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IMTRO0UGTION

The combustion gas turbine as a prime mover has reached a stage 
in its development where, from the standpoint of reliability and 
economical operation, it is fast becoming a real competitor with the 
steam turbine and the reciprocating internal combustion engine. It 
is the purpose of this study to analyse a specific application of the 
gas turbine to the field of power generation.

THE APPLICATION: This study will investigate the engineering and
economic aspects of applying the gas turbine - electric generator to 
supply electric power to a growing Metropolitan area, and to compare 
this method to the more conventional supply from large steam turbine -
electric generating station. For this economic evaluation to be of

I’-value it must extend over a long period of time, which for the current 
problem has been taken over a 20 year period.

Since the use of the gas turbine as a commercial machine is 
relatively new and its principles of operation are hot widely known 
and accepted in the field of power generation, a discussion of the 
principles of its operation, history and development into a practical 
and economic reality is included in the following paragraphs.

THE BASIS PRINCIPLE OF THE GAS TURBINE; The gas turbine could be 
more descriptively called the "hot air turbine" as the fuel used does 

not necessarily have to be a gaseous fuel, as both gas and oil of 
various grades have been used successfully as the fuel, and 
experimentation has been carried out using pulverized coal as the fuel.



The purpose of the fuel is to add heat to the air which has been 
compressed from 1 atmosphere to about 3 to 6 atmospheres depending 
on the design used'. The hot air is expanded through the turbine and 
is exhausted to the atmosphere directly or through a heat exchanger, 
which recovers some of the heat from the turbine exhaust and returns 
it to the cycle to be used over again. Such heat exchangers are 
called regenerators or recuperators depending on the manufacturer.
The amount of heat recovery is limited by the dew pbint temperature 
of the stack gases to prevent corrosion.^ The cycle described is 
known as the simple open cycle when regenerator is not used, and 
simple regenerative cycle when used with regenerator. Many other 

cycles are available, all of which have for their purpose of raising 
the overall efficiency and/or providing suitable operating character-

I1
istics for the application required. Further discussion of character
istics will be carried on in Chapter 2 under the specific application 
to the problem, as machines with the higher efficiencies and special 
characteristics also have higher costs which must be weighed in the 
analysis of machine selection.

The limiting factor on efficiencies of these units today is the 
limitation on turbine inlet temperature which for American design are 
up to 145®°F, and in the Swiss design are about 11Q0°F. Both of these 
temperatures require extremely good metals and until the metallurgy can

h
catch up, increased efficiencies by raising the turbine inlet temper
ature cannot be achieved. On the other end of the cycle the ambient 
temperature of the inlet air has a definite bearing on the capacity and



efficiency. A rule ©f tiramb*'®* tem. used is Shat a 10°F dr©p 
in temperature will increase the capacity by S%. Goolimg of the 
inlet air is a possibility, but because of cost of cooling towers 
a practical limit will again be reached controlled largely by the 
wet bulb temperature of the locality. In the present state of 
development, efficiencies are limited by the permissible temperature 
of the compressor inlet air, turbine inlet temperature, and 
permissible stack temperature. Any improvement in efficiency is 
limited to more effective use of the heat and pressure between these 
restrictions. This results in the various cycles of operation, 
requiring additional auxiliary equipment. i

EARLY DEVELOPMENT OF THE GAS TURBINE? The development of the 
gas turbine to the stage where it has become a competitor with other 
heat engines has been slow when compared to the steam turbine. Early 
developmental work on the gas turbine took place in; the late 1800's 
and the early 1900's; however, Sanford Moss, one of the early workers 
in the gas turbine field®, found a British patent ijseued in 1791 to 
a John Barber, which for the first time gave the fundamental gas 
turbine. From this literature it appears that the British were quite

' Iactive in experimental work after 1856, based on parents being issued 
after that date, while the earliest United States patent was issued in 
189S to Gharles Curtis, who is known best for his wbrk in the steam 
turbine field, and in France, Charles Lemale obtained gas turbine 
patents about 1901,and in 1904 with Rene Armengaud placed in actual 
operation a eentinuous-eombustion gas turbine. Many of these early



4.
iattempts were not practical nor could they be adapted to satisfactory 

eommerical use; for while the machine would produce work it was 
insufficient to drive the compressor needed to supply the air, much 
less produce useful work. This was the humble beginning of the 
modern gas turbine which has been developed by continued research 
and development.

A source of air at high pressure is a necessary requirement for 
a gas turbine plant. The development of a "centrifugal compressor" 
which could be driven at the high speeds that would match the speed of

Ithe turbine wheel was being developed during the same years as the gas
turbine and General Electric Gompany included the centrifugal compressor

1development along with gas turbine research in 190$. The centrifugal 
compressor developed at a fast rate and in 1915 was being used for 
blowers for blast furnaces. The axial flow compressor was developed
as a practical machine^in 1931 by the Brown-Boveri Company in Switzer-

i
land and was used in the Houdry Catalytic cracking process in 
conjunction with the gas turbine in 1936. This type of compressor was 
used for the first gas turbine - electric generator power plant 

constructed at Neuehatel, Switzerland, using Brown-Boveri equipment ini
1939, and is now the accepted type air compressor used as the air supply 

for the gas turbine.
USIMG THE MODERN GAS TURBINE FOR POWER GENERATION; The gas - 

turbine as a prime mover has been slowly taking over many tasks done 
by either the small steam turbine or the infernal combustion of the 
reciprocating type. It is not always feasible to find an economical
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application for the gas turbine, despite its advantages of being a
rotary machine rather than reeriprocating and of its direct conversion
of fuel energy to mechanical energy without a steam cycle. Even
where a suitable application exists it is often difficult for an
operator with many years of successful experience on conventional
equipment to accept a relatively new type of machine. The bibliography
contains numerous references to successful experiences with various
applications both for electric power generation and other applications.
From this point on we will consider only electrical generation.

It was previously mentioned that the 4000 kw gas turbine generator,
fired with oil, placed in service at Neuchatel in 1939, was the
first commercial application for electrical generation. Since that

31time and np to the latter part of 1955 one companyi has received 
orders for 36 machines ranging in size from 1000 kw to 27500 kw with a 
total capacity of 326,300 kw. Statistically these can be further 
identified as to operating cycle and fuel used as shown in Table I.

TABLE 1
Capacity Machines

Cycle KW % I- No. %
Single shaft without regenerator 166,480 51 22 61.0
Single shaft with regeneratbr 16,400 5 ! 6 16.7
Twin shaft without regenerator 102,500 31.5 5 13.9
Twin shaft with regenerator 41,000 12.5 3 8.3

Fuel:

Oil 16 44.4
Gas 12 33.3
Oil 6= Gas 8 22.3
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While this volume would not be considered of great importance 

in itself, it does indicate that there are increasing applications 
for the gas turbines as a prime mover for electric power generation.
As the number, size and variety of installations increase, operating
experience from the field is becoming available in greater quantity’.

*The first gas turbine unit installed in the United States for
poyer generation went into service in July 1949 at I the Belle Isle

SI IB SO i-Station, Oklahoma Gity 9 ’ and considerable information has been
published on this unit and a second one which was placed in service
in 1952. Since the first unit holds the world record of over SO,000
hours operation, considerable information is available on factual
operation and maintenance cost. These machines were supplied by
General1 Electric Company and to date all installations in the United
States have used machines manufactured by either Westinghouse or
General Electric Sompany. The bibliography contains operating
experience on a number of these installations.

In Canada the first gas turbine for utility service went into
I '

service at Vermillion, Alberta in late 1954. This unit was of Brown-
Boveri manufacturer. Success of this installation has resulted in

43 ‘placing of orders for additional units.
Foreign experience, including South America, has been extensive 

and the bulk of these installations appear to have been of Brown-Boveri

* The General Electric iompany in the year of 1948 placed a 
similar gas turbine in locomotive service*-® and it was run for 6500 
hours before it was taken out of service for additional development 
work. The Belle Island machines were duplicate of Ithis design.



11 31 22manufacturer, *" ’ however, only limited information was available
from other than this company.

At this point it should be noted that American and Swiss designs 
use different methods of burning the fuel. The Swiss design uses 
one large combustor from which the compressed air with its added heat

i -

is piped to the turbine, while the American design uses a series of 
combustors mounted around the turbine.

ORGANIZATION OF THE THESIS: In the Introduction, general
information and history of the gas turbine has been presented to form 
a background for the problem to be studied.

The succeeding Chapters will attempt to determine the engineering 
and economic feasibility of applying the gas turbine to a growing 
Metropolitan area using a hypothetical system, substituting the gas 

turbine plants at substation locations for the conventional system of 
large steam-electric generating stations and transmission lines and 

substations. As far as can be determined, from the bibliography 
available, a study of an application of this type has never been 
undertaken. Most all applications have been for industrial power plants 
and for limited utility use such as peaking operation, end of line 
plants, and operations in conjunction with existing steam and/or hydro 

stations. |
Chapter I will be devoted to setting forth the type and character

istics of the hypothetical system to be used for the application of 
both the gas turbine and the steam turbine plant, and provide a 
general discussion of common factors to be used.
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In Chapter II an application of the gas turbines to the system 

will be made after first making a comparison between several schemes 
and combination of gas turbines of various costs and efficiencies, 
to determine She lowest cost combination to be used.

Chapter III will be devoted to arriving at the cost of 
application of steam-generation to the system, again arriving at the 
best combination of steam units by size before application to the 
system. To simplify the work, ©nee the transmission system is 
established, the time table of construction and losses will remain the 
same as any change would be relatively small in later years.
Since calculation of load flows over the. 10 year period, to determine 
losses and line loadings, is laborious and time consuming, it is 
believed such an assumption will be justified and will have small 
effects on the end results,

chapter IV will analyse the results of the study gad will 
present the conclusions that have been reached.



CHAPTER I 
SYSTEM PARAMETERS

In a study of this nature it is necessary to establish certain 
conditions, limitations, and assumptions which form parameters to 
hold the study within reasonable limits. This Chapter will describe 
the utility system to be used, as well as some of the various factors 
that are common to the alternative plans that will be considered in 

the other Chapters.
DESCRIPTION OF THE UTILITY SYSTEM: A hypothetical system will

be used which will grow from a small system into a metropolitan 
system. A metropolitan system can be described as one serving a 
large city and its suburbs, and in general is one which would have a 
large portion of its generating capacity located near the area supplied. 
While it is impossible to select a hypothetical case that would fit 
all actual systems, it is believed the results obtained from a study 
of this assumed system will be a reasonable measure of the economic 
value of this application for the gas turbine.

It is assumed that at the beginning of the study period
- j- .

(designated as zero year) that our system had a load of 45 megawatts.
'

Capabilities to supply this load consisted of 30 megawatts of local 
steam, 15 megawatts of which is old and inefficient, and 15 megawatts 
of purchased power. The purchased power is delivered over a 115 kv 
transmission line and through a 20 megawatt transformer to the 69 kv
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and 12.5 kv buses at Station X, the steam plant location. From 
Station X the local load is served by a 12.5 kv grounded wye 
distribution system, and the remote load by a 69 kv transmission line. 
The 12.5 kv system serves load direct and also through several 12/4 kv 
substations. The 4 kv system has outgrown its capacity and is rapidly 
being converted to 12.5 kv.

All future distribution is assumed to be 12.5 kv, with the load 
power factor being held to approximately 90%, by the use of capacitors. 
The distribution system, except for substation transformers, will not
enter into the study directly, as the distribution requirements would

,  ■  ■

be essentially the same for either method of power supply.
The old inefficient 15 megawatt steam unit will be used as1 

reserve capacity. All other reserve requirements will have to be 
installed. Reserve requirements for this study will be based on 
reserve capacity equal to the rating of the largest! machine. For 
steam this will be estimated to include 6% for overload capabilities 
of installed machines, plus any interruptable load. No additional 
allowance for reserve will be made for the gas turbine, until more 
operating experience is obtained.

* IThe overall rate of growth has been assumed to be approximately 
11.6%, compounded annually, and the extent of the study period is 20

■  _

* In actual practice the planning engineer would determine this 
growth and a suitable study period from a combination of means, 
including land use surveys, evaluation of the area's potential 
possibilities for different uses, examination of the companies growth 
statistic such as load trend curves, secular trend turves, sales 
predictions; and other statistical aids that are available locally and 
nationally. .
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years. It will be noted that the individual loads at each load 
center do not necessarily agree with this rate of growth. The switch
ing of loads from one load center feeder to another, from time to time,

I. •

was planned to make the best use of load center capacity, thereby
delaying additional investment. All main feeders are assumed to be
designed for the most economical conductor size^fqr a growing load.
This usually dictates large conductors, which inherently, have
sufficient capacity for picking up load transfers, ; Feeder loads for
such a system would have maximum values of 6 to 8 M¥A.

The load-center areas were located for the distribution system,
and a time table established for the load growth at each center.
Figure 1 shows the relative location and year of activation of each
load-center. Table 2 shows the annual peaks. Since the interest
is primarily in power supply, all peaks are coincidental. The feeder
and substation loads would, in all probability be somewhat higher,
depending on the diversity factor used. For example, if a diversity
of 90% existed between the generator loads and feeder loads, the sum
of the feeder loads in the 20th year would be 425 * .90 = 470 MW,
rather than the 425 MW shown in Table 2 on page 12. All values are
shown to the nearest megawatt, which accuracy is generally acceptable
for long range studies of this type and magnitude.

FUEL CONSIDERATION: In the Introduction it was pointed out that
the gas turbine unit will operate successfully on gas or oil, and that

12experimental work has been going forward on pulverized coal.



TABLE 2
LOAD DISTRIBUTION BY YEARS

Total Total
Station Load Line Load
Year X A B G D Y E E G I H J (Gas Turbine) Loss (Steam)
1 21 17 13 31 .4 52
2 24 16 7 10 57 .5 58
3 20 17 8 11 7 63 .5 64
4 22 20 10 11 8 71 .6 72
5 23 23 12 12 9 79 •7 80
6 23 5 25 14 2 12 9 90 . 9 91
7 25 6 27 16 2 13 10 99 1.1 100
: 8 - 28 7 27 16 3 8 12 10 111 1.1 112
9 31 8 30 16 3 9 13 . 14 124 1.1 123
10 32 9 26 22 4 11 16 13 4 ■ 137 1.4 138
11 36 11 29 26 4 11 . 20 13 5 155 1.5 157
12 42 . 10 32 28 5 12 22 15 6 172 1.9; 174
13 47 13 36 20 12 6 ' 14 23 16 7 194 2.4 196
14 47 14 40 22 14 7 16 25 9 15 8 217 2.8 220

—.r 1 5  ..... 52 16 45 25 16 8 18 28 10 17 9 " 244 ... 2.2 ; 226
16 57 21 47 27 18 9 20 31 14 - 16 10 270 2.5 273
17 64 20 56 30 20 7 10 19 34 12 22 10 304 2.9 307
18 71 22 62 34 22 8 11 23 . 35 13 26 11 338 3.7 342
19 81 25 68 38 24 9 12 24 42 15 28 13 379 4.0 383
20 91 28 76 42 27 10 14 27 47 16 32 15 425 4.7 430

NOTE: Loads are approximately coincidental
System Peak and Area Load peaks occur about same hours. 
Line loss figure includes transformer losses.
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For fche purpose of tehis study, natural gas has been used as the 

fuel. The use of oil would produce comparable or better heat rates.
Table 3 shows a comparison of the heat rates of various fuels for a 
5000 kw unit.^G . |

TABLE 3
Heat Rate Comparison for Various Fuels

Gas Turbine !; Distillate 
Per Gent Load Natural Gas Residual Oil i Oil____

HHV-1000 BTU/scf 18500 BTU/lb ; 19300 BTU/lbi
100% 19000 BTU/kwhr 18500 BTU/kwhr j 18500 BTU/kwhr
75% 22200 BTU/kwhr 21300 BTU/kwhr 21250 BTU/kwhr
50% 28200 BTU/kwhr 27000 BTU/kwhr r 26850 BTU/kwhr
The use of certain isypes of fuel oil has given considerable

operating difficulties, especially where vanadium and sodium is
present in the oil.^9̂  Considerable experimentation is being carried
out in oil treatment, to permit the use of those oils now considered
unsatisfactory because of their tendency to build up insoluable
deposits on the turbine blades at the high temperature. Whether such
oils would be competative with natural gas, off course, would depend on
the fuel cost per kwhr for each fuel in the locality under consideration,

j.plus comparison of operating and maintenance cost as well as any 
difference that may exist in fixed charges. This problem is a study 
in itself, consequently one fuel, natural gas, was (selected as the 

fuel and will be used for both steam and gas turbine evaluation. Fuel 
being burned under a boiler does not have the restricted limitation 
that it does in the gas turbine. This factor could favor steam 
generation in a locality where only the unsatisfactory oil is available.
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Gas .will be supplied to the system at three points: Station X»

Station B, and Station D from a cross country transmission line.
From these points it will be the responsibility of the utility to 
transport it in their own lines.

Figure 2 shows the relative heat rates and efficiencies for a 
variety of steam turbine-generators and gas turbine-generator units. 
Examination of these values will explain the trend of the utilities 
to go to the largest size units that will fit their load growth 
pattern, and need for reserve requirement to back up the larger 
machine.

For this study an annual load factor of 50% will be used. By 
means of load duration curves and heat rate curves an equivalent annual 
heat rate can be established for a given loading of machines. For 

the gas turbine, where a large number of relatively small machines are 
used, more leeway is available and the machines can operate at their 
upper limit of efficiency. This is possible as each machine is a 
small increment of installed capacity, which can be started and put 
on the line in very short time, about 8 minutes.̂ ^  Steam generation 
does not enjoy these advantages due to long start tip time (unless 
already hot and spinning), minimum load restrictions, and large 

incremental capacity change when a machine is taken out of service.
. ECONOMIC CONSIDERATIONS: The successful application of any

' ;equipment, on which an economical return must be made, depends on 

weighing the engineering and economic values of alternate plans., 
including financial, and regulatory restrictions which are peculiar



16. 

1+++1-t+H+t+-t·:-t· ·-

- . . 



17.',
to the particular business. In addition there are often factors 
that cannot be evaluated in dollars and cents, such factors are 
known as irreducible data, and evaluation must be by seme other, 
means, usually judgment based on experience.

For this study a fixed charge of 13% based on a 6% return on 
the unamortized cost over a 30 year life will be used. The 
computation of this 13% together with the elements used.are shown in 
Table 4. This value has been taken as a representative value that 
may readily be found in practice, recognizing that for any given 
company and locality values either above or below this value may be 
obtained.

Cost estimates of investment, as well as operating and main
tenance cost, will be obtained from such published: sources as are 
available, from data and quotations from manufacturers, from 
correspondence with the operators of existing equipment, and from 

personal knowledge.
All comparison will be made using the system of present worth 

on a 6%. basis (this agrees with the 6% return used in"'the fixed
charge computation), By means of the present worth formula,.

1
(1 + r)n, which will be recognised as the reciprocal of the well 
known compound interest formulae of (1 >  r)a, the amount of money 
that must be invested now to equal a required sum jet some future 
year can be determined. The total annual cost for fixed charges,
operating, maintenance, losses, and fuel for any year can be .

j
brought back to the present dollar value, and the summation of the 
individual present worth figures will give the total present worth
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TABLE 4
EXAMPLE OF COMPUTATION OF FIXED CHARGES

Computation of fixed charges based on 6% return unamortized 

cost 30 year life and other assumed values.

1. Depreciation (30 year) per year 3.33%
2. Debit Ratio 55.0 %
3. Debit Money 4.0
4. Debit (2) x (3) 2.20
5. Equity Money (6% - 2.27.) 3.80
6. Return Rate 6.00
7. Composite Income Tax Rate 53.00%
8. Income before taxes (5)

1 - (7)
8.07

9. Income taxes (8) - (5) 4.27
10. Total Return & Income Tax (6) + (9) 10.27
11. Equity 7. of Total 9 + 6 71.3
12. Amortization Rate for 30 yr. 7.26
13. Depreciation Portion 3.33
14. Return Portion (12) - (13) 3.93
15. Fixed charges on Initial costs

(14) + (13) + (11) x (14) 10.06
16. Local Taxes 2.30
17. Insurance and Miscellaneous .64

Total (15) + (16) + (17) 13.00 137. annually

Operation and maintenance cost are not included in this 13% 
as they may vary with item of plant and are added separately.
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for a selected plan for the study period. When two or more plans

29are compared by this method a good index of their relative merits 
as an overall investment can be made. The present worth method of 
comparison has further advantages in the reduction of error in 
estimating future cost, which can never be known to any large degree 
of accuracy over long periods of time, as the present worth multiplier 
becomes smaller as we go out in years, reducing relatively large 
future estimating errors to much smaller errors in terms of present 
worth values. Consequently it is often desirable to base future 
estimates on present day prices in comparing two plans by means of 
their present worth, as the error presented by using present day 
prices, rather than inflated future prices, is usually small enough 
to be neglected. This method is widely used in such comparisons,

j :

To facilitate the conversion of investment cost directly to an 
annual present wofth basis a "K" factor has been computed where 
K m (Annual fixed charges) % (Present Worth) for each year. This K 
factor together with the present worth values are tabulated and 

presented as Table 5,
LAND REQUIREMENTS: Land requirements for the gas turbine, and

steam turbine plants will differ radically, With the gas turbine 
plants, since they substitute for substation transformers and 
transmission line facilities, it will be assumed that practically 
no additional land will be required, Any expansion of the existing 

steam plant, Station X, will not require additionali land or site 
improvements, Locations for the second steam plant: were restricted.
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TABLE 5
PRESENT WORTH AND K FACTOR TABLES

Present Worth Table K Factor Tab
Year n $1.00 at 6% 13% Fixed Ch;

1 0 1.000 .1300
2 1 .9434 .1226
3 2 .8900 .1157
4 3 .8396 .1092
5 4 .7921 .1030

6 5 .7473 .0971
7 6 .7050 .0917
8 7 .6651 .0865
9 8 .6274 .0816
10 9 .5919 .0770

11 10 .5584 .0726
12 11 .5286 .0687
13 12 .4970 .0646
14 13 .4888 .0635
15 14 .4423 .0575

16 15 .4173 .0542
17 16 .3936 .0512
18 17 .3714 .0483
19 18 .3503 .0455
20 19 .3305 .0430

Present worth is investment required today to equal $1.1
later.

$1.00 $1.00
PW = (Ur) n = (1+ .06)*

K Factor = Present Worth x Annual Fixed Charges

= .13
(1 + .06)
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due to plant size, railroad facilities, availability of water 
supply, and the many other special considerations required. The 
second plant site was selected at Station D.

f '
Load centers have been spaced at uniform intervals for study 

purposes, available land, zoning, etc,, may require a non-uniform 
spacing in actual practice.
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CHAPTER II
i:

APPLICATION OF THE GAS TURBINE TO THE SYSTEM

In making an application study where an economical comparison 
is the main result, it is also necessary to make an engineering and 
operational study. Any proposed plan must be sound from an 
engineering and operational standpoint. In this chapter these 
features will be investigated, as well as arriving at prices to be 
used in the comparison with the conventional power supply by large 
steam plants of Chapter 3. Engineering investigation does not need 
to be as rigorous when a study is carried out over A 20 year period, 
and often specific details can be omitted if sufficient checks are 
made to hold the study within reasonable limits. After the 
feasibility is determined, and mere precise information is available, 

the details can be worked out to achieve more accuracy. This is 
often done by studying the plan for short intervals of time, possibly 
five year periods, and adjusting the master plan in light of 
current conditions. Assumptions that are specific It© this chapter

i.

will be stated in those sections where they are applicable.
VARIOUS CYCLES AND ARRANGEMENTS: In the Introduction it was

pointed out that the cycles and arrangements of the gas turbines 
were many. Figure 3 shows a number of typical gas turbine arrange
ments, all of the open cycle type. These arrangements are not all



inelms ive and are presented t© shew the flexibility I' in combining 
turbines3 compressors, regenerators, and intereoolers.

Since the open cycle is the one that has been put to use in the 
power generation field, the discussion will be limited to this type.
The open cycle exhausts its turbine discharge to atmosphere, either 
directly or after passing through a regenerator. When the regenerator 
is used, some of the heat in the turbine discharge gas, which is in 
the region of 8350F, is used t© preheat the air before combustion, 
thereby increasing the efficiency of the unit. Such gains are in 
the vicinity of 215°F.^ However, the amount of heat that can be 
recovered is limited by the head loss in the heat exchanger and by the 
flue gas temperature, which must be above the dew point to prevent 
condensation and the resultant formation of corrosive products. Steam 

boiler plants are faced with this same problem. The literature 
indicates that the exhaust gas temperature ©a practical machines is in 
the region of 625°F as it leaves the regenerator.

The regenerator cam be applied to both the simple and compound 

cycle arrangements. In some applications the regenerator can be 
replaced by a waste heat boiler or other type of heat exchanger, the 
heat being recovered for use in industrial or power plants. The Belle 
Island Station-^ gas turbine units are am excellent example of the
use of the exhaust gas for feed water heating. The station capability

]•was imereased by 14 IE by the addition e£ 9 ME e£ gas turbine generators*
The simple open cycle units have poor efficiency characteristics, 

as plots of efficiency vs* per cent load have uniform slope
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eharaefcerisMes such tihae efficiency varies almost directly with the 
lead. Fer our application it is desirable that the efficiency 
characteristics be as flat as possible in the 75 to 100% region. It 
is also desirable to use units larger than 10 MS, which is about the 
upper limit for simple cycle units being offered by the manufacturers. 
It is interesting to note that at 100% load the efficiency of the 
larger simple cycle machines are about the same as shown in Figure 2, 
page 16, for the two shaft units, but drop off very much faster as load 

drops, ;
The manufacturers have developed a combination commonly referred 

to as the "two shaft compound open cycle" design. Figure 3 shows 
the flexibility of these combinations, ranging from one compressor 
and two turbines, to three compressors and two turbines. The two 
shaft units are offered both with the two shafts in a tandem arrange
ment in one housing, and as two separate units mounted independently. 
®ne thing in common with all the two shaft arrangements is a separate 
turbine to drive the generator, This permits separation of the 
compressor power requirements and generator power requirements. By 
so doing, much better control of the efficiency characteristics can be 
obtained over the load eyele.

All the two shaft arrangements shown, except "H", have their 
generators driven by the low pressure turbine, "H" drives the useful 
load (generator) with the high pressure turbine. As these two shaft 
units have their intakes and exhausts connected in a series arrange
ment, it is obvious that either or both shafts could be made to
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23deliver useful werk. However, H. Baumann has shown, in his 

study of optimum pressure and temperature conditions for two shaft 
machines, that maximum efficiency can be obtained by taking the 
useful work from the low pressure shaft, and maximum useful work 
can be realised by taking the useful load from the high pressure 
shaft, Fer this application, since our interest id in high efficiency 
in the upper 15% of the efficiency curve, the units with low pressure 
power take-off would be.desirable. This type of unit will be used in 
this study,

American manufacturers rate their machines on an 80°F inlet air 
temperature, while the Brown-Boveri machines use 6§eF, As capacities 
are very much different for these cases, it was decided to base the 
estimates on 800F , This presupposes that the peak load conditions 
will occur near this temperature, As we go down the temperature scale 
capacity costs for the turbine-compressor part of the unit would 
decrease for the same electrical output, and conversely increase as we 
go up the scale.

It was necessary to adjust the Brown-Boveri prices and 

efficiencies to the 80°F basis. Efficiencies shown in Figure 2 are
I . '

an average of available data from various manufacturers. Prices that 
will be used are an average for equipment to do the same job under 
the same terminal conditions. These prices, on a cost per kw of 
capacity basis, are essentially the same over a wide range of 
capacity. For our use they will be considered the same, as the units 
we are interested in are in the range of 12 to 18 MW. These ratings
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fits the projected load growth in the earlier years of the study, and 
in the later years will provide a reasonable increase at each station 
that can be used with a minimum of power transfer to other stations.
This will be discussed further in the section Sequence of Generator 
Installation.

Altitude corrections would have to be made if the units were to 
be used at altitudes off other than 1000 feet, which is the standard 
rating for units. With the increase in altitude,both the capacity 
and efficiency would be decreased and costs would increase for the 
same capacity. An assumption is made that the location of the hypothet
ical system is less than 1000 foot altitude and that standard units

‘  "  '  i

can be used.
STARTING CHARACTERISTICS AND AUTOMATIC CONTROLs One feature 

that makes the gas turbine desirable for our application is its 
ability to be started quickly and automatically. The unit is 
started by an external drive, an electric motor, or in some cases 
where very high gas pressure is available by an expansion turbine.

The external drive brings the unit to about 25% speed before 
light-off, after which it stays connected to assist in bringing the 
unit to 60% speed, at which point the starting motor can be dis
connected. The unit is now self-sustaining and ©ah be brought to 
normal speed without assistance. The total starting time is in the 
order of six minutes to full speed, and full load can be reached in 

eight m i n u t e s . j
In the diagrams of Figure 3 the starting motors were not shown.
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©ne starting motor being required for each shaft. A suitable eluteh 
is provided for disconnecting the motor either automatically or 
manually9 as desired.

Starting the gas turbine is either automatic or semi-automatic 
depending on the application. Pushing a button will set off the 
correct series of programed events necessary to place the unit in 
operation^ checking its steps as it goes. In the semi-automatic type 
of control9 the operator manually takes it through the sequence of 
steps, but is limited to having one step completed before going to 
the next. Since the process of bringing the machine up to speed and 
putting it on the line is an automatic process, there seems to be 
little doubt that control of the unit could be in the hands of a 
dispatcher some distance away, using an existing system of supervisory 
control, modified to meet the requirements.

j ;

As our plan calls for keeping the operating personnel to a 
minimum, it seems feasible to plan an automatic operation, remotely 
controlled. Sufficient operating personnel would be provided only 
to do the housekeeping, and make necessary checks and inspections.
It is estimated that not more than one man per shift, per station, 
would be required at the larger stations, over three units, and one- 
half man per shift, per station, would be available for the smaller 
stations, on a scheduled and need-for basis. In addition, supervisory 
and relief personnel would be required. Sufficient automatic safe
guards would have to be employed at the unattended stations in 
addition to the increase in supervisory control equipment. Since all 
stations would be small at first and grow with the load, all would



fall in an unafetienied eatiagnry ae seme stage of their-development.
The above assumption in personnel requirements and equipment will be 

used in pricing estimates, |
STATION TIE LINE RBQUIREMBKTSi In Chapter II the utility system 

was described and it was pointed out that an existing 4 kv system 
of distribution was rapidly being replaced with a 12.5 kv system.
The 4 kv substations were supplied from a 12.5 kv loop system 
running over the route of X-A-B-G-G-I-H-X using 1/0 and 4/0 copper 
conductor, bead is also supplied from this loop for large customers 
and for areas already cut-over to 11.5 kv. The plan is to use this 
loop as radial feeders from the load centers after they are 
established. These lines served as the station ties and the new 
lines required will be given credit in our evaluation of new line 
requirements, even though they will be left in place.

To establish a base ease for investigation of the tie line cost 
and other system characteristics, a generator installation sequence 
was established using the 11 MtJ unit as the basic unit. Table 6» 
which shows the capacity installed at each station by years,also 
shows the capacity available in excess of station peak load.

Where this is a deficiency then the difference must be transmitted 
into the station. At light load periods as some units are shut down 
this value could be higher, depending on the location of the 
generators in use. Since it is desirable to operate the units 
nearest the load being supplied, when it is economically possible, 
it is assumed that this mode of"normal operation would be used 
under all loading condition so that only a minimum of power would



TAR&R 6
GE3SEHATIHG CAPABHITZ M D  EXCESS CAPACITY O m  STATIOU LOAD f 12 m  UHIT •.

Year

(a)

S T A T  I 0 B 

(b)

Cbo of 
Tttrbine 
Unite

Fira
Capability Load. Gas Turbine Steam

1 30(9) 12(-5) 12(-D 1 54 51 3 15
2 30(6) 12(-4)- 12(—5) 12(2) 2 66 57 9 15
3 30(10) 12(-5) 12(4) 24(13) -7 . 3 78 63 15 15
4 30(8) 12(-8) 12(2) 24(13) -8) 3 78 n 7 15
5 30(7) 24(+l) 12(0) 24(12) (-9) *. 90 79 11 15

6 30(7) (-5) 24(-l) ,12(-1) 5(3) 24(12) w 6 95 90 5 15
7 30(5) (-6) 24(-3). 24(8) 5(3) 24(11) (-10) 7 107 99 8 15
8 30(2) (-7) 24(-3) 24(8) 5(2) (-8) 24(12) 12(2) 8 119 H i 8 15
9 42(11) (-8) 24(-6) 24(8) 5(2) 12(3) 24(11) 12M). 10 143 124 19 15
10 42(10) (-9) 24(-2) 24(2) 5(1) 12(1) 24(8) 12(—1) (-4) 10 143 137 6 15

11 42(6) 12(1) 36(7) 24(-l)■ 5(1) : i2(i) 24(4) 12(-1) (-5) 12 167 155* 12 15
12 42(0) . 12(2) 36(4) 36(8) 5(0) 12(0) 24(2) 12(-3) -6 ) ’ 13 179 172 7 15
13 42(-5) 12(-1) 36(0) 36(16) 12(0) 10(4) 12C-2) 24(ir 12(-4) (-7 15 196 194 2 15
14 42(-5) 24(10) 36(--4) 36(14) 12(-2) 10(3) 12(-4) 24(-l) 12(3) 24(9) (-8) 18 232 217 15 15
15 54(2) 24(8) 36(-9) 36(11) 12(-4) 10(2) 12(-6) 24(-4) 12(2) 24(7) 12(3) 20 256 244 12 15

16 54(-3) 24(3) 48(1) 36(9) 12(-6) 10(1) ' ' 24(4) 24(-7) 12(-2) 24(8) 12(2) 22 280 270 10 15
17 54C-10) 24(4) 60(4) 36(6) 24(4) 10(3) (-10) 24(5) 36(2) 12 0) 24(2) 12(2) 25 316 304 12 15
18 66(-5) 24(2) 72(10) 36(2) 24(2) 10(2) 12(1) 24(1) 36(1) 12(-1) 24(-2) 12(1) 28 352 338 14 15
19 78(-3) 24(-l) 72(4) 36(-2) 24(0) 10(1) 12(0) 24(0) 48(6) 12(-3) 24(-4) 12(-1) 30 388 379 9 15
20 90(-l) 24(-4) 84(8) 36(-6) 24(-3) 10(0) 24(10) 24(-3) 60(13) 12(-4) 36(4) 12(-3) 34. 436 425 11 15

Remits: a) Inelmies 30 Mi of csxisting 45 stoam and purcMised------- -----
15 M$J steam is old and inefficient to be used for cold reserve?

b) 5 Mf machines used at Station Y
(6) Excess in capacity over load requirements, at station* Power available for adjacent stations & reserve®
(°6) Deficiency in capacity to meet load requirements at statlono Power supplied by adjacent stations®

Total
Reserve

Wo
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have to be transferred between stations. By using the economic
dispatch of power, which takes into account both incremental fuel

costs on units and losses ©h the station ties, the amount of power
that must be carried over the lines in am emergency is paramount

36in sizing the lines rather than the economic conductor size.
477 MGM all aluminum conductor, with a current carrying capacity of 
670 amperes-*^was selected as this would provide sufficient 
capacity for one unit to be out during peak load periods with the 
deficient capacity coming from an adjacent substation. This could 
be a condition existing if the station were operating radially, 

which would be representative of a case of operating with the loop 
©pea, or operation before some section of the loop is established. 
Voltage drop, approximately 12%, may be somewhat of a problem under
the above condition; however, as this is a very extreme case seme

|knowledge of the lead requirements would be necessary to fully 
determine if this drop in voltage would be too great. It will be 
assumed satisfactory, as in a few years most stations will have 
more than one unit, and the loop system will be completed to all 

stations.
Table 7 shows the estimated cost of these limes and the year 

in which they will be required. Figure 1, page 13; which shows the 
relative locations of the various load centers and! the year that 
the load center will be required, does not agree fully with the year 
that turbine capacity will be installed as shown in the above table. 
This is brought about by an examination of the load, and the lines



TABLE 7
12 KV STATION TIE LINES

Investment Costs 0 & M
Present

Year Section Miles
Total
Miles

Total 
Total Switch 
$ 000 Bays No.

Total 
$ 0 0 0

Capacitor 
Saving 
$ 0 0 0

Total 
Invest. 
$ 0 0 0 K Factor

Total 
PW 
$ 0 0 0

Annual 
$ 0 0 0

Worth 
Factor 
$ 0 0 0

Total 
PW 

$ 0 0 0

1 Existing 0 0 19 (19) .1300 2.47 . 1 . 0 0 0
2 B-G ' 6 * 6 30 4 1 0 0 48 82 .1226 10.05 2 . 0 .9434 1.19
3 X-H 3 * 9 45 6 150 65 130 .1157 15.04 3.0 .8900 2.67
4 X-B 6 * 15 75 8 2 0 0 65 2 1 0 .1092 22.93 4.0 .8396 3.36
5 H-G 6 * 2 1 105 1 0 250 81 274 .1030 28.22 5.0 .7921 3.96

Sub- total 78.71 11.18
6 C-Y 6 * 27 135 12 300 8 8 347 .0971 33.69 6 . 0  . .7473 4.48
7 27 135 12 300 104 331 .0917 30.35 6 . 0 .7050 4.23
8 G-F 3 30 165 14 350 1 2 1 394 .0865 34.08 7.66 .6651 5.09
9 30 165 14 350 152 358 .0816 29.21 7.66 .6274 4.80

1 0 B-J 3 33 195 15 375 152 418 .0770 32.19 8.82 .5919 5.22
Sub- total 239.23 35.00

1 1 33 195 17' 425 186 434 .0726 31.51 9.82 .5584 5.48
1 2 F-Y 6 39 250 19 475 2 0 2 523 .0687 35.93 12.14 .5286 6.42
13 39 250 21 525 225 550 .0646 35.53 13.14 .4970 6.53
14 39 250 23 575 274 551 .0635 34.99 14.14 .4888 6.91
15 39 250 24 600 307 543 .0575 31.22 14.64 .4423 6.48
Sub- total 408.41 66.82

16 39 250 24 600 349 501 .0542 27.15 14.64 .4173 .6 . 1 1
17 39 250 26 650 390 510 .0512 26.11 15.64 .3936 6.16
18 39 250 26 650 436 464 .0483 22.41 15.64 .3714 5.81
19 39 250 26 650 485 415 .0455 18.88 15.64 .3503 5.48
2 0 39 250 26 650 551 349 .0430 15.01 15.64 . .3305 5.17

89.89

274.23

475.23

Sub-total 517.97 95.55 613.52

Basis: 477 MCM AA at $10,000 per mile (additional lines)
477*MCM AA at $ 5,000 per mile (replacement)
Operation and Maintenance $220 per mile (additional lines only as lines being replaced already have 0 & M charges),

and 2% of investment for substations.
Capacitor saving based on 90 to 80% pf. of .266 kvar per kw capacity at $6.00 per kvar.
Switch bays priced at $25,000 each.
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from the adjacent substation, to determine whether it could still 
be served from the turbine capacity at adjacent stations. In . 
general the load ranged from 8 to 12 MW before starting a new station.

Some thought was given to using the heavy feeders out of each 
station as the ties by joing them together at their ends, and while 
this is a possibility, the relay problem would be difficult due to 
branch loads being tapped off along the line.

i-

STABILITY AMD FAULT CONSIDERATIONS: The transient stability
and fault coiisideration are of primary importance on any utility
system. At first glance a system with short ties between generation

stations would seem to have little stability problems if any.
Stability will be investigated for two eases in she 20th year and
for one case in the 10th year. An adaption of the method of

47computation described in the paper by H. S. Anderson, H. 0. Simmons, 
Jr. and 6. A. Woodrow will be used together with methods from standard 
works^ ’̂ ’̂ o n  the subject. Transient salieney will be included, as 

it becomes quite apparent after plotting a few equal area criteria 
curves that the salieney effect is of importance in border line 

eases.
To simplify the work as much as possible, the 3 phase fault was 

placed on the load side of the line breaker at the|generator bus.
This produced the effect of a bus fault, which was used with the 
assumption of no power flow. Such an assumption produces results 
which are pessimistic when the system is shown to be stable but do 
not necessarily indicate instability when negative results are 
obtained. In such cases instability has to be investigated further



by more rigorous means. Another assumption could be made where all 
generator internal voltages were assumed equal. The basis for this 
assumption is that each station will be carrying primarily a local 
load, each with approximately the same power factor and all somewhat 
in proportion to their capacities with very little power transfer 
between stations. Since this may not be true under all load 
conditions, the calculated equivalent voltage of the other machines 
will be used. The units at the point of fault will be considered 
as one group of machines and all the other units will be considered 
as the other group of machines.

The reactance of the system viewed from the terminals of the 
generators on the faulted bus for transient conditions are shown in 
the following table:

TABLE 8

Year Station Xe^ Xe^ Xe^/Xeg

20 X .404 .650 .620

B .196 .542 .361
10 X .156 .396 .394

Xe^ = reactance before fault

Xe = reactance after faulted section is open 2
Values are p.u. on faulted bus generator base.
The values for the 20th year are high by the standards set in 

the conclusion by Woodrow^and it is necessary to plot an equal area 
criteria curve to get a better look at the problem. A switching time
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of 6 cycles will be assumed for determining the fault duration.
The inertia constant, H, for each machine will be combined into 
an equivalent value Ho for the system.

Figure 4 shows the network and location of generation, together 
with the constants that will be used in making the following 

calculations for the equal area criteria analysis.

Load P + JQ = 1.0 /26.6°

et ” 1
i = ip - iq = 90 - j .444

= et + j Xq (ip - V  = L-76E

id = i sin (26.6 + 33.1°) = .86

°q = Eq - ^  (Xq ' Xd> = *974

e2 = et " J Xel (Ip " J iq)

For Station X For Station B
e2 = 1 - j .404 (.90 - j .444) 6% = 1 - j .196 (.90 - j .444)

= .894 7-23.4° = .922 7-10.9°

So = 26.6° + 23.4° So = 26.6 + 10.9°
= 50.0° = 37.5°

Power after the line is opened
2

P = e' e2 sin 8 - e2 (X - X^) sin 2 S
V  + Xe2 2 (Xd 'q+ Xe2) (Xq + Xe2)

For Station X
P = 1.075 sin 8 - .264 sin 2 8 

For Station B
P = 1.29 sin 8 - .346 sin 2 8
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Substituting values for 8 the equal area criteria curve of Figure 4
was plotted.
A $ = 180 f T„ (A t)2

~2H
H Station X = (H Steam) (15) + (H Turbine) (60) = 11.4

75 75
H remainder of system (H Turbine) 322 =* 60

75
Hq System equivalent (11.4) (60) == 9.6

fault at Station X 71.4
H Station B = 14
H remainder of system = (H Steam) (15) + (H Turbine) (382)

84 84

= (6) (15) + (14) (382) = 64.8
84 84

Hq System equivalent (14) (64.8) = 8.2
fault at Station B 78.8

At = 6 cycles = .1 sec.
For fault at Station X

AS = 180 x 60 (.90) x (.01) = 11.2°
9.6

8 2 = 8 0 + A 8 = 50.0° + 11.2° = 61.2°
For fault at Station B

A S  = 180 x 60 (.90) (.01) = 13.1°
8.2

8 0 = 8 + A 8 = 37.5°+ 13.1° = 50.6°z o
Plotting these values on the curves of Figure 5 permits 

determination of the stability of comparing accelerating power and 
decelerating power. When decelerating power exceeds accelerating 
power the system will be stable. Examination of these areas shows
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X per mile “ 3*5*spacing “ .6 
X per section - 1,8
For 92.5 MVA Base
Base leva - 92.5 MVA (75 MW at 80% pf) 
Base kv “ 12.5 
Base ohms ■ 2.25
X line section “ 1.8 “ .8 p.u.

2.25
For Machines 
Id» x MVA Base

Machine MVA
Id» P.u.

W
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a deceleration to acceleration ratio of 249 to 110 for Station B and 
96 to 72 for Station X. For fault at Station B very good stability 
exists. Station X is also stable but is not far from the critical 
condition.

These conditions are extreme as all station buses would have 
load taken off locally and all power would not flow into the system 
as shown in the before fault calculations. Examination of the 
calculation of 62 shows the drop being caused by all the generator 
output, which for our system would rarely, if ever, be the case.

In the original specification of the system the load power 
factor was assumed to be 907.. If 807. power factor machines, as 
assumed in the problem, or even 85% power factor machines, are used 
there would be considerable saving in capacitors, needed to correct 
the system to the desired limit by using the extra reactive capacity 
of the machines. This also increases stability by operating further 
into the over excited region of the machine. Credit for saving 

in capacitors will be given in the estimates.

Short circuit duty on the line breakers is expected to be high 

due to 12.5 kv and large generation capacity. Looking at the value 
of a three phase bus fault for the 20th year at Station X and B 
using subtransient values for generation connected to the bus and 
transient reactance for the other generator we have for:

Station X Station B

*ei x
Y e  _i_ Y  11Xel + Xq

X (.404) (.090) = .0816 X (.196) (.090) = .095 
.186Fault .494 Fault



40.
Station X Station B
MVA = 1 (92.5) = 1140

.0816
MVA = _1__ (105) = 1120

.095
Line breaker faults would be slightly less by the amount of the 

contribution from the external system. Also a generator breaker 
fault would be lower than the bus fault by the generator contribution. 
This indicates that at least a 1500 MVA breaker would be required at 
these stations. Other stations, except possibly G, would have 
considerably less fault duty as generation capacity is much smaller. 
1000 MVA breakers will be used as an average size for estimating 

purposes.
Before actually deciding on the actual breaker size, a more 

detailed fault study would be required using several types of faults.
FUEL CONSIDERATIONS: In Chapter I natural gas was selected as

the fuel to be used for this study, for both gas turbine and 
conventional steam cases. An assumption was made that three delivery 
points from the cross country transmission would be available at 

Station A, B and D, shown on Figure 1, page 13, from which points 
the transmission would become the responsibility of the utility.

Several possibilities are open for delivery of this fuel to the 
other stations. The ideal situation would be to make use of the 
existing gas system supplying the metropolitan area. In a system 
with a summer peak electric load and winter peak gas load, this is 
a distinct possibility and would require a minimum of investment in 
new gas lines. The second would be a system of new lines to supply 
the gas turbines, completely divorced from the existing gas



41.
distribution system, and the third a combination of the other two 
possibilities.

Before selecting an assumed method it is necessary to examine 
the terminal conditions involved. Gas delivery from the transmission 
line would be at pressures not less than 300 psi. The requirements at 
the turbine station would, of necessity, have to be at least 115 psi, 
when it is considered that the compressors on the turbines raise the 
atmospheric air pressure from 6 to 8 times. The gas which is burned 
in this higher pressure air must be at a greater pressure to be forced 
into the combustion chamber. If gas pressures were too low, auxiliary 
gas compressors would be required to raise the pressure to the proper 

value.
S e v e ra l s e ts  o f  f lo w  c a lc u la t io n s  w e re  made u s in g  th e  Unwin

on terminal conditions. An eight inch line over the route shown in 
Figure 3 for transmission was ultimately required. It is probable 
that a year by year economic study of gas lines in various combinations 
of sizes would develop a more economical long range plan for gas 
supply; however, such a detailed study is beyond the scope of this 
investigation. Table 9 shows the cost of the gas lines and their 

operating and maintenance cost.
Making the assumption that some of the distribution system can be 

incorporated into the turbine supply requirements, it seems reasonable 
to reduce the costs chargeable to turbine supply to 80% of the costs 
shown in Table 9. Estimates will be based on this assumption.

fo rm u la e  Q = .03776 , holding the above limits



GAS LINE COSTS

Investment Cost 0 & M
Total PW Annual PW Total PW

Year Section Miles Total $ 0 0 0 K Factor $ 0 0 0 $ 0 0 0 PW Factor $ 0 0 0 $ 0 0 0

1 B-G-G 6 6 1 0 2 .1300 13.26 3.84 1 . 0 0 0 3.84
2 6 1 0 2 . 1226 12.51 3.84 .9434 3.62
3 6 1 0 2 .1157 11.80 3.84 .8900 3.42
4 6 1 0 2 . 1092 11.14 3.84 .8396 3.22
5 6 1 0 2 .1030 10.51 3.84 . 7921 3.04 76.36

Sub-total 59.22 17.14

6 D-Y 3* 9 132 .0971 12.82 4.30 .7473 3.21
7 9 132 .0917 1 2 . 1 0 4.30 . 7050 3.03
8 X-H. 3 1 2 234 .0865 20.24 6 . 2 2 .6651 4.14
9 G-F 3 15 285 .0816 23.26 8.14 .6274 5.11

1 0 15 285 .0770 21.95 8.14 .5919 4.82
Sub-total 149.59 37.45 187.04

11 X-A 3 18 336 .0726 24.39 10.06 .5584 5.62
1 2 336 .0687 23.08 10.06 .5286 5.32
13 336 .0646 21.71 10.06 .4970 5.00
14 H-G 6 ■ 24 438 .0635 27.81 13.90 .4888 6.79
15 B-J 3* 27 468 .0575 26.91 14.36 .4423 6.35

Sub-total 273.49 66.53 340.02

16 C-D 3 30 519 .0542 28.13 16.28 .4173 6.79
17 D-Y 3 33 570 .0512 29.18 18.20 .3936 7.16
18 F-Y 6 39 672 .0483 32.46 22.04 .3714 8.19
19 39 672 .0455 30.58 22.04 .3503 7.72
2 0 ' 3 9 ' 672 .0430 28.90 22.04 .3305 7.28

Total 422.74 103.67 526.41

All mains 8 ", except * which is 4"
Basic Price 8 " Main $17,000/ mi.
Basic Price 0 & M $90/mi - 3" Equivalent
Regulating & metering equipment included with station estimates.
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In evaluating fuel eestd 1000 BT0 gas at a pwiee ©fl 30 cents a 

■ Be£ |10® Bttt) will be used as the base ©osto By taking advantage of 
She small incremental sfge #f the turbine units and:; their quick 
starting abilityd while taking seme ©£ the load swings the one 
• steam unit with higher and flatter e£f iaiemay char a© t er i s t ic s $, overalli
annual load factors on the unites ate estimated to be as shewn in tehe

TABLE10 
Unitt wish regenerator
and. intercooler_ tlnlfc with Infcer-Gooler
14100 BTU/kwht ! 16000 BTO/kwht
13800 BTtJ/kwhf ; IS 600 BTO/kwht
13600 BTO/kwht I; 1S400 BTU/kwhr

Estimated pte'seai wstteh values ©S luel will be included with

the estimates in the section on sequence of Generator Installation.
MQlSl OOMSllIBAflOlSs The gas tutbine units will be installed 

in place ©f substations, and in the same locations«: Since it is
impossible to place all the substation sites away item residential 
and other built up areas the problem of noise becomes important.
This problem already estisfts, with the noise from transformers being 
the major source of complaint*

The gas turbine units can be expected ft© be noisy, if lor no 
other reason than the noise produced by the velocity of large 
quantities of air passing into the compressor and then exhausting to
atmosphere after completion of the cycle* figure 6 shows some
typical sound levels that were measured around a unit. These range
from 76 decibels 100 feet from the building to 94 decibels next

following tables

Annual 
Tear Load., .factor,

I to 5 31
6 to 10 90
II to 20 95



SOUND LEVEL RECORDINGS FOR 
A TYPICAL GAS TURBINE INSTALLATION

AR INLET.

GAS TURBINEFILTER
WASHER

GAS
EXHAUST

92 Db
76 Db 94 Db 94 Db100'

76 Db100'PLATFORM 92 Db

100'

Db-  DECIBELS
Sketch used by permission of Westinghouse 

Phoenix office. 76 Db T T -I6 I



52 53to the unit» For comparison to known sounds 9 the following 
approximate sound levels are shown: quite residental street 50
decibels9 average factory 70 decibels, heavy street traffic 90 
decibels, and a noisy factory 100 decibels«

This problem of suppressing the noise to a desirable limit 
does not seem insurmountable. A probable answer may be the use of 
properly designed baffles and barriers.^at those locations where 
noise would be ©bjectional.

EVALUATION OF VARIOUS SEQUENCES OF GENERATOR INSTALLATIONS: To 
properly evaluate the cost of the gas turbine plan, it is necessary 
to consider several sizes and program them over the years* At the 
beginning of the study the 12 MW unit was. selected!; as the basic 
unit for arriving at some of the conditions that were to be assumed 
constant for all cases. Three sizes, 12 MW, 15 MW and 18 MW, with 
regenerator and intercooler, and with intercooler only, will now 

be considered.
The results of these investigations are summarized in Table 11, 

and are based on Tables 12 to 21 which follow at the end of the 
chapter, and on Table 6, page 30, Table 7 page 32,r and Table 9 

page 42. !
The 12 MW turbine, with intercooler only, gives the lowest , 

overall costs for both a 20 year evaluation and a 10 year evaluation. 
However, the differences between any of the six sequences investigated 
is relatively small, and any one can be selected for comparison with 
the conventional system of power supply being presented in Chapter III,
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Small changes in tiie component costs used to build each sequence 
would have favored another sequence. For example, if the price of 
gas used had been slightly more the sequences with the regenerator 
would have been the better*

• All the sequence evaluations have been built up of component 
evaluations in 5 years present worth steps to allewl further analysis 
should it be desired. In addition any component evaluation can be 
raised or lowered by a desired percentage to adjust for different 
assumptionss as long as the yearly programed sequence of installation
remains as assumed. This flexibility can be shown by changing the

1
estimated cost of the 18 EE turbine by ten per cent: downward.
This would reduce the overall present worth cost of the sequence 
using this machine by ten per cent of the present worth cost of 
the 18 EE turbine.
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TABLE 11

SUMMARY OF PW VALUES VARIOUS SEQUENCES 

All values are § x 1000
Regenerator and !
Inftereooler ;Infeereeoler Only

12 MW Table 10 Yr. 20 Yr. 10 Yr. 20 Yr.
Units 16 9,268 29,554 7,934 25,233
0 & M 15 2,265 5,016 2,265 5,016
Fuel 14 9,782 28,637 11,040 32,277
12 kv lines 7 614 284 614 274
©as Lines 80% 9 150 421 150 421
Total 22,079 63,912 22,003 63,221
15 MW

Units 17 9,616 . 29,722 8,250 25,450
0 & M 15 2,265 5,016 2,265 5,016
Fuel 14 9,782 28,637 11,040 32,277
12■- kv lines 7 614 , 274 : - 614 274
©as Lines 80% 9 150 421 150 421
Total 82,427 64,070 22,319 63,438
18 MW j

Units 18 9,876 30,175 8,310 25,600
0 & M 15 2,265 5,016 2,265 5,016
Fuel 14 9,782 28,637 11,040 32,277
12 kv lines 7 614 274 ; 614 274
Gas Lines 80% 9 150 421 150 421
Total 22,687 64,523 22,379 63,588
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TABLE 11 
SEQLENGE FOR 15 MW

Req' d
Total "Seni by Me. of Turbine Total

Year Lead Turbine Units MW Reserve Reserve
1 51 21 2 30 .1 24
1 57 27 2 30

/, CL
3 :1 Q 18073

4
bo
71

33
41 3' 45

Id r
4 19

5 79 49 4 60 11 26
6 90 60 5* 65 5 : 20
7 99 69 6 80 i i : 26
8 111 81 7 95 14 ! 29
9 114 94 8 110 16 31
10 137 107 8 110 3 : 18

11 155 125 10 140 15 : 30
11 172 142 11 155 13 : 28
13 194 164 13* ' 175 11 26
14 217 187 14 190 3 18
15 144 214 15 220 6 : 21

16 270 .240 18 250 10 25
17 304 274 20 180 6 L 21
IS 338 308 22 31© 2 17
19 379 349 25 ' 155 6 ! 21
10 315 395 28 400 5 !' 20

* 5 HW Units used at Station. If
Total Reserve ,= Turbine Reserve + 15 MW Steam.
Req11 d Generation by Turbine = Total Load Less 
Firm steam generation + Furehased = 15 + 15 = 30 MW
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TABLE 13 
SEQUENCE ffQR 18 MW

Req’d
. Total @en. By No, of Turbine Total

Year Lead Turbine ' Unites MW Reserve Reserve
1 51 ■ 21 2 36 15 : 30
I 57 27 2 36 9 : 24
3 63 33 2 36 3 18
4 71 41 3 54 13 i: 28
5 79 49 3 54 ' 7 ; 21

6 90 60 5* 77 17 : 32 -
7 99 69 5 77 8 23
8 111 81 6 95 14 ! 29
9 124 94 7 113 19 34
10 137 107 7 113 16 j. 31

11 155 125 8 131 ' 6 21
12 172 ■ 141 9 149 7 : 22
13 194 164 .11* 172 8 •. 23
14 2-17 187 12 208 21 i: 36
15 244 214 14 226 12 I 27

16 270 240 16 262 22 : 37
17 304 274 17 280 6 21
18 ■' 338 308 19 316 8 23
19 379 349 22 370 21 36
20 . 325 395 24 406 11 : ' 26

* 5 MW units used ate Station Y :

Total Reserve = Turbine Reserve + 15 MW Steam,
■Req’d Generation by Turbine = Total Load: Less 
Firm Steam Generation + Purchased = 15 + 15 a. 30 MW
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Year

1
I
3
4
5

6
7
8 
§
10

11
11
13
14
15

16
17
IS
19
20 

Tetial

NOTE:

TABLE 14 
EVALUATION OF FUEL COSTS

Load Less 
15 MW Fur. 

MW
36
42
48
56
64

With regenerator 
and intercooler

Annual PW
$/KW 
(a).

Witeh Intereooler

18,50 666
777
888

1,036
1,182

666
726
790
869
936

21.02

3,987

Annual
8/000

756
884

1,010
1,178
1,347

PW

666
824
898
987

1,066
4,441

75
84
96
109
121

.140
157
179
202
229

18,13

17.88

1,360
1,522
1,740
1,975
2,210

2,502
2,805
3,200
3,610
4,090

1,017
1,073
1,158
1,239
1,308
9,782
1,397
1,482
1,58®
1,761
1,818

17,82®

20,60 1,570
1,741 
1,968 
2,235 
2,502

20.21 2,830
3,170
3,618
4,080
4,635

1,171
1,228
1,320
1,400
1,480

11,040
1,580
1,675
1,795
1,990
2,045
20,125

255
289
323
364
410

17, 4,560
5,160
5,780
6,510
7,330

1,900
1,030
2,188
2,200
2,419.
28,637

20.21 5,160
5,740
6,530
7,360
8,280

2,150
2,260
2,430
2,579
2,733
32,277

(a) Fuel cost per KW at 50% system load factor.
«. 50% x 8760 hours x BTU/kwhr x Fuel ebst/BTU 

BTU/kwh from Table 10 page 43 |
Fuel cost assumed at $0.30/1© BTU
PW = Annual cost x PW factor from Table 5 page 20



TABLE 15
EVALUATION OPERATION AND MAINTENANCE COSTS 
BASED ON 12 MW, ALSO USED FOR 15 & 18 MW

Year

Firm
No, of Capability 
Turbine Exeluding 
Stations Purchased

Annual
Maine.
Mise.

& Annual
Annual 
0 & M

PW

1a
3
4
5

iub-teoeal

a
3
3
3
3

54
66
78
78
90

81
99
107
107
135

131
143
143
143
143

213
142
250
250
278

213
228
222
210
221

1.094

6
7
8 
9
10

Sub-

4
4
6
7
7

95
107
119
143
143

143
161
178
215
215

154
154
176
187
187

297
315
354
402
402

total

222
222
237 
252
238 

2,265

11
12
13
14
15 

Sub-

8
8
9
10 
11

167
179
196
232
276

251
269
294
348
384

198
198
209
220
231

449
465
503
568
615

total

251
246
250
277
272

3,561

16
17
18
19
20
Sub-total

11*
11
12
12*
12

280
316
352
388
436

420
474
548
§82
654

242
242
253
164
264

662
716
801
846
918

276
282
298
296
303

5,016

Basis of Cost! Annual Maintenance and Miscellaneous $1.50 kw.
Annual operation, station 3 units or less $11,000 
Annual operation cost station more than 3 units 

$22,000
Annual operation eost station X = $110,000 for 

15 MW Steam Unit plus $11,000 for turbines.
PW = PW factor from Table 5 page 20 x Annual 0 & M

In reference to operating expense refer to page 28 of text.



TABLE 16
EVALUATION INVESTMENT POSTS OF 12 MW TURBINE UNITS

Witih regenerator With Intereooler 
and intiereoeler Only

A t
Total Initial At Add*I Invest* FW

Year Installed Price Price. $000 $00© -y> o o o FW

1 1 I 3,700 481 3,174 413
1 3 3 5,553 600 4,761 584
3 3 3 5,553 641 4,761 • 581
4 3 3 .5,553. 606 4,761 510
5 5 

Sub-total
3 2 9,133 941

3,350
7,805 804

2,872

6 6 4* 1 9,873 959 8,440 810
7 7 4 3 11,663 1,069 9,962 914
8 8 5 . 3 13,514 1,169 11,549 999
9 10 6 4 17,155 1,400 14,658 1,198
10 10 

Sub-total
6 4 17,155 1,321

9,268
14,658 1 = 131 

7,934

11 12 7 5 20,796 1,510 17,767 1,290
11 14 8 6 24,437 1,679 20,876 1,434
13 15 3 • 7* 25,153 1,625 21,585 1,394
14 18 9 9 30,584 1,942 26,117 1,662
IS 10 
Sub-total

10 10 34,125 1,968
17,992

29,225 1,680
15,394

16 as 10 12 37,805 2,049 32,269 1,749
17 25 10 15 43,175 1,110 36,835 1,886
18 28 11 16 48,606 2,348 41,465 2,003
19 30 11 19 52,186 1,403 44,505 2,025
10 34 
Sub-total

11 23 59,346 1,552
29,584

50,601 2,176
25,133

HOTEs a) Units at Steam Plant (Station X) will all be at
additional prime, 

b) Year of installation based on Table 6 page 30
* S MW units used at Station ¥

FW. =s E factor from Table S page 10 x Investment.
Primes based on estimates of Table 19.



TABLE 17
EVALUATION OF INVESTMENT COST 15 MW UNITS

With RegenegAteoff & Imfeercooler 
At i;

Total Initial At Add1! Initial Add'l 
Year Installed Price Price $000 $000 Invest. PW

1
2
3
4

2
2
3
3

2
2
3
3

4.598
4.598
6.897
6.897

4.598
4.598
6.897
6.897

597
563
796
753

5 4 3 1 6,897 2,196- 9,093 954
3,663

6 5 4* 1 7,657 2,196 • 9,853 956
7 6 4 2 7,657 4,392 12,049 1,115
8 7 5 2 9,956 4,392 14,348 1,241
9 8 6 2 12,255 4,392 16,647 1,360
10 8 6 2 12,255 4,392; 16,647 1,281

9,616

11 10 7 3 14,554 6,588 21,142 1,535
12 11 8 3 16,853 6,588 23,441 1,615
13 12 8 5* 16,853 9,534: 26,387 1,710
14 14 9 5 19,152 9,534 28,686 1,822
15 15 10 - 5 21,421 9,534: 31,955 1,840

18,138

16 18 10 8 21,421 16,122 37,543 2,035
17 20 10 10 21,421 20,514: 46,935 2,144
18 22 11 11 23,750 22,710: 46,460 2,240
19 25 11 14 23,750 29,298 53,048 2,415
20
total

28 11 19 23,750 40,278: 64,026 2,750
29,722

NOTE: for unit with intercooler would be approximately
$25,450 x 103 using estimated cost ratio as a guide.

' * 5 MW units at Station Y
Prices are based on Estimates of Table 20
PW » K factor from Table 5 page 20 x Investment
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TABLE 18
EVALWATim OF INVESTMENT COSTS 18 MW TlRBlME UNITS

With regenerator and 
Intereooler

At
Total 

Year Installed
Initial
Price

At Add"I 
Price K Factor

Invest. 
$000

PW
$000

1 2 1 .130 5;, 488 712
2 1 2 .1226 5,488 672
3 .1A Q

2 . Q ,1157 5,488 634QQ£
5 3

Sub-total
3

. 1092 

.1030 8;, 232 847
3,761

6 5 4* 1 .0971 11,665 1,132
7 • 5 4 1 .©917 11,665 1,070
8 6 5 1 .0865 13,810 1,193
9 7 6 1 .0816 17,153 1,400
10 7 

Sub-total
6 1 .0770 17j, 153 1,320

9,876

11 8 7 1 .0776 19,897 1,545
12 -t 9 8 1 .0687 12,641 1,625
13 11 8 3* .0646 16,044 1,620
14 12 9 3 .0635 28,788 1,820
15 14 

Sub i» total
10 4 .0575 34,185 1,961

18,455
16 ■ 16 10 6 .0542 39,491 2,137
17 17 10 7 .0512 41,144 1,155
18 19 11 8 .0483 47,511 2,291
19 12 11 11 . 0455 Si', 500 1,522
10 24 

Total
11 13 .043© 60,806 2,615

30,175

For unit with intereooler only Total PW won lid be approximately 
$25,60© x l©^ using estimated eostt ratio as ia guide.

* 5 MW units used at Station Y
Primes based on estimates of. Table 21
PW = K faettor from Table 5 page 20 a Investment
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TABLE W

ESTIMATED GOST 11 MW §Ai TURBINE GENERATOR EMITS

Wifeh In tier eoo leg OnlyWith Regenerator and
_____Infeereofller
Initial Additional Initial Additional

Installation Installation Installation Installation

@as Turbine, 
generator
Regenerator (were 1,320 
required) and 
Intiereoolers.

Housing, erane and
96.

250

30

8 
26 

1,730 
121 

1,851 
.154

lleettrieal and Meeh. 
equipment, machine 
foundations and 
Installation

Automatic Equipment 
for remote control 
and supervision

Gas Metering and 
lion

11 kv switch bays 

Total 

Overhead 

Total

iost per kw

1,329

71

230

20

7
 24.
1,673

117
1,79©
,149

1,080

96

240

. 30

8
26

1,480
107

1,587
.133

1,080

72

220 '

20

7

24

1,423
99

1,522

,127



56.

TABLE .20 ;
1STIMATEI @08T 15 MW GAS TURBINE GENERATOR UNITS

With Regenerator and
Intereooler With Intercooler Only

Initial Additional Initial Additional
Installation Installation Installation Installation

Sas, Turbines
generator (were 1,65# 1,650 1,350 1,350
required) and
Inftereoolers ' |

Housing, crane and
120 90 120 90

Electrical and Meetu 
Equipment, Machine
Foundation and 315 285 300 270
Installations

Automatic Equipment
for remote control 30 20 30 20
and supervision

gas Metering and
• 8 7 8 7

11,5 kv switch bays 16 24 26 14
Total 2,149 2,052 1,834 1,761
Overhead 7% 150 144 129 123

Total 2s299 2,196 1,963 1,884
©ost per kw & 153 .146 .181 .125
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TABLE mi
ESTIMATED @0§T 18 MW GAS TURBINE GENERATOR UNITS

With Regeaeirafcer and 
ImSeareeeler With InfceireoQler Only

initial Additional Initial Additional
Installation Installation Installation Installation

ias Turbine- 
Generator, Re~ 
generator (were 
required) and 
Inttereeolers
Housing, crane and

Eleetrieal and 
Mechanical 
Equipment, machine 
foundations and 
Installation ■
Automatic Equip. 
for remote control 
and supervision
Gas metering and 

lion

11.S kv switch bajs 
Total
Overhead 7%

Total
dost per kw

1,980

140

38©

3®

8
16

1,564
18®

1,744

.151

1,98®

110

34©

20

7
14

1,481
172

2,651

149

1,610

140

360

30

8
16

2, [184 
157 

2,341 
.130

1,61®

110

315

7

14
1,106

147

1,253
.125



8HAPTE& III

SUPPLY OF THI SYSTEM BY CONVENTIONAL STEAM PLANTS

The results obtained in the proceeding Chapter have little 

economic value in our study3 unless they can be compared to the 

cost of a more conventional and accepted method of supplying power 

to this same hypothetical area. In this Chapter a conventional 

system using steam generationg transmission lines, and substations 

will be employe# for power supply to the area.

Since this method of power supply is well known and accepted, 

much of the description will be omitted except where necessary to 

explain the reasoning for certain selections. Experience based on
<3 0 AQ !'comprehensive studies * * of an analogous system will be drawn

on when applicable. This analogous system was one with a faster 

rate of growth and somewhat different power sources; however, 

some of the,findings can be used to advantage in this Chapter.

SELECTION OF PLANT SITES: To follow a guiding principle of

placing the generation as near the load as possible, consistent 

with keeping the number of plants and transmission facilities to 

a minimum, Station X was selected as one plant location and Station 

D the second. An assumption was made that these two sites were 

the best available tt© meet the load distribution, while at the same 

time taking into account such factors as land values and restrictions, 

suitable water supply, availability of fuel supply, and aceesibility



of fche railroad.

SWITCH 1A¥S AND SUBSTATIONS; The 69 kv switch bays were
installed in the sequence shown in Table 21, and in general coincide
with the construction of the line sections to be discussed later.
In the earlier years it was desirable to tap the line into some 
substations until the load on the substation became larger and 
separate switching could be justified.

The 69/11.1 kv substations were established to meet the load
requirements specified in Table 1, page 11, and the load distribution

i;shown in Figure 1, page 13. A 12/16 M¥A OA/FA transformer was used 
as the standard unit and the estimates were based on this size.
This generally provides for two distribution feeders of 6 to 8 MVA 
per transformer. Transformers at the generation stations are 
considered as part of the station and are included in the cost of 
generation plant. In some instances a standard size transformer 
was not used initially, but rather a smaller one which was replaced 
latter as the load grew.

Table 23 shows the transformer capacity installed by years, and 
also an evaluation of investment, operation, and maintenance costs, 

and the cost of losses.
TRANSMISSION LIMES; For any system using transmission, the 

selection of the operating voltage is of major importance. In a 

previous study the use of voltages greater than 69 kv were not 
justified. Substation spacing and the relationship to power sources 

was similar, but the rate of growth of that system was greater in 
that study. i;



TABLE 22

60.

69 KV SUBSTATION SWITCH BAYS

Investment 0 & M
No. of Bays No. Switch Bay 

Year Required Tap Only $000 PW $000 PW

1 5 1 225 29,3 5.6 5.6
1 7 1 319 39.1 : 8.0 7.5
3 7 1 319 36.9 j 8.0 7.1
4 7 1 319 34.8 i 8.0 6.7
I

Sub-total
10 1 435 44*8

185
10.9 8.6

36
6 11 1 477 46.3 10.9 8.2
7 11 1 477 43.7 10.9 7.7
8 16 672 58.1 168 11.2
9 20 840 68.5 21 13.2
10

Sub-total
22 924 71.1

473
23.1 13.7

90
11 22 924 67.1 23.1 12.9
11 22 924 63.5 23.1 12.2
13 21 1 933 60.3 123.3 11.6
14 22 2 949 60.3 23.7 11.6
15

Sub-total
26 2' 1122 64.5

788
28.1 12.4

150
16 28 1 1206 65.4 30.2 12.6
17 34 1428 73.1 35.7 14.1
18 36 1512 73.0 37.8 14.0
19 36 1512 68.8 37.8 13.2
20

Total
36 1512 65.0

1134
37.8 12.5

217
Switch Bay Estimated at $42,000 using 2.5 MVA OCB as 
an average size.

Taps into sub estimated at $15,000. f .

Operation and Maintenance 2.5% of Investment
PW (Investment) «= Investment x K factor from Table 5 page 20
PW ( 0 & M) s 0 & M x PW multiplier from Table S page 10,



TABLE 13 
69/11 K¥ SUBSTATION TRANSFORMERS

Capacity No Peak
Installed Load Load
MVA 0A/FA Loss Loss

Year (a) kw kw $000 . PW $000 PW
1 24/32 48. 270 140 18.2 i 2.8 2.8
2 24/32 48. 320 140 17,3 2.8 2.6
3 32/41 64. 290 190 21.9 3.8 3,4
4 S4/38 108. 222 310 33.0 6.2 5.2
5 56/94 

Sub-total
112. 280 330 34.0

124
r 6.6 5.2

19
6 69/100 138. 315 330 32.0 6.6 4.9
7 73/106 146. 374 415 37.6 8.3 5.9
8 81/116 162. 424 485 41.9 ! 9.7 6.5
9 81/116 162, 533 485 39.6 9.7 6.1
1© 102/134 

Sub-total
104, 560 610 46,9

322
12.2 7.2

50

11 118/136 • 2.36, 505 610 44.4 12.2 6.8
12 118/136 236, 739 610 42.0 12.2 6.4
13 145/192 190. 746 890 57.6 17.8 8.8
14 160/212 320. 910 975 61,9 19.5 9.5
IS 164/218 

Sub-total
318. 1110 1065 61.2

590
121,3 9.4

91
16 200/269 400. 1160 1170 63.5 22.4 9.4
17 236/314 472 1120 1380 70.6 27.6 10.9
18 236/314 472 1500 1400 67,6 28.0 10.5
19 272/362 544, 1630 1610 73.2 32.2 11.3
20 272/362 

Total
544. 2050 1610 69.1

934
32.2 10.6

144
(a) does not include Station X or D transformers which are 

included as part of the station.12/16 MVA used as 
standard unit, smaller units used temporarily in some 
locations until load builds up. Transformer bay and 
transformer priced at $70,000 for 12/16 MVA unit.

Lossesi No Load Kw = .1% x ©A Rating.  ̂ Load
Peak Lead Kw * .3% x ©A Rating x ( §A. Rating)

0 6s M expense taken as 1% of investment cost. i



Further studies’̂ ’̂ o f  same area on a network analyzer further 
confirmed the justification and suitability of 69 kv. Based on 
these results, 69 kv will be selected as the transmission voltage 

for this study.
Conductor size was assumed, using the previous studies as a 

guide, and later checked for correctness of economic conductor size. 
Using a 795 MCM AA conductor as the basic size, load flows were 
calculated for each year of the 20 year period. An example of the 
method of load flow calculations, which is for the 14th year, is 

shown in Table 24. The results of these load flows are shown in 
Table 25, which also includes the annual peak load loss based on 

I2R.
With these results a check on the selection of the 795 MCM 

AA conductor as an economical size can be made. This was done by
3 6  3 7  r J L n  %use of t)je formulae A = kl |̂ FC J where A = circular mills,
-In h

or root mean square of the current flow
a t  p eak  lo a d  in  th e  s e c t io n  f o r  n p e r io d s  o f  l i n e  lo a d ;  k  = 1375 
f o r  a l l  a lum inum ; P = a n n u a l c o s t  o f  lo s s e s  p e r  kw; F = f ix e d  

c h a rg e s , and C th e  c o s t  p e r  pound i n s t a l l e d  f o r  th e  c o n d u c to r .

The s iz e  s e le c te d  was s u f f i c i e n t l y  c lo s e  to  j u s t i f y  th e  use o f  t h i s  

s iz e .  C o n s id e r a t io n  had to  be g iv e n , in  s e le c t in g  t h i s  f i n a l  s iz e  

f o r  th e  m a in  l i n e s ,  to  th e  c u r r e n t  in  each s e c t io n ,  w h ic h  was 

d i f f e r e n t  and e x te n d e d  o v e r  d i f f e r e n t  p e r io d s  o f  y e a r s ,  as w e l l  

as b e in g  p a r a l l e d  in  l a t e r  y e a rs  in  some s e c t io n s .  A ls o  c o n s id e r 

a t io n  had to  be g iv e n  to  k e e p in g  th e  num ber o f  s iz e s  to  a minim um , 

p r e f e r a b ly  o n e . Em ergency lo a d  was a ls o  c o n s id e re d  b ased  on l i n e  —



TABLE 2k
EXAMPLE OF LOAD FLOU CALGJLATIOHS 

(Valdes for 14th Tear)

Station Load MVA
100 MVA Base 
Ecu Inu X-A

Line Section ~  
A-B ' B-C

Currents from Station Loads 
C-G G-I I-A H-X

Check Figures  ̂*  
Ecu x Inu Load, P + 1 0  (MVA)

1 • A 14 * j  6*8 Is O l cl53Z=26° .132 (.021) (.021) (.021) (.021) (.021) (.021) 1.0138/1.59 .153/262 15.4/2%.^ 13.7 * j 7.1
2 • B (J) 48 * j 23 lo 00 c53l/-26° .414. .414 (.117) (.117) (.117) (.117) (.117) 1.0028/0.6° .531/26° 53.3/26.6° 47.6 + j 23.8
3 C (D) (I) 43 * j 21 .99 s482/~26° .267 .267 .267 (.215) (.215) (.215) (.215) ^994^O£0P .482/26° 47.9/26.0° 43.0 <• j 21.0
4 G (F) 41 * j 20 1.00 c452/>26° .151 .151 .151 .151 (.301) (.301) (.301) ...9981/0.1° .452/26° 45.2/26.1° 40.6 * j 19.8
5 I 9 * j 4s4 1.01 o099/-26° .022 .022 .022 .022 .022 (.0 7 8 ) (.078) 1.0155/1.6° .0 9 9 ^ 2 9.96/26.9° 8.864- j 4.5
6 H 15 * j 7»3 . 1.025i s l6 2 /-2 6 ° .018 .018 .018 .018 .018 .018 (.144) 1.0155/1.69 .1 6 2 /2 6 ° 16.45/27.6° 14.6 * j 7.61 

168.2 4- j 83.8
7 X 1.03 1 .0 2 7 Z & 6 * 1.879/26° 193 /28.4° 169.9 * j 91.9
@ (Sum line 1 to 7) Total current line section/-26Q 1.004 .851 .320 (.1 6 2 ) (.614) (.713) (.875) Loss 1.7 * j 8.1
9 Impedance line section /78s85° .0217 .0217 -.0433 .0433 .0217 .0217 .0217

10 (Line 8 x Line 9) Voltage drop line section IZ/52e85° .0218 .0185 .0139 .0070 .0133 .0155 .0190

11 (From line 10) Voltage drop line section IR .0132 .0112 .0084 .0042 .0080 .0094 .0115
12 (From line 10) Voltage drop line section jlX .0174 .0147 .0111 .0056 .0106 .0124 .0152

( (1.03)2 - (»OA35)2 = 1»027

E .(Station X) = 1»027 * j e0435
E (Station Z) =■ E (Station X) «= XA drop (Line U  12)
E (Station B) = E (Station X ) - X A  drop <* AB drop (Line 11 <► 12)

NOTE: Power factor of load taken at approximately 90#; check figures give power factor varying from approximately 88<>6# to 90#
with same magnitude of load currents For purpose of study figures check close enoughs Additional accuracy could be
obtained if desired by again assuming hew values of E until desired accuracy is obtained»
Actual losses used for evaluation based on I2R e

W



TABLE 25
CORHEHT BY LIME SECTIONS 

Values are poUo on 100 MVA Base 69 kv

XA BC __SG- CD DY IE EF _FG_ -GI IH HX BJ Peak lor !
1 ol90 ol90 ©150 ©150 ©150 652 \ o250 ©250 ©808 ©112 ©112 ©112 1433 o280 ©280 ©090 ©123 ©123 ̂ ©201 1624 *346 ©340 ©112 ©123 ©123 ©213 270
5 o323 ©323 ©066 ©068 ©201 ©201 ©301 326
6 o420 ©365 ©086 ©093 • ©023 ©023 ©227 ©227 ©327 4457 ©466 ©400 ©098 ©104 o023 ©023 ©249 ©249 ©360 535
a ©538 ©460 ©160 ©053 ©034 ©034 ©090 ©277 ©277 ©387 4869 -©534 ©446 ©121 ©091 ©034 ©034 ©101 ©325 ©325 ©470 414

10 ©616 ©522 ©190 ©104 ©045 ©045 ©124 ©408 ©408 ©551 ©046 603
11 ©706 ©584 ©205 ©131 >045 . ©045 ©124 ©476 ©476 ©620 ©056 783
12 ©748 . ©637 ©213 ©157 ©056 ©056 ©135 ©548 ©548 ©714 ©067 970
13 o871 ©728 ©253 ©172 ©202 ©067 ©157 ©587 ©587 ©764 ©078 1316
14 I0OO4 ©851 ©320 ©162 ©235 ©078 ©179 0614 ©713 ©875 ©091 1597
15 ©573 ©398 ©202 ©143 ©587 ©333 ©245 ©245 ©045 ©126 ©238 ©425 ©102 790
16 ©638 ©406 ,229 ©149 0676 ©404 ©306 ©306 ©083 ©115 ©271 ©447 ©113 98217 ©850 ©630 ©068 ©149 ©547 ©295 ©220 ©120 ©092 ©251 ©482 ©724 ©113 120518 ©481 ©239 ©565 ©527 1o466 ©434 ©348 ©230 ©022 ©113 ©031 ©315 ©124 1718+19 ©570 ©296 0644 ©429 1©488 ©412 ©314 ©183 ©082 ©125 ©291 ©599 ©145 185520 o902 ©594 ©406 ©512 1©380 ©455 ©394 ©196 ©104 ©127 ©307 ©660 ©167 2096

NOTEs 1 pu current on 100 MVA Base 69 kv ° 1000 000 = 838 amp
lo?3 x 69

Loss = S im  of 1% for each lin® sectionStandard Conductor useds 795 MCM all aluminum on main lines336 K(M all alumintna on branch lines
_See Table for ..Schedule of Lines ' ^



out conditions t© determine the suitability of this size for other 
teham eeenomie reasens,

Te illtistrate how well the assumed 795 MGM all aluminum . 
conductor fits as an average size economic conductor, a few line 
sections will be examined. Using $16 per kw for P, 13% fixed 
charges for F, $.50 per pound for i, our formulae now becomes,
A = 17101, The root means square current and the !economic 
conductor size for the following line sections aref XA 1st line 
171 amp, 710 MOM; XA tnd line, 197 amp, 816 MOM; AB 1st line .246 
amp, 679 MOM; AB 2nd line 126 amp, 624 MOM BO 1st line 193 amp,
530 MOM; BO second line 173 amp, 750 MGM; GO 208 amp, 570 MOM. 
Emergency loading also has to be considered. Using section 06 
as an example, with the load of the 14th year and Section X-A 
open, it becomes necessary for the total load of A,B,G»D,J arid Y 
or a total of 105 MW to flow over Section 0-6. This is 955

C 1amperes which is slightly over the published thermal limits of 
900 amperes for the 795 MOM conductor.

It is recognized that at loadings other than peak, the only 
one studied, the flow in various sections may be different depending 
on load and generation scheduling at the time. Further detailed 
study would be required if it were necessary to establish many 
other loading conditions, and even using a network analyzer it 
would be a long process, due to the number of years involved. The 
selected size can be considered a good average, with the actual 
size to be used being determined by more detailed studies at a 
later date, ■



66
Table 26 shows the line sections Installed by years and also the 

evaluation of the investment, operation and maintenance costs.
LOSSES; The two major sources of losses on the system outside 

of the generation station are the transformers and the line. In 

the evaluation of losses there is some disagreement as to whether 

generating station investment should be included.

It has been included in this evaluation as it is necessary to 

have capacity, to supply these losses as well as fuel to supply the 

loss kilowatt hours, and only in some specific isolated ease would 

it be logical to omit this demand charge. <

Bullard^provides good justification for inclusion of demand 
charges in determining the cost of losses.

In the evaluation of load losses, an equivalent loss factor 
of 33% for a load factor of 50% was determined from published data.^ 
This is also approximately equal to (%

Table 27 shows the evaluation of the transformer and line 

losses using the losses shown in Tables S3 and 25.
GENERATOR SEQUENCES A W  THEIR EVALUATION; To meet the load and 

reserve requirements, additional generation will have to be added. 
However, as in the ease of the gas turbine^Installation, the old 
15 Mt? unit will be used as part of the reserve. In addition, the 
capability of the available generation will be increased 6% for 
reserve purposes, to take into account overload capability. 5% 
of the load will be assumed to be interrupfable in emergency.



TABLE 16 

69 K¥ TRAliMIiilQH LIMES

Gcmsferuefeion Investment ;■ @ & M
. T©6al i :  .

Tear Seefiiea Miles Miles $000 FW $000 FW
1 A-B, X-« IS IS SIO 87,1 ' ':3 3,0
8 B-Q S IS 158 30.8 :3.6 ■ 3,4
1 ' 
4

18
18

851
' 152

80,0 :i,-6
S7*’S is.. g

- . i X
3,0

S' 0-0 
Sub-total

S . 11 104
.<Ss> # *  V# - ! <Si' <> W  .

30,1. :4«1 
145 '

3.3
16

6 ir¥ 6 ^  17 348 33.8 ’ iS,4 4.0
7 87 341 31,-3- IS .4 3.8
S fl-F* 1-1 9 36 468 40,4 :7.8 4.8
9 1-S 0,, L 41 504 48,6 9,0 : 5.6
10 B-J 31 f 48 684 48,0 9.6 5.7

Sub-total 346 i 40
11 48 684 45,3 19.6 5.4
18 48 614 ■ 41.7 ’ 9.6 5.1
■ 11 48 : 6i4 40.3 19,6 4.8
14
15 - <£-¥

/ \ 48 
6 ^  48

614
684

39,5' 0.6 
39,4' 9.6

4.7
4,2

itib-t©teal 554 64
16 F-Y 6 54 768 41,6 10.8 4.5
17 14 768 39.3 10,8 4.1
18 0-B 3 S7 . 81© 39,1 11.4 4,1
10 57 810 36,8 11.4 4,0
10
Total

57 810 34,8' 111.4 
741■ T -

3.8
85

Line i©st 715 M@M all aluminum, ei■seept as meteed, $14,000
(a) 3/0 AiiR used 6 tt© 14th yw,s replaced with 795
<b) 336 AiiE, This seetiom only ate $10,000 mi.
0 & M $100 pew mi»
FW flavestoientt) « K ia©t@r fr©m Table S;; page M.

■ m Imvesfcmemtt 
FW (Q£M) m FW Multiplier Ir©m Table S page 10

' x lavestmeBt



TABLE 27

LOSS EVALUATION 
69 KV TRANSMISSION AND TRANSFORMERS

No Load Loss Load Losses Total

Transf. 
Year Kw $000

Transf. 
Kw

Line
Kw

Total
Kw $000 $000 PW

1 48 2.1 270 65 335 8.7 10.9 10.9
2 48 2.2 320 143 463 12.0 14.2 13.4
3 64 2.9 290 162 452 11.7 14.6 13.0

/ 4 108 4.9 222 270 492 12.7 17.6 14.8
5 112 

Sub-total
5.1 280 326 606 15.6 20.7 16.4

69

6 138 6.1 315 ' 445 760 19.6 26,8 20.0
7 146 6.6 374 532 906 23.4 30,0 21.2
S 162 7.3 424 486 910 23.5 30.8 20.5
9 162 7.3 533 414 947 24,5 31.8 20.O
10 204 

Sub-total
9.1 56© 603 1163 30.0 29.2 23,2

173
11 236 10.7 505 783 1288 33,3 44.0 24.6
12 236 10.7 739 970 1709 44.1 54.8 29.0
13 290 13.1 746 1316 2062 53.2 66.3 33.0
14 320 14.5 110 1597 2507 64.7 79.2 35.6
15 328 

Sub-total
14.8 1120 790 1910 49.3 64.1 28.4

324

16 400 18.1 1160 981 2142 55.3 73.4 30.6
17 472 21.3 1210 1205 2425 62.6 83.9 33.0
18 472 21.3 1500 1718 3218 83.1 104.4 38,8
19 544 24.6 1630 1855 3485 90.0 114.6 40.1
20 544 24.6 2050 2096 4146 107.1 131.7 43.5

Total 510

No load loss evaluation i ' - '
|U5/kw x 137. + (3,3 mills) 8760 krs) = 16.35 + 28.90 = $45.15
Load Loss Evaluations "
125 x 13% + (3.3 mills) (50% LF Equivalent Hours)
« 16.25 + (3.3 mills) (2900 hours) « 16.25 + 9.57 * 25.82

41Equivalent Hours for Losses for 50% LF = 2900 hours 
Approximately = 8760 x (LF)

I
PW = Cost of Losses a PW multipier from Table 5 page 20.



Machines ©f varieus sizes and ratings ean he selected in such 

@©mbinatti©ns that will produce the desired capability. Obviously 

n combinations are available. Experience dictates using the largest 

machine possible, consistent with economic justification, to take 

advantage of the lower cost per kw of investment and a lower heat 

rate.

Load distribution for the systems indicates that a second 
plant should be established in the IBsh year on the side of the 
system opposite the existing plant.

■ Two sequences of generation have been selected. Up to the 
establishment of the second plant (Station B), both sequences are 
the .same* Selection of units for Station B was between the use of 
1-100 MW units or 3-66 MM units. The build up of'the two sequences 
are shown in Tables AS and 19. Other combinations could be selected, 
however, it is believed that these two will present sufficient data 
for comparative purposes. ;

Heat rates were assumed over certain intervals of time. The 

heat rates used are included in Table 31, and if anything are on 
the optimistic side.

A summary of the present worth evaluation of all the component 
costs for the supply of electric power to the hypothetical system 
by steam generation is presented in Table 30, and is based on 

Tables 31, 31 and 33 at the end of the chapter and on the proceeding
Tables 12, 23, 16 and 27. ■

Sequence A, using 2-100 MM units at Station D, gives the lower
cost of the two plans"investigated, and will be used for comparison



with the gas turbine supplied system ©i Chapter II. The analysis 

of this comparison will be made in the following Chapter.

These results are flexible, as were those of Chapter II, and 

here again percentage changes can be made for any component parts 

of the sequence, as long as the programed schedule of installation 

by years is not changed.
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TABLES 18
GENERATOR SEQUENCES A

Seation X - (33-33-33-66-66) 
Stiafeion B - (100-100)

New Oapaeifey Margin : Reserve
Largest

Existing Maeh. Avail-
Load +, Pur eh, Befey Added Total Normal lOutt-. able Margin

' 52 30 22 33 33 11 -22
(a)
18 -4

58 28 33 66 38 ; 5 21 26
64 34 66 32 I - 1 21 20
72 42 66 24 I— 9 22 13
80 50 66 16 -17 22 5

91 30 61 66 i nn 5 -28 _ q 22O C -6Of>Ivv
111

/U
82

33 lUv
100 18 -15 25

6 6
'S.

123 93 100 7 -26 26 ©
138 108 66 166 57 - 9 29 20

157 30 127 166 39 -27 31 4
174 144 66 232 88 i 22 34 56
196 166 232 66 0 35 35
110 190 232 42 -24 36 12
246 216 100 332 116 16 42 58

273 30 243 331 89 -11 43 32
307 277 331 55 -45 45 0
341 312OK <3 100 432 11© i; 20Lai • 52K O 72

430 400 431
tW
32 ■ -48 56 8

(a) Reserve made up of old 15 MW unit plus 5% ©fi load as
intierrupttable plus 6% of (Machine Qapaeilsy less largest)
Reserve Margin is capability over that necessary to
provide for load and reserve with largest machine out.
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TABLE 3®

GENERATOR SEQUENCE B

Station X - (33-33-33-66- 
Station B - (66-66-66)

New Capacity Margin > Reserve

Largest
Existing Mach. Avail-

Tear Load + Furch. Bef'ey Added Total Normal Out able Margin
1 52 30 22 33 33 11 -22

(a)
18 -4

1 58 28 33 66 38 : 5 21 26
3 64 34 66 32 :- 1 21 20
4 72 42 66 24 9 22 13
5 SO 50 66 16 -17 22 5
6 91 30 61 66 5 -28 22 -6
7 100 70 33 100 30 - 3 25 . 22
8 112 82 100 18 -15 25 5
9 123 93 100 7 -26 26 0
10 138 108 66 166 57 - 9 29 20
11 157 30 127 166 39 -27 31 4
12 174 144 66 232 88 22 34 56
13 196 166 232 66 i 0 35 35
14 220 190 232 42 -24 36 12
15 246 216 66 298 82 : 19 32 61
16 273 30 243 298 55 -11 43 32
17 307 277 298 21 45 45 0
18 342 312 66 364 52 -14 50 36
19 383 353 364 11 -55 51 -4
20 430 400 66 430 30 -36 59 23

(a) Reserve made up of old 15 MW unit plus 5% of load as
interruptable plus 6% of (Machine Capacity less largest)
Reserve Margin is capability over that necessary to
provide for load and reserve with largest machine out.



TABLE 30
S1H1AR1 ®F PW VALUES OF SEQUENCE A AE® B

All Values $ 55 1000 i
Table 10 Year Evaluation 1 20 Year Evaluation

Sequence A

ieaerafeiem 
Investment: 
Fuel 
0 & M

32
11,811
@,416
4,613

37,841
16,388
10,685

Lines
Investment 
© & M.

16
- ■ 1

346
40

16,663 j: 74,914
745
85

Substations 
Investment 
0 & M

11+13
793
14©

386 830

S ,068 
361

Losses 17
@33 

• 17J-
2,429 
510

Total 118,337 78,683
Sequence B -
generation 

Investment 
Fuel 
© & M

33.
12,811
9,416
4,613

■ 36,686 
! 16,947 
10,391

Lines
Investment 
© & M

16
■ 1

346
40

’.6,863 j 74,015

745 
: 85

Substation 
Investment 
0 & M

11+13
795
140

386 830

2,068 
!' . 361

Losses 17
@33
173

1,429
510

Total .118,337 77,794
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TABLE 31 j

PRICES USED FOR EVALUATING STEAM GENERATION SEQUENCES A AMD B

100 MW
Initial Plant 
Additional Install,

66 MW
Initial Plant 
Add'l Installation

33 MW
Add'l Installation

IS MW Existing Plant

Investment 
Cost 

$ x IQ6

13.5
12.5

10.3
9.6

5,4

& Misc. 
$ x 1Q3

160
125

150
125

150
110

Maintenance 
$ x 10

150
150

100
100

50
25

0 & M 
$ x IQ3

310
275

250
225

200
135

Fuel at $0.30/10® BTU, .System Load Factor 50%
Years Sequence A Sequence B

IQ^BTU/kwhr Mlll/kwhr Gen.Load IQ^BTU/kwfar Mills/kwhr Gen Load

1-9
10-14
15-20

13.0
12,7
11.9

4.0
3.81
3.57

17.52
16.69
15.64

13.0
1217
121.5’

4.0 17,52
3.81 16.69
3.75 16.43



TABLE 31
EVALUATION OF GENERATION COSTS FOR SEQUENCE A

Fuel Machines 0 &,M
Tettal

Load
By

Tear Sen. $/kw
PW
$000

No.
Sine;
Added

New 
Invest 
$ 10

PW 1 
$000 $000 PW

1 37 17.52 648 1-33 5.4 702 335 335
2 43 71© 1-33 10.8 1,324 I 535 505
3 49 763 10.8 1,250 !■ 535 576
4 57 839 10.8 1,179 i . 535 449
5 65 901 10.8 1,112 i 535 424

Sub-total 3,861 5,567 ; 2,189
6 76 995 10,8 1,049 : 535 400
7 85 1043 1-33 16,1 1,486 : 735 518
8 97 1130 16.2 1,401 735 489
9 108 1182 16.2 1,322 !; 735 461
10 123 16.69 1215 1-6,6 25,8 1,987 : 960 568

Sub-total 9,416 11,812 ! 4,625
11 142 1313 25.8 1,873 : 960 . 533
12 159 1395 1-66 35.4 1,370 ; 1,185 6:4
13 181 1501 35.4 2,229 ; 1,185 589
14 205 1672 35.4 1,191 : 1,185 579
15 111 15.64 1529 1-100 48,9 1,812. j. 1,495 661

Sub-total ■  J16,846 24,287 ! 7,611
16 258 1684 48,9 2,650 i 1,495 624
17 292 1798 48.9 •i,5i4 ; 1,495 588
18 317 15,64 1899 1-100 61.4 2,966 • 1,770 657
19 368 2016 61.4 2,794 1,770 620
20 415 2141 61.4 2,640 !; 1,770 585

Total IS6,3§8 37,841 ;■ 10,685

Machines added ate Station X 1st thru 11 year 
Machines added ate Station D 15th and 18th year.
Present worth and K multipliers from Table S page 10
Prices based on Table 31,



TABLE 33
EVALUATION ©F GENERATION COSTS F0R SEQUENCE B 
'Fuel Machines 0 & M

Tettal
Lead Me. Mew
By fW Size In vests fW j

fear @em. $/kw $00# Added $ 10° 1000 r $000 PW
1 37 17,51 648 1-33 5.4 701 335 335
I 43 710 1-33 10.8 1,314 535 505
3 49 763 10.8 1,150 535 476
4 57 839 10.8 1,179 535 449
5 65 901 10,8 1,111 535 424

Sub-total 3,861 5,567 ■ 2,189
6 76 995 10.8 1,049 535 400
7 85 1,043 1-33 16.1 1,486 ! 735 518
8 97 1,13© 16.1 1,401 ! 785 489
9 108 1,181 16.1 1,811 < 735 461
10 113 16.69 1,115 1-66 15,8 1,987 960 568

Sub-total 9,416 ■11,811 : 4,625
11 141 1,313 15,8 1,873 !. 96® 533
11 159 1,395 1-66 35.4 1,370 i 1,185 624
13 181 1,501 35.4 1,119 ^ 1,185 589
14 105 1,671 ■■ 31.4 1,191:: 1,185 579
15 111 16.43 1,606 1-66 45.0 1,586 : 1,410 624
Sub-total 16,913 14,061 7,574
16 158 1,769 45,0 1,439 L 1,410 588
17 1.91 1,888 45 i® 1,304 | 1,410 SIS
18 317 1,916 1-66 54,6 1,637 ;; 1,635 607
If 168 1,118 54,6. 1,484 1,635 528
10 415 1,853 1-66 64,1 1,761 j: 1,860 540

Total .16,947 36,686 |; 10,391

Machines added att Station X Isi thru 11sh year. 
Machines added a6 Station,# ISfehj 18th and: IStih year.
Present worth and 1 Multipliers from Table S page 10.
Prices based ©a Table SI.
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CHAPTER IV 
COMPARISON OF THE TWO METHODS j

Having arrived ats the present worth values for eaeh method, an
analysis can be made. This analysis will be made first by comparing 

the evaluations arrived at in the previous chapters, and then 
examining both plans to see that there is no major area of disagree
ment in their abilities to produce comparable and results of reliable 
service to the area. Where disagreements are found to exist they 
will be adjusted, after which a new table of comparison will be made, 
and used as the final figure.

An alternate comparison, which can also be derived from the 
results of the other two chapters, will be made onia central station 
plant basis. In this alternate the gas turbines will be installed 
at the two stations, X and D, and compared to the conventional steam 
turbine generation in the same plants. As transmission and 

substations will be used for both types of generation, these can be
eliminated from the comparison as the main interest is in the relative
costs necessary to do the same job.

COMPARISON ON A SYSTEM BASISi Tabulating the present worth 
values of the lowest cost sequences from Table 11, page 47, and
Table 30, page 73, for ten and twenty year periods,1 we can make the

i;
preliminary comparison of the gas turbine supplied system without 
substations or transmission lines, and that supplied by conventional 

generation combined with transmission lines and substations.
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Table 34 shows tihis preliminary comparison.

TABLE 34 

Gas Turbine Gonventeional Difference
10 year PW Cost 22*003 28,357 6,354
20 year PW Cost 63,221 77,794 14,573

From this table it can be seen that the gas turbine plan would 
supply the system 77.6% cheaper than the conventional method on a 
ten year evaluation, and 81.3% cheaper on a twenty year evaluation. 

Savings of this magnitude make the gas turbine plan very attractive; 
however, it is desirable to examine the two plans further to see if 

any adjustments in cost are necessary. ;
Examination of the reserve requirements shows ithe gas turbine 

plan to be deficient in this respect when we consider the old 15 MW 
steam unit, which is used as part of the reserves, [to be on cold 
standby. Looking at Table 6, page 30, we can see that it would be 
desirable to have one additional unit during a number of years. To 

provide a quick adjustment for this, which will provide more than 
sufficient reserves, one unit will be added to the total for eachI
year. Multiplying the cost of one unit, obtained from Table 19, 
page 55, by the sum of the E factors for 10 and 20 years respectively, 
we get a figure of $1,545,000 to be added to the 10 year total and 
$2,405,000 to be added to the 20 year total.

In the discussion of noise, on page 23, an assumption was made 
that corrective steps could be taken to remedy the situation, however, 
additional money was not. provided for alleviating this noise.
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To provide for this an assumption can be made that on the average 
about $75,000 per unit would have to be added, for providing baffles, 
better types of buildings, or the purchase of more land for isolation. 
When it is considered that some of the gas turbines will be installed 
at Stations X and D, which are sufficiently isolated from steam plants, 
this figure is liberal. The added cost will increase the present 
worth of the gas turbine units by about 5%.

The prices of steam generating plants included oil storage and 

handling facilities for a standby source of fuel oil. The price of 

the gas turbine units did not provide for a standby source of fuel, 

or for combustor equipment that would handle both natural gas and oil.

To cover this item, as well as the 5% increase for noise alleviation, 
and other possible deviations, a contingency and omission figure of 
10% will be added to the price of the gas turbine units shown in

I
Table 20, page 56, and to the present worth values of Table 16, 
page 52.

Considerable attention was given to line losses in the
!

conventional plan and ignored in the gas turbine plan. This was 
because all loss conditions were based on peak load conditions. As 
it is planned to operate the gas turbines in such a manner that each 
will supply its local load, up to the point of being uneconomical, 
only small amounts of power would be transferred to adjacent stations 
and line losses would be negligible compared to other costs. However, 
to cover this point it will be assumed that the 12 kv losses will 
be no greater than those for the 69 kv lines, which must carry all
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the load, other than that taken off locally at the generation stations. 
The gas turbine total present worth values will be adjusted by adding 
the present worth value of one half the line and transformer losses 
for the 69 kv system. These can be determined from Table 33, and will 
have a present worth value of $86,000 for the 10 year evaluation and 
$205,000 for the 20 year evaluation.

A revised comparative tabulation can now be prepared, taking into
i

account the above changes. Table 35 shows revised comparison.
From this new evaluation it can be seen that considerable 

difference still exists in favor of the gas turbine plan. The gas 
turbine plan would cost 86.1% of the conventional steam turbine plan 
for a 10 year evaluation, and 87.8% for a 20 year evaluation.

COMPARISON ON A PLANT BASIS; A further comparison can be made 
by using gas turbines at Stations X and D only, in conjunction with 
transmission and substations. In this case it is only necessary to 

compare the total plant costs, gas turbines in one ease, and 
conventional steam units in the other. Transmission and substation 
costs can be eliminated as they would be common to! either plan.

Two additional items, generating station transformers and land 
for Station D, must be added to the cost of the basic gas turbine 
plan to make it comparable.

The conventional plan included transformers in the unit costs 
of the generating plant, while the basic gas turbine plan used none. 
Since the capacity requirements, losses, and operationg and main
tenance costs will be essentially the same as those at the substations.
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TABLE 35
ADJUSTED EVALUATION GAS TURBINE PLAN vs. CONVENTIONAL STEAM

Gas Turbine Conventional Difference
$000

10 Year PW Cost

20 Year Evaluation

From Table 34 22,000 28,357
Added. Reserve 1,545 •
Contingency & Omissions 793
Losses 86

24,424 28,357 3,933

From Table 34 63,221 77,794!
Added Reserve 2,405
Contingency & Omissions 2,523
Losses 205 !
Revised Total 68,354 77,794 9,440



am approximation cam be made by using the costs from Table 23, page 
61, and Table 27, page 68, !

The second item to be added would be more land; for Station D,

Land was included in the steam generating unit prices, but was net 
included in the gas turbine prices. Since this lan& is hot required 
before the 15th year, the present worth value to be added will be 
$72,OQO.

Table 36 compares the gas turbine station withi the conventional 
steam station. "

The results of this comparison are in the favor of the gas
turbine plant, whose cost is 87.7% of the steam generating plant on

' I-
a ten year evaluation and 91,6% on a twenty year evaluation.

Examination of the operation and maintenance values may provide 

an area of disagreement. The maintenance costs,on k kilowatt basis, 

were assumed to be about the same for both plans. The maintenance
I Q  Olcosts, used for the gas turbine estimates, can be justified by data 5 

on the gas turbines which hold the record for the rabgt operating hours. 
Operating expense was assumed on a different basis and the prices of 
the gas turbine units were raised to provide for additional equipment 
for automatic and remote control, to facilitate operations and reduce 
manpower requirements. If another assumption were used and the 
operation•and maintenance costs were made identical' for both plans, 

while at the same time leaving the money for the automatic and remote 
control, in the gas turbine costs, the evaluations of the two plans 
would be closer together; however, the gas turbine plan would still



TABLE 36
GAS TURBINE STATION vs. STEAM STATION

Gas Turbine Sfca, Steam Sta. Mffierenee
$000 $000 $000

10 Yeair Evaluation 

Units 9,874 * 11,812
0 & M 2,265 4,625
Fuel 11,040 9,426

Transformers 322
0 & M 50
Losses 88
Land, Station B 0 -

Total 23,649 26,863 3,214

20 Year Evaluation

Units 29,889 * 37,841
0 & M 5,016 10,685
Fuel 32,277 26,388
Transformers 934
0 & M 144
Losses 260
Land, Station 0 72

Total 68,592 74,914 6,321
* ; Includes additional machine for reserve and S% to cover

emergency oil storage, higher interrupting capacity breakers 
and contingencies and ©missions.



be tehe mosfc eeonomieal. Eueh an assumpSion would net: be l o g i c a l  as 

th e  possibilities el re m o te  c o n t r o l  and a u to m a tic  operation are one 

of the advantages of using the gas turbine.

CONCLUSIONS; From this study it can be concluded that the gas 

turbine is the most economical means of supplying electric power to 

this hypothetical metropolitan area, when compared to the conventional 

steam generation method of supply.

For the results to be applied to an actual system, it would be 

necessary for such a system to have the general characteristics and 

load growth of the hypothetical system, and lie within the framework 

of the assumptions and costs on which the study was based. The various 

tables have been prepared in a flexible manner so that they can be 

quickly translated for other assumptions and costs by use of a per

centage method of raising.or lowering the values. The only 

restriction on such use being, the time table of annual costs remain 

the same for both systems.

Throughout the study an effort was made to investigate the 

various engineering and operational aspects of the two plans. The 

gas turbine plan was investigated more fully than |the conventional 

plan, as previous experience with an analogous steam supplied system 

could be drawn on. The engineering investigations were not too 

rigorous in most cases, but for a 20 year study, it is believed that 

the work was of sufficient accuracy and detail to hold the study 

within reasonable limits. More detailed and precise studies would 

have to be made before making the final selection and locations of
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Iequipment on an actual system; however, such detail can rarely be 

justified in a long range evaluation, where most of the future data' 
is based on assumptions arrived at by some statistical means.

The magnitude of the savings shown in both Table 35 and Table 36 
for the gas turbine plans are such as to make the usja of gas turbine 
generators very attractive as a source of electric power supply to a 
growing metropolitan area* These savings are 11.4% in the ease of 
using the gas turbines at substation locations, as compared to the 
conventional method of steam generation with substations and 
transmission lines, and 8.4% in the case of(using them in central 
stations in place of conventional steam turbines.

With savings of this magnitude being possible there is suitable 
justification for the inclusion of gas turbine generators in any study 
involving electric power supply to a growing metropolitan area. On 
systems with winter peaks, or peaks occuring at temperatures of less 
than 80°F, these savings could be greater, the gas turbine capacity 
increases with decrease in inlet air temperature, Conversely when 

inlet air temperature is above 80®F, or the altitude is above 1000 
feet, the capacity decreases, and the savings that could be expected 
would be less.
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