or rearranging, the 
conductors. . 

For this RAPID Project 8 modeling effort, none of the 5% unbalanced resultant (zero sequence) current was assumed 
to return in overhead ground wires. This worst-case assumption was used because transmission line shield wires are 
usually not designed to carry zero sequence currents. Shield wires, used primarily for lightning protection, are 
someti&es actually segmented to minimize line losses. 

While it seems unlikely that underground lines should experience much current unbalance, unbalance can in fact occur 
when multiple buried lines are next to one another over some distance. Zero sequence currents can be induced in and 
circulate between different circuits. The problem is worst when cables are unsymmetrically arranged andor more than 
two or three circuits are adjacent [Nakanishi, et al, 19911. 

This analysis only considers single-circuit transmission lines. Actual transmission lines often have two or more 
independent three-phase circuits. It is difficult to model double-circuit line fields to allow the type of side-by-side 
comparison sought here, however, because of the unpredictable nature of independent circuit loading. 

Transmission Line Magnetic Field Reduction Concepts 

This analysis considers several magnetic field reduction concepts for transmission Iines. These include compaction, 
phase splitting, use of higher voltages to reduce current, shielding provided by underground pipe-type cables, and use 
of line-side passive cancellation loops. The five and six-wire split-phase designs are true split-phase, single-circuit 
designs. Phase conductors are arranged in a low reactance configuration as follows. 

AI2 cl2 
BE Bl2 
Cl2 AI2 

or 
An Cl2 

B 
Cl2 AI2 

This is a three-phase version of two-dimensional current s p l i i g .  If phase currents are balanced and are assumed to 
divide evenly, the magnetic field will drop with the cube of distance, versus the square of distance for the three- 
conductor line. 

Underground pipe-type transmission cables use steel pipes. The pipes allow high pressure gas (I-PGF high pressure 
gas filled) or insulating oil (HPFF: high pressure fluid filled) to be pumped through, cooling the cables. Pipe-type cables 
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have been used at voltages up to and including 345 kV. Higher-voltage designs have been tested, but have not been 
installed. 

The steel pipes almost incidently provide eddy current and flux shunt magnetic field shielding. Steel pipe-type cable 
magnetic field shielding is predicted using techniques described in Appendix A. The model results were compared with 
reported measurements when possible [EPRl TR-102003,1993]. 

Horizontal passive cancellation loops with compensating capacitors are examined for use with rural H - M e  designs 
at all voltages except 69 kV. They are implemented by adding wooden poles on each side of the right of way, as shown 
in Figure 3.1-2 [EPRI TR-105571, 1995][R. Walling et al, 19931v. Jonsson et al, 19941. The cancellation loop 
conductor is the same size as the phase conductor in each case. Cancellation loop costs incremental to the total 
transmission line costs are provided on a per-mile basis. In practice, cancellation loops would probably be used only 
for relatively short distances along an existing line. 

H-Frame 
Transmission Line ”*=. 

Series Capacitor 

Figure 3.1-2: H-Frame Transmission Line Horizontal Cancellation Loop 

Transmission Line Field Modeling Results 

Tables 3.1-3, through 3.1-8 list the estimated magnetic fields, electric fields, project costs, and life cycle costs for the 
rural and suburban designs. The tables also list a theoretical “right of way” width needed to enclose magnetic fields 
exceeding five milligauss. This value, provided for comparison purposes only, is twice the largest distance predicted 
from tower center line to a five milligauss contour. In the tables, “Far Field” Shielding Factor (SF) refers to the 
predicted magnetic field reduction provided by cancellation loops off of the right of way. The Far Field SF is valid for 
distances several times greater than the conductor separation distance. 

Appendix B provides detailed transmission line magnetic field model results. 
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Table 3.13A: 69 kV (72 MVA) Rural Transmission Lines 

Balanced Current Ca 

Delta 64.332 0.765 

Vertical 72.612 0.838 

Split4 12392 0.413 

Split4 15.689 0.636 

115kV Delta (72 43.328 1.095 
W A )  

5% Unk 

144 46.474 

ilanced Ca! 

Emax 
( k v w  

0.776 

0.850 

0.447 

0.667 

1.119 

per Mile 

208 260 581 

234 263 586 

110 290 659 

116 311 682 

174 235 515 

Table 3.1-3B: 69 kV (72 MVA) Suburban Transmission Lines 

Balanced Current Cases 

Bmax Emax ROWfor Bmax Emax ROWfor Projectcosts Lifecycle 
(mG) (kVlm) 5mG (mG) (kVlm) 5mG SxlOOO per Costs SxlOOO 

5% Unbalanced Cases 

Wt.1 (Ft.1 Mile per Mile 

UG Duct 70.646 0.000 54 92.827 0.000 116 916 1,632 

UGHPGFPipe 1.028 0.000 NIA 29.034 0.000 78 901 1,551 
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Table 3.1-4A: 115 kV (120 MVA) Rural Transmission Lines 

Delta 

Balanced 

Balanced Current Cases 

Bmax Emax ROWfor Bmax Emax ROWfor Projectcosts Lifecycle 
(mG) (kVIm) 5mG (mG) (kVIm) 5mG Sx1000 per Costs SxlOOO 

5% Unbalanced Cases 

Pt.) (Ft.) Mile per Mile 

26.148 0.469 178 29275 0.484 228 377 767 

H-Frame I 116.254 

Split4 

Split-6 Cpct. 

69kV(120MVA) 
Split4 

Delta I 72210 

~ 

7.590 0268 56 10325 0299 122 516 1,018 

3.525 0260 NIA 8.060 0287 86 476 954 

9.390 0.179 64 27.106 0.197 324 485 1,007 

MVA) Split4 

UG Duct 

UG HPGF Pipe 

UGDuct(Urban) 

UGHPGFWrban) 

230 kV (120 40.822 
?$VA) Delta 

Split4 22.512 

Cancellation 
hopfo r  H- 

~~ 

70.646 0.000 54 92.827 0.000 116 1,182 2,073 

1.028 0.000 NIA 29.034 0.000 78 994 1,705 

70.646 0.000 54 92.827 0.000 116 1,494 2,569 (Urban) 

1.028 0.000 NIA 29.034 0.000 78 1,249 2,110 (urban) 

Cnrrent C 

1.173 

1.187 

1280 

0.725 

0.779 

0.449 

2.403 

1.064 

ies I 5% Unbalanced Cas1 

260 120.885 1201 

190 77.565 1211 

180 I 76.371 I 1.300 

94 30.014 0.769 

70 24298 0.835 

96 67.145 0.484 

152 43.477 2.447 

25.561 1.113 

Far Field + SF4.40 

l 5mG 
Mile per Mile 

316 280 613 

240 283 617 

210 267 591 

140 367 781 

122 332 725 

330 365 816 

176 282 545 

136 345 736 

165 266 
(iicremental) (incremental) 

Table 3.143: 115 kV (120 MVA) SuburbanNrban Transmission Lines 

Delta Cpct. I 18.682 I 0.420 I 160 1 24301 I 0.431 I 202 I 363 I 745 

230kV(120MVA) I 13.003 I 0.832 I 128 
Delta 

I 14365 I 0.857 I 154 I 482 I 863 
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H-Frame 112.927 2385 

Delta 62396 2.041 

332 

220 
~ 

268 

264 

350 699 

342 685 Delta Cpct 

Split4 

Split4 Cpct 

115 kV (239 
MVA) Split4 

78.835 2.627 216 

32.092 1.757 116 

29.259 1.680 112 

53.077 0.781 128 

164 442 804 

177 290 Cancellation Loop 
for H-Frame 

Far Field 
S F 4 3 8  

Bmax 
(mG) 

Emax ROWfor 
(kV/m) 5mG 

443 

430 

63 1 

576 

558 

848 

828 

1,085 

998 

1 3 %  

Split4 Cpct 

115 kV (239 
MVA) Split4 

115kV (239 

9.416 0.693 80 11.608 0.751 140 

15.089 0.291 104 20.543 0323 220 

9.106 0338 72 19.041 0368 204 

UG Duct 

UGHPFFPipe 

UGDuct(Urban) 

70.646 0.000 54 92.827 0.000 116 

1.165 0.000 N/A 29.034 0.000 78 

70.646 0.000 54 92.827 0.000 116 

vPHPFF(Urban) 1.165 0.000 N/A 29.034 0.000 78 

Table3.1-5A: 230 kV (239 MVA) Rural Transmission Lines 

5% Unbalanced Cast 

' E q S  
per Mile 

388 334 673 117371 2.430 

66.828 2.081 

84.718 2.670 
~~ 

1.830 34.781 

31.894 1.753 

59.476 0.826 228 1,001 

48.226 0.900 220 I 382 I 946 II llSkV(239 

1) split-5 29.661 2.232 124 32389 2.298 

I I (incremental) I (incremental) I 

Table 3.1-5B: 230 kV (239 MVA) SuburbadUrban Transmission Lines 

Balanced Current Cases 

Delta Cpct 30332 

Split-6 

. .  

29300 

0.730 I44 

33.783 

12.446 

1,165 

2,599 

1,537 2,555 
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Table 3.1-6A: 345 kV (717 MVA) Rural Transmission Lines 

Table 3.14%: 345 kV (717 MVA) SuburbadUrban Transmission Lines 
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Table 3.1-7: 500 kV (1559 MVA) Transmission Lines (Rural Only) 

Balanced Current Cases 

Bmax Emax ROWfor Bmar Emar ROWfor Projectcosts Lifecycle 
(mG) (kV/m) 5rnG (mG) (kV/m) 5 mG SxlOOO per Costs SxlOOO 

5% Unbalanced Cases 

Vt.1 Mile per Mile 

Table 3.1-8: 765 kV (3180 MVA) Transmission Lines (Rural Only) 

Balanced 

500 kV (3180 183.975 
MVA) Split4 

~~ 

Cancellation Loop 
for H-hme 

:nrreut Ca 

Emax 
(kV/m) 

8.344 

5.478 

5% Unbalanced Cases 

2,761 

17643 I 3*531 II 
I 440 

184 
hxemental) fincremental) 

Transmission Line Discussion 

In this analysis, underground pipe-type cables, either high-pressure gas-filled (HPGF) or high-pressure fluid-filled 
0, provided the lowest transmission l i e  magnetic fields. This is primarily the result of ferromagnetic and eddy 
current shielding provided by the steel pipes. Underground pipe-type transmission line life cycle costs were 221 to 3.01 
times greater than for the baselie suburban overhead designs. The cost differential increases with voltage. 

Underground duct-type cables created higher peak magnetic fields than all other options. Underground ducts are made 
fiom materials that provide no magnetic field shielding. Although their conductors are relatively close together, 
reducing magnetic fields off the right of way, their conductors are typically only a few feet below the surface. 

Six-wire and five-wire split-phase designs produced the lowest magnetic fields for the rural balanced current cases at 
all voltages, and were the lowest-field overhead designs. The split phase designs were 1.13 to 1.44 times more 
expensive than baseline designs in terms of life cycle costs. An exception was the 345 kV six-wire split phase V-string 
insulator design that was 2 2 8  times more expensive in rural applications and 2.82 times more expensive in suburban 
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settings. This result was due to the fact that steel poles were required for increased strength for the split-phase design 
while wood poles were used for the 345 kV baseline design. 

The so-called “compact” designs, most of which use post insulators to reduce conductor spacing, did not usually reduce 
magnetic fields by significant amounts. Often, however, these designs had lower lie-cycle costs than comparable 
suspension insulator designs. This was especially true at the lower transmission voltages. 

Series capacitor compensated cancellation loops for H - h e  transmission lines offer about the same magnetic field 
reduction as split-phase designs off the right of way. At 115 kV and 230 kV, the split phase designs have much lower 
life-cycle cost than an H - h e  with a cancellation loop. At 345 kV and 500 kV the opposite is true; cancellation loops 
are less expensive. This is because larger phase conductors are required on split-phase designs at 345 kV and above 
to reduce corona. 

At 765 kV, the cancellation loop option is the only field reduction method available without resorting to a more 
expensive 500 kV split-phase design. 

The suburban overhead transmission lines considered at 345 kV and below offered much lower peak magnetic and 
electric fields than their rural counterparts. The effect was less significant off the right of way. The difference is due 
to the taller towers and shorter spans of the suburban designs. Suburban transmission line tower designs are often taller 
to allow for the possibility of distribution line underbuilds. 

Split-phase designs produce lower peak magnetic fields than underground pipe-type cables when worst-case unbalanced 
conditions are assumed. Unbalanced current pipe-type cable magnetic fields fall off more rapidly with distance than 
split-phase fields, however, so their magnetic fields affect a smaller area. 

With one exception, magnetic field reduction comes at increased cost. The exception is use of a higher voltage, lower 
current option for 69 kV and 115 kV designs. In these cases, the higher voltage designs are iess expensive than, and 
produce lower magnetic fields than, the baseline design. These higher voltage designs also produce lower unbalanced 
current fields because less current is used. The reader should keep in mind that these example designs used same-load 
(lower current), higher voltage designs. Higher voltage transrms sion lines usually carry more current and produce iarger 
magnetic fields than lower-voltage lines. 

The comparisons show that transmission line magnetic field reduction is possible with some attention to design detail. 
Lower fields usually, but not always necessarily, come at higher cost. 

An important observation is that unbalanced resultant (zero sequence) current can be the most signiscant magnetic field 
source for most areas near a transmission line. If low magnetic field levels were mandated, minimkition of unbalanced 
current would be necessary throughout the transmission network. This would entail balancing the line loading at 
transmission substations and transposing transmission h e  conductors where necessary. 

Unbalanced current magnetic fields could also be reduced in new designs by including low-impedance shield wires to 
“attract” zero sequence current The portion of zero sequence current that flows in the earth is responsible for most of 
the unbalanced current magnetic field, especially off the right of way. More of this current would flow in the shield 
wires if they were larger in diameter. 

If very low magnetic field levels, roughly five milligauss for example, were ever mandated, the models show that 
providing such results on transmission line rights of way would be extremely difficult. Most overhead transmission lines 
designs could not meet such a standard. Split-phase and pipe-type underground designs could meet the standard at 69 
kV and 115 kV if phase current balance prevailed. Onlyanderground pipe-type cables appear to meet such standards 
at 230 kV and 345 kV. No practical design option appears able to meet such a low field level at 500 kV and 765 kV. 
Utility companies could conceivably purchase and fence off transmission line rights of way. However, designers would 
still have to devise cost-effective methods to get transmission lines across roads, sidewalks, and paths. For example, 
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the 500 kV sk-conductor split-phase design examined here would have to be supported by towers more than 250 feet 
tall to meet the five milligauss level at road crossings. 

Other Transmission Line Considerations 

Utility workers have voiced safety concerns about reduced field transmission line designs. These are mostly related to 
the live-line work necessary to maintain some transmission lines. A common live-line task, for example, is replacing 
insulator strings at towers [Lineman’s Handbook, 19761. Live-line workers must maintain safe distances from grounded 
towers and conductors when working on energized conductors to prevent flash overs between themselves and ground. 
In fact, extremelyhigh voltagetransrms sion line (345 kV and above) conductor spacing is often determined by safe live- 
line working distance requirements. Compact transmission line conductors are closer to each other and to fowers, 
making live-line work more difficult and dangerous. 

One potential live-line work safety aid is the temporary installation of portable protective gaps (PPGs) on towers next 
to the live-line work area w ~ e  the work is in progress. One principal concern with live-line work is the rare ‘’transient 
over voltage” event, which has led to the establishment of minimum safe working distance requirements. PPGs are 
supposed to spark-over at a lower voltage than that needed to create a flash over between the live-line worker and 
grounded conductors. When PPGs are temporarily installed, the minimum safe working distance can be reduced, 
allowing work to be done on compact transmission lines. Workers, however, must trust their safety to the proper 
functioning of the PPGs. 

Other solutions for live-lie worker safety might involve the use of larger bucket trucks to reach the line, use of 
helicopter maintenance procedures, or deenergizing the line while work is underway. 

Low field transmission h e  designs must also be evaluated for their environmental impact. The most significant 
environmental impacts are usually associated with the line construction process, which involves right of way clearing 
and temporary road construction. Most of the low-field designs considered here would cause no more environmental 
disruption than a standard line. One exception might be the use of a passive cancellation loop along an H-Frame right 
of way. Such a design would require four times as many line poles as a standard design and would probably require 
a wider right of way. Another exception would be the use of taller towers with shorter spans, which would require more 
foundations and structures. 

Underground line construction requires much less right of way clearing than overhead line construction. Underground 
lines have less visual impact than overhead lines. Underground lines are less susceptible to damage fiom wind, ice, and 
lighining. On the other hand, the excavation required for underground lines is much more substantial than for overhead 
lines. Underground line excavation must often disturt, roads, streams, wetlands, and steep terrain; obstacles that 
overhead lines easily span. Pipe-type cables also add the possibility of underground fluid or gas leaks: The experience 
provided by tens of thousands of miles of underground transcontinental oil and gas pipelines should offer significant 
data on thii risk, however. 

Transmission Line Summary 

Table 3.1-9 provides atransrms sion line feasibility/cost summary for five possible maximum magnetic field exposure 
limits: 100 mG, 50 mG, 20 mG, 5 mG, and 2 mG. The lowest life cycle-cost design for each exposure criterion is 
selected from those presented in this report, assuming balanced current loading. The life cycle cost is listed as a 
multiplier of the baseline cost for each voltage category. Limits that cannot be reached by designs considered in this 
report have question mark (“?”) entries. 
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Split4 1.13 

~ ~~ 

Delta 1.00 Split4 
~ 

1.23 Split4 

115 kV 
(120 MVA) 
Rural 

115 kV 
(120 MVA) 
Suburban 

230 kV 

Rural 
(239 MVA) 

Delta 1.01 

Delta 1.00 
(Baseline) 

Delta 1.02 
C P a  

230 kV 
(239 MVA) 
Suburban 

345 kV 
(717 MVA) 
Rural 

345 kV 
(717 MVA) 
Suburban 

500 kV 
(1559 MVA) 
Rural 

165 kV 
(3180 MVA) 
Rural 

Delta 1.00 
(Baseline) 

Split-5 1.44 

Delta 
(Baseline) 

Split4 

? 

Table 3.1-9: Transmission Line Magnetic Field Reduction Summary 

4 0 0  mG 6 0  mG 4 0  mG a mG 

Type 

UG 
HPGF 
PIpe 

UG 
HPGF 
Pipe , 

Voltage Type Life- 
Cycle 
cost 
Multip 
lier 

Type Life- 
Cycle 
cost 
Multip 
lier 

Type Life- 
Crde 
cost 
Multip 
lier 

Life- 
Cycle 
cost 
Multip 
lier 

~ 1.48 

Life- 
Cycle 
cost 
Multipli 
er  

2.67 Delta 
(Baseline) 

1..00 Split4 1 1.13 1 Split4 
Suburban (72 MVA) 

Rural 

(72 MVA) (Baseline) 
Suburban 

1.00 1.23 221 

1.56 2.78 Delta 0.96 UG 
HPGF 
Pipe 

UG 
HPGF 
Pipe 

UG 
HPFF 
Pipe 

- 

Suburban 

Delta Split4 
Cpct. 

~ cpct. 

1 2 4  2.22 f: Suburban 

cpct. 

UG HPFF 
Pipe 

3.80 3.80 

230 kV I 1.1: , 

Delta UG HPFF 
Pipe 

UG 
HPFF 
Pipe 

3.01 3.01 

3.88 

k 

UGHPFF 3.88 UGHPFF 
Split4 Pipe Pipe 
C P d  
Suburban 

23OkV 1.19 UGHPFF 2.98 UPHPFF 
Split4 Pipe Pipe 
C P d  

UG 
HPFF 
Pipes? 

3.88+? 

I 1.00 UG 
HPFF 
Pipet? 

2.98+? 2.98 

? 136 ? ? 

? ? ? 

The summary shows that low-field rural transmission l i e  costs increase more than low-field suburban costs. The 
summary also clearly shows that transmission line life-cycle costs increase sharply at 5 mG and 2 mG for 69 kV, 1 15 
kV, and 230 kV designs. 345 kV line costs increase significantly below 20 mG for suburban designs and below 100 
mG for rural designs. No 500 kV options are available for 50 mG or less and no 765 kV options are available for 100 
mG or less. 

i 21 



3.2 DISTRTBUTION LINES 

A case study approach is also used in W I D  Project 8 to compare magnetic fields, electric fields, and life cycle costs 
of various distribution line designs. Both “d and “suburban” designs are examined withim each of three voltage 
categories. These include 7.6 kV single-phase, 13.2 kV three-phase, and 34.5 kV three phase categories. 

Standard reference loads are assumed within each voltage class as follows. 

Voltage Class 

7.6 kV single-phase 
13.2 kV three-phase 
34.5 kV three-phase 

Reference Load Level Current Per Phase 

0.76 MVA RuraY1.52 MVA Suburban 
6.86 MVA RuraV13.7 MVA Suburban 
17.9 MVA RuraV35.9 MVA Suburban 

100 amps RUraV200 amps Suburban 
300 amps RUraV600 amps Suburban 
300 amps RuraV600 amps Suburban 

Higher v o l e e ,  same-load options are tested for the 13.2 kV rural and suburban categories. 

R k l  limes are assumed to be 10 miles long with 400 foot average spans, one dead-end or 90 degree angle every two 
miles, and two angle structures every two miles. Suburban lines are assumed to be five miles long with 250 foot average 
spans, one dead-end or 90 degree angle every mile, and two angle structures every mile. All designs are based on NESC 
Heavy Load conditions. None of the designs have overhead ground wires. All of the designs were wye-configured at 
the substation transformer bank and used multi-grounded neutral wires. 

Figure 3.2-1 shows the basic distribution lime types considered. Table 3.2-1 lists basic design information for the 
distribution line options. Additional design details are provided in Appendix C of this report. 

Figure 3.2-1: Distribution Line Types 

Single Single Crossann Delta Hendrix 
Phase Phase Post Cable 
Pin Post 

SpIit-6 Split4 
Crossann Hendrix 

Cable 
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Table 3.2-1: Distribution Line Design Details 

Type 

7.6 kV Single Phase 

Line Type Horizontal Vertical Phase Rural Mid- Suburban Mid- 
(See Fig. 33-1) Phase Spacing Spacing (Feet) Span Span Minimum 

(Feet) Minimum Height (Feet) 
Height (Feet) 

Single Phase Pin 0.0 6.00 25.7 24.4 
~~~ _ _ _ _ _ _ ~ ~ ~  ~~ 

7.6 kV Single Phase Cpct. 

7.6 kV Single Phase UG 

13.2 kV Crossarm 

13.2 kV Delta 

~ 

Single Ph. Post 2.0 0.0 39.7 38.4 

UG Direct Bury -0.17 9.17 N/A -3.0 

Crossarm 1.08/5.17 0.0 (7.0 to N) 24.7 (N) 23.4 (N) 

Delta Post 2.0 2.0 (6.0 to N) 252 (N) 23.9 (N) 

13.2 kV Hendrix 

13.2 kV Split4 

13.2 kV Split4 Hendrix . 
34.5 kV Crossarm (13.74 MVA) 

Hendrix Cable 0.67/0.33 1.04/0.52 243 243 

Split4 Crossann 1.08/5.17 4.0 (7.0 to N) 252 (N) 23.9 (N) 

Split4 Hendrix 0.67/0.33 +3.4 1.04/0.52 24.8 24.8 

Crossarm 1.33/6.67 0.0 (7.0 to N) 24.7 (N) 23.4 0 

11 34.5 kV Split4 I Split4 Crossarm 1 133/6.67 I 5.0 (7.0 to N) I 242 (N) I 2 2 - 9 0  II 

132 kV Split-5 

132 kV UG &Duct 

13.2 kV UG 2-D~ct 

132 kV UG Direct Bury 

34.5 kV Crossarm 

11 34.5 kV Split4 Hendrix I Split-6 Hendrix 1 0.625/1.25 +3.4 I 0.671133 I 24.3 I 24.3 II 

Split-5 Crossarm 733D.6714.67 4.0 (7.0 to N) 25.7 0 24.4 0 

UG 4-D~ct 0.75 0.75 N/A -3.5 

UG 2-Duct 4.17 4.17 NIA -3.5 

UG Direct Bury -0.17 -0.17 N/A -3.0 

CrOSSarm 1.33/6.67 0.0 (7.0 to N) 24.7 (N) 23.4 

34.5 kV Delta 

34.5 kV Hendrix 

~ 

34.5 kV UG Direct Bury UG Direct Bury -0.17 -0.17 NIA -3.0 

23.8 

Delta Post 2.0 2.0 (6.0 to N) 252 (N) 

Hendrix Cable 0.625/1.25 0.671133 23.8 

Distribution Line Magnetic Field Modeling Methods 

34.5 kV Split4 

34.5 kV UG 4-Duct 

34.5 kV UG 2-Duct 

Distribution line magnetic and electric fields were modeled for both balanced and unbalanced current conditions. Fields 
were calculated for a mid-span transverse profile one meter above ground beneath the first span out of a substation, 
where currents and magnetic fields are highest. 

Split-5 Crossarm 933/3.67/5.67 5.0 (7.0 to N) 23.7 (N) 22.4 (N) 

UG4-Duct 0.75 0.75 N/A -3.5 

UG 2-Duct -0.17 -0.17 N/A -3.5 

Distribution line loads are connected all along the length of a line, as shown in Figure 3.3-2. Distriiution line currents 
and magnetic fields are generally highest on the first few spans out of the substation. . 
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Substation 
Transformer ph. A Distribution Primary (eg 13.2 RV Ph.-Ph.) - 

Ph. B - T - 
Ph. C I I 

Neutral >q 
J 

- - ,  I > -  lE3 - - 
- - - - - - - - - 

Distribution Line Transformers, Secondaries, and Customer Loads 

Figure 3.2-2: Typical Distribution Line Schematic 

A "wo~st-case'~ distribution line unbalanced condition of 20% current unbalance and 5 degree phase unbalance is 
assumed. Half of the unbalanced resultant, or zero sequence, current is assumed to return in the neutral conductor. The 
other half is assumed to flow through the earth. It is the portion of unbalance current that strays fiom the neutral wire 
and flows through the earth that causes most of the magnetic field increase seen on unbalanced lines. 

As Figure 32-2 makes apparent, multi-grounded distriiution neutral wires present a complex modeling problem. A 
network-scale modeling approach, not performed here, is needed to provide accurate predictions of actual neutral 
conductor currents. The "W~rst-case'~ assumption would probably be rare on an actual system, because distribution line 
current unbalance is lowest near the substation. In addition, more of the unbalance resultant current tends to flow on 
the neutral wire near the substation wader and Zafanella, 1993][Ground Current Study, 19931. 

This analysis models one distribution line circuit at a time. In practice, distribution lines often carry more than one 
circuit. Distribution l i e  primary and secondary circuits are also usually strung together for much of the line length. 
The single-circuit model is used to allow side-by-side comparison of various line designs. 

Distribution Line Magnetic Field Reduction Concepts 

Several magnetic field reduction concepts are evaluated for distribution l ies,  including compaction, phase splitting, 
and use of higher voltage (same load) to reduce current. The five and six-wire split-phase designs are true split-phase, 
single-circuit designs. Phase conductors are arranged in a low reactance conf ip t ion  as follows. 

AI2 
BE 
Cl2 

C/2 
Bl2 
A12 

or 
A12 cn 

B 
cn A12 

This is a three-phase version of two-dimensional current splitting. If phase currents are balanced and are assumed to 
divide evenly, the magnetic field will drop with the cube of distance, versus the square of distance for the three- 
conductor line. 

The split-phase Hen& Cable design requires a slight variation on the above for best results, as follows. 

N 
A C  
B 

N 
CB 
A 
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Distribution Line Cost Estimates 

Three cost estimates are provided material and labor, project, and lie-cycle. These costs are described in the 
transmission line section of this report, and are detailed in Appendix E. Distribution line cost estimates do not include 
transformers, switches, capacitors, arresters, secondary wiring, service drops, meters, and related equipment that usually 
comprise a distribution system. 

Distribution Line Model Results 

The Southern California Edison “Fields” computer program was used to predict distribution line magnetic and electric 
fields for mid-span transverse profiles one meter above ground. Magnetic field, electric field and cost results are 
provided in Tables 3.2-2 to 3.2-4. The tables also l i i  a theoretical “right of way” width needed to enclose magnetic 
fields exceeding five milligauss. This value, provided for comparison purposes only, is twice the largest distance 
predicted fiom the center of the l i e  to a five milligauss contour. 

The six-wire and five-wire split-phase designs produced the lowest magnetic fields for the balanced current three-phase 
cases. The six-wire split-phase Hendrix cable design was especially effective, but was the most expensive overhead 
design option. 

When 20% current magnitude unbalanced was assumed, stray unbalanced resultant (zero sequence) current was the 
dominant magnetic field source for all of the line designs. For the 132 kV category, the 34.5 kV same-load option 
produced lower unbalanced magnetic fields because it carried less current. It was also the lowest cost design design 
in the 132 kV category because its used smaller conductors and because its lower line losses reduced life cycle costs. 

Usually, a 34.5 kV lime would be designed to carry more current and would produce higher magnetic fields, than a 13.2 
kV line. The cost estimate process mentioned earlier does not include the slightly higher purchase cost of 34.5 kV 
versus 13.2 kV transformers, switches, capacitors, arresters, and related equipment. However, the increased cost of 
higher-voltage equipment would likely be offset by lower conductor costs and operating costs. 

Underground duct and direct burial designs produced the highest magnetic fields at 13.2 kV and 34.5 kV and, except 
for the direct burial design, cost 2.63 to 2.91 times more than the baseline cases during the lifetime of the limes. The 
relative cost to construct underground lines is even higher, but lower operating costs narrow the difference over the life 
of the line. 
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Table 3.2-2A 7.6 kV (0.76 MVA) Rural Single Phase Distribution Lines 

Standard I-Phase 

Tall Compact 

Balanced Current Cases 

Bmax Emax ROWfor Bmax Emax ROWfor Projectcosts Lifecycle 
(mG) (kV/m) 5 m G  (mG) (kV/m) 5 mG (Ft) SxlOOO per Costs Sx1000 

20% Unbalanced Cases 

@‘t.) Mile per Mile 

6.179 0.140 26 4.488 0.140 NIA 107 172 

0.989 0.108 NIA 2259 0.108 NIA 119 192 

Table 3.2-2B: 7.6 kV (1.52 MVA) Suburban Single Phase Distribution Lines 

Standard 1-Phase 

Tall Compact 

Balanced Current Cases 

Bmax Emax ROW for B max Emax ROW for Project Costs Life Cycle 
(mG) (kV/m) 5mG (mG) (kV/m) 5 mG (Ft.) SxlOOO per Costs SxlOOO 

20% Unbalanced Cases 

(Ft) Mile per Mile 

14277 0.145 66 10.918 0.145 60 115 199 

2.126 0.112 N/A 4.741 0.112 N/A 130 223 
~~~ ~~ ~~~ ___ __ ~ 

UGDirectBury 3275 0.000 NIA 24.500 0.000 52 I23 214 

Table 3.2-3A. 13.2 kV (6.86 MVA) Rural Distribution Lines 

Cross-Arm 

Delta 

Hendrix Cable 

SpIit-6 Cross-Arm 

Split-6 Hendrix 

34.5 kV (6.87 
MVA) Cross-Arm 

Split-5 

Balanced Current Cases I 2O%UI 

20.679 

15.081 

15.599 

3.832 0.039 NIA 9.544 

0.883 0.046 NIA 13.800 

8.025 0.167 46 9.778 

, 3.740 0.087 NIA 9.009 

talanced Cases 

Mile per Mile 

0.064 162 189 312 

0.030 118 199 328 

0.038 112 224 368 

0.181 266 

~ 

0.098 104 220 364 
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Balanced Current Cases 20% Unbalanced Cases 

crossarm 

Bmax Emax ROWfor Bmax Emax ROWfor 
(mG) (kV/m) 5mG (mG) (kV/m) 5mG 

(Ft.1 (Ft.1 

20.788 0.181 102 25336 0.194 176 

Delta 

HendrixCable 

Split4Crossarm 

Split4Hendrix 

7.532 0.062 46 15.081 0.078 118 

4.999 0.068 N/A 17.048 0.094 116 

5.583 0.121 22 11.068 0.146 114 

1.807 0.150 N/A 13.618 0.183 106 
I 

Table 3.2-3B: 13.2 kV (13.7 MVA) Suburban Distribution Lines 

L Balanced Current Cr 20% Unbalanced Cases 

134 44.622 0.069 286 

Project Costs 
SrlOOO per 
Mile 

~ I94 

costs SX1000 
per Mile 

1 363 
396 

41 1 

429 

480 

293 

43 1 

1,059 

956 

380 

20.561 0.052 

214 

224 

229 

26 1 NIA 27.599 0.058 214 

88 21.162 0.194 144 

38 17.937 0.097 218 

54 127.945 0.000 226 

173 34.5 kV (13.74 

232 

630 

E UG Direct Bury 

576 24 88.464 0.000 218 

24 98.835 0.000 218 203 

Table 3.2-4A: 34.5 kV (17.93 MVA) Rural Distribution Line Magnetic Fields and Costs 

Life Cycle 
costs sr1000 7 per Mile 

313 

329 

41 1 

362 

485 

365 

Project Costs 
SxlOOO per 
Mile 

189 

200 

251 

219 

296 

21 1 Split-5 Crossarm I 5.427 I 0.242 I 16 I 10.014 I 0.271 I 106 
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Table 3.2-4B: 34.5 kV (35.85 MVA) Suburbamrban Distribution Lines 

Distribution Line Discussion 

The comparisons show that distribution magnetic field reduction is possible with some attention to design detail. Lower 
fields usually, but not always necessarily, come at higher cost. Most important, zero sequence current can be, and 
probably is usually, the most significant magnetic field source for distribution lines. 

If very low magnetic fields, roughly five milligauss for example, were mandated, control of zero sequence current would 
be necessary at every point in the distribution network. This significant challenge would require rethinking not only 
line design methods as illustrated here, but broader network-scale issues such as grounding methods, distribution voltage 
selection, and transformer sizing. 

Other Distribution Line Considerations 

The magnetic field reduction methods considered here would not differ significantly in safety or environmental effects 
from standard l i e  designs. An exception might be the Hendrix Cable design, which requires shorter 250 foot rural 
spans than the standard 400 foot spans for other rural designs. Hendrix Cable I i e s  might also present a "denser" 
appearance than standard lines. 

Distribution Line Summary 

Table 3.2-5 provides a distribution line feasibilitylcost summary for five possible maximum magnetic field exposure 
limits: 100 mG, 50 mG, 20 mG, 5 mG, and 2 mG. The lowest life cycle-cost design for each exposure criterion is 
selected from those presented in this report. Balanced phase current loading is assumed for comparison, though 
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distriiution lines rarely carry balanced current. Distribution line life cycle cost is listed as a multiplier of the baseline 
cost for each voltage category. Limits that cannot be reached by designs considered in this report have question mark 
("?") entries. 

Table 3.25: Distribution Line Magnetic Field Reduction Summary 

e100 mG 

Type Life- 
Cycle 
cost 
Multip 

Voltage 

I 
7.6 kV Standard 
(0.76 MVA) (Baseline) 

Rural 

7.6 kV Standard 
(152 MVA) (Baseline) 
Suburban 

13.2 kV Cross 
(686MVA) Arm 

Rural (Baseline) 

4 0  mG 4 0  mG 4 mG 

Type Life- ' Type Life- Type Life- 
Cyde Cycle Cyde 
cost Cost cost 
Multip Multip Multip 

133 kV Cross 
(13.7MVA) Arm 

Suburban (Baseline) 

345 kV Cross 
(17.93 MVA) Arm 
Rural (Baseline) 

345 kV 

Suburban 

* lier 7 
Arm 

Direct 
Bury 

Tall 
cpct. 

UG 
Direct 
Bury 

Split4 
CrOSS 
Arm 

Split4 
Hendrix 

Hendrix 
Cable 

Split4 
Hendrix 

lier 

1.12 

1.08 

1.15 

132 

131 

1.45 

a mG 
Type Life- 

Cycle 
cost 
Multip 
lier 

Cpcti? 

Split4 
Hendrix 

Hendrix 

7- 
The summary shows that low-field distribution h e  life-cycle costs increase significantly only for field limits of about 
5 mG or less. The summary also shows that distribution line cost multipliers increase with voltage. No 34.5 kV 
suburban design option was available for the 2 mG threshold. 
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3.3 SUBSTATIONS 

Substations convert electric power fiom one voltage level to another. Substations also interconnect same-voltage power 
lines and provide means for controlling the utility network. 

Electric $%ties use two basic substation types: transmission and distribution. Transmission substations interconnect 
transmission lines with each other and with lower-voltage “subtransmission” lines. In modem networks, transmission 
line voltages are in the 230 kV or higher range and subtransmission voltages are in the 69 kV to 1 15 kV range. Lower 
subtransmission voltages are used, however. 

Distribution substations interconnect subtransmission lines with each other and with lower voltage distribution lines. 
Distribution substation primary, or subtransmission, voltages are usually in the 69 kV to 115 kV range, but lower 
voltages are common. Secondary, or distribution, voltages are usually in the 4 kV to 33 kV range. 

Radial distribution circuits emanate from distribution substations to deliver power to customers. Lower voltage 
distribution lines must be relatively short to prevent excessive power loss. As the result, distribution substations are 
found relatively close to utility customers, often in highly populated areas. Transmission substations require much more 
space than distriiution substations and are usually in rural areas. Electric utility companies will co-locate distribution 
and transmission substations whenever possible. 

Transformers are the heart of a substation. They convert voltages up or down fiom a “primary” to a “secondary” level. 
Three-phase transformers are frequently used, but single-phase transformers are also common. Single-phase 
transformers are arranged in a transformer “bank” to provide three-phase service. Both transformer types can be 
“banked” in parallel to provide more power capacity. Transformers with one to 25 MVA capacity are common in 
distribution substations. The largest transformers can be as big as a small building. 

On each “side” of the transformer banks are open-air buses and ‘‘switchracks” or, for some distribution secondaries, 

Typical Substation Layout 

Primary Buses Secondary Buses 
Operating Auxiliary Auxiliary Operating 

t k -  

Disconnect .. 

Switch Breaker 
Circuit 

Figure 33-1: Typical Substation Layout 

Substation Magnetic Field Management 

metal-clad “switchgear.” These contain circuit 
breakers, to protect power equipment from short 
circuits, and air or oil-immersed disconnect 
switches, to control the flow of power between 
power lines and the substation. Other equipment, 
such as large capacitor banks, may also appear. 
Attransrms a sion and subtrausmission voltages, this 
equipment can rival transformers in size. 

Primary and secondary switchrack equipment is 
fed by three-phase open-air buses. Metal-clad 
switchgear uses compact, enclosed buses. A 
common substation design uses both an 
“operating7’ bus and an ‘‘auxiliary” or “transfer” 
bus. The auxiliary bus is only used when needed 
for maintenance purposes or to isolate a fault on 
the main bus. 

Nearly all substations are surrounded by a fence or wall that clearly defmes the limit of public accessibility. The 
magnetic fields measured at the perimeter fence are most often created by the overhead and underground lines entering 
and leaving the station. Transformers and open-air switchrack buses are usually the other most significant substation 
magnetic field sources. 

- 
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Transformers exhibit three-dimensional dipole behavior. They produce large peak-magnetic fields within a few feet, 
' but the fields drop off quickly with distance. Transformers are not usually important field sources when viewed from 

the fence line. ' 

A substation's open-air buses are usually the most significant substation magnetic field source in the area encompassed 
by a given field level. Like the overhead power lines connected to them, open-air-bus magnetic fields are determined 
by the phase conductor spacing and height, by the current magnitude, and by current unbalance, Substation buses are 
usually nearer to the ground than power lines. They can carry higher currents than power lines if more than one line 
is connected to them. 

The highest currents and magnetic fields in a substation are usually found at the secondary bus. Several thousand 
amperes can flow on a distribution substation secondary bus, for example. 

Several substation magnetic field reduction methods can be considered, include the following. 

1. Increase source-subject distance by enlarging the fence perimeter. 
2. Rearrange substation layouts, especially of secondary switchrack bus and feeders. 
3. Decrease switchrack bus phase spacing. 
4, Increase height of overhead conductors entering and leaving the station. 
5. Shield underground distribution lines exiting station. 
6. Replace open-air distriiution switchracks with metal-clad switchgear. 
7. Replace open-air transmission buses with compact gas-insulated buses. 

Of these options, a utility company would most likely first choose to enlarge the fence perimeter. This can be a low cost 
option, especially ifthe land is already owned by the company. It may not be an option in urban settings with high land 
costs, however. 

Electric utility companies would be least inclined to decrease the bus spacing, especially on the high voltage side. Bus 
spacing is determined by insulation requirements, by electromagnetic forces acting on the bus insulators under short 
circuit conditions, and by clearance requirements for maintenhce activity. [EMF Design Guidelines . . . , 19941 

' Substation Example 

A simple, hypothetical distribution substation example is shown in Figure 3.3-2. It consists of a 115 kV primary open- 
air bus and witchrack, a transformer bank, and a 13.2 kV secondary open-air bus and switchrack. The substation feeds 
three distribution lines. Two ?e standard overhead cross arm designs. The third is in an underground duct. 

The substation was modeled using a three-dimensional Biot-Savart approximation. Its load was assumed to be 41.15 
MVA, with equal loading on the distribution lines and 1800 amperes per phase on the secondary bus. Its phase currents 
were assumed to be balanced. Only buses and power lines were modeled. Transformers, circuit breakers, and 
disconnect switches were disregarded. 

Figure 3.3-2 shows a contour plot of the predicted substation magnetic fields one meter above the ground. The largest 
magnetic fields were found directly beneath the secondary bus and in areas near the underground duct distribution line. 
The underground duct produced the largest peak fields, both in the substation and at a standard perimeter fence at least 
20 feet from substation equipment. The primary switchgear bus was the most significant field source overall, in terms 
of the area encompassed by a given field level. 
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115 kVTransrnbion Line 13.2 kV Overhead Distribution Lints 
115 kVn3.2 kVTransformer Bank 

I 
I 

1 

--v '- - - - - - - 
/) 115 kV Open-Air Bus and Switchrack 

133 kV Open-Air Bus and Switchrack 

133 kV Underground Duct-TyPe Distribution Line 

S u b s t a t t o n  6 - F t e l d  Model e1 ( C o n  t o u r s  t n  mG) 

X D l s t a n c e  (Ft.1 

Figure 3.3-2: Distribution Substation Example No. 1. 
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An alternative design for the same substation is shown in Figure 3.3-3. It uses a compact 115 kV switchrack 
arrangement, metal-clad 13.2 kV switchgear, and is fed by a 115 kV transmission line tower that keeps line conductors 
elevated as they pass the substation perimeter. The substation still feeds three distribution lines, but they are all routed 
in underground metal pipes designed to provide about an order of magnitude of magnetic field shielding. 

I15 kV Transmission Line 
115 kV113.2 kV Transformer Bank 

13.2 kV Metal-Clad Switchgear 

1 
J L - - - - - - - - 4  

kV open-Air and Switchrack 13.2 kV Undergmnnd Dimibrrtion Lines in Metal Pipe 

X D l s t a n c e  (Ft.1 
Figure 33-3: Distribution Substation Example No. 2 
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Fi,we 3.3-3 also shows magnetic field contours for the more compact design. Its peak magnetic fields are still found 
near the secondary bus, but the distribution line fields have been reduced. The overhead transmission l i e  and primary 
switchgear bus are now the most significant magnetic field source at the fence line. 

In both examples, the magnetic field at the fence line could be reduced to some extent by expanding the fence perimeter. 
This approach has no impact on magnetic fields fiom lines going into or out of the station, however. 

Magnetic field reduction beyond that shown in the second example is technically possible. The 115 kV transmission 
line feeding the substation could conceivably be m in an underground pipe-type cable to reduce magnetic fields. The 
open-air 115 kV bus could be compacted slightly, but substantial phase compaction could only come by using a gas- 
insulated bus structure. Gas-insulated buses are insulated by inert gas-filled sheaths that allow the conductors to be 
much closer together than in air, resulting in a compact bus structure. These buses are found in gas-insulated substations 
(GIs) typically used only in dense urban settings. 

Measurements conducted at a London, England 230 kVl28 kV gas-insulated substation operating at 120 MVA found 
that fields outside the substation were predominantly caused by underground distribution lines leaving the station 
w o n g  et al, 19941. An underground 230 kV pipe-type cable feeding the station and the 230 kV gas-insulated buses 
within the station were virtually “invisible” to a magnetic field meter just outside the substation building walls. 

Cost Discussion 

The cost of a substation depends heavily on the cost of the land on which it is found. Higher land cost drives 
substations toward more compact designs. Compact substation design can entail use of more compact bus spacing, 
which would help reduce magnetic fields. Compact open-air buses are more expensive, however, because they require 
stronger supporting structures and insulators to withstand short-circuit mechanical forces. [Anders et al, 19941 

Metalelad distribution voltage switchgear is more expensive than open-air switchrack equipment. It can be cost- 
effective in urban settings, however, since it uses less land. At least one electric utility company, Southern California 
Edison, installs metal-clad distribution switchgear when the cost of land exceeds $15 per square foot ($653,400 per 
acre). 

Although specific cost information is not available, gas-insulated substation bus designs are more expensive than open- 
air buses. They are used only in the most densely populated areas, where land costs probably approach or exceed 
$1,000,000 per acre. 

Underground pipe-type cables for l i e s  entering and leaving a substation are also more expensive than their overhead 
or underground duct-type counterparts. A description of these costs is provided in the transmission and distn’bution line 
sections of this report. 

Other Substation Considerations 

Substation magnetic field reduction methods must be carefully evaluated for their impact on public and worker safety. 
Expanding a substation fence perimeter may slightly enhance public safety, but probably has few worker safety 
implications. On the other hand, compacting an open air bus switchrack design might affect worker safety by making 
maintenance activities more difficult. Electric utility companies can probably examine this issue in detail, because 
compact buses have long been used in urban substations. Presumably, safe operating practices have been devised for 
these facilities. 

Metal-clad switchgear appears, at first glance, to be safer than open air switchrack equipment. Workers are, however, 
more likely to work nearer its components than those of open-air equipment. Again, safety data should be available 
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because metal-clad switchgear has been used for many years. 

Underground lines unquestionably improve public safety, but this may come at the expense of worker safety. Few 
electric utility maintenance tasks are more dangerous than working in an underground vault where live cables are 
present. 

Most substation magnetic field reduction methods would have little environmental impact. Enlarging a substation fence 
perimeter would have an environmental impact in the sense that additional land would be used. Usually, however, the 
fence perimeter might only need to be extended 10 to 20 feet. Less land would be needed, and presumably less 
environmental impact would result, if the utility employed a compact substation design to reduce fields. 

Urban gas insulated substation designs are currently under environmental scrutiny because their insulating gases contain 
chloroflorocarbons (CFCs), which are believed to affect the earth‘s ozone layer. At least some gas leakage is almost 
unavoidable. 

Substation Summary 

Most of the magnetic field at a substation perimeter fence is fiom transmission and distribution lines entering the ficility. 
The feasibility and cost of limiting public exposure to substation magnetic fields would be heaviiy influenced by the 
need to build low-field transmission and distribution lines segments at the station entrance. Table 3.3-1 summarizes 
the cost and feasibility of low-field distribution and transmission lines for five theoretical exposure limits: 100 mG, 50 
mG, 20 mG, 5 mG, and 2 mG. 

The Table 33-1 data is based on the lowest life cycle-cost design for each exposure criterion presented in sections 3.1 
and 3.2 of this report. Suburban design data are shown, except the 500 kV and 765 kV cases. Balanced phase current 
loading is assumed for comparison, though power lines rarely carry balanced current. The power line life cycle cost 
is listed as a multiplier of the baseline cost for each voltage category. Limits that cannot be reached by designs 
considered in this report have question mark (“?’) entries. 

The cost of a “low-field” substation desip would also include the cost expanding the perimeter fence or wall, ifneeded. 

More difficult to predict would be the cost of reducing substation worker exposures. Potential methods for reducing 
worker exposures include shielding, especially with metal-clad switchgear or gas insulated substation buses, and remote 
operation and maintenance. Substations could also be designed so that low-field work areas existed when buses were 
not energized. 
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Standard 
(Baseline) 

cross 
Arm 
(Baseline) 

Cross 
Arm 
(Baseline) 

Delta 
(Baseline) 

Delta 
(Baseline) 

Delta 
(Baseline) 

Delta 
(Baseline) 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

Table 3.3-1: Substation Magnetic Field Reduction Summary 

4 0 0  mG 

Type Life- 
Cycle 
cost 
Multip 
lier 

(50 mG 

Type 
I cgmG I emG 

Life- Type Life- 
Cycle Cycle 
cost I cost 

Primary and 
Secondary 
Voltage Lines 

Cycle 

Multip Multip Multip 

Direct 

Multip 
lier 

7.6 kV 
(1.52 MVA) 
Suburban 

Standard 

13.2 kV 
(13.7 MVA) 
Suburban 

cross 
Arm 

1.05 Split4 
Hendrix Direct 

I I I 1 

Cross 
Arm 

34.5 kV 
(35.85 MVA) 
Suburban 

1.08 Split4 
Hendrix 

1.23 Split4 

0.97 Split4 
Cpct 

1.18 UGHPFF 
Pipe 

1.00 Delta 

1.00 Split4 

1.00 Delta 
Cpct 

1.00 Split-6 
cpct. 

1.19 UGHPFF 
Pipe 

69 kV 
(72 MVA) 

Suburban 

Delta 
HPGF 
Pipe 

I 

1.24 UG 2.22 
HPGF 
Pipe 

3.01 UG 3.01 
HPFF 
Pipe 

2.98 UG 2.98+? 
HPFF 

. Pipe+? 

? ? ? 

115 kV 
(120 MVA) 
Suburban 

Delta 

230 kV 
(239 MVA) 
Suburban 

Delta 

2.98 I UPHPFF 
Pipe 

345 kV 
(717 MVA) 
Suburban 

230 w 
Split-6 
Cpct It ? 

Split4 1.36 ? 500 kV 
(1559 MVA) 
Rural 

? ? I ?  ? ? ? ? 765 kV 
(3180 MVA) 
Rural 
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3.4 CUSTOMER-SIDE POWER DISTRIBUTION 

I i  
I t I 

I 
I 
I 

Many magnetic field sources are found on the customer side of the electric utility service connection. These include 
customer-owned power distribution equipment such as transformers, switchgear, busways, feeders, service panels, and 
general wiring. Grounding methods at and beyond the service connection can also affect magnetic fields if stray return 
current paths are created. 

I I 
I I 

!.,-.--,a ’ House I 
Load * 

I 
I 

1 

- - - - - - - - - - - - - . I  - 

In addition, magnetic fields are produced on the customer-side by end use devices such as appliances, lighting, or 
machinery. These are discussed in Section 3.5. / 

This report considers two categories of customer-owned power distribution sources. The first encompasses mostly 
single-phase sources found in residential and small commercial environments. The second includes larger commercial 
and industrial, mostly three-phase, sources. 

ResidentiaVSmall Commercial Distribution 

A typical single-phase service connection is illustrated in Figure 3.4-1. The standard single-phase, three-wire system 
consists of two 120 volt “legs” and one grounded neutral fed fiom the secondary of a utility-owned distribution 
transformer. The service connection can be an overhead service “drop”, an underground service “lateral” fed fkom an 
overhead dmbution lime, or an underground service lateral fed fiom an underground residential distribution system. 
A Watthour meter is usually included with the service entrance equipment. 

Distribution 
Neutral 
Ground 

Service Entrance 
Neutral Ground 

Figure 3.4-1: Typical Residential Service Entrance 

Customer power distribution begins at a servjce panel containiig a main service disconnect (a fused switch or circuit 
breaker) and protective devices, fuses or circuit breakers, for branch circuits. “Hof’ to neutral 120 volt branch circuit 
loads are divided as equally as possible between the two “legs”. Any 240 volt branch circuits, used for larger loads like 
electric ovens, washers, and dryers, are wired from “leg” to “leg”. 

The “service ground” is found at the service entrance. Here the neutral conductor is grounded to limit the system-to- 
ground voltage. More important, gounding allows automatic circuit opening in case an energized conductor is 
inadvertently grounded. 

* 
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An "equipment ground" extends throughout the customers' distribution system. All metal equipment enclosures, 
including panels, cable trays, and metal conduit, are bonded to the equipment ground to prevent being charged to 
dangerous voltage levels. The equipment ground is supposed to be connected to the service ground only at the service 
entrance grounding point, according to the National Electric Code [National Electric Code, 19961. 

Most residential installations have one Watthour meter and one service panel, but many variations on this basic form 
exist In some residential or small commercial installations, for example, feeders are used to distribute power fkom the 
main service panel to subpanels. The subpanels, in turn, feed and house protective devices for the branch circuits. In 
other small commercial installations, the incoming service connection delivers power to multiple Watthour meter/service 
panel groups. This is usually found in apartment or multiple tenant commercial buildings, for example. 

Three residentiaVsmall commercial magnetic field source types are of interest as magnetic field sources. These include 
service panels, branch circuit wiring, and grounding methods. 

Service Panels 

Service panels, through which all customer current must pass, can produce larger magnetic fields than most other 
residential or small commercial sources. Their fields usually drop quickly with distance, however, and so they are not 
usually considered a significant field source in the broader context of human exposure. They do, however, represent 
a type of magnetic field source that would have to be considered if field mitigation were contemplated. 

This discussion also applies to subpanels and lighting distribution panels usually found in commercial and industrial 
locations. 
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Figure 3.4-2: Example of a Service Panel Net Current Loop. 
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Two mechanisms create large magnetic fields 
near service panels. The first is simply the 
fact that all of the load current for a building, 
sometimes up to several hundred amperes, 
must pass through the panel. The second is 
the fact that unavoidable current loops are 
created by most service panel designs. 

Service panel current loops are created when 
branch circuit conductors are separated within 
the panel for bus terminal connections, as 
illustrated in Figure 3.4-2 Residential service 
panels are usually 120/240 volt single-phase 
models, with two hot buses (+120 volt and - 
120 volt) and one neutral bus. Circuit 
breakers or fuses plug into the buses, usually 
in an alternating pattern for even load 
distribution. 

Each branch circuit conductor pair must be 
separated within the panel. The hot 
conductor goes to a circuit breaker or fuse. 
The neutral conductor goes to the neutral bus. 
The neutral bus is normally found at one side, 
above, or below the circuit breaker/fuse 
buses. To reach it, hot and neutral conductors 
can be separated by 12 inches or more over a 



length of more than 20 inches, depending on the height of the panel. The cumulative effect of many separated branch 
circuit conductors can create a 12 by 20-inch or larger current loop of several amperes that behaves much like a three- 
dimensional magnetic dipole. A 12 inch by 20 inch current loop carrying only five amperes would create a field 
exceeding 100 milligauss a few inches away and 10 milligauss 20 inches away fiom a panel, neglecting any shielding 
provided by the panel enclosure. 

The conductor separation effect is mitigated somewhat by the fact that hot conductors are wired alternatingly first to 
the +120 volt leg and then to the -120 volt leg on each side of the panel. If branch circuit loads are roughly equal, the 
currents are in opposition and a large current loop is not created. Usually, however, more total current is drawn fiom 
one leg. This difference creates a current loop. 

Service panel field reduction options include reconfiguring the panel, moving the panel, or shielding the panel. 

The goal of panel reconfiguration would be to reduce the net current loop area. One method is to replace the single 
neutral bus with two-neutral buses, one on each side of the panel. Another method is to place the neutral bus at the 
bottom of the panel and feed it with a neutral conductor routed down the center of the panel. Areas further than a few 
inches fiom the panel would see magnetic fields reduced in direct proportion to the loop area reduction. 

Another field reduction option is to place panels more than three feet fiom occupied areas. Since the panel behaves l i e  
a three-dimensional magnetic dipole, panel fields will decrease rapidly with distance, usually in proportion to the cube 
of distance. This may be a nontrivial task for an existing installation, however. 

Conductive and/or ferromagnetic shielding could be used to reduce magnetic fields fiom new or existing panels. Panel 
shields would have to be custom made, however, since such standard panel shielding is not commercially available now. 

Standard service panel steel or aluminum enclosures do not effectively shield net current loop sources. ,They usually 
consist of a flat fiont plate with a hinged door opening joined by screws to a five-sided steel box. Conduit usually enters 
the box piece through holes punched or drilled through the four sides. Various fittings are used to terminate the conduit. 
Usually, none of these parts or the methods used to assemble them are optimized for magnetic field shielding. No 
known effort has been expended to address improving electric panel and junction box shielding. Improvements would 
be needed in this area if it became necessary to reduce magnetic fields fiom building Wiring. 

Active field cancellation is another option, though it is less l iely to be implemented. A cancellation coil could be 
wrapped around the exterior perimeter of the service panel. A sensor and feedback circuit would drive current through 
the coil to cancel some of the existing field. Active cancellation presents several uncertainties, however, such as 
maintenance and cost. 

Unusual Wiring 

Branch circuit wiring is the second residentiaVsmal1 commercial magnetic field source of interest. Two magnetic field 
source types are associated with branch circuit wiring. The first is &om balanced currents flowing on the hot and neutral 
wires of standard branch circuits. Magnetic fields of this type drop quickly, with at least the square of distance, and 
are not large near the wiring because the conducton are close together. Properly wired branch circuits feeding properly 
configured loads will carry only balanced currents. 

The second branch circuit source type is due to unusual wiring methods associated with three and four-way switches 
and older knob and tube wiring. 

. Although the National Electric Code requires hot and neutral wires to follow each other, three-way switches are often 
wired so that neutral current is not beside the supply current. A room-sized current loop can result. For example, a 12 
foot by 12 foot loop of only one ampere will produce a minimum 3.1 milligauss field at its center, with higher fields 
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throughout the rest of the room. 

Knob and tube wiring is common in older homes. This type of wiring used separate hot and neutral conductors 
supported by porcelain knobs. Porcelain tubes acted as conduit for the wires through building structure bore holes. The 
wires were separated by several inches. One ampere flowing on wires separated by nine inches, a common spacing, 
produces 4.92 milligauss one foot away. 

To correct unusual wiring sources, rewiring is required. This ranges fiom the small job of correcting a three-way wiring 
error to the large, expensive task of rewiring an entire building, recommended for replacing knob and tube wiring. 

Standard Branch Circuit Wiring 

Although modem branch circuit cables are not considered a significant magnetic field source overall, they can be 
important in some situations. For example, wiring in a wall next to a couch or a bed can produce above-average 
magnetic fields in areas fkequently occupied by people. 

Branch circuit cables use two or three #12 or #14 AWG insulated conductors to deliver current to 120 volt or 240 volt 
loads. Branch circuits are usually protected by 15 or 20 ampere fuses or circuit breakers. A bare ground conductor 
is usually bundled with the hot and neutral conductors. 

Two or three-conductor nonmetallic sheathed cable, called type NM but often known by the Romex trade name, is one 
of the most common branch circuit cables. Type NM cable has two or three insulated conductors, sometimes with a 
bare equipment ground conductor, covered by heavy paper and wrapped in a braided or plastic shell. Type NM cable 
often uses a flat nontwisted arrangement for two-conductor versions and a twisted arrangement for three or more 
conductors. Type ‘W cable can only be used for interior wiring in buildings that are less than three floors tall. 

Type AC armored cable, commonly known as BX cable, is also common. This cable’s flexible armor is made fiom 
soft steel or aluminum. Type AC cables used for branch wiring normally have two or three insulated conductors twisted 
together and one bare conductor, called an “internal bonding strip”. The bare conductor is used to short the t u n s  of the 
steel jacket, This ensures that the cable jacket is an effective equipment grounding conductor. 

Branch circuit conductors can be pulled through various types of conduit. Electrical metal tubing, or EMT, is popular 
due to its low cost, ease of installation, and use of threadless compression fittings. EMT is a thin walled steel or 
galvanized steel conduit that can be easily bent. EMT cannot be used where it might be subject to physical damage or 
severe corrosion. 

Intermediate metal conduit, or IMC, is thicker than EMT, but thinner than traditional rigid metal conduit. IMC is a 
lightweight rigid steel conduit. The 3/4 inch IMC trade size is 0.071 inches thick IMC uses the same standard threaded 
fittings as rigid metal conduit and can be used in hazardous locations. 

Rigid metal conduit can be made of galvanized steel or aluminum. Rigid galvanized steel conduit is 0.1 13 inches thick 
in the 3/4 inch trade size. Rigid metal conduit uses threaded fittings for coupling, termination, and.bends. Field bends 
can be made with rigid metal conduit. Bends are more difficult to make than with EMT or IMC. Rigid metal conduit 
can be directly buried in soil. It is the conduit of choice in large buildings and in outdoor locations where it could be 
subject to physical damase. 

Finally, several types of nonmetallic conduit systems are available for branch circuit wiring. These include rigid 
nonmetallic conduit (NMC) and flexible electrical nonmetallic tubing (ENT). None provide magnetic shielding. 

Figure 3.4-3 shows magnetic fields, on a normalized per-ampere scale, fiom several branch circuit wiring types. The 
Figure is based on measurements taken at IITRI on ten-foot cable and conduit segments carrying 1-10 amperes of 
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balanced current. Only two conductors were used for each cable measurement case. 70 Hz current and narrowband 
field measurement probes were used to reduce background magnetic field interference. 

Branch Circuit Magnetic Fields 
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Figure 3.4-3: ResidentiallLight Commercial Branch Circuit Magnetic Fields 
Magnetic fields fiom the nontwisted pair cables dropped off roughly in proportion to 112. These included two 
conductor Romex (Type NM-B 12-2) and the various combinations of #12 AWG THHN wire pulled through conduit. 
Twisted pair cables, which included three-conductor Romex (TypeNM-B 12-3) and Type AC (Alumbum Armor "BX") 
cables, exhibited a I/? drop off. 

Two magnetic field reduction effects, self cancellation and shielding, are apparent. Self-canceling magnetic dipoles are 
created by twisted conductor pairs. Type NM-I3 12-3 and Type AC (33- cables have one twist about every three inches. 
Their fields fall to the same levels provided by EMT and IMC conduit a few inches fiom the cable. A slight conductor 
pair "twisf" provided by pulling wires through conduit also provides some self-cancellation. Magnetic fields fiom these 
circuits drop off faster with distance than from Type NM-I3 12-2, which has fured, flat conductor positioning. 

Metallic EMT and IMC conduits provide magnetic field shielding. The 0.5 inch conduits shielded better than their 0.75 
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inch counterparts. Better shielding is provided when the shield, here the conduit wall, is nearer to the current carrying 
conductors. The flexible steel armor of 0.375 inch BX appears to providesome shielding, although conductor twisting 
contributes. Type AC (Aluminum Armor) does not seem to provide much shielding by comparison. Most of its field 
reduction is from conductor twisting. 
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Table 3.4-1 shows the measured field reduction factor, defined as the reduced field divided by the original field, for each 
cable compared with the baseline case of two conductors pulled through 0.5 inch nonmetallic conduit. The Table also 
shows Bare material and labor costs, which exclude contractor overhead and profit, for installing each cable type. The 
cost data was taken from the 1996 Means Electrical Cost Data Estimating Manual weans, 19961. For comparison 
purposes, the final column of the table shows a cost-field reduction factor multiplier. A lower number in this column 
corresponds to more field reduction per dollar spent. 
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Table 3.4-1: ResidentiaVLight Commercial Branch Circuit Wiring: Field vs. Cost 
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Branch Circuit Cable Type Field Reduction 1996 Bare 
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Two-conductor Type NM-E3 cable (Romex), the least expensive branch circuit wiring method, produced the highest 
fields. The field reduction provided by other wiring methods was not necessarily proportional to the cost versus Romex. 
In fact, the second least expensive method, Type AC (Aluminum Armor), provided substantial field reduction compared 
with the more expensive metal conduit options. 

EMT conduit reduced magnetic fields by a factor of at least four. Both 0.5 inch and 0.75 inch diameter EMT were 
tested. The smaller diameter conduit provided twice the field reduction of the larger version. According to Means, 
EMT is more than 2.4 times as expensive as two-conductor Romex. 

IMC conduit, tested only in the 0.75 inch diameter trade size, reduced fields by more than 20 times compared with two- 
conductor Romex. Smaller diameter IMC would likely reduce fields even more. IMC is about four times as expensive 
as two-conductor Romex. 

In a final test, NM-B 12-3 twisted conductor cable was pulled through 0.75 inch EMT conduit. This produced the best 
field reduction, by a factor of more than 65, of the cables tested. This nonstandard wiring method would be more than 
three times as expensive as the two-conductor Romex baseline example. 
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Table 3.4-2 lists predicted 60 Hz shielding effectiveness for the three conduit types in the 0.5 inch to 4 inch diameter 
range. The predictions were developed using methods described in Appendix A. The table also lists 1996 Bare Costs 
for each conduit on a per linear foot basis [Means, 19961. The Bare Cost data do not include cable installation or 
contractor overhead and profit. For comparison purposes, the table’s fmal column shows a cost-field reduction factor 
multiplier. A lower number in this column corresponds to more field reduction per dollar spent. 

Table 3.4-2: Predicted Electrical Conduit 60 Hz Magnetic Field Shielding Effectiveness 

Rigid metal conduit shields better than EMT, IMC, and aluminum conduit at each diameter. E M  and IMC and rigid 
metal conduit shields better with decreasing conduit diameter. Aluminum works better with increasing &meter. 
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Electrical conduit provides the best approximation of the ideal infinite cylinder shield, but it usually consists of 10-foot 
long pieces that must be joined by either compression or threaded fittings. Some magnetic field “leakage” can be 
expected near conduit fittings, especially with aluminum conduit, because the fatings cut through the path of eddy 
currents. The effect is lessened by reducing the fitting impedance as much as possible. For example, threaded IMC and 
rigid conduit fittings most likely provide a lower impedance connection than EMT compression fittings. Fittings do 
not cause as much leakage with steel conduit because they do not cut through the field ducting path. 

ResidentiaVLight Commercial Stray Current 

Two types of stmy current on grounding systems can create magnetic fields in homes and small commercial buildings. 
The first type originates on premises. The second type originates off premises. 

On-Premises Sources 

Regrounded neutrals are largely responsible for on-premises stray currents. Article 250-23 of the National Electrical 
Code allows grounding of the neutral conductor only at the service entrance grounding electrode. This requirement is 
fiequently, though perhaps inadvertently, violated. 

Improper neutral to equipment grounding conductor connections are sometimes made in subpanels. When this occurs, 
equipment grounding conductors, such as electrical conduit, can provide more than one path back to the service entrance 
panel. The return current does not then necessarily follow the path of the supply current. A room to building-size net 
current loop of a few amperes can result. 

If a regrounded neutral feeds an appliance connected to a metal water pipe, stray neutral current can flow back to the 
service entrance panel on the water pipe. This is because the National Electrical Code requires metal water pipe to be 
grounded at the service entrance. Again, a room to building-size net current loop of a few amperes can result. 

If an electrical conduit canying stray neutral current comes in physical contact with a metal water pipe, yet another 
current path is created. This can occur when Type AC cable is draped over a pipe in a ceiling or wall, for example 
[Zipse, 19721. 

Off-Premises Sources 

Damaged or broken neutral conductors on electric utility service drops combined with metal water pipes and water 
mains are the most common source of off-premises stray currents. Overhead service drop neutral conductors usually 
serve as the uninsulated messenger wire for supporting triplex cable. The strain of this service, combined with exposure 
to corrosion, can cause the conductor to degrade or even break. When this happens, neutral current returning fiom the 
service connection will seek an alternate path back to the distribution grounding system. 

Stray neutral current can follow metal water pipes and water mains to a nearby service connection with a good neutral 
conductor. If the electrical and water service entrances of the nearby building are not adjacent, the stray current can 
pass through other buildings on metal water pipes. Net current loops caused by this problem can be hundreds of feet 
long and wide. 

Stray Current Mitigation 

The solution to most on-premises stray current problems is to find and correct regrounded neutrals. The solution for 
off-premises stray currents is more challenging. Broken or degraded neutrals can exist for years without causing 
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obvious problems. To find them, utility companies would have to conduct regular inspections. 

......... 
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Distribution Ground 1:l Current 

Another approach would be to insert an insulating coupling in metallic water laterals at the property line. This would 
preserve the ten-foot electrode requirement of the National Electric Code. A different approach would install the 
insulating coupling just inside the building wall. This does not violate the Code if it is done right at the building 
entrance. A supplementary grounding electrode, such as a grounding rod, must be provided. 

Service Entrance 

Net current control (NCC) devices offer another potential solution to off-premises stray currents. These devices, several 
varieties of which are now available or under study, are designed to block common-mode, or net, currents at the service 
entrance. A potential NCC design, shown in Figure 3.4-4, uses a 1:l current transformer to force most of the return 
current into the neutral wire between two grounding points, minimizing stray return current [Hofinann and Preston, 
19951. 

Figure 3.4-4: Net Current Control with Common Mode Rejection Transformer 

The design shown in Figure 3.4-4 is positioned to reduce stray currents fiom off-premises sources at the service 
entrance. A 1:l current transformer could also be used to reduce stray current fiom on-premises sources by placing it 
on the customer side of the service entrance ground. 
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IndustriaULarge Commercial Power Distribution 

Industrial and large commercial power distribution is a higher-current three-phase version of residentiallsmall commercial 
power distribution. An important diEerence is the location of distribution transformers. In residential settings, utility-owned 
dishiiution transformers serve multiple customers and are usuaUy located on public property. In industriavlarge commercial 
setting, distribution transformers are often dedicated to a single customer and are fiequently located on the customer’s 
property. The transformer and its associated switchgear might even be owned by the utility customer. 

Several magnetic field sources are of interest in the industrial and large commercial setting. These include transformer and 
switchgear vaults, high-current buses and feeders, branch circuit wiring, and stray currents. 

IndustriaULarge Commercial Vaults 

Transformer and switchgear vaults can be significant magnetic field sources in industrial and large commercial buildings. 
They can house one or more transformer banks, each of which might be rated from less than 100 kVA to as much as 3000 
kVA Low voltage buses connected to these transformer banks can cany up to 4,000 amperes per phase, currents in excess 
of those carried by transmission limes. These buses carry large currents to switchgear cabinets, from which more high- 
current low-voltage feeder buses emanate. 

Perhaps the most significant problem with these vaults is that they are often near occupied areas. In commercial buildings, 
for example, work areas are sometimes found directly above or below a vault. Work areas can literally be within two or three 
feet of a several thousand ampere low-voltage bus. Magnetic fields in these areas can reach the 100 to 1000+ milligauss 
range. The fields often become apparent when computer video display interference appears. Computer video displays are 
susceptible to magnetic field interference fiom magnetic fields as low as 10 milligauss. Other instruments found in some 
industrial settings, such as electron microscopes or some types of spectrometers, are even more susceptible, some to fields 
as small as one milligauss. 

In recent years, Cormnercial and public building owners have begun to spend money, sometimes substantial sums of money, 
to mitigate transformer vault fields. The principal reason has been to eliminate instrument interference. A usually unspoken 
reason for field mitigation is to address occupant concerns with uncertain magnetic field health effects. As the following 
discussion will illustrate, transformer vault magnetic field mitigation usually requires shielding. 

Transformer banks usually consist of sets of dry type single-phase or three-phase transformers. They step utility distribution 
voltages down to low voltagesfor customer use. Common designs step 35 kV, 12.5 kV, or 4.16 kV three-phase distribution 
voltages down to 277/480 volt and/or 120/208 volt three phase secondary voltages. 

Strong magnetic fields exist inside distribution-type transformer cores, but the fields are substantially contained within the 
cores. Low voltage bus currents are generally the dominant magnetic field source- in and around a transformer vault 
Many low voltage bus arrangements exkt Some produce higher fields than others. The worst “offenders” are the open bus- 
bar type, which use one large copper bus bar for each phase conductor. The bus bars are suspended over the transformers 
with each phase conductor separated fiom the others by anywhere from 6 inches to more than 12 inches. Low voltage bus 
current can also be carried by cables laid in cable trays or by enclosed manufactured compact busways called bus ducts. 

To illusbate how low voltage buses affect magnetic fieldsifom a transformer vault, several bus layouts for transformer banks 
with both single phase and three phase t rdormers  were modeled using the Biot-Savart law. The model geometry for a 
transformer bank composed of three single-phase transformers is shown in Figure 3.4-5. The model geometry for a 
transformer bank composed of three or fewer three-phase transformers is shown in Figure 3.4-6. 
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Figure 3.4-5: Single Phase Transformer Bank Low Voltage Bus 
Eight cases with varying phase and transformer spacing were modeled. These, named “Case A” through “Case H”, are 
descn’bedin Table 3.4-3. In each case, the transformer bank was assumed to provide 1000 amperes per phase to the bus. 

Table 3.4-3: Transformer Bank Model Cases 

I I I I 
Case I DP(ii) I DNCi) I DX(ft.1 I Comments 
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Figure 3.4-6: Three-phase Transformer Bank Low Voltage Bus 

The resulting magnetic fields are shown versus vertical distance fiom the highest field region of each bus in Figure 
3.4-7. Figure 3.4-8 shows magnetic fields one meter above and in line with the modeled buses. 

The plots show that low voltage bus conductor spacing is the most important factor for determining the maximum magnetic 
field at any given distance f h n  the vault Transformer spacing and the use of single-phase versus thr&-phase t rdormers  
are less important factors. These factors do, however, determine how much area a given field level will encompass because 
they help decide the bus length. 

The plots also show that even compact buses produce large magnetic fields. In this example, the more compact bus phase 
conductors are only two inches apart, a distance difficult to improve upon because the conductors themselves must have 
effective diameters of nearly two inches to be able to cany such high currents. This basic limitation is the reason that 
shielding must usually be considered whenever transformer vault magnetic field mitigation is contemplated. 

Flat Plate Shielding 

Power frequency magnetic field shielding has become the preferred method for reducing magnetic fields caused by 
transformer and switchgear vaults in existing buildings. The usual impetus for such installations is a desire to prevent 
interference with the ubiquitous computer video display terminal. Magnetic field interfiereace is usually caused by distortion 
of the vertical scan pattern, which causes “wiggles” on the display. To prevent VDT interference, shields must reduce 
magnetic fields to ten milligauss or less. Some shield designers specify five milligauss as the preferred minimum mles 
et al, 19951. 

Shields are rarely installed within existing electrical vaults. Such installations require power to be turned off for lengthy 
periods. More often, shields are installed on floors, walls, andlor ceilings in affected areas next to the vaults. 
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Complete shielding enclosures are also rare. Instead, shields are designed to be as simple and inexpensive as needed to get 
the job done. If, for example, shielding were needed in a room above a vault, the usual practice would be to first try a flat 
shield on the floor of the mm. Ifthe floor shield was inadequate, the designer might consider extending it to adjacent rooms 
or up one or more of the room’s walls. The wall shields might or might not have to extend all the way to the ceiling. If 
further shielding was needed, the designer would probably install shielding in the vault before considering shielding the 
ceiling of the room above the vault. 

Transformer Bus Magnetic Fields 
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Figure 3.4-7: Transformer Vault Magnetic Fields (Modeled) 

Separate parts must usually be joined to create a shield. These joints, or seams, degrade shielding performance. The best 
seam is ‘‘tank tight” welded continuously along its entire length. Metal inert gas (MIG) or shielded metal arc welds are the 
preferred methods. These produce welds with the best electromagnetic properties because the shield material is used for 
the welds. 

On-site welding of steel or aluminum is necessary for most room-sized installations and can be a signiiicant portion of a 
shield’s total cost. Standard structural welding can cost $40 to $65 per hour depending on Union requirements, crew Size, 
and inspection requirements. Specialized continuous welding probably costs more. These costs are offset by the fact that 
fastening hardware, such as bolts or rivets, are not required. A welded plate shield can also be 10% to 20% lighter than a 
bolted or riveted version. 
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Figure 3.4-8: Transformer Vault Fields One Meter Above and Parallel to Bus (Modeled) 
Flat sheets can be continuously butt-welded or, if thin enough, overlapped with continuous lap-welds. Pan-welding of 
thinner materials can be used to prevent buckling. In the pan-welding method, flat sheets are cut and bent at the edges to 
create a shallow “pan”. The bent edges of adjacent sheets are then joined with square flange welds. The seams provide an 
expansion joint to reduce buckling. The method costs more than other methods. 

At waWfloor or WalVceiling joints, angle corner pieces that overlap the flat shield areas are recommended. These should 
be joined with continuous fillet welds. 

Shield penetrations are almost unavoidable. In vault shields, for example, openings must be provided for cable access, 
ventilation, and doorways. Like seams, penetrations degrade shielding performance. The designer of practical power 
frequency shields must reduce the number and size of shield penetrations. If cable or Wiring must penetrate a shield, it 
should be routed through a conduit bonded to the shield. 

Heavy steel plates can also be difficult to use. A 4 x 8 foot piece of ’/z inch thick steel can weigh more than 650 pounds. 
Smaller plates might be needed to ease handling, but this increases seam welding costs. Floor loading limits alone can force 
a shield designer to consider aluminum, about 1Drd the weight of steel, or thinner, more expensive high-penneability alloys 
such as mumetal. 

. 
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In steel h e  buildings, steel decking is often used as a structural element to create composite floors and ceilings. The most 
common types are cormgated sheets of 20 to 16 Gauge (3/80 inch to 111 6 inch) steel. These provide little magnetic field 
shielding at power frequencies. Floor decks could, however, be designed to provide shielding ifthicker or multi-layered 
plates were used. 

Material 

Steel Sheet 

Steel Sheet 

Flat plate magnetic field shielding depends not only on shield dimensions and material properties, but also on the shape and 
relative size of the magnetic field source. Additionally, flat plate shielding effectiveness for any realistic source varies with 
both source-shield distance and source-measurement point distance. 

Thlcknes S h e h o f f  60 Hz Est. Weight per Est. Cost per 100 Est Cost per Sq. 
s (Inches) Shielding Sq. Foot (lbs) Pound Weight Foot (1996 S) 

Effectiveness (1996s) 

1/16 0.55 2.5 SlSl $3.80 

1 /8 0.30 5.0 . $87 $4.42 

Table 3.4-4 compares estimated steel, aluminum, and mumetal material costs with estimated infinite flat plate shielding 
effectiveness and with material weights. The shield predictions are based on a modifed Schelkunoff approximation method 
described in Appendix A. The prices are based on commercial quotations obtained in late 1996 for 2024 aluminum and 
commercial quality cold rolled steel. Mumetal prices depend heavily on the nickel market and can vary considerably month 
to month. The table's final column shows a cost-shielding effectiveness multiplier for comparison purposes. Smaller 
numbers in this column correspond to more field reduction per dollar. 

steel Plate 

Steel Plate 

Steel PIate 

Steel Plate 

Steel Plate 

Table 3.44 Flat Plate Shield Material Costs 

~ ~ - 

3/16 0.19 7.66 S58 s .49  

114 0.10 10.21 358 $5.99 

5/16 0.055 12.76 S58 S7.48 

318 0.03 15.32 $58 S8.98 

?4 0.01 20.42 $58 $11.97 

~~ 

Aluminum Sheet 

Aluminum Sheet 

Aluminum Plate 

Aluminum Plate 

Aluminum Plate 

Aluminum Plate 

Mumet31 Sheet 

Mumetal Sheet 

118 

3/16 

114 

5/16 

318 

'A 

1/50 

1/40 

11 Aluminurnsheet I 1/16 I 0.28 I 0.9163 I S522 I s4.79 
1.818 

2.763 

3.636 

4.545 

5.454 

7.272 

0.91 

1.13 

s502 s9.10 

$473 S13.10 

$357 512.97 

s382 $17.33 

s49 $18.98 

s49 s25.35 

a374 S21.60 

$2.134 S24 

0.15 

~~~~ 

Mumetal Sheet 

Mumetal Sheet 

0.09 

~ ~ ~~ ~ ~~ ~ - 

1/25 0.028 1.81 %2,044 $37 

1/16 0.008 2.83 s2.049 558 

0.075 

0.05 

0.039 

0.07 

0.055 

Effectiveness 

2.09 

1.33 

0.85 

0.60 

0.41 

0.27 

0.12 

134 

137 

1.18 

0.97 

1.04 

0.95 

0.99 

1.51 

132 

1.04 

0.46 

The table shows that steel provides the lowest (best) shielding factor per dollar spent, an effect that improves with thichess. 
Mumetal provides the highest cost option for a given shielding factor, but the thickest aluminum plates are nearly as 
expensive. In fact, little per€ormance/cost advantage is gained when aluminum is thicker than about 3/16 inch. 
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Mumetal is the lightest material for a given shielding factor. Steel is by far the heaviest. Thin aluminum plates, less than 
about 3/16 inch thick, appear to offer a potentially useful combination of shielding effectiveness, weight, and cost 

OnIy material costs are shown in the table. Engineering and installation costs should be expected to add significantly to these 
costs. 

IndustriaULarge Commercial Buses and Feeders 

Low voltage (120/208 or 277/480 volt), three phase buses and feeders distribute power from the service entrance to circuit 
breaker panels. To illustrate how their magnetic fields might be mitigated, two design cases are presented. The first is a 
400 ampere per phase bus. The second design carries 2,000 amperes per phase. The 400 ampere bus represents small to 
medium sized feeders (83 kVA to 192 kVA) used to distribute power from service entrance panels or from switchgear to 
branch circuit breaker panels. The 2000 ampere bus typifies medium to large sized buses (4 15 kVA to 1 MVA) used to 
carry power from a transformer vault to a switchgear panel. 

The 400 ampere per phase feeder bus cases, illustrated in Figure 3.4-9, include +e standard use of four 500 kcmil 
conductors, one for each phase and one for the neutral, routed in three inch diameter conduit or in six inch or wider cable 
tray. EMT, IMC, rigid galvanized steel and nonmetallic conduit (NMC) are considered. Conduit shielding is modeled using 
the approach described in the ResidentiaVSmall Commercial Distribution section of this report. 

Also considered is the use of eight 250 kcmil conductors to create a “split-phase” 400 ampere bus. Close attention must 
be paid to NEC spedcations for cable layering in cable trays, but this arrangement can provide substantial field reduction 
if the phase conductors are an-anged properly. Consistent phase arrangement can be difficult to achieve with cables in cable 
trays, however. “Cablebus”, a fixed cable tray design using spacers to keep cables in a fixed pattern, offers one possible 
solution. A split-phase 400 ampere cablebus design. with 1.5 inch cable spacing for the 0.72 inch diameter 250 kcmil cables 
per NEC requirements, is modeled. 
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1-m I 4 x 500 kcmil conductors in cable tray 

1 %  1 

A 

c" 
N 

4 x 500 kcmil conductors in 3 inch conduit - 
NMC, EMT, IMC, and rigid galvanized steel 

8 x 250 kcmil conductors in cable tray - 
worst case arrangement 

8 x 250 kcmil conducton in cable tray - 
best case arrangement 

8 x 250 k m i l  conductors in cable tray - 
parallel bundles with 0.15 m separation 

8 x 250 kcmil conductors in cablebus 
reverse-phased arrangement 

400 ampere bus duct- 2 inch x 0.25 inch conductors - 
0.5 inch spacing 

Figure 3.4-9: 400 AmperelPhase Feeder Arrangements 

The final 400 ampere feeder design considered is bus duct, also called busway. Bus ducts are premanufactured sets of 
enclosed bus bars, delivered in set lengths and bolted together on site. Bus duct is usually used to cany secondary bus 
currents fiom transformers to switchgear in building vaults and for high-current feeders in large buildings. The design 
considered is based on a commercially available product. 

Three 2000 ampere bus designs, shown in Figure 3.4-10 are considered. The first two are standard 1000 kcmil cable 
designs. One uses 16 cables laid flat in a cable tray. The second consists of four groups of four conductors run in four 
conduits. This type of parallel conductor phase splitting is standard practice for high-current buses, for reasons of cost, ease 
of installation, and thermal limitations. The third 2000 ampere bus design considered is an eight-mnductor bus duct. This 
design is based on a commercially available product. 

I 
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4 x 500 ampere per phase groups 
nnnn 
@B -6%)@%%) C 16x1000 kcmil conductors in a 24 inch or 

wider cable tray. 

16x1000 kcmil conductors in 4x4 inch conduit 
(NMC, EMT, IMC, or rigid galvanized steel). 

8 conductor, 2000 ampere per phase bus duct 

Figure 3.4-10: 2000 Ampere per  Phase Feeder B u s  Designs. , 

Magnetic field estimatesfor 400 and 2000 ampere feeders are shown in Figures 3.4-1 1 and 3.4-12, respectively. Cost and 
field estimatesfor the designs are presented in Tables 3.4-5 and 3.4-6, respectively. The conduit shielding factor predictions 
are based on methods described in Appendix A. Cost data is based on the 1996 Means Electrical Cost Data estimating 
manual weans, 19961. For comparison, purposes, the final column of each table shows a cost-shielding effectiveness 
multiplier. Smaller numbers in this column correspond to greater field reduction per dollar. 

The results highlight at least three magnetic field reduction options for feeders: shielding, phase-splitting, and, to a lesser 
extent, use of distance. Both rigid metal conduit and phase splitting can reduce unshielded bus magnetic fields by more than 
an order of magnitude at typical exposure distances. Intermediate metal conduit, or IMC, reduces fields by more than a factor 
of six. Electrical metal tubing, or EMT, reduces fields by a factor. of about five. 

Although the conductors are usually very close together, large magnetic fields can still exist within several feet of a high- 
current feeder or bus. For example, 2000 ampere bus magnetic fields exceed five milligauss five feet away from even the 
rigid steel conduit design. If nonmetallic conduits were used, magnetic fields would exceed five milligauss out to about 20 
feet. This represents valuable floor space in a commercial or industrial building. 

According to the Means bare cost data, a rigid conduit bus is 28-37% more expensive than laying cables in a cable tray for 
the 400 and 2000 ampere examples. IMC is 18-3O%more expensive. EMT is 2- 17% more expensive. Rigid conduit offers 
the most field reduction per dollar spent at both 400 and 2000 amperes. IMC does not seem to.offer a substantial cost versus 
field reduction advantage over either EMT or rigid metal conduit in either case. Phase-splitting appears cost-competitive 
forthe 400 ampere cablebus example. The example bus duct does not appear cost competitive at 400 amperes, but is less 
expensive than the rigid metal conduit and IMC designs at 2000 amperes. 
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Figure 3.4-11: 400 Ampere Three-phase Bus Magnetic Ficlds 
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2000 AmperOhase Feeder Buses 
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Figure 3.4-12: 2000 Ampere Three-phase Bus Magnetic Fields 
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Table 3.4-5: IndustriaVHeavy Commercial 400 Amp Feeder Cables: Field vs. Cost 

400 Amplphase Feeder Cable 
Type 

4x500 kcmil in 6" CableTray 

4x500 kcmil in 3" NMC 

7 

Field Reduction 1996 Bare 1996 Bare 1996 Bare Barecosts 
Factor m 4x500 Material Cost Labor Cost Cost Total per Field Reduction 
kcmu h 3" NMC at D o h  per Dollars per Foot Foot Factor 
1 Meter Distance Foot 

1.0 22.85 9.79 32.64 32.64 

1.0 20.50 10.14 30.64 30.64 

22.75 
~~~~ 

4x500 kcmil in 3" Eh4T 

4x500 kcmil in 3" Y C  

4x500 kcmil in 3" Rigid 

8x250 kcmil in 6" Cable Tray 

8x250 kcmil in Cable Bus 

24.75 

0.20 

0.15 

0.05 

0.02-0.55 

0.06 I 24.00 I 15.00 I 39.00 I 2.34 II 

26.55 

~~ 

2000 AmplPhase Feeder 
Cable Type 

16x1000 kcmil in 24" Cable 
Tray 

16x1000 kanil in 4x4" NMC 

23.45 

Field Reduction 1996 Bare 1996 Bare 1996 Bare Bare cost x 
Factorvs 16x1000 Material Cost Labor Cost CostTotalper Field 
kanil in 4x4" NMC Dollars per Dollars per Foot Foot Reduction 
at 1 Meter Distance Foot Factor 

1.0 178.70 49.40 228.10 228.10 

1.0 188.20 62.40 250.60 250.60 

1 10.57 1 i i 2 - T I  1 
13.68 38.43 

15.28 41.83 

13.27 36.72 0.73-20.20 

16x1000 kcmil in 4x4" Eh4T 

16x1000 kcmil in 4x4'' IMC 

0.20 202.80 65.00 267.80 53.56 

0.15 217.40 79.20 296.60 44.49 

400 Amp 4 Cond Bus Duct I 0.48 I 66.00 I 11.70 I 77.70 I 37.30 

16x1000 kcmil in 4x4'' Rigid 

2000 Amp 8 Cond Bus Dud 

Table 3.4-6: IndustriaVHeavy Commercial 2000 Amp Feeder Cables: Field vs. Cost 

0.05 225.00 88.40 313.40 15.67 

0.17 260.00 29.50 289.50 49.22 

Customer-Side Power Distribution Summary 

What would happen to building wiring ifpower frequency magnetic field exposure limits were required? The answer would 
depend on what the exposure limit values were and on how the exposure limits were defined Exposure knits that were 
defined for values at a set distance fiom a source might be easy to achieve, because most building wiring magnetic fields drop 
off quickly with distance. On the other hand, exposure limits that were defined for all points in space could be extraordinarily 
difficult to achieve. In either case, meeting a standard with new construction would be easierthan retrofitting an existing 
installation. 

Table 3.4-7 provides a summary of the feasibility and estimated cost of new customer-side power distribution systems 
designed to meet one of five theoretical exposure limits: 100 mG, 50 mG, 20 mG, 5 mG, and 2 mG. The limits are assumed 
to be defined at a set distance, perhaps three to six inches, away fiom walls, floors. and ceilings. The bare cost impact is 

- 
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shown as amultiplier of the baseline cost for each source type. Limits that cannot be reached by designs considered in this 
report have question mark CY) entries. Question marks are also added when some uncertainty exists with a field reduction 
method or cost estimate. 

Shield+ 1.10- Shield+ , Distance 1.50 Distance 

Table 3.4-7 is based as much as possible on cost and design data presented in this section of the report. For standard branch 
ckcuit Wiring and large buses and feeders, the lowest bare cost design was selected that met each exposure criterion. For 
other source types, costs were estimated based on the cost of shielding materials andlor the cost of labor. 

Table 3.4-7: Customer-Side Power Distribution Magnetic Field Reduction Summary 

1.10- 
1.50 

SonreeType 

Multip Multip 

ServiceRdphtine: No 1.00 Shield+ 1.10- 
PSUlelS -ge D m c e  1.50 

1 Type 
NM-B 

I (Basew 
I 

No 
Change 

No 
Change 

Sheild+ 
D m c e  

Standard Branch 
i n i t w i g  1 1 "o0 I E B  1 

(Baseline) (Baseline) 

~~ ~ 

1.00 Type 1.14 
AC 
(dum) 

1.00 Rewire 1.00- 
1.10 

1.00 NCC 1.10- 
Device? 1.50? 

1.10- Shield+ 1.50- 
1.50 Distance 2.00+ 

On-Prem'ws 
StrPyRetarn 
Current 

Rigid 
Conduit 

Rigid 
Conduit+ 

o i r - ~  
Stmy Retum 
Current 

1.258 Rigid 1.50- 
Conduit 2.00 
+ Shield 

1.50- Rigid 1.50- 
2.00 Conduit 2.00 

XndustrWLaqe 
Commercial 
Vaults 

Shield 

No 1.00 No 1.00 
ch=v2e Change 

No 1.00 No 1.00 
Change Change 

Shield+ 1.10- Shield+ 1.10- 
Dstylce 1.50 D m c e  1.50 

+ Shield 

IndustriaVLnrge EMT 1.02 Rigid 1.28 
Commercial Conduit 
Buses and 
Feeders (400 
Amp Example) 

Indmhid&mge Rigid 137 Rigid 1.50- 
Commercfnl Conduit Condiut+ 2.00 
Buses and Shield 
Feeders (2ooO 
Amp Example) 

I 1.00 I Rewire I 1.10- 
Change 1.50 

1.10- 
Device? 1.501 

Shield+ 1.50- f DtYlce 2.00+ 

Rigid 1 r:.: 
Conduit 2.00 
+ Shield 

Rigid 
Conduit 2.00 
+ Shield 

As the table illustrates, only a few sources, such as transformer vaults and heavily loaded buses and feeders, would require 
attention ifa 100 mGexposure limit were specified. At 5 mG or less, all sources would require attention. The greatest cost 
impacts would occur ifvaults, buses, and feeders had to meet a 5 mG or 2 mG exposure criterion. 
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3.5 APPLIANCES AND MACHINERY 

Appliances produce electromagnetic (Em fields at the fundamental power frequency and its harmonic fkequencies, at 
device-generated frequencies, and at transient related frequencies. Resistive heating elements by themselves produce 
fields almost exclusively at the fundamental power frequency, while appliances with transfoxmers, motors, and/or solid- 
state speed controllers or dimmers can have fields with significant harmonic content. Appliances with small direct- 
current motors (some shavers, hobby tools) full-wave rectify the lime current and generate EM fields primarily at the 
power frequency second harmonic. Very low frequency (VLF) (3 kHz to 30 kHz) EM fields are generated by the 
horizontal deflection circuits in televisions and computer monitors, and by the rotating armatures and commutators in 
motors. Computer power supplies and electronic ballasts operate at upwards of 100 kHz. High frequency transient EM 
fields can be created by arcing on motor commutators and by mechanical switch contacts. 

100oOO 
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loo0 
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10 

1 

0.1 

Relative Electric Field Levels 

0.01 0.1 1 10 100 lo00 10000 
D i m e  from source (metersl 

gure 3.5-1: Relative electric field intensities wealth Effec ts..., 19931. 

Electric fields near the surfaces of 
appliances are typically in the 
same range of intensity as those 
found beneath distribution lines, 
as shown m Figure 3.5-1, but 
decrease much more rapidly with 
distance wealth Effe cts..., 19931. 
Localized electric field intensities 
at the surface of nonmetallic 
cased appliances may be as high 
as 1 kV/m. Electric fields around 
appliances depend greatly on the 
relative location and nature of 
surrounding objects, especially 
metallic g~ounds and other 
conductors. The orientation of 
the appliance, and the position of 
its user, are also important 
factors. 

Magnetic fields at the 
fundamental power frequency can 
be quite localized near the surface 
of appliances and may be orders 
of magnitude more intense than 
those directly beneath large 
transmission lines [Gauger, 
19851. However, as shown in 
Figure 3.5-2, these fields 
diminish rapidly and become 
more homogeneous with distance. 
Typically, magnetic field 
magnitudes vary by less than 20 
percent in any direction from a 
portable appliance at distances in 
excess of about 1 meter. This 
field behavior is characteristic of 
a three-dimensional magnetic 
dipole, and it has been shown 

analytically that most appliances can be modeled as such for low frequencies [Armanini, et al, 19901. 
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The primary sources of magnetic fields fiom end-user appliances are currents on the electrical components listed below: 
resistive heating elements 
single phase motors 
transformers and coils 
power cords and wiring 

Because magnetic fields are generated by electric currents rather than differences in potential (voltages), they are present 
only when an appliance is operating. However, some appliances such as clothes dryers, dishwashers, and conventional 
and microwave ovens have multiple magnetic field sources that can cycle on and off during operation, changing the 
level of magnetic field produced over time. 

Resistive heating elements found in appliances vary &om the simple rod forms used in baseboard heaters, stoves, ovens, 
and water heaters, to the more complex spiral and serpentine-wound wires or filaments used in portable heaters, toasters, 
and hair dryers. Single-phase motors in appliances range fiom the milliwatt-sized pancake motors in analog clocks and 
timers, to the lightweight universal motors whose h e  is integral with the housings of small and hand-held appliances, 
up to the high hctional horsepower motors used in large stationary appliances and power tools. 

Transformers of various sizes are commonly found in the power supplies of all types of consumer and office electronic 
products. Some larger transformers are those found in the power supplies for the magnetrons in microwave ovens. 
Ballasts, or current-limiting transformers, are found in all non electronic fluorescent lamps and light fixtures. Most 
televisions, video display terminals, and computer monitors employ vertical deflection coils that operate at ELF fkequen- 
cies, and a high-voltage transformer and horizontal deflection coils which operate at VLF fkequencies. The 
interconnection wiring within appliances can be a major magnetic field source because large current loops are possible 
if the source and return leads to the controls and loads are not routed together. Other wiring related magnetic field 
sources include line cords, printed circuit board conductors (loops), and the ion currents in fluorescent lamp tubes. 

AppIianceMachinery Field Reduction Options 

Since most appliance magnetic field sources act like threelimensional dipoles, their fields decline rapidly with distance. 
Sometimes, designing an appliance to maximize the source-user distance may be possible. For example, the motors and 
power supplies of large appliances like clothes washers, refigerators, and microwave ovens could be moved to the rear 
of the units. 

This option is not available for most end-user appliances, however. Small andor portable devices such as radios, clocks, 
toasters and toaster ovens, blenders, coffee grinders, can openers, lamps and lighting fixtures, fans, portable electric 
heaters, and vacuum cleaners are simply too small and users must often be close to them. Distance is definitely not an 
exposure reduction option for hand-held devices like hair dryers, shavers, and power tools, or for electrically heated 
blankets. It is also difficult to “design-in” user-source distance for some larger appliances like electric stoves and 
cooktops, televisions, and desktop personal computers. 

For most appliances, the use of distance is not a viable field exposure reduction method. If low-magnitude power 
fiequency magnetic fields were ultimately linked to adverse health effects, appliance EMF guidelines or mandates would 
likely be required. The lowest existing magnetic field emission guideline was established for computer video display 
terminals (VDTs) by the Swedish government in 1991 [power Frequency Magnetic Fie1 ds..., 19951. That standard, 
called MPR2, requires VDT magnetic fields to be less than 250 nT (2.5 mG) 50 cm (20 in) from the monitor in the 5 
Hz-2 lcHz fkequency range and less than 25 nT (025 mG) in the 2 kHz-400 lcHz ffequency range. Most new computer 
monitors are designed to meet the MPR2 standard. Manufacturers have found it possible to meet the standard with little 
added cost. 

No magnetic field guidelines apply to electric blankets, but some manufacturers have altered their designs to reduce 
magnetic fields. A typical low-field electric blanket uses a bifiliar design, discussed later in this section of the report. 

61 



Relative Magnetic Field Levels 

Figure 3.5-2: Relative magnetic flux densities (Health Effects. .., 19931. a mG) was 
projected was 2.6 m (8.5 fi). EPRI 
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[Survey of Residential ... ,19931 reported similar appliance magnetic field datafiom the EPRI 1000 home survey. 

Field Sources in Appliances and Machinery 

End-user appliances produce ELF electric fields because of the presence of line voltage, usually at 120 or 240 V, on 
their electrical Wiring and components. Metal-cased appliances with proper grounding are well shielded and generate 
little electric field even when operating. However, this is not true for devices with nonmetallic housings. Depending 
on its design, an abpliance can generate electric fields even when it is turned off. As an example, an older appliance 
with a non polarized, two-wire line cord has an even chance of being plugged in so that the power switch is on the 
neutral side of the line. This places all electrical components within the device at full line potential when the switch is 
off, as opposed to an average of half the h e  potential when the switch is on. In this situation the electric field intensities 
will be higher when the appliance is not operating. 
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Add-on shielding for consumers is now only an option to the end-users of computer monitors. Five-sided box-like 
shields are commercially available for preventing interference to monitors fkom outside magnetic field sources 
[Magnetic Shield Design Handbook, 1992][Complete Guide to Magnetic Field Shielding, 19901. These shields, 
however, should also be effective in reducing the magnetic fields emitted by a monitor to its rear and sides (the front 
of a monitor is not shielded). Monitor shielding might prove desirable in office settings where many personal computers 
or terminals are spaced closely together. In this situation a user could be exposed to the magnetic fields fiom several 
computers, and might be closer to the monitor of the user behind him than to his own. 

End-users can also select fkom a growing number of so-called "green" appliances designed for reduced electrical energy 
consumption. Such devices generally reduce EMF exposures either through lower magnetic field levels or shorter 
operating times. Examples of low field devices are the reduced-wattage fluorescent tubes for retrofit into existing, 
conventional-ballast fixtures, and the newer eIectronic high-efficiency ballasts, which use even lower wattage 
fluorescent tubes. Personal computers with built-in automatic standby or power-down features, and high efficiency 
refigerators are examples of appliances with shortened operating times. 

Source Design and Manufacturing Methods 

Source design methods refer to modifications of the electrical systems of an appliance at the design or manufacturing 
level to reduce the intensity of EMF'S. Principal strategies for design-based EMF management are as follows: 

reduce appliance load currents, 
reduce effective magnetic dipole size, 
reconfigure current carrying elements so 
as to generate opposing, canceling fields, 
use alternative low-field technologies, and 
employ shielding materials. 

These strategies have been applied to the four primary appliance magnetic field sources previously listed to develop 
specific management techniques for each source type. 

Resistive Heating Elements 

One of the simplest magnetic field reduction techniques for resistive heating elements is to double the operating voltage 
from 120 V to 240 V. For a given wattage element this will halve both the current and its associated magnetic field. 
In North America, 240 V appliances require a special power outlet or hard wiring. Thus, this method would apply 
primarily to stationary appliances with high wattage elements that have not already been designed for 240 V operation. 
Candidate devices would include baseboard and built-in heaters, dishwashers, and cooking elements on stoves and 
cooktops. Other magnetic field management methods for heating elements involve a redesign either of the element itself 
or of the layout of its feed wiring. Techniques include the use of split-return currents, bifilar or coaxial elements, and 
reduced loop area element geometries. 

The split-return current method can be applied to a typical serpentine radiant heating grid such as the one illustrated at 
the top of Figure 3.5-3. From a magnetic field standpoint, this grid is roughly equivalent to the single current loop of 
the same dimensions but carrying halfthe grid current, shown in the middle of the figure. The grid at the bottom of the 
figure has a split return current. This cancels the effect of the grid's net current loop. 
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Standard Radiant Heating Element Grid 
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Figure 3.5-3: Radiant heating element topologies. 

The magnetic fields produced by the standard and the split-return radiant heating grids were compared by computer 
analysis. The program uses an approximation to the Biot-Savart law to model the sum fields fiom multiple line current 
elements in three dimensions. Calculated vertical-plane magnetic field contours through the centers of standard and 
split-retum electric room heating grids are shown in Figure 3.5-4. In this figure the grids are seen fiom the edge as if 
they were embedded in a ceilimg. The views extend 2.4 meters (8 ft), or about one residential ceiling heighf above and 
below the grid. The contours clearly show that split return design reduces the magnetic field by at least an order of 
magnitude for distances greater than a few inches. 
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Radiant Heating Element B-Field Contours - mG 
Standard Design Example at 10 Amps 

Horizontal Distance, m 

Radiant Heating Element B-Field Contours - mG 
Split Return Design Example at 10 Amps 

Figure 3.54 Radiant heating element calculated B fields. 
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Several low-field options for small heating elements, such as portable electric heaters, can also be considered. Three 
of these designs, shown in Figure 3.5-5, are a dual opposing serpentine design, the split return design, and bifilar heating 
element design that keeps supply and return current as close together as possible. This design is used in the newer, so- 
call “Low EMF‘ electric heating blankets that have been commercially available for several years. The calculated mag- 
netic (B) fields along an axis perpendicular to the center of the grids for the two cases are presented in Figure 3.5-6. 
The curves show that the split r e m  and bifilar designs are the most effective. Both reduce the magnetic field by at 
least an order of magnitude for distances greater than a few inches. 
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Figure 3.5-5: Small Heating Element Design Options 
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I Calculated Magnetic Fields for Small Heating Elements 
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Figure 3.5-6: Small Heating Element Design Option Calculated Magnetic Fielc 

Electric Motors: 

Electric motors use large internal magnetic fields to create forces that usually rotate a shaft. Some motor designs leak 
more of these magnetic fields than others. The fields from most motors drop off quickly, roughly l i e  a three- 
dimensional magnetic field dipole. 

At least four magnetic field reduction methods are available for electric motors. These include increasing the number 
of field poles, configuring pole wiring to avoid current loops, use of higher voltage, reduced current models, and 
shielding. 

Gauger showed that common fractional horsepower induction motors often produce higher magnetic fields than their 
higher horsepower cousins. This is because larger motors often have more poles and are often housed m heavy cast iron 
or steel housings that provide some shielding. Motors make good shielding subjects because they are small. 
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Figure 3.5-7 illustrates how proper pole wiring can eliminate current loops in motors [DOD-STD-Z146(SH), 19831. 

Pole Wiring for Magnetic field Motor Field Reduction 

Rotor 

Main Pole (Typical) 
(Interpoles Not Shown) Shunt Field 

Connections 

a. Standard 

(Interpoles Not Shown) 

Figure 3.5-7: Pole Wiring for Electric Motor Magnetic Field Reduction 

Transformers and Coils: 

Transformers, used to step down or step up voltages in appliance power supplies, use large internal magnetic fields to 
induce current m secondary coils wrapped, along with the primary driving coils, around a h-omagnetic core. Although 
most of the field is confined to the core, some leakage does occur. These leakage fields drop rapidly with distance, in 
the fashion of a three-dimensional dipole. 

Some core and coil winding topologies are better at confiniig magnetic fields than others. Figure 3.5-8 shows three 
common core topologies. The standard “E” and “C” cores are laminated designs composed of interleaved plates of 

ferromagnetic material. Toroidial cores are less often composed of laminated materials. “E” core windings are usually 
! on the center am. “C” core windings are usually placed on opposite sides, but primary and secondary windings can 
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be interleaved. Toroidial core windings are usually interleaved. 
~ ~~ ~ 

Transformer Core Topologies 

Tomidal Care 

Figure 3.5-8: Transformer Core Topologies 

The stray magnetic fields fiom ten commercially available power supply transformers were measured at IITRI. h e e  
of the designs were ‘l? cores, two were “C“ cores, and five were toroidial cores. All were tested under equal loading 
conditions. The results, shown in Figure 3.5-9, show that the toroidial designs produced the lowest stray fields. “C‘ 
cores produced the highest fields. The best toroidial transformer fields were more than an order of magnitude less than 
the T7 core fields. . 

Power Cords and Wiring 

Power cords provide current to appliances and machinery and are, therefore, magnetic field sources. Magnetic field 
reduction methods for power cords are similar to those used forbranch circuit wiring. Field reduction methods include 
reducing conductor spacing, twisting conductors, and shielding. Use of the latter option is UnlikeIy for most small 
appliances and machines. 
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Transformer Magnetic Fields vs. Core Type 
Perpendicular to Mounting Plane 

Figure 3.5-9: Transformer Magnetic Fields vs. Core Type: Perpendicular to 
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Internal appliance/machinery wiring can be a significant magnetic field source if supply and return conductors are 
separated. Internal wiring sources can be reduced if some attention is paid to details of both the wiring harness design 
and the product manufacturing process Linde, 19951. 

Some machines, however, can only be operated with widely separated supply and retun current conductors. Examples 
include manual metal electric arc welding, electric arc welding machines, electric arc furnaces, direct contact electric 
melting furnaces, and eleclrogalvanizing processes. These machines can produce large magnetic fields. 60 Hz electric 
arc welders, for example, can be exposed to fields greater than 4,000 milligauss, with substantial energy at the second 
(120 Hz) and third harmonics (180 Hz) [Stuchly et al, 19873. If low magnetic field. exposure limits were ever deemed 
necessary, many of these processes would have to be done remotely or not at all. 
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Appliance and Machinery Summary 

How would power frequency magnetic field exposure limits affect appliances and machines? The answer would depend 
on the exposure limit values and on how the exposure limits were defined. Exposure limits defined at some distance 
from a source would be easy to achieve, because most appliance and machinery magnetic fields drop off quickly with 
distance. On the other hand, exposure limits defined for all points on and.near an appliance or machine could be 
extraordinarily difficult to achieve. 

Table 3.5-1 provides a summary of the feasibility and estimated cost of appliances and machines designed to meet one 
of five theoretical exposure limits: 100 mG, 50 mG, 20 mG, 5 mG and 2 mG. The limits are assumed to be defined 
at a set distance of perhaps three to six inches fiom the source. Because such a large variety of magnetic field source 
types are included in the appliancelmachinery category, the cost impact, shown as a multiplier of a baseline cost for each 
source type, is only a rough estimate. 

Table 3.5-1: Appliance and Machinery Magnetic Field Reduction Summary 
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3.6 TRANSPORTATION SYSTEMS 

Nearly all motorized transportation systems use electric power. Electricity is most often used to control non-electric 
engines and to power accessory equipment like lighting, heating, and air conditioning. Examples include spark-ignition 
for internal combustion engines, 400 Hz AC power for controlling aircraft engines and control systems, and 60 Hz or 
DC “Head End Power” (HEP) used for passenger railway accessories. 

For some types of transportation electricity provides the motive power. Examples include electric railway systems; 
battery-electric road vehicles; “conventionalyy diesel-electric railway locomotives; diesel-electric constructiodexcavation 
equipment; and turbine, diesel, or even nuclear-electric powered seagoing vessels. These all use heavy-duty electric 
motors, drawing hundreds to thousands of amperes of current, to provide motive power. 

Transportation systems represent a specialized use of electricity, but the electromagnetic fields associated with them 
do not necessarily differ fiom fields of commercial building power or of industrial appliances. Methods used to reduce 
fields in other environments could be applied to many transportation-based electromagnetic field sources. 

This report examines electric railways as a representative transportation field source type. 

Electric Railway Background 

Electric railway technology has been in use for more than a century. Although many of its basic tenants remain 
unchanged, several important developments have appeared during the past decade. Foremost among these is a transition 
from the time-tested direct current (DC) series-wound traction motor technology to the use of alternating current (AC) 
variable-fiequency three-phase induction traction motors. The expanding use of “high speed” rail electrification systems 
throughout the world is also notable. 

For many years, the electric railway equipment standard was the easy-to-control DC series-wound motor. It was widely 
used at the turn of the century for streetcar and interurban ‘’trolley’’ lines; for urban mass-transit “third-rail“ subway, 
elevated, and surface railways; and for mainlime “steamyy railway electrification projects. Most systems used DC 
voltages at 600-3000 volts and straightforward series-parallel resistor-based control systems. Some later mainline 
electrification projects used 25 or 60 Hz AC overhead catenary-supported contact wire feeds energized at up to 12 kV. 
Even these systems, however, used DC traction motors supplied by on board rectifier or motor-generator equipment. 

Electric streetcar and interurban l i e s  all but disappeared in the United States by the 1960% but most third-rail mass- 
transit systems remained. Also remaining was extensive main line electrification on the east coast, including the present 
h t r a k  “Northeast Conidoi’ between Washington, D.C., Balthore, MD, Philadelphia, PA, New York City, and New 
Haven, CT. 0 

In recent years, streetcar technology has made a comeback in so-called “light rail“ systems. Modem light rail streetcars 
are now found in San Diego, Los Angeles, San Jose, Sacramento, Portland, St. Louis, Pittsburgh, Boston, Baltimore, 
and other cities. New third-rail mass transit systems have also appeared during the past several decades in San 
Francisco, Washington, D.C., Atlanta, Miami, and Los Angeles, among others. Nearly all these systems use DC traction 
motors and traditional 600-1000 Volt DC feeds. Most of the newer systems use thyristor “choppers7y to control traction 
motor speeds in place of the traditional electromechanical “cam’’ control systems. 

In the United States, new main h e  electrification appeared during the 1980s on the 30-mile New Jersey Transit line 
to Long Branch, New Jersey (12.5 kV, 60 Hz); on the 125-mile Black Mesa & Lake Powell Railroad in Arizona (50 
kV, 60 Hz); and on the 38-mile Deseret Western between a coal mine at Rangely, Colorado and a power plant at 
Bonanza, Utah (50 kV, 60 Hz). These systems all used electric locomotives with DC lraction motors when they opened 
payes, 1995]@1eschke, 19851. 

. 
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Three-phase AC induction motors offer at least two advantages over DC motors. First, they require less maintenance 
because they do not have commutator brushes. Second, they can provide more torque, or horsepower, than a DC motor 
of comparable sue and weight, especially at low speeds. In the past, their principal weakness was that they were 
difficult to control because their speed varies with power supply frequency. The recent development of powerfbl, 
reliable gate-turn-off (GTO) thyristor hal ly  solved that problem. Inverters use GTO thyristors, which are high-current 
semiconductor switches, to convert DC to variable fiequency AC for motor speed control. 

Most of the new electric railway equipment will be delivered with AC motors, including the new BombardiedGEC 
Alsthom “American Flyer” 150 mph train sets Amtrak will use on its upgraded Washington, D.C.-Boston Northeast 
Corridor beginning in 1999. The technology is based on the 186 mph TGV Atlantique used successfully since 1989 
in France and on the original Paris-Lyon 164 mph TGV of 198 1, which used DC traction motors. Amtrak‘s Northeast 
Corridor project involves extending the main line electrification from New Haven to Boston and upgrading the entire 
Northeast Corridor to 25 kV, 60 Hz. The New Haven-Boston segment represents the most extensive new US. rail 
electrification project in decades. 

The delivery of hundreds of AC traction motor diesel-electric freight and passenger locomotives during the past few 
years is bringing the AC revolution to non-electrified U.S. railroads. 

Electric Railway Power Distribution 

Railway electrification is a specialized form of electric power distribution. It differs from standard distribution systems 
in that it is inherently single-phase and that its loads are constantly changing position. It usually consists of a series of 
substations feeding an overhead contact wire or a ‘‘third rail”. Electric locomotives or multiple-unit passenger cars 
collect current through use of an overhead sliding pantograph, an overhead rolling trolley, or from a sliding third rail 
“shoe.” Overhead contact wires are usually supported by a continuous “messenger wire” that also carries current. 
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Figure 3.6-1: Principal Electric Railway System Types 

_..’ 
’ Iearth .. ...__ ____- --. ..___. .... ’.. 

Some systems, such as the original Northeast Corridor 11 kV, 25 Hz electrification, use “double-end” feed 
arrangements. Trains draw current from two substations at once, with most of current coming from the nearest 
substation [DOT/FRA/ORD-80/66.2, 19811. Other systems, such as the 12.5 kV, 60 Hz New Jersey Transit Long 
Branch line, use segmented “single-end” feed systems. The Long Branch line system alternates phases in each segment 
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down the line to balance the overall three-phase utility load. 

Current returns to substations by passing through a train’s grounded steel axles and wheels to one or both track rails. 
a 

The current then usually foIlowi ieveraipaths.-Some currint flows through the earth, leaking from the rails through 
ties and ballast at many points. The impedance of this rail-earth shunt path can become small enough to become the 
dominant return current path at distances greater than 5-10 miles from a substation [Jacimovic, 19821. Return current 
flowing in the mils increases as a train approaches a substation. On modem installations, some return current flows on 
a buried or pole-mounted ground wire cross-bonded to one or both rails. The ground conductor helps reduce earth 
current by lowering the track circuit resistance. 

If left unchecked, DC earth current can cause electrolytic corrosion of underground metal pipes next to the track. AC 
earth current can contribute to interference with line side communication conductors. The human safety aspects of AC 
and DC earth currents must also be considered when electric railways are designed. 

Substation spacing depends on feeder voltage. The greater the voltage, the further apart the substations can be. For 
example, the 38-mile Deseret Westem is fed 50 kV power from a single substation at one end of the line. The NJT Long 
Branch line, a busy double-track commuter railroad, is fed 12.5 kV power from substations that are eight-miles apart. 

Electric Railway Magnetic Fields 

Two types of electric railway magnetic field exposure environments are of interest. The frrst is on board a moving train. 
The second is at stationary track side locations. In both environments, magnetic fields can have complex frequency 
components and can be highly variable over time. 

Modem electric railway equipment creates high-order current harmonics. The harmonics are fiom nonlinear loads, such 
as transformers, thyristor rectifiers, thyristor inverters, and the motors themselves. Harmonics are highest when traction 
equipment is drawing heavy current while accelerating or climbing a grade. 

0 
Even systems that have DC power feeds and DC motors can produce extremely low frequency (ELF 30-300 Hz) 
magnetic field components. These arise fiom nonlinear rectification, from rapidly changing current levels related to 
acceleration and deceleration, and, in modem equipment, from thyristor-based “chopper” motor control equipment. 

The most thorough assessment of the magnetic field environments of electric railway systems was provided in a series 
of US. Department of Transportation - Federal Railroad Administration studies completed in 1993 POT/FRA/ORD- 
92/09,93/01,93/03,93/04, and 93/05]. The studies considered several electric railway system types. Table 3.6-1 and 
Figures 3.6-2 and 3.6-3, show a summary of the project’s magnetic field measurements on board electric transportation 
systems. 

The data show that magnetic field characteristics of various systems vary significantly. Overall, the high speed railway 
systems had higher fields than the mass transit subway and “light rail” systems, with one obvious exception. Above 
average magnetic fields were measured on board Washington, D.C.’s Metrorail subway system. These fields were 
associated with a “chopper” DC motor control system used by the rail cars. The system controls train speed by 
“chopping” the motor voltage, or rapidly switching it on and off, at varying duty cycle rates based on train acceleration. 
Smoothing reactors and capacitors are used to smooth out the current supplied to the motors, but some chopper ripple 
usually remains. 

The Metrorail choppers use a basic switching rate of 273 H z ,  creating above average magnetic fields in that frequency 
range. A smoothing reactor beneath the floor of the car was responsible for the largest fields. By comparison, the 
Massachusetts Bay Transportation Authority (MBTA) subway system cars, which use traditional electromechanical 
“cam” controllers, produced lower fields, a 
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Table 3.6-1: Electric Transportation Systems Considered in DOT- Study 

Traction Equipment Max Speed 
Motor Type 

System Type Electrification 

Amtrak North East Conidor High Speed 12.5 kV 60 Hz DC AEM-7 Locomotive + 125 mph 
(NEC) 60 Hz Main Line OH Catenary Trailer coaches 

Washington, D.C. Metrorail Mass Transit 750 VDC Dc Multiple-unit train set 60 mph 

New Jersey Transit (NJT) Main Line 12.5 kV 60 Hz DC AEM-7 Locomotive + SOmph 
Long Branch Overhead Catenary trailer coaches 

TGV High Speed 25 kV 50 Hz AC Articulated train set: 2 186 mph 

Amtrak North East Comdor High Speed 1 1 kV 25 Hz Dc AEM-7 Locomotive + 125 mph 
(NEC) 25 Hz Main Line OH Catenary Trailer coaches 

MBTA Subway Mass Transit 600VDC DC Multiple-unit train set 60mph 

~ MBTA Trolley Light Rail 600VDC DC Two-unit train set 60 mph 

MBTA Trolley Bus Trolley Bus 600 VDC Dc Single Trolley Bus 40 mph 

Third Rail 

Main Line OH Catenary power cars, 9 coaches 

Third Rail 

OH Catenary 

OH Trolley Wire Pair 
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Figure 3.6-2: Electric Railway Magnetic Fields-DOT/FRA Maximum Measurements 
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Figure 3.6-3: Electric Railway Magnetic Fields-DOT/FRA Average Measurements 

The TGV had lower magnetic fields than those measured on the Northeast Corridor. This was most likely due to the 
higher voltage feeder system used on the TGV at the time of the measurements. One feature of the TGV power supply 
system may have offset the lower currenthigher voltage system. A TGV train set has a 4,350 Kilowatt (5831 
horsepower) "power car" at each end of the train. Each power car has four three-phase AC induction motors. Both 
power cars are used to provide motive power when the train is running7 but only the trailing unit's pantograph collects 
power from the overhead catenary wire. Thii is done to avoid creating excessive catenary vibration. A special roof- 
mounted cable running the length of the train supplies current to the leading power car. This leads to higher magnetic 
fields in some areas of the passenger ''trailer" cars than would occur if both power car pantographs were used. On the 
other hand, the cable seems to reduce magnetic fields in other areas of the cars. 

Other railway magnetic field sources besides traction motor current can also be important. These include on board 
equipment; such as lighting7 heating, and air conditioning; and transrms a sion lines running along the right of way. For 
example, power is routed to Northeast Corridor substations on 138 kV transmission lines next to the tracks. 

Field Minimization 

Electric railway systems would offer a substantial engineering challenge if power fiequency magnetic field exposure 
limits were ever required because their passengers must be within the power distribution system right of way. Active 
cancellation loops would probably need to be installed in rail cars to reduce passenger exposure, especially on overhead 
catenary systems, Passive ferromagnetic or eddy current shielding would be difficult to employ because car weight is 
a critical design factor for high-speed rail systems. Car windows would preclude a complete shielding enclosure, but 
they are in a critical location compared with the direction of an overhead catenary magnetic field. Wayside magnetic 
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fields might have to be controlled by passive cancellation loops in congested areas. Otherwise, railway systems would 
have to purchase wider right of ways. This would be costly for existing railways like the Northeast Corridor. 

Railway electrification is necessary for mass-transit subways and for high-speed rail greater than 150 mph. It is 
economically viable only in highdensity, high-speed corridors and on a few heavy tonnage fieight railroads with heavy 
mountain grades. If low-level power frequency magnetic field exposure limits were required, the resulting economic 
realities could lead to de-electrification in some rail corridors. 

The MBTA DC Trolley Bus data provides insight into one possible magnetic field reduction scheme for electric railway 
systems. Trolley buses, which obviously do not have access to a rail-return circuit, use two overhead trolley conductors. 
One supplies current. The other provides a return path for current. These conductors are close together, usually about 
one foot apart, so that the supply and return current magnetic fields cancel well. In addition, the return current does not 
have an opportunity to follow a rail-earth path back toward the substation. 

This type of dual-overhead conductor system has not been widely used in rail electrification. One reason is that the 
addition of an overhead return conductor is more costly than using existing track rails for the return circuit. Another 
reason is that the dual-overhead system precludes h e  of the sliding pantograph collector. Instead, traditional trolley 
collectors must be used. Sophisticated pantograph collectors have been designed and tested for service at speeds greater 
than 200 mph. Trolley collectors have only seen service at speeds approaching 100 mph, and then only on standard 
single-overhead conductor designs. Finally, and perhaps most important, dual-overhead conductors would have to be 
separated by several feet €or use in a high-voltage feeder system. An overhead catenary-support system for a high- 
voltage dual-overhead feeder system would have to be very complex. The overhead contact and messenger wires would 
have to be separated and supported by many insulators. Trolley bus overhead wires are supported by a less complex 
suspension system. 

Magnetic fields next to a standard electric railway right of way can be reduced if most of the return current can be forced 
to flow m an overhead ground wire. One approach for doing this, presently used in the TGV electrification and on part 
of the Northeast Corridor, is shown in Figure 3.6-4. 
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Figure 3.6-4: TGV "Twice 25" Feed System 

In this system, widely spaced substatio& feed power to an overhead single phase circuit formed by the overhead 
catenary/messenger wire and a second overhead return wire. The overhead wires feed autotransformers placed every 
few miles along the line, which in turn feed power to contact wire/rail circuit  cell^'^ or "blocks" at half the substation 
voltage. Current flows in the rails only in active cells. Return current is forced to return in the overhead return Wire 
beyond the active autotransformer cell. The system, called "Twice-25" in its TGV application and "Twice-12.5" on the 
Northeast Comdor, due to that system's lower voltage, is employed to reduce power losses and to increase substation 
spacing. Magnetic field reduction is merely a consequence of its employment. 

Since the overhead supply voltage is twice the voltage used in an active autotransfomer cell, the overhead supply current 
is halved in inactive cells. In addition, the overhead ground wire is only a few feet from the contact wire versus the 
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usual 20-foot contact wire-to-rail spacing. Magnetic fields are reduced by roughly an order of magnitude in inactive 
cells, but the system has no impact on fields in active cells. 

Double-ended feed systems, used in the TGV and Northeast Comdor electrifications among others, also provide some 
magnetic field reduction benefits. Supply current feeds a train fiom two directions, reducing the overall current, and 
magnetic field, by as much as one-half at a given location. 

The use of higher feed voltages can also serve as a magnetic field reduction method. For example, consider a typical 
TGV Atlantique train set, which uses a total of eight three-phase AC induction motors with at total continuous rating 
of 8700 Kilowatts, or 1 1,662 horsepower. At maximum load, the train would draw 348 amperes of traction current fiom 
the French 25 kV, 50 Hz electrification. The same train would draw 696 amperes fiom the 12.5 kV Northeast Corridor 
system, but only 174 amperes fiom a 50 kV electritication used by Deseret Western, Black Mesa & Lake Powell, and 
South African Railways. The increased costs of transformers and insulators in a higher-voltage railway electrification 
project are offset by the fact that substations can be spaced further apart. 

DC railway electrification might reduce ELF (3-300 Hz) magnetic fields. Most DC systems, however, use low voltages 
in the 600-700 VDC range, which results in very high current flow. A 4-car Metro North third rail train, for example, 
has sixteen 162 horsepower traction motors that can draw as much as 3,223 amperes of (mostly) direct current fiom that 
system’s 600 VDC third rail. Even ifthe ELF AC components are a small percentage of the total current, ?hey can still 
effectively exceed hundreds of amperes. 

To reduce the ELF current, higher voltage DC systems would be needed. Several higher voltage main, liie railway 
electrification systems did once exist in mountainous western U.S. states. For example, the Chicago, St. Paul, 
Milwaukee & Pacific used a 3,300 VDC system for its now-abandoned line to Seattle, Washington. On it, a typical 
fieight train would be pulled by two 5,600 horsepower E78 electric locomotives that together could draw up to 2,532 
amperes fiom the overhead catenary. A four-car Metro North train would only draw a maximum of 586 amperes on 
a 3,300 volt system, but the higher voltage would require use of an overhead catenary. An overhead catenary would 
create larger magnetic fields than a third rail system. 

DC voltages higher than roughly 3,300 volts would require the development of new on board high-voltage inverter- 
rectifier control systems. These would be costly, and would add a significant engineering challenge in that ELF AC 
current components would have to be extremely well controlled. If ELF magnetic field exposure requirements were 
ever necessary, however, DC systems would liiely have to be considered for railway electrification. 

One final method might be considered for reducing passenger exposures in overhead catenary fed railway systems. A 
single-ended feed variation of the autotransformer catenary feed system, illustrated in Figure 3.6-5, would not draw 
current in conductors near passenger cars ifthe train was powered by a single power car, or electric locomotive placed 
on the “substation side” of the train. The system would require trains to be pushed in one direction and pulled in the 
opposite direction on single-track lines, unless sophisticated power supply switching systems were employed. 

Hypothetical Single-Ended Antotransformer Feed System 

Return Wire 
I ------a Contact Wire I 

II II I 
Substation 00 nn nn n r )  nn nn *------- 

Autotransformers 1 Autotransformers 
Current only flows on “substation side” of train, not in 
conductors above and below passenger cars. 

Figure 3.6-5: Hypothetical Single-Ended Autotransformer Feed System 
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Electric Railway Summary 

Est. 
cost 
Multip 
lier 

Power frequency magnetic field exposure limits could substantially affect electric railways and other transportation 
systems. The limit’s impact would depend on what the exposure limit values were and on how they were defined. 
Exposure limits defined for the edge of right-of-way would require changes like those required for transmission and 
distribution lines. Exposure limits defined for rail passengers would be more difficult to meet. 

-3 mG 

Methods 

Table 3.6-2 provides a summary of the feasibility and estimated cost of electrified railways designed to meet one of five 
theoretical passenger exposure limits: 100 mG, 50 mG, 20 mG, 5 mG and 2 mG. The h i t s  are assumed to apply to 
ELF (30-300 Hz) magnetic fields on and along a rail right-of-way. A roughly estimated cost impact for each technology 
is shown as a multiplier of a baseline cost. 

Table 3.6-2: Electric Railway Magnetic Field Reduction Summary 

Source Type 

Light Rail 
Overhead 
Catenary 

Main Line 
Overhead 
Catenary 

High Speed 
Overhead 
Catenary 

Mass Transit 
Third Rail 

4 0 0  mG 

Methods 

No 
Change 

No 
Change 

Higher 
Voltage, 
Shielding 

No 
Change 

Est. 
cost 
Multip 
lier 

1.00 

1.00 

1.00- 
1.50 

1.00 

z:tL:s .kt 1 ~ ~ t ~ : s  kt 1 zz:ds 

Multip Multi 
lier plier 

Change Change Shielding, 
or Dual 
Trolley 

Higher 1.00- Autotrans 1.00- Single- 
Voltage, 1.50 former 1.50 ended 
Shielding feed, autotransfo 

Shielding, mer feed, 
DC? Shielding, 

E+? 

Higher 
Voltage, 
Shielding 

1.00- 
1.50 

Autotrans 
former 
feed, 
Shielding, 
Dc? 

1.00- 
1.50 

Single- 
ended 
autotransfo 
mer feed, 
Shielding, 
D c i ?  

Higher 1.00- Higher 1.00- Higher 
Voltage, 1.50 Voltage, 1.50 Voltage, 

Shielding Shielding Shielding+ 
x, DC, Dc, 

? 

or Dual 
Trolley+? 

autotransfo 
rmer feed, 
Shielding, 

autotransfo 
rmer feed, 
Shielding, 

Shielding+ 

Est. 
cost 
Multip 
lier 

1.5- 
2.00+? 

- 

- 
2.00- 
3.00+? 

- 
2.00- 
3.00+? 

2.00- 
3.00+? 
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APPENDIX A MAGNETIC FIELD SHIELDING 

Two passive magnetic field shielding mechanisms exist. The first is magnetic flux shunting, providedby materials with 
high magnetic permeability. The second is inductive, or eddy current, cancellation, provided by highly conductive 
materials. 

Ferromagnetic materials have high permeability. Included in this category are steel, iron, and nickel-iron alloys. The 
magnetic permeability p of a ferromagnetic material varies with the applied magnetic field H, as shown in Figure A-1. 

The magnetic permeability p is the slope of the magnetization curve. Obviously, p is lowest at both low at very high 
applied field strength. It is maximum in the middle of the curve. The low-field value is called “initial permeability” 
(pi). The largest value of p is called “maximum permeability”. At very high field strengths, the material goes into 
“saturation”. Ferromagnetic materials stop working as effective magnetic shields when they enter saturation. Most 
power-frequency shielding applications are at very low applied field stren,gths, however. 

B (Gauss) 

H (Oersteds) 

Figure A-1: Typical Ferromagnetic Material Magnetization Curve 
The magnetic flux density B in a ferromagnetic material exposed to an alternating H field follows a hysteresis curve, 
as shown in Figure A-2. The magnetic permeability p of a ferromagnetic material in a time-varying field is also time- 
varying, and is sometimes given as an average, or effective, value over a complete H cycle. Magnetic permeability also 
depends on the frequency of the applied field. In general, p declines with increasing fiequency. 

For most low-field power frequency applications, the effective permeability is much less than the maximum 
permeability. This effect is illustrated in Figure A-2, where several minor time-varying hysterisis loops are imposed 
on a larger hysteresis loop. In most shielding applications, the large magnetization curve would represent the earth’s 
static magnetic field and the minor loops would represent smaller, time-varying power-frequency fields imposed on the 
earth’s field. The effective time-varying permeability is called “incremental permeability” (Ap) and is given by the 
slope of the minor hysteresis loop (AB/AH). Incremental permeability is usually much less than maximum permeability. 

Unfortunately, incremental permeability values are usually not provided by material manufacturers. In their absence, 
power frequency shield designers usually use the more commonly provided initial permeability values. The initial 
permeability value is often divided by a design margin number, such as 10. A list of material properties for some 
common materials are provided in Table A-1. * 
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Figure A-2: Ferromagnetic Material Hysteresis 

Material Conductivity Relative to Initial Permeability 
Copper Relative to Copper 

Silver 1.05 1 

Copper 1.00 1 

Gold 0.7 1 

Soft Aluminum 0.61 1 

Brass 026 1 

Nickel 0.20 50 

Maximum Permeability 
Relative to Copper 

1 

1 

1 

1 

1 

100 
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Inductive, or eddy current, cancellation, is provided by materials with high electrical conductivity. Examples of such 
materials include copper, aluminum, gold, brass, and chromium. Aluminum is usually the shielding material of choice 
due to its lower cost. Eddy current cancellation only works for time varying (AC) fields. 

Eddy current shielding occurs when a magnetic field induces current in a conductive material. The induced current 
creates its own opposing magnetic field that partially cancels the original field. The eddy current shield appears to 
“repulse” magnetic fields while a flux shunting shield seems to “attract” them. 

* #  

The eddy current effect improves with shield conductivity, with shield thickness, with increasing frequency, and with 
the amount of surface area available for eddy current induction. Eddy current shielding improves as the source moves 
further from the shield, at least as long as the shield “appears” to be much larger than the source-shield distance, because 
more shield surface area is exposed to the field. 

Some materials provide both flux shunting and inductive cancellation. Iron and steel, for example, have high 
permeability and are good conductors. They provide flux shunt shielding at DC and at low fiequencies and eddy current 
shielding at higher frequencies. The geometry of source and shield interacts with these materials in a more complex 
way than with “pure” flux shunting eddy current shields. A change in the source-shield distance may, for example, 
decrease shielding at low frequencies while improving it at higher frequencies. 

Although they are less than 1/5th as conductive as copper or aluminum, the combined permeability-conductivity effect 
makes iron and steel better shields than copper or aluminum. Iron and steel also compare better than might be expected 
with high permeability alloys. Mumetal, for instance, has at least ten times higher permeability than iron but is six 
times less conductive. 

Another way to provide both flux shunting and eddy current cancellation is with layered shields of conductive and 
highly permeable materials. An alumindsteel “sandwich7’ can work better than single-material shields of comparable 
thickness, for example. The layered shield works best if the material closest to the magnetic field source is the more 
conductive layer. 

, 

Shield Design Issues 

A shield designer’s task is to create shunting paths to divert magnetic fields from some areas while remembering that 
fields might increase in other areas. The designer strives to make the shield seem as much like an ideal shield as 
possible fiom the perspective of the source. Ideal, unobtainable shields are spheres without openings, cylinders of 
infinite length, and flat plates extending to infinity in all directions. Shields that approximate these are rectangular 
enclosures with six or fewer sides, cylindrical electrical conduit or pipe, rectangular cable ducts, and flat plate shields. 

The shield designer must struggle with several significant problems. First, existing models are inadequate for real 
shields. Usefil shielding effectiveness models have been developed only for ideal cylinders and spheres. Less useful 
models have been devised to predict infhite flat plate shielding effectiveness. 

Second, the models must often be fed with inadequate information. The magnetic permeability of shield materials, for 
example, vary with incident field strength, with frequency, and sometimes even with position within the material. 
Manufacturers usually provide maximum and initial permeability data for static fields, but these insufficiently predict 
how the material will behave. 

Finally, a real shield is usually composed of separate pieces joined together. The way these pieces are joined together 
is crucial. All of these factors make magnetic field shielding design as much an art as a science. 
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Electrical Conduit Shielding 

Shielding effectiveness S is defined as the ratio of the unshielded field magnitude to the shielded field magnitude at a 
given location. When S = 1.0, no shielding is provided. S = 0.1 indicates a factor of 10 reduction, S = 0.01 a factor of 
100 reduction, etc.. In general, shielding effectiveness is a function of shield thickness, magnetic permeability, electrical 
conductivity, the size and shape of the shield, the configuration of the source, and the distance between the source and 
the shield. 

The magnetic field shielding effectiveness of long cylindrical shields is given by the equations of King [King, 19331 
and Shenfeld [Shenfeld, 19681. The equations predict shielding effectiveness for the case of both a cylinder enclosing 
a pair of wires carrying equal but opposite currents and for a cylinder exposed to a uniform external field. The 
symmetry of the cylindrical shield problem gives a constant shielding effectiveness throughout the shielded space. 

1/2 Inch Conduit Shielding Effectiveness 
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Figure A-3: 0.5 Inch Conduit Shielding Effectiveness 

Figure A-3 shows the predicted shielding effectiveness of three types of % inch diameter steel conduit versus fiequency. 
The conduits include electrical metal tubing (EMT), intermediate metal conduit (IMC), and rigid metal conduit. For 
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these steel-based conduits, an initial relative permeability of 100 and a conductivity of 5 . 8 ~ 1 0 ~  Siemendmeter is 
assumed. 

Metal conduit shielding effectiveness is fairly constant throughout the lowest fiequencies. This is the region where flux 
shunting dominates. For % inch conduit, 60 Hz shielding effectiveness is provided almost entirely by flux shunting 
and only the rigid metal conduit reduces magnetic fields by more than an order of magnitude. 

At higher fiequencies, eddy current shielding dominates and shielding improves with increasing fiequency. At even 
higher fiequencies, the so-called “skin-effect” dominates. The skin effect causes higher fiequency eddy currents to 
congregate only near the shield surface, making the shield “appear” to be thicker than it is. The skin effect substantially 
improves shielding at higher frequencies. 

EMT Shielding Effectiveness vs. Conduit Size 
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Figure A& EMT Shielding Effectiveness vs. Conduit Size 
* Figure A 4  shows an interesting phenomena. With increasing EMT conduit diameter, the predicted shielding 

effectiveness worsens at low fiequencies while improving at higher fiequencies. This occurs because eddy current 
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shielding improves with diameter while flux shunt shielding becomes less effective. A similar effect occurs for IMC 
and rigid metal conduit. At the largest IMC and rigid conduit diameters, however, the low frequency shielding 
effectiveness improves because the relative wall thicknesses increase significantly. 

Aluminum Conduit Shielding Effectiveness 
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Figure A-5: Aluminum Conduit Shielding Effectiveness 

As Figure A-5 illustrates, aluminum conduit only provides eddy current shielding. Its predicted shielding effectiveness 
improves with conduit diameter at both high and low fiequencies. In this example, aluminum conduit is modeled with 
the same dimensions and wall thickness as rigid metal conduit. Aluminum conductivity is set at 3.77~10’ 
Siemedmeter. This theoretical aluminum conduit would perform better than four inch EMT at 60 Hz and almost as 
well as four inch IMC at 60 Hz, but would not shield as well as four inch rigid metal conduit. 

Flat Plate Shielding 

One method for approximating the shielding effectiveness of a flat plate was described by Schelkunoff [Schelkunoff, 
19431. Schellcunoff used transmission theory to develop the shielding effectiveness expression 11s = R + A + B for an 
infinite flat plate shield exposed to a uniform transverse magnetic field, where R represents reflection loss, A represents 
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field attenuation in the shield itself, and B represents losses in the shield fiom internal reflections. 

The Schellcunoff equations have been derived for few magnetic field source types. One case, described by Bannister 
pannister, 19681 and Moser [Moser, 19881, involved a flat plate shield near a small circular current loop magnetic field 
source. The authors found that Shelkunoff s theory predicted experimental results only when the distance between the 
observation point and the shield was twice the source-shield distance. 

Figures A-6 through A-8 show SchelkunofiBmnisterMoser-predicted 60 Hz magnetic field shielding effectiveness 
versus source-shield distance for flat steel, aluminum, and mumetal plates of varying thickness near a circular current 
loop magnetic field source. The plots are considered valid only for shielded observation points that are twice as far fiom 
the shield as the source. For these examples, conservative initial permeability values of 100 for steel and 10,000 for 
Mumetal are assumed. Aluminum, steel, and mumetal conductivities were assumed to be 3.77~10'~ 5.8~10'~ and 
1.876~1 O6 Siemens/meter, respectively. 

The Schelkunoff model is limited to cases of infinite flat plates near small circular current loop sources. Although few 
real-world power frequency shielding problems resemble this example, the model illustrates some fundamental 
shielding principals. Schelkunoff predicts, for example, that the shielding effectiveness of steel and mumetal plates 
improve more rapidly with thickness than that of aluminum plates. The model predicts that flat steeI shields must be 
more than 1/4 inch thick to reduce 60 Hz magnetic fields by more than an order of magnitude, something mumetal can 
do when only 1/50 inch thick. According to the model, alummum flat plate shields pedorm nearly as well, if not better 
than, steel plates because of the source-shield distance involved in this example. 

Aluminum plate shielding effectiveness at 60 Hz improves with source-shield distance enough to rival steel at the 0.305 
meter source-shield distance for the small circular loop source. Mumetal and steel tend to perform better with 
decreasing source-shield distance. 

; The models predict d k u l t y  reducing 60 Hz magnetic fields by more than an order of magnitude with ideal infinite 
flat plate steel or aluminum shields less than 1/4 inch thick. Hoberg [Hoberg, 1995]woberg, 19961 and Hiles [Hiles 
et al, 19951, among others, have shown that multi-layered aluminum/steel shields can perform better than single-layer 
shields of equivalent thickness. Hoburg predicted, for example, that atwo layer pair (four layers) 50/50 aluminum-steel 
sandwich would pedorm 2.5 times better than a single steel layer and that a three layer pair would perform five times 
better than a single steel layer. Hiles performed shielding effectiveness measurements with various combinations of 
8foot by 8 foot steel and aluminum flat plates in fiont of a large three-phase service panel. A combination of aluminum 
and steel plates of unspecified thickness reduced the maximum magnetic fields in areas near the panel by a factor of 
about nine (S = 0.1 11). Multi layer shields work best when the more conductive aluminum material is nearest the 
source. This makes the magnetic field ducting steel layer act as if it were closer to the source than it really is. 
Ferromagnetic materials provide better shielding with decreasing source-shield distance for the loop source. The same 
effect causes smaller diameter steel conduit to provide better shielding. 
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Flat Plate Magnetic Field Shielding ( 60 Flz) 
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Figure A-6: Steel Plate Shielding vs. Source-Shield Distance 

Real shield design can be site-specific and unpredictable. The infinite flat plate models are of little use in most cases. 
Consider, for example, shielding tests reported by Con Edison in 1995 purkin et al, 19951. The company placed 3/8" 
thick 4 x 2 foot ASTM 1010 steel plates above underground cable ducts in one test. This simple shield reduced ground- 
level magnetic fields by a fictor of two to four (S = 025-0.5). The infinite flat plate Shelkunoff prediction of a 30-fold 
field reduction (S = 0.03) is of little use for such a shield. Con Ed also shielded a vault and a capacitor bank with large 
enclosures made fiom overlapped 1/16 inch thick mumetal sheets joined by screws. These experiments showed that 
it was possible to achieve a 20-fold magnetic field reduction (S = 0.05) in the field. This compares poorly with the 
Shelkunoff infinite flat plate prediction of S = 0.008. Shield designers tend to use rules of thumb developed fiom lab 
testing and field experience rather than inappropriately apply Shellcunoff theory. 
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Table-I - General Design Assumptions - Overhead Transmission 

I. Nominal Voltages: 69, 11 5,230, 345, 500 and 765 kV. 

2. Reference Load Level 
69 kV 600 amps 72 MVA 

115 kV 600amps 120 MVA 
230 kV 600amps 239 MVA 
345 kV 1200amps 717 MVA 
500 kV 1800 amps 1559 MVA 
765 kV 2400 amps 3180 MVA 

3. All designs will include overhead ground wires 

4.. All designs are based on NESC Heavy Load- 

5. Costs are provided for typical rural and suburban locations. 
Rural Assumptions 
a. Line traverses cross country with long spans and few bends 
b. No distribution underbuild 
Suburban Assumptions 
a. Line along streets and roadways 
b. Line would have many turns and short spans 
c. Poles would provide clearances and strength for 

underbuild of distribution or communication wires. 
d. Poles will be located on property lines (250 ft spans) 

Suburban 
Rural 
Rural 
Rural 
Rural 
Rural 
Rural 

6. For preparing cost estimates the length of line and the 
number of medium angle and dead end structures 
are listed in the table below. 

Voltage Med. Dead 
kV Miles Angle End 
all 10 20 10 
69 25 10 5 
115 25 10 5 
230 25 10 5 
345 50 16 8 
500 75 24 12 
765 100 32 16 

* 500 kV and 765 kV systems have no suburban configurations and 
no provision for distribution underbuild. 

Dsgn-oht.xls: Table-1 Commonwealth Associates, Inc 



Table-2 Conductor Characteristics 

Conductor 
Code Size Strand 
Word kcmil AIlSt 

Linnet 336.4 26ff 
Drake 795.0 26ff 
Cardinal 954.0 5417 

Cable Weight Rated Resist . 
Diameter /I 000 ft Strength 50°C 

inches I bs I bs ohrn/mi 

0.720 463.0 14,100 0.2996 
1.108 1094.0 31,500 0.1 278 
1.196 1229.0 33,800 0.1 100 

Code 
Word 

Linnet 
Drake 
Cardinal 1- 

Conductor temperature i 

Size 
kcmil 

336.4 
795.0 
954.0 

:onductor Ampacity and Temperature 
~ 100"c I I 
~ Conduct.'. 
I Amps 

. Conductor Temperature2 in "C 
300 A 360 A 600 A 900 A 

574 
993 
1085 

1 1 I I 

10°C conductor temperature and 4OoC (104°F)arnbient. 
, given amps and 25OC (770 ambient. - 

45.0 
- 
- 

Span 
ft. 

50.9 
- 

Final Sag for listed spans Final Sag for listed spans 
and conductor temp. of 100°C and conductor temp. of 50°C 
Linnet Drake Cardinal Linnet Drake Cardinal 
336.4 795.0 954.0 336.4 795.0 954.0 

1 

- 
50.8 
47.8 

250 
400 
600 
800 
1200 

- 
66.8 

4.39 4.25 4.78 3.31 3.21 3.76 
8.10 7.97 8.79 6.61 6.52 7.06 
13.70 ' 13.96 15.20 11 -68 11 -94 12.36 
20.26 21.09 22.80 17.70 18.18 18.81 - - 41 -36 - - 35.35 

Dsgn-oht.xls: Table-2 Commonwealfh Associates, Inc 2/18/97,8:13 AM 
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Table 3.1 69 kV Transmission Design Assumptions 

ConducWhase Norm. Pwr Transfer Phase Spacing 
Id No. Descr. No. kcrnil Amps MVA Struct Insul. Honz Vertical 

1.1 .l 69-Delta 1 795 600 72 WP Post 4.6 6.0 
I .I .2 69-Verti ca I 1 795 600 72 WP Post 0.0 8.0 
1.1.3 69-SpIt Phs 2 336 600 72 WP Post 4.6 8.0 
1 .I .4 11 5-Delta 1 336 360 72 WP-Davit Susp. 12.0 ' 6.0 
1 -1.5 69-!%Wire 2 336 600 72 WH Post 9.6 1 6.0 

center wire 1 795 4.6 

Rural Configuration - Longer spans and no distribution underbuild 

Lowest Conductor Elevation Cft) Min 
Installed Mid Span ROW 

Span Stucture Pole Ht. At Struct. Design Norm Width 
Id No. Descr. ft. Descnpt. ft. 100°C 5OoC ft. 

1.1 .I A 69-Delta 400 60ftCI2 52.0 30.0 22.0 23.5 27 
s 1.1.2A 69-Vertical 400 65ftCl1 56.5 30.5 22.5 24.0 27 

1 .I .3A 69-SpIt Phs 400 65ftCI2 56.5 30.5 22.4 23.9 30 
1.1.4A 1 15-Delta 400 70ftCl2 56.5 31.5 23.4 24.9 41 
1 .I .5A 69-5-Wire 600 2-65ftCI1 56.5 38.5 24.8 26.8 43 

Suburban Configuration -Shorter spans  with pole height and strength 
to accommodate distribution underbuild 

Min 
Installed Mid Span ROW 

Span Stucture Polelit. AtStruct. Design Norm Width 
Id No. Descr. ft. Descnpt. ft. 100°C 5OoC ft. 

1.1 . lB 69-Delta 250 75ftCI1 65.5 43.5 39.3 40.3 25 
1 .1.2B 69-Vertical 250 80ftCI1 70.0 44.0 39.8 40.8 25 
1.1.38 69-Splt Phs 250 80ftCIH-1 70.0 44.0 39.6 40.7 26 
1 .I .4B I 1 SDelta 250 80ftCIl 70.0 45.0 40.6 41.7 38 
1 .I .5B 69-!%Wire 250 2-75ftCI 3 65.5 47.5 43.1 44.2 31 

Dsgn-ohtxls: Table-3.1 Commonwealth Associates, Inc 2 1  8197, 8:13 AM 
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Table 3.2 115 kV Transmission Design Assumptions 

ConductPhase Norm. Pwr Transfer Phase Spacing 
Id No. Descr. No. kcrnil Amps MVA Struct Insul. Horiz Vertical 

1.2.1 115-H Frame 
1.2.2 115-Delta 
1.2.3 11 5-Dlta Cpct 
1.2.4 1 S 6 W  Splt Phs 

1.25 1156WSplt Cpc 
1.2.6 694W Splt Phs 
1.2.7 230-DeIta 
1.28 115-5-Wire 

center wire 
1.29 115 HF wkancel. 

Cancellation Loop 

center arm 

1 795 
1 795 
1 795 
2 336 

2 336 
2 795 
1 336 
2 336 
1 795 
1 795 

795 

600 
600 
600 
600 

600 
1000 
300 
600 

600 

120 
120 
120 
120 

120 
120 
120 
120 

120 

WP 
WP-Davit 

WP 
WP-Davit 

W P  
W P  

WP-Davit 
WH 

WP 
WP 

susp. 
susp. 
Post 
susp. 

Pbst 
Post 

susp. 
susp. 

susp. 
Post 

Rural Configuration - Longer spans and no distribution underbuild 

Id No. Descr. 

1.21A 115-H Frame 
1.2.2A 135-Delta 
1.23A 115-Dita Cpct 
1.2.4A 115SpR Phs 
1.2.5A 115Splt Cpct 
1.2.6A 69Splt Phs 
1.2.7A 230-Delta 
1.2.8A 115-5-Wire 
1.29A 115 HF w/cancel. 

Cancellation Loop 

c 

Dsgn-ohtxls: Table-32 

12.5 
120 
6.0 
12.0 
16.0 
6.0 
4.6 
16.0 
13.0 
6.0 
12.5 
31.0 

Lowest Conductor Elevation fft) 
# Installed Mid Span 

Span Stucture PoleHt AtStruct Design Norm 
ft. 

800 
400 
400 
400 
400 
400 
400 
600 
800 
400 

Descript. 

2-65 ft CI H-1 
65ftCIl 
60ftCIl 

80 ft CI H-1 
75 ft CI H-1 
65 ft CI H-2 
75ftCI2 

2-80 ft CI 1 
2-65 ft CI H-1 

35ftCI5 

ft. 

56.5 
56.5 
52.0 
70.0 
65.5 
56.5 
65.5 
70.0 
56.5 
29.5 

45.5 
31.5 
30.0 
33.0 
31.5 
30.5 
32.5 
40.0 
45.5 
29.5 

100°C 50°C 

24.4 27.3 
23.5 25.0 
22.0 23.5 
24.9 26.4 
23.4 24.9 
22.5 24.0 
24.4 25.9 
26.3 28.3 
24.4 27.3 

23.0 

Suburban Configuration -Shorter spans with pole height and strength 
to accommodate distribuf-on underbuiid 

Id No. Descr. 

1.218 NONE 
1.22B 11 5-Delta 
1.23B 115-Dlta Cpct 
1.24B 115Splt Phs 
1.25B 115Splt Cpct 
1.2.6B 69Splt Phs 
1.2.75 230-Delta 
1.2.85 NONE 

Span 
ft. 

- 
250 
250 
250 
250 
250 
250 - 

Stucture 
Descript. 

- 
80ftCIl 
80ftCI1 

95 ft CI H-I 
95 ft Ci H-2 
80 ft CI H-2 
95ftCIl - 

Installed 
Pole H t  

ft. 

- 
70.0 
70.0 
83.5 
83.5 
70.0 
83.5 - 

Commonweafth Associates, Inc 

Lowest Conductor Elevation fft) 
Mid Span 

AtStruct Design Nom 
100°C 5OoC 

- - 
45.0 40.8 41.8 
48.0 43.8 44.8 
46.5 42.1 43.2 
49.5 45.1 46.2 
44.0 39.8 40.8 
50.5 46.1 47.2 - - - 

0.0 
6.0 
6.0 
12.0 

12.0 
8.0 
8.0 
10.0 
10.0 
0.0 

Min 
ROW 
Width 

ft. 

52 
39 
30 
47 
34 
27 
52 
49 
65 

Min 
ROW 
Width 

ft. 

- 
37 
29 
44 
31 
25 
49 . - 

2/10/97,8:32 AM 
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Table 3.3 230 kV Transmission Design Assumptions 

IdNo. Dew. 

1.3.1 
1.3.2 
1.3.3 
1.3.4 

1.3.5 
1.3.6 

1.3.7 
1.3.8 

1.3.9 

230-H Frame 
230-Deb 
230-Dlta Cpct 
230-Splt Phs 
center arm 

230-Splt Cpct 
1 15-sptt Phs 
center arm 
11 5-Splt Cpct 
230-5-Wire 
center wire 

230 HF w/cancel. 

CondudPhase Norm. RM Transfer 
No. kcmil h P S  MVA S i ~ ~ c t  Insul. 

1 954 
1 954 
1 954 
2 795 . 
2 795 
2 795 

2 795 
2 795 
1 954 
1 954 

Cancellation Loop 954 

Id No. Descr. 

600 
600 
600 
600 

600 
1200 

1200 
600 

600 

239 
239 
239 
239 

239 
239 

239 
239 

239 

WP Susp. 
WP-Davit Susp. 

WP Post 
WP-Davit Susp. 

WP Post 
WP-Davit Susp. 

WP Post 
WH Susp. 

Post 
WP susp. 
WP Post . 

1.3.1A 230-H Frame 
1.3.2A 230-Deb 
1.3.3A 230-Db Cpct 
1.3.4A 230-Splt Phs 
1.3.5A 230-Splt Cpct 
1.3.6A 1 1 5 S p k  Phs 
1.3.7A 11 SSpk Cpct 
1.3.8A 230-5-Wre 
1.3.9A 230 HF wkancel. 

Cancellation Loop 

Rural Configuration - Longer spans and no distribution underbuild 

IdNo. Descr. 

Phase Spacing 
Horiz Vertical 

20.0 0.0 
16.0 8.0 
15.0 8.0 
16.0 16.0 
20.0 
15.0 16.0 
12.0 12.0 
16.0 
6.0 12.0 
31.0 8.0 
15.0 
20.0 0.0 
41 .O 

Lowest Conductor Elevation (ft) 
Installed Mid Span 

Span Studre PoleHt AtStrud Design Norm 
ft. Descr-pt ft 100°C 5OoC 

800 
400 
400 
400 
400 
400 
400 
600 
800 
400 

2-75 A CI H-1 
80 ft CI H-1 
70 ft CI H-1 
95 ft CI H-2 
90 ft CI H-2 
80 ft CI H-3 
75 ft CI H-2 

2-80 ft CI H-2 
2-75 k CI H-1 

35ftCI5 

65.5 50.5 27.7 31.7 
70.0 37.0 28.2 29.9 
61.0 33.0 24.2 25.9 
83.5 34.5 26.5 28.0 
79.0 35.0 27.0 28.5 
70.0 33.0 25.0 26.5 
65.5 31.5 23.5 25.0 
70.0 42.0 28.0 30.1 
65.5 50.5 27.7 31.7 
29.5 29.5 22.4 

1.3.18 NONE 
1.3.28 230-Deb 
1.3.38 230-Db Cpct 
1.3.48 23oSplt Phs 
1.3.58 230-Splt Cpct 

' 1.3.68 115-Splt Phs 
1.3.78 11 Spit Cpct 
1.3.88 NONE 
1.3.98 NONE 

Suburban Configuration -Shorter spans with pole height and strength 
to accommodate distribution underbuild 

Lowest Conductor Elevation (ft) 
Installed Mid Span 

Span Stucture PoleHt AtStruct Design Norm 
ft. Desctipt f t  100°C 5OoC 

250 95RCI1 83.5 50.5 45.7 46.7 
250 85ftCI1 74.5 46.5 41.7 42.7 
250 1lOftCl H-1 97.0 48.0 43.8 44.8 
250 105ftCI H-1 92.5 48.5 44.3 45.3 
250 95ftCI H-2 83.5 46.5 42.3 43.3 
250 90ftCIH-1 79.0 45.0 40.8 41.8 

Min 
ROW 
Width 

ft. 

80 
49 
45 
55 
46 
44 
31 
68 - 
93 

Min 
ROW 
width 
ft. 

48 
43 
53 
44 
42 
29 

Dsgn-ohtds: Table-33 Cammonweafth Associates, Inc 2/18/97,8S2 AM 
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Table 3.4 345 kV Transmission Design Assumptions 

Id No. Descr. 

1.4.1 
1.4.2 
1.4.3 
1.4.4 

1.4.5 

1.4.6 
1.4.7 

1.4.8 

Id No. 

345-H Frame 
345-Delta 
345-Dlta Cpct 
345Splt Phs 
center arm 

230-Splt Phs 
center arm 

345-5Wire 
center wire 

230Splt cpct 

ConductlPhase Norm. Pwr Transfer Phase Spacing 
No. kcrnil h P S  MVA Struct Insul. Horiz Vertical 

2 954 
2 954 
2 954 
4 954 

2 954 

2 954 
4 954 
2 954 

1200 717 WH Susp. 26.00 0.00 
1200 717 WP-Davit Susp. 25.00 12.00 
1200 717 WH V-Str. 20.00 25.00 
1200 717 Steel V-Str. 20.00 24.00 

1800 717 WP-Davit Susp. 16.00 16.00 

1800 717 WP Post 15.00 16.00 
1200 717 WH V-Str. 20.00 20.00 

28.00 

20.00 

0.00 
345HFw/cancel 2 954 1200 71 7 WH Susp. 26 * 0.00 
Cancellation Loop 954 WP Post 53.0 

Rural Configuration - Longer spans and no distribution underbuild 

Descr. 
Span 
ft. 

Stucture 
Descript. 

Lowest Conductor Elevation rftl 
installed Mid Span 
PoleHt AtStruct Design Norm 

ft. 100°C 50°C 

1.4.1A 345-H Frame 
1.4.2A 345-Delta 
1.4.3A 345-Dlta Cpct 
1.4.4A 345SpR Phs 
1.4.5A 23oSpIt Phs 
I .4.6A 230Splt Cpct 
1.4.7A 3455-wire 
1.4.8A 345 HF w/cancel 

Cancellation Loop 

800 
400 
600 
400 
400 
400 
600 
800 
400 

2-80 ft CI H-4 
95 ft CI H-3 

2-110 ft CI H-3 
125 ft  CI H-6 
95 ft CI H-3 
90 ft C1 H-2 

2-125 ft CI H-4 
2-80 ft CI H-4 

35 ft CI 5 

70.0 50.5 27.7 31.7 
83.5 38.0 29.2 30.9 
97.0 46.0 30.8 33.6 
110.5 36.5 27.7 29.4 
83.5 34.5 25.7 27.4 
79.0 35.0 26.2 27.9 
110.5 44.5 29.3 32.1 
70.0 50.5 27.7 31 -7 
29.5 29.5 22.4 

Id No. Descr. 

1.4.1B NONE 
1.4.2B 345-Delta 
1.4.3B NONE 
1.4.4B 345-Splt Phs 
1.4.58 23O-Splt Phs 
1.4.68 23oSplt Cpct 
1.4.78 NONE 
1.4.8B NONE 

Suburban Configuration -Shorter spans with pole height and strength 
to accommodate distribution underbuild 

Dsgn-ohLxJs: Table-3.4 

. Span 
R 

250 

250 
250 
250 

Min 
ROW 
Width 

ft. 

100 

69 

68 
62 

55 
49 
63 
115 

Lowest Conductor Elevation C f t )  Min 
Installed Mid Span ROW 

Stucture ' PoleHt At Struct. Design Norm Width 
Descript R 100°C 5OoC ft. 

110 ft CI H-2 97.0 51.5 46.7 47.7 67 

120 ft  Steel 120.0 46.0 41.2 42.2 67 
11OftClH-1 97.0 48.0 43.2 44.2 53 
105 ft CI H-I 92.5 48.5 43.7 44.7 44 

Commonwealth Associates, Inc Z18197.832 AM 
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Table 3.5 500 kV Transmission Design Assumptions 

Phase Spacing 
Horiz Vertical 

Conduct/Phase Norm. Pwr Transfer 
No. kcmil Amps MVA Struct Id No. Descr. Insul. 

954 
954 
954 
954 

1800 
1800 
1800 
1800 

1559 SH 
1559 LS 
1559 SP-Davit 
1559 SP-Davit 

V-Str. 
Vstr. 
VStr. 
V-Str. 

24.00 0.00 
35.00 30.00 
0.00 25.00 

25.00 25.00 
40.00 
20.00 24.00 
28.00 
24.00 0.00 
58.0 

1.5.1 500-H Frame 
1.5.2 500-Delta 
1.5.3 500-Vertical 
1.5.4 500-Splt Phs 

center arm 
1.5.5 345Splt Phs 4 

center arm 
1.5.6 500-HF w/cancel. 3 

Cancellation Loop 

2609 1559 WP-Davit V-Str. 954 

1800 1559 SH 
WP 

V-Str. 
Post 

954 
954 

Rural Configuration - Longer spans and no distribution underbuild 

Lowest Conductor Elevation Ut) Min 
~~ 

Installed Mid Span ROW 
Pole Ht AtStruct Design Norm Width Span 

ft. 
Stucture 
Descript. Id No. Descr. ft. 100°C 5OoC ft. 

1.5.1 500-H Frame 
1.5.2 500-Delta 
1.5.3 500-Vertical 
1.5.4 500-SpIt Phs 
1.5.5 345-SpIt Phs 
1.5.6 500-HF w/cancel. 

Cancellation Loop 

1200 100ftSH 100.0 74.0 
1200 120 ft LS 120.0 74.0 
800 130 ft SP 130.0 54.0 
800 130 f t  SP 130.0 54.0 
400 125 ft CI H-6 110.5 36.5 
1200. 100 ft SH 100.0 74.0 
600 45ftCI5 38.5 38.5 

32.6 
326 
31.2 
31.2 
27.7 
32.6 

38.7 117 
38.7 117 
35.2 74 
35.2 103 
29.4 71 
38.7 136 
26.1 

Dsgn-ohtxls: Table-3.5 Commonweafth Associates, Inc 211 8D7.832 AM 



I 

i 

COMMOhWI3LTII ASSOCIATES INC 

CALCULATION SHEET 
CAI COMMOhWI3LTII ASSOCIATES INC 

CALCULATION SHEET 
I SHEET g OF 

JOB NUMBER SUBJECT 

CALC. BY/DATE Too rc3 5 7 u c - w ~ -  LE~FO.C)A~T,,,JS 4 t 5 S - 6 . 0  I 
CHECKED BY/DATE REV. 

I I 
- ... 72' 

I 3 If 

-. ...._ . -I- _ _ "  . ,. 





.... ~ ......... ~ 
-. .. . . . .  - - ~ 

. .  . .  0001 . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  

O0* $ . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  

0% 
VI 
2 

59, 009 e 

W 

.- 
a 
L/) 

& 
w 
> 
z 
I oob. 

. .  . .  . .  . .  r g  
002 Q) > 

4 8  
3 T  
g i  

0 u i  
E -  0 8  & - $  
8 s  

ooz- 5 24 
2 8 
n m  

. .  I 
I 
I 
,m 

> 

. .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  
C &  
.I 

. .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  
c, 

. .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  

. .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  = >  

. .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  - OOP- . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  

a" 
24 
0 
0 
VI 

009- I 

. .  . . .  I 
I 

2 c 
008- % 

3: > 
24 
0 
0 

0001- 1 
d 

0 



L 

1 

Table 3.6 765 kV Transmission Design Assumptions 

ConducWhase Norm. Pwr Transfer Phase Spacing 
Id No. Descr. No. kcmil Amps MVA Strud Insul. Horiz Vertical 

1.6.1 765-H Frame 4 954 2400 3180 SH V-Str. 32.00 0.00 
1.6.2 500-Splt Phs .6 954 3672 3180 SP-Davit V-Str. 25.00 25.00 

center arm 40.00 
1.6.3 765 HFw/cance 4 954 2400 31 80 S H  V-W. 32.00 0.00 

Cancellation Loop 954 WP Post 69.0 

Rural Configuration - Longer spans and no distribution underbuild 

Lowest Conductor Elevation Cft) 
Installed Mid Span ROW 

Span Studure Pole Ht Atstnrct Design Norm Width 
Id No. Descr. f t  Descnpt. f t  400°C 50°C ft. 

1.6.1A 765-H Frame 1200 115ftSH 115.0 80.0 38.6 44.7 138 
1.6.2A 500Splt Phs 800 130ftSP 130.0 54.0 31.2 35.2 103 
1.6.3A 765 HF w/cancel 1200 115ftSH 115.0 80.0 38.6 44.7 158 

Cancellation Loop 600 45f tCI5  38.5 38.5 26.1 

Dsgn-ohbds: Table-3.6 Commonwealth Associates, lnc 2118197, E32 AM 
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Table-4 - General Design Assumptions - Underground Transmission 

1. Nominal Voltages: 69, 11 5,230, and 345 

2. Reference Load Level 
69 kV 600 amps 

115 kV 600 amps 
230 kV 600 amps 
345 kV 1200 amps 

72 MVA 
120 MVA 
239 MVA 
717 MVA 

3. The following solid dielectric cables options are considered: 
69 kV 

230 kV 

500 kcmil, cu XLP 

1000 kcmil, al XLP 

2x2 - 5" PVC Duct 

2x2 - 5" PVC Duct 
115 kV 750 kcmil, al XLP 2x2 - 5" PVC Duct 

4. The following pipe-type options are considered: 
69 kV HPGF 500 kcmil, cu 6" Steel pipe 
115 kV HPGF 750 kcmil, cu 6'' Steel pipe ' 

230 kV HPFF 1000 kcmil, cu 8" Steel pipe 
345 kV HPFF 2500 kcmil, cu Io" Steel pipe 

5. Costs are provided for suburban and urban locations. 
Suburban Assumptions 
a. I O  mile line located on street right-of-way but not under pavement. 
b. 90% of line requires normal excavation, 10% requires rock excavation 
c. Line crosses 2 major roads or railroads and 9 other road crossings 

Urban Assumptions 
a. 5 mile line underneath street, requiring removal and replacement of pavement 
b. 90% of line requires normal excavation, 10% requires rock excavation 

Dsg n-ug t .x Is: Ta ble-4 Commonwealth Associates, fnc 2/18/97,8:37 AM 
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Table-5 - General Design Assumptions - Overhead Distribution 

I. Nominal Voltages: 
7.6 kV single phase 
13.2 kV three-phase 
34.5 kV three-phase 

2. Reference Load Level - amps - Rural Suburban 
7.6 kV single-phase I00 200 

13.2 kV three-phase 300 600 
34.5 kV three-phase 300 600 , 

3. All designs do not include overhead ground wires 

4. All designs are based on NESC Heavy Load 

5. Costs a r e  provided for typical rural and suburban locations. 
Rural Assumptions 
a. 10 mile line with average span of 400 feet 
b. One  deadend or  90' angle every two miles 
c. TWO angle structures every two miles 

Suburban Assumptions 
a. 5 mile line with average span 250 feet 
b. One deadend or 90' angle every mile 
c. Two angle structures every mile 

6. Cost estimates do not include, transformers, switches, capacitors, 
arresters, secondary wiring, service drops, meters, and related equipment 
which typically comprise a distribution system. 

DSGN-0HD.xls: Table-5 Commonwealth Associates, Inc 2/17/97,226 PM 



Table-6 Distribution Conductor Characteristics 

s 

Cable Weight 
Diameter / I  000 f t  

inches I bs 

0.563 290.8 
0.720 463.0 
1.108 1094.0 

Conductor Phvsical Characteristics 
Rated 

Strength 
Ibs 

8,350 
14,100 
31,500 

Code Size 
Word 

Penguin 4/0 AWG 
Linnet 336.4 kcmil 
Drake 795.0 kcmil 

Strand 
AI/St 

6/1 
26/7 
26/7 

ohm/mi 

0.5530 
0.2996 
0.1278 

Conductor 100°C 
Code Size Conduct.'. Conductor Temperature2' in "C 

Penguin 410 AWG 374 34.2 42.6 59.5 - 
Linnet 336.4 kcmil 574 33.7 37.8 45.0 - 
Drake 795.0 kcmil 993 - - 37.9 50.8 

Word Amps 1 0 0 A  200 A 300 A 600 A 

'. Conductor ampacity at 100°C conductor temperature and 40°C (1 04'F)ambient. 
," Conductor temperature at given amps and 25OC (77°F) ambient. 

Final Sag for listed spans 
and conductor temp. of 100°C 

Span Penguin Linnet Drake 
ft. 4/0 AWG 336.4 795.0 

Bare Conductor 
250 4.70 4.39 4.25 
400 8.33 8.10 7.97 

Final Sag for listed spans 
and conductor temp. of 50°C 

Penguin Linnet Drake 
4/0AWG 336.4 795.0 

. 3.60 3.31 3.2' 
6.82 6.61 6.5; 

DSGN-OHDAs: Table-6 

Span 
f t .  

Commonwealth Associates, Inc 

Final Sag for listed spans and conductor 
temperature of 120°F 

2 / Y  7/97,4:14 PM 

336.4 
15 kV 

250 7.1 9 

795.0 336.4 795.0 
15 kV 35 kV 35 kV 

7.74 7.92 8.25 



Table 7.1 13.2 kV Distributiczn Design Assumptions 
See sketch for phase spacing dimensions 

I ConductlPhase Neutral Norm Load -Amps 
Id No. Description No kcmil Conductor Rural Suburban Struct Insul. 

Three-phase options 
2.1.1 13 kVX- Arm 1 
2.1.2 13 kV Delta 1 
2.1.3 13 kV Hendflx 1 
2.1.4 13 kV6-W X-Am 2 
2.1.5 13 kV6-WHendri 2 
2.1.6 34 kVX-Arm 1 
2.1.7 13 kV 5-Wire 2 

center wire 1 
Sinqle-phase options 

2.3.1 7.6 kV I-ph 1 
2.3.2 7.6 kV I-ph Tall 1 

Id No. Descr. 
Three-phase options 

2.1.2A 13 kV Delta 
2.1.3A 13 kV Hendrix 

2.1.5A 13 kV6-W Hendrix 

2.1.7A 13 kV 5-Wire 

21.1A 13 kVX- Arm 

2.1.4A 13 kV6-W X-Arm 

2.1.6A 34 kVX-Arm 

Sinqle-phase options 
2.3.1A 7.6 kV l-ph. 
2.3.2A 7.6 kV I-ph Tall 

IdNo. Descr. 

2.1.15 13 k V X - m  
2.1.28 13 kV Delta 
2.1.38 13 kV Hendrix 

2.1.58 13 kV 6-W Hendrix 

2.1.75 13 kV5-Wire , 

2.1.48 13 kV 6-W X-Arm 

2.1.68 34 kV X-A~RI 

Sinqle-phase options 
2.3.18 7.6 kV I-ph 
2.3.28 7.6 kV I-ph Tall 

Dsgn-ohdds: Table-7.1 

795 
795 

795H1 
336 

336HI 
336 
336 
795 

AWG 
410 
410 

410 
410 

795H1-mssg 
410 

336H1-mssg 
410 
410 
410 

410 
410 

300 
300 
300 
300 
300 
115 
300 

100 
100 

RURAL CONFIGURATIONS 

600 
600 
600 
600 
600 
230 
600 

200 
200 

WP Pin 
WP Post 
WP 
WP Pin 
WP 
WP Pin 
WP PinlPost 

WP Pin 
WP Post 

Span 
ft. 

400 
400 
250 
400 
250 
400 
400 

400 
400 

Lowest Conductor Elevation ffq 
Phase Conductor Neutral Conductor 

Installed Mid Span Mid Span 
Stucture Pole Ht At Struct. Norm At Struct. Norm 
Descript ft. 50% 50°C 

45ftCI H-I 38.5 37.5 31.0 31.5 24.7 
5 0 f t C I l  43.0 38.0 31.5 32.0 25.2 
40ftCI4 34.0 320 24.3 33.0 25.3 
50 ft CI H-3 43.0 38.0 31.4 32.0 25.2 
40 ft Cl H-1 34.0 32.0 24.8 33.0 25.8 
45ftCI 1 38.5 37.5 30.9 31.5 24.7 

55 ft CI H-2 47.5 38.5 31.9 32.5 25.7 

45ftCI5 38.5 38.5 31.7 325 25.7 
55ftCI4 47.5 46.5 39.7 46.5 39.7 

SUBURBAN CONFIGURATIONS 
Lowest Conductor Elevation (ftl 

Phase Conductor Neutral Conductor 
Installed Mid Span Mid Span 

Span Stucture PoleHt. AtStruct Norm AtStruct. Norm 
ft. Descript. ft. 50°C 50°C 

250 40ftCI3 34.0 33.0 29.8 27.0 23.4 
250 45ftCI3 38.5 33.5 30.3 27.5 23.9 
250 40ftC14 34.0 32.0 24.3 33.0 25.3 
250 45ftCI 1 38.5 33.5 30.2 27.5 23.9 
250 40ftCI H-I 34.0 32.0 24.8 33.0 25.8 
250 40ftCI3 34.0 33.0 29.7 27.0 23.4 
250 50ftCI2 43.0 34.0 30.7 28.0 24.4 

250 40ftCI5 34.0 34.0 30.4 28.0 24.4 
250 50ftCI5 43.0 42.0 38.4 42.0 38.4 

Commonwealth Associates, fnc 2/18/97,8:41 AM 
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Id No. 

2.2.1 
2.2.2 
2.2.3 
2.2.4 
2.2.5 
2.2.6 

~~ __ - -  - __ -- __ 

Table 7.2 34.5 kV Distribution Design Assumptions 
* See sketch for phase spacing dimensions 

Description No 
Three-Dhase options 
34 kV X- Arm 1 
34 kV Delta 1 
34 kV Hendrix 1 
34kV6-WX-Am 2 
34kV6-W Hendri 2 
34 kV 5-Wire 2 
center wire 1 

Id No. Descr. 
Three-Dhase oDtions 

2.2.1A 34 kVX- Arm 
2.224 34 kV Delta 
2.2.3A 34 kV Hendrix 

2.2.5A 34 kV 6-W Hendnx 
2.2.6A 34 kV 5-Wire 

2.2.4A 34 kV 6-W X-Am 

IdNo. Descr. 

2.2.1 B 34 kV X- AITII 
2.2.2B 34 kV Delta 
2.2.3B 34 kV Hendrix 
2.2.4B 34 kV 6-W X-Arm 
2.2.5B 34 kV 6-W Hendnx 
2.2.6B 34 kV 5-Wire 

ConductlPhase Neutral Norm Load -Amps 
kcmil Conductor Rural Suburban Struct 

795 410 300 600 WP 
795 410 300 600 WP 

795H1 95H1-mssg 300 600 WP 
336 410 300 600 WP 

336H1 36H1-mssg 300 600 WP 
336 410 300 600 WP 
795 410 

Insul. 

Pin 
Post 

Pin 

PinPost 

RURAL CONFIGURATIONS 
Lowest Conductor Elevation fft) 

Phase Conductor Neutral Conductor 
Installed Mid Span Mid Span 

Span Stucture Pole Ht. At Struct. Norm At Struct. Norm 
ft. Descnpt. ft. 5OoC 5OoC 

400 45 ft CI H-1 38.5 37.5 . 31.0 31.5 24.7 
400 50ftCl 1 43.0 38.0 31.5 32.0 25.2 
250 40ftCIl  34.0 31.5 23.8 33.0 25.3 
400 50 ft CI H-3 43.0 37.0 30.4 31 .O 24.2 
250 40ftCIH-2 34.0 31.5 24.3 33.0 25.8 
400 55 ft Cl H-2 47.5 36.5 29.9 30.5 23.7 

SUBURBAN CONFIGURATIONS 
Lowest Conductor Elevation Ift) 

Phase Conductor Neutral Conductor 
Installed Mid Span Mid Span 

Span Stucture PoIeHt. AtStruct. Norm AtStruct. Norm 
ft. Descnpt. ft. 5ooc 5ooc 

250 40ftCI2 34.0 33.0 29.8 27.0 23.4 
250 45ftCI3 38.5 33.5 30.3 27.5 23.9 
250 40ftCI1 34.0 31.5 23.8 33.0 25.3 
250 45ftCI 1 38.5 32.5 29.2 26.5 22.9 
250 40ftCI H-2 34.0 31.5 24.3 33.0 25.8 
250 50ftCI2 43.0 32.0 28.7 26.0 22.4 
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Table-8 - General Design Assumptions - Underground Distribution 

1. Nominal Voltages: 4.16 kV, 13.2 kV and 34.5 kV (Three-phase circuits) 
2.4 kV, 7.6 kV (Single-phase circuits) 

2. Reference Load Level (amps) 
amps 

4.16 kV three-phase 600 
13.2 kV three-phase 600 
34.5 kV three-phase 600 
2.4 kV single-phase 200 
7.6 kV single-phase 200 

3. The following solid dielectric cables options are considered: 
4.16 kV 
4.16 kV 
4.16 kV 750 kcmil, cu XLP Direct Bury 
13.2 kV 
13.2 kV 
13.2 kV 750 kcmil, cu XLP Direct Bury 
34.5 kV 
34.5 kV 
34.5 kV 750 kcmil, cu XLP Direct Bury 
2.4 kV l/O, CUXLP Direct Bury 
7.6 kV 110, cu XLP Direct Bury 

500 kcmil, cu XLP 
750 kcmil, cu XLP 

500 kcmil, cu XLP 
750 kcmil, cu W 

500 kcmil, cu XLP 
750 kcmil, cu XLP 

2x2 - 5” PVC Duct 
1x2 - 5” PVC Duct 

2x2 - 5” PVC Duct 
1x2 - 5’ PVC Duct 

2x2 - 5” PVC Duct 
Ae - 5’ PVC Duct 

4. Costs are provided for suburban and urban locations. 

Suburban Assumptions for Three-phase Cable in Duct Systems 
a. 5 mile line at 13.2 kV and 8 mile at 34.5 kV 
b. Located on street right-of-way but not under pavement 
c. 90% of line requires normal excavation, 10% requires rock excavation 
d. Line crosses I major road or railroad and 4 other road crossings 

Suburban Assumptions for Three-phase Direct Bury Options 
a. 5 mile line at 13.2 kV and 8 mile at 34.5 kV 
b. Located on street right-of-way but not under pavement 
c. 100% of line requires normal excavation (trenching) 
d. Line crosses no major road or railroad and 5 other road crossings 

Suburban Assumptions for Sinale-phase Direct Burv ODtions 
a. 0.6 mile line 
b. 100% of line requires normal excavation (trenching) 
c. Line crosses no major road or railroad and 2 other road crossings 

Urban Assumptions for Three-phase Cable in Duct Systems 
a. 4 mile line underneath street, requiring removal and replacement of pavement 
b. 90% of line requires normal excavation, 10% requires rock excavation 

5. Cost estimates do not include: transformers, switches, capacitors, arresters, 
secondary and service cables, meters and related equipment which typically 
comprise a distribution system. 

Dsgn-ugd.xls: Table-8 Commonwealth Associates, Inc 2/18/97,8:47 AM 



APPENDED 

HIGH VOLTAGE TRANSMISSION LINE 

COST ESTIMATES 



INTRODUCTION - 
This appendix provides the assumptions and details of the transmission and distribution cost 
estimates. It should be noted that every power line must be custom designed to fit the terrain, 
landscape and local requirements. The cost estimates contained in this report are based on 
generic assumptions. These estimates are usefbl for making comparisons between options and for 
providing order of magnitude costs. However, costs for actual lines can vary considerably from 
these estimates. 

For each option, three estimates are provided: material and labor, project, and life-cycle. - 
Material and Labor 

The material and labor estimate provides the costs for the poles, insulators, Wires, and all other 
necessary materials and the labor to construct the power line. Cost estimate details provided in 
this report show the development of material and labor estimate in the categories of conductors 
and structures. 

The design of the power line begins with a determination of the amount of power that needs to be 
transmitted. Once this is decided, the voltage of the line and its conductor size can be selected. 
Knowing the conductor size and its length, the cost of conductors can be estimated. 

Also, knowing the conductor size, line route and terrain, the supporting structures can be 
designed. The supporting structures are designed on the basis of maintaining conductor ground 
clearances and meeting code requirements with regard to strength. For example, the supporting 
structures need to support the weight of the wires and wind and ice loads on the wires. Another 
factor affecting cost is the number of tangent, angle and deadend structures required. A tangent 
structure is the lightest structure located in the straight portion of the line. It is designed primarily 
to hold the wires in the air. Angle structures are required where the line turns a corner and 
deadend structures are needed where it is necessary to resist the full tension of the conductors. 
Angle and deadend structures must be stronger than tangent structures, hence more costly. For 
the purpose of making our generic estimates we have assumed that the line will be over relatively 
flat terrain and that a certain number of angles and deadends are required. 

Development of material and labor costs is the first step in the estimating process. Sometimes it is 
sufficient for comparing the relative differences in alternatives. We have provided this first level 
of comparison of the alternatives in this report. 

Proiect Costs 

A utility constructing a power line incurs many other costs than material and labor. These would 
include costs to purchase land or land rights, clearing of brush and trees from the right-of-way, 
restoration of right-of-way after construction. In some cases, the construction of access roads are 
required to build and maintain the power line. For the purpose of making our estimates we have 
assumed costs for land, clearing and restoration. We have assumed that we would not need 

- 
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access roads. These costs can be highly variable ffom project to project. We have made similar 
assumptions for all our options to provide a basis for comparison. 

Other costs incurred by the utility include licensing and permits, labor and expenses to acquire 
land and land rights (in addition to actual costs of land as described above), engineering and 
surveying, inspections during construction, and the owner's administrative costs. Utility 
accounting practices also account for the interest of the money tied up during the construction of 
the project. This is called allowance for hnds used during construction (AFUDC). Since each 
line is custom designed to fit the location, it is necessary to add a contingence to cover unforeseen 
items. 

The material and labors costs plus the other costs as described above are the project cost estimate. 
This is the total amount of capital that the utility will need to construct the power line and place it 
in service. The project cost estimates provide a second level of comparison between alternatives. 
Also, the project estimate gives an order of magnitude estimate of the total cost of constructing a 
power line project. Remember, that this estimate would need to be tuned to local costs. 

Life-cvcle Costs 

The third level of comparison of the alternatives is provided with the life-cycle cost. The life- 
cycle cost is the present worth of all costs incurred over the lifetime of the project. For a power 
line these costs are defined in three categories: fixed costs, cost of losses, and O&M costs. For 
the purpose of this analysis we have assumed all projects to have a life-time of 35 years and a net 
salvage value of zero at the end of the project life. 

The annual fixed costs of owning the power line are calculated using a 16% fixed charge rate. 
The fixed charge rate can vary from utility to utility and from one region to another. However, 
16% is representative of the utility industry. Included in the fixed charge rate, is the recovery of 
the investors initial capital investment (depreciation of the asset), return on this investment 
(interest or dividends paid to investors), and the utility's annual costs to own the asset including 
such items as property taxes and insurance. As shown in the detailed tables, the fixed costs are 
the major component of the life-cycle cost. 

The second component in the life-cycle cost is power line losses in operating the power line. The 
power loss costs are calculated on the basis of an assumed power loading on the line and a cost of 
power. As shown in the detail sheets the power losses can be a significant portion of the life-cycle 
costs (5 to 30%). 

The third component of life-cycle cost is operation and maintenance costs (O&M). A portion of 
O&M cost is related to the power line structures and conductors. Another portion is related to 
maintaining the right-of-way clear of brush and trees. These costs can vary considerably from 

1 location to location. For the purpose of our analysis we have used the industry average of 
approximately 1%. Fortunately, these costs are a relatively small portion of the life-cycle costs 
and, thus, have little influence on the comparative life-cycle costs. 

CEIJDORA\A?TACHUZEPORT.WPD 2 ComnwmaMi Associates, Inc 



Table 1.1.1A shows an example cost estimating sheet for transmission lines. It shows cost estimate 
details for the 69 kV rural delta design. The table is followed by a set of cost comparison summary 
sheets for each transmission line voltage category. These include 69 kV, 1 15 kV, 230 kV, 345 kV, 
500 kV, and 765 kV. 

- 

B3 



COST ESTIMATE DETAILS 
I.1.1A - 69 kV Delta 

Rural location with no distribution 

Structures (including insulators) 
Type WP davit arms Units 
Tangent 60 Ft CI 1 316 
Angle 65 Ft CI H-1 10 
Deadend 65 Ft CI H-1 5 

Subtotal Structures 331 

Assumptions: 
Length of line 
Average span 
One Deadend (or 90' Angle every) 
Ratio of angle to deadend structures 

Unit Costs Construction Costs 

1,996 2,100 630,736 663,600 1,294,336 
2,648 2,700 26,480 27,000 53,480 
4,210 3,700 21,050 18,500 39,550 

$678.266 $709.100 $1,387,366 

Material Labor Material Labor Total 

Right-of-way (ROW) width 
Percentage of ROW Requiring Clearing 

Conductor 3-795 Drake 25 
Shield wire 1-3/8 EHS 25 

25 miles 

5 miles 
2 anglesldeadend 

400 feet 

20,800 40,000 520,011 1,000,000 1,520,Ol 1 
1,320 10.000 33,000 250,000 283,000 

75 feet 
40% 

Subtotal Conductors 

, 

$553,011 $1,250,000 $1,803,011 

Contractor Mobilization 
Total Material & Labor 
Total Material & Labor per Mile 

Clearing of ROW 
Restoration of ROW 
Construction of Access Roads 

90.9 acres @ 
25 miles @ 
0.0 miles @ 

Subtotal clearing, restoration and access roads 

. Right-of-way Costs 

Overhead Costs 
Licensing & permits 
Right-of-way Procurement 
Engineering 
Soil Borings 
Surveying 
Construction Inspection 
Owner's Admin. Costs 

Subtotal Overhead Costs 

227.3 acres @ 

50,000 50,000 
$1,231,277 $2,009,100 $3,240,377 

$49,251 $80,364 $129,615 

2,000 per acre 
5,000 per mile 

25,000 per mile 

3,500 per acre 

50% of right-of-way costs 
6% of labor and material 

25 miles @ 
0 sites @ $1,000 site 

3 month @ . 
$12,500 per mile 
$10,000 month 

Project Subtotal 
Allowance for Funds Used During Construction (AFUDC) 
Project Contingency 

Average Project Cost per miIe 
Total Project Cost 

69KVXLS: 1 .I .2& Commonwealth Associates, Inc 

5% 
15% 

181,818 
125,000 

0 
$306,818 

795.455 

10,000 
397,727 
194,423 

0 
312,500 
30,000 

120,000 
$1,064,650 

$5,407,300 
270,365 
81 1,095 

$259,550 
$6,488,760 

111 0197, 1 1 :37 AM 
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LIFE CYCLE COST ANALYSIS 
I.I.1A - 69 kV Delta 

Rural location with no distribution 

Assumptions for Calculation of Fixed Charges 

Economic Life 35 years Fixed Charge Rate 16.0% 
Capital Costs 259,550 $/mi 

Fixed Costs $ 41,528 $Imilyr 

Assumptions for Calculation of Line Losses 

Conductor 
1-795 kcmil ACSR "Drake" 

Peak Loading 600 amps 
Peak Losses 138.0 kW/mi. 
Annual Losses 493,309 k W m i  
Cost of Power 0.03 $IkwH 

0.1278 ohms/mi 

Load Factor 
Loss Factor 

60.0% 
40.8% 

Cost of Losses $ 14,799 $/rni/yr 

Assumptions for Calculation of 0 8 M  Costs 

L 8 M Costs 129,615 $/mi 
O&M Costs 0.5% of L & M 

O&M Costs $ 648 $Imi/yr 

Assumptions for Life-Cycle Cost ' 

Economic Life 
Present Worth Discount Rate I .  . 

35 years 
10.0% 

LIFECYCLE COSTS 

First Year Costs Escalation Life Cycle Cost 
$ h i  per vear $/mi. 

Fixed Costs 41,528 72.9% 400,503 69.0% 
Cost of Losses 14,799 26.0% 2.0% 171,826 29.6% 

$ 56,975 100.0% $ 580,661 100.0% 
O&MCosts . 648 . . 1.1% 3.0% *- 8,331 1 -4% 

Total 

69KV.XLS: 1 .I .2A: Commonwealth Associates, Inc 111 0/97.11:37 AM 



COST COMPARISON OF 69 KV TRANSMISSION ALTERNATIVES 
1996 DOLLARS PER MILE 

Material 8 Labor 
cos t  Project Costs 

4X1,OOO $x1,000 Description 

Rural Options 
1 .I . lA - 69 kV Delta 
1 .I.% - 69 kV Vertical 
1 -1.3A - 69 kV 6 Wire Split Phase 
I .I .4A - 11 5 kV Delta Davit Arm 
1.1 S A  - 69 kV 5 Wire Split Phase 

Suburban Options 
1.I.IB - 69 kV Delta 
1.1.2B - 69 kV Vertical 
1.1.3B - 69 kV 6 Wire Split Phase 
1.1.48 - 115 kV Delta Davit Arm 
1.1.58 - 69 kV 5 Wire Split Phase 
1.1.6B - 69 kV 3-1 c Cables in 3 Ducts 
1.1.7B - 69 kV HPGF Cable System 

Urban Options 
1.1.6~ - 69 kV 3-IC Cables in 3 Ducts 
1.1.7C - 69 kV HPGF Cable System 

69kvsum.xls: 69kV 

130 100% 
132 102% 
153 118% 
110 85% 
170 131% 

189 100% 
197 104% 
253 134% 
191 101% 
289 153% 
646 342% 
635 336% 

853 100% 
802 .94% 

CommonweaftfI Associafes, Inc 

260 100% 
263 101% 
290 112% 
235 91% 
311 120% 

336 100% 
346 103% 
417 124% 
339 101% 
463 138% 
916 273% 
901 268% 

1,212 100% 
1,143 94% 

Life-Cycle Costs 
$x1,000 

581 100% 
586 101% 
659 113% 

682 118% 
515 89% 

702 100% 
718 102% 
861 123% 
680 97% 
925 132% 

1,632 233% 
1,551 221% 

2,102 100% 
1,935 92% 

2/1/97,11:56 AM 



COST COMPARISON OF 115 KV TRANSMISSION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Rural Options 
1.2.1A - 11 5 kV H-Frame 
1.224 - 11 5 kV Delta Davit Arm 
1.2.3A - 11 5 kV Delta Compact 
1.2.4A - 115 kV 6 Wire Split Phase Davit Arm 
1.2.5A - 11 5 kV 6 Wire Split Phase Compact 
1.2.6A - 69 kV 6 Wire Split Phase 
1.2.7A - 230 kV Delta Davit Arm 
1.2.8A - 115 kV 5 Wire Split Phase 
1.2.9A - Cancellation Loop for 1 15 kV H-Frame 

Suburban OPtions 
NONE 
1.2.2B - 11 5 kV Delta Davit Arm 
1.2.3B - 115 kV Delta Compact 
1.2.48 - 11 5 kV 6 Wire Split Phase Davit Arm 
1.2.58 - 11 5 kV 6 Wire Split Phase Compact 
1.2.68 - 69 kV 6 Wire Split Phase 
1.2.78 - 230 kV Delta Davit Arm 
NONE 
1.2.1 OB - 1 15 kV 3-1 c Cables in 3 Ducts 
1.2.1 1 B - 11 5 kV HPGF Cable System 

Urban Options 
1.2.1 OC - 11 5 kV 3-1 c Cables in 3 Ducts 
1.2.1 1 C - 115 kV HPGF Cable System 

Material 8 Labor 
cost 

sx1,ooo 

128 
130 
117 
196 
169 
21 3 
130 
179 
78 

21 1 
200 
320 
289 
307 
293 

843 
704 

100% 
102% 
92% 

153% 
132% 
166% 
101% 
140% 
61% 

100% 
95% 

152% 
137% 
145% 
139% 

400% 
334% 

Project Costs 
$XI ,000 

280 100% 
283 101% 
267 95% 
367 131% 
332 119% 
365 130% 
282 101% 
345 123% 
165 59% 

377 100% 
363 96% 
516 137% 
476 126% 
485 129% 
482 128% 

1,182 314% 
994 264% 

Life-Cycle Costs 
sx1,ooo 

613 100% 
617 101% 
591 96% 
781 127% 
725 118% 
816 133% 
545 89% 
736 120% 
266 43% 

767 100% 
745 97% 

1,018 133% 
954 ' 124% 

1,007 131% 
863 113% 

2,073 270% 
1,705 222% 

1,063 100% 1,494 100% 2,569 100% 
881 83% 1,249 84% 2,110 82% 

115kvsum.xls: 1 15kv Commonwealth Associates, Inc 2/1/97,11:51 AM 



COST COMPARISON OF 230 KV TRANSMISSION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Rural Options 
1.3.1A - 230 kV H-Frame 
1.3.2A - 230 kV Delta Davit Arm 
I .3.3A - 230 kV Delta Compact 
1.3.4A - 230 kV 6 Wire Split Phase Davit Arm 
1.3.5A - 230 kV 6 Wire Split Phase Compact 
1.3.6A - 11 5 kV 6 Wire Split Phase Davit Arm 
1.3.7A - 115 kV 6 Wire Split Phase Compact 
1.3.8A - 230 kV 5 Wire Split Phase 
1.3.9A - Cancellation Loop for 230 kV H-Frame 

Material & Labor 
cost Project Costs Life-Cycle Costs 

sx1,000 Sxl,OOO Sxl,OOO 

153 
166 
159 
265 
236 
235 
208 
238 

88 

Suburban Options 
1.3.2B - 230 kV Delta Davit Arm 
1.3.3B - 230 kV Delta Compact 
1.3.4B - 230 kV 6 Wire Split Phase Davit Arm 
1.3.58 - 230 kV 6 Wire Split Phase Compact 
1.3.6B - 115 kV 6 Wire Split Phase Davit Arm 
I .3.78 - I 1  5 kV 6 Wire Split Phase Compact 

254 
244 
402 . 
359 
354 
322 

' 1,110 
1,106 

1.3.108 - 230 kV 3-lc Cables in 3 Ducts 
1.3.1 1 B - 230 kV HPFF Cable System 

100% 
108% 
104% 
173% 
154% 
154% 
136% 
156% 
58% 

100% 
96% 

158% 
141% 
139% 
127% 
437% 
435% 

334 
350 
342 
477 
439 
41 7 
382 
442 
177 

443 
430 
631 
576 
558 
51 9 

1,543 
1,537 

100% 
105% 
102% 
143% 
131% 
125% 
114% 
132% 
53% 

100% 
97% 

142% 
130% 
126% 
117% 
348% 
347% 

673 
699 
685 
839 
779 

1,001 
946 
804 
290 

848 
828 

1,085 
998 

1,228 
1,165 
2,599 
2,555 

100% 
104% 
102% 
125% 
116% 
149% 
141% 
119% 
43% 

100% 
98% 

128% 
118% 
145% 
137% 
306% 
301 % 

Urban Options 
1.3.1 OC - 230 kV 3-1 c Cables in 3 Ducts 1,344 100% 1,876 100% 3,129 100% 
1.3.1 1 C - 230 kV HPFF Cable System 1,321 98% 1,845 98% 3,043 97% 

230kvsum.xls: 230kv Commonweafth Associates, Inc 2/1/97, 12:05 PM 



COST COMPARISON OF 345 KV TRANSMISSION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Material & Labor 
cost Project Costs Life-CycIe Costs 

sx1,ooo sx1,ooo sx1,ooo 

Rural Options 
1.4.1A - 345 kV H-Frame 
1.4.2A - 345 kV Delta Davit Arm 
1.4.3A - 345 kV H-Frame Compact Delta 
1.4.4A - 345 kV 6 Wire Split Phase Davit Arm 
1.4.5A - 230 kV 6 Wire Split Phase Davit Arm 
1.4.6A - 230 kV 6 Wire Split Phase Compact 
1.4.7A - 345 kV 5 wire Split Phase 
1.4.8A - Cancellation Loop for 345 kV H-Frame 

Suburban Options 
1.4.2B - 345 kV Delta Davit Arm 
1.4.4B - 345 kV 6 Wire Split Phase Davit Arm 
1.4.5B - 230 kV 6 Wire Split Phase Davit Arm 
1.4.6B - 230 kV 6 Wire Split Phase Compact 
1.4.9B - 345 kV HPFF Cable System 

Urban Options 
1.4.9C - 345 kV HPFF Cable System 

251 
283 
351 
987 
282 
243 
527 
87 

100% 
113% 
140% 
392% 
112% 
97% 

21 0% 
34% 

486 
526 
61 3 

1,428 
520 
471 
839 
182 

100% 
108% 
126% 
294% 
107% 
97% 

173% 
38% 

1,061 
1,126 
1,265 
2,416 
1,486 
1,408 
1,525 

337 

100% 
106% 
119% 
228% 
140% 
133% 
144% 
32% 

423 100% 685 100% 1,381 100% 
1,737 410% 2,356 344% 3,896 282% 

432 102% 697 102% 1,769 128% 
369 07% 616 90% 1,639 119% 

1.767 417% 2,436 355% 4.112 290% 

2,023 100% 2,804 100% 4,696 100% 

345kvsum.xls: 345kv Commonweaffh Associafes, Inc 2/1/97,,12:16 PM 



COST COMPARISON OF 500 KV TRANSMISSION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Material 8 Labor 
cost Project Costs Life-Cycle Costs 

$x1,000 $x1,000 $x1,000 

Rural ODtions 
1.5.1A - 500 kV H-Frame 649 100% 1,017 100% 2,054 100% 
1.5.2A - 500 kV Delta 623 96% 983 97% 2,001 97% 
1 S.3A - 500 kV Vertical Davit Arm 727 112% 1,116 110% 2,213 108% 
1 S.4A - 500 kV 6 Wire Split Phase Davit Arm 1,123 173% 1,624 160% 2,799 136% 
1 S.5A - Cancellation Loop for 500 kV H-Frame 74 11% 166 16% 330 16% 
1 S.6A - 345 kV 6 Wire Split Phase Davit Arm 990 152% 1,453 143% 3,005 146% 

& 

500kvsumxls: 500kv Commonwealfh Associafes, Inc 2/1/97, 12:29 PM 



COST COMPARISON OF 765 KV TRANSMISSION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Rural Options 
1.6.1A - 765 kV H-Frame 
I .6.2A - 500 kV 6 Wire Split Phase Davit Arm 
1.6.3A - Cancellation Loop for 765 kV H-Frame 

Material & Labor 
cost 

sx1,ooo 
Project Costs 

$x1,000 
Life-Cycle Costs 
$x1,000 

905 100% 1,368 100% 2,761 100% 

88 10% 184 13% 440 16% 
1,119 124% 1,643 120% 3,531 128% 

765kvsum.xls: 765kV Commonwealth Associates, Inc 2/1/97,12:34 PM 



APPENDIXE 

HIGH VOLTAGE DISTRIBUTION LINE 

COST ESTIMATES 



- INTRODUCTION 
- This appendix provides the assumptions and details of the transmission and distribution cost 

estimates, It should be noted that every power line must be custom designed to fit the terrain, 
landscape and local requirements. The cost estimates contained in this report are based on 
generic assumptions. These estimates &e usefbl for making comparisons between options and for 
providing order of magnitude costs. However, costs for actual lines can vary considerably fiom 
these estimates. 

For each option, three estimates are provided: material and labor, project, and life-cycle. 

Material and Labor 

The material and labor estimate provides the costs for the poles, insulators, Wires, and all other 
necessary materials and the labor to construct the power line. Cost estimate details provided in 
this report show the development of material and labor estimate in the categories of conductors 
and structures. 

- 

The design of the power line begins with a determination of the amount of power that needs to be 
transmitted. Once this is decided, the voltage of the line and its conductor size can be selected. 
Knowing the conductor size and its length, the cost of conductors can be estimated. 

Also, knowing the conductor size, line route and terrain, the supporting structures can be 
designed. The supporting structures are designed on the basis of maintaining conductor ground 
clearances and meeting code requirements with regard to strength. For example, the supporting 
structures need to support the weight of the wires and wind and ice loads on the wires. Another 
factor affecting cost is the number of tangent, angle and deadend structures required. A tangent 
structure is the lightest structure located in the straight portion of the line. It is designed primarily 
to hold the wires in the air. Angle structures are required where the line turns a corner and 
deadend structures are needed where it is necessary to resist the full tension of the conductors. 
Angle and deadend structures must be stronger than tangent structures, hence more costly. For 
the purpose of making our generic estimates we have assumed that the line will be over relatively 
flat terrain and that a certain number of angles and deadends are required. 

Development of material and labor costs is the first step in the estimating process. Sometimes it is 
sufficient for comparing the relative differences in alternatives. We have provided this first level 
of comparison of the alternatives in this report. 

Proiect Costs 

A utility constructing a power line incurs many other costs than material and labor. These would 
include costs to purchase land or land rights, clearing of brush and trees fiom the right-of-way, 
restoration of right-of-way after construction. In some cases, the construction of access roads are 
required to build and maintain the power line. For the purpose of making our estimates we have 
assumed costs for land, clearing and restoration. We have assumed that we would not need 

. 
-- 
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access roads. These costs can be highly variable from project to project. We have made similar 
assumptions for all our options to provide a basis for comparison. 

Other costs incurred by the utility include licensing and permits, labor and expenses to acquire 
land and land rights (in addition to actual costs of land as described above), engineering and 
surveying, inspections during construction, and the owner's administrative costs. Utility 
accounting practices also account for the interest of the money tied up during the construction of 
the project. This is called allowance for finds used during construction (AFUDC). Since each 
line is custom designed to fit the location, it is necessary to add a contingence to cover unforeseen 
items. 

The material and labors costs plus the other costs as described above are the project cost estimate. 
This is the total mount of capital that the utility will need to construct the power line and place it 
in service. The project cost estimates provide a second level of comparison between alternatives. 
Also, the project estimate gives an order of magnitude estimate of the total cost of constructing a 
power line project. Remember, that this estimate would need to be tuned to local costs. 

Life-cvcle Costs 

The third level of comparison of the alternatives is provided with the life-cycle cost. The life- 
cycle cost is the present worth of all costs incurred over the lifetime of the project. For a power 
line these costs are defined in three categories: fixed costs, cost of losses, and O&M costs. For 
the purpose of this analysis we have assumed all projects to have a life-time of 35 years and a net 
salvage value of zero at the end of the project life. 

The annual fixed costs of owning the power line are calculated using a 16% fixed charge rate. 
The fixed charge rate can vary fiom utility to utility and fiom one region to another. However, 
16% is representative of the utility industry. Included in the fixed charge rate, is the recovery of 
the investors initial capital investment (depreciation of the asset), return on this investment 
(interest or dividends paid to investors), and the utility's annual costs to own the asset including 
such items as property taxes and insurance. As shown in the detailed tables, the fixed costs are 
the major component of the life-cycle cost. 

The second component in the life-cycle cost is power line losses in operating the power line. 'The 
power loss costs are calculated on the basis of an assumed power loading on the line and a cost of 
power. As shown in the detail sheets the power losses can be a significant portion of the life-cycle 
costs (5 to 30%). 

The third component of life-cycle cost is operation and maintenance costs (O&M). A portion of 
O&M cost is related to the power line structures and conductors. Another portion is related to 
maintaining the right-of-way clear of brush and trees. These costs can vary considerably from 
location to location. For the purpose of our analysis we have used the industry average of 
approximately 1%. Fortunately, these costs are a relatively small portion of the life-cycle costs 
and, thus, have little influence on the comparative life-cycle costs. 

2 CommomveaMz Associu!es, Inc 
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Table 2.1.1A shows an example cost estimating sheet for distribution lines. It shows cost estimate 
details for the 13.2 kV horizontal crossarm mal design. The table is followed by a set of cost 
comparison summary sheets for each distribution line voltage category. These include 7.6 kV 
single-phase, 13.2 kV three-phase, and 34.5 kV three-phase. 

c3 



COST ESTIMATE DETAILS 
2.1.1A - 13.2 kV Horizontal Crossarm 

Rural location 

Conductor 3-795 kcmil + 4/0 Ne 
Shield wire - none- 

PO' 

Assumptions: 
Length of line 
Average span 
One Deadend (or 90' Angle every) 

, Ratio of angle to deadend structures 

. Right-of-way (ROW) width 
Percentage of ROW Requiring Clearing 

22,645 42,000 226,449 420,000 646,449 

10 miles 

2 miles 
2 angleddeadend 

400 feet 

Subtotal Conductors 

50 feet 
40% 

$226,449 $420,000 $646,449 

Structures (including insulators) 
. Type WPX-arms 

Tangent 45 Ft CI fi-1 
Angle 45 Ft Cl H-2 1,397 1,599 
Deadend 50 Ft CI H-2 2,007 2,101 

Subtotal Structures 133 
Conductors (Units in miles) 

Construction Costs i 
Material Labor Total 

11 1,267 139,527 250,794 
13,972 15,990 29,961 I 
10.035 10,506 20340 

$135,274 $1 66,022 $301,295 

Contractor Mobiliition 
Total Material & Labor 
Total Material 8 Labor per Mile 

10.000 10.000 
$361,722 $596,022 $957.744 
$36,172 $59,602 $95,774 

Clearing of ROW . 24.2 acres @ 2,000 per acre 
Restoration of ROW 10 miles @ 5,000 per mile 
Construction of Access Roads 0.0 miles @ 25,000 per mile 

Subtotal clearing, restoration and access roads 

Rightofway Costs 60.6 acres @ 3,500 per acre 

Overhead Costs 
. Licensing 8 permits 
Right-of-way Procurement 
Engineering 
Soil Borings 0 sites Q $4,000 site 
Surveying 10 miles @ $12,500 per mile 
Construction Inspection 1.0 month Q $10,000 month 
Owner's Admin. Costs 

50% of right-of-way costs 
6% of labor and material 

Subtotal Overhead Costs 

Project Subtotal 
Allowance for Funds Used During Construction (AFUDC) 
Project Contingency 

Average Project Cost per mile 
Total Project Cost 

3% 
15% 

48,485 
50,000 

0 
$98,485 

21 2,121 

5,000 
106,061 
57,465 

0 
125.00 0 
10,000 
30,000 

$333,525 

$1,601,875 
48,056 

240,281 
$1,890,213 

$189,021 

4C)L. ..Î . * 1 1 A 



LIFE CYCLE COST ANALYSIS 
2.1.1A - 13.2 kV Horizontal Crossarm 

Rural location 

Assumptions for Calculation of Fixed Charges 

16.0% Economic Life 35 years Fixed Charge Rate 
Capital Costs 189,021 $/mi 

Fixed Costs S 30.243 S/mi/yr 

Assumptions for Calculation of Line ~osses 

Conductor 
1-795 kcmil ACSR "Drake" 0.1278 ohms/mi 

Peak Loading 300 amps Load Factor 
Peak.Losses 11.5 kW/mi. Loss Factor 
Annual Losses 41.109 kWh/mi 

60.0% 
40.0% 

Cost of Power 0.03 $ h H  
cost of Losses s 4,233 Slmilyr 

Assumptions for Calculation of O&M Costs 

L 8 M Costs 95,774 $/mi 
* O&MCosts 0.5% of L 8 M 

O&M Costs s 479 Slmilyr 

Assumptions for Life-CycIe Cost 

' Economic Life 
Present Worth Discount Rate 

35 years 
10.0% 

Fixed Costs 
Cod of Losses 
O&M Cos+ 

Total 

LIFE-CYCLE COSTS 

First Year Costs Escalation 
per vear Slmi 

30,243 94.6% 
1,233 . 3.9% 20% 
479 1.5% 3.0% 

S 31,956 100.0% 

Life Cycle Cost 
Slmi. 
291,672 93.40% 
14,319 4.6% 

2.0% 
$ 312,147 100.0% 

6,156 

13kv.xls: 21.1A Commonwealth Associates, Inc. 1/31/97,2'13 PM 



COST COMPARISON OF 4.16 - 13.2 KV DISTRIBUTION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Rural Options -Three-phase 
2.1 .lA - 13.2 kV Horizontal Crossarm 
2.1.2A - 13.2 kV Delta - Posts Insulators 
2.1.3A - 13.2 kV Hendrix Cable 
2.1.4A - 13.2 kV 6 Wire Split Phase Crossarm 
2.1 SA - 13.2 kV 6 Wire Hendrix Cable 
2.1.6A - 34.5 kV Horizontal Crossarm 
2.1.7A - 13.2 kV 5 Wire Split Phase 

Rural Options - Sinale Phase 
2.3.1A - 7.6 kV Single Phase 
2.3.2A - 7.6 kV Single Phase Tall Compact 

Suburban Options -Three-phase 
2.1 -1 B - 13.2 kV Horizontal Crossarm 
2.1.2B - 132 kV Delta - Posts Insulators 
2.1.3B - 13.2 kV Hendrix Cable 
2.1 .4B - 13.2 kV 6 Wire Split Phase Crossarm 
2.1.5B - 13.2 kV 6 Wire Hendrix Cable 
2.1.6B - 34.5 kV Horizontal Crossarm 
2.1.7B - 13.2 kV 5 Wire Split Phase 
2.1.8B - 13.2 kV 3-1 c Cables in 3 Ducts 
2.1.8(5kV)B - 4.16 kV 3-lc Cables in 3 Ducts 
2.1.9B - 13.2 kV 3-1 c Cables in 1 Duct 
2.1.9(5kV)B - 4.16 kV 3-lc Cables in 1 Duct 
2.1.1OB - 13.2 kV S l c  URD Direct Bury 
2.1.10(5kV)B - 4.16 kV 3-lc URD Direct Bury 

Suburban Options - Sinqle-Phase 
2.3.1B - 7.6 kV Single Phase . 

2.32B - 7.6 kV Single Phase Tall Compact 
2.3.3B - 7.6 kV 1 c URD Direct Bury 
2.3.3(5kV)B - 2.4 kV 1 c URD Direct Bury 

Urban Options 
2.1.8C - 13.2 kV 3-1 c Cables in 3 Ducts 
2.1.8(5kV)C - 4.16 kV 3-1 c Cables in 3 Ducts 
2.1.9C - 13.2 kV 3-lc Cables in 1 Duct 
2.1.9(5kV)C - 4.16 kV 3-lc Cables in 1 Duct 

13kvsum.xls: 13kV 

Material 8 Labor 
cost 

$ X I  ,000 

96 100% 
104 108% 
124 129% 
118 123% 
154 161% 

121 126% 
n 81% 

33 100% 
42 130% 

103 100% 
119 116% 
127 123% 
131 127% 
157 152% 
87 84% 

134 129% 
448 434% 
433 419% 
408 395% 
388 375% 

110 106% 
127- 123% 

43 100% 
55 129% 
57 134% 
48 113% 

662 100% 
647 98% 
623 94% 
602 91% 

Commonwealth Associates, lnc 

Project Costs Life-Cycle Costs 
$ X I  ,000 $ X I  ,000 

189 100% 
199 105% 
224 118% 
217 115% 
262 139% 
166 80% 
220 117% 

107 100% 
119 111% 

194 
21 4 
224 
229 
261 
173 
232 
630 
61 0 
576 
550 
203 
4 80 

115 
130 
123 
111 

100% 
110% 
116% 
118% 
135% 
89% 

120% 
324% 
314% 
297% 
283% 
104% 
93% 

100% 
113% 
107% 
97% 

312 100% 
320 105% 
368 118% 
359 115% 
431 138% 
266 85% 
364 117% 

172 100% 
192 111% 

363 
396 
41 1 
429 

293 
431 

1,059 
1,027 

956 
91 3 
380 
344 

480 

199 
223 
21 4 
195 

100% 
109% 
113% 
118% 
132% 
81 % 

118% 
291 % 
283% 
263% 
251 % 
105% 
95% 

100% 
112% 
107% 
98% 

921 100% 1,522 100% 

869 94% 1,420 93% 
841 91% 1,377 90% 

900 98% 1,489 98% 

2/18/97, 8:53 AM 



COST COMPARISON OF 34.5 KV DISTRIBUTION ALTERNATIVES 
1996 DOLLARS PER MILE 

Description 

Material & Labor 
cost Project Costs LifeCycle Costs 

sx1,ooo sx1,000 sx1,ooo 

Rural Options -Three-phase 
2.2.1A - 34.5 kV Horizontal Crossarm 96 100% 189 100% 313 100% 
2.2.2A - 34.5 kV Delta - Posts Insulators 104 109% 200 105% 329 105% 
2.2.3A - 34.5 kV Hendrix Cable 145 151% 251 133% 411 131% 
2.2.4A - 34.5 kV 6 Wire Split Phase Crossarm 120 124% 219 116% 362 116% 
2.2.5A - 34.5 kV 6 Wire Hendrix Cable 181 189% 296 156% 485 155% 
2.2.6A - 34.5 kV 5 Wire Split Phase 121 126% 221 117% 365 117% 

Suburban Options -Three-phase 
2.2.18 - 34.5 kV Horizontal Crossarm 
2.2.2B - 34.5 kV Delta - Posts Insulators 
2.2.3B - 34.5 kV Hendrix Cable 
2.2.48 - 34.5 kV 6 Wire Split Phase Crossarm 
2.2.5B - 34.5 kV 6 Wire Hendrix Cable 
2.2.6B - 34.5 kV 5 Wire Split Phase 
2.2.7B - 34.5 kV 3-IC Cables in 3 Ducts 
2.2.8B - 34.5 kV 3-lc Cables in 1 Duct 
2.2.9B - 34.5 kV 3-1 c URD Direct Bury 

Urban Options 

2.2.8C - 34.5 kV SIC Cables in 1 Duct 
2.2.7C - 34.5 kV 3-lc Cables in 3 Ducts 

106 100% 
120 113% 
148 140% 
133 125% 
185 174% 
135 127% 
482 454% 
462 436% 
158 149% 

198 
21 5 
250 
231 
296 
234 
672 
646 
241 

100% 
109% 
127% 
117% 
150% 
118% 
340% 
327% 
122% 

369 
397 
453 
433 
536 
433 

1,126 
1,066 

442 

100% 
108% 
123% 
117% 
145% 
117% 
305% 
289% 
120% 

699 100% 966 100% 1,594 100% 
681 97% 941 97% 1.536 96% 

-1 

34KVSUM.xls: 13kV Commonwealth Associates, Inc 2lt197, 9:08 AM 
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