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ABSTRACT 

The energy content per mile of installed underground and overhead 
power transmission systems has been calculated for the following types 
of systems: self-contained oil-filled cables: HPOF pipe-type cables; 
extruded dielectric cables; compressed-gas-insulated systems; overhead 
lines (ac and de) and two proposed superconducting systems (ac and de). 
The system operating voltages analyzed included 138, 230, 345, 500, 765 
and 1,200 kV for a~ systems, but all systems were not analyzed at the 
higher voltages. The de overhead lines operated at + 200, + 400, + 600 
and+ 800 kV. Total installed energy content for these systems ra~ged 
from-4 x 109 to 1.2 x loll Btu per mile. Installation energy require­
ments were generally 10% or tess of the inherent system energy content 
based on the materials used in each system. Most of the energy content 
in each system can he attrihnten tn thP. mPtRllir- (.'nmponentli!; plaliltic 
and insulating oil also contribute significantly. The energy content 
of 36 materials and basic products, in terms of Btu per ton, was cal­
culated as part of this study. Substitution of conductor materials 
(e.g., aluminum for copper) in ~able systems resulted in changes in 
the total system energy content on ~he order of 15%. 
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I. INTRODUCTION 

The need to conserve national energy resources has emphasized the 
importance of reducing the energy consumed in constructing and operating 
the nation's electric power systems. It is therefore of great importance 
to the developers of new systems and· to the planners of new installations 
that they be informed of the total energy "costs" of new systems, to 
ensure that the energy system of greatest overall efficiency is developed. 
This report is concerned with the total_ energy content, i.e. the energy 
investment, required to manufacture and install complete transmission 
sysf·ems. The energy content of a transmission system includes the energy 
used to manufacture all system components from basic materials, the total 
energy (in all forms) used to create these basic materials from raw 
materials, and the energy required to assemble and install the complete 
system. 

1Yad1tionally, cost and power transmission capacity have been the 
dominant factors affecting the choice of a transmission system to meet 
a particular power transmission requirement. These two factors will 
undoubtedly continue to be of major importance. However, as the cost 
of energy increases the energy content of transmission systems may 
become a significant factor because of its economic impact. The same 
driving force,.higher energy cost, will also increase the importance 
of considering the energy losses associated with operating each type 
of transmission system. Analysis of such losses was outside the scope 
of this study, but the subject is being addressed in another study 
currently sponsored by theDepartment of Energy.* The results of this 
ongoing study, combined with the contents of this report, should permit 
a complete life-cycle energy analysis of electric power transmission 
systems. 

The results of all transmission system energy content analyses per­
formed dur~ng the course of this study are summarized in Chapter II. 
The following paragraphs describe the ~ypee of ~ystems analyzed, the 
analytic procedures employed, and the organization of this report. 

All of the conventional underground and overhead transmission systems 
in widespread use at present were analyzed, as well as several advanced 
systems which are not currently in use. Conventional underground systems 
include self-contained oil-filled (SCOF) cables, high-pressure oil-filled 
(HPOF) pipe-type cables, extruded dielectric (ED) cables, and compressed-

* ' The Electric Utility T&D Systems Study, DOE Contract No. ET-78-C-01-3146, 
is an examination of methods for determining losses in utility power 
systems. The final report should be available in the latter part of 
1979. 
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gas-insulated (CGI~ systems. Advanced underground system~ consist of 
conventional cable types operating at voltages beyond present practice, 
cables with synthetic paper insulation, and superconducting_ cables 
(nominally zero conductor resistance). 

Overhead ac transmission lines in tpe U.S. operate at standard voltages, 
ranging from 138 to 765 kV; de lines in this country operate at a maximum 

* 

of + 400 kV. This report includes ac overhead lines at the present standard 
voltages as well as 1,200 kV, and de lines rated at+ 200, + 400, ± 600 
and + 800 kV. Table I.l lists all of the systems examined in this study, 
as well as the nominal operating voltages for each type of system. 

The starting point for energy content analysis of all ac systems was 
established as the output terminals of a step-up transformer supplying 
the nominal transmission system voltage. For the de systems, it was 
the output terminals of a transformer whose rectified output provided 
the desired de voltage level; thus rectification and inversion terminals 
were considered as· part of all de systems. 

Given these types of transmission systems, the first task was to 
determine the components and materials which make up each system. 
Tables I.2 through I.8 indicate the major components comprising each 
system of interest. All of the systems and components will be described 
in greater detail in Chapter VI. 

Energy content analysis requires a set of assumptions regarding the 
procedures to be followed for each kind of product or material, and 
assumptions for the inherent energy content of basic inputs such as 
natural gas, fuel oil, and ·electrical energy. Chapter III d'iscusses 
the assumptions and p'rocedures used. in this study to determine Lhe 
energy content of basic materials and products. Chapter IV contains 
the actual derivation of energy content, starting from raw materials, 
of all the basic materials and products used in making transmission 
system components. Energy content for most materials is expressed in 
Btu per ton (2,000 lbs.) and joules per kilogram (J/kg). 

Two examples may serve to illustrate the natur.e of Chapter IV. One 
basic product is kraft paper, usually supplied in 900-lb. rolls to· a 
cable manufacturing plant. Energy content analysis of this product 
began with harvesting trees, and proceeded through pulping, papermaking 
and finishing operations. Another basic product is a coil of continu­
ously-cast aluminum ro~, typically weighing 6,000 lbs. as delivered to 
a cable manufacturing plant. Analysis of this product began with the 
mining of bauxite, and included ore processing, transport, reduction 
and casting. Figure I.l illustrates the materials analyzed in depth 
and their relationship to each transmission system. 

* Current operating levels are nominal 138, 230, 345, 500 and 765 kV. 
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TABLE I.l 

TRANS~USSION SYSTEHS ANALYZED 

System Type 

Self-contained, oil-filled 
(SCOF) paper-insulated* 
cables 

Pipe-type, high-pressure, oil* 
filled (HPOF) paper-insulated 
cables 

Isolated-phase compressed-gas­
insulated (CGI) systems 

Extruded dielectric (ED) cables 
with copper and aluminum 
conductors 

Superconducting cables, ac 

Superconducting cables, de 

Overhead lines, ac 

Overhead lines, de 

* 

Nominal Voltages 

138, 230, 345, 500, 765 kV 

138, 230, 345, 500, 765 kV 

i38, 230, 345, 5UU, /6~, 1,200 kV 

138, 230, 345 kV 

138, 345 kV 

+ 100, ± 300 kV 

138, 230, 345, 500, 765, 1,200 kV 

+ 200, + 400, ± 600, + 800 kV 

Laminates of paper and plastic areused at 765 kV. 
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TABLE I.2 

* Self-contained, Oil-filled (SCOF) Paper Insulated Cable Systems 
-i38, 230~ 345, 500 and 765 kV 

Components 

Cable conductor 

/ 

Conductoi shield 

Cable insulation 

Insulation shield 

Outer shield 

Cable sheath 

Cable outer jacket 

Insulating oil 

Splices (joints) 

Potheads 
(terminations) 

Oil pressurizing 
sy-stem 

* 

Materials 

Hollow core formed by 
copper or aluminum 
segments. 

Conducting (e.g. carbon­
impregnated) paper 
tapes. 

Tapes made of kraft 
paper, or paper/ 
plastic laminates. 

Conducting paper tapes 

Copper tapes 

Aluminum; lead, 
reinforced with 
bronze tapes, may 
also be used. 

Polyvinyl chloride (PVC) 
or polyethylene (PE) 

Polybutene (a synthetic 
oil) or mineral oils 

Metallic shell of steel · 
or aluminum and papt!l:. 

Primarily ceramics 
and steel 

Steel, concrete, 
copper 

Remarks 

Standard area in 
this study: 2~000 kcmils 

Total shield thickness 
about 20 mils. 

Average tape thickness 
is about 5 mil~. 

Total shield thickness 
about 20 mils. 

Perforated 

Extruded ·(aluminum or 
lead) 

Extruded 

The metallic shell over 
the splice dominates all 
other materials used in 
a joint. 

Pump, valves, controls, 
oil storage tank. 

The insulation is 100% kraft paper from 138 to 500 kV inclusive; at 
765 kV a "synthetic" paper which is a laminate of plastic and kraft 
paper is employed. 
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TABLE 1.3. 

* High-pressure, Pipe-type, Oil-filled Paper Insulated Cable Systems; 
138, 230, 345, 500 and 765 kV 

Components 

Cable conductor 

Binder 

Conductor shield 

Cable insulation 

Insulation shield 

Out:er shield 

Oil barrier 

Skid wires 

Splices 

Manholes 

Pipes 

Pipe coating 

Trifurcator and 
riser pipes 

Potheads 

Insulating oil 

Oil pressurizing 
system 

* 

Materials 

Copper or aluminum 

Metallic tape 

Conducting (e.g. 
carbon-impregnated) 
paper tapes. 

Tapes ·made of kraft 
paper, or paper/ 
plastic laminates. 

Conducting paper tapes 

Copper.tapes 

Aluminized mylar tapes 

Stainless steel, bronze 
or zinc 

Steel and paper, 
primarily 

Concrete, steel 

Carbon steel 

Bitumastic material 

Stainless steel · 

Primarily ceramics 
and steel. 

Polybutene (a synethic 
oil) or mineral oils. 

Steel, concrete, copper 

Remarks 

Stranded, segmented, compact 
conductor; 2000 kcmil standard 
area. 

Keeps the conductor segments 
in proper alignment. 

Total shield thickness about 
10 mils. 

Average tape thickness is 
about 5 mils. 

Total shield thickness about 
10 mils. 

Perforated. 

Typically 5 mils thick. 

D-shaped,_ typically 0 .• 2" 
wide and 0.1" high. 

Typically 8' in length 

Typical weight: 32 tons 
0. 25'' wall, 8 .0" to 
12.5" O.D. 

Typical coating: 0. 5" thick 

Each riser.pipe si~ed to 
carry one cable. 

Six used per system 

Nominal pressure 200 psig 

Pump, valves, controls, · 
oil storage tank 

The insulation is 100% kraft paper from 138 to 500 kV inclusive; at 
765 kV a "synthetic" paper which is a laminate of plastic and kraft 
paper is employed. 
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TABLE 1.4 

Extruded Dielectric Cable (EDC) Systems; 138, 230 and 345 kV 

Component 

Conductor 

Conductor shield 
(also known as 
strand shield) 

Emission shield 

Cable insulation 

Insulation shield 

Cable· shield 

Cable jackets 

Splices 

Potheads 

Material 

Aluminum or copper 

Semiconducting 
cross· -linked 
polyethylene (XLPE) 

Semiconducting XLPE 

XLPE 

Semiconducting XLPE 

Copper tapes 

Polyvinylchloride 
(PVC) or polyethylene 

PE or ethylene­
propylene "fuLLet: 
(EPR) tapes 

Ceramics, steel 
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Remarks 

Stranded, segmented, 
compact conductor; 
standard area is · 
2,000 kcmils. 

Polyethylene with carbon 
black added; extruded 
over conductor; 25 mils 
thick. 

Extruded, 10 mils thick 

Extruded, 500-1,000 mils 
thick 

Extruded, 25 mils thick 

Wrapped 

Extruded, 250 mils thick 



TABLE 1.5 

Compressed gas-insulated (CGI) Transmission Lines; 138, 230, 345, 
500, 765 and 1,200 kV 

Component 

Conductor 

Insulators 

Enclosure (sheath) 

Sheath coatings 

Potheads 

Insulating gas 

Material 

Aluminum 

Alumina-filled epoxy 
resins 

Aluminum 

Bitumastic 

Ceramics, steel 
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Remarks 

Pipe, with _Q.D. from 
4.5 inches to 11 inches 
depending on voltage. 

These support the conductor 
at the center of the 
enclosing conduit. 

Large~diameter conduit, 
10 inches to 30 inches 
in diameter depending on 
voltage. 

Other coatings can also 
be used, e.g., fiberglass 
tape/resin combinations. 

Design pressure ~ 45 psig 



. TABLE I.6 

DC Superconducting Cable Systems: 100 and 300 kV 

Hajor 
Components Materials 

Helical core Bronze 

Inner superconductor Niobium-tin 

Insulation Synthetic paper tapes 

Outer superconductor Niobium-tin 

Cable armor Bronze 

Inner casing 

Coolant 

Superinsulation 

Pipe supports 

Out.er casing 

Pipe coating 

Manholes· 

Splice shells 

Potheads 

Refrigeration 
system 

Expanders 

DC terminals 

Stainless·steel 

Liquid helium 

Aluminized mylar 

Epoxy resin or 
similar material 

Carbon steel pipe 

Bitumastic 

Concrete, steel 

Stainless and carbon 
s.teel 

Primarily ceramics 
and steel 

Primarily steel, 
copper and aluminum 

Primarily steel, 
copper and aluminum 

Nany materials; 
see text 
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Remarks 

Core I.D. = 1.14 inches 

Thin strands 

Avera~e tape thickness is 
about 5 mils 

d 

Thin strands 

I.D. = 4.7 inches 

Pipe, I.D. 7.0 inches 

In the cable core and 
inside the inner casing 

Multi-layered; used between. 
inner and outer casing. 

Spaced approximately 20 
feet C1.part. 

I.D. = 11.0 inches 

0.5 inches thick 

Typical weight = 32 tons 

Surrogate form for the 
cable .1 unction· boxes 

Two used per system 

Spaced every 6.21 miles 

Spaced ev·ery 6. 21 miles 

Located at each end of 
the line. 



TABLE I.7 

AC Superconducting Cable Systems: 138 and 345 kV 

Major 
Components 

Helical core 

Conductor backing 

Inner superconductor 

Insulation 

Outer superconductor 

Conductor backing 

Sheath/gas barrier 

Sheath reinforcement 

Skid wires 

Inner ca.sing. 

C::oolant 

Superinsulation 

Pipe supports 

Outer casing 

Pipe·coating 

Manholes 

Splice shells 

Potheads 

Refrigeration 
system 

Materials 

Bronze 

Aluminum· 

Niobium-tin 

Polyethylene tapes 

Niobium-tin 

Aluminum 

Lead 

Bronze 

Stainless steel 

Stainless steel 

Liquid helium 

Aluminized mylar 

Stainless steel 

Carbon steel 

.Bitumastic ·· 

Concrete, steel 

Stainless and carbon 
steel 

Primarily ceramics 
and steel 

Primarily steel, 
copper and aluminum 
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Remarks 

Core I.D. = 1.0 inches 

Thin strips 

Thin strips 

Average tape thickness is 
about 5 .mils 

Thin strips 

Thin strips 

Thickness = 80 mils 

Tapes 

D-shaped, typically 0.2 
inches wide and 0.1 inches high 

Pipe, I.D. = 12.0 inches 

In core of each cable and 
inside the inner casing 

Multi-layered; fills space 
between inner and outer casing 

Positions inner casing 

Pipe, I.D. = 19.5 inches 

0.5 inches thick 

Typical weight • 32 tons 

Surrogate form for the 
cable junction boxes 

Six used per system 

Spaced every 7.08 miles 



TABLE I.8 

Overhead Lines: 138, 230, 345, 500, 765 and 1,200 kV AC; 
+ 200, + 400, ± 600, + 800 kV DC 

Component 

Conductor core 

* Conductor 

** Spacers 

Shield wires 

Line mour, ting 
hardware 

Suspension 
insulators 

Towers or poles 

Tower/pole 
footings 

* 

Materials 

High-strength steel wire 

Aluminum wire 

Aluminum or steel 

High-strength steel 
wire 

Steel 

Ceramics, steel 

Steel or aluminum 

Steel and/or concrete 

Remarks 

Core diameters are in the 
range of .35 to .50 inches 

3 to 4 layers of strands; 
conductor O.D.s range 
from 1.1 to 1.8 inches 

Used approximately every 
300 feet for bundled conductors 

O.D. typically less than 0.5 
inches 

~-

Various clamps, brackets, 
bolts, nuts, etc. 

Two conductors per phase are counnonly used at 345 kV and 500 kV; four 
·per phase is common at.765 kV, and ·8-lO·may be used at 1,200 kV. 

** Spacers keep the bundled conductors in proper orientation. 
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The energy requirements of manufacturing processes employed in con-
·verting basic products into finished transmission system components 
are described in Chapter V. HPOF pipe-type cable manufacturing is 
typical of the ·type- of "processes covered~ "continuing with the previous 
examples, coils qf aluminum rod are drawn into strands, cabled and 
foriiiecf into·· fini~hed conductor segments. Rolls of paper are dried, 
slit into tapes, wrapped around the conductor and impregnated with 
in$ulating oil. A completed HPOF cable is only part of an HPOF trans­
mission system, of course; manufacture of the other components (e.g. 
steel pipe and potheads) is also analyzed in this chapter. 

Chapter VI combines the results of preceding chapters, resulting 
in energy content estimates on a per-mile basis for all the transmission 
'systems of interest (uninstalled). Prior to' the energy content analysis 
of each system, --tables indicate the types of components in use at each 
voltage, the1r physical characteristics (e.g. weight per unit, dimensions, 
etc.) and other pertinent information such as the spacing of overhead 
.line towers and underground ~able manholes. Support systems such as 
oil pressurizing plants and refrigeration units are included in the -
discussion of each system as appropriate. The energy content per mile 
as a function of voltage is displayed graphically for each system. 

Installation of transmission systems is the focus of Chapter VII. 
The general assumptions employed in estimating the energy content of 
construction activities are presented first, followed by tables of 
installation energy requirements for the various transmission systems 
studied. These energy requirements were calculated for urban, suburban, 
and rural terrain.* 

Chapter VIII is relatively brief, consisting of the combined res~lts 
from Chapters VI (system energy content) and VII (installation energy 
requirements), but it contains the major findings of this study. Graphs· 
illustrate the total installed·energy content of. all transmission systems 
studied as a function of voltage and terrain. This chapter also contains 
tables which indicate the system energy content per mile normalized to 
system power handling capacity, i.e. energy content per mile per MVA 
of capacity. 

The issue of variation in energy content as a function of conductor. 
size and material for a given system is addres.sed in Chapter IX. - Tables 
indicate the effects of substituting aluminum for copper in SCOF, HPOF 
and extruded dielectric cables while holding conductor area constant 
at 2,000 kcmils, and the effects of substituting 3,200 kcmil aluminum 
for 2,000 kcmil copper conductors. The latter substitutions represent 
equivalent conductor resistance. 

* Certain combinations were-excluded as inappropriate, e.g. 1,200 kV 
overhead lines in urban areas. 
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Chapter X presents the conclusions of this study, and discusses 
other factors which bear upon the energy content analysis of transmission 
systems. 

The Appendices contain computer printouts of selected transmission 
system energy content analyses, a detailed analysis of de terminals in 
terms of energy content, and supporting data for the assumptions used 
in determining the energy content of installation activities, mylar 
and epoxy re~in. 
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II. SUMMARY 

The total energy content of most conventional power tra~smission 
systems operating at voltages from 138 to 765 kV lies in the range of 
4 to 90 billion Btu per mile. Figure II.l contains the energy content 
values obtained for these conventional systems and all others analyzed 
in this report. The system abbreviations shown in the figure are 
identical to those defined previously in Chapter I. 

Several conclusions can be drawn from Figure II.l. One observation 
is that there is relatively little difference between conventional cable 
systems at the lower transmission voltages, 138 to 345 kV. This is 
particularly true for SCOF and HPO~ pipe-type cables. Extruded di­
electric cables contain approximately 60% of the energy associated 
~..ri.th oil...,filllid cables. 

Compressed-gas-insulated systems are the highest in energy content 
per mile of all conventional* systems. This occurs primarily because 
aluminum, the most energy-intensive common metal on a Btu per pound 
ba~;is, is used extensively to proviae both high electrical conductivity 
and minimum weight. The large dimensions of each CGI phase conductor 
require corr~spondingly large quantities of aluminum. 

One major finding of this study is that metals are the dominant 
contributor to total energy content for all systems. The fraction 
associated with metals is always 50%, or greater. Oil, plastics and 
paper are the other materials with a significant fraction of total 
energy content for m~st systems. Table II.l lists the energy content 
of all materials and products analyzed during the course of this study. 

The manufacturing process whereby basic materials are converted 
into complete cables is not particularly energy-intensive compared to 
the energy content inherent in the materials. For example, the drawing, 
annealing, stranding and compacting of copper conductors only adds about 
1% to the energy in the copper itself. Manufacturing of·complete cables 
adds between 4% and 10% to the inherent-energy content of the materials 
used. 

Installation of transmission systems has been analyzed for all of 
the systems indicated in Figure II.l. In general, the energy required 
to install a system is a small fraction of the inherent system energy 
content. Two examples may illustrate this: a 345 kV HPOF pipe-type 
cable system in an urban environment, and a 500 kV overhead line in a 
rural environment. The urban installation requires 3% of the inherent 
system energy content; the rural installation requires 9%. 

* Only superconducting systems are regarded as non-conventional. . 
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TABLE II.l 

ENERGY CONTENT OF MAJOR MATERIALS 

AND PRODUCTS USED IN TRANSMISSION SYSTEMS 

Material Density Ener~y Content . 
(lbs/ft 3) (kg/1) (BtuxlO /to-q)_(MJ/kg) 

Aluminum ingot/CCWR * 1. 168.75 2.70 224.0 259.8 

2. Aluminum wire 168.75 2.70 228.0 264.5 

3. Aluminum pipe 168.56 2.70 232.0 :lbY.l 

4. Aluminum, structural 174.00 2.79 226.0 262.2 

5. Copper ingot/CCWR 555.00 8.89 93.2 108.1 

6. Copper wire/tape 555.00 8.89 94.5 109.6 

7. Steel ingot 490.07 7.85 19.4 22.5 

8. Steel rod 490.07 7.85 31.2 36.2 

9. Steel wire 490.07 7.85 34.1 39.6 

10. Steel pipe 490.07 7.85 39.8 46.2 

11. Steel plate · 490.07 7.85 35.4 41.1 

12. Steel, structural 490.07 7.85 29.2 33.9 

13. Stainless steel ingot 500.69 8.02 36.7 42.6 

14. Stainless steel plate 500.69 8.02 87.0 100.9 

15. Stainless steel wire 500.69 8.02 59.0 68.4 

16. Stainless steel pipe 500.69 8.02 75.3 87.3 

* Continuously-cast \:ire rod. 

II-3 



TABLE II.l 
ENERGY CONTENT OF MAJOR MATERIALS 

AND PRODUCTS USED IN TRANSMISSION SYSTEMS 

Material 

17. Lead ingot 

18. Niobium 

19. Bronze 

20. BNL superconducting alloy 

21. LASL supercondu~ting alloy 

22. Kraft paper 

23. Synthetic paper 

24. Conducting paper 

25. Portland cement 

26. Concrete 

27. Polyethylene (LDPE) 

28. Polyvinyl chloride (PVC) 

29. Polypropylene (PP) 

Density 
(lbs/ft3) (kg/1) 

708.60 11.4 

535.00 8.57 

540.00 .8.65 

252.00 4.04 

551.98 8.84 

46.82 0:.75 

49.91 0.80 

54.62 0.87 

196.00 ·3.14 

146.00 2.34 

57.44 0.92 

84.28 1.35 

56.19 0.90 

II-:4 

Energy Content 

(Btuxl06/~on) (MJ/kg) 

17.0 19.7 

510.0 591.6 

115.9 134.4 

215.0 294.4 

116.0 134.6 

52.6 61.0 

57.2 66.4 

54.2 62.9 

7.61 8.8 

1.49 1. 7 

70.2 81.4 

61.4 71.2 

66.5 77.1 



TABLE II.l 

ENERGY CONTENT OF MAJOR MATERIALS 

AND PRODUCTS USED IN TRANSMISSION SYSTEMS 

Material 
Density Energy Content 

(lbs/ft3) 6 (kg/1) (BtuxlO /ton) (MJ/kg) 

30. Mineral oil 55.54 0.89 67.9 78.8 

31. Polybutene oil 51.17 0.82 70:2 81.4 

32. Liquid helium 7.62 0.12 581.0 674.0 

j). Stilfur hexafluoride (SF6) N.A. N.A. 112.0 129.9 

34. Aluminized mylar 87.40 1.40 158.0 183.3 

35. Epoxy resin 124.86 2.00 55.0 63.8 

36. Bituinastic M~.u 1.43 5.7 6.6 
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The rectifying and inverting terminals required for a de transmission 
system are highly energy intensive. Hundreds of tons of steel and in­
sulating-oi4-are required, in addition to considerable amounts of copper, 
aluminum, paper, porcelain (ceramics) and concrete. As a result of this 
high energy content, de terminals overwhelm the material energy content 
of de lines on a per-mile basis unless one assumes a substantial distance. 
A 200-mile distance has been selected as a minimum length for de systems 
in this study. Using this assumption, de terminals contribute between 
50 and 60% of t~e per-mile energy content of complete de systems. 

J 

The effects of substituting aluminum, in·various sizes, for copper 
conductors were predictable and small compared to total system energy 
content. Taking an SCOF cable as an ex~ple, replacing copper with 
aluminum while keeping conductor area constant decreased system energy 
content about 11%. Substituting more aluminum, so that equivalent 
conductor resistance was maintained, increased the system energy content 
by 13% above the standard copper·value. 
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III. GENERAL ASSUMPTIONS REGARDING ENERGY CONTENT ANALYSIS 

A. INTRODUCTION 

Energy content analysis can be carried 9ut at four levels of complexity. 
The simplest procedure, Level 1, requires nothing more than measurement of 
the direct energy input required to transform raw materials into a given 
product. Energy input can be measured in kWh, Btu, gallons of oil or 
whatever form is convenient; However, the final energy content is usually 
expressed in Btu per pound of product, or joules per kilogram.. A Level 
2 analysis includes determination of the energy needed to extract, process 
and transport raw materials, in addition to the direct energy input required 
to transform the raw materials into a given product. All of the materials 
and products used to manufacture transmission system components were analyzed 
on a Level 2 basis in this study. Level 3 requires a determination of the 
energy needed to manufacture production equipment (e.g. a wire drawing 
machine) in addition to the Level 2 analysis, and Level 4 requires a deter­
mina.ti.nn of the eneray needed tQ m~n\lfacture machine tools whic~ make 
production equipment in ~ddition to a Level 3 analysis. 

The following paragraphs describe the assumptions that have been made 
regarding the energy content of liquid petroleum f\lels, natural gas, elec­
tricity, transportation of materials and recycling. 

B. PETROLEUM FUELS 

The energy content per unit of volume or weight of petroleum fuels, and 
fuels in general, can vary considerably depending on the nature of the source. 
Taking crude oil as an example, its specific gravity at the wellhead may 
vary from 1. 0 (a thick, almost asphaltic consistency corresponding to 10° 
API gravity) to .8 (50° API gravity), which is a fairly light crude oil.* 
The corresponding range of energy con6ent is 21% based on 6.3 x 106 Btu 

1 per barrel for 10° crude and 5.0 x 10 Btu per barrel for the light crude • 

Previous studies pe~·tainlng to energy consumption have selected the 
·higher value, rather than an average or medium figure. In particular, the 
1972 Census of Manufacturers2 performed by the U.S. Department of Commerce, 
and a study by Battelle3 on energy use patterns in selected industries for 
the U.S. Bureau of Mines both used 6.3 x 106 Btu per 42-gallon barrel of 
"fuel" oiL** 

* The range shown here encompasses most of the oil found worldwide; both 
heavier and lighter crudes exist. The API index runs from 0° (p = 1.08) 
to 100° (p = .61). 

** It is implicit from this number that the oil is "residual" fuel oil, which 
is decidedly different from household fuel oils. Residual fuel oils consist 
of the heavy, viscous material found at the lower levels of a distillation 
tower (residuum), mixed with lighter density distilled fuels (distillate 
fuels).- For example, residuum blended with 5 to 20% distillate is No. 6 
fuel oil (once known as Bunker Coil); its gravity is about 13° API. 



In the past, ADL has usually assumed an energy content of .5.5 x 106 

Btu per barrel of crude oil. Such a choice has the advantage of. reflecting 
a typical or average energy content. However, for the two purposes of 
maintaining comparability with previous studies and adopting a conserva­
tive approach to. determining the energy content of materials, a value of 
6.3 x 106 Btu per barrel has been selected for this study. 

The other petroleum fuels of primary interest are diesel fuel and 
gasoline. Diesel fuels vary seasonally in terms of energy content per 
gallon, due to blending with kerosine which is done to maintain an accep­
table viscosity. A value of 5.8 x 106 Btu per barrel of diesel fuel has 
been selected based on discussions with suppliers. The energy content of 
gasoline was assumed to be 5.3 x 106 Btu per barrel. 

C. NATURAL GAS 

Pipeline natural gas, as supplied by the utilities, is a mixture con­
sisting of 80 to 95% methane, with various amounts of ethane, propane, 
butane, other hydrocarbons and noncombustible gases added. The heating 
value of "natural gas" as defined above may vary from 900 to 1,200 Btu/ft3 
at S.T.P.* as a result of .~his variable composition. In practice, however, 
the range was considerably more narrow in a survey of 14 cities in the U.S. 
performed by the American Gas Association4. The lowest heating value was 
945 Btu/ft3, and the highest was 1,093. 

A figure of 1,000 Btu/ft3 is commonly used as a measure of the energy 
content of natural gas; the Bureau of Mines study cited previously3 employed 
this value. However, the Census of Manufacturers used 1,033 in their study, 
and a simple (non-weighted by production) average of the AGA survey data 
yieids a figure ot l,U~U Htu/ttJ. · 

Given this range, one could argue for any particular value. The figure 
of 1,000 Btu/ft3 has been selected because the Bureau of Mines study is 
the most detailed analysis of industries. The Census of Manufacturers is, 
by contrast, a very broad survey of industries. 

D. OTHER FUELS 

* 

The following values of energy content have been selected. 

Coke (metallurgical grade) 
Petroleum coke 
Anthracite coal 
Propane (LPG) 
Wood bark and scraps 

3.15 x 107 Btu per ton 
3 x 107 Btu per ton 
2.54 x 107 Btu per ton 
4.3 x 107 Btu per ton 
4.2 x 106 Btu per ton 

Standard temperature and pressure; 32°F, 14.7 psi. 
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E. ELECTRICITY 

The amount of energy required to produce 1 kWh of electricity (3,410 
Btu) varies from about 4,000 Btu equivalent (hydro facilities) to 13,600 
(gas turbines in the 2-3 MW range). Nuclear plants are approximately 
34% efficient, which corresponds to 10,000 Btu per kWh. Most of the 
electric energy produced in the U.S. comes from fossil-fired generating 
plants in sizes ranging from-so to 1,100 MW; depending on age and size, 
the heat rate may vary from 11,400 to 8,600 Btu per kWh • 

. The Census of Manufacturers used lO,SOO Btu per kWh, as did the 
Bureau of Mines study. This translates to an efficiency of 33%. The 
national average for fossil-fired units has been 33% for the years 1974 
through 1976, according to the Edison Electrical Institute Statistical 
Year BookS. It seems appropriate, therefore, to use lO,SOO Btu per kWh 
as the conversion ratio of thermal energy to electrical energy. 

F. TRANSPORTATION 

The following values were used for the energy required to transport 
materials using various modes of transportation •. These figures corre­
spond to those used in the Bureau of Mines study. 

Trucks 
Railroads 
Ships 

G. MISCELLANEOUS ITEMS 

2,400 Btu per ton-mile 
670 Btu per ton-mile 
2SO Btu per ton-mile 

There are a number of items which are minor constituents in selected 
materials. These items have been identified and the assumed energy content 
per unit weight or volume has been stated. in each product or material 
analysis as appropriate. 

H. RECYCLING 

The most critical issue in the energy content analysis of common 
metals is recycling, because metal reclaimed from scrap is commonlv 
assigned a zero or near-zero (depending on the amount of processing 
required) energy content. Thus metal produced primarily from scrap can 
have an energy content significantly less than metal produced from ore. 
The difference can be as high as 94%, in the case of aluminum. 

Following common practice in energy content analysis, all of the" 
analyses performed in this study assume a zero energy content for scrap 
material. The final energy content calculated for each metal is a 
weighte9 average based on the amount produced from ore and that produced 
from scrap. 
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IV. ENERGY CONTENT OF BASIC MATERIALS 

A. INTRODUCTION 

The basic materials of interest in this chapter are those used in 
the manufacture of transmission system components. The energy c~n~ent 
of each material has been determined in terms of energy per ton or per 
unit volume, as appropriate relative to the form of output. In most 
cases, the output form is suitable for shipment directly to a cable 

.manufacturing plant. In other cases, the material form is appropriate 
for component manufacturing or .installat·ion of transmission systems. 
Chapter V describes the manufacture of transmission system components, 
using the basic materials analyzed in this chapter as inputs. 

R. COPPER 

·copper production in the U.S. is based upon primary copper (from 
ore) and secondary copper (from a variety of scrap types). The steps 
involved in producing cast copper wire rod from ore are shown in 
simplified schematic form in Figure IV.B.l, and in detail in Table 
IV.B.l. The result is 1.08 x 108 Btu per ton of electrical grade 
refined.copper. 

Most of the copper used for electrical purposes in the U.S. comes 
from ore, but about 20% is produced from scrap. The secondary copper 
industry consumes various types of scrap which include No. 1, No. 2, 
light copper scrap, copper bearing scrap and others. Furthermore, 
each scrap .type was consumed· in various proportions not only by sec­
ondary producers but also by primary producers and brass mills. The 
following analysis is based upon ADL estimates of how the various 
grades of scrap are distributed. 

No. l.copper scrap is primarily recycled into brass mills, so that 
No. 2 scrap is th~ most important type for analysis. Table IV.B.2 
delineates the steps involved in producing copper from this source, 
which results in a total energy content of 1.73 x 107 Btu per ton. 
Some electrical copper is also derived from low-grade scrap, which 
has an energy content of 4.24 x 107 Btu per ton. 

Using an average figure of 3 x 107 Btu per ton of copper from 
secondary sources, it is possible 'to develop a weighted average energy 
content of copper wirebar. The weights in this case are the tonnage 
of each type produced in 1976 (latest available data), as shown on 
the following page of text. 
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Mining 

21.58 x 106 Btu 

Concentrating 

39.38 X 106 Btu 

Smelting 

36.85 x 106 Btu 

. 
Refining 

10.14 X 106 Btu 

Total Energy Content: 1.08 X 108 Btu/Ton 

FIGURE IV.B.l 

PRODUCTION OF ONE TON OF ELECTRICAL 

GRADE REFINED COPPER BY CONVENTIONAL MINING AND. SMELTING PROCESSES 
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TABLE IV.B.l. PRODUCTION OF REFINED COPPER FROM ORE 

Units Per Energy Req. Million Btu/ 
Net Ton of Per Unit Net Ton of 

(Step Number) Process Unit Copper (Million Btu) Copper --
Excavation 

Electrical Energy kWh 786.0000 0.010500 8.28 
Natural Gas Cu.Ft. 220.5000 0.001000 0.22 
Distillate Fuels Gal 38.6200 0.139000 5.37 
Explosives Lb 155.0000 0.030000 4.65 

Sub-Total 18.52 

Transportatiotf 
Truck (Waste Rock to 

Dumps) Ton/Mi 921.4000 0.002400 2.21 
Rili], (OrP t.n Mtll) TQn/Mi 1261.3000 0.000670 0.85 

Sub-Total 3.06 

* Total E~ergy for Mining 21.58 

Crushing 
Electrical Energy kWh 350.0000 0.010500 3.68 

Sub-Total 3.68 

Grinding 
Electrical Energy kWh 2013.9000 0.010500 21.15 
Steel Balls & Rods Lb 273.0000 0.017500 4.78 

Sub-Total 25.93 

Flotation 
Electrical Energy kWh 547.0000 0.010500 5.74 
Residual Fuels Gal 1.6200 0.150000 0.24 
Steam lb 366.6000 0.001400 0.51 
Inorganic Reagents Lb 541.0000 0.005000 2.71 
Organic Reagents Lb 28.5000 0.020000 0.57 

Sub-Total 9.77 

* Total Energy for Concentrating 39.38 

Smelter 
Cement Copper Net Iron 0.1000 87.000000 8.70 

Sub-Total 8.70 
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TABLE IV.B.l (CONTINUED) 

Units Per ·Energy Req. Million Btu/ 
Net Ton of 

Copper 
Net Ton of Per Unit 

(Step Number) Process Unit Copper (Hillion Btu) 

Charge Preparation & Drying 
Electrical Energy kWh 53.1500 

1395.0000 Natural Gas Cu .Ft. 

Reverberatory Furnace 
Electrical Energy 
Natural Gas 
Residual Fuels 
Steam (Credit) 

Converter 
Electrical Energy 
Natural Gas 
Steam (Process) 

Anode Refining Furnace 
Electrical Energy 
Natural Gas 
Steam (Process) 
~etallurgical Coke 

Gas Cleaning 
Electrical. Energy 

Acid Plant 
Ele~trical Energy 
Natural Gas 
·sulfuric Acid (Produced) 

* Total Energy for Smelting 

kwh s·9 .6soo 
Cu.Ft. 12799.0000 
Gas 74.8000 
Lb -6675.0000 

kWh 38.5800 
cu;Ft. ·89o·.oooo 
Lb 3265.0000 

kWh 6.4400 
Cu.Ft. 1900.0000 
Lb -·16'9 • 2200 
Net Ton 6.0050 

kWh 30.7600 

kWh 257.1400 
Cu.Ft. 1510.0000 
Net Ton -2.3000 

IV-4 

0.010500 
0.001000 

0.56 
1.40 

Sub-Total 1.96 

0.010500 
0.001000 
0.150000 
0.001400 

Sub-Total 

0.010500 
0.001000 
0.001400 

0.63 
12 .• 80 
11.22 
-9.33 

15.32 

0.41 
0.89 
4.57 

Sub-Total 5.87 

0.010500 
0.001000 
0.001400 

31.500000 

0.07 
1.90 
o.~il. 

0.16 

Sub-Total 2.37 

0.010500 0.32 
Sub-Total 0.32 

0.010500 
0.001000 
0.830000 

Sub-Total 

2.70 
LSi 

-1.90 

2.31 

36.85 



TABLE 

(Step Number) Process 

Electrolytic Refining 
Electrical Energy 
Natural Gas 
Residual Fuels 
Sulfuric Acid 

Cathode Melting 
Electrical Energy 
Natural Gas 

Transportation 
Railroads (Anodes 

Transport) 

* Total Energy for Refining 

IV.B.l (CONTINUED) 

Unit.s Per 
Net Ton of 

Unit Copper 

kWh 307.4900 
Cu.Ft. 1350.0000 
Gal 19.9200 
Net Ton 0.0165 

kWh 7.3700 
Cu.Ft. 1869.7000 

Ton/Mi 910.0000. 

* TOTAL ENERGY PER NET TON OF COPPER 

Energy Req. 
Per Unit 

(Million Btu) 

0.010500 
0.001000 
0.150000 
0.830000 

Sub-Total 

0.010500 
0.001000 

Sub-Total 

0.000670 

Sub-Total 

Million Btu/ 
Net Ton of 

Copper 

3.23 
1.35 
2.99 
0.01 

7.58 

0.08 
1.87 

1.~~ 

0.61 

0.61 

10.14 

107.95 

(125.22 MJ/kg) 

Note: This table is based upon information given in Reference 1, with 
the energy content of certain _pxocesses and materials revised by 
Arthur D. Little, Inc. 
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TABLE IV.B.2. RECYCLING OF NO. 2 COPPER SCRAP 

(Step Number) Process Unit 

Units Per Energy Req. 
Net Ton of Per Unit 

Product (Million Btu) 

Million Btu/ 
Net Ton of 

Product 

(1) Scrap Transportation 
Truck Ton/Mi 400.0000 0.002400 0.96 

(2) Scrap Preparation 
Electrical Energy kWh 
Distillate Fuel Oil Gal 

(3) Anode Refining & Casting 
Distillate Fuel Oil Gal 
Natural Gas, Poling Cu.Ft. 
Metallufgical Core Net Ton 
Electrical Energy kWh 
Steam (Waste Heat 

Credit) Lb 

(4) Electrolytic Refining . 
(Battelle) MM/Btu 

(5) Cathode Melting 
(Battelle) 

* Total Process Energy 

Air Pollution Control 
Electrical Energy 

MM/Btu 

kWh 

* Total Pollution Control Energy 

Space· Heating 
Distillate Fuel Oil Gal 

* Total Space Heating Energy 

QA5000 
0.3600 

41.0000 
660.0000 

0.0090 
24.8000 

-1250.0000 

7.5750 

1.9470 

19.6000 

9. 7000 

* TOTAL ENERGY PER NET TON OF PRODUCT 

Source: Reference 2. 
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Sub-Total 0.96 

0.010500. 
0.139000 

0.01 
0.05 

Sub-Total 0.06 

0.139000 
0.001000 

31.500000 
0.010500 

0.001400 

5.70 
0.66 
0.28 
0.26 

-1.74 

Sub-Total 5.16 

1.000000 7.58 

Sub-Total 7.58 

1.000000 1.95 

Suh-Total 1 , 9.5 

15.71 

0.010500 0.21 

Sub-Total 0.21 

0.21 

0.139000 1.35 

Sub-Total 1.35 

1.35 

17.27 

(20. 03 MJ'/kg) 



Energy 
Tons Content Weighting Energy 

~ Produced Per Ton Factor Content 

Primary Copper 1. 54 X 10 6 1.08 X 10 8 .81 8.75 X 10 7 

Secondary Copper 3.6 X 10 5 3.0 ,X 10 7 .19 5. 7 X 106 

Weighted Average Energy Content for Copper Wire Rod: 9~32 x 107 Btu/ton 
(108.11 MJ/kg) 

C. ALUMINUM 

Approximately 90% of the aluminum produced today is derived from 
ore; the remainder is based upon recycled scrap metal. Table IV.C.l 
lists the steps required to produce one ton of aluminum in ingot form 
from orti. The total anergy gontont io :L'1!1 u 108 Btu per-eon. Table 
IV.C.2 describes the inputs of energy and materials needed to make a 
ton of aluminum from various kinds of scrap. Clearly, the energy content 
of 2.42 x 107 Btu per ton is sub~tantially below that of aluminum derived 
from ore·. 

As with copper products, a weighted average figure of energy content 
for aluminum ingots is the most appropriate single value to ~se in sub­
sequent calculations. The derivation of this weighted average value is 
shown below, where the production data is again based on 1976 figures. 

Energy 
Tons Content Weighting Energy 

~ Produced Per Ton Factor Content 

Primary Aluminum 4.25 X 106 2.44 X 108 .91 2.22 X 108 

Secondary Aluminum 4.09 X 105 2.42 X 107 .09 2.18 X 106 

Weighted Average Energy Content per Aluminum Ingot: 8 2.24 x 10 Btu/ton 
(259 .84 MJ/kg) 

Most of the aluminum wire used in ACSR transmission line conductors 
is made using coils of continuously-cast aluminum rod as input. It is 
assumed that the difference in energy content between cast rod and 
cast ingots is negligible, so that the energy content of continuously­
cast wire rod is taken to be 2.24 x 108 Btu per ton also. Production of 
large-diameter aluminum pipe for compressed-gas-insulated (CGI) systems 
will be discussed in Chapter V, starting with cast ingots. 
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TABLE IV. C .1. PRODUCTION OF ALUMINm1 FROM ORE 

PliOCESS U~tT 

Ut.IJTS Pt:R 
NET TON OF 

ALUMINUM 

i.NHGY HfQUIRLO 
Pt:R UNIT 

(MlLllOt.l BTU) 

P4ILliON tiTU PEA 
Nt.T TO~ Of. 
AI.U"'lNlJM 

·-----------------····-··· ------- -------------- --------------· ··-·-------·-·· 
MINING 

OH I LL-1 NG 
DRIL~ aiTS, H&C~I~ES 

EXPCOSIVt.S 

SliOYlL LUAOIII.G 
ELECT~ICAL EII.E~GV 
MATERIALS ANO HAI~T~~ANCE 

TRUCK T~~~SPORTATIU~ 
DISTILLATE ~UeL OIL 
TqUCK MAlEHIALS ~ ~Al~, 

GAL 
MH BT!J 

CRUSHING, WAS~tNG, AND SCRt.E~TNG 
CRUSHING A~D SCREENING ~w~ 
~LECT~. E~~RGvcPu~Pr~c) KWH 
liAC~INERY MAINTENANCE MH H1U 

DRYING 

TRANSPORTATION 
WATER THANSPORTATlUN 

ltAYE.R PROCESSING 

CRUSiiiNG AND GRINDING 
ELECTRICAL ENERGY 
LIME 

OIGE.STIOIII 
SlUM 
CAUSTIC SI'IDA 

ClAR!F ICAT ION 
ELECTRICAL ENERGY 
STARCH 

CDOLIIIIG 
lllCTRICAL ENE~Gl 

PHf.C I PIT AT I ON·~ Il TWa T l ON 
U E C TIll C A_L ~ r.F ~ r; Y 

11M HTU 

TO~I Hl 

K"'H 
NET TON 

LR 
M~ T T 0~ 

l,~f'N'I 

. ~.vft'~0 
~.110:.illl 

12,!)~(11"1 

6,41HHl 
~,020~ 

l '911'00 

9!liH:, ~lchH~ 

ti?t4J,,'I'Io'0 
~ • l!) k'"' 
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.h, 4R~:ll 
V 1 VC1 "ll 

Ql,0tiii!)IH! 
l 1 "'01hH'~ 
lt1 1 IIIJIHh'IICI 

SUBTOTAl 

P 1 0l0!)DJ0 
t,llllt101cl00 

SUBTOTAL 

0,1J91i11110 
l,~i!000ICI 

SUBTOTAL 

0,ft'llll500 
lll,ll!te:,"'" 
·h00~'~""'~ 

SU!HDTAL 

3UiiTOTAL 

SUBTOTAL 

0,~1~5~0 
!l,!:iil01c!iHI 

SU!'TOTAL. 

~,A0141hl 

29. Q011!"''-' 

SUBTOTAL 

II'.~ l ~511111 
fi',AICIV-1!1111 

SUA TOTAL 

SU~ TOTAL 

Su~T01AL 

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

·--·-·········· 

·-------------· 

-----·-··--·-·-

.21,49 



TABLE IV.C.l. PRODUCTION OF ALUMINUM FROM ORE (Cont'd.) 

PROCESS 
·····················--··· 

EY&POfiATlON 
STt:AM. 

SPENT LIUUOR RECOVERY 
ELECTRICAL ENERGY 
STEA"' C~lT USAGE) 

CALC I NAT I ON 
NATURAL GAS 

CARBON ANODE M&~UFACTU~E 
PEJNOL~UM COKE (~&•l 
R41L CCOkE TR&NSP~RT) 
HYDROCAR9nNS 'CC&LCINl~~~ 
EL~CTR, ~NERGY(CALCINlNG) 
CRUSHihG &~0 G~l~DIN~ 
PITCH 8t""D~N 
RAIL (PITCH TRANSPORT) 
NATURAL GAS FOR bAKI~G 

CAA80~ CATHODE MANUFACTURE 
Af'oiTHRAC ITE COAL 
RAIL (COAL TRANSPORT) 
ELECTR, ~NERGY(CALCI~ING) 
CRUSHING AND GHfNOlNG 
PITCHoHINOEW 
RAIL (PITCH TRANSPORT) 
ELECTA, lN~RGY FOR BAKING 

MEDUt;TION 
tRYOLITf.(M&~~UP hAJALF~) 
AAILCCRYULllf. TR~~5PU~T) 
ALUMINlJ~ FLUONJ~~(~&•luPJ 
qAILCALFJ TRAN~PORTJ 
~LUONSPAN tCAF2J 
ELECTRICAL EN~HGY 

LB 

CU, FT, 

NET TON 
TON HJ 
11M I:ITU 
l(loH 

I(IIIH 

GAl. 
TON M.J 
cu, ~·r, 

r~E T TON 
TO"l MJ 

""'"' K ... H 
GAl. 
TON MJ 
l(l!jfo4 

N~.T TON 
TOr. .,I 
~E T TON 
TON MJ 
Ht:T TON 

·KWH 

• TOTAL E14ENGY PER NET TON OJ' ALIJMINUM 
···-----·---·-················------

UNITS PEW 
a,f'T TCN OF. 

ALUMJNU., 

-----------~--

69,5~00 
!:193,~P.i!0 

0,4250 
21i!,50r.!P 

1 • PA00 
20,1c'AA0 

5,1c''llcl0 
21!.44A0 
~2,40lcl~ 

2H94,AP0~ 

lcl,0200 
llcl,lrl000 
41c1,0~00 

0,2"00 
~.740111 

". 171110 
'8, 0QIU 

ra.rJ!:I"' 
1 ~ 0 !:lwhHl 
.,,v2~0 
&,V000 
i!, ~11'1 -'" 

1fl00k!,"rl!0kl 

Lr..E~GV REGUl"t.D 
PER UlillT 

. ("'lLLIUN BTU) 

·····----------
0,001400 

SUBTOTAL 

0.,HIII51111d 
0,001411/10 

SUBTOTAL 

0 ,lllid 10QI0 

SUBTOTAL 

JA 0 ~~HH~00 

~.lllkl.,b7(cl 

.i ··"'""'11:11110 
llJ 0 1lJ10!)0H 
~.~10!)A0 

0,lbC'I0~~ 

0,1lJicl0~7tol 

Ill·"'""'"" 
SUR TOTAL 

2!; .-41d001110 
0,001d670 
0 ,Ill 11'!!)0(cl 
"'·"'l"':t"" 
0,1bllllcll/l0 

0 • '""" ~ 1 !' 
0. Qll 111500 

SUfHOTAI. 

I 55, A~1111H11 ~ 
. "'·~-'~t17d 

!:ll,4kll/lll:l~2 

~ ,111..,11'&"1~~:~ 
t,!'!V~II:l01c1' 

0. 0l9:tllllil 

SUBTOTAL 

MlLLlO~ bTU PE.N 
NlT TUN Of 
ALUM I IliUM 

·--------------

-----------···· 

---------------

7,72 

~--------------1,12 

42,59 

12,75 
0,14 
1 • .,0 
0,21 
a,.,5 
•• ~!) 
0,04 
2,MO 

---·······-···· 
2.,,83 

0,!11 
14,1111 
0,42 

"'·"" 0·,12 
0,00 
111,e8 

··-------------t ... 

~.•J 
lii,IU 
1,el 

"·"" 111.0111 
l&t1,00 

~-~----···~--~· 

··---------------·· 

(282.83 ~/kg) 

Note: This table is based upon information given in Reference 1, with .the 
energy content of certain processes and materials revised by Arthur D. Little, 
-Inc. 
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TABLE IV.C.2. REVERB FURNACE MELTING OF ALUMINUM SCRAP to INGOTS 

PROCESS UNIT 

UNITS Pt.R 
NET TUN OF 

PRODUCT 

[:NEHGY REQUIRED 
PER UNIT 

(MILI.ION STU) 

HILL-ION BTU PER 
lllt::T TON OF 
PRODUCT 

·····-··--------·--------· ------· ··------------ -------------·· -------------·· 
tll RfVl~R MfLTING 

NA TJ~AL GAS 
EL~CTHlCAL ENE~GY 
SCOIUM CHLORIDE 
KCL ijY FL01ATION. 
CHYOL I TE 
ALU~lNUM FLOURlOt 
(i AS l 0 US N IT R 0 G t. N 
GASfUUS C~LORtNE 
Rlf~ACTO~Y 

SlLlCO"l 
SC'"&P•CLIPPit.lGS 
SC~A~·~OklNGS ' TUHt.llNGS 
SC~A~·CO~ClNTPATLS 
SC~&P•S~t.&TtO SO"S 
S~~AP•S~EET A~O CAST 

(2) INGOT CASTI~G 
(LLCTWlCAL [NfHGY 

• TOTAL PkOCESS FNfWGy 

AIH POLLUTION CONTROL 
~LtCTHICAL E~EHGY 

CU, FT, 
Klol HH 
NET TON 
NE"T TON 
NET TON 
NE l TON 
NET TON 
"'fT TON 
N!: T TON 
N£.1 l QN 
NET TON 
NET TON 
NET TOI\4 
NET TOI\4 
NET TON 

101 

HH 

• TOTAL POLLUTION CONYROL ENEHGY 

SPACE lo4f:A TJNG 
NATUrt&L GAS 

. \ 

cu, ~-,. 

• TOTAL ENERGY Pt R NET· TOI\4 OF PHOOUC T 

··---------------------------------

l PIIHHl, IH~I"0 
14,tHl00 
"·0420 
16,~4l0 

16,0C40 
0,~2<10 

0,"053 
i4, 'Hll J 
"•i(ll)Jt! 
"·"51-10 
"'. 11 10 
I(,JJJill 
0,JJJ0 
". 1110 
il,I67A 

"'·~~101'10 
A,01P~~HI 

0,490""'·"' 
2, 591tH1016 

155 ,lh:i~l600 
5l,4~HHHl2 

2 1 91H'I1Hl0 
Ill, GHll"k1016 
21!1. 6\lkl.l<l~d 

182.000000 
0,9l00PI0 
3,"~""'"'111 
1,11l6r.llll"~ 
9,21:HI0~QJ 
I ,I IHHHI!t! 

SUR TOTAL 

SUD TOTAL 

SUBIOlAL 

SU8TOTAL 

Ul,01!J 
0,16 
16,02 
0. 11 
0,1'12 
1,1113 
a.~2 
0,162 
0,"5 
9 .1{) 
16,1111 
1. lt!2 
0,J5 
l,dl 
". 2 0' 

". la.3 ···----·-··-·-· 

---------------

··-········---· 

··----~----------·· 24~ 16 

(28.03 MJ/kg) 

!~ote: This table _is based upon information given in Reference 2, with the energy 
content of certain processes and materials revised by Arthur D. Little, Inc. 
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D. STEEL 

1. Carbon Steel 

Most of the steel produced in this country is carbon steel, as 
opposed to stainless steel. In this discussion, "steel" refers to 
carbon steel. 

Several types of iron-bearing materials can be used as input for 
steelmaking, e.g. iron ore, pellets, sinter, mill scale and small 
amounts of scrap. The starting point for analysis will be a mixture 
of all_ t~es~, with each component weighted in proportion to its extent 
of usage in recent years. This assumption was made in the Bureau of 
Mines study, from which the initial data have been taken. 

Figure IV.D.l shows the approach that has been adopted to determine 
a representative value of the energy content per ingot of carbon steel. 
The left-hand side of Figure IV.D.l represents primary steel produc­
tion, i.e. steel produced mainly from iron-bearing raw materials. 

_Tables IV.D.l through IV.D.3 list the steps required to process each 
raw material, namely iron ore, pellets and sinter, and the energy content 
per t:on of each material.-

Reduction of iron-bearing raw materials 
elusively using blast furnaces in the U.S. 
process inputs and total energy required per 
is the primary output of a blast fur~ac€. 

is performed almost ex­
Table IV.D.4 describes the 

ton of "hot metal"~ which 

Steelmaking in the U.S. is carried out using basic oxygen furnaces 
(BOF) ,- electric furnaces or the open hearth process. We have focused 
on BOF and electric furnace steelmaking, since the open hearth process 
is regarded as obsolescent. Table IV.D.S shows the materials and 
P.nP.r.gy inputs required to make one ton of molten-steel. 

Secondary .steel production is based on the use of scrap ferrous 
materials, and electric furnace steelmaking is the.:tD.OSt---common process. 
The-process steps and energy inputs required to produce one ton of 
molten steel are shown in Table IV.D.6. As noted 'previously, scrap 
materials are traditionally assigned a zero intrinsic energy content. 
The energy shown in Table IV.D.6 for each kind of scrap material is 
·the energy required- to process that particular scrap type into a form 
suitable for charging an-electric arc furnace. -

Casting of molten steel into ingots is a relatively simple and low­
cost operation in terms ·of energy content, as· shown in Table tv.n.7. 
Analysis was focused on ingot casting, versus continuous casting of 
bille-ts,- because 85 -to 90% of industry production uses the former 
process. 
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Iron-Bearing 
Raw Materials 

lron·Ore- Table IV. 0.1 
Iron Pellets- Table IV. 0.2 
Iron Sinter- Table IV. 0.3 

Reduction of 
Raw Materials in 
Blast Furnace 

Table IV. 0.4 

Basic Oxygen 
Furnace (BOF) 
Steelmaking 

T:<!ble IV. 0.5 

FIGURE IV.D.l 

Steel Scrap 

' 
Electric Furnace 
Steelmaking 

Table IV. 0.6 

Ingot Casting 

Table IV. 0.7 

Energy Content 
of Steel Ingots 

PROCEDURE USED TO DETERMINE THE ENERGY CONTENT OF CARBON STEEL INGOTS 
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TABLE IV.D.l. ENERGY REQUIREMENTS FOR IRON ORE PRODUCTION 

Units Million 
Per Net Million Btu Per 
Ton of Btu Net Ton 

Unit Iron Ore Per Unit Iron Ore 

Mining 

Explosives lb 0.7 0.030 0.021 

Electrical energy kWh 25.0 0.0105 0.263 

Diesel oil gAl. 0.16 0.139 0.023 

Gasoline gal. 0.010 0.125 0.001 

Natural gas ft3 0.143 0.001 0.000 

Subtotal 0.31 

Transportation 

Rail net ton-
mile 175 0.00067 0.117 

Water net ton-
mile 1,150 0.00025 0.288 

Subtotal 0.405 

TOTAL 0. 715 

(O.OJ MJ/kg) 

Source: Reference 1. 



TABLE IV. D. 2. ENERGY REQUIREMENTS FOR PRODUCTION OF IRON ORE PELLETS 

Units Per Million Million Btu 
Net Ton Btu Per Net Ton 

Unit of Pellets Per Unit of Pellets 

Mining 
... 

Diesel oil gal. 0.631 0.139 0.088 

Gasoline gal. 0.039 0.125 0.005 

Electrical energy kWh 38.9 0.0105 0.408 

Explosives lb. 3.5 0.030 0.105 

Subtotal ' 0.606 

Concentration 

Crushing kWh 12.8 0.0105 0.134 

Grinding kWh 49.6 0.0105 0.521 

Concentrating kl-Vh 4.8 0.0105 0.050 

Water handling kWh "4.8 0.0105 0.050 

Tailings disposal kWh 3.8 0.0105 0.040 

Balls, rods and liners lb. 20.0 0.0175 0.350 

Subtotal 1.143 

'Pelletizing 

Natural gas ft3 275.0 0.001 0.375 

Fuel oil ga1. 1.5 0.150 0.125 

Electrical energy kWh 4.86 0.0105 0.051 

Bentonite lb. 16 0.0006 0.010 

Subtotal 0.561 

Transportation 

Rail net-ton 
mile 125 0~00067 0.084 

Water net-ton 
mile 900 0.00025 0.225 

Subtotal 0.309 

TOTAL . 2.621 

Source: Reference 1. (3.04 MJ/kg) 
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TABLE IV.D.3. ENERGY REQUIREMENTS FOR THE PRODUCTION OF IRON SINTER 

Hill ion 
Units Per Million Btu Per 

Net Ton Btu Net Ton 
Unit of Sinter Per Unit of Sinter 

Ore fines net ton 0.610 0.715 0.44 

Returns net ton 0.267 0.00 0.00 

Flue dust and fines net ton 0.143 0.00 0.00 

Hill 8c.ale not ton 0.122 n.nn 0.00 

Limestone net ton 0.049 o •. -24 0.01 

C~ke breez.e net ton 0 .. 074 21.00 1.55 

Natural gas ft3 150.0 0.001 0.15 

Electrical energy kWh 30.0 0.0105 0~32 

TOTAL 2.47 

(2~87 MJ/kg) 

Source: Reference 1. 
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TABLE IV .D.4. BLAST FURNACE ENERGY REQUIREMENTS 

Consumption 

Iron containing 
Materials* 

Coke 

Unit 

net ton 

net ton 

net ton 

lb 

Limestone 

Refractories 

Liquid and gaseous 
fuels 

million 

Oxygen 

Electri-~al energy 

Steam 

ft 3 

kWh 

l.h 

Net blast furnace gas HCP 
exported 

Net energy consumption 

* Represents· average mix of 

Btu 

Units Per 
Net Ton of 
Hot Hetal 

1.7 

0.597 

0.232 

5~o. · 

1.13 

207.0 

·25.0 

.1,200.0 

19.J 

Million Btu 
Per Unit 

2.01 

31.50 

0.24 

0.0125 

1.0 

0.000183 

0.0105 

0.001 
I 

Subtotal 

0.000095 

0.408 
0.759 
0.459 

net tons iron oie@ 0.715 million Btu per ton· 
net tons pellets@ 2.62 million ntu per tort 
net tc_m~ sinter_@- 2.-4 7 mi-11-io~ Btu- per ton 

-o.-o5 
O.Q2 7 

net ton mill scale @ zero million Btu per ton, and 
net ton scrap @ zero million Btu per ton 

Nillion Btu 
Per Net Ton 
of Hot Metal 

3.41 

18.81 

0.06 

0.06 

1.13 

0.04 
J 

0.26 

J .• ;w 
24.97 

.... 1.83 

23.12 

(26.82 MJ/kg) 

Note: Thi~ table is based upon information given in Reference 1, with the 
energy content. of. certain processes and ·materials revised by Arthur D. Little, 
Inc. 
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TABLE IV .D.5. BASIC OXYGEN FURNACE STEELMAKING 

Units Per Million Million Btu 
Net Ton Btu Per Net Ton 

Unit Of Product Per Unit Of Product 

Hot Metal - net ton o. 778 23.12000 17.99 

Scrap- net -ton 0.314 0.0 0.0 

Scrap Transporation - net ton-mile 40.000 0.00067 0.03 

Ferromanganese - net ton 0.011 50.00000 0.55 

Ferrosilicon - net ton 0.001 123.00000 0.12 

Aluminum- net ton 5xl0-4 224.00000 0.11 

Lime- net ton 0.075 5.45000 0.41 

Limestone - net ton 0.005 0.24000 0.00 

Fluorspar - net ton 0.008 1.59000 0.01 

Pellets - net ton 0.003 2.62000 0.01 

. Scale - net ton 0.008 0.0 0.0 

Refractories- lb 13.000 0.01250 0.15 

Oxygen- 1,000 ft3 1.920 0.18300 0.35 

Natural Gas - 1, 000 ft 3 0.200 1.00000 0.20 

Electricity (kHh) · 30.000 0.01050 0. 32 

TOTAL 20.25 

(23.49 MJ/kg) 

Note: This table is based upon information given in Reference 1, with 
the energy content of cer.ta:f.n processes and mater:fals rev:l,sed by 
Arthur D. Little, Inc. 
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TABLE IV . D. 6 • ELECTRiC ARC FURNACE S TEELMAKI.NG WITH 100% SCRAP 

Units fer Energy Req. Million Btu/ 
Net Ton of 

Product 
Net Ton of Per Unit 

(Step Number) Process Unit Product (Million Btu) 

(1) Electric Arc Furnace 
Scrap - Auto Guil Net Ton 
Scrap - Auto Shed Net Ton 
Scrap - Allig Net Ton 
Scrap , B & T Net Ton 
Scrap - Baling Net Ton 
Scrap - Guil Net Ton 
Scrap - Purch, Torch Net Ton 
Scrap - Home Torch Net Ton 
Scrap - Loose & Misc. Net Ton 
Lime Net Ton 
Limestone 
Carbon Electrode 
Refractories 

' Ferromanganese 
Oxygen 
Fluorspar 
Natural Gas 
Electrical Energy 

Net Ton 
Net Ton 
Net Ton 
Net Ton 
Cu.Ft. 
Net Ton• 
Cu.Ft. 
kWh 

0.0103 
0.0764 
0.0914 
0.1261 
0.2534 
0.1956 
0.1191 
0.0510 
0.2337 
0.0300 
0.0100 
0.0060 
0.0130 
0.0110 

250.0000 
0.0050 

100.0000 
500.0000 

(2) Continuous Casting 
Electrical Energy 
Natural Gas 
Refractories 
Oxygen 

kWh 25.0000 
Cu.Ft. 605.0000 
Net Ton 0.0025 
Cu.Ft. 750.0000 

Total Process Energy 

Air Pollution Control kWh 
Electrical Energy, 

Waste Disposal Truck Ton Hi 

Total Pollution Control Energy 

Space Heating 
Natural Gas 

Total Space Heating Energy 

Cu.Ft. 

Total Energy Per Net Ton of Product 

22.9000 

0.4500 

0.0000 

0.650000 
1.280000 
0.470000 
0.460000 
0.720000 
0.510000 
0.340000 
0.020000 
0.460000 
5.400000 
0.104000 

82.000000 
26.500000 
50.000000 
0.000150 
1.590000 
O.OOlOOO 
0.010500 

0.01 
0.10 
0.04 
0.06 
0.18 
0.10 
0.04 
0.00 
0.11 
0.16 
0.00 
0.49 
0.35 
0.50 
0.04 
0.01 
0.10 
5.25 

Subtotal 7.54 

0.010500 
0.001000 

26.000000 
0.000150 

0.26 
0.61 
0.07• 
0.11 

Subtotal 1.05 

. 8.59 

0.010500 0.24 

Subtotal 0.24 

0.002400 0.00 

0.001000 0.00 

0.00 

8.83 
(10.24 MJ/kg) 

Note: This table is based upon information given in Reference 2, with 
the energy content of certain processes and materials revised by 
Arthur D. Little, Inc. 
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TABLE IV.D.7. CASTING STEEL INGOTS 

Units/ 
Material or Energy/ Ton of Total 
Energy Form Units Unit (Btu) Product Energy (Btu) 

Coke Oven Gas MCF 5.3xl0 5 0.24 1. 27xl0 5 

Electricity kWh 1,500 2.0 2.10xl0 4 

Ingot Molds * Net Ton 24,500 0.03 5 7. 35xl0 . 
and Stools 

CastltiS Eu~L~~ R~gulred :eer Ton M.MJxlU 5 

Because of spillag·e and other factors, in actuality 1. 031 tons of 

molten steel are required per ton of ingots. The resul~s 

belo\'" incorporate this adjustment. 

* 

Ingots from BOF Steel: 

** Ingots from EAF Steel 

(2.03xl07 x 1.031) 

(7.78xl06xl.031) 

. 5 
+ 8.83xl0 = 2.18xl07 Btu/ton 

+ 8.83xl05 
= 8.90xl06 Btu/ton 

Energy values for ingot molds and stools are Arthur D. Little, Inc. 
esti~ates based on related work. 

** . 6 . 
The value of 7.78 x 10 is derived from Table IV.D.6 by subtracting 
1. 05 x 106 (the energy associated with continuous casting) from 
8.83 x 106, the total value • 

. Note: This table is based upon information given in Reference 3, with 
the energy content of certain processes and materials revised by 
Arthur D. Little, Inc. 
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The final value for the representative energy content ot carbon 
steel isdeveloped by weighting the figures of BOF and electric furnace 
steel .according to the tonnage produced in this country. The results 
are shown below, using 1976 production data. 

Energy 
Tons Content Weighting Energy 

~ Produced Per Ton 

Primary Steel (BOF) 7.35 X 107 
2~18 X 107 

Secondary Steel 1. 70 X 107 8.90 X 106 

(Electric Furnace) 

Weighted Average Energy Content per Steel Ingot: 

2. Stainless Steel 

Factor 

.81 

.19 

Content 

1.77 X 107 

1.69 X 106 

1.94 x 107 Btu/ton 
(22.50 MJ/kg) 

Stainless steels are produced using electric arc furnaces with·scrap 
steei (both carbon and stainless) input. As a result, the representative 
energy content of stainless steels is comparable to that of· carbon steels. 
The process inputs required to make stainless steel billets are listed 
and evaluated in Table IV.D.8. 

The representative energy content of a stainless steel ingot can be 
found by subtracting the energy associated wi~h .continuous casting of 
billets (1.05 x 106 Btu per ton) from the total shown in Table IV.D.8 
(36.82 x ·106 Btu per ton), and adding the energy cost of ingot casting 
(8.83 x 105 Btu per ton). The final value is shown below. 

Average Energy Content per Stainless Steel Billet: 7 3.67 x 10 Btu/ton 
(42.57 MJ/kg) 

E. LEAD 

The lead industry has both primary and secondary forms of production, 
like the metals discussed previously. Primary lead production starts 
with the excava.tion of ore, and is described in Table IV.E.l. Secondary 
lead production begins with recycled scrap lead in several forms. The 
complete process is shown in Table IV.E.2. 

As before, a weighted average value of energy content based on 
annual .tonnage produced in 1976 in each category has been computed~ 
The results are as follows: 
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TABLE IV.D.8 

PRODUCTION OF STAINLESS STEEL BILLETS 

(Step Number) Process Unit 

Units per Energy Req. 
Net Ton of per Unit 

6 Product (Btu x 10 ) 

Btu x 106 per 
Net Ton of 
Product 

(1) ELECTRIC MELTING FURNACE-

Scrap·- home 

Scrap - SS turnings 

Scrap - SS light 

Scrap - SS solids 

Scrap - # 1 bundles 

Net ton 

Net ton 

Net ton 

Net ton 

Net ton 

Srr;~p - steel auto-shred Net ton 

Scrap - steel guill. 

Scrap - steel misc. 

Grinding swarf 

Scale 

Scrap - superalloys 

* Ferroalloys 

Electrical energy 

Refractory 

Graphite electrodes 

Net ton 

Net ton 

Net ton 

Net ton 

Net ton 

Net ton 

MWH 

Net ton 

Net ton 

0.321 

0.103 

0.257 

0.026 

0.129 

0.036 

0.015 

0.013 

0.026 

0.026 

0.051 

0.283 

0.500 

0.007 

0.004 

o. 02-5 

1.930 

1.130 

0.980 

0.720 

1.280 

0.510 

0.462 

0.000 

0.000 

1.000 

82.000 

10.500 

76.600 

160.000 

Subtotal 

0.01 

0.20 

0.28 

0.03 

0.09 

0.05 

0.01 

0.01 

0.00 

0.00 

0.05 

23.18 

5.25 

0.19 

0.64 

30.00 

(2) AOD REFINING 

* 
** 

Lime 

Refractory 

Ferrosilicon 

** Si1icomanganese 

FlunrspRr 

Argon 

Oxygen 

Net ton 0.059 

Net ton 0.022 

Net ton 0.028 

.Net tort 0.007 

Net ton 0.005 

Cu. ft. 690.000 

Cu. ft. 910.000 

5.450 

26.600 

123.000 

73.000 

1.590 

0.000 

0.000 

o. 32. 

0.53 

3.44 

0.51 

0.01 

0.14 

0.14 

Subtotal 5.08 

The ferroa11oys are assumed to consist of 50% nickel and 50% steel. 

Sili~omanganese is assumed to consist of 17% silicon and 83% ferromanganese. 
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TABLE IV.D.8 

PRODUCTION OF STAINLESS STEEL BILLETS (Cont'd.) 

Units per Energy Req. 6 Btu x 10 per 
Net Ton of per Unit 

6 Net Ton of 
(Step Number) Process Unit Product (Btu x 10 ) Product 

(3) CONTINUOUS CASTING 

* 

Electrical energy kWh 25.000 0.010 0.26 

Natural gas Cu. ft. . 605.000 0.001 0.61 

Refractory Net ton 0.003 26.600 0.07 

Oxygen Cu. ft. 750 .• 000 0.000 0.11 _____ ..... ___ 
Subtotal 1.05 

TOTAL PROCESS ENERGY 

Air pollution control kWh 

-Waste disposal-truck ton-mi. 

Total of Above 

65.000 

0.450 

0.011 

0.002 

TOTAL ENERGY CONTENT PER NET TON OF STAINLESS STEEL: 

36.14 

0.68 

o.oo 

36.82 

(42.71 MJ/kg) 

Note: This table is based upon information given in Reference 2, with 
the energy_content of certain processes and materials revised by 
Arthur D. Little, Inc. 
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TABLE IV.E.l. PRODUCTION OF PRIHARY LEAD 

PRonss UI'.IIT 

UNITS PER 
"'ET TON OF 

LEAD 

~.NEiolr.Y WEGIUlREO 
PtA liNtT 

('41LL10N IHU) 

,..ILLION t!TU PEH 
"'I:.T TON OF 

LlAD ( S T 1:. P ~ U .. BE lol.) 

-------------------------· ------- -------------- ·-------------- ---------------
MlNl~G 

t.Lf.CTWlCAL ENEWr.Y 
l)(PL06lVtS 
OlSTlLLAfE FUEL OIL 
G4SOLI~E 

STE.EL 

CRUSHl~G 
lLlCT~lCAL E~CWGY 

~~INOl~G A~O CL&SSI~Ir.ATIO~ 
lltCTRlCAL ENEHGY 
SH.EL 

BENEFICIATION 
ELlCTR,CCON,,~LOT 1 ,Pu~P 1 ) 
ELECTR,CT~ICK 1 & ~lLTf~,) 
ORGANIC kfAGt.~TS 
INOWGANIC HEAGt.NTS 
OTHEH ELECTRICAL E~EMGY 

TRANSP~RTATlON nF CONCENT~&TES 

l(wH 
L.~ 
liAL 
!.AL 
LB 

RAIL TRANSPORT TON ~~· 

CHARGE PW~PAR&TTON 
ELECTRICAL ~N~RGY 
NATUHAL r.a::; 
Ll11EST0"'E 
IRON OWE 
SAND CSJLICA) 
RAIL (SA~O TPANSPOWT) 

SlNH.R lNG 
ELECTRICAL tNfAGY 
NATURAL GAS 
COKE 8kH7l 
RAlL(AHEEZE TRANSPORT) 

BLAST FUIHUCt. 
ELECTRJCAL FNFRGY 
NATURAL GAS 
~ETALLUWiitCAL CO~[ 
HAlL CCOKf Tk&~SPOioiT) 

DROS:;lNG 
lL.ECTWl~AL fNfkGY. 
NATUioAL uAS 
SUlFUIJ 
~AlL CSULFUiol T~A~S~O~T) 

I<IIIH 
CU 1 FT, 
NET TON 
~ET TON 
NET T 0~ 
TON "~l 

KWH 

CU 1 ~T 1 
•1t:: T TO'­
TON. "1 

o(.Oio! 

(.U 1 ~T, 
,~~ T T 0'1 
T0"-4 141 

.... ~ 
(.11

1 
•. T, 

'•t T l'1', 
I (!·• " I 

274170i<ll/l 
l?,~~<IP 

~.~till~ 
Ia 1 od4 01! 
1,4111(cl0 

2441~0~~ 
2JI44lllll 

89,J~Y!0 

11 1 7fth"ll 
1146~11' 
9,291H'l 
4. ~~~~~10 

~·""'"'~ 1 bl:l 1 ~~'IIIII' 
0,121111! 
(cl,~700 

0. kJ91!0 
911/11.:1~11' 

4411'~~"' 
454 I ~Sit~>. 

IU,~_·t9r 

"91'!1i'ltli!l 

4";,';);11~·~ 

2.21 .• ~~((}1 
•• "'Jt.~ 

1 1 ~ I ~lr/1 ~I ;II 

'It Jf'l'~ 
':l2•', ,•:>.•P 

':. ,·.· ;~ 
I ' ~· ,. .- .~ 
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0 1 11'1P~00 
"'I"'J~\-11-'0 
0,1JQ1r1111~ 

111,125l'lll~ 

01017~tl0 

SUHTOTAL: 

SlJ~T01AL 

~."'1"'~~-':d 
0,01751-1., 

SUBTOTAL 

111,~1~~~~~~~ 

011/110~0od 

111,02!/IIH"Iol 
0 1 Pir15~1"<1 
0 1 P10~1-'10 

SUBTOtAL 

SUBTOTAL 

0,1111111~AU 
0, Pi.~ 1 l'llhJ 
iil 1 2411'ioWIJ 
eo~'1~1!1111d 
1/1, P4'21H~i' 
:1',0d!C'07111 

SU~TOiAL 

11' 1 Clli/I!:ICIII'I 
~~li'~t~l4!tl 

21,~1111-'ii'"'Y! 
...,l~ltl1'b70 

SUHtOTAL 

v • ~11 ~:;Ill~, 
V,l'~l1itllld 

JI,~HlY!:.l~ 

III,OIItl(l'b7~ 

SUHT01AL 

Cll,"lC'~IHI 
~, .. ~ ~~ ,.., .. , "' 
~. Jo4 .: ''t ,, ,J 
~ .~•;:.•o711 

~~~~~totAL 

211!8 
0138 

"'I" llll06 
011112 

.... ------------

---------------

·--------------

0,94 
e,12 
011<1.3 
0,05 
1:1104 

---------------

---------------

1:111:15 
0116 
ll),i:lJ 
0111l!; 
11111<!111 
111,01 --------·····--. 
01417 
0,45 
0140 
01k'1 

---------------l,JJ 

15',45 
0122 

'~"'~ II!,I:IR 

---·-----------

111,11'?. 
11.~2 

"1~1 
IC I~: Ill 

---------------



TABLE IV. E.. 1. :PRODUCTION. OF PRIMARY LEAD (Con t • d. ) 

PROCtSS 

·-·---------·--·----------
OAOSS UEVEMHlPATUAY FU~NACl 

ELECT~ICAL E~FR~Y 
NATURAL !.AS 
COKE ltiiEEZE 
RAIL (HA~EZE TRANSPORT) 
SODA AS~ 
RAIL (SODA AS~ TRANS~ONTJ 

~OBlLE EQUIPMENT FUEL 
DISTILLATE FUEL 

SULFU~IC ACID PLANT 
El~CTAICAL E~ERGY 
NATUIUL GAS 
SULFURIC ACID PAUOUCT 

O~ST COLL~CTION SY5TE~ 
lL~CTAICAL fNE~GY 

SAMPLING 
ELECTRICAL ENERGY 
NATURAL GAS 

AE,l~ING ANO SOFTENING 
ELECTRICAL ENFRGY 
~ATUIUL GAS 

DESlLVlAIZlNG KETTLF.S 
~LECTUICAL E,..EAGY 
I\IATUHAL GAS 
ZINC SPELTtA 
RAIL CZINC.TAANSPOWT) 

HOwARD PHF.SSfS 
ELtCTRICAL ENE~GY 

RETORTING 
.... ATUHAL GAS 

VICUUI" DE ZINC l'•G 
lL~CTRlCAL ~~EWGT 
t.U TUWAL c;a:; 

UNIT 

UlllfTS PER 
ll.f f T(JN OF 

LEAO 

lllofWGY WE~UIRtO 
PER UIIIIT 

(fo4JLLION RTU) 

M ILL I .0 N 8 T U PEA 
NE.T TON 01' 

LEAD ------· ---. ·-·- -·----·-- ---------.----- -----------·--· 
KWH 
CU, fT, 
Nf. T T 0111 
lUN !"l 
~E.T TOIII 
TON Ml 

!iAI. 

l(lol~ 

CU, FT, 
NET TON 

KWH 
CU, FT, 

I( 111M 

cu., F T I 
III~T TON 
TON Jo4I 

I(WM 
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i!·"'"lt~ 
7A2,!>1h10 

lti,.~110P 

.!,P.:-!~P 

e,~1e0 

J,~I!V-01 

4101 !)Picj(jiJ 

biHl .~1-10111 
•111,730111 

2 I b0iH'I 
754,k"0~0 

1•,rv.0111 
6U:,i?IIIIA'i! 

~ .~.-'''!>o 
1, oB.:fr" 

1,Pt0~0 

o.N"~fll 
211t'.~h, ... ~ 

0,P.1P!H'I~I 
Ql , PI Ill t V' r• ~~ 

21. '"'H4 11'a~ 
I". <H'307'U 

18,f)999q9 
"'·"'·lt.l-lb7kl 

SU~TOTAL 

SUBTOTAL 

lll.l'lllll~rll"' 
11,1:'1~111'11!1'1 

"· 8Jihi"" 

SURTOTAL 

SUHTOTAL 

111,0l1115"'kl 
~ 1 1'1idlklPI-l 

SUflTOTAL 

01,1111050~ 

0 1 1'1"'llrHH" 

SUBTOTAL 

11! I 11! t c;'l~.~.., 
111 1 0!01NH1 

o 5 • P V! IH' llfo 
<'~.1-1~0167td 

SUB TOTAL 

SUHTOTAL 

SUR. TOTAL 

rll,OIU!>(lU 
"'·"'IJlkldtl 

SUfi TOTAL 

ltS,02 

"'. 71' "'I 1 J 

"'·""' 0,18 
0,1-l0 

---·-----------

··-------------

"·HI 
0,bt 
IC 1 J6 

0·"'"' 
------·-····--· ·t,l2 

--------.-·-··-· 

------··-·--·-· 

. ---..... _.-.. -. 



TABLE IV.E.l. PRODUCTION OF PRIMARY LEAD (Cont'd.) 

tSTEP ~UMBE~) PNOCESS U~IT 

UNITS PER 
'-ET TC:N OF 

LEAD 

[NEflGY ~FQUIRt::D 
Pt II Ur.IT 

P'l LL ION ~TU) 

MILLlON IHU PEH 
N~ T TUN OF 

LE.AO 
·····---·--·--·········-·· ....... ·---------···· ------·--·-···· ·····----···--· Otlil SI1U1H·T llNC 

~L~fT~lCAL E~fWGY 
"'ATUNAL liAS 
CALCIUM 
TRUCK (C&LCIU~ TH&~$POHTJ 
11AGNt.SIUM 
RAIL(MAG~ESIU~ TRA~SPORT) 

R~FlNlNG AND CAST!r.G 
EL~CT~iC&L E~ERGY 
NATURAL GAS 
CAUSTIC SODA 
HAIL (SODA T.RANSPOwT) 
NITER (N&NUJJ 
RAIL ClRANSPOIH) 

""'" CU, ~T. 
~~T TON 
TON "'I 
r.I::T TON 
TON HI 

l(wlol 

cu. "'· NET T.Or. 
T 0"4 "'I 
~ET TON 
TON "'I 

GE~t.RAL PLANT(HEAT, LIGNTS, ETC,J 
EL~CTRICAL ENEWGY KIIIH 
NATUHAL GAS CU, FT, 

TOTAL E~ERGY PE~ NET TON UF Lt.AD 

··~------·---------------------~ 

14,0000 
IJI!II",~~Idlll 

1",1'1010 
II:I,Ob00 
k- .lll~t7 
0,87e0 

J.~0011l 
22f·,Nl00 

I",Uic110 
Ill, JNH! 
il 1 0CII~J 
0,"9100 

14,0500 
15¥1, ,!1.'100 

0,CII10!)DI0 

P.. "'~I"'"'"' 
2J8,611!0Mio 

0,1H!24~11l 
358,011!CIIil!CII13 

0,0~1'b710 

SUBTOTAL 

A 1 0ll!l:iiiHI 
Ill ,1'110 U01.1 

29,9001.1~0 
. 0,0101.'167~ 

42,2!:1Nl~0 
111,0W!06714 

SUBTOTAL 

A,I!IU!:IPIWl 
0. 0111 h!l'l0 

SUBTOTAL 

0,15 
t,llll 
0,16 
0,01!1 
111,62 
0,00 

---------------~.23 

"'·") 
0,22 
Ill,, k'J 
ll!,lcl0 
lll,llll 
0,00 

(11,29 

0,1!) 
0,1!) 

······---------0,30 

·············-····· 
26,~!) 

(30.80 MJ/kg) 

Note: This table is based upon information given in Reference 1., with the 
-energy content of certain processes and materials revised by Arthur D.. Little, 
Inc. 
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TABLE IV.E.2. PRODUCTION OF SECONDARY LEAD 
BY REVERB/BLAST FURNACE PROCESS 

Units Per Energy Req. Million Btu/ 
Net Ton of 

Product 
Net Ton of Per Unit 

(Step Number) Process Unit Product (Million Btu) 

(1) Reverberatory Furnace 
Broken Battery Scrap 
Prompt Industrial 

Scrap 
General Lead Scrap 
Blast Furnace Dust 
Natural Gas 
Electrical Energy 
_Propane 
Gasoline 
Distillate Fuel Oil 

(2) Kettles 
Natural Gas 
Electrical Energy 
Caustic_ Soda 
Niter (Nanus) 
Aluminum 
Zinc . 
Foundry Coke 

(3) Casting 
Electrical Energy 

* Total Process Energy 

Air Pollution Control 
Electrical Energy 

Net Ton 

Net Ton 
Net Ton 
Net Ton 
Cu.Ft. 
kWh 
Lb 
Gal 
Gal 

1.6000 

0.2000 
0.1000 
0.1000 

4000.0000 
25.0000 
6.3000 
0.5000 
0.5000 

Cu.Ft. 1300.0000 
kWh 5.0000 
Net Ton 0.0020 
Net Ton 0.0030 
Net Ton 0.0006 
Net Ton 0.0014 
Net Ton 0.0005 

kWh 7.0000 

kWh 85.0000 

* Total Pollution Control Energy 

Space Heating 
Natural Gas Cu.Ft. 

* Total Space Heating Energy 

70.0000 

* TOTAL ENERGY PER NET TON OF PRODUCT 

0.620000 

0.240000 
0.240000 
0.000000 
0.001000 
0.010500 
0.021500 
0.125000 
0.139000 

0.99 

0.05 
0.02 
0.00 
4.00 
0.26 
0.01 
0.06 
0.07 

Sub-Total. 5.46 

0.001000 
0.010500 

29.900000 
42.250000 

224.000000 
56.000000 
33.000000 

1.30 
0.05 
0.06 
0.13 
0.13 
0.08 
0.02 

Sub-Total 1.77 

0.010500 0.07 

Sub-Total. 0.07 

7.30 

0.010500 0.89 

Sub-Total 0.89 

0.89 

0.001000 0.07 

Sub-Total 0.07 

0.07 

8.26 

(9.58 MJ/kg) 

Note: This table is based upon information given in Reference 2, with 
the energy content of certain processes and materials revised by. 
Arthur D. Little, Inc. 
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Energy 
Tons Content Weighting Energy 

~ Produced Per Ton Factor Content 

Primary Lead 6.59 X 105 2.66 X 107 .48 1.28 X 107 

Secondary Lead 7.27 X 105 8.26 X 106 .52 4.30 X 106 

Weighted Average Energy Content per Lead Ingot: 7 1.71 x 10 Btu/ton 
(19.84 MJ/kg) 

F. NIOBIUM 

Niobium is a key component of many superconducting alloys. Analysis 
begins with open~pi.t mining of columbite* ore in Brazil, and concludes 
with a determination of the energy content per ton of a pure niobium 
in~ot. Figure IV.F.l shows the processing in schematic form; Table 
IV.F.l lists the supporting data behind each process step. 

Niobium is highly energy-intensive, at 5.10 x 108 Btu per ton 
(591.60 MJ per kg). However, relatively little niobium is needed in 
the thin strip or fine wire alloys used as superconductors. 

G. PORTLAND CEMENT 

Table IV.G.l lists the process steps and energy inputs required to 
make portland cement. The representative energy content is 7.61 x 106 
Btu per ton (8.83 MJ p~r kg) of cement produced. 

Cement is only part of a concrete mixture, which also contains 
water, sand and aggregate. A common mixture is one part of cement 
(volume) to two parts sand to four parts stone. Water is typically 
added at the ratio of seven gallons per 94 pound sack of cement. This 
mixture has a density of 146 pounds/ft3, and an energy content of 
1.1 x lOS Btu/ft3. On a weight basis, concrete has an energy content 
of 1.49 x 106 Btu per ton (1. 73_MJ per kg). 

H. BRONZE 

Bronze is an alloy composed mainly of copper and tin. The copper 
fraction can vary from 70% to 90%, but 75% is a common value. An 
estimated energy content value for bronze has been developed using 
the simple procetlut'~ ~luJwu uu the following page. 

(Copper energy content= 93.2 x 106 Btu/ton) x .75 tons= 69.90 x 106 Btu 

(Tin energy content = 180 x 106 Btu/ton) x .25 tons = 45.00 x 106 Btu 

Energy Content of 75/25 bronze: 114.90 x 106 Btu/ton 
(133.28 MJ/ltg) 

* Niobium is also known. as columbium. 
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a 
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Hydrogen 
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' 
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FIGURE IV.F.l 

PRODUCTION OF NIOBIUM FROM ORE 
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TABLE TV.F.l 

PRODUCTION OF NIOBIUH FROM ORE 

Units/net Energy Million Btu 
Step ton ot Required per net ton 

Number Process Unit Product per Unit of Product 
.(MBtu) 

1 MINING (diese1 fuel) gallon 36.98 0.139 Subtotal 5.14 
5.14 

2 CONCENTRATION 
; Crushing, electrici-ty k.\o!h 90.8 0.0105 1.07 

Grinding, electricity kWh 681.0 0.0105 8.08 
Rods, balls, liners lb·· 68.1 0.0175 1.34 
2lotation, electricity kWh 227.0 0.0105 2.69 
Organic reagents lb 45.4 0.020 1.03 
Inorganic reagents lb 136.2 0.005 0. 77 ---

Subtotal 14.98 
H 
< 3 DRYING 

ft 3 I 3343 N "Natural gas 0.001 3.34 0,0 

Subtotal 3.34 

4 TRANSPORTATION OF 
CONCENTRATE. 
Watel" transportati.on 

(4500 mi'les) net ton/mi 12555 0.00025 
'- Rail transportation 3.14 

(1000 miles) net ton/mi 2790 0.00067 1.87 
·Subtotal 5.01 

5 CbzOs DIGESTION, EXTRACTION 
AND DRYING 
Hydtofluoric Acid net ton 4.0 14.35 57.4 
Sulfuric Acid net ton 0.5 0.04 0.02 
Lime net ton 0.25 8.5 2.12 
Anhydrous Ammonia net ton 3~0 39.0 :117.00 
Natural Gas ft 3 3000 0.001 3.00 
Electricity klf7h 162 0.0105 1. 70 
MIBK net ton 4.0 43.0 172.00 

Stibtotal353.24 



H 
< 
I 
w 
0 

Step 
Number 

6 

; 

7 

8 

.TABLE IV .F .1 

PRODUCTION ·oF NIOBIUM FROH ORE (Cont'd.) 

Process 

CARBIDE PREPARATION 
Carbon powder 
Electricity 

MIXING, CRUSHING, 
AND REDUCTION 
Steel Balls(Ball mill) 
Hydrogen 
Electricity 

NIOBIUM INGOT 
CONSOLIDATION, MELTING 
AND REFINING 
Electricity 

(Consolidation) 
Electricity 

(1st EB melting) 
Electricity 

(2nd EB melting) 

net ton 
kWh 

net ton 
n.et ton 

k\fu 

-~ 

k\,n,. 

kT.fu 

.kHh 

Unit.s/net 
"ton of 

Product 

0.11 
1700 

0.025 
NEGL. 
3466 

660 

4000 

2000 

Energy. 
Required 
pet: Unit 

(XBtu) 

25 
0.0105 

35.0 
106.9 

0.0105 

. 0.0105 

0.0105 

0.0105 

Subtotal 

Subtotal 

Subtotal 

Million Btu 
per net ton 
of Product 

2.75 
17.85 
20.60 

0.87 
o.oo 

36.39 
37.26 

6~93 

42.00 

21.00 
69.93 

ENE~GY CONTENT PER TON OF NIOBIUM INGOT: 5.10. X 
8 10 Btu/ton 

(592 MJ/kg) 



TABLE IV.G.l. PRODUCTION OF PORTLAND CEMENT 

(STEP NU!o!l:lF.:H) PWOCESS UNIT 

UNITS Pt:A 
~ET TUN OF 

CEM~NT 

t.NEI<GY ~fOUJAt.O 
PtP ur..n 

("'ILliUN tHU) 

!o!JLLJON IHU PEH 
Nt.T TON OF 

CEMENT 
··········----------·--·-· ···---- ···--------··· --------------- ----------·-··· 
LIP4ESTONE 

HINlNG 
TRUCK TQA~S~ORTATION 
NATURAL G&S (DWvlNG) 

CLAY 411i0 SloiALE 
HINJNG . 
TRUCK TR&NSPURTATJON 

~A~n A~D MJSCELLANEVUS 
"'iNING 
RAIL THA~SPORTATJON 

CRUSHING ANO MILLING 
CRUS .. lNG 
MILLING 
OT!oiER 

CL.INKE.FI BURNJNt; 
ANT .. RACITE COAL 
AAJL,(COAL TRANSPOWTATJON) 
RESIDUAL ~UEL OIL 
NATUHAL. GAS 
REFHACTOHtt:S 

.ELECTRICAL ENERGY 

AlA PO~LUTJO~ CUNTRUL 
ELt~TA1CAL tNEAGY 

CLI~KE~ MJLLING 
ELECTRICAL E.N~HGY 
QT!oiER 
GYPSUM 
RAIL (GYPSUM TMANSPOWT) 
GHINOtNr. RALLS 

Nf T TON 
TON HI 
CU, fi.T, 

NET .TO"' 
TON MJ 

~ET TON 
To.. ,.. 1 

NET TON 
TON "'1 
GAL 
CU, ~T, 

NET TON 
II.WH 

·l(ooM 

l(loiH 

NET TOr.. 
TON M( 
L14 

--·---·-~---·····---------~-·--·-· 

l 1 J70A 
4' t0!11A 

J211l,0~0111 

7 1 0!110A 
2J, 00C.0 
2.~";:llll' 

0,1119~8 
Jb,J~00 

6,11JJ4 
2 &Jb., I'! A 0A 

~-:, ... !1111!1 
19,00~0 

5~1 • .,.1'1"0 
4,~W~!11 

P.. IUlH" 
!I,IH'ItH'I 
2. ~llh'0 

0, "'4611H'I"' 
0,P~24011l 

"'. "'11:1 10010 

SUBTOTAL 

p. (17 "''""'· A, ~~·240111 

SUR TOTAL 

0 
0 ... ~I'J!'IIi:l'ti 
ra,0(l:l!o7ijJ 

SU~TOTAL 

0,11110~0~ 

0,!1110~11!"' 
III,PlP-~~0 

SUBTOTAL 

2~,4~0~~"' 
0,111111"'070 
0, I !H"00"' 
0,0kll~DI,d 

2(1,6kl0~Pkl 

~.011'1lfl~l!l 

SUB TOTAL 

~,II' ll1!7nOJ. 

SU~TOfAL. 

SUR TOTAL. 

Ill, 06. 
0,01 
0,32 

··-·---·-·-··-~ 
0,J9 

0,01 
111, .. 0 

--------------· 111,01-

.,i"" 
~.00 ·----------·-.-· 
"·"'"' 
0,1117 
0,24 
11!,11!2 

·-------·--·--· ii,JJ 

2,Jl 
lll,il2 
1, 03 
2,fl4 
0,03 
111,20 

·--------------0,23 

0,0!\ 

·--------·--·-· 1!1,0!1 

0,!12 
0,k14 
lll,k!EI 
0,0EI 
111,11!4 

4,·----~---------

"·M' 
··---------------·· . 

(8.83 MJ/kg) 

Note: This table is based upon information given in Reference 1, with 
the energy content of certain processes and materials revised by 
Arthur D. Lfttle, Inc. 
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I. PAPER 

More than 95% of the paper used in paper~tape cables is used as in­
sulation, in contrast to conducting paper which is used as a shield. 
Accordingly, insulating kraft paper is the primary topic of this section. 
'conducting paper-is discussed as a special case of insulating paper. 

~he two principal steps in the manufacture of insulating paper are 
pulp production (including wood procurement) and papermaking. This type 
of paper is produced by approximately 20 manufacturers in the U.S. A 
pulp-making and a paper-making installation have be.en selected which 
represent typical production facilities. The analysis was performed by 
establishing a set of assumptions regarding material characteristics and 
typical manufacturing practices. 

1. Pulp Production 

The pulp production model shown in Figure IV.I.l produces electrical 
grade market pulp (i.e. unbleached kraft). Electrical grade market pulp 
is produced from 100% virgin softwood fiber furnish and differs from con­
ventional unbleached kraft'market pulp only in that it g~es through 
special washing steps. The mill is assumed to be located in the north­
eastern U.S., although considerable electrical grad~ pulp is also im­
ported from Canada and, to a lesser extent, Scandinavia. 

Table IV.I.l lists the processes and energy requirements of pulp­
making. This model assumes the extensive use of wood preparation and 
pulping residual materials for in-plant production of steam and electric 

. power. Th~ total energy snppliPd <!mountll to 32.9 u 106 Btu per ail:­
dryed ton (ADT). Most of this energy (90%) is supplied from the com­
bustion of waste and residual fuels; the remainder comes from fossil 
fuels. In mills lacking the facilities for waste heat utilization a . 
much larger proportion of the total heat requirement would have to 
come from fossil fuels. 

2. Papermaking 

The papermaking model shown in Figure IV.I.2 produces electrical 
insulating paper from specially washed 100% virgin northern ·softwood 
pulp. The mill is assumed to be a non-integrated (paper production 
only) mill located in the northeastern U.S. Table IV.I.2 shows process 
details.- The total energy supplied amounts to 19.7 x 106 Btu per 
machin~::::.Ciried ton (MDT) of paper produced. 

A non-integrated paper producing facility has the disadvantage of 
not being able to utilize the s~eam and power which are generated as 
a byproduct of a modern pulping op_eration. Wherever such steam and 
power are available, a considerable reduction in fossil fuel and 
electric power usage would be possible. 
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Fossil Fuel: 5.0 X 105 Btu 
I 
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TABLE IV.I.l. PULP PRODUCTION 

ASSUMPTIONS 

Process: 

Mill Location: 

Fiber Furnish: 

Product: 

Pulp Yield: 

·Output: 

Boundary Limits: 

Calculations: 

ENERGY REQUIREMENTS 

Wood Procurement 

Wood Preparation 

Pulping 

Drying 

.Power & Steam Generation 
(Including Recovery 
& Liquor Preparation) 

Effluent Treatment 

Lime Reburning 

Mise & Aux. 

Power Credit 

Continuous sulfate kraft pulping 

Northeast. USA 

100% soft roundwood 

Electrical grade pulp (special washing) 
10% Moisture 

47% 
730 ADT/day 
252,000 ADT/year 
345 net operating days 

From wood procurement throuth production 
of dried market pulp. 

Heat and energy balances based on the 
production of one (l).ADT of pulp. 

Fossil Fuel 

(106 Btu/ADT) 

o.s 

1.9 

Steam 
(lb/ADT) 

3,900 

6,000 

3,600 

3,000 

Power 
(kWh/ADT) 

110 

120 

120 

200 

40 

Subtotals 2.4 16,500 
17 •. 3(1) 

60 

(250) 

400 

Energy Required in .106 Btu/ADT 2.4 l.s<2> Totalr 21.5 

ENERGY SOURCES 
Heat Value Conversion '!otal 

(106 Btu/ADT) (lG6 Btu/ ADT) Efficiencx 

Spent Liquor 25.6 .63 16.1 

Bark & Hogged Fuel 4.2 .57 2.4 

Fossil Fuel - Wood Procurement o.s 1.00 o.s 
- Steam & Power 0.7 .as 0.6 
- Lime Reburning ....!:! 1.00 ....!:! 

32.9 21.5 

TOTAL ENERGY REOl'IRF.MENTS: ' 32.9 x 106 Btu/ADT (38.16 MJ/kg) 

(1) Steam - 1,050 Btu/1b 
(2) On-Site Generated Power - 4,400 Btu/kWh 
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TABLE IV. I. 2 
' ENERGY REQUIREMENTS FOR PAPERMAKING 

BASIS Process: 

Mill Location: 

Fiber Furnish: 

Product: 

Pulp Yield: 

Output: 

Boundary Limits: 

Calculations: 

ENERGY REQUIREMENTS 

Fourdrinier Machines 

Northeast USA 

100% virgin northern softwood pulp 

Electric Cable Paper 59# BW (Basis Weight) 
0.005 Thickness, 0.75 g/cc density, 4% 
moisture 

'95% 

120 MDT 
39,600 MDT/year 
330 net operating days 

Repulping of dried pulp through production 
of cable paper in roll form 

Heat and energy balances based on the 
production of one (1) MD ton of ·cable 
paper. 

Steam Power 
(lb/MDT) (kWh/MDT) 

Pulping & Stock Preparation 240 

Paper making 9,700 

Water & Effluent Treatment 

Misc. & Auxilliaries 12320 

Total Energy Requirement 11,020 

Heat Equivalent (106 Btu) 11.57(l) 

ENERGY SOURCES Heat Value 

Fossil Fuel 

Purchased Power 

(106 Btu/MDT) 

13.6 

6.14 

19.7 

110 

60 

160 

570 
5.99(2) Total: 1. 76 X 107 

Conversion Total Efficienc;y 
(106 Btu/MDT) (%) 

.85 11.56 

.98 6.02 

17.58 

TOTAL ENERGY REQUIREMENTS: 19.7 
6 . 

x 10- -Btu/ton · (22.85 MJ/kg) 

(1) Steam-1,050 Btu/lb. · 

(2) Purchased electricity - l0,500 Btu/kWh. 
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Combining the energy used to make ~ulp and electrical grade kraft 
paper, the energy content is 5.26 x 10 Btu per ton. The physical 
form of paper as it leaves the mill for a cable plant is a roll weighing 
900 pounds (nominally), about 2 1/2 feet wide. Subsequent drying, 
slitting and wrapping operations performed in the cable plant will be 
described in Chapter V. 

7 Energy Content of Insulating Paper: 5.26 x 10 Btu/ton 
(61.02 MJ/kg) 

3. Conducting Paper 

Conducting papers are made in a manner similar to that discussed 
above, and then impregnated with a conducting material. Carbon is 
the most common impregnant. An estimated energy content value for 
~r:n:vh.u~ting pRpP.r has heen developed using the simple procedure shown 
below. 

7 . 7 
(Paper energy content= 5.26 x 10 Btu/ton) x .90 tons= 4.73 x 10 Btu 

(Carbon energy content = 6.86 x 107 Btu/ton) x .10 tons = 6.86 x 106 Btu 

Energy Content of Conducting Paper: 5.42 x· 107 Btu/ton 
(62.87 MJ/kg) 

J. INSULATING OILS 

The oils used in HPOF systems may be either natural (often c~lled 
"mineral" oil)· or man-made (synthetic) oils such as polybutenes. Both 
types-have been analyzed. Figure IV.J.l illustrates the process steps 
used in producing mineral oil, and Table IV.J.l shows the derivation 
of energy inputs. The representative value for the energy content of 
min~ral oil is 1.06 x 107 Btu per barrel (42 gal.) of oil. Approximately 
85% of this value is due to the energy inherent in the feedstock, which 
is crude oil. The representative density of mineral oil was taken to 
be 55.54 lbs/ft3. 

Energy Content of Mineral Insulating Oil: 6.79 x 107 Btu/ton 
(78. 79 MJ/kg) 
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TABLE IV. J .1. ENERGY CONSUMPTION IN THE PRODUCTION OF MINERAL OIL. 

Process 

Atm. Distillation 

Prorated feedstock 

Vacuum Distillation 

Solvent Extraction 

H2 Treatment 

H2 Consumption 

Dewaxing 

Filtration 

* · 1 kWh = 10,500 Btu 

* Electricity 

l~:~; X 7 .. 9 kWh 

~:~; X 2.64 kWh 

1.5 kWh 

1.4 kW'n 

14.7 kWh 

** 1 lb. of steam = 1,188 Btu 

** Steam 

1. 53 444 15.87 x lbs. 

1. 53 147 lb 5.87 X S. 

61 lbs. 

18 lbs. 

226 lbs. 

Fuel Other 103 Btu/bbl 
Mineral Oil 

1;:~~ : 1.48xl0
6 

Btu 201 

1.53(bbl)x6(103Btu/bbl) 9,180 

~:~~ x 4.llxl0
5 

Btu 

4.36xl05 Btu 

4.60xl04 Btu 

3.20x104 Btu 

140scf x 325 (Btu) 
scf 

160 

524 

82 

46 

423 

32 

10,648 

Energy Content of Mineral Insulating Oil: .1.06xl07 Btu/bbl 

(78.88 MJ/kg) 



Production of synthetic oil starts with mixed butenes, commonly 
derived from crude oil. The process is shown in Figure IV.J.2, and 
described in Table IV.J.2. At 1.01 x 107 Btu per barrel, the energy 
content of this oil is obviously not far from mineral oil. The major 
difference is that energy inherent in the feedstock represents 65% 
of the total. Synthetic oil is lower in density th~n mineral oil; the 
representative. density was taken to be 51.17 lb's/ft • 

Energy Content of Synthetic Insulating Dil: 7.02 x 107 Btu/ton 
(81. 43 MJ /kg) 

K. PLASTICS 

The plastics used most extensively in transmission. systems are 
polyethylene (PE), polyvinyl chloride (PVC), polypropylene (PP) and 
poly (ethylene terephthalate), which is commonly referred to as Mylar.* 
PE and PP are used primari.ly for electrical insulation. PVC is high 
in abrasion resistance, and is often employed as an exterior jacketing 
material. Mylar, in the form of metallized thin films, is used both 
for HPOF pipe-type cables and superconducting cable systems. 

1. Polyethylene 

The simplicity of the polyethylene production process is evident 
from Figure IV.K.l. Starting with crude oil, only distillation, cracking 
and polymerization are required. The calculated value for the energy 
content of low-density polyethylene (LDPE) is 7.02 x 107 Btu per ton· 
(81. 43 MJ per kg), of which 65% is the inherent chemical energy content-. 
The representative density of LDPE was taken to be 57.44 lbs/ft3. The 
following assumptions were made: 

A. The chemical energy associated with the carbon and 
hydrogen in the LDPE (22,680 Btu/lb) is essentially 
the same as for the equivalent mass in the crude oil. 
This figure is based on the high heating value (HHV) 
of ethylene (21,600 Btu/lb). 

B. The energy consumed in crude distillation was 
prorated based on·the volumetric yield of naptha 
which was assumed at 25%. 

* Mylar is the registered trade name for resin produced by E.I. Dupont 
de Nemours. 
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TABLE IV.J.2 

PRODUCTION OF POLYISOBUTENE OIL 

.Production of ~tixed Butenes 

Pro Rata Share of FCU Utilities 

Polymerization/Separation of ,Polyisobutene 

Feedstock Energy 

Electricity 

Steam 

Fuel 

(1.1 lb/lb product) 20,700 Btu/lb 

(0. 30 kWh/lb) 10,500 Btu/kWh 

((, _.ll>s/.lb) .I.,LBH Bt:~t/11, 

Rtu/lh 
of Oil 

460 

22,770 

3,150 

1, .1. ·:o 

1,600 

35,110 

Energy Content of Polyisobutene Oil: 70.2 x 106 Btu/ton 

(81.43 MJ/kg)_ 
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Cr ude Oil 

14.81bsc 

i 

c4 Minus Net c4 Minus 

\ 

Crude Naphtha Steam 
Oi:ttillotion 

3.121bs 
Cracker 

c4 Plus 

~ = 5,600 Btub 

a. Prorated share of distillation utilities to naphtha, Btu/lb LOPE. 

b. Prorated-share of utilities for ethylene, Btu/lb LOPE. 

c. Crude gravity 300 lb/bbl; naphtha gravity 250 lb/bbl. 

FIGURE IV.K.l 

PRODUCTION OF POLYETHYLENE (LDPE) 

IV-43 

Ethylene 

'i.061bs 

c5 Plus 

1.00 pound 
of LOPE 

' 

' 

a3 = 6,650 Btu 

/ 



~· .. ...;... 

c. The steam cracker utilities were prorated by the 
ratio of ethylene product over total products, 
less tailgas and pyrolysis fuel oil which are 
consumed internally as fuel. The numerical 
value of this ratio is 0.424. 

2. Polyvinyl Chloride (PVC) 

\ 
The production process selected for PVC is based on ethylene and 

brine, and is shown in Figure IV .K.Z. This analysis is based---on a 
diaphragm cell caustic-chlorine plant using brine produced from on­
site brine wells which is common practice in the U.S. Gulf Coast area. 
The vinyl chloride monomer is produced using oxychlorination technology. 
PVC is produced from the suspension process, producing general purpose 
resin. 

In the caustic-chlorine plant the energy allocation between chlorine 
and the 50% caustic solution produced has been based upon a weight 
allocation on a 100% basis. That is to say, the chlorine is assigned 

· 48.7% of the energy requirements and the caustic stream the balance. 

Table IV.K.l discusses-the energy inputs for each process step in 
detail. The energy content of PVC is 6.14 x 107 Btu per ton (71.22 MJ 
per kg); the representative density was taken to be 84.28 lbs/ft3. 

3. Polypropylene (PP) 

Polypropylene film appears to be the most successful material to 
laminate with paper to produce so-called "synthetic" paper tapes for 
pipe-type cables. Th~ analysis begins with naptha as input to an olefin 
plant, as shown in Figure IV.K.3. The total energy content for poly­
propylene is 6.65--x--107 Btu per ton (77.14 MH per·kg), which is derived 
in Table IV.K.2. The representative density of PP was taken to be 
56.19 lbs/ft3. 

4. Mylar 

Production of mylar is extremely complex, compared to the preceding 
reslns. Table IV.K.3 indicates the final results of an energy content 
analysis. Appendix A.2 describes the production process· in detail. 
The estimated energy content of mylar film is 1.58 x 108 Btu per ton 
(183.24 MJ per kg); its density is 87.40 lbs/ft3. 
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Brine 

1.3191bs 
(0.6421b) 

Caustic - Chlorine 
Plant 

Steam Electricity 
2.131bs 1.096 kWh 

(1.037 lbs) (0.534 kWh) 

Ethylene 0.53 I b 

VCM Plant 1.02 lbs 

VCM 

Chlorine 
0_694 lb Electricity 

0'.157 kWh 

Fuel 
4,470 Btu 

H2 
.-

NaOH 
as 50% 

3.57 scf 
1.739 scf 

0.731 lb 

Note: Values in ( ) are the quantities allocated to production of chlorine. 

FIGURE IV.K.2. PRODUCTION OF POLYVINYL CHLORIDE 

• 

-

PVC Plant 1.0 lb 

PVC 

Electricity 
0.224 kWh 

Steam 
1.451bs . 

-



TABLE IV.K.l 

ENERGY REQUIREMENTS FOR THE PRODUCTION OF POLYVINYL CHLORIDE 

Caustic-Chlorine Plant 

Brine • 
* Electric Power 

** Steam 

Byproduct H2 
Net Energy 

VCM Plant 

Chlorine 

Ethylene 

Electric Power 

Fuel 

Net Energy 

• 
PVC Pfant -----
VCM 

Stearn 

Quantity 

0.642 los 

0.534 kWh 

1.037 1bs 

(1. 739 SCF) 

0.694 lbs 

0.52 1bs 

0.157 kWh 

4,470 Btu 

1. 02 lbs 

1.45 1bs 

Electric Power 0. 224 kWh 

Net Energy 

Energy Content of Polyvinyl Chloride: 

\ 

* Electricity rated at -~_9,500 Btu per kWh. 

Energy 
' 

0 

5,607 Btu 

·1,303 Btu 

(563) Btu " 
6,347 Btu/0.694 1bs c12 

6,347 Btu 

14,087 Btu 

1,648 Btu 

4,470 Btu 

26,552 ntu/1.02 lbs VCM 

. 26,Yi2 IStu 

1,822 Btu 

2,352 Btu 
L 

30,726 Btu/1b PVC 

6 . 
61.4 x 10 Btu/ton 

(71. 22 MJ/kg) 

** This steam requires 980 Btu_per pound; a production (thermal) efficiency 
of 78% has been assumed for this plant. 
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Ethylene 
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FIGURE IV.K.3. PRODUCTION OF POLYPROPYLENE 
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TABLE IV.K.2 

ENERGY'REOUIREMENTS FOR THE PRODUCTION'OF'POLYPROPYLENE 

_ Category 

Feed Stock. 

Polymerization 

Electricity 

Steam 

Pro Rata ·olefin Plant 

Electricity 

Fuel 

• ' 

1. 055 (21 ,032) 1 

.159. X 10,500 

. 3 X 1, 250 . 

(.199).054 ·x 10,500 

(.199)2.769 f 100 

Energy Content of Polypropylene: 

% 

22,189 (67) 

1,670 

3,750 

113 

5,510 

(16) 

(17) 

33,232, (100) 
I 

66.46 x 106 Bt~/ton 
(77 .10 MJ/kg) 



TABLE. 'IV .K. 3 

ENERGY CONTENT ANALYSIS OF MYLAR 

Raw Materials 

Dimethyl terephthalate 

Ethylene glycol 

Utilities 

Heat 

Amount 
(lbs) 

1.12 

0.40 

Electricity 0.2 kWh @ 10,500 Btu/kWh 

I 

Conversion ·to Film 

Aluminizing 

Energy 
CQnt~nt 

(Btu/lb) 

46,720 

29,970 

Subtotal 

Total 

Energy 
Content 
of Resin 
(Btu/lb) 

52,330 

11,990 

64,320 

650 

2,100 

67,070 

6,562 

2,000 

Assuming a 5% loss in conversion and aluminizing, the total energy 

content of aluminized mylar film is calculated as shown below. 

1.05 x 67,070 Btu/lb of resin= 70,420 Btu/lb of film 

Conversion to film 6,562 

Aluminizing 2,000 

Ener~x Content of Mylar: 78,982 Btu/lb of film (1.58 x 108 Btu/ton) 

(183.24 MJ/kg) 
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L. EPOXY RES INS 

Epoxy resins, with fillers added, are used to cast insulators for 
compressed-gas-insulated systems and pipe.supports for de superconducting 
systems. The production of cycloaliphatic epoxy resin (CER) and the 
hardener, hexahydrophthalic anhydride (HHPA), is similar in complexity 
to mylar production. Thus the table below only indicates the final 
results of energy content analysis; production process details can be 
found in Appendix A.3. 

Raw Materials 

Aluminum trihydrate: 0.7 lb x 7615 Btu/lb 

HHA: 0.1 lb x 44,200 Btu/lb 

CER: 0.2 lb x 74,900 Btu/lb 

Subtotal: 

Mixing: 0.1 kWh x 10,500 Btu/kWh 

Curing: 0. 2 kWh x 10,500 Btu/klfu 

Subtotal: 

Energy Content of Cast Epoxy Insulators: 

IV-50 

Energy Content 
of Insulators 

(Btu/lb) 

5,330 

4,420 

14,980 

24,730 

1,050 

2,100. 

3,150 

27,880 Btu/lb. 
(64.68 MJ/kg) 



M. PIPE COATING 

Most of the pipes used in HPOF pipe-type cable systems are protected 
from corrosion by bitumastic (asphaltic) coatings from 1/2 inch to 3/4 
inches thick. This type of coating has been selected for use on all 
buried pipes and CGI enclosures, to maintain comparability among trans­
mission systems. Figure IV.M.l illustrates the process of producing 
these coatings starting with crude oil input. The actual energy cal­
culations are shown in Table IV.M.l. The coatings are not particularly e 

energy intensive, at 5.68 x 106 Btu per ton. (6.59 MJ per kg), due to 
the large proportion bf sand and lime dust used. 

N. SULFUR HEXAFLUORIDE (SF62_ 

The production of SF6 is relatively straightforward. It is made in 
commercial quantities by burning lump sulfur in the presence of fluorine 
gas, and then removing impurities such as SF4, S2F10 and water in a 
series of dewatering, scrubbing, purification and drying steps. The 
gas is then compressed and stored prior to filling tanks for shipment 
and sale. 

As outlined in Table IV.N.l, the raw material inputs. are sulfur, 
fluorine, potassium hydroxide, soda-lime and charcoal. Process energy 
inputs are steam to melt the sulfur, fuel to heat the drier purge gas, 
and electricity to compress the purified gas. The representative figure 
for the energy content of SF6 is 1.12 x 108 Btu per ton (129.92 MJ per kg) 

In view of the fact that fluorine represents 95% of this total energy 
content, another table has been prepared describing the energy analysis 
of fluorine. Table IV.N.2 contains the data and assumptions. 

0. LIQUID HELIUM 

Helium occurs naturally in its gaseous elemental form in the atmos­
phere and in natural 1as. Since the concentration of helium in air is 
very low (about 5 ppm by volume), natural gas is the principal commer­
cial source of helium in the U.S. Typically, helium is being recovered 
today from natural gas streams containing no less than about 0.3% 
helium. 

Figure IV.O.l shows a typical flowsheet for helium recovery and 
purification. After removal of water vapor, carbon dioxide, and 
hydrogen sulfide, which would otherwise freeze and plug the downstream 
cryogenic equipment, the natural gas is chilled by reheating the con­
densed gas, which is returned to the pipeline from the separation unit. 
The chilled natural gas is then substantially conde~sed by indirect 
contact with gaseous nitrogen refrigerant, leaving only nitrogen, 

* Parts per million is often abbreviated as ppm. 
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VI. 
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Crude OiJ 

7.07 Bbl 

Other Products 

t 
Atmospheric 
Distillation 

Fuel 6.58 X 105 

Steam 1981bs -
Electricity 3.53 kWh 

Other Products 

t 
Long Residuum 

2.62 Bbi 1 

Vacuum 
Distillation 

' 
Fuel1.83 )( 105Btu 
Steam 66 lbs -
Electricity 1.18 kWh 

Asphalt 

0.68 Bbl 

Coating Material 

1 Ton 

Source: H.C. Price, Inc., Gulf States Asphalt, and Arthur D. Little, Inc. 

- Air Blowing 

Blown Asphalt 
0.12 Ton (0.68 Bbl) 

Extrusion 

FIGURE IV.M.l. PRODUCTION OF BITUMASTIC"PIPE COATINGS 

Fuel 1.65 X 105 Btu 
Electricity 2.2 kWh 

Silicon Sand 0.64 Ton 

Lime Dust 0.24 Ton 

Glass Fiber 0.001 Ton. 

Electricity 28 kWh 
Fuel 5.99 X 1 o5 Btu 

-. 



TABLE IV .M.l. ENERGY CONSUMPTION IN THE MANUFACTURE OF PIPE COATINGS 

Process 

Atm Distillation 

Vacuum Distillation 

Air Blowing 

Extrusion 

Asphalt feedstock 

* 1 kWh = 10,500 Btu 

** 

* Electricitv 

~: ~~ X 3. 53 kWh 

~: ~~ X 1. 18 kWh 

2. 2 kWh 

28 kWh 

1 lb. of steam = 1,188 Btu 

-- . 

** Steam 

~:~~ x 198 lbs. 

~:~~ x 6() lbs.~ 

Fuel 

~:~~ x 6.58xl0
5 

Btu 

~:~~ x 1.83xl0
5 ~tu 

5 1.65xl0 Btu 

5 5.99xl0 Btu 

Other 103 Btu/ton 
Coating 

89.5 

67.8 

188 

893 

0.12 ton x 3.7xl04 Btu 4,440 

5,678 

Energy Content of Bitumasti·: Coatings: 5. 68x106 Btu/ton 

(6.59 MJ/kg) 



.. 

TABI.E IV .N .1 

MATERIAL AND ENERGY REQUIREMENTS FOR THE PRODUCTION OF SULFUR HEXAFLUORIDE 

Material Inputs ' 

Sulfur 

Fluorine 

Material Tons 
/ton SF

6
_ 

0.231 

0.808 

Potassium Hydroxide 0.161 

Soda-Lime 

Charcoal 

negl. 

negl. 

Total Material Energy Inputs 

Energy Inputs 

Steam (lbs) 

(Fuel (kWh) 

Power 

Total Energy Inputs 

Energy, Btu x 106 Energy, Btu x 106 

/Ton Material /Ton of SF6 

5.8 

131.5 

23.3 

1.34 

106.25 

3.75 

111.34 

0.05 

0.01 

0.26 

0.32 

Energy Content of Sulfur Hexafluoride: 112.66 x 106 Btu/ton 

(129.92 MJ/kg) 
I ·, 
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Basis 

TABLE IV.N.2 

PRODUCTION OF FLUORINE 

The energy content of fluorine (Fz) was estimated by calculating the 
. electrolyte energy requirement for converting hydrogen fluoride (HF) 

to ·(F2) and adding the result to the published energy value4 ·of ·the 
required quantity of HF. Assuming the product purity is 96%, the 
reaction is as follows: 

* 
** 

\ 

100 HF + Electrical Energy ~ 4HF + 48H2 + 48F2 

Process inputs are as shown below. 

Inputs 

HF - 1.1 ton/ton F2 x 14.35 MMBtu/ton 

Electrical energy -

6.oz kWh/lb F2 x 2,ooo lb/ton x 10,500 Btu/kWh 

Gross Input 

** Less: byproduct energy credit 

H2 - 0.11 ton/ton F2 x 106.9 MMBtu/~on 

Net Energy Content. 

6 15.79 x 10. Btu/ton F2 

* 127.47 

143.26 

11.76 

131. 50 x 106- Btu/ ton F?, 

(152.54 MJ/kg) 

Electrical energy input: Arthur D. Little, Inc. estimate. 

Hz energy content is based on its lower heating value (heat of combustion) 
of 53,450 Btu/lb. 
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helium, and traces of hydrocarbons in the gaseous state. The crude 
_helium stream is then compressed to permit the condensation of the 
bulk of the nitrogen against a colder, vaporizing nitrogen refrigerant 
stream. Final traces of nitrogen are then removed from the helium 
product in a charcoal purifier. 

There are several factors which complicate the determination of 
the energy content of helium; Seemingly, the ~alculation would be 
relatively straightforward using a thermodynamic analysis of Figure 
IV.O.l. However, problems arise from the following: 

1. The helium concentration in natural gas varies 
from field to field, and the energy requirement 

·for helium recovery is a significant function 
of its· initial concentration. 

2. The production of various natural gas wells is 
a matter of economics. Unfort:unately, from a 
helium production viewpoint, natural gas wells 
containing attractive helium concentrations 
usually also contain very high nitrogen con­
centrations -- high enough to prohibit practical 
u~ilization and sale of the' n·atural gas because 
of its relatively low heating value. 

~3. In many instances, helium recovery from natural 
gas is carried out in conjunction with other by­
product recovery such as p~pane or butene. There 
is then the question of how to allocate the total 
energy cost among the products. 

5 The .. U.S •. Department of Energy has proposed a simplified model 
which relates the energy requirement for a dedicated helium recovery 
plRnt t.n the initial helium concentration. This model is 

E = 150/P 

where E is the total electric energy consumption in kWh/Mscf* and P is 
the helium concentration in volume percent. The model is based on · 
various plant operating data, calculated extrapolations to other condi­
tions, and other estimates. The product is crude heli~ contatning 
about 60 to 80% He, which is typical of governemnt plants intended 
solely for the conservation of helium. To produce pure liquid helium 
for use in superconducting power transmission lines would require 
additional purification and liquefaction. We estimate that this in­
cremental energy is about 50 kWh/Mscf equivalent of helium produced. 

* Mscf r~pr~~-~P!.s ___ 1::b.9usa.~~ _f;l_t~_tid~r.d _cub_ic _ _fe_et .• 
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Table IV.O.l contains sample calculations using the DOE model. 
Using this model with an appropr_iat.e increment for purification and 
liquefaction, the energy content of helium is estimated to be 6.96 x 108 
Btu per ton when it is produced from natural gas containing 0.5% helium. 
This is typical of plants which are now operating and are likely to be 
operating for the next several years. 

Table IV.0.2 is based on specific data f'or the National Helium Cor­
poration plant, which utilizes a feed composition of 0.4%.He. Helium 
energy content from this plant is estimated to be 5.81 x 108 Btu per 
ton. Since this is based on an actual plant operation, it has been 
selected as the representative value for the energy content of liquid 
helium. 

Energy Content of Liquid Helium: 5.81 x 108 Btu/ton 
(673.96 MJ/kg) 
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TABLE IV. 0. 1 
. ' ENERGY CONTENT OF LIQUID HELIUM USING SIMPLIFIED DOE MODEL 

Basis: Helium concentration -in-natural gas= 0.5% 

DOE model: E = 150/P - 150/0.5 

Add energy for purification and liquefaction 
Total: 

Btu equivalent: 

= 300 kWh/Mscf 

50 kWh/Mscf 
350 kWh/Mscf 

kWh Btu 1 Hscf 379 scf 2000 •, bs 350 Mscf x 10 • 500 kWhx lOOOx st:fx 416 x ton ·= 

. () 
696 x 10 Btu/ton (807 .36 MJ/kg) 

TABLE IV.0.2 

ENERGY CONTENT OF LIQUID HELIUM USING NATIONAL HELIUM CORPORATION DATA 

Basis: Helium concentration in natural gns = 0.4% 

Energy consumption: 242 kWh/Msd 

Add energy for purification- and liquefaction 50 kWh/Msd 
29_2_ kTt1hiMs .. :f 

Btu equivalent: 

kWh 10 500 Bt~ _1_ Hscf 379 sc~ 2000 1bs .,. 292 Mscf X , kWh X 1000 X scf X 4 .X 1b X t·m -

6 . 
581 x 10 Btu/ton (673.96 MJ/kg) 

IV-59 



References for Chapter IV 

l. "Energy Use Pat terns in Metallurgical and Non-metallic Mineral 
Processing, Phase 4": prepared for the Bureau of Mines, U.S. 
Department of the Interior, by Battelle Columbus Laboratories, 
1975; NTIS PB-245 759. . 

2. "Energy Use Patterns for Metal Recycling": prepared for the 
Bureau of Mines by Arthur D. Little, Inc.; 1978; Bureau of 
Mines document number IC-8781. 

3. "Potential for Energy Conservation in the Iron and Steel Industry", 
prepared for the Federal Energy Administration (now part of the 
Department of Energy) by Gordian Associates, New York,·New York. 

4. "Energy Use Patterns in Metallurgical and Non-Metallic Mineral 
Processing", Phase 5 (Energy Data and Flowsheets), Interme.diate­
priority Commodities, Battelle Columbus Laboratories, Ohio, 
September, 1975. 

5. "The Energy-Related Applications of Helium", ERDA-13, u.s. 
Energy Research and Development Administration (now part of 
the·Department of Energy), 1975. 

IV-60 



V. ENERGY CONTENT OF MAJOR SYSTEM COMPONENTS 

A. INTRODUCTION 

This chapter describes the manufacturing of transmission system 
components, starting from the basic materials analyzed in Chapter IV, 
and the energy analysis of support systems. The three support systems 
are oil pressurizing plants, terminals for de systems and refrigera­
tion systems for superconducting transmission lines. 

B. _STEEL PRODUCTS 

Three predominant types of steel products are used in electric power 
transmission systems. These include structural steel forms (used in 
lattice-type towers), steel pipe (used in HPOF pipe-type and super­
conducting systems) and steel cable, drawn from wire rod. Figures V.B.l 
_through V.B.3 .illustrate the manufacturing operations required to trans­
form steel ingots into structural forms, pipe and wire rod, respectively. 
Tables V.B.l through V.B.3 summarize the energy accountJng for each 
step. 

Y,Tire rod must be drawn and stranded to produce cable. Based on our 
field trips to cable manufacturing plants and traditional industry 
practice, it is estimated that 2.90 x 106 Btu per ton is a good rep­
resentative value for the energy content of wire drawing for strand 
sizes less than 0.150 inches in diameter. Stranding requires little 
additional energy, approximately 1.0 x 106 Btu per ton. Combining 
these values with the energy content of wire rod, the estimated energy 
content of steel cable is 34.1 x 106 Btu per ton. The steel energy 
content of ACSR overhead conductors is calculated using this value. 
All of the steel product energy content figures are summarized below. 

Structural steel: 2.92 x 107 Btu/ton (33.87 MJ/kg) 

Steel pipe: 3.98 x 107 Btu/ton (46.17 MJ/kg) 

Steel cable: 3.41 x 107 Btu/ton (39.56 MJ/kg) 

C. ALUMINUM PRODUCTS 

The major aluminum products of interest are stranded aluminum wire 
for overhead lines and aluminum pipe for CGI systems. Cables are 
produced from coils of cast wirt! rod. Pipes can. be made from cast 
slabs or ingots. 
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TABLE: V .B.l. ENERGY REQUIREMENTS FOR CONVERSION OF INGOTS TO STRUCTURAL$ 

(Step Number) Process Unit 

( 1) PRUL.A..R1 BRL\.KDOhTN MILL TO BLOOHS (Yield = 85%) 

Coke Oven :cas . 103 ft 3 

Natural Ga:s 10 3 ft 3 
I 

Electricit,y 
. kWh 

Oxygen 10 3 ft 3 
I 

Rolls and ~earings lb 

Subtotal 

(2) BLOOM REHE.~T FURNACE (Yield 100%) 
I 103 ft 3 Natural Gas 
! 

10 3 ft 3 Coke O·;en Gas 
I 

Fuel Oil gal 

Electricity kl-lh 

Refractories lb 
' 

Subtotal 

(3) STRUCTURAL )!ILL (Yield 96%) 

Electricity kvlh 

Subtotal 

TOTAL 

Units Per Net 
Ton of Produce 

3.1S 

0.06 

31.25 

0.12 

0.16 

2.15 

1. 35 

0.49 

3.1). 

1.04 

42 

Note: This table is based upon ADL data and Reference 1. 

Energy Re~uired Million Btu 
Per Unit. Per Net 

(Million Btu) Ton of Product 

0.5 1. 58 

1.0 0.06 

0.0105 0.33 

0.183 0.02 

0.015 0.002 

1. 992 

1.0 2.15 

0.5 0.68 

0.15 0.07 

0.0105 a·. 03 

0.0125 0.01 

2.94 

0.0105 0.44 

0.44 

5. 372 --

(6.23 MJ/kg) 
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TABLE V. B. 2. ENERGY REQUIREMENTS FOR CONVERSION OF INGOTS TO WELDED PIPE 

(Step Number) Process Unit 

(1) PRHIARY BREAKDm.JN MILL TO SLABS (Yield = 85%) 

Coke Oven Gas 
Natural Gas 
Electricity 
Oxygen 
Rolls and Bearings 

Subtotal 

(2) SLAB REHEAT FURNACE (Yield = 100%) 

Natural Gas 
Coke Oven Gas 
Fuel Oil 
Electricity 
Refractories 

10 3 ft3 
10 3 ft3 

gal 
kWh 
lb 

Units Per Net 
Ton of Product 

3.84 
0.08 

38.2 
0.15 
0.19 

2.62 
1.65 
0.60 
3.82 
1. 27 

Energy Required 
Per Unit 

(Hillion Btu) 

0.5 
1.0 
0.0105 
0.183 
0.015 

1.0 
0.5 
0.15 
0.0105 
0.0125 

. 
Million Btu 

Per Net 
Ton of Product 

1.~2 
0.08 
0.40 
0.03 
0.003 

2. 433 

2.62 
0.83 
0.09 
0.04 
0.02 

,., 

Subtotal 3. 60 

(3) HOT STRIP MILL (Yield 96%) 

Electricity 
Rolls and Bearings 

kWh 
lb 

122.1 
3.3 

0.0105 
0.0125 

1. 28 
0.04 

Subtotal 1.32 

(4) PICKLE LINE (Yield 91%) 

Steam 
Electricity 
Hidrochloric Acid 

Subtotal 

(5) PIPE MILL (Yield = 90%) 

Coke Oven Gas 
Electricity 

Subtotal 

1J 3 lb 
kWh 

net ton 

Note: This table is based upon ADL data and Reference 1. 

0.14 
13.3 
0.019 

3.92 
85 

1.0 
0.0105 
9.25 

0.5 
0.0105 

0.14 
0.14 
0.17 

0.45 

1.96 
0.89 

2.85 

10.653 

(12.36 MJ/kg) 
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TABLE V.B.3. ENERGY REQUIREMENTS FOR CONVERSION )F INGOTS TO HIRE ROD 

• 
(Step.Number) Process 

(l) PRIHARY BREAKDOWN TO BLOOMS (Yield 
-

Coke Oven Gas 

, :.iatural Gas 

Electri·:ity 

Oxygen 

Rolls and Bearings 

Subtotal 

(2) PRI:L\RY BREAKDOHN TO BILL:::TS (Yield 

Electricity 

Subtotal 

(3) BILLET REHEAT FVRNACE (Yield 

Natural Gas 

Coke Oven Gas 

Fuel Oil 

Steam 

Electricity 

Refractories 

Subtotal 

(4) ROD ~ILL (Yield 

Electricity 

Subtotal 

93%) 

100%) 

Unit· 

85%) 

10
3 
ft3 

10
3 
ft3 

kWh 

10 3 
ft3 

lb 

97%)­

k\.fu . 

10 3 
ft3 

10
3 
ft3 

gal 

lb 

kWh 

lb 

Units Per Net 
Ton of Prc·duct 

3. 36 

0.07 

33.4 

0.13 

0.17 

48.6 

l. 33 

'l. 33 

3.15 

3.98 

3. 23 

1.08 

78 

Note: This table is based ~POn ADL data and Reference 1. 

Energy Required Million Btu 
Per Unit Per Net 

(Million Btu) Ton of Product 

0.5 

l.O 

0.0105 

0.183 

0.015 

o. cho5 

l.O 

0,5 

0.15 

0.0027 

0. 0105 

0.0125 

'0.0105 

l. 68 

0.0-7 

0. 35 

0.02 

0.003 

2.123 

0.51 

0.51 

l. 33 

0.67 

0.47 

0.01 

0.03 

0.01 

2.52 

0.82 

0.82 

5.973 

(6.93 MJ/kg) 



Drawing and stranding of aluminum into cables is estimated to 
require 4.0 x 106 Btu per ton, based on observations of equipment 
made during inspections of cable manufacturing plants. This is 
about 2% of the inherent energy content of aluminum wire rod. The 
estimated aluminum energy content of ACSR cables is 2.28 x 108 Btu 
per ton (264 MJ per kg). 

Aluminum p~pe is produced by rolling slabs or ingots to the desired 
thickness, forming the plate into a circular shape and welding the 
seam. It is estimated that these operations require 8.0 x 106 Btu 
per ton of pipe. , Thus the total energy content of aluminum pipe is 
taken to be 2.32 x 108 Btu per ton (269 MJ per kg). 

D. CERAMIC PRODUCTS 

The major ceramic products used in transmission systems are sus­
pension insulators, potheads (cable terminations) and station posts. 
Figures V.D.l through V.D.3 show the construction of suspension in­
sulators, potheads and station posts, respectively. The material· 
processing and manufacturing operations required to produce these 
products are indicated in Figure V.D.4. 

The primary raw materials w~ich go into the making of ceramic 
insulating products are kaolin, ball clay, feldspar and quartz. Each 
of these materials is, mined in the U.S. and depending upon location of 
the insulator manufacturing facility is either transported by rail 
in covered hopper cars or by truck. In addition to these raw materials, 
alumina i.s sometimes used as a,replacement for the quartz in order to 
make high-strength bodies. Since bauxite is essentially no longer 
mined in the U.S., but rather mined in South America or Jamaica, a 
2,000 mile ocean shipping energy charge was added. 

Given these various assumptions it was calculated that mining of 
the raw materials consumes approximately 260 Btu per pound, while 
transportation of these raw materials consumes 245 Btu per pound. As 
will be evident later, these energy charges are inconsequential when 
compared to the total energy requirements for manufacturing insulators. 

Prior to forming the insulators into a desired shape, the raw 
materials must be weighed and mixed with water appropriately. These 
steps consist of weighing in the proper amounts of the various raw 
materials, then conveying them to a blunger which is merely a large 
tank with a revolving gate. Water is added such that a fluid mix is 
attained. .This suspension or slip is next screened and passed through 
magnetic separators to remove any tramp iron and then filter pressed 
to remove a large portion of the water. The material is then in a 
form which is "plastic" or moldable. It is next pugged which is like 
a kneading operation and this is done under vacuum to remove trapped 
air. Following these operations the pugged material is extruded into 
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Cement 

Porcelain 

Cement 

ForgP.d Steel 

Eye-Bolt 

Source: Lapp Insulator D ivision, lnterpace Corp. 

FIGURE V.D.l 

TYPICAL SUSPENSION INSULATOR 
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Oil level 
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Compression 
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Bleeder 

Hand Hole _ __. .. 
Cover 
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50Y." 

87 5/8" 

Source: Underground Systems Reference Book, Edison Electric Institute, 1957 

FIGURE V .D.2 

TYPICAL POTHEAD FOR HPOF SYSTEMS 
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I ~ Posts. 
Potheads, ) ~·-·~ Bushin9s 

( 
Inspection 

Clay 
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Glaze Slip 

FIGURE V.D.4 

FLOWSHEET FOR PRODUCTION OF CERAMIC PRODUCTS 
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either solid or hollow cylinders upwards of about 3 feet in diameter, . 
before being formed into shape. All of these various material prepara­
tion steps consume about 1,100 Btu per pound of finished product. The 
energy consumed is in the form of electricity. · 

The-products are dried to a moisture content of 1 to 3% prior to 
turning, or about the same after hot pressing. Drying consumes typi­
cally 14% ·of total plant· electricity usage and 30% of the plant natural 
gas requirements. 

Ceramic insulators are formed by either turning or hot pressing. 
The post and pothead types are formed by turning, which consists of 
turning the appropriate size cylinder on a lathe. Suspension insulators 
are hot pressed in plaster molds. Both of these forming operations 
consume about the same amount of energy. The energy used is primarily 
electricity, and represents roughly 6% of total plant energy require­
ments. 

The raw materials which go into glazes are similar to those in the 
body, which have been included in the mining and transportation of the 
raw materials. Application of the glaze does require an additional 
energy input, which is electrical, corresponding to 4% of the total 
energy requirements. 

As one might expect, firing is the processing step which consumes 
the greatest amount of energy. It represents somewhat more than half 
of the total energy requirement to manufacture an insulator, or about 
two-thirds of the natural gas consumption. Firing is done in tunnel 
kilns or periodic kilns, which are continuous and batch operations, 
respectively. Size, complexity, and production volume requirements 
determine which type of kiln would be used. Suspension insulators and 
the smaller post and bushing types are fired in tunnel kilns, whereas 
the larger posts, bushings and potheads are fired in periodic kilns. 
At a zero refire*rate the periodic kiln uses about 20% more fuel per 
unit weight of insulator to f:i.:r.e. than a tunnel kiln, 10,500 Bt:u per 
pound versus 8,500 per pound. However, refire rates in a tunnel kiln 
are about 6 to 8%~ whereas in the periodic they could be nearer to 50%. 
More realistic values might be 9,300 Btu per pound in a tunnel kiln 
versus 2,100 Btu per pound in a periodic kiln. 

Grinding and cutting of the fired ceramic is necessary in order to 
finish off the ends of both post and pothead insulators. This opera­
tion consumes. less than 1% of the total in-plant energy requirement, 
all of which is electrical. Inspection and testing t.:unsume even less 
energy. 

* Items are put through the kiln again (re~fired) if defects in the 
glaze are observed. 
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Although most of the metal hardware is purchased and used d:l.t::ectly 
in manufacturing insulators, some machining is required for certain 
metal parts. .The energy consumed is electrical, and represents about 
4% of the total plant energy requirements. 

Assembling the insulators requires a variety of tasks, which are 
different for the variou·s types of insulators. In each a portland 
cement mix is used to cement on the metal hardware. Oil, paper and 
resin may also be required. The in-plant energy requirement for this 
operation is about 3% of the total plant energy requirements. 

The energy required for space heating depends primarily on a plant's 
geographic location, of course. However, even for plants in.northern 
locations the energy used for space heating is a small percentage of 
total plant energy requirements. For the plant we analyzed, which is 
located in central New York state, space heating consumed about 2% 
of the total plant energy requirements. 

Table v.n.l summarizes the energy content by component of suspen­
sion insulators, station posts and bushings. Bushings, which are 
essentially identical to potheads with respect to ceramic content 
and size, were analyzed due to a lack of data on pothead manufacturing 
during the plant visit. The data ·contained in the table have been 
used to estimate the energy content of potheads that are not com­
mercially available items, such as those suitable for service at 765 
and 1, 200 kV. 

E. HPOF PIPE-TYPE CABLE MANUFACTURING 

Figure V.E.l illustrates the procedures used to manufacture paper­
tape cables used in HPOF systems. Conductors are formed by successive 
steps of drawing, annealing, stranding and compacting. Rolls of kraft 
paper are slit into tapes, dried and wrapped around the· conductor. 
Oil is applied following vacuum drying, and the impregnated cable 
is wrapped with an oil barrier a~d skid wires. 

Table V.E.l indicates the energy content associated with each 
processing step. The heating ·and lighting (H&L) estimates are based 
upon plants located in the northeast part of the country, and will 
be lower for southern plants. In any event, the H&L fraction of the 
total is small. 

Based on the data contained in Table V.E.l, the generalized rela­
tionships shown below have been developed to estimate the total 
energy content of paper-tape cables. 

V-14 



TABLE V.D.l 

TOTAL ENERGY CONTENT OF SPECIFIC INSlLATOR 'TYPES 

App~oxiaate Weig~ts of Co,.ponetrts Ceramic Energy Cc·ntent To:al ~nersv Ccntent 

Ccra~ic. ~:e~al Oil Paper Ce~ Mining Tr"""?· In-p1~ Total Cera!!lic Xe~al C" P:!:>Cl' Cc"'e": TO':':\!. !:.:E::~:y 
-u;;- lbS gal. lbs 1~ Btc/lb Btu/1b lb/Btu Btu/lb Btu/pc Btu/pc s=u/;>c B:c/?C B:u/pc Btc/pc 

Scs:>ension 
.. 

18,730+ 20,000 lb 8.2 3.8 .5 29 215 18,970 155,600 38,000 -o- -0- 1,900 195,500 

30,000 1b 9.2 5.3 
.... >. 5 260 245 18,730 19,240 177,000 53,000 -o- -0- 1,900 231,900 

40,00() lb 9.2 7.1 .s 250 i45 l!i,730 19,24{) 177,000 7l,IJOO -o- -o- 1,900 249,900 
*** 50,000 1b 12.0 7.6 • 5 1,685 433 18,730 20,850 250,200 76,000 -0- -o- 1,900 328,100 

Staticn Post 
<: 
I 650 kV 275 1>7 • 75 250 245 18,730 19,2/oO 5,289,600 870,000 -o- -o- 2,850 6,162;450 I-' 

U1 1,050 kV 464 1)7 1.) 260 245 30,900- 31,410 14,570,000 1,370,000 -o- -o- 3,800 15,943,800 

1,550 kV 543 158 1..5 260 245 30,900 31,410 17,050,000 l,580,000 -o- -o- 5,700 18,635,700 

2,050 kV 912 334 2.•) 260 245 30,900 31,410 28,640,000 3, 340,000 -o- -0- 7,600 31,987,600 

2,425 kV 1,098 414 3.•) 260 245 30,900 31,410 34,480,000 ,..,14o,qoo -o- -0- 11,400 38,631,400 

Bushi:tgs 

13o kV 360 6'5 5 32 2.•) 260 245 30,900 31,410 11,305,800 650,000 690,000 928,000 7,600 13,591,000 

230 kV 925 13'5 36 230 3.oJ 260 245 30,900 31,410 29,049,300 IL,350,000 4,963,000 6,670,000 11,400 42,0.~8. 700 

345 kV 1,210 13:5 36 230 3.•) ~60 245 30,900 31,410 38,000,100 !1.,350,000 4,968,000 6,670,000 11,400 50,999,500 

500 kV 2,100 210 67 440 3. •) 260 245 30,900 31,410 65,950,500 2,100,0()0 9,246,000 12,760,000 11,400 90,067,900 

765 kV 2,650 190 120 750 3.•) 260 245 30,900 31,410 83,223,250 D.,9C0,0:)0 16,560,000 21,750,000 11,400 123,444,650 

.. 
Assumes no 2.lundna body .... 
Assu:nes avet·age aix - 10: alumina production 

"** Assumes on1>· high !l1u:nina body· 

+Assumes firjng in tunnel kiln -· Assumes firjng tn periodic kiln 
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TABLE V.E.l 

MANUFACTURING OF HPOF PIPE-TYPE CABLES 

·1. Conductor Processing 

Drawing strands from wire rod 
Annealing: copper (elec); 

aluminum (gas) 
Stranding and compacting into 

sectors 
Heating and Lighting (H&L) 

Cabling machine (wraps 4 sectors) 
H&L 

Complete conductor total: 

2. Insulation Preparation and Application 

Drying 
Slitting 
H&L 

Wrapping (iP dehumidified room) 

Total: wrapped (dry) cable 

3. Impregnation of Insulation 

Conductor heating 

I~sulation heating 

Oil Processing, vacuum pumping, 
and tank cooling 

H&L 

Tota1s: 

4. Finishing Operations 

Apply mylar tapes, copper:tapes 
and skid wires 
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Copper Aluminum 

278 Btu/lb 308 Btu/lb 

209 1092 

59 299 
78 78 

624 Btu/lb 1777 Btu/lb 

18 Btu/lb 18 
6 6 

24 Btu/lb 24 

648 Btu/lb 1801 Btu/lb 

( 1. 50 MJ /kg) (4.18 MJ/kg) 

180 Btu/lb 
132 II 

28 II 

340 Btu/lb 

·1.13 x 104 Btu/lb 

1.16 x 104 Btu/lb of paper 

(26.94 MJ/kg) 

359 Btu/lb of copper 
821 Btu/lb of aluminum 

507 Btu/lb of paper 

2.75 ~ 10 3 Btu/lb of paper 

978 Btu/lb of paper 

359 Btu/lb (0.83 MJ/kg) of copper 
821 Btu/lb (1.91 MJ/kg) of aluminum . 

3.257 x 10 3 Btu/lb (7.56 MJ/kg) of paper 

170 Btu/lb (0.39 MJ/kg) of paper 



F. 

Completed Conductor: 9.45 x 107 Btu/ton (110 MJ/kg) of copper 

2.28 x 108 Btu/ton (264 MJ/kg) of aluminum 

Insulation Preparation: 1.16 x 104 Btu/lb (26.9 MJ/kg) of dry paper 

Impregnation: 3.26 X 103 B.tu/lb (7. 56 MJ /kg) of dry paper 

359 Btu/lb (0.83 MJ/kg) of copper 

821 Btu/lb (1. 91 MJ /kg) of aluminum 

Finishing: 170 Btu/lb (0.39 MJ/kg) of dry paper 

SCOF CABLE MANUFACTURING 

Although the hollow conductor of SCOF cables is different in form 
from the compact round conductor of pipe-type cables, the energy required 
to make SCOF conductors is approximately equivalent to that of pipe-
type cables: both are on the order of 1% of the inherent energy content. 
Insulation impregnation energy requirements are also similar, so that 
values for both finished conductors and impregnation of SCOF cables 
are assumed equal to pipe-type'cable values. 

-One feature of SCOF cables not found on pipe-type cables is the 
thick metallic sheath which permits pressurization'of the insulating 
oil. Aluminum has been selected as the sheath material, for reasons 
d.bcu&&lild in ChRpt:Pr VT. ThP. altiminum sheath is c;Qld-extruded around 
the wrapped cable. This extrusion process is estimated to-r.equire 
426 Btu per pound of aluminum. The table below summarizes manufacturing 
energy requirements for SCOF cables. 

Completed Conductor: 9.45 X 107 Btu/ton (110 MJ/kg) of copper 

2.28 X 108 Btu/ton (264 MJ/kg) of aluminum 

Impregnation: 3.26 X 103 Btu/ton (7. 57 MJ /kg) of dry paper 

· 359 Btu/lb (0. 83 MJ /kg) of copper 

821 Btu/lb (1. 91 MJ/kg) of aluminum 

Sheath Extrusion: 426 Btu/lb (0.99 MJ/kg) of aluminum 
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G. EXTRUDED DIELECTRIC CABLES 

* The cable design developed for extruded dielectric (ED) cables by 
the General Cable.Company Research Laboratory requires five extrusions. 
Figure V.G.l shows the proposed production line for manufacturing ED 
cables rated at 138~· ·230 or 345-kV. Figure V.G.2 illustrates the 
polyethylene purification system, which is an important aspect of the 
General Cab~e manufacturing process. Reference 2 describes the process 
in detail. 

Based on a visit to this laboratory and another ED cable manufacturing 
plant, estimates of energy content for production of cross-linked poly­
ethylene (XLPE) cable have been calculated. Table V.G.l contains the 
results. 

G 1 f '• d enera izing rom this table, a value of 1.36 x 10 Btu per poun 
has been selected as the estimate of energy content for extruding and 
curing polyethylene. Extrusion of a PVC jacket over the four layers 
of polyethylene is the final manufacturing step. This process is 
estimated to require 5.53 x 103 Btu per pound of polyvinyl chloride. 
All of these manufacturing processes are summarized below. 

ComEleted Conductor: 9.45 X 107 Btu/ton (110 MJ/kg) of copper 

2.28 X 108 Btu/ton (264 MJ/kg) of aluminum 

Insulation Processing: 1. 36 X 104 Btu/lb (31. 6 MJ /kg) of PE 

Jacket Extrusion: 5.53 X 103 Btu/lb (12.8 MJ/kg) of PVC 

H. COMPRESSED-GAS-INSULATED (CGI) SYSTEMS 

The two U.S. manufacturers of CGI systems purchase the aluminum 
conductor and enclosure (both in the form of pipe) directly from alu­
minum producers. Insulators of alumina-filled epoxy resin are cast 
in-house. The remaining components are SF6, connectors and a protec-· 
tive coating, of which all but the connectors have been analyzed in 
terms of energy .content. Connector~ have been analyzed in surrogate 
form in Chapter VI. 

Given the insulators, conductor, enclosure and connectors, manu­
facturing of CGI systems consists principally of cleaning and ass~mbly 
operations. It is estimated that assembly operations, which are labor 
intensive, represent considerably, less than 1% of the material energy 
content. In view of this. estimate, and the accuracy of other component 

* A drawing of this type of cable is shown in Chapter VI, Figure IV.D.l; 
specifications for all cable designs are given in Table VI.D.l. 
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* 

TABLE V.G.l 

* PRODUCTION OF EXTRUDED DIELECTRIC CABLE 

Design Voltage (kV): 1J8 

Production Speed (ft/min): 1.30 

Pounds of PE per Foot of Cable: 1.07 

Compounding Energy Use (Btu/ft): 6,825 

Curing Energy Use (B_t:u/.ft): 7 ,.455 

Total r:nergy Consumption (Btu/ft): 14,280 

Total Energy Consumption (Btu/lb of PE): 13,345 

Total Enequ~: Consumption (MJ/kg of PE): 31.0 

230 

0.80 

1.87 

11,970 

12,075 

24,045 

12,858 

29.9 

This p1.rticular table is only accurate for a conductor size of 
1,000 kcmils;. and insuldtion specifications as given in Table VI.D.l. 
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.345 

0.50 

2.76 

17,640 
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39,270 

14,228 

33.0 



energy content estimates, a detailed calculation of the manufacturing 
energy required to construct CGI systems has not been performed. 

I. SUP~RCONDUCTING SYSTEMS 

Considering the fact that even the designs of superconducting systems 
are not known with certainty at this time, no attempt has been made to 
calculate the energy required to manufacture such systems. Since all 
-superconducting systems use laminated dielectrics, like standard paper­
tape cables, a very rough estimate of the manufacturing energy required 
for superconducting systems lies in the range of 5 to 15%. 

J. OIL PRESSURIZING SYSTEMS 

An oil pressurizing plant for HPOF systems typically services several 
cireuit~. Ho5t JJL~::;::;utl:dng plants are selt-contained units that can 
be trucked to the site and set upon a concrete base. The major components 
are an oil storage tank, a supporting frame, two pressurizing pumps, 
two motors, piping, control· equipment and a prote.ctive enclosure. Table 
V.J.l provides a breakdown by materials and energy content. 

K. DC TERMINALS 

Each de system requires two terminals, one to rectify (ac to de) 
and one to invert (de to ac). The analysis performed in this study is 
based upon the Square Butte HVDC 500 MW transmission system, which uses 
solid-state devices (thyristors) for rectification and inversion~ Com­
ponent data for this terminal have been supplied ·by the G·em:erai Electric 
Company. 

The major··compo~ents of a de terminal are power transformers, high­
voltage switches, thyristor valve Assemblies, smoothing reactors, 
harmonic filters, lightning arresters, bushings, a protective housing 
and switchyard equipment. Appendix A.4 describes these components in 
detail. The results of this terminal energy content analysis are 
summarized in Table V .K.l, which lists the type, quantity and energy_ 
content of" materials comprising the terminaf. It will be apparent in 
Chapter VI that the terminal energy content is extremely high compared 
to the per-mile energy c.ontent of any de line. 

L. REFRICERATION SYSTEMS 

The energy content of large cryogenic refrigeration systems suitable 
for the proposed superconducting transmission lines has not been cal­
culated to the same degree of accuracy as other system components for 
several reasons. The first is that there are no firm designs for such 
systems, which must provide on the order of 5 kW of coo"ling capacity 
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TABLE V.J.l 

ANALYSIS OF OIL PRESSURIZING PLANT 

Component Weight 

1. Base: concrete slab, 1.5'xl2'x43' 56.5 tons 

2. Steel: t~nk, frame, piping, 25 tons 

enclosure and misc. 

3. Copper: wiring, motors 400 lbs (est.) 

4. Oil in Tank: 20,000 gallon capacity; 

assume it is half full 

TOTAL ENERGY CONTENT OF OIL PRESSURIZING PLANT: 
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Energy 
Content 

7 8.4xl0 Btu 

8 7.3xl0 Btu 

1.89xl07 Btu 

9 2.4x10 Btu 

·9 3.23x10 Btu 

(3.4 X 1012 J) 



TAB'cE V. K.l 

ENERGY CONTENT OF A 500 MW DC TERMINAL 

Material 
Energy Energy 

Material Weight Content Content ---
(tons) (Btuxl06/ton) (Btux109) 

Aluminum 61.6 224.0 13.8 

Carbon steel and iron 745.0 29.2 21.8 

Silicon steel 313.0 36.7 11.5 

Stainless steel 1.5 36.7 .1 

Copper 92.0 94.5 8.7 

* Transformer insulation 114.: 52.6 6.0 

I Insulating oil 496.5 70.2 34.9 

P".rcelain 57.3 62.8 3.6 

Mylar 77.5 180.0 14.0 

Epoxy resin 31.5 55.8 1.8 

Sili'con .57 182.0 .1 

Concrete 1675. 1.5 2.5 

118.8 

(1. 25 X 1014 
J) 

* Paper has been assumed. 
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at l2°K. Second, a cryogenic refrigeration system'is far more complex 
than any other support system, so that an estimate of high accuracy 
would take considerable effort. Third, and perhaps the most compelling 
reason, is that a rough estimate of the total energy content of a 
cryogenic refrigeration unit based simply on gross weight indicates 
that it will not contribute more than 6% to the per-mile energy costs 
of the least energy-intensive superconducting line (the± 100 kV system). 

The rough estimate cited above is based upon a survey of cryogenic 
refrigerators performed by Strobridge,3 from which the data shown in 
Figure V.L.l have been taken. These graphs relate refrigeration require­
ments at a given temperature to the weight of the refrigeration units. 
Using 5 kW at l2°K, the weight found from the middle graph is 2 x 104 
kg (22 tons). If one assumes that the refrigerator is composed entirely 
of stainless steel plate (50%) and pipe (50%), with an average energy 
content of 7.12 x 106 Btu per ton, the unit energy content is 4.7 x 109 
'Btu. This may be a high estimate, because a subst.mtial part of the 
unit should be carbon steel pipe or plate (approximately 3.8 x .107 Btu 
per ton). Using three refrigeration units per station, and a spacing 
of 6.21 miles between stations*, the energy content per mile is 7.6 x 108 
Btu per mile (5.0 x 1011 J/km). It will be shown in Chapter VI that 
this corresponds to about 6% of the energy contained in the cryogenic 
cable system on a per mile basis. 

The refrigeration system energy content of all superconducting.trans­
mission systems has been estimated using Figure V.L.l and the assumptions 
stated above. · 

* The refrigeration requirements and spacing have been specified by the 
Los Alamos Scientific Laboratory (LASL) for the ± 100 kV de system; 
please refer to Section VI.F. 
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VI. ENERGY CONTENT OF COMPLETE TRANSMISSION SYSTEMS (UNINSTALLED) 

A. INTRODUCTION 

This chapter provides the following information for each type of 
transmission system studied: a verbal description of the system; 
illustrations of cables or major components; detailed specifications 
of system components; a sample of the computer analysis performed on 
that particular type of system, and a graph of system energy content at 
all voltages of interest. 

Although mariy.transmission system components are standardized, the 
majority are not. One utility's 345 kV HPOF pipe-type cable system may 
differ from another utility's system in terms of conductor size (and 
material), pipe size, choice of insulating oil 7 pipe coating and so on. 
Consequentiy, it was necessary to select a single representative value 
for most compone~t parameters in order to permit reasonable comparisons 
of transmission systems. The values •selected for all components of a 
given system. are identified in a table at the beginning of each section. 

Conductor size (area) for all conventional cable systems has been 
standardized at 2,000 kcmils (1.5708 in2 ). Insulation. thickness for 
paper-tape cables follows AEIC specifications for 1J8, 230 and 345 kV. 
The insulation thickness values chosen for 500 and 765 kV are based upon 
cables developed by British Insulated Callender's Cables (BICC) Limited 
(References 1 and 2), and the Phelps-Dodge Wire and Cable Company, 
respectively (References 3 and 4) • 

All extruded dielectric cable specifications were taken from proto­
type cables developed by the General Cable Corporation. Compressed gas­
insulated system information was supplied by the I-T-E Division of 
Gould, Inc. and the Westinghouse Electric Corporation. 

The Brookhaven National Laboratory (BNL) has developed prototypical 
• designs5 for ac superconducting cable systems operating at 138 and 345 kV. 

The systems analyzed in this study are based upon the BNL designs. Los 
. Alamos Scientific Laboratory (LASL) is performing research on super­

conducting cable systems also, but their work is focused on de systems_ 
operating at 100 and 300 kV. The de systems analyzed in this study are 
based upon the LASL system design6,7,8, 

The choices of conductor size and ·tower design for overhead lines 
operating at a given voltage are con'siderable. Conductors are normally 
sized to carry a particular current and meet particular strength require­
ments based upon span between towers. Other factors, such as minimizing 
corona loss and audible noise can also affect the choice of conductor 
specifications. The conductors selected for this study repres.ent sizes 

.'currently in use at each operating voltage, and may be considered as 
average or nominal sizes for each voltage. 
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Overhead line support structures are also designed to meet specific 
requirements. The operating voltage, terrain and line route can·result 
in differing tower or pole designs based upon span variations, clearance 
to ground or obstacles, function (e.g., dead-end towers versus tangent 
structures) and right-of-way limitations. Nevertheless, the support 
structures selected for use in this study have been chosen to represent 
typical or average_ structures employed at each operating voltage. 
Specifications for all of th~ ac structures analyzed were taken from 
poles or towers currently in use. Structures for de lines are based 
upon the + 250 kV Square Butte line and the + 375 kV Pacific Intertie. 

Table VI.A.i lists a number of conversion factors which may be 
useful if metric (SI) units are of interest. 

B. SELF-CONTAINED OIL-FILLED (SCOF) SYSTEMS 

This type of transmission system uses a cable with an annular 
conductor , as shown in Figure VI.B.l. Insulating oil fills the central 
core and impregnates the paper insulation. The oil is· kept under 
pressure to prevent the formation of voids in the insulation. Three 
types of SCOF cables are used in transmission systems. These include 
low-pressure oil-filled cables (commonly known as LPOF cables) which 
operate at 2-15 psig, medium-pressure (MPOF) ·cables operating at 30 to 
100 psig, .and HPOF cables which operate at a nominal pressure of 200 
psig. SCOF cables are widely.used in Europe for· underground power 
transmission systems, but are used minimally in the U.S. where HPOF 
pipe-type cable systems dominate. 

L:i:'OF cables use a sluglt:! 01 uuuLlt:!·sheath of lead; MPOF eablca 
employ lead sheaths reinforced by bronze tapes, double lead sheaths or 
aluminum. HPOF cables can be manufactured using either highly-reinforced 
lead or extruded aluminum sheathing. All of the SCOF cables analyzed 
in this report employ extruded aluminum sheaths. This type has been 
selected because initial analyses indicated it would be the most energy­
intensivecSCOF cable. 

Oil pressure in the cables can be maintained either through so-
called "pressure tanks", which use compressed gas acting upon an oil 
reservoir, or a pressurizing station utilizing motor-driven pumps. LPOF. 
and MPOF systems use pressure tanks predominately. The pressurizing 
station has been selected for analysis, since it can be used for both 
self-contained and pipe-type cables. The components of an oil pressurizing 
station were described in Section V.J. One third of the total station 
energy content has been allocated to each SCOF syst~m, because such 
stations normally serve several systems. 
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I 

Length 
. 

1 inch = 2.54 em 

TABLE VI.A.l 

METRIC CONVERSION FACTORS 

Area 

1 inch2 = 6.4516 cm2 = 645.16 

· 1 mil = 0.001 inches = 0.0254 mm 2, 000 kcmils 1.5708 in2 

1 foot - 30.48 em = .3048 m 2,000 kcmils 2 1013.42 mm 

1 mile 1. 61 km 1 foot 2 = 0.0929 m2 = 929 cm2 

6 6 . 
10 Btu = 1,055 MJ = 1,055 x 10 Joules 

l Btu/lb = 2,322 J/kg 

103 Btu/ft3 = 3.7~ x 104 J/1 

106 Btu/bb1 6.64 MJ/1 

106 Btu/ton 1.16.MJ/kg 

106 Btu/mile = 656 MJ/km 

1 lb/ft3 = 16.02 kg/m3 
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To facilitate comparison with other types of cable systems, it has 
been assumed that cable joints (splices) will be made every half mile*. 
The only exceptions to this assumption occur for certain large-diame.ter 
cables used at 345, 500 and 765 kV, where limitations on the maximum 
size of a shipping reel and minimum permissible ·cable bending radii 
limit cable le?gths to values less than one--half mile. 

Table VI .B .1 describes the SCOF systems analyzed in this s.tudy. 
The type of computerized analysis performed on each system is shown 
in Table VI.B. 2, which provides the energy content breakdown of a 138 kV 
SCOF system in terms of system components. Figure VI.B.2 illustrates the 
variation in system energy content as a function of operating voltage 
for all SCOF systems analyzed. Computer printouts of the analyses 
performed at 230, 345, 500 and 765 kV appear in Appendix A.l, in a 
format similar to Table VI.B.2. 

C. HIGH-PRESSURE OIL-FILLED. (HPOF) PIPE-TYPE CABLE SYSTEMS 

HPOF pipe-type cable sy~tems are the most common type of underground 
power transmission system used in the United States. Figure VI.C.l 
depicts a typical 345 kV HPOF pipe-type cable. The nominal oil pressure 
used in systems of this type is 200 psi. 

·Table VI.C.l lists and describes the components of all HPOF pipe­
type systems analyzed in this study. The standard manhole spacing is 
0.5 miles, except for large-diameter cables which cannot be shipped 
in half-mile lengths. These exceptions are noted in the table. 

The energy content analysis of a typical HPOF pipe-type transmission 
system is shown.in Table VI.C.2; th±s particular analysis applies to a 
138 kV system. Figure VI.C.2 indicates system energy content variation 
at each voltage of interest. The energy content of a 765 kV cable system 
is lower than a 500 kV system because the thicker insulation (paper) at 
765 kV "clisplaces" more oil from within the casing. Computer printouts 
of the analyses performed at 230, 345, 500 and 765 kV appear in·Appendix 
A.l, in a format similar to.Table VI.C.2. 

D. EXTRUDED DIELECTRIC CABLE SYSTEMS 

Extruded ~ielectric (ED) cables are currently in use at the 115-138 
kV voltage level in the U.S. Cables for 230 and 345 kV service are 
under development. Figure VI.D.l represents a design proposed by the-

*' In some U.S. cities, limitations are placed upon the maximum length 
of open trench that is allowed. If this length is on the order of 
600-800 feet, practical considerations would require 7 to 9 splices 
per mile. 
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TABLE VI. B .1 

SCOF CABLE SYSTEM SPECIFICATIONS 

1. Operating Voltages: 138, 23_0,_ 345, 500 and 765 kV 

2. Conductor: self-supporting segmented core, overlaid with 
layers of flat strips; refer to Figure VI.B.l 

Material: copper or aluminum 

Conductor area: 2 2,000 kcmils (1.5708 in. ) 

Dimensions: Inner diameter 
Outer diameter 

= 0.6165 inches 
1.5748 inches 

* 3. Conductor ·Shield: conducting (carbon impregnated) paper tapes; 

4. 

5. 

6. 

* 

total thickness = 0.010 inches. 

Insulation: kraft paper tapes, average thickness 0.005 inches, 
for voltages of 138 to 500 kV inclusive; laminated 
paper tapes of paper/polypropylene/paper ,(PPP), 
average thickness 0.005 inches, 31.3% polypropylene, 
used for 765 kV cables. 

Radial Thickness 
Voltas0 Insulation of Insulation 

(kV) (inches) 

138 100% paper 0.5050 

230 100% paper 0.7600 

345 100% paper 1.0350 

500 100% paper 1. 3300 

765 ppp 1.4350 

Insulating Oil: polybutene~ a synthetic insulating oil with a density 
of 51.17 lbs/ft.J, has been selected as the standard 
oil for SCOF systems; it is used in the hollow core, and 
impregnates the paper tapes. 

* Insulation Shiel4: conducting (carbon impregnated) paper tapes; 
total thickness = 0.010 inches. 

Components marked by an asterisk contribute minimally to total energy 
• content, L e. they represent 3% or less of the total. 
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TABLE VI. B. 1 

sr0F CABLE SYSTEM SPECIFICATIONS (Cont'd.) 

7. * . Outer Shield! copper tapes, perforated; total thickness = 0.0160 inches. 

8. Sheath: aluminum, extruded over the cable; sheath thickness ·is 
0. 1811 · inc.hes. 

9. ·Jacket: polyvinyl chloride (PVC), extruded over the aluminum sheath;· 
jacket thickness is 0.1220 inches. 

10. Completed Cable: the table below lists cable outer diameter (O.D.) 
and weight per foot for each yoltage. 

ll. 

12. 

* 

Voltage O.D. !i_~igh! Eer Foot 
(kV) (inches) (lbs/ft) 

13R 3.2400 11.04 

231) 3.7550 12.81 

345 4.3050 14.97 

500 4.8950 17.56 

765 5.1050 18.79 

* Joints: the dominant material in· a cable joint (splice) is the 

* 

metallic shell enclosing the splice. Steel has been 
selected as the standard shell material, but aluminum 
could be used. Standard shell length is 8.0 feet; outer 
diameters range from 6.5 inches to 10.5 inches, and 
wall thickness is 0. 25 inches. · 

Potheads: the table below indicates pothead weight and energy content 
for each voltage. 

Voltage Weight En.er_gy -Content_ 
(kV) 6 

(lbs) (BtU X 10 ) 

138 494 13.58 

230 1545 42.05 

345 1830 51.00 

500 3220 90.07 

765 4430 123.40 

Components marked by an asterisk contribute minimally to total energy 
content, i.e. they represent 3% or 1.ess of the total. 
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TABLE VI. B • 2 

138 kV SCOF CABLE SYSTEM 

---------
l~SULAllNG OlLitOkE> 

P(IL YI:1UT t.!'-.1[ 

Rt..DJUS(JN> 
r~c. PU< PHASE 
.TOTAL Wf IGHT (L~S/MlLE> 

. CArLf CONOUCTlR 
COFPt.P Sf.G~·1EI\!T~; 

NO. P[K PHASE 
CROSS ~ECTTON<KCMIL) 
INNER PADJlJSIINCHfS) 
fCTAL WE!GHT(LBS/Milf) 

COt·•OUC'l 0R SH I fl [: 
CO~DUCTlNG PAPFR 

It-;~!FR R '\0 I US ( P.Jl 
OUTEF h'.~DIUS ( HJ) 

NO •. PER PHASE 
rort,L ·wEIGHT <U3S/MILU 

C.Af-:-LC: lr'•')UL/\'i J IJN 
1\Rt.,FT PAPEf~ 

1 "!NEi'< R MJJ US ( tr~) 
OUTEf.<' tV\OIUS C P~) 
\H) • 1-'[R --PH-.1\-St 
TOTAL WEIGHTCLaS/~lLE) 

OIL IN KRAFT PAPFR 
POL Yi3UTE-~J[ 

I NNC:R RADIUS C FJl 
UUTE~' RADIUS I li'·l> 
I·JC•. Pf:'k PHASE • 
TOTAL WfiGH11LBS/MILE) 

·INSULATION SCPfEN 
CONOU~liNG PAPFR 

INI':H' f-<AGJUS <IN> 
0 U T E R R f. 0 llJ S < H~ > 

·NO. PF.R PHASE:' 
TOTAL WElGHT<L.BS/~lLE) 
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TABLE VI. B. 2 

138 kV .SCOF CABLE SYSTEM (Cont'd.) 

OUTL~ SHifLf) 
. COPPf::R TAP~-

lhNf..h' R40IU'5<tr..;l 
UU1 El~ RA() I US ( P4l 
t>~O. PER P~JASE.. 
TOTAL WEIGHT<LRS/~ILEl 

CAilL[ . .SHI:./•TH 
ALUM I NUr-1 

lNf\EP. Rf'.i)lUS ( INl 
UUlfR kADIUS<INl 
r.J(). PfR PHI• S[ 
TOl.AL ~fiGHT<LBS/~JL(l 

CA~LE JACI<E.T 
P 0 L Y ·.J I NY L C H l: 0 f( l DE 

lt'JNEk I~I'.DlUS ( P~l 
OlJ TEP RfliJTIJS ( Pn 
1-J(",. PH< PHASE. 
TOTAL WflGHlCL~S/MILEl 

ENERGY 
<MILLION BTU> .. ________ ,.._, ____ 

380.28 

}.30 
1. 32 
1.oo 

8048.21 

33JS,. '' 0 

1· 3~ 
1o50 
1.oo 

29780.3., 

"340.67 

1.50 
1.62 
1.op 

11096.67 

CARLl MANUFACTURI~G ENERGY CONTENT 290.62 

S ~' L I C E. '::i H F U.S 
~.TE:[L rJPE 

11-.iNt:F RI\!.JIUSCINl 
OUTER kAQIUS(J~l 
ltNGTH OF UN!T<FT) 
"-l 0 • P E R t-1 I L E. 
fOTAL WEIGHT<LHS/~Iltl 

POT HF t'.lJS 
13hl<; V I~ AT H;G 

Uf·.j I T:S PEP. SYS fF.Ivl 
TOTAL ~EIG~T<L8~/SYSTEM) 

TOlAL iNE~GY CONTLN1 = 

3.oo 
3.25 
a.oo 
6.00 

80~.90 

6.00 
2964.00 

105.00 

81.48 

4980.92 MILLION BTU/MILE 

---------------------------~----~~----~---~-~~--------
(6.55 X 106 MJ/km) 
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PERCENT 
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3.81 

33. '•2 

3.41 
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TABLE VI.C .1 

HPOF PIPE-TYPE CABLE SYSTEM SPECIFICATIONS 

1 . Operating Voltages: 138, 230, 345, 500 and 765 kV 

2. Conductor: stranded wire formed into four segments and compacted 

* 

Material: copper or aluminum 

Conductor area: 

Outer diaml.! ter: 

2 2,000 kcmils (1.5708 in. ) 

1.5500 inches 

3. Binder: stainless steel tape, 5 r..il:> t h ick, used to keep the 
four conductor sectors in proper alignment. 

* 4. Conductor shield: conducting paper tape, 5 mils thick; applied 
over the binder (note: a 5 mil tape is also applied 
under the binder, simultaneously, during cable manufacture). 

5. Insulation: kraft paper tapes, average thickness 0.005 inches, 
for voltages of 138 to 500 kV inclusive; laminated 
paper tapes of paper/polypropylene/paper (PPP), 
average thickness 0.005 inches, 33.3% polypropylene, 
used for 765 kV cables. 

Voltage 
(kV) 

138 

230 

345 

500 

765 

Insulation 

100% paper 

100% paper 

100% paper 

100% paper 
ppp 

Radial Thickness 
of Insulation* 

inches 

0.5050 

0.7600 

1.0350 

1.3300 

1.4350 

6. Insulating oil: polybutene, a synthetic insulating oil with a density 
of 51.17 lbs/ft3, has been selected as the standard oil 
for HPOF pipe-type systems; it impregnates the paper 
tapes and fills the pipe which encloses the three cables. 

* Components marked by an asterisk contribute minimally to total energy 
content, i.e. they represent 3% or less of the total. 
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TABLE VI. C .1 

HPOF PIPE-TYPE CABLE SYSTnt SPECIFICATIONS (Cont'd.) 

* 7. Insulation shield: conducting paper tapes; total thickness= 10 mils 

* 8. Outer shield: perforated copper tape; thickness = 5 mils. 

* 9. Oil barrier: aluminized mylar tape; thickness = 5 mils. 

* 10. Skid wires: stainless steel. D-shaped; width =.0.2 inches, 
height = 0.1 inches. 

11. Completed cables: the table below lists cable outer diameter (O.D.) 

* 

and weight 

Voltage 
(kV). 

138 

230 

345 

500 

765 

per foot for each 

O.D. 
(inches) 

2.62 

3.14 

3.70 

4.28 

4.48 

voltage. 

Weight Eer Foot 
(lbs/ft) 

8.31 

9.60 

11.23 

13.27 

13.42 

12. Joints: the dominant material in a cable joint (splice) ·is the steel 
she!! enclosing the ioint. Shell lengths range from 
8 to 10 feet; wall thickness is 0.25 inches; outer 
diameters range from 12.5 inches to 19.5 inches. 

13. Pipe: carbon steel pipes with a 0.25 inch wall are commonly used. 
Pipe size as a function of system voltage is shown below. 

Voltage 
(kV) 

138 

230 

345 

500 

765 

LD. 
Cinches) 

7.500 

3.125 

10.125 

12.125 

12.125 

* . Components ma~ked by an asterisk contribute minimally to total energy 
content, i.e. they· represen.t 3% or less of the total. 
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TABLE VI.C.l 

HPOF PIPE-TYPE CABLE SYSTEM SPECIFICATIONS (Cont'd.) 

* 14. Pipe coating: bitumastic material, 0.5 inches thick. 

* 15. Manholes: the table below indicates manhole material content and 

Voltage 
(kV) 

138 

230 

345 

500 

765 

spacing (distance between manholes) as a function of 
system volt~ge. 

Steel Concrete Spacing 
-(tons) (tons) (JilUes) 

2.76 27.94 0.50 

2.76 27.94 0.50 

3.24 32.76 0.50 

3 .. 33 33.65 0.38 

3.33 33.65 0.27 

* 16. Trifurcators: stainless steel; the table below indicates total 
weight versus system voltage. 

Voltage Weight 
(kV) (lbs) 

138 83 

230 n 
345 127 

500. 171 

765 171 

* 17 Riser p:'.pes: stainless steel, 30 feet in length, 6 per systems; the 

* 

table below indicates size and total weight vs. system voltage. 

Voltage 
(kV) 

138 

230 

345 

500 

765 

I. D. 
(inches) 

3.50 

3.76 

4.70 

5.00 

5.64 

Weight 
(lbs) 

854 

915 

1412 

1833 

2060 

Components marked by an asterisk contribute minimally to total 
energy content, i.e. they represent 3% or less of the total. 
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TABLE VI. C • 1 

HPOF PIPE-TYPE CABLE SYSTEM SPECIFICATIONS (Cont'd.) 

* lR. Potheads: the table below indicates pothead weight and energy content 
for each voltage. 

Voltage Weight Energy Content 
(kV) (lbs) 6 (Btu x 10 ) 

138 494 13.58 

210 15'15 42.0J 

345 1830 51.00 

500 3220 90.07 

765 '•430 123.lf0 

* Components marked by an asterisk contribute minimally to total energy 
content, i.e. they represent 3% or less of the total. 
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TABLE VI. C. 2 

138 *V ·HPOF PIPE-TYPE CAB'tE- SYSTEM 

ENER.GY . 
CO~PONf_NT (MILLION BTU) PERCENT ......... ._ ......... _ ------------- -------
CARL~ CONOUCTOR 4531.05 42.82 

C(WP£~~ ~· IRF_ 
NO. PfR PHASE leOO 
(ROSS S[CTION(KCMIL) 2000.00 
lNNER RA('IlJS ( l"iCHES) o.o 
TOTAL WE I GHT ( L'iS/~ 1 LU 95895.31 

PA.PE:)< TAPE 3.41 o.oJ 
CONDUCTING PAPfR 

l NI~EP RAOlUS (IN) u.77 
(jiJTER RAOIUS (I'~) 0.78 
NO. PEI-1 PHASE t.oo 
TOTAL WE l(;t-H < L '35/~ ILU 125.80 

STEEL T /\Pf 39.94 0.38 
STAINLESS STffL 

ll·lt~EP R A 0 l'U S ( I !'l ) o.78 
0lMER ·~AD I US< I:~) o.7tJ 
110. PI:R PH!\Sf 1.. 00 
TG T f\l_ wf. I GH r < LnS/M lLU 1353.92 

CONO. P 1\P~:R TAPE 3.45 o.o3 
COt-JDUC: T {1\]G PAPF.Y 

lNNER RAOJUS (IN> Oe79 
OUTER RAO TUS 1 H·1) 0.79 
rJO • PF i~ PHii.!:,F 1 ·• 00 
TOTAL WtHiHl <LRS/~ILE) 127.41 

CARLt H.SUL AT I O~J 448.04 4.23 
KkM'l PAP _E.~ 

ll\iNER R'MYT US c I N ) 0.79 
UUTEP RJl.OTU5 <IN> 1.30 
1\10. PER PHASE 1.oo 
TOTAL \oJEJ(iHT <LHS/Mllf) 17035.~0 

OIL '(N !\RAfT PAPER 382.63 3.62 
POL Yl3UTC:NE 

I Ntifl-.' ~AUIUS(JNl 0.79 
OUTER RADIUS< tr-J) 1.30 
!'H). FFR PHA5l leOO 
TOTAl W t' 1 G H ; C Ul S I~ I l. E ) 1090lell 
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TABLE VI. C. 2 

138 kV HPOF PIPE-TYPE CABLE SYSTEM (Cont'd.) 

INSULATION SCRFfN 
CONULICT H~G P .'\P[R 

I~~~~r:.R RADIUS (IN) 
OUTER RADIIJ5(JI\I) 
NO. PF::.R PHASE 

1.30 
1.31 
1.00 

TOTAL WfiG~TCL8S/MlLF) I '•20 .o 7 

COPPt.R TAPF 
ONE LAYEPtO.OOS IN 

INI'tER RADIIJS C PH 
UUTE.R f.IADIUS C IN) 
NO. PE.R ·pH A SF. 
TUTAL WEI~~T(LHS/~ILE> 

~1YLAk T APf. 
ONE.'·LAYERtOeOOS IN 

INNE.P R~O)LJSClN) 
OUTER· h/d) IUS (.IN) 
r~O. PE~ PHASE 
TOTAL WEIGHTILBS/MILE) 

SKIO WIRES 
STAINLESS STF.E.L. 

NO •. PER PHASE 
D1.AMF.:H:~ I lt-..1) 
CA~LE RADJU5CIN) 
TOTAL ~F.JGHTCLBS/MILE> 

1.31 
1.31 
1.oo 

250'7.82 

1.31 
1.31 
1·00 

396.34 

2.00 
o.20 
1.31 

2920.1Y 

tABLE ·MA~UFACTU~JNG ENERGY CONTENT 

CAS p.,c; PIPE 
STlEL PIPE 

INNtR.RAOllJ5(!N) 
Ot1TEP RADIUS I IN) 
TOTAL WEIGHTILRS/MILE> 

PT..;~f COi\TJNG 
BITUMASTIC CCATING 

IM~f.F< RADIUS C JI'JJ 
0 1..1TE:R ~ADJU~ClN) 
lOT 1\L Wf !·Gh T C LBS/M I LE) 

3.75 
4.oo 

10Y5l4e25 

4.00 
4.50 

. 43570.43 

VI-17 

ENERGY 
U~ILLION BTU) ___ ,_,_ .. ____ .. ____ 

1}.40 

118.49 

35.67 

86.15 

290.47 

2179.33 

123.74 

PERCENT -------
Oell 

1.12 

o.J4 

0.81 

.20 •. 59 
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TABLE VI.C.2 

138 kV HPOF PIPE-TYPE CABLE SYSTEM (Cont.'d.) 

COt'iPONE:.NT 

---------
INSUL. OILCC4SJNG) 

Prll. YIJU TFNE 0 t L: 
~AlHUS <IN> 
C•'BLE RADlUS ( P~) 
TOTAL WflGhllt.aS/MILE: 

MAI'!Ht..ll ES--CONCQf.. T[ 
COI'ICRETf 

~EIGHT/U~IT ~10~) 
NO. UNIT PE:.R MIL~ 
TOTAL WEIGHTCLBS/~ILE> 

t-1AI'iHOLE. S--S TEE I. 
Slf.EL hOD 

WEIGHT/UNTT <TON) 
1~0. UNIT pt:"· .... ~ MILE 
TCTJ\l. WEIGHT C UJS/~1 I LE) 

S~LILE SHELLS 
STEEL PIPE:. 

lNhfER ~·AD IUS C J;.J) 
OUTER RADIUS< It'!) 
LENGTH OF UNIT<f"T> 
NO. PEk ~•ILE 

TOTJ\L \>!EIGHT <U~S/~ILE) 

TP.lF"URCATOR-STUfiS 
S T A H.;LE~S. STFfL 

H-J\IER F'A.OJU~ C Jt\i) 
OUTEP RpOJU~ ( Jl'\i)" 

LE.NGT!'"i (jf Uf'H T < fT) 
NO. 1-'f:R SYSTf~; 

3. "75 
le31 

52310.44 

27.94 
2.00 

111747.94 

2.76 
2. (;0 

11052.00 

5.75 
6.25 
tj.OO 
r..oo 

1027.72 

1.63 
l. 75 
3.00 
6.00 

TOTAL WElGHTCLBS/SYSlEM) 79.75 

TUIFU~CATO~-CASI~G 
STAINLE:.SS STF.EL 

INNER RADt'JS C I~> 3e7S 
OUl"ER ~AD JUS ( li..!) 4e00 
LENGTH OF UNJT(FT) 2._o_o 
NC. PfR SYSTE~·l 2eOO 
lCTAL wEIGHl (L~S/SYSTEM) F34e66 
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ENERGY 
<MILLION BTU) PERCENT 

.------------- -------
1836.10 17.35 

83.25 Oe79 

172.41 1.63 

20e45 0.19 

2.35 o.oz 

2.50 o.oz 
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TABLE.VI.C.2 

138 kV HPOF PIPE-TYPE CABLE SYSTEM (Cont'd.) 

ENERGY 
COI'-1PONENT <MILLION BTU). PERCENT 
--------~- ------------- -~-----

R I S E f~ P I PES 
STAl~LESS STEfL 

INNER RAOIUSCIN) 
OUTER RADIUSCIN> 
LENGTH Of UNlT(rT) 
NO. PE"P SYS1 E,)A 

TOTAL WEIGHTCLBS/SYSTEM) 

POTHEADS 
138t<V RATING 

1.75 
. 1.87 
30.00 

6.00 
854.12 

UNITS PER SYSTEM 6.00 
TOTAL WEtGHTCLBS/SYSTEM> 2964.00 

OIL PRESSURIZING PLANT(l/3 SHARE> 

25.20 

105.00 

TOTAL ENERGY CONTENT = 10582.4~ .MILLION BTUiMILE 
~~-----------~--~----~--~---------------~-------------

(6.94 X 106 MJ/km) 
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FIGURE VI .D .1 

COMPONENTS OF AN EXTRUDED DIELECTRIC CABLE 
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* General Cable Corporation for ED transmission cables rated at 138, 
230 and 345 kV. Cables currently operating at 138 kV and below do not 
have the emission shield shown in Figure VI.D.l, and have thicker XLPE 
insulation than the proposed General Cable designs. Table VI.D.l pro­
vides additional information.on the proposed design. 

The energy content analysis of a 138 kV extruded dielectric cable 
system appears in Table VI.D.2; similar analyses have been performed 
for 230 and 345 kV. Figure VI.D.2 indicates the variation in total 
energy content of extruded dielectric cable systems at these three 
voltages. Appendix A.l contains computer printouts of all ED cable 
system analyses. 

E. COMPRESSED-GAS-INSULATED SYSTEMS 

The compressed-gas-insulated transmission system investigated in 
this study is an isolated phase system. Thus a complete three-phase 
syst~m requires three coaxial conductors of the type shown in Figure 
VI.E.l. The major components of a CGI system are described in Table 
VI.E.l. 

Unlike other pressurized systems, the CGI system does not employ 
a pressurizing plant. The complete system is filled with sulfur 
hexaflourid~ (SF6) to the desired pressure and effectively sealed. 
For example, a filling of 45 psi at 68°F will permit operation in the 
temperature range of -40°F to 190°F. Gas pressure is monitored during 
operation. Alarms are sounded at decreases of 10% and 20° below normal 
density. 

Manufacturers presently offer systems at the standard voltages from 
138 to 765 kV; 1200 kV systems are under development. 

CGI phase conductors are manufactured in 60 foot lengths, which 
are connected in the field and weided together. The joints are essentially 
extensions of the conductor and enclosure, so that the energy content 
of a joint is comparable t~ an equivalent length of phase conductor. 

Table VI.E.2 indicates the results of an energy content analysis 
performed on a 138 kV CGI system. Similar analyses were,performed for 
the other voltages of interest; these results are shown in Figure VI.E.2. 
Please note that the energy content units on the vertical axis are 
ten times that used on previous graphs. Computer printouts of all CGI 
analyses can be found in Appendix A.l. 

* See Reference 2, Chapter V. 
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TABLE VI. D .1 

EXTRUDED DIELECTRIC CABLE SYSTEM SPECIFICATIONS 

1. Operating Voltages: 138, 230, 345 kV 

2. Conductor:. stranded wire formed into four segments and compacted 

Material: copper or aluminum 

Conductor area: 

Outfilr diameter' 

2 2,000 kcmils (1.5708 in. ) 

1. 5500 incln~s 

* 3. Strand Shield: semiconducting cross-linked polyethylene (XLPE), 
extruded over the conductor with a thickness of 25 mils. 

* 4. Emission Shield: semiconducting XLPE, extruded over the strand 
shield with a thickness of 10 mils. 

5. Insulation: XLPE, extruded over the emission shield. The table 
below indicates insulation thickness as a function of 
design voltage. 

Voltage 
(kV) 

138 

230 

345· 

* 

Radial Thickness 
of Insulation 

(inches) 

0.500 

0.760 

1.000 

6. Insulation Shield: semiconducting XLPE, extruded over the insula-
tion with a thickness of 25 mils. 

7. Cable Shield: copper tapes, wrapped over the insulation shield; 
total thickness = 10 mils. 

8. Cable Jacket: Polyvinylchlorit:e (PVC), extruded over the copper 
tapes with a thickness of 250 mils. 

Components marked by an asterisk contribute minimally to total energy 
content. i.e. they rP.prP~~nt 37. or less of the total. 
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TABLE VLD.l 

EXTRUDED DIELECTRIC CABLE SYSTEM SPECIFICATIONS (Cont'd.) 

9. Completed Cables: the table below lists cable outer diameter (O.D.) 
and weight per foot for each voltage. 

Voltage· 
(kV) 

138 

230 

345 

O.D. 
(inches) 

3.20 

3.70 

4.20 

Feight per Foot 
(lbs/ft) 

9.21 

10:47 

11.78 

10. * Joints: ED cable splices are made using tapes o-f polyethylene or 
ethylene-propylene rubber (EPR). There is no metallic 
splice shell compar~ble to SCOF or pipe-type c~ble joints. 
Consequently, the energy conten.t of a joint is comparable 
to an equivalent length of cable. 

11. * Potheads: the table below indicates pothead weight and energy content 
for each voltage. 

Vo1taE:e Weight ~nergy Content 
(kV) (1bs) 6 (Btu x 10 ) 

138 494 13.58 

230 1545 42.05 

345 1830 51.00 

500 3220 90.0-7 

765 4L:30 123.40 

* Components marked by an asterisk contribute minimally to to~al energy 
content, i.e. they rep.resen.t 3% _or less_of the .to.tal. 
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TABLE VI. D • 2 

138 kV EXTRUDED DIELECTRIC CABLE SYSTEM 

ENERGY 
COMPONO-J r (MILLION BTU) PERCENT 

-----------~- -------
COf\JOUc'·rck' 4531.05 66.58 

COPPU? Wlk( 
NO. P[K IJHASE. 1·00 
CRO~S SECTIONCK\.Mll..l 2ooo.oo 
lNI'IE~ RADIUS ( 1!'-ICHE:S) o.o 
TOTAL ~ElGHT<LRS/~{LE) 9589S.31 

STR.!'.ND ShiE"l.D 27.'+3 0.40 
POLY~ThELfNE<LDPEl 

INNER RADIUS ( PJ) 0.77 
(Jl.ITER Rt\DlUS(J"J) o.ao 
NO. FER PHt\ 51: 1.oo 
TOTAL W[lGHT Cl!:3S/MJLEl 781.57 

t-:MIS3101'i SHIELD 11.22 o·.l6 
FOLYfTHflENfCLDPEl 

INNER F<t:.l)}US <IN> o.so 
('lJl t=.:R HA.DJUS(T!\1} 0.81 
!'JO • FER PHASE 1.oo 
TOT~L W[lGHTCL8S/Mll~) 319.5~ 

lNSULATliJf\ 738.52 10.85 
POLYLTHELENE<LDPE) 

li\INE~ RADtUS(l"J) 0.81 
OI.ITE~ RADIUS ( l'\!l 1.31 
NO. F'ER PHASE 1.oo 
TOTAl_ WFIGHT<LBS/MILE) 21040.43 

lNSULATIO~' SHIELD 46.07 0.68 
~'fil Y C: 1 HEL. ENE < LDPU 

I M~t.R RADIUS ( HJ> 1.31 
OUHR RADIUS< li.l} 1.34 
NO. PER PHASf leOO 
TOTAL WllGHT<LRS/M1LE> 1312.52 

C\1Pt->EH lAPf: 242.87 3.57 
TWO LAYERS,0.005 

lNNf.R R A 0 llJ S ( II' I } 1· 34 
UUT[t~ RAOIUS<INl 1. 35 
iiO. PER PHASE 1.oo 
TOT IlL WtlGHT<LBS/~ILE> 5140.01 
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TABLE VI.D.2 

138 kV EXTRUDED DIELECTRIC CABLE SYSTEM (Co'nt 'd.) 

ENERGY 
COt-"PONE.t~T (MILLION BTU) PERCENT 

------~~-- ------------- -------
Ct.RLE JACK[T 

POLYVINYL CHLORIDE 
lN~~ER HAOJl'SCINl 
OUTt:R HAD IUS C lN) 
NO. PER PHASE:. 
TJrAL WFIGHl(LHS/~ILlJ 

r .Js. 
le60 
1.oo 

21406.54 

CAHLf. 1-11\.i\UF ~ClWHNG F.'NF.RG.Y CONTENl 

POTHU~I) 
13~K V J.,~ t. T I N'G 

Vlnl S PER 5YS T!-:M 6. 00 
TOTAL. \ro!EluHl.(L;.1S/SYSTEM) 2964.00 

657.18 

469.17 

81.48 

TOTAL fNERGY CONTt~T = 6804e96 MILLION BTU/MILE 

~-----~~--~-----------------~-------------------------. (4.46 X 106 MJ/km) 
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TABLE VI. E .1 

COMPRESSED GAS INSULATED SYSTEM SPECIFICATIONS 

1. Operating Voltages: 138, 230, 345. 500, 765 and 1.200 kV. 

2. Conductor: aluminum pipe, with O.D. from 4.5 inches to 11.0 inches 
depending on voltage; see table below. 

Voltage 
(kV) 

138 

2.30 

345 

500 

765 

1200 

* 

O.D. 
(inches) 

4.5 

5.5 

6.0 

7.0 

8.0 

11.0 

Wall Thickness Area 
(inches) (in. 2) 

0.25 3.34 

0.25 4.12 

0.25 4.52 

0.38 7.80 

0.50 11.78 

o.5·o 16.49 

3. Insulators: cast cyloaliphatic alumina-filled e~oxy resin, sraced 

4. Enclosure: 

Voltage 
(kV) 

138 

230 

345 

500 

765 

1200 

* 

every 20 feet along the conductor. Weight per insulator 
as a funct-ion of voltage is shown 'in the table qf ' 
enclosure parameters found below. 

aluminum pipe, with·O.D. from 10.0 inches to 30.0 inches 
depending on voltage; see table below for details. 

O.D. Wall Thickness f.rea In_sulator W~eight 
(inchco) (iw.:hes) 

(in. 2) (lbs) 

10.0 0.25 7.66 3.0 

12.0 0.25 9.23 6.0 

16.0 0.25 12.37 13.0 

20.0 0.25 15.51 25.0 

25.0 0.38 2q.o1 40.0 

30.0 0.38 34.90 110.0 

Components marked by an asterisk contribute minimally to total 
energy content,· i.e. they represent 3% or less of the total. 
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TABLE VI. E .1 

COMPRESSED GAS INSULATED SYSTEM SPECIFICATIONS (Cant '·d.) 

5. * Enclosure Coating: bitumastic material has been selected to maintain 
~~------------= comparability with other transmission systems; the coating 

is 0.5 inches thick. 

6. c'ompleted Phase Conductors: the table below lists the weight of 
completed single-phase conductors as a function of 
voltage. 

Weight of 
Standard 60' WPighi 

Voltage Length :2er root 
(kV) (lbs) (lbs/ft) 

138 1387 23.11 

230 1672 27.8fl 

345 2160 36.00 

500 2857 47.61 

765 4390 73.17 

1200 5496 91.60 

7. 
I 

* Potheads: the same type of pothead used for SCOF, pipe-type and ED 
cables has b~en selected for CGI systems to maintain 
comparability among systems. The .. table below indicates 
pothead weight and eriergy content for each voltage. rating. 
Both wei~ht and ~nergy content for the 1200 kV pothead 
are ADL estimates. · 

&1 
Voltage l-leight Energy Content 

(kV) (lbs) 6 (Btu x 10 ) 

138 494 13.58 

230 1545. 42.05 

345 1830 51.00 

500 3220 90.07 

765 4430 123.40 

1200 6800 (est.) 189 (est.) 

* Components marked by an asterisk contribute minimally to total 
energy con tent, i.e. they represent 3% or less of the total. 
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TABLE VI.E.2 

138 kV COMPRESSED GAS INSULATED SYSTEM 

ENERGY 
<MILLION BTU) PERCENT 

C 0 !'i D U r: 1 {) Q 

I\Ll;~1JI\UM PIPE 
li'JNf.R RA[lJUS ( l''li) 
t.iUTLR RM)JliS (IN> 
\iO. PU~ PHA Sf.' 
TOTAL l.-it:JGHT CltiS/!.qlE:) 

1 r ~ ~;, I ) l. .A f 0 P S 
FPI)X Y RES lf't 

\Vf. IGHT /U!'iTT < T:Jr.!) 
''lO• U~:IT Pt:R :.lJLE 
TOTAL WEIGHT(L8S/~ILEl 

E~CLu5URECSHFAlHl 
. ~LUi"liNU~ 1-'IPF. 

U'\JF.P ~~AD I US (I~~~) 
JUTE;:( fU.D I US (I ,'.n 
nd. Pfr< PHASE 
TiJTr-.L I·:FJ<;HT(Lt35/'~lll) 

I N~.Ul till NG GAS 
SULFlll·< HEXAFLLOPI;')f. 

lNt'-JER RADIU-S< 1r~) 
OllTt.'~ RADIUS ( Ir.!l 
P~-<'E'SSU~L (PST G) 
T f_ ~·I P f. J:;: A T U 1=-' E ( C l 
TOTAL WUGHl <LHS/~-1ILE) 

PJPf COATING 
~ll1Uf><t'~Sl1C Ct:'IATTNG 

1 ~·ll\1 E R R AD J ll S ( PJJ 
(,UTE.R RAOTUS·< pn 
'·JO • PfR Ph .h SF. 
I t') 1 ;'\I. wE. 1 G ~I 1- ( U3 c; I t-1 J L E. ) 

P01 Hf: ADS 
1:~ P. >\ V f ~AT I N l~ 

2.oo 
2.2~ 
1.oo 

61884.~8 

o.oo 
264.00 
792·00 

4.7';} 
s.oo 
1.oo 

14198~.00 

2.2!:> 
4.75 

45.00 
20.00 

9635.61 

.5.00 
5.50· 
1.oo 

16l46b.8l 

UNTTS PEP SYSTEM 6.~0 
rbTAL WEIGHT(L8S/~YSfEM) 2964.00 

7179.19 

22.10 

16469.90 

539.60 

.458.57 

81.48 

T01AL E.NfRGY CONTENT ~ 24750.82 MILLION BTU/MILE 
----~~---~-~------------~--~-------------~-----~~-·--· 

(1. 62 X 10 
7 

_MJ /i9n) 
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0.09 

66.54 

2.18 

1.85 
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F. SUPERCONDUCTING CABLE SYSTEMS 

1. AC Systems 

The superconducting ac system analyzed in this report is based u·pon 
a system design proposed by the Brookhaven National Laboratory (BNL); 
it is not identical to the BNL design. In several respects, it is. 
similar to an HPOF pipe-type cable system; the cables are insulated . 
with tapes of polyethylene applied in a manner similar to paper-tape 
cables; three cables are employed inside a casing of pipe, and the 
cables are pulled into the casing after it has been installed. Figure 
VI.F.l illustrates the ac superconducting cable system. The cable 
components are described in Table VI.F.l. 

Due to the hypothetical nature of these ac superconducting systems, 
it has been necessary to employ rough estimates of material quanttty 
for some components and to employ surrogate components for other 
particular system components. These exceptions to the higher-quality 
information provided for most cable system components are identified 
in Table VI.F .1. Fortunately, in all cases these particular components 
contribute minimally to total system energy content. 

Table VI.F.2 is an energy content analysis of a complete 345 kV 
ac superconducting system, which includes both the cables and refrigera­
tion stations. Figure VI.F.2 indicates the energy content of 138 and 
345 kV systems. 

2. DC Syst_ems 

The de superconducting system analyzed in this study is based upon 
the system design being developed by Los Alamos Sci.entif·ic Laboratory (T,ASL). 
The system analy:.:ed in nor identical to the LASL system; rather, it is a 
simplified version. Figure VI.F.3 illustrates the nature of a single 
monopolar conductor. Two conductors are used per system, eac·h corre­
spinding to one polarity (+ or -) of a direct current system. The + 100 kV 
system is rated at 5,000 MW; the± 300 kV system is rated at 15,000 MW. 

As with the ac system, the hypothetical nature of the de systems has 
resulted in a number of rough estimates regarding certain components. 
For the purposes of this study, it is favorable that all such components 
c.ontributed minima·lly to total energy content. All system components 
are described in Table VI.F.3. 

The de system employs expanders, located between r~frigeration 
stations, to provide additional c.ooling capability. Figure VI .F .4 shows 
the proposed system configuration. 
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TABLE VI. F .1 

AC SUPERCONDUCTING SYSTEM SPECIFICATIONS 

1. Operating Voltages: 138 and 345 kV 

2. Cable Components: 

a. Helical core of bronze; I.D. = 2.16 inches, 
thickness = 0.079 inches. 

b. Superconductor backing; aluminum strips, two 
layers, total thick.nP.ss =- 0.008 inche~. 

c. Inner .superconductor; laminate of aluminum 
(40 ~icron~), niobium-tin (Nb3Sn, 25 microns), 
and aluminum (40 microns); two layers, total 
thickness = 0.010 inches. 

d. Insulation; polyethylene tapes, total thickness = 
0.360 inches at 138 kV and 1.110 inches at 
14S kV. 

e. Outer superconductor; two layers as described above, 
total thickness = 0.010 inches. 

f. Superconductor backing; aluminum strips, two layers, 
total thickness = 0.008 inches. 

g. Polyethylene tape; thickness = 0.010 inches, 

h. Pressure barrier; +ead, thickness = 0.079 inches. 

i. Poly~thylene tape; thickness = 0.005 inches. 

j. Lead reinforcement; bronze tapes, total thickness 
= 0.020 inches. 

k. Polyethylene tape; thickness = 0.005 inches. 

1. Skid wires; stainless steel, D-shaped; width = 0.2 
inches, height = 0.1 inches. 
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TABLE VI. F. 1 

AC SUPERCONDUCTING SYSTEM SPECIFICATIONS (Cont'd.) 

3. Complete Cable: the table below indicates cable outer diameter (O.D.) 
and weight per foot for ·e·ach voltage·. 

\ Voltage O.D. Weight Eer Foot 
(kV) (inches) (lbs/ft) 

138 3.19 6.36 

345 4.88 14.89 

4. Inner Casing: stainless steel pipe, 0.125 inch wall thickness; 7.5 inch 
O.D. at 138 kV, 12.0 inch O.D. at 345 kV. 

5. Coolant: liquid helium, which flows in the core of each cable at 
7°K and inside the casing at 9°K. 

6. Superinsulation: alumini~ed mylar, 0.002 inches thick, which is 
wrapped around the inner casing in layers; spacing 
between layers is 0.025 inches (40 layers per inch 
in the radial direction). Superinsulation fills 
the annular space between the inner casing and the 
outer casing. 

7. Pipe Supports:* stainless steel wir~; the supports position the inner 
c.asing at the center of the outer casing; support 
weight is 4 lbs (estimated); spacing between supports 
is 12 feet. 

8. Outer Casing: carbon steel pipe, 0.25 inch wall thickness; O.D. is 
16.0 inches at 138 kV and 20.0 inches at 345 kV. 

* 9. Protective Coating: a 0.5 inch bitumastic c.oating has been selected 
to maintain comparability with other systems. 

* 10. Manholes: manholes designed for 345 kV HPOF pipe-type systems have 

* 

been selected for both 138 and 345 kV superconducting 
systems,- in the absence of detailed information from BNL. 

Components marked by an asterisk contribute minimally to total energy 
content, i.e. they represent 3% or less of the total. 
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TABLE VI.F.l 

AC SUPERCONDUCTING SYSTEM SPECIFICATIONS (Cont'd.) 

* 11. Joints: large-diameter stainless and carbon steel splice 

* 

shells have been selected as surrogate components 
for superconducting cable splices, in the absence 
of detailed information from BNL. · 

12. Potheads: standard 345 kV HPOF pipe-type cable potheads have 
been selected as surrogate components for 
superconducting cable potheads, due to the lack 
of Any protettpe d~sigu. 

* 13. Refrigeration Stations: the refrigeration units must meet the 

* 

following cooling requirements:. 2.60 kW in the 
6-9°K range; 8.84 kW at 85°K. Total station 
weight is 18.2 tons; energy content is 1.30 x 
109 ntu per station. Spacing between stations 
is 7.08 miles. 

Components marked by an asterisk contribute minimally to total energy 
conten~, i.e. they represent 3% or less of the total. 
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TABLE VI.F.2 

345 kV AC SUPERCONDUCTING SYSTEM 

... ------- ... 

COOL·ANT Jt; CORE 
L I ~j U I 0 :-1E L I UM 

RAOIUS I lN) 
NO. PER PHASE 
T0TAL WElGHTCLbSIMILE> 

HELICAL CORE. 
L\Rvi-JZt: 

INN[~ RADIUS (IN> 
OUTE~ P.ADIUSCIN> 
NU • PE.~~ P~:fASt: ~ .. 
TOTAL WEIGHT (L!JS/MILE> 

SUPERCO~O. BACKING 
ALU~INUM STRIP 

lNNt.R RI\Dh•S(JN) 
OUTER RAOIUS·<IN> 
t·~O. PER PHASE 
.TOTAL W[lGHT (LUS/,_.ILE) 

SUi-'U~CONDUCl OR 
bNL SUPER. ALLOY 

INNER RADJUStl"') 
0UTEQ i-<ADIUS ( INl 
NO. PFR PHASE 
TOlAL WEIGHT(LRS/~ILE> 

.INSULATION 
POL.l'ETHfLENE <LDPE) 

INM:P RAOIUS(IN) 
OUlf.R RAOIUS<IN) 
i.JO. PH~ PHASE 
TOTAL WEIGH1CLBS/~ILE) 

SLIPE.RCONOUCTOR 
BNL SUPER. ALLOY· 

H-J~ER RADIUS (IN) 
OUTER RAOlUS<INl 
NO. PER PHASE 
TOTAL WEIGHT(l~S/MlLE) 

ENERGY 
(MILLION BTU) 

-------------
' 

893.56 

1·0~ 
1.oo 

J·O 75 • 9!) 

1906.29 

1.o~ 

1.16 
1. 0 o. 

32901.13 

243.68 

1e16 
1.18 
1.oo 

2131.5~ 

~1~.53 

1.18 
1.1'1 
leOIJ 

2014.19 

2692.23 

lelY 
2.Jo 
1.oo 

76701-75 

422.10 

~.JO 

c.ji 
1.00 

3926.48 
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TABLE VI. F • 2 

345 kV AC SUPERCONDUCTING SYSTEM (Cont'd.) 

ENERGY 
COMPONE.NT <MILLION BTUl PERCENT 

--------- -~----------- ----~-~ 

Sll P tJ< C 0~. D. BACK lf"G 482.79 1.80 
All.IMlNU~ SlRIP 

lNN[~ RADJ US< INl 2·31 
OUTEP RAOIUS ( lNl 2e3l 
NO. PER PHASE. leOO 
lOTAL wf I GHT ( LBS/M I LU 4235.00 

PLASTIC TAPE 3?.41 o.1z 
~ULY~THtLENE<L0PEl 

lNNEP RADIUS ( JNl Ce3t? 
OUTER RADJIJS (IN> ~.33 
~!6. PER PHASE leOO 
TOli\L !NllGHT <LBS/MILE.) 923.34 

C~Hlf SH[I\ TH 776.49 2.89 
LEAD 

INf\:ER HAl> IllS (IN) 2·33 
OUTER f~ADlUS (IN> 2.41 
NO. FFR PHASE 1.oo 
TO"!'AL Wt::IGrlT<LBS/MlL[) 9135le6C 

iJLASTIC TAPt:: 16.80 o.o6 
POLYETHELENE<LDPE> 

lNNE~ RADIUS (IN> 2.41 
OUTER kADIUS<IN) ?.41 
NO. PEf.< j.>HASE. 1·00 
TOTAL WElGHT<LBS/~ILEl 4'78.78 

1".<[ I NFORCE.MENT 1048.52 3.90 
BRGNZE. TAPE 

{NNER PADIU~<IN) Ce41 
OUT£!< RADIUS<lN) le4J 
NO. PER PHASl leOO 
TOTAL WEIGHT <LBS/MILU 18096eo3 

~LA.STIC T ~~ PE. 16.98 0.06 
POLYElHFLENE<LDPEl 

INNER RADIUS<INl 2.43 
OUTER RADIUS (JN) c.44 
NO. PE-.R PHASE I leOO 
TOTAL WfiGHT(LBS/MIL£) 483.7~ 
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TABLE VI.F. 2 

345 kV AC SUPERCONDUCTING SYSTEM (Cont'd.) 

COMPONENT 

---------
SKIO WIRES 

STAINLESS STEEL 
NO. PER PHASE 
OIAMETERCIN) 
CABLE RADIUSCJN) 
TOTAL WEIGHTCLBS/~lLE) 

·tN~ER CASING 
STNLS, STEEL PIPE 

INNER RADIUS <INl 
OUTER RADIUSCIN) 
TOTAL WEIGHTCLBS/MlLE) 

HELIUM COOLANT 
LIQUID HELIUM 

RADIUSCIN) 
CABLE RADIUS (IN) -
TOTAL WEIGHTCLBS/~ILEl 

SUPER INSULATION 
ALUMINIZED MYLAR 

INNER RADIUSCIN) 
OUTER RADIUS ClN) 
LAYER THICKNESSCIN) 
LAYER SPACING(IN) 
TOTA~ ~EIGHTCL~S/MlLE) 

PIPE SUPPORTS 
STAINLESS STEEL 

~EIGHT/UNIT CTON) 
NO, UNIT PER MILE 
TOTAL WEIGHTCLBS/MILE) 

OUTER CASING 
STE.t::L PIPE' 

. INNER RADIUSCJN) 
OUTER RADIUS C IN) 
TOTAL WEIGHTCL8S/MlLE) 

1e00 
o.zo 
2.44 

2594.34 

6e00 
6el2 · 

83880.8"7 

6.00 
2e4J 

15992.16 

6.12 
9.75 
o.oo 
o.oz 

46249.08 

o.oo 
440.00 
1760~00 

9.75 
1o.oo 

27908~.7':> 
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ENERGY 
CMILLI~N BTU) PERCENT 

------------- -------
76.53 0.28 

3158.12 11.75 

4645.72 17.29 

3653.66 13.59 

51.92 0.19 

5553.79 20.66 



TABLE VI.F. 2 

345 kV AC SUPERCONDUCTING SYSTEM (Cont'd.) 

ENEkGY 
Cl.WPONE t·J T <MILLION BTU) PERCENT 

--~~--------- --~----

PIPE. CGflTING 
PlTJ~ASTIC COATING 

INNE..R f?AOJU5 (IN> 
OUTfR RADlUS(!N) 
fOTAL wfi~HT<L8S/MILE> 

1'1A"•HCL ES--CONCRl T E 
COr-.!CRf TE 

wEIGrlT/UNIT <TON' 
NO. UNIT ~lR MIL~ 
T0TAG W~IGH!(LBS/MlLE) 

MAt·iiiOI..E S--S TE EL 
S l. t.I:.L ~OD 

WEIGHT/UNIT <TON) 
i'iO. UNIT PE~ MIL€: 
TOTAL Wt.lGHT(L~S/~lL£) 

SPLlCl SHt.LLS 
SHJLS. STt::EL PIPE 

1 NNE~~ ~AOJUSCJN) 
OUTE.k I< AD IUS (I!~) 
Lt.t>~G T H OF U~H T ( f T) 
NO. PH~ MILE 
Tl!Tf\L wE 1 GilT C L 85 /~1! LE.> 

SPl.lCE SHELLS 
STEEL PIPE 

11\lNt.R kADIUS ( INl 
l)U T t ~-< kADtUS <IN! 
L[l'llti TH OF- lJNJT<FT> 
NO, PFR MILC 
T OTAI. wF.IGHT <L.8S/,...Ild 

PCHtEADS 
3••SK V RATII'JG 

1o.oo 
10.50 

JOS08le62 

32.76 
z.oo 

13103'1.94 

3e24 
2.oo 

1296o.oo 

11.00 
11.25 
1o.oo 
z.oo 

121~.22 

1 ~. 0 {1 

}S.2:5 
1 ~-. () 0 

ceO<' 
194J.o:) 

U~-J J T S Pf~ 5YSTf~ 6e00 
TOTI\l ~EIGHl(L6S/SYSTtMlln980~00 

REFRIGERATION STATION ENERGY CONTENT 

298.43 

202.18 

45.75 

38,67 

306,00 

183. 

~2!~~-~~~~~!-~2~!~!-=-------------~ZQ~Q~-~!~~!2~-~~L~!~~--­
(1;78 X 107 MJ/kin) 
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FIGURE VI.F.3 

DC SUPERCONDUCTING CABLE DESIGN PROPOSED BY LASL 

(from Reference 8) 
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TABLE VI. F. 3 

DC SUPERCONDUCTING SYSTEM SPECIFICATIONS 

1. Operating Voltages: 100 and 300 kV 

2. Cable Components: 

a. Helical core of bronze; I.D. 
thickness = 0.039 inches. 

2.283 inches, 

b. Inner superconductor; consists of 49 strands 
(subcables), each 0.150 inches in diameter. 
Strand composition, on a weight-% basis, is 
as follows: copper, 93.5%; niobium, 4.8%; tin, 
1.7%. Energy content of the subcable is 
1.16 x 108 Btu/ton. 

' 

c. Conductor shield; conducting paper tape; two 
layers, each 0.005 inches thick. 

d. Insulation; synthetic paper laminate (PPP) as 
described in Section B. Radial thickness of 
insulation is O.SV1 inchcEJ at 100 kV, and 
0.753 inches at 300 kV. 

e. Insulation shield; conducting paper tape; 
two layers, each 0.005 inches thick. 

f. Outer superconductor; consists of 141 subcables, 
each 0.087 inches in diameter. 

g. Bronze "armor"; wall thickness 
0.039 inches. 

3. Complete Cable: the tables below indicate cable outer diameter (O.D.) 
and weight per foot for each voltage. 

Voltage 
(kV) 

100 

300 

O.D. 
(inches) 

4.20 

4.80 

. VI-44 

Weight per Foot 
(lbs/ft) 

11.21 

13.90 



TABLE VIiF.3 

DC SUPERCONDUCTING SYSTEM SPECIFICATIONS (Cont'd.) 

4. Inner Casing: stainless steel pipe, 0.250 inch '!all thickness·; 
I.D. = 7.00 inches at 100 kV and 8.50 inches at 
300 kV. 

5. Coolant: liquid helium, which flows in the hollow core at l0°K 
and between the bronze armor and the inner casing 
at l2°K. 

6. Superinsulation: aluminized mylar, 0.002 inches thick, which is 
wrapped around the inner casing in layers; spacing 
between layers is 0.025 inches (40 layers per inch 
in the radial direction). Superinsulation fills the 
annular space between the inner casing and the outer 
casing. 

7. 

8. 

* Pipe Supports: 

Outer Casing: 

epoxy resin; these maintain the inner casing at the 
cenier of the outer casing; support weight is 2.0 lbs 
(estimated); spacing between supports is 7.0 feet. 

carbon steel pipe, 0.25 inch wall thickness; O.D. 
is 11.50 inches at 100 kV and 14.5 inches at 300 kV. 

* 9. Protective Coating: a 0.5 inch bitumastic pipe coating has been 
selected to maintain comparability with other sys'tems. 

* 10. Manholes: manholes designed for 138 and 345 kV HPOF systems have 
been selected ~s surrogates for the junction boxes 
proposed by LASL. 

* 11. Joints: annular splice shells of stainless and carbon steel have 

* 

been selected as surrogates for the joint coverings 
proposed by LASL. 

12. Potheads: standard 138 and 345 kV HPOF-type cable potheads have 

* 

been selected as surrogate components for superconducting 
cable potheads to maintain comparability with the ac 
system. 

Components marked by an asterisk contribute minimally to total energy content, 
i.e. they represent 3% or less of the total. 
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13. 

TABLE VI. F . 3 

DC SUPERCONDUCTING SYSTEM SPECIFICATIONS (Cont'd.) 

Refrigeration Stations: the refrigeration units must be 
provide 5 kW of cooling capacity at l2°K .• 
units are used per station, each weighing 
Total energy content is 4.7 x 109 Btu per 
Spacing between statfons is 6.21 miles. 

able'to 
Three 

22 tons. 
station. 

14. Expanders: the estimated weight of three expanders located at each 
expansion site is 6 tons; the estimated energy content 
is 6.8 x 108 Btu ~er site. 
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The type of superconductor used in the de system differs considerably 
from that used in the ac system. Figure V.I .F .5 illustrates one of the 
filamentary de conductors, which is produced from bronze-filled niobium 
tubes embedded in a copper matrix. LASL refers to these filamentary 
conductors as "subcables". 

Table VI.F.4 contains the results of an energy con!=ent analysis 
performed on the + 100 kV de superconducting system. Upon examination 
of this table, it will be evident that treatment of the de terminals 
(one rectifying, one inverting) is the most important factor in 
determining system energy content on a per-mile basis. A typical line 
length of 200 miles has been selected since that value is commonly used 
as a rough estimate of the minimum-economic length for de overhead lines. 
If a much shorter length is considered, say 20 miles, the system energy 
content would increase from 28.03 x 109 to 142.33 x 109 Btu per mile. 

Figure'VI.F.6 indicates the energy content per mile for de super­
conducting systems rated at 100 and 300 kV. The computer analysis of 
the 300 kV system appears in- Appendix A.l. 

G. ·OVERHEAD LINES 

This .section includes both ac and de overhead transmission systems. 
Conductors for all systems are aluminum conftuctor, steel reinforced 
(ACSR). Energy content analyses of overhead (OH) systems determined 
that conductors represented 38 to 65% of the total energy content, and 
were the dominant system component for voltages of 345 kV and above. 
As a result of this finding, the specifications of overhead conductors 
select~d for this study o'Jr.P. gi.vPn j.n com;idQr3blli detail in Table VI.G.l. 

Standard suspension insulators of porcelain and steel were selected 
for all of the overhead systems analyzed. Table VI.G.2 lists the size 
used at each voltage, the configurations employed, number and total 
weight of'insulators per tower. In the absence of data on+ 800 kV 
insulation pract~ce, estimates were supplied by ADL. 

It is standard practice in the utility industry to use mulitpl~ 
_conductprs .per -phase---(bundled- conductors) "for -overhead lin-es operating· 
at 345 kV or higher. Bundled conductors are kept in the desired align­
ment by spacers, which may be constructed of steel or aluminum. 
Aluminum has been selected as the standard material for all OH lines 
an~l~?.~g- ~!\_!:]lis. _study •. _ Table .Y.L.G .•. 3 .. p.r.ov.ides ·information on spacer 
weight and usage per mile for each operating voltage. 

Various types of yokes, clamps, shackles and other miscellaneous 
items are required at each tow~r to make proper connections between the 
conductors, insulator strings and towers. These connecting items a_re 
usually made of galvanized steel. All such items are referred to 
collectively as line mounting hardware in this study. Table VI.G.3 also 
indicates the total weight of line mounting hardware per tower at each 
voltage. 
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TABLE VI. F. 4 

100 kV DC SUPERCONDUCTING SYSTEM 

f.NERG.Y 
lMILLION BTU> PERCENT 

------------
) _ .. ________ .. __ -------

r:tWL .'\NT IN COHf 332.37 2.34 
l. H.i 'J I 0 HELIUM 

RAUlUS (IN> lel'+ 
:'10. PFR PHAS~ leOil 
l 0 T t.'L WEIGrd (LtJ:;nqu:.) 1144.12 

H[l I Ci~L CORE. 329.83 2.32 
BRC:<'~ZE· 

lNNn~ ~ADIU~(JN> 1 • 1 t+ 
!)l)Tf_P RADIUS I lNl le18 
"JO. PE.R PHASE leOO 
TOTAL WE.!GHlCLBS/MILE>. 569C..bb 

JNt,JER SUPr_PCuNDUC TOR 1011.61 7.12 
l.~SL SUPl:.R. ALLOY 

I r,r,u:.~ RADIUS ( HJ> 1. u~ 
OLJTER RADIUS (·IN> le2i:i 
NO. PER PHJI.SE 1.00 
lOlJ\L. w~_IGHT <LAS/to~ ILU 17438.4H 

corvo PAf-'Er.l TAPE 3.86 o.oJ 
Cv·~DUCT lNC, P/lr"i:R 

lNNt:R RADIUS (IN) 1. Je 
OUTER f.<A!JlUS (IN> le3J 
NO. PE:t-~ PI-1ASt 1.oo 
TOTAl. WEIGHT (LBS/~JLU l42.5ti 

I t-JS 1JLA T I O~'l 283.56 2.00 
S Y ~-J T ~1t:.:T I C P-APER 

INNtR RADJUS (IN> 1e33 
OUTER RADIUS (IN) 1. 81 
NO. PER P~ASt. leOO 
TOTAL WE.IGHT(LBS/MIL£) 9914.59 

COl\ [I PAPER TAPE 5.47 0.04 
CCN0lJCTING PAPE.w 

lNt\itk t<ADIUS (IN> · 1.~7 

OUTt.f..l RADIUSCIN) 1.8~ 
NO. PER PHASE leOC 
TOTAL W[IGHT<L8S/~ILE) 201.68 
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TABLE VI.F .• 4 

100 kV DC SUPERCONDUCTING SYSTEM (Cont'd.) 

----------
OUTE~ SUPERCONnUCTOQ 

LASL SUPEk. ALLOY 
INNER RAOTUS<IN) 
iJUTfR RADIUS(IN) 
:,,o. PFR PI--lASE 
TOTAL ~ElGHT<L~S/~IL~) 

CALLE AR~,OR 

FPONZE 
lt\INER f~AOIUS(IN) 
uUH.R RADIUS ( INI 
f-.jQ. PE:R PHASE 
tOTAL W[IGhT(LBS/~ll~) 

l~Nt.R Ce,Siti!G 
STNLS. STlfL PIPE 

INNER R~DIUS<IN) 
O.UTER RAOJUS (IN) 
TOTAL WElGHT<LAS/~lLE) 

H(l ll:M RETURN 
L ItHJ I D Hf. L I Ut1 • 

INNER RAO!US<lN) 
fiUTf.R Rt..DlUS<lN) 
t~O. Pt.J< PHASE 
TOTAL WEIGHT<LHS/MILE) 

SUPt.H lNSLILAil0N 
ALL'MINIZFD MYLAR 

Ir-JtJtR RADIUS (IN) 
OUTF:'~ RADIUS (IN) 
LAYER THICKNESS(!N) 
LAYER S~ACING(lN) 

TOTAL WEiGHT<LBS/MILEI 

INSULATORS 
EPOXY RF.SlN 

W( I G~tT /UN 1 T <TON I 
NO. UNIT PER MILf 
TOTAL WElGHT(LBS/Mllf) 

le8H 
1· 94 
1 • 00 

1518'1.4~ 

2el ~ 
~ .}9 
1.oo 

l06l4.li.J 

3.50 
J.'/~ 

l04S34.5o 

2.}'-J 
J.so 
1·00 

6560.66 

3el':J 
s.so 
o.oo 
0~0~ 

13004.3t; 

o.oo 
754.00 

1508.00 

VI-51 

ENERGY 
<MILLION BTU> PERCENT 
-~--~------~- ----~--

881. 14 

615.02 4.33 

3935.73 27.71 

1905.87 

1027.35 7.23 

0.30 



TABLE VI. F • 4 

100 kV DC SUPERCONDUCTING SYSTEM (Cont'd.) 

·--------~-

C:JH.P CAS lNG 
STEEL PIPE 

INNER RfiOIUSCIN) 
OUT£~ I-lAO IUS (IN) 
TOTA~ WE1Ghl (LHS/~IL~) 

P(Pt. COATII'!ll 
BITU~ASTIC COATING 

INNEr-< RAIJlUS ( lN) 
OUlE~ RADILJS<IN> 
TOTAL W~IGHT<LBS/~ILE) 

~AN~OLES--COI\iCPETE 
CCNCRt. Tf:. 

WfiGHT/UNIT <TONl 
NO. UNIT PER MILt. 
TOTAL. wflGHllLBS/~lL£) 

Pw'•IViMO~ES--5 Tf:.E.L 
~ lf.~I:..L fWD 

WEIGHT/UNIT <TON) 
N0. 0 UNIT PER· MILE 
TOTAL WEIGHT<LHS/MILE) 

SPLICE SHELLS 
STNLS. STEEL PIPE 

lNNER RADJUS(IN> 
OUTER ~AD!l.JSC!N) 
-k[NG-TH-0f- Ul\i·l T·(F" T) 

NO. PfR MILE 
TOTAL WEIGHT<LBS/~IL£) 

"\. 

SPLICE SHELLS 
STEEL PIPE 

INNEP RADIUSCINI 
UUTEP RADius·c IN) 
LENGTH-OF UNlTCFl~ 
NO. PER MILE 
TOTAL ~EIGHT<LBS/~ILE) 

~.~o 

~.7!:1 

l5tJ97ce25 

~.7!:1 

be2!:1 
61~11.1~ 

27.94 
c.oo 

111747.94 

2.7b 
2.00 

11051!.~00 

8.oo 
be25 

lo.oo 
c.oo 

sa7.~c 

1le00 
11.25 
12.00 
2.oo 

1429.1"' 
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ENERGY 
(MILLION BTU) PERCENT 

------------- -------
Jl63.55 22.27 

174.69 

83.25 0.59 

1.21 

.. 33.42 0.24 

28.44 o.zo 



TABLE VI. F. 4 

100 kV DC SUPERCONDUCTING SYSTEM (Cont'd.) 

ENERGY 
<MILLION BTU) PE~CENT 

-----~--- ------~------ -~~--~-

T Fm-1 T :.,4.1\ 1 I 0~ 
.IOOKV RAllNG 

Ul'~ ITS PER SYS TEi"' 
TOT~l wElGHl CLBS/SYSTEMJ 

ceOO 
~88.00 

27.16 

lOTAL lNEHGY CONTENT = 14204.10 MILLION BTU/MILE --- ., ......... --------------~ ------------------------·-------
B. Refrigeration Stations 

Spacing: every 6.21 miles (10 kilometers) 

Number: three (3) at each site 

Capacity: 5 kW of cooling capacity (each) at l2°K 

Input: 1,000 kW ~er unit 

Total weight: 66 tons (three units) 

Dominant material: stainless steel; plate and pipe (50% each) 

Total energy content: 4.7 x 109 Btu/station 

R.KFRIGERATION ENERGY CONTENT • 760 x 106 Btu/mile 
------------------~~-------------------------------
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TABLE VI.F .4 

100 kV DC SUPERCONDUCTING SYSTEM (Cont'd.) 

C. Expanders 

Spacing: every 6.21 miles (10 kilometers) 

Number: three (3) at each site 

Materials: stainless steel (76%), aluminum 24%) 

Est. total weight: 6 tons (three units) 

Est. total energy content: 6.75 x 108 Btu/station 

EXPANDER ENERGY CONTENT = 109 x 106 Btu/mile 

D. DC Terminals 

Energy content = 2.38 x 108 Btu/MW of capacity 
. 12 

5,000 MW terminal = 1.19 x 10 Btu; two (2) required 

Total terminal energy content = 2.38 x 1012 Btu 

AssUme 200-mile length (comparable to de overhead lines) 

DC TERMINAL ENERGY CONTENT = 11.9 x 109 Btu/mile ---------------------------------------------------

E. Totals 

The cable and support systems for the 100 kV, 5,000 ~~ superconductin~ 
transmission line are listed and summed below. 

A. Cable and enclosure 14.204 X 109 Btu/mile 

109 . 
B. Refrigeratio·n systems .704 X Btu/mile 

D. Expanders .109 X 109 Btu/mile 

E. DC terminals 11.880 X 109 Btu/mile 

9 
~Q~~LE!~-~!~!~_!Q!~~-~------------~~~2~~-~_!Q __ ~~u/mile 

(1.77 X 107 MJ/km) 

VI-54 



60 

55 0 

50 

45 

40 
en 
0 ,......_ 

~ X - :::l 35 
"'1 ...... 
~ CD 

1.1"'\ 
0 
....... IJ.J 30 -
~ 

_I 

::::t 0 
1.0 
1.1"'\ a:: 
\0 IJ.J 

a. 
II 

Q) 
~ 
2 ....... IJ.J •.-I 1-s - z 

:l 0 
~ u 
~ 

0"1 >-
0 

.<-' 
....... a:: 

IJ.J 
z 
LLJ 

5 

0 
0 100 200 300 400 

SYSTEM VOLTAGE ·(Kilovolts) 

FIGURE VI.F.6 

ENERGY CONTENT OF DC SUPERCONDUCTING SYSTEMS 

VI-55 



<: 
H 
I 

V1 
0\ 

TABLE VI. G .1 

OVERHEAD CONDUCTOR SPECIFICATIONS 

Number of 
Conductors Number of Aluminum No. of 
per Phase Conductor Code Conductor Conductor Aluminum Strand Steel 

Voltage or Eer Pole Size (Area) Name O.D. Weight Strands Diameter Strands 
(kV) (kcmils) (inches) {f.l/mile) {in.) 

138 1 954 Cardir.al 1.196 6._479 54 .1329 7 

230 1 l' ~ J.4 Finch 1. 293 7,544 54 .1436 19 

345 2 954 Cardinal 1.196 6,479 54 .1329 7 

500 3 1,1~3 Grackle 1.338 8.,082 54 .1486 19 

765 4 1,352 Martin 1.424 9,160 54 .1582 19 

1,200 8 1,781 Chukar 1.602 10,951 84 .1456 19 

+ 200 1 2,167 Kiwi 1. 735 12,160 72 .1735 7 

+ 400 2 2,312 Thrasher 1.802 13,337 76 .1744 19 

+ 600 4 954 Cardinal 1.196 6,479 54 .1329 7 

+ 800 4 1,352 Martin 1.424 9,160 54 .1582 19 

Notes: 1,200 kV based on BPA data; + 200 kV baEed on Square Butte <± 250 kV) line; ± 400 kV based on Pacific 
Intertie (± 375 kV); ± _600 kV based on Froj_ect UHV-DC test line; ± 800 kV based on ADL estimates. 
All other voltages reflect nominal values of condu_ctor siz0.s in use. 

Steel 
Strand 
DiametE: 

.1329 

.0862 

.1329 

.0892 
; 

.0949 

.0874 

I 

.1157 

I 

.0814 

.1329 

.0949 



TABLE VI. G. 2 

SUSPENSION INSULATOR DATA 

* 
Tvpe Number 

- I 

Insulator o:: Insulator of Str:ings llur:tbe::- of Number of 
Total 

'weight of 
String Used (Rating) per Phase Insulators Insulators Iusnlator"3 

Voltage Config. and •Weight or Eer Eole Eer S-:ring Eer Tower Eer Tower 
(kV) (lbs~l03; lbs) 

I 

138 ss 20;, 12.5 1 3 24 300 

230 ss 20;! 12.5 1 1~ 42 525 

345 ss, cvs 30;:: 15.0 1,2,1 19 ,. 20 78 1,170 

< 
40;: 16. 8 H 500 ss, cvs 1,2,1 24 96 I 1,613 

VI ....... I 

765 2V 40;· 16.8 4 35 420 7,056 

1,200 v uo;:: t.5.o 2 2'9 174 7,830 

+ 200 ss I 
30;! 1 15.0 1 17 34 510 

+ 400 ss 40 ;~ 16.8 1 24 48 806 

+ 600 v 40; 16.8 2 26 104 1,747 

** 40; i 16.8 + 800 2V 4 ~9 312 4,930 

"* ss = si~gle string 'per phese dr pole. 

CVS = center V - suspension. 

2V =double V (four strings). 

** Note: + SOC kV data based on 'ADL estimates. 



TABLE VI. G. 3 

CONDUCTOR SFACERS AND LINE MOUNTING HARmTARE DATA 

Number of · Total 
Conductors !Number Spacer Wei.p;ht Total Weight 
per P~ase of Spacers Spacer in System of Hardware 

Voltage or :eer Pole per Mile Weight ~r Mile :eer Tower 
(kV) (lbs) (lbs) (lbs) 

138 1 0 0 0 38 
a 

230 1 0 0 0 38 

~l:5 2 18 15.61 843 71 

< 500 3 19 17.30 986 75 H 
I 

V1 
00 765 4 21 22.34 1,407 393 

1,200 8 70 45.00 9,450 3,150 

+ 200 1 0 0 0 25 

+ 400 2 18 15.61 562 48 

* 22.34 + 600 4 21 938 100 

* + 800 4 21 22.34 938 263 

* ADL estimates. 



Overhead line supporting structures, i.e., towers and poles, are 
designed to meet particular geographic requirements in terms of span 
length, vertical clearance requirements and function, as discussed 
perviously in Section A. Table VI.G.4 lists the specifications of line 
support structures that are representative of typical structures used 
at each operating voltage. Lattice towers of steel have been selected 
for most of the systems, to maximize com~a.~ability. Figure VI.G.l 
illustrates several of these towers. The primary exception to this 
practice occurs for the± 200 kV de line, where aluminum lattice towers 
were used. These towers were selected because the sole + 250 kV line 
oper'ati_ng in the U.S. employs this particular design. 

Overhead ground conductors, also known as shield wires, are designed 
to carry lightning stroke currents and are essentially independent of 
line voltage. A nominal 7/16 inch O.D. Class A galvanized EHS steel 
wire with a 6/1 strand configuratJ.on has been selected as the shield 
wire to be used for all systems. Individual strands are 0.145 inches 
in diameter, the O.D. of the complete wire is 0.455 inches, and it 
weighs 2,107 pounds per mile. All de lines and the two lowest voltage 
ac lines (which are pole-mounted) use one shield wire per circuit. All 
other ac lines use two shield wires per circuit. 

Table VI.G.5 and VI.G.6 are energy content analyses of 138 kV and 
345 kV systems respectively. The latter is presented here since it is 
the lowest voltage to require bundled conductors. The+ 400 kV de 
system is analyzed in Table VI.G.7. Figure VI.G.2 shows the energy 
content of all overhead lines analyzed, as a function of line voltage. 
Computer printouts of all the analyses represented in Figure VI.G.2 
appear in Appendix A.l. 

Inspecti·on of Figure VI .G .2 reveals again that the energy content 
of rectifying and inverting terminals adds considerably to· the total 
energy content of direct current systems. The energy cost of going from 
a 765 kV system (with four conductors per phase) to a 1 ,:.wo kV system 
(with eight conductors per phase) is also significantly higher, on a 
percentage basis, than the increase between any other consecutive line 
voltages. 
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Voltage 
(kV) 

138 

2~0 

345 

500 

765 

< 
H 1,200 
I 

(;\ 

0 
+ 200 

+ 400 

+ 600 

+ 800 

Notes: 1. 
2. 
3. 
4. 
5. 
6. 

TABLE VI. G ~ 4 

OVERHEAD LINE SUPPORT STRUCTURE DATA 

Spacing Height Foundat_ion Details 
Type of 

Weight1 Between Above Dimensions 
Structure Structures Ground of Base ~ Steel Concrete 

(lbsxl03) (feet) (feet) (ftxft) 3 (lbsxlO ) 3 (yds ) 

Pole 12.0 640 63 N.A. 2 Pc3 6.35 

Pole i6.0 640 75 N.A. 2 PC 9.31 

Lat.tice Tower 14.3 800 96 25x25 G4 3.6 

Lattice Tower 30.11 1,000 105 29x29 G 6.4 

Lattice Tower $4.0 1,320 139 40x40 G 11.:'. 

Lattice Tower 148.0 1,320 226 50x50 G 26.1 

Lattice Tower ?..0 800 75 N.A. PF5 1.3 2.92 

Lattice Tower 10.0 1,000. 116 Z2x22 G 3.0 

Lattic'e Tower 25.0 1,3?.0 125 25x25 G 5.0 

Lattice 6 Tower. 54.0 1,320 139 40x40 G 11.2 

All towers and poles are assumed to consist of structural steel, except the+ 200 kV tower (see 5 below). 
Not applicable is abbreviated as N.A. 
Pourcd-in-n.lace concr.etc :f"olmda-:ian. 
Grillage foundation of steel. 
The+ 200 kV towers are aluminum, and1use precast foundations of cbncrete with steel reinforcement. 
The+ 800 kV towers were assumed to be identical to 765 kV towers, since no + 800 kV towers haye 

been built. 
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TABLE VI. G. 5 
' 

138 kV AC OVERHEAD LINE 

COt-1POI'J[NT 

COI'.iOI.ICTCR COf: E 
[t-15 STEfl CARLE 

NG. ·PER -1->~~ASF 
t-H) •. S TR A~!f.1S. 
st~AND RAOIUSCIN> 
TOTAL ~[I~HTCLHS/MILE) 

CO~DUCTOR 

Jl LU"'' 11'-:Ut-" W·Ih'F 
~-JO. PFR PHr~sr:. 

NO. SH<A''JOS 
S T R A f\j u r.~ A C llJ S C l"(l 
Ck0SS SECTION<Kl~!L 
TOlAL Wf!0hT(LUS/~lLE> 

COi-JOIJCTOP. SPACERS 
ill ur·1 I Nul"' .. 

WE lGt-~T /UNJ T ( 1 01\i) 
~-.tO • UNIT PEl~ -~q u:; 
TCTAL ~~Eif.rlT(t,"'iS/MILU 

LINE HARDWARE 
~:; T LEL 

wfiGHT/IJNTl <.TON) 
NO. UNil PtP ~ILE 
TOTAL WEI0HTCLBS/MlLE> 

SUSPENSION INSULA10R 
20K h'AltNG 

lJi·HTS PER t-1ILE 
TdTAL wFIGHT(LdS/~lLE> 

TOH~RS 
SH:.£L PIPE. 

"if:IGHT/L!NI1 <TON) 
NO. UNIT PFR MIL.£ 
TOTAL WfiGHT<L~S/MlLE> 

ENERGY 
(MILLION BTU) 
--~-------~-~~ 

95.79 

leCO 
7.oo 
e.o7 

5618.33 
·( 

1585.13 

l·CiO 
54.00 

o.ot 
954.00 

13904eb9 

o.o 
o.CJ 
o.o 
o.o 

4.89 

Oe-0-2-
He25 

3}3.50 

38.61 

198.00 
2475.0(1 

1970.10 

6.00 
8.25 

99000.00 
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TABLE VI. G. 5 

138 kV AC OVERHEAD LINE (Cont'd.) 

ENERGY 
(MILLION BTU) PERCENT 

----------

FOOTINGS--CONCRE.fE 
CC~JCf<E TE ... 

WEIGHT/UNTT <TO~) 
NO. UNil ~ER MILE 
TJTAL WflGHT<LBS/MILE> 

SI·II ELD .wIPES 
F:HS STEF.:L CA8LE 

NO. PER PHASE 
NO. STRMH~S 
STRANO RAPIU5(1N> 
TOTAL WEIGHTILRS/MILE> 

TOTAL ENERGY CONTENT = 

-~----------- -----~-

12.50 
8.25 

206250·00 

.o. 33 
1.oo 
o.o1 

2229.30 

153.66 

38.01 

3886.19 MILLION BTU/MILE 

3.95 

0.98 

----------~-------------------------------------------
(2.55 x 106 MJ/km) 
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TABLE VI. G • 6 

345 kV AC OVERHEAD LINE 

ENERGY 
COMPONENT CMILLION BTU) PERCEN'T 

----~---- -------~----- -----·-
CONDUCTOR CORE 191.59 . 3.56 

EHS STEEL CABLE 
NO. PER PHASE 2.oo 
NO. STRANDS 1.oo 
STRANO RAOIUSCIN) o.ol 
TOTAL ~EIGHTCLBS/~ILE) 11236.66 

CONDUCTOR 3170.27 58.89 
ALUMINUM WIRE 

NO. PER PH.~SE 2.oo 
NO. STRA~OS 54.00 
STRANO RADIUSCIN) o.o1 
CROSS SECTION<KCMJL 954.00 
TOTAL ~EIGHTCLBS/~ILl> 27fJ09.3Y 

CONDUCTOR sPA·cn~s 94.41 1.75 
ALUMINUH 

WEIGHT/UNIT (TON) OeOl 
NO. UNIT P[~ MILF 54.00 
TOTAL wEic;HT CU:iS/MIL£) 84,2.94 

LINE HARDWARE. 7 .3.1 0 .• 14 
STEEL 

wE I GHT /LJ~H T <TON) 0.04 
r~o. UNI.t._.e.ER ~ILE .6.60. 
TOTAL wElGHi<L~S/MILE) " 46~.60 

SUSPENSION INSULA'TOR 119.38 2.22 
JOK RATING 

UNITS PER MILE 514.t30 
TOTAL. WllGHT<L~S/~ILE> 7722.00 

TOwERS 1377.95 25.59 
STRUCTURAL STf_EL 

l~EIGHT/UN!T CTCN: 7.15 
NO. UNIT Pfi-l MILE .. ne60 
TOTAL 1.1.flC.HT<L8SI~lLE> 94379.94 
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TABLE VI. G. 6 

345 kV AC OVERHEAD LINE (Cont'd.) 

· D~ERGY 
CO,....PONfNT (MILLION BTU) PERCENT 
--~ ........... .. 

F"00Tli\!GS--STEEL 
STRUCTURAL STEEL 

wEIGHT/UNIT <TON) 
NO. UNll PER MILE 
TOTA~ WEIGHT<LBS/~ILE) 

SHIELD- WIRES 
EHS STEEL CABLE 

NO. PfR PHASE 
NO. STRANDS 
STRAND ~ADIUS<IN) 
TOTAL WEIGHT(LBS/MILE> 

TOTAL ENERGY CONTENT : 

. 1. 80 
6.60 

23759.99 

0.67 
1.oo 
o.o1 

4458.19 

------------- --~----

346.90 

76.01 1.41 

5383.81 MlLLION BTU/MILE 

----------------~----~-----~-------------------~------

(3.-53 X 106 MJ/km) 
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TABLE VI. G. 7 

± 400 kV·Dc OVERHEAD LINE 

ENERGY 
COMPONENT CMJLLION BTU) PERCENT 

------~-- ------------- -------
' CONDUCTOR CORE 13o.o5 ·2.01 

EHS STEEL CABLE 
NO. PER PHASE z.oo 
NO. STRANDS l9e00 
STRANO RADIUSCIN> 0.04 
TOTAL WEIGHTCLBS/MILE) 7627.83 

CONDUCTOR 5122.33 79.29 
ALUMINUM WIRE 

NO. PER PHASE 2.00 
NO. STRANDS 76.00 
STRANO RAOIUSCIN> 

' ' 
o.o9 

CROSS SECTIONCKCMIL 2312.00 
TOTAL WEIGHTCLBS/MILEJ 44932.73 

CONDUCTOR SPACERS 62.94 Oe97 
ALUMINUM 

WEI.GHT /UNIT (TON) ·o. ot 
NO. UNIT PER MIL~ 36.00 
TOTAL WEIGHTCLBS/MILE) 561.96 

LINE HARDWARE 3.95 o.o6 
ST.EEL 

WEIGHT/UNIT (TON) o.oz 
NO. UNIT PER MILE s.2e 
tOTAL WEIGHTCLBS/MILE) 253.44 

SUSPENSION INSULAT~R 63.10 Oe98 
40K RATING 

UNITS PER MILE 253.40 
TOTAL WEIGHTCLBS/MILE) -4257.12 

' 
TOWERS 770.88 11.93 

STRUCTURAL STEEL 
WEIGHT/UNIT CTON> s.oo 
NO. UNIT PER MILE s.2e 
TOTAL WEIGHTCLBS/MILE) 52799.98 
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TABLE VI. G. 7 

+ 400 kV DC OVERHEAD LINE (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

--------- ···-----~----- -------
f"OOTINGS--STEEL 

STRUCTURAL ST~EL 
WEIGHT/UNIT (TON) 

3,58 

• NO, UNIT PER MILE 
TOTAL WEIGHT(LBS/MILE> 

l•SO 
5.28 

15840.00 

/ 

SHIELD WIRES 76,02 1.18 
' EHS STEEL CABLE 

NO, PER·PHASE 
NO, STRANDS 
STRAND RADIUSllN> 
TOTAL WEIGHT(LBS/MILE) 

TOTAL ENERGY CONTENT = 

leOO 
1.oo 
o.o1 

4458.64 

6460.52 MILLION BTU/MILE • 

------------------------------------·----------------­\ 

6 . 
(4.24 X 10 MJ/km) 

Note: The energy cost of two + 400 kV de terminals (one rectifying, 
one inverting) is 6.85 ~lOll Btu: If we assume that a 
minimum length for de lines is 200 miles, the apportioned 
energy cost of terminals is 3.43 x 109 Btu/mile. This is 
about 53% of the tutHl above. 
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VII. INSTALLATION OF TRANSMISSION SYSTEMS 

A. INTRODUCTION 

The energy requirements associated with installation of a given 
transmission system depend strongly upon the types of environment en­
countered. For the purposes of this study, three standard environments 
have been selec.ted. These correspond· to rural, suburban and urban 
installations of each system, as appropriate.* Suburban areas have 
been treated.as a mixture of urban and rural requirements in terms of 
energy content. For example, clearing rights-of-way(.ROWs) in suburban 
areas is estimated to require only 25% of the energy needed to clear 
rural areas. 

The types of construction activities associated with installation 
of transmission systems are listed below. 

* 

Underground Cables 

Transport of materials 

Breakup and disposal 
of pavement 

Excavation 

Trench shoring 

Emplacement of pipe 

Pipe welding 

Emplacement of thermal sand 

Backfilling 

Pouring of concrete 

Overhead Lines 

Clearing rights-of-way 

Transport of materials 

Excavation· 

Erection of towers or poles 

Attachment of insulator strings 

St.ringing of conductors and 
shield wires 

Grading 

Handling of precast concrete items 

Repaving 

Certain combinations are regarded as unlikely, e.g. 1,200 kV overhead 
lines in an urban .environment. 
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Due to the literally hundreds of assumptions required to define and 
estimate the energy content of these activities, all of the details 
regarding the procedures and equipment used appear in Appendix A.S. 
This chapter simply states the general assumptions made, defines the 
installation parameters for each system and indicates the results. 

B. GENERAL ASSUMPTIONS 

It has been assumed that all ma·terials and transmission system com­
ponents require a 20-mile truck haul, being either brought to or removed 
from the .site. Many components may be transported via some other mode 
from their source but will require this type of haulage f'rom terminal 
to installation site. The only exceptions to this practice are mobiliza­
tion of equipment and transport of high-quality treated thermal sand, 
where a figure of 50 miles has been selected as more appropriate. 

Most of the energy used in construction activities is consumed by 
diesel-powered equipment, e.g. backhoes, trucks, bulldozers and truck­
mounted hydraulic cranes. An average efficiency of 27.5% has been 
assumed for diesel engines in the range of 75 to 400 horsepower, based 
on examination of material provided by the producers of construction 
equipment. Since the energy content of diesel fuel has been established 
as 5.8 x 106 Btu per bbl, or 1.38 x lOS Btu per gallon, diesel-powered 
equipment has an average fuel consumption requirement of 0.0671 gallons 
per hour per horsepower; this is equivalent to 9260 Btu per HP-hour. 

A_wQrking man expends energy at a rate of approxim~tely one-tenth 
tn one-e:f.ghth horsep<;>wer. Most of the construction equipment used during 
installation of transmission systems develops more than lOU horsepower, 
typically. Consequently, manpower has not been considered in the energy 
content analyses performed in this report because the additional contribu­
tion is quite small and considerably below the bounds of accuracy associated 
with most activities. 

C. INSTALLATION PARAMETERS 

Figures VII.l through VII .. 4 indicate the types of installations assumed 
for underground transmission systems in urban and rural areas. Tables 

· VII.l through VII.4 contain dimensions for each type of system as a 
function of voltage. The parameters given in these tables have been 
established based upon discussions with many utilities, and are believed 
to reflect typical utility practice regarding conventional systems. 
Installation parameters for the advanced syst~ms have been estimated ~ 

using present practice as much as possible. In most cases, trench 
dimensions are similar to those assumed in the recent study of trans­
mission systems performed by the Philadelphia Electric Company (Reference 
1). Their practice of using a protective concrete slab over transmission 
systems in urban areas has been adopted for this report, as well as that 
of using a concrete enclosure for SCOF and ED cable systems in urban areas: 
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TABLE VII.l 

SPECIFICATIONS FOR SCOF AND ED CABLE INSTALLATIONS 

System Voltage (kV) 

138 230 345 500 765 

Dimension Description (all ciimensions in inches*) 
I 

·A-U Trench width, urban/ 50 50 50 52 52 

A-R Trench width, rural 40 40 40 42 42 

B-U Trench depth, urban 48 48 48 50 50 

B-R Trei\Ch depth, rural 42 42 42 44 44 

E ·concrete slab width, urban 74 74 74 76 76 

F Cable outer diameter 3.24 3.76 4.31 4.90 5.11 

Dimension Description Value for All Voltages (inches) 

c Blacktop thickness 3 

D-U Concrete slab thickness. urban 12 

D-R Conc-r;ete slab thickness, rural 5 

G Cable separation, center-to-center 13 

H,I,J Clearance, (':;~b:e edge to boundaries 5 

K Concrete envelope thickness 5 

L-U Clean backfill thickness, urban. 7 

L-R · -Clean backfill thickness, r-ural 22 

M Urban· trench width extension 12 

N Grade level to top of cables 36 

p Thermal sand layer thickness 13 to 15 

* 1 inch = 2.54 em. 
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TABLE VII.2 

SPECIFICATIONS FOR HPOF PIPE-TYPE CABLE INSTALLATIONS 

System Voltage (kV) 

138 230 345 500 765 

Dimension Description (all dimensions in inches*) 

A-U, Trench width 18 20 24 26 26 
A-R 

B-u. Trench depth 50 50 52 54 54 
B-R 

E Concrete slab width. urban 42 44 48 50 50 

F Pipe outer diameter 7.50 ·8.13 10.13 12.13 12.13 

Dimension DescriEtion Value for All Voltages (inches) 

c Blacktop thickness 3 

u-u t.:ortctete slab thickness, urban 12 

B,I,J Clearance, pipaedge to boundaries 3 to 5 

L-U Clean backfill thickness, urban 12 
., 

L-R Clean backfill thickness, rural 27 

M Urban trench width extension 12 

N Grade level to top of pipe 30 

p Thermal sand layer thickness 14 to 22 

* 1 inch = 2.54 em. 
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TABLE VII. 3 

SPECIFICATIONS FOR CGI SYSTEM INSTALLATIONS 

System Voltage (kV) 

138 230 345 500 765 1,200 

(all dimensions * Dimension Description in inches ) 

A-U, Trench width, urban 66 72 84 96 111 128 
A-R 

B-u. Trench depth, urban 52 54 58 62 67 72 
:6-R 

E Concrete slab width, urban 90 96 108 120 135 152 

F Pipe outer diameter 10 12 16 20 2S 30 

G Spacing between centers 22 24 28 32 37 43 

Dimension Description Value for All Voltages (inches) 

c Blacktop thickness 3 

D-U Concrete slab thickness, urban 12 

H,I,J. Clearance, pipe edge to. boundaries 5 .to 6 

L-U Clean backfill thickness. urban 12 

L-R Clean backfill thickness, rural 27 

M Urban trench width extension 12 

N Grade level to top of pipes 30 

p Thermal sand layer thickness 2'i to 45 

* 1 inch = 2.54 em. 
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TABLE VII.4 

SPECIFICATIONS FOR SUPERCONDUr.TING CABLE INSTALLATIONS 

System Voltage (kV) 

138 345 +100 +300 ---
Dimension Description (all dimensions * in inches ) 

A-U, Trench' width, ·urban 26 30 22 25, 
A-R 

B-U, Trench depth, urban 51 55 47 50 
·B-R 

E Conerete slab width, urban 50 54 46 49 

F Pipe outer diameter· 16 20 ll.5 14.5 

Dimension Description Value for All v·oltages (inches) 

) 

C Blacktop thickness 3 

D-U Concrete slab thickness, urban 12 

H,I,J Clearance. pipe edge to boundaries 5 

L-U Clean backfill thickness, urban 10 

L-R Clean backfill thickness, rural 22 to 25 

M Urban trench width extension 12 

N Grade level to top of·pipe · 30 

P Thermal sand layer· thickness 22 to 30 
) 

* 1 inch = 2.54 em. 
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D. RESULTS 

The installation energy content of underground and overhead trans-
' mission systems is shown in Tables VII. 5 and VII..6 respectively. 

Energy content has been estimated for each system, at all operating 
voltages of interest, in urban, suburban and rural terrain (as 
appropriate). 

Referring back to Chapter VI, it becomes apparent that the energy 
required to install a given underground system is a relatively small 
fraction of the system's inherent energy content. For example, the 
ratio of installation energy to inherent energy content is rthout 6% 
for a 345 kV SCOF system. The ratio is roughly 4% for a 345 kV HPOF 
pipe-type system, and 3% for a 345 kV CGI system. The trend in energy 
content is downward, for each system, as one moves from urban·to suburban 
to rural environments. This trend reflects the smaller excavation re­
quirements of rural installations, ·and the lack of a protective cot'lcrete 
slab there. 

The energy required to install overhead lines is also a small frac­
tion of the system's inherent energy content, but the ratio is not quite 
as small as for' underground systems. In general, the installation energy 
content of overhead lines is 10% or less of the inherent system energy 
content. The trend in installation energy content increases from urban 
to rural areas because rights-of~way must be cleared in suburban and 
rural areas·. 
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TABLE VII.5 

INSTALLATION ENERGY CONTENT OF UNDERGROUND TRANSMISSION SYSTEMS 

(I * (al~ results expressed in terms of Btu x 10 per mile ) 

02erating Voltage 1 kV 

** 'System Type Terrain 138 230 345 500 765 1 1 200 

SCOF u 1,100 1,110 1,140 1,160 1,230 

Cables s 770 790 810 840 890 

R 480 500 520 550 590 

HPQio· u 570 700 740 820 810 

Pipe-type s 450 470 520. 570 560 

Cables R 420 440 490 520 520 

Extruded u "1,100 1,100 1,130 

Dielectric s 770 780 800 

Cables R 4RO 490 510 

CGI u 1,260 1,370 1,600 1,860 2,200 2,600 

E;ystemo s 880 170 1,170 1.380 1.670 2,010 

R· 770 850 1,020 1,210 1,470 1,780 

Operating Voltage 1 kV 

System Ty2e Terrain 138 .345 +100 +300 --
Superconducting. ac u 800 890 

s 560 640 

R 520 590 

Superconducting, de u 710 770 

s 500 550 

R 460 510 

* 106 656 MJ per km • 
4 Btu per mile = 

** u = urban, S = suburban, R = rural terrain. 

VII-12 



TABLE VII.6 

INSTALLATION ENERGY CONTENT OF OVERHEAD TRANSMISSION SYSTEMS 

6 . * (all results expressed in terms of Btu x 10 per m1le ) 

. 
AC Operating Voltage, kV 

Terrain 138. 230 345 500 765 1,200 

Urban 360 420 

Suburban 450 510 580 650 750 

Rural 570 670 770 880 1,070 1,830 

DC Operating Voltage, kV 

Terrain +200 +400 +600 +300 ---
Urban 340 

Suburban '•30 520 650 740 

Rural 620 740 940 1,0~0 

*106 Btu per mile 656 MJ per km. 
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VIII. ENERGY CONTENT OF COMPLETE, INSTALLED TRANSMISSION SYSTEMS 

A. UNDERGROUND SYSTEMS 

The installed energy content of an SCOF transmission system as a 
function of operating voltage is shown in Figure VIII.A.l. The upper 
value at each voltage applies for an urban installation; the lower 
value represents a rural installation. Suburban installations lie 
between these two values. Figures VII .A. 2 and VII .A. 3 pres·ent the 
same k.ind of data for HPOF pipe-type and ED cables, respect.ively. 
All three figures indicate that installation energy requirements are 
a minor part of the total, installed system energy content. 

CGI systems have a very high energy content at each voltage, as 
. nnte.cl previously. The differences between t'Yt'~l ~~c;l l)rban installa­
tions are so small that a graph could not effectively show them. Con­
sequently, Table VIII.A.l contains ··ti1e data for i~sta.lled CGI systems 
in urban, suburban and rural areas. 

Installation energy requirements for superconducting systems are 
also quite low compared to system energy content. The results for 
installed superconducting syst~s are shown in Table VIII.A.2. 

B. OVERHEAD LINES 

Although installation energy requirements do add about 10% tn the , 
inherent (uninstalled) energy content of an overhead line, the difference 
between rural and suburban locations* .is only about 2%. Considering the 
range of inherent energy content in overhead lines, 4.0 to 36.5 x 109 
Btu per mile, it would·not be feasible to show a 2% difference on a graph 
covering the whole range of operating voltages. Table VIII.B.l provides 
more precise estimates of the installed energy content of all overhead 
lines. 

C. NORMALIZATION 

All of the transmission system energy. content graphs and tables 
dis cussed previously provide information on a "per system" basis. No 
attempt has been made to consider .the variation in power transmission 
capacity among systems, because the capacity of conventional uncompen­
sated overhead and underground systems is a function of line or cable 

* It is more appropriate to examine suburban versus rural differences 
because EHV and UHV overhead lines are not normally constructed in 
urban environmcnto. 
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TABLE VIII .A.l 

ENERGY CONTENT OF INSTALLED CGI SYSTID1S 

9 * (Btu x 10 per mile.) 

Environment 

Voltage Urban Suburban Rural 

138 26.1 25.7 25.6 

230 31.7 31.3 31.2 

345 40.6 40.2 40.0 

500 56.1 55.6 55.4 

765 96.0 95.5 95.3 

1,200 121.6 121.0 120.8 

/. 

* 
109 Btu/mile 6.56 X 105 MJ/km 
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Voltage 

138 kV, ae 

345 kV, ae 

100 kV, de 

300 kV, de 

* 

TABLE VIILA.2 

ENERGY CONTENT OF INSTALLED SUPERCONDUCTING 

TRANSMISSION SYSTEMS 

(Btu x 109 per·mile*) 

Urban Suburban 
Environment Environment 

18.1 17.86 

27.95 27.70 

27.66 27.45 

55.34 55.12 

109 Btu/mile = 6.56 x 105 MJ/km 
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Rural 
Environment 

17.82 

27.65 

27.41 

55.08 



* 

Terrain 

Urban 

Suburban 

Rural 

Terrain 

Urban 

Suburban 

Rural 

TABLE VIII. B.l 

ENERGY CONTENT OF INSTALLED OVERHEAD LINES 

(Btu x 109 per mile*) 

. AC Operating Voltage, kV 

138 230 345 500 

4.25 5. 3Lf 

4.34 5.43 5.96 10.07 

ll. 46 5.59 6.15 10.30 

DC Operating Voltage, kV 

+200 +400 +600 

5.55 10.41 13.72 

5.74 10.63 14.01 

109 Btu/mile 6.56 x 105 MJ/km 
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765 1 200 

14.75 

15.07 38.36 

+800 

18.25 

18.60 



length. For example, a 300-mile 345 kV overhead line may have a surge 
impedance loading* of 950 MVA; a 100-mile line of identical construc­
tion may be rated ·at 1,900 MVA, and a_400-mile line may carry only 
760 MVA. A typical 345 kV HPOF pipe-type cable, uncompensated, may 
be rated ~t 450 MVA if the circuit length is a few miles; the same 
cable 20 miles long may have apptoximately·one-half of that capacity. 

Nevertheless, the question of how system energy content per MVA 
of capacity varies between transmission systems is of interest. In 
order to resolve this question a single representative power rating 
was determined for each type of transmission system at each operating 
voltage. This rating corresponds to cable lengths of a few miles for 
underground systems, and to the SIL of overhead lines. The normaliza­
tion factor (N-factor) is defined as the system energy content per 
mile divided by the system capacity in MVA. Table VIII.C.l lists the 
total inst~lled energy content, the representative power rating, and 
the N-factor of each ac system. Table VIII.C.2 contains sim~lar in­
formation for de systems. These data are· presented in tabular form 
because the N-factors vary so much from system to system and from one 
voltage to another that the trends are difficult to discern from a 
graphic display. 

Perhaps the most important conclusion to be drawn from these tables 
is that overhead lines (ac and de) above 600 kV and the de superconducting 
systems are roughly comparable in terms of energy content per MVA of 
capacity. 

* The surge impedance loading (SIL) of a line corresponds to the amount 
of power it can deliver to a purely resistive load, when the load 

rhesist:nce(Li/sCe) ~~~1 Ltoith~h!~n-~. l~I?_e.di.~dn~ .. e·_ .. I:!~r_e.f~!h~:_~_s1e1~ ,_ -~~_ .. :_1~~ w ere ~·o = , · s t e ser es n uctance o t e ne -per un t 
length and C is the shunt capacitance of the line per unit length. 

VIII-8 



~ 

SCOF 

HPOF 

ED 

CGI 

s.s. 

OH 

TABLE VIII.C.l 

ENERGY CONTENT, POWER RATINGS AND N-FACTORS 

FOR AC TRANSMISSION SYSTEMS 

Item 138 kV 230 kV 345 kV 500 kV 

·E.c. 1 10.75 ·12.44 14.25 16.59 

Rating 2 290 480 670 770 

N-factor 3 37.07 25.92 21.27 21.55 

E.C. 11.03 12.25 15.33 19.82 

Rating 224 344 453 sn-
N-factor 49.24 35.61 33.84 34.71 

E.C. 7.57 8.68 8. 70 
- . 

Rating 300 470 700 * 
N-factor 25.23 18.47 12.43 

E.C. 25.63 31.33 40.19 55.70 

Rating 410 800 1,310 2,170 

N-factor 62.51 39.16 30.68 25.67 

E.C. 17 0 86 27.70 

Rating 1,300 * 2,400 * 
N-factor 13.74 ~ 11.54 

E.C. 4.34 5.43 5.96 10.07 

Rating RO 130 400 950 

N-factor 54.25 41.77 14.90 10.60 

765 kV 

17.45 

890 

19.61 

19.63 

900 

21.81 

* 

95.59 

4,640 

20.60 

* 

14.75 

2,200 

6.70 

1. Energy content, suburban installation; Btu x 109 per mile. 

2. Representative power rating (capacity) in MVA. 

3. Normalization factor; Btu x 106 per MVA-mile. 
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1,200 kV 

* 

* 

* 

121.11 

8,300 

14.59 

* 

38.36 

9,000 

4.26 



~ Item 

OH E.C. 
1 

Rating 
2 

N-factor 
3 

ss E.C. 

, Rating 

N-fac tor. 

TABLE VIII. C. 2 

ENERGY CONTENT, POWER RATINGS AND N-FACTORS 

FOR DC TRANSMISSION SYSTEMS 

1 
+ 100 kV + 200 kV + 300 kV + 400 kV ----

5.55 10.41 

* 400 * 1,440 

13.88 7.44 

27.45 55.12 

5,000 * 15,000 

5.49 3.67 

L Energy cont.ent, suburban installation; Btu x 10
9 

per mile. 
I 

2. Representative power rating (capacity) in MVA. 

3. Normalization factor; Btu x 106 per MVA-mile. 
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+ 600 kV. + 800 kV 

13.72 18.25 

2,160 '2,880 

6.35 6.34 



IX. SENSITIVITY ANALYSES 

A. INTRODUCTION 

Standardization has been of primary concern in specifying all of the 
transmission systems analyzed, to permit maximum comparability. For 
example, all conventional cable systems employed a 2,000 kcmil copper 
conductor. Given a partic.ular system operating at a particular voltage, 
the question of how energy content varies with conductor size and choice 
of conductor material was of interest to the Department of Energy. A 
number of analyses were performed on conventional systems in response to 
this question. 

B • UNDERGROUND SYSTEMS 

Figure IX._l indicates the results of substituting aluminum for copper 
while maintaining an area of 2,000 kcmils for SCOF cable systems operating 
at 138 through 500 kV. Energy content per system declines, because 
aluminum is less energy-intensive than copper ·an a volume basis. However, 
if the aluminum conductor area is increased to 3,200 kcmils, such that 
the conductor resistance is equivalent to a 2,000 kcmil copper conductor, 
the previous result is reversed. Figure IX.l also indicates the results 
of this subs,titution at 345 and 500 kV. Now the electrically-equivalent 
.aluminum SCOF system has a higher energy content than the standard 2,000 
kcmil copper system. 

Tables IX.l and IX.2 are energy content analyses of 34S·kV SCOF 
systems employing 2,000 kcmii copper and 3,200 kcmil aluminum conductors, 
respectively. The aluminum conductor system is 13% higher in energy 
content. Examination of the tables reveals that the conductor substitution 
only added 6%, and that energy content increased due to greater insulating 
paper volume, oil requirements and the larger cable sheath. 

Figures IX.2 and IX.3 indicate the variation in energy content re­
sulting from substitutions of the types described above, for HPOF pipe-

. type cables and extruded dielectric cables. The trends ·are similar for 
all three types of cable: equal-area substitution of aluminum for copper 
lowers energy content, while e:qual conductor resistance substitutions 
increase energy content above the standard 2,000 kcmil copper conductor 
system. 

C. OVERHEAD LINES 

Sensitivity analyses were performed at 345 and 500 kV on overhead 
lines to determine the effect of changing conductor size. The standard 
conductor for 345 kV systems analyzed in this report is 954 kcmils. 
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TABLE IX.l 

345 kV SCOF CABLE SYSTEM: 2,000 KCMIL COPPER CONDUCTOR 

CQMPONtNT 
------·-----

INSULATING OIL·<CORE> 
- POL YBUTENE 

RAOIUS (IN> 
NO. PER PHASE 
TOTAL WEIGHT(LBS/~ILE) 

CABLE COt.JDUCTOR 
COPPER SEGMENTS 

NO. PER PHASE 
CROSS SECTION<KCMIL) 
INNER RADIUS<INCHES> 
TOTAL WEIGHT<LBS/MILE> 

CONDUCTOR SHIELD 
CONDUCTING P.AP£R 

INNER RAOIU5<1N) 
OUTER RADIUS(JN> 
NO. PER PHASE 
TOTAL WEIGHT<LBS/MILE) 

CABLE.: INSULATION 
KRAFT PAPER 

INNER RADJUS<IN> 
OUTER RADILJS(IN> 
NO. PER PHASE 
TOTAL wEIGHT <t.BS/MILE>. 

OIL IN KRAfT PAPER 
POLY8UTENE 

INNER RADJUS<IN> 
OUTER RtiOIUS (IN) 
NO. PER PHASE 
TOTAL WEIGHT<LAS/MILE> 

INSULATION SCREEN 
CONDUCTING PAPER 

INNEP. RADILIS<JN) 
OUTER RAOiliS<IN> 
ti.Q .• _. PE_~LPHl\_S.£ 
TOT~L WEIGHT<LBS/MILE) 

o.31 
1.oo 

1680.7~ 

t.·oo 
2000.00 

o.:u 
95895.31 

o.79 
o.71.J 
1.oo 

25.50 

o-.11.J 
le82 
1.oo 

43736.63 

0.79 
1.82 
1.oo 

27986~96 

1·82 
1.83 
1.oo 

591'.66 

IX-J 

ENERGY 
<MILLION BTU) PERCENT 
------~------ -------

58,99 0.44 

4531.05 33.70 

0.69 o.o1 

1150.27 8.56 

982.34 7.31 

16.03 0.12 

I 



TABLE IX.l 

345 kV SCOF CABLE SYSTEM: . 2,000 KCMIL COPPER CONDUCTOR (Cont'd.) 

CO~PONENT 

---------
OUTER SHIELD 

COPPER TAPE 
INNER R.AOIUS<IN) 
OUTER RADlUS(JN) 
NO. PER PHASE 
TOTAL ~EIGHT<LBS/~ILE> 

CMiLE SHEATH 
ALUMINU"'' 

INNER RADIUS<IN> 
OUTER RADIUS<IN) 
NO. PER PHASE 
TOTAL WEIGHT<LBS/MILE> · 

CARLE JACKET. 
POLYVINYL CHLORIDE 

INNER RAOIUS(JN) 
OUTER Rt-DII)S<IN) 
NfJ. PER P.-.A ~f. 
TOTAL WEIGHT<LAS/MILE> 

}.83 
le85 . 
1.oo 

11301.19. 

leSS 
2•03 
1.oo 

40974.98 . . 

2e·OJ 
2.15 
1.oo 

)4862.95 

CABLE MANUFACTURING ENERGY CONTENT 

OIL PRESSURIZING PLANT(l/3 SHARE) 

SPLICE SHELLS 
5TEEL PI._,E 

INNER RADIUS(IN> 
OUTER RADIUS< fN> 
LENGTH OF UNIT(FT) 
NO. PER MILE 

4e00 
4.25 
~.oo 
7.29 

TOTAL WEIGHl(L~S/MlLE) 1287.70 

POTHEADS 
34SKV RATING 

UNITS PER SYSTEM 6e00 
TOTAL W~IGHT(LBS/SYSTEMll0980eOO. 

f.NERG'f 
(MILLION BTU) PERCENT 

-----------~- -------
533.98 3.97 

4589.20 34.13 

456.29 3.39 

689.17 s.l3 

105.00 0.78 

25.63 o.l9 

306.00. 2.28 

TOTAL ENERGY CONTENT = 13444.62 MILLION BTU/~ILE 

---------------~------------~-------------------------

IX-4 · 



TABLE IX.2 

345 kV SCOF CABLE SYSTEM: 3,200 KOHL ALUMINUM CONDUCTOR 

ENERGY 
C0t-1PONENT <MILLION BTU> PERCENT 

-------~-- -~------------- -------
INSULATING OIL<CORE> 58.99 0.39 

POLYBUTENE 
RADIUS< lNl o.31 
NO. PER P~~ASE leOO 
TOT .AL WEIGHT<LBS/MILE> 1680.72 

CARLE CONDUCTOR ~318.30 35.16 
ALUMINUM WIRE 

NO. PER PHASE 1.oo 
CROSS SECTIOI\l(KCMJL) 3200.00 
INNER RADIUS (INCHES> o.31 
TOTAL WEIGHl(Li3S/MILE) 46651.75 

CONDUCTOR SHIELD 0.84 o.o1 
CONDUCT lNG P.I'\PER 

INNER ~AD IUS (IN> 0.96 
OUTER RADIUS (IN> 0.96 
;\10. PfR PHASE 1.oo 
TOTAL WEIGHl <LBS/MILE> 31.15 

CABLE INSULATION 1304.13 8.62 
KRAFT PAPER 

INNER RA.DIUS{IN> 0.9.6 
OUT Ef~ flAOIUS (IN)· 2.oo 
NO. PER PI·U~SE 1.oo 
TOT~L wEIGHT(L~S/MILE> 49586.81 

OIL IN KR.~.FT PAPER 1113.74 7.36 
POLY9UTENE 

INNER RADIUS(JN) 0.96 
OUT[R RADIUS (IN> 2·00 
t..JO. PER PHASE 1.oo 
TOTAL WEIGHT<L85/M1LE> 31730.4+8 

INSULATION SCREEN 17.57 0.12 
CONDUCTING PAPER 

INNER RADIUS (IN) .2.00 
OUTER RADIUS< INl 2·01 
NO. PER Pt-!ASE le 00 
TOTAL WE I GHl <I.HS/M I Lt) 648e20 
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TABLE IX.2 

345 kV SCOF CABLE SYSTEM: 3,200 KCMIL ALUMINUM CONDUCTOR (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU> PERCENT ___ ._,_.., ___ _ 

~~----------- -------
OUTER SHIE:LD 

COPPfR T t.PE 
lNNEJ.< RAOIUSCIN). 

-oUTER kAOIUSCIN) 
tJO. PFR PHASE. • 
TOTAL WEIC,HT(LnS/MlLE> 

CABLE ~HEATH 
ALUMI~'~UM 

INNER RAl>IUS(JN) 
OlllER RADIUS C HO 

"NO. PER PHASE 
T~HAL. WE: JGHl (LBS/MILE) 

CABLE. JACKET 
POLYVtNYL CHLORIDE 

HiNER RADIUS(HJ) 
0 UTE R R AD I L1 S ( I N )· 
NO. Pf'R PtiASE. 
TOfAL Wt::JGHT<L8S/~~ILE> 

2.01 
2.02 
leOO 

123"/3.02 

z.oc 
2e21 
1.oo 

4466'•·45 

2.21 
2e33 
ltOO 

16104.25 

CARLE MANUFACfURING ENERGY CONTENT 

OIL PRESSURilii\IG PLANTCl/3 SHARE) 

SPLICE SHELLS 
STE.EL PIPE:: 

INNER RADIUSCIN) 
OUTEFi ~ADIUS<IN> 
LENGTH OF UNIT(FT) 
NO. P[R t-IJLE 
TOTAL ~EIGHT<LBS/MILE) 

POT HE. ADS 
345KV RATING 

4.00 
4e25 I 

a.oo 
li.27 

1990.72 

UNITS PER SYSTEM ·6e00 
TOTAL ~EIGHTCLBS/SYSTEM)l0980e00 

584.62 

5002.42 

494.40 

780.43 

to5.oo 

39.62 

306.00 

TOTAL ENERGY CONTENT : 15l26e05 MILLION BTU/MILE 

--~--------~--~--------"·-----------------------------
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3.87 

33.07 

3.27 

5.16 

0.26 

2.02 
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Conductors of approximatefy equal weight were selected that in~reased 
area* by 17% (1, 113 kcmil "Bluejay") and decreased area by 17% (795 kcmil 
"Skimmer"). Figure IX.4 indicates the results of these substitutions. 
The larger conductor increased system energy content by 9%, and the 
smaller conductor decreased it by 8%. 

Similar analyses were performed on the 500 k-V system, which employs 
a 1,193 kcmil_ "Grackle" conductor .. Figure IX.4 also shows the effects of 
substituting a 1,351 kcmil "Dipper" and a 954 kcmil ''Merganser" for the 
standard conductor. At this voltage, increasing conductor area by 13% 
increased system energy content by 7%; decreasing conductor area by 20% 
decreased energy content by 17%. These effects are straightforward, and 
similar effects may be anticipated for conductor substitutions at other 
voltages. 

* "Area" as used above refers to the aluminum area, which is the con-
ducting-area. 
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X. CONCLUSIONS 

Perhaps the foremost conclusion of this study is that metals dominate 
a transmission system in terms of energy content .. In particular, the 
combined contribution of aluminum, copper and steel in any system will 
typically represent from 50% to 95% of the total system energy content. 
Aluminum is considerably higher than copper or steel in energy content 
on a weight basis (Btu per ton) but the three are not as far apart on a 
volume basis as shown below. 

Material Energ~ Content Ene,;:_g~ Content 

(Btu per ton) 3 (Btu per ft ) 

Aluminum 224.0 1.89 X 107 

CopjHu· 9J.2 2 . .JY X 107 

Steel 19.4 4.76 X 106 

Another finding of interest is that the difference in energy content 
between conventional underground cable systems is not large. For example, 
considering SCOF and HPOF pipe-type cable systems in the voltage range 
from 138 to 500 kV, the two are always within 10% of each other. Ex­
truded dielectric systems are lower than either on the same per-mile 
basis, but ED systems are never less than 60% of HPOF systems. 

Compressed-gas-insulated (CGI) systems clearly are far more energy­
intensive than all conventional* systems. This is due primarily to the 
large amount of aluminum used in each system, which accounts for. 92 to 
95% of the total energy content. CGI systems also require more energy 
to install than other systems analyzed. The larger diameter of each 
phase conductor assembly results in a higher excavation requirement per 
mile, and excavation is a major part of installation P.nergy. 

The energy content of all systems was determined on the basis of the 
materials employed and the installation practices used. Because each 
system has a different power transmission capacity, the question of how 
all systems compare on a per-MVA basis arose. Tables VIII.C.l and 2 

·present data responsive to this question, but these results are subject 
to several modifying factors. The fi.rst .is that short (5 to 50 miles) 
overhead lines are often operated at 2 to 3 times SIL; thus the N-factor 
of overhead lines operating at 138 to 500 kV could be several times 
smaller than shown. Second, there is no SIL constraint on de lines so 
that capacity depends solely upon the system components selected. The 
third factor is that capacities of all uncompensated paper-tape and 
extruded dielectric cables are a strong function of-o1stance; capacities 
may be half that shown in the table for circuits 15 to 20 miles long. 
Keeping these considerations in mind, the·table does clearly indicate 

* . The superconducting systems are not regarded as conventional. 
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that overhead ac and de lines operating at 600 kV and higher are comparable 
to superconducting systems in terms of energy content per MVA of capacity. 

Manufacturing energy content of transmission systems was lower than 
generally expected. For conventional cable systems, it was always less 
than 10%. This result is due to a higher energy content of the materials 
than was expected prior to the study. For .example, it was not anticipated 
that the oil and paper of pipe-type cables would contribute approximately 
25% to the energy content of each cable. 

Substitution of conductor materials in conventional cables also 
produced some unexpected findings. Simply replacing copper with aluminum, 
While maintaining the same conductor size, lowered the system energy 
content by roughly 10%. It also increased conductor resistance, of course. 

If a larger aluminum conductor was substituted, one equal in resistance., 
the system energy content increased about 9% compared to the standard 
copper system. Thus, it appears that cable systems using copper conductors 
are slightly superior to systems employing aluminum conductors, in terms 
of minimizing total system energy content. 

The energy content analysis of superconducting systems provided some 
very interesting results~ Despite the fact that they used the most 
energy-intensive materials (niobium and liquid helium, both around 500 
x 106 Btu.per ton) total system energy content was typically in the range 
of conventional CGI systems operating at similar voltages. The energy­
intensive materials were simply used in lesser quantities than anticipated. 
The energy content of cryogenic refrigeration systems also contribut~d 
much less than expected, on a per.-mile basis, for both ac and de systems. 

Finally,, it has been determined that de terminals require major 
energy investments. Each terminal contains far more energy content than 
the de transmission lines they support. It is only when system line 
lengths get to a distance on the order of 200 miles that the terminal 
energy content falls to the region of 50 to 60% of the line energy content 
on a per-mile basis. 
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TABLE A.1· 

138 kV SCOF SYSTEM 

COMPONfNT 

INSULATING OIL<CORf) 
POL YE;U Tt.M~: 

f<I:\OIUSCJN) 
NO. PfR PHASt. 
TOTAL WEIGHT(LAS/MILE> 

CARLE CONDUCTOR 
- COPPt::~ Sf::.G~~f.f\:TS 

NO. PER PHASf.. 
CROSS SfCTION<KCMILl 
lNI'!ER RADJUS (INCHES) 
TOTAL WflGHTCLb~/~ILt.l 

CONDUCTOq SHIELD 
CONUUCTIN6 PAPFP. 

H<NER RADIUS (IN> 
OUH.R RAOIU~ < INl 
NC. PF"R PHASE 
TOTftl WEIGHTCLAS/~ILl> 

CAI"~LE INSULATION 
KRAFT PAPER 

INNER RAOIUS<IN> 
OUTER RAOIUS (I"'> 
NO. PFR PHASE 
TOTAL WflGHTCLB~/MILE) 

OIL IN KR~FT PAPfR 
POLYbUT(I'JE 

INNFR RADIUS (IN> 
OUTER RAOIUSCJN) 
NO. PER PHASE. 
TOTAL WEIGHTCL.HS/~ILE) 

INSULATION SCRF.FI' 1 

CONDUCTING PAPfP 
INNER RADIUSCIN) 
OUTER RADIUS(JN) 
NO. PE.R PHASE 
TOTAL WEIGHT(LBS/MILEl 

o.31 
1.00 

1680.7~ 

1•00 
2000.00 

0.31 
95t395.31 

(I • "7 <1 
o.7Y 
1.oo 

zs.so 

o.7Y 
1.29 
r.oo 

17009.65 

0.79 
1.29 
r.oo 

10884,43 
' 

1.29 
1.30 
r.oo 

4?.0.16 

A.l-1 

ENERGY 
(MILLION BTU> PERCENT 
~-~--~------- --·----

58.99 o.S9 

4531.05 45.40 

0.69 o.o1 

447.35 

382.04 3.83 

11.39 o.u 



TABLE A.l 

138 kV SCOF SYSTEM (Cont'd.) 

ENERGY 
(MILLION BTU) PERCENT 
~--~------~-~ -------

OlJ"fU< ~HlfL() 
COP Pt.!~ T ~p~~ 

P:J\C.R RAOJLJS(Jf\l~ 

OUTF9 IIJ\Dlll'~ < TN 1 

!'.!0. Pf R PH ASF 
r01 AL wf_ I <;HT ( 1_!-Fi/r.' I L t:l 

CA.Hlr. c;,Hf A Tt1 
•\L Uf'' i NU~·1 

I M~ E J:.· K u. [.l t lJ S ( I 1\1 } 
\) l J H. r~ R A I )J l J S ( I N ) 
!\10 • PU? PHA SF. 
i u T A L ~ t~ J(-; H T ( I . ;I ~ I i.A 1 U:. ) 

CAHLF JACI'fl 
POLYVINYL (ttl. <HH PE 

T"JNfP Rt.Ul!IS ( !Nl 
·:)U ff IJ h' td) I l!S ( Pn 
NO • PF.k' PHAS£. 
T 0 T A L •,•Jl I G t1 T ( U3 S ·"" 1 L E > 

380.28 

1.30 
1. 3~ 
l. 00. 

d04t\e2l 

3335.40 

l. 32 
1.50 
1.oo 

ci.JIHG.Jf 

340.67 

1. 50 
le62 
}.(10 

1109h.61 

OIL PRf:.SSUt-' I I p.:() PLMiT (1/3 SHARE..> 105.00 

SPL I Cf_ SHELLS 
STEtL f-l!Pf 

INNER ~ADlUS ( !hiJ 
OIJTE.R Rtd)JUS (lN) 
LENGTH OF lJI'tlTCFTl 
NO. P[R MILF 
TOTAL ~EIGhT<LHS/~ILE> 

POTHE~()S 
138KV RATING 

UNITS PER SYSTE~ 
TOTAL WEIGHT<LBS/SYSlf:.M) 

TOTAL tNERGY CO~Tt:Nl = 

3.00 
3.25 
a.oo 
6.00 

aoc..~o 

6.00 
2964e00 

1~.98 

81.48 

9980e92.MILLION BTU/~ILE 

---~----------~-------------------~~------------------

A.l-2 

3.81 

33.42 

3.41 

1.os 

0.16 

0.82 



TABLE A.2 

230 kV SCOF SYSTEM 

Cm~PONENT 

---------
INSULATING OTL<COPE> 

POLY8UTENF 
. k40 I Us ( IN i 

NO. PEH PI-lASE 
TOTAL WEIGHT!L~S/MJLE> 

CM~LE cr>NDlJCTOR 
COPPU~ St.Gt.i!UiT 5 

NU. 1-'E~ PHt~SE. 
CROSS ~lCTJON<KCMIL) 
~NNEP RADIUS<INCHFS> 
TOTAl ·.~I:.. I GHT ( l 85/M 1 Lt.) 

CO"!DUC TOR SH 1 ELP 
CONDUCT lt--~G PAf.'[R 

li''N(P ~A()JUS C IN> 
OUTER HAOIUS<IN) 
NO. PEl-? ~HASL 
T 0 T /1 L ~v E. I r, H T (l_ B S I M I L E> 

CAHLI:.. I NSlJLATION 
~\RAFT PMTR 

1 t H-J f ~' ~~AU I US ( T N) 
OUTER RADlUS<lNI 
NO • PFR PHt>.S[ 
TOTAL WEIGHTtl.8S/~Ilf) 

OIL IN KRAFT PAPER 
POL YBUTErJl 

INNER RADJUS<IN> 
OUTER RADIUS l TN) 
NO,. PER PHASE' 
TOTAL W~lGHT<LA~IMILE> 

I NSlJLAT I ON SCRfTN 
CONDUCTING PAPE~ 

l~NER RADIUS<IN) 
OUTU< RADIUS (IN) 
NO. PER PHASE 
TOTAL WEir,HT<LBS/MILE) 

o.31 
1.oo 

1680.72 

1.oo 
2000.00 

o.Jl 
95_895. 31 

0. 79· 
o.7'1 
1.oo 

25.50 

0. tr.J 
r.5s 
t.oo 

2U 734 • 2',1 

o.7'1 
1.5~ 
1.oo 

18387.CO 

1.55 
1.56 
1.oo 

502.68 

A. J.-3 

ENERGY 
(MILLION BTU) PERCENT 

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

58.99 o.51 

4531.05 38.88 

0.69 o.o1 

755~71 6.49 

645.38 5.54 

13.62 0.12 



TABLE A.2 

230 kV SCOF SYSTEM (Cont'd.) 

ENERGY 
COMPONLNT (MILLION BTU) PERCENT 

---------- ---~--------- -------
OUTEF St!IFLI> 

CCiPPU? T APt 
I N 1\J f R R A[) I US ( t f' I ) 
OUT l:J< PAC! 1 .. 15 < 1 ''' >. 

·iW. PER PHASE 
lOT AI. WEJ<;HT !l f1S/~JLU 

CAbLF SHEI\TH 
ALUtiil NUM 

lNI\Jt.~ RAO!US<l"-> 
()lJTfR kAuTUS(lN) 
tJO. PER P~"SE 
·rOT .AL wf l(}f1T ( L f1 S nn Lt.> 

CAALE JI\CKFT 
POLYVINYl CI-H.UHDE 

lNNfR i~ADIUS<JN) 
CJI.H t. R I< /1 D I US ( P.J ) 
r..JO. F,[R PHASE 
TO.T AL Wf l(,h T ( LYS/~1 ll. f.) 

1.56 
1.51' 
1.oo 

11613.34 

1 • 51 
le7o 
1.oo 

35166.34 

1.76 
1.88 
t.oo 

12908 •. , 0 

C At~LE:: 1~1ANUF A.CTlJf.( I !\iC• ENFRG Y CONTE:.NT 

0 I L PRF~ 5SUR I Z 1 t.j(, f'l. .'\NT ( 1 I .3 SHA!~E) 

SPLICE SHELLS 
SH:EL. PlPF 

INNER k'AOIUS(l\.i) 
OUTER R.L>DTUS(J!'d 
LENGTH OF UI\JIT<FT> 
NO. 1-"tR Mll.E 
TOTAL WFTGHT(LbS/MllE) 

POTt-iE:.ADS· 
2 3 0 K V t~ A T I l'i 0 

LH J1 T S P F.. P. , S Y S T E._,. 
TOTAL wEIGHl(LBS/SYSTEM) 

3.25 
3.1~ 
f3.oo 
6.00 

179b.Sl 

6.00 
9270.00 

454.23 

3938.63 

396.30 

465~51 

105.00 

35.7~ 

2~2.30 

TOTAL ENEPGY CONTENT = 11653.20 MILLION BTU/MILE 

----------------------------------------~-------------

A.l-l~ 

3.90 

33.80, 

3.40 

3.99 

0.90 

0.31 

2.17 
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TABLE A.3 

345 kV SCO~ SYSTEM 

------... ~­.. 

INSULATING ·OILCCORE) 
POLY8UTE.NE 

R t''. 0 I US ( 1 N ) 
·NO. PER PHASf 
TOTAL ~EIGHTCLBS/MILE> 

C.IH1Lf-: CONDUCTOR 
C.OPPF~R SE:Gtv!ENT S 

1'!0. PE.R PhASt:. 
CROSS SECTIO~CKCMIL.l 
lNNER RADIUS<INCHES) 
TOTPL WEIGHT<LBS/MILE> 

C(JI'J(:UtTOR SH I E.LD 
CONDUCTING P ;':~,PER 

INNER RAOIUS(IN> 
OUTER RADIUS<I:'il> 
f\JO. PF..k PHASL 
TOfAL WEIGHT<U~S/MIL£> 

CJI.;3Lt: INSULATIOI'~ 
KRAFT PAPE.R 

lNNF..R RADJUSCIN) 
OUT E.R RAD.J US ( f:'l) 
NO. PF.R PHAS[ 
TOTAL ~fiGHT<LHS/MlLE> 

OIL If\J KRAFT PAPER 
POL YBUTEt-lf 

JNfJER F:-ADIUS <IN> 
(•L.Ilt:.R F'ADIUS< IN> 
MJ. PER PHASE 
TOTAL ~EIGHT<L~~/MILE) 

INSULATION SCREEN 
COi\lOUCT Hlu PAPER 

I N"1ER RAQ I_l.JS ( I.N) 
1 llHER RADJUS C IN> 
l'iO. PE k PHASE 
TOTAL WEIGHT<LUS/MILE> 

o.3i 
leOO 

1680.72 

leOO 
2000.00 

0.31 
95895.31 

0.79 
o.t9 
1.00 

25.50 

Oe79 
1.82 
1.oo 

43.!36. 63 

0.79 
}.82 
1.oo 

21986.96 

' 1·.82 
1.83 
leOO 

591.66 

A.l-5 

I 

ENERGY 
<MILLtON BTU> PERCENT 
--------~---- -------

58.99 0.44 

' 

4531.05 33. 71. 

0.69 o.o1 

1150.27 8.56 

982.34 

l6 •. 03 0.12 



TABLE A.3 

345 kV SCOF SYSTEM (Cont'd.) 

. ENERGY 
<MILLtO~ BTU) PERCENT ______ .. __ 
------------- -------

· OUlFR SHIELD 
COPPER TAPE 

HtN'E.R RADIUS< IN) 
OUTER RADIUS< IN> 
~W • Pf.R PHASE 
TOTAL WEIGHT(LHS/~ILE> 

Cl\f.llt:. SHEATH 
ALU,..., JNUM 

INI\IER RADIUS<!N) 
~1UT.ER RADIUS< IN> 
i·.JO • PEl-\ PHASE 
TOTAl;.. -~EIGHT <LRS/~ILE) 

CAbLE JACKfT . 
POLYVINYL CHLORIDE 

H-11\lER RADIUS I !N) 
0UTER· R~{OIUS I IN) 
NO. PF:R PHASE 
TOTAL ~ElGHT<LBS/MILE> 

1e83 
1.85 
1. 00 . 

1130lel9 

·}.~5 

2.03 
1.oo 

40974.98 

2.03 
2.15 
1.oo 

14862.95 

CAPLE. 'MANUFAtrORif\i.cf.tNERGY CONTENT. 

Ofl PRESSURIZING PLANT(l/3 SHARE) 

• SPLICE Sl-ifl.LS 
STEf:L PIPE 

H-lNER P/l.DIUS (IN) 
CJLJTER RADIUS<IN) 
Lf.N(;Tr Of UNITCFT> 
hO. PER MILE 
TOTAL WEIGHTCLBS/MILE> 

POTHEADS 
3-45K V RAT 1 N(, 

4.00 
4.25 
s.oo 
o.oo 

1059.83 

~NITS PfR SYSTEM 6.00 
TOTAL WEIGHT<LBS/SYSTEM>l0980eOO 

533.98 

4589e20 

456.29 

105.00 

21.09 

306. oo.-

TOTDL ENERGY CONTENT·= 134~0.09 MILLION BTU/MILE 
--~---------~---~------------~------------------------

A.l-6 

34.15 

3.4() 

. 5.13" 

0.78 

2.28 

/ 



TABLE A.4 

500 kV SCOF SYSTEM 

ENERGY 
C0tw1PONENl <MILLION BTU) PERCENT . 
--------- ------------- a.----~-

INSULATING OIL<CORf) 58.99 0.37 
POLY8UTENE 

f~ADIUS <IN> o.3I 
t~o. PER PHt\SE 1.oo 
TOTAL WEIGHT <LRS/MILU 1680.72 

CAHLE CONDUCTOR 4531.05 28.77 
I.OPPf!~ "iF(iMF-,"~.IT5 

NO. PER PHASE · 1.oo 
CROSS SECTION <KC~Il> 2000.00 
INNER Rt,OIUS ( INCHI:S) 0. 31. 
TOTAL w[JC,Hl(Lt-3S/MILE) 95895.31 ' 

CO~;Q(JCT OR SHIELD 0.69 o.oo 
CONDUCTING PAPE~ 

INNER RADIUS<IN) 0.79 
OUTE.R RADIUS< JN) 0.79 
NO. PER PHASE 1.00 
TOTAL WFIGHT<LYS/MILEl as.5o 

CAf~LE 1 N S U I_ A T I 0 1\l n,·4s.-oa -16.44 
KR·AFT PAPER 

11\lNEf.i RADIUS (IN) 0.79 
OUTE:.~ RADIUS< IN) 2.12 
NO. PER Pt1ASE 1.00 
TCTAL Wf.IGHT (U3S/MlLE:> 62550.70 

OIL IN KRAFT PAPER 1404,91 8,92 
POLYBUTE'NE 

INNER RADIUS (IN) o.79 
OUTER RADIUS (IN> 2.12 
NO. PER PHASE 1.oo 
lOT.AL WE1GH1 <LUS/MILE> 40026.03 

I hJSULA T I ON SCREEN 18.62 0.12 
·coNDUCTING PAPER 

INNER RADIUS<IN) (:'.}2 
/ OUTER RACILJS<JN) 2.13 

NO. PER PHAS[ 1.oo 
TOTAL Wf.lGHl <LBS/~ILE) 687.13. 
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TABLE A.4 

500 kV SCOF SYSTEM (Cont'd.) 
ENERGY 

CMILLION BTU> PERCENT 

---~-------~- -------
OUH.R SH H.LD 

COPPER T JI.PE 
INNER RADJUS<lN) 
OUTER RAD Jl'S < t N) 
NO. PER Pt-1ASE 
TOTAL WEl~HT(LBS/MllE) 

CAHLE SHF.,."'TH 
Alllt-1 HJUr'· 

INNER RAf)JlJS < lN) 
OUTEf.i R,1DIUS<IN> 
NO. PER PHASE 

-TOTAL WllGHT(LBS/MlLE> 

CA8LE. JACK F.. T 
POLYVINYL CHLORIDE 

I NNE P ·R A[) IllS < I !'J) 

OUTER R/\DJU«;(Ji\1) 
NO. P(R PrASE 
TOTAl.. WfiGHl(l.clS/r~ILE> 

2.13 
2el4 
1.oo 

13111.59 

. 2.14 
2.33 
1.oo 

47205.59 

2.33 
2e45 
1.oo 

16959.49 

CABLE MANUfACTURING ENE~GY CONTENT 

0 1L PRESSUR I Z H!G PLANT ( 1/3 SH.~RE·> 

SPLICE 'SHELLS 
SlEEL. PIPE 

.JNNE~ ~~ADIUS<IN> 
OUTER RADIUS< Ji'li) 
U.NGTH OF U"lJT(FT) 
NO. PFR t-1Jlt 
TOTAt WEI~Hl(L~S/~ILE) 

POTHEADS 
500KV RATING , 

s.oo. 
~.25 
8.00 

11.49 
2521.60 

UNITS PER SYSTE~ 6.00 
TOTAl ~ElGHT<LBS/SYSTEM)19320e00 

. 

619.52 

5287.02 

520.66 

969.52 

105.00 

50.18 

54()-.42 

TOTAL ENERGY CONTENT = 15751.64 MILLION BTU/MILE 
' 

-------~--~------~~----~------------------------------
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33.56 

3.31 

6.16 

0.67 

0.32 

3.43 



TABLE A.5 

765 kV SCOF SYSTEM 

ENERGY 
COt~PONfNT <MILLION BTU> PERCENT 

--------- ------------- ----·---· 
INSliL.f\liNG OILCCORE> 58.99 0.36 

POLYBUTENE 
~l•OIUS ( JN) o.31 
NO. PrR PHASE:. 1.00 
TOTAL WfJGHTCl8S/MILE> 1680.72 

C:A8LL CONDUCTOR 4531.05 27.37 
COPPE.R SCG!1HITS 

NO. PE.R PHASE 1.oo 
CROSS SECTION.CKC~IL> 2000.00 
INNER RADIUS CINCHES> 0.31 
TOTAL WElGHTCLaS/MlLE> 95895.31 

COM1UCTOR SHIELD 0.69 o.oo 
CONDLICTJNG PAPER 

INNER RJ\OIUS < INl 0.7~ 

OUTER RADIUS (IN) o.79 
NO •. PER PH A Sf 1.oo 
TOTAL t~ E I G H T ( L 8 S I ~A I L E ) 25.50 

CARLE. J.NSUl.ATION 2120.94 12.81 
SYNTHETIC PAPER 

INNER ~ 4 0 I 1.1 5 C I i'J > 0.79 
OUTER RAOJUSClNl 2.22 
NO. PER F'HASE 1·00 
TClT At WE I GHl·c U:IS/t-11 LE) 74158.6~ 

OIL IN KRAFT PJ),PfR 1046.72 6.32 
vll IN s. PAPER 

lNNF.R RAOIUSCJNl o.79 
0L;lE.R RADIUS ( PJ) 2.22 
''iO. PfR PHASE l·OO 
TOTAL WEIGHT <L8S/MILE.> 29821.00 

INSULATION SCREEN 19.50 0.12 
CONDUCT H\G PAPER 

INNER RAOIUSCINl 2.22. 
OUTER RADIUS ( INl 2.23 
NO. PER PHJ\SE 1.oo 
TOTAL WE lGHT CU:~S/MILU 719.49 
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TABLE A.S 

765 kV SCOF SYSTEM {Cont'd.) 

COt·1P(iNENT . --------.. 

' 0 l.l T t.i~ S H I E.: L D 
COPP[R ThPf_ 

INNER RADIUSCIN> 
OUTER RADlUSCIN> 
r~O. PF.R PHASE. 
TOTAL WEIGHTCLBS/MILE> 

-CAl~ L [. SHE A T H 
AL.U:·HNUM 

. INNfR RADIU~(I~> 
OUTER RADIUS C IN> 

· . NO. PER PHASE 
TOTAL WEIGHTCL~S/~ll[J 

CABLt. JACKE.T. 
r·OL YV!t~YL CHLORIOf 

11\iNER RADIUS ( li\J) 
OUTER RAOIUSCIN> 
NO. PER PHASE 
IUTAL WEIGrll (l8S/~IL£) 

2.23 
~.24 

1.00 
13725.24 

2.24 
?.43 
i.oo 

49317.80 

2.43 
z.ss 
1.oo 

17669.98 

CABLE MANUFACTURING ENERGY CONTENT 

OIL PRt.SSURI7JI' 1G PL~NTCl/3 SHARE) 

SPLICE SHELLS 
STEEL PIPE 

INNER Rt.DIUS I !N> 
OUTER Rt.uiUS ( H~> 
LENGTH OF 0~lTCFT> 
.->JO. PER t-11 LE' 
TOTAL WEIG~TCLBS/~1L~) 

POTHL•\05 
765K.V RAlli'•G 

s.oo 
5.25 
8.00 

17.22 
.)779.11 

UNITS Pf~ SYSTEM 6.00 
TOTAL WEIGHTCLBS/SYSTEM)26580~00 

ENERGY 
(MILLION.BTU) PERCENT 
-~----------- -------

648.52 

5523.59 

542.47 

1142.27 

105.00 

75.20 

740.40 

33.36 

3.28 

6.90 
I 

. 0.63 

0.45 

TOTAL ENERGY CONTENT ~ 16555.32 MILLION BTU/MILE 

--~---------~----------------------------------~------
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TABLE A.6 

138 kV .HPOF CABLE SYSTEM 

COMPONE.N.T 
~--------

CABLE CONDUCTOR 
COPPER WIRE 

NO. PER PH~.SE 
CROSS SECTION(KCMTL> 
INNE~RADIUS(INCHES> 
TOTAL WEIGHT(LBS/MILE> 

PAPER TArt 
CONDUCTING PAPER 

INNER RADJLIS <IN> 
OUTER RADIUS ( l"J> 
NO. PER PHASE. 
TOTAL WEIGHT<LHS/MILl) 

STEEL TAPE 
STAli\JLt.SS STEEL 

INNER RAOIUS(JN) 
OUTEP f~AOIUS (IN) 
NO. PER ·pHt.SE 
TOTAL WEIGHT<LHS/MILE> 

CONIJ. PAP[R TAPE 
CONDUCTING PAPER 

INNER RADlUS(!N) 
OUTE.P. RAO I US ( 1 N) 
NO. PER PHASf. 
TOTAL WEIGHT<LBS/~ILE> 

CABLE INSULATION 
"RAFT PAPER 

INNER RADIUS<IN) 
OUTER RAOJllS<I".J> 
NO. PER PHASE 
TOTAL WE.IGHT(LRS/MILE> 

OIL IN KRAFT PAPER 
POLYC3UTEI\!E. 

INNER PADIUSIII\J) 
OUTER RADIIJS<IN> 
NQ. PE.R PHASE 
T 0 TAL ~~F.: I G h T ( L 8 S I M I L E > 

1.oo 
2000.00 

o.o 
95895o31 

0.77 
o. n~ 
1.oo 

125.80. 

·o. 78 
0.79 
1.oo 

1353.92 

o.79 
o.79 
1.oo 

127.41 

0. ].9 
1.30 
1.oo 

17035.80 

0.79 
1.30 
1.oo 

10901.17 

A.l-11 

ENERGY 
(MILLION BTU) PERCENT 
-~----------- -------

4531.05 42.82 

3.41 . o.o3 

39.94 0.38 

3.45 0.03 

448.04 4.23 

382.63 

,. 



TABLE A.6 

138 kV HPOF CABLE SYSTEM (Cont'd.) 

COMPONENT 

---------
1!-JSUL/\ T I ON SCI-<fEI\i 

CONOUC T I t-.:G PAPER 
INNE~ RADIUS<IN) 1. 30 
OUTEr~ R AD J US c( I N l 1.31 
NO. P[~ PHASE leOO 
TOTAL WfiGHT(LBS/~lLE) c 420.67 

COPPER lAPf 
ONE LAYERtOe005 IN 

INNER RADIUS< HJ> 1.31 
OUTER RADIUS! IN> 1. 31 
NO. PER PHASE 1.oo 
TOTAL WEIGHT(LAS/MILE> 2507.82 

M-Y-LAR- TA-PE 
ONE LAYERt0.005 IN 

INNER R AD I US < I N ) 1.31 
OUTt:R f.< AD IUS C I"J) 1.31 
NO. PER PHASE 1.oo 
TOTAL wt:. I GHT ( L F3S/M I Lf.) 396.34 

SKID \o/1 RES 
STAir~LESS STE:FL 

NO. PfR PHASE.. 2.oo 
01 ~i'AETEI-< (IN> 0.20 
CM:>LE R A 0 I U 5 C It·.U 1.31 
TOTAL Wt.IGHT CU3S/MlLE) 2920.19 

CABLE ~ANUFACTURII\JG fNF.RGY CONTE::NT 

CASING PIPE 
STEEL PIPE 

It;.INER RADIUS< HI) 
OUTER Rf\DIUS < H~) 

TOTAL WEIGHTCLBS/MllE) 

PIPE CO.AT!f\JG 
OITU~ASTIC COAriNG 

INNER RADIUS<IN> 
OUTER RADIUS (IN) 

--T-OTAL WE I GHT < U1S/M I Lt:> 

3.75 
4.00 ' 

1 09514.25-· 

4.00 
4.50 

43S70.43 

A.l-12 

ENERGY 
(MILLION BTU) PERCENT 

------------- -------
11.40 0.11 

118.49 1.12 

35.67 0.34 

86.15 o.81 

290.47 2.74 

2179.33 20.59 

123.74 .1.17 



TABLE A.6 

lJ8 kV HPOF CABLE SYSTEM (Cont'd.) 

COHPONENT 
-------=--

INSUL. OlL(CASING> 
POLYBUTENE OIL 

RADIUS C IN) 
CABLE RADIUS<IN> 
TOTAL WEIGHT<LBS/MILE> 

MANHOLES--CO~CPETE 
CONCRFTE 

WfiGHT/UNIT CTONJ 
NO. UNIT PER MILE 
TOTAL ~EIGHTCLBS/~ILE> 

MANHOLES--STEEL 
STEEL ROD 

WEIGHT/UNIT (TON) 
NO. UNIT PER MILE 
TOTAL ~EIGHT<LBS/~ILE> 

SPLICE SHELLS· 
STEEL PIPE 

INNER RADIUS<JN> 
OUTER RADIUS<IN> 
LE~GTH ~F-oNrTlfT> 
NO. PER MILE 
TOTAL WfiGHTCLBS/MILE> 

TRIFURCATOR-STUBS 
STAINLESS STEEL 

INNER RADIUS(JN) 
OUTER RADIUSCJN) 
LENGTH Of UNIT<fT) 
NO. PER SYSTEM 

3.7~ 
1.31 

52310.44 

27.94 
2.oo 

lll747.94 

2."76 
2.oo 

11052.00 

5.75 
6.25 
-e-~-o-o ·· 
c.oo 

10~"1.72 

1.63 
1.75 
3.oo 
6e00 

TOTAL WEIGHTCLBS/SYSTEM) 79.75 

TRIFURCATOR-CASING 
STAINLESS STEEL 

INNER RADIUS (IN> 
OUTER RADJUSCIN> 
LENGTH Of UNIT.<fT) 
NO. PER SYSTEI-I. 
TOTAL ~fiGHTCLBS/SYSTEM> 

3.75 
4.00 
z.oo 
z.oo 

84.66 

A.l-13 

ENERGY 
(MILLION BlU> PERCENT 
------------- -------

1836.10 17.35 

83.25 0.79 

172.41 

20.45 0.19 

2.35 0.02 

2.50 0.02 



TABLE A.6 

138 kV HPOF CABLE SYSTEN (Cont'd.) 

COtv<PONfNT 
.---~---.--

RISE~ PIPES 
STAINLlSS STEEL 

lNt'.IER R.flOILJS<·IN> 
OUTER RAD.IUS(II~) 

L~NGTH OF UNJT<FT> 
NO. PER SYSTEM . 
TOTAL WEIGHT (l_l35/SYSlfM) 

POTHEADS 
l3AKV RATING 

UNITS PER SYSTEM 
TOTAL W(IGHT<LRS/SYSTEM> 

1.7!::> 
1.87 

30.00 
6.00 

854.12 

t.oo 
2964.00 

OIL ~RESSURIZING PLANT(l/3 SHARE> 

TOT/11 E.NFiiC1Y CONTn.JT:; 

EN~RG.Y 
(MILLION BTU) PERCENT 
-----~-~-~-~- --~~---

25.20 0.24 

81.48 0.77 

105.00 0.99 

----~---~-----~-----~---------------------------------
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TABLE A.7 

230 kV HPOF CABLE SYSTEM 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

~--~--------- --~----

C.A.BLE CONDUCTOR 4531.05 38.45 
COPPER WIRt. 

NO. PER PHASE 1.oo 
CROSS SECTlONC~CMIL) 2000.00 
INNER RADIUSCINCHES) o.o 
TOT.AL Wt::.IGHTCLBS/Mllt.> 95895.31 

PAPER TAPE 3.41 o.o3 
COI\4DUCTING PAPEP 

INNER RADIUSCIN) o.11 
OUTER R.ADIUS C IN} 0.78 
NO. PER PHASE leOO 
TOTAL. ~EIGHTCLBS/~llf) 125.80 

STEEL TAPE 39.94 0.34 
STAINLESS S.TEEL 

INNER I<AD.IUS ( JN) o.1a 
OUTER RADIUSCIN) 0.79 
NO. PER PHASE 1.00 
TOTAL WfiGHTCL~S/MlLE) 1353.92 

COND. PAPER TAPE 3.45 o.oJ 
CONDUCTING PAPER 

INNER RADIUS C lf·J) 0 .·19 
OIJTER RADIUS C IN) 0.79 
NO. PER PHASE 1.oo 
TOTAL WEIGHT <L8S/~~ILE) 127.41 

CABLE INSULATION 756~'75 6.42 
KRAFT PAPER 

INNER RADJUSCIN> o.79 
OUTER RADIUS ( li'.J) 1.55 
NO. PER PHASE leOO 
TOTAL WEIGHTCL85/MILE1 28773.65 

OIL IN KRAFT PAPEP 646.27 5.48 
POLYBUTENE 

INNER RADIUS C IN) o.7'l 
OUTER RAOIUSCIN) l· 55 
NO. PER PHASE 1.oo 
TOTAL WEIGHTCLAS/MILE) .1 8412. 18 
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/' 
TABLE A.7 

230 kV HPOF .. CABLE SYSTEM (Coot' d.) 

COt-IPONENT 

---------
INSULATION SCRfEN 

CONDUCTING :PA~ER 
INNf~ RADIUS(JN) 
OUTER RADIUS (PH 
NO. PER f.JHt.St 
TOTAL WF!GHT(L8S/MILE) 

COPPER TAPE 
ONE LAYERtOe005 1~ 

I NN~R R .1\D I US< P.J> 
OUTf:.R RADIUS<lN) 
NO. PE.R PH"SE. 
~OTAL ·WEIGHTIL8S/Mll[) 

MYLAR TAPF 
ONE,LAYf:.RtOe005 IN 

lNNE.R RJ\DlUS ( PJ> 
0 UTE R R .1\0 IUS < HJ ) 
NO. PlR PHASE 
TOTAl Wf lClHT (I AS/MTI f) 

St\ID WIRES 
STAINLESS STE[L 

NO. PER PHASf. 
DIAME H:R (IN> 
CABLE R AOl US ( pn 
TOTAL WEIGH1 <U3S/~ILE) 

1.5~ 
1.56 

-1.00 
503.19 

le56 
1.56 
1.oo 

2996.36' 

1.56 
1. 5' 
leOO 

47J.41 

2.00 
().20 
1. 5 ., 

3425.32 

CABLE MANUFACTURING ENERGY CONTENT 

CASING PII-'E 
STElL PIPE 

INNER RADIUS ( Jl'~) 
OUTER RADIUS<l"l) 
TOTAL WEIGHT<LBS/~ILE) 

PIPE COATING 
BJTUMASTJC COATI~G 

INNER RADIUS ( II.J) 
OUTER RADIUS<TN> 
TOTAL WElGHl <LoS/MILE> 

4.06 
4.31 

1181~6.62 

4.31 
'+e8l 

46779.30 

A.l.,...lf 

ENERGY 
<~ILLION BTU) PERCENT 

------------- -------
13.64 0.12 

141.58 1.20 

0.36 

101.05 0.86 

466.89 3.96 

2350.52 19.95 

132.85 1.13 



TABLE A. 7 

230 kV HPOF CABLE SYSTEM (Cont'd.) 

ENERGY 
CO~f->ONF.NT (MILLION BTU>. PERCENT ........... --- .. ~-------~--~- -~~----

INSUL. 0 I l ( C t\ S PJCd 1885.43 16.00 
POLY8UTEN£ OIL 

RADIUSC!N) 4.06 
CABLE RADIUS ( !iJl 1.57 
TOTAL WEIGHT CU3S/~ILE> 5371~.88 

MANHOLES--CONCRtT[ 83.25 0.71 
CONCkElE 

WEIGHT/UNIT <TON) 27.94 
NO. UNIT PER MILf 2.oo 
TOTAL Wt. ·I Gt-IT ( LBS/~11 LU 111747.94 

MANHOLES--STEFL 172.41 1.46 
STEEL ROC. ( 

( wEIGHT/UNIT CTON) 2.76 
NO. u,...Jtl PER >HLE 2.00 
TOTAL WEIGHTCLUS/MILE) 11052.00 

Sf->LICt SHELLS 22.16 0.19 
STEEL PIPl 

lNNEI<l f<ADIUS C IN) 6.2~ 

OUTER P/IDIUS (IN> 6.7~ 

LENGTH OF UNIT<FT> a.oo 
NO. PER MILE 2.00 
TOTAL WE. IGHT CL9S/r-AILE.> 1113.36 

. TR IFURCATOR-STLIBS 2.70 o.o2 
STAINLI:":SS S T F:El 

INNER RADIUS(!N> 1.88 
OUTER RAOIUSCJN> 2.00 
LENGTH OF Uf\J 1 T ( F T> J.oo 
NO. PER SYSTEM 6.00 
TOTAL W[}GHT(L~S/SYSTEM) 91.5~ 

TR!FURCATOR-CASING 2.70 o.o2 
STAINLESS STFEL 

INNER RI\DIUS C IN) 4.06 
OUTER RADIUS C !f\1) 4.31 
LENGTH OF UNIT CFT) I 2.00 
NO. PER SYSTEM z.oo 
TOTAL WEIGHT(L8S/SYSTEM> 9le4'J 
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TABLE A. 7 . 

230 kV HPOF CABLE SYSTEM (Cont'd.) 

ENE.RGY 
COMPONENT (MILLION BTU) PERCENT 

~--------- ------------- -------
RISER PIPES 

STAlNLFSS STft:'-
.INNtR RADIUS<IN) 
OUTEH Rtd)JUS <IN> 
LENGTH Of Ui-...:IT (FT> 
NO. PEJ.? SYSTEM 
TOTAL WflGHT<lHS/SYSTEM) 

POTHEADS 
2 3 0 K V RAT 1 1\: G, 

UNITS PE.P SYSl[11 . 
TOT~L Wti~HT(LeS/SYSTfM) 

1.8& 
£~. o o 

30.00 
6.00 

91 s ·• 46 

beOO 
9270.00 

27.01 

252.30 

OIL PRtSSU~I/ING PLANT(l/3 SHARE) 105.00 

TOTAL ENERGY CONTENl = 11782.91 MILLION BTU/MILE 

-------------------~---~------------------------------

A.l-lR 

·0.23 

2.14 

0.89 



TABLE A.B 

345 kV HPOF CABLE SYSTEM 

ENERGY 
COMPONt.NT (MILLION BTU> PERCENT _______ _,_ 

------------~ ------~ 

CABLE C.:ONDUCTO::< 4531.05 30.59 
COPPER W!R[ 

NO. PER PHASE 1.00 
CROSS SECTION(KCMIL> 2000.00 
INNER R Al)J uS< I 1-.ICHE'S) o.o 
TOTAL WEl~~T<LdS/~ILE> 95895. 3"1 

PAPER TAPE 3.41 o.o2 
CONDUCt H!G PAPER 

INNER RADJUS<JN) o.71 
OUTER RAOIUS<liJ) 0.78 
NO, PEP PHASE leOO 
TOTAL ~fiGHT<LBS/MILE> 125.80 

STEEL TAPE 39.94 0.27 
STAINLESS STEEL 

It..JNER RADIUS ( lN> Oo78 
OUTt:.R R'AD I US< I i-J > o.79 
NO, PER IJHASE 1.oo 
TOTAL ioJf I GHT ( LBS/M I LE> 1353.92 

COND. PAPER TAPE 3-45 o.o2 
CONDUCT HIG PAPER 

INNER RADIUS(JN) 0.79 
OUTER RADIUS (IN) 0.79 
NO., PER P!tASE 1.00 
TOTAL WEIGHT <LAS/MILE) 127.41 

CABLE INSULATION . 1151.68 1.11 
KRAFT PAPER 

INNE.R.R.AOIUS<I~> 0.79 
OUTER RtiDIUS(JN) 1.82 
NO, PER PHASE 1.oo 
TOTAL WEIGHT(LBS/~ILE> 43790.23 

OIL IN KRAFT PAPfR 983.55 6,64 
POLYBUTENE 

INI\.lER RAL>JUS<IN> o.'79 
OUTER RADJUS<IN> 1.82 
NO, PER PHASE 1.oo 
TOTAL WEIGHT (U~S/MILE> 28021'.26 
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TABLE A.8 

345 kV HPOF CABLE SYSTEM (Cont'd.) 

COMPO~ENT 

~---------

INSULATION SC:RFO' 
CONDUCTIN~ PAPER 

INNE!J RADIUS ( ).1~) 
OUTER FiADIUS<IN> 
NO. PER PHASE 
TOTAL ~EIG~TCLBS/~ILE) 

COPPt.K TAPE 
ON~ LAYfW,0.005 IN 

I WJ E R R Af)l LJ S < I N > 

OUTER RADTUS C JIJ) 
NO • PER ,PHt,SE 
TOTAL Wf. I G~lT < LH.S/M I LU 

tv·•YLAR TAPE 
i ONt. LAYfRtOe005 IN 

INNER HA[JlUS (IN) 
OUTER RAOIUSCIN> 
NO, PER PHft5E 
TOTAL Wf I GHT < LBS/M I LU 

SKID Wl'RfS 
STAINLESS STE[L 

t·JO, PE~ PHASE 
DIAMETER C IN> 
CABLE RADIUS C I 1-J > 
TOTAL W~IGHTCL8S/~ILE> 

1.82 
}.84 
1.oo 

592.1 '1. 

1.84 
1.84 
1.oo 

3524.23 

1.84 
l.8S 
1.oo 

556.48 

2.oo 
0.20 
le8~ I 

397'8. 01 

CABLE MANUFACTURING ENFRGY CONTENT 

CASING PIPE 
STEEL PIPE 

INNER RAOIUStJN) 
OUTER RADIUSCI~> 
TOTAL wEIGHTCL~S/~lLE> 

P 1 P E C 0 AT I i'J G 
8ITUMASTIC COATING 

INNER RADIUS C IN> 
OUTER RADIUSClN) 
TOTAL WEIGHTlLBS/MlLE> 

s.ob 
s.Ji 

146621.50 

5.31 
5.81 

5703le1b 

A.I-:W 

ENERGY 
(MILLION BTU) PERCENT 
-~----~-~---- -------

16.05 0.11 

16b.52 1.12 

so.oa 0.34. 

117.35 0.79 

4.68 

2917.77 19.70 

161.97 i.09 



TABLE A.8 

345 kV HPOF CABLE SYSTEM (Cont'd.) 

COMPONENT 

----------

INSUL• OIL<CASI.NG). 
POLYBUTENE. OIL 

RADIUS<IN) 
CABLE-RADIUS<IN>· 
TOTAL WEIGHT<LSS/MILE> 

MANHOLES--CONCRETE 
CONCRE.TE 

WEIGHT/UNIT (-TONJ 
NO, UNIT PER MILE 
T 0 TAL W £ I G.H T ( L B S I M I L E ) 

MANHOLES--STEEL 
STEEL ROD 

WEIGHT/UNIT (TON> 
NO, UNIT PER MILE 
TOTAL WtlGHl(LBS/VlL£) 

SPLICE SHELLS 
STEEL PIPE 

INNER RADIUS(IN) 
OUTEP RADIUS (IN> 
LENGTH OF GNIT<FT) 
NO, PER MILE 
TOT~L WflGHT<LBS/MILf) 

TRIFURCATOR-STUBS 
STAINLESS STfEL 

INNER F<ADIUS(JN) 
OUTER. Rt.DIUS <TN) 
LENGTH Of UNil(fT> 
NO. Pf:.R SYSTEM 

~.Ob 
1.8~ 

90900.37 

3~.76 
2.oo 

131039.94 

3.24 
2.oo 

12960.00 

7. -,5 
8.2!:> 
s.oo 
2.oo 

1370.2~ 

·2.35 
2,50 
J.oo 
6.00 

TOTAL WEIGHT(LBS/SYSTfM) 14lel9 

TRlfURCATOR-CASING 
STAINLESS STEEL 

INNER RADil!S(JN) 
OUTER RAOIUS ClN) 
LENGTH Of U~IT<FT) 

NO • PfR SY.Slt:fv1 

s.o6 
5.31 
2.00 
?..oo 

TOTAL· WEIGHT<LBS/SYSTEM) 113.34 

A.l-21 

ENERGY 
(MILLION BTU> PERCENT 
-~--~-------- -~~----

3190.60· 21.54 

97.62 0.66 

202.18 

27.21 0.18 

0.03 

3.34 o.oz 



TABLE A.8 

345 kV HPOF CABLE SYSTEM (Cont'd.)" 

.ENERGY 
CO~PONENT (MILLION BTU) PERCENT 
~-------- ------------- -------
RISER PIPES 

SlAHiLtSS STEEL 
lNNFR RADIUS I IN)' 
OUTER RADIUS ( !N) 
LENGTH OF UNIT<FT) 
No.· PER SYSTEM 
TOTAL WEIGHT<LBS/SYSTEM) 

POTHEADS 
14~KV RATING 

c.Js 
2.50 

30.00 
6.00 

l'•ll.9c 

UNlTS PER SYSTEM 6.00 
TOTAL WI-:.IGt1T(L'3S/SYSTEt-1> 10980.,00 

Oil. PRESSURIZING PL~NT(l/J· SHARE> 

41.65 

'306.00 

105.00 

TOTAL ENERGY CONTENr = l48l3e20 MILLION BTU/MILE 

---~---------------~~---------------------------------

A.l-:!~ 

0.28 

2.07 

o.71 

r 



TABLE A~9 

500 kV HPOF CABLE SYSTEM 

ENERGY 
COt-IPONHJ r (MILLION BTU) PERCENT _all!' ______ _ 

-----------~- -------
CARLE CONDUCTOR 4531.05 23.54 

COPPt:R ~·JI nt: 
NO. PER PH/\SF 1.00 
Ch.OSS SEC T I 0 :·~ ( K C 11.1 J L> ' 2000.00 
INNER r~AD I US ( FiCHFS l o.o 
TOTAL WEIGHT(LP-5/r-AIL.El 958~S.31 

PAPER TAPE 3.41 o.o2 
CONDl'tC T I M_j P ~~Pt.'~ 

INNlR RADTUS(!Nl 0.77 
UlJTt:R RAOIUS<IN> o.78 
NO. PE.R PHASE 1.oo 
TOTAL WE::!GrlT(LdS/MILt:> 125.80 

STEE.L TAPE. 39.94 0.21 
STAINLESS STEEL 

lNNER RADIUS ( li'H o.7H 
OUTER RAU I us·< P!) o.79 
NO. PER PH.I\SE 1.oo 
TOTAL Wt:IGHl (LflS/MlLE> 1353.;92 

CON[). PAPER TAPE 3.45 0.02 
CONDUCTING PAP[R 

INNEI=f RADJUS < I"J) o.7Y 
uurFR. RAOIUS(JN) 0.79 
NO. Pt:R PHAS[ 1.oo 
TO T.~L WEIGHT (LJ~)/MILEl 127.41 

CAP.LE li~SULAl ION 1646.89 8.56 
KRAFT PAPER 

INNER r~A()IUS (IN) o.79 
OUTER RALJIUS ( JN) 2.12 
~~0. PER PHA5f. 1.oo 
·r o lt' t_ WEI0HT(LRSIMILE> b26}-1.59 

OIL I~ Ki~AF T PAPfl< 1406.46 7.31 
POL YBUTEro.Jt: 

INN£R R,ADIUS(INl. 0,79 
CUTER RADJU~,(JN) 2.12 

.NO. .P[R PH.\~A- 1.oo 
lCiTAL WEIGHT (LBS/t-AILE> 400"/0 .1~ 

A. I-n 



TABLE A.9 

500 kV HPOF CABLE SYSTEM (Cont'd.) 

COMPONENT -------- ... -
INSULATION SCREEN 

CONDUCTING PAPER 
INNER RA[JIUS (JN) 2.12 
OUTER RMHUS(JN) 2e13 
NO. PER PHASF 1.oo 
TOTAL WEIG.Hl(LBS/MlLE) 687.64 

COPPER TAPE. 
ONE LA'YER,0.005 IN 

INNER RAf)JUS <IN) 2.13 
OUTER RADIUS.<IN) 2.14 . 
NO.· PER FJHASE 1.oo 
TOTAL WE.IGHT<LBS/~ILF) 4090.13 

MYLAR TAPE 
0NE LAYERtO.OOS IN 

INNER RADIUS (IN) 2.14 
OUTER RADIUS<IN) 2.14 
NO. PER PHASE 1.oo 
TOTAL WE. I GHT <l .. 9S/~ J LE) 645.60 

SKID WIRES 
STAINLESS STfEL 

NO. PER PHASE ' z.oo 
DIAMETER (IN> o.zo 
CABLE RADIUS<IN> 2.14 
TOTAL WEIGHT (Lf3S/~ILE) 4576.74 

CABLE MANUFACTU~JNG ENERGY CONTENT 

CASING PIPE 
STEEL PIPE 

INNER R/IOIUS(IN> 
OUTER RADIUS<Ii'J) 
TOTAL WEIGHT<LB5/MILE) 

PIPE COATING 
61TUMASTIC COATING 

INNER PADIUS<IN> 
OUTER RAOIUSCIN) 
TOTAL WEIGHT(LBS/MlLE) 

6.06 
6.31 

174869.44 

6.31 
6.81 

67277.81 

ENERGY 
CMILLION BTU> PERCENT 

------------- -------
18.63 0.10 

193.26 1.oo 

58.10· 0.30 

135 .• 01 0.10 

975.60 s.o7 

3479.90 18.08 

191.07 ·o.99 



TABLE A.9 

500 kV HPOF CABLE SYSTEM (Cont'd.) 

COMPONt:NT 

INSUL. OILC~ASING> 
POLYBUTENE OIL 

RADIUS (IN) 
CABLE RADIUSCIN) 
TOTAL WEIGHT<L~S/MILE) 

MANHOLES--CONCRETE 
CONCRETE 

WEIGHT/UNIT (TON> 
NO. UNIT PER ~ILE 
TOTAL WEIGHT<LBS/MILE> 

MANHOLES--STEEL 
STEEL ROD 

WEIGHT/UNIT <TON) 
NO. UNIT PER MILE 
TOTAL WEIGHT<LBS/MILE) 

SPt ICE SHELLS·· · 
STEEL PIPE 

INNER RADIUS< I!-J) 
OUTER RADIUS(!\!) 
LENGTH OF UNIT<FT> 
NO. PER MILE 
TOTAL WEIGHTCLBS/MILE> 

TRIF"URCATOR-STUBS 
STAINLE-SS STEEL 

INNER RADIUSCIN> 
OUTER RADIUS (IN) 
LENGTH OF UNIT<FT) 
NO. PER SYSTEM 

6.31 
2. i 1+ 

153891.94 

33e65 
2.60 

174987.75 

3.33 
2.60 

17308.20 

9.25 
9.75 

1o.oo 
i.60 

2644.23 

2e!32 
3.oo 
3·00 
6 .• 00 

TOT~L WEIGHl <LBS/SYSTEM) 205.98 

TRIFURCATOP•CASING 
STAINLESS STEEL 

INNER RADIUSCIN> 
OUTER RAOIUS<IN> 
LENGTH OF UNIT<Fi) · 
NO. PER SYSTEM 

6.06 
6.31 
2.oo 
z.oo 

TOTAL WEIGHT<LBS/SYSTEM) 135.18 

A.l-25 

ENERGY 
<MILLION BTU) PERCENT 
---~--------- -------

540 le61 28.06 

130.37 0.68 

270.01· 1.40 

52.62 o.21 

6.08 o.oJ 

3.99 0.02 



TABLE A.9 

500 kV. HPOF CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT <MILLION BTU) PERCENT 

--------- ------------- -~-----

RISER. PIPES 
STAINLESS STf.fL 

INNER RADJUSCIN) 
OUTER RADIUS< JN) -
LENGTH Of UNIT<FT> 
NO. PER SYSTF.M 
TOTAL WEIGHT(LBS/SYSTEM) 

POTHEADS 
500KV RATING 

2.50 
2.68 

30.00 
6.00 

1833.29. 

UNITS PER SYSTEM 6.00 . 
TOTAL WEIGHT<L~S/SYSTEM)l9320e00 

O)L PRESSURIZ]NG PLANT(l/3 SHARE) 

54.08 

540.42 

105.00 

TOT4L.ENERGY.CONTENT = 19246.91 MILLION BTU/MILE 

--------------------------------~---------------------

A.l-26 

o.2a 

2 .• 81 

o.55 



.TABLE A.lO 

765 kV HPOF CABLE SYSTEM 

CO~PONENT 

---------:-

CABLE Cb~DUCTOR 
COPPER WIRE 

NO.. PER PHASE 
CROSS SECTION(KCMYL> 
INNER RADI0St.INCH~S) 
TOtAL ~EIGHT<L~S/MILE) 

PAPER TAPE 
CONL)LICTJNG PAPER 

ItJNER RADIUS ( JN) 
OUTER RADIUS<IN> 
NO. PER PHASE 
TOTAL WEIGHT<LBS/MILE> 

STEEL TAPE 
STAH;LESS STtEL 

INNER RADilJS<IN> 
OUTER RADIUS(IN) 
NO. PER PHASE:: 
TOTAL WEIGHT<LBS/MILE~ 

CONO. PAPER TAPE 
• CONDUCTING PAPER 

INNER RAD.IUS (IN> 
OUHR RADIUS t TN> 
NO. PER PHASE 
TOTAL WEIGHT<[B~/MILE) 

CARLE I ~JSULAT I ON 
-SYNTHETIC PAPER 

H!NER RADIUS (IN) 
OUTER RADIUS (IN) 
NO. PF.R PHASf 
TOTAL WEIGHT<LBS/MlLt) 

OIL. IN SYN PAPER 
·OIL IN s. PAPER 

INNER RA.DIUS (IN> 
OUTER RAOIUS(JN) 
NO. PER PFIASE 
TOTAL WEIGHT<LBS/~ILE> 

1. o·o 
2000.00 

o.o 
95895.31 

Oe77 
0.78 
leOO 

125.80 

Oe78 
o.79 
1.00 

1353.9?. 

0.79 
o.79 
1.06 

127.41 

o.79 
2.2j 
1.oo 

74620.94 

. 0.79 
2.23 
1.06 

30006.89 

ENERGY 
<MILLION BTU> PERCENT 
----------~-- -------

-4531.05· 23.77 

3.41 .0.02 

39.94 0.21 

3.45 o.oz 

2134.16 llel9 

1053~24 s.sz 



TABLE A.lO 

765 kV HPOF CABLE SYSTEM (Cont'd.) 

C0~1PONENT 

---------
INSULATION SCREEN 

CONDUCTING PAPER 
INNER RADIUS< IN) 
OUT E.R R AD I US < I N > 

NO. PER PHA.SE: 
TOTAL WEIGhT<LBS/M~LE> 

COPPt:R TAPE 
ONE L~YERtO.OOS IN 

IM-.JER RADIUS< Ji'J) 
OUTER RADJUS<IN> 
f,JO. PER PHA S[ 
TCJTAL WEIGHT<LBS/MILE) 

MYLAR TAPE 
ONE LAYERtO.OOS IN 

INNER RACIUS(JN) 
OUTfR RAOIUS<IN> 
NO. PER P.HASF 
TOTAL WEIGHTCL8S/MILE> 

SKID \viRES 
ST A·lNLESS STEE.L 

NO. PfR PHASE 
DIA~ETER (IN) 
CABLE RADIUS (IN> 
TOTAL WEIGHT<LBS/MILE> 

2.23 
2·23 
1.06 

721.55 

2.2:3 
2.24 
1.00 

4291.33 

2.24 
2 •. 24 
leOO 

6'77.31 

2~00 
o.zo 
2e24 

4790.89 

CABLE MA~UFACTURING ENERGY CONTENT 

CASING ·PIPE. 
STEEL PIPE 

INNfR RADIUS<IN) 
OUTER RADIUS<IN) 
TOT~L WEIGHT<LBS/MILE> 

PIPE COATING 
AITUMASTIC COATING 

INNER RADIus· (IN) 
OUTER RADIUS<IN> 
TOTAL WEIGHT(LBS/MILE> 

6.06 
6.31 

174869.44 

6.31 
6.81 

67277.81 

A.l-?.8 

ENERGY . 
(MILLION BTU) PERCENT 
---------~--- -~-----

19.55 o.1o 

202.77 1.06 

60.96 0.32 

141.33 o.74 

• 

1155.98 6e06 

3479.90 18.25 

191.07 leOO 



TABLE A.lO 

765 kV HPOF CABLE SYSTEM (Cont'd.) 

· C0t-1PONE.NT 

~--------

INSUL. OIL<CASIN~) 
POLYBUTENE OIL 

RAOIUS<IN> 
·cARLE RADIUS<IN) 
TOTAL WEIGHT(LBS/M1LE> 

MANHOL~S--CONCRET( 
CONCRETE 

WEIGHT/UNIT <TON) 
NO. UNIT. PER MILF 
TOTAL WEIGHT<LBS/MIL£) 

MANHOLES--STEEL 
STEEL ROD 

WEIGHT/UNIT <TON> 
NO. UNIT PER MILE 
TOTAL WEIGHT<LB~/MILE) 

SPLICE SHELLS 
STEEL PIPE 

INNER RADIUS<IN> 
OUTER RADIUS<IN> 
LENGTH Of UNIT<FTJ 
NO. PER MILE 
TOTAL WEIGHT<LBS/MILE.> 

TRIFURCATOR-STUBS 
STAINLESS. STEEL 

INNER RADIUS<JN) 
OUTER RADIUS(lN) 
LENGTH Of UNIT<FT> 

.NO. PER SYSTEM 

6.06 
2.24 

127515.i2 

33 .• 65 
3.77 

253732.19 

3.33 
3.77 

25096.89 

9.25 
9.75 

10.00 
3.77 

.3834.14 

2.82 
3.00 
3.oo 
6~_00 

TOTAL WEIGHT<L~S/SYSTEM) 205.98 

TRIFURCATOR-CASING 
STAINLESS STF.EL 

INNER RAOIUS<IN> 
OUTER RADIUS (IN). 
L~NGTH Of UNITtjT) 
N·o. PER SYSTE~ 

6.06 
6.31 
2.oo 
2e00 

TOTAL WEIGHT<LBS/SYSTEM) 135.18 

A •. -1-2-9 

ENERGY 
<MILLION BTU> PERCENT 
---~-~------- -------

4475.78 23.48 

18?.03 Oe99 

391.-Sl 2.05 

76.30 

6.08 o.o3. 

3.99 0.02 



TABLE A.lO 

765 kV HPOF CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT _____ .. __ _ 

------------- -------
RISER PIPES 

STA I~!LESS STEEL 
INNER RADIUS<IN> 
OUTER RADIUS <I~~> 
LE~GTH OF UNIT<FT> 
NO. PER SYSTEM 
TOTAL WEIGHT<LBS/SYSTEM) 

POTHEADS. 
765KV RATING 

2.82 
3.06 

30.00· 
6.oo· 

2059.80 

UNITS PER SYSTEM 6.00 
TOTAL WEIGHT.<LBS/SYSTEM>26580e00 

OIL PRESSURIZING PLANT(1/3 SHARE) 

60.76 

740.40 

105.00 

TOl AL ENERGY CONT.f.NT :. 1906~·61 MILLION BTU/MlLE 
-~---------------------~--------------~---------------

A.l-30 

0.32 

3.88 

o.ss 



TABLE A.ll 

· 138 kV EXTRUDED DIELECTRIC CABLE SYSTEM 

ENERGY 
CMILLION STU> PERCENT 

--------- ---~-~~----~- -------
CONDUCTOR 4SJl.oS 66.58 

COPPER WIRE 
NO. PE:R PHASE leOO 
CHOSS SECTION CKOHU 2000·00 
INNER RADIUS CINCHES> 0~0 
lOTAL wEIGHT<LAS/MILf> 95895.31 

S TRAr,iL> SHIELD 27.43 0,40 
~ULYlTHELE~E(LDPE> 

INNER RADIUS< IN> 0.77 
OUTER RA 0 I IJ S ( I N ) o.ao 
t\i(). PER PH.ASf · 1.00 
TOl;iL WE·lGHTCLBS/MILf> 78le57 

. EMISSION SH!ELD 11.22' 0.16. 
POLYETHF.LENECLDPE> 

INNEJ.< RADIUS< IN> o.ao 
OUTER j;lAOIUS <IN) o.a1 
NO. PER 1->HASE leOO 
TOTAL WEIGHT <UiS/M!LE> 319.58 

I NSUL.O. T I ON 738.52 10.85 
POLYETHELENE(LUPE> 

INNER i~ A 0 I US C 1 N > o.a1 
OUTER RADilJS ( INl le3l 
"-iO. PER PHASl-" 1.oo 
TOtAL .WE1GHT<LBS/~IL~> 21040.4J 

INSULATION SHIELD .46.07 0.68 
POLYETHF.LENE(LUPE) 

INNER riADIUS <IN) 1.31 
OUTER j:<AOIUS C IN> le34 
NO. PEk ·pHASE 1.oo 
TOTAL WEIGHTCLBS/MILE> 1312.5~ 

COPPE~·TAPE 242.87 3.57 
T 'tJU LAYERS, 0 .,0 OS 

iNNER RADIUS< IN> 1e34 
OUTER RADIUS ·c JN) le3S 
~>10. PER PHASf. · 1.00 
T 0 T·AL ~JE I GHT < l,.BS/M ILE) 5140·01 

A.l-31 



TABLE A.ll 

138 kV EXTRUDED DIELECTRIC CABLE SYSTEM (Cont'd.) 

ENERGY 
C0""P0'~(;'\iT ·(MILLION BTU) PERCENT 

--------- ------------- -------
CARLE. JACKt.T 

POLYVINYL CHLO~IDE 
HJN[R ~ADIUS <IN) 
0UH.K RADIUS ( Jf\1) 
~..:o. PEt-< PHASF-_ 
TOtAL ~EIGHT<L8S/MlLl.> 

1.35 
1.60 
1.oo 

~1406.54 

Cf\E>LE f"'Af\.UF ACTlm INC £!'-Jf.I-<GY CONTENT 

POTHEAC 
138KV ~ATING 

UNITS P~R SYSTEM 6e00 
TOTAL WflCJHT<L.BS;SYS1E.M.) 2964.00 

657.18 

469.17 

81.48 

TOTAL ~NERGY CONTLNT = 6804.96 MILLION BTU/MILE 

-----------~------------------------------------------

9.66 

6.89 

1.20 



TABLE A.l2 

230 kV EXTRUDED DIELECTRIC CABLE SYSTEM 

COMPONENT ___ ., ____ _ 

CONDUCTOR 
COPPER WIRE 

NO o PEr~ PHASE 
CROSS SECTION(KCMILl 
INNER RADIUS<INCHESl 
TOTAL WEIGHT<LBS/~ILtl 

STRAND SHIELD 
POLY[THfLE~E<LOPfl 

INNER HADI.US<IN) 
OUTER RADIUS<IN) 
NO, PER PHASE 
TOTAL WElGHT<LBS/MlLEl 

EMISSION SHIELD 
POLYETHELENECLDPEl 

INNER RADIUS< IN). 
OUTER RADIUSCJI\J) 
NO, PER PHASE 
TOTAL ~EIGHTCLBS/MILE) 

INSULATION 
POLYETHELENfCLOPEl 

INNER RADIUS<INl 
OUTFR RADTIJ5f1Nl 
NO, PER PHASE 
TOTAL WtiGHTCLBS/MILE) 

INSULATION SHIELD 
POLYETHELENECLDPEl 

INNER RADIUS<INl 
OUTER RADIUSCIN) 
NO. PER PHASE 
TOTAL WElGHT(LBS/MILE) 

COPPER TAPE 
TWO LAYERS,0.005 

INNER RADIUSCINl 
OUTER RAOIUS<IN) 
NO. PE.R PHASf:. 
TOTAL WE.IGHTCLBS/MILE) 

loOO 
2000.00 

o.o 
95895.31' 

0. 7"7 
o.eo 
loOO 

781.57 

o.8o 
Oo8l 
1.oo 

319.58 

0.81 
1.57 
1.oo 

35903.64 

1 ~ 5-, 
1o60 
loOO 

1570.63 

1.60 
1.60 
1.00 

6136.85 

A.l-33 

ENERGY 
CMILLION BTUl PERCENT 
~------------ -------

4531.0.5 57.39 

2 '.43 0.35 

11.22 0.14 

1260.22 15.96 

55.13 . 0.70 

289.97 3.67 



TABLE A.l2 

230 kV EXTRUDED DIELECTRIC CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT <MILLION BTU) PERCENT 

--------- ~~----------- -------
CM~LE JACKET 

POLYVINYL CHLORibE 
INNER RADIUS<IN) 
OUTER RADIUS(IN) 
NO. PER PHASE 
TOTAL WEIGHT<LAS/~lLE> 

1.60 
1.as 
1.oo 

2~192.68 

CABLE MANlJFACTURING ENERGY CONTENT 

POTHEAD 
230KV RATING 

UNITS Pf~ SYST~M b.OO 
TOTAL WflGHl <LBS/SYSTEMl .9270.00 

773.41 

695.0.8 

TOTAL ENERGY CONTENT = 7895~7~ MILLION BTU/MILE 

--------~--------------~-------------~----------------

A.l-34 

9.80 

8.ao 

3.20 



TABLE A.13 

345 kV EXTRUDED DIELECTRIC CABLE SYSTEM 

ENERGY 
C0~-1PONfNT 

----.-----

CONDUCTOR 
COPPER WIRE 

NO. PfR PHASE 
CROSS SECTION(KCMIL> 
INNE~ HADIUSCINtHES) 
TOTAL WEIGHTCLBS/~ILE> 

STRANO SHIELD 
POLYETHfLENEtL0Pl) 

INNER RADIUSCI~) 
OUTER RADIUSCIN) 
NO. PER PHASE. 
TOTAL WEIGHTCLBS/MILE> 

FMISSION SHlt:I.~D 
POLYETHELENECLDPE> 

INNER RADIUSCIN> 
OUTER RADilJSCIN) 
NO. PER PHASE 
TOTAL.Wt1GHTCL8S/MILE> 

INSULA T I Of\' 
POLYETHELENF.<LDPE) 

INNER RADJUS C IN) 
OUTER RADIUSCJN) 
NO. PF..R PHASf-
TOTAL WEIGHTCL~S/MILE> 

INSULATION SHIELD 
POLYETHELENECLDPf) 

INNER RADIUSCIN> 
OUT.ER RADIUS< IN> 
NO. PER PHASE 
TOTAL WEIGHT CU3S/~ILE> 

COPPER TAPE 
TWO LAYERS,O.OOS 

INNf.R RAOIUS<IN> 
OUTER RAOJUSCIN) 
NO. PER PHASE 
TOTAL WEIGHTCL8S/MILE> 

leOO 
2000e00 

o.o 
958.9~· 31 

o.7t 
o.ao 
1.oo 

781.5"7 

o.ao 
o.81 
1.oo 

319.58 

o.a1 
1.81 
1.oo 

52005.59 

1.81 
1.84 
1.oo 

1808.7';) 

le84 
1.85 
1.00 

'7057e9b 

A.l-JJ 

(MILLION BTU) PERCENT 
------------- ~-----~ 

4531.05 so .83. 

27.43 o.31 

11.22 o.13 

1825.40 

63.49 0.71 

333.49 3.74 



TABLE A.l3 

345 kV EXTRUDED DIELECTRIC CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 
~-------- -~-----~----- -------
CARLE. JACKET 

POLYVINYL CHLORIDE 
INNER RADIUS!l!\i) 
OUTER RADIUS ( 11'0 
NO. Pt.R PHASl 
TOTAL WE!GHT<LBS/MILE) 

1.85 
2el0 
1.oo 

28687.67 

CABLE MANUFACTURING ENERGY CONTENl 

POTHEAD 
345KV RATING. 

UNITS PER SYSTEM 6.00 
TOTAL WEIGHT<L8S/SYSTEM>l0980eOO 

880.71 

935.95 

306.00 

TOTAL ENERGY CQ~TENT = 8914.72 MlLL I O.N BTU/MILE ----------------------------------------·---.-----------

A.l-36 

9.88 

10.50 

3.43 



TABLE A.14 

138 kV CGI SYSTEM 

C Or1P ()I'~E N l 

-~--------

CONDUCTOR 
ALUMINUM PIPE 

INNE-R RADIUS<I"'J) 
OUlER kADIUS (IN) 
NO. PEH PHASE 
TOT~L WEIGHT<L8S/~IL£> 

I ~JSULA TORS 
t::POX Y RES 1 t..; 

WriGHT/UNIT <TON> 
1\10. U~J!T PER MILf.. 
TOTAL WEIGHT<LBS/MILE) 

ENC'LOSliRECSHEATH) 
ALUM I NUt·l PI Pti 

z·.oo 
2.25 
r.oo 

61889.5~ 

o.oo 
26<'+e00 
792.00 

I ,· J N lt~ f~ A 0 I US ( I i'J > 4 • 7 5 
0 U rE R ld\ D I U 5 < 1 N > 5 • 0 0 
NO. PER PHASE .1.00 
TOTAL ihflGHTCL8S/I-1!Lt:) .14'1982.00 

INSULATING G.A.S 
5ULfi.JR HE XAFLUOP 1 OE 

INNER Rr.OIUS < JN) 
OUTER RAOIUS<IN> 
PRESSURECPSIG> 
TEMPERATLIRE(C) 
TOTAL W[IGHT<LBS/1'-AlLF.:> 

PTPE COATING 
fH Tl'~~AS TIC COAT I NG 

If\iNER RADIUS< IN> 
0 UT E R R AD I US < I "J > 

!\'0. PER PHASE 
TOTAL WEIGHTCLB~/MILE) 

POl HE I\ OS 
13HKV P.ATING 

2.25 
4.75 

45.00 
20.00 

9635.6"1 

s.oo 
5~50 
1.oo 

1614ob.H'l 

JNJTS ~ER SYSTEM 6.00 
TOTAL WEIGHTCLUS/SYSTEM) 2964.00 

ENERGY 
(MILLION BTU) PERCENT 

------------- ----~--

7179.19 29.01 

22.10 0.09 

. 16469.90 66.54 

539.60 2.18 . 

458.57 1.85 

81.48 o.JJ 

24750.82 MILLION BT.U-1-M.J.bt:. 
-----~----~-------~----~~---~--~~~~--------~--~---~--~ 
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TABLE A."lS 

230 kV CGI SYSTEM 

COMPONENT 
-------~--

CONDUCTOR 
ALUMINUM PIPE 

lNI\IER RADIUSCIN> 
OUTER RADiliSCIN> 
NO. PER PHASE 
TOTAL WEIGHTCLI:3S/~ILE> 

INSULATORS 
fPOXY RE.SIN 

\oJE I GHT /UNIT <TON) 
N~. UNIT PER MILE 

· roTAL WEIGHT<LBS/~ILE> 

ENCLOSURECSHEATH) 
ALUM I NU~1 PIPE 

INNER RAO.IUS (IN) 
OUTER RADIUSCIN) 
NO. PER P~ASE 
TOTAL WE 1 GHT C LBS/M I.LE) 

INSULATING GAS 
SULFUR HE.XAt-LUOR I Ot. 

INNEP RADIUSCIN> 
OUTER RADIUS (IN) 
PRESSURECPSIG> 
TEMPERATURECC) 
TOTAL WEI.GHT<LBS/MILE) 

PIPE COATING 
BITUM~STlC COATING 

INNER. RAOIUSCIN> 
OUTER 'RADIUS(JN) 
No· •. PER PHASE 
TOTAL WEIGHTCL.9S/MILE> 

POThE.I\05 
230KV RATING 

2.50 
2.75 

. 1. 00 
76451.81 

o.oo 
264.00 

1584.00 

5.75 
6.00 
1.oo 

l711 06.50. 

2.75 
5.75 

46.00 
20·00 

14275.75 

6e00 
6.50. 
1.oo 

192222.44 

UNITS PER SYSTEM 6.00 
.·roTAL ~EIGHT<LBS/SYSTEM> 9270.00 

ENERGY 
<MILLION BTU) PERCENT 

--~---------- -------
8868 .• 41 29.2·1 

44.19 ' 0.15. 

19848.34 65.38 

799.41.. 2.63 

545.91 1.ao 

TOTAL ENERGY CONTENT = 30358.59 MILLION BTU/MILE 

~------~----~----------------~~-----------------------
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TABLE A.16 

345 kV CGI SYSTEM 

COMPONENT 
-----~---

CONDUCTOR 
ALUtv1INUM PIPE 

INNER RAOIUS(IN) 
OUTER RADIUS<IN> 
NO. PER PHASE 
TOTAL WEIGHTCLBS/MIL£) 

I Nc:;IJI. AT,OR!-i 
EPOXY RESIN 

WEI~~T/UNlT <TON) 
NO. UNIT PER MILE 
TOTAL WEIGHT<LBS/~ILE> 

ENCLOSURECSHEATH> 
ALUM I NUt-~ PI Pt 

INNER RAOIUS<IN> 
OU.TER RADll)S<-IN> 
NO. PER PHASE 
TOTAL WEIGHT<LUS/MIL£) 

If'.iSUL AT I NG GAS 
SULFUR HEXAfLUORIDE 

INNER RAOIUS(lN) 
OUTER RADIUS CIN> 
PRESSURECPSIG) 
TEMPERATURECC) 
TOTAL WEIGHTCLBS/MIL[) 

PIPE COATING. 
BITU~ASTIC.COATING 

INNER RADIUSClN) 
0 UTE R R AD I US ( I N ) 
NO. PER PHASE 
TOTAL WEIGHTCL8S/MILE) 

POTHEADS 
345KV RATING· 

2.75 
3.oo 
1.00 

83732.94 

0 •. o 1 
264.00 

3432.00 

7e75 
a.oo 
1.oo 

229JSS.SO 

3.oo 
7.75 

4Se00 
zu.oo 

28115.51 

a.oo 
a.so 
1.oo 

253733;62 

UNITS·PER SYSJEM 6e00 
TOTAL WEIGHTCLBS/SYSTEM)10980e00 

ENERGY 
<MIL(ION BtU> PERCENT 
-------~----- -------

9713.02 24.90 

95.·75 0.25 

26605.23· 68.19 

1574.47 

720.60 1.85 

306.00 0.78 

TOTAL EN[RGY CONTENT = 39015.06 MILLION BTU/MILE 
-------------~---------~~---------------~-----~-------
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TABLE A.l7 

500 kV CGI SYSTEM 

COMPONENT __ ,_ ___ ~--

CONDUCTOR 
ALUt-1 I NUM PI PF.: 

INNER I<ADIUS<IN) 
OUTER RADlUSCIN> 
NO. PER PHASF. 
T0TAL WEIGHJCLBS/NILE) 

INSULATORS 
EPOXY.RESIN 

WEIGHT/UNIT CTOt-i) 
NO. UNIT PER MILE 
TOTAL wEIGHT<L~S/MlLE) 

ENCLOSURE<SHEATH) 
A L. LJt-ll NU~·1 P l PF 

I i'IINER RAD JUS ( HJ> 
OUTER RADIUS (IN) 
NO. PER PHASE . 
TOTAL ~EI~HTCLBS/~ILE> 

INSULA-TING. -GAS 
SULFUR HEXAfLUORIDE 

INNER.RAOIUSCIN> 
OUTER RAD.IUS (IN> 
PRESSURECPSIG> 
TEMPERATURECC> 
TOTAL ~EIGHiCLBS/MILE) 

PIPE COATING 
8ITUMASTIC COATING 

INNER RADIUSCIN> 
OUTER.RADIUSCIN) 
N.O. PER PHASE. 
TOTAL WEIGHTCLBS/MILE) 

POTHEADS 
500KV RATING 

3,13 
3~50 
1~00 

144712.37 

o.o1 
264.00 

.6600. 00 

9.75 
}0.00 
1.oo 

c87604.62 

3~50 
9.7';; 

45.00 
20·00 

45597.37 

}0.00 
10.50 

1.00 
315244.87 

UNITS PER SYSTEM 6e00 
TOTAL ~EIGHTCLBS/SYSTEM)19320e00 

ENERGY 
(MILLION BTU> PERCENT 

------------- -------
16786.63 30.90 

) 84.14 0.34. 

33362.12 61.42 

2553.45 

895.30 1.65 

540.42 0.99 

·roTAL ENERGY CONTENT = 54322.05. MILLION BTU/MILE 
--------------~------~----------------·---------------------



TABLE A.l8 

765 kV CGI SYSTEM 

---------
CONOlJClOR 

ALUM HJU~ PIPE 
iNNER RADIUS<lN> 
OUTER RADIUS<IN) 
r>~O. PER PHASE 
lOTAL WEIGHTCLBS/MILE> 

HiSULATOI-'S 
EPOXY RESIN . 

~EIGHT/UNIT ciON) 
NO. UNIT PFR MILE 
TOTAL WEIGHTCLUS/MILE) 

/ fNCLOSURE<SHEATH) 
ALU1'HNU~ PIPf 

INNER RADIUS<IN) 
OUTER RADIUS ( Ii~) 
NO.; PER PHASE 
TOTAL WEIGHT<L~S/MILE) 

1NSULATI!'-4G GAS 
SULFUR HEXAFLUORIJE 

H-1NER RAOIUS(J~) 

OUTER RAOIUS<IN) 
PRESSURECPSIG) 
TE.MPERATURE(C) 
lOTAL WEIGHT<L~S/~ILE> 

PIPE COATING 
EITUMASTIC COATING 

INNER RADIUS (IN> 
OUTER RADIUS (IN) 
nu. PER PHASE 
TOTAL wEIGHTCLBS/MILE> 

POTHEADS 
765KV RATING 

3.50 
4e00 
1.oo 

218433.87 

o.o~ 

264.00 
10560.00 

12.13 
12.50 
1.oo 

537893.50 

4.00 
12.13 
45~00 
20.00 

72138 .44· 

12.50 
13.00 

leOO 
392133.62 

UNITS PER SYST~M 6.00 
TOTAL WEIGHT<LBS/SYSTE~>26580.00 

ENERGY 
(MILLION.BTU) PERCENT 
-----~-~----- -------

25338.32 26.98 

294.62 o.Jl 

62395.64 66.43 

4039.75 4.30 

1113.66 1.19 

740.40 o.79 

TOTAL ENERGY CONT~NT =. 93922.31 MILLION ~TU/MILE 
------~-~-·--~·---··-~~~-----------------~------------
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TABLE A.19 

1, 200 kV· CG.I SYSTEM 

COt<1P0NENT 
-~-------

CONDUCTOR 
ALUI-1 I NUM PI PF. 

!f-iNER RADIUS ( lt\J) 
OUTER RADIUS< IN) 
NO. PER PHASE 
TOTAL WEIGHT(LBS/MILE> 

INSUL.ATORS 
. EPOXY RESIN . 

WEIGHT/UNIT <TON> 
NO. UNIT PER MILE 
TOTAL WEIGHTCLBS/MILE> 

ENCLOSURE(SHEATH> 
ALUMINUM PIPE" 

iNNER RADIUS UN) 
OUTER RAOIUS<IN) 
NO. PER PH.A SF. 
TOTAL WEIGHT<LBS/~ILE> 

POT HEtlDS 
1200 kV.RATING 

s.oo 
s.so 
1. 00· 

305807.37 

o.os 
264.00 

29040~00 

}4.63 
15.00. 
1.oo 

647110 ._25 

UNITS PER SYSTEM 6.00 
TOTAL WEIGHTCL~S/SYSTEM)40,800.00 

INSULA T I f\i(, . GAS 
SULFUR hEXAfLUOkJDE 

INNER RADIUSCIN> 
OUTER RADIUS<IN> · 
PRESSURE.<PSIG) 
TEMPERATURE(\.) 
TOTAL WElGHTCLBS/MlL~) 

PIPE:. COATING 
BITUMASTIC COATIN~ 

INNER RAOJUS(JN) 
OUTER RADIUS<li'J) 
NO. PER PHASE 
TOTAL WEIGHT<LBS/MILEJ 

5.50 
14.63 
45~00 
20.00 

101114.2~ 
' 

15.00 
15 •. 50 

leOO 
469022.69 

ENERGY 
<MILLION BTU) PERCENT 

------------- -------
35473.64 29.68 

810.22 0.68 

75064.75 62.81 

1161.23 0.97 

5662.39 4.74 

1332.02 1.12 

TOTAL ENERGY CONTENT = 119504·.14 MILLION BTU/MILE . 

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



·TABLE A.20 

138 kV AC SUPERCONDUCTING·CABLE SYSTEM 
ENERGY 

COMPONI:NT 
.,------~---

COOL AN f IN CORE 
LIQUID HfLIUM 

RAOIUS(INl 
NO, PER PHASE 
TOTAL WEIGHT(LBS/MILE) 

~it:L I CAL CORE 
BRONZE 

INNER RADIUS <IN) 
OUTER. RAOIUSCINl 
NO. PER PHASE 
TOTAL WEIGHTCLBS/~ILE) 

SUPERCONO, BACKING 
ALUMINUM STRIP 

INNER. RADIUSCIN> 
OUTER RADIUSCINl 
NO, PER PHASE 
TOTAL WEIGHT(LBS/MILE) 

SUPt.RCONDUCTOR 
BNL SUPER. ALLOY 

INNER RADIUSCIN) 
OUTER RAOIUSCIN> 
NO, PER PHASE 
TOTAL WEIGHTCLBS/MlLEl 

INSULATION 
POLYETHELENECLDPE> 

INNER RAOlUS(INl 
OUTER RADIUS<IN) 
NO, PER PHASE 
TOTAL WEIGHT<LBS/MILE) 

SUPERCONDUCTOR 
BNL.SUPf.R, ALLOY 

INNER RADIUSCIN> 
OUT£R RADIUSCIN> 
NO. PER PHASE 
TOTAL WEIGHTCLBS/MILE> 

o.9t» 
1·00 

2405.60 

o.9t» 
1~03 
1·00 

29229~54 

1·03 
1~05 
1.oo 

1908~64 

1.05 
1·06 
1.oo 

1800.84 

1·06 
1.42 
1~00 

. 1745'1. 0~ 

1·42 
1 ~43 
1.66 

2424.04 

<MILLION BTU> PERCENT 
----~-------- ~------

698.83 4.08 

1693.56 9.90 

217.59 1.27 

1.13 

612.74 3.58 

260.58 1.52 



TABLE A.20 

138 kV AC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

COMPONENT 

---------
SUP£HCOND. HACKING 
AL.UMINU~1 STRIP 

INNER RADIUS<IN) 
OUTER RADIUSCIN> 
NO. PE.R PHASE 
TOTAL WEIGHT<LBS/MILE> 

PLASTIC TAPE 
POLYETHELENE(LDPE> 

INNER RADIUS<IN> 
OUTER RADIUS<JN) 
NO. PER PHASE.: 
TOTAL W£1GHT(LBS/MILE> 

CABLE SHEATH 
LEAD 

INNER RADIUSCIN> 
OUTER RADIUSCIN> 
NO • PER PH.ASE 
TOTAL WEIGHT <LBS/MlLU 

Pl A 5 T I C T APE 
POLYETHELENE<LDPE> 

INNER RADIUSCIN) 
OUTER RADIUSCIN> 
NO. PER PHASE 
TOTAL WEIGHT<LHS/MILE) 

REINFORCEMENT 
B~ONZE TAPE 

INNER RADIUS<IN> 
OUTER RADIUS (IN) 
NO. PER PHASE 
TOTAL WEIGMTCLBS/MILE> 

PLASTIC TAPE 
POLYEThELENE<LOPE) 

INNER RADIUS<IN> 
OUTER RADIUS<IN) 
NO. PER PHASE 
TOTAL WEIGHT<LHS/MILE) 

le4J 
le44 
leOO 

2623.7C. 

le44 
le45 
leOCl 

573e99 

le4S· 
leSJ 
1·00 

57434.~.0 

le53. 
le5J 
leOO 

304ell 

leSJ 
leSS 
leOO 

11S28e22 

leSS 
1eSb 
1.oo 

309e07 

ENERGY 
CMILLION BTU) PERCENT 

---------~--- -------
299.10 1. 75 

0.12 

488e19 2.85 

0.06 

667.94 

10e85 0.06 



TABLE A.20 
1 

138 kV AC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

CO~iPONENT 

---------
SKIO WIRES 

STAINLESS STEEL 
NO. PER PHASE 
OIAMETERCIN). 
CABLE RADIUSCIN) 
TOTA~ WEIGHT<LBS/MILE> 

INNER CASING 
STNLS. STEEL PIPE 

INNER RAOIUSCIN> 
OUTER RAOIUS<IN) 

1·00 
o.20 
1.56 

1702.U3 

3.63 
3.15 

TOTAL. WEIGHT<LBS/MILE> _ 51076.31 

HELIU~l COOLANT 
LIQUID HELIUM 

RADIUS<IN) 3.63 
CABLE RADIUSCIN> 1~55 
TOTAL WEIGHJ<LBS/MILE> 5202.ac 

SUPER INSULATION 
ALUMINIZED MYLAR 

INNER RADIUS< IN) 3.75 
OUTER RADIUS(IN> 8~00 
LAYER THICKNESS<IN> o.oo 
LAYER SPACINGCIN> 0~02 
TOTAL WEIGHT(L~SIMIL£) 40137.61 

PIPE SUPPORTS 
·sTAlNLESS STEEL 

wEIGHT/UNIT (TON) o.oo 
NO. UNIT PER MILE 440.·00 
TOTAL wEIGHTCLBSIMILE> 1760·00 

OUTER CASING 
STEEL PIPE 

INNER RADIUSCIN) ~ie 00 
OUTER RADIUS<IN> ' 8.25 
TOTAL WEIGHTCLBS/MILE) 229626~56 

A.l-l;5 

ENERGY 
(MILLION BTU) PERCENT 

-------~----- -------· 
50.21 0.29 

1923.02 11.24 

1511.42 s.a~ 

3170.87 18.53 

51.92 o.Jo 

4569.57 26.70 



·TABLE A.20 

138 kV AC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 
-~ .. ------ ---~--------- -------

PIPE COATING 
BITUMASTIC COATING 

lNNER RAOlUSCIN) 
OUTER'RADIUSCIN) 
TOTAL WEIGHTCLBS/MIL~) 

MANHOLES--CONCRETE 
CONCRETE 

wEIGHT/UNIT CTON) 
NO. UNIT PER MILE 
TOTAL WEIGHTCLBS/MILE> 

MANHOLES--STEEL. 
STEEL ROO 

WEIGHT/UNIT. CTON) 
NO. UNIT P£~ MILE 
TOTAL WEIGHTCLBS/MILE> 

SPLICE SHELLS 
STNLS. STEEL PIPE 

INNER RADIUSCINJ 
OUTER RADIUS c-I N) 

LENGTH OF UNITCFT> 
NO. PER MILE 
TOTAL WEIGHTCLBS/~I~E) 

SPLICE SHELLS 
STEEL PIPE 

INNER RADIUSCIN) 
OUTER RADJUSCIN> 
LENGTH OF UNITCFT) 
NO. PER MILE 
TOTAL WEIGHTCLBS/MILE> 

POTHEADS 
138KV RATING 

UNITS PER SYSTEM 

8.oo 
a.5o 

84577.8( 

27.94 
z.oo 

11174"7 .94 

2e7b 
2.00 

11052.00 

11.00 
11·25 
10.00 
2.oo · 

1215.22 

15.00 
15.2S 
12.00 
2.oo 

1943.03 

240.20 

83.25 

172.41 

45. 75. 

38.67 

TOTAL WEIGHTCLBS/SYSTEM) 
6.oo 

2964.00 

TOTAL ENERGY CONTENT = 17112.54 MILLION BTU/MILE 

-------~---------------------~------------------------

A.l-46 

0.49 

0.27 

o.-23 



TABLE A.21 

345 kV AC SUPERCONDUCTING CABLE SYSTEM 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

~-------- ------------- -------
COOLANT IN CORE 893.56 .3.32 

LIQUID HELIUM 
RADIUS (IN) leOM 
NO. PER PHASE leOO 
TOTAL wEIGHT<LBS/MILE> 307~.95 

HELICAL CORE. 1906.2.9 7.09 
[iROi"lE 

lNNt:~ RADIUS ( TNI 1.o~ 

OUTE~ RADIUS< IN> lelb 
NO. PER PHASE 1e:OO 
TOTAL WEIGHT CL!3S/MILE> 32901.13 

SUPERCOt-.D. BACKING 243.68 0.91' 
ALUMINUM SlR.IP 

INNER ·RADfl•S<I~) 1el6 
OUTER .. RADlUS<lN>. lel8 
NO. PER PHASE leOO 
TOTAL WEiGHT<LBS)MILE) 

I . 
2'137 ··55 

SUPERCONDUCTOR 216.53 0.81 
BNL SUPE.P. ALLOY 

1 i"r\;r ;~· ~; . ~ n : ! : (~ r ' .. ~ ' 1 • 1 1-i 

·)c• 1 t ..... ., :; ·. .. :·.. ~. ~ - . :: : •. ' . t 

;·.~ ~} . ~ f ;_ : .. 
. . - ... 

TOlAL wE.l<;Hl <LBS/~ILE> 2014.19 

INSULA T I Ot·l 2692.23 10.02 
POL YE. Thtl E r-.,E < L.iWE > 

Jf'.jM~P I·U· fi I US < P • ) lel9 
OUH:.k ~;·.~(: r•j:::; < I~ll ;?..30 
I'..JO. P[ R P~~ :; ~f 1.00 
TOTAL \V t. r G H ~ < L ··~ s 1 ~ 1 u~ ' 7 h-1 0.1 •. 7 ~ 

Sl.IPE~CO\iCl i( -r UR 422.10 1.57 
BNL SlJPLF. ·f,Ll (_\ '( 

INr-..ER ~~OIUS<IN) 2.30 
OUTER RADIUS< IN> 2·31 
NO. PER .PHASE leOO 
TOTAL WEIGHT<LBS/MILE) 3926.48 



• 

TABLE A.21 

345 kV AC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 
ENERGY 

COMPONENT 

----------
SUPERCO~D. BACKING 
ALLJMINU~ SlR'rP 

INN[~ RADIUS<IN> 
OUTfP Rt.L)JUS<INl 
NO. PER PHASE. 
lOTAL WflGHT<LbS/~llt) 

PLASTIC TAPE 
POLYETHlllNE<LDPE> 

INNER RAOIUS<IN> 
OUTER t<AOIIJS<l:--.J) 
~lO. Pf~ Pt-:ASf.-

CABLE SHE'ATH 
LEAD 

INNER RADIUS<IN) 
OUTER RADIUS<IN) 
NO. PER PHASE 
TOlAL WEIGHT<LBS/MILE> 

PLASTIC TAPE 
POLYETHELENE<LDPE> 

INNE~ RADIUS<IN> 
OUTER RADIUS<IN> 
NO •- PER PH~.SE 
TOTAL WEIGHT<LBS/~ILE> 

• ·. •-f. ·_. ' . ~ . ~·· 

ll'-4f\oER·P.ADIU~(lN) 

OUTEF~ 1-<AOIUS (IN) 
NO.- PER PHfiSE:. 
TOTAL wEIGHT(L8S/~ILE> 

P L A_ S T 1 C T ;1 P E. 
POLYfT~FLf~f<LDPE> 

1 M-..; E. I·< i-.. t. ~~ I U S < I '" ) 
OUTEh- r-\ADIUS<I~) 

N 0 • P ~- ~ ~ H A Sf. 
TOTAL wE l(,Hl (Lf3S/~IL£) 

"2e3l 
2.3t 
1.oo 

42J:,.oo 

~.3~ 
2e33 
1·00 

~ <?:; • Y+ 

2e33 
2.41 
1.60 

91351.62 

2 .. 41 
2.41 
1e00 

47b.78 

2.41 
2.4J 
1.oo 

18096 .-6J 

i!.4J 
~.44 
1.oo 

483.7'3:> 

A.l-1~3 

CMILLION BTU) PERCENT 
-~--- .. ------- -------

482.79 1.80 

32.41 Oe12 

776.49 2.89 

16.80 0.06 

3~90 

·16. 98 



TABLE A.21 

345 kV AC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

~~---~--~ ---~--------- -------
SKID WIRES 76.53 0.28 

STAINLESS STEEL 
NO. PER PHASE leOO 
OlA~fTER<IN) 0·20 
CABLE RADlUS<JN) 2.44 
TOTAL wl!GHT!LbS/~lL£) t:?5'14.34 

1 Nf~ER CAS INa 3158.12 11.75 
ST~LS. STt::tL PIPE 

INNER k:~otus <IN) 6.00 
OUTER RADIUS< IN.) belc 
TOTAL wE I' G H T < L8 S /1-J. I L t:: ) 838HO.Hf 

riEL IUI'I CGOLANT 4645.72 17.29 
LIQUID HELIUM -

RADIUS!!N) 6.00 
CABLE RADIUS (IN) 2e4J 
TOTAL WE I GHT < LBS/t-1 ILE) 15992.16 

SUPER INSULATION 3653.68 1.3. 59 
ALUMINIZED I-1YLAR 

INNER I~ADIUS (IN) 6el2 
OUTER RADIUS(JN) 9.75 
LAY£R.THICKNESS!IN) o.oo 
LAYER SPAC lNG ( Hn o.oz 
TOTAL WEIGHT<LtiS/MIL£) 46249.08· 

PI~f. SI.IPPf)t;j s 51.92 0.19 
~; ; .·\ . ·~ : .. ~-. ~- . ··, : ~ i .. L 

\'' " -~ ..... ._, :· / ' : ~ . '! : : T ··~ ;. : ~ i' • 0. 0 
•'W• UNIT Pf..R ~ILF. 440.00 
TOTAL wf. I GtH ( UJS/M I LE) 1760.00 

OUTfii CASING 5553.79 20.66 
STlt:L Pl!-JE' 

lNNEP Rt.DIIJ<;<INl · · 9e7'::J 
0 lJ T fY: R M> I US < I N ) 1 0 • 0 0 
TOTAL ~fIGHT< LHS/tJ. I U::.) l79084 • 7'::1 

\ A.l-49 



TABLE A.21 

345 kV AC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

ENERGY 
C0~1PONENT (MILLION BTU) PERCENT 

. ----------- ------~~----- -------
PIPE COATING 
BITU~ASTIC COATING 

INNER RADIUS<IN) 
CUTE~ RADIUS<IN> 
TOTAL wEIGHT<LSS/~ILE> 

MAt...HCLE S--CO~CRE T t. 
CONC~ETE 

WEIGHT/UNIT <TON' 
NO. UNIT ~ER MIL[ 
TOTAL WE.IGH!<LBS/MILE> 

STE.t.L ~0() 

WEIOHT/UNIT <TON) 
NO. UNIT PER MILE 
TOTAL WEIGHT(L8S/MILE> 

SPLICE SHELLS 
SlNL~. STEEL PIPE 

INNER RADIUS< IN) 
OUTER RADILJS<IN> 
LENGTH OF UNIT<fT) 
NO. PER MILE 
TOTAL WE I Gt1T ( U3S/M ILE > 

SPLICE SHELLS 
~TF.EL ~TP~ 

LENuTH OF UNIT<FT> 
NO. PER ~HLE 
TOTAL WEIGHT(LBS/~ILE) 

PCTHEADS 
· Jt+5KV RATING 

1o.oo 
10.50 

105081.6~ 

32.76 
"2. 00 

13103~.9~ 

3.24 
z.oo 

1296().00 

11.00. 
11 .• 25 
1 o·. oo 

2e00 
1215.22 

lc.ou 
2e0(l 

1943.03 

UNITS PE~ SYSTE~ 6.00 
TOTfll wEIGI·fT <LoS/SYSTt::~> 10980·00 

298.43 

97.62 

45.75 

38.67 

306.00 

TOTAL ENE~GY CONT[NT = 26876.7';, MILLION BTU/MILE 

~--------~-----~~-------------------------------------

A.l-50 

1.11 

0.36 

0.75 

0,17 

0.14 

1.14 



• TABLE A.22 

100 kV DC SUPERCONDUCTING CABLE SYSTEM · 

COMPONENT 

-------·-
COCILM~T IN CORf 

. LIQUID HELIUt-1 
RADIUS( IN) 
NO. PH~ PHASt. 
TOTAL WElGhl<LBS/~I(E> 

tit:LICAL COP£ 
~-·:~·c..,, z r 

' 1 I~NfR ~ADIUS<IN> 
OUTER RADIUS< IN> . 
NO. PER PHASE 
TOTAL WEIGHT<LBS/MILE) 

INNER SUPERCONDUCTOR 
LASL SUPER. ALLOY 

I-NNER RADIUS< II~) 
OUTER RADIUS (IN> 
NO. PER PHASE 
TOTAL wEIGHT<LBS/MILE> 

COI'>ID PAPER TAPE 
COI-.JDUC T 1 NG PJ\PER 

I ~·INFP P AfH l.1 S < J N > 
UUltf-i ~ A '·:1 l ' S ( 1 ·.; l 
t-,n • p~-i_l ~~, , .•. • i..~ ,_-

. ·~. ·-
lOTAL WEIGHT <LBS/~ILU 

INSULATION 
SYNTHE.TIC PAPER . 

lNNtR RADJUS<IN> 
OUTER RADIUS (IN) 
lliO. PER P._,ASE:. 
TOTAL wt:IGHT<LBS/~IL£) 

COND PAPEP. TAPE 
CCNuUCTING PAPf.i-1 

!NNE~ RADIUS<JN) 
OUTER RADIUS tiN) 
NO. PER PHASE 
TOTAL WEIGHT<LBS/t-AILE> 

lel'+ 
1~or. 

1144.1~ 

1 .• 1'+. 
1eH:t 
leOO 

5692.66 

1• H~ 
1e29 
1.oo 

17438.4ti 

1. 3(:' 
}.3.3 
1 • 8 :'.1 

l42.5ti 

1.33 
le8f 
leOO 

9914.51..i 

1. 8 7 
1e8B 
leOO 

201.88 

A.1-51 

. ENERGY 
(MILLION BTU> _, ___________ _ 

332.37 

329.83 

1011.61 

3.86 

283.56 

5 .• 47 

I 

PE·RCENT -------
2.34 

2.32 

7.12 

o.oJ 

2.00 

0.04 



• 
TABLE A.22 

100 kV DC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

ENERGY 

.. ~-------

OUTER SUPEPCONOUCTOQ 
LASL SUPER. ALLOY 

INNER R/\OIUS (IN) 

OUTER RADIUS(J"J) 
NO. PfR PHASE 
TOTAL wEIGhT<L~S/~ILE> 

CAELf. ARf-.lQR 
H~O!\il£ 

INNER f~ADIUS (IN) 
0UTER RADIUS<IN> 
t\jl). PE. h h·i t. ~£ 

1.88 
1.9.4 
1.(10 

l5l8'1e4~ 

i· ::,·. 1 ,) L i\ ~ ! C ; · ·1 ( L ::3 S 1 ·.; I L E ) l 0 6 1 "- • I 9 

INNER CASING 
STNLS. STEFL PIPE 

INNER RADIUS (IN) 
OUTER RADIUS(IN) 
TOTAL WEIGHT(LBS/~ILE) 

HELIUM RETURN 
Lll.llliO HELIU~1 

INNER RADIUS (IN> 
OUTER RADIUS (IN) 
NO •. PtR PHASE 
TOTAL wEIGHT<LAS/~IlE> 

T I • • ,. . ,· ,' ... 
OUTER 
LAYER 
LAYER 
TOTAL 

I NSUL 1\ T O~S 

i-' ,o\. r., r · ··.~. ~ ! :·: ) 

RADIUS (IN> 
Hi!CKt>~ESS(!N) 
SPACING (IN) 
WEIGHT<LBS/~ILE> 

fPOXY ~fSHJ 

W~lGHT/UNIT <TON) 
NO. U~ll Pf~ MlLf 
TOTAL WElGHT<LBS/MlLE) 

3.5o· 
3.75 

104534.56 

2.1~ 
. 3.50 

1·00 
6560.66 

_, 0 '., 

5e50 
o.oo 
o.oc. 

13004.3~ 

o.oo 
75'+e00 
150~.00 

A.l-5~ 

(MILLION BTU> PERCENT 

----~-------- -------
881.14 6.20 

615.02 4.33 

3935.73 27.71 

1905.87 13.42 

1027.35 7.?3 

42.07 o.Jo 



TABLE A.22 

100 kV DC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

ENERGY 
COMPONENT '(MILLION BTU) PERCENT 

---------- ------------- -------
OUTER CASING 3163.55 22.27 

STEEL PIPE 
INNER RADIUS ( P~) !:>.50 
OUT£!-< RADIUS ( JtJ) ~.7~ 

TOTAL WE I GHT ( U:iS/M I Lt:) l5H97~e25 

PIPE. COAT !1\:G 174.69 1.23 
81 fll~/\STIC CQ/\TING 

lNNU< RADIUS (IN> s. 7~ 
OUTEF< RADILJSCIN> b.2~ 

TOTAL .WE.IGHT<LBS/~ILt:) 615llel'l 

? ' f, \: H1L. l S ·~ - C i) ~~ C P [ T f 83.25 0.59 
CONCRE:. H. 

WEIGHT/UNIT <TON) 27.94 
NO. UNIT PER MIL£ z.oo 
TOTAL WEIGHTCLBS/MILE) 111747.94 

MANHOLES--STEEL 172.'41 1.21 
STtEL ROD 

\vEIGHT/UNIT ('TON> 2.76 
NO. UNIT PER MILE 2.oo 
TOTAL WEIGHT (U3S/MILE) 1105~·00 

SPLICE SHELLS 33.42 o.Z4 
STNLS. STEEL PIPE 

INNER RADIUS(IN> s.oo 
OUTfP R A I) !lj S ( ! N ) 8.2:> 
Ll.:·,c; 'it-· Uf . u;·, l l 1 i r) 1 i_: • f'J IJ 

~,;rl • P[. ;.· ?.: ! L ~-· r' • C· ~~ 

TOTAL WEIGHTCLtiS/,..ILE.) 887.5~ 

" SPLICE SHELLS 28.44 0.20 
STEEL PIPE 

INNEP RADIUS< IN> 11.00 
UUH.:R- R-A.OIUS ( INl 11.25 
Lt:NGlH OF Lit'i IT < F T> 1~.oo 

NO. PER tviJLE .2. 0 0 
TOTAL wE.IGHT <U3S/,..ILE) 1429.11 

A.l-53 



TABLE A.22 

100 kV DC SUPERCONDUCTING CABLE-· ~YSTEH (Con t' d.) 

ENERGY 
CO~lPONENT (MILLION BTU) PERCENT 
--------- ------------- -------
TERMt'NATION 

lOOKV RAllNG 
, Ul'liTS PER SYSTE:-4 

27.16 

TOT~L wtiGHT(LHS/SYSTEM) 
2·00 

988.00 

lOTAL ENERGY CO~TfNT = 14204.10 ~ILLION BTU/MILE 

---~----------------~~-~------------------------------

·. 

A.l-Sl~ 

0.19 



TABLE A.23 

300 kV DC SUPERCONDUCTING CABLE SYSTEM 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 
~-------,., ------------- -------
CO\)LANT IN CORf. 332.37 1.85 

LIQUID HELIUM 
RADIUS<IN) 1.14 
NO. PER PHASE 1e00 
TOTAL WEIGHT<LBSIMiLE) 1144.12 

HELICAL r:ORE 329.83 1.83 
BRONZE 

INNER RAOIUS(JN) 1.14 
·oUTER kADIUS(lN) l.lt~ ' 

1'110. PER PHASE 1e00 
TOTAL WEIGHT<LBS/MILE) 5692.66 

INNER SUPERCONDUCTOR 1011.61 5.62 
LASL SUPER. ALLOY 

INNER RADIUS(IN) lel8 
OUTER RADIUSCIN) 1.2~ 
NO. PER PHASE 1.00 
TOTAL WEIGHT<LHS/Mllt) 17438~48 

CO~!O PAPER TAPE 3.86 o.o2 
CONDUCTING PAPER 

INNER RADIUS (IN) 1e3l . 
OUTER RADIUS<IN) ·1.jj 
NO. PE.k PHASt 1.00 
TOTAL WEIGHT<LBS/MILE> 142.58 

INSULATION 564.99 3.14 
SYNTHETIC PAPER 

'· INNER RADilJS (IN) 1.33 
OUTER RADIUS<IN) 2.26 
NO. PER PHASE leOO 
TOTAL WEIGHT<LBS/MILE> 19754.95 

CONO PAPER TAPE 6~68 o.o4 
CONOUCTING PAPER 

INNER RADIUS(IN> 2~28 
OUTER RADIUS(IN) 2e29 
NO. PER PHASE 1e00 
TOTAL wEIGHT<LUS/MILE> 246.43 



· TABLE A.23 

300 kV DC SUPERCONDUCTING CABLE SYSTEM (Cont'd.) 

C.OMPONE.Ni' 

---------
OUTER _SUPERCONDUCTOR 

LASL SUPER. ALLOY 
INNER RADIUS< IN> 
OUTER RAOIUS<IN) 
NO. PER PHASE 
TOTAL WEJGHT(LBS/MILE) 

CABLE ~RMCP 
BRONZE. 

INNER RADIUS (IN) 
OUTER RADIUS(IN) 
NO. Pf.R PHASE 
TOTAL WEIGHT<LBS/MILE> 

INNER CASING 
STNLS. STEEL PIPE 

lNNE.~ RADIUS<IN> 
OUTER RADIUSCJN) 
TOTAL WEIGHTCLBS/MILE) 

HELIUM RETURN 
LIQUID HELIUM 

INNER RADIUS<IN) 
OUTER RADIUS ( JN) 
NO. PER PHASE 
TOTAL WEIGHT<LBS/MIL~) 

SUPEP INSULATION 
ALUMINIZED MYLAR 

INNE.R .RADIUS (IN> 
OUTER RADIUSCIN> 
LAYER THICKN~SSCIN) 
LAYER SPACING(IN) 
TOTAL WEIGHTCLBS/MILE) 

INSULATORS 
EPOXY RESIN 

wEIGHT/UNIT CTON) 
NO. UN1T PER MILE 
TOTAL WEIGHT<LBS/MILE) 

2e29 
2.35 
1.oo 

18475.31 

2.35 
2e39 
1.oo 

11625.9~ 

4.oo 
4.2~ 

118953.06 

2.39' 
4e00 
leOO 

9023.43 

4.25 
1.oo 
o.oo 
o.oz 

_24864.1~ 

o.oo 
754.00 

1508.00 

J. .• l-56 

ENERGY 
CMILLION BTU) PERCENT 

------------- --~----

1071.75 5.95 

673.61 3.74 

4478.58 24.88 

2621.31 14.56 

1964.27 10.91 

42.07 0.23 



TABLE A.23 

300 kV DC SUPERCONDUCTING CABLE SYSTEM (Conf'd.) 

ENERGY 
COMPONENT (MILLION BTU> PERCENT 
--~-- .. --- ------------- -------
OUTER CASING 4007.16 22.26 

STEEL PIPE 
INNER RADIUSCIN) 1.oo 
OUTER RADIUSCIN) -,.2!:; 
TOTAL WEIGHT<LBS/MILE> 20l364.EH 

PIPE COAliNG 211.09 1o17 
AITUMASTIC COATING 

INNER RADIUS<IN) .,. 00 
OUTER RAOIUS(IN> 7.~0 
TOTAL WEIGHT<LBS/~ILE> 74326.00 

MANHOLES--CONCRETE 97.62 .0.54 
COI\iCRETE 

WEIGHT /UNJl <TON) 32.76 
NO. UNIT PER MILE 2e00 
TOTAL wEIGHT<LBS/MILE> 131039.94 

MMJHOLt.S--S TEEL 202.18 1.12 
STEEL nOD 

WEIGHT/UNIT <TON) 3.24 
NO, UNIT PER MILE 2.00 
TOTAL wEIGHT<LBS/MILE) 12960.00 

SPLICE' SHELLS 33.42 0.19 
STNLS. STEEL PIPE 

INNER RAOIUSCIN) 8e00 
0 IJT E R R AD 1 US < I N ) ' 8.25 
LENGTH OF UNIT<fT) 10.00 
r~o. PER MILE z.oo 
TOTAL WEIGHT<LBS/~IL£) 887.52 

SPLICE SHELLS 28.44 0.16 
STEEL PIPE 

. INNER RADIUS<IN> u .oo 
OUTER RADIUS<IN> 11.25 
LENGTH Of UNIT<fT) 12·00 
NO. PE~ MILE 2e00 
TOTAL WEIGHTCLBS/~ILE) 1429~17· 

A.l-57 



TABLE A.23 

300 kV DC SUPERCONDUCTING CABLErSYSTEM (Cont'd.) 

ENERGY 
COMPONFNT CMILLION STU) PERCENT 
.---------- ~------------ -------
lERMINI\TION 

lOOKV RATING 
UNITS PER SYSTEM 2e00 
TOTAL WEIGHT<LBS/SYSTEM) .988.00 

27.16 

l0TAL ENERGY CONTENT = l800le52 MILLION BTU/MILE 

--------~--------------~----------------~-------------

A.l-5!3 · 

. 0.15 



TABLE A.24 

138 kV OVERHEAD LINE . 

CO~PONf.NT 

---------
CONDUCTOR CURE. 

E.HS STEEL CABLF. 
t-JO. PER PHAS£ 
NO. STRANDS 
STRAND RADIUSCIN> 
TOTAL wEIGHTCLBS/MILE) 

CONDUCTOR 
ALUMINUM WIRE 

· NO. PER. PHASE 
NO. STRANDS 
STRAND RAOIUS<IN> 
CROSS SECTION<KCMIL 
TOT~L WEIGHTCL8S/~ILE) 

CONDUCTOR SPACERS 
ALUMINUM 

WEIG~T/U~IT <TON) 
NO. UNIT PER MILE 
TOTAL WEIGHTCL~S/MILE) 

LINE HARDWARE 
STEEL 

WEIGHT/U~tT <TO~> 
NO. UNIT PER MILE 
TOTAL WEIGHT<LBS/MILE) 

SUSP£NSION INSULATOR 
20K RATING 

UNITS·PE.R MlLE. 
TOTAL WElGHTCLBS/MILE> 

TOWE.RS 
STEEL PIPE 

WflGHT/U~lT (TON) 
NO. UNIT PER MILE 
TOTAL WEIGHT_CLBS/M.IL£) 

1.00 
1.oo 
o.o1 

5618o3J 

leOO 
54.00 
o.or 

954.00 
13904eo9 

o.o 
o.o 
o.o 

o.o~ 
8.2~ 

313.50 

198e00 
247~.00 

6.00 
o.25 

99ooo.oo 

· A.l-59 

ENERG't' 
<MILLION BTU> PERCENT 

------------- -------
95.79 2.46 

15.85.13 40 • .79 

o.o o.o 

4.89 0.13 

0.99 

1970.10 50.69 



TABLE A.24 

138 kV OVERHEAD LINE (Cont'd.) 

.COMPONENT 

FOOTINGS--CONCRETE 
CONCRETE 

W~IGHT/UNIT <TON) 
NO~ UNit'PER MILE 
TOTAL WEIGHTCLBS/~ILE) 

SHIELD WIRES 
EHS. STEEL CABLE 

NO. PFR PHASE 
NO. STRANDS 
STRAND RADIUS<lN) 
TOTAL WflGHTCLBS/MILE) 

' 

}('.50 
8.2!) 

206250.00 

0.33 
1.oo 
o.o1 

i22~e30 

ENERGY 
CMILLION BTU) PERCENT 
----~-~------ -------

153.66 

38.01 0.98 

TOTAL ENERGY CONTfNT ~ 3886.19 MILLION BTU/MILE 

--~-~-----------~-~-------~---------------------------

A.l-60 



TABLE A.25 

230 kV OVERHEAD LINE 

ENERGY 
COMPONENT (MILLION BTU> PERCENT ______ ., ___ 

................. ~-- ......... 
' . 

CONDUCTOR CORE 109,38 2.22 
f.HS STEEL CARLE 

NO, PER PHASE 1.oo 
NO, STRANDS }9.00 
STRAND RAOIUS<IN> Oe04 
TOTAL Wfi~HT(LSS/~ILE) 6415.46 

CONDUCTOR 1850.65 37.58 
ALUMINUM WIRE 

NO. PER PHASE 1e00 
NO, STRANDS 54.00 
STRAND RAOIUSCIN>· . 0. 07 
CROSS SE-CTIOt·dKCMIL 1114.00 
TOTAL WEIGHT(L8S/MILE> 16233.80 

CONDUCTOR SPACERS· o.o o.o 
ALUMINUM 

wEIGHT/UNJT nON) o.o 
NO, UNIT PER MILE o.o 
TOTAL WEIGHT<LBS/MILE> o.o 

LINE HARDWARE 4.89 o.1o 
STEEL 

WEIGHT/UNIT <TON) o.oz 
NO, UNIT PER MILE 8.25 

·TOTAL WEIGHT<LBS/MILE> 3}3.50 

SUSPENSION INSULATOR 67.57 1.37 
20K RATING 

UN! 'fS ·Pf:R -~H;. E 346.50 
TOTAL WEIGHTCLBS/MILE> 4331.25 

TOWERS 2626,80 53,34 
STEEL PIPE 

WEIGHT/UNIT <TON> 8.oo 
NO, UNIT PER MILE 8.25 
TOTAL WEIGHT<LBS/MILE> 1J2000.00 



TABLE A.25 

230 kV OVERHEAD LINE (Cont'd.) 

COMPONENT 

---------
FOOTINGS--CONCRETe 

CONCRETE. 
WEIGHT/UNIT (TON) 
NO. UNIT PER ~ILE 

· TOTAL w f. I (, H T < l. B S I~ I L E ) 

SHIELD WIRES 
EHS STEEL CABLE ' 

NO. PER PHASE 
NO. STRANOS 
STRAN~ RAOIUSCIN) 
TOTAL WFIGHTCLUS/~ILE> 

18.50 
8.25 

:305250.00 

o.33 
.7. 00 
o.o1 

2229.30 

ENERGY 
~MILLION BTU) PERCENT 

------------- -------
227.41 

38.01 0.77 

TOTAL EtJE::RGY CONTf. NT = 4924e71 MILLION BTU/MILE 

------------------------------------------------------



TABLE A.26 

345 kV.OVERHEAD LINE 

ENERGY 
COMPONENT <MILLION BTU> PERCENT 

----------- ------------- -----!'--
COND.UCTOR CORE 191.59 3.56 

EHS STEEL·CABLE 
NO, PER PHASE 2.oo 
NO. STRANDS 1.oo 
STRAND RADIUS<IN) o. o·r 
TOTAL WEIGHT<LBS/MILE) 11236.66 

CONDUCTOR 3170.27 58.89 
ALUMINUM WIRE-

NO. PER PH.~SE 2.00 
NO. STRANDS 54.00 
STRAND RADIUS<IN> o •. o7 
CROSS SECTIONtKCMIL .954.00 
TOTAL WtiGHT<LBS/MILE) .27809.39 

CONDUCTOR SPACERS 94.41 1.75 
ALU.MINUM 

WEIGHT/UNIT <TON> o.o1 
NO·. UNIT PER MILE 54.00 
JOTAL WEIGHT(LBS/MILE> A42.94 

LINE HARDWARE 7.31 0.14 
STEEL 

WEIGHT/UNIT <TON> o.o4 
r~o. UNIT PER MILE 6.60 
TOTAL WE1GHT<L8S/MlLE) 46~.60 

SUSPENSION INSULA.TOR ll9.38 2.22 
30K RATING 

UNITS PER MILE 514e80 
TOTAL WEIGHT<LBS/MILE> 7722.00 

TOwERS 1377.95 25.59 
STRUCTURAL STEEL 

WEIGHT/UNIT <TON> 7.15 
NO. UNIT PER MILE 6.60 
TOTAL WE I GHT'( LBS/M I LE) 94379 •. 94 

A.l-E3 



TABLE A.26 

145 kV OVERHEAD LINE (Cont'd.) 

COMPONENT ...... _____ _ 

F"OOTlNGS--STEEL 
STRUCTURAL STEEL 

WEIGHT/UNIT <TON) 
NO. UNil PER MILE 
TOTAL WEIGHTCLHS/~lLtl 

SHIELD WIRES 
fHS STt.EL 'CAbLE. 

NO. Pf.R PHASE 
NO. STr~A"JDS 

STRAND ~ADIUSCINl 
TOTAL WEIGHTCLBS/MILE) 

le80 
6.60 

23759.99 

0. 6' 
1.oo 
o.ol 

445BelcJ 

ENERGY 
(MILLION BTU). PERCENT 
-----------~- -------

346.90 

76.01 1.41 

TOTAL ENERGY CONTENT = 5383.81 MILLION BTU/MILE 

-----------------------------------------------~------



TABLE A.27 

500 kV OVERHEAD LINE 

ENERGY 
CO~PONENT <MILLION BTU) PERCENT 

--------- -----------.. - -------
CONDUCTOR CORE 351.39 3.73 

fHS STEEL CABLE 
NO., PER PHASE. 3.00 
NO. STRANDS 19. o·o 
STRAND RADIUS<iN) o.o4 
TOTAL WEIGHT<L.BS/MILE> 20609.35 

CONDUCTOR 5945.31 63.10 'J 

ALUMINUM WIRE 
NO. PER PHASE J.oo 
l'iO. STRANDS 54.00 
STRAND RADIUS(IN) o.o1 
CROSS SECTION(KCMJL 1193.00 
TOTAL WEIGHT (LdS/MILU 5215le80 

CONDUCTOR SPACERS 110.44 1.17 
ALUMINUM 

wt.IGHT/LJNil <TON> o.o1 
NO. UNIT P.ER MILE 57.00 
TOTAL WEIGHT<LBS/~ILE) 986.10 

LINE HARDWARE. 6.18 o.o1 
STEEL 

WEIGHT/UNIT <TON) 0.04 
NO. UNIT. PER MILE ~.28 
TOTAL WEIGHT<LBS/~ILE) 396.00 

SUSPENSION INSULATOR 126.24 1.34 
40K· RATING 

UNITS PE.R MILE 507.00 
TOTAL WEIGHT<LBS/MILE> 8517.60 

TOWERS 2312.64 24.55 
S HWCTUPAL STEfl 

WEIGHT/UNIT <TON) }5.00 
NO. UNIT PER MILE 5.28 
TOTAL WEIGHT<LBS/MILE1 158399.94 

A.l-65 



TABLE A.27 

500 kV OVERHEAD LINE (Cont'd.) 

COMPONENT 

----------

F 00 T I i-.JGS-- S Tf F.L 
STRUCTURAL STEJ::L 

WEIGHT/UNIT <TON) 
NO. UNIT PER MILE 
TOTAL WElGHT<LBS/MllE) 

SHIELD WIRES 
FHS STEEL CABLE 

NO. PER PHA'Sf 
NO. STRANDS 
STRAND RACIUS!IN) 
lOTAl. WEIGHT<LiiS/MlLE> 

3.20 
5.28 

33791.99 

0.67 
7. 0.0 
o.o7 

4458eliJ 

ENERGY 
(MILLION BTU> PERCENT 

------------- -------
493.36 5.24 

76.01 0.81 

TOTAL ENERGY CONTtNT = 942le56 MILLION RTU/MIL£ 

--------------------------------------~----------------

A.l-66 



TABLE A.28 

765 kV OVERHEAD LINE 

ENERGY 
COMPONENT <MILLION BTU) PERCENT 

--------- ------------- --·----
CONDUCTOR CORE 530.31 3.79 

E~S STEfL CABLE 
NO. PER 'PHASE. 4.00 
NO. STRANDS }9.00 
STRAND RADIUSCIN> o.os 
TOTAL WEIGHT(L8SIMILE) 31103.25 

CONDUCTOR 8984.41 64.18 
ALUMINUM WIRE 

NO. PER .PHASE 4e00 
NO. STRANDS 54.00 
ST~AND RADIUSCIN) o.oa 
CROSS SECTIONCKCMIL 1352.00 
TOTAL WEIGHTCLBS/MILE). 78810.56 

·CONDUCTOR SPA.CERS 157 •. 63 1 • .13 
ALUMINUM 

WE lGHT /UN IT <TON) o.o1 
NO. UNIT PER MILE 63.00 
TOTAL ·wEIGHT<LBS/MILE) 1407.4(! 

' 
LINE HARDWARE. 24.52 o.l8 

STEEL 
WEIGHT/UNIT <TON) o.2o 

·NO. UNIT PER.MILE 4.00 
TOTAL WEIGHT<LBS/MILE) 1572.00 

SHIElD WIRES 76.01 0.54 
EHS STEEL CABLE 

NO. 'PER PHASE 0.67 
NO .• STRANDS 7.06 
STRANO ·RAO I US (IN l 0. 07' 
TOTAL WEIGHTCLBS/MILE> 4458.19 

• SUSPENSION INSULATOR 418.32 2.99 
40K RATING 

UNITS PER MILE 1680.00 
.TOTAL WEIGHTCLAS/MILE> 28224.00 

A.l-67 



TABLE A.28 

765 kV OVERHEAD LINE (Cont'd•.) 

ENERGY 
COMPONE.:r·H (MILLION BTU) PERCENT 

---------- -~----------- -------
TOWERS 

STRUCT0RAL STEEL 
vJEIGHT/llNIT (TON> 
NO. UNIT PER MILE 
TOTAL WEIGHT<LBS/MILE> 

fOOTINGS--STEEL 
STRUCTURAL STFEL 

WEIGHT/UNIT (TON> 
NO. UNIT RER MILE 
TOTAL t..tEIGHT <U3S/MILE> 

TOTAL ENERGY CONTENT = 

27.00 
4.00 

216oo·o.oo 

5.60 
4e00 

4'• -,99. 98 

3153.60 

654.08 

13998.87 MILLION BTU/MIL£ 

------------------------------------------------------

/ 

A.l-6B 

4.67 



TABLE A.29 

1,200 kV OVERHEAD LINE 

COt-iPONE..NT 

----------
CONDUCTOR CORE. 

EHS STEEL CARLf 
NO. PER PH

1
ASE 

i'JO. STRANDS 
STRAND -RADIUS(!~) 
TOTAL WEIGHT<LBS/MILE> 

CONDUCTOR 
ALUMINUM WIRE 

NO. PER PHASE. 
NO. STRANDS 
STRAND RADIUS<IN> 
CROSS SECTION!KCMtL 
TOTAL WEIGHT<LBS/~ILE> 

CONDUCTOR SPACERS 
ALUMINUM 

WE I GHT /UN I1 (·roN) 
NO. UNIT PER MILE 
TOTAL WEIGHT(LBS/~ILE> 

·LINE HARDWARE · 
STEEL 

WEIGHT/UNIT (TON) 
NO. U~IT PfR MILE 
TOtAL WEIGHT<LBS~MILE> 

SUSPENSION INSULATOR 
120K INSULATOR 

UNITS PER MILE 
TOTAL WEIGHT<LBS/MILE) 

TOWERS 
STRUCTURAL STEEL 

WEIGHT/UNIT CTON) 
NO·. UNIT PER MILE 
TOTA,!.. W[IGHT(LBS/M1'LE> 

a.oo 
19.00 
o.o4 

52762.60 

a.oo 
84.00 
o.o1 

1781.00 
207687.12 

o.o2 
210.00 

9450.00 

1.57 
4e00 

12·600. 00 

696.00 
31320.00 

73.90 
4.00 

591199.6~ 

ENERGY 
(MILLION BTU> PERCENT 
----------~-- -------

899.60 2.46 

23676.32 64.82 

1058.40 2.90 

196.56 0.54 

466.32 1.28 

8631.51 23.63 



TABLE A.29 

1,200 kV OVERHEAD LINE (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

---------- ------------- -------
FOOTINGS--STEEL 

STRUCTURAL STEFL 
WEIGHT/UNIT CTON) 
NO. UNIT PEQ ~ILE 

TUTAL WflGHTCL8S/Mllf) 

SHIELD WIRES 
E.HS STEEL CARLE 

NO. PER PHASE 
NO. STRANDS 
STRAND PAUIUSCIN> 
TOTAL WEIGHT CLBS/tql[) 

13~05 
4.oo 

104399.:94 

o.6., 
1.oo 

. 0. 0.7 

4458.19 

76.01 

TOTAL ENERGY CONTE.NT = 36528.96 MILLION BTU/MILE . . 
------------------------------------------------------. ' 
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TABLE A.30 

+ 200 kV DC OVERHEAD LINE . 

. . 
ENERGY 

COMPONENT (MILLION BTU) PERCENT 

--------- --~---------- -------
CONDUCTOR .CORE 48,40 # 1.16 

EHS STEEL CABLE 
NO, PER PHASE 1e00 
NO, STRANDS 7e00 
STRAND RADIUS(IN) Oe06 
TOTAL WEIGHTCLBS/MILE) 2838.79 

CONDUCTOR _ 2401.39 57.65 
ALUMINUM WIRE 

NO, PER PHASE · le 00 -~ 

NO. STRANDS 72.00 
STRAND RADIUSCIN) Oe09 
CROSS SECTIONCKCMIL 2167.00 
TOTAL WEIGHTCLBS/MILE) 21064.82 

CONDUCTOR SPACERS o .• o o.o 
ALUMINUM 

WEIGHT/UNIT CTON) o.o 
NO. UNIT PER MILE o.o 
lOTAL WEIGHTCLBS/MILE) o.o 

LINE HARDWARE 2.57 0,06 
STEEL 

WEIGHT/UNIT CTON) o.o1 
NO. UNIT PER MILE 6.6() 
TOTAL WEipHTCLBS/MILE) 165.00 

SUSPENSION INSULATOR 51.95 1.25 
30K R~TING 

UNITS PER MILE 224e00 
TOTAL WEIGHTCLBS/MILE) .3360.00 

TOWERS 1461,77 35,09 . 
3ALUM, STRUCTURAL 

WEI~HT/UNIT CTON) Oe98 
NO, UNIT PER MILE ·6.60 
TOTAL WEIGHTCLBS/MILE) 12936.00 

I 
' 
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TABLE A.30 

+ 200 kV DC OVERHEAD LINE (Cont'd.) 

ENERGY 
COMPONENT CMILLION BTU) PERCENT 

----------
' fOOTINGS--STEEL 

STRUCTURAL STEEL 
WEIGHT/UNIT CTON) 
NO. UNIT PER MILE 
TOTAL WEIGHTCLBS/MILE) 

SHIELD WIRES 
EHS STEEL CABLE 

NO. PER PHASE 
NO. STRANDS 
STRAND RAOIUSCIN) 
TOTAL WEIGHTCLBS/MILE) 

TOTAL ENERGY CONTENT = 

------------- -------

0.64 
6.60 

·8448. 00 

. 1e00 
1.oo 
o.o1 

4458.64 

123.34 

76.02 

4165.43 MILLION BTU/MILE 

2e96 

1.83 

----------~-------------------------------------------
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TABLE A. 31 

± 400 kV DC OVERHEAD-LINE 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

---------
_____ _. _______ -------

CONDUCTOR CORE 13o.os· 2.01 
EHS STEEL CABLE 

NO, PER PHASE 2e00 
NO, STRANDS 19e00 
STRAND RAOIUSCIN) Oe04 
TOTAL WEIGHTCLBS/MILE) 7627~83 

CONDUCTOR . 5122.33 79.29 
ALUMINUM Wt"RE 

NO, PER PHASE 2e00 
NO, STRANDS 76e00 
STRANO RAOIUSCIN; Oe09 
CROSS SECTIONCKCMIL 2312.00 
TOTAL WEIGHTCLBS/MILE) 44932.73 

CONDUCTOR SPACERS 62,94 0,97 
ALUMINUM 

WEIGHT/UNIT CTON) o.o1 
NO, UNIT PER MILE 36.00 
TOTAL- WEIGHTCLBS/MILE) 561.96 

LINE HARDWARE 3.95 0,06 
STEEL ~ 

WEIGHT/UNIT CTON) o.o2 . 
NO, UNIT PER MILE 5.28 
TOTAL WEIGHTCLBS/MILE) ·253,44 

SUSPENSION INS.ULATOR 63.10 0,98 
40K RATING 

UNITS PER MILE ' 2S~e40 
TOTAL WEIGHTCLBS/MILE) -4257.12 

TOWERS 770,.88 11.93 
STRUCTURAL STEEL 

WEIGHT/UNIT CTON) s.oo 
NO, UNIT PER MILE 5.28 
TOTAL WEIGHTCLBS/MILE) 52799.98 
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TABLE A.31 

+ 400 kV DC OVERHEAD LINE (Cont'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

---------
FOOTINGS••STEEL 

STRUCTURAL STEEL 
WEIGHT/UNIT CTON) 
NO, UNIT PER MILE 
TOTAL WEIGHTCLBS/MILE) 

SHIELD WIRES 
EHS STEEL CABLE 

NO, PER PHASE 
NO, STRANDS 
STRANO RAOIUSCJN) 
TOTAL WEIGHTCLBS/MILE) 

TOTAL ENERGY CONTENT = 

1.so 
5.28 

15840.00 

1.oo 
7.oo 
o.o1 

4458.64 

------------- -------
231,26 J.s8 

76,02 1.18 

6460.52 MILLION BTU/MILE 

----~-------------------------------------------------
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TABLE A.32 

+ 600 kV DC OVERHEAD LINE (Cont'd.) 

• 
ENERG-Y 

COMPONENT (MILLION BTU) PERCENT 
---~-----

FOOTINGS••STEEL 
STRUCTURAL STEEL 

WEIGHT/UNIT <TON) 
NO. UNIT PER MILE 
TOTAL WEIGHT<LBS/MILE> 

SHIELD WIRES 
EHS STEEL CABLE 

NO. PER PHASE 
NO. STRANDS 
STRANO RAOIUSCIN) 
TOTAL WEIGHT(LBS/MILE) 

TOTAL ENERGY CONTENT = 

4.50 
4.00 

36000.00 

1.oo 
1.oo 
o.o1 

4458.64 

··----------- -------
525.60 6.63 

76.02 o.96 . 

/ 

7926.99 MILLION BTU/MILE 

------------------------------------------------------

A.l-76 



TABLE A.33 

+ 800 kV .DC OVERHEAD LINE (Cont 'd.) 

ENERGY 
COMPONENT (MILLION BTU) PERCENT 

--------- - ----------·-- -------
CONDUCTOR CORE 353,54 3.32 

fHS STEEL CABLE 
NO, PER PHASE 4.00 
NO, STRANDS 19.00 
STRAND RADIUSCIN) o.os 
TOTAL WEIGHTCLRS/MILE) 20735.50 

CONDUCTOR 5989.60 56.19 
ALUMINUM WIRE 

NO, PER PHASE 4e00 
NO, STRANDS 54e00 
STRANO RADIUSCIN) o.oa 
CROSS SECTIONCKCMIL 1352.00 
TOTAL WEIGHTCLBS/MILE) 52540.41 

CONDUCTOR SPACERS 105.09 0.99 
ALUMINUM 

WEIGHT/UNIT CTON) o.o1 
NO, UNIT PER MILE 42.00 
TOTAL WEIGHTCLBS/MILE) 938.28 

LINE HARDWARE .16.41 0.15 
STEEL 

WEIGHT/UNIT CTON) Oe13 
NO, UNIT PER MILE 4.00 
TOTAL WEIGHTCLBS/MILE) 1052e00 

SUSPENSION INSULATOR 310.75 2.92 
40K RATING 

UNITS PER MILE 1248.00 
TOTAL~WEIGHTCLB$/MILE) 20966.40 

' TOWERS "3153.60 29.59 
STRUCTURAL STEEL 

WEIGHT/UNIT CTON) 27.00 
NO, UNIT PER MILE· 4e00 
TOTAL WEIGHTCLBS/MILE) 216000.00 
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TABLE A.33 

+ 800 kV DC OVERHEAD LINE 

COMPONENT ____ CI ___ _ 

FOOTlNGS••STEEL 
STRUCTURAL STEEL 

WEIGHT/UNIT CTON) 
NO. UNIT PER MILE 
TOTAL WEIGHTCLBS/~ILE) 

SHIELD WIRES. 
EHS STEEL CABLE 

NO. PER PHASE 
NO. STRANDS. 
STRANO RAOIUSCIN) 
TOTAL WE·IGHTCLBS/MILE) 

TOTAL ENERGY CONTENT = 

s •. 6o 
4e00 

44799.98 - ·. 

1 .• oo 
7eOO 
o.'o7 

4458.64 

ENERGY 
CMILLION BTU) PERCENT 
-------~---~- -------

654.08 ' 6.14 

76.02 0.71 

10659.08 MILLION BTU/MILE 

------------~-----------~----------------------------·· 

I . 
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APPENDIX A. 2 

ENERGY ANALYSIS OF MYLAR FI~l 

A. ASSUMPTIONS 

This appendix describes the reactions and energy requirements for 
the production of the resin poly (ethylene tere.phthalate) which is 
marketed in the form of Mylar film by E.I. DuPont de Nemours. It 
surrunarizes the estimated energy content for production of this compound 
and its raw mater~als through the molten resin stage. The molten resin 
can be fabricated directly to products (on-site) or cast into pellets 
for remelting and fabrication off-site into film. 

1b~ ~ne~gy content of som~ of thP hRRir input!; to production of 
the poly (ethylene terephthalate) shown below are based upon the 
analyses performed in Chapter IV. 

Electricity 1 kilowatt hour = 10,500 Btu 

Steam 1 lb. = 1,190 Btu 

Methanol 1 lb. = 18,425 Btu 

Ethylene 1 .lb. = 27,090 Btu 

Bromine 1 lb. = 7,400 Btu 

Chlorine 1 lb. = 9,150 Btu 

Hydrogen 1 lb. ... 53,450 Btu 

Silver 1 lb. "' 737,000 Btu 

Cobalt 1 lb. ... 62,000 Btu \.. 

Sulfuric Acid 1 lb. = 415 Btu 

The total energy input for p-Xylene was estimated by adding the 
energy content (heat of combustion) of the C8 aromatic fraction to the 
processing energy input for crude oil to C8 aromatics and then adding 
the en~rgy requirements for conversion/separation of the p-Xylene frac­
tion from the C8 fraction. There is more than one process used in the 
production of p-Xylene from the C8 fraction. The two major processes 
used in the U.S. both involve isomerization of the C8 fraction to p-Xylene, 
but in one case, crystallization is used whereas the_other separates 
them by absorption. The absorption process is gaining in popularity 
and should require less energy. We have used this latter process 
(isolene isomerization and Aromax absorption/separation) as a basis 
for our energy input calculations for p-Xylene. 
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Carbon monoxide used in the synthesis of acetic acid is often a 
byproduct of other processes (i.e., acetylene production). The energy 
input for carbon monoxide was, therefore, taken as its heat of combustion. 

B. ENERGY INPUT FOR POLY (ETHYLENE TEREPHTHALATE)l 

Poly (ethylene terephthalate), the resin used to produce Mylar film, 
is prepared by the reaction between methyl terephthalate and ethylene 
glycol as shown. in the following two-step reaction: 

150-210°C 

+ 
<1nun. Hg 

dimethyl 
terephthalate 

ethylene 
glycol 

bis-(2 ~ydroxyethyl) 
terephthalate 
+ CH 30H (methanol) 

poly (ethylene 
terephthalate) 

+C2H
6
o2 (ethylene 

glycol) 

The energy input for the poly (ethylene terephthalate) resin is shown 
in Table A. 2 .1. 

TABLE A.2.1 

PRODUCTION OF POLY (ETHYLENE .TEREPHTHALATE) RESIN 

Basis: 1 lb. Resin 

Raw Mater.ials 

Dimethyl terephthalate 
Ethylene glycol 

1.12 lb X 46,720 Btu/lb = 
0.40 lb X 29,970 Btu/lb = 

Btu/lb. Resin 

52330 
11990 

Utilities 

Heat (Dowtherm) Heat reactants vaporize alcohol, 
glycol = 650 

Eiectricity (Vacuum and transfer pumps) 
0.2 kwh X 10,500 a 2100 

Cooling Negl. 
67,070 Btu 

It is assumed that the methanol is not reused, but disposed of, while 
the recovered ethylene glycol is recovered and reused. 
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lbs 
cu/lb 
cu/lb 

C: • F.NERGY INPUT FOR RAW MATERIALS 

1.. Dimethyl Terephthalate (DMT)1,2,3 

C8Hl0 
p-Xylene 

0. 719 
53,660 
38,580 

Air [0] 80% 
c8H6_ 0 4 350°-4.50°F 

200-400 psi Terephthalic 
Acid 

Acetic acid CoBr Catalyst 

0.1 
17450 
1750 

0.0001 
30,000 
Negl. 

0.9 

+ 2CH 30H 

Methanol 

0. 34 7 
18,425 
6,390 

95% • 400°F 
Dimethyl 
Terephthalate 

1.0 

46.720 

Compressed Air = 1.60 kWh/lb DMT x 10,500 Btu/kWh = 16,800 Btu/lb DMT. 
'(It is assumed heat generated by oxidation is used for esterification.)· 

2. 4 p-Xylene 

Refinery 

Makeup 

Stream Hydrogen 

C8 
C8 ARomatic 
Fraction 

Aromatics 

p-Xy1ene 

Basis: 1 ton p-Xylene 1 ib. p-Xy1ene 

1.16 tons C8'Aromatics 1.16 1b C8 Ar. x 33,750 Btu/lb 
2300 1bs. s~eam 1.15 lb. steam x 1200 Btu/1b 
4.4 x 106 K cal = 8750 Btu heat x 1/.8 

17.5 x 106 Btu 
312 Kwh 0.156 Kwh x 10,500 Btu/Kwh 
3170 gal Cooling water 1.6 gal x 12 Btu/gal 
20 1bs. Hydrogen 0.01 1bs. x 53,540 Btu/1b 

A.2-3 

Btu/lb p7 Xylene 

= 39,150 
= 1,380 
= 10,938 

1,638 
= 19 
= 535 
= 53,660 



3. C8 Aromatic Fraction (ADL Estimates) 

Crude -{ HDS - Catalytic 
Distillation Reforming 

S·ulfolane - Extraction 

Chemical Energy C8 Fraction (Xylenes) HHV _= 25,045 Btu/lb. 

Process Energy 

Crude Dist./Naptha HDS 2070 
Cat. Reforming. 4110 
Su1falone Extraction 1240 
Fractionation 1285 

. 
4.1 

QJ QJ u 
c:: c:: co 
QJ QJ ~ 
N :l f>. 
c:: .-I 
QJ 0 0\ 

llQ f-1 u t __ .._---L-....., 

Aromatic 
Separation 

C.~ Fraction 

33J50 Btu/lb. Energy Input C8 
Aromatic Franction 

4. Acetic Acid2 

1bs 
Btu/lb. 
Btu/1b HAc 

carbon'· 
monoxide 

0.582 
4,344 
2540 

methanol 

0.666 
18 ,_425 
12,270 

SO% 

7500 psig 
410.°F 

Compression/ 
Reaction/ 
Distillation 

2,640 

A. 2-.4 

acetic acid (HAc) 

1.0 

17,450 



5. 2 5 6 Ethylene Glycol ' ' 

70% 0 95% op 0~ 
/'-

H2C = CH2 
H2C- CH2 + H2o H C- CH 2 

[0] 
2 

Ethylene Ag Catalyst Ethylene . 'Water. Sulfuric Ethylene 
Oxide Acid Glycol 

1bs. 0.68 • 0005 o. 748 . .OS 1 

Basis: 1 Ton Ethylene Glycol 1 1b Btu/lb Glycol -·----

Ethylene 1360 1b 0.68 1b X 27,090 18,420 
Air 1900 1b 
Silver ' 1 lb .0005 1b x 700,000 Btu/1b = 350 
Ethylene 36 lb .02 lb X 15,850 Btu/1b = 320 

Dichloride 
Electricity 1275 Kwh .6375 Kwy x 10,500 Btu/Kwh = 6,690 
Stearn 6000 lb 3 lb x 1190 Btu/lb = 3,570 
Cooling Water 100,000 gal 50 gal x 12 Btu/gal .. 600 
Sulfuric Acid 0.05 X 415 Btu/lb c: 20 

29,970 

. 6 .. Ethylene Dichloride2 

Ethylene + Chlorine ---Ethylene Dichloride (ED) 

1bs. 
Btu/lb 
Btu/lb 

E .• D. 

0.315 
27,090 
8530 

0.80 
9150 
7320 

1.0 

1s;sso 
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APPENDIX A.3 

ENERGY ANALYSIS OF EPOXY RESIN INSULATORS 

A. ASSUMPTIONS 

A typical formulation for the type of epoxy used in the production 
of 10-20 lb electrical insulators is as follows:! · 

Cycloaliphatic Epoxy Resin (CER) 
Hexahydrophathalic Anhydride (HHPA) 
Filler Alumina Ti:ihydrate or 

Silica Filler 

The typical processing steps are as follows: 

15-20% 
10-15% 

70% 

• The ingredients are mixed in a 5-gallon vessel for 30 minutes 
at 100°C using a 1 AP mixer, 

• The hot epoxy mixture is poured into evacuated molds at 100°C 
and held for 2-3 hours, and 

• The 10-20 lb insulators are post cured at 150°C for-2-3 hours. 

The energy content of the finished insulators is shown in Table A.3.1. 

TABLE A.3.1 

TYPICAL ENERGY CONTENT OF EPOXY INSULATOR 

Basis 1 lb Finished Epoxy Incul~tor 

Raw Materials Btu/lb Insulator 

Alumina Trihydrate 
Hexahydrophthalic Anhydride 
Cycloaliphatic· Epoxy Resin 

Epoxy Polymerization and Cure 

0.7 lb X 7615 Btu/lb = 
0.1 lb X 44,200 Btu/lb 
0.2 lb X 74,900 Btu/lb = 

Electricity (Nechanical-Hixer 0.1 Kwh x 10,500 Btu/kwh = 
& Vacuum Pump) 

Electricity (Heat-Polymerization 0.2 Kt.rh x 10,500 Btu/ktJh = 
& Cure) 

5,330 
'•. 420 

14,930 

1,050 

2,100 

27,880 Btu 

per lb of Insulation 
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As can be seen· in Table ·A. 3 .1, the energy c·ontent of the epoxy resin 
and hardener are responsible for most of the energy content of the in­
sulator. The inorganic filler which comprises 70% of the weight of 
the insulator contributes only 18% of the energy content. In addition, 
the·alumina trihydrate filler is higher in energy content than would be 
a silica filler. Typ1cal energy content of flint (silica) used in the 
production of ceramics is only about 505 Btu per pound compared with. 
the e_stimated 7615 Btu per pound for alumina trihydrate. 

B. ENERGY CONTENT OF RAW MATERIALS FOR EPOXY INSULATORS 

1. ·Alumina Trihydrate 

Mining 0.03 Million Btu/ton aluminum 

Shovel Load 0.14 

Truck Transport 0.12 

Crushing, Washing, Screen· 0.22 

Drying . 1.90 

Water Transport 2.38 

Crush, Grind 1.18 

Digestion 21.49 

Clarification 0.32 

Cooling 0.06 Bayer Process 
Precip Filtration Q.70 

Evaporation 9.56 

Spent Liquor Rec. 1. 56 

3~.66 Million Btu per ton aluminum 

13.73 Million Btu per ton alumina trihydrate 

Drying of Alumina Trihydrate @ 20% moisture & 3# steam/# water for drying 

2000 lb T h d. 0.20 \T 3# Steam . 111 ri y rate x O.SO ~ater x # Water x 1000 Btu " Stearn= 

(13. 73 + 1. S) MilHon Btu 
2000 1b Trihydrate 

/ 

1.5 Million Btu/Ton Trihydrate 

= 7615 Btu/lb Trihydrate 
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2. 
. 2 

Hexahydrophthalic Anhydride 

Maleic 
Anhydride + Butadiene 

Catalyst 

> Tetrahydrophthalic 
Anhydride 

Catalyst 
) Hexahydrophthalic 

Anhydride (HHPA) 

0.78 

35,800 

27,9()0 

3. 

4. 

5. 

0.43 

32,000 

13,800 

Maleic Anhydrid~ for 

Lbs 

Btu/lb 

Btu/lb Naleic An h. 

Benzene 3 

Btu/lb Benzene 

. 4 
Butadiene 

HHPA3 

Benzene 

1.34 

26,700 

Naphtha 

18,000 

1.1 

Hydrogen 

0.0144 

177,000 

2,500 

1..0 

44 .·~wo 

+ Air 
vo

5 Maleic Anhydride ;). 

Catalyst 

Catalyti~ Bet:tzene 
Reforming 

8,700 26,700 

Propylene 
Butadiene 

Ethylene 

1.0 

35,800 

utadiene 
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Lbs 

Butadiene and polypropylene are both byproducts of ethylene produc­
tion. However, a more extensive post-prification of the butadiene is 
required. The heat value of the butadiene fraction would be about 20,100 
Btu.per pound. The prorated heat input for crude oil fractionation and 
catalytic cracking to produce the butadiene would be about 6,000 Btu per 
pound. For the purification steps about 5,900 Btu per pound would be 
required. The total energy content of butadiene would therefore be 
about 32,000 Btu per pound .. 

6. 3 Hydrogen 

Basis: 1000 cu ft hydrogen (5.6 lb) from natural gas 

7. 

Natural gas 250 cu ft 

Fuel 

Electricity 2 K\o.•h 

Steam 360 lb 

Cooling tiater 1800 gal 

5 6 
Cycloaliphatic Epoxy Resin ' 

2,50, 000 

350,000 

21,000 

360,000 

10,500 

991,000 

C+ UcHo 
Q)TiC14f.Et 3Al Q)Peracetic 

f· lJ...c.HO 0 
BuUt'diene Acrolein TiC1 4 

. 1.071 1.111 0.1 

Btu 

Btu 

Btu . 5.6 lb 

Acid 

:;> 
P 

Q) . 
eracet~c 

Acid 

= 177,000 Btu/lb 

Epoxy Resin 

1.0 

Btu/lb 32.000 23,250 14,300 

0.6 

22,400 

13,400 Btu/lb Resin 34,300 25,800 1,400 74.900 
\ 
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8. Acrolein 3 

CH 2 = CHCH
3 CuO ~CHO Catalyst Propylene + Air . ·;> Acrolein 

Lbs 0.882 1.0 

Btu/lb 26,362 

Btu/lb 23,250 23,250 
Acrolein 

9. Titanium Tetrachloride, TiCl4
7 

Ti02 + 2Cl
2 

+ 2C ~ TiC1 4 + co 

Rutile Chlorine Coke Titanium 
Tetrachloride 

Lbs 0.47 0.82 0.14 1.0 

Btu/lb 2,000 13,600 15,750 

Btu/lb TiC14 940 11,160 2,200 14,300 

10. Chlorine3 

2NaCl--)~ 2};a0H + Cl2 
Salt caustic chlorine 

Basis: One ton chlorine, 

Stearn 23,000 lb 

Electricity 3000 kw x 10,500 

A.3-5 

1.14 tons caustic 

23,000,000 Btu 

311500,000 Btu 

54,500,000 Btu total 

27,250,000 ·Btu per ton chlorine 

c 13,600 Btu per lb chlorine 



11. Peracetic Acids 

Hydrogen Peroxide + Acetic Aci~ 

Sulfuric · 
Acid Peracetic Acid 

Lbs 

Btu/1b 

Btu/1b Peracid 

12. Hydrogen Peroxide 

0.56 

.15,400 

. 8' 6~0 

0.984 

14,050 

13,800 

catalyst 

1.0 

22,400 

Oxygen + Hydrogen > Hydrogen Peroxide 

Lbs 1.046 .0654 

Btu/lb 3,760 177,000 

Btu/1b Peroxide 3,930 11,500 

13. Oxygen3 

Basis: One ton oxygen 

Steam 3,325 lbs 

Electricity 400 Kwh 

3,325,000 Btu 

4,200,000 Btu 

1.0 

15,400 

7,525,000 Btti per 2000 lb Oxygen 
= 3,760 Btu per lb oxygen 

14. Acetic Acid3 

Lbs 

Btu/lb 

Ethlyene + Air 

0.518 

27,090 

Btu/lb Acetic Acid 14,050 

--):::~~~o Acetic Acid 

1.0 

14,050 

/ 
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APPENDIX A.4 

ENERGY. ANALYSIS OF DC TERMINALS 

A. HIGH VOLTAGE DC CONVERTER TERMINALS 

This analysis is based upon the Square Butte solid-state HVDC system 
which was built by General Electric to provide a means for transmission 
of power from a 438 ~~ fossil fueled power plant located near Center, 
North Dakota and Arrowhead (Duluth), Minnesota. The system is designed 
for a normal power flow from Center to Arrowhead, but is suitable for 
reverse power. The Center terminal is rated at 500 MW and it is this 
terminal which is described in the following data. The Arrowhead 
terminal has a slightly lower rating of approximately 460 MW, reflecting 
Llu:! liue losses which are f\Ot available for conversion at the receiving 
end. Table A.4.1 below gives a consolidation of all materials used in 
.the Center conver.ter station. This table is supported by detailed bre~k­
downs of material requirements for various major components as shown in 
the following text. 

TABLE A.4.1 

Aluminum 

SUMMARY MATERIAL LIST - ONE TERMINAL 

Weight in lbs 

123,200 

" Carbon steel and cast iron 

Core (silicon) steel 

Stainless steel 

Copper 

Transformer insulation 

Transformer oil 

Porcelai.n 

Myl-ar 

Fiberglass reinforced epoxy 

Silicon, Lhyristor grade 

Lightening arrestor valve material 

Concrete 

A.4-1 

1,489,800 

626,400 

3,000 

1R4,000 

228,400 

992,800 

114,600 

155,000 

63,000 

130 

1,000 

850 cu. yd. 



These terminals consist of the following basic components. 

1. Converter Transformer (12 units per station) 

Description: 52 MVA, Single-Phase, 230 kV.line to 110 kV valve voltage. 

Copper Windings and Leads 

Core Steel 

· Insuiation 

Carbon Steel - Includes 

Tank, Fittings, and Core 

·Structure 

Trans former Oil 

Total Weight 

2. Switches 

Weights in Lbs 

Per Trans former 

11,500 

51,000 

18,000 

51,500 

70.700 

202,700 

Per Station 

1~8,000 

612,000 

216,000 

6!"8 ,000 

848,400 

2,432,400 

A total of 22 high BIL (including two vacuum bypass) and 9 low BIL 
switches are used per statio·n. 

Carbon Steel 

Porcelain 

Copper 

Core Steel (for operating motors) 
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Weight per station 

26,000 

53,000 

11,000. 

1,000 



3. Thyristor Valves 

There are a total of 24 valves housed.in six structures called 
quadravalves. There are a total of 6920 thyristor elements. The 
major material composition of the total valve system is as follows: 

Silicon, Thyristor grade 
Aluminum 
Porcelain 
Fiberglass reinforced epoxy 

Lbs/Terminal 

130 
3000 

18000 
63000 

4. DC Smoothing Reactor (two units per station) 

De5l:.i:lptluu: 60 wH, 230 k.V de up~racing voltage. 

Copper Windings and L~ads 

Core Steel 

Insulation 

Carbon Steel - includes 
Tank, Fittin~s, and Core 

Transformer Oil 

Total Weight 

Support 

Weight in Lbs 

Per Reactor Per Station 

500 1,000 

2,200 4,400 

700 1,400 

20,400 ~ 40,800 

38, 700' 77,400 

62,500 125,000 

5. Filters: Totals of 11th & 13th Harmonic, High Pass.'& DC,· and VAR Bank 

Lbs/Station 

Copper 3,-000· 

Core Steel 9·,000 

Carbon Steel 128,000 

'• 
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5. Filters (Continued) 

Stainless Steel 

Aluplinum 

Mylar 

Transformer Insulation 

Transformer Oil 

Porcelain 

3,000 

61,800 

155,000 

4,000 

64.,000 

15,600 

6. Lightning Arrestors (60 units per station) . 

Porcelain 

Copper 

Valve Material 

7. Wall Bushings 

Porcelain 

Copper 

Oil 

8. Neutral Conductors·and Ground Electrode 

·Total Weight/Station 

6,000 lbs 

12,000 lbs 

1,000 lb~ 

Total Weight/Station 

18,000 lbs 

9,000 lbs 

3,000 lbs 

This requirement is highly variable depend~ng upon location, so a 
composit~ of several actual situations is presented here. 

Yard neutral bus and connections: 

Neutral-to-ground electrode - 3 miles 

Total aluminum weight: 

Ground mat, electrode connections, 
and copper clad ground rods 

Total copper weight: 
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19,000 lbs 

30,000 lbs 

49,000 lbs 

16,000 lbs 



9. Building and Support Equipment 

Blowers & Ducting or Pumps ~ Variable: 
each with 2,000 lbs of steel. 

. 
we have assumed 6 pumps, 

10. 

Heat exchangers & Tubing = 5,000 lbs of copper/bronze 

Building: 240'L x 92'W x 37'H 

Sheathing Area: 2(240+9)x37+(240x92) = 47,000 ft 2 

Assume 8 ga. steel @ 7 lb/ft2 

Weight is 7x47,000 33~000 lb 

Assume an additional 75% for supporting structures 

Total weight of steel in building= 577,000 lbs 

Concrete required: 2,000 yd 3 

Terminal Switches 

Concrete 

Steel for bus supports 

Aluminum bus & tube ~ 8,000 ft 

·Porcelain insulators, 100x40 

A.4-.J 

f 

850 

88,000 

10,000 

4·,000 

yd3 

lbs 

lbs 

lbs 



APPENDIX A. 5 

INSTALLATION·ACTIVITY ASSUMPTIONS 

The estimates of transmission system installation energy content 
presented in Tables VII.5 and VII.6 are based upon a large number of 
assumptions for each installation activity,. This appendix discusses 
the assumptions used for each activity • 

. 1. Clearing Rights-of-Way 

The following estimates are based on the concept that the right-of-way 
(ROW) must become passable for wheeled vehicles along the transmission 
line, that it must not present a fire hazard and indeed may serve as a 
fire break, and that in the case of overhead transmission lines it must 
be clear ot all high growth. 

These assumptions have been employed: 

a) 

b) 

c) 

d) 

1 7 2 hour useful working day. 

All materials and all disposal volumes hauled 20 miles. 

The ROW is of mixed character, 50% wooded and 50% open land. 
A .value of 2/3 of the "wooded" energy use estimate is 
used as the average "per acre" value·. 

10 tons of chips and debris (including non-organic 
materials) per acre must be disposed of by haul~ge. 

The following definitions are used: 

"C.lP.Rr:fng" includes grading and leveling of o roadway, removal of 
rocks, pulling of stumps~ and removal of slash. 

"Chipping" includes moving logs to the Ghipper on the one hand 
and piling and loading digested material on the other. 

"Disposal" incl.udes the truck haul only. It is assumed that 
~he dump trucks dispooc of the material at destination without 
assistance of other equipment. 

The following table summarizes equipment use and energy requirements 
for clearing rights-of-way _in rural areas. The to.tal is 2. 58 x 107 Btu. 
per acre. However, under assumption (c) only two-thirds of this value 
will be used on average because of the mixture of wooded and open terrain. 
ROW clearing in suburban terrain has been estimated to be 25% of the 
rural v a1ue • 
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Rated Average Capacity/ 
Equipment HP HP Used Capability Ut11.ization 

Clearing 

Cutter/tractor 250 150 8 acres/day SO% 
(med. growth) 

Front-End Loader 200 120 Same as Cutter 
Bulldozer 250 150 Same as Cutter 

Chipping 
I 

Chipping Rig 150 100 1.75 acres/day 
{med. growth) 

Front-End Loader 120 75 2xhrs. Chipper 
Bulldozer 150 100 2xhrs. Chipper 

Disposal 

10-ton Truck 200 62.7 30 mph average 
speed 

Hours/ 
6 Equipment Acre HP-Hrs. Btu X 10 

Cl~ii<!rine 

Cutter/tractor 1.88 281.2~ 
Front-End Loader 1.00 225.60 
Bulldozer 1.88 281.25 

788.10 7 .30 

Chipping· 

Chipping Rig 4.29 429.00 
Front-End Loader 8.58 6l!3.50 
Bulldozer 8.?8 858.00 

i,930.50 17.88 

Disposal 

10-ton Truck 1.33 62.7 .58 

TOTAL: 25.76 6 x 10 Btu/acre 
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2. Slitting of Pavement 

Underground transmission lines in urban and suburban areas usually 
are placed under public thoroughfares for reasons of authorization and 
access. In most cases the pavement must be removed to a minimum width 
of the trench to be dug. In city areas, the most common pavement consists 
of blacktop over a substructure, frequently concrete or crushed rock. 
Although general policy is to replace the same type of structure that 
was removed, in some instances where the original substructure is weak 
a new additional concrete slab is poured after the trench is backfilled. 
Blacktop is ap'plied over the reinforced slab, which may be about one foot 
thick and which may extend one foot beyond either edge of the trench proper. 
This additional pavement surface, pavement volumes, and trenching volumes 
must be taken into account, both for new slabs and for replacement sections 
joining existing substructure. Any concrete to be removed must be cut 
by a saw and broken by a jackhammer. 

In suburban areas, the blacktop most often is applied directly over 
compacted soil inasmuch as traffic loads are lighter and the network of 
vulnerable underground lines and conduits is limited. Blacktop alone, 
in 3- or 4-inch thickness, can be ripped up by a variety of equipment 
once some initial cuts have been made by saw .or jackhammer. Some larger 
equipment· is also fitted with special cutting blades, hydraulically I 
activated, for penetrating blacktop. The following table summarizes 
equipment use and energy requirements for pavement slitting procedures. 

Cutting or slitting pavement is independent of ROW width and is 
directly related to distance only. Therefore, the appropriate planning 
factors, generalized in regard to the type of pavement structure, must 
be in terms of energy units per mile of transmission line and become of 
the order of magnitude of 1. 09 x 108 Btu per mile in urban areas and 
6.06 x 107 Btu per mile in suburban areas. 

3. Breakup and Piling of Pavement 

Asphalt and cut concrete can be further ripped up and piled by spe­
cially fitted bulldozers. The piles of debris are consolidated by large 
frontend loaders and loaded into trucks for disposal. A compressor rig 
for jackhammers may stand by to break up unmanageable sections. 

A six-foot-wide ROW equals 31,680 sq. ft. (3,520 sq. yds. or 0.727 
acres) per mile~ A 300-horsepower CAT Dozer-Ripper can work. 3,200 sq. yds. 
per day on asphalt and 2,000 sq. yds. per day on concrete. On a carefully 
bounded strip of .. pavemen_t __ .Q.:f; this type, the capability may be considerably 
less:··· It is assumed further that in urban areas the Dozer-Ripper works 
on concrete 50% of the time and on asphalt 50% of the time. The following 
table summarizes equipment use and energy requirements for breaking up 
and piling pavement. 
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PAVEMENT SLITTING 

Capacity/ 
Avg. HP Capability 

Equipment Rated HP Used (ft./hr.) Utilization 

Concrete Saw 75 50 120 60% of hrs. /mile - urban; 
0% suburban 

Asphalt Saw 75 50 200· 20% of hrs. /mile - urban; 
50% suburban 

Compressor & Hammers 100 60 Urban: 2x saw hrs. 
Suburban: 4x saw hrs. 

Equipment Hrs. /Hile HP-hrs. Btu x 10 6 

Concrete Saw 88 4400 40.74 

Asphalt Saw 52.8 2640. 24.45 

Compressor .(U) 152. 9720 90.01 
(S) 106. 6360 58.89 

Totals 

Urban 13768 127.49 

Suburban 7680 71.12 

Rural 0 0 
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' 
BREAKUP AND PILING OF PAVEMENT 

Capacity/ 
Rated Avg. HP Ca2ability 

Equi2ment HP Used (sq. yd. /day) 

Dozer-ripper 300 250(oper.) 3200(asphalt) 
65 (idle) 2000(concrete) 

Compressor 120 75 

Front-end loader 200 120 

Equi2ment Hrs_/Mile HP-hrs./m 

Urban: 

Dozer-ripper· (oper.) 12.67 3168.0 

Dozer-ripper (idle) 12.67 823.6 

Compressor 25.33 1900.5 

Front-end loader 25.33 3039.6 

Totals 8931.7 

Suburban: 

Dozer-ripper (oper.) '· 10.2 2555.2. 

Do:?;er-ripper (idle) . 10.2 663.0 

Compressor 10.2 765.0 

Front-end loader 10.2 1224.0 

Totals 5207.2 

A.S-.5 

·.Utilization 

2500 sq .. f.t. /'hr. - urban 
3100 sq. 'ft .. /hr. - suburban 

Total D-R hrs - .urban 
1/2 D-R hrs - suburban 

Same as compressor 

6 
Rtn X 10 

29.33 

7.63 

17.60 

28.15 

82.71 

23.66 

6.14 

7.08 

11.34 

48.22 



The estimating factor is desired in terms of energy per foot-width 
of ROW per mile. These, based on the six-foot-width calculated above, 
become (per foot of width per mile): 

HP-hrs. Btu x 106 

Urban:. 1489. 13.79 

Suburban: . 868. 8.04 

Rural: 0 0 

4. Excavation for Underground Systems 

The principal types of equipment used are backhoes, which do the 
actual digging, and front-end loaders, which rehandle the spoil and load 
portions of it for disposal. -Backhoe size is governed by trench depth 
and width. It is assumed, for estimating purposes here, that the energy 
per cubic yard excavated remains approximately constant; i.e., the backhoe 
efficiency.does not vary greatly with backhoe size. 

Cubic yardage is the principal parameter for this operation. For 
trenching, it is assumed that the backhoe spends an equal amount of time 
engaged in actual digging as in moving and waiting. The front-end loader 
is assumed to work the same· amount of hours as the total backhoe hours. 

) 

In suburban areas, utility. cutm~c..:Liu(t:S from undcr-otro&t maj.n.c; (er~R, 
water, sewer) usually lie below the frost line but within the depth range 

·af the transmission line trench. These connections are small-diameter · 
lines buried directly in compacted earth. The backhoes excavate to the 
vicinity of the lines, and then must delay until the actual line is un­
covered and identified· by hand labor. The backhoe may then proceed to 
work around the line. For this reason the low-horsepower utilization 
time of the backhoes is doubled in the suburban case. The following 
table summarizes backhoe and front-end loader use. 

Capacity/ 
Equipment HP AvB. HP Used Capability Utilization 

(cu. yd./hr.) 
2-cu. yd. backhoe 250 175 (oper.) 240 

50 (idle) Idle hrs. = oper. hrs. 

Front-end loader 150 75 Same as total backhoe 
hrs. 

A 4-foot by 6-foot trench equals 4693.33 cubic yards per mile. The 
backhoe requires 4.1667 hours of working time per 1,000 cubic yards of 
trench. The following table is based on a nominal 1,000-cubic-yard-per­
meter trench. 
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Equipment Hrs. HP-hrs. Btu x 10 6 

Urban & Rural: 

Backhoe 4.1667 729.2 6.75 
4.1667 208.3 1.93 

Front-end loader 8.333 625.0 5.79 

Totals 1526.5 14.47 

Suburban: 

Backhoe 4.1667 729.2 6.75 
8.333 416.6 3.86 

Front-end loader l:L • .)UOO 937.J 8.68 

Totals 2083.3 19.29 

These toals may be used directly as estimating factors in terms of energx 
per 1,000 cubic yards of trench per mile, or, times lo-3, for use with 
cubic yards. 

5. Excavation. for Overhead Systems 

Excavation for tower foundations consists of small, separated, shaped 
holes of limited individual volume. In a sample calculation, each of six 
towers per mile is assumed to require four holes of about 3.7 cubic yards 
volume. It is assumed that a 1.52 cubic yard hackhoe will dig such a hole, 
some/six to eight feet deep, in 0.5 hours using 100 horsepower, or will 
dig one set of foundation excav~tions for one tower in two hours.* 

It is assumed further that movement of the backhoe to the work site 
and between tower sites each requires 0.5 hours. Thus, excavation for 
three sets ·of foundations (3 towers) can be handled in one 8-hour day. 
A front-end loader follows the backhoe and is occupied an equal number 
of hours in moving and spreading the spoil. The following table summarizes 
equipment: use and energy requirements fnr the excavation of overhead 
systems. 

* This estimate applies to generally homogeneous soil. If boulders are 
encountered, and/or depths of 12 feet are required, the time required 
per hole could be as long .as four to five hours. 
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Equipment HP Avg. HP Usea Utilization 

1.5 cu. yd. backhoe 150 100 3 towers (12 holes)/day 

Front-end loader 100 75 Same hours as backhoe 

For one mile of transmission line, or six towers, the following 
table results. 

Equjpment Hrs. 

Backhoe 16.0 

Front-end loader 16.0 

Totals: 

Per mile 

Per tower 

HP-hrs. 

1600. 

1200. 

2800. 

467. 

Btu X 106 

14.82 

11.11 

25.93 

4.32 

It is noted that the towers considered here are relatively light 
lattice structures for a single-circuit, three-phase line. Consid~rable 
variations may occur due to: 

(1) Tower type, siz~ and weight 

(2) Nature of the terrain and soil. 

6. Trench Shoring 

Shoring is not usually required for trenches less than five. feet deep. 
~1en it is needed, the effort expended is highly dependent upon the site 
(terrain, soil, climate) and upvn the job specifications (trench con­

·figuration). Shoring is used only to avoid rework or excess work, or 
for personnel safety. 

Furthermore, many different methods and types of shoring are available 
and are used. The simplest temporary kinds consistof some form of re­
straining ti~bers on the sides of the trench, supported by braces across 
the width of the trench. These braces interfere with pipelaying and 
cablelaying and must be removed and replaced as work proceeds. Other 
forms consist of pilings driven at the sides of the trench and holding 
the restraining planks or timbers. In this method, no interference is 
presented. For permanent shoring, usually left in place after completion 
of the line laying process, interlocking steel sheet piling may be used. 
Specially designed movable caissons have also been used. 
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Despite the difficulties of generalization both in the need for 
shoring and in the method of shoring, this potential energy expenditure 
should be represented in these estimates. For this purpose we assume 
one stretch of 100 feet in each mile which requires shoring. This 
stretch typically may be at the crossing of a creek or ditch with soft 
soil, or an area of dry non""'cohes.ive sand. We further assume that 
pilings will be driven along the edge of the trench every five feet 
to support prepared planks or forms. Braces may also be applied, but 
these do not require the use of machine equipment. The light piles 
are driven by a small crane fitted with an auxiliary piledriver attach­
ment, and the same crane handles piles, planks, and forms from trunk 
to trench. The following table summarizes equipment use and energy 
requirements for trench shorin.g. 

EquiEment HP Avg. HP Used CaEacit~/CaEabilit~ Utilization 

Crane 100 60 . 25 hrs. /piling Piledriving 
45 Misc. lifts 

Truck 150 41.2 5 ton, 25 mph avg. 5-45 mph range 

Equi:Ement Hrs. HP-Hrs. Btu x 10 6 

Crane 10 600.0 5.56 
16 720.0 6.67 

Truck 15 618.0 5. 72 

Total per 100 ft. 1938.0 17.95 

7. EmElacement of PiEe 

In systems using welded pipe, the sections are delivered to the site 
by tractor-trailer and distributed along the ROl•J. Initially, they may 
be stacked in small stockpiles or they may be unloaded directly to their 
position along the line. In either case, there may be a small travel 
distance involved which we assume to be less than 1/10 of a mile in all 
cases. A pipelayer with a hydraulic sidearm boom (or a small crane) picks 
up one section and travelR to its exact position along the trench. It 
lowers the section and holds it until strongbacks are placed across the 
trench and ~hain hoists rigged to the section or until blo.ck supports 
are fitted. It transfers the weight of the pipe to the supports, dis­
·engages itself, and returns for the next section in line. 

Pickup, travel, positioning, and lowering may each take five minutes, 
and holding while supports are arranged may take 10 minutes, for a total 
of about 30 minutes per pipe section. We consider this as an average 
operating time. However, the pipelayer's operations are highly dependent 
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upon other personnel actions and upon various minor materials and equip­
ments being on hand; therefore, we consider an equal idling time appropriate. 
This gives a production rate of approximately one section per hour. 

Standard 10-inch diameter pipe (10.75 inch OD and 0.0279 inch thickness) 
weighs 31.20 pounds per foot. A 37-foot section weighs 1154 pounds and 
a 60-foot section would weigh 1872 pounds. A 36-inch diameter pipe of 
0.50-inch thickness would weigh about 3 tons in a 37-foot length and 
about 5 tons in a 60-foot length. 'These weights are all well within the 
capacity of the selected typical pipelayer, and it is estimated that the 
time cycle of the machine would not vary greatly with pipe size. For 
small pipe, some speedup would be possible. The following table summarizes 
equipment and energy requirements for pipe emplacement per mile. 

Equipment 

Pipelayer 

HP 

105 

Avg. HP Used 

55 (oper.) 
20 (idle) 

Equipment Hrs. 

37-foot sections: 

Pipelayer 71.35 (oper.) 
71.35 (idle) 

60-foot sections: 

Pipelayer 44.0 (oper.) 
44.0 (idle) 

8. PiEe We'lding 

Capacity/ 
Capability 

20 tons 

HP-hrs. 

3924.25 
1427.0 

5351.25 

2420.0 
880.0 

3300.0 

Utilization 

.5 hr./sect. plus 

.5 hr. idle time/ 
sect. 

6 Btu x 10 

36.34 
13.21 

49.55 

22.41 
8.15 

30.56 

For joints in 1/4-inch thick steel pipe, fitted with an insert ring, 
a three-pass manual weld at 40 volts and 125 amperes at a speed of ·a 
inches per minute is assumed·; Overall generator efficiency is taken at 
0.80. In pipe up to 10 inches diameter (nominal), the pipe ends are 
flared by about 1/4 inch; above those diameters we neglect the flaring •. 
Actual c~rcumference is used in the following computations. A conversion 
can then be established directly from pipe size to required horsepower­
hours in the form of: 

0.052383 C = HP-hrs. per .joint, where C -is the 
circumference in inches. 
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At a common length of 37-foot per delivere.d nominal "40-foot" length 
of pipe section, there are 142.7 joints per mile. The above factor 
becomes: 

7. 4 7 5054 C ,; HP-h,..~;. P.eJ" l'li.l.e. 

Generator idling time is assumed to equal actual arc time, at half load, 
and the factor becomes: 

11.2126 C = HP-hrs. per mile per pipe. 

The following table indicates the values that result: 

Nominal Actual 
Per Mile Max. Sect. 

Pipe Dia. Circumference HP-hrs. Btu X 106 per Day 

6 in. 22.0 in. 246.67 2.28 17 
8 28.3 317.32 2.94 13 

10 34.6 387.96 3.59 9 
14 44.0 493.35 4.57 7 
18 56.5 633.51 5.87 6 
20 62.8 704.15 6.52 5 
24 75.4 845.43 7. 82 4 
30 94.2 1056.23 9.78 3 
36 113.1 1268.15 11.74 2 

When there are two manholes in each line per mile, two 1/2-inch thick 
split sleeves each about 10 pipe diameters in length add an increment of 
14.73 C double thickness weld length to the previous weld length of 142.7 C. 
This is a 20.6% increase and raises the overall factor •to 13.5274 C = 
HP-hrs/ per mile pe~ pipe. 

Intermediate pipe diameters may be interpolated from the above table. 
For heavier (thicker wall) pipe, the above energy consumptions should be 
increased by the ratio of the actual thickness to the 1/4-inch upon which 
the table is based. 

The right-hand column of the table presents common values for the rate 
of placing sec.tions of pipe per day, in terms of."40-foot" sections. This· 
performance table includes the sequential times required for laying the 
pipe in the trench, aligning it, welding the joint, testing (X-raying) 
the joint, covering the joint, and proceeding to the next section. Welding 
of the joint is not the controlling operation in this production rate. '" 
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9. Emplacement of Thermal Sand 

When this operation is carried out in two parts, the first portion 
is placed in the trench, tamped and leveled, and the transmission line 
placed thereon. The remainder is then placed in the trench and again 
leveled and compacted. If the thermal sand is all placed at one time, 
the sand is worked around the line, already in place, -largely by hand. 
There is no major difference in machine time between the two methods. 
The following table summarizes the equipment use and energy requirements 
for the emplacement of thermal sand. 

Equipment HP 

2 cu. yd. front-end loader 150 

Equipment 

Front-end loader 

Total 

HP-hrs. 
per cu. yd. 

8.33 
41.67 

Avg. HP 
Used 

Capacity/ 
Capability Utilization 
(cu.yd./hr) 

100 
50 

(lift) 120 Both' operations on 
(carry) 24 same quantity, from 

stockpile to trench 

HP-hrs. Btu X 106 

833.33 7.72 
2083.33 19.29 [per 1000 cu. yd. 

of thermal sand] 
2916.67 27.01 

Energy use per cu. yd. of thermal sand 2.92 ·o.o27o 

Tamping 

Tamping is applicable to thermal sand emplacement as well as to back­
fill. Equipment with a variety of drives is available. The backhoe 
grades and levels. The following table summarizes tamping. 

Equipment HP 
Avg. HP 

Capacity/Capability Used -Utilization 

Portable tamper 5 5 30 sq. yds./hr, or Continuous 
20 hrs ./ft. ROW width/mile 

Backhoe 150 75 170 sq. yds./hr., or Continuous 
3.5 hrs./ft/ ROW width/mile 
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Energy use per foot width of the ROW per mile is shown below. 

Equipment Hrs. /ft. /mile 

Tamper 20.0 

Backhoe 3.5 

Energy use per ft. per mile 

10. Backfillin~ 

HP-hrs. 

100.0 

262.5 

362.5 

6 Btu x 10 

0.93 

2.43 

3.36 

Trenched spoil is stockpiled along the ROW. Part is hauled off for 
di3pooai 3nd p~rt iR rP.t.ained for backfill. A bulldozer is the principal 
equipment for returning the material to the trench, while a front:-eml 
loader arranges the material for the bulldozer. A tamper is used to 
compact the backfill. The bulldozer and the front-end loader operate 
on the same quantity of material; the tamper however works on the basis 
of trench surface area. This area is the true trench area and not the 
extended breadth of the trench in the way of pavement or pavement sub­
structure. The following table summarizes the equipme~t use for back­
filling. 

Equipment Hrs/1000 cu. yd. HP-hrs. Btu x 10 6 

Bulldozer 16.67 1666.7 15. 43· 

Front-end loader 8.33 625.0 5.79 

Total per 1000 cu. yd. 2291.7 21.22 

Plus 

Tamper, per 1000 sq. yd. 33.33 166.7 1.55 

11. Pouring and Finishing of Concrete 

The hauling of concrete to the site is covered under the road haul 
factors. Assuming that: t:he cuu~.;J:ete is carried in ready-mix trucks, 
these can unload directly into the trench where required. 

We have assumed that the concrete slabs will be lightly reinforced, 
in a proportion of about 2% by volume or approximately 6% by weight.~ 

* As an exception, it is noted that some Ut:ilitlt:!l:; uo not add any rein-
forcement to such a slab; it is simply poured in place. We have main­
tained a modest amount of steel in·the interests of conservatism. 
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If• concrete is assumed to weigh qbout 1.94 tons per cubic yard, then 
about 0.12 times the cubic yardage will give the tons of reinforcement 
steel. 

If the steel is assumed to be carried in five-ton loads in five­
ton trucks, then, 0.12 x cu. yd. x 0.2, or 0.024 x cu. yd., will equal 
the number of loads. 

A five-ton truck at an average speed of 25 mph between 10 and 40 mph 
uses, as previously indicated, an average HP of 39.3 HP. This is the 
equivalent of: 

Per ton-mile: HP-hrs. 
0.4716 

6 Btu x 10 
0.0044 

These factors, multipled by (cu. yd. concrete x 0.12) x (distance) 
x 1.5 give the energy expenditure for hauling the reinforcement steel 
along with the conc.rete mix. 

It is assumed that small rotary surfacers are applied to ·finish and 
level the concrete surface. It is assumed that these surfacers use 5· HP 
and have a capability of finishing 44 square yards of wet surface per 
hour. It is noted that this surface·area is the full width of the 
opening, at pavement level, rather than just that of the trench proper. 
At this rate, the surfacer would work 22.73 hours per 1000, to give: 

Per 1000 sq. yd. HP-hrs • 
. 11,3' 64 

6 Btu X 10 
1. 0~ 

This operation therefore again is divided into two factors dependent 
upon different variables. It is applicable only to the urban case where 
such slabs are poured as pavement substructure. 

Haulage of pre-cast slabs is described separately inasmuch as crane 
equipment also is involved. The pouring in-place of manholes also is 
described separately since different steel content exists and additional 
components must be brought to the site as well as forms. 

12. Cast-in-place Manholes 

The excavation for manholes is an enlarged spot in the trench line 
whose incremental volume per mile is negligible. We therefore neglect 
the excavation work involved in the assumed two manholes per mile of 
transmission line. 

The other energy consumption is principally for hauling concrete 
to the site and for hauling components, plus crane work for handling the 
latter. A welding machine is used for connecting the reinforcement 
structure. 

A. 5-14 



Reinforcing steel may be on the order of 3% of the volume of the 
structure. Taking•steel at a SG of 7.85 and cement of an SG of 1.94, 
the tonnage of steel becomes cu. yds. x 0.1985. For a 2.5% content of 
steel by volume this becomes 0.1653 cy. yd., and at 3.5% it becomes 
0.2315 cu. yd. For example, a 345-kV double circuit manhole requires 
some 14.4 cu. yd. of concrete. This is approximately three truckloads 
of ready-mix cement in 5 cu. yd. trucks plus three tons of reinforcing 
steel plus an estimated additional ton of metal fittings such as closures, 
sleeves, piping, etc. The· total steel would make up one load. for a five­
ton truck. 

Partially or wholly prefabricated forms would be utilized for the 
repetitive casting operation at roughly one-half mile intervals. The 
set of forms is bul~y and would occupy one five-ton truck.for this short 
trip . 

. A crane would be used for placing the forms and the rebar, and later 
for removing the forms. We have estimated two days' usage for the crane 
and one day for a welder on the reinforcement steel. 

In relation to transmission line capacity, it is.noted that individual 
companies have-individual manhole structure designs. The quantities of 
concrete may vary with company, and with the characteristics of the site. 
For generalized purposes, we assume the following number of trips per mile. 

kV Concr~te Steel Forms 

138 4 2 2 

230 4 2 2 

345 6 2 2 

500 8 2 2 

765 10 2 2 

Equipment HP AVB· HP Capacity/ 
Used Capability Utilization 

5 cu. yd. concrete Tr. 250 68.7 25 mph, 5-45 mph 

5-ton truck 150 41.2 25 mph, 5-45 mph 

Crane 100 -45. Mics. lifts 2 days/manhole 

Arc welder 35 15. 1 day/manhole 
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13. Precast Concrete Items 

These items include precast slabs for pavement sub-structure, conduit 
troughs and lids .for self-contained oil-filled cables, split pipe embedded 
in the thermal sand over some unprotected cables, or manholes -- either 
in one piece or in sections. 

These various pieces cover a wide range of dimensions and unit 
weights. In general, the weight of individual pieces will be limited 
by the handling facilities on site or by the permissible truck loads on 
the route between manufacture and site. Therefore a number of examples 
are given below. 

For any of these precast concrete items, the task consists of trans­
port of the sections to the site, lifting them off the vehicle, moving 
them into position, lowering them into the trench or excavation, and 
holding them and adjusting position until they are secured in place or 
supported by some other means. Only two pieces of equipment are involved: 
the truck that carries them and the crane that lifts and places them. 
The following table summarizes equipment us~ and energy requirements 
for precast concrete items. 

Per ton-mile 

Truck Load HP Avg. MPH Max/Min HP-hr Btu x 

10 T 10 T 200 25 40/10 .3144 .0029 

106 

20 T 20 T 300 25 40/10 . 294R .0027 • 

Heavy/oversize ·lift: 
SO+T 40 T 500 20 30/10 .2451 .0027 

(max. SO) 

The latter heavy-lift tractor-trailer is noted because the weight of a 
complete manhole may lie in the 30 or 40 ton range. If such a manhole is 
completely prefabricated, and if dimensionally it is feasible to move it 
over the highway, then a vehicle of this type would be used. 

Two crane situations are examined below. 

HP Load Lift Hold 
HP Hrs. HP Hrs. 

100 5 T 75 .25 35 .5 

200 40 T 150 1.00 100 3.0 

A.S-16 

Per Ton of Load 6 HP-hrs. Btu x 10 

7.25 .0572 

11.25 .0887 



The crane energy expenditures are dependent upon additional variables 
not indicated here, such as speed of lift and speed and distance of travel 
with load. Furthermore, different types of cranes with different capabili­
ties of out~each, height or footprint pressure have different overall 
efficiencies. The above values indicate the general range of energy 
consumption values applicable'to this task. 

14. Transport of Materials 

Transport by road is used for the majority of materials used in the 
construction of transmission lines, or at least the final leg of the 
transportation from source to site is over the highways. 

Fuel consumption estimates are based upon the relationships developed 
in the table on the followins page. These are subject to large variances 
dependent upon the types of equipment used and upon the roads over which 
the trucks move, in particular the hilliness of the terrain. The horse­
power estimates developed may be on the low side, that is, they are 
conservative. Despite. this fact, ·the energy consumption of the road 
haul components of the entire transmission line installation process 
forms a large part of the entire energy expenditure. 

The initial system estimates use the assumption of a 20-mile haul 
from source for all materials. The exceptions are thermal sand and 
mobilization/demobilization which are increased to 50-mile distances. 
Return trips, empty, are taken at one-half the comp~ted horsepower and 
the same speeds. Speed ranges, which affect the average horsepower 
used, are varied according to the tyQe of load and the type of load 
and the type of area through which it is anticipated the load will move. 
This is a judgmental factor. 

In the attached summary table, all estimates have been reduced to 
terms uf ~uergy units per ton-mile, or per cubic yard-mile, for ease 
of application to other haulage requirements. · 

It is noted that the thermal sand has the lowest requirements, 
according to these estimates. This is accounted .for .by the fact that 
it moves over longer distances (50 miles) in large loads. Conversely, 
smaller trucks appear as less efficient. Concrete in this case involves 
relatively inefficient ready-mix tcuck~. 

Those haulage items which cannot be related to specific weight loads 
have been generalized (towers, mobilization). These can be portrayed 
only as averages for each unit over a given route distance. 
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ROAD HAULAGE FACTORS 

Item Truck HP Load Avg. MPH Max./:Min. Avg. HP Units HP-hrs. Btu x 10 3 

Concrete 5 cu. yd'. 250 10 T 25 45/5 68.7 per cu. yd .. -m .8244 7.63 
per ton-m .4122 3.82 

Components 15 ton 250 10 T 25 40/10 65.5 per ton-m .3928 3.64 

Thermal Sand 20 ton 300 13.3 25 35/15 75.8 per cu. yd.-m .3413 3.16 
(cu. yd.) per ton-m .2275 2.11 

Pipe Tractor 350 17.1 T 20 30/10 80.2 per ton-m .3518 3.26 

Misc. 5 ton 150 5 T 25 45/5 41.2 per ton-m .4944 4.58 
25 40/10 39.3 per ton-m .4716 4.37 

> Wood Prod. 10 ton 200 10 T 30 50/10 62.7 per ton-m .3134 2.90 
V'l 
I Mobilization · Trac:tor 300 Mi1:c. 25 45/5 82.4 per unit 164.8 1526.05 1-' 

00 per 50 miles 

Towers Tractor 300. Misc. 15 25/5 64.3 
5 ton 200 5 'li' 15 25/5 42.8 

Weighted aveiage, 4 trips to 1 60.0 
+2.5 hrs @ 30 'HP waiting time for 

2.5 mile one-way trips per unit 150.0 1389.00 
2.5 miles 

Spoil Disp. 25 ton 350 17 . 25 45/5 96.14 per ton-m .2307 2.14 
(cu. yd.) 

25 40/10 91.68 per ton-m .2200 2.04 
25 35/15 ,88. 33 per ton-m .2120 1.96 

Blacktop 15 ton 250 7.94 25 40/10 65.5 per ton~m .2619 2.43 
(cu. yd.) per cu. yd. .4949 4.58 



.,.. 

It is noted that large "off-road" vehciles are not spec'ifically 
covered in these estimates. The scenarios used, and in particular 
the 20-mile haul distances, do not lend themselves to use of such 
vehicles for the primary functions of hauling sand and spoil. Where 
necessary, their energy consumption would be analogous to that of the 
25-ton, 350-HP trucks, i.e., about 0.21 HP-hrs./t-m or 0.0019 x 106 
Btu/t-m at the 25 mph average speed with a· range between 35 and 15 mph. 

15. Blacktop Application 

This operation for replacement of pavement is a function of pavement 
area in the urban and suburban cases only. Road haul of the blacktop 
material to the site is treated separately under the transport factors. 
Normally, the hot blacktop is loaded at the plant tnto trucks which 
deliver.it, still hot, to the spreading machine where it is kept hot. 
Only the spreading and rolling are considered here. 

In many instances, "cold-patch" blacktop is applied inunediately 
after closure of a trench in order to pennit passage of vehicles and 
as a sealant against the weather. This temporary surfacing ·is not 
considered here. 

It is appreciated that in some instances after a roadway has been 
opened for installation of a transmission line, even though the trench 
may be only a few feet in width, that. public works authorities are 
reluctant to accept a patched pavement as· end product.* As a result, 
the final course of blacktop may cover the entire width of the thorough­
fare. However, only that portion of the work directly related to the 
installation of the transmission line, i.e., the pavement replacement 
area, is considered here. 

The thickness of blacktop-is of interest only in regard to total 
volume required and to the weight and volume to be transported. Pave­
ments generally are 3 to 4 inches thick, and in· this range the following 
surfacing estimates are valid. Spreader width is adjustable. The 
following table sununarizes equipment use for blacktop application. 

Equipment Avg. HP Capacity 
HP Used CaEabilit~ Utilization 

Roller 50 30 2mph '!1ult:i-pass assumed at 
1 hr . /ft. ROW wid·t-h 
pt!i: mile 

Spreader 100 75 1/8 mph Plus 5 gal./hr. fuel 
for heating 

* 
This is usually the case only if the pavement patched is relatively 
new, i.e. less than five years old. 
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Assuming that the spreader operating width is adjustable to the 
required paving width and that this width does not affect its speed 
of operation, the estimating factor falls into two parts, one related 
to trench surface area and one related to distance only. The following 
table summarizes equipment use and energy requirements for blacktop 
applications. 

Equipment Hrs. 

Per ft. ROW width/mile: 

Roller 1.0 

Per mile: 

Spreader 8.0 

16. Grading 

HP-hrs. 

30.0 

600.0 

6 Btu x 10 

.28 

5.56 
+5.52 

11.36 

Grading involves the restoration of the disturbed areas to their 
original condition and outline. There is no grading involved in the urban 
case., In the suburban case, although the ROW proper may be only about 
six feet wide, the work areas adjacent to the ROl-l also must be cleaned 
up and restored. For example, areas used for stockpiles of spoil or 
sand must be cleared, or areas of plantings which have been disturbed 
must be leveled. In the rural case, for an. underground line a ROW of 
50-foot width has been assumed. AFter completion of the installation, 
dislocations caused by the .temporary roadways must be eliminated and 
the whole ROl-l restored to pre-work state. In the case of overhead lines 
with a· much wider ROW, which remains free of major vegetation or use, 
it nevertheless ~s necessary to clean up the portions of the ROW width 
which have been used for heavy traffic and storage and other work. We 
assume that the work involved in this final grading of the 50-foot ROW 
for underground lines and that for portions of a wider ROW' for. an over­
head line is approximately equal. The following table summarizes equip­
ment use and ener.gy requirements for grading. 
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Equipment HP Avg. HP Used Capacity/Capability Utilization 

Suburban: 

Bulldozer 150 90 250 ft./hr. of ROl-l , 1500 sq./ft./hr. ROW 
plus adj. areas 

Rural: 

Bulldozer 150 90 360 ft./hr. 3 passes; SO ft. ROW 

Grader 200 120 720 ft./hr. 2 passes 

Equipment Hrs. /Mile HP-hrs. Btu X 106 

Suburban: {per mile) 

Bulldozer 21.12 1900.8 17.60 

Rural: (per mile) 

Bulldozer 44.00 3960.0 36.67 

Grader 14.67 1760.4 16.30 

Total 5720.4 52.97 
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