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Introduction

It may be of value ¢t5 begin by stating some basic concepts,

The cost of achieving a given economic objective will normally be
made up of several compenents, For instance, one method may necessiktate
large capital expenditure but may have low operstional costs.,  Another
may not be s0 capital intensive but require a large operational) labour force,

In these examples the choice of method could be influenced by the
relative sbundance (and hence the cost) of capital and labour,

Tlectricity is a processed and refined form of energy, Most sources
of primary energy covld be converted into electricity and the cost of the
conversion process largely determines whether it is worthwhile to de so,
One other factor which can materially affect the cost of electricity to the
user is the distance of the source of primary energy from the point of use,

il ic expensive to convert primary energy inte electricity, It is
also cos'ly %o transpori most forms of energj {inciuding electricity) over
long disbances,

The production and distribution of electricity therefore is a capital
intensive process. The capital investment required to provide an
. electriciby supply system is usually at least four times the value of
the annual rzvenue derived from the sele of electricity supplied from
that systen.,

Or: the othesr hand, in modern systems the direct labour content in the
cost of production and supply of electricity can be quite emall, and as
the tendenay is to increase the use of automatic devices for operaticn and
control, Mlure systems may be even less labour intensive.

“he decisicn L& begin to supply electricity will be influenced hy
the estimate of its profitability. In the domestic field thiz will be
ass2s3ed by sn estimate of whather or not the dispeosable income of a
sufficiently large proportion of the community is sufficient to catisfy
their escential requirements of food, clothing and shelter. and hawve '
encugh Jeft cver Lo pay the price demanded for a service of light, power
and perhaps heat, rlectricity will be in competition with all the other
desirable things for a share of the disposable income of the people whan

it is proposed to serve.
' /Similarly, the
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Similarly, the rate of growth of the demand for electricity for
domestic purposes will depend upon how high the value of this service
stands in the instinctive list of domestic pricrities. Experience shows
that the use of electricity increases as the general standard of living
improves. The basic hmman needs always have first priority but when the
disposable income is materially above this subsistence level electricity,
because it can do g0 much to alleviate teoil and provide ermfortable
living conditions, has a hizh claim upcn a share of the surplus iacome,

As stated earlier, the cquirment employed in preducing and transmitting
electricity is costly. MNew heat is the lowest fom of energr. It is
the fora into which all other forms are dissipated in doing woerk. Tyre
friction, which =natles an autcmouvile to move, is dissipzted as heat, so
is the work done in a lathe in cutiing metal., Heat, and especially lowe
tempercoure hsat, is an enerey sump of lowest usefulness. Herce, it will
usuatly ke found that electricity camnot be sold competittively to the
pocrer pex'.)p].e simply to he dissipated directly and immediavely for space
heating. 4 peovle of modest means will vsually find a less expensive way
of providing enufort heating,

Consequently an crganization preposing to introduce an electriecity
supply syshem for a low-income comunity should consider first whether it
can te made %0 pay when providing the requirements of that commnity for
light and powsr only.

The use, and the rate of increase in use, of eiectricity for industrial
purpcses stande on a scmewhat different footing, If a countrv is to
lnprove its standard of living it must increase the value {thal is the
usefulness) of its natural resources, The possibility of deing this on &
surfllizient s22)e depends first upon the natural resources being available
in sufficient guantity, In this connection the important natural
resourcse are water, fuel {or equivalent hydro power), minerals of all
kinis, 2 fertile scil and timber, Strictly speaking it is not necessary
to have an sbundant reserve or supply of all these things, for if some
are plentiful and they, or their products, are transportable they may be
sold abrcad and the proceeds used to buy those things that are not

available lo cally. .
/But the
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But the country is specially fortunate that is well endowed with
them =211,

Assuming that some natural resources exist, the normal way to
increase their value is to do work on them intelligently.  4ll natural
resources are a free gifh; we give water added value by impounding it for
domestie or power or irrigation purposes; fuel and minerals zcquire value
by extracting them from the earth and transporting tham to ihn points of
use, Their value may be increased further by refining and processing.

All this can be done on a small gscale by manual labour bub, if it
is to be done on 3 large scile, we require the assistance of power~driven
equirment, W= reguire to harness natural energy.

The prime difficuliy in getting such a develcpuent started is that
to purchase the materials or equipment for extracting and processing fuel
and minerals, arnd for water supply, hydro power and irrigaticn, ueually
reaitires the use of capital on a scale which cannot be matched by the
savings of a lQWmincome‘community however hard they work and self~denying
they are.

Apart, therefore, from the availability of raw materials and fuel,
the rate of development in the early stages will depend upon the ability to
attract fereign capitel either as money or as equipment, Capital will
flow towards projects vhere the vield and the security are most
satisfactory, o0 the rate of Jdevelcrment could dspend npon the atability
of national governments and institutions, the guaranteed nationel policy
on the security of foreign imrestment and the economic wiahility of the
projents in which the investment is to he made,

One further matter which could influence the rate of indusirial
develcpnernt iz the aveilability of “rained personnel to monaze, operate
and mairtain the expensive equipment, and design and direst the processes
wherehy vaive is “iven to raw materials, Thess valuable products must
then ba used profitebly at home or s5ld abroad,

7 Fipzlly, the rate of progress can be influenced by the willingness of
a sufficient mmber of people to exchange the simple 1ife of farming and

fishing for the more complex relationships of an industrial community

/which offer
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which offer the possibility of a higher standard of liwving but perhaps
less personal freedom, Climate will play a part in this decision, the
more agreeable the climate the smaller the urge to forsake the easy ways.

1. HMethods for predctermining electrical demand and load growth

Frem the foregoing generalisation it will be apparent that there is
no simnie formula which can be applied to predetermine the rate of electric
power development in its early stages. It will depend upon a large
number of conditions, some of which have been mentioned. The existence
and the irportance of the irdividual conditions will vary from case to
case,

The practicel sclubion in nev..r and isolated supply syvstems is a
step-iye-slop process, liowadays it takes at least three to four years
to build a power stabion and abt least two yesrs to 2dd more plant to an
existing station, Consequcntly those who initiate an electric power
system should provide enough capacity to supvly the estimated demand
for three to four years from the date that the first gonerating plant
is placed in serviece, The estimation of this demand will be deone
by canvassing procpective users, perhaps by entering into firm contracts
with prospective industrial vsers, by shrewd guessing and so on. This
provision will enabie at least one year!s actual experience of supply to
be gained bzfore it is necessary to order plant for the first ertennicn,
An accsleration in the rate of growth of demard, if that is whst is desired,
can be stimulated by propaganda; the actual rate of growth of lcad will
be conditoned by the ability to supply and this in turn mey be desermined
by the ewailahiity of ~apital. In the early years the total guantua
will te fairiy small uniess there ia come very spacial cireumstance, such
as gpectacnlar exploitation of a local natural resource. 1In that case,
capilsl wwill, no doubt, have been made available for this commercizl
exploitaticn and will be 1110r-e“readily forthcocoming to finance a power

systeri 10 service 1%,

/Early development
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Early development therefore will be on an empirical basis, As
experience grows it will be possible to use the previous rate of growth
corrected for known local develomments as a giide in estimating what is
likely to be required in, say, five years time,  Guidance may be
obtained from the experience of other underdevelcped countries, from an
examination of the correlation of electricity growth with national
income, supplemented Ly an analysis of the potential use by the main
consuning secltors,

The experience of jindiustriallj-developed countries is thalt after
an electrie powar systen hzs been firmly established the rate of growth
of demand is exponerwial, However, the early experience of industrialised
countries m2y be svmewhat misleading, These countries were considerably
advarced when the uge of electricity began to develep and their rate of
elestricivy groweh is in part the regsult of electrification of exishing
indusviys  Also, the lerels of income pernitted the development of
domesvic zlasvtrification at a rate that may nct be practicable in less
industrialised countries,

In the United Kingdom the demand has more than doubled every ten
years since 1920, and there is little sign of approaching saturation,
Fig, 1 chuws tha artval growth. It is true that the general supply of
ele~wricity began ubout 1880, and from Fig. 1 me2y be deduced the slowness
of the development in the forty years vp to 1920 compared with thai in
the sibzequent foriy years., Part of the reason is the multiplying effect
of exponential growth, and part of it is that in the earlisr period the
steam engine (in ithe developmert of which Britain had dome pionesring
work) wes ia general nse to provide power for many individual factories
and there wis no economic jusiification for changing to the newer method
until existing engines were due for replacement,

The importance of accurate forecasting increases as the demond
increrscs and as the possibility of saturation being reashed becomes a
reality.  Gereral plans should be made for, say, fiftesn/tweniy years
ahead and more detailed plans for five/seven years, whilsh contractual

commitinents are usually entered into for execution within four years for

[generating facilities,
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generating lacilities, and two years for distribution facilities. When
the demand is increasing steadily, intelligent estimating of growth should
sgcure that the corresponding plant capacity will match the demand within
narcow limits, I the estimate is slightly optimistic plant may be
vailable one yeer ahead of requirements; i pessimistic the supply
organization will be hard-put~to-it to meet the demand without Scad
shedding. The objeel is 1o heve the facility available neither too early
nor tog late, TWhen the rate of growth is tending to diminish the
problems of the estimator become acute. He has to try to visualise what
chenges in the current *rends will affect the demand and what the result
will he quantitatively.

Yhe importance ¢f accurate estimating may be illustrated by the fact
that in the United Yingdom the direct anrual capital expenditure on the
electricity suppiy service iz zbout £330 million, This is some 9 per
cent of tihe country!s home capital investment, Unnecessary capital
expencitnre on electricity supply could curtail some other desirable
developmert; insufficieni expenditure on the electricity service could
cramp the nation’s econcmic expansion,

In a supply system that is integrated on a2 national basis it is
necessary to emplcy a smell expert steff continuously on the estimation
of fture requiranents of both kilowatts and lrilowatt-hours, In this
woy, there 1z bnilt up a fund of knowledge of past events and an
appreciation of the other nationsl trends which influence growth.

The simplest form of estimating is to extrapolate the recent
exponential trend. In periods of steady exponential growhbh this gives a
result wiich oy b sufficiently accurate for four yesrs shead. The
exercise je repeated oach year, so thet if there is any chenge in the
actual rate of growth it will be given due weight in the extrapolation,
Here it is necessary to distinguish between a fundamental change in the
rate of growth and an sceidental change caused by, say, abrormal weather
or a Lamporary Loem or recession in trade., This is whers the skill
and experience cf the estimators, in using the statistics at their
command, play a part,

/A second
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A second and more refined method of estimating is to relate the
growth of demand to the various national economic indices, The Gross
National Product and the Index of Industrial Production are two of
which there ars long-term statistical records. The estimators know
the history of these indices and endeavour to assess from national and
international infcrmation available to then their forward trends. Various
other bodies attempt to project these indices for sevzral years ahead
and their results form a cross check, The past relationship of
electrical load groewlh can be applied to the most probabls trends.

4n estimste of this kind is always adiusted in the light of what is
known about projseted developments assessed separzstely for each industry,
The trends in domestic and commercisl usage are also given due weight,.
Thus there ies built up piece-by=piece an zssessment of totzl load growth
based on national and international information, This exsreise is
repeated znmually and each time this is done the result is projected one
year farther into the future,

A third method is to collate the estimates made by the regional
electricity supply organizations based upon lmowledge of developments in
their region, These organizations have smaller management units who have
detaii=d knowledge of the major developments in housing and industry in
thair district, Thus, thare can be assenbled a detailed picuure of
what the knewn developments will entail in terme of kilowasit and
KK lowabi~hour reguirements,

This is corrected in two ways; one, by the elimination of cuplicate
estimabes where enauiries have been made by industriaiists in more than
onz detrict for what will uitimately emerge as only one projent, and two,
by the oppiication of appropriate factors for general developmenis about
which specific enquiries have not yet been made.

An advantage of these regional estimates is that they indicate the
geograrhical pattern of the inerease in demand, a point of importance to the
central body responsible for the national generation and transmission
programne,
' /From these
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From these three sets of information a final estimate of demand and
output is prepared and submitted, with the supporting evidence, for a
policy decision by the governing Roard, The estimates so approved
become the basis of the plant and fuel purchasing programmes for the
years in respect of which it 1s necessary to enter into contractual
comritments., They are considered to be "firm" for the first five years
ahead, Yprovisicnal? for the sikth year and "tentative" for the seventh
year and beyond, The consecuent plant programmes form the main basis
of the capital investment prograrme cf the industry in each year for
whicl commitments have been, or are being, made and in respect of years
beyorul this perind for which information on general forward planning is

reguired,

2,  The economic evaluatbion of indigencus primary resouress

The ecomaizic evaluation of indigenous primary energy scirces could
be considered under twe broad heads:

{?) Valuation of the several indigenous rescurces in relahion

to one another,

(2) valuation in relation to external primary resources that

could he imported,

Sefere eompleting en economic asnesament under (1) it would be
necascary o kpow the quantum of energy in and the rate at whien it
could b= exiracted from each competing source and the cost of power
(energy) dslivered to the customers from each competing source,

Tous, for hydrc sources a hydrodynamical and a hydroneteorological
survey should hare been made over many years to obtain reliable data of
maximm, minimum and average flow, the cycle of maxdmum and mindrum
flows ard an estimate of the propertion of the flow that will be available
for pcwer generation., Similarly, if an artifieial reservoir is to
be created to impound the surface water of a given catchmant area
long~tevn measurements of rainfull evaporation and absorption are essential.

In mest developing countries such statistical evidence will not have

been collected over & sufficient period to provide a reliable guide,

/1f, however,
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If, however, it is proposed to utilise only a fraction of the
flow or catchment it is possible to make calculations of costs based
upon this limited development without waiting for very long-tern
statistical evidence,

If the fuel to be used is coal, it is essential to kmow from
geological surveys and development guarantees the extent and tonnage of
each ccalfield, the qualily of the coal, the minimum rate of outpni that
will be made available for power purposes and the estimated pit~head
price per ton for a period at least egual to the economic life of the
proposad power plant, |

Similar relevant information is reguired in the case of indigenous
oil,

In each cese the evaluation will include the cest of conversion and
the cost of transport to the point of use, With coal and oil thore
is a choice betwesn trancperting the primaiy material or the elestricity.
For ncal in United Kingdom conditions it is cheaper to transmit
elecuricity by overhead line at 275 kV than to transport coal if the
distance is more than 60 miles and the average loading of the line is
not less than 70 per cent of its rated carrying capacity. This is trmue
for trangport br railroad under United Kingdom conditions,  Fer ses
transport, which is cheaper, the minimum economic distance would be
greaten,

Cne of the greatest difficulties in making these economic comparisons
is that of estimating the delivered price of the fuel ithroughout the
econcmic 1ife of the power plant, There is no short answer to this
probleam; it depends upon the differential effect of wage ratez and
genera’ inflation on the cost of fuel from the alterrnative sourees, The
best than can be done is to make a number of estimates, each based upon
a poctulated cost cf fuel and exsrcise judgment when making the comparisons.
The ait ernative estimates shovlid cover the probable range of costs over
the ypariod. .

In meny cases the decisicn to proceed with a development may have to

be made upon consideraticns other than those of pure economics. For

Jexample, the
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example, the overall econumic comparison may be in favour of a hydro-
electric project but if the capital cost of that scheme is higher than
that of a thermal scheme of the same outpul, the less economic scheme
may have first priority because of a shortage of capital,

As mentioned in (2) abeove, the cost of utilization of indigenous
resouirces may have to be compared with that of imported resources.

The foregoing discussion is relevant in this case also and, in
addit.ion, questions of the national balance of payments mey have to be
taken into account when making a policy decision.

3. Problems of plant and system develomment

The economic criteria for the development of power systems depend upon
the size of the system and upon the result of the evaluations mentioned
in the previous section,

In an isolated syctam the spare generating capacity should be not less
than the capaecity of the largest generating setsy This is to ensure that
the largsst set can be cut of service without prejudice to the ability
to meet. the full demand, The satisfying of this requirement in the
most economicael manrner sometimes restricts the size of the largest set
that can be used t5 a capacity well below that of the largest set that
cah te manufactured., For example, on a system with a demsznd of 90 megawatts
the largest set weuld probably have an ocutput of not more than 30 MW and
the ssfe spare capacity would therefore be 33 per cent of the system
demand,

Cn an intercovnseted system of 2000 MW demand, the spare capacity
can be pooled over a number of power stations and would prebably be
15 per eccni of the demand, or, say, 300 MW, which under modern technology
could be constructed as one 300 MW set, but probably on a system of this
size wonld be provided as two 150 MW sets, or even as three 100 MW sets.

For a system derand of 20,000 MW the spare capacity would probably
be 10 per cont; or 2000 MW, This is greater than the capacity of any
one set that it is possible to manufacture in the present state of knowledge,
Hence a system of this size pemits the use of the largest and most
economical sets that it is practicable to design and construct.

/The t:sconomies
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The economies of size in thermal generating sets and stations is

illustrated in the following table, which is based upon actual eXperience.

Table L
Unit sizse Index of thermal Index of capital cost
efficiency of complete ztation
MW (ing*alled;
30 100 100
&0 112 a5
100 123 87
120 131 79
200 13 75
275 1z8 62
550 10 58

— e

In fact the economies of size are a little greater than that shown in
the table because the cost of the stations with the largest sets is based
upon 1959 prices and that of the other stations based upon the lower price
levels obtaining scme years earlier,

. These economies ar:z not confined to capital cost. fundamentally,
effirl=zncy of conversion from raw fuel to eleciricity depends upon the
dif{erence between the.initial and final pressure and temperature of
the opszrating fluid, It is therefore a happy ceincidetice that high-
pressure, high-~tenperature steam can be used most effectively in large
turbines., Although expensive materials have Lo be used to contaiu this
very not gbteam safel;r there is an overall economic gain both in capital
and operaving zosts vy using large tharmal generating ssts suitable for
these conditions provided the idea is not carried too far, In the
present siate of mnowledge there is an upper economic limit of temperature
(mainly due to the diminishing return on the investment beyond this limit
but algo 1o the Yack of materials capable of withstanding higher teamperatures
for long periods), This limit, which at present is about 1050°F,, should
be raised when metals with superior temperature characteristics become

available ai reasonable cost. /The interconnection
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The interconnection and unified operation of isolated systems renders
possible these economies of size. In a very large heavily inter—
connected system not only is it possible to use large generating sets but
it is also possible to locaie power stations near the fuel socurces and thus
take advantage of the economies of electrical transmission as compared
with the physical transport of fuel to power staticns located near to
the voints of use,

Furthermore, in a heavily interconnected system it is possible to
operate the most economical generating sets at full output all the time
that they are srailable irrespective of the location of the electrical
demand,

Finally, such a system is well suited to the integration of conventional
theranl, miclear and hydre plants, At preseat there is a tendency to
build nuclear power stationz away from centres of pepulation, On the
other hand, the cost of electricity from nuclear sources is lewest if
these power stations are operated at the highest practicable plant load
factwrs These requirements tend to conflict unless there is 2 strong
transmission nystem between power stations and points of use. Similarly,
hydro power - whether direct or as pumped storage - can usually be
integrated meost economiecally on a heavily interconnected supply system,

Bach country will relate these general principles to their own

circumstances and test them in the light of local conditions,

be JInvestment requiremenis and means of finance

Taree of the rost testing cireumstances are climate, topography and
finance,

Climate ardd topography will determine the availability of water and
the priorities of irrigation, flood control and hydro-electric power
development.,  Availability, in this sense, is something that the planners
cannot alter and the develompment priorities will depend upon the natural
fertility of the soil without irrigation, the need for flood control and
the relativity of the real costs of power from hydro and from other

available sources. However, all develogments will be conditioned by

/the will
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the will and urge of the people, through the various orginizations, to
proceed with the necessary tasks, and the amount that can be zccomplished
will depend upon the availability of the means of financing it, As

stated earlier, initial developments could be financed by foreign
investment, but in the long run it is the will and ability of locazl people
to malte the investment remnerative and the project prosper that influences
the availability of further foreign capital or the generation of local
capital. Climate has much to do with the energy level of the people,

Descending intc detail it is impossible to give relative capital
costs of generation, transmission and distribution equipment that would
be applicable to every country and every source of energy,

The cozt of hydro-clectric schemes depends very nmich upon local
cenditions, Sometires these are more suitable for base-load power,
sometimes only a pesk=load scheme is practicable. 1In these two
‘extromes the cbat‘ﬁer wilova¥t’ wr per kilowati-hour may differ
widaly =sud yobt 3f wisely chosen each ir its right_setting may be the most
economical development taking the supply system as a whole.

: Again, the annual‘capital charges are the main revenue cost of a
hydra project znd since a large propertion of the capital is usually

spent on civil engineering works, which have a long life, the depreciation
or rooampllon charge can be spread cover this long period, )

Tne velative capital cost of conventional thermal power stations
related to the size of the generating sets for United Kingdom conditions
is shown in table 1.

The average -~¢s5t relationship per kilometer of overheéd trarsmission
line for 11 &V, 53 KV, 132 ¥V and 275 kV lines in Great Britain is shown

in table 2.

/Table 2
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Teble 2
REIATIVE COST OF OVERHEAD LINES IN THE UNITED KINGDOM

Description of line Voltage Relative Hated capacity
KV  cost per (of each cireuit)
kilcemeter M.V.A,.

Single cireuit three phase {with alumi-

ndun alloy conductors, 0.15 sd.in. cop- 11
per equivalent on single wood poles and

pin type insulators)

100 Te5

Double circuit three phase (with alumi-
niam alloy conductors, 0,15 5Q.In,cop-
per equivalent on H type wocd prles and
pin type ineilators)

11 190 Te5

Single circuit three phase {with alumie ,
nium ailey conductors, 0.15 sq.in cop— 22 W

per equivalent on single wood poles and 23 110 2243
pin type insulators)

Double circuit three phase {with alumi-
nium allcy conductors, 0,15 o9.ine. cop=~
per equivaieni on H type wood poles and
pin type insulators)

33 200 22.5

Double cireuit three phase (with steel
cored aluminium conductors, G.175 sQ.
In. copper equivalent on stezl towers
and suspeision inzulators)

132 370 100

Double. cireait thiree phase (with stesl
cored saluminivm conductors, twin O.i
53.3n. copper equivalent each phase
consisting of twe such conducters, on
stecl towers and suspension inculae
tors)

275 950 30

The rated carrying capacity of each circuit is indiceted for British
conditions where the transmission distances are fairly short,
in aay complete analysis the cost of transmission will include the

Py P P .

teminal equipment, Where the

[ftransmission distances
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transmission distances are short, the cost of terminal equipment expressed
as a proportion of the total is larger than where the transmission distances
are long.

The cost and the efficiency of a distribution system is influenced by
the voltage of supply to ordinary consumers., The difference in this cost
for supplies at 120 volts, and 250 voits., single phase, is very much in
favour of the higher voltage, Experience has shown that in practice there
is little difference in the safety factor between two such systems, Apart
from the difference in cost of supply at any stage of development, the
higher voltage system has a much larger capacity and is capable of further
development at less cost than the lower voitage system.

In all distribution systems it is economically important to bring
the high voltage (szy 33 -~ 15 or 11 kV) supply as near as is practicable
to the consumers! Lerminals - in other words, to minimiee the length
of medium voltage distribution.

Finally, it is perhaps worth stating that if individual supply
systeaus are to gain the maximum benefit from interconnection they should
all operate at the same frequency. VWhere the frequencies of supply
systems differ, one objective of national planning should be the standard-
isation of freguency,

The f{inancing of the electric power service presents problems in every
country. Firsi, it is a capital intensive service and, second, ii is a
guasi monopolistic service, In most coumtries it is felt that a basie
service that iy vital to most industrial activity and which enjoys monopoly
rights, in the sense that no cne else is permitted to provide Lthis
service in the zzme area cf supply, should be under some degree of control
as %o iine wrices charged for the rroduct and the profits distrihuted by
the supwly authority. In practice the reward offered to the investor
m:st be sufficient to attract capital and, where the industry is capital
intensivae, the reward must attract a large capital investment. A
figure of ££0 to L£I1CD per kilowatt of maximum demand mav be of the right

4
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