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INTRODUCTION

The goal of this program was to evaluate many of the bulk power
underground transmission systems that may be available in the 1990's
and to determine their suitability for inclusion in power systems,
both technologically and economically. A theoretical expansion of the
Pennsylvania-New Jersey-Maryland (PJM) Interconnection to approximately
three times its present size was used as the base system for the study.
A 10,000 MW generation park, hereafter referred to as Energy Park, was
added to the base system at a location remote from principal load

centers,

No attempt was made to study large generation parks. The large
amount of generation assumed in Energy Park was necessary since some
of the transmission systems included are not suitable for low power
applications. The Energy Park concept also provided a method whereby
a number of constraints such as unit availability and construction

timing could be included,

The assumed location of Energy Park is a site on the Susquehanna
River 106 km (66 miles) from the termination of the transmission system
at a location in Philadelphia, hereafter referred to as Mid-Site Sub-
station (see Figure 3-1). The latter site was chosen as a typical
location for transformation from the transmission network to the system

supplying a large urban area.

The transmission route selected corresponds to an existing aerial
right-of-way. Consequently, a complete plan and profile of the right-
of-way was available for the study. The route selected traverses a
wide range of enviromments from rural farmland near the Eheygy Park, to

suburban areas, and finally to a densely-populated urban area along the



TINTRODUCTION (cont'd)

last 10 km (6 miles) of the right-of-way. Existing transmission structures
were ignored and the installation of the cables planned as if the right-of-
way had been obtained specifically for this application, The cost of right-

of way was included in the study as if it had to be purchased.

Common right-of-way and common system ampacity requirements provided a
uniform application to evaluate the sixteen transmission systems included
in the study. The reliability requirements and ampacities under contingency

conditions were also applied uniformly to each of the systems.

Analysis of each system proceeded as if it were being evaluated for an
actual application, although Philadelphia Electric Company has no plans at
present to construct any of the systems studied, All systems were included
in the projected PJM base electric system, and loadflow and stability
studies were conducted for both radial and network applications with specific
substation arrangements. The network case differs from the basic radial case
in that it assumes the Energy Park substation to be connected to the existing

500 kV aerial system at a substation near Energy Park.

Series and shunt compensation installations were included where indicated.
Completed designs were costed, and capitalized costs of operating losses and
maintenance were included. All costs were extended through two LO-year life

cycles to give present worth of future revenue requirements,

Care must be exercised in applying the results of this study, since they
were obtained for a single set of application parameters. Changes in design
parameters, ampacity requirements, cost of losses, and numerous other factors
could affect the results. Since the time period under study is approximately
1995, some assumptions were made as to developments that would occur during

the next twenty years, For example, the cost of gas-insulated transmission



INTRODUCTION (cont'd)

lines is assumed to be approximately sixty percent of present costs. This
reduction in cost would be feasible if present small-scale manufacturing
techniques should grow into mass-production facilities, Another example

is the assumed dissipation factor, and consequently the assumed losses, for
flexible ac superconducting cable, which are significantly below values for
present-day materials, However, future developments might well reduce

losses to the assumed level.



SUMMARY

Table 2-1 summarizes the Adjusted Grand Total Cost of each of the
systems studied, based on economic analysis for a radial connection,
Breakdowns of costs and costs for the network connection are given in
the individual chapters on each system., A description of the Adjusted

Grand Total is given in Section 3.2.3.

In discussing the final results of the economic analysis, several

notes of caution must be considered.

First, the results included in this summary are for the specific
problem assigned and cannot be applied universally to all underground

transmission applications.

Second, several of the systems studied have never been installed on
a utility system. Consequently, the cost of these cables as well as
their installation costs are not known as accurately as those systems
which are commercially available. However, every attempt was made to
project probable developments in technology and commercial availability

as fairly and uniformly as possible,

Third, some systems which do not appear to have the lowest cost in
the problem specified in this study would be the economical choice for

a lower ampacity application or for a shorter length,

Fourth, compensation requirements and evaluation of losses have had
a considerable impact. Different methods or philosophies of operation or
of evaluation of losses could also change the relative position of the

various systems.



2. SUMMARY (cont'd)

Fifth, the terminology "dollars per MVA mile'" has not been used in
this study because this type of comparison can provide fictitiously low .
values for high ampacity systems. After conducting loadflow and stability
analyses, the usable ampacity of the systems is usually found to be well
below the theoretical value. Consequently, total cost for an application

is the only accurate method of comparison,



Table 2-1

Executive Summary Table

Underground Systems

500
500
765
500
765
500
600
500
500
500
500
3L5
230
230
300
500

Acronyms used in the table are defined as follows:

kv
kv
kV
kV
kV
KV
kv
kV
kV
kV
kV
kV
kV
kV
kV
kV

HPOPT Cellulose-Insulated Cable

HPCPT PPP-Insulated Cable

HPOPT PPP-Insulated Cable

Force-Cooled HPOPT PPP-Insulated Cable
Force-Cooled HPOPT PPP-Insulated Cable
AC Self-Contained 0il-Filled Cable

DC Self-Contained 0il-Filled Cable
Single~Phase, SF6’ GITL, Rigid System
Single-Phase, SF,, GITL, Flexible System
Three-Phase, SF6’ GITL, Rigid System
Resistive Cryogenic Cable

Resistive Crvogenic Cable - Rigid System
Superconducting Cable

Superconducting Cable - Rigid System

DC Superconducting Cable
Aerial/Underground System

cryogenic; SC-superconducting.

Acronym

Radial System
Adjusted Grand Total - $K

500 kV
500 kV
765 kV
500 kV
765 kV
500 kV
600 kV
500 kV
500 kV
500 kV
500 kV
3L5 kV
230 kV
230 kV
300 kV
500 kV

HPOPT-high pressure oil-filled pipe-type; C-cellulose
insulation; PPP-paper polypropylene laminate insulationj; F/C-force-cooled; SCOF-self-contained oil-filled;
GITL-gas-insulated transmission line; R1- one-phase rigid; F- flexible; R3 - three-phase rigid; RC-resistive

HPOPT-C
HPOPT-PPP
HPOPT-PPP
HPOPT-F/C
HPOPT-F/C
SCOF-AC
SCOF-DC
GITL-R1
GITL-F
GITL-R3
RC

RC-R

SC

SC-R
SC-DC
Aerial

1,879,191
1,562,674
1,682,270
1,766,735
1,761,224
1,364,795
1,L22,628
1,538,853
1,417,950
1,338,707
2,690,461
not costed
1,29L,881
2,628,303
1,695,831
667,850



GENERAL STUDY TECHNIQUES

The designs for the underground systems included in the study were
supplied by the EPRI/ERDA-sponsored contractors listed in the Acknowledg-
ments, Most of these programs as well as this study used the English
system of units., However, all units have been converted to the SI
(International System) in this report. The SI units have been written
first, followed by the FEnglish unit in parentheses; e.g., 2.54 em (1 in.).
Four systems included in this study were designed in the SI system. They
are the 500 KV GITL-F, 230 kV SC, 230 kV SC-R, and the 300 kV SC-DC sys~-
tems, Consequently, the SI units will be the more accurate values for

these systems.

Two units of measurement used in this report, which may not be
familiar, are the hectare (ha,), which is a metric value for area equal
to 2.471 acres, and the MegaPascal (MPa), which is the SI unit for
pressure equal to 145.05 psi.

3.1 Glossary

Terms as used in this report are defined as follows:

Cable - A single physical assembly, which may be single~
phase or three-phase,

Line - A complete connection between two terminating
points, without parallel conductors, either three~phase
AC or two-conductor IC,

Circuit - A complete connection between terminating
circuit breakers, made up of either a single line or

two lines in parallel.



3.  GENERAL STUDY TECHNIQUES (cont'd)

3.2 Economics

3.2.1 General, The main purpose of this study is to estimate
the total installed cost of the selected transmission
systems including the substations and any required com-
pensation. To make the costs comparable since the
study was scheduled for more than one year, all costs
are as of Jamuary 1, 1976. Yearly costs such as main-
tenance and energy losses were capitalized using a
carrying charge rate of 16.3%. Where necessary to
determine present worth of future investments, a 5%
inflation rate and a 9%% interest rate are used. A LO-
year life is assumed for all equipment unless otherwise

noted,

3.2.2 Losses, The cost of all energy losses is capitalized
based on energy costs of 1.76 cents per kilowatthour
and a system load factor of 90% for six months and
72% for six months. The load factors are based on
anticipated outages of the Energy Park Generation. The
1.76 cents per kilowatthour is based on the cost of
energy at transmission voltages on our system and does

not include fuel adjustment charges.

A demand charge of $L60 per kilowatt is also made
on system losses based on a 100% load factor. The
$4,50 charge is based on cost estimates for a combination
of 0il, coal, and nuclear stations and covers the cost

of the generation required to supply the losses.



3.

GENERAL STUDY TECHNIQUES

3.2 Economics (cont'd)

3.2.3

Economics of Installation Scheduling, The study assumes

that one 1000 MW station will be completed each year for
ten consecutive years, This allows the transmission lines
to be scheduled as required over the 10-year period. The
transmission installation schedule is shown in Table L-1.
In order to compare the costs of the various transmission
systems installed in accordance with the installation
schedule in 1976 dollars, the present worth of the capital
expenditures and their replacements forty years later were
computed. The present worth is larger than the 1976 in-
stalled cost because two LO-year life cycles were used.
This was necessary because the assumed life of a transmis-
sion line is forty years and a 10-year difference could
exist between the first line and the last line of a system
and could invalidate the adjusted figures for comparative
purposes, By carrying the comparison out for two life
cycles, the value of the cost in the last ten years is
negligible and allows a direct comparison between systenms.
Items required for the initial installation such as real
estate, clearing, access roads, and preliminary engineering
were included in the initial investment and the remaining
dollars allocated in accordance with the installation schedule.
The total system cost adjusted as described above is listed
in the Cost Summary tables as "Adjusted Grand Total', while
the total system cost as of January 1, 1976 is listed as
"Grand Totall,




3.

GENERAT, STUDY TECHNIQUES (cont'd)

3.3

3.L

Line Route

Energy Park is located in southeastern Pennsylvania on the
Susquehanna River approximately 72.L4 kilometers (L5 miles) south
of Harrisburg and 160.9 kilometers (100 miles) north of Washington,
DC. The Mid-Site receiving substation, located in FPhiladelphia,
is 106.2 route kilometers (66 miles) north and east of Energy Park.
The selected route consists of existing aerial line right-of-way
for 96.5 kilometers (60 miles) and Philadelphia city streets for
the remaining 9.7 kilometers (6 miles). The line route map, Figure
3-1, locates the path between Energy Park and Mid-Site Substation.
The line route includes crossings of the Pennsylvania Turnpike, the
Schuylkill Expressway, and the Schuylkill River. For estimating
and design purposes, it is assumed that the private right-of-way is
newly-purchased and does not contain the aerial transmission lines,
The land costs listed in Table 3-1 are used to evaluate real estate

costs,

In Philadelphia, it is necessary to occupy city streets to Mid-
Site Substation. It is not practical to install more than five
enclosures in one street and, therefore, some systems use several

routes in the city.

System Schematic

Each cable system is described by a schematic that specifies

the number of lines with location of major associated equipment,

- 10 -



3. GENERAL STUDY TECHNIQUES {cont'd)

3.5 Right-of-Way Width

The undarground cable right-of-way width requirements are based
on physical and thermal parameters requiring 3 m (10 ft,) and 3.81 m
(12.5 ft.) minimum center line trench separation, A 3 m separation
is required from the trench center line to the edge of right-of-way,
The aerial line width is developed from electrical clearance require-

ments,

There are no real estate occupancy or rental charges considered

for the city street installation.

3.6 Clearing and Access Roads

A high percentage of the route is farmland and is near existing
roads. As a result, the cost estimates for clearing and access roads

are less than other routes may require,

3.7 Enclosure

The enclosure costs include the outer pipes for the flexible
cable systems, the concrete enclosures for the self-contained cables,
the total system for spacer-type cables, and the enclosures for all

cryogenic systems,

It was estimated that the maximum enclosure length transportable
by truck is 18.3 m (60 ft.) which determines the number of enclosure
Joints per mile. The enclosure installation costs include the materials
and labor required for handling, welding, testing, and corrosion pro-
tection, return refrigeration pipes, and all associated systems, The
material costs are generally those supplied by the designer or manufac-

turer.

- 11 -



3.

GENERATL STUDY TECHNIQUES

3.7 Enclosures (cont'd)

A major consideration relating to costs is that the HPOPT
cable system pipe has greater flexibility than the other r;gid
type enclosures studied. In addition to conforming to greater
trench variations, the pipe can be bent at the construction
site to a radius as small as 25 feet. Assuming smooth bends
and no sidewall pressure problems during cable installation,
this inherent flexibility allows the designer and installer ‘to
be less concerned with field adjustments for unexpected obstacles
exposed during excavation. Without such field flexibility,
unexpected obstacles would significantly delay installation and
increase costs. For less flexible systems, the pre-construction,
underground explorations must be as thorough and accurate as

possible.

3.7 Spacer-Type Enclosures and Cable. The costs for handling

GITL-type enclosures are greater than HPOPT cable steel
pipe due to the spacer-type construction and the more
vulnerable aluminum outer material. The enclosure costs
for the GITL and the rigid superconducting systems contain
all costs for the material and installation of the internal
conductor, It should be noted that these integral systems
are more rigid than the steel pipe used for HPOPT cable
systems and, therefore, the related trench profile must be
designed to accommodate the less conforming envelope., The
additional cost of trenching is reflected in the estimates

for the more rigid systems.

- 12 -



3.

GENERAL STUDY TECHNIQUES

3.7 Enclosures (cont'd)

3.7.2

3.7.3

3.7.L

Laminate-Insulated Cable. The inner enclosure dimensions

for laminate-insulated cable installed by pulling into

the enclosure requires consideration of damage during
ihstallation. For example, the required HPOPT cable steel
pipe size is determined by the diameter of the three cables
and a related jam ratio, This design consideration reduces
the probability of cable damage during installation. In

the case of a single cable being pulled into an enclosure,
sufficient internal room must be provided to reduce friction
to the levels required for long pulls., During installation,
there is slso danger of damage from small radius pipe bends.

Smooth large radius bends reduce this danger,

Enclosure Joints. The HPOPT cable pipe Joints are designed

with inner welding rings to keep the welding process from
forming metallic protrusions that would damage the cable
during installation, The welding of all enclosures must be
closely inspected; however, the cryogenic systems using
helium present a significant problem for both the welding
and inspection processes, Helium can escape through what
may appear to be good welds by conventional standards,
Thus, high cost mass spectrometer, radiograph, and dye

penetrant tests are used for helium-associated welds.,

Corrosion Protection., A system of pipe coating and cathodic

protection is included in the estimates for all enclosures,
Although the protection requirements of steel pipe are well
known, there is need for more information and experience on

the protection of aluminum pipe.

- 13 -



3.

GENERAL STUDY TECHNIQUES (cont'd)

3.8 Manholes

3.9

Manholes are not required for every cable system, The HPOPT
systems are estimated on placement of manholes every 1,760 feet
for splicing and oil handling equipment where required. GITL
systems, however, do not require manholes since they are a spacer-
type system with conductor and enclosure connections at the enclosure
joint, Manhole size is determined by splicing and cable pulling

requirements, Estimates are based on precast concrete manholes.,

Excavation and Backfill

Estimates for trenching and backfilling are based on over thirty
years' experience of installing HPOPT cable in the Philadelphia area.
Cost estimates for excavation and backfill include trench survey,
removal and replacement of sidewalk or street, trench protection,
removal or replacement of all backfills, shoring, pits for cable or
envelope splicing and restoration of right-of-way. A 20% to 25%

rock content, depending on depth, was used for the estimates,

3.9.1 Typical Trench Cross-Section, For each cable system, there

is a typical trench cross-sectional view that specifies the
dimensions and type of backfill, The dimensions are based
on a 30-inch burial depth, installation considerations and
thermal fequirements. Systems with self-cooled ratings
utilize a well-compacted thermal sand with good heat dissi-
pation characteristics in contact with the enclosure. Only
bedding sand is used with the thermally-insulated cryogenic

systems.

- 14 =



3.

GENERAL STUDY TECHNIQUES

3.9 Excavation and Backfill (cont'd)

3.9.2

3.9.3

Private Right-of-Way. This type right-of-way offers the

most economies for excavation., Rock may be removed by
blasting; underground obstructions are minimal, so con-
tinuous trenching machines can be used; little removal of
excess backfill from the area is required. Access is
usually not a problem and, in general, installation progress
is much faster than can be accomplished in urban streets.
Private right-of-way installations are totally underground
in order to present the least visual impact, to protect

the cable system, and to allow other usages of the right-
of-way, such as agriculture or recreation., After enclosure
installation, the right-of-way is appropriately regraded,
seeded, and returned to its original condition, In special
situations such as water crossings, ravines, and rocky
areas, exposed cable system installations, with appropriate

protection, can be considered,

Street Installations. Street trench operations are more

difficult and costly than on private right-of-way. Road
and sidewalk paving must be broken, removed, and replaced.
The route is usually obstructed by other utilities, The
trench requires shoring and usually must be covered over
during non-work hours. In some cases, access to the trench
is limited to certain hours of the day., A construction
permit is required for each route and every utility affected

must be informed,

- 15 -
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GENERAL STUDY TECHNIQUES

3.9 Excavation and Backfill (cont'd)

3.9.4

River Crossings., Where the right-of-way crosses the

Schuylkill River, the river is approximately 122 m
(LOO ft.) wide and L.6 m (15 ft.) deep, with railroads
on both banks, Two methods of crossing were studied;
a bridge structure spanning both the river and rail-

roads, and a trench under the river bottom and railroads,

The bridge studied was a truss-type structure approxi-
mately 305 m (1000 ft.) long with two main supports. The
basic structure would cost approximately $3,500,000, and
could easily accommodate up to twenty pipe cable lines.
Its principal disadvantage was the exposure of all lines

to a common accident.

The river bank and bottom in the area of the crossing
are rock and the installation assumed a trench cut under
the railroads and in the river bed with the pipe anchored
at five locations in the river, The estimated labor cost
per pipe would be $210,000, assuming that the contractor

would install a minimum of six lines at one time,

The trenching installation was selected, since it was
more economical and had no visual impact. Other water
crossings that would be trenched in below the stream bed
are the Wissahickon, Brandywine, and Octoraro Creeks. The
additional costs of these crossings would <ot change the
relative comparisons but would alter the per-mile cost.

They were not included in the estimate tabulations,

- 16 -



3.  GENERAL STUDY TECHNIQUES

3.9 Excavation and Backfill (cont'd)

3.9.5 Highway and Railroad Crossings. The trenching for most

highways can be open cut; however, most railroad crossings

require boring.

3,10 Cable System Installation

The estimated costs for installing laminate-insulated cable
systems are also based on the Philadelphia Electric Company's
30-year history of installing HPOPT cable. This experience with
flexible cable systems has been used to project installation esti-
mates for the proposed advanced systems, Cost estimates listed
with the cable include installation, splicing, associated
insulating medium operations, and grounding-bonding systems.
Material costs are primarily those given by the designer or manu-
facturer with an effort to normalize costs for the advanced

systems.

Costs of handling and splicing cryogenic materials are estimated
to be significantly more than HPOPT or self-contained cable, Many
installation questions will not be answered until the systems are
available and the installation is actually experienced. With this
thought, projections of the installation costs for future systems
were made from a known reference point, The costs for the metallurgical
testing and clean room procedures required for the cryogenic systems

are listed with the enclosure estimate,
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GENERAL STUDY TECHNIQJUES

3.10 Cable System Installation (cont'd)

3.10.1

Cable Pulling Lengths. The average length between splicing

locations for the eight tape insulated flexible cable sys-
tems is assumed to be 536.5 m (1760 ft,)., This assumption

considers the following factors,

° The Pennsylvania Department of Transportation
limits truck loads to 2.Lh m (8 ft.) wide, 4.1 m
(13.5 ft.) high, and 33,2LL kg (73,290 1b.) on
five axles. However, special permits can be
obtained for wider loads and load widths of 3 m
(10 ft.) are not uncommon.

. The cable manufacturing facility will be remote
from the right-of-way and thus cable transporta-
tion will be required over public conveyance,

® The design of the cryogenic cables would allow
pulling lengths similar to those of existing

cable systems.

3.10.2 Shipping Reels. The design of the reel used for cable deliv-

ery is based on the minimum bending radius required to avoid
cable damage, For HPOPT and SCOF cables, the minimum bending
radius is considered to be 10 to 12 times the cable diameter.
The superconducting cable bending limits are less specific;
however, a multiple of 12 may be required, The following
tabulation illustrates the capacity of a reel 3.8 m (12.5 ft.)
high by 2.bh m (8 ft.) wide with a 2,74 m (9 ft.) drum

diameter,

- 18 -
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GENERAL STUDY TECHNIQUES

3.10 Cable System Installation

3.10.2 Shipping Reels (cont'd)
Factor Cable Length on
for Minimum 2.7h m (9 ft.)
Cable Minimum Reel Drum Drum
Diameter Bending Diameter Diameter
Cable System cm in, Radius m ft. m ft.
500 kV HPOPT-C 12,01 L.73 10 2,15 (7.05) 67h.5  (2213)
500 kV HPOPT-PPP 10.21  L4.02 10 2.0 (6.7) 933.6  (3063)
765 kV HPOPT-PPP 12.50 L.92 10 2.5 (8.2) 623,3  (20L5)
500 kV SCOF-AC-PPP 13.L 5.27 10 2.68 (8.78) 5h3.2  (1782)
600 kV SCOF-DC-C 12.h L.89 10 2.48  (8.15) 631.2 (2071)
500 kV RC-C 13.8 5.k 10 2.76  (9.07) 509.9  (1673)
230 kV SC 1.3 5.6 12 3.1 (11.2) s 3
300 kV SC-DC 9.69 3.8 12 2.32  (7.6) 10LL,9  (3L28)

¥*

As indicated, the 230 kV SC system requires a 3.L1 m
(11.2 ft.) diameter drum which could seriously reduce
pulling lengths. A cable length of 6L0 meters (2100 ft.)
is possible on a reel 4,57 m (15 ft.) high by 3 m (10 ft,)
wide with a drum diameter of 3.41 m (11.2 ft.). However,
special highway permits would be required,
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GENERAL, STUDY TECHNIQUES

3.10 Cable System Installation (cont'd)

3.10.3

3.10.4

Cable Tnstallation, There are two types of installations
involved with these cable pulls., All but the SCOF systems

utilize enclosures. The SCOF cables are laid in a trench
on private right-of-way and pulled on rollers into the
excavation in city streets. The pipe installations are
usually limited by the maximum tension or sidewall pressure
that the cable can endure during cable pulls, In a straight
installation, the HPOPT cables can be pulled more than
91Lh.4 m (3000 ft.). However, the pipe bends required in
practical installations reduce the length that can be pulled.
Two recent 230 kV HPOPT cable installations in streets,
similar to but perhaps not directly comparable to the Mid-
Site area, averaged approximately 580 m (1900 ft,) cable
pulling lengths, Cable suppliers providing data for this
report indicate that 762 m (2500 ft.) pulls would be made
with the 500 kV HPOPT cable.

Cost Sensitivity. Selection of three splice locations per

mile for each of the cable systems recognizes that optimiza-
tion of cable lengths would be possible with a defined route,
However, based on the HPOPT costs, the effect of changing
the cable pulling lengths and splicing locations 20% would
change the system costs by less than 1% of the grand total.

- 20 -



3. GENERAL, STUDY TECHNIQUES

3.11 Terminations

Estimates for installing terminations include all material and
labor required from the top of the termination to the enclosure and
include such equipment peculiar to terminating the cable such as the

HPOPT trifurcator and all supporting structures.

3.12 Cable System Pressurizing and Refrigeration Plants

Each type of cable system contains an insulating, pressurizing,
and/or cooling medium; oil in the HPOPT and SCOF systems, SF6 gas in
the GITL systems, liquid nitrogen in the resistive cryogenic systems,
and helium in the superconducting systems. The costs of the pressurizing
and cooling systems for the resistive cryogenic and superconducting

systems are included in Chapter 7, Refrigeration and Design.

3.12.1 Distribution Power Supply. The costs for the electric distri-

bution supply system to the refrigeration plants of both force-

cooled HPOPT and cryogenic type cable systems are included with

the refrigeration plant costs, The remote plant locations, the

reliable distribution supply lines required, and the significant
load, U6.5 MW maximum, required that both the area distribution

and transmission systems be analyzed in order to estimate

electric supply costs.

3.13 Monitoring Systems

A11 of the cable systems require some form of monitoring to warn
of malfunctions., The HPOPT and SCOF cable system pressurizing plants

have alarms that are included in the cost of the plants,

.



3.

GENERAL STUDY TECHNIQUES

3.13 Monitoring Systems (cont'd)

The GITL systems have more elaborate monitoring requiring a
signal cable for the entire length of each line, Stop joints,
every .8 km (0.5 mi.), are used to isolate the system in case of
a leak. Fach section contains valves and piping in a handhole to
fill the section with SF6 gas and remove test samples, High and

low pressure relays activate alarms at remote monitoring stations,

The cryogenic systems also require an extensive monitoring
system. This design employs a signal cable for the entire length
of the line, Thermally-activated switches on the enclosure of
each vacuum section signal a temperature drop, associated with a
loss of vacuum, to a remote monitoring station. Thermocouples
are also installed on the enclosure near the thermal switches to
confirm alarm signals and provide periodic data on the efficiency
of the insulation. The resistive cryogenic cable monitoring sys-
tem is similar to the superconducting monitoring system except
that thermal switches and thermocouples are located every 305 m
1000 ft.)

3.1 Maintenance

The capitalized cost of maintenance is included for all systems
studied. It is based on our cost to maintain existing HPOPT cable
systems and our private right-of-way. The maintenance costs for the
other systems were extrapolated from the HPOPT cable costs with the

assumption that no extraordinary maintenance problems would occur,
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3. GENERAL STUDY TECHNIQUES (cont'd)

3.15 Engineering
The estimated costs for engineering are projected from experience

with HPOPT cable systems., Consideration is made for length and end

points,
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Table 3-1

Real Estate Costs

Right-of-Way Costs

Description Type Length Estimated Cost
Energy Park to Private 14 km (9 mi,) 2,020 $/ha. (5,000 $/ac)
Lancaster County Line
Lancaster County Line Private 50 km (31 mi,) L,040 $/ha, (10,000 $/ac)
to Planebrook area
Planebrook area to Private 4 km (9 mi.) 5,700 $/ha, (14,000 $/ac)
Upper Merion area
Upper Merion area to Private 18 km (11 mi.) 20,200 $/ha, (50,000 $/ac)

Roxborough area

Roxborough area to
Mid-Site Substation

Substation Land Costs

City Streets 10 km (6 mi,)

Energy Park 2,020 $/ha. (5000 $/ac)

Mid-Site

2,Lh2l $/ha, (60,000 $/ac)
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L.

SYSTEM PLANNING

L.1

Introduction

Criteria were developed for the 10,000 MW Energy Park transmis-
sion system so that any of the alternate plans would meet normal
utility reliability and operating requirements, These criteria were
designed to be neither preferential nor prejudicial to any given type

transmission system.

The planning of the Energy Park transmission was made as realis-
tic as possible by using load flow, transient stability, and short
circuit models based on representative system configurations of the
Pennsylvania-New Jersey-Maryland (PJM) Interconnection for the mid-
1990's period. All of the various designs delivered the entire output
of Energy Park to a substation (called Mid-Site) in Philadelphia. At
Mid-Site, over half the delivered power was stepped down to 230 kV to
supply the Philadelphia load area, The remainder was transmitted into
the PJM 500 kV network over two 500 kV aerial lines from Mid-Site to
the Whitpain Substation, located northwest of Philadelphia.

Two alternate plans were developed to connect the Energy Park to
the system. The first plan consisted of a radial connection from
Fnergy Park to Mid-Site; the second plan included, in addition to the
above, a tieline of approximately 1 km from Energy Park to the PJM
500 kV grid. The connection was made to a LOOO MW generation complex
on the lower Susquehanna River; half of this capacity is now in service

as the Peach Bottom #2 and #3 generating stations,
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SYSTEM PLANNING (cont'd)

L.2

L.3

Methodology

The planning and testing of the various transmission systems
were generally performed using the Philadelphia Electric Company!'s
AC Load Flow, Transient Stability, and Short Circuit digital compu-
ter programs.(1’2’3) These programs are widely recognized and are
used by over 140 utilities and educational and governmental insti-
tutions, Manual calculations were also used to determine transient
stability limits utilizing the power angle method.(h) These stability
limits were then confirmed for several cases by using the Transient

Stability computer program,
Criteria

The planning criteria were based as nearly as possible on the
reliability principles used by Philadelphia Electric Company, Some
criteria had to be developed especially for the unique characteristics
of a large futuristic radial energy park. Special consideration was
given to anticipated equipment developments and to the magnitude of
potential capacity loss by concentrating 10,000 MW of generation at
one location with only radial ties. However, there is sufficient
engineering and cost data contained in this report to determine the

effects of variations in the design criteria.

L.3.1 Transmission Loading. The various Energy Park transmission

systems were designed to transmit the 10,000 MW of generation
to the Mid-Site Substation while meeting the imposed circuit

loading criteria, The criteria were based on the concept
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SYSTEM PLANNING

L.,3 Criteria

L.3.1

Transmission Loading (cont'd)

that no more than 2500 MW of Energy Park generation would
have to be tripped for any single contingency. The 2500 MW
value would be approximately the maximum generation loss
that could be tolerated without extensive intra- and inter-
regional transmission reinforcements (there is further
expansion of this concept in Appendix I). Separate consid-
eration was given to the completed Energy Park project and

to the intermediate construction stages.

L.3.1.1 Completed Energy Park., Sufficient circuits were

provided for the Energy Park so that:

e Iny single circuit outage would not
cause normal overloads at full Energy
Park generation (10,000 MW) with all
other circuits available (first contin-
gency) .

e The outage of any circuit while another
circuit was out for maintenance would
not cause overloads above the four-hour
emergency rating at 75% Energy Park
generation, 7,500 MW (second contingency).
(This effectively precludes all two-circuit
systems, See further discussion of this
aspect in Appendix I.) The system would be
designed so that a line out for maintenance
would be available for service within

twenty-four hours.
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L. SYSTEM PLANNING

L.3 Criteria

Lh.3.1 Transmission Loading

L.3.1.1 Completed Energy Park (cont'd)

The circuit ratings that were needed to meet
the preceding criteria were used to determine the
size and number of circuits for each of the cable
systems studied. This data is listed in the table

below.

Normal Conditions 1st Contingency 2nd Contingency

No, of Continuous Duty Continuous Duty L-Hour Duty

Circuits Usedit¢ MVA MVA MVA

2 5,000 10,000 5

3 3,333 5,000 7,500

L 2,500 3,333 3,750

5 2,000 2,500 2,500

6 1,667 2,000 1,875

7 1,429 1,667 1,500

8 1,250 1,429 1,250

9 1,111 1,250 1,071

%  Cannot meet requirements

% In some cases two cables were required per circuit to achieve ratings.
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L., SYSTEM PLANNING

L.3 Criteria

L.3.1 Transmission Loading (cont'd)

L.3.1.2 Intermediate Energy Park. Modified criteria were

apecified for the ten-year development stage of
Fnergy Park and were used primarily to determine
the timing of circuit installations. For 1000 to
5000 MW of generation installed, there must be
sufficient circuits to satisfy the following

conditions:

e M1 circuits in service - circuits shall
carry full generation indefinitely.

o Failure of one circuit - remaining cir-
cuits shall carry the installed generating
capacity minus 2,500 MW indefinitely.

o If a circuit is out for maintenance, gen-

eration can be reduced accordingly,

For 6,000-10,000 MW of generation installed, there
must be sufficient circuits to satisfy the same condi-
tions as for the completed Energy Park., Table L-1
details the installation schedule of the various trans-
mission types that would be required to meet the preceding

criteria,
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Table 4~-1

Line Installation Schedule

Total Mw of

Year of Generation Number of Lines Installed
Installation Installed 16 Lines 12 Lines 9 Lines 8 Lines(A)* 8 Lines (B)
1 1,000 2 2 1 2 1
2 2,000 3 3 2 2 2
3 3,000 5 4 3 4 3
4 4,000 6 5 4 4 4
5 5,000 8 6 5 4 4
6 6,000 10 8 6 6 6
7 7,000 12 9 7 6 7
8 8,000 13 10 8 8 8
9 9,000 15 11 9 8 8
10 10,000 16 12 9 8 8

500 kV HPOPT Cellulose = Insulated Cable

16 line system

500 kv HPOPT PPP - Insulated Cable

12 line system
9 line system ~ 765 kv HPOPT PPP ~ Insulated Cable
8 line system (A) - 500 kV Force=Cooled HPOPT PPP - Insulated Cable

500 kv AC self-Contained 0Oil-Filled Cable

8 line system (B)

* Lines are installed in pairs

(Cont'd)
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Year of
Installation

Total Mw of

[

OW OO W!mbdWwNH+

1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9,000
10,000

6 line

5 line

4 line

3 line

* Lines are installed in pairs

Generation
Installed

system

system

system

system

Table 4-1 (Cont'd)

Number of Lines T

nstalled

6 Lines* 5 Lines

765

500
500
500

500
600

500
230
230
300

OO N NNN

kv

kv
kv
kv

kv
kv

kv
kv
kv
kv

LU ud b wdoNhHHH

4 Lines

BB bW W NN

3 Lines

W wWwwwwNNNN R

Force-Cooled HPOPT PPP -Insulated System

Single-Phase SFg, GITL, Flexible System

Three-Phase SF;, GITL,
Aerial/Underground Syste

Rigid System
m

Resistive Cryogenic Cable

DC Self-Contained 0Oil-Fi

Single-Phase SFg, GITL,
Superconducting Cable
Superconducting Cable,
DC Superconducting Cable

1led cCable
Rigid System

Rigid System
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SYSTEM PLANNING

L.,3 Criteria (cont'd)

L.3.2 Transient Stability. The various transmission systems were

designed to withstand, without generator instability, a
three-phase fault at Energy Park on any circuit termination
with a primary protection system clearing time of 2.75 cycles.
An exception was made for systems with excessive short circuit
duties which required special sequential relaying. The
special relaying, which sectionalized the bus to reduce the
short circuit duties on the circuit breakers, increased the
primary protection clearing time by 0.5 cycle to 3.25 cycles,
The clearing times were based on a primary breaker clearing
time of 2.25 cycles with an additional 0.5 cycle inserted to
increase stability margins to cover system conditions - e.g.,
lighter load levels, back-up fault clearing, etc. - which
could not be considered in this study. It is anticipated
that circuit breakers of this capability would be available
by the 1990's, the time period assumed for the study. The
Transient Stability Program calculations that were performed
for two of the transmission systems showed that the system
remained stable for a three-phase fault with a single-pole
stuck breaker with primary clearing at 2,25 cycles and back-
up clearing at 7.0 cycles. These results indicated that the
additional 0.5 cycle in the primary protection system clearing

time was sufficient to maintain stability.
Power angle curves have been drawn for each cable system

to show the critical clearing time for the limiting contingency.

These curves show the electrical output versus the machine angle
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SYSTEM PLANNING

L.3 Criteria

4.3.2 Transient Stability (cont'd)

of the Fnergy Park generation for a three-phase fault at the
Fnergy Park bus, For the generators to remain stable, the
decelerating area, which follows the clearing of the fault,
must exceed the accelerating area, which occurs while the
fault is on., When the Energy Park units were found initially
unstable following a fault, sufficient series capacitors

were added to maintain stability or, if the fault was the
second contingency, two generators (2000 MW) were tripped and
series capacitors, if still necessary, were added to allow the
system to remain stable, If the two generators were tripped,
the remaining Energy Park generation was reduced by a total of
500 MW to 7500 MW to meet the circuit loading criteria. Other
stabilizing techniques, such as fast valving, dynamic braking,
etc., could possibly be used to improve stability; however, it
was decided that series capacitors would be technically and

economically more feasible to evaluate.

Generator swing curves, which plot the machine angle versus
time during and following the fault, are shown for several of
the transmission systems to indicate the effect of the fault on

the surrounding systems,
The ten 1000 MW generators at Energy Park consist of five

coal-fueled steam units and five nuclear-fueled steam units.

The generator data that was used for the transient stability
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SYSTEM PLANNING

L.3 Criteria

Lh.3.2

L.3.3

Transient Stability (cont'd)

and short circuit analyses was taken from two generators
currently in the PJM system. The model for the coal-
fueled unit was the 850 MW Keystone #1 generator, The
model for the nuclear-fueled station was the 1051 MW
Peach Bottom #2 generator. Adjustments were made in the
data to compensate for the difference between these

generators and the 1000 MW Energy Park generators.

Compensation, Reactive compensation was applied as re-

quired to the various Energy Park transmission systems in
the form of series capacitors, series reactors, and shunt
reactors, These compensation devices are detailed in

Table L-2 and were required in order to meet one or more

of the following criteria:

e Inergy Park generation would not normally
be required to operate at a leading power
factor; that is, in an unaerexcited condi-
tion.

e Cable MW capacities would not be limited
by charging current,

e Transient stability would be maintained.
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Table 4~2
Line Compensation

Radial System Network System

Series Shunt Series Shunt
Current Current

Cable System Ohms/Line  Amperes/Line MVAR/Line Ohms/Line Amperes/Line MVAR/Line
500 Kv HPOPT Cellulose-Insulated Cable 0 2160 22.0 830 2160
500 Kv HPOPT PPP-Insulated Cable o] 1968 13.75 1154 1968
765 Kv HPOPT PPP-Insulated Cable 0 3504 18.56 943 3504
500 Kv Force-Cooled HPOPT PPP-Insulated Cable 0 1968 3.45 1650 1968
765 Kv Force~Cooled HPOPT PPP-Insulated Cable 0 3504 6.39 1509 3504
500 Kv AC Self-Contained 0il-Filled Cable o] 2895 12.65 1650 2895
600 Kv DC Self-Contained Oil-Filled Cable 0 0 o] 0
500 Kv Single-~Phase SFG’ GITL, Rigid System o} 380 3.75 8660 130
500 Kv Single-Phase SFg, GITL, Flexible System 0 0 4.25 2887 0
500 Kv Three-Phase SFg, GITL, Rigid System o] o} 4.0 2887 0
500 Kv Resistive Cryogenic Cable 0 2695 -4.0 4330 2695
230 Kv Superconducting Cable -0.29 18827 0 0 o]
230 Kv Superconducting Cable, Rigid System -10.92 18827 0 -10.48 18827 0
300 Kv DC Superconducting Cable o] 0 0 0
500 Kv Aerial/Underground System =7.5 2887 0 -20.2 2887 0

Note: Positive ohmic values refer to reactors.
Negative chmic values refer to capacitors.
Current refers to first or second contingency loading.



L. SYSTEM PLANNING

L.3 Criteria

L.3.3 Compensation (cont'd)

®» The network plan for the Energy Park
transmission would not change the
normal power flow conditions in the
surrounding PJM network from those in

the radial Energy Park case,

Shunt reactors were connected at the Energy Park and
Mid-Site substations, and in some instances, at intermediate
substatiqns along the cable route to meet the first two of
the above criteria. These reactors were used to adjust the
power factor of the Energy Park generators and to prevent
cable limitations due to charging currents, The series capa-
citors were used in some systems to meet the transient
stability criteria by reducing the net impedance of the cable
system and were used in one cable system to maintain a 10,000 MW
flow on the cables in the network configuration. Currently,
there are technical problems, one being resonance, associated
with using series capacitors to compensate long transmission
lines, It is beyond the scope of this project to investigate
these problems and we assume that research efforts will resolve
these problems by the 1990's, The series reactors, which were
necessary only in the network systems, were used to maintain a
10,000 MW flow on the cable systems. It is likely that by the
1990's there will be other devices available to achieve this

control.
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L.3 Criteria (cont'd)

L.3.,4 Short Circuit Duty. Review of current research efforts revealed

that circuit breakers with interrupting capacities of 90,000 A
are feasible for the mid-1990's period. In this study, when
breaker duties for any cable system exceed this value, special
sequential relaying techniques, discussed in Chapter 5.L.2, were
used to bring the duties on individual breakers within limits.

As noted, this effectively increased total fault clearing time.
Table L-3 details the short circuit duties measured at the Energy
Park and Mid-Site buses for the various transmission system

designs.

Circult breskers are rated on the basis of symmetrical cur-
rent interrupting capability; the asymmetrical current capability
is dependent upon the breaker clearing time, which determines the
fault clearing time., With a fault clearing time of 2,25 cycles,
the asymmetrical current interrupting capability would be between
30% and LO% above the symmetrical current capability.

Short circuit impedance diagrams are shown for both the radial
and network configurations for each cable system, These diagrams
show the effective impedance of the cable system and the surrounding
transmission network from the Energy Park generators to the infinite

bus, which represents all of the generators in the system,

L.L Circuit Analysis

Specific system planning considerations which apply to the separate

types of transmission are discussed under their respective headings.
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500 kV HPOPT-C
16 Lines
8 Circuits

500 kv HPOPT-PPP
12 Lines
6 Circuits

765 kv HPOPT-PPP
9 Lines
9 Circuits

500 kv HPOPT-F/C
8 Lines
8 Circults

765 kV HPOPT-F/C
6 Lines
6 Circuits

500 kv SCOF-AC
8 Lines
8 Circuits

Fault Location

Table 4-3

Short Circuit Fault Duties

Energy Park 500
Mid-Site 500
Mid-Site 230

Energy Park 500
Mid-Site 500
Mid-site 230

Energy Park 765
Mid-site 765 kv
Mid-site 500 kv
Mid-site 230 kv

Energy Park 500
Mid-Site 500
Mid=Site 230

Energy Park 765
Mid-Site 765
Mid-site 500
Mid-Site 230

Energy Park 500
Mid-Site 500
Mid-Site 230

kv

kv

kv

kv

kv

kv

Radial System

Network System

Fault MVA Fault Current
52,500 mva 60,600 amps
52,400 60,500
40,400 101,400
52,300 mva 50,400 amps
52,300 60,400
41,900 105 300
50,000 mva 37,700 amps
42,200 31,800
38,000 43,900
40,300 101,000
50,500 mva 58,300 amps
50,400 58,200
40,000 100,400
49,300 mva 37,200 amps
48,300 36,500
37,700 43,500
40,300 101,200
53,000 mva 61,200 amps
53,000 61,200
41,000 102,900

80,200
59,400
41,100

80,400
59,500
43,200

59,100
52,700
38,600
40,600

80,200
59,300
41,500

59,300
52,900
38,700
41,000

80,200
59,300
41,500

Fault MVA_

mva

mva

mva

mva

mva

mva

Fault Current

92,600
68,600
103, 200

92,800
68,800
108,400

44,600
39,800
44,600
101,900

92,600
68,500
104,200

44,800
39,900
44,700

102,900

92,600
68,500
104,200

amps

amps

amps

amps

amps

amps
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500 kv GITL~R1
3 Lines
3 Circuits

500 kv GITL~F
5 Lines
5 Circuits

500 kv GITL~R3
5 Lines
5 Circuits

500 kv RC
4 Lines
4 Circuits

230 kv sC
3 Lines
3 Circuits

230 kv SC-R
3 Lines
3 Circuits

500 kV Aerial
5 Lines
5 Circuits

Fault Location

Energy Park 500
Mid-Site 500
Mid-Site 230

Energy Park 500
Mid-Site 500
Mid-Site 230

Enexrgy Park 500
Mid-Site 500
Mid-Site 230

Energy Park 500
Mid-site 500
Mid-site 230

Energy Park 230
Mid-site 230
Mid-site 500

Energy Park 230
Mid-Site 230
Mid-Site 500

Energy Park 500
Mid-Site 500
Mid-Site 230

kv

kv

kv

kv

Table 4-3 (Cont'd)

Radial System

Network System

Fault MVA Fault Current Fault MVA Fault Current
52,100 mva 60 200 amps 80,100 mva 92,500 amps
52,000 60,000 59,200 68,400
40,300 101,200 41,100 103,200
51,300 mva 59,200 amps 80,100 mva 92,500 amps
51,100 59,000 59,200 68,400
39,900 100,200 41,100 103,200
51,100 mva 59,000 amps 80,100 mva 92,500 amps
51,000 59,900 59,100 68,200
39,900 100,200 41,000 103,000
47,900 mva 55,300 amps 80,200 mva 92,600 amps
47,700 55,100 59,100 68,200
39,000 97,800 41,400 103,900
48,800 mva 122,500 amps 54,700 mva 137,300 amps
48,500 121,700 49,800 124,800
32,200 37,200 32,300 37,300
49,500 mva 124,300 amps 54,200 mva 136,100 amps
43,000 123,000 48,800 122,500
32,400 37,400 32,200 37,200
45,800 mva 52,900 amps 80,200 mva 92,600 amps
45,600 52,700 59,300 68,500
38,200 95,900 41,500 104,200



L.  SYSTEM PLANNING

L.y Circuit Analysis (cont'd)

L.L.1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT).

L.L.,1.1 General, The five types of HPOPT cable systems required
from six to sixteen lines to provide the capacity to
carry 10,000 MW from the Energy Park to the Mid-Site
Substation., The number of circuits required to meet the
loading criteria was determined from the ampacity calcu-
lations, which are discussed in Chapter 6., At the Mid-
Site Substation, four transformers were used to provide
power to the 230 kV network in the Philadelphia load area
and two 500 kV aerial lines supplied power to the PJM
500 kV network. In the case of the two 765 kV HPOPT
cable systems, two 765/500 kV transformers were needed to
supply the power to the 500 kV lines,

The load flow analysis showed that all five of these
cable systems required shunt reactive compensation to
allow the Energy Park generators to operate in the over-
excited range and to prevent the charging current from
limiting the MW capacities. As a result, compensation
was provided for the total line charging current in each
of the five cases., This was done by placing shunt reactors
at intermediate points on each line and at the endpoint
substations, The calculations are discussed in Chapter 6
and the amounts of compensation are shown in Table L4-2,
The shunt compensation requirements remained the same for

both the radial and network systems. However, series
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L. SYSTEM PILANNING

L. Circuit Analysis

L.4.1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT).

L.bh,1.1

General (cont'd)

compensation provided by reactors was only required
in the network system of each of the HPOPT cables,
These reactors were necessary to limit the normal
total flow to 10,000 MW, Without the reactors, the
equivalent impedance of the cables was insufficient
to prevent the network power from flowing into the

Energy Park transmission.

Power angle stability calculations for the five
HPOPT cable systems showed that the system would have
no stability problems., The large number of parallel
lines resulted in a stable system for two reasons,
First, the combined impedance of the cables resulted
in a low equivalent impedance between the generation
and the load. Second, the large number of lines
allowed one circuit to be lost without significantly
affecting the impedance between the generation and
the load.

The short circuit duties for three-phase faults at
the Energy Park and Mid-Site buses are shown in Table
L-3. The larger fault duties found for the network

system as compared to the radial system were caused by
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L. Circuit Analysis

L.h.1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT)

L.h.1.1 General (cont'd)

additional sources of generation in the PJM 500 kV
network, The short circuit impedance diagrams for
the five HPOPT systems are shown in Figures L~1
through L-5,

L.L.1.2 500 kV HPOPT Cellulose-Insulated Cables

e Compensation. This cable required eight

circuits, with two lines per circuit, to
meet the transmission loading criteria,

The shunt compensation of 2160 MVAR per

line was divided into five sections, with
one 540 MVAR reactor at each of three
intermediate stations and one 270 MVAR
reactor at each line endpoint. For series
compensation, a 22-ohm reactor was connected
in each line at the Energy Park substation.

e Transient Stability. The first contingency,

which is the loss of one circuit due to a
three-phase fault with delayed clearing, was
the most critical condition for both the
radial and network systems. Critical clearing
times of 7.2 and 11.9 cycles, for the radial
and network systems respectively, indicated
that the system would remain stable for a
three-phase fault. The power angle curve for

the radial system is shown in Figure L-6,

-3 -
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Ly, SYSTEM PLANNING

L. Circuit Analysis

L.4.1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT) (cont'd)

L.h.1.3 500 kV HPOPT PPP-Insulated Cable

e Compensation. This cable required six circuits,

with two lines per circuit, to provide the capa-
bility to carry the Energy Park generation to
the Mid-Site substation. The system also required
1968 MVAR of shunt inductive reactance on each
line to compensate for the charging current. The
reactance was placed at three intermediate stations,
consisting of L92 MVAR each, and at each of the
endpoint substations, consisting of 2L6 MVAR each,
Series compensation was required only in the net-
work system, where a 13.75 ohm reactor in each line
reduced the total cable system loading to 10,000 MW,
e Transient Stability. The first contingency was the
most critical condition for both the radial and

network systems. FPower angle calculations showed

that the system remained stable for a three-phase
fault at Energy Park. The critical clearing time
for the radial system was 6.9 cycles, and that for
‘the network system was 11.5 cycles. The power angle
curve for the first contingency in the radial system

is shown in Figure L-7.
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L.

SYSTEM PLANNING

L.L Circuit Analysis

L.,4.,1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT) (cont'd)

L.L.1.4 765 kV HPOPT PPP-Insulated Cable

Compensation, This system was designed with

nine circuits, having one line per circuit,
The shunt compensation requirements for this
system were 3504 MVAR per line, which con-
sisted of one 876 MVAR reactor at each of
three intermediate stations and one 438 MVAR
reactor at each endpoint substation. The
network system required a reactor of 18,56
ohms in series with each circuit to meet the
10,000 MW normal loading limit,

Transient Stability, This analysis showed

that the first contingency was the most
limiting for the 765 kV PPP cable system.
Critical clearing times of 6,3 cycles and

9.1 cycles, for the radial and network con-
figurations respectively, allowed the system
to remain stable., Figure L-8 shows the power

angle curve for this system,

L.h.1.5 500 kV Force-Cooled HPOPT PPP-Insulated Cable

Compensation., The forced-cooling of the
500 kV HPOPT-PPP cables increased their

rating and reduced the number of lines from
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L.  SYSTEM PLANNING

L.t Circuit Analysis

L.L.1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT)

L.L.1.5 500 kV Force-Cooled HPOPT PPP-Insulated Cable (cont'd)

twelve to eight for the 500 kV HPOPT-F/C
system, The shunt compensation requirements
were the same as those for the HPOPT-PPP
system, namely 1968 MVAR per line. Also
the distribution of the reactors remained
unchanged, The series inductive compensation,
however, was reduced from 13.75 to 3.L5 ohms
per line because the net equivalent impedance
from Energy Park to Mid-Site had increased
from the value for the self-cooled system,

e Transient Stability. The power angle calcula-

tions showed that the system remained stable
for a three-phase fault at Energy Park. The
critical clearing times were 6.3 and 11.4
cycles for the radial and network systems
respectively. They were lower than those for
the six circuit 500 kV HPOPT-PPP because of a
larger equivalent impedance between Energy
Park and Mid-Site, The power angle curve of
the first contingency for the radial system is

shown in Figure L-9.
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L.,  SYSTEM PLANNING

L.L Circuit Analysis

L.L.1 High-Pressure 0il-Filled Pipe-Type Cable (HPOPT) (cont'd)

L.Lh.1.6 765 kV Force-Cooled HPOPT PPP-Insulated Cable

e Compensation, The force cooling of the
765 kV HPOPT-PPP cable allowed the number

of circuits to be reduced from nine to

six, with one line per circuit. The shunt
compensation remained the same as that for
the 765 kV HPOPT-PPP system, namely 350k
MVAR per circuit. Also, the distribution
of the reactors remained unchanged. The
series compensation for the 765 kV F/C
system was reduced to 6.39 ohms per circuit
from the 18.56 ohms per circuit needed for
the non-force-cooled system,

e Transient Stability. The critical clearing

times were 5.8 cycles for the radial system
and 9.0 cycles for the network system, These
clearing times, which were obtained for the
first contingency, allowed the system to re-
main stable for a three-phase fault at Energy
Park, The power angle curve is shown in
Figure L-10.
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L,  SYSTEM PLANNING

L.k Circuit Analysis (cont'd)

L.L.2 500 kV AC Self-Contained 0il-Filled Cable (SCOF)

L.h.2.

L.Lh,2,2

Compensation, The 500 kV SCOF-AC system required

eight circuits, having one line per circuit, to
transmit 10,000 MW from the Energy Park to the Mid-
Site substation, The Mid-Site 500 kV substation
was identical to the one for the 500 kV HPOPT

systems, as described in Section L.L.1.

The shunt compensation requirements for this
system were 2895 MVAR per circuit. Reactors of
955 MVAR were connected at each of two intermediate
substations and reactors of L82,5 MVAR were con-
nected at the ends of each line. These values were
the same for both the radial and network systenms.
Series compensation was required for the network
system only; a 12,65 ohm reactor per line limited
the total normal flow on the eight circuits to
10,000 MW,

Transient Stability. Power angle calculations

showed that the SCOF-AC system would maintain
stability following a three-phase fault at Energy
Park., The first contingency was the most limiting
for both the radial and network systems. The
critical clearing times for the two systems were
7.3 and 11.5 cycles, respectively. The power angle

curve for the radial system is shown in Figure L-11.
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L.  SYSTEM PLANNING

L.t Circuit Analysis

L.Lh.2 500 kV AC Self-Contained 0il-Filled Cable (SCOF) (cont'd)

L.4.2.3 Short Circuit Duty. The fault currents are shown

in Table li=3 and the short circuit impedance

diagrams are shown in Figure L-12.

Lk.L.3 500 kV DC Self-Contained 0il-Filled Cable (SCOF-DC)

L.4.3.7 General. The SCOF-DC system consisted of four
bipolar DC circuits between Energy Park and Mid-
Site. The AC substations at the two sites
operated at a voltage of 230 kV; the DC transmis-
sion lines operated at a voltage of 600 kV. At
the Mid-Site 230 kV substation, in addition to
the conversion equipment, there were two 500/230
kV transformers to the PJM 500 kV system, At
Energy Park, the network system design required
a 500/230 kV transformer to the PJM network.

L.h.,3.2 Compensation. The DC system did not require any

compensation in addition to the filtering equip-~
ment supplied with the converters. The compensation
was not required because of the ability of the
conversion equipment to regulate the line flow and

the absence of line charging current,
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L. SYSTEM PLANNING

L. Circuit Analysis

L.Lh.3 600 kV DC Self-Contained 0il-Filled Cable (SCOF-DC) (cont'd)

L.h.3.3

L.bL.3.4

Transient Stability., The control capability of

the DC conversion equipment was assumed to allow
the system to remain stable for faults on the
nC cables.(S)

Short Circuit Duty. Fault duties of the SCOF-DC
system are restricted by the design characteristics
of DC converters. Faults on the DC cables would

draw limited current from the Energy Park generators

due to the fast operation (less than 0.5 cycle or
0.009 sec,) of the converters; no current would be
drawn from the Mid-Site AC substation because of the
unidirectional operation of the converters., Faults
on the AC bus at FEnergy Park would draw current only
from the generators, due to the unidirectional opera-

tion of the DC converters.

L.L.,Lk Gas-Insulated Transmission Line (GITL)

Lhob b

General, The three types of 500 kV GITL systems re-
quired from three to five circuits to meet the loading
criteria for the 710,000 MW Energy Park., The Mid-Site
500 kV substation is identical to the design for the
500 kV HPOPT systems, as described in Section L.h.1.
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L.,  SYSTEM PLANNING

L.L4 Circuit Analysis

L.h.Lh Gas-Insulated Transmission Line (GITL)

L.h.t.1 General (cont'd)

The load flow analysis of the three GITL systems
showed that only the GITL-R! system required shunt
compensation, The shunt reactors were needed to
prevent the generators from operating underexcited.
Series compensation was required for all three
designs in the network system. The compensation
requirements for the three GITL systems are shown
in Table L-2,

Transient stability calculations showed that the
systems would remain stable for a three-phase fault
at Energy Park. The three-circuit GITL-R1 was
limited by the second contingency, whereas the five-
circuit GITL-F and GITL-R3 were limited by the first

contingency.

The fault duties for the three GITL systems are
shown in Table L-3, The short circuit impedance
diagrams for the three systems are shown in Figures
k=13 through L4-15.
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L.  SYSTEM PLANNING

L. Circuit Analysis

L.k Gas-Insulated Transmission Line (GITL) (cont'd)

L.L.h,2 500 kV Single-Phase SF,, GITL, Rigid System

Compensation. The GITL-R1 system required

only three circuits to meet the loading and
reliability criteria for the 10,000 MW
Energy Park, Shunt reactors of 380 MVAR per
circuit, with 190 MVAR at each endpoint sub-
station, were required for the radial system,
based on six generators operating and three
circuits in service, With seven to ten
generators operating, the shunt compensation
caused the generators to operate in the over-
excited range; that is, with a lagging power
factor, Based on identical conditions, the
network system required only 130 MVAR per
circuit, In addition, the network system re-
quired a series reactor of 3,75 ohms per
circuit.

Transient Stability. The critical clearing

times for the radial and network systems were
6.4 and 11.1 cycles, respectively, for the
second contingency. This condition required
the clearing of two generators (2000 MW) when
the faulted circuit was cleared, for the system
to remain stable. The power anglé curve for

this cable system is shown in Figure L-16,.
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L.  SYSTEM PLANNING

L., Circuit Analysis

L.Lh.y Gas-Tnsulated Transmission Line (GITL) (cont'd)

L.h.L.3 500 kV Single-Phase SF,, GITL, Flexible System

Compensation. This system required five cir-

cuits to transmit the 10,000 MW of Energy
Park generation to the Mid-Site substation.
The GITL-F system required no shunt compensa-
tion for either the radial or network systems.
The only compensation necessary was a L.25-ohm
reactor per line to limit the total cable MW
flow in the network system,

Transient Stability. The power angle calcula-

tions resulted in critical clearing times of
6.6 cycles for the radial system and 11.5 cycles
for the network system. Figure L-17 shows the

power angle curve for the GITL-F system,

L. L. 500 kV Three-Phase SF,, GITL, Rigid System

Compensation. The GITL-R3 system used five cir-

cuits to connect the Energy Park generation to

the Mid-Site substation. As in the case of the
GITL-T design, there was no shunt compensation

required. However, a series reactor of L ohms

was necessary in each circuit of the network

system to limit the cable loadings.
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L.,  SYSTEM PLANNING

L. Circuit Analysis

L.k Gas-Insulated Transmission Line (GITL)

L.h. L.y 500 kV Three-Phase SF,, GITL, Rigid System (cont'd)

e Transient Stability. The critical clearing

times for the first contingency were 6.5
cycles for the radial system and 11.5 cycles
for the network system, The power angle
curve for the radial system is shown in

Figure L-18.

L.4L.,5 500 kV Resistive Cryogenic Cable (RC)

L.b.5.

Compensation., This system required four circuits

to transmit 10,000 MW to Mid-Site, The Mid-Site
500 kV substation was identical to the one described
in Section L.L.1, for the 500 kV HPOPT systems.

The compensation requirements, shown in Table L-2,
were 2695 MVAR per circuit for both the radial and
network systems, One 13L8 MVAR reactor was connected
to each circuit at the endpoint substations. In
addition, the network system used L ohms of series
capacitors per circuit to maintain the required
loadings by reducing the equivalent cable system

impedance,
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L.  SYSTEM PLANNING

L.Lh Circuit Analysis

L.hL.5 500 kV Resistive Cryogenic Cable (RC) (cont'd)

L.4.5.2 Transient Stability, The system remained stable

for a three-phase fault at Energy Park, Critical
‘clearing times of L.3 and 11.0 cycles, for the
radial and network systems respectively, showed
that the first contingency was the limiting condi-
tion. The power angle curve for the 500 kV RC
system is shown in Figure L-19.

The Transient Stability computer program(2) was
used to verify the power angle calculations and to
show that the system would remain stable for a
three-phase fault with delayed clearing due to a
single-pole stuck breaker. Figure L-20 shows the
generator swing curves for five generating units;
curves #1 and #2 represent the machine angle for
two units in the PJM system and curves #3, #L, and
#5 represent the machine angle for two units at
Energy Park., After the fault occurred, two phases
of the faulted circuit cleared in 2,25 cycles
(0.0375 sec.) and the third phase cleared in
7 cycles (0.1167 sec.), Curves #1 and #2 represent,
respectively, a coal-fueled steam generator in
western Pennsylvania and a nuclear-fueled steam
generator which will be operating in the Philadelphia
Electric Company system by the 1990's. Curves #3 and
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Ly,  SYSTEM PLANNING

L. Circuit Analysis

L.L4.5 500 kV Resistive Cryogenic Cable (RC)

L.h.5.2 Transient Stability (cont'd)

#li represent the high~ and low-pressure turbines
of a coal-fueled steam generator at Energy Park.
Curve #5 represents a nuclear-fueled steam

generator at Energy Park.

L.4.5.3 Short Circuit Duty. The fault duties for the RC

system are shown in Table L-3. The short circuit

impedance diagrams are shown in Figure L-21,

L.L.6 Superconducting Cable

L.h.6.1 General, The three superconducting cable systems,
of which two were AC and one was DC, had three cir-
cuits connecting Energy Park to the Mid-Site
substation, The two AC systems operated at 230 kV
and the DC system operated at 300 kV, The Mid-Site
230 kV AC substation contained two 500/230 kV
transformers to provide power to the PJM 500 kV
grid. The Energy Park substation in the AC network
systems had one 500/230 kV transfprmer to provide a

connection to the grid,
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L.

SYSTEM PLANNING

L.L, Circuit Analysis

L.LhL.,6 Superconducting Cable

L.L.6.1

L.bh.6.2

General (cont'd)

The AC systems required only series compensation,
Series capacitors were used to reduce the equivalent
cable impedance from Fnergy Park to Mid-Site to allow
the system to meet the transient stability criteria,

The DC system required no compensation.

The short circuit analysis of the two AC systems
showed that the fault currents, shown in Table L-3,
were as high as 135,000 A, for faults at Energy Park.
As noted, the use of special sequential relaying
arrangements would reduce these values to within the
interrupting capabilities of the breakers, The short
circuit impedance diagrams for the AC systems are

shown in Figures L-22 and L-23,

230 kV Superconducting Cable

e Compensation. The radial system required 0,29

ohms of series capacitors per circuit, which
was 13% of the cable impedance, to enable the
system to meet the transient stability criteria,
The capacitors were comnected to each circuit
at the Energy Park bus. Voltage calculations
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L.

SYSTEM PLANNING

L.L Circuit Analysis

L.4.6 Superconducting Cable

L.4.6.2 230 kV Superconducting Cable (cont'd)

performed in the load flow analysis showed
that the capacitors did not cause line
voltage problems, Under normal operating
conditions, the line voltage did not exceed
1.06 p,u, Volts,

o Transient Stability, Series capacitors were

needed for the radial system to remain stable
following a three-phase fault with one circuit
out for maintenance. The critical clearing
time was increased from 2,2 cycles, to 3.3
cycles by reducing the net cable impedance

with series capacitors and by clearing 2000 MW
of generation at Energy Park., As noted in
Section L4,3.2, the primary protection clearing
time was increased from 2.75 cycles to 3.25
cycles to allow for the operation of the special
sequential relaying. The network system, which
had a critical clearing time of 7.0 cycles, did
not require any compensation, Figure L-2L shows

the power angle curve for the 230 kV SC system.
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L.  SYSTEM PLANNING

L.L Circuit Analysis

L.4.6 Superconducting Cable (cont'd)

L. L.6.3 230 kV Superconducting Cable, Rigid System

e Compensation. The radial system required

10.92 ohms of series capacitors per circuit,
which was 85% of the cable impedance, to
enable the system to meet the transient
stability criteria, Voltage calculations
showed that it was necessary to distribute
the capacitors along the cables to prevent
line voltages above 1.10 p.u, Volts, under
normal operating conditions, Six intermediate
stations, each with 1.56 ohms of series
capacitors, and two endpoint stations, each
with 0,78 ohms of series capacitors, would be
necessary to prevent line voltages from

exceeding 1,10 p.u. Vblts.*

% The incremental cost of distributing the
capacitors along the cable was not included

in the cost of the system,

The network system required 10.48 ohms of series
capacitors per circuit, which is 82% of the
cable impedance, to enable the system to meet the

transient stability and network-system loading
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i,  SYSTEM PLANNING

L. Circuit Analysis

L.L.6 Superconducting Cable

L.h.,6.3 230 kV Superconducting Cable, Rigid System (cont'd)

criteria, The series capacitors in the net-
work system would also have to be distributed
along the cables to prevent the line voltages
from exceeding 1.10 p.u. Volts. Six inter-
mediate stations, each with 1.50 ohms of series
capacitors, and two endpoint stations, each with

0.75 ohms of series capacitors would be required.*

* The incremental cost of distributing the
capacitors along the cable was not included

in the cost of the system,

e Transient Stability. Series capacitors were

needed for the radial system to remain stable
following a three-phase fault with one circuit
out for maintenance., The critical clearing
time of 3.3 cycles was achieved by the same
procedure as described for the 230 kV SC system,
The critical clearing time for the network
system was 6.8 cycles., Figure L-25 shows the
power angle curve for tha 230 kV SC-R system,
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SYSTEM PLANNING

L. Circuit Analysis

L.4.6 Superconducting Cable

L.h.6.3 230 kV Superconducting Cable, Rigid System (cont'd)

e General, The ERDA/EPRI contractor originally

proposed using a superconducting cable that
would have an operating voltage of 138 kV. At
this voltage, the percent of series compensa-
tion would be larger than the 85% value for the
230 kV system, to achieve the same critical
clearing time, In addition, the lower operating
voltage would cause the fault duties to exceed
the 135,000 A value which was calculated for
the 230 kV system, An increase in the fault
duties could cause an increase in the time re-
quired to clear the fault., Therefore, it was
decided that 230 kV would be more suitable for
this system than 138 kV.

L u,6.4 300 kV DC Superconducting Cable

e General, This system consisted of three mono-

polar DC circuits from Energy Park to Mid-Site.
The generation voltage at Energy Park was con-
verted to 300 kV DC; at Mid-Site, the 300 kV DC
was converted to 230 kV AC, In addition to the
conversion equipment at Mid-Site, two 500/230 kV

transformers were needed for the connection to

the PJM 500 kV grid. In the network system, the
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SYSTEM PLANNING

L.t Circuit Analysis

L.1.6 Superconducting Cable

L6, 300 kV DC Superconducting Cable (cont'd)

Energy Park substation contained a 300 kV DC/
500 kV AC converter to provide a connection
to the PJM grid,

Compensation., The DC system did not require

any compensation in addition to the filtering
equipment supplied with the converters (refer
to Section L.L.3.2).

Transient Stability. The control capability

of the DC conversion equipment was assumed to
allow the system to remain stable for faults
on the DC cables.(S)

Short Circuit Duty., Fault duties of the SC-DC

system were restricted by the design character-

istics of the DC converters (refer to Section*

L.L.3.k).

L.4.7 500 kV Aerial/Underground System

L..7.

Compensation,

The aerial system consisted of 96.5 km

(60 mi,) of five aerial circuits, from Energy Park to

the Philadelphis suburbs, and 9.7 km (6 mi,) of five
circuit GITL-R3 cables, from the Philadelphia suburbs

to the Mid-Site substation.

The Mid-Site 500 kV sub-

station was identical to the one for the HPOPT 500 kV

systems, as described in Section L.l.1.
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L. SYSTEM PLANNING

L.y Circuit Analysis

L.L.7 500 kV Aerial/Underground System

L.L.7.1

L.h.7.2

Compensation (cont'd)

The radial system required 7.5 ohms of series
capacitors per circuit, which was 22% of the cir-
cuit impedance, to enable the system to meet the
transient stability criteria., The series capa-
citors, which were connected to each circuit at
the Energy Park substation, did not cause line
voltages above 1,10 p.u. Volts under normal operating

conditions.

The network system required 20,2 ohms of series
capacitors per circuit, which is 60% of the circuit
impedance, to meet the transient stability and net-
work system loading criteria. As in the radial
system, the series capacitors were comnnected to each

circuit at the Energy Park substation.

Transient Stability. Both the radial and network

systems required series capacitors to remain stable

following a three-phase fault, The critical clearing
times for the two configurations were 2.8 and 11.5
cycles, respectively. The powsr angle curve for the

radial system is shown in Figure L4-26.
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L.h Circuit Analysis

L.L.7 500 kV Aerial/Underground System

L.b.7.2

L., 7.3

Transient Stability (cont'd)

(2)

The Transient Stability computer program was
used to make a more detailed analysis of the radial
configuration. Figure L-27 shows that the system
remained stable for a three-phase fault with delayed
clearing due to a single~pole stuck breaker. The
generators that are represented in Figure L-27 are

the same as those described in Section L4.L.5.2.

Short Circuit Duty. The fault duties are shown in
Table L-3., Figure Li-28 shows the short circuit

impedance diagrams.
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5.

SUBSTATIONS AND COMPENSATION

5.1

General Description

Energy Park and Mid-Site Substations are the terminal substations
for each of the transmission systems being studied. These systems
differ from one another with respect to voltage, number of lines,
ampacity, fault currents, etc. Therefore, the substations vary and
their cost must be included since they are an integral part of each
system, Substation costs contain all the necessary facilities to nor-
malize each system so that cost comparisons between systems can be made.
These costs do not include any connections for network operation, but

do include compensation costs for network operation.

5.1.1 Energy Park Substation, The source substation, Energy Park,

is the focal point for the output of ten 1000 MW generation
units, Fach unit is represented by a step-up generator
transformer or equivalent on the single line diagrams (Fig.
5-1 through 5-16). This transformer is located at Energy
Park Substation in this study. The cost of any other con-
sideration applies equally to all systems,

5.17.2 Mid-Site Substation. The remote substation, Mid-Site, at

the load terminal of the transmission corridor, distributes
6500 MW into the Philadelphia Electric Company system at
230 kV and 3500 MW into the PJM Interconnection at 500 kV.

5.1.3 Compensation Stations. Several cable systems require shunt

inductive compensation to be distributed along the length of
the transmission corridor. In each of these systems, there
are Compensation Station locations where the cable is terminated

to permit the installation of shunt reactors.
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5.

SUBSTATIONS AND COMPENSATION (cont'd)

5.2 Design Considerations

Since this study is intended to investigate several schemes to
move a large amount of power through a transmission corridor, the
primary emphasis is not to develop new concepts in substation tech-
nology. Existing concepts have been extrapolated to reasonable
limits, for instance, in the areas of ampacity and fault currents.
Large load currents can be carried by multiconductors and multipoles
per phase; complicated control schemes can reduce large problems to

reasonable gnes with the use of microprocessors.

5.2.1 Substation Arrangement. The terminal substations employ

a breaker and one-half switching scheme. This provides
the reliability and switching versatility necessary to
maintain load flow for normal and abnormal operating
conditions, Bus sectionalizing breakers are provided
because of the large quantity of power involved, These
breakers reduce the size of the substation area and line
elements affected by a breaker malfunction or bus fault.

5.2.2 Bus Construction, All buses are open construction and

elevated above grade, The buses are constructed for

basic insulation level and maximum fault currents as

follows:
System Voltage BIL Fault Current
765 kV 2050 kV 62 kA
500 kV 1550 kV 93 kA
230 kV 1050 kV 135 kA



5.

SUBSTATIONS AND COMPENSATION

5.2 Design Considerations

5.2.2

5.2.3

5.2.4

Bus Construction (cont'd)

While open-bus construction is used for this study,
it does not preclude using gas-insulated bus and equip-
ment, In comparing open consbtruction with gas-insulated
equipment, differences in cost will vary with substation

voltage and substation location,

Transformer and compensation equipmentsghave reduced

BIL and are protected with surge arresters,

Direct Current Technology. Two of the systems studied

are direct current cable systems. While the use of dc
buses and switching equipment looks very attractive,

the equipment and devices to operate a dc power system
are not highly developed, For instance, the high current
magnitudes involved are considerably beyond today's state-
of-the-art dc circuit breaker. Nonetheless, it has been
assumed that the technology to build and operate a direct
current switching substation will advance and will be

practical.

Single Line Diagrams, Substation single line diagrams for

each transmission system are shown in Figures 5-1 through
5-15, with the single exception of the 345 kV Resistive
Cryogenic Cable system, These are simplified diagrams and

do not show all primary equipment. All breakers are
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5.

SUBSTATTIONS AND COMPENSATION

5.2

5.3

Design Considerations

5.2.Lk Single Line Diagrams (cont'd)

indicated, but only those disconnecting switches essential
to switching paired lines are shown. Devices for system
protection, instrumentation, safety grounding, etc., are
not included on these diagrams, Figure 5-16 is a legend to

identify the primary equipment shown.

Ampacity

Concentrating 10,000 MW of capacity in a single location pro-
duces current magnitudes greater than that to which we are normally
accustomed, The worst conditions occur for the superconducting
cable systems where there are only three lines and the system voltage
is 230 kV ac or 300 kV dec. Emergency line currents are 25,000 A on
the 300 kV dc system, and 18,827 A on the 230 kV ac system,

Multitubular conductors are required extensively for substation
conductors, Spacers and head clamps to support and hold some of
these conductors, while not standard products, can be designed and

fabricated to fulfill the needs,

AC circuit breakers and disconnecting switches for the large
currents can be built up from modular elements into ganged, multipole-
per-phase devices, This approach makes high current devices con-

ceivable and provides a reasonable basis for cost estimating.
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5.

SUBSTATIONS AND COMPENSATION

5.3

5.

Ampacity (cont'd)

The substation configurations are arranged to limit normal
loading in a supply or line section to 2000 MW, where practical.
Some of the systems cannot be handled within this limitation, so
exceptions are made for three- and four-line systems. Sources
are matched with loads in individual elements to keep loading in

conductor segments to a minimum,

Fault Currents

Maximum fault currents for the three ac voltage classifica-
tions are listed in Section 5.2.2, Buses and equipment that can
sustain the mechanical forces associated with these high fault
currents are not as much concern as is a circuit breaker with a
capability to interrupt the fault currents. Unfortunately, breaker
poles cannot be paralleled to increase interrupting capability as
can be done with ampacity. Current limiting devices (CLD's) are

not being used because the problem has been dealt with.

54,1 765 kV and 500 kV, Today, 63 kA interruption is a reality
at 765 kV and 500 kV, Such existing breaker designs have

current ratings generally smaller than what is required in

this study. It has been assumed that the necessary inter-
ruption capabilities will be developed along with increased

ampacity.
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SUBSTATIONS AND COMPENSATTION

5.y PFault Currents (cont'd)

5.5

5.4.,2 230 XV, A breaker that can interrupt 135 kA is viewed with
less optimism, At 230 kV, 80 k%A interruption is available
now, If the substations are separated into halves under
fault conditions, then the maximum fault current to be
interrupted is approximately 80 kA, Interruption of faults
for both 230 kV superconducting systems is based on
sequentially tripping selected breakers to separate the
system, then followed by breaker trippings to isolate the
fault,

Sequential breaker operation adds one half-cycle to
fault clearing time, This is sufficiently fast to maintain

system stability.

Cost Estimates

Substation cost estimates are shown for each transmission system
and are listed in Tables 5-1 through 5-15, Each substation estimate
is broken down into major cost categories, The basic cost does not
include any compensation; compensation costs are itemized in the tables

separately since they can vary with radial or network system operation.

5.5.1 Iine Terminations. Cable terminal facilities require special

treatment since cable systems have specialized terminal equip-
ment unique to the cable. The line terminations are considered
to be a part of the line, and the costs are included with the
cable, not with the substation. In the same manner, the aerial
to underground transition in the 500 kV Aerial/Underground

System is not included in the substation costs.
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SUBSTATIONS AND COMPENSATION

5.5 Cost Estimates (cont'd)

5.6

5.5.2

5.5.3

Paired Lines., On the two systems with the largest number of

lines, the lines are paired and each pair operates as a
single circuit. System requirements can still be met with
this arrangement. The saving in substation cost is obvious.
Switching facilities permit line segments to be isolated and

proper line compensation to be maintained.

Contingency. A 10% overall contingency is used generally.
This is applied to cover unanticipated rises in the cost of
materials and services, and to cover small items which are

too minute to detail,

Line Compensation

Varying amounts of inductive and/or capacitive compensation are

required for the different cable systems (Table L-2). In some cases

compensation is distributed along the lines, in others it is concen-

trated at the extremities.

5.6.1

Reactors., Both shunt and series reactors are utilized to
provide line compensation, In six of the eight systems
requiring shunt reactors, the reactors are distributed
among the terminal substations and compensation stations.
A constant cost per KVAR cannot be applied to determine
shunt reactor compensation costs because of the wide range
in sizes and the varied ways that reactors are dispersed

for the different systems.
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5.

SUBSTATIONS AND COMPENSATION

5.6 Line Compensation

5.6.1

5.6.2

Reactors (cont'd)

Where series reactors are specified, it is assumed they
are installed at the Energy Park terminal. There are nine
systems requiring series reactors, Of these, six have com-
pensation stations and the reactance could be broken into
smaller quantities and distributed without significant

additional cost.

For the remaining three that do not have compensation
stations, the cost penalty to spread the reactance would be

an appreciable addition to the compensation cost.

Capacitors., Series capacitors are specified on four systems.
Here again, they are assumed to be installed at Energy Park.
Distributing the capacitance along the lines would increase
capacitor costs because none of the four systems has existing

compensation stations.

Very large currents are involved in the 230 kV supercon-
ducting systems., Assembling modules in series and parallel
combinations to carry the current and give the required
compensation results in monstrous capacitor installations.
The largest is the 230 kV superconducting rigid case with
three lines, where each phase has 10,92 ohms of capacitance
and carries 18,827 Amperes. This capacitor installation,
complete with by-pass switching facilities, occuples approxi-
mately 16.2 ha.(LO acres).
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5.

SUBSTATIONS AND COMPENSATION

5.7 Direct Current Systems

A different substation configuration is being used for each of

the dc systems, The 300 kV dc system is monopolar, and dc switching

facilities, including dc circuit breakers, are used at each terminal

(Figure 5-1L).

The 600 kV dc system is bipolar, It uses the conventional arrange-

ment with conversion equipment and transmission line operating as a unit

(Figure 5-7). No dc breakers are used.

5.7.1

5.7.2

300 kV DC, Extrapolating today's state~of-the-art dc breakers

to the very high carry and interrupt currents required for

this system is an optimistic point of view. Assuming the tech-
nology will exist, the dec switching substation is more economical
than alternate schemes employing ac switching substations,
increased conversion capacity, and/or an additional transmission

line.

The rectifiers and generators are operated as a unit, This
provides for maintenance periods coincident with the nuclear
generation units. Extra inverter capacity is necessary at Mid-
Site to maintain the required contingency capacity. The inverters
at Mid-Site are rated 2000 MW per terminal,

600 kV DC, This system is a bipolar system, iﬁOO kV dc, which
operates similarly to several present-day installations, A con-
version capacity greater than the nominal 10,000 MW is required
to supply load during first contingency fault conditions, Both
the Energy Park and Mid-Site conversion terminals are rated
2857 MW per terminal,
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SUBSTATIONS AND COMPENSATION

5.7 Direct Current Systems (cont'd)

5.7.3 Electrostatic and Magnetic Field Effects. No attempt has

been made to evaluate and estimate the cost to compensate

for the physiological and psychological effects of the
static and magnetic fields resulting from the high dc cur-
rents in the substation conductors., Valve halls and other
conversion equipment are shielded in accordance with

present-day practice,

5.8 Communications

The transfer and exchange of intelligence between terminals,
compensation stations, etc., is an important factor in the operation
of this high-capacity transmission corridor. Automatic protective
relaying schemes, supervisory control of equipment, telemetering,
etc., must have a secure and reliable communication link, For these
functions, two independent links are provided. A microwave system

is the primary link; a private cable system is the back-up link.

The microwave link consists of terminals at Energy Park and
Mid-Site Substations with three repeater stations between them.
Repeater stations can be located at any strategic place; however,
repeaters were placed at the Compensation Stations in those plans
that have compensation stations because of the necessity to include

them in the exchange of intelligence.

A private telephone cable system is the independent back-up
link. The cable is buried in the transmission right-of-way. These
two systems complement each other because they are not subject to

the same types of failures,
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A L > T2 f 2 ]
D ) ) ) D )
> l ) ) ) > ) l !
INTER= i i ha INTER- Cet.8
CONNECTION ~ CONNECTION
LINE 14 LINE 18
LINE 1A LINE 18 r A A 1
= * ¥* = ‘EE% é;l
\ \
i ~ |
L [ | % % |
SUBSTATION TERMINATION DETAIL é LAY 1A un?u 1
*WHERE APPLICABLE COMPENSATION STATION DETAIL
FIGURE 5-1

SINGLE LINE DIAGRAM

500 KV HPOPT CELLULOSE-INSULATED CABLE

8 CIRCUITS - 16 LINES
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ENERGY PARK 500 KV SUBSTATION

/,—--— — — SEE SUBSTATION TERMINATION DETAIL
s <
[ Cet.1 ) Cet.2 Cct.3 Cct. 4 Cct.§ Cct.6
»trp f g T T o g
)] D) D D D
D ) D ) D D
oo [ JIo e oo o oo | o do
GEN. TRANS.] GEN, TRANS. | GEN, TRANS. ~ GEN. TRANS. | GEN. TRANS.
MID-SITE 500 KV SUBSTATION
== — —.SEE SUBSE&I!ON TERMINATION DETAIL
,’cc_:.’?'\ Cet.2 Cct.3 Cct.d tct.5 tct.6
pINE A ~"> p T’ D 4[\ ) ? D ‘f
D ) ) D ) )
)1 D ) ) D D l
hand e hand e INTER-
INTER~ CONNECTION
CONNECTION ~
LINE 1A LINE 18
LINE 1A LINE 18 I A Fa 1
i * * i 1% €L
\ \
1 % % 3 N N
L] ] / / |
SUBSTATION TERMINATION DETAIL é un?u uuy'u 1
CwnERE APPLICABLE COMPENSATION STATION DETAIL
FIGURE 5-2

SINGLE LINE DIAGRAM

500 KV HPOPT PPP-INSULATED CABLE
6 CIRCUITS — 12 LINES
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ENERGY PARK 765 KV SUBSTATION

SINGLE LINE DIAGRAM

765 KV HPOPT PPP-INSULATED CABLE
9 LINES

- 106 -

//—— — — SEE SUBSTATION TERMINATION DETAIL
s —X i A
{ Cet.1) Cet.2 Lct.d Cot.4 Cct.5 Cct.§ cet.7
\ 4/
> F T 0 T p i > §d T o ‘|’
D) ) D, D D D)

D) P, D ) ) ) D) L
ces | oo oo | Lo o [o oddo | ol cet.g
GEN. TRANS.|GEN. TRANS.| GEN. TRANS. GEN. TRANS. | GEN. TRANS.
MID-SITE 765 KV SUBSTATION

— —-.SEE SUBSTATION TERMINATION DETAIL
PEN A
{ Gty fetl.2 Cct.3 Cct.4 Cet.5 Cct.8 Cct.l
/ A
D >\$/>’f‘>?> )j\ﬁf)f
> h ) ) Y 5 h
> e ) l > | JU >l | l )
Vv AL o o
INTER= InTER
connection | CCt.8 ~ Cet.g CONNECT1 0N
Ja
! g*
- v
SUBSTATION TERWINATION DETAIL
%WHERE APPLICABLE COMPENSATION STATION DETAIL
FIGURE 53



ENERGY PARK 500 KV SUBSTATION

/,—--— — — SEE SUBSTATION TERMINATION DETAIL
s =< A
[ Cet.1) Cet.2 Cct.3 Cot. 4 Cet.5 Cet. 5 Cet.?
>\?>T>T>‘T >T>T>T
P ) P, D)
> IR T ) ) ) > |
oo oo | Lo do [Wlo de Lodo | oo o Cot.8
GEN. TRANS.|GEN . TRANS.| GEN. TRANS. .~ GEN. TRANS. | GEN. TRANS.
MID-SITE 500 KV SUBSTATION
r - —-SEE SUBSIAJION TERMINATION OETAIL
Cet. /c’:t,\z\’ Cct.3 Cct.4 Cct.5 Cct.6 Cet.?
)ff-)x\f/)f >f>A>A>?
P, ) ) ) D ) )
)l ) ) > | > > 4
ey Al v (oY o e cet.8
CONNECT 1 ON ~ CONNECT I ON
A
A =
i ﬁi g:*
' v
SUBSTATION TERWINATION DETAIL
X WHERE APPLICABLE COMPENSATION STATION DETAIL
FIGURE 5-4

SINGLE LINE DIAGRAM

500 KV FORCE-COOLED HPOPT PPP-INSULATED CABLE
8 LINES
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ENERGY PARK 765 KV SUBSTATION

¢« — — SEE SUBSTATION TERINATION DETAIL
oy &
Cet.1 \/Cct.Z\ Cet.3 Ct. 4 Cet.5 Cet.6

> T3 o T REERE I
D) D D) D) D
D) ) D) D) D) D)
oo | ulo e [ Jlodle Jodo | IO
GEN. TRANS.| GEN. TRANS.| GEN . TRANS. ~ GEN. TRANS. | GEN. TRANS.

MID-SITE 765 KV SUBSTATION

< —-SEE SUBSTATION TERMINATION DETAIL
~

Cot,§ Cct.?2 ‘\70;.3\) Cct.d Cct.5 Cct.6
D) j\ ) f DAN jf/ - D ~’r ) f D j*
D) ) D) ) p) D)

D \J;J ) \*LJ ) \J*, ) \:L, ) ;J*, D :J:,

INTER-

CUNNE,CNON . é:;:}égnon

A

SUBSTATION TERMINATION DETAIL

v

%WHERE APPLICABLE COMPENSATION STATION DETAIL

FIGURE 5-5
SINGLE LINE DIAGRAM

765 KV FORCE-COOLED HPOPT PPP-INSULATED CABLE
6 LINES
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ENERGY PARK 500 KV SUBSTATION

<~ — SEE SUBSTATION TERMINATION DETAIL
N\

Cet.1 Cct.2 ct 3 \ Cot.4 Cct.5 Cct.5 Cet.7
)T)T)\%’)‘f‘ >T‘>T>j’
D D D)
D ) D ) ) D D I
oo | Lo o [o e oo | oo o Cot.
GEN. TRANS. | BEN. TRANS.] GEN. TRANS. ~ GEN. TRANS. | GEN. TRANS.
MID-SITE 500 KV SUBSTATION
,- -~ —.SEE SUBS];&TIUN TERMINATION OETAIL
Cet. 1 / Cct 2 Cct.d Cot.d Cct.5 Cct.§ Cet.?
3?3\1\/3? )?)?)T)j‘
D ) ) D ) D
D J/ D) ) D) ) D D ]7
INTER= | e haa b Rl INTER= Cct.8
CONNECTION ~ CONNECTION
N
SUBSTATION TERMINATION DETAIL é v
*WHERE APPLICABLE. COMPENSATION STATION DETAIL
FIGURE 5-6

SINGLE LINE DIAGRAM

500 KV AC SELF-CONTAINED OIL-FILLED CABLE
8 LINES
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ENERGY PARK 600 KV DC/230 KV AC SUBSTATION

Cctan Cet.2 Lct.3 Cet.d
g ran o i
i LAl Ty bl
P . | L_.__.l L i
a GEN. TRANS.
D) ) ) D, D)
D ) D D D)
) ) ) D D
o N oo o oo o oo oo
GEN. TRANS. GEN . TRANS. GEN. TRANS. = GEN. TRANS. GEN. TRANS.
MID-SITE 600 KV DC/230 KV AC SUBSTATION
fctas gct.2 Cct.d Cct.4
& rn gy
it b ot BRI e ol
INTER=-
CONNECT 1 ON
) D) D) p) y A
Y D) ) D) b
) ) ‘ ) l D l p
\V \/
INTER-
CONNECT 10N ~
FIGURE 5-7

SINGLE LINE DIAGRAM

600 KV DC SELF-CONTAINED OIL-FILLED CABLE

4 LINES
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ENERGY PARK 500 KV SUBSTATION

< — SEE SUBSTATION TERMINATION DETAIL

¥ TN A
{ Ceto1) fct.2 Cct.3
p > f’ p j‘ ) j‘ p
D) D D
) ) D) D D)
oo oo o oo ol oo oo Lo o
GEN. TRANS. GEN . TRANS. | GEN . TRANS. ~ BEN. TRANS. GEN. TRANS.

MID-SITE 500 KV SUBSTATION

‘._._.SEE SUBSTATION TERMINATION DETAIL
™\

INTER- —_ INTER~

CONNECTION / Cet. 1y cct. 2 Cct.3 CONNECTION
AT P | |
) D) D) D)
) D) D) ) P,
v Al wlu wlas
7\

SUBSTATION TERMINATION DETAIL

*WHERE APPLICABLE

FIGURE 5-8
SINGLE LINE DIAGRAM

500 KV SINGLE-PHASE SFg, GITL, RIGID SYSTEM
3 LINES
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ENERGY PARK 500 KV SUBSTATION

Cet.l Cet.2 Cet.d A Cct.4 Cct.5
*
p g ) g* p é* ) g* ) é*
D ) ) D D)
D D D, ) D
oo [ulode (ol Lo o oo o
GEN. TRANS. GEN . TRANS. GEN. TRANS. o~ GEN. TRANS, GEN . TRANS.

¥ WHERE APPLICABLE

MID-SITE 500 KV SUBSTATION

Cet. 1 Cet.2 Cet.3 Cet.d Cct.§ conEer 10
D) T’ ) ? )y ¢ > ¢ D ? D) j‘
D) ) )) ) ) |
D) l D) D) D) ) D)

INTER- b han by i
CONNECT iGN ~

FIGURE 5-9

SINGLE LINE DIAGRAM

500 KV SINGLE-PHASE SFg, GITL, FLEXIBLE SYSTEM
5 LINES
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ENERGY PARK 500 KV SUBSTATION

Cet. 1 Cet.?2 Cct.3 A fct.d tct.§
p g* ) g* ) g* ) ?* p ?*
D D D D D
D | D ) ) p)
L WL o L o
GEN . TRANS. GEN ., TRANS. GEN. TRANS. ~ GEN. TRANS. GEN. TRANS.

*WHERE APPLICABLE

MID-SITE 500 KV SUBSTATION

7N\

INTER-

Cet. 1 Cet.? Cet.3 Cot. 4 Cet.S CONNECT!ON
D f > o7 > ¢ 2 P ]‘
D) D) D) ) D)

D) l D) D) ) D, )
TER WA WAAY VAN WAAY
CONNECTION S

FIGURE 5-10

SINGLE LINE DIAGRAM

500 KV THREE-PHASE SFg, GITL, RIGID SYSTEM
5 LINES
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ENERGY PARK 500 KV SUBSTATION

— — SEE SUBSTATION TERMINATION DETAIL

\ ~\
')c:.\x\ Cet.2 Cct.3 Cct.4
p )\T/’ ) j‘ ) j‘ p T
D) D D D
D D D ) D
JJod [Jodl [Jodl oo JZ%L
GEN. TRANS. GEN . TRANS. GEN . TRANS. ~ GEN. TRANS. GEN. TRANS.
MID-SITE 500 KV SUBSTATION
— — —-SEE SUBSTATION TERMINATION DETAIL

INTER= yr = INTER-
CONNECTION | [ Cetot Cet.2 Cct.3 Cet.d CONNECT I ON

JE UK I S S NI

W/
A\
A\
W/

SUBSTATION TERMWINATION DETAIL
% WHERE APPLICABLE

FIGURE 5-11
SINGLE LINE DIAGRAM

500 KV RESISTIVE CRYOGENIC CABLE
4 LINES
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ENERGY PARK 230 KV SUBSTATION

') ~\
GEN. TRANS. Lot ! Cct.2 gct.3 GEN . TRANS.
) ) iT* )iT* )ij\* y T
D, ) p) )
) ) ) ) )
ulo Julo o ol o ulu ol olo
GEN. TRANS. BEN . TRANS, ~ GEN. TRANS. GEN. TRANS.
* WHERE APPLICABLE
MID-SITE 230 KV SUBSTATION
7\ I
INTER= INTER-
CONNECTION Cect. ) ct.2 Cct.3 CONNECTION
YA H $o0 ¢ > 4 > A
) ) ) )
N
FIGURE 5-12

SINGLE LINE DIAGRAM

230 KV SUPERCONDUCTING CABLE
3 LINES
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ENERGY PARK 230 KV SUBSTATION

') ~
GEN. TRANS. Cot. 1 tet.2 ct.3 GEN . TRANS.
lana ) Y
D) D : D) D)
) D D) J
D) D) D) D) )
oo oo o ulo s o o b
GEN. TRANS. GEN. TRANS. GEN. TRANS. GEN. TRANS.
MID-SITE 230 KV SUBSTATION
') e
INTER= INTER-
CONNECTION Cet. 1 Cet.2 Cet.d CONNE&T!DN
A ot 8 > 4 >
) ) ) )
I bl b ]
)
FIGURE 5-13

SINGLE LINE DIAGRAM

230 KV SUPERCONDUCTING CABLE, RIGID SYSTEM

3 LINES
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ENERGY PARK 300 KV DC SUBSTATION

Cct. ! Cct.2 gct.3

D) D) l D, l ) |
J ) )

;_-’ ) l ) ) p)

N ) [ ~ [
(EHIRIVETRNENE (RUE] R E]
Ao it et st J vt s o st gt st S ot s st s R it syt vt el

GENERATOR GENERATOR GENERATOR GENERATO GENERATOR

MID-SITE SUBSTATION
~\
Cet. 1 Cet.2 ch§3
> > 0 i > ) )
D) 300KV DC )
D l ) l ) ) D,
N m N i
r?. r %‘1 r%‘q r%‘“. 1 "
1 1 | | i 1 1 i | |
L4 | B i I B -4 LCJ-4 L-d
~\ .
J

D) ) [ D, [ J [ D, ( D

) D 230KV AC D ) )

> LD ) ) p
ol Lol pw
INTER- INTER=-
CONNECTION m CONNECTION

FIGURE 5-14

SINGLE LINE DIAGRAM

300 KV DC SUPERCONDUCTING CABLE

3 LINES
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ENERGY PARK 500 KV SUBSTATION

fct. 1 gct.2 fct.3 Cot.4 Cet.§
;2 b e A D
- T " T T T T
D p) D D) D)
D) D, ) ) D
GEN. TRANS. GEN. TRANS. GEN . TRANS. ~ GEN. TRANS. GEN. TRANS.
MID-SITE 500 KV SUBSTATION
')
Ccta Cct.2 Cct.3 Cet.d Cct.5 é:;::ETlON
D ff ) f p ? > D f D) T
D, D) D) D, D,
) \L b) 5 D) D) ) L D
NTER oA VALY AdAY
CONNECTION ~
FIGURE 5-15

SINGLE LINE DIAGRAM

500 KV AERIAL/UNDERGROUND SYSTEM
5 LINES
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SERIES REACTOR

SERIES CAPACITOR

H D -

CIRCUIT BREAKER

AL POWER TRANSFORMER
N

- DISCONNECTING SWITCH

TERMINATION

ELECTRICAL CONDUCTOR

AERIAL LINE TERMINAL

%TL SHUNT REACTOR

: { RECTIFIER EQUIPMENT, INCL.CONVERTER TRANSF.
et AC & DC FILTERS, ARRESTERS, ETC.

~=t
: | INVERTER EQUIPMENT, INCL. CONVERTER TRANSF.
! J AC & DC FILTERS, ARRESTERS, ETC.

FIGURE 5-16
LEGEND OF SYMBOLS USED ON: SINGLE LINE DIAGRAMS

- 119 -
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Substation
Real Estate

Property Improvements

Bus

Circuit Breakers
Disconnect Switches
Transformers
Miscellaneous

Engincering

Maintenance {Capitalized)
Total

Energy Park

Mid-Site

3 Compensation Stations
Total

Energy Park

Notes: 1.

Tuble 5-1

Substation and Compensation Costis
500 kV IIPOPT Cellulose - Insulated Cable
8 Circults - 16 Lines

) Energy Park’ Mid-Site
Haterial Labor “Total Material Labor Total ~
S _K$ K$ _ k¢ k¢  _ K
270 - 270 2,315 - 2,315
800 1,205 2,005 690 1,035 1,725
2,065 1,160 3,225 1,720 850 2,570
17,670 1,330 19,000 18,h15 1,385 19,800
3,225 805 4,030 3,195 785 3,980
ko, 720 2,150 k2,870 22,800 1,200 2k,000
2,955 1,470 4, k25 2,580 1,810 4,390
- 2,220 2,260 - 1,605 1,605
o 1,739 1,832 112 2,113 2,225
67,798 12,079 79,877 51,827 10,843 62,670
Shunt Induclive Coipensation

4wRadial System Network System .

Material Labor Total Material Labor Totul
S _k$ _K$ __k$§ _K$ _k$ _
27,287 4,885 32,172 27,287 4,885 32,172
27, k2 4,870 32,312 27,2 k,870 32,312
173,212 33,580 210,792 175,212 , 580 210,792

229,941 45,335 275,276 229,910 5335 275,27

Series Inductive Compensation

Network System

Material Labor
K$ __ _K$_
16,135 3,045

Total

_k$
19,180

2. A1l series compensetion is ascuwed at the Energy Park vterminal.

System Totel

___Total o
Radial Nelwork
Sysicm System
0. S <
2,57 12, AT
275,276 275,276

- 19,180
u7,023 437,003

The costs of communication equipment which is external to the terminal substations (such as supervisory
master conirol, microwiave reley stutions, ete.) are &pportioned equally between Fnergy Iark and Mld-Site.



gl =

Substation

Real Estate

Property Improvements
Bus

Circuit Breakers
Disconnect Switches
Treansfoneers
Miscellaneous
Engineering
Maintenance (Capitalized)
Total

Energy Fark

Mid-Site

3 Compensation Stations
Total

Energy Park

Notes: 1.

Table 5-2

Substation and Compensation Coste
500 kV HPOPT PPP - Insulated Cable

6 Circuits - 12 Lines

Energy Park o Mid-Site

Materisl  Tavor  Total Material Lebor Total

k¢ k¢ K$ k$ k$ k$
2ko - ako 1,955 - 1,955
725 1,090 1,815 605 910 1,515
1,540 865 2,h05 1,355 670 2,025
15,250 1,150 16,h00 16,000 1,200 17,200
2,690 670 3, 360 2,690 670 3,360
ko, 720 2,1% 42,870 22,800 1,200 24,000
2,495 1,660 h,155 2,h75 1,645 h,120
- 2,215 2,215 - 1,635 Lég

136 2, 22792 o103 _1,951 2,0
63,196 - 12,369 76,165 57,983 S sriedn

Shunt_Inductive Compensation

o Radial System Network System R

Material Labor Total Material Labor fotal
N ST S {1 K$ _K$ K$
19,721 3,618 23,339 19,721 3,618 23,339
19,842 3,611 23,k53 19,842 3,611 23,453
127,188 3}&27 154,245 127,188 27,097 154,245
166,751 34,286 201,037 166, 751 34,286 201,037

Series Inductive Compensation

Network System

Material Labor Total
__K$ K$ K$
13,475 2,525 16,000

System Totel

Total
Ragdial Network
Systen System
K$ k$
13%,029 134,029
201,037 201,037
- 16,000
335,066 351,066

The costs of communication equipmént which is external to the terminal substations (such as supervisory

mester conirol, microwave relay étations, etc.) are apportioned equally between Eucrgy [‘ark and Mlid-Site.

2. All series compensation is assumed at the Energy Park terminal.
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“ubstation

heal Eslale

Property Tuprovewents
Bus

Circuit Breakers
Disconnect Switches
Transformers
Miscellaneous
Enginecering
Maintenance (Capitalized)
Total

Energy Park

Mid-Gite

3 Compensation Stations
Total

Energy Park

Notes: 1. The costs of communication equipment which is external to the terminal substations (such es

Table 5-3

Substation and Compensation Costs
765 kV HPOPT PPP - Insulated Cable

9 Lines
Energy Fark Mid-Site
Material T#bor Total Material iavor foral
ks k¢ K$ _ ks _K$ K$
BT P TThE0 K775 T 775
1,k05 2,115 3,520 1,320 1,980 3, 300
3,915 2,120 6,035 4,320 2,200 6,520
23,500 1,800 25,300 26,135 1,965 28,100
4,030 995 5,025 L, 500 1,205 5,705
6,300 5,900 52,200 k6,365 4,035 50,400
2,610 1,705 k,315 2,590 1,690 4,280
- 3,165 3,165 - 2,890 2,890
185 3,858 h,0h3 19k 3,706 3,900
82,h05 21,658 104,063 90,199 19,671 109,870
Shunt Inductive Compensation
Radial System Network System
Material Labor Total Material Iabor Total
. K$ K$ _K$ K$ K$_ _k$
26,2080 4,518 30,798 26,280 4,518 30,798
27,277 k,620 31,897 27,277 k,620 31,897
167,373 33,165 200,538 167,373 33,165 200,538
220,930 42,303 263,233 220,930 h2,303 263,233

Series Inductive Compensalion

Network System

Material I£bor Total
k$ k$ k$
11,565 2,175 13,740

System Total

e Total
Radial " TNetlwork
System System
_k$ _k$
213,933 213,933
263,233 263,233
.—__-m » 1 3 ’ 7']0
L77,166 190,906

supervisory

naster control, microwave relay etations, etc.) are arportioned equally between Energy Fark and Mid-Site.

2. A1l series compensation is assumed at the Fnergy Park terminal.

H]
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Table 5-4

Substation and Compensation Costs
500 kV Force-Cooled HPOPT PPP - Insulated Cable

8 Lines
Toral _
Enersy Park Mid-Site . Radial N:-twork
Faterial Lanor Total Material Labor Total System System
Substztion KS$ %$ _k$ K$ K$ K$ K$ K$
Real Estate 285 - 285 2,405 - 2,405
Properiy Improverents 845 1,275 2,120 705 1,070 1,775
Bus 1,940 1,090 3,030 1,590 780 2,370
Circuit Trezkers 17,670 1,330 19,000 18,415 1,385 19,800
Disconnect Switches 2,785 695 3,480 2,890 725 3,615
Transforz.ers Lo, 720 2,150 42,870 22,800 1,200 2k,000
Miscellaneous 2,705 1,920 k,625 2,690 1,900 4,590
Engineering - 2,190 2,190 - 1,645 1,645
Maintenance (Cepitalized) 142 2,7 2,859 111 2,106 2,217
Total 67,092 13,367 80,459 51,606 10,811 62,h7 142,876 142,876
Shunt Inductive Corrnencaiion
Kadial Svstem lieTwork Svstem
Material labvor Tozal Msierial lLabor Totel
__E$ r$ XS K$ K$ K$
Znergy Park 13,130 2,k05 15,535 13,130 2,405 15,535
Mig-Size 13,220 2,405 15,625 13,220 2,405 15,625
3 Comp2rsation Stations 85,515 18,780 104,295 89,515 18,780 104,295
Total 111,865 23,59 135,455 111,865 23,590 135,455 135,455 135,455
Series Inductive Compensation
Network System
Material Labor Total
K8 i3 %$
Energy Park 6,720 1,280 8,000 - 8,000
System Totel 278,331 286,331
Notec: 1. Tne cosis of ccamunication eguivment whicn is exiernal to ihe lermin2l substiations (such as supervisory

masler conirol, microwave relay siations, ete.) ire srroriicned equally beiween Energy Park &nd Mid-Site.

. A seri compensation i ume th 2rgy Fere rinal.
2 All series compensation is assumed &t tne Ensrgy Parr terwinal
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Substation

Real Estate

Proparty Improvemeats
Bus

Circult Breukers
Disconnect Switches
Transfonners
Miscellaneous
Engineering
Maintenance (Capitalized)
Total

Energy Park

Mid-Site

3 Compensation Stations
Total

Energy Park

Notes: 1.

2. ALl seriel

cuirgensnine 1a

Table 5-5

Substation and Compensation Costs

765 kV Force-Cooled HPOPT PPP - Insulated Cable

6 Lines

C . Evergy Park ... Mid-Site R
Materjal Iabor Twtal faterial " Iabor Total

K& Kb Kp K K3 K
186 D 80 T K540 o &, sho
1,475 2,225 3,700 1,270 1,910 3,180
3,605 2,030 5,635 k4,265 2,105 6,370
19,435 1,465 20,900 20,905 1,575 22,480
3,215 805 4,020 3,530 885 b, s
L6, 300 5,900 52,200 46,365 4,035 50,400
2,650 1,835 4,485 2,655 1,830 4,485
- 2,975 2,975 - 2,70 2,710
__AT77 _3,297 _3,b7h 181 _3, 146 3,621
77,337 20,532 97,869 83,71 18,06 102,207

Shunt Inducilve Corpensation

o _Radlal System . letwork System L
Material Iabor Total Material Iabor Totnl
K$ K3 _K$ __K$ _Kk$ K$
17,165 2,685 19,850 17,165 2,685 19,850
17,261 2,685 19,946 17,261 2,685 19,946
109,470 _ 24,930 13h,400 109,470 2h,930 134,400
143,896 30,300  17h,196 143,896 30,300 174,196

ascurmed on

Series Induclive Compensatioa

Network System

Materia) Labor
N ¢ SN < I
76,935 1,320

Lhe Frrocon pure tersd

Total
K$_
§,255

]

System Total

T costs of ccamnnication equiprent which is en 2rnt]l to the Lerminal substations (such no
master control, microway2 relay stations, etc.) are epportioned equally betwesn Eaoryy Porh

. Total
Radiel Network
System System
. CIE & S
200,076 200,076
174,196 174,196
8,255
374,272 382,527

suparvisory

and Mid-Stte,



-SZL"

y Improvements

Bus

Circuit Breekers
Disconnect Switches
Transformers
Miscellaneous

Engineering

Maintenance (Capitalized)
Total

Erergy Park

Mid-Site

2 Compensation Stations
Total

Energy Park

Hotes: 1.

Table 5-6

Substation and Compensation Costs
S00 kV AC Self-Contained 0Oil-Filled Cable

8 Lines
Erergv Parx Mid-Site
Mazcrial Le-or Total Material Labor Total
__Ks K3 K3 K3 K$ K3
285 - 285 2,k0Q5 - 2,ko5
84s 1,275 2,120 705 1,070 1,775
1,940 1,090 3,030 1,590 780 2,370
17,670 1,330 19,000 18,415 1,385 19,800
2,785 695 3,480 2,890 725 3,615
4o, 720 2,150 42,870 22,800 1,200 2k, 000
2,705 1,920 L, 625 2,690 1,900 4, 590
- 2,190 2,190 - 1,6L5 1,645
142 2,TA7 2,859 111 2,106 2,217
67,092 13,367 80,459 51,606 10,811 62,h17
Shunt Inductive Corpensation
Radial Systex Netwcrk System
Mataoriel leser Totel Mate:rial Lecor Total
K3 K$ K$ K3$ K$ K$
18,720 3,200 21,960 18,720 3,2L0 21,960
18,800 3,2L0 22,040 18,800 3,240 22,0L0
79,460 15,780 95,240 719,460 15,780 95,240
116,980 22,260 139,240 116,980 22,260 139,240

Series Inductive Compensation

Network System

Material Labor Total
K$ K$ K$
9,690 1,810 11,500

2. A1l series compensation is acoumed at the Encergy Park terwinal,

Sysiem Totel

Total

Radial Network
Systen System
.
142,876 142,876
139,240 139,240

= 11,500
282,116 293,616

The costs of comnunicution equipwent which 18 externnl to the terminul substations {such ns eupervisory
master control, microwave relay slulions, etc.) are spportioned equally between Energy Park and Mid-Site,
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Table S5-T

Substation Costs
600 kV DC Self-Contained 0il-Filled Cable

4 Lines
Energy Park Mid-Site

Material Labor Total Material Tabor “Total
Substation K$ K$ K$ K$ K$ K$
Real Estate 315 - 315 3,240 - 3,240
Property Improvements 990 1,490 2,480 850 1,275 2,125
Bus 1,460 785 2,245 1,035 555 1,590
Circuit Breakers 6,790 510 7,300 10,600 800 11,400
Disconnect Switches 2,640 660 3,300 2,180 545 2,725
Conversion Equipment 214,725 41,575 256,300 230,145 Lh,155 27k, 300
Transformers 23,845 1,255 25,100 15,770 830 16,600
Miscellaneous 2,205 1,665 3,870 2,195 1,660 3,855
Engineering ( ) - 11,630 11,?30 - 11,8;5 11,815
Maintenance (Capitalized 1,725 9,785 11,510 1,750 9,950 11,700
Total 254,695 69,355 32,050 267,765 71,585 339,350

System Total 663,400

Note: The costs of communication equipment which is external to the terminal substations (such as supervisory
master control, microwave relay stations, etc.) are apportioned equally between Energy Park and Mid-Site.
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Table 5-8

Substation and Compensation Costs
500 kV Single-Phase SFg, GITL, Riglid Bystem

3 Lines
Total
e Brergy Park . Mid-Site Radial Network
Miterial 2bor Total Motertal Labor Total Systrm System
. K Kb K _ ks _Ks KB ke Kb
160 - 160 1,40 - 1,b4k0
Property Improver nte 550 825 1,375 Lo 660 1,100
Bus 1,470 830 2,300 1,520 750 2,270
Circuit Breakers 22,1785 1,715 2k, 500 25,935 1,95% 27,890
Discomnect Switches 3,350 840 4,190 4,065 1,015 5,080
Troans formers 38,585 4,285 42,870 22,800 1,200 2k,000
Miscellaneous 2,090 1,500 3,590 2,030 1,40 3,470
Engineering - 2,125 2,125 - 1,590 1,590
Malntenance (Capitalized) 19 2,837 _?1926 _. 123 2,337 _.?_’116_0 e e
Totel 69,139 1h,957 8,096 58,353 10,947 69,300 153,396 153,39
Shunt Inductive Compeusalion
o _Redi2) System ____ Network System
Materiel Tabor Tota) M:leriel Iabor Total
. K& _K§ K - K& K$ K}
Energy Park 4,936 994 5,930 3,936 957 4,893
Mid-Stte 5,096 1,037 6,133 k,096 1,000 5,096
Total 110,032 2,031 12,063 8,02 1,957 9,98 112,063 9,989
Series Inductive Compensalion
Network System
Material Labor Totel
¢ . < Kb S
Energy Park k,085 760 L,845 - L,8ks
System Mol 16—5;1‘5—9 .165,‘{(0
Hotes: 1. The eouts of coreenizabicn equipeent which 15 extorin) to the ter-ipnj s =siation (1.7 a5 grpe cdners
pAstepr ecatrel, microwlve relay stations, ete.) are apiortioned cp M ly bebw=sn Borr Purt 2ad M{d-Site,

So RNl erries ety oo s frcunad ab the Ereornge Lopv oLoresinc
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Substation

Real Estate

Property Improvements
Bus

Circuit Breakers
Disconnect Switches
Transformers
Miscellaneous
Engineering
Maintenance (Capitalized)
Total

Energy Park

Table 5-9

Substation and Compensation Costs

500 kV Single-Phase SF¢, GITL, Flexible System

5 Lines
Energy Park Mid-Site
Material Labor Total Materia) Labor Total
__K$ K$ K$ _ K K$ K$
160 - 160 1,500 - 1,500
550 830 1,380 hss 680 1,135
1,395 185 2,180 1,180 580 1,760
13,580 1,020 14,600 15,190 1,1hs 16,335 °
2,600 650 3,250 2,235 2,795
4o, 720 2,150 42,870 22,800 1,200 24,000
2,210 1,590 3,800 2,210 1,480 3,690
- 2,025 2,025 - 1,h95 1,h95
—-129_  _2,ksy _2,586 —_——ar _1,843 -11930
61,344 11,507 72,851 k5,667 8,983 54,650
Series Inductive Compensation
Network System
MaTe;ial Labor Total
K K$ Ka
6,645 1,240 7,005
Systen Total

Total
Radial Network
System Sys tem
K$ K$
127,501 127, 501
- 7:885
127,501 135,386

Notes: 1. The costs of comnunication equipuent which is external to the terminel substations (such as supervisory

master control, microwave relay statiouns, etc.) are apportioned equally betwcen Energy Perk and Mid-Site.

2. All series compensatlon is assumed at the Energy Pork teruminal.
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Substation

Real Estate

Property Improvements
Bus

Circui't Breekers
Disconnect Switches
Trans formers
Miscellaneous
Fnglneering
Maintenance (Capitalized)
Total

Energy Park

Table 5-10

Substation and Compensation Costs
500 kV Three-Phese SFg, GITL, Rigid System

5 Lines
Energy Park Mid-Site
Material Labor Total Material Labor Total
kK K$__ K$ k$ K$

160 - 160 1,500 - 1,500
550 830 1,380 55 680 1,135
1,395 785 2,180 1,180 580 1,760
13,580 1,020 14,600 15,190 1,145 16,335
2,600 650 3,250 2,235 560 2,795
ko, 720 21,50 42,870 22,800 1,200 2k,000
2,210 1,590 3,800 2,210 1,480 3,690
129 oSy _2le00 . Uha e
2 2 _ gla A, .1,940
61,34k 11, 507 72,851 45,007 8,553 5h,%§5

Series Inductive Compensation

Network System

Material

'S%L
,600

Labor
K
1,230

Total

7%

System Total

Total
Radial Network
System System
K$ K$
127,501 127,501
- 7)830
127,501 135,331

Notes: 1. The costs of communication equipment which is external to the terminal substations (such as supervisory

master control, microw2ve relay stations, etc.) are apportioned equally between Energy Park and Mid-Slte.

2. All series compeunsiticn is assumed at the Erergy Pork terminal .
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Substation

Real Estate

Property Improvements
Bus

Circuit Breakers
Disconnect Switches
Transformers
Miscellaneous
Engineering
Maintenance (Cepitalized)
Total

Energy Park
Mid-Site

Total

Energy Park

Table 5-11

Substation and Compensation Costs
500 kV Resistive Cryogenic Cable

4 Lines
Energy Park Mid-Site

Material Labor Total Material Labor Total

K$ K$ K$ K$ K$ K$
160 - 1 1,500 - 1,500
550 825 1,375 kho 660 1,100
1,375 775 2,150 1,235 695 1,930
17,905 1,350 19,255 21,345 1,605 22,950
2,480 620 3,100 3,155 790 3,945
42,340 2,230 kb, 570 22,800 1,200 2k, 000
2,155 1,550 3,705 2,095 1,490 3,585
- 2,030 2,030 - 1,420 1,k20
1ko 2,670 2,810 111 2,11k 2,225
67,105 12,050 79,155 52,681 9,97h 62,655

Shunt Inductive Compensation
Radial System Network System

Material Labor Total Material Labor Total

K$ K$ K$ K$ K$ K$
17,755 2,960 20,715 17,755 2,960 20,715
17,795 2,960 20,755 17,795 2,960 20,755
35,550 5,920 k1,70 35,550 5,920 k1,10

Series Capacitive Compensation

Network System

Material Labor Total
K$ K$ K$
10,680 h,95 15,595

System Total

Total
Radial Retwork
System System
K$ K$
141,810 11,810
la b0 h1,k70
- 15,595
183,280 198,875

Notes: 1. The costs of communication equipment which is external to the terminal substations {such &as supervisory
master control, microwave relay stations, etc.) are apportioned equally between Energy Park and Mid-Site.

2. All series compensation is assumed at the Energy Park terminal.
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Substation

Real Estate

Property Improvements
Bus

Circuit Breakers
Disconnect Switches
Transformers
Miscellaneous
Engineering
Maintenance (Capitallzed)
Total

Energy Park

Table 5-12

Substation and Compensation Costs
230 kV Superconducting Cable

taterinl

K
165
580

1,365
13,595
5,710
23,845
2,045

103

br,ko8

3 Lines
Energy Park Mid-Site

Labor Total Material Labor Total

K$ K$ Kk$ K$ K$
- 165 1,320 - 1,320
865 1,hh5 o 610 1,020
170 2,135 1,135 610 1,745
1,025 1k,620 1k,265 1,075 15,340
1,430 7,140 5,400 1,350 6,750
1,255 25,100 15,770 830 16,600
1,505 3,550 2,110 1,565 3,675
1,730 1,730 - 1,k05 1,405
1,954 2,057 88 1,67h 1,762
10,534 57,942 ho, k98 9,119 ho,617

Series Capacitive Compensation

Radial System

Material Labor

Kg K%
11, 5,440

Total

—k$_

17,100

System Total

Total
Radial Network
System System
k$ K$
107,559 107,559
17,100 -
12h,6% 107,559

Notes: 1. The costs of communication equipment which is exterual to the terminal substations (such as supervisory
master control, microwave relay stations, etc.) are apportioned equally between Energy Park and Mid-Site.

2. All series compensation is assumed at the Energy Park terminal.
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Substation
Real Estate

Property Improvements

Bus

Circult Breakers
Disconnect Switches

‘Prans formers
Miscellaneous

Engineering

Maintenance (Capitalized)
Total

Energy Park

Notes: 1. The costs of compunication equipment which is external to the terminal subas

Table 5-13

Substation and Compensation Costs
230 kV SBuperconducting Cable, Rigid System

3 Lines
i Energy Park Mid-Site
Material Labor Total Materlal Labor Total
_ kb _k§ _k$ __ Kb _k$ _k$
165 - 165 1,320 - 1,320
580 865 1,4b5 h1o 610 1,020
1,365 T70 2,135 1,135 610 1,745
13,595 1,025 14,620 4,265 1,075 15,340
5,710 1,430 7,140 5,400 1,350 6,750
23,845 1,255 25,100 15,770 830 16,600
2,045 1,505 3,550 2,110 1,565 3,675
- 1,730 1,730 - 1,kh05 1,405
103 1,954 2,057 8 A,674 1,162
h7,408 10,53h 57,942 ho,ho8 9,119 49,617
Series Capacitive Compensation
Radial System Network System
Material Labor Total Mnterlal " 1abor Total
K$ K$ K$ % K
3h6,9%0 151,605 1,88, 5ks 339,110 138,405 515

System Total

tations (such as

Total
Radial Network
Systen System
K$ K$
107, 559 107,559
188, 515 WT7,515
5 :IOh 585)07h

supervisory

master control, micruwave relay statlons, ete.) are appor:ioned equnlly betwsen Energy Ferk and Mid-Site.

2. Al sories congensation 15

assumed et

the Frerey Perk ternminal.,
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Table 5-1h

Substation Costs
300 kV DC Superconducting Cable

3 Lines
Energy Park Mid-Site

Material Labor Total Material Labor Total

Substation K$ K$ K$ K$ K$ K$
Real Estate 335 - 335 5,340 - 5,340
Property Improvements 1,035 1,550 2,585 1,335 2,005 3,340
Bus 875 690 1,565 2,6h0 1,860 4,500
Circuit Breakers 58,900 1,200 60,100 69,925 1,875 71,800
Disconnect Switches b, 760 8ko 5,600 7,875 1,600 9,h75
Conversion Equipment 180,270 36,330 216,600 225,540 43,710 269,250
Transformers - - - 15,770 830 16,600
Miscellaneous 2,695 1,670 4,365 4, ohs 2,670 6,75
Engineering - 10,350 10,350 - 13,980 13,980
Maintenance (Capitalized) 1,820 10,450 12,270 1,920 12,380 14, 300
Total : 250,690 63,080 313,770 334,390 80,910 415,300
System Total ) 729,070

Note: The costs of communication equipment which is external to the terminal substations (such as supervisory
master control, microwave relay stations, etc.) are apportioned equally between Energy Park and Mid-Site.
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TUOLE  3m 5

. Substation and Compensation Costs
500 kV Aertal /Underground System
5 Lines
__Total =
Energy Park . Mid-Site e Radial ~ Network
Material Tabor Total Material I2bor Total Systen System
Substation ks Kb kb < S < S < _k& Kb
Real Estate 160 - 160 1,500 - 1,500
Property Improvements 550 830 1,380 55 680 1,135
Bus 1,395 785 2,180 1,180 s80 1,760
Circuit Breekers 13,580 - 1,020 1h, 600 15,190 1,1k5 16,335
Disconnect Switches 2,600 650 3,250 2,235 560 2,795
Transformers ko, 720 2,150 h2,870 22,800 1,200 2k, 000
Miscellaneous 2,210 1,590 3,800 2,210 1,480 3,690
Engineering - 2,025 2,025 - 1,h95 1,495
Maintenance (Capitalized) 129 2,b57 2,586 97T 1,843 _1,9%0
Total 61, 34k "11, 507 72,851 hs, 667 8,983 54,650 127, 501 127, 501
Series Capacitive Compensation
Radial System Network System
Material Labor Total Material Labor Total
K$ K$ K$ K$ K$ K
Energy Park 11,180 5,110 16,290 26,870 11,670 3d, 540 16,290 38,50
System Tota) 143,791 166,001

Notes: 1. fThe costs of communicetion equipment which is external to the termlins] subsiatlon. (shech as supariisne:
m2ster control, microwave relay stations, etc.) 2re apportioned egually betusen B 2rey Pirk and Mid-Site,

2. A1 series comprnsetion 18 2ssumed st Lhe Energzy Fore Leruinn) .



6.

CABLE DESIGN AND AMPACITY

6.1

Introduction

The initial step in determining the design for the naturally-
cooled transmission systems evaluated in this study was to calculate
the ampacity of several typical cable designs. Usually, several
conductor sizes were studied, The charging current for each of
the various designs was calculated, and the approximate number of

circuits required to meet the ampacity requirements was determined.

Additional refinements to the design were then evaluated, in
order to determine the minimum number of circuits which could meet
the ampacity required for the normal, first, and second contingency
conditions as discussed in Chapter L. Specific examples of this
analysis will be discussed as the individual systems are considered

in this chapter.

Once the minimum number of circuits was determined, the ampacity
calculations for the specific conductor size and zable design were
refined, the charging current was calculated for the final design,
and the location of shunt compensation was established, The thermal
interference between the naturally-coocled circuits was considered,
and 3 m (10 ft.) spacing was chosen to reduce thermal interference

to a practical minimum.
In developing the optimum design, other constraints had to be

considered, such as circuit breaker ampacities, These considerations

were discussed in Chapter 5 under Substation Design.
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6.

CABLE DESIGN AND AMPACITY

6.1

Introduction (cont'd)

The large number of variables and the complex interactions of
the various design parameters required numerous iterations to develop
an optimized design. However, knowledge of how changes in the input
parameters affected the ampacity, and experience in optimizing the
cable system significantly reduced the iterations required to optimize
a particular cable design. The complete evaluation process was followed
and an optimum design developed whenever different constraints were
considered.

Examples of how the design constraints affect the selection

of a cable system are as follows., The 500 kV AC self-contained oil-
filled cable system cost is less than the 500 kV PPP-insulated pipe-
type cable system cost. However, if the costs of the city streets
portion of the installation are evaluated, the results indicate that
the HPOPT cable is slightly less expensive than the SCOF cable, This
is an important result since the majority of cable applications are
in urban areas. In addition, the HPOPT design is considered to be more
reliable than SCOF cables in city streets, All of the systems studied
have the costs broken down so that both private right-of-way and city

streets right-of-way are itemized separately.

The ampacity requirement is an important factor affecting the
economic relationship between the various systems, In general, the
lower ampacity circuits would appear more favorable in an evaluation
with a lower ampacity requirement, The cost of the complex pumping
and refrigeration equipment required for the high ampacity cryogenic
systems makes these systems too costly for a lower ampacity applica=-

tion.
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5. CABLE DESIGN AND AMPACITY

6.1 Introdaction (cont'd)

Circuit length is another key factor affecting the selection of
a cable system, An example would be the selection of a gas-insulated
cable for a short cable run in a substation. In this case the gas-
insulated cable is the economic choice since the GITL circuits do not

require oil handling or pumping equipment,

The point of this discussion is that each particular cable appli-
cation must be evaluated, Results from this study or any other study
cannot be applied without evaluation of the particular application

being considered.

6.2 Basic Design Parameters

Basic assumptions for the calculations are listed below. These
values are commonly used by Philadelphia Electric Company and may vary

in different areas of the country,.

Earth Thermal Rho 80°C~cm/Watt
Earth Ambient 23°¢

Maximum Earth Interface Temperature 55°C

The SSOC earth interface temperature is a design limitation based
on the thermal stability of the soil in the vicinity of the cable. The
thermal resistivity of the soil increases as moisture is removed from
the soil. Experience has shown that moisture migration does not occur
with a 55°C earth interface temperature. However, moisture can be
driven from the soil at higher temperatures with a resultant increase in

thermal resistance. This can precipitate a thermal runaway condition,
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6. CABLE DESIGN AND AMPACITY

6.2 Basic Design Parameters (cont'd)

Thermal smoothing by slowly circulating the oil in the pipe-
type cable was not considered in the study, since backfill correction
to a maximum earth thermal rho of BOOC—cm/Watt was included in the
installation portion of the study and the ampacity was calculated
for this value of earth thermal rho, Thermal smoothing is of no
value unless the thermal profile of a line is known, This is not

practical in a theoretical study.

The load factor for this particular application was considered
to be 100% since the Energy Park would be a base load plant, Since
there would be less than 100% availability for the generation units,
the losses were calculated assuming 3000 MVA to be available for
half of the year and 7200 MVA available during the remainder of the
year. The power factor of the load was assumed to be unity for the
calculation of ampacity and compensation requirements. All of the

cables were assumed to have at least 76 cm (30 in.) of cover.

6.3 High~Pressure 0il-Filled Pipe-Type (HPOPT) Cables

The cellulose-insulated HPOPT cable was considered as the base
case for the study, although the ampacity and shunt compensation
calculation techniques used for all three of the naturally-cooled
HPOPT cables are similar. Therefore, a summary of the method used
to determine the 500 kV paper-polypropylene-paper (PPP), laminate-
insulated HPOPT cable will be discussed, to illustrate the procedure
used to optimize designs for the HPOPT cables.,
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6.

CABLE DESIGN AND AMPACITY

6.3 High-Pressure 0il-Filled Pipe-Type (HPOPT) Cables (cont'd)

Data for 1013 mn® (2000 kemil), 1266 mm® (2500 kemil), and
1520 mm® (3000 kemil) cables were used to calculate the ampacity
of each conductor size, using the Neher-McGrath method(1). Using
a conductor larger than 1264 mm® (2500 kemil) did not provide a
significant increase in ampacity. Therefore, it became evident
that a 1266 mm° (2500 kemil) conductor was the largest practical

design to consider.

The BIL of the cellulose and PPP-insulated 500 kV HPOPT cable
designs was 1800 kV, The other 500 kV cables in the study had
BIL's of 1550 kV., Data for the HPOPT cables was received prior to
specifying a minimum BIL, Comments have been received that the
cost of the HPOPT cables would be reduced if they were redesigned
for a 1550 kV BIL, The cost per foot of cable would certainly be
reduced, However, in the case of the 500 kV PPP-insulated HPOPT
cable the "Grand Total! could be higher. The increased dielectric
losses of the thinner-walled cable would probably reduce the
ampacity of the cable and any ampacity reduction would require one
additional circuit to meet the first contingency ampacity require-
ments, As stated earlier in the chapter, the iterations between
the large number of design parameters are complex and they must be

evaluated whenever a design change is being considered,

Shunt inductive reactors were used to compensate the capacitive
charging current of the cable(g), and all of the HPOPT circuits were
fully compensated, The charging current for each design was calcu-
lated and the required number of circuits determined with shunt

compensation distributed among three, four, or five stations. By
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CABLE DESIGN AND AMPACITY

6.3

6.4

High-Pressure 0il-Filled Pipe-Type (HPOPT) Cables (cont'd)

increasing the number of stations to five, it was possible to elimi-
nate one line through the smoothing effect on total current of more

distributed compensation.

Once the number of lines and compensation stations was deter-
mined, the thermal interference between circuits was calculated

and the earth interface temperature was recalculated.

A cross-section of the HPOPT cables is illustrated in Figure
6-1, with details outlined in Table 6-1., Designs for 500 kV paper-
insulated, 500 kV paper-polypropylene-paper (PPP) insulated, and
765 kV PPP-insulated HPOPT cables are presented. The 500 kV and
765 kV PPP-insulated HPOPT cables were also used in the force-cooled
HPOPT cable evaluation in Section 6.L, The loading and limiting
operating temperatures for all of the cable systems included in the

study, except the cryogenic systems, are included in Table 6-2,

Force-Cooled HPOPT PPP-Insulated Cable

The twelve 500 kV PPP-insulated, self-cooled lines can be re-
placed with eight force-cooled lines by the introduction of chilled
circulating oil. In the case of the 765 kV PPP-insulated cable,
nine self-cooled lines can be reduced to six force-cooled lines.
These reductions in lines are limited by practical considerations
of the inlet and outlet temperatures of the oil, and the ability of
the system to withstand hydrauwlic pressure, The most practical oil
inlet temperature is dictated by the highest summer earth ambient
(2300), since any lower temperature would result in removing heat

energy from the earth,
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CABLE DESIGN AND AMPACITY

6.4 Force-Cooled HPOPT PPP-Insulated Cable (cont'd)

Assumptions for arriving at the above decisions and techniques
for developing the results follow published data by Consolidated
Edison Company with respect to their operating 345 kV force-cooled

lines,

The cooling oil is permitted to rise to an outlet temperature
1limit equal to the maximum allowable conductor temperature, minus
the temperature drop through the insulation to the oil, Coolant
loops were designed to be as long as possible without exceeding a
pressure drop of L.,1l4 MPa (600 psi) over the length of the loop,
with maximum pressure limitations of 5.52 MPa (800 psi) on 1L4.13 cm
(5-9/16 in.) pipe, and k.14 MPa (600 psi) on 27.31 cm (10-3/L in.)
pipe, and 2.76 MPa (LOO psi) at the potheads.

In actual operation, the advantages of lower average earth and
outdoor air temperatures could result in a lower energy cost for the
force-cooled system than shown in Chapter 8, if a four-stage operating
cycle is installed: static oil with no oil circulation, oil circula-
tion only, oil circulation with air precoclers, and oil circulation
with refrigeration. Evaluation of all these factors for lowered
operating cost is beyond the scope of this study. However, assuming
an improbable condition of no refrigeration losses, calculations show

less than one percent reduction in grand total cost data.

6.4.1 Design Assumptions, The design of the cooling system
for 500 kV has been developed from published data for
Consolidated Edison 3L5 kV cables. Inasmuch as the
cable size and pipe geometry are almost identical, -this
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6. CABLE DESTGN AND AMPACITY

6.1, Force-Cooled HPOPT PPP-Insulated Cable

6.4.1

6.4.2

Design Assumptions (cont'd)

data was used to establish maximum lengths of cooling

loops for required temperatures and pressure drops.

Cooling Plants. These are similar to plants supplied
to Consolidated Edison, except that the 100% redundancy

of equipment required by Consolidated Edison is omitted.
However, due to the location of several plants at one

site, equivalent reliability can be provided by hydrau-
lically interconnecting the plants with automatic valves

and alarms.

6.5 Self-Contained 0il-Filled Cable

6.5.1

500 kV AC Self-Contained Jil-Filled Cable. The design
of the 500 kV ac self-contained, oil-filled (SCOF) PPP-
insulated cable was optimized using procedures similar
to those used for the HPOPT cables, The design is

included in Table 6-3 and the cross-section in Figure

6-2, An additional design parameter available with the
SCOF cable is the spacing between conductors, Since

the ampacity of the self-contained cables was limited

by the earth interface temperature, the thermal interference
between conductors could be reduced by increasing the
phase-to-phase spacing. It was possible to obtain an

ampacity which met the requirements for eight circuits.
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6. CABLE DESIGN AND AMPACITY

5.5 Self-Contained 0il-Filled Cable

5.5.1 500 kV AC Self-Contained 0il-Filled Cable (cont'd)

The ampacity of the SCOF cable is higher than the HPOPT
ampacity; the spacing between conductors provides
additional area for heat dissipation, and a larger con-
ductor is feasible with the SCOF design. However, the
larger conductor increases the capacitance and, there-

fore, the charging current of the SCOF cable.

The cable ampacity was calculated assuming open-
circuited sheath operation., A 253 mm® (500 kemil)
copper ground conductor was required in this design,
Continuous sheath voltages of 126 Volts were calculated(B).
Transient voltage protection was provided with sheath
voltage limiters. This is discussed further in the

installation section of Chapter 9.

6.5.2 500 kV DC Cable. The design of the 600 kV dc self-

contained oil-filled cable is also included in Table
6-3, and the cross-section in Figure 6-2, The ampacity
of the *600 kV dc cable was calculated with a nominal
38,1 em (15 in,) spacing and was found to be almost
enough to meet the ampacity requirements for four bi-
polar circuits. By calculating the maximum thermal
interference between circuits, it was determined that

a 91.4 em (36 in,) spacing would permit the required
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CABLE DESIGN AND AMPACITY

6.5 Self-Contained 0il-Filled Cable

6.5.2

+600 kV DC Cable (cont'd)

ampacity of 1428 MVA per pole to be attained., The eight-
circuit first contingency condition could be used since

loss of a cable would take only one pole out of service,

Neither the SSOC earth interface temperature nor the
85°C conductor temperature limited the ampacity. A
design value from the cable manufacturer for the maximum
temperature drop across the insulation ( AT) of 32°¢
actually was the limiting value in determining the
ampacity of this cable. The AT limit is necessary to
guard against excessive electrical stress at the outer
diameter of the cable, Stress distribution of a loaded
de cable is reversed as compared to an ac cable, since
the stress at the outer diameter of the insulation
increases as the temperature drop across the insulation
increases., A 2028 mm2 (4OOO kecmil) ground return cable
insulated for 15 kV is included in the design.

A pipe-type dc cable was considered, but since both
poles would be removed from service whenever a failure
occurred, and additional circuits would be required to
meet the ampacity requirements, it was determined that a

self-contained design was the better alternative.
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6.

CABLE DESIGN AND AMPACITY (cont'd)

6.5 SF, Gas-Insulated Transmission Lines (GITL) Systems

Three SF6 GITL systems were evaluated; a single-phase rigid
system, a single-phase flexible system, and a three-phase rigid

system,

6.6.1 Single-Phase, Rigid System, Data for both the rigid
and flexible single-phase SF6 GITL systems were obtained
from manufacturers holding EPRI and BERDA contracts to
develop GITL systems. Ampacity calculations were con-

ducted using computer programs developed by these EPRI-
and ERDA-sponsored programs(h). Design data for the
single~phase SF6’ GITL, rigid system is presented in
Table 6-L, and a cross-section is illustrated in Figure
6-3. The design is much larger than what might be
considered a typical 500 kV single-phase SF6, GITL rigid

cable design, because of the ampacity requirements.

The enclosure temperature of 69°C and the backfill
boundary temperature of 60°C for the rigid system exceed
the design value of 55°C for the earth interface temﬁera-
ture. The enclosure temperature could be reduced by
increasing the conductor size or by increasing the phase-
to-phase spacing between conductors. However, since the
design temperature is exceeded only under first contingency
conditions and the cost increase to correct it is small,
the EPRI/ERDA contractors who submittcd the cable design

were not requested to redesign the system.
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6.

CABLE DESIGN AND AMPACITY

6.6 SF, Gas-Insulated Transmission Lines (GITL) Systems

6.6.1

6.6.2

6.6.3

Singl e-Phase, Rigid System (cont'd)

The charging current for all three of the GITL designsv
is small enough that shunt compensation is not needed to
meet ampacity requirements., The shunt compensation required
for the single-phase, rigid, SF6 GITL is required for power

factor correction as discussed in Chapter L.

The design is for a fully-bonded system. Before advan-
tage can be taken of open-circuited sheath operation, further
analysis is required to determine the hazards of the magnetic
fields édjacent to circuits with high ampacities and large

phase-to-phase spacings.,

Single-Phase, Flexible System. The cable cross-section 1is

shown in Figure 6-L and detailed design data presented in
Table 5-5, The physical requirements of a flexible cable
system 1limit the dimensions and particularly the thickness
of materials involved in the cable construction, Conse-
quently, the flexible design has an ampacity only half that
of the single-phase rigid design. A total of five circuits

is required for ampacity or transient stability conditions.

Three-Phase, Rigid System. The three-phase, rigid system

cross-section is illustrated in Figure 6-5 and the design
values shown in Table 6-6, The design was developed from
the EPRI 7816/ERDA E(49-18)-1560 Final Repor'b(S). The
ampacity was calculated using techniques in Appendix ITI
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6.

CABLE DESIGN AND AMPACITY

6.6

6.7

SF,_Gas-Insulated Transmission Lines (GITL) Systems

6.6.3 Three-Phase, Rigid System (cont'd)

of reference (5) and data from reference (6). Five cir-

cuits were needed to meet ampacity requirements.

Resistive Cryogenic Cable

Two resistive cryogenic cables were evaluated, A 500 kV resis-
tive cryogenic cable was fully evaluated, while a 3L5 kV resistive
cryogenic cable, rigid system was given technical evaluation but only
minimal economic analysis, due to the embryonic nature of the cable

system design,

6.7.1 500 kV Resistive Cryogenic Cable. The cable ampacity and

design was developed under an EPRI and ERDA-funded project
to develop a 500 kV resistive cryogenic cable, Ampacity
requirements were met with a four-circuit 3750 MVA design.
The cable cross-section is illustrated in Figure 6-6 and
the design details described in Table 6-7. Not shown in
the cross-section is a 22 cm (8.75 in.) inside diameter
liquid nitrogen return pipe. One return pipe would be re-
quired for each of the four circuits, as illustrated in
the installation drawing in Chapter 11, The large diameter
of the conductor was responsible for the high charging
current, Two shunt compensation stations were required to
maintain the line loading within cable ampacity. Hydraulic
and cryogenic refrigeration details are discussed in
Chapter 7.
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6. CABLE DESIGN AND AMPACITY

6.7 Resistive Cryogenic Cable (cont'd)

6.7.2 3L5 kV Resistive Cryogenic Cable, Rigid System, The cable

cross-~section is shown in Figure 6-7. The ampacity and

design were determined completely by the EPRI/ERDA program
to develop a liquid nitrogen cooled, vacuum-insulated,
resistive cryogenic, rigid system. The 345 kV design is

an extrapolation of work at 138 kV. Due to concerns over
lack of technical details and a preliminary evaluation
indicating a poor economic performance, this system was not
studied in the same detail as other systems included in the
study. No compensation or system planning analyses were
pursued, Chapter 11 contains the general discussion and

evaluation of this system.

6.8 Superconducting Cable Systems

Three superconducting cable systems were studied; a 230 kV super-
conducting cable, a 230 kV superconducting rigid cable system, and a
300 kV dc superconducting cable system, All three of these systems
met the ampacity requirements with the minimum number of three circuits,
Shunt compensation is not required for any of the superconducting

cables,

6.8.1 230 kV Superconducting Cable. The design of the 230 kV

superconducting cable is illustrated in Figure 6-8.

Design data was obtained for a 5000 MVA ampacity. Con-
sequently, no ampacity calculations or alterations of

the design were required.
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6. CABLE DESIGN AND AMPACITY

6.8 Superconducting Cable Systems (cont'd)

6.8.2 230 kV Superconducting Rigid Cable. This superconducting

cable system would have met the ampacity requirements with

a 138 kV system, However, it was not possible to use the
lower voltage system due. to ampacity limitations of sub-
station buses and circuit breakers. Analysis of transient
stability also demonstrated that the 138 kV system would

not be a viable solution as described in Chapter L. Con-
sequently, a 230 kV system was selected for this application,
The 230 kV design has an ampacity significantly higher than
the 5000 MVA required for the application being considered
in this report, but the size of the cable was determined by
the BIL reguirement, The 230 kV superconducting rigid cable

cross-section is shown in Figure 6-9.

6.8.3 300 kV DC Superconducting Cable, The 300 kV dc superconducting

cable system is designed to operate as a 300 kV monopolar sys-

tem, which requires only three cables to meet ampacity require-
ments. A bipolar design would require four cables, additional
de circuit breakers, and a second dc substation at each terminal.
The cable design uses a superconducting sheath which transmits
all of the return current., The design is shown in Figure 6-10,

The dc bus arrangement is presented in detail in Chapter 5.
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STEEL PIPE

1.27¢m (0.5in) COATING

INSULATING OIL
1.38 MPa

. A B <
DESIGN cm _in_ cm in_ cm in_
500kV CELLULOSE 34,93 13.75 31.12 12.25 12.01 4.73.
500kV PPP 29.85 11.75 26. 04 10.25 10.21 4,02
765kV PPP 34,93 13.75 31.12 12.25 12.50 4.92

CONDUCTORS ARE 1267mm2 (2500 kcmil ) COPPER

INTERNAL CROSS SECTIONAL VIEW
HPOPT CABLE

FIG. 6-1
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FIG. 6-2
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INSULATING SPACERS

.

AND ~ PARTICLE TRAPS ARE NOT SHOWN
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FiG. 6-3
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2
7000 mm SFG GAS

13,800 Kkcmil 1.27¢cm
STRANDED @ 0.34 MPa
ALUMINUM (50 psi)
CONDUCTOR

TO BE SEGMENTED

(6.7in)

I8cm

e - 53¢cm (20.9in)

INSULATING SPACERS ARE NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW

500kV  SINGLE-PHASE SFg, GITL,
FLEXIBLE SYSTEM

FIG. 6-4
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1.27cm{0.5in) COATING

SFg GAS

(@ 0.34 MPa
(500psi)

1.8em(0.7in) 0.95cm
? (0.375in)
L'_ ¢ -

8.3cm
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99.7cm (39.25in)

INSULATING SPACERS AND PARTICLE TRAPS ARE NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW

500kV THREE-PHASE SFg, GITL,
RIGID SYSTEM

FIG. 6-5
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CELLULOSE PAPER
LAMINATED DIELECTRIC

I.27cm (0.5in) COATING
STRANDED ALUMINUM

CONDUCTOR ALUMINUM SHEATHING
5000 mmZ ( 9,700 kcmil) s S

FOAM THERMAL

INSULATION
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— :] CONDUCTOR
O Y
o,
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{3.6in)
13.8cm
(544in)
- 43.7cm
(i7.2in)
73.4cm
- .
(28.9in)

NORMAL OPERATING TEMP.RANGE 65° TO 97° K
NORMAL OPERATING PRESSURE RANGE 0.61 TO 0.82 MPa

(88 TO 118 psi)
LIQUID NITROGEN RETURN PIPE IS NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW
S00kV RESISTIVE CRYOGENIC CABLE

FiIG. 6-6
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LIQUID
NITROGEN

53.8cm(21.2in) -Sm—

NORMAL N2 OPERATING TEMP RANGE 65° TO 130°K

NORMAL N, OPERATING PRESSURE RANGE 3.55 TO 6.07 MPa
(515 TO 880 psi)

SPACERS ARE NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW

345kV RESISTIVE CRYOGENIC CABLE,
RIGID SYSTEM

FIG. 6-7
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8.66 cm (3.41in) DIAMETER SYNTHETIC LAMINATED DIELECTRIC
SUPPLY HELIUM 1.27¢m (0.5in) COATING

MULTILAYER THERMAL e CRYOGENIC
INSULATION IN O e Ve ENVELOPES
VACUUM A RETURN
HELIUM
% CTOR
SUPERCONDUCTORS ) SUPPORT
ARMOR

| 9.6cm
(3.8in)

14.3cm
(5.6in)

34cm
(13.4 in)

Slcm
(20 in)
NORMAL OPERATING TEMP RANGE 6.7° TO 8.5°K

NORMAL HELIUM OPERATING PRESSURE 0.61 TO 1.52 MPa
(88 TO 220 psi)
THERMAL INSULATING SPACERS NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW
230kV AC SUPERCONDUCTING CABLE

FiG. 6-8
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MULTILAYER THERMAL
INSULATION IN VACUUM

Céﬁ(l%igr’glg .27 cm (0.5in) COATING
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HELIUM
SUPPLY

HELIUM

RETURN NiOBIUM

SUPERCONDUCTORS

HELIUM
DIELECTRIC
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\ INVAR

A

31.4Ccm
(12.4 in)
73 cm
(28,75 in)
90.8 cm
(35.75in)

NORMAL OPERATING TEMP, RANGE 4,6° TO 5,i° K

NORMAL HELIUM OPERATING PRESSURE .662 TO .689 MPa
(96 TO 100 psi)

SPACERS ARE NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW

230kV SUPERCONDUCTING CABLE,
RIGID SYSTEM

FIG. 6-9
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CRYOGENIC 2.25¢m(0.89in) OF

ENVELOPE RETURN LAMINATED DIELECTR
HELIUM

MULTILAYER .27 cm

THERMAL 0.5in) COATING

INSULATION (0-Sin} ggkl')%é‘foua

IN VACUUM T T SUPPORT
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\
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33cm (13in)

NORMAL OPERATING TEMP. RANGE 10° TO 12°K

NORMAL HELIUM OPERATING PRESSURE 0.8! TO .62 MPa
(117 TO 235 psi)

SPACERS ARE NOT SHOWN

INTERNAL CROSS SECTIONAL VIEW
300kV DC SUPERCONDUCTING CABLE

FiG. 6-10
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Table 6-1
HPOPT Cable Design

500 kV Cellulose 500 _kV_PPP 765 kV PPP
Conductor
sizs 1266 mm° (2,500 kemil)
material lead alloy coated copper
stranding compact segmental
diameter (over binding) .6 em (1.824 in,)
Insulation
material Paper Paper-Polypropylene-Paper (PPP) PPP
thickness 3.4 em (1.3L0 in.) 2.54 em (1.000 in.) 3.7 em (1.450 in.)
thermal rho 550°C-cn/Watt
power factor 90°C .002 .0005 : .0005
SIC 3.5 2.75 2.75
impregnant Naphthenic Base Polybutene 0il Polybutene 0il
Mineral 0il
Shield
type Tinned Jopper
thickness .013 cm (0,005 in,)
width 3.8 cm (1% in.)
overlap .32 cm (1/8 in,) Open Butt
number _ One
lay 3.5 em (1-3/8 in.)
intercalation .006 em (,0025 in.) Metalized Mylar Tape
Skid Wires
material Non-magnetic 3tainless Steel
lay 7.6 cm (3 in.)
size .25 x 5 em (0,100 x 0,200 in,) Half-Round
number Two
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Table 6-1 (continued)

500 kV Cellulose 500 kV PPP 755 kV PPP

Pipe

t pe ERW Steel ASTM A 523

I.D. 31.1 em (12.25 in,) 25 cm (10,25 in.) 31.1 em (12,25 in.)

0.D. 32.4 em (12,75 in,) 27.3 em (10.75 in.)  32.4 em (12,75 in.)
Coating

type Somastic

thickness 1.3 cm (% in.)

thermal rho 100
Installation

Depth of Burial 76 em (30 in.)

Completed Cable Systems

Cable 0.D. 12 em (4.73 in.) 10.2 em (4,02 in,) 12,5 em (4.92 in.)

Weight 2ly kg/cond.-m 19.5 kg/cond,-n 2l .6 kg/cond,-m
(15.1 1bs./cond.-ft.) (13.1 1bs./cond.-ft,) (16.5 1bs./cond.-ft.)

BIL - kV 1800 1800 2100

Number of 16 12 9

Lines Req'd to
Transmit 10,000 MW

Center-to~Center 3m (10 ft.)
Spacing
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Table 6-2

Iine Loading

MVA/Line
Loading

@)

C
°c °c Backfill
Conductor Enclosure Boundary

Temperature Temperature Temperature

500 kV HPOPT Cellulose-Insulated Cable
(8 circuits - 16 lines)

16 lines - normal 680
15 lines - 1st contingency 719
1, lines - 2nd contingency 598

500 kV HPOPT-PPP Insulated Cable
(6 circuits - 12 lines)

12 lines - normal 870
11 lines - 1st contingency ol
10 lines - 2nd contingency % 789

765 kV HPOPT-PPP Insulated Cable &t
(9 circuits - 9 lines)

9 lines - normal 1216
8 lines - 1st contingency 1350
7 lines - 2nd contingency = 1160

SOO kV Force Cooled HPOPT-PPP Insulated Cable

(8 circuits - 8 lines)

8 lines - normal 1274
7 lines - 1st contingency 1LL8
6 lines - 2nd contingency 1274

765 kV Force Cooled HPOPT-PPP Insulated Cable

(6 circuits - 6 lines)

6 lines - normal 1739
5 lines - 1st contingency 2087
L 1ines - 2nd contingency < 1957
* 7500 MVA rating for 2nd contingency
¢ Limiting value
s8¢ MVA rating based on 750 kV operation
+ Temperatures below rated values
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Th 61 51
78 63 53 x
+ + +
7 58 52
86 s 63 56 ¢
+ + +
7k 56 50
85 ¢ 63 54
+ + +
85 ¢ + +
85 % 36.4 +
85 6% + +
85 et + +
85 ¢ 33.L4 +
85 se¢ + +



Table 6-2 (Continued)

o

c
°c °c Backfill

MVA/Iine Conductor Enclosure Boundary
Loading Temperature Temperature Temperature

500 kV AC Self-Contained 0il-Filled Cable
(8 circuits - 8 lines)

8 lines - normal 1340 + + +
7 lines - 1st contingency 1507 73 55 s&¢ +
6 lines - 2nd contingency 1340 + + +

600 kV DC Self-Contained 0Oil-Filled Cable
L bipolar circuits - 8 poles)

8 poles - normal 1250 + + +
7 poles - 1st contingency 1429 +F 52 44 ++
6 poles - 2nd contingency 1250 + + +

500 kV Single-Phase SF,, GITL, Rigid System
(3 circuits < 3 lines)

3 lines - normal 3333 + + +
2 lines - 1st contingency 5000 + 69 +++ 60 +++
1 line - 2nd contingency 2500 + + +

500 kV Single-Phase SF,, GITL, Flexible System
(5 circuits - 5 lines)

5 lines - normal 2000 + + +
LL lines - 1st contingency 2500 + 55 3¢ +
3 lines - 2nd contingency % 2500 + 55 3¢ +

500 kV Three-Phase SF,, GITL, Rigid System
(5 circuits - 5 lines)

5 lines - normal 2000 + + +
L lines - 1st contingency 2500 + 55 ¢ +
3 lines - 2nd contingency 2500 + 55 % +

*

7500 MVA rating for 2nd contingency

3¢ Limiting value

¥t  MVA rating based on 750 kV operation
+ Temperatures below rated values

++ See discussion in Section 6.5.2

+++ See discussion in Section 6.6.1
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Table 6-3

Self-Contained Qil-Filled Cable Designs

500 kV AC
Copper Conductor
Area 2500 mn® (4930 kemil)
0il Channel Diameter 2.54 em (1 inch)
Outside Diameter 7.62 em (3 inches)
Stranding Milliken
Insulation
Material PPP
Thermal rho 650°C-cm/Watt
Power Faztor .0207
SIC 2.75
Impregnant polybutene oil
Thickness 2.29 cm (.9 inch)
Shield
Material composite carbon black
paper, metalized carbon
black paper, tinned
copper and cotton tape
Thickness 1 oem (.0l inch)
Sheath
Material Aluminum
Thickness .25 cm (.1 inch)
Resistivity 60% TACS
Jacket
Material polyethylene
Thickness .33 em (.15 inch)

Thermal rho

L50°C-cm/Watt
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2600 kV DC
2028 mm° (LOOO kemil)
2.5L cm (1 inch)
6.22 cm (2.L5 inches)
Concentric

high density cellulose paper
550°C-cn/Watt
not applicable
not applicable
low viscosity mineral oil
2.63 cm (1.035 inch)

composite carbon black papsr
and metalized carbon black paper

.025 cm (.01 inch)
Aluminum
L8 cm (.19 inch)
U3% TACS
polyethylene
.38 em (.15 inch)

1450°C-cm/Watt



Installation

Depth of Burial

Completed Cable System

L
Maximum Temperature
across insulation

Number of Lines Req'd
to transmit 10,000 MW

Table 65-3 (continued)

500 KV AC

76.2 em (30 inches)

1550 kV
not applicable
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X 600 kV DC

76.2 cm (30 inches)

1550 «V
32°¢

L bipolar



Table 6-l
500 kV Single-Phase SF,, GITL, Rigid System Design

Conductor (AL) L0.6 em (16.0 in.) OD - 1.8 em (.7 in.) wall

Enclosure (AL) 65.8 em (26.3 in,) OD - 1 cm (.LO6 in,) wall

Coating Coal tar epoxy or butyl rubber and polyethylene
composite

Spacing 3m (10 ft,) centers

Depth of Burial 76 em (30 in.)

Ground System Bonded

BIL 1550 kV

Number of Lines Req'd 3

to Transmit 10,000 MW

Table 6-5
500 kV Single-Phase SF,, GITL, Flexible System Design

Stranded Conductor (AL) 17 en (6,69 in.) OD = 13 em (5.12 in.) ID

Conductor Sheath 18 em (7.09 in.) OD

Enclosure (AL) 5h em (21,05 in,) OD - .5 em (.197 in,) wall

Coating Coal tar epoxy or butyl rubber and polyethylene
composite

Spacing 3m (10 ft,) centers

Depth of Burial 76 em (30 in,)

Ground System Bonded

BIL 1550 kV

Number of Lines Req'd 5

to transmit 10,000 MW
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Table 6-6

500 kV Three-Phase, SF,, GITL, Rigid System Design

Conductor (AL)
Enclosure (AL)

Coating

Spacing

Depth of Burial
Ground System
BIL

Number of Lines

Required to Transmit
10,000 MW

18.3 em (7.2 in.) OD - 1.8 em (.7 in.) wall
101.6 em (40 in.) ID - .95 em (.375 in.) wall

Coal tar epoxy or butyl rubber and polyethylene
composite

3 m (10 ft.) centers
76 em (30 in.)
Bonded

1550 kv

>
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Table 6-7

500 kV Resistive Cryogenic Cable Design

Conductor
size 5000 mm2 (9700 kemil)
material aluminum
outside diameter 9.1 em (3.6 in.)
stranding segmental

Insulation
material cellulose paper
thickness 2.34 cm (.92 in.)
thermal rho 625°C-cm/watt
sIC 2.0

Cable Pressure Pipe

material Fiber-reinforced plastic (FRP)
thickness 1.3 em (.5 in.)

inside diameter 41.2 em (16.2 in.)

outside diameter 3.7 em (17.2 in.)

Thermal Insulation

foam thickness 15.2 cm (6 in.)
outside diameter .2 em (29.2 in.)

Electromagnetic Shield

material aluminum
wall thickness .38 em (.15 in.)
inside diameter 4.2 em (29.2 in.)
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Table 6-7 (Continued)

Coating
type somastic
thickness 1.3 em (1/2-in.)

Completed Cable System

BIL 1550 kv
Number of Lines L
Required to Transmit

10,000 MW

Liquid Nitrogen
Return Pipe

inside diameter 22.2 cm (8.75 in.)
thickness 1 cm (.375 in.)
foam insulation 15.2 cm (6 in.)
thickness
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Table 6-8

230 kV Flexible Superconducting Cable

Cable Dimensions

Cable cooling channel bore diameter 8.66 cm (3.4 in.)
Cable inner conductor diameter 9.56 cm (3.76 in.)
Cable outer conductor diameter 12.62 cm (4.96 in.)
Contraction layer diameter 13.13 cm (5.16 in.)
Ilead sheath diameter 13.64 cm (5.37 in.)
Overall diameter inc. armor 14.27 em (5.61 in.)
Cryogenic envelope inner bore 34 em (13.38 in.)
Thermal insulation thickness 7.5 cm (2.95 in.)
Outer pipe diameter 51 cm (20 in.)
Envelope length (1 section) 20m (62 ft.)
Weight of 1 section 2,045 kg (4,500 1lbs.)

Electrical Design

Number of lines required to 3
transmit 10,000 MW

Max. stress at nominal voltage, MV/m 10
Continuous rated power, MVA 5,100
per circuit (base value)

Rated continuous current, kA 12.8
(base value)

Rated continuous surface current 425
density, A/cm

SIc (E;) 2.2

Dissipation factor, rad 10
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Table 6-8 (Continued)

Completed Cable System

Current-dependent loss at continuous
contingency rating (5100 MVA)

Current-dependent loss at normal
rating (3500 MVA)

Dielectric loss
Envelope heat in-leak

No. of refrigerators per circuit
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L2k W/km per circuit
137 W/km per circuit

88 W/km per circuit
L60 W/km per circuit
2



Table 6-9
230 kV Superconducting Cable - Rigid System

Cable Dimensions

Conductor 0.D. 1.6 em (4.6 in,)
Sheath 0.D, 314 em (12.4 in.)
Cryogenic Envelope I.D. 73 cm (28.75 in.)
Cryogenic Envelope 0.D. 90.8 emn  (35.75 in.)
Conductor - Materials Niobium, Copper, Invar
Cryogenic Envelops Length 16.5 m

Completed Cable System

BIL 870 kV
Envelope Heat Inleak at 5°K 571 Watts/km (920 Watbts/mile)
Conductor and Dielectric 87 Watts/km (1LO Watts/mile)

Losses at 5K
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Table 5-10
300 kV DC Superconducting (able Design

Conductor

Material Nb3Sn embedded in copper matrix

Size Inner strands: U3 strands of 2.5 mm diameter

Quter strands: 120 strands of 2.2 mm diameter

Dielectric

Material High-density cellulose paper

Impregnant Supercritical helium at 16 atm and 10-12 X

Thickness 22.5 mm

Max, Dielectric Stress 20 MV/m

Cable Dimensions

Central Channel Diameter 3bmm (1.3 in.)

I.D. of Dielectric 39.2 mm (1.5 in,)
0.D. of Dielectric 8L.3 mm (3.3 in.)
0.D. of Cable 96.9 mn (3.8 in.)
I.D. of Enclosure 109.8 mm (4.3 in.)
0.D. of Enclosure 330.0 mm (13 in.)

Completed Cable System

Number of circuits required to transmit 10,000 MW 3 monopolar

BIL 750 kV

Envelope Heat Inleak 200 Watts/km (322 W/mi.)
Average Losses in Cable 50 Watts/km ( 80 W/mi.)
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7.

CABLE REFRIGERATION SYSTEM

7.1

7.2

Refrigeration Cycles

The refrigeration cycles used to process nitrogen and helium
for circulation in resistive cryogenic and superconducting cable
systems are mechanically similar to production facilities engaged
in the commercial manufacture of liquefied gases, except that the
cable liquefiers are closed-loop units, and have a limited capa-
bility for producing large quantities of liquefied gases from a
warm start., With cable systems, the central cryogenic facilities
are more analogous to refrigeration plants than liquefiers. In
these refrigerators, the working fluid, nitrogen or helium, is
controlled over a temperature range necessary to extract heat from
the cable system, or maintain its superconductivity. The tempera-
ture swing from the warm to cold end of the cable system lies in
the sensible heat range of the fluid and phase changes within the
cable runs are avoided. The methods used for the cryogenic
processing of cable coolant fluid within refrigeration plants
principally use operations common to the reversed Brayton thermo-
dynamic cycle such as: multistage compression of gaseous coolant,
restrained expansion through turboexpanders coupled with staged,
counter flow heat exchange and, frequently, throttled through a

Joule-Thompson valve to achieve final sub-cooling,

Auxiliary Refrigeration Plant Equipment

Equipment typically found in the cryogenic refrigeration plant
consists of the motor-driven refrigerant compressor, heat exchanger
bank, or cold box, plus their associated turboexpanders and pumps,
While such an array of equipment constitutes the major portion of

the process train, a sizable proportion of station auxiliary equip-
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7.3

Muxiliary Refrigeration Plant Equipment (cont'd)

ment is required only to complete the battery limit plant. This
includes subsystems for coolant conditioning and purification,
vacuum pumping, heat rejection, process control, instrument air,
deriming, ‘electrical power, lubrication, and on-site storage of

process fluids.

Line FEnd Equipment

Because the cable coolant systems are closed loops, with
the working fluids being reprocessed by the central refrigeration
plant on a continuous basis, additional equipment may be located
at the far end of the coolant loop to compensate for pressure

drop or temperature rise in the circulating fluid.

In two of the superconducting helium-cooled systems examined,
line end expanders were placed at the far end of the coolant
stream to boost the refrigeration effect before return to the cold
box. This was accomplished via restrained expansion through a
warm, end-loaded turboexpander. By causing the fluid to perform
work through the line end expander, a net cooling of the helium

was realized at the sacrifice of available fluid pressure.

In the resistive cryogenic systems studied, the line end
stations contain multistage liquid nitrogen recirculation pumps
that restore lost fluid head and assist coolant flow back to

the central refrigeration station.
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7.4 Redundancy of Equipment

A prime concern to the cable system operator is the around-
the-clock availability of reserve refrigeration capacity at each
refrigeration station, Reserve cooling capacity is needed to
meet load contingencies arising from equipment breakdowns, mal-

functions, and scheduled maintenance outages.

In nearly every plant operating at cryogenic conditions, the
cold side process train components will periodically develop
blockages or exhibit diminished heat transfer characteristics from
accumulated frozen impurities, Their removal requires warming of
the affected system and flushing with clean purge gas. While this
has become a routine procedure in cryogenic operations, a cable
system operator would need to bring reserve cooling capacity on

stream during a defrosting operation.

Excess capacity will also be required during initial cool-
down of the cable system or to restore a section of line to
service that was warmed to ambient conditions for enclosure or

cable repair work.

For the purpose of this study, and to meet the contingencies
listed above, all line and terminal cooling plants were sized to
include one complete refrigeration train in excess of the require-
ments to operate the 10,000 MVA circuit under normal conditions.
This requirement provided a 33% reserve cooling capacity with the

three-line system, and 25% reserve with the four-line system.
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7.L Redundancy of Equipment (cont'd)

Where systems include the use of turboexpanders or cryogenic
pump at the end of coolant loops, a 100% reserve capacity was
specified, These components are expected to require a relatively
high level of maintenance in continuous cryogenic service, Pru-
dent design practice points toward installing one complete spare
unit for every operating expander or pump. The spare would be
maintained at cryogenic temperatures and be placed into service

quickly following the outage of its operational counterpart,

7.5 Ideal vs, Actual Refrigeration Performance

An important fact common to the cryogenic cable refrigerators
surveyed was that they require significant amounts of input power
relative to the net refrigeration effect that they transfer to the
coolant, The unbalance between power input and output is due to
inherent irreversibilities of the thermodynamic processes and is

affected by both temperature level and type of coolant used,

Accordingly, an ideal nitrogen refrigerator, operating at
78°K on a reversed Carnot cycle, would require a power input of
2.85 Watts for each Watt of refrigeration produced (2.85 W/W).
Industry sources report actual power requirements for liquid nitrogen
(LNZ) units to be 7.8-9.5 W/W, or the equivalent of 36.5% to 30%

of the idealized reversed Carnot cycle efficiencies (% Carnot).
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7.5 TIdeal vs. Actual Refrigeration Performance (cont'd)

In the case of helium refrigerators, power requirements are
even more substantial. System designers report actual power
requirements of from 550 W/W to 150 W/W with corresponding Carnot
values of 10,7-26,0%4. Increased power requirements, with corre-
sponding reductions in Carnot efficiencies were indicated as the

design temperature of the circulated helium coolant was lowered.

Table 7-1 presents a summary of refrigeration cycle para-
meters for three helium-cooled superconducting and one nitrogen-
cooled resistive cryogenic system. The Carnot efficiencies
listed show general agreement with the trends for such units

(5,6)

refrigerator-liquefiers made in 1969 and 197L. However, since the

reported by Strobridge in his surveys of commercially-available

cable system refrigerators tabulated in Table 7-1 represent signi-
ficant extrapolations in unit capacity and/or process design,

indicated cycle efficiencies may be optimistic,

7,6 Refrigeration Plant Descriptions

The refrigeration system design data and operating parameters
compiled in this study were acquired through published reports,
technical papers, unpublished correspondence, and personal communi-
cation with design engineers in the organizations originating the
various cable system concepts. The refrigeration plant packages
proposed by these sources were in response to a specific requirement
that the cable system be capable of carrying 10,000 MVA with appro-

priate contingency ratings as outlined in Section 4.3 of this report,
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The level of design technology employed to accomplish this goal
covered a range of philosophies, from the relatively straightforward
scaling up of proven cryogenic cycles, to the development of new
cycle designs and equipment requiring state-of-the-art improvements
beyond existing technology. A considerable amount of data concerning
the design of such refrigeration cycles for cryogenic cable systems
has been published under ERDA-funded contracts and should be consulted
for additional details‘l?223s1)

7.6.1. 500 kV Resistive Cryogenic System, This four-line system

utilizes liquid nitrogen (LN2) as a coolant, The basic
refrigerators used for cable cooling are rated at 13,478 kW
(input) per unit, and each services 15.0 km (9.3 mi.) of
cable enclosure., Each line requires seven refrigerators

to maintain the LN, temperatures in the range of 65°-88°K
predicted for normal operation. Seven additional refrigera-
tors, representing 25% reserve capacity would be installed
to ensure system reliability. Therefore, the entire
refrigeration plant network for the 500 kV RC system con-
sists of thirty-five refrigeration units having a total
input power of L71.7 MW, including 94.3 MW allocated as
reserve cooling capacity, The thirty-five refrigerators,
plus all auxiliary station equipment, would be located in
four buildings located along the cable right-of-way and at

intervals indicated in Figure 7-1.
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7.6.1

500 kV Resistive Cryogenic System (cont'd)

In addition to refrigeration units, LN2 pumps,
rated at 3,03 cubic meters/minute (800 gpm) are
located at the end of each 15.0 km (9.3 mi.) cable
from the line end to the refrigeration plant, Seven
recirculating pumps would be in continuous service
for each of the four lines, maintaining cable coolant

pressure in a 0,61-0,82 MPa (88-118 psi) range.

Supplementing these twenty-eight pumps is a
complete 100% reserve contingent of twenty-eight
pumps installed and maintained at cryogenic tempera-
tures for backup service. As shown in Figure 7-1,
all fifty-six pumps would be located in three
stations along the cable route and at the two ter-
minal substations. An additional complement of
fifty-six pumps are also located within the line

refrigeration stations.

The refrigeration cycle proposed for this system
circulates LN2 as the cable coolant, but uses neon, in
a two-stage expansion process, as an intermediate heat
exchange fluid to extract heat from the LN2 at each

line refrigerator.
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7.6.1

7.6.2

500 kV Resistive Cryogenic System (cont'd)

There are no prototypes of this refrigeration con-
cept in commercial operation. TIts designers estimate
actual power requirements at 7.8 Watts input per Watt of
refrigeration produced, This value corresponds to a
Carnot efficiency of 37.0% calculated at a 77OK cycle

temperature, 300°K ambient,

230 kV Superconducting Cable System., This three-line

system utilizes dense helium gas as a coolant. The
basic refrigerators used for cable cooling are rated at
10,560 kW (input) per unit, and each services 53,1 km
(33.0 mi.,) of cable by sending a helium stream 26.55 km
(16.5 mi.) in opposite directions, through the cryo-
enclosure, Fach line uses two refrigerators to maintain
the helium temperatures between the 6.7°-8.5°K required
for superconductivity. Two additional refrigerators,
representing 33% reserve capacity, are installed for

system reliability and accelerated cool-down operations.

In addition to refrigeration units, turboexpanders
are placed at the far end of each coolant loop, midway
between refrigeration stations where the helium coolant
reverses its flow direction., The line end units serve
to lower the temperature of the helium by causing the

fluid to perform work in passing through the expander.
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7.6.2

230 kV Superconducting Cable System (cont'd)

The work is unrecovered and allowed to dissipate as heat
at the compression end of the turboexpander, However,
the process accomplishes the important effect of reducing
the helium temperature prior to its return flow to the

refrigeration station,

With the 230 kV SC system, each line end expander
passes 1.416 kg/sec. (0.6LL 1b./sec.) of helium on a
continuous basis, The pressure drop across each unit is
0.83 MPa (125 psi), resulting in a corresponding tempera-
ture decrease of from 7.25°K to 6.42°K between the inlet
and exhaust, Approximately 2,157 Watts of heat are
dissipated in the process. Four expanders would be in

continuous service on each of the three lines.

Supplementing these units is a 100% reserve contin-
gent of twelve expanders installed and maintained at
cryogenic temperatures for backup service, As shown in
Figure 7-2, the twenty-four expanders would be located
in a mid-span station along the cable route and at both

terminal substations,

System designers estimate that the refrigeration
cycle will require 200 Watts of power input per Watt
of refrigeration produced. This value corresponds %o
a Carnot efficiency of 26.0% calculated at a 5.65°K

cycle temperature, 300°K ambient.
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7.5.2

7.6.3

230 kV Superconducting Cable System (cont'd)

Cable refrigerators of the size proposed for this
system have yet to be built and operated. However,
proponents of the cycle are operating a 500-Watt output,
supercritical helium refrigerator that is claimed to be
an initial step toward the development of a utility-

sized unit.

The refrigeration cycle has been described as a
hybrid Claude/Reversed Brayton cycle, Principal
componénts of the refrigeration train include a 261 kW
(350 HP) oil-injected screw compressor and three high-
speed, gas-lubricated turboexpanders. The cycle

maintains coolant temperatures in the 6°-8°K range.

230 kV Superconducting Rigid Cable System, This three-

line system circulates helium as a coolant. The basic
refrigerators used for cable cooling are rated at

6,105 kW (input) per unit; each services 17.7 km (11 mi.)
of cable by sending a helium stream 8,85 km (5.5 mi.) in
opposite directions through the cryoenclosure. Each line
uses six refrigerators to maintain the helium temperature
between L,6°-5.1°K required for superconductivity. Six
additional refrigerators, representing 33% reserve capa-
city, are installed for system reliability and accelerated

cool-down operations,
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7.6.3

230 kV Superconducting Rigid Cable System (Cont'd)

The entire refrigeration plant network for the 230 kV
SC-R system consists of twenty-four units having a total
input power rating of 153.7L MW, including 38.LL MW of
reserve cooling capaéity. The twenty-four refrigerators,
plus all auxiliary station equipment, would be housed in
six buildings located along the cable right-of-way, at

intervals indicated in Figure 7-3.

System designers classify the refrigeration cycle
with the 230 kV SC-R system as both a refrigerator and
liquefier. The only fluid processed is helium, In the
cycle, helium gas i1s compressed, cooled to cryogenic
temperature by staged expansion through turboexpanders,
and finally liquefied by expansion through a Joule-
Thompson valve, This process provides a stream of super-
critical helium, at 0,69 MPa (100 psi) and 5°K, for
conductor cooling plus a source of cold helium for distri-
buted refrigeration to the cable heat shield arrangement
used to remove heat leaking into the cryoenclosure, This
latter source of helium is bled back to the cold box at

ambient temperature.

No line end equipment, such as recirculation pumps or
expanders, is required with the system, The circulation
of helium through each 8.85 km (5.5 mi.) coolant loop and
the heat shield bleed return lines is sustained by the
energy generated through the cold box and the suction side

of the main helium recycle compressor,

- 185 -



7.

CABLE REFRIGERATION SYSTEM

7.6 Refrigeration Plant Descriptions

7.6.3

7.6.4

230 kV Superconducting Rigid Cable System (cont'd)

As shown in Table 7-1, the cycle requires a power
input of 548 Watts for each Watt of refrigeration pro-
duced, This value corresponds to a Carnot efficiency
of 10.7% calculated at a 5.0°K cycle temperature, 300°K
ambient. While a refrigerator—liqﬁefier cycle of this
size has yet to be built commercially, the system
designer believes the system can.be installed using
existing reciprocating compressor and turboexpander

technology.

300 kV DC Superconducting Cable System. This three-line
system uses helium as a coolant. The refrigerators used

for cable cooling are sized at 13L, 28L, and 375 kW input.

Each line has ten 375 kW refrigerators spaced along the
line as indicated in Figure 7-L. Terminal refrigeration
units are also located at the Energy Park and Mid-Site
Substation locations. The input power ratings of the

terminal refrigerators are 134 kW and 28L kW, respectively.

In the 300 kV SC-DC system, the line refrigerators
split the coolant stream and send it in opposite directions
to line end expanders, where these units restore lost
refrigeration effect. Due to the relatively low quantity
of circulated helium - 9L g/sec. (12.42 1b./min.) - the
expander work dissipated as heat at the end of each expansion
loop is only 250 W/unit, Helium temperatures are maintained
at 10°-12°K throughout the cable envelope. Coolant fluid
pressure is held between 0,81-1.62 MPa (117-235 psi).
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7.6.L

300 kV DC Superconducting Cable System (cont'd)

The entire refrigeration plant network for the 300 kV
SC-DC system consists of thirty-six active refrigerators
plus twelve additional units installed to provide a 33%
reserve cooling capacity. The total installed input power
for the forty-eight refrigerators is 16.67 MW, which

includes L.17 MW of cooling reserve.

All forty-eight refrigerators would be housed in
twelve buildings sited along the cable right-~of-way at
intervals indicated in Figure 7-L. A total of twelve
end-of-line expander units would also be sited at four
locations on the system, Of these units, sixty-three
would be in continuous service, with a complete, cooled-

down spare available for each running expander,

The designers of this system estimate that the
refrigeration cycle will require 150 Watts of power input
per Watt of refrigeration produced. This value corresponds
to a Carnot efficiency of 17.5% calculated at an 11°K
cycle temperature, 300°K ambient., No commercial prototypes
of this system are in operation, but it is believed that
the refrigeration cycle design would be similar to the one
described for the 230 kV SC system in Section 7.6.2. How-
ever, in the case of the 300 kV 3C-DC design, the modest
375 kW input power requirement for the refrigerators has
already been exceeded by several commercial helium lique-

faction plants operating in the United States.
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7.7 Refrigeration Plant Costs

7.7.1

Utility Industry Experience., An underlying assumption for

this study was that an operating utility would possess no
in-house capability for the design and construction of the
specialized refrigeration plants associated with the
operation of resistive cryogenic and superconducting cable
systems, Therefore, the most logical approach would be to
contract for these facilities on a turnkey basis, where a
qualified engineering construction firm would have prime
responsibility for the design, procurement, construction,
and start-up of the total cryogenic process train., Such
contractual arrangements have become standard practice
among utilities that have added liquefied natural gas (LNG)

facilities to their systems.

ING facilities share many technological similarities
with cryogenic cable system refrigeration units. The LNG
units operate at a nominal temperature of 1120K, ahd em-
ploy compressors, turboexpanders, cryogenic pumps, and
fluid purification units in process configurations analogous

to the thermodynamic cycles described in Section 7.6

The fact that approximately forty-two LNG plants have
been built for the U. S. utility industry in the past
seventeen years provides an excellent data base for assessing
the financial impact of installing and operating a cryogenic

facility within a utility system.
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7.7.2

Installed Refrigeration Costs. Information used to develop

the initial costs of purchasing turnkey cable refrigerator
systems originated from such sources as: engineering and
construction firms, research and development laboratories,
and construction accounting records generated by several

LNG plant installations built for utility companies during
the period 1969-1972. The overall goal of this work was to
establish representative and uniform costing methods that
could be applied to the range of refrigerator sizes proposed

by the cable system design engineers.

Table 7-2 presents a summary of the estimated, initial
installed costs for the superconducting and resistive cryo-
genic system refrigeration plant networks, Included in the
totals are all the cost elements that an operating utility
would be expected to incur during the plamning, design,
construction, and start-up phases of a turnkey installation,

This list of installed costs includes:

e Main cryogenic cycle equipment including
compressors, cold boxes, and integral
expanders,

e Al refrigeration cycle subsystems for
such functions as: heat rejection, lubri-
cation, purification, vacuum generation,
instrument air, and intermediate storage
of process fluids,

e Structural steel and intercdnnecting piping

between process subsystenms.
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7.7.2 Installed Refrigeration Costs (cont'd)

e Motor control centers.

e A minimum of two electrical distribution
supply circuits at each refrigeration
station of sufficient capacity to operate
the station on either line,

e Flectrical substation equipment to include
all transformers, breakers, and switches
necessary to serve the plant from multiple
feed lines.

e All local and remote, control and monitoring
instrumentation,

e Line end equipment, such as turboexpanders
and pumps, along with their associated
instrumentation,

® Buildings for housing all refrigeration and
pumping equipment along the cable right-of-
way.

e Al equipment, tank, and building foundations.

e Sufficient real estate to erect right-of-way
structures and maintain required safety zones
along bordering private property.

e Site clearing, grading, and landscaping of
refrigerator and pumping station locations.

e Turnkey contractor charges for equipment pro-
curement, field engineering, home office
project management, startup expenses, operator

training and contractor profit,
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7.7.2 Installed Refrigeration Costs (cont'd)

) Project engineering costs incurred by
the operating utility during the design,
construction, and startup phases of the
refrigeration plant contract.

e An overall project contingency of 15%.

Once a reliable, installed cost package was established
for a single size of refrigeration unit, the costs for
various capacity refrigerators were derived using the "six-
tenths factor" logarithmic relationship developed by
Williams(T). This factoring concept is an accepted method
for scaling costs of similar equipment in the chemical pro-
cess industry. The simplified form of the six-tenths factor
is:

C =r C
where Cn is the new plant cost, C is the previous plant cost,
r is the ratio of the new to previous refrigeration plant
(input) capacity. The factor is used to adjust costs for
single refrigerators; the system costs in Table 7-2 are
multiples of the single unit costs estimated by the six~tenths

factor,

One significant result of the cost estimating phase of
the study was the realization that the widely-used empirical
relationship of Strobridge:

C = 7500 PO'7
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7.7.2 Installed Refrigeration Costs (cont'd)

where C is the cost in dollars, and P is the input power

of the refrigerator in kilowatts, only accounts for
approximately 50% of the total first cost of the installa-
tion realized by the operating utility. This deviation
was predictable, since the Strobridge formula was developed
using equipment costs of the basic refrigeration units,
exclusive of site development, installation, electrical
power facilities, buildings or any of the aforementioned
costs incurred by a utility purchasing a large, turnkey

refrigerator system.

7.7.3 Capitalized Refrigeration System Costs. Tables 7-3 through

7-6 present the equivalent capital requirements, in 1976
dollars, for the four resistive cryogenic and superconducting
cable refrigeration systems, calculated on the basis of the
installed systems having a LO-year life expectancy. To derive
these costs, it was necessary to assume that capital expendi-
tures of the 20-year life components -- refrigerators, line
expanders, pumps, and project engineering -- would be made at
initial installation, and repeated in the twenty-first year
of the LO-year life cycle, The remaining items -- real
estate, site preparation, foundations, electric service and
substations -- are one-time, non-renewable expenditures made
at initial installation. The present worth for the 20-year
life equipment was calculated using an annual carrying charge
rate of 18.0%; 16.3% with the LO-year life cost components.
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A 5% inflation rate and 9% interest rate were also used to
generate the present worth of all future investments., The
annual operating and maintenance charges were estimated at
approximately 3% of the total, initial installed costs for

all refrigeration systems studied.

7.8 Conclusions

This evaluation of refrigerator technology and economics has pro-

duced several important conclusions which may be useful in establishing

priorities for future system development:

Sufficient cryogenic technology presently exists to
build and operate a low temperature refrigeration
system for cable cooling, although a compromise of
cycle efficiency and operating cost may be necessary
to reach this goal with existing equipment,

Future development work, leading toward the production
of larger screw and centrifugal compressors, as well
as gas-bearing turboexpanders, will be necessary if
more efficient refrigeration cycles are to be built,
Cable refrigeration designers should assign a high
priority to reducing the power requirements and
improving the efficiencies of their cooling cycles;
both areas have a direct bearing on the magnitude of

installed capital costs and losses for these systems.
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MID-SITE SUBSTATION UNIT INCLUDES LINE END EXPANDER EQUIPMENT.

R(X),E(X),DENOTES NUMBER OF REFRIGERATORS OR EXPANDERS AT STATION.

HYDRAULIC SCHEMATIC FOR ONE LINE
300kV DC SUPERCONDUCTING CABLE

F|6ﬁ4
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Table 7-1

Refrigeration Plant Design Summary

CABLE SYSTEM
230 kV 230 kV Superconducting 300 kV DC 500 kV
System Parameters Superconducting Rigid System Superconducting Resistive Cryogenic

System Length, km (mi.)
No, Lines/System
No, Refrigerators/Line
No. Refrigerators/System
No, Refrigeration Stations/System
Design Input Power/Refrigerator, kW
Line Refrigerator
Mid-Site Refrigerator
Energy Park Refrigerator
Installed Input Power/Refrig, Station, MW(c)
Line Station
Mid-Site Station
Energy Park Station
Normal System Input Power, Mw(c)
Installed System Input Power, MW(c)

No. Expander Stations/System
No. Expanders/System-(Active/Spares) (f)

No. Pumping Stations/System
No. Pumps/System-(Active/Spares)

Refrigeration Cycle Parameters
Coolant Type
Coolant Temp. Range, %k
Coolant Pressure Range, MPa (psi)
Watts Input/Watts Refrigeration, Actual
4 Carnot Efficiency (@ K)

Notes:

106.2 (66.0)
3
2
8(a)
2
10,560

L6.46

69.7(d)
92,93
3
12/12

None

Helium
6.7-8.5
0.61-1,52 (88-220)

200
26.0 (5.65°K)

(a) TIncludes 25% reserve, installed refrigeration capacity.
(b) Includes 20% reserve, installed refrigeration capacity.

(c) Includes 10% addition for powering station suxiliary equipment,

106.2 (66.0)
3
6
2L(a)
6

6,L06

28.19

126.8(d)
169.,1

None

None

Helium
L.6-5.1
0.66-0,69 (96-100)
SL8
10.7 (5°K)

(d) System input under normal conditions, 10,000 MW load level, 3 lines operating,
(e) System inmput under normal conditions, 10,000 MW load level, L lines operating,
(f) Excludes expander equipment with cold box process train,

(g) System includes one, half-size station,

106.2 (66.0)
3
12
L8(a)
12

o
134

1.65
1.25
0.59
13.75(d)
18131‘

1
63/63

None

Helium
10-12
0.81-1.62 (117-235)

150
17.5 (11°K)

106.2 (66.0)
L
7
35(b)
L

13,478

7h.13/37.06(g)

115.1(e)
518.9

None

5
56/56

Nitrogen
65-89
0.61-0,82 (88-118)

7.
37.0 (77°%K)
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Cost Component(a)

Real Estate(b)
Site Preparation and Foundations
Buildings(b)
Refrigeration Equipmen
Pumping Stations(c)
Expander Stations(c)
Kectric Service and Substations
(c)
Subtotal, 20-yr. life components
Subtotal, L4O-yr., 1life components
Initial Installed Cost of System

(b)

L)

(b)

Project Fngineering

Notes

$ 82,101

18,997

(a) A1 costs calculated as of January 1, 1976
(b) Cost component having estimated LO-year life
(¢) Cost component having estimated 20-year life

Table 7-

2

SUMMARY OF INITIAL INSTALLED COSTS
CABLE REFRIGERATION SYSTEMS

CABLE SYSTEM

230 kV 230 kV Superconducting 300 kV 500 kV
Superconducting R1g1§$System Superconducting Resistivngnngenic
180 5h5 992 800
1,636 10,320 3,804 23,510
7,3L0 16,347 6,039 21,170
76,047 168,986 62,269 394,318
- - - 2,300
1,115 - 2,18 -

6,5l 10,617 5,815 19,470
_b,9% 13,69 5,210 32,180

$182,682 $ 69,797 $b28,798

41,829 16,650 61,800

$101,098

$22),511

$86,ul7 $190,598



Table 7-3

Capital Cost of Refrigeration Flants
230 kV Superconducting Cable System

Material Labor Total
Ttem Quantity K$ K$ K$

I. Real Estate 6.5 ha.(16 ac) L80 - 1,80
II.  Site Prep. & Foundations 1,887 2,7L9 L,636
ITI. Buildings 2 2,936 L,Lok 7,340
IV, Refrigerators 8 77,065 27,077 10k,142
V. Line Expanders 12 1,222 305 1,527
VI, Elec., Ser. & Substations 2 2,94 3,597 6,5l
VII. Operation & Maintenance 3,777 11,333 15,110
VIII. Engineering - 6,764 6,764
IX.  TOTALS $90,311  $56,229  $1L6,5L0

Notes:

Ttems I, II, III, and VI are 40-year life components.

Ttems IV, V, and VIII are 20-year life components.

Ttem VII calculated at 3% of initial project cost.

Capitalized costs calculated using interest rate of 9%4%,
annual escalation factor of 5%.

- 2071 -



IT.
ITI.

IV,

=

VII.

VITT,

Notes:

Capital Cost of Refrigeration Plants

Table T7-4

230 kV Superconducting Rigid Cable System

Material  Labor Total
Ttem Quantity K$ K$ K$

Real Estate 12.1 ha, (30 ac) sLs - sL5
Site Prep. & Foundations L,197 6,123 10,320
Buildings 6 6,539 9,808 16,347
Refrigerators 2L 171,248 60,168 231,116
Elec. Ser. & Substations 6 6,578 8,039 14,617
Operation & Maintenance 10,338 31,012 41,350
Engineering - 18,755 18,756
TOTALS $199,LL5  $133,906  $333, 351

Ttems T, IT, III, and V are LO-year life components.
Items IV and VIT are 20-year life components,
Ttem VI calculated at 3% of initial project cost.
Capitalized costs calculated using interest rate of 94%,
annual escalation factor of 5%.
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Table 7-5

Capital Cost of Refrigeration Plants
300 kV DC Superconducting Cable System

Material Labor Total
Ttem Quantity K$ K$ K$

1. Real Estate 19.Lha.(L8 ac) 992 - 992
II. Site Prep. & Foundations 1,5Lh 2,260 3,80L
ITI. Buildings 12 2,L15 3,624 6,039
IV.  Refrigerators L8 63,103 22,171 85,274
V. Line Expanders 63 2,540 635 3,175
VI.  Elec. Ser. & Substations 12 2,617 3,198 5,815
VII. Operation & Maintenance 3,990 11,960 15,950
VIII. Engineering - 7,135 7,135
IX.  TOTALS $77,201  $50,983  $128,184

Notes:

Ttems I, II, III, and VI are LO-year life components,

Items IV, V, and VIII are 20-year life components.

Ttem VII calculated at 3% of initial project cost,

Capitalized costs calculated using interest rate of 943,
annual escalation factor -of 5%.
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Table 7-6

Capital Cost of Refrigeration Plants
500 kV Resistive Cryogenic Cable System

Material  Labor Total
Ttem Quantity K$ K$ K$

T. Real Estate 16.6 ha, (L1 ac) 800 - 800
I1. Site Prep. & Foundations 2,360 21,150 23,510
ITI. Buildings L 8,L68 12,702 21,170
IV. Refrigerators 35 399,64, 1LO,416 540,060
V. Nitrogen Pumps 56 2,205 oL5 3,150
VI. Elec. Ser. & Substations i 8,760 10,710 19,L70
VII. Operation & Maintenance 23,565 70,700 Sk, 265
VIII. Engineering - L1, 070 L},070
IX. TOTALS $LLL,229 $302,266 $7L6,L495

Notes:

Items I, II, III, and VI are LO-year 1life components,
Items IV, V, and VIII are 20-year life components.

Item VII calculated at 3% of initial project cost,
Capitalized costs calculated using interest rate of 9%%,

annual escalation factor of 5%.

Costs for an additional 55 pumps located at refrigerator
sites are included in totals of item IV.
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8.  HIGH-PRESSURE OIL-FILLED PIPE-TYPE CABLE SYSTEMS

8.1 General

High-Pressure Oil-Filled Pipe-Type (HPOPT) cable is the most
commonly used underground system in the United States for 69 kV
and higher voltages. Figure 5-1 illustrates the three HPOPT
cables within a steel pipe enclosure. Pressurized oil on the

cable laminate insulation provides a superior dielectric system.

8.1.1 Self-Cooled Systems, Figure 8-1 is the system schematic
for the naturally-cooled 500 kV and 765 kV cable systems,

The cable charging current necessitates installations of

shunt compensation at three mid-line locations and at the
substations. Oil pumping plants are also at these loca~-
tions to maintain the oil pressure required for the cable

insulating system,

Installing the HPOPT cable in the network system
described in Chapter L required series impedance installed
at  Energy Park  to compensate for network current in-

flow allowed by the system's relatively low impedance,

8.1.2 Force-Cooled System. Figures 8-2 and 8-3 are system schematics

for the force-cooled HPOPT cable systems, Force-cooling is
accomplished by pumping refrigerated oil within the pipe and
thus cooling the cables by removing the heat losses. The
separation of refrigeration plants depends on factors such as

flow characteristics and system heat dissipation.
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8.  HIGH-PRESSURE OIL-FILLED PIPE-TYPE CABLE SYSTEMS

8.1 General

8.1.2 Force-Cooled System (cont'd)

the o0il temperature in the system is limited by the
earth ambient and the highest temperature of the system
is limited by the cable insulation, For the 500 kV and
765 kV systems, the refrigeration plants are L.h km
(7.1 mi.) and 3.3 km (5.3 mi.) apart, respectively. This
design for removing the cable losses by forced cooling
results in a 33% reduction in the number of transmission
lines for both 500 kV and 765 kV,

The network series impedance requirements are re-
duced because the overall system impedance is higher

than the self-cooled systems due to fewer circuits,

8.2 Material and Installation Costs

The typical trench cross-sectional views are illustrated by
Figures 8-3 and 8-L. The installed costs for all material and
labor for the three self-cooled systems and the two force~cooled
systems are shown in Tables 8-1, 8-2, 8-3, 8-L, and 8-5, The costs
were developed from the general installation details given in
Section 3.9 and the following.
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8.  HIGH-PRESSURE OIL-FILLED PIPE-TYPE CABLE SYSTEMS

8.2 Material and Installation Costs (cont'd)

o The material costs for the cable, pipe, and pumping
plants were obtained from existing suppliers. Since
this is a mature system, the material pricing can be
accepted with a high degree of confidence,

e Manholes were used every 1760 feet for splicing.

8.3 Losses

System losses are summarized in Tables 8-6 and 8-7, and

are based on the conditions outlined in Section 6.2.

8.4 Cost Summary

The total installed cost for both radial and network HPOPT
cable systems is given by Tables 8-8 and 8-9. The capitalized
cost of losses represents approximately 25% of the total cost for
the self-cooled systems versus approximately 32% of the total

cost for the force-cooled systems.

8.5 System Evaluation

8.5.1 General, The 500 kV HPOPT cellulose-insulated cable has
been tested at Waltz Mill and is considered to be commer-
cially available, The 500 kV and 765 kV HPOPT PPP-insulated
cable is being developed under an EPR:/ERDA-sponsored

program,
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8.  HIGH-PRESSURE OIL-FILLED PIPE-TYPE CABLE SYSTEMS

8.5 System Evaluation (cont'd)

8.5.2

8.5.3

8.5.4

Reliability. The 500 kV and 765 kV HPOPT cable should
share in the excellent reliability record of the existing
HPOPT systems.

Installation, Installation techniques are well developed

for HPOPT cable. However, the long time required for
taping the splices and terminations may be reduced with
premolded splices and terminations. Some innovations
have been offered in this area. However, the estimates

were based on taped splices and terminations,

Future Developments., Two areas for future development

are the reduction of dielectric losses and investigation
of moisture migration associated with the earth thermal
circuit, The present high insulation losses result from
the relatively high dielectric power factor. PPP insula-
tion may reduce the power factor from 0.002 to 0,0005;
however, further research and development is needed to
combine low thermal resistance, good mechanical and

taping properties with a low dielectric power factor.

The ability to thermally evaluate underground trans-
mission systems would be significantly improved with
better information on moisture migration under various
s0il conditions and pipe sizes. This investigation would
be of particular value for the larger size pipes or

enclosures.,
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ENERGY PARK MID-SITE
COMPENSATION COMPENSATION COMPENSATION
___ SUBSTATION - STATION STATION STATION _ SUBSTATION -
lus s | |_ ] B _i L ] BUS |
l | BARE ra |
L | LI L L L L IL L |
| Y | | | | | |
| ‘ | T ‘ [' " | ' |
l J J J |
o EcEERC oo
L /| . | LN~ | LN/ | N~ ]
26.6 km _J_ 26.6km ‘ 26.6km _|_ 26.6km
(16.5mi) - (16.5mi) (16.5mi) ' (16.5mi)
106.2 km(66mi)
NO. PRESSURE  L-MVAR/
NO. LINES UNITS LINE/UNIT  S-OHMS/LINE
500kV HPOPT CELLULOSE-INSULATED-RADIAL 16 I6 270 -
-NETWORK 16 16 270 22.0
500kV HPOPT PPP-INSULATED -RADIAL 12 I3 246 -
-NETWORK 12 13 246 13.75
765kV HPOPT PP P-INSULATED -RADIAL 9 8 438 -
-NETWORK 9 8 438 18,56

LEGEND
L = SHUNT COMPENSATION UNIT - (MVAR/LINE/UNIT)
S = SERIES COMPENSATION UNIT - (OHMS/LINE)-(INDUCTIVE)

P = DUAL PRESSURE STATION
SYSTEM SCHEMATIC
HPOPT CABLE

FIG.




- 0le -

ENERGY PARK

MID-SITE

D 1
4.4km I’ 4.4km
(2.8mi) (2.8 m"l‘—i) ETC. ETc.——-l-—

SUBSTATION COMPENSATION STATION SUBSTATION
] (3 STATIONS) ]
] BUS
AR
L L L
4h ) ~ 4o
7 17
& G ()

FOR RADIAL SYSTEM, S=0
FOR NETWORK SYSTEM, S= 3.45 OHMS/LINE - (INDUCTIVE))

SYSTEM SCHEMATIC

8 LINES

44km
(2.8mi)
26.6 km
- (16.5mi) ETC.
. 106.2 km (66mi)
LEGEND
L = SHUNT COMPENSATION UNIT (246 MVAR/LINE/ UNIT)-( INDUCTIVE)
P(X) = PRESSURE AND COOLING STATIONS (NUMBER OF UNITS AT STATION)-25 STATIONS
PRESSURE AND COOLING STATIQNS SERVE ALL LINES
S = SERIES COMPENSATION UNIT

SOO0kV FORCE-COOLED HPOPT PPP-INSULATED CABLE

FIG. 8-2
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(16.5mi) ETC.

et 106.2Km (66mi)
LEGEND
L = SHUNT COMPENSATION UNIT (438 MVAR/ LINE/ UNIT) = ( INDUCTIVE)
P(X) = PRESSURE AND COOLING STATIONS (NUMBER OF UNITS AT STATION)—33 STATIONS
S = SERIES COMPENSATION UNIT

FOR RADIAL SYSTEM, S=0
FOR NETWORK SYSTEM, S=6.39 OHMS/LINE - ( INDUCTIVE)

SYSTEM SCHEMATIC

765kV FORCE-COOLED HPOPT PPP-INSULATED CABLE

& LINES

FIG. 8-3
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II.

III.

VI,

VII.

VIII.

X.

xI.

XII.

Table 8-1

Cable System Cost

500 kV HPOPT Cellulose~Insulated Cable

Jtem

Right of Way

1, Street

2, Private

Clearing & Access Roads

Pipe, 32.39 cm
(12 3/4 in.) OD

1. Street

2. Private ROW
Manholes

Excavation & Backfill
1. Street

2. Private ROW
Cable¥*, 3«1x2500 kemil

0il in pipe

Terminations
Pressure Systems

Engineering

Maintenance (Capitalized)

Total

16 Lines

Quantity

49,8 ha. (123 ac.)
498 ha. (1230 ac.)

498 ha. (1230 ac.)

154.5 km (96 mi.)
1545 xm (960 mi.)
3171

154.5 km (96 mi.)
1545 xm (960 mi,)
1701 km (1057 mi.)

71.5 x 100 liters
(18.9 x 100 gal.)

128 sets
16

#Includes cable and splicing costs
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Material

K

21,105
36

5,440
54,333
17, bl

4, 886
9,283
W77,287
28,320

13,568

2,06k4

3,681
638,047

Labor Total
K$ K$

- 21,105
1,264 1,300
10,362 15,802
101,933 156,541
5,233 22,677
38,359 43,245
127,590 136,873
4,969 522,256
2,263 30,583
2,688 16,256
W72 2,536
8,480 8,480
8,589 12,270
351,877 989,924



Table 8-2
Cable System Cost

500 kV HPOPT PPP~-Insulated Cable

12 Lines
Material Labor Total
Ttem Quantity K$ K$ K$
I. Right of Way
1. Street 38.k ha, (94.8 ac.) - - -
2. Private 384 ha, (948 ac.) 16,286 - 16,286
II. Clearing & Access Roads 384 ha., (948 ac.) 36 98L 1,020
III. Pipe, 27.3 cm (10.75 in) |
oD
1. Street 115.9 ¥m (72 mi.) 3,k4k0 7,250 10,690
2. Private ROW 1159 km (720 mi.) 34,400 70,900 105,300
IV, Manholes 2376 13,068 3,920 16,988
V. Excavation & Backfill
1. Street 115.9 km (72 mi.) 3,655 28,717 32,372
2. Private ROW 1159 km (720 mi.) 6,950 103,200 110,150
VI. Cable¥,3-1x2500 kcmil 1274 ¥m (792 mi.) 476,950 33,685 510,635
VII. O0il in pipe 36x10% Jiters 14,250 1,673 15,923
(9.5x10° gal.)
VIII. Terminations % sets 10,165 2,01k 12,179
IX. Pressure Systems 1,677 384 2,061
X. Engineering - 6,360 6,360
XI. Maintenance (Capitalized) 3,330 7,670 11,000
XII. Total 584,207 266,757 850,%W

*Includes cable and splicing costs
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II.

III.

V.

VI.

VII.

VIII.

X.

XI.

X1I.

Table 8~3

Cable System Cost

765 kV HPOPT PPP-Insulated Cable

Item

Right of Way

1. Street

2. Private

Clearing & Access Roads

Pipe, 32.39 cnm
(12 3/4 in.) OD

1. Street

2. Private ROW
Manholes

Excavation & Backfill
1. Street

2. Private ROW
Cable*, 3-1x2500 kemil

0il in Pipe

Terminations
Pressure Systems

Engineering

Maintenance (Capitalized)

Total

9 Lines

Quantity

29.1 ha. (72 ac.)

291 ha.

291 ha.

(720 ac.)

(720 ac.)

86.9 xm (54 mi.)

869 km
1782

(540 mi.)

86.9 km (54 mi.)

89 km
956 km

(540 mi.)
(594 mi.)

37.5 x 100 liters
(9.9 x 106 gal.)

T2 sets
8

¥Includes cable and splicing costs
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Material Labor
K$ K$
12,372 -
36 756
3,060 5,828
30,900 57,154
9,801 2,940
2,740 31,538
5,210 77,741
483,365 30,825
14,350 1,400
12,322 1,870
1,032 236
- 4,770
3,130 7,300
578,818 222,358

Total

12,372

792

8,888
88,054

12,741

34,278
82,951
514,190
16,250

14,192
1,268
4,770

10,430

801,176



Table 8-k
Cable System Cost

500 kV Force Cooled HPOPT Cable System

8 Lines
Material Labor Total
Quantity K$ K$ K$
I Right of Way
(a) Street 17 ha, (42 ac) - - N
(b) Private 170 ha, (420 ac) 7,200 - 7,200
I1 Clearing & Access Road 170 ha, (420 ac) 36 555 591
III Pipe, 10-3/L4" OD
Street 77.25 km (48 mi) 2,293 4,833 7,126
Private ROW 772.5 km (480 mi) 22,933 h7,267 70,200
IV Pipe, 5-9/15" OD
Street 77.25 km (48 mi) 1,435 3,222 4,657
Private ROW 772.5 km (480 mi) 14,350 31,511 145,861
V Manholes - 1 for 2 Pipes 792 5,445 1,63k 7,079
VI Excavation & Backfill
Street 38.6 km (24 mi) Trench 1,827 ik,360 16,187
Private ROW 386 xm (240 mi) Trench 3,475 51,600 55,075
VII Cable*, 3 1x2500 kemil 849.6 km (528 mi) 317,967 22,457 340,42k
VIII 0il in Pipe
10~2/L" ol,1x100 1iters (6.4x100 gal) 9,573 1,630 11,203
5-9/16" 10.9x10° liters (2.9x100 ga1l) k350 756 5,106
IX Terminations 6L sets 13,552 2,01k 15,566
X Diffusers 416 1,800 360 2,160
XI Pressure & Cooling Plants 384 167,408 28,628 196,036
XII Cooling Plant Maintenance (Capitalized) 12,015 28,036 40,051
XIII Cable Maintenance (Capitalized) 1,252 2,92M 4,176
XIV Engineering - 6,000 6,000
586,911 247,787 B3L,608

*¥Includes cable and splicing costs
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II

III

VI

VII

VIII

b

X1

XII

XIII

X1v

Table 8-5
Cable System Cost

765 kV Force Cooled HPOPT Cable System

6 Lines

Material
Item Quantity K§
Right of Way
1. Street 12.75 ha (31.5 ac) -
2. Private 127.5 ha (315 ac) 5,400
Clearing & Access Road 127.5 ha (315 ac) 27
Pipe, 12 3/4" OD
1. Street 57 km (36 mi) 2,040
2. Private ROW 570 km (360 mi) 20,600
Pipe, 5 9/16" OD
1. Street 57 km (36 mi) 1,076
2. Private ROW 570 km (360 mi) 10,760
Manholes, 1 for 2 Pipes 594 L, 084
Excavation & Backfill
1. Street 29 km (18 mi) Trench 1,598
2. Private ROW 290 km (180 mi) Trench 3,039
Cable*, 3-1 x 2500 kemil 637 km (396 mi) 322,243

0il in Pipe
12 3/4" Pipe 2,48x100 liters (6.6x100 gal) 9,831
5 9/16" Pipe  8.23x10° liters (2.2x106 gal) 3,263

Terminations 48 sets 16,443
Diffusers 360 . 2,133
Pressure & Cooling Plants 336 147,460
Cooling Plant Maintenance (Capitalized) 10,528
Cable Maintenance (Capitalized) 1,261
Engineering 5 1’7

*Includes ceble and splicing costs:

- 218 -

Labor Total
X$ K$

5,400

416 443
3,885 5,925
38,102 58,702

2,417 3,493
23,633 34,393
1,225 5,309
12,564 14,162
45,191 48,230
20,550 342,793
1,231 11,062
570 3,833
1,870 18,313
h27 2,560
26,021 173,481
24,546  35,07h
2,94k L, 205
6,000 6,000

SI1.5% 773.37
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HPOPT Cable Systems

Table 8-6

500 kv Cellulose 500 kv PPP 765 kv PPP
I Transmission Radial Network Radial Network Radial Network
Total Losses MW (1) 171.1h 171.14 133.4 133.4 95.31 95.31
Total MW Hr per year (2) 1,091,600 1,091,600 733,000 733,000 538,600 538,600
Energy Cost per year K$ (3) 19,212 19,212 12,900 12,900 9,479 9,479
Capitalized Energy Cost K$ (b) 117,864 117,86k 79,140 79,140 58,157 58,157
Demand Cost K$ (1 & 5) 78,72h 78,724 61,36k 61,364 43,843 43,843
Sub-Total K§ 196,588 196,588 140,504 140,504 102,000 102,000
J1 Substations
Transformer Losses MW (1) 84 .6 84.6 84.6 8h.6 103.3 103.3
Total MW Hr per year (2) 521,400 521,400 521,400 521,400 336,370 336,37C
Energy Cost per year K$ (3) 9,177 9,177 9,177 9,177 11,200 11,200
Capitalized Energy Cost K$ (4) 56,298 56,298 56,298 56,298 68,712 68,712
Demand Cost K$ (1 & 5) 38,916 38,916 38,916 38,916 47,518 47,518
Sub-Total K$ 95,21k 95,214 95,214 95,21k 116,230 116,230
IIT Series Compensation
Total Losses MW (1) None 3,166 None 2,88 None 2.46
Total MW Hr per year (2) 21,317 16,758 14,280
Energy Cost per year K$ (3) 375 295 250
Capitalized Energy Cost K$ () 2,301 1,809 1,53k
Demand Cost K$ (1 & 5) 1,685 1,325 1,130
Sub-Total K$ 3,986 3,134 2,664
IV Shunt Compensation
Total Losses MW (1) 103.7 103.7 70.8 “70.8 9k.6 94.6
Total MW Hr per year (2) 908, 400 908, 400 620,200 620,200 828, 700 828,700
Energy Cost per year K$ (3) 15,988 15,988 10,915 10,915 14,587 14,587
Capitalized Energy Cost K$ (&) 98,085 98,085 66,962 66,962 89,h90 89,490
Demand Cost K$ (1 & 5) k7,702 47,702 32,568 32,568 43,518 43,518
Sub~Total K$ 145,787 1ks, 787 99, 350 99,350 133,008 133,008
V Total Capitalized Cost of Energy 437,589 441,575 335,2L8 338,382 351,238 353,902
losses K§
Notes
(1) Based on 10,000 M4 load level losses.
(2) Based on 9,000 MW and 7,200 MW load levels for 6 months each,
(3) Cost of energy 1.76¢ per Kwi.
(4) Capitalized Cost if based on 40 year life and 16.3% Carrying charge rate.
(5) Demand cost is based on $460 per KW required to install the power system capacity to supply the losses.



Table 8~7

Losses

Force Cooled Cable Systems

I Transmission and Cooling
Total Losses MW (1)
Total MW Hr per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)
Sub Total

II Substations .
Transformer Losses MW (1)
Total MW Hr per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (U4)
Demand Cost XK$ (1 & 5)
Sub Total

IIT Series Compensation
Total Losses MW (1)
Total MW Hr per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost X$ (1 & 5)
Sub Total K$

IV Shunt Compensation
Shunt Losses MW (1)
Total MW Hr per year (2)
Energy Cost per year X$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)
Sub Total

V Total Capitalized Cost of Energy
Losses K

Notes

500 kv P,P,P,

Radial

371.1
2,1k4k,500
37,753
231,552
170,706
402,258

84 .6
521,400
9,177
56,298
38,916
95,214

None
None
None
None
None
None

47.23
413,735

7,282
bl 675
21,726
66,401

563,873

(1) Based on 10,000 MW load level losses.

Cost of energy 1.76¢ per KWH.

NN~~~
AS IR g ULV ]
e e s

capacity to supply the losses.
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Network

371.1
2,1k4,500
37,753
231,552
170,706
h02,258

8k4.6
521,400
9,177
56,298
38,916
95,214

1.3k

7,792
137
8h1
616

1,457

W7.23
413,735
7,282
Ll 675
21,726
66,401

565,330

765 kV P,P.P,

Radial

280.9
1,665,800
29,318
179,923
129,21k
309,137

103.3

636,370
11,200
68,712
47,518

116,230

None
None
None
None
None
None

63.1
552,756
9,729
59,687
29,026
88,713

514,080

Based on 9,000 MW and 7,200 MW load levels for 6 months each.

Capitalized cost is based on 4O year life and 16.3% carrying charge rate.
Demand cost is based on $460 per KW required to install the power system

Network

280.9
1,665,800
29,318
179,923
129,214
309,137

103.3

636,370
11,200
68,712
47,518

116,230

1.32
7,67k
135
828
607
1,435

63.1
552,756
9,729
59,687
29,026
88,713

515,515
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Material and Installation*

Cable System

Substation

Series compensation

Shunt compensation
Sub Total

Losses (Capitalized)

Cable

Substation

Series compensation

Shunt compensation
Sub Total

Grand Total

Adjusted Grand Total¥*

Table 8-8
Cost Summary
HPOPT Cable Systems

500 kV Cellulose K$ 500 kV PPP K$
Radial Network Radial Network
989, 924 989, 92k 850,964 850,964
142,5k47 142,547 134,029 134,029
None 19,180 None 16,000
275,276 275,276 201,037 201,037
1,407,747 1,426,927 1,186,030 1,202,030
196,588 196,588 140,504 140,504
95,214 95,21k 95,214 95,214
None 3,986 None 3,134
145,787 145,787 99,350 99,350
437,589 Lk1,575 335,248 338,382
1,845,336 1,868,502 1,521,278 1,540,412
1,879,191 1,902,791 1,562,674 1,582,338

*Includes capitalized maintenance costs.

**Based on economic analysis in Section 3

765 kV_PPP K$
801,176 801,176
213,933 213,933
None 13,740
263,233 263,233

1,278,342 1,292,082
102,000 102,000
116,230 116,230
None 2,66k
133,008 133,008
351,238 353,902

1,629,580 1,645,984

1,682,270 1,699,217



Material and Installation¥*

Cable System
Substation
Series Compensation
Shunt Compensation
Sub Total
Losses (Capitalized)
Cable
Substation
Series Compensation
Shunt Compensation
Sub Total
Grand Total

Adjusted Grand Total¥**

Table 8-9

Cost Summary

Force Cooled Cable System

500 kV P.P.P. K$

Radial
834,700
142,936

None
114,305

1,113,031

402,200
9%5,21h
66,401

563,815

1,676,846
1,766,735

*Includes capitalized maintenance costs.

**Based on economic analysis in section 3.
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Network
83k,700
142,936

8,000
114,305

1,121,031

402,200
95,21k
1,457
66,401
565,272
1,686,303
1,776,704

765 kv P,P.P. K$

773,500
200,076
None
174,196
1,147,772

309,100
116,230
88,713
514,043
1,661,815

1,761,22k

Network
773,500
200,076

8,255
174,19

1,156,027

309,100
116,230
1,435
88,713
515,478
1,671,505
1,771,542



9. SELF-CONTATNED OTL-FILLED CABLE SYSTEMS

9.1 General

Self-Contained 0il-Filled (SCOF) cable is the most commonly
used underground cable system in Europe for transmission voltages.,
This preference in Europe is partly due to the acceptance and
economy of direct burial, without an enclosure, High voltage
cables in the United States are frequently used in urban areas
where there is limited freedom to excavate streets and sidewalks
to repair or replace failures, Therefore, HPOPT cables with
built-in steel pipe enclosures are preferred in the United States.
Figure 6-1 illustrates the internal cross-sectional view of both
the AC and DC SCOF cables. Similar to HPOPT cable, this dielectric
system is oil pressurized at a nominal 1,38 MPa (200 psi). How-
ever, in this case, the oil pressure is imposed on the cable laminate

through the 2.54 cm (1.0 in.) channel within the conductor.

9.1.1 AC System. Figure 9-1 is the system schematic for the
eight-line 500 kV AC self-contained oil-filled cable
(SCOF-AC) system, Similar to HPOPT cable, SCOF-AC cable
has a characteristic high charging current that requires
shunt compensation at two mid-line locations and at the
end substations. 0il pumping plants are also installed
at these locations., Section 6.5.1 describes SCOF-AC cable
ampacity considerations, When installed in the network
system described in Chapter L, the 500 kV SCOF-AC lines
will require series impedance to prevent network current

in-flow.
9.1.2 DC System, Figure 9-2 is the system schematic for the

four-line 600 kV DC self-contained oil-filled cable
(SCOF-DC) system. This system is designed for a bipolar
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9.

SELF-CONTATNED OIL-FILLED CABLE SYSTEMS

9.1

9.2

9.3

General

9.1.2 DC System (cont'd)
operation; however, each line can operate in a monopolar

mode 1f one of the cables is inoperative. The design is

discussed in Section 6.5.2.

Since this 1s a direct current system, no series or

shunt compensation is required.

Material and Installation Costs

The typical trench cross-sectional views are illustrated by
Figures 9-3 and 9-L. Physical protection from dig-ins is a concern
with the SCOF cable and, therefore, a concrete pad is installed
over the cable on private right-of-way and a preformed concrete

trough is used to protect the SCOF cable in the street.

The installation costs were developed from the general details

presented in Chapter 3.

The installed costs for all material and labor for the AC and

DC systems are shown in Tables 9-1 and 9-2.

Losses

System losses are summarized in Tables 9-3 and 9-L, and are

based on the general conditions outlined in Section 6.2
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9. SELF-CONTAINED OIL-FILLED CABLE SYSTEMS (cont'd)

9.4 Cost Summary

The total installed costs for both radial and network SCOF
cable systems are given by Tables 9-5 and 9-6. The capitalized
cost of losses represents approximately 17.6% of the total cost
for the AC system versus approximately 28,5% of the total cost
for the DC system.

9.5 System Evaluation

9.5.1 General, Presently, SCOF cable systems are available
only from European cable suppliers in the long lengths

required.

9.5.2 Reliability. SCOF cable systems should have reliable
performance, However, both systems rely on external
bonding and grounding connections that must be inspected
periodically and maintained in order to assure continued

system reliability.

9.5.3 Installation., Excavation for the SCOF cable systems may

present some difficulties when in city streets, The trench

must be left open during the time necessary for the cable
pull into the trough. The excavation, therefore, must be
covered with steel plates or protected with barricades
until the cable installation is complete. Some munici-
palities have placed severe time limitations on street

excavations that may restrict this type of installation,

- 225 -



9. SELF~CONTAINED OIL~FILLED CABLE SYSTEMS

9.5 System Evaluation

9.5.3

9.5.L

Installation (cont'd)

Similar to HPOPT cable, installation techniques are
well developed. The long time required for taping
splices and terminations encourages development of pre-
molded accessories. The estimates were based on taped

splices and terminations.

Future Developments. Due to the preference of U, S,
users for HPOPT cable, SCOF cable is not installed here

frequently for transmission lines. Manufacture of long
lengths of high voltage SCOF cable would require sub-
stantial plant investment by U, S, manufacturers,
Excessive dielectric losses are also a concern as with
HPOPT cable. Further research and development is needed
to combine low thermal resistance, good mechanical and
taping properties with low dielectric power factor in

the electrical insulation system.
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Table 9=1
Cable System Cost
500 kV AC Self-Contained 0il Filled Cable

8 Lines

Material Labor Total
Ttem Quantity K$ K$ K$

I. Right of Way

1. Street 26.5 ha. (65.5 ac.) - - -

2. Private 265 ha. (655 ac.) 11,1k0 - 11,140
II. Clearing & Access Roads 265 ha. (655 ac.) 36 691 727
III. Concrete Enclosure in

Street 77.2 km (48 mi.) 2,863 5,115 7,978
IV. Manholes 1584 5,612 2,60k 8,216

V. Excavation & Backfill

1. Street 77.2 km (48 mi,) 5,094 24,688 29,782

2. Private ROW 772 km (480 mi.) 11,672 95,020 106,692

VI. Cable¥*, 3-1x4930 kemil 850 km (528 mi.) 631,802 14,750 646,552

VII. Terminations-3 phase 48 sets 4,450 965 5,415
VIII. Pressure Systems =

Pumping Plants 6 780 207 987

IX. Engineering - 3,540 3,540

X. Maintenance (Capitalized) 2,k00 5,700 8,100

XI. Total 675,849 153,280 829,129

*Includes cable, splicing and grounding system costs.
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II.

III,

Iv.

VI.
VII,

VIII,

*Includes cable, splices and grounding and

Table 9-2

Cable System Cost

600 kV DC Self-Contained 0il Filled Cable

Item
Right of Way
1. Street
2. Private
Clearing & Access Roads

Street Concrete
Enclosure

Manholes

Excavation & Backfill
1. Street

2. Private right of way
Cable*- 2-1x4000 kemil
Terminations

Pressure system -
pumping plants

Engineering

Maintenance (Capitalized)

Total

L4 Bipolar Lines

Material Labor Total

Quantity K$ K$ K$

16.9 ha., (41.8 ac.) - - -
169 ha. (418 ac.) 7,174 - 7,17k
169 ha, (418 ac.) 36 L5k Loo
36.8 km (24 mi.) 1,572 2,808 4,380
792 2,392 1,083 3,475
38.6 km (24 mi.) 2,646 13,163 15,809
386 xm (240 mi.) 5,898 53,530 59, 428
425 xm (264 mi.) 183,895 7,028 190,923
8 sets 503 113 616
L 520 138 658
- 1,420 1,k20
1,215 2,835 L,050
205,851 82,572 288,L23
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Table 9-3
Losses
500 kv AC Self-Contained 0il Filled Cable System

I Transmission Radial Network
Total Losses MW (1) .02 .02
Total MW Hr per year (2) 468,526 468,526
Energy Cost per year K$ (3) 8,426 8,426
Capitalized Energy Cost K$ (4) 50,590 50,590
Demand Cost K$ (1 & 5) 29,816 29,816

Sub-Total K$ 80,406 80,406
IT Substations
Transformer Losses MW (1) 8L.6 84,6
Total MW Hr per year (2) 521,400 521,400
Energy Cost per year K$ (3) 9,177 9,177
Capitalized Energy Cost K$ (4) 56,298 56,298
Demand Cost K$ (1 & 5) 38,916 38,916
Sub-Total K$ 95,21k 95,214
IIT Series Compensation
Total Losses MW (1) None 3.23
Total MW Hr per year (2) 18,786
Energy Cost per year K$ (3) 331
Capitalized Energy Cost K$ (k) 2,030
Demand Cost K$ (1 & 5) 1,484
Sub-Total K$ 3,514
IV Shunt Compensation
Total Losses MW (1) 34.8 34.8
Total MW Hr per year (2) 304,848 304,848
Energy Cost per year XK$ (3) 5,365 5,365
Capitalized Energy Cost K$ (4) 32,916 32,916
Demend Cost K$ (1 & 5) 16,008 16,008
Sub~Total K$ 48,924 48,924
V Total Capitalized Cost of Energy Loss K$ 224,54k 228,058
Notes
(1) Based on 10,000 MW load level losses.
(2) Based on 9,000 MW and 7,200 MW load levels for 6 months each.
(3) Cost of energy 1.76¢ per KWwH,
(4) Capitalized Cost is based on 40 year life and 16,3% Carrying charge rate.
(5) Demand Cost is based on $460 per KW required to install the power system

capacity to supply the losses.
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Table 9=l

Losses

600 kV DC Self-Contained Qil Filled Cable

I Transmission Radial Network
Total losses MW (1) 36.55 36.55
Total MW Hr per year (2) 212,772 212,772
Energy cost per year K$ (3) 3, Thl 3, Thh
Capitalized energy cost K$ (4) 22,974 22,974
Demend cost K$ (1&5) 16,813 16,813

Sub Total K$ 39, 787 39,787
IT Substations
Transformer -losses MW (1 & 6) 297.13 297.13
Total MW Hr per year (2) 2,056,260 2,056,260
Energy cost per year K$ (3) 39,190 26,190
Capitalized energy cost K$ (&) 222,025 222,025
Demand cost K$ (1&5) 136,680 136,680
Sub Total K$ 358,705 358, 705
IIT Total Capitalized Cost of Energy
Losses K$ 398,492 398,492
Notes

Based on 10,000 MW load level losses.

Based on 9,000 MW and 7,200 MW load levels for 6 months each.

Capitalized cost if based on LO-year life and 16.3% carrying

charge rate,

Demand cost is based on $h60 per KW required to install the

power system capacity to supply the losses.

(6) Includes transformers, valves, filters, smoothing reactors
and auxilaries.

(1)
(2)
(3) Cost of energy 1.76¢ per KWH,
(4)
(5)
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Material and Installation¥

Cable System

Substation

Series Compensation
Shunt Compensation
Sub Total

Losses (Capitalized)

Cable

Substation

Series Compensation
Shunt Compensation
Sub Total
Grand Total

Adjusted Grand Total**

Table 9-5

Cost Summary

*¥Includes capitalized maintenance costs

Radial K$
829,129

142,876
None
l39,2h0

1,111,2h45

80, 406
95,214
None
48, 92k
225,5hk
1,335,789
1,36k,795

*¥Based on economic analysis in Section 3
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500 kV AC Self-Contained 0il Filled Cable System

Network K§
829,129

142,876
11,500
139,240

1,122,745

80, 406
95,214
3,51k
48,924
228,058
1,350,803

1,380,140



Table 9-6
Cost Summary
600 kV DC Self-Contained 0il Filled Cable

Material and Installation (1) Radial K Network K
Cable 288,423 288,423
Substation (2) 663,400 663,400
Sub Total 951,823 951,823

Losses (Capitalized)

Cable 39,787 39, 787
Substation (2) 358, 705 358, 705
Sub Total 398,492 398,492
Grand Total 1,350,315 1,350,315
Adjusted Grand Total (3) 1,422,628 1,422,628

(1) Includes capitalized maintenance costs.
(2) Includes DC conversion equipment.
(3) Based on economic analysis in Section 3.
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10. 500 kV SF, GITL SYSTEMS

10.1 General

The GITL systems utilize a spacer-supported conductor in an
enclosure pressurized with SF6 gas to minimize the enclosure size,
GITL systems operate as sealed units with a nominal pressure of
0.34 MPa (50 psi) depending on the conductor temperature., The gas
nust have good electrical and thermal properties and generally
sulfur hexafloride (SF6) is used, Three distinet 500 kV GITL sys-
tems are included in the study; a single-phase rigid system, a
three-phase rigid system, and a single-phase flexible system, The

schematic for the three systems is shown in Figure 10-1.

10.1.1 Rigid Systems. The rigid systems are supplied in 18,3 m

(60 ft.) lengths with slip-fit mechanical connectors on
aluminum conductors. The aluminum enclosures are designed
for butt welding. Expansion and contraction of the con-
ductors is accommodated in the mechanical connections with
one spacer rigidly attached to the enclosure and the others
free to slide. Expansion of the enclosure is restricted
by the backfill, The rigid systems are comparatively in-
flexible and all bends must be factory assembled,

10.1.2 Flexible System. The recommended design of the flexible

system consists of a stranded aluminum conductor in a
flexible corrugated enclosure. This system can be shipped
in 50 m (164 ft,) lengths on cable reels. The flexible
system has obvious advantages in installation but the maxi-
mum size and thickness of the enclosure is controlled by
mechanical and manufacturing equipment limitations, dJoints

are mechanical connections similar to the rigid systems.
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10.

500 kV SF, GITL SYSTEMS

10.1 General

10.1.2

Flexible System (cont'd)

Typical trench cross-sections of the installation
of each system are shown in Figures 10-2, 10-3, and
10-L. An internal cross-section of each GITL cable is

shown in Figures 6-3, 6-l, and 6-5,

10,2 Material and Installation Costs

The installed costs for all material and labor for the three
GITL systems are shown in Tables 10-1, 10-2, and 10-3., The costs

were developed from the general installation details given in
Section 3.9 and the following.

10.3 Losses

The material costs for the preassembled conductor and
enclosure including terminations and elbows as required
were supplied by the contractor based on costs for

these systems under EPRI/ERDA sponsorship.

The SF6 gas costs were based on a price of $2,80 per
pound which included shipping and storage, The required
quantities were calculated., It was assumed that delivery
would be made at the filling location for each 762 m
(2500 ft.) section and that the sections would be filled

as they were completed.

The losses for the system are summarized in Table 10-4 and

are based on the general conditions outlined in Section 6.2,
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10. 500 kV SF, GITL SYSTEMS (cont'd)

10.4 Cost Summary

The total installed cost for the three GITL systems for both
the radial and network installations is given in Table 10-5,

Details on the substation and compensation costs are in Chapter 5,

The capitalized costs of losses represents approximately

12.2%, 11.1%, and 16,L%, respectively, for the three systems

studied.

10.5 System Evaluation

10.5.1

General. The single-phase rigid system is commercially
available but the single-phase flexible and the three-
phase rigid systems are still under development, The
individual system designs were supplied by the EPRI/
ERDA-sponsored contractors and the conductor sizes were

selected to minimize the number of circuits.,

Fault locating on GITL systems presents a serious
problem since there is no reliable way to locate a
fault.,

Aluminum pipes have not been widely used in under-
ground applications due to a serious corrosion problem,
Studies have indicated that ac potentials on buried
aluminum will accelerate corrosion, Therefore, corro-
sion protection of the aluminum enclosure must receive

special attention in buried GITL systems.
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10.

500 kV SF, GITL SYSTEMS

10.5 System Evaluation (cont'd)

10.5.2

10.5.3

10.5.4

Reliability. In long transmission lines such as the one
in this study, a fault could generate and spread contami-
nation which could result in an outage and, therefore,
techniques must be developed to prevent contamination
during installation and to facilitate its removal after a

fault or a breach in the enclosure,

Installation, The rigid systems present some unique in-

stallation problems due to the fact that the elbows are

factory assembled and every bend must be predetermined.
This could be overcome by a large inventory of elbows
or an elbow that could be field fabricated.

No serious installation difficulties are anticipated
with the flexible system. It should be noted that, if the
ratings of the single-phase rigid and flexible GITL sys-
tems were the same, a combination of the two would produce

a more economical installation.

Future Development. The problems of contamination and

fault location should be given priority in new develop-

ment work on GITL systems.

The inherent high temperature capability of the GITL
systems makes desirable the investigation and definition
of the earth thermal circuit and limitations, especially

for large diameter pipes.
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I1,

ITI,

VI.
VII.
VIII.

X,

Table 10«1

Cable System Cost

500 kV Single-Phase SFB GITL Rigid System

Ttem

Right of Way

1. Street

2. Private

Clearing & Access Roads

Enclosure*66.8 cm
(26.3 in.) OD

1. Street
2, Private Right of Way

Excavation & Backfiil

(3¢)
l. Street
2. Private Right of Way

SFB Gas

Terminations
Monitoring Systems

Engineering

Maintenance (Capitalized)

Total

*Includes conductors

3 Lines
Material Labor Total
Quantity K$ K$ K$
29.4 ha. (72.7 ac.) - - -
294 ha. (720 ac.) 12,372 12,372
294 ha. (720 ac.) 36 756 792
30 km (18 mi.) 62,000 9, 756 71,756
300 km (180 mi.) 649,500 47,125 696,625
30 km (18 mi.) 6,111 30,156 36,267
300 xm (180 mi.) 8,476 134,622 143,098
293 x logliters
(10.3x10° cu. ft.) 52,315 5,813 58,128
6 sets 311 1hh 455
6,754 12,060 18,814
- 5,515 5,515
5,500 12,750 18,250
803,375 258,697 1,062,072
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II.

IIT.

VI,
ViI.

VIII.

IX.

500 kV Single~Phase S

Item
Right of Way
1. Street
2. Private
Clearing & Access Roads

Enclosure5.1 cm
(21.7 in.) OD

1, Street
2. Private Right of Way

Excavation & Backfill

(3¢)
1. Street
2. Private Right of Way

SF6 Gas

Terminations
Monitoring

Engineering
Qutside Plant

Table 10~2

Cable System Cost

Fé GITL Flexible System

Maintenance (Capitalized)

‘Total

*Includes conductors

5 Lines
Material Labor Total
Quantity K$ K$ K$
47.1 ha. (116.4 ac.) - - -
471 ha. (1164 ac.) 19,640 - 19,640
471 ha. (1164 ac.) 36 1,200 1,236
48.2 xm (30 mi.) 48,032 7,426 55,458
482 km (300 mi.) 474,668 36,227 510,895
48,2 km (30 mi.) 11,130 50,536 61,666
482 km (300 mt.) 13,991 202,670 216,661
6
3k2,7 x lO6liters
(12.1 x 10° cu. ft.) 61,085 6,787 67,872
10 sets 520 2Lo 760
11,256 20,100 31,356
= 79525 7’ 525
- 30,370 30,370
640,358 363,081 1,003,439
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I3,

Table 10=~3

Cable System Cost

500 xV Three-Phase SFé GITL Rigid System

Item

Right of Way

1. Street

2. Private

Clearing & Access Roads

Enclosure*101.6 cm
(40 in.) OD

1. Street

2. Private Right of Way
Excavation & Backfill
1. Street

2. Private Right of Way

SF6 Gas

Terminations
Monitoring Systems

Engineering

Maintenance (Capitalized)

Total

*Tncludes conductors

5 Lines
Material Labor Total
Quantity K$ K$ K$
17.6 ha, (43.6 ac.) - - -
176 ha. (436 ac.) 7,500 - 7,500
176 ha. (436 ac.) 36 Y72 508
48.3 km (30 mi.) 58,356 6,328 64,684
483 km (300 mi.) 606, 960 38,635 645,595
48.3 xm (30 mi.) 4,068 23,575 27,643
483 km (300 mi.) 8,160 124,080 132,240
467,3 % lO6liters
(16.5 x 10° cu. ft.) 83,160 9,240 92,400
10 sets 520 240 760
3,726 6,600 10,326
- 2 . 575 2, 575
3,000 7,123 10,123
775,486 218,868 994,35k
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I Transmission
Total Losses MW (1)
Total MW Hr per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)
Sub-Total K$
II substations
Transformer Losses MW (1)
Total MW Hr per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (U4)
Demand Cost X$ (1 & 5)
Sub-Total K$
IIT Series Compensation

Total Losses MW (1)

Total MW Hr per year (2)

Energy Cost per year K$ (3)

Capitalized Energy Cost K$ (i)

Demand Cost K$ (1 & 5)
Sub-Total K$

Shunt Compensation

v

Total Losses MW (1)

Total MW Hr per year (2)

BEnergy Cost per yesr K$ (3)

Capitalized Energy Cost K$ (L)

Demand Cost K$ (1 & 5)
Sub-Total

Total Capitalized Cost of Energy

loss 5§

Notes

Based on 10,000 MW load level losses.

500 kV SKg GITL Cable Systems

Table 10~k

Losses

3¢/Pipe Rigid

Radial

5k 45
325,797
5,734
35,180
25,047
60,227

8k.6
521,400
9,177
56,298
38,916
95,214

None

None

155, kb1

Network

54.L5
325,797
5,734
35,180
25,047
60,227

8.6
521,400
9,177
56,298
38,916
95,214

1.65
9,588
169
1,037
758
1,79%

None

157,236

Radial Network
67.27 67.27
388,805 388,805
6,843 6,843
41,980 41,980
30,946 30,946
72,926 72,926

84.6 84.6
521,400 521,400
9,177 9,177
56,298 56,298
38,916 38,916
95,21h 95,214
None 1.92
11,116

1%

1,200

882

2,082

3.42 1.42
13,780 4,713
243 83
1,490 509
1,573 538
3,063 1,047
171,203 171,269

1p/Pipe Rigid

1¢/Pipe Flexible

Based on 9,000 MW and 7,200 MW load levels for 6 months each.

Capitalized Cost if based on 40O year life and 16,.3% Carrying charge rate.
Demand cost 1s based on $460 per KW required to install the power system capacity to supply the losses.

(1)
2
gﬁ; Cost of energy 1.76¢ per KWwH,
(5)

Radial

119.5
670,598
11,803
72,408
54,970
127,378

84.6
521,400
9,177
56,298
38,916
95,214

None

None

222,592

Network

119.5
670,598
11,803
72,408
54,970
127,378

8l4.6
521,400
9,177
56,298
38,916
95,214

1.72
10,013
176
1,080

1,872

None

22, L6k
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Material and Installation*

Cable System

Substation

Series Compensation

Shunt Compensation
Sub Total

Losses (Capitalized)

Cable

Substation

Series Comeensation

_Shunt Compensation
Sub Total
Grand Totél

Adjusted Grand Total¥

500 kV SFg GITL Cable Systems

Table 10=5

Cost Summary

3 Phase Pipe Rigid

Radial

99k, 354
127,501
None
None
1,121,855

60,227

95,21k
None
None

155,441
1,277,2%
1,338,707

*Includes capitalized maintenance costs
**Based on Economic Analysis in Section 3

Network

994, 354

127,501
7,830

None

1,129,685

60,227
95,214
1,79
None
157,236

1,286,921
1,348,799

1 Phase Pipe Rigld

Radial

1,062,072
153,39%
None
+12,060

1,227,531

72,926
95,214
None
3,%3
171,203

1,398,770
1,538,853

Network

1,062,072
153,39
k,8L5
9,989
1,230,302

72,926
95,214
2,082
1,047
171,269

1,401,571

1,541,938

1l Phase Pipe Rigid

Radial

l,OO3,h39
127,501
None
None

1,130,940

127,378
95,214

None

None

222,592
1,353,532
1,417,960

Network

l,OO3,h39

127,501

7,885
None

1,138,825

127,378

95,21h

1,872
None

22k Lol
1,363,289
1,428,193



1.

RESISTIVE CRYOGENIC CABLE SYSTEM

11.1 General

LE

.2

Resistive cryogenic cable systems utilize refrigeration plants
to cool and circulate nitrogen through the cable pipe to remove the
heat generated by the cable losses. The internal cross-section of
the 500 kV resistive cryogenic cable is shown in Figure 5-6. The
aluminum conductor at 45°K has approximately one-seventh the resis-
tance it would have at 298°K (25°C) and, therefore, is capable of
very high ratings. A separate pipe returns the nitrogen to the
refrigeration plant, The distance between the refrigeration plants
is determined by the allowable temperature rise of the nitrogen,
Four circuits with 9,700 kemil aluminum conductors are required for
the 10,000 MW transmission system and are shown schematically in
Figure 11-1. The typical trench cross-section is shown in Figure
1.2,

Material and Installation Costs

The installation cbsts are listed in Table 11-1. These costs
were developed from the general installation details given in
Section 3.9 and the following.

o The material costs for the cable, cable enclosure,
and return pipe were supplied by the contractor
developing the system under EPRI/ERDA sponsorship.

e The minimum bending radius of the enclosure is
L5.7 m (150 £t.) and smaller radius bends are
factory assembled.
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11. RESISTIVE CRYOGENIC CABLE SYSTEM

11.2 Material and Installation Costs (cont'd)

e The fiberglass reinforced plastic (FRP) pipes were
Joined by FRP couplings cemented to the line pipe.

e Manholes were used for the connection of the re-
frigeration feed lines. Splices were made in splice
pits which were more economical than manholes due
to the length of the splices, approximately 6.5 m
(19.8 £t.).

o The nitrogen costs were based on a delivered price
of $2.L40 per 1000 cu, ft. at NTP, The nitrogen
was assumed to be delivered at the refrigeration
plants and the labor for installation is included
in the refrigeration startup costs.

e The monitoring system costs are based on thermal
switches every 16L m (500 ft.) which would asctivate
an alarm at the nearest refrigeration plant, There
also are thermocouples in a hand hole every 500 ft,
The alarm cable is routed through the manholes to

facilitate maintenance and testing,
11.3 Losses
The losses for the system are summarized in Table 11-2 and are
based on the general conditions outlined in Section 6.2, The re-

frigeration losses are high because all the I2R losses are removed

by the refrigerator which has an efficiency of 7.8 Watts/Watt.
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11,  RESISTIVE CRYOGENIC CABLE SYSTEM (cont'd)

11.4 Cost Summary

The total installed cost for the complete Resistive Oryogenic

Cable System for both the radial and network installations is given

in Table 11-3, The capitalized cost of losses represents approxi-

mately 28% of the total installed cost,

11.5 System Evaluation

11.5.1

11.5.2

11.5.3

General, The system design was supplied by the EPRI/ERDA -

sponsored contractor and the 9,700 kcmil conductor was
selected by the contractor to minimize the number of
circuits. However, no tests were made on the proposed
system and there exists some question whether a conductor
that large could be pulled into an FRP pipe. Increasing
the number of lines would reduce the conductor size but

would probably increase the overall cost,

Reliability. The basic concept of a resistive cryogenic
cable system is similar to a force-cooled HPOPT cable
system and appears to be technically sound. However, the
long-term reliability of FRP pipe with foam insulation

is unknown as are the long-term electrical characteristics

of the cable insulation at low temperatures.

Installation, The installation of the FRP pipe should

present no unusual problems. However, new testing tech-
niques must be developed to insure the integrity of the

joints,
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11. RESISTIVE CRYOGENIC CABLE SYSTEM

11.5 System Evaluation (cont'd)

11.5.L Future Developments. The cost summary in Table 171-3

shows the cost of refrigeration and refrigeration
losses to be over 50% of the total cost of the system,
In order to make resistive cryogenic cable systems
economically competitive, the losses must be reduced
or the refrigeration costs and efficiency greatly

improved.

11.6 3L5 kV Resistive Cryogenic Cable - Rigid System

11.6.1 General. A 345 kV rigid system using vacuum for both
the eleétrical and thermal insulation was considered
for inclusion in the study; however, major technical
problems made a detailed cost analysis impossible,
Areas which require additional consideration are listed

below,

o The slip-fit connector design appears
inadequate to carry either the continuous
current or the fault current.

° Conductor longitudinal expansion and
contraction require additional design
considerations,

° Cleanliness during field construction
would require extreme measures which
would be costly.

e Maintaining vacuum quality over extended

cable operations would be difficult.
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11.  RESISTIVE CRYOGENIC CABLE SYSTEM

11.6 3L5 kV Resistive Cryogenic Cable - Rigid Systenm

11.5.1 General (cont'd)

¢ BIL of the cable has not been established.
¢ Vacuum insulation requires more stringent
preparation and testing prior to operation

than other cable systems,

11.6.2 Evaluation. The design received from the EPRI/ERDA con-
tractor developing this system proposed a three-circuit
345 KV design with a 27,000 kemil conductor (see Figure
6-7). The conductor losses would be 1.4 times the losses
of the 500 kV resistive cryogenic cable studied in this
chapter., The high value of conductor losses coupled with
other losses such as heat in-leak are a strong indication
that the system would be uneconomical regardless of the

technical problems discussed previously.
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Table 11-1
Cable System Cost

500 kV Resistive Cryogenic Cable

I Lines
Materiai Labor Total
Item Quantity K$ K$ K$
I. Right of Way
1. Street 16.9 ha, (41.8 ac.) - - -
2. Private 169 ha, (418 ac.) 7,174 - 7,174
II. Clearing & Access Roads 169 ha. (418 ac.) 36 ks 490
III. Enclosure 76.7 cm (30.2
in,) OD
1. Street 38.6 km (24 mi.) 26,513 4,770 31,283
2. Private right of way 386 km (240 mi.) 265,209 48,752 313,961
IV. Manholes - for ties to
refrig. system 32 528 159 687
V. Excavation & Backfill
1, Street 38.6 xm (24 mi.) 3,405 21,138 24,543
2. Private right of way 386 km (240 mi.) 3,321 121,688 125,009
VI. Cable* ,3-1x9,700 kemil Al, 357,350 16,104 373,45k
VII. Nitrogen (labor in refrige
eration) 43x100 1jters
(1.52x100 cu. ft.) 3,648 - 3,648
VIII. Terminations 8 sets 7,650 3,000 10,650
IX. Monitoring systems , 2,077 1,577 3,654
X. Maintenance (capitalized) 2,030 6,070 8,100
XI. Engineering - 1,560 1,560
XII. Total 678,941 225,272 904,213

*Includes cable, splicing and grounding system costs
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Table 112
Losses
500 kV Resistive Cryogenic Cable System

I Transmission and Refrigeration Radial Network
Total Losses MW (1) §31.9 431.9
Total MW Hr per year (2) 3,550,000 3,550,000
Energy Cost per year K$ (3) 62,480 62,480
Capitalized Energy Cost K$ (4) 383,312 383,312
Demand Cost X$ (1 & 5) 198,67k 198,674

Sub Total K$ 581,986 581,986
II Substations
Transformer Losses MW (1) 84.6 84,6
Total MW Hr per year (2) 521,400 521, 400
Energy Cost per year K$ (3) 9,177 9,177
Capitalized Energy Cost K$ (4) 56,298 56,298
Demand Cost K$ (1 & 5) 38,916 38,916
Sub Total K$ 95,214 95,21k
III Series Compensation
Total Losses MW (1) None .36
Total MW Hr per year (2) 2,100
Energy Cost per year X$ (3) 37
Capitalized Energy Cost K$ (4) 227
Demand Cost kK$ (1 & 5) 160
Sub Total K$ 387
Iv Shunt Compensation
Total Loss MW (1) 32.h 32.4
Total MW Hr per year (2) 283,824 283,824
Energy Cost per year K$ (3) h 995 4,995
Capitalized Energy Cost K$ (4) 30, 6Ll 30, 6l
Demand Cost K$ (1 & 5) 14,900 14,900
Sub Total K$ 45,544 45,544
V Total Capitalized Cost of Energy
Losses K$ 722, Thh 723,131

Notes

Based on 10,000 MW load level losses.

Based on 9,000 MW and 7,200 MW load levels for 6 months each.

Cost of energy 1.76¢ per KwH.

Capitalized Cost if based on 4O year life and 16.3% Carrying charge rate.

Demand cost is based on $460 per KW required to install the power system
capacity to supply the losses.

NN~~~
W
e e e s
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500 kV Resistive Cryogenic Cable System

Table 11-%
Cost Summary

Material and Installation*

Cable system
Refrigeration system
Substation

Series compensation
shunt compensation
Sub-Total

Losses (Capitalized)

Cable and refrigeration

Substation
Series compensation
Shunt compensation

Sub=Total

Grand Total
Adjusted Grand Total

% Includes capitalized

maintenance costs.
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Radial K$
90k4,213
746,495
141,810
None

41,470

1,833,988

581,986
95,214
None

45,544
722, 7hl

2,556,732
2,60k, 461

Network K$

90k4,213
746,195
141,810
15,595
41,470
1,849,583

581, 986
95,214

387
45,544

723,131

2,572,714
2,711,308
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SUPERCONDUCTING CABLE SYSTEMS

12.1 General

The three superconducting cable systems included in this study
use different refrigeration, thermal insulation, and cable designs.
Helium refrigeration, discussed in Chapter 7, is used in all three
cable systems to maintain the conductor temperature in the L.5%K to
12°K range. These systems are more complex than force-cooled cable
installations due to the dependence on excellent thermal insulation
to maintain acceptable losses., The thermal insulation minimizes
refrigeration requirements and allows long line lengths between
refrigeration plants. The enclosure thermal design for all three
systems 1s composed of an inner-pipe thermally insulated from an
outer-pipe. The thermal insulation is improved by placing the multi-
layer thermal insulation under vacuum, The vacuum section for
230 kV AC and 230 kV AC rigid SC systems are within the 18.3 m (60 ft,)
enclosure length. However, the 300 kV DC SC system is designed with
long vacuum sections. The use of helium as a coolant and a vacuum
type thermal insulation substantially increases the cost of the
enclosure and the joining and testing procedures. Portable clean
rooms are required for alignment, welding, and testing, The internal
cross-sectional views of the three superconducting cables are illus-
trated by Figures 6-8, 6-9, and 6-10, Not shown by the cross-sections
are thermally insulating spacers used to support the inner pipe inside

the outer enclosure,

12.1.1 230 kV AC 3C. Figure 12-1 is the schematic for the three-
line 230 kV superconducting cable system, Similar to HPOPT

cable, this is a synthetic laminate insulated cable and a1l

three phases are pulled into the inner enclosure together,
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SUPERCONDUCTING CABLE SYSTEMS

12.1 General (cont'd)

12.1.2

12.1.3

230 kV AC SC Rigid. Figure 12-2 is the schematic for the

three-line 230 kV superconducting cable system. The cable

is a spacer-type system with helium used as the dielectric,
This system requires five enclosure helds, three strap

welds, and six conductor welds for each 18.3m(60 ft.)
enclosure length and requires a corresponding number of

tests, This is significantly more than the other two super-
conducting cables which require only three welds per enclosure
length, The SC conductor operates at a lower temperature and

at a more confined temperature range than the other systems.

300 kV DC SC. TFigure 12-3 is the schematic for the three-

1line 300 kV DC monopolar superconducting cable system, The
cable is laminate insulated and is pulled into the enclosure,
The imner diameter of the enclosure design supplied by the
contractor is too small for the desired pulling lengths and
must be modified for cable installation, There is only one

cable per cryogenic envelope,

12.2 Material and Installation Costs

Material cost estimates were obtained from the EPRI/ERDA contractors.

However, some adjustments were made to maintain the comparative costs

among the three systems.

The typical trench cross-sectional views are illustrated by

Figures 12-L, 12-5, and 12-6, The installation costs were developed

from the general details presented in Chapter 3.
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SUPERCONDUCTING CABLE SYSTEMS

12.2

12.3

12.4

12.5

Material and Installation Costs (cont'd)

The installed costs for all material and labor for the three

systems are given in Tables 12-1, 12-2, and 12-3.

Losses

System losses are summarized in Table 12=l; and are based on

the general conditions outlined in Section 6.2,

Cost Summary

The total installed costs for both radial and network super-
conducting systems are given in Tabie 12-5, The capitalized cost
of losses represents approximately 14.5%, 11.3%, and 21% for the
230 kV AC, 230 kV SC-R, and 300 kV SC-DC systems, respectively.

System Evaluation

12.5.1 General, Presently, no superconducting cable systems are

commercially available.

12.5.2 Reliability. These systems are complex, involving many
interdependent components making it difficult to predict
reliability. However, it is clear that repair of a cable
system fault may involve several months' outage of a line,
Natural warmup of the cable would require as much as one
month and cool-down would require about the same duration.
Accurate fault location methods require development due

to the high cost of system repair,
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12,  SUPERCONDUCTING CABLE SYSTEMS

12.5 System Evaluation (cont'd)

12.5.3 Imnstallation., The installation techniques for super-

conducting systems need to be developed. For example,
the use of helium requires special attention to welding

techniques and weld testing methods.

The 300 kV SC-DC system enclosure may present in-
stallation and maintenance problems due to the long
vacuunm lengths proposed. The thermal insulation
vacuum system is suggested to be 304.8 m (1000 ft.)
long, requiring seventeen enclosures to be sealed and

vacuum pumped in the field,

Considering the difficulties in obtaining and
maintaining wvacuum in such long sections, further
consideration of this method appears to be necessary,
The alternative technique of vacuum sealing each
18.29 m (60 ft.) enclosure length in the factory
should be compared with the 1000-ft. vacuum sections
to evaluate the economics of both techniques as well as
to determine the feasibility of vacuum welding in the
field., Techniques for repair and possible replace-
ment of a damaged pipe must also be considered in

evaluating the merits of the two designs,

- 263 -



12,

SUPERCONDUCTING CABLE SYSTEMS

12.5 System Evaluation (cont'd)

12.5.4, Future Developments. Evaluation of the three super-

conducting cable systems shows a wide cost range.
This evaluation assumes many improvements in order
to attain the projected values used in the study.
In addition, the ampacity requirements of the study
are favorable to high ampacity systems. It would
be advantageous if the SC systems could be improved
so that they become competitive at lower ampacities,
since most cable applications require ampacities

well below the values used in this study.

Due to the SC enclosures' natural rigidity, the
trench plan and profile require more costly design
and construction criteria, Bends require longer
radii and problems caused by intersecting utilities
are costly to solve, Both the 230 kV AC and 300 kV
DC SC systems installation assumed the use of a
flexible enclosure section installed as needed to
follow the trench installation., The 230 kV AC rigid

system will require factory-made angled coupling,

- 26l -



-592_

ENERGY PARK MID-SITE
SUBSTATION SUBSTATION
BUS S BUS |
L 1 i

\ EXP
26.6 km | 26.6km 26.6km 26.6km
(16.5mi) ! (16.5mi) - (16.5mi) (16.5mi)
- 106.2 km (66 mi) -
LEGEND
R = REFRIGERATION STATION - (2 STATIONS)
EXP = EXPANDER STATION-{(1 STATION)
S = SERIES COMPENSATION UNIT :

FOR RADIAL SYSTEM, S= —0.29 OHMS/LINE - (CAPACITIVE)
FOR NETWORK SYSTEM, S=0.16 OHMS/LINE — (INDUCTIVE)

SYSTEM SCHEMATIC

230kV SUPERCONDUCTING CABLE SYSTEM

3 LINES

FIG. 12-1




-998-

ENERGY PARK MID-SITE
SUBSTATION SUBSTATION

T B

BUS S BUS

o

17.7km ‘e.skrg_

) © ©
8.9km ’ 17.7km l 17.7km 17.7km
(11mi) (1tmi)

=G

| 8 17.7km
(5.5mi) (V1mi) (1mi) (1mi) (5.5mi)
- 106.2km(66mi) ——

LEGEND
R = REFRIGERATION STATION- (6 STATIONS)
S = SERIES COMPENSATION UNIT |

FOR RADIAL SYSTEM, S =~10,92 OHMS/LINE -(CAPACITIVE)
FOR NETWORK SYSTEM, S=-10.48 OHMS/LINE -(CAPACITIVE)

SYSTEM SCHEMATIC

230kV SUPERCONDUCTING RIGID CABLE SYSTEM
3 LINES

FIG, 12-2
=il




_2‘93_

-

—

ENERGY PARK
SUBSTATION

AC/DC

lconverTERS

BUS |

MID-SITE
SUBSTATION

LS SN
T

5.0km 5.0km |

—

B8US

=y
AC/DC I
P CONVERTERS |

|
|
_|

(3.1mi) (3.1mi) |

L]
EXP EXP EXP
10.0km | ¢ o | 6.2km
(6.2mi) | ' ETC.——T"G.om1
106.2 km (66mi)

LEGEND

R = REFRIGERATION STATION-(12 STATIONS)

EXP = -

EXPANDER STATION- (11 STATIONS)

SYSTEM SCHEMATIC

300kV DC SUPERCONDUCTING CABLE SYSTEM

3 LINES

FiG. 12-3




MONITORING £
SYSTEM CABLE 8
0
N~

STREET LEVEL\\

BLACK TOP \

T e
SUB~BASE .. CONCRETE A g
:;'A-, RN <
XN 8+ £
7 ©
CLEAN ~
BACKFILL 30.48¢m) ©
7.62cm = 3in g
12.70em = 5in [t SAND T —7.62cm 2
3048 cm= 12in | "~
53.34 cm = 21 in o n
76.20 cm = 30in €9
.78.74 cm = 3| in 3 g
I137.16 ¢m = 54 in 0| S
0| O
4
— 7.62¢m
T
12.7 cm —e la— (2.7 CM
ft—— 78.74 CM ————»

STREET RIGHT-OF- WAY

NOTE. TRENCH ¢ SEPARATION IS 3 METERS MINIMUM

MONITORING
SYSTEM CABLE

T

GRADE LEVEL

é%  CLEAN
BACKFILL
|

- [w—7.62CM
e———76.2 CM

53.54cm
[ J T "NOMINAL O.D.

137.16 cm

N

|
77/ N7 Lze2cm
12.7 CmM —o= et — lea— 2.7 CMN

la———78.74 CM ———»

PRIVATE RIGHT-OF-WAY

TYPICAL TRENCH CROSS-SECTIONAL VIEW
230kV SUPERCONDUCTING CABLE

FIG£-4




_692_

STREET LEVEL —\‘

’ 3048cm 762Ccm

whabis BLACK TOP I
8+,
SUB - BASEL(:.,., CONCRETE -0
.:6.. ."'0' '\. E
30.48cm |._ G
< g MONITORING
MONITORING CLEAN BACKFILL N e ~
SYSTEM ol o
CABLE *QJ__l
7.62cm= 3in : <
15.24cm= 6in S ®
22.86cm= 9in E
30.48cm = |2!n g; 3:'
76.20cm =30in < w2
93.98cm=37in *Z
139.70cm =55 in ( z
185.42cm=73in .
.Sfﬁ) 1
22.86 J
—“em [ © 5
139.7¢cm

STREET RIGHT - OF - WAY

NOTE: TRENCH ¢ SEPARATION IS 3 METERS MINIMUM

GRADE LEVEL

3

CLEAN BACKFILL

- 139.7CM —————|

£

(&)

N

o

~

| e
SE|Q
6oy g
s 8

c @

o
&

-J
-3
o Z
0=

(o]
lz
)&E
I‘_)'O

T

PRIVATE RIGHT - OF - WAY

TYPICAL TRENCH CROSS -SECTIONAL VIEW

230kV SUPERCONDUCTING
RIGID SYSTEM

CABLE

FIG. 12-5




- 0.2 -

762 CITY

STREET LEVEL— GRADE LEVEL
y N\ CcLEAN
N CONCRETE é BACKFILL
PRIV MONITORING
3 E | SYSTEM CABLE § &
MONITORING BACKFILL S ~N RS
SYSTEM CABLE ‘ o Y J 5
E?&J
olzg4
B =0
. (. 512
-':.'n ".'::: L —~
A A N L7.62¢m
12.7Cm —s 12.7CM —a= la— 12.7CM
ee— 60.96 CM —w - 60.96CM —w=
STREET RIGHT-OF-WAY PRIVATE RIGHT-OF-WAY
7.62cm =3in
2.70cm = 5in
30.48 ¢cm = 12 in
35.56 cm =14 in
60.96 cm = 24 in
76.20cm = 30 !n
NOTE: TRENCH ¢ SEPARATION IS 3 METERS MINIMUM 119.38 cm = 47 in
TYPICAL TRENCH CROSS-SECTIONAL VIEW
300kV DC SUPERCONDUCTING CABLE
- F1642-6




Table 12-1

Cable System Cost

230 kV Superconducting Cable

Ttem

I. Right of Way
1. Street
2. Private
II, Clearing & Access Roads

IIT., Enclosure, 51.3 cm.
(20.2 in.) OD

1. Street
2. Private right of way

IV, Manholes - stop joint
and expander locations

V., Excavation & Backfill
1. Street
2. Private right of wéy
VI. Cable*, 3-1XSC

VII, Helium (labor in
refrigeration)

VIII. Terminations - 3@ sets
IX. Monitoring systems
X. Maintenance (Capitalized)
XI. Engineering

XII. Total

)

3 Lines
Material Labor Total
Quantity K$ K$ K$

11.8 ha. (29.1 ac.) - - -
118 ha. (291 ac.) b, 950 - 4,950
118 ha. (291 ac.) 36 327 363
29 km (18 mi.) 14,076 7,709 21,785
290 km (180 mi.) 140,208 68,589 208,797
9 75 23 98
29 km (18 mi.) 2,108 13,01k4 15,122
290 km (180 mi.) 2,652 69,313 71,965
319 km (198 mi.) 344,164 10,692 354,856

9.6 x 102 liters

(339x10° cu. ft.) 33,900 - 33,900
6 sets 7,650 2,250 9,900
1,860 1,680 3,540
1,530 4,600 6,130
- 59250 5,250
553,209 183,447 736,656

*Includes cable and splicing coshs.
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II.

III.

Iv,

Vi.

VII.

VIII,

IX.

XTI,

Tabl

Cable S

e 12-2

ystem Cost

230 kV Superconducting Cable, Rigid System

Jtem

Right of way

1. Street

2. Private

Clearing & Access Roads

Enclosure*90,8 cm.
(35.7 in.) OD

1. Street

2. Private right of way
Manholes - refrigera-
tion system ties loca-

tions

Excavation & Backfill

1. Street

2. Private right of way
Helium (labor in
refrigeration)
Terminations

Monitoring systems
Maintenance (Capitalized)
Engineering

Total

*Includes conductor

3 Lines
Material Labor Total
Quantity K$ K$ K$
11.8 ha. (29.1 ac.) - - -
118 ha. (291 ha.) 4,950 - 4,950
118 ha. (291 ha.) 36 327 363
29 km (18 mi.) 60,735 13,192 73,927
290 km (180 mi.) 617,540 100,980 718,520
12 66 20 86
29 km (18 mi.) 2,602 13,053 15,655
290 km (180 mi.) 2,049 85,850 87,899
6
79.9 x 106liters
(2.82x10° cu. ft.) 282,000 - 282,000
6 sets 4,080 1,200 5,280
1,980 1,740 3,720
1,530 4,600 6,130
- 5,100 5,100
977,568 226,062 1,203,630
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Table 12=3
Cable System Cost

300 kV DC Superconducting Cable

3 Lines
Material Labor Total
Ttem Quantity K$ K$ K$
I. Right of Way
1. Street 11.8 ha, {29.1 ac.) - - -
2. Private 118 ha, (291 ac.) 4,950 - 4,950
II. Clearing & Access Roads 118 ha. (291 ac.) 36 327 363
III. Enclosure, 33 cm (13 in.)OD
1. Street 29 xm (18 mi.) 9,9u8 7,039 16,987
2. Private right of way 290 km (180 mi.) 98, 927 62,315 161,242
IV. Manholes 594 3,267 980 4,247
V. Excavation & Backfill
1. Street 29 km (18 mi.) 2,020 10,365 12,385
2. Private right of way 290 km (180 mi.) 4,049 43,890 47,939
VI. Cable*, 1XSC 319 km (198 mi.) 89,575 5,841 95,416
VII. Helium (labor in refrig- 6
eration) 0.262 x 10, liters
(9.24 x 10° cu. ft.) 92L - 92l
VIII, Terminations-1 monopolar 6 5,100 1,500 6,600
IX. Monitoring Systems 1,k25 890 2,315
X. Maintenance (Capitalized) 1,530 4,600 6,130
XI. Engineering - L 110 4,110
XII. Total 221,751 141,857 363,608

*Includes cable and splicing costs.
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Transmission and Refrigeration

II

Total losses MW (1)
Total MW Hr per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)

Sub Total K$

Substations

Transformer Losses MW (1 & 6)

III

Iv

Total MW Hr. per year (2)
Energy Cost per year K$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)

Sub Total X$

Series Compensation
Total Losses MW (1)
Total MW Hr. per year (2)
Energy Cost per year k$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)
Sub Total K$

Total Cepitalized Cost of Energy
Losses K$

Notes

Based on 10,000 MW load level losses not including start up.
Based on 9000 MW and 7200 MW load levels for 6 months each.

Cost of energy 1.76¢ per KWH.

Capitalized cost if based on LO-year life and 16.3% carrying charge rate.

Table 12-k4
Losses

Superconducting Cable Systems

230 kV AC
Radial Network
69.7 69.7
610,537 610,537
10,745 10,745
65,923 65,923
32,062 32,062
97,985 97,985
63.13 63.13
395,000 395,000
6,968 6,968
42,750 42,750
29,040 29,040
71,790 71,790
64 None

955

17

100

75

175
169,950 169,775

Rigid 230 kV AC

Radial

126.8
1,111,118
19,556
119,975
58,328
178,303

63 013
395,000
6,98
42,750
29,040
71,790

6.2
36,040
63k
3,890
2,852
6,742

256,835

Network

126.8
1,111,118
19,556
119,975
58,328
178,303

63.13
395,000
6,968

42,750
29,040
71,790

5.9
34,585
609
3,736
2,71k
6,450

256,5U3

300 kv DC
Radial Network
13.75 13.75
120,494 120,494
2,120 2,120
13,000 13,000
6,325 6,325
19,325 19,325
247.13 2h7.13
1,746,950 1,746,950
30,746 30,746
188,626 188,626
113,680 113,680
302,306 302,306

None None
321,631 321,631

Demand cost is based on $460 per KW required to install the power system capacity to supply the losses.
The 300 HVDC losses include transformers, valves, filters, smoothing reactors and auxiliaries,
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Material and Installation (1)

Table 12«5
Cost Summary

Superconducting Cable Systems

Cable System

Substation

Series Compensation

Refrigeration System
Sub Total

Losses (Capitalized)

Cable and Refrigeration

Substation

Series Compensation
Sub Total
Grand Total

Adjusted Grand Total (3)

230 kv AC ____Rigid 230 kV AC 300 kV DC
Radial X$ Network K$ Radial K$ Network K$ Radial K$ Network K$
736,656 736,656 1,203,630 1,203,630 363,608 363,608
107,559 107,559 107,559 107,559 729,070(2) 729,070(2,
17,100 None 488,545 477,515 None None
146,540 146,540 333,351 333,351 128,184 128,184
1,007,855 990, 755 2,133,085 2,122,055 1,220,862 1,220,860
97,985 97,985 178,303 178,303 19,325 19,325
71,790 71,790 71,790 71,790 302,306(2) 302,306(2
175 None 6,742 6,450 None None
169,950 169,775 256,835 256,5u3 321,631 321,631
1,177,805 1,160,530 2,389,920 2,378,598 1,542,493 1,542,493
1,294,881 1,275,851 2,628,303 2,615,849 1,695,831 1,695,831

(1) 1Includes capitalized meintenance costs

(2) Includes DC conversion equipment

(3) Based on Economic analysis in Section 3




13.

AFRT AL/UNDERGROUND SYSTEM

13.1

13.2

General

The 500 kV aerial/underground system schematic, Figure 13-1,
specifies 9.65 km (6 mi.) of the system as cable, It is not
practical to install 500 kV aerial lines on city streets and,
therefore, this line section is specified to be underground cable.
The basic line design parameters for the aerial portion are listed
in Table 13-1, and the typical right-of-way cross-sectional view

is shown in Figure 13-2,

A five-circult system was selected based on economic consid-
eration of construction costs versus compensation requirements and
capitalized losses. Three circuits, with a three-conductor bundle
of 2,312 kemil ACSR, meet the rating criteria, However, three
circuits require $253,000,000 for series compensation and have
capitalized losses of $137,000,000. Increasing the number of cir-
cuits reduces the requirements for series compensation and reduces
the losses. Five circuits, with a three-conductor bundle of 2,312
kemil ACSR, results in the lowest system cost., A two-conductor
bundle was also studied but increased capitalized losses of approxi-
mately $43,000,000, justifying the three-conductor bundle.

A1 500 kV systems were considered for the underground portion.
The three-phase SF6’ GITL, rigid system was selected based on the

lowest installed cost for the required rating,

Material and Installation Costs

Installation costs for the aerial/underground system are listed
in Table 13-2, The line design meets or exceeds the National

Electrical Safety Code for a heavy ice and wind loading area, It is
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13.  AFRIAL/UNDERGROUND SYSTEM

13.2 Material and Installation Costs (cont'd)

interesting that the right-of-way costs represent 37% of the aerial
line subtotal. The underground section costs are taken directly

from Table 10-3 for city streets.

13.3 Losses

The total losses are shown in Table 13-3. The aerial losses
represent a capitalized cost of approximately $277,000 per mile
compared with $183,000 per mile for the underground portion, The
total capitalized losses represent 27.6% of the system costs.,

13.4 Cost Summary

The total installed cost for both the radial and network in-
stallations are given in Table 13-4, The substation and compensation

costs are detailed in Chapter 5.

13.5 System Evaluation

13.5.1 General, For aerial lines, 500 kV is an accepted and mature
design level in the United States. The three-phase GITL

system is discussed in Chapter 10,

13.5.2 Reliability. The aerial line design has been proven reliable
by many years of service, For simplicity, the study assumed
the five lines would be on a single right-of-way. This would
normally be unacceptable from a transmission reliability
standpoint; therefore, two separate routes would be selected
at little additional cost, The underground portion reliability
is discussed in paragraph 10.5.2,
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AFRT AT,/UNDERGROUND SYSTEM

13.5 System Evaluation (cont'd)

13.5.3

13.5.4

Installation, The aerial line construction techniques are
well developed. The GITL system installation techniques

are discussed in paragraph 10.5.3

Future Developments, The right-of-way cost is the most sig-

nificant for the aerial portion of the line and development
of more compact 500 kV lines would result in reduced cost and
less environmental impact. The most likely use of high
voltage underground systems in the near future will be in con-
Junction with an aerial line., The ability of an underground
line to match the aerial line capacity, therefore, should be

an important consideration in future research and development,
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Table 13-1

Design Data

500 kV Aerial System
Five Lines

Right of Way Width
Conductor

Ground Wire
Phase Spacing
Average Span Length
Minimum Clearance to Ground at 120°F
BIL
Maximum Conductor Gradient
Ground Level Voltage Gradient
Maximum
Edge of ROW
Audible Noise = Wet Conductor
Maximum
Edge of ROW
Rating Amperes/Phase @ 125°C

Loading~-Amperes/Phase
Normal
1st Contingency

2nd Contingency

Tower Steel kg/km

Tower Ioading

Positive Sequence Impedance
Resistive ohms/phase/km

Reactive ohms/phase/km
Zero Sequency Impedance
Resistive ohms/phase/km

Reactive ohms/phase/km

- 281 -

186 m (610 ft.)

3 x 2312 kemil, 76/19 ACSR
19 - #9 alumoweld

10.7 m (35 ft.)

358 m (1175 ft.)

11.6 m (38 ft.)

1800 kV

12.6 kV/cm

7.8 kV/m
2.1 kV/m

33.5 db(A)
29.1 db(A)
6300

2309

2886

2886

45,660 (81 ton/mi.)
NESC Heavy

.0099 (0.016 ohms/phase/mi.)
.337 (.543 ohms/phase/mi.)

0.288 (0.463 ohms/phase/mi.)
0.926 (1.490 ohms/phase/mi.)



Table 13-2
System Cost

500 kV Aerial~Underground System

5 Lines
Material Labor Total
Ttem Quantity K$ K$ K$
I Aerial Section (1) 483 km (300 mi)
1. Right of Way 1825 ha (L4509 ac) 77,350 - 77,350
2. Clearing & Access Roads 1825 ha (4509 ac) 80 4,500 4,580
3. Foundations 1350 7,500 7,500 15,000
4, Towers 1350 21,870 19,440 41,310
5. Conductors and Devices
(3 phase) 483 km (300 mi) 37,500 10,500 48,000
6. Engineering - 7,500 7,500
7. Maintenacce (Capitalized) 2,030 13,300 15,330
8. Sub Total 146,330 62,740 209,070
II Underground Section (2) 48.3 km (30 mi)
9. Sub Total 71,115 32,485 103,600
III Total 217,4l5 95,225 312,670

(1) Based on single circuit tower construction using 3-2313 kemil (76/19)
ACSR conductors.

(2) Based on three phase SFg, GITL, rigid system.
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Table 13-3

Losses

500 kv Aerial-Underground System

Transmission - Aerial

II

Total Losses MW (1)

Total MW Hr per year (2)

Energy Cost per year K$ (3)

Capitalized Energy Cost K$ (k&)

Demand Cost K$ (1 & 5)
Sub~Total

Transmission - Underground

Total Losses MW (1)

Total MW Hr per year (2)

Energy Cost per year kK$ (3)

Capitalized Energy Cost K$ (4)

Demand Cost K$ (1 & 5)
Sub=-Total

IIT Substations

Transformer Losses MW (1)

Total MW Hr per year (2)

Energy Cost per year (3)

Capitalized Energy Cost K$ (4)

Demand Cost K$ (1 & 5)
Sub~Total

IV Series Compensation

Total Losses MW (1)

Total MW Hr per year (2)
Energy Cost per year kK$ (3)
Capitalized Energy Cost K$ (4)
Demand Cost K$ (1 & 5)

rate,

Radial
7 o1
440,190

1,750
47,550
35,490
83,0L0

4,95
29,618
521
3,200
2,280
5,480

84.6
521,400
9,177
56,298
38,916
95,214

.5k
3,140
55
340
250
590

184,324

Network

7716

440,190
7,750
47,550
35,490
83,0L0

4,95
29,618
521
3,200
2,280
5,480

8L.6
521,400
9,177
56, 298
38,916
95,214

1.45

8,140
150
920
670

1,590

185,324

Capitalized Cost is based on LO year life and 16.3% Carrying charge

Sub-~Total
V Total Capitalized Cost of Energy
Losses K§
Notes

(1) Based on 10,000 MW load level losses.
(2) Based on 9,000 MW and 7,200 MW load levels for 6 months each.
(3) Cost of energy 1.76¢ per KWH,
(L)

)

~
\Ji

system capacity to supply the losses.
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Table 13-4
Cost Summary

500 kV Aerial-Underground System

Material and Installation*

Aerial system

Underground system¥¥

Substation

Series compensation
Sub Total

Losses (Capitalized)

Aerial

Underground*¥*

Substation

Series compensation
Sub Total
Grand Total

Adjusted Grand Total

* Includes capitalized maintenance costs,

** Based on 5 circuit, three phase SFg GITL Rigid System, 30 circuit miles

in streets.
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Radial K§

209,070
103,600
127,500

16,290
456,460

83,040
5,480
95,21k
590
184,324
640,784
667,850

Network K§

209,070
103,600
127,500

38,5k0
478,710

83,040
5,480
95,214
1,59
185,324
661,03k
692,229



APPENDIX T

Capital Penalties for Use of Two Line Systems

Introduction

Most systems, including the PJM Interconnection to which Philadelphia
Electric Company belongs, are designed and operated so they can withstand
any single contingency such as the loss of any single bus, generator, line,
transformer, etc., In addition, after such a loss and system readjustment,
the system must be able to withstand the next contingency. In a two line
system Zor the 10,000 MW Energy Park the outage of one line would mean,
after system readjustment, that the system would have to be prepared for the
loss of the FEnergy Park generation, Dspending on the ability of the PJM
system, its interconnection ties and the neighboring systems to withstand
such a large generation outage, the generation at Energy Park would have bto
be rapidly reduced and picked up by other equipment, In effect, this would
be a forced outage for the generation that was reduced and would affect both
energy costs and installed reserve requirements, This report examines these
effects and converts them into equivalent capital penalties for a two line
system. Such penalties would be a basis for justifying a third line or
Justifying other system reinforcements so that a larger capacity loss could

be sustained.

Results and Conclusions

This analysis has calculated the increase in installed capacity and
energy costs for a two line system as a function of line forced outate rates
which are the true unknowns, The capital psnalties could justify the cost
of either a third line or of system reinforcements., Examination of the

cable systems which used three lines in this research project showed that the
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Results and Conclusions (cont'd)

cost per line was between about 250 to L00 million dollars depending on
cable type. In the relationships developed in this analysis, these

dollars would correspond to the penalties of two line systems with forced
outage rates of five to seven days per year. Though the actual failure
frequencies are not known, it is expected that failures in any of the

three line systems would take weeks to repair. The uncertainty of outage
rates for futuristic cable systems without operational experience resulted
in the decision that a minimum of three lines should be used for an initial

application such as Energy Park,.

The results of this analysis are expressed tabularly in Table AT-1
for the combinations of considered variables. The results are also ex-

pressed graphically in Figures AT-1 through AI-5.

Figure AT-1 describes capital penalty on a 1976 cost basis as a
function of line forced outage rate for the assumed base conditions
including:

1. Capital cost of generation capacity is $250/MW. (peaking capacity)

2. The energy replacement cost for the energy park generation

is $20/MWh and is capitalized on a 16% carrying charge rate.
3. The maximum acceptable capacity risk is 2500 MW,
Figure AI-2 shows the effect of varying assumed capacity cost,

Figure AI-3 shows the effect of varying energy replacement cost.

Figure AI-l; shows the effect of varying the maximum acceptable risk

level,
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Results and Conclusions (cont'd)

Figure AI-5 shows the breakeven points between accepting capital
penalties for higher maximum acceptable risks or providing additional

system reinforcements to sustain the higher risks without penalty.
Discussion

The discussion is divided into three parts, The first part discusses
the concept of maximum acceptable risk., If a system and all its neighboring
systems were able to accept a maximum risk egual to the whole Energy Park
of 10,000 MW, there would be no significant penalty for a two line system
and this whole analysis would be academic. We believe such acceptance to be
unlikely. The second part of the discussion describes the techniques that
were used to calculate the capital penalties associated with the higher
generation reserves that are required for a two line system, The third part
describes the calculations used to determine off-cost generation that was

required to replace Energy Park generation for a two line system,

Maximum Acceptable Risk

Presently the maximum capacity risk in the PJM Interconnection is
the loss of a 1050 MW generator, Immediately after such a generator
failure, its capacity is picked up by other operating generation in
proportion to their inertia, Philadelphia Electric Company's generation
is less than 2% of the Interconnected System's total (includes all
reliability regions except WSCC and ERCOT) and PJM's generation is less
than 11% of the total, Almost all of a Philadelphia Electric Company
generation outage is, therefore, picked up on its tie lines to the PJM
Interconnection and almost 90% on PJM's tie lines to neighboring systems

and ultimately to the interior of these systems and their ties to other
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Discussion

Maximum Acceptable Risk (cont'd)

neighbors, The increases in loading on all these circuits would be
added to their precontingency flows and could cause overloads

dependent on the magnitude of the outage. Such overloads could not
only lead to circuit trippings but possibly to cascading outages.
Potential capacity outages are not only the concern of the host system
but of all their neighbors and these are constantly being examined

in interregional load flow studies. A number of years ago a neighboring
system to PJM installed a very large generator, Load flow studies
showed that its outage would overload ties on the other side of the

PJM Interconnection. This generator had to be derated in capacity until

previously planned transmission reinforcemsnts were completed.

The maximum acceptable capacity risk would be unique to location
and other system conditions, The cost of additional transmission to
raise such risk levels would also be unique and would require detailed
examination of not only the Philadelphia Electric Company and the PJM
Interconnection but all the neighboring systems, The configuration of
the PJM Interconnection in this study is only representative of the
period of time, mid-1990's, selected for the analysis and will most
likely be considerably different when that period is actually reached,
The representations of neighboring systems are mainly equivalents which
cannot be analyzed in detail, It would be a considerable task to expand
these neighboring systems so that specific transmission reinforcements

could be estimated for various energy park generation contingencies,
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Discussion

Maximum Acceptable Risk (cont'd)

Recent load flow studies, in which the Philadelphia Electric
Company participated, indicated that transmission from the
Philadelphia area to the borders of the PJM Interconnection would
cost at least $100 per kW of transmission capability., We believe
a similar figure would apply to the reinforcements required by the
neighboring systems of the PJM Interconnection, Accordingly, a
cost of $200/kW was applied in calculating reinforcement costs above
the maximum acceptable risk level of 2500 MW, Since the present
maximum capacity outage in PJM is 1050 MW, it was considzred that
normal transmission reinforcement would raise this level to about
2500 MW in the mid-1990's. The differences between the 2500 MW
maximum acceptable risk penalties and penalties for higher risk
levels were the savings that could acecrue for these higher levels
of risk., These savings were then compared with the cost of trans-
mission reinforcements to obtain the breakeven points as a function
of line forced outage rates. This is plotted in Figure AI-5, which
shows that unless line forced outage rates were higher than 15 days/

year, system reinforcements could not be economically justified.

The penalties for acceptable risk levels of 3000 and 10,000 MW
are approximately zero, leading to equal potential savings at these
levels, The breakeven points for transmission reinforcements at these
levels are, therefore, the same. This causes a saturation of the
breakeven point as a function of acceptable risk and line forced outage

rate.

Capacity Penalty

The effect of reducing Energy Park generation after a line forced
outage, in order to bring the generation level down to the maximum
acceptable risk, is similar to the forced outage of a like amount of
generation, The generation curtailment for a line forced outage has

a significant effect on system reserve requirement. This effect was
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Discussion

. o p— e

Capacity Penalty (cont'd)

calculated 2y using the reliability computer program ordinarily used

by the PJM Intercomnnection for determining its reserve requirements

on a provability basis. The program's two area capability was used

to model the bulk of the system in one area and Energy Park in the
second area, The program has the capability of performing its functions
with various tie sizes between the two areas, Though the program can
represent a tie forced outage rate, it cannot go from one tie level to
another because of this forced outage., This would have been the con-
venient way to represent generation curtallment because of a line forced
ountage, Instead, the risks in days per year for full line availability
and for the various levels of maximum risk with the assumption these
existed the whole year were weighted by line availability and line
unavailability respectively and added to produce the desired risk in

days per year.

The reciprocal of thess results produced the normal risk expression
of years per day. The complete compilation of risk levels calculated
is shown in Table AT-2 The following illustrates the method of calecula-

tion.
From computer runs:
Reliability level for 10,000 MW tie is 10 years/day or
0.1 days/year.

Reliability level for 2,500 MW tie is 1.0932 years/day
or 0.9147 days/year.
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Discussion

Capacity Penalty (cont'd)

For a line forced outage rate of one day per year, the tle forced
outage rate is .005L6 per unit (explained more fully under Energy
Penalty) and availability rate is 0.99L54.

For a 2500 MW maximum acceptable risk and a line forced outage

rate of one day per year, the system reliability level is:

Per unit Days/Yr. Risk Weighted Contribution

Tie ___ of time Contribution of risk in Days/Year
10,000 MW (0.99L511) 0.1 0.099L54L
2,500 MW (0.005L6) 0.9147 0.00L994
0.104448

1/0.1014i8 = 9,571 years/day Probability of loss of load

This level is relative to a ten years/day Probability Loss of Load
(PLOL) with either a 10,000 MW acceptable risk or zero line forced outage
rate., To make all schemes equivalent, the calculated risk level would
have to be raised to ten years/day PLOL by the addition of generation
capacity. A characteristic of the PLOL calculations is that in the area
of concern, ten years/day PLOL, a linear relation exists between the 1oge
of PLOL and percent reserve requirement. Irom computer runs is was

determined that:

Log, (PLOL), - Log, (PLOL), _ ( ,g39

% Reserve., - % Reserve,

]
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Discussion

Capacity Penalty (cont'd)

This is equivalent to a change of PLOL by a factor of ten (i.e.,
from 10 years/day to 1 year/day) for an 8.1% change in reserve. This
relationship was used to convert the substandard PLOL levels in Table
2 to ten years/day by increasing capacity requirements., Using the
previous example of 2500 MW maximum acceptable risk and line forced

outage rate of 1 day/year, the continued calculations are:

Log, (10) - Log, (9.57M1) _ § 1u3e ¢ cpange

0.28369 in % reserve requirements

(0.001535) (83,000 Mwx) = 127 MW increased reserve requirements

At an assumed capital cost of $250/kW “or additional generation this

represents
($250/kW) (127,000 kW) = $31,750,000 penalty

The additional MW of generation required to raise reliability levels to

10 years/day is shown in Table AI-3,

% Peak Load of model system

Energy Penalty

During a line outage, generation at Fnergy Park is assumed curtailed
in order to lower the risk to the maximum acceptable risk level, This
curtailed generation must be replaced at a cost equal to or higher than
the current running rate of the Interconnection, The average cost of

replacement power for Philadelphia FElectric Company nuclear capacity in
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Discussion

Energy Penalty (cont'd)

1975 was about $20/MWh and replacement cost for base~-loaded coal
capacity was about $10/MWh, A base penalty of $20/MWh was assumed
for all curtailed generation. However, variations of $10/MWh and

$30/MWh were also considered.

The calculations considered the unavailabilities of generation
equipment, In the summer and winter non-maintenance seasons, it was
assumed, based on a 10% forced outage rate, that only nine units
would be operating. The curtailment for a 2500 MW maximum acceptable
risk would be: 9,000-2500 = 6500 MW, Similarly, during the fall and
spring maintenance seasons, two units were assumed out for maintenance
and the remaining units had only a 90% availability., The curtailment
for a 2500 MW maximum acceptable risk level would be:

(10,000 - 2,000) (.9) - 2500 = L700 MW
Cable maintenance was assumed to be only one day per year per line

and would be performed during the generator maintenance season, The

penalty for the 2500 MW maximum acceptable risk level was calculated to

be:
2(1 day/yr) (2L hr/day) (L700 MW) = 225,600 Mwh
($20/MWh) (2253600 MWh) = $h,51 2)000

($L,512,000)
(.16 carrying charge)

L]

$28,200,000 capitalized
energy costs

Except for the lowest line forced outage rates, the maintenance

penalty has only a nominal effect.
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Discussion

Fnergy Penalty (cont'd)

The assumed line forced outage rates were used to calculate the

days per half year¥ in which generation curtailment would occur,

Probability of one item being available out of N items:
Probability = NPV (1-P)

where P is forced outage rate

i.e., let forced outage rate = 1 day/year

(1 day/year) (2L hours/day) / 8760 hours/year = ,0027L forced outage rate
Probability = 2 (.00274)° " (1-.0027L)

.005L6

1.0 day per half year

(.005L6) (365 days/yr)
2

Iine Forced

Outage Rate Half Year Probability of
days/year One Line Operation - days
1 1.0
2 1.99
3 2.98
L 3.96
5 L.93
10 9.73
15 14.38
20 18.90
30 27.53

% Calculations were performed separately for summer-winter and spring-fall
seasons due to different generation curtailments.
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Discussion

Energy Penalty (cont'd)

Following through the calculations for a 2500 MW maximum risk
level the energy penalties for a 1 day/year forced outage are:

(1.0 day) (2L hr/day) (6500 MW S/W curtailment) = 156,000 MiWh
(1.0 day) (24 hr/day) (L4700 MW Sp/F curtailment)= 112,800 MuWh
(Maintenance penalty) = 225,600 Mwh

total curtailed energy park energy L9k, LO0 MWh

(L9L, 40O MuWn)($20/MWh) = $9,888,000 penalty/year

($9,888,000)

(778 carrying chargs) $61,800,000 capitalized energy penalty

This penalty was added to the capital penalty for increased
generation reserves to obtain the total penalty in Table AT-1 and
the figures.

i.e., 2500 MW maximum acceptable risk
$250/kW generation capital cost
$20/MWh energy replacement cost

$31,750,000 generation reserve penalty
$61,800,000 capitalized energy replacement penalty
$93,550,000 total penalty
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_963_

TRBIE AI-1_

Line Penalties - Capital plus Capitalized Energy Costs - Thousands of Dollars
Forced Outage $150/kW Generator $250/kW Generator Cost $350/kW Generator
Rate Cost and $20/MWh Energy Replacement Cost Cost and $20/MWh
(Days/¥Yr.) Energy Replacement Cost $10/MWh $20/MWh $30/MWh Energy Replacement Cost

Maximum Acceptable Risk = 2000 MW

1 $ 390,300 S 71,400 $ 105,300 $ 139,200 $ 120,300
2 147,831 125,019 177,031 229,050 206,231
3 204,319 176,881 247,019 317,150 389,719
4 259,538 227,069 315,138 403,206 370,738
5 313,188 375,069 380,999 486,706 448,588
10 569,269 496,906 690,569 884,225 811,869
15 805,606 692,256 971,006 1,249,763 1,136,406
20 1,026,988 868,219 1,229,688 1,591,163 1,432,388
30 1,433,000 1,176,400 1,695,800 2,215,200 1,958,600
Maximum Acceptable Risk = 2500 MW
1 80,850 62,650 93,550 124,450 106,250
2 132,413 109,781 157,313 204,844 182,213
3 183,075 155,413 219,575 283,744 256,075
4 232,656 199,625 280,256 360,881 327,856
5 281,150 242,425 339,350 436,275 397,550
10 531,375 441,313 618,875 796,444 724,375
15 729,019 618,431 874,119 1,129,800 1,019,219
20 952,738 814,119 1,145,738 1,477,363 1,338,738

30 1,304,956 1,062,856 1,539,456 2,016,063 1,773,956
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TABLE AI=1 (Cont.)

Line Penalties - Capital plus Capitalized Energy Costs - Thousands of Dollars
Forced Outage $150/kW Generator $250/kW Generator Cost $350/kW Generator
Rate Cost and $20/MWh Energy Replacement Cost Cost and $20/MWh
(Days/Yr.) Energy Replacement Cost $10/MWh $20/MWh $30/MWh Energy Replacement Cost

Maximum Acceptable Risk = 3000 MW

1 $ 71,850 $ 54,650 $ 82,550 $ 110,450 $ 93,250
2 117,594 95,550 138,594 181,644 159,594
3 162,738 135,444 193,638 251.831 224,538
4 207,125 174,438 247,625 320,813 288,125
5 250,456 - 212,031 300,056 388,088 349,656
10 459,288 388,719 550,188 711,656 641,088
15 654,375 547,863 780,475 1,012,095 906,575
20 838,588 693,519 995,288 1,297,063 1,151,988
30 1,178,719 952,306 1,386,119 1,819,925 1,593,519

Maximum Acceptable Risk = 4000 MW

1 54,900 40,400 62,300 84,200 69,700
2 90,056 70,575 104,656 108,569 119,256
3 124,906 100, 256 146,506 147,944 168,106
4 159,219 129,306 187,619 186,531 216,019
5 192,825 157,488 227,725 224,850 262,625
10 356,656 292,781 422,056 411,519 487,456
15 511,100 416,725 603,200 589,000 695,300
20 658,138 532,069 774,138 758,863 890,138

30 931,488 739,969 1,088,188 1,436,406 1,244,888
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TABLE AI-1 (Cont.)

Penalties - Capital plus Capitalized Energy Costs - Thousands of Dollars

Line
Forced Outage $150/kW Generator $250/kW Generator Cost $350/kW Generator
Rate Cost and $20/Mwh Energy Replacement Cost Cost and $20/MWh
(Days/Yr.) Energy Replacement Cost $10/MWh $20/MWh $30/MWh Energy Replacement Cost
Maximum Acceptable Risk = 5000 MW

1 S 39,150 S 28,150 S 44,050 S 59,950 S 48,950

2 64,763 49,356 74,463 99,569 84,163

3 90,225 70,313 104,625 138,944 119,025

4 115,206 90,675 134,106 177,531 153,006

5 140,000 110,950 163,400 215,850 186,800
10 260,925 208,338 305,425 402,519 349,925
15 376,069 299,331 439,669 580,000 503, 269
20 486,388 385,119 567,488 749,863 648,588
30 692,956 542,131 804,756 1,067,388 216,556

Maximum Acceptable Risk = 6000 My

1 24,300 17,400 27,300 37,200 30,300

2 41,275 31,138 47,275 63,413 53,275

3 58,100 44,625 67,000 89,375 75,900

4 74,794 58,050 86,594 115,144 98,394

5 91,219 71,156 105,819 140,475 120,419
10 171,950 135,140 200,050 264,950 228,150
15 249,288 195,694 289,888 384,081 330,488
20 323,788 253,419 376,088 498,763 428,388

30 464,175 360,538 537,575 714,619 610,975
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TABLE AI=-l (Cont.)

Line Penalties - Capital plus Capitalized Energy Costs - Thousands of Dollars
Forced Outage $150/kW Generator $250/kW Generator Cost $350/kW Generator
Rate Cost and $20/MWh Energy Replacement Cost Cost and $20/MWh
(Days/Yr.) Energy Replacement Cost $10/MWh $20/Mwh $30/MWh Energy Replacement Cost
Maximum Acceptable Risk = 8000 Mw
1 $ 4,050 $ 3,250 $ 4,750 S 6,250 $ 5,450
2 8,069 6,488 9,469 12,456 10,869
3 12,088 9,719 14,188 18,663 16,288
4 16,081 12,938 18,881 24,819 21,681
5 19,888 15,894 23,288 30,688 26,688
10 39,238 31,344 45,938 60,538 52,638
15 57,988 46,319 67,888 89,463 77,788
20 76,200 60,850 90,200 117,550 102,200
30 110,638 88,044 129,338 170,638 148,038
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TABLE AT-2

RELIABILITY IN YEARS/DAY P.L.O.L.

Maximum

Acceptable

Single

Contingency Line Forced Outage Rate in Days Per Year

Risk -~ MW 1l 2 3 4 5 10 15 20 30
2,000 9.500 9.049 8.642 8.269 7.934 6.605 5.682 5.002 4.073
2,500 9.574 9.184 8.828 8.498 8.197 6.972 6.090 5.171 4.486
3,000 9.640 9.306 8.997 8.708 8.442 7.329 6.499 5.854 4.922
4,000 9.750 9.513 9.289 9.075 8.875 7.998 7.299 6.727 5.853
5,000 9.834 9.675 9.521 9.373 9.231 8.588 8.045 7.579 6.824
6,000 2.898 9.798 9.701 9.605 9.514 9.085 8.704 8.363 7.781
8,000 9.976 9.953 9.929 9.905 9.883 9.772 9.666 9.566 9.380

10,000 10.000 10.000 10.000 10.002 10.000 10.000 10.000 10.000 10.000
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TABLE AT-3

Required Increase in Generation Reserves
to Obtain 10 Years/Day P.L.O.L., -~ MW

Max imum

Acceptable

Single

Contingency Line Forced Outage Rate in Days Per Year

Rigk - MW 1 2 3 4 5 10 is 20 30
2,000 150 292 427 556 677 1213 1654 2027 2628
2,500 127 249 365 4786 582 1055 1451 1930 2345
3,000 107 210 309 405 495 909 1261 1567 2074
4,000 74 146 216 284 349 654 921 1160 1567
5,000 49 97 144 189 234 445 636 811 1118
6,000 30 60 89 118 145 281 406 523 734
8,000 7 14 21 28 34 67 99 130 187

10,000 0 0 0 0 0 0 0 o] 0
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PENALTY IN CAPITAL AND CAPITALIZED ENERGY COSTS
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APPENDIX TIT

DISCUSSIONS OF THE FINAL REPORT

A workshop on the final draft of this report was conducted by the
Department of Energy in Philadelphia on September 20-21, 1977. A total
of thirty-six individuals from nineteen organizations reviewed the
results with the Philadelphia Electric Company Study Team and a number
of comments, criticisms, and suggested corrections were aired., Most of

these have been considered and taken account of in this final report.
In addition, ERDA has invited written discussions where full reso-
Jution of the comments was not feasible, These are published below,

followed by a Philadelphia Electric Company closure,

GENERAL ELECTRIC COMPANY

General Electric considers that the subject report does not provide
an authentic comparison of the costs of the systems evaluated because
significant differences in basic assumptions were made between the various
systems considered. GE notes that these assumptions were provided by the

organization developing a particular system included in the PECo evaluation,

The component costs used by your study for the Resistive Cryogenic
Cable were based upon estimates contained in the final GE report prepared
for the Flectric Power Research Institute and the U. S, Fnergy Research
and Development Administration under Contract EX-77-C-01-210L and Contract
E(L9-18)-2104. This report was prepared prior to consideration of the PECo
study requirements., The objective of GE's development program was to
achieve the demonstration of a highly reliable cryogenic cable system by
the early 1980's. Cost data presented were based upon the following assump-

tions:
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GENERAL ELECTRIC COMPANY (cont'd)

° Cable fabrication was based on technology available in 1975.

) Dielectric materials investigations were restricted to those
readily available in 1975 from a reliable source and with
uniform properties,

° Fabrication of cable system components was based upon quanti-
ties required for an installation of a single circuit of ten
miles,

® Refrigeration component prices were based upon estimates sup-
plied by vendors in 1976 for quantities required for a single
circuit of ten miles,

° Component designs were not optimized from the standpoint of
today's higher cost of energy losses,

) Cable reel diameters and piping lengths were limited by
shipping constraints common to downtown metropolitan in-
stallations.

° Cable losses were computed using measured resistivity values
for commercially available conductors and measured dielectric

losses for cellulose insulation,

General Electric also considers the capital cost for refrigeration
high and an undue burden for the Resistive Cryogenic Cable System, The
PECo cost of $1180/kW per compressor is at least L0%Z higher than the
$600-800/kW per compressor estimates (preliminary) obtained by General
Electric from a reputable cryogenic refrigeration system manmufacturer,
General Electric also notes that although it was beyond the scope of the
PECo study, the specific design of the refrigeration and piping system

could be optimized for the PECo scenario,

Additional potential for cost reduction is feasible for the Resistive
Cryogenic Cable System when viewed against the material and technological
advances that can be assumed to occur by the 1990's, Specific areas for

cost reduction have been identified and include:
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GENERAL ELECTRIC COMPANY (cont'd)

e Development of a lower loss dielectric suitable for cable
taping.
. Reduction of conservatism in the present design by measure-

ment of the dielectric breakdown strength and thermal
conductivity over the full range of operating temperatures
and pressﬁres.

. Utilization of a conductor with lower I2R losses (i.e.,
higher purity aluminum or copper).

° Development of a superior thermal insulation or installation
of a thicker polyurethane layer to lower the hea® leak.

° Optimization of the refrigeration system to lower capital

investment, installation, auxiliary equipment and operation

costs,

e Flimination of one and perhaps.two liquid nitrogen return
lines.

° Economies of manufacture resulting from mass production of

cable and refrigeration components (i.e., 26L circuit miles

vs., 10 circuit miles).

General FElectric and the U, S, Energy Research and Development Adminis-
tration (ERDA) have contracted to pursue the development of these and other
potential cost reductions under ERDA contract EC-77-C-01-5087, While this
development and detailed cost analysis is required to determine the exact
magnitude of these potential cost savings, significant reductions are within

reach,

S. J. Fallick, Project Engineer
Cryogenic Cable Systems
ENERGY CONSERVATION AND CONVERSION SYSTEMS
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GENERAL ELECTRIC COMPANY (cont'd)

We have been reviewing HVDC terminal cost assumptions applicable to
Section 9 of your study and spscifically Table 9-6., The basis of the
terminal cost numbers used in the study is an installed rating of
L x 2857 MW (total 11428 MW) and an equipment cost excluding installation
of 214,700 K$ for the Energy Park and 230,100 K$ for Mid Site. These
values represent $18,80/kW at Energy Park and $20.1L/kW at Mid Site. The
cost of equipment we provided to Los Alamos was $19.10/kW which we now
feel can be reduced 10% as we progress on a learning curve, resulting in
$17.20/kW applicable to both ends. This represents a reduction of $1.60/
kW at Energy Park and $2.9L/kW at Mid Site based on the 11428 MW rating.
This change would then reduce the Substation Material and Equipment Cost
in Table 9-5 by 51,900 K$.

As thyristor voltage ratings increase, we foresee reductions in con-
verter terminal losses to a level of 1% per terminal compared to 1.,17%
assumed in the study., This would reduce the losses in Table 9-L4 from
297 MW to 263 MW, and a proportional reduction of the loss evaluation in
Table 9-6 from 398,500 K$ to 352,800 K$.

In Table 9-6, there is an increase of 72,000 K$ from Grand Total to
Adjusted Grand Total, This is based on the difference in present worth
based on the different rate of installing capacity. This penalty would
be reduced if the dc terminal equipment is installed one pole at a time
at the same time as =ach of the eight ac cables which is a realistic way
to do it,
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GENERAL ELECTRIC COMPANY (cont'd)

The two modifications listed earlier total 97,500 K$ and will reduce
the Adjusted Grand Total in Table 9-6 from 1,422,000 K$ to 1,325,000 K$.
Please consider these modifications and include their effect in your final
report because in our view a more accurate comparison of conditions in the
1990!'s will result.

G. D. Breuer - Manager
HVDC Transmission Engineering

L0S ALAMOS SCIENTIFIC LABORATORY

1. DC circuit breakers have been used only in the case of the 300 kV dc
system, Such dc circuit breakers for high-voltage power transmission
are non-existent and there is no reliable way to estimate costs even
roughly. It appears prudent to avoid using de circult breakers for

point-to-point applications, such as the case considered in this study.

A thyristor will block much faster, and perhaps more reliably, than

any dc breaker could, Bearing this in mind we suggest two schemes

which take full advantage of the blocking capability of a converter
controllable (e.g. thyristor) valve. Isolating switches are used to
isolate the faulted cable once the fault current is blocked. The
proposed schemes for the Energy Park and the Mid Site are shown in
Figures AIT-1, ATT-2, and AII-3.

In the first scheme (Figure AII-1), power to any of the three dc SPTL's *
may be interrupted by blocking the converter valves, and then opening

the appropriate isolators in the ring bus. Power delivery can be

resumed by deblocking the converter valves.

% Superconducting Power Transmission Line
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LOS ALAMOS SCIENTIFIC LABORATORY (cont'd)

In the second scheme, two converters are comnected to each cable,
for normal operation, If a fault occurs in one cable, the two
converters connected to this cable are blocked and the two isolating
switches between these two converters and the faulted cable are
opened. In the mean time, the remaining four converters connected
to the other two cables keep transmitting power to the load. The
two blocked and isolated converters are then reconnected, one each
to the remaining cables. The whole operation will be completed in

less than a second without any power interruption,

Either scheme can be nsed at both ends of the de SPTL's. Scheme 1
(Figure ATI-1) will be more economical than the Scheme 2 (Figures
ATT-2 and ATI-3). Scheme 2 had the advantage that power is never
interrupted. It has the added advantage that it provides flexibility
in controlling power separately for each of the three dc supercon-
ducting cables. This, incidentally, will not be possible in any of

the ac schemes investigated in this study.

For installation scheduling (Section 3.2.3), the converters should

be installed at 1 GW/year/terminal in keeping with the installation
of the generators(Table L-1), This would reduce the adjusted grand
total cost for the 300 kV dc superconducting cable according to your

general formula,

The method of cost estimating for cryogenic refrigerators was different
from what we had expected. The large installation cost plus cost
scaling by a 0.6 power law favor the installation of fewer and larger
refrigerators, Had we been aware of this we would have been able to
reduce the cost of the refrigeration system. Also no attempt was made
to estimate the savings that would result from the simultaneous purchase

of many identical refrigerators.

¥F. J. Edeskuty
Los Alamos Acientific Laboratory
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Figure ATT-1
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PHELPS DODGE CABLE AND WIRE COMPANY

Since the cost totals you present on Table 2-1 will be used by many
people to evaluate the relative technical and economic feasibility of the
proposed systems, it is critical that the systems be costed on the same
basis, It is clear that the pipe type cable systems were not always com~
pared on exactly the same basis, In the items which follow, we note the
areas where the pipe type cable systems were not compared in our opinion
on the same basis. We present the reasons for our opinion as well as
corrections which would need to be made to your cost estimates in order

to make them more nearly comparable,

1. We estimate that in the very long lengths required (about 3,000
cable miles), 500 kV HPOPT-C cable with a 2500 kecmil conductor
would cost about $21/foot. This reduces the $477 million on
Table 8-1 by $125 million, The reasons for this are:

a) Oiur original estimates were based on lengths of a few tens
of miles and do not reflect the economies of scale and mass

production which would result from a 3,000 mile order.

b) We note that 500 kV HPOPT (cellulose and PPP) have been
designed on the basis of 1800 kV BIL, whereas other systems
must meet only 1550 ¥V BIL,

c) We have adjusted the insulation walls from 1.3L" to 1.25"
because the BIL is reduced from 1800 kV to 1550 kV., Based
on Waltz Mill test results this is considered a proven

d=sign.
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PHELPS DODGE CABLE AND WIRE COMPANY (cont'd)

2. For the very long lengths of PPP pipe type cable required, it would
be feasible to set up a special plant dedicated to the production of
the paper-polypropylene-paper laminate, As polypropylene resin costs
less than paper (taking into account density differences) it is anti-
cipated that in large quantities the cost of PPP could more nearly
approach paper, Taking this into account, we estimate that for long
lengths a 1.00" wall 500 kV HPOPT-PPP cable would cost about $23/foot.
For the 765 kV HPOPT-PPP cable, we would project a cost in long lengths
of $29/foot., In each case, these costs yield a savings of the order
of $200 million compared to the cost used in the report., These comments

also apply to the forced-cooled 500 and 765 kV PPP pipe cables.

3. We question if it is fair to eliminate DC pipe type cables without a
complete economic analysis. For pipe type DC cables, if one cable is
lost the other cable in the pipe is not available for further use.

This means that 6 cable circuits are required assuming that each cir-
cuit (2 cables in 1 pipe) carries 2000 MVA. Again, the first contingency
requirement governs as 5 times 2000 is 10,000 MVA, Whereas the second
contingency would be L4 times 2000 or 8000 MVA which is greater than the
required 7500 MVA. Based on 6 circuits, to get 2000 MVA/circuit, a

3250 kemil conductor is required. Since there are no sheath losses on

DC pipe cables, 3250 kcM is no problem, The cost estimate of a 3250 kcM,
1.035" wall 600 kV pipe cable would be $2L/foot. Taking this cost and
modifying Table 8-1 (changing # of ccts, pipe size, acreage, etc.) and
using Table 9-2 (multiplying the appropriate numbers by 1.5) we find that
the cost for 6 circuits of DC pipe cable is $259 million compared to the
$288 million for the self-contained oil-filled DC cable (see attached
Table ATI-2). It appears that pipe type DC cables would cost about the

same as self-contained oil-filled DC cables.,
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PHELPS DODGE CABLE AND WIRE COMPANY (cont'd)

L. It seems inconsistent to require 1,760 foot pulling lengths for pipe
cable (based on shipping reel limitations) and then to use longer
lengths for the heavier 500 kV SCOF cable (based on obtaining special
permits). We feel it should be possible to conservatively assume an
average 2,500 foot pulling length for the 500 kV HPOPT (cellulose and
PPP) cables. This would substantially reduce the number of manholes,
splices and shipping drums but would increase the weight of each reel
and require special permits for shipping over the highways. Such per-

mits were assumed for the self-contained oil-filled cable,

5. For these very high ampacity circuits where the pipe losses preclude
the use of large conductor pipe cables, it may be advantageous to
consider isolated phase pipe cable. This would enable the use of
larger conductors and therefore fewer circuits. Isolated phase pipe

cable also may be attractive on DC.

. C. Doepken, Jr.
Allam

. L. McKean

. A, Teti

e
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Table ATI-1

+600 kV DC PIPE CABLE

The trench design parameters used in our calculations are taken from
Figure 9.4 of the Philadelphia Report with the exception that the two pipes

are spaced 30 inches on centers,

Operating Conditions

Rated Voltage

600 kV (+ - DC)

Insulation Thickness 1.00"

Load Factor 100%

Pipe Size 10-3/L4" 0.D,
No. Cables/Pipe 2

No, Circuits
Burial Depth

Spacing

Earth Ambient
Earth Resistivity
Required Capacity
Conductor Metal

6 (2 Pipes/Trench)

35.L4 Inches

-30 Inches in Trench
-10 Feet Trench to Trench
23%C

80°C-cm/Watt

2000 MVA (1666 Amperes)
Copper

TEMPERATURE DROP (°C)

AT AT AT AT Earth
Rating Across Across Across Across Interface
kemil Amperes Insulation 0il Pipe Coating Backfill Temperature
3250 1685 21.8 S.h .51 2.1 55.2

The cable price is estimated to be $2L/foot.
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II.
IIT.

IV,

=

VII,

VIII.

IX.
X,
XTI,

# Total cost represents material and labor

Right of Way

1. Street
2. Private

Clearing Access Rds,
Pipe & 0il (10" pipe)

1. Street
2, Private ROW

Street Concrete
Manholes
Excavating & Backfill

1. Street
2., Private ROW

Cable 2-1 x 3250 kcM
Cable 2-1 x LOOO kcM + Neut.

Terminations
Pumping Plants
Engineering
Maintenance

TOTAL

Table AILI-2

CABLE SYSTEM COST
+600kVDC Cable

HPOPT-Cellulose

P, D, Study based on P, E.

SCOF
P, E, Study

Quantity

28.6 ac.
286.0 ac.

285.0 ac,

35 mi,
360 mi, 4
6.3 x 10

594

18 mi.
180 mi.
396 mi,

12 sets
6

# Total Cost-M$ Quantity # Total Cost-M$
L1.3 ac,
L.9 1,18.0 ac. 7.2
0.L 418.0 ac. 0.5
5.3 - -
52.7 - -
gal, 10,2 - -
- 2L mi. L.
5.3 792 3.5
12,1 2L 15.8
1.3 2L0 59.L
117 - -
- 26l mi, 190.9
0.9 8 sets 0.6
1.0 L 0.7
2.1 1.4
6,0 L.
259.2 288.5

6 ccts are required

1st contingency 5 x 2000 MVA

3250 kemil @ $2L/ft,
3 x 50" trenches, 2 lines per trench

e L ccts with return are required



WESTINGHOUSE ELECTRIC CORPORATION

1.

Costing of GITL Systems

The price of the gas insulated transmission lines which we guoted
reflect what we consider to be a realistic cost of these gas insulated
transmission lines for the period under consideration; i.e., 1990, The
price list which we sent to you originally with the high cost multiplier
is specifically for very short lengths (e.g., 3,000 feet), mainly for
use inside gas insulated substations, The manufacturing techniques pres-
ently used are specifically for these short lengths and are not really
suitable for mass production for long installations. Correspondingly,
there is little automation, and the labor used in these gas insulated
transmission lines is at present very high, as essentially hand-craft
operations are used for the manufacture and assembly of the insulators,
conductors, plug-in connectors and sheath systems., As the market for
GITL systems increases, it is expected that improved techniques will be

introduced into the shop to dramatically reduce the labor content.

The multiplier originally quoted was only for estimating purposes
and therefore included a generous margin. If one calculates the quantity
of aluminum used in the GITL systems and knowing the price of the
aluminum extrusions for the conductor and sheath, then one can readily
confirm that the prices quoted for the 1990's are indeed realistic. These
prices do not reflect any additional technological breakthrough that is to
be expected in the near future. For example, the present cast epoxy
insulators will undoubtedly be replaced by low dielectric constant material
spacers that can be injection molded at a lower cost, Alternative methods
of fabricating the high cost aluminum sheath are being developed which will
also reduce the total cost, In the future, new gases or gas mixtures which
are of both lower cost and higher breakdown strength than the presently
used SF6 will be introduced. This will result in a reduced size of the

system, with subsequent reductions in the cost,
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WESTINGHOUSE ELECTRIC CORPORATION (cont'd)

2. Forced Cooling of GITL Lines

The report includes an analysis of the effect of forced cooling
of pipe type cables, but does not include forced cooling of GITL

systems.

Westinghouse has made a detailed study of forced cooling in the
FPRI Report EL-228, M"Analysis of Forced Cooling of Compressed Gas
Insulated Transmission Lines", December 1976. This showed that by
simple forced cooling (water circulating in aluminum pipes in contact
with the aluminum sheath), the current rating could be increased by a
factor of 2.5. The cooling stations could be 10 miles apart, and the
additional cost of the forced cooling equipment only (piping, pumps,
heat exchangers, fan) was typically 5% of the GITL cost. Of course,

there are also increased losses and higher present worth of losses.

It is proposed for the Philadelphia Electric study that the GITL
forced cooling be used not for the continuous normal operational cur-
rent, but only for the emergency or contingency conditions when a line
is out of service. The lines would thus be sized so that they could
take the normal continuous current. This results in significant savings
as shown in Table ATI-3,

2.1 PForced Cooling of Single Phase Rigid GITL System

In the Philadelphia Electric report, the rigid, single phase
GITL lines are designed to have a rating such that if only two of
the three lines are in operation, they can carry 5,000 MW each,
As a result the 500 kV systems are very large; the conductor is
16.0 in. 0.D., 0.7 in, thick, with a sheath of 26,31 in, 0.D.,
0.406 in, thick,
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WESTINGHOUSE FLECTRIC CORPORATION (cont'd)

It is proposed to reduce the GITL size to have a maximum,
naturally cooled rating of 3333 MW for each line, For the same
burial conditions as in the report (30" soil covering, 118"
interphase separation, 100% load factor, soil P= 80°¢ em/W,

2300 ambient) the rating can be achieved with almost standard
500 kV GITL dimension; i.e., conductor of 7" 0,D., O.7" wall,
sheath of 20" 0.,D., 0.375" wall, The maximum sheath-soil
interface temperature would be 5900, which should be adequate
for this large system as the temperature gradient in the soil
will be low. The conductor temperature will be 8200, well
within specifications. The weight of aluminum in the system
will thus be reduced from 76.L 1b. per phase foot for the 5000 MW
rating to 13.2 1b, per phase foot for the 3333 MW rating, a re-
duction of L3%. Being pessimistic, this could result in a 21%
reduction in the cost of the line. The savings in SF6 gas due
to-the smaller diameter are L3%. The losses are higher by 95.6%,

due to the smaller cross section of aluminum,

The cost of the forced cooling equipment is taken from EPRI
Report Number EL-228, Table L-l, page 90 (500 kV, 6,000 A rating,

5 mile station separation) and totals $100K per circuit mile.

The modifications to the costs in the Philadelphia Electric
Report are given in Table ATI-3, below, The substation equipment,
installation, right of way, maintenance costs, and system compen-
sating equipment are assumed to be unchanged. It can be seen that
this reduces the Adjusted Grand Total by $96,838 K to $1,4L42,015 K;

i.,e., a reduction of 6%.
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WESTINGHOUSE ELECTRIC CORPORATION (cont'd)

2.2 Forced Cooling of Three Conductor, Rigid 500 kV GITL

The ampacity calculations of the 500 kV three phase GITL
system in Table 6-2 are such that each of the 5 lines is
designed for contingency conditions with a naturally cooled
rating of 2500 MVA, in case only L lines are in service. The
sheath temperature is only 55°C, so that this is a conservative
rating because, as noted in the report, the sheath temperature
can certainly be higher on account of the low temperature

gradient in the soil,

With forced cooling it is proposed to replace the 5 cir-
cuits with L circuits, each with a natural cooled rating of
2500 MVA, The emergency contingency conditions are taken
account of by forced cooling all the lines. The number of the
lines and substations is therefore reduced by 20%. It is
assumed that the cost of the cable and installation are reduced
by 20%, as the same GITL construction is used. The losses are
higher by a factor of (2500/2000)2 = 1,55, so the present worth

of the losses are increased by this factor,

The cost of the forced cooling equipment is taken from the
EPRI Forced Cooling Report, Table L-10, page 98 (500 kV, three
conductor GITL, rated 5000 A, cooling station separation of 5
miles). The total equipment cost is only $L4,7 K per circuit
mile, as the amount of forced cooling required is small, It
should be noted that this is a higher current rating than required.
It is assumed that the substation and system compensation costs

are reduced by 10% as a result of the fewer circuits.
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WESTINGHOUSE ELECTRIC CORPORATION (cont'd)

2.3

From Table AII-L it can be seen that the forced cooling
of the three conductor, three circuit system results in a
reduction of $112,77LK compared with the naturally cooled 5
circuit system, This figure is slightly optimistic as no
account is given of the installation cost, building, maintenance,
real estate, or the economics for the installation schedule.
These have not been calculated but might perhaps account for
an additional $40,000K. Further, no spare cooling pumps, heat
exchanger and fan units are supplied for reliability. These
only account for 19% of the total forced cooling costs, or
only $8.68K per circuit mile, the major cost being the aluminum
cooling pipss, so that assuming one additional pump, heat
exchanger and fan per circuit would only add $2,270K to the
total, Together with the guestimated $40,000K additional costs,
this would total an additional $42,270K, so that the revised
Adjusted 3rand Total figure for the forced cooled, 500 kV three
conductor GITL system would be $1,268,203K. This would then be
the lowest cost underground system, being $38,LL49K less than the
230 kV superconducting cable,

Forced Cooling of GITL System: Conclusions

This simplified analysis has shown the dramatic effect of
forced cooling GITL lines for the emergency or contingency
conditions, so as to reduce either the GITL size or the number of
GITL circuits to require only the natural cooled rating when all
the circuits are in operation. The analysis indicates a 6% reduc-
tion in the Grand Adjusted Total for the 500 kV isolated phase
rigid design, and for the 500 kV three conductor rigid GITL system.
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WESTINGHOUSE ELECTRIC CORPORATION (cont'd)

It would be valuable for the Philadelphia Electric-ERDA
study to examine the forced cooled GITL system in more detail
to verify that forced cooling for emergency conditions only

is an economically attractive system,

Particle Contamination

Several comments were made about the "seriouas problem of con-
tamination" for GITL systems. I consider that this problem has been
greatly exaggerated. Some of the installations first used did not
have the "particle trap" systems that are now an important design
feature of the GITL systems.

The particle trap system deactivates any contamination that
may be present by moving the particles in the electric field into
a zero field region at the sheath where they are effectively removed
from the highly stressed region of the line. The present generation
of particle traps operate very successfully. Part of the installation
procedure in the field is to apply the AC test voltage in steps to
deliberately move the contamination into the particle traps, which are

situated at all the support insulators.

There is extensive development work in progress to develop even
better and more reliable trapping techniques, and it is therefore
confidently expected that contamination will not be a serious problem
with future GITL systems,

It is worth mentioning that the GITL systems are specifically
designed to reduce the contamination that might be present., For
example, the conductor plug~in contact has a special seal to prevent
any contamination that might be produced entering the line, For the

sheath joints which are welded in the field, there is a special design
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WESTINGHOUSE ELECTRIC CORPORATION (cont'd)

of backup ring which includes special seals specifically designed
to prevent any welding contamination from entering the bus. The
GITL system is a very simple design which with reasonable care
almost certainly eliminates the possibility of contamination being

introduced during installation and operation,

Consequences of Fault and Repair

The report states that in the event of a fault the contamina-
tion will extend over many sections and would make repair difficult,
With the early designs of GITL there was some evidence that contami-
nation after a fault would not just be confined within the typical
60 foot shipping length, However, with the present designs, there is
at least one conical insulator in each sixty foot shipping length,
The purpose of this insulator is to act as a "semi-stop" insulator,
which permits gas passage but which stops contamination traveling
past in the event of a fault. Therefore, if there is a fault, any

arc products are confined to one standard 50 foot shipping length,

and do not progress into the adjacent sections.

One of the advantages of GITL systems is that the repair is
probably far quicker and simpler than any of the other cable systems

being considered. The first step is to locate the fault, which is
discussed in detall below. The system is then inspected by cutting

a hole in the sheath, at which point it can be determined if the
insulator can be readily repaired, for example by sanding the surface
and general cleanup. This is a very fast procedure and techniques
have been developed specifically for cutting holes in the sheath and
for aluminum repair patches to be welded over the hole after the
cleanup, If it is apparent that the damage is very severe, then the
procedure would be to remove that 60 foot shipping length and replace
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WESTINGHOUSE ELECTRIC CORPORATION

it with another spare GITL section. The repair procedure would be

to cut through the sheath welds and remove the damaged section. A
specially designed GITL section would then be used for replacement

with a rapid conducter plug-in joint and with a simple sheath welded
joint. It is estimated that with the appropriate equipment the

damaged section can be removed and replaced back in operation certainly
within L8 hours. If very large vacuum pumps and improved gas handling
systems are available it may be possible to reduce this time from the
location of the fault to back in service to 2L hours. No tape wrapping
or special handling techniques are necessary, and the training needed
for the personnel is minimal, Any damaged section would be shipped

back to the factory for repair and returned as a spare.

5. Fault Location

The report comments that fault location on GITL systems is a
serious problem, On systems which are only a few hundred feet in
length, the fault can be located using a straightforward sonic
detection system, This locates the sound of the arc traveling through
the aluminum sheath, and can be used to locate the fault to typically
within one foot, However for long lengths different techniques will
have to be used. It is becoming apparent that the traveling wave
technique can be used for even long lengths of transmission line. In
this technique a high voltage surge is applied to the line and the

time measured for the voltage collapse to be transmitted back,

It is expected that by the year 1990 there will be advanced fault
location techniques developed and proven. These will probably be a
two-step process to first locate the fault to the appropriate 60 foot
section length, with additional sonic techniques to then locate to
within a few inches, There is expected to be an RFP from EPRI speci-
fically with this as a goal.
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6. Conduztor Plug-in Joint

The differential thermal expansion between the conductor and
the sheath is accommodated by a plug-in joint on the conductors.
These plug-in joints are the result of extensive development, as
it has been necessary to develop a joint with very low wear charac-
teristics, and one which can sustain the load and short circuit
currents., The present generation of plug-in contacts have been
extensively tested; for example, a typical test has been to operate
the plug-in joint mechanically cycled over the full movement for
50,000 cycles operating at full load current, This is equivalent
to 3 full thermal cycles a day for well over LO years. At the end
of these tests there is negligible increase in the contact resistance
and negligible increase in temperature rise at the joint, TFor this

reason there is every confidence in the operation of the joints,
It is expected that future developments will substantially re-~
duce the cost of these plug-in joints, although this has not been

included in the future quoted price of the GITL systems.

7. Insulating Supports

The present spacers or insulating supports used for gas insulated

transmission lines are of cast epoxy. There has been extensive high

voltage testing to verify the electrical performance of these insulators

both for external flashover and for the internal dielectric strength,

A1l the insulators on GITL systems are high voltage tested before they

are assembled on the conductors and the completed assemblies are also

given a high voltage test. Experience has shown that these cast epoxy

insulators are adequate.
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The insulators used for the isolated phase systems experience
negligible forces, even during short circuit tests. However, the
three conductor GITL system must be designed to withstand the short
circuit forces that occur. As a result the post insulators for the
three conductor systems are of a more rugged construction than for
the isolated phase system. It is worth pointing out that the three

_conductor GITL system developed on the EPRI program referred to later
passed all the short circuit tests at 63 kA.

Future generations of GITL systems will undoubtedly rsplace the
expensive cast epoxy insulators with injection molded plastic insu-
lators for a fraction of the cost. There are several programs in
progress which will achieve this aim within the next five years,

This improved cost has not been includsd in the future GITL costs
referred to previously. 1In present GITL systems the cost of the
insulators typically amounts to 10 to 15% of the total material cost,

so one can see the area for future improvement,

One of the questions at the meeting referred to forces on the
insulator due to differential thermal expansion between the conductor
and the sheath. There is no such force on the insulators as there
are sliding contacts, either the conductor sliding inside the insulator

or the insulator sliding inside the sheath,

8. Three Conductor GITL Systems

Westinghouse has just completed a program for EPRI for the develop-
ment and test of a three conductor, 345 kV GITL system of an optimized
design. The final report has Just been completed. Two prototypes passed
all of the high voltage and short circuit tests, and the program verified
the technical design. The economic analysis confirms that three conductor
GITL systems offer a potential 10 to 15% installed cost reduction compared

with the rigid isolated phase systems. Because of this program we consider
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10,

that three conductor GITL systems are now past the development stage
and are a technically proven system, ready for installation on a
utility system, EPRI has issued an RFP for a program with Westinghouse
and a cooperating electric utility to install a 300! length of the
three conductor design on a 345 kV system so as to obtain the opera-
tional experience for the utility and the large scale manufacturing

experience of the GITL,

Corrosion Protection

The report raises the question of the reliability of the corrosion
protection used for the aluminum sheath of the GITL system., The corro-
sion protection presently used for these systems is to use an extruded
polyethylene coating on the outside of the sheath, typically 60 mils
thick, which is extruded over a polybutyl rubber acdhesive typically of
20 mils thickness. This is a system which has been developed and tested
for stéel pipeline systems. As a secondary corrosion protection, a
sacrificial zinc anode is used to protect against any pinholes that may
exist in the coating. To date this corrosion protection system has been
satisfactory and no problems have arisen, even with one system which

exists in a tidal area and which is frequently submerged.
Flbows

For the rigid isclated phase and three conductor system, prefabri-
cated elbows, either assembled to the bus in the factory or with a
plug-in system in the field, accommodate major changes in the direction
of the GITL system. It is worth noting that although these systems are
considered rigid they do have a certain amount of flexibility; a 60 foot
length can readily accommodate the end being moved through a distance of

one foot, The conductor plug-in joint and the sheath joint are designed
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11.

to accommodate a change in direction of 120. It would be interesting
to know what assumptions were made in the study for the flexibility
of these rigid systems and to know if the above additional information
would have had any significant effect on the installed cost., It would
be of interest to have the cost breakdown for the elbows and GITL
straight sections for the rigid isolated phase and the three conductor
systems, It 1s becoming apparent that it may be possible to replace
the expensive forged elbows presently used for buried systems with
mitered elbows of typically half the cost. It would be interesting to
know the effect this would have on the installed cost.

It would also be valuable to know what was the minimum radius that
the flexible GITL had to assume during installation, Were there many
really sharp bends, or were most of the bends of a fairly large radius,
for example, 50 feet? This is relevant because it may be possible to
optimize the design of the flexible GITL system with a less sharp
bending radius., The fact that the flexible system would be installed
in 60 foot lengths rather than the longer lengths would have a small
effect on the price, as the plug-in joints are a small percentage of the
total cost. This information on the typical minimum bending radius could
have a significant effect on the future design of these flexible GITL
systems, Also, for the installation of the flexible system, was it
assumed that the GITL was being pulled through the trench, or that the
trench was open and that the flexible system was contoured to the required

profile and lowered into the trench?

765 kV GITL Systems

The study examined 765 kV forced cooled oil cables, but did not
include 765 kV GITL systems, even though these have already been built
and tested in the rigid single phase design,
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12.

An increase in system voltage to 765 kV and the resultant re-
duced current rating would have a significant effect. The 500 kV
GITL isolated phase rigid system selected for the current rating
(16" 0.D. conductor, 0,7" wall, 26.31" 0.D. sheath, 0.405" wall) is
virtually the same outside diameter as the isolated phase 765 kV
system, This is sized with a conductor 8" 0.D., 0,.7" wall, sheath
25" 0,D,, 0.,25" wall, The standard isolated phase 765 kV system
uses 3L4% less aluminum than the high current rating 500 kV GITL sys-
tem in the report and would then be at least 17% lower in cost.

An even larger =ffect of introducing 765 kV system voltage will
be present with the three conductor and flexible GITL systems where
it will probably be possible to reduce the system from 5 to L
naturally cooled cables because of the lower current rating require-
ments at 765 kV.

It is apparent that substantial savings could be made with
765 kV GITL systems, and that it would be of interest if the

detailed analysis were made.

General Comments

The report is extremely good and for the first time looks at the
total effective installed cost of a long line, high voltage, under-
ground transmission length. The sections considering the stability
and the additional costs used for substations, compensation and losses
are obviously important factors which must be considered in future

system evaluations.

Alan H, Cookson, Manager
CGIT Research and Development
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Table ATT-3

FORCED COOLING COST OF ISOLATED PHASE 500 kV GITL

GITL System
(Table 10.1, III)

SF, Gas
(Table 10.1)

Forced Cooling Ejquipment

Present Worth Losses
(Table 10.5, Cable)

Naturally Forced
Cooled System Cooled System Difference
$K $K $K
768,381 607,021 -161,360
58,128 33,132 - 24,995
0 ) 19,800 + 19,800
72,926 142,643 + 69,717

Radial System, Adjusted Total

Naturally Cooled

Forced Cooled

- 33k -

TOTAL DIFFERENCE

$1,538,853 K
$1,L42,015 X

96,838 K

H



Table ATI-L

FORCED COOLING OF 500 kV THREE CONDUCTOR GITL

GITL System
(Table 10.3)

Substation & Compensation
(Table 10.5)

Forced Cooling Equipment
Present Worth & Losses

(Cable & Substation)
Table 10.5

Naturally Forced
Cooled System Cooled System  Difference
$K $K $K
S circuits L eircuits -198,870
99L,35L 795,483
127,501 114,750 - 12,750
-0- 11,800 + 11,800
155, LL1 242,487 + 87,0L6
TOTAL DIFFERENCE $ -112,774 K

Radial System Adjusted Total

Naturally Cooled

Forced Cooled

$1,338,707 K
$1,225,933 K
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BONNEVILLE POWER ADMINISTRATTION

1.

The average transmission distance in the Northwest is more than
double the distances mentioned in the introductions to the
report, This trend in the Northwest is likely to continue and
possibly increase, The report should state that longer distances

will make DC systems more attractive,

In any study of this type, the basic assumptions concerning
reliability, power levels, transmission distances, cost of
losses, interest rate, etc,, have a very significant effect on
the final results. In general, the authors have clearly identi-~
fied the assumptions and quite rightly cautioned against the use
of the results without regard to the assumptions. However, if
the results of the study are to be of general use, there should
be some type of sensitivity analysis of the impact of varying

some of the assumptions.

For a fair comparison of different technological solutions, some
effort should be made to arrive at an equivalent level of opti-
mization. Some detailed explanation of the present status and
direction of each technology is appropriate, We are particularly
interested in the detailed basis for the estimates of DC terminal

costs,

High-speed circuit breakers, say one cycle with very high inter-
rupting capability as well as continuous duty ratings, can be
obtained today at appropriate prices. There is no need to wait
until the 1990's.

We recommend including a 1200-kV system as one of the alternates

for evaluation in the report.
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6. As indicated in the introduction to the report, the cost of gas-
insulated transmission lines is "assumed to be approximately
sixty percent of present cost", This is highly speculative and
not consistent with assumptions for the other systems considered

in the report.

7. In Section 3.2.1 of the report, carrying charges are evaluated at
16.3 percent, This is appropriate for the private sector of the
industry, The study should take into account that publicly

financed utilities may have a lower annual cost ratio,

8. Section 3.2.2 needs a better Jjustification for the value of losses.
Some of the parameters appear high, while others appear low. Since
the value of power and energy losses are critical factors in
evaluation of alternatives, they deserve significant explanation,
The value of power for losses may indeed be the controlling factor
in selection of facilities for future transmission systems, accom-
panied by environmeﬁtal constraints. It is generally accepted
that incremental losses should be evaluated against incremental
resources, Presumably, this has been done in the study, but it
needs further clarification for the benefit of the industry. It
would be helpful to include a sample calculation for the present

worth of losses in the report.

9. In Section L, generating complexes of 10 GW are contemplated.
These may be too small on a national scope when considering energy
requirements through the end of the century or shortly beyond.
Though the scenario is appropriate in the short range, it would be
beneficial to the report to discuss long-range requirements. An

appropriate planning horizon for the entire electric utility industry
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10.

1.

12,

13.

1h.

would be at least the year 2020 and possibly longer. The effect
of 30 GW, or LO GW complexes on the results of the report should
be discussed. Though very long-range planning is foggy, it gives

insight to minimize the constraints planners impose today.

In Section 4,3.1,2, reference is made to reliability criteria that
permits dropping 2,500 MW of generation for long periods for a
single contingency outage on the transmission system, This repre-
sents a significant generation spinning reserve responsibility
available to the load areas. The economic sensitivity of this

assumption should be further investigated,

Under Section 3.L.2, we suggest that EEI data would be more appro-
priate than data from two existing generators on the system when

considering future generating capacity.

Section L.3.3 indicates that series reactors are required to limit
powerflow on the cables operating in parallel with the existing
system, Other systems that have a stiffer existing network may not
require series reactors, Is it expected that there are several

systems in the U, S, that will have this condition in the future?

In Section L.4.6.3, it is stated that "An increase in the fault
duties could cause an increase in the time required to clear the
fault." It would be helpful to include an explanation of the basis

on which this statement was made.

In Section 5.7.1, it should be pointed out that d-c terminals have

a much higher availability than nuclear generating units,
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15.

16.

17.

18,

The analysis was based on fully compensating the line charging
current with shunt reactors. This may be overly conservative
since the line will be somewhat self-compensating when it is
loaded. It may be possible that under less than full load
conditions, it would be more economical to deenergize several
of these circuits and operate the remaining circuits at a
higher 1oad., This mode of operation would reduce the need for
some of the shunt compensation. An analysis would need to be
made of the cost of losses versus the reduced cost of compensa-

tion.

A contingency factor of 10 percent is used in the calculation
of substation costs. It does not appear that a similar factor
was applied for the transmission part. Therefore, systems

with a high ratio of substation-to-line cost suffer in comparison,

The thermal criteria and analysis should include current EPRI and
industry studies on soil additives that provide thermal stabiliza-

tion and low thermal resistitivities.

For the 600 kV Self-Contained 0il-Filled D-C Cable System, there
are four bipolar circuits each with neutral return conductor pro-
viding eight separate circuits, Such a large number of circuits
are required only because of the assumed maximum capacity of 1500 MW
per cable. There should be more discussion about the feasibility

of higher capacity systems, either by increasing ampacity of 600 kV

cables, or by using higher voltages.

- 339 -



BONNEVILLE POWER ADMINISTRATION

19. A comparison of the alternates with cellulose versus PPP seems to
imply a big advantage in the use of PPP, If the insulation
thickness for cellulose were reduced from 1.3L inches to 1.25 inches,

how much would this reduce the advantage in using PPP?

C. F. Clark
Branch of Transmission Engineering

PHILADELPHIA ELECTRIC COMPANY CLOSURE

The comments above are well taken, and include a number of suggestions
for further work or study. Unfortunately, many of the proposals are beyond
the scope of the study as outlined and approved by the sponsor, and cannot
be addressed without extending unduly the cost and time of completion of
this evaluation, Further analysis must, therefore, await future study pro-

grams,

Those comments on which the study team is able to respond are as
follows:

In answer to the General Electric letter from Mr. Breuer, the HVDC ter-
minal costs are based upon the initial GECo estimates, Since it is our
Company practice to participate in design decisions on turn key projects,
the final cost estimate is larger than the GE estimate by engineering and
field supervisory costs, While it is recognized that some emerging technolo-
gies can be expected to reduce costs as designs mature, no attempt was made

to incorporate this into the HVDC terminal substations.
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The suggestion to reduce costs by installing one dec pole at a time
might save money, but we perceive system operating problems since the
installation and testing of capacity additions in this manner requires
extensive and prolonged outages on existing equipment. A high capacity
generation and transmission system addition would have to be made in such

a way as to minimize outage requirements for construction,

Los Alamos Scientific Laboratory has introduced an alternate 300 kV
dc substation arrangement in Figures AITI-2 and ATT-3 of their discussion.
This suggestion, which eliminates dc breakers, does not appear to us to
produce a clean-cut cost saving, LASL has produced a net saving of
15,000 K$ by reducing rectifier capacity and associated equipment from
12,000 MW to 10,000 MW, but this does not allow capacity for gll contin-
gencies, However, the dollar changes above do not affect materially the

total system cost,

The suggestion to install converters at a rate of 1 GW/year theo-
retically would reduce the Adjusted Grand Total. However, the savings
would occur only at the Mid—Site Station since the converters at Energy
Park are already installed at a rate of 1 GW/year with the installation
of each generating unit, The problems mentioned above with the addition
of one dc pole at a time also occur at Mid-Site if 1 GW/year of conversion

~ capacity is planned.

In response to the comments of Phelps Dodge, the purpose of the study
was not to make an evaluation of dec systems, The.dc application was
included to provide an ac to dc comparison of what appeared to be the most
economical dc design. No attempt was made to optimize alternative de
cable designs, and additional study of the dc systems may well support the
Phelps Dodge comments.
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We would like to point out, however, that the highest cost item in
Table ATI-2 is Item VII, Cable Cost, which is approximately one-half of
the total cost, The cost of the HPOPT-DC cable is listed as $2l/foot,
which is a price that appears to have been developed on a different
basis and is significantly lower than the previously supplied ac cable
costs. Hence, this cannot be compared directly with the costs in our
report, Using SCOF cable costs derived on the same basis as HPOPT
cable probably would indicate the SCOF cable to be less expensive. How-
ever, it is possible that the HPOPT cable could still be less expensive

in city streets, which is the more likely installation location.

Section 3.10 of the report has been revised in response to comment
number L, However, based on the HPOPT costs, the effect of changing
the cable pulling lengths and splicing locations 20 percent would change
the system costs by less than 1 percent of the Grand Total,

Westinghouse apparently gathers from our report that sheath tempera-
tures above 55°C were viable with large diameter GITL pipes because of
low thermal gradients., While undoubtedly there is some merit to this
position, we believe there is a need for more investigation, particularly
with respect to the thermal disturbance on the surface above the trench,

where the environmental effects will be greater than with smaller pipes.

The comments requested data concerning the bending requirements of
rigid GITL cable, The study showed that more elbows were required on the
private right-of-way due to a greater number of vertical changes in
elevation, In the city streets, most elbows were required to avoid other
underground obstructions at intersections, Mitered elbows were used
throughout,
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Included in their comments is a question on the minimum bending
radius and the frequency of sharp bends that flexible GITL had to
take., This study assumed that flexible GITL could accommodate to the
same trench as designed for the HPOPT cable system and that it would
be lowered in the trench, The designer could use a 300-foot natural
radius and could assume bends could be made down to approximately
25 feet in the field, Design drawings were not included as part of
this study, but would be required to determine the frequency of off-
sets in actual installations. Even then, additional obstacles
requiring offsets would be expected to be found when the trench was

opened.

Min evaluation of GITL flexible design versus rigid should con-
sider the material costs, trenching trade-offs, frequency of bends,
and relative field bending costs, Such study should also consider
that unknown obstacles revealed during excavation could affect the

relative advantages.

We have responses we would like to make to several of the comments

of the Bonneville Power Administration:

8. As an example for expanding on the application of Section
3.2.2, on capitalized cost of losses, Table 8-7, Item II,
for 500 kV PPP-insulated HPOPT cables was derived as
follows:

Energy Cost per Year =

521,000 Mwh x 1.76¢/kWh x ,01 $/¢ x 1000 kWh = $9,176,6L0
Mwh
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Capitalized Energy Cost =

$9,176,640 x (1/.163 carrying charge) = $56,297,768
Demand Cost =

8L.6 MW x $L60 x 1000 kW = $38,916,000
MW

Subtotal 56,298 K$ + 38,916 K$ = 95,214 K$

11. We are not aware of generalized industry data on generator
constants. Those we used were readily available and are
representative of coal-fired and nuclear-fueled generators

operating in the eastern United States,

13. Higher fault duties would require additional sequential
relaying to bring short circuit currents within the
interrupting capability of the breakers. This additional

relaying could increase the fault clearing time,

16. Contingencies were included also in the transmission portionms,
but were distributed through the various items rather than
lumped. Nominally a 10 percent figure was used; however, this
value did vary between systems. For example, a higher con-
tingency was applied to trenching, backfill and installation
costs in city streets because of expected difficulties in
bending around obstacles. A uniform 15% contingency was
applied to the cryogenic refrigeration plant, which appeared
to be more customary for equipment of this type.
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18. We have not assumed deenergization of lines under less than
full load conditions in order to reduce compensation require-
ments, since this is not usual operating practice, Lines
generally are energized continuously to minimize thermal
cycling, to avoid unnecessary switching, and to provide more
availability for contingencies. The economic gains from
reduced compensation and reduced dielectric losses appear
marginal, particularly since load losses increase under such

intermittent operation.
19. The material cost savings due to reduced PPP insulation wall

would be small, and the cost of losses would increase slightly

due to additional dielectric losses.
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