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University graduate work in the electrical power field is
seldom attempted today because extensive research is needed to ful-
£i11 the nation's requirements for elaborate radar and communication
networks. It is even difficult for a University to offer enough
credit hours in electrical power for one to achieve a Master's Degree
because the enroliment in such courses is too small to meet minimum
requirements, The growth of the power companies in the United States,
however, has equaled or surpassed that of most concerns in this
country., This growth has accampanying problems which require a high-
er level of education than that provided by a Bachelor of Science
Degree. The companies in some cases have paid a higher cost than
was necessary for their systems, without a higher or better perfor-
mance, because their engineers lacked the knowledge afforded by Uni-
versity graduate work. A better educational background may equip
the engineer with the knowledge and methods of deriving much greater
long-range econamy and better system performance for his electrical
system.

One of the problems encountered by the author while working
as assistant plamming engineer for an electrical utility company was
the selection, without extensive computations and graphs, of an eco-
nomic system of supplying load and also the most economical size of
a transmission line conductor. A knowledge of methods to determine

260374
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and/or improve line performance was also required. This thesis has
been prepared to give an engineer that information, which he would

usually get only on a graduate level in a University, necessary to
determine the economical method of supplying load and of determining

transmission line performance. An original method has been developed
which will tell the engineer very quickly, with little calculating
and no graphs, the conductor size that will give him the most over-
all economy for a transmission line,.

The author is indebted to the engineers and administrators
of the Public Service Company of New Mexico for their suggestions
and for the use of the campany's name in the illustrative problem
in Chapter IV. The assistance and critical analysis of Rex A, Tynes
of the Public Service Company has been particularly helpful, The
aid of Daniel P. Sheldon in developing and checking the various for-
milas was appreclated, Oratitude is expressed also to Ahmed Erteza
and E. L. Jordan, Staff Members of the Electrical Engineering Depart-
ment at the University of New Mexico, for their patience, cooperation,
and adept guidance during the development of this thesis.
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CHAPTER I

INTRODUCTION

The electrical power campanies of the United States have ex-
perienced an average annual load growth of six and eight-tenths per
cent during the last twenty-five years. In the rapidly growing south-
western United Stetes the growth has varied from nine to twelve per
cent and the growth of electrical load in the Albuquerque, New Mexico,
area has increased anmally at the average rate of eleven and two-
tenths per cent for the past several years. This growth has re-
quired the power companies to contimously increase their generating
capacities. Due to the remoteness of fuel and water sources, the
generating plants have often been located at distances far from the
loads to be served and long transmission lines have been required
to transfer the power from the remote power plants to the load loca-
tions. The characteristics of the transmission lines have been deter-
mined to provide satisfactory service conditions and to achieve the
most economical transmission of power.

This paper discusses the considerations required for selecting
particular characteristics of the line and presents an original method
of obtaining the most economical solution., A typical problem at the
Public Service Company of New Mexico is solved to illustrate the use-

fulness of this method.







CHAPTRR II1

GENERAL FUNCTIONAL AND ECONOMIC CONSIDERATIONS
FOR NEW TRANSMISSION LINES

A. Yoltage

The first alternating current line over which power was trans-
mitted was constructed in Italy in 1886, The line operated at 2,000
volts, it was seventeen miles long, and it was built to transmit 150
horacpmr.l

Transmission voltages have progressively increased and today
transmission lines exist which operate at 300,000 volts.? Experimental
lines have been built to study operating voltages up to 500,000 volts>
and the General Electric Company is constructing an experimental line
to test operating voltages up to 750,000 volts.!

In selecting the transmission voltage, consideration must be

10, A. Powsl et al., Electrical Transmission W
AR e

2George V. Boll, "Extra High Voltage Transmission on 3 Conti-
nents,” Elec. World, v. CXLIX, (May 26, 1958), pp. 356-359.

3L. M. Robertson, "High Altitude 500 KV Corona Tests in Colo-
rado,” Elec. fngr., v. LXXVI, #k, (April, 1957), pp. 286-293.

Lp, A, Abetti, "Project EHV," Elec. Bugr., v. LXXVII, LXXVIII,
(August, 19%)’ PPe. 73
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given to the existing and probable future voltages in the vicinity

of the line to be built, These considerations may be as important

a factor as line losses or voltage regulation., The advantage of
being able to interconnect adjoining power districts at a common
voltage may outweigh a choice of voltage based on lowest immediate
cost. If the contemplated transmission line is remote from any
existing system, a camplete study of all factors may be required to
select the voltage. The initial and operating cost which corresponds
to various voltages and various conductor sizes and types may be tabu-
lated to select the most economical voltage.

A comittee formed jointly by the National Electric Light As-
sociation and the National Electrical Mamufacturers' Association
published a report in 1930 which recommended "preferred voltages.">
The electrical manufacturers have standardized their equipment on
these preferred voltages since 1930, and equipment for other voltages
is usually more costly.

B. Conductor Size and Type

The type and sigse of the canductor for a planned transmission
line will depend to a large extent on the voltage that is to be used.
If the voltage is to be selected on the basis of a connection to an

SPowel, loc. cite







L
existing line, it is important thas the operating voltage be estab-
lished before other planning is done or calculations are commenced.
The minimum conductor resistance may then be calculated from the
fixed charges on the line, and the allowable line loss. This calcu-
lation, and an example of it, is explained further in Chapter III of
this Thesis.

The contour of the land will usually determine the length of
spans in a transmission line. The length of spans may then be used
to select the type of conductor, copper or ACSR, but the type will
generally be determined on a "cost per unit resistance” bnh.‘ The
calculation referred to in the previous paragraph may be required
for each type of conductor considered.

If the transmission line is not to be comnected to existing
lines, the most econamical conductor size for each operating voltage
which is congldered can be decided by using the formulas developed
in Chapter III, If more than one type of conductor is investigated,
the least expensive conductor size for each type can be found by the
same formlas,

C. Load Characteristics

Before any transmission line can be built or even planned,
the characteristics of the load to be served must be determined in

&cutWMtndMu'msmMQfmmto
resistance in a mile of conductor,







5
order that load capacity for the line can be established. If load
characteristices cannot be determined in advance of construction, then
they must be estimated. The most economical line can be found nor-
mally for only one set of load characteristics. Wwhen these character-
istics change, a new set of computations must be made.

1, ILoad Size and Growth

The load size is defined as the peak demand which will oceur
for a given line, The life of a planned transmission line and the
maximum load to be served by the line during its lifetime are esti-
mated in order that load capacity for the line can be established,
The future load is calculated by projection of past peaks to a future
date corresponding to the lifetime of the line. For example, if a
hypothetical load had ammal peaks from 1940 to 1958 as shown in the
following table, either a curve could be drawn or a “compound interest"
formla might be written to estimate future loads as given for the
years 1960 to 196k.

TABLE 1
PAST AND PREDICTED PEAK LOAD, HYPOTHETICAL CASE

Year Peak Load, kw Year Peak Load, kw
1940 1000 195k 2580

1942 1150 1956 2960
19kkL 1310 1958 3380
1946 1500 1960 mg
1948 1720 1962

1950 1970 1964 5080

1952 2250







The formula would appear as followst

g {(,‘,)’J”- 1] caoom)

where

The compound interest formula has become widely used by the
electric power companies of the United States to estimate future loads.
In some instances, however, the growth of a company may be found to
vary considerably from this fornmla, In these instances it is neces-
sary to consider speecial influences, both past and present, which
have affected the load growth and to use skill and judgment from di-
rect experience in establishing a reasonably accurate "trend" of the
future growth. The experiences of most electric power companies in
the United States, however, have empirically proved the validity of
the compound interest formula for estimating future loads. When
this method is used, the per cent rate of growth may be found by
selecting any two lmown peaks and substituting in the farmmla, If
the years 19kl and 1950 were selected from the above table, the sub-
stitution would be made as follows:

P = 1310; A = 1970; and n = 6 years

iw [(%)1/6-](100%) = 7 per cent increase per year
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When the above method of estimating loads is used, a history
three times as long as the estimated future should be used, if pos-
sible. If a lesser period is used, an inaccurate estimate may result
from unusual business conditions. For example, estimates of peak
electrical loads for the City of Albuquerque for the five year period
1950~1955 would have proven too high if the estimates were made from
the load experience of the period 1945-1950. Albuquerque experienced
an umusual surge in electrical demand during the last half of the
1940's and this surge would have been reflected in the 1950's esti-
mates, If, however, the 1950-1955 loads were estimated from a for-
mila or curve developed for the perded 1935 to 1950, the estimated
loads would have closely approximated the actual loads,

2. Load Factor

The load factor is defined, for the purposes of this Thesis,
as the fraction of full load that the line carries. The load factor
can be found for any period of time such as a day, month, or year;
but the anmual load factor is of more interest in a transmission line
economic analysis., The anmual load factor for a transmission line is
found by dividing the load, in kilowatt-hours, transmitted in one
year by the product of the line capacity, in kilowatts, and the rum-
ber of hours in a year., For a new line the kilowatt-hours transmit-
ted can only be approximated, but some data is usually available for
making reasonably accurate estimates. The past load experience of a
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company will give an indication of the load that may be transmitted

over the line. The plamnned operating procedure of the company must

then be the primary consideration. Economics may indicate that the
major block of power demand can be served from the new line and other
facilities be used only for peak load demands. The cost per kilowatt-
hour at the load bus will prove whether this plan is more economical
or whether the new line should be used primarily for peak demands,

3« Reliability Requirements
The reliability requirement of the load to be served is a

primary concern of the transmission line designer. Some electrical

loads cammot be dropped except under emergency conditions. Such loads
may require stand-by generators, or they may require service from more
than one transmission line. Two or more transmission lines from a
remote site to such a load may not increase capacity but they do
increase reliability.

A transmission line may be made very resistant to ocutages
caused by adverse weather conditions such as wind, ice, lightning,
etec. Two overhead ground wires and sufficient lightning arrestors
will prevent most outages camsed by lightning. Increased conductor
spacing, guy wires at all points of stress, short span lengths, ice
removal equipment, ard over-gize construction materials will avert
cutages caused by ice and wind. To include all of these devices into
a single transmission line would cause the cost of the line to
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appraximate the cost of two separate lines without the devices. Two
lines would provide greater assurance of continuous service than the
meqxpensin]ino; A line outage is usually caused by a local con-
dition such as a weak point in a conductor or lightning striking «
line. Even if two separate lines are physically close together the
lightning would strike only one of them at a particular time. An
ocutage caused by a lightning strike would nomally be corrected and
the line would be restored to service before the second line could
be struck by lightning. In a similar manner, if ice caused a condustor
to break, it is unlikely that the two lines would have a conductor weak
point at the same geographical location. Adverse weather at a con-
ductor weak point on one line would cause service on only that one
line to be interrupted. The two separate lines would also give pro-
tection from load interruptions caused by adverse conditions such as
floods, snow slides, and crashes of mechanized equipment, i.e., air-
planes, automobiles, ete. Loop feeds are presently being utiliszed
by many companies when more than one line is required to a particular
point, Transmission lines in the loop feed configuration, although
starting and ending at the same points, may be separated by several
miles, This type of system would further increase reliability by

eliminating the possibility of one event, such as extreme ice loading

or an airplane crash, causing two lines to be put out of service.







CHAPTER III
ECONOMIC MAXTMUM RESISTANCE

Present practice in the electric power industry is to select
a desirable conductor size for the anticipated load and to make a
cost analysis of different generation and transmission methods on
the basis of that one conductor, A method, which as far as is known
is original with the author, is presented in this chapter to deter-
mine that conductor size which will give equal cost at the load
point for different generation locations. An original method to
determine the most economical conductor sisze is also presented.

Kelvin's law for the most economical conductor states, "The
most economical area of conductor is that for which the anmual cost
of energy wasted is equal to the interest on that portion of the
capital outlay which may be considered as proportional to the weight
of conductor used,"l The formulas in this chapter may be considered
an extension of this law with the inclusion of other cost factors
such as maintenance, taxes, etc. The formulas presented here may
also be considered as reducing this law to the solution for only one
value, a value which will establish a conductor size of maximum econ-
omy. Another formula given here makes the "equal cost" conductor size,
described in the above paragraph, easily attainable.

The method presented in this chapter will have the following

1
A. E. Knowlton (ed.), Standard Handbook for Electrical Engi-
neers (New York: mmu,'ﬁliﬁ. Pe 1173.
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advantages: (1) The economic feasibility of remote generation can
be quickly detemined, (2) That conductor size which will give
equal load center power cost for generation at a remote site or at
the load center is readily ascertained. This conductor sige will
generally represent the minimum sise conductor for a transmission
line from the remote site. (3) That conductor size which will pro-
vide the most economy may be quickly computed.

The cost of power generation at a remote site must be less
than the generation cost at the load center to make the remote genera-
tion plan feasible, The difference in cost is used to determine the
minimum and the most economical sise conductor which may be used for
the transmission line, All cost factors of the line must be included
to make the computations realistic, however. These factors are:
(1) maintenance cost of the line; (2) cost of line power losses;
and (3) fixed charges on the cost of the line. These charges in-
clude interest, taxes, profit, ete.

With these factors an equation may be established for the
total cost at the load center of power generated at a remote loca-
tion.

ToS+M+L+F
where

T = total cost per kilowatt-hour at the load center for
power generated at a remote location.?

2Definitions of all symbols in the formulas of this chapter
are given in Appendix I.
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S = generation cost per kilowatt~hour at the remote site

M = total transmission line maintenance cost per kilowatt-

L-);:troftrm-isaionnmpmrlmporm%-

F-l;::offmdchurgosmﬂwtrmaﬂad.ennmw

kilowatt-hour

The last two parts, L and F, of the equation contain variables.
The power losses, L, will vary with the resistance of the conductor and
the fixed charges, F, will vary with the size of the conductor, If
these two parts could be made to contain the same variable, the equa-
tion could be solved for that particular variable which would make
the load center power cost the same for generation at either loca-
tion. Also, with only one variable in the equation, the cost could
be differentiated with respect to that variable and the most econami-
cal conductor size could be found,

The cost in dollars of line losses per kilowatt-hour is ex-

pressed as

Cost of losses = 2

I2RHS  (10-3)
Y

where

Iz-nmmofthomenthurodomam

R = total resistance of line per phase

H = mumber of hours per year

5 = generation cost per kilowatt-hour at remote site

Y = total kilowatt-hours transmitted per year

The only variables in the equation are R, the resistance, and
I, the current. The resistance will be found in formulas developed
in a later part of this chapter. The current is the square root of

the mean squares of the current, and thus is dependent on the form of
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the load curve, The load curve is not accurately deseribed by the
load factor, but over a limited area and period of years the ratio
of the kilowatt-hours to the kilowatt peak varies with the load fac-
tor,? Such a relation is generally determined empirically. By
using the load factor relation the current can be considered a con-
stant for the computation of line losses.

The anmual fixed charges on the cost of a transmission line
are ordinarily listed as a percentage of the total original cost of
that line., If a transmission line cost D dollars per mile to build,
and the line is Z miles long, the anmual fixed charges in dollars,
X, on the line are

x=(x) (@) (2),
where K is the fraction of the original cost which the annmal fixed
charges represent.

The cost per mile, D, in the above equation can be considered
in two parts: (1) the cost of the line less conductor and (2) the
cost of the conductor. The above equation then becames

X = XZ (B+3E)
where B is the cost per mile of the line less conductor and E is the
cost of the conductor per mile per phase.

The cost of the line, less conductor, will include rights-of-
way, pole line structures, lightning protection, and labor costs.
These costs have been found to be nearly constant for all sizes of

3xnou1tm, loc. cit.
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cammc‘t.om.h Some companies with favorable land contours and weather
conditions have found the cost of the line-less-conductor to actually
decrease with increased conductor size,” The dscrease was realiszed
from the fewer mmber of support structures required for the larger
conductor, The larger the conductor the greater its mechanical
strength., If the land contour will permit longer spans, and if the
wind force and ice loading do not require additional mechanical
strength, the cost of the line-less-conductor may be made less for
larger conductors by increasing the average span length. Some areas
which experience high winds and ice loading will require additional
mechanical strength with increasing condustor size because the larger
conductor area will raise the wind and ice forces on the structures.
The cost of the increased mechanical strength for these cases are
offset by the longer spans and the cost of the line-less-conductor
becomes nearly a constant for all sizes of conductor.

4y, M, Henderson and A, J. Wood, "Conductor mm-a.z. al!lﬂ‘h
Voltage Transmission System," Power tus and Systems, (New York:
A.I.E.B.y Auge, 1957). The authors s article prepared curves
for lines with steel tower supports but stated that the curves were
", . o also representative of those obtained with other construction
types such as . « « wood pole, etc.". The curves presented in the
article show an increasing total line cost for rising canductor cost
but the increase is due to the larger conductor and not to the struc-
ture for the conductor.

SRalph G. Yerk, "Iransmission Design and Construction," a
paper presented to the Tulsa Section of the American Institute of
Electrical Engineers, Nov. 20, 19L7.
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In those cases where larger conductor sizes require addi-
tional mechanical strength the additional cost may be represented
as a percentage of the conductor price. That is, the conductor price
may be multiplied by a constant which will reflect the change in
price of transmission line structures as the conductor size changes.
The cost of the line-less-conductor would still be treated as a con-
stant in this case. An alternate to this procedure would be to mul-
tiply the cost of the transmission line structures by a factor which
represents the increase in structure price as the conductor sige in-
creases. REither of these methods could be included in the formulas
in the remainder of this chapter. The formulas have been developed,
however, without including either of these factors due to the reasons
given in the above paragraph,
| The cost on the conductor will vary because the fixed charges
will increase as the conductor size increases. The cost per mile per
phase of the conductor, E, may be equated as

E = W (pounds per mile)
where W = conductor cost per pound.

Since the cost per pound for a conductor is approximately the
same for all sizes of wire, the only variable in the formula is the
pounds per mile. The pounds per mile will vary directly with the size
of the conductor, If this variable and the line loss variable in the
equation on page 12 can be made the same, then the fornmla on page 11
can be solved for that conductor size which will make the load center
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cost the same for the two generation locations. The size which will
be the most economical ean also be found,

Appendix II shows that the weight multiplied by the resistance
is approximately a constant for all conductors; i.e., the resistance
varies inversely with the weight. For 30/7ACSR conductor the

(wt/mile/phase) x (resistance/mile/phase) = 850 or wt/phase/mile =

850
mistmo./phm/nﬁ

Thoooatpornihperphmotthooondutwhl-(ﬁ).@?).

where r = resistance in olms per mile per phase of the conductor. The
anmual fixed charge on the line, from the equation on page 13 is

X=@® (@) (B + 3x) (@) W) 0.

Thofmhnvbogtmnhudbyumthomwﬂtom-
sent the constant of pounds/mile/phase to resistance/mile/phase.
formula then becomes

X= () (z) (8) « XOG.

Dividing this value by Y, the total kilowatt-hours per year, will
give the cost of the fixed charges per kilowatt-hour, F.

The maintenance cost, M, in the fornmla on page 1l is usually
expressed as anmual cost per mile. To get this in cost per kilowatt-
hours the anmual cost per mile is multiplied by the length of the line
and divided by the kilowatt-hours per year. That is

n-;‘;mn-ummnummmtporuh.
The formula on page 11 for the total cost per kilowatt-hour of power
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generated at a remote location may now be written as
TeS+M+L+F

,.s.;z;.zx_’srm;sﬂ + B2, 238
Teg+ [SL;_‘_B§2+§ [xzmsmdo%

Only the last two parts of this equation contein variables.
If the total resistance of the line, R, is made equal to the re-
sistance per mile, r, times the length of the line, then the third
parh of 16 enistian Bedk She BT S Lo sl Sl s equatdon

becames

= m+ KB Z 2 3
Twsg+ ET_J 203Tl}r51& L%ﬂ

clearing the constants

Tws +[l_§%z #% [8.?61281-#- %

This equation contains only one variable, r. If the cost of
power generation at the load center is greater than the cost at a re-
mote site, the above equation may be set equal to the cost at the
load center and the equality solved for r. With the solved value of
r the conductor size which will give equal load center costs for the
two generation locations will be found.

If the formula above is differentiated with respect to re-
sistance and set equal to sero, that value of r which will identify
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the most economical size of conductor will be found. The formula is
differentiated as follows:

TS+ S!_*Y‘_‘D.z+§§ [12rm1o-3+xwg-]

S Ei’mlo-3-x (w)%z]

Setting this equation equal to sero and solving for r

--§ VT
. 0.3

The resistance found by this formula represents the most eco-

nomical resistance in ohms for the conductor in a transmission line.
The resistance can be converted to conductor size by reference to
Appendix II, The formula may be used for different types of conduc-
tors by using the proper value for G as found in Appendix II.







CHAPTER IV
EXAMPLE OF FORMULAS FOR ECONOMIC COMDUCTCR SIZES

To illustrate the use of the formulas in the preceding chap-
ter, a problem which applied to the Public Service Company of New
Mexico will be solved. The solution is designed to illustrate the
use of the formulas, Factors concerning future loads, material and
labor costs, generation policy and generation costs which are not
known to the author may change these final answers. To arrive at a
final solution it would be necessary to include these factors and
solve the formulas again. The following work will suffice to il-
lustrate the usefulness of the formlas.

A. System of the Public Service Campany of New Mexico

The Public Service Company of New Mexico now serves an inter-
connected electrical load which has an ammal peak demand in excess
of 125,000kw, It has transmission lines operating at 115,000 volts
and it is interconnected with one private electric power company,
three electric cooperatives, and the U, S, Bureau of Reclamation.

The company began operation as a subsidiary of the Cities
Services Incorporated of New York, New York. Each e¢ity which now
is a part of the Public Service Campany of New Mexico formerly had
its own generating plant and only part of them were interconnected.
Generating plante were located at Las Vegas, Santa Fe, Bernalillo,
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Albuquerque, Belen, and Deming. The loads were served in many in-
stances directly from the generator bus without being transformed
to a higher voltage. As the system grew, Belen, Albuquerque, and
Santa Fe were interconnected with a Ll,000 volt line,

Las Vegas was connected to the system in 1953 by a 115,000
volt line, but the line has been operated at Ll,000 volts; the Lk,000
volt operation will contimue until the Las Vegas load increases. A
USBR 115,000 volt line was connected to the Fublic Service Compamy of
New Mexico at Albuquerque and at Deming in 1953, ElL Paso Electric
Company is connected to the same 115,000 volt line,

Today the Public Service Company of New Mexico has four gener-
ating plants in operation. Three of the operating plants are located
at Albuquerque: Frager, Ferson and Reeves Stations. The other oper-
ating plant is in Santa Fe. The company now transmits its large quan-
tities of power over 115,000 volt lines. The L),000 volt lines, which
were originally the transmission lines, have been made a part of a sub-
transmission system, The LL,000 volt lines feed substations which step
voltage down to the distribution voltage, L,160 volts or 12,700 volts.
The subtransmission system is used in both Albuquerque and Santa Fe.
The Ll,000 volt lines are still used as transmission lines for areas
outside but proximate to the larger cities. The loads in these areas
are not large enough to justify the 115,000 volt transmission line.
Belen is connected to the Albuquerque system by two Ll,000 volt lines;
these lines form a loop feed Lo Belen.







B. Flanned Line

A generating plant which could utilize the cheap fuels in
the northwest corner of New Mexico has been planned, To reach its
heaviest load center the Public Service Company of New Mexico would
have to build a transmission line from the generating plant to Albu-
querque.

All transmission lines within the state of New Mexico are
shown in Figure 1. The figure shows that the highest operating
voltage in the state is 115,000 volts. The new line from the gener-
ating plant in northwestern New Mexico is drawn in to show its future
place in the Public Service Company of New Mexico system. The line
as drawn is approximately 120 miles long.

Ce Present and Predicted Loads

A transmission line built from the Northwest area in New Mexico
to the City of Albuquerque could serve other areas along the route of
the line. The Public Service Company of New Mexico has not contracted
to sell any power from such a line, however, so any loads that may be
served can only be estimated. The planning for the transmission line
should account for any loads of this nature which may occur. For the
purpose of the problem two points called Point A and Point B have
been selected and assigned load values which are typical for medium
size New Mexico cities.
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1, Loads at Point A
The city which Point A represents would have a population
of approximately 12,000 people, and it would have had ammual peak
loads since 1930 as listed in Table 2,

TABLE 2

ANNUAL PEAK LOADS OF CITY A FROM 1930 TO 1958

“Peak Load, Peak Load,

Year kw Year kw
19 w Q. ¢ | 9NN w m w O'e eyl ¢ &V wo
19 31 e ¢ 0,0 ¢ o' 2160 19"6 L R T TR T ) 7“‘0
1932 « " 8 s e 2270 19“7 L R ) 7920
1933 o A -8 aree 2530 m U R R R R 85@
19”‘ v & @ 920 a 27& W 0 W, N VST W m
1935 € W U S 2”0 1”0 . " " 00 e m
1936 ® & & 9 ¥ o9 3m 1951 L R m
1937 e & ¥ WYy 36” l’sz LI T R I m
19” g2 & 8 Kan 39’;0 1953 %o oL W 8N '8\e 12“‘0
1939 ¢ & ¢ & ¢ o ¢ mo ]’* CE T R 135&
19h° LI T T 5070 1955 e e . e o w
l9u S ¥ % &'eVwre 55“ 1956 e 9 ¢ . ¢ e m
19!12 ¢ & ¢ W 97‘? 1957 e o " v s s 17220
191‘3 g & & W B We s o m L g N e B W m &
19’.[’4 ® P ¥V VS &70

The plot on semi-log paper of the load values in Table 2 is
shown in Figure 2. This curve shows that the loads have increased
anmally at an average rate of 8.3 per cent, The increased per-
centage is obtained by the method given in Chapter II, Using the
8.3 per cent anmual increase, the predicted loads for the next eight

years are shown in Table 3.
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TABLE 3
PREDICTED PEAK LOADS FOR CITY A FROM 1959 TO 1968

Predicted Load, Predicted Load,
Year kw Year kw
1959 S o @& 9 20200 19&‘ L I m
19& 9 ¥ 859, m 1965 L I B 33”
1961 oG, @& WH 23'";0 19“ L ”7w
1962 « s 0 o 257m m" . e s 0 0 3"50
1963 BN O A TR ﬁm Q.9 She'S l‘m

Point A is located approximately twenty-one miles from the
remote generating plant.

2. Loads at Point B

The city at Point B would have characteristics similar to
city A, but it would have a 1959 population of approximately 18,000
people. Its past anmmual electrical peaks and its estimated future
peaks are tabulated in Table L.

TABLE 4
PAST AND PREDICTED LOADS F(R CITY B

~ Peak Load, Peak Load, Peak Load,

Year kw Year kw Year kw

1930 L4800 19 9820 1956 26300
1931 5070 19 10300 1957 27340
1932 5230 19h5 11000 1958 2910
1933 5180 1946 11940 1959 31050
1934 5360 1947 13800 1960 33100
1935 5950 1948 15700 1961 35300
1936 6,00 1949 17640 1962 37650
1937 6590 1950 18680 1963 L0100
1938 7210 1951 19830 1964 42900
1939 7880 1952 21010 1965 145600
1940 8100 1953 21890 1966 L8600
1941 9000 195k 23150 1967 51900

1942 9030 1955 24700 1968 55300
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The average annual load growth computed from the values of
past load experience in Table L is 6,63 per cent. This growth
average was used to compute the estimasted loads,
Point B is located approximately forty-five miles from Albu-

querque.

3. Loads at Albugquerque

Since all cities served by the Public Service Company of New
Mexico, at the present time, are comnected by transmission lines to
the Albuquerque electrical system, and since 90 per cent of the
existing generating capacity is located at Albuquerque, the entire
electrical load of the Public Service Campany of New Mexico may be
considered to be located at Albuquerque., In the past, the Albuger-
que system has accounted for approximately 80 per cent of the total
system peak. The system peaks of the Public Service Company of New
Mexico since 193l are given in Table 5.

TABLE 5

PEAK LOADS OF THE FUBLIC SERVICE COMPANY
OF NE4 MEXICO FROM 1934 TO 1958

Peak Load, Peak Load, Peak Load,

Year kw Year low Year _kw

1934 9050 1942 16100 1950 54010
1935 10780 1943 18030 1951 60880
1936 12050 194k 1920 1952 70680
1937 12680 1945 23900 1953 75320
1938 13650 19k6 27240 1954 85130
1939 15570 1947 31350 1955 93130
1940 16590 1948 35920 1956 105860
1941 17670 1949 L3140 1957 115000
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These system peaks are plotted and the per cent of yearly

increase, 11,7 per cent, is computed in Figure 3. The estimated
future demands for the system are shown in Table 6.

TABLE 6

ESTIMATED PEAK LOADS FOR
THE PUBLIC SERVICE COMPANY OF NEW MEXICO

~ Predicted Peak Load, “Predicted Peak Load,

Year kew Year kew

1959 145200 1965 281000

1960 162000 1966 314500

1961 181000 1967 352000

1962 212000 1968 393500

1963 226000 1969 Lis1000

196k 252000

As indicated by the above tables, the load growth computa-
tions were made prior to the peak load of 1959. The actual peak
load which was recorded in 1959 was considerably above that shown
in Table 6, The unusual increase was due primarily to connections
to large industrial users which had supplied their own power or had
obtained it from other utilities previous to 1959, This type of
connection, which will be known to the utility load growth estimator,
must be included in the growth analysis. The net effect of such
loads is to move the load growth curve up by an amount equal to that
which these wmsual loads will add to the system peak. Neglecting
this high peak for 1959 will not effect the illustrations here so
the umsual peak condition has not been included in this study.
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D, Comparative Power Cost
An economic analysis of a transmission line versus additional
generating capacity at Albugquerque needs to include only the present
Public Service Company of New Mexico system. The cities, A and B,
described above would be served only if the transmission line were
built, but their loads must be considered when the characteristics
of the line, such as voltage regulation, are determined. The loads
of cities A and B should not be included, however, in a study being
made to decide if the transmission line should be built or if new
generating capacity should be added at Albuquerque. To make the
genarator-transmission line deeision, the Albugquerque bus cost of
a kilowatt-hour by the two generation methods will be equated. The
Albuquerque bus cost of the remotely generated power must contain
all cost factors of the transmission line as listed in Chapter III,

as well as the generation cost,.

B, Additional Generating Capacity st Albuquerque

The Reeves Power Flant on the north side of Albuquerque has
a L40,000kw generator as its first operating unit and a second 40,000kw
generator will be operating in 1960, The present plans call for a
60,000kw generator to be added when the system load requires it.
The purchase of the 60,000kw generator may be delayed, however, if
the proposed transmission line is built. The Public Service Company

of New Mexico has operating experience and statistics on the cost of
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generation on two 30,000kw generators at its Person Station and on
the 140,000kw generator at Reeves Station. The generation cost for

the second 40,000kw generator at Reeves Station can be estimated

closely by the experience gained from the existing generators. The
cost of generation for this generator has been sstimated to be
$0,0049 per kilowatt-hour, This includes all fixed and operating

costs for power at the power plant.

F, Power at the Northwest New Mexico Generating Plant
Two sizes of plant have been studied for the northwest New

Mexico plant; one would have a generation cost of $0.,004l per kilo-
watt-hour and a larger plant would have a generation cost of $0,0040
per kilowatt-hour., These costs represent the power plant costs as

did the Reeves Stnt;.m costs. The cost of a kilowatt~hour at the
larger plant will be used for the problem studied in this chapter.

G, Reliability

To provide more reliable service to its customers, the opera-
ting procedure of the Public Service Company of New Mexico has been
to make available excess generating capacity equal to that of its
largest generating unit, This policy permits the company to eliminate
most outages due to generation difficulty. Fnough "spare®" generators
are kept spinning to pick up 21l load in the event the largest gener-
ator is disabled for whatever reason. This policy also provides the
company with capacity encugh to perform necessary maintenance work om
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their generators during the light load season of the year,

The transmission line being studied will be treated as a
generating unit for application of the excess-generator policy.
The load delivered by the line to the Albuquerque system will be
limited to the amount of excess generating capacity available., This
Linit does not include the loads delivered to the cities A and B
along the route of the line, however. The excess generating capa-
city is found in Appendix III, and it is shown that the least ex-
cess capacity is approximately 75,000kw.

The 75,000kw limit to the Albuquerque system by the transmis-
sion line will effectively limit the 1ife of the line to 1963, This
does not mean that the line will last only to 1963, but rather that
additional generating capacity, or transmission lines fram the
northwestern New Mexico area, will be required before the peak load

of 19&4 occurse.

He ZEconomic Maximum Resistance Calculations

A 115,000 volt transmission line has been selected for the
illustrative problem which follows on the basis of sconomical con-
nection to existing lines and as the voltage which will best illus-
trate the use of the fornmlas developed in Chapter III. Determina-
tion of operational difficulties can also be best illustrated by the
selection of the 115,000 volt transmission line.

The cost of maintenance for a 115,000 volt transmission line
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has been estimated as $150/mile/year. The cost of constructing a
115,000 volt transmission line, less comductor, has been estimated
as $9,000/mile, and the anmual fixed charges on the line have been
computed to be 15.1 per cent per year. The estimates have been
made from construction and maintenance cost experiences of power
campanies, and the fixed charges percentage is derived in Appendix IV,
To arrive at the number of kilowatt~hours per year which will
be transmitted over the line from the northwest New Mexico area, it
has been assumed that the line will be given a good load factor,
The Albuquerque generators would be used to carry the remaining por-
tion of the base load, and they would supply the peak demands. This
practice may cause the Albuquerque cost of generation to increase
slightly above the cost which would be experienced when the Albuquer-
que generators carried the entire load. The additional cost would
be caused by the lower efficiency of generators when operated below
full rating and of the generation labor cost; the labor cost would
be nearly the same for either condition of loading on the genera-
tors. The total amount of the increase for a year should be computed
and the value added to the cost of generation at the northwestern New
Mexico plant. This addition would cause the effective generation
cost of the remote generating plant to be increased slightly. Since
the Albuquerque generators would contimue to carry appraximately two-
thirds or better of the base load, the increase in Albuquerque genera-
tion cost as a result of base loading the transmission line is
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considered slight. For this reason the increased generation cost
at Albuquerque which results from assigning a high load factor to
the transmission line has been neglected. The load factor assigned
to the line for the following computations is 90 per cent. The
annual kilowatt-hours may now be calculated:

Y = (load factor) (hours/year mgux loading)
= (0.90) (8760) (75.000) - 5 912

Assuming a power factor of 90 per cent lagging the average
current may be found:

b kwhr/year
; (power factor) (voltage) (hours/year) (V 3)

50912 X l(ﬁ
(0.9) (115,000) (8160) ( V73)

As discussed in Chapter III, for a limited area and period

= 379 amperes

of years, the average current, as camputed above, may be treated as
the square root current of the mean square current and consequently
used to campute power losses. A high load factor, as the 90 per
cent used in the illustrative problem, makes the current computed
in the above manner even more nearly the true value of the square
root of the mean square current. The current computed above, there-
fore, will be used in this manner for the computations which follow.
The formula for total load center cost of power generated
at a remote site, which was developed in the previous chapter, may
be set equal to the Albuquerque generation cost and solved for r,
the resistance per mile per phase. The conductor sigze will be found
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which will make the Albuquerque cost of the two gemeration methods
the same, The formula is solved as follows:

T=8+ "nza-)% E[zrﬁw3+‘ﬂ

r.s.i‘—’r‘-'?ﬁ-ag[xi’rm 10-30“‘;’_]

B o o

Y = 5,912 x 10%Kwhr/year
I = 379 amperes

H = 8760 hours/year

W= 80.35/1bl

G = 850 for 30/7ACSR2

The left side of the equation is
T-S- '_;_Qz = 0,0049 - 0,0040 - 220 * (O (120)

= 5.937 x 107k
The right side of the equation is

% [esawd 88 2020 [o)2 (6760) (ook) 2073

» {0:252) (0.35) (850) ]-3.o65x10'3r+-1£5———2' e 03

Equating the values of the two sides gives

5.937:10"‘-3.“5;10'31-0&'1&:_1.0:&

r

30.65r2 = 5.937r + 0.2736 = 0

1Appraxmto current price for ACSR conductor.

2Found in Appendix II.







Tr'=-

= 0.09685 + 02126

= 0.,0756 or 0,118 ohms/mile/phase

These resistances correspond to 900 million circular mills
and to 1431 million circular mills ACSR conductors. This means that
a 900 or U431 million circular mills ACSR canductor on a trans-
aission line 120 miles long will give equal Albuguerque cost for
power generated at $0.,0049/kwhr at Albuquerque or at $0,0040/kwhr
at the other end of the transmission line.

It may be noted that actual resistances are 0,1185 and 0,0760
omms for the 900 and 1431 million circular mills ACSR conductors
respectively, These sizes, however, are the "standard sizes" with
resistances most nearly the solved values,

The conductor sisze which will be the most economical may be
found by the formula

- g8\

which was developed in the preceding chapter.
Using the values

:'olg'lsg/u

G = 850 for 47 AGSR
S = $0.0040

I = 379 amperes

The resistance of the most economic conductor size is:
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= 0,093 ohms/mile/phase

This resistance value corresponds to a conductor size of 1113
million circular mills, ACSR. This means that if other line charac-
teristics are satisfactory, the most economy will be achieved by
generating power in the northwest area of New Mexico and transmitting
it to Albuquerque over a transmission line built with a 1113 million
circular mills, ACSR conductor,

A curve of the Albuguerque cost of remotely generated power
versus the resistance of the transmission line conductor is given
in FMigure 4. The figure graphically identifies the above value as
the most economical conductor sige.

The effect of the above solutions may be seen from the tabula-
tion of costs for various parts of the line., Using the same values of
load current, generation costs, etc., as was used in the previous cal-
culations the cost of various parts of the line are tabulated in
Table 7 for two of the conductor sizes found above. All values are

for ACSR conductor.

TABLE 7

ANNUAL COST OF TRANSMISSION LINE FROM
NORTHWESTERN NEW MEXICO TO ALBUQUERQUE--TWO CONDUCT(R SIZES

Size 9000 MCH 1113 WK
I%R cost/year $ 214,727 $ 175,577
Fixed charges/year 279,500 306,859
Maintenance cost/year 180,000 180,000

TOTAL § 67h,227 $ 662,30
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I. Voltage Regulation Cheok
The potential savings of a generation and transmission line
may not be realized if the per cent of voltage drop is large. The
per cent of voltage drop is defined as:

Voltage Drop Percentage =

Sending end volﬁo - Recd.% end voltage x 100%

The receiving end voltage for the transmission line described
in the previous chapter was selected as 115,000 volts. The sending
end voltage may be found by calculating the voltage drop in the line
and adding it to the receiving end voltage.

The voltage drop may be found by resolving the line constants
into an equivalent Pi representation. Any high voltage lino must
account for the capacitance charging of the line and the Pi representa-
tion is one of the simpler methods of doing this. The Pi representa-
tion is shown in the diagram below. In the dingrm!‘ untr‘qnn
one-half of the capacitance "load" of the line, X equals the line
inductive reactance, R equals the line resistance, and E; equals the
sending end voltage.

£ 1 s a0 e P
I

Figure 5. Equivalent Pi Representation







The sending end voltage may be found by the formula

Eg =B+ (I;cos @+ 3 Igsein@) (X +R)
The formula is made applicable to long lines by adding the current
of Ty and Y, to the load current.’ I, is equal to the line currenmt,
I, when the charging current is negligible,

The transmission line would have a "one line" diagram as
illustrated in Figure 6,

Remote Generating
Plant

21 miles Cit|yl 54 miles O”Iin M‘T.

Flgure 6, One line diagram of proposed transmission line

This diagram may be simplified from three sections to two
sections by dividing the load of city B between city A and Albuguer-
que. The one line diagram for the simplified system is shown in
Figure 7.

Mumfwtmmmquirodrcrlwgumadutotb
distributed line characteristics being }_mod in the equivalent "Pi®
circuit. These corrections are g .,_.5_2,,,,,,,,.;.;“

1
%-%-%ﬁ?@- See L. F. Woodruff, Principles of Klectric Power
Transmission, (N. Y., N. Y.: John Wiley & Soms, 1949), p. 11k.







Lo

Remote Generating Plant GiTA Albuquerque
21 miles | M___J

Figure 7. Silpnnodmnmdingruof’prmtmm]m

To make the two diagrams' electrical equivalents, the load
of city B must be divided between city A and Albuquerque in inverse
proportions of the distance between city B and the other cities.
For example, that portion of B's load which is added to city A's
load is found as

B's total load
I‘“‘Bt.oA"' 59 i

The load conditions of 1963 will be used for this problem
because it was found in Appendix III that a second line from north-
west New Mexico or additional generating capacity at Albuquerque would
be required for the year 1964, The 1963 load of eity B, L40,000kw, is
divided as follows:

To city A

L3 tor " M%M = 15,2300
To Albuquerque
Iy 4o uap = 2B - 5 10
The load of city A for the equivalent two-section diagram
» 20,900 + 18,230 = 143,130kw. With 75,000kw delivered to the city
of Albuquerque as explained in Section G of this chapter, the total
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Albuquerque load for the two-section diagram is 75,000 + 21,870 =
96,870kw. The one line diagram may now be redrawn as follows:

21 miles l 99 miles ]
Remote Generating L3, 96,8 70kw
Albuquerque

Plant City A

Figure 8, Equivalent one diagram of proposed transmission line

The constants for the Pi section will be found on a per mile
basis to make them usable for both sections of the line,

The capacitance in farads per mile is found by the formulsl

x 10-11
c-%—
loglo ==

Where

D = geametric mean distance between conductors = 14.5 feet®

r = radius of conductor = 0,581 inches for 900 mem AGSR
conductor

i 940 x 10™1L -

The capacitive susceptance, b, is given by6
b= 277€C

by, M, Kerchner and G. F, Corcoran, Al Current Cir-
cuits, (2d ed., N.Y., N.Y.: John Wiley, 19L3), p. .

SValue of 14.5 is a typical value. See R. W. Robbins and

F. S. Rothe, G.E., Network (Schenectady, N.Y.: Apparatus
Deparhent,’ﬂemrm any, 1950), p. 23,

%. M. Kerchmer and G. F. cmm’ 9p. 0_“.0’ Pe 3%0.







£ = frequency = 60 cycles/sec for power systems

b= 2 (60) 7 (1406 x 108) = 5.3 x 10-6 mho/mile/phase

Y = jb = J 5.3 x 10~6 mho/mile/phase

The inductive reactance/mils/phase, X, may be computed from
the fmh7

X =3 [o.zm log,, ,g;] [x mu-m]

The inductive reactance/mile far the line under study was
found to be 0,717 ohm/mile/phase.

The 60cps resistance per mile per phase at 50°C may be found
from resistance tables to be 0.1185 ohms per mile per phase,

If the receiving end voltage at Albuquerque is 66,400 volts,
i.e., %90_0, the voltage at Point A is the sum of the 66,400 plus
the line drop between Albuquerque and city A. The drop is equal to
the product of the receiving end current times the impedance of the
line, Zp. The receiving end current in this case is equal to the
load current at the assumed 90 per cent power factor plus the current
through the capacitive shunt in the "PL" eircult, J .

Zp = (r + jx) (distance) = (0.1185 + j 0,717) (99)

= 11,73 + § 70,98 = 71.8 ;80,6°

Ir = o * Tr, = KUV (Pover Fastor) (=25:8° + 3yF (miles)

- P Ry Legsae o HEAI00 BHX0 (1p)

TRobbins and Rothe, op. cit., p. 25.
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Ip = 540 /=25.8° + 21,1 £90° = 531 /-23.8° amperes
Iy = (531 /=23,89) (71.8 £80,6°) = 38,100 156.,8°
= 20,800 + j 31,900 volts
If the loads of cities A and B are neglected, the voltage
at the northwestern New Mexico plant, which is necessary to deliver
115,000 volts at Albuquerque, is found to be
Bow ™ Baab * Barop * B * Ip Lp
Ir in this case is the Albuquerque load current 379 £-258°
amperes plus the capacitive charging current of the line, 21,1 790°
amperes,
I, = 343 165 + § 21,1 = W13 1h3.9 = 370 /-22.9°
Zp = (0,1185 + j 0.717) 120 = (0.726 /80,6°) 120
= 87.12 180,6° ohms
InZp = (370 (=22,9°) (87.12 [80.,6°) = 32,230 /57.7° volts
= 17,200 + § 27,270 volts
By = (66,400 + 3 0,0) + (17,200 + j 27,270) = 83,600 +
J 27,270 = 87,900 /18,1° volts
These voltage values show that the wvoltage drop of the line
would be too large for satisfactory operation, The voltage drop may
be lowered, however, by installing capacitors at the receiving end
of the line. The fixed charges of the capacitors mmst be included
in the computations for the economic conductor size. The least num-
ber of capacitors, and, therefore, the most econamical approach,
would be achieved by connecting the capacitors in series with the
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line. The objection to this practice is the high voltages developed

across the capacitors during line surges, This disadvantage may be
overcome, however, by connecting arcing horns around the capacitors.
A high voltage across the capacitors would thus be dissipated by an
arc across the horns and the capacitors would not be damaged, The
amount of capacitance required would be that quantity which would
make the line capacitive impedance equal to the line inductive
impedance. The capacitive impedance, therefore, mst be (0.717)
(120) = 86,04 ohms. The capacitors required to obtain the impedance
is

c-ﬁ%-my]‘m  3.095 x 10°5 farads

At p'eaklo.d conditions the KVAR required would be

1%y = (379)2 (86.0k) = 1,236 x 107 VAR's = 1236 KVAR'S

Estimating the installed cost of the capacitors at $200,00 per
KVAR, the total cost would be $247,200. The fixed charges on this
cost would be (2,472 x 105) (0.151) = $37,327, and the cost per
kilowati<hour would be

. xloh. 2
é‘.ﬁ?&?" 6.31 x 1075 = $0,0000631 v

This value must be subtracted from the left side of the fol-
lowing equation which was used in Section H of this chapter '

-8 h}.‘_ﬂl, - 3% Erzrm 10-3) + F?"i.]







LS
5,937 x 10°% - 6,31 x 105 = 3.065 x 103y + 21202 10-5

It is seen that the value under the radical sign is negative. This
means that the additional cost of capacitors to give satisfactory
voltage regulation would make the transmission line and remote genera-
tion scheme uneconomical as compared to power generated at the load
center.

An alternate plan to the capacitors would be to supply the
capacitive KVAR's from the generators at Albuquerque. HExcess genera-
ting capacity equal to the largest genmerating unit is kept spinning
at the Albuquerque generating plants as described in Section G of
this chapter. This excess capacity could be used to supply the
capacitance KVAR's to improve the voltage regulation. Such a trans-
mission scheme may present stability difficulties, however. These
difficulties may be visualized by reducing the proposed generator and
transmission system to a single load and to single generatcars at both
Albuquerque and the remote generating plant, To study these diffi.
culties, the condition of maximum load will be taken for the year
1963 with the proposed transmission line supplying 75,000kw. The
loads of cities A and B will be omitted in this stability study.

The Albugquerque generators will supply capacitive KVAR's to the trans-
mission line in sufficient quantity to limit the voltage drop to 5 per
cent. At these conditions the transmission line will be removed from
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the Albuquerque System to simulate an outage from a line fault and
the stability of the remaining Albuquerque System will be investigated.
The Albuquerque System with the proposed transmission line
connected is represented by the following diagram:

Person Remote
Station _ _; 10 miles 10 miles 120 miles Station

>
Conductor

10 miles 10 miles
ut'P“”"'WWE;'m Foeves
load Conductor Station

Figure 9. One line diagram, Albuquerque 115kv Electric System
and proposed line from northwestern New Mexico

This system may be reduced to the following:

Station

3.6 miles Reeves
100.” I_M_I'ELTW— [ Station
1«2 Conductor

Figure 10, BEquivalent one line diagram,
Albuquerque 115kv Electric System

The peak load far the year 1963 is 226,000kw. With 75,000kw
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being supplied from the remote transmission line, the Albuquerque
generation load is 151,000kw.

Since the line is short, the charging and conductance cur-
rent is neglected. The receiving end current is then equal to the
sending end current and is found as follows

KVA 226,000 .
LV G0 (o faster) ~ VS GI8) U] Leok ey

The line impedance from the Albuguerque gemerators to the load

Resistance for Ll7 MCM, 30/7 ACSR conductor = 0,216 olms/mile.

Inductive reactance for the above conductor at 19.6 feet
equivalent spacing = 0,780 ohms/mile.

2 = 3,6 (0,216 + J 0.780) = 0,756 + 3 2.73.

The impedance of the step-down transfarmer at the load is
equivalent to the impedances of all the load transformers camected
in parallel. On a 115,000 volt base this impedance is assumed to be
L.61 olms, i.e., Xy = )4,61 ohms, The resistance is neglected in
transformers greater than 500 KVA capacity because the inductive re-
actance is very large compared to the rocistnnoo.a

For these conditions the impedance between the load and the
115,000 volt bus at the Albuquerque generating station is

Zg.p = 0.756 + § 2,73 + L6l = 0,756 + § 7.3h = 7438 f84.1°

85, B. Hobson and R. L. Witzke, "Power Transformers and
Reactors," Electrical Transmission and Disbribution Reference Book,
(3d ed.; Zast Penn, Westinghouse G0,, 194L), P» LOLe
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The Albuquerque generating station 115,000 volt bus is taken
000

as the reference voltage, i.e., Vg = %—— = 66,400 volts. The
load voltage then becomes

Vg, = (66,400 + § 0,0) - (25 ;) (I [Q) where & = load power
factor angle

VL = 66,400 - (7.38 [8L4,19) (1262 [-25,900)

= 66,100 - 93 58,20 = 62,100 [=7,33°
The load current supplied by the transmission line from the

northwestern area of New Mexico is

o
Lt TSV (o) T P 125,900

The northwestern New Mexico transmission line impedance from
page L3 is 87.12 80,6° ohms. To limit the voltage drop to 5 per
cent the "effective" line power fartor can be found from the equality

- VYS+IZooa (91002)10 I!dn(ﬁ*bzﬂ

« Vg2 + 275 1 8 cos (0 + &) + 12 22

where

Enw = voltage on transmission line at the remote
generating station

Vs = Albuquerque generating station bus voltage = !Vn%!
I = magnitude of line current
2 --ﬁiﬁmummw-m(o.m5+ao.n7)

@1 = power factor amngle
02 = impedance angle = 80.6°
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The equation now becomes

B = \[ bl x 107 + 1,187 x 207 I cos (07 + 80.6%) + 7.6 x 100 12

If the value of (I cos 9;) is held constant, to supply the
75,000kw, and @) is varied, a curve of By, versus 9, can be drawn.
The minimum power factor angle, ©), which corresponds to the voltage
representing maximun line drop, can be selected fram the curve. For
the study under discussion the angle was found to be 18.5°, This
means that the transmission line current must be

°°: ].B.S° " 3% L-l-a_.2

The Albuquerque generators must supply all the capacitive
part of the current. Therefors, the Albuquerque generator supply to
the transmission line

L1B sin 25.9° + 398 sin 18,50 = 376 ;90° + 126 190° amperes

The load current supplied by the Albuquerque generators on a
115,000 volt base is

226,000KVA -~ 75,000KVA _ o -26.9% = i
15 (VD (0.9) 43 [-25.97 = 758 - j 368 amperes

The total current supplied by the Albuquerque generators is

758 = 3 368 + § 502 = 758 + j 134 = 770 [10° amperes

The impedance of the generator is equivalent to the impedance
of all Albuquerque generators comnected in parallel. For the present
illustration this equivalent impedance is assumed to be 7.5 ohms on a
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115,000 volt base, i.e., Xq = 7.5 ohms., If the step-up transformer

at the generator is assumed to have the same impedance as the step-
down transformer at the load then the total impedance from the in-
ternal voltage of the generators and the Albuquerque 115,000 volt
bus is

J 745 # ha7 = j 12,2 ohms

The generator internal voltage is then
By = (66,100 + 3 0,0) + (770 710°) (22.2 £90°) = 65,500 /8,1°
The electrical angle between the generator voltage and the
load voltage is
¥ = 8.10° + 7,330 = 15,30
The maximum synchronizing power’ is found by the formula

P = 22 000KTR | 6o n00KTA |

s

The "swing" curve is found by the same fornmla. The curve
for the problem is shown in Figure 11,

The system is initially operating at the 15.43° on the
abscissa of the stability curve. If the transmission line to north-
western New Mexice is suddenly discommected from the system, the
Albuquerque generators immediately have 75,000kw to pick up. This
increase is shown by the line at twenty-four degrees. The criteria
for stability is that the area blocked in above the curve between
15.43° and 2)4° must not be greater than the area under the curve be-
tween 24° and (180° - 24%) = 156°, A visual inspection of the curve

FMaximm synchronizing power is defined as the power avail-
able to restore stability after a transient condition, The maximum
synchronizing power is equal to the maximum transfer of power from
the generators to the load.
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shows this system would retain stability if it were required only

to pick up the additional 75,000kw. When the line to the remote

station is suddenly disconnected from the Albuquerque System, the
Albuquerque generators are also required to change power factor
quickly due to the leading power factor current the generators have
been supplying to the northwestern New Mexico line. The generator
voltage will become

Eg = 66,l00 10° + (12,2 490°) (1262 }-25,99) = 7h,h00 [10.75°

The electrical angle between the generator voltage and load,
therefore, increases 10,75° - £,10° = 2,65°, This angle is added to
the load angle and a vertical line is drawn to the load curve, This
angle, 24,00 + 2,659 = 26,659, intersects the load curve at approx-
imately 254,000kw, The transient power drawn from the system is
represented by the area "abea" in Figure 11, The system will regain
stability if the area "abca" is less than the area "dP,db.®™ The point
d is on the curve at 180° - 26,650 = 153,350, A visual inspection of
Figure 11 shows that this system will regain stability. If the visual
inspection did not give an obvious answer, the areas could be found
by integrating the curve between the indicated limits and comparing
the two areas.

The above analysis shows, for the circuit values and assump-
tion made, that the excess generating capacity at Albuquerque could
be used to supply capacitive KVAR's to the transmission line from
the remote generating station. These capacitive KVAR's could be
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supplied in quantity to limit the transmission line woltage drop to
5 per cent and an outage of the northwestern New Mexico transmission
line would not cause instability in the Albuquerque System. There-
fore, the analysis of Section H of this chapter indicates the conduc-
tor sizes for the equal Albuquerque cost for generation at either
Albuquerque or northwestern New Mexico and also the conductor size
that will give the greatest economic advantage, Supplying the large
quantity of capacitive KVAR's to the transmission line does not re-
quire additional generating capacity on the line at Albuquerque be-
cause the Albuquerque generators change power factors to supply most
of the KVAR's without exceeding the KVA ratings of the generators.
The spinning excess capacity is utilized to supply the KVA not pro-
vided by changing the power factor,

J. Other Voltage Considerations

As stated in the first paragraph of Section H of this chapter,
a voltage of 115,000 volts was selected because it best illustrated
the use of the formulas developed in Chapter III, and it best illus-
trated the determination of transmission line difficulties., A higher
voltage would not present the voltage regulation difficulties as
vividly as did the 115,000 volts. If a higher voltage were to be
selected for the study, a "rule of thumb™ which has been widely used
by utilities in the past would indicate that a voltage three times
the magnitude of existing lines be studied. For the Public Service
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Campany of New Mexico this voltage would be 3(115,000) = 345,000

volte. The loads of the Public Service Company of New Mexico would
not justify the investment required for a transmission line of this
voltage. Also, recent studies have indicated that 230,000 volt trans-
mission lines are often more economical if due consideration is given
in the cost analysis to dual lines or excess generating capacity which
provide relisbility,10

The 230,000 volt transmission line has been studied by the
formulas developed in Chapter III. In these studies the following

Peak line loading = 160,000kw

Iine load factor = 75 per cent

System load factor = 65 per cent

Length of line = 120 miles

Cost of maintenance = $200,00 per mile per year

fixed charges = 15.1 per cent

Increase in cost of Albuquerque generation due to good
load factor on transmission line = $0,0025 per

E

|
With these conditions the most econamical conductor was found !
to be the largest size attainable, but the scheme was found uneconomical,

10g) ectrical World, "Utilities Offer 230KV Plan for Five-State
Rocky Mountain Area," November 30, 1959, pp. 86-89,
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That is, for the above conditions it would be more economical to in-
stall additional generating capacity at Albuquerque than to build a
230,000 volt transmission line from a generating plant located 120
miles from Albuquerque. A change of some of the above assumptions,
however, could change this result and make the 230,000 volt line a
greater savings than a 115,000 volt line, No further pursuit of
this subject will be made, however, since the general methods of
procedure and the use of formulas developed in this thesis have
been fully illustrated.

K. Conclusions

The Public Service Company of New Mexico can economically
build a 115,000 volt transmission line 120 miles long from Albuquer-
que to northwestern New Mexico to serve the Albuquerque system load.
This conclusion is based on prices and assumptions given in Chapter IV
of this paper. The transmission line mst be supplied capacitive
KVAR's from Albuquerque to give the line satisfactory voltage-drop
characteristics and these KVAR's must be supplied at no additional
investment cost. If additional investments were required for instal-
ling capacitors, the plan would be uneconamical due to the anmal
fixed charges on the capacitors. The capacitive KVAR's can be sup-
plied by Albuquerque generators which are already supplying load not
provided by the transmission line and which are kept running for
emergency stand-by capacity. Supplying the KVAR's from the Albuquer-
que generators would require no additional investment to maintain
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desired transmission line voltage characteristics. The leading power
factor required of the generators supplying the capacitive KVAR's
would cause no stability difficulties in case the transmission line
to the remote generating plant were disconnected from the Albuquer-
que system. The electrical angle between the gemerator and load
would change only a slight amount and the 75,000kw being supplied
by the transmission line could be picked up by the Albuquergue gen-
erators without stability difficulties, These conclusions are
based on the assumptions and calculations of the previous section
of this paper. All calculations were made for 900 million circular
mills conductors in the proposed transmission line because that is
the sigze of conductor which makes the cost of the northwestern New
Mexico generated power equal the cost of power from Albuquerque
generators.

The transmission voltage for the line studies was selected
as 115,000 volts on the basis of economy of connection to existing
transmission systems and for illustrative purposes as explained in
previous sections of this Thesis. A higher voltage would give
better voltage regulation but the installation cost, and thus the
fixed charges cost per kilowatt-hour, would increase. Computations
which have been made for voltages above 115,000 volts have shown these
voltages to be uneconomical. The results would be affected con-
siderably, however, by differences in the various load and cost values
which were used.
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APPENDIX I

KEY TO FORMULA SYMBOLS OF CHAFTER III

Average current flow in amperes

Per cent of original cost for amnual fixed charges

Cost of line power losses per kwhr

Annual transmission line maintenance cost

Anmaal transmission line maintenance cost per mile
per kwhr

Peak load in future in kw

Total resistance of transmission line in ohms per
phase

Resistance of line per mile per phase

Generation cost per kwhr at remote generating site

Total cost per year per kwhr at Albuquerque of re-
motely generated power

Cost per pound of conductor

Total amount of fixed charges in dollars

Total kwhr per year

Length of line in miles







AFFENDIX II
CONSTANTS OF WEIGHT TIMES RESISTANCE
FOR VARIOUS CONDUCTORS

ACSR 26/7 Stnnding

Size Weight Resistance Constant
oM #/nile ohms/mile Wt x ohms
266,.8 1939 0.3850 7h7
300.0 2179 0.3420 745
336.h 2k 0.3050 7h8
397.5 2688 0.2590 48
477.0 3468 0.2160 7h9
556.5 LolS 0.1859 751
605.0 L395 0.1720

Average Constant, (wt) (ohms) 5

ACSR 30/7 Stranding

300,0 2473 0.3420 8u6

336.4 2783 0.3060 850

397.5 3288 0.2590 851

L77.0 3946 0.2160 851

500.0 122 0.2060 8L9

556.5 L6ol 0.1859 gg
Average Constant, (wt) (ohms)

1/0 1720 0.5502 L6
2/0 2169 0.4365 oh7
3/0 2736 0.3462 b7
/0 3450 0.2745 9k7
250 LoT6é 0.2323 oL7
300 L1891 0.1936 9L7
350 5706 0.1660 97
400 6521 0.1452 o7
15;50 gg o.ﬁl f

00 0.1162 7
550 8966 0. ou7
600 9781 0.0968

Average Constant, (wt) (ohms)
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a -

Pesk Load ol 1is 162 18 202
Excess Capacityl 108 W7 122 101
gm ting Capacity 19383 l9355‘,"? 1’3255 ]ﬁg
enera T

Peak Load : 226 252 281 18
Excess Capacity 7 113 8l 13
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APPENDIX III

GENERATING CAPACITY

Existing Generating Capacity

Prager Station 33,000kw
Person Station 125, 000kw
Reeves Stationl 50, 000kw
Santa Fe Station 23,000kw
From USBR Tie 15 ,000kw
From Plains Co-op

%g

TOTAL

Computation of Excess Generating Capacity

L)0me generator with SOmw pesk capacity.
2New generator installed in Albuquerque or additdonal

transmission lines from the northwestern New Mexico plant provides
the additional capacity.

3%rom the table on Page 27.
byign excess capacities will probably be used by the USER

or the Plains Co-operative.
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APPENDIX IV
COMPUTATION OF FIXED CHARGES PERCENTAGE

An investment of an electric utility company must, as a
minimum, either EARN or SAVE enocugh money to offset all ammual fixed
charges, including income return on the property, over and above
operation and maintenance expense associated with the investment.
The following tabulation shows the elements involved in the fixed

charges and the approximate percentage anmual charges of each ele-
ment in terws of investment dollars.

Depreciation~-recovery of investment 3.0%
Advalorem property tax--assessed at L%
on 505 of value 2,08

Net rate of return on campany rate

base--or total investment as fixed

by the Public Service on 6.05%
State and Federal income

TOrAL .

linterest on borrowsd money is deductible for income tax
purposes, and assuming that 60 per cent of the investment dollar is
borrowed at 4 per cent interest, then the interest deduction is 0.60
(0.0h) = 2,4% which is deductible from the allowed earnings.

Earnings are as allowed after income tax. Therefore, it is
necessary to compute the gross earnings necessary to return 6.05%
after taxes, except that interest on borrowed money is deductible
for tax purposes., Thus, to campute the anmual income tax increment
to be assigned the investment dollar, a composite Federal and State
incame tax rate of 52.5% is assumed and the fallowing computation
is made:

5%‘3-&'1-7.1131-@-.“%

The per cent of investment required for the incame tax increment is:
77 (5205) - h.OSS
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