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I. SUMMARY AND CONCLUSIONS 

This study is devoted to a cost analysis of rural electrification in under­

developed regions. Summary conclusions based on some "typical" parameters
 

would be of limited value in view of the widely varying economic and physical 

environments in which rural electrification is being considered. Most present 

differences of opinion regarding rural electrification--e.g., local generation 

versus line extension--derive from different cost and environmental assumptions, 

many of which are not made explicit. The aim here is to develop an analytic 

framework of sufficient detail to be generally applicable: the analysis is "open" 

in the sense that paramet-rs appropriate in a particular context, or reflecting 

altered cost information, may be readily introduced. 

Rural electrification can be undertaken at several different levels of 

centralization: a local generator may supply one village only; a larger generator 

may serve a group of villages; or the rural areas may be supplied from the grid 

system. Or, particular applications may be served directly without electrification 

at all: e.g. , kerosene-fueled lamps, and small internal combustion engines for
 

mechanical power. The components of these alternative means of rural energy
 

supply are illustrated in Figure 1-1. The end 
result (box #1) may be achieved 

by one of four options: 1) direct energy sources (#2); 2) local generation and 

distribution (#3, 4, 5); 3) intermediate scale generation with distribution to a 

group of villages via primary distribution lines (#3, 4, 6 7); or 4) a grid 

connection (#3, 4, 6, 8). 

The choice among these alternatives depends upon the relative total costs 
of serving a given demand configuration. For efficient evaluation of the options 

in different environments, costs are stated explicitly and comparably for each 
of the major components outlined above. The explicit costs are expressed in 
terms of operational variables and parameters that differing prices, demandso 

conditions, design variables, etc. , may be readily introduced. In similar cost 

comparisons, costs are frequently stated in terms of averages per unit of power 
(kilowatt or horsepower) or per unit of energy (usually KWH). For the magnitudes 

of demand to be expected in rural underdeveloped areas, average costs are very 
sensitive to the scale of use. Further, summary averages do not isolate the 

critical parameters and variables. 
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10, Application: light, 
water pumped, grain 
threshed, etc. 

eithe r 	 or
 

2. 	 Alternatives to electricity: 3. User's electrical
 
I-C engines, lanterns, equipment, appliances,
 
windmills, etc. 	 wiring, etc.
 

and
 

4. 	Low tension distribution:
 
a) secondary lines;
 
b) service drops & meters
 

or load control 
either o~r 

5. 	 Very small scale isolated 6. High tension distribution 

generating 	plants a)primary lines; 
b) distribution transformers 

eit r 	 or 

7. 	 Intermediate scale isolated 8. Increments to the grid:
generating 	plants a) substations
 

b) transmission
 
c) generation
 

Figure I-1: Components in Alternative Rural Energy Supply Systems 



3. 

Investigation of detailed equipment costs and underlying technical
 

relationships justify relatively simple cost categories. 
 Within the
 

relevant scale, total costs for each of the system components sketched
 

above may be specified in terms of 1) an indivisible cost; 2) a marginal'
 

cost per unit of capacity; and 3) a marginal cost per unit of energy. The
 

indivisible costs 
are simply the irreducible minimumcosts which are 

incurred for the smallest possible plant. For example, in constructing a 

distribution line, most of the labor and a large portion of the material 

costs are invariant with different line capacities: with the smallest 

feasible capacity these costs must be incurred. Hence the indivisible 

costs are proportional to the length of the line. The marginal capacity 

costs represent the additional costs associated with adding another KW of 

capacity to the ystem component in question: e. g. , the marginal capacity 

costs per unit length of distribution line are the cost of the increased cross 

section of conductors and greater losses per KW of load increases. 

Marginal energy costs are simply the marginal fuel costs per KWH in 

a fuel-burning plant, and the opportunity cost of hydro energy for supply 

from a hydro plant. 

For each major component of the alternative methods of supply, the 

detailed items constituting the costs are specified and the underlying 

assumptions are stated explicitly. Consequently, the implications of 

alternative assumptions may be readily explored, and new cost data 

easily introduced. This implies a detailed discussion, and the non-technical 

reader may prefer to turn directly to the sections wherein summary costs 

for different alternatives are compared. 

Distribution, both primary and secondary, costs ar,= dominant in 

rural electrification. General cost analyses for lines and distribution 

systems are not available in the literature; hence, considerable attention 

is given the development of general long-run cost functions for distribution 
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lines (III, A) and for distribution systems as a whole (III, B). 1 This 

analytic framework, with preliminary estimates of the fundamental cost
 

data, is then utilized to evaluate the costs of primary and secondary
 

distribution in a rural environment (III, C, D, E).
 

Following an analysis of the costs for isolated generating plants-­

engine generators (IV, A) and hydro and wind (IV, B)--and for grid
 

extensions (V, A), the summary costs for alternative methods of supply 

are compared. Generation at the village level is compared to generation 

and primary distribution to a group of villages (V, B, 1), and the latter 

is in turn evaluated relative to a grid connection (V, B, 2). Small 

internal combustion engines for direct mechanical drive are compared 

to electric drive, the electricity being generated in an isolated plant 

(V, C, 2), or supplied from a grid connection (V, C, 3). Finally, 

lighting costs with electricity, versus petroleum fuels, are examined 

(V, D). 

The development of a generally applicable analytic model, not data 

collection, was the primary object of this study. However, approximate 

demand ard cost estimates are essential to determine the appropriateness 

of the model. Further, preliminary estimates will serve to distinguish 

between alternatives whose cost differential is wide, and thereby permit 

research focus on the remaining areas of uncertainty. The values 

utilized in the succeeding have been carefully interpreted from data now 

in hand, but should not be applied indiscriminately. No single source has 

reported costs to the detail employed in this analysis; hence many estimates 

are composite and draw on several sources which may not be fully comparable. 

IThe numbers and letters in brackets indicate the chapter and section 
in which the topic is discussed. 



Even with reservations regarding the present data, cost differcntials
 
in some cases are sufficiently wide to 
support fairly general conclusions. 

The numbers mentioned below are intended to convey the order of 
magnitude involved; their superficial preciseness cannot be defended,
 

because of both widely varying economic environments, and the
 

preliminary nature of the underlying estimates.
 

The major conclusions of this study are listed in the following
 
paragraphs. For amplification, and possible minor qualifications, the
 

reader is 
 referred to the chapters and sections identified within the 

brackets. 

1) The scope for small isolated generating plants is very limited.
 

Generally, provision of minimum service 
to villages within 10 miles 

of one another would be less expensive from a common diesel generator, 

than from individual diesel generators i for continuous and fairly 

dependable supply the economical distance is much greater. These 

distances aren't sensitive to the maximum demand or the annual energy 

consumed per village: the dominating costs are the indivisible costs of 
lines and engine generators. Small generating plants other than diesel­

powered are generally higher in cost than diesel, or are restricted to 
particularly favorable environments. Except where very small quantities 

of energy are required, wind generation is not feasible. With favorable 

sites, small hydro plants will provide cheaper energy than local diesel 

generation, and perhaps cheaper than grid extension. Such sites will be 
restricted to hilly or mountainous areas, and a grid link may be justified 

in order to utilize the dump energy otherwise wasted. Even low-cost 

local fuels, e.g. , bio-gas, burned in an engine-generator may provide 
higher cost energy than a more centralized diesel generator and distribu­

tion lines when the uneconomically small scale of plant and limited fuel 

supply is taken into account. (IV, B, 2, 3; V, B, 1) 
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Z)I Isolated intermediate- scale diesel plants serving a:group!of­

"- :villages generally compare unfavorably with grid connections for all

but the most isolated rural areas. With representative rural load, 

factors, the most favorable conditions for diesel generation--intermittent 

service and low fuel prices, approximating 20/lb. -- and very conservative 

grid cost assumptions, the combined capacity and energy costs for the 

two may be about equal. But less favorable assumptions increase the 

relative costs of diesel generation markedly: e.g., with continuous 

supply, but low fuel costs, diesel generation capacity and energy costs 

will be about $30/KW per year above moderately high capacity and energy 

cost s. Where rural service cannot be obtained from existing substations, 

subtransmission line lengths well in excess of 100 miles will yield lower 

total costs than intermediate-scale diesel plants providing reasonably 

continuous and dependable supply. (V, B, 2). Where feasible sites for 

intermediate-scale hydro plants are available, it frequently will be 

economical to build the necessary transmission lines for integration 

with the grid system. (IV, B, 3). 

3) As a consequence of the above, rural electrification should generally 

be considered as an area supply from the grid, and should be integrated 

with the supply to the larger towns in the area. Grid extensions will 

noirmally be more economical than local generation, even with the very 

low demands at initial electrification. With an economic design for the 

grid extension, marginal capacity costs in rural villages will be about 

10 per cent above those in the larger towns in the area, and energy costs 

will be negligibly higher. The higher costs for electrification of a rural 

village arise mainly in the indivisible costs of the primary distribution 

line required for the village. (III, C). 



4):,Directly coupled engines will provide much cheaper mechanical 
power than will electric motors supplied from small- or intermediate­
scale diesel plants, or any other source 
having comparable costs. Even 
if a diesel generator is already installed for an evening lighting load, it 
may not be feasible to operate it during the day to supply mechanical
 
power via electric motors. (V, C, 2)
 

5) Given the relative low fuel 
costs (about 2 /lb. for distillate
 
fuel) for the alternative direct engine drive, 
 potential agricultural and 
light industrial loads will constitute little justification for rural electrifica­
tion in South America, or any area having comparable fuel costs. Only 
with concentration of a number of small power requirements at one point-­
as, e.g., in a rural industrial estate--will electric motors supplied from 
a grid show significant total savings over direct engine drive. Irrigation 
pumping is especially unfavorable because of the relatively high costs 
for secondary distribution. (V, C, 3) 

6) Even with the relatively high fuel costs in India, diesel engine 
pumping for irrigation has lower total costs than electric pumping from 
a grid supply with current patterns of use. With reasonable expectations
 
regarding capacity utilization, contingent on reform of the present
 
uneconomic rate structures, on-peak electric pumping would still show
 
little or no savings relative to diesel engine pumping. 
 However, strictly 
off-peak pumping will show significant savings ($5-10 per connected HP 
annually) at net of tax fuel prices (about 4€/lb.), and marked savings 
($15-30 per connected HP annually) at present fuel costs including taxes 
(about 7 /lb. ). Hence, the implementation of off-peak pamping for 
irrigation and salinity control is most important. (V, C, 3) 

7) The costs for secondary distribution being significantly lower, 
and utilization patterns more favorable, electric drive for light industrial 
applications within the village proper appears more favorable than for 
irrigation pumping. Off-peak operation probably is not feasible, but annual 



8.
 

savings of $100 per power installation are probable at low Indian fuel 

costs, and double that for fuel costs including taxes. Key factors 

influencing the relative costs of electric and direct engine drive, and 

for which data are very scarce, are: the length of secondary distribu­

tion line per motor installation, the demand coincidence with the system 

peak, hours of use per year, and the maintenance costs of small internal 

combustion engines. (V, C, 3) 

8) The chief obstacle to more general domestic service is the 

customer costs- -administration, meter reading and billing, and collecting-­

with centralized agencies, as these are very high relative to the remaining 

incremental costs for minimum service dwelling withinto a an electrified 

village. The latter probably are less than present expenditures for 

lighting with kerosene-fueled lamps. Domestic service may be able 

to bear a part of the indivisible costs of electrifying the village, but the 

extent cannot be determined from presentinadequate demand data. 

(III, D, 2, 3, and V, D) 

9) In South America, most of the justification for rural electrifica­

tion must come from household consumption and amenities such as 

street lighting and recreational uses. Electrification may be economically 

defensible in the higher income rural areas, but much better demand data 

than now exists would be required to demonstrate it. Conclusions cannot 

be based on current usage and rates, as the latter are generally below 

even the marginal capacity and energy costs. 

10) Given the low average income in Indian rural areas, domestic 

consumption probably could not assume a significant part of the indivisible 

costs of village supply. In India, the appropriate shadow price of 

petroleum fuels is important for assessing grid extensions; if the price 

plus tax approximates the true cost of the fuel due to scarce foreign 

exchange, one light industrial power application, or 10-15 HP of off-peak 
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irrigation pumping, will justify a mile of primary line to connect the 

village. Hence, electrification of even small villages would be indicated. 

If, on the other hand, the applicable real cost of fuel is near the rural 

price, less tax, double the above demands are required. But these 

demands are in the magnitude of probable demands in many villages, 

and rural electrification in India is fairly promising. This conclusion 

is not rebutted by the common experience of huavy financial losses for 

rural electrification programs. Uneconomic rate structures, intended 

as subsidies to agricultural and small industrial users, encourage 

uneconomic patterns of utilization and create unnecessarily high costs. 

11) There are some possibilities for reducing the costs of rural 

grid extensions from the higher reported values: copper is not an 

economic conductor material; primary distribution voltages are generally 

too low, and require excessive investment. in sub-transmission lines 

and substations; single-phase supply is clearly indicated up to moderate 

connected motor loads; and lower design standards for rural lines, 

and simpler distribution transformer installations, may be justified. 

All of these require learning from the best practices of other countries, 

with very little technical or engineering development. But new and 

imaginative technical developments in low-cost load control or metering 

devices for low domestic demands, and off-peak metering of control 

devices for small powe- applications, would be most useful. 

12) However, the most promising area for lowering the costs of 

rural electrification relative to its benefits, lies in purely economic 

and institutional alterations Economic rate structures, based on 

marginal cost pricing principles, would eliminate patterns of use which 

now involve costs higher than the benefits to the user. Utilization with 

high benefits relative to the marginal costs, such as off-peak irrigation 

pumping, can be promoted. Transferal of administration and collection 
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to the village level would markedly lower the costs of service to low­

income households, and thereby allow more general use. 



II. THE SETTING OF THE ANALYSIS 

This chapter is introductory to the detailed analysis of the 

succeeding chapters: the demand context is sketched, and the back­

ground of the analysis is reviewed. 

A. The Demand Context 

Approximate magnitudes of rural demand must be established 

so that an applicable analytic model may be developed. Further, some 

knowledge of the probable range for critical demand parameters will 

enable u, to discard the grossly uneconomic supply alternatives and 

thereby focus attention on the remaining areas of uncertainty. 

An important characteristic of most of the rural areas of the 

underdevcloped countries is the clustering of dwellings into small 

villages. Supply to isolated farmsteads, as is the rule in the U.S. and 

Canada, would be prohibitively costly relative to the levels of income 

and economic activity in underdeveloped rural areas. The rural village 

approximately corresponds to the feasible secondary distribution area, 

and is a natural unit for demand analy!tis. 

Potential electricity demands to drive )rrigation pumps and a 

variety of agricultural processing and light industrial appliances would 

constitute the major portion of rural demand Heating applications of 

various kinds could consume large amounts of electricity, but the 

economic feasibility of such USeS must be subjected to close scrunity. 

Fairly detailed data has been reported for a sample of "typical" 

villages in Madras State, India, which has maintained a very ambitious 
2electrification program for over a decade Power demands for 

2 Government of India, "Report . . on Rural Electrification in Madras," 

Annexure IX. The data reported in the succeeding have been calculated from 
the basic tabulations. 
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agricultural (apparently irrigation pumping is the main use) and industrial 

use are fairly large: combined, they range upwards from 40 KW connected 

load. The village sizes are not reported, but they can hardly be less than 
3
 

several thousand persons. Agricultural demands tend to be larger than
 

industrial, representative connected loads are 60 KW and 40 KW, 

respectively, with agricultural loads reported for all of the villages, but
 
of the total.
 

industrial demands for only two-thirds 

The annual energy consumption per connected KW of load is fairly 

low. For agricultural use, the highest village consumption relative to 

connected capacity implies an annual use of 1, 300 hours; the lowest, less 

than 200; and a median, about 700. Industrial usage is only slightly 

higher; the range of annual utilization is 400 to nearly 1, 500 hours. 5 

An attempt. has been made to derive estimates of power demands 

in Indian villages from the irrigation requirements- -as determined from 

basic.,rainfall, soil structure. and cropping data--and from the volume 
6 

of agricultural commodity processing at the village level. Peak 

irrigation requirements were estimated at 14-31 KW per square mile, 

and peak processing demands at 12-20 KW per village. The estimated 

annual consumption implies annual load factors--taking each class 
7

and 10-30% for processing.50-60% for irrigation,independently--of 

3 The average village size in Madras is about 1, 800persons, or 
perhaps 400 households. Only the larger villages have been electrified to 
date (one-third of the total), so the above estimate is conservative. 

4 Ranges: 8-180 KW and 9-84 KW, respectively. All of these demands 

are converted from the reported horse-power connected at an assumed motor 
efficiency of 80%. 

5 
These utilization estimates are calculated from the reported electricity 

consumption and the connected motor HP, assuming an efficiency of 80%. 
These should not be confused with the load factor of the village, as all the 
connected loads prob,-bly would not be connected simultaneously. 

6 Ahmad, "Analysis of Demand for Electric Power in Rural Communities." 
7 Ibid. , Tables II. 5 and Il1. 6. 
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These peak demands are consistent with the Madras data, when 

the latter are adjusted for probable village size and demand coincidences, 

but the irrigation utilization of capacity is much higher. This discrepancy 

emphasizes that present patterns of use must be interpreted with caution. 

Special subsidized rates are allowed irrigation pumping in Madras, also 

subsidies are given for pump installations; the combined effect being 

only partially utilized. 8the installation of pumping capacity which is 

Under a more rational rate scheme the pattern of use might be quite 

diffe rent. 

Howetver, annual utilization rates higher than the upper limit of the 

Madras sample are not plausible. For example, assume a motor in a 

light industrial application which runs an average of six hours in each 

eight-hour shift for 250 days each year; the resulting annual utilization 

is only 1500 hours. Multi-shift operation would be required for 

appreciably higher utilization Irrigation utilization will vary widely 

depending on the climate and number of crops. But again, if irrigation 

is supplementary to rainfall (as most pump irrigation is), and taking 

account of the advantages of high rates of delivery, annual utilization 

periods greater than 1, 200 - 1, 500 hours do not seem probable. These 

rates are far above averages reported for rural Japan. 
10.
 

The diversity between power demands is important as it determines 

the generating capacity which is required to supply a given connected load. 

8 For the rates and subsidies, see Gov't of India, "Report on . 
Rural Electrification in Madras, " pp 13-14 and Annexure VII. The 
resulting use patterns are such that diesel engine pumping would yield 
lower total costs (but not to the cultivator). See below, sec. V, C, 3. 

9 Sasamori, "Statistical Report on the Use of Electricity in Agriculture 
in Japan, " Table 14, p. 12. 

1 0 Commonly indicated by "coincidence factor, " which is the ratio, 
(coincident peak demand)/(sum of non-coincident peak demands). The 

reciprocal, the "diversity factor," is also used. 
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But only one source reporting diversity factors from underdeveloped 

rural areas could be found: "representative" factors of . 47 for small 
11 

industry and . 64 for agriculture (tubewells) are given. Generalizations 

from these data would be hazardous. 

No data for electricity consumption for irrigation or agricultural 

processing in South America could be obtained. This is not surprising 

as our later cost comparisons suggest that electric drive has very slight, 

if any, advantages over direct engine drive with the low fuel prices 
12­

in Soulh America.prevailing 

Domestic consumption is very low in electrified villages in India. 

Per connected household in the above sample of Madras villages, it 

ranges from 7 - 33 KWH per month, with the average (unweighted) being 

14 KWH. But the number of domestic consumers is small: 30 -50 is 

representative, omitting the villages which appear to be recently 

connected. Making minimal assumptions regarding population per
13 

village, this implies scarcely one-tenth of the dwellings in the 

village. Thus it appears that only the most prosperous 10 per cent 

of the population can afford any electricity at all under present rates, and 

within this fraction, the annual consumption is on the order of 30 KWH 

per capita. According to data reported from another group of villages, 

essentially the same pattern of utilization is repeated in Mysore State. 1 4 

West Pakistan Water and Power Development Authority, "Power 

Market Survey and Forecast. of System Loads: An Interim Report on the 
Hyderabad and Khairpur Divisions," p. 11. The basis for the estimates 
is not given: "it is belicved that the following factors are representative. 

12See below, V, C, 3.
 
1 3 See note 3 immediately above.
 
1 4 From a tabulation supplied by D. R. Gadgil, 
 Gokhale Institute of 

Politics and Economics. 



Domestic consumption obviously will vary with the level of income. 
In a demand study in West Pakistan, villages were grouped into four 
classes by the level of prosperity, and within each class demand per 
capita was estimated to increase with population, e.g. , at a population 
of 2,000, domestic and small commercial consumptions of .6, 1.8, 
3. 6, and 9. 1 KWH per capita are indicated, and at 4, 000 population,
 
1.0, 2.7, 5.0, and 
11.2 KWH per capita are shown. 15 This differential 
consumption by village prosperity may arise from both increasing 
consumption per household with higher income, and a larger fraction
 
of the dwellings connected in the more 
prosperous villages. The
 
distinction is important for the relative 
cost of service.
 

Electricity rates for domestic use 
in India and Pakistan are in the
 
magnitude 
of the probable capacity and energy costs of service. In
 
South America, the rates are generally far below the marginal 
costs
 
of supply. Consequently, the presen, domestic consumption is 
 probably 
higher than it would be with economic rates, and should be interpreted
 

cautiously in any cost-benefit a:alysis.
 

The demand data which could be obtained for this study are not 
adequate to support a meaningful feasibility study, and it appears that 
useful data are not being collected for lack of understanding of the 
pertinent demand variables. Actual energy consumed by classes of 
demand is the easiest information to obtain as metering and billing is 
most commonly done on this basis; however, in rural electrification, 
costs are generally less sensitive to energy consumption than to capacity 
requirements and distribution distances. The spatial dimension must be 
included as a key demand variable; household demand in a given context 

15.West Pakistan Water and Power Development Authority, op. cit.,pp 8, 9, and Exhibit I. Unfortunately, the criteria for classifying the 
villages are not reported. 
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should be accompanied by the distribution distances involved; the 

feasibility of irrigation pumping is highly sensitive to the lengths of 

secondary line required; small villages will have lower demands, but 

they may be more closely spaced; etc. Demand elasticity with respect 

to price of electricity, levels of income, and indices of agricultural and 

rural industrial production, must: be explored for reliable projections 

of demand in non-electrified areas, and predictions of future demands. 

The connected load and annual energy consumption is not a sufficient 

specification of consumption patterns. Additional information is needed 

on the timing of the demands, i. e. , the coincidence within a given class 

of demand, the coincidences with other demand classes, and especially 

with the system peak of an integrated grid. Further, how might these 

patterns of use be affected by different rate structures? Is off-peak 

consumption possible, and at what cost !o *he user? 

B. Cost Specificat'ons 

Costs of generators and other equipment are commonly described 

in terms of average cost per unit of capacity. But average costs are 

not very helpful for cost coh,.?arisons when they vary significantly with 

the scale of plant. Given the potential demand in rural areas, the 

irreducible minimum, or indivisible, cozts constitute an important 

part of the total, and average costs rise sharply for small demands. 

A much more efficient approach to comparative costing is to compare
16 

the marginal costs of the available alternatives. Marginal costs are 

generally much less variant with scale changes, and hence a comparison 

can be made which is applicable to a wider range of demand conditions. 

16 "Incremental costs, as used by engineers in the U.S. , is nearly 

equivalent to marginal costs. In the short-run context, the two are 
identical; however, engineers rarely work with the long-run concept. 
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For the scales involved in rural electrification, the total costs for 

components can be described by a linear function of scale: total costs = 

A + B (size). The indivisible cost is simply the A term, and the marginal, 

the B. 

For investment decision, "long-run" costs, including both the fixed 

capital costs and the recurring variable costs, are relevant. The initial investment 

costs and the continuous flow of operating costs must be made comparable. 

The best theoretic basis, and the only accurate and relatively simple 

basis if the flow of recurring costs varies with time, is the present 

discounted value. Each of the expected future costs is discounted at the 

appropriate compound rate of interest back to the time of the initial 

investment. However, costs are frequently desired on an annual basis, 

or per unit of output, and the investment is reduced to an annual cost. 

The most direct method ior obtaining the annual costs of an investment 

is to take the annuity payments which have a present discounted value 

equal to the initial investment, if they are continued for the life of the 

investment. This method is essentially neutral regarding the implied 

depreciation profile of the investment; the total investment costs, 

interest and depreciation, are simply assessed to each year uniformly. 

Consistently throughout the succeeding analysis, costs are compared 

on an annual basis, as the advantages of so doing in this context seemed 

to outweigh the disadvantages. As annuity tables for the discount rates 

considered appropriate in underdeveloped countries are not generally 

available, Table A-1 has been appended to enable the reader to quickly 

adjust the annual capital charges for differing discount rate and useful 

life assumptions. Cost comparisons on a present discounted value basis 

may be easily made from the basic cost descriptions; for this purpose, 

present values for a stream of annually recurring costs are also listed 
17in Table A-1. 

1 7 Section II of Table A-1 simply lists the reciprocals of the 
corresponding entries of section I. 
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For comparing capital and recurring costs, a discount rate of 10 

per cent is uniformly used in the succeeding, except for rural consumers, 

whose discount, rate is taken at 12-20 per cent. This rate is not suggested 

as a single best estimate, and the "openness" of the model permits easy 

adjustment. There ar6 strong economic arguments for utilizing a much 

higher rate of interest than the nominal rates which government agencies 

involved in electricity supply tend to use for their evaluations. 18 Capital 

is scarce in underdeveloped countries, and investment opportunities must 

be passed up. The probable yield on the least productive of these foregone 

investments determines the opportunity cost of capital in that. country, or 

the real social costs incurred for investing elsewhere. Inivestment 

prograrrmers speak of this higher real rate of interest as the "shadow 

price" of capital to distinguish it from the nominal price. Estimates of 

the appropriate shadow price of capital in underdeveloped countries are 

in the range of 8-12 per cent compounded annually. 

On the matter of real prices versus nominal prices, difficulties 

also arise in the appropriate prices for imported goods, whether taxes 

should be included or excluded; and in the real costs of underemployed 

labor In ustimating the ccsts of, alternatives :nvolving imported 

equipitrnt in the following, no att.empt is made to adjust the nominal 

exchange rate upwqrds--!hc re is firs! he difficulty in estimating the 

appropriate shadow exchange ratc, and then in distinguishing the 

relative portion of :mpor's within thr all.ernatives Thus, the costs of 

alternatives which rcquire relatively larger amounts of imports tend 

to be understated Fxcise or sales taxes and import. duties in themselves 

do not constitute real costs, but only transfer payments, and ought to be 

excluded. However, some taxes or duties are indirect means to alter 

18 In many cases the agencies receive their capital funds from the 
treasury at very nominal rates. 
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a nominal price towards the shadow price. An example is petroleum
 
fuelin India; imported with an over-valued currency, its final price
 
to the user includes an excise tax expressly designed to reduce consumption, 

and in turn, conserve foreign currency. The shadow price of underemployed 

local labor is taken to be near zero. Hence the cost of clearing land for
 
distribution line construction is 
 considered negligible, and any additional 

local labor contribut'on to construction is assumed to require only the 

costs of training and supervision. 

Electricity rate analysts have traditionally distinguished the customer, 
capacity, and energy costs for providing service, leaving the remaining 
costs as a residual. The analytic approach in the succeeding is analogous, 

but marginal, concepts are used rather than th.2 common averages. For
 
each major component of the alternative methods 
of supply, the indivisible, 
the marginal capacity, and the marginal energy (which may be negligible
 

for some components), elements of cost are traced back 
t.o a few opera­

tional parameters and variables. 19
 Thus to determine the costs of
 
service--e.g. , 
 to a rural village, or to a householder--via one supply
 

option, the indivisible costs of each o 
 the up-stream components are
 
summed; likewise, the marginal capacity 
costs of the components (with
 
possible adjustment for demand diversity), and finally the marginal
 
energy compontnts are summed. The costs of a second supply option
 

may be determined in the same manner, and the two compared. The
 
costs for one option, net of those of the other, may be easily stated
 

within each category, thereby yielding a summary cost comparison which 
is applicable to a wide range of demand variables. 20 

19The distinction between paramters and variables is not rigid in 
our analysis; usually we will consider cost data as given parameters and 
explore the effects of changing the variables which describe the physical
environment. But if one takes a particular setting, he may wish to hold 
the latter constant and vary prices and cost. data. 

2 0 For a simple example, see the comparison of village engine 
generators with larger generators serving a number of villages in sec. 
V, B, 1, below. 



All of'the substation indivisible costs, and much of the indivisible:
 

costs of the primary distribution line, 
 are joint costs; ie., the facilities 
serve more than one village, and would be required to serve any one 

of the several. This lends an "all-or-nothing" character to the investment 

decision for grid extension; once an extension serves some villages in an 

area, the additional costs for connecting the remaining will be low relative 
to the initial extensions. Thus, isolated local generation (there being no, 

or negligible, joint costs with other villages) cannot be compared with the 
costs of a long line extension to a single village in isolation, but rather
 

to the incremental costs of linking a village, given in 
 extensions already
 

in the area. If the latter are 
less, the net savings for all the villages
 

in the 
area which could be feasibly connected, should be compared with
 
the joint indivisible costs of connecting them. 
 Essentially the same 

problem exists within the village regarding the joint costs for the 

individual users. 

The dynamic investment problems posed by indivisibilities in 
investments and growing demands turn out to be of minor consequence 

in choosing among alternative method s of energy supply in rural areas. 

As the -tin example, the indivisible costs of the small engine generator 

are shown to be- io high relative to the indivisible cost of distribution 

lines, that interim "load-building" generator installations are not 

justified. This is one of the major advantages of the present method 

of analysis, as "he usual comparison of average costs does not show 

this unambiguously. 

In many contexts, cost elements may be simply summed to obtain 

a summary cost specification, But in other cases the optimum combina­

tion of inputs must be determined in order to obtain the long-run cost 

function. The first sections of the chapter takenext up this problem for 

distribution lines. 



III. DISTRIBUTION COSTS 

Electricity is distributed at two voltage levels: the higher voltage,
 

or primary, lines carry energy from a central point--a substation
 

connected with the grid supply, 
 or a large isolated generator--to a number 

of villages. The low voltage secondary lines operate at the utilization
 

voltage and are 
fed from the primary system via step-down transformers, 

or possibly from small local generating sets. In this analysis the 

primary distribution system is defined so as to include the distribution
 

transformers, but not the substation feeding the secondary lines, and
 

the secondary system includes the users' 
 service drops and metering or 

load control devices. 

The aim is to establish summary Losts for distribution which are 

based on operational fundamental data Thus, the summary costs can 

be quickly derived for varying component prices and costs. 

The initial derivation is complicated by the fact that some inputs, 

e.g., size of wire and electricity losses, are partial substitutes, and 

the total cost can be determined only after the least-cost combination 

of inputs has been established Further, there are questions of technical 

design, e.g. , the size of a distribution area, which must be answered 

before a summary cost can be calculated In the terminology of economists, 

this implies a necessity to explore the production function(s) behind the 

desired cost function(s), and requires that the optimization problem be 

explicitly studied. An engineer would perhaps explain that he must 

estimate the costs of the several technical alternatives, and then report 

the lowest as the relevant cost The succeeding analysis differs from the 

usual engineering cost study in that a higher degree of generality, and 

hopefully, a wider area of applicability, is sought. 
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The categories of indivisible and marginal capacity and energy 
costs arise naturally from the technical characteristics of distribution 
lines and equipment, and from the physical constraints in distributing 
electricity to demand points dispersed in space. Because marginal
 
energy costs are so small relative to marginal capacity costs, 
 and
 
because of analytic difficulties in satisfactorily separating them, 
 the 
energy costs arc- included within the capacity costs. A common analytic 
model serves for both primary and secondary distribution, and yields
 
cost specilications bas.d on 
the distribution area as a whole, and also
 
per point of delivery. Thus, 
 we obtain the indivisible and marginal
 
costs of primary distribution for a 
whole primary distribution area, and 
for an individual village. Similarly, the indivisible and capacity costs
 
of secondary distribution are defined 
for the distribution area (normally 

the village) and for individual users
 

The analytic model 
is developed in the first two sections. The
 
first derives for distribution lines, 
 long-run cost functions of several
 
variables 
 The second outlines a simple analytic model for the distribu­
tion system as a whole. In the concluding two sections, economic variables 
defined in the earlier sections are estimated from the preliminary data 

in hand, in order to simultaneously illustratenow 
an application of the
 

model, and to establish preliminary estimates of the various 
cost
 

categories
 

A. Costs for Distributin Lines 

The major cost of electricity distribution lines is in the initial
 
investment required. The 
 capital charges against this investment, and 
the operating and maintenance expenditures, constitute the fixed costs 
of the lines. The costs -revariable the capacity and energy costs of the 
resistance lou;ses in the lines. To obtain the least-cost line, the cost of 
losses must be weighed against the investment costs of extending the 

capacity of the line. 
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1. Fixed costs of distribution lines 

An overhead line consists of poles and pole-top hardware supporting 

several conductors. The installed cost of the poles and pole-top structures 

varies 	somewhat with the number of conductors, but is relatively insensitive 

to the sizes of the conductors over the normally used range. The cost of 

conductors is very nearly proportional to their weight and cross-sectional
 
22
 

area, and hence their current-carrying capacity. Thus, the construction
 

(in$/mile) of lines may be closely approximated by a linear function:2 3 
cost 

(3. 1) Investment in lines = AI + wA + B (G - G M).
1 w wm 

A, = Indivisible cost of line, $/mile 

w = Number of phase conductors or wires 

A = 	 Indivisible cost of minimum size conductor and supportingw hardware, $/mile of conductor 

B = 	 Variable cost of conductor, $/mho-mile 
w 

G = 	 Conductance of conductor, mho-mile, or the reciprocal of 
the resistance expressed in ohms per mile 

G 	 Conductance of minimum size conductor consistent with m mechanical strength requirements 

The voltage level of the primary lines would influence the indivisible 

items, 	 A , chiefly due to different insulator costs. Because of the savingsw 

2 1 Underground lines to date have consistently higher costs than overhead 
lines and are hardly appropriate for rural construction. 

22See Figures 111-3 and 111-4 belok for examples of reported estimates 

for primary and secondary line constr ction costs. Economic analyses of 
distribution costs usually assume a simple linear function for investment 
costs. See, e.g. , Petri, et al, "The Influence of Electricity Consumption 
on the Electric Transmission and Distribution Costs, " World Power 
Conference, Montreal, 1948, Vol. V, p. 2137. Also, Campbell, et al, 
"Economical Analysis of Residential Secondary Distribution Systems, " 
AIEE Transactions, Part III, Vol. 76, pp. 574-85; Vol. 79, pp. 423-43. 

2 3 The neutral is conveniently included within the indivisible cost of the 

line, except in 1q, q-N, lines where it is properly a conductor. See note 29 
below, in this section. 
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resulting from standardization, only a few optional voltages are available, 

and an attempt at general relationships isn't justified. Thus A should be w
 
adjusted for the assumed voltage. Secondary voltages over the feasible
 

range would not affect the costs of secondary lines. 

Measuring the size of a conductor in terms of its conductance requires 
a brief explanation. Conductance is the current-carrying capacity of the 
wire, or the reciprocal of resistance. If the resistance of a conductor is 
given in ohms per mile (the usual orcatalog handbook listing), the
 
condactance in mho-miles is simply the reciprocal. 
 The advantages of
 
using conductance directly are: 1) conductors of different materials and
 

varying combinations of materials are made directly comparable; and 2)
 
analytic .onvenience is 
realized by avoiding conversions from cross-section 

to resistance, or conductance in a generalized cost model. 24 

Original investment costs and annually recurring costs must be
 
converted to a common 
basis, either present discounted value or annual 

charges. For present purposes, the latter is more convenient and the 
annual capital charges on the original investment may be represented as 

a decimal fraction, accl, of the original investment. 25 

Operating arid maintenance charges on a yearly basis are frequently
 

estim3t-d 
as fraclions of the line investment. This is satisfactory if a 
uniform design and quality of line is being considered, and labor and 

material costs in opera!ing and maintenance may realistically be 

considered fo be proportional to the labor and materials costs in the 

24Measuring cross-sections isn't as straightforward as might be 
imagined; cross- sections measured in square inches,are square millimeters, 
circular mils and several guage number systems. Further, there is 
ambiguity in that the sfeel cross-section is not uniformly excluded in 
designating the cros s-section of ACSR. 

2 5See above, Section II, B, for a discussion of this method of 
combining int. rest and depreciation charges into a single annual charge, 
and for realistic values for this charge. 



original construction. If, however, different qualities of construction
 

are 
being considered, a lower quality of construction, and therefore
 

lower first cost, will generally require greater expenditures on operation
 

and maintenance. 
 In this case, operating and maintenance estimates as
 

uniform percentages of first cost are 
clearly inappropriate. Thus, the
 

operating and maintenance factor, 
 om I, used below must be adjusted for
 

the particular quality of construction assumed. Also, it appears that the
 

operating and maintenance costs are insensitive 
to the sizes of the
 

conductoro installed; i. e. , 
 the operating and maintenance factor should
 

be applied only to the indivisible items, A and A
1 w' 
From the above, the annual fixed costs of the line may be represented
 

by the formula:
 

(3.2) Annual fixed costs = (acc1+ omra) (A 1 + w A + acc I w B w(G-G m). 

2. Variable costs--losses in lines 

The variable components of distribution line costs are the capacity
 

and energy costs of the losses in The
resistance the line. instantaneous 

rate of loss is given by the basic physical relationship, losses in watts = 

12 R, wherein I is the current in amperes, and R, the resistance in ohms 

for the length of wire in question. For a given power flow (usually 

designated in kilowatts, KW) through an alternating line, the current in 

each wire depends on the voltage (conveniently expressed in kilovolts, KV), 

the number of phases, and the phase angle between the voltage and current 

in the wires (commonly indicated by "power factor," PF).26 In a single-KW 

phase line, the current in each wire, I = KW (PF) , and in a three-phase
(KV)(P) adiathephs
 

2 6 The apparent power, kilovolt-amperes, KVA, equals the product
of voltage and current, irrespective of phase angle: actual power, KW, 
equals the product (KV) (I) (cos 0), 0 being the phase angle currentbetween 
and voltage. PF, a non-dimensional ratio, KW/KVA, equals cos 0. 
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KW 
line, I - (KV) (PF) wherein the voltage is measured between 

conductors. Noting that two-phase wires are required for 1, and three 

for 30, and that the conductance of each wire is defined as G = l/R, 

losses , in kilowatts, in single- and three-phase lines are given by the 

following equations: 2 
(3 3)os, 0KW i 1 

(3.3a) Loss, 500 (KV (PF) -G ; 

(3. 3b) Loss, 30 = 1000 ((KWV(PF) 

The line length dimension will be that in which the conductance is expressed: 

if conductance is measured per mile of wire, losses will be in KW/mile of 

line. 

Generally, the maximum load on the distribution line, and hence the 

maximum power loss, approximately coincides with the peak demand on 

the system. Thus the system capacity must be increased by the maximum 

power dissipation in the line. The marginal costs of this capacity must 

include all distribution, transmission, and generating capacity required. 27 

Energy losses must be accumulated over time, the most convenient 

period usually being a year. For the special case of a uniform load, the 

annual energy losses (KWH) equal the product of the power loss (KW) and 

the annual hours of connection. However, the demand generally varies 

continuously throughout the year from the peak level to very low or zero 

levels. Power losses on a line of given capacity vary with the square of 

the power carried, and precise computation of the energy losses would 

require complete knowledge of the demand curve over the full year. One 

operational method is to estimate the equivalent number of hours (here 

2 7 In some instances, the load and associated line loss will not coincide 
with the system peak demand. E.g. , de-watering or drainage pumps, and 
probably irrigation pumps, connected to an urban grid could well be 
disconnected during the system peak-demand hours. Hence, the capacity 
costs for the losses, as for the load in question, are zero. 
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abbreviated ehr), i. e. , the hours for which the maximum demand (KW M) 

would need to be connected to yield the energy loss created by the 

continuously varying load. The equivalent hours vary with the usage and 

is sometimes estimated directly for lines of a particular class. Another 

approach defines a "loss factor" (IsF), as the nondimensiona,, ratio, 

(average power loss), (Maximum power loss).28 The equivalent hours 

equals the product (hours in the time period) (IsF). Empirical formulas 

relating the loss factor and the load factor (LdF average demand /
peak demand 

are based on past operating experience. The usual form is LsF = a (LdF)2 

+ ,1 -z) (LdF), the value of the coefficient a varying slightly with the 

shape of the demand curve, but approximating 0. 7 or 0.8. Thus in 

context, where the coefficient a is empirically established, the annual 

losses can be easily estimated from the load factor, which in turn can 

be fairly readily measured or estimated However, as data supporting 

estimates for loss factors in underdeveloped rural areas are not 

available, approximate values will be assumed directly for the equivalent 

number of hours, in the succeeding. 

The cost per kilowatt-hour of energy losses, after capacity costs 

are otherwise accounted for, is simply the marginal cost for energy. 

As most of the operating and maintenance costs in a system are fixed 

or quasi-fixed, the marginal energy cost is mainly the marginal fuel 

cost. Denoting the marginal capacity cost per KW per year as CC, and 

the marginal energy cost per KWH as EC, the annual cost of losses is 

simply related to the maximum rate of loss as follows: 

(3.4) Annual cost of losses = Loss (CC + ehr EC).max 

28 
Which is equivalent to the ratio: 

actual energy losses 

(peak power loss) (hours in the time period) 

http:loss).28
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The maximum rate of loss is related to the peak demand by equations 

3. 3a & b for lW and 30, respectively. Combining equations 3. 3a & b 
and 3. 4, the formulas for the annual variable costs for 10 and 30 are: 
(3.5a) Annual variable cost, 10 = 50 m CC+ehr EC 

(3.a 1 

TO00 
-1 

((KvV (PF)) 
m 

G 
CC+ehr EC 

(3. 5b) Annual variable cost, 3 0 = 1000 ((K) (F) r 

These costs may be added to the fixed costs of the preceding section 
to obtain the total costs of lines. For example, for a three-phase, three­
wire, primary line, the short-run total costs would be given by simply 
setting w = 3 in equation 3. 2 and adding equation 3. 5b. Short-run costs 
imply that the size of the line is given, and that adjustment for the demand 
and cost conditions prevailing is either not possible, or not feasible. In 
contrast, the economists' long-run costs assume that the least-cost 
optimizing design can be anticipated and erected. Long-run cost functions 
will be developed in the next section. 

3. Optimum line capacity and long-run costs 

For the present we will consider the wire size of the line to be 
the only relevant capacity variable. Voltage of the line affects line 
capacity directly, and is variable within certain limits. But, for reasons 
of data availability, the necessity of a few standard voltages, and analytic 
simplicity, the choice of voltage will be treated by direct comparison of 
several alternatives rather than as a floating decision variable. 

The most direct derivation of the optimum line capacity is to sef the 
partial derivative of the short -run total costs (the sum of the fixed and 
variable costs), with respect to the wire size variable, G, equal to zero, 
and solve the resulting equation for the optimum wire size, G. For 

single- and three-phase we obtain: 
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1/2
 

(3.6a) G0316 m _ CC +_ ehr C
 

W (KV) (PF) ac B
 
KWm / 	 1/2 

I B wG = .0183 (KV) (PF) 	 Bce 
(3. 6b) 

These equations are simply one method of stating the traditional
 

"Kelvin's Law, " long used by utility engineers to determine the size
 

of conductor to install. 29
 

By substituting equations 3. 6a & b into the earlier equations for
 

fixe: and variable costs (3. 2, 3. 5a & b), the line size variable is 

eliminated from the latter. Summing the fixed and variable costs, and 

simplifying the result, we obtain long-run total cost functions. For
 

example, for a three-phase, three-wire, line the
 

(3.7) 	 Annual total costs, long run = (ace I + om 1 ) (AI+ 3Aw) = acc I w B G 
w m 

+ .110 KWm (aCClBw)l1/2 
+ . 110 (KV) (PF) 1 BW 

(CC ehr EC)1 / 2 

The first and second terms are "indivisible costs" in that they are 
invariant with the demand on the line; the third varies directly with the 

peak demand and yields the marginal capacity cost. The negative term 

is small compared to the first term, the other indivisible cost term. 

In the following indivisible cost specification it is omitted for two reasons. 

First, its inclusion implies an erroneous reduction in actual indivisible 

costs since the constraint, G>. G , was omitted from the previousm 

optimization for simplicity's sake. Second, its exclusion permits an 

2 9 The engineer will note that the neutral wire has been neglected in 

the above optimization. The assumption is that the neutral in a well-designed 
system carries a small and probably negligible amount of current. Its 
size is frequently dictated by minimum mechanical strength requirements, 
and hence can most conveniently be included within the indivisible cost 
component of the line. In some cases, necessary load unbalances between 
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upward adjustment from the ideal costs for perfect load and line capacity 

matching, to account for the cost implications of growing loads with fixed 

line capacity. On the latter, the reader is referred to section 4 immediately 

following. 

Indivisible line costs (IC 1 , $/mile) are thus given by 

(3.8) IC1 = (acc 1 + om 1 ) (A 1 + WA W) 

The long-run marginal costs are simply the additional costs associated
 

with increasing the load on a line. The units for MCC 1 arising from the
 

preceding formulas are $/KW-mile. 

=(3.9a) MCCI .127 B ) 1/ 2(CC+ ehr EC) 
1 16~ (KV) (PF) ac 1 Bw) 0+ E)

1 q 110 (acc I/21/ 

(3.9b) MCC (KV) (PF) Bw) (CC + ehr EC) I / 2 

"Marginal costs" will imply long-run marginal costs unless short-run 

costs are specifically stated. 

As the above marginal cost is expressed per kilowatt-mile, it 

appears as a marginal capacity cost, although the equation includes both 

capacity ,ost (CC) and energy cost (EC) variables. In this case our 

distinction between capacity and energy costs is blurred somewhat and 

very minor elements of energy costs are hidden within the capacity 

cost definition. In the general long-run cost function the capacity and 

energy cost of losses cannot be simply differentiated, whereas they can 

be readily separated in the short-run cost function. This arises from 

the economics of the optimizing process; essentially, the capacity and 

energy costs .f losses are joint costs, and there is no non-arbitrary 

manner of entering them separately. The full costs are included in the 

the phase wires will yield appreciable losses in the neutral, and signifi­
cantly higher losses in the phase conductors than for the ideal balanced 
load. The ratio, (sum of currents in all wires with unbalance)/(sum of 
currents in all wires with balanced load), will approximate the factor by 
which the succeeding marginal costs of the line should be multiplied for 
predictable load unbalances. 
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above equations for indivisible and marginal costs, and marginal 
energy costs in distribution lines will be considered negligible. With
 
the expected 
extent of utilization of rural distribution lines, the capacity 

cost of liner is inflated approximately 5 per cent by the inclujion of the 

energy cost, but this amounts to a negligibly small change in the total 
capacity cost at the consumer's connection. 

4. The implications of growing demand and possible technical constraints 

The above long-run costs implicitly assume that the demand is constant, 
and that the line capacity can be exactly adjusted to the demand. Neither
 

assumption is justified, and the 
implications of continuously growing 
loads and discrete wire sizes must be examined. Fortunately, the 
inherent substitution between wire conductance and resistance losses
 

causes costs to 
increase only slightly from the hypothetical least-cost,
 
for reasonable departures from the optimum design. 
 Excess capacity 

in the line implies higher annual fixed charges than would result from 
an optimum line, but the higher fixed charges are partially (ffset by
 
lower losses. Conversely, a line loaded 
beyond its optimum has higher
 

losses, but lower fixed charges, than the ideal.
 

The magnitude 
of cost increases for non-optimal lines is illustrated
 
in Figure l1-1, which is based on the median 
cost estimates of Section30
 
III, D, I, below. The short-run total, marginal, and average curves
 
represent the costs of a secondary line designed for a 
 load of 20 KW. 

The dotted long-run curves are drawn for the assumption that the wire 
size may be exactly adjusted to a constant load, except that conductors 

smaller than #4 AAC cannot usedbe The solid long-run curves correspond 

to the median estimates for indivisible and marginal capacity costs of 

30'
At PF = .90, on a 3q, 230/400 vclt line. For the illustration, the

wire size is exactly optimized for the cost parameters assumed, although
it doesn't coincide with a standard U. S. guage. 
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Table 111-7, below. These latter curves are somewhat higher than
 
the other (dotted) long-run curves, 
 because the strict marginal cost 
for very small loads on the line, where the wire size is determined for 
mechanical strength, is less than the assumed constant marginal cost.31 

At one-third of the design load, the 20-KW line has total costs about 10 
per cent above the hypothetical ideal; loaded at double the design, or
 
40 KW, about 15 per cent higher. Clearly, lines need not be exactly
 

scaled to the load. A few standardized sizes of conductors are feasible, 
and loads increasing to perhaps four- or five-fold the initial value may 

be economically served without altering the line--provided sufficient
 

excess 
capacity has been initially installed.
 

The excess capacity to be installed initially can 
be worked out
 
analytically, 
 although in actual practice, "rules-of-thumb" seem 

to be observed. But detailed investigation of this problem isn't warranted 
in our present context. More important is the comparison of costs for
 
a fixed conductor size but varying load, 
 with the summary cost descrip­

tion utilized in this analysis. By assuming a constant marginal cost
 
per KW in addition to an indivisible cost, which already allows for a 
small amount of line capacity because of the mechanical constraints on
 
conductor size, our line 
costs will be uniformly slightly above the 

31The difference arises from the omission of the small negative

term in the indivisible costs. See the immediately preceding 
section. 
Including the term, except where G <Gm, yields the dotted curves; 

including it without exception would produce perfectly linear totala 

cost curve coincident with the linear portion of the dotted curve, and
 
with an erroneously low vertical axis intercept; omitting it 
 entirely 
results in the simpler and preferred estimates. 

3 2 The only such analysis which the author has seernneglects to 
discount the cost of future losses, assumesand a terminal load after 
an indefinite period of time. (R. E.A. , Economical Design of Primary 
Lines . . . , Bul. 60-9, Appendix II. The author has worked out the 
analytic result for variable growth rates and planning horizons; a more 
general solution in which the appropriate planning period is determined 
in the model appears possible. 
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hypothetical least-cost which implies perfect matching of load and 

line capacity. Thus, in Figure III-1, the actual annual total and 
average costs for the 20-KW line would be below the estimated long­

run costs for loads between about 60 per cent under, and 60 per cent 

over, the design load. Over most of this range the short-run costs
 
are 
well under the long-run estimates, and we may conclude that 

the latter make adequate allowances for the expected load variations 

from the design load of the line. 

Possible technical constraints which might invalidate the above
 
optimization and resultant 
costs must be noted. Account has already
 

been taken of the minimum conductor size dictated by tensile strength
 
requirements. Permissible 
conductor temperature is not a constraint
 

on the economical 
design of overhead lines; with realistic cost
 

parameters, the design loading of 
a conductor will be one-fifth, or
 
less of the conductor's current carrying capacity. 34 Thus, even
 

under emergency loading conditions, the thermal capacity of the 

line will not be exceeded. 

The allowable voltage drop in a long line, however, may require 
a larger conductor section than the economic optimum. The voltage
 

drop, usually measured as 
a per cent of the nominal voltage, may be
 
approximated by the per cent loss, 
 as the two are approximately equal
 

for small conductors. The per cent loss 
can be derived from equations 
(3. 3a & b) and(3.6 a &b) above. Substituting the optimum conductor
 

size, G, 
 from the latter into the former, and multiplying the result 

by 100/KW, these equations for per cent loss per mile of line are obtained: 

3 3 Probably our summary estimates err slightly towards over­
statement: however, they do not take explicit account of possible load
unbalances between the phase conductors with the attendant slight increase 
in costs. In any case, the error is negligibly small. 

34Based on handbook data for approximate current capacity, and 
economic conductor size calculated according to equations (3. 6 a,b)
above, at representative cost parameters from succeeding sections. 
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6.33 acc 1
(3 .1Oa') %loss, 1 = Bw
 

(1V) (PF) (CC + ehr EC)

5.48 / accI B h1/2
 

(3.l0b) %loss, 3 = (KV) (PF) 
 wCC+ehrEC) 

Each of the variables is defined as before. 
At unity power factor, the per cent voltage drop would exactly 

equal the per cent loss. At probable power factors rural distribu­on 

tion lines, the former is slightly less than the latter for very small
 
lines, and the reverse for the largest conductor sizes which would be 
used in rural electrification. Table A-4 in the Appendix lists the
 
ratios, (% voltage drop) (% power loss), 
 for the relevant, size range
 
of conductors. 
 For medium demand densities, the economic sized 
primary distribution systems will probably be sufficiently small that 
voltage drops on optimum capacity lines will be within the allowable
 
limits. In secondary distribution, excessive 
voltage drops may require 
that either the distribution area be reduced from the optimum, or the 

line size be increased. 35 But the model for the distribution system as
 
a whole should be developed before this is pursued further.
 

B. Costs of Distribution Systems 

Having established simple summary cost descriptions for distribu­
tion lines, we may consider the distribution system as a whole. The
 
essential analytic problems 
are identical in both primary and secondary
 
distribution, and a common conceptual model will simplify the 
summary 
cost descriptions of both. Distribution of electricity from a central
 
supply point to a 
number of spatially dispersed consumption points can 

3 51n this country, momentary voltage drops due to motor starting
loads is of major concern to distribution engineers. In a rural under­
developed context, there will be fewer motors, and each will start less
frequently, than on residential systems in this country. Further, not so
high a price can be paid to prevent intermittent lamp flicker, and it seems
that momentary voltage drops may be neglected in the present context. 
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be viewed as two separable problems: 1) the linking of all the points 

via the distribution lines, and 2) the transportation burden, in units 

of electricity weighted by the distance carried. The first involves 

indivisible costs for lines and terminal equipment, and is dependent 

on the spacing between consuming points, but not on the individual 

or aggregate demand. The second problem implies capacity costs per 

unit of load-distance (and small capacity costs at the terminals), and 

varies with the density of demand. 

This distinction is justified because the indivisible line costs are 

large relative to the marginal costs of carrying the electricity and are 

especially disproportionate in low demand density rural areas. Additional 

line length, with the attendant indivisible line costs, in order to provide 

more direct paths from the central supply to the peripheral demand points, 

is more costly than the minor savings resulting from a slightly shorter 

mean distribution distance. Hence, economic design of the distribution 

system requires that the total line length be near the minimum required

36
 

to connect the supply and demand points. Evidence of the very limited
 

substitutibility between line length and reduced marginal transport costs 

ia given in section 3. 

Based on this distinction between the costs for lines to link the 

distribution points, and the transport costs over these lines, equations 

for the indivisible and capacity costs for distribution are given in the 

first section. Possible distribution line arrangements are illustrated 

in the second section, and the considerations determining the 

3 6 More exactly, the total indivisible line costs are approximately 
minimized, as the most direct line between two points is not always the 
least expensive. Also, the distance electricity is carried cannot be totally 
disregarded; e. g. , "back-feeding, 11or carryirng electricity first away from, 
and then back towards the central supply point, is usually avoided. 



relevant line length are discussed. The next section develops an "equivalent 

length" concept which aids in estimating the capacity costs of delivering 

the power to the distribution points. And, finally, the optimum sized 

distribution area, dependent on the demand density, the marginal 

capacity cost of distribution lines, and the indivisible costs of the central 

supply point, is derived. 

1. Indivisible and marginal capacity costs for a distribution system 

Thia section will define indivisible and marginal costs for primary 

and secondary distribution systems. Explanation of new parameters here 

defined will be given in the three succeeding sections. 

Given negligible substitution between length of line and the mean 

distance over which electricity is carried, the indivisible costs of 

distribution may be obtained directly from the indivisible costs of lines 

and terminal equipment. First, the indivisible costs for the area as a 

whole may be defined. For primary distribution, the relevant area is 

normally that served by one sub-station, and for secondary distribution, 

a single village. All costs are on an annual basis for comparability. 

(3. lla) ICdpa = Lpa IC l p + nv ICtf 

(3. lib) ICd = L IC 1 + n IC 

ICdpa = Indivisible costs for primary distribution for an area ($) 

Lp Primary line for an area (miles)pa 

IClp (IClI) = Indivisible cost for primary (secondary) line ($/mile) 

nV = Number of villages in the area 

ICtf Indivisible costs per distribution transformer ($) 

ICd = Indivisible costs for secondary distribution for a village ($)sv 

3 7 Within the feasible iji 'e of secondary distribution areas, thanmore 
one village would be unusual. While larger villages may require two or more 
distribution transformers, which probably will be interconrected on the 
secondary side, no problem is created for the analytic model. The village is 
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Lsv = Secondary line, for a village (miles) 

f u Number of electricity users in the village 
IC = Indivisible costs for users' connection 

The definitions for primary and secondary distribution' are 
symmetrical, as they are in the succeeding equations, with minor 
exceptions. Within the village, users may be classified into two groups: 
domestic and small commerical where lighting is the almost exclusive 
load, ard power for agricultural and light industrial use. Where the 
distinction is useful, it will be made by the addition of subscript d 
and p, respectively. 

In some contexts, the indivisible costs incurred per point of 
delivery--the village for primary distribution, and the final user for 
secondary--will be required. These are: 

(3.12a) ICdpv = pv Ilp ItfL IC ++IC 

(3.12b) ICd = L IC 1 + IC 

ICdpv = Indivisible costs for primary distribution per village ($) 
Lpv = Primary line per village (miles) 

ICd 
su 

= Indivisible costs for secondary distribution per user ($) 
L = Secondary line per user (miles, or fractions thereof)su 

Separate equations might be written for the indivisible costs of domestic 

and power users. 

In the usual case, the sum of indivisible costs for primary distribu­
tion per village for all villages in an area will not equal the total indivisible 
costs for the same area, and likewise for users' indivisible costs in 

simply treated as having two or more secondary distribution areas, and
the indivisible terminal costs are multiplied accordingly. 



secondary distribution. For meaningful use in later analysis, the 

primary line per village, and secondary line per user, must be defined
 

as the incremental length, i. e. , the additional line required to serve
 

that point, and that point only. An equivalent definition is 
 the avoidable
 

length, or the line length which would not be needed if 
 service were 

not made to that point, but were made to all more feasible nearby
 

points. Normally, some common lines, or portions of lines, will serve
 

two or more points, and the resulting joint costs cannot be defensibly
 

allocated between the points served. 
 Only rarely will the incremental
 

line length approach the average, and allocation by averaging in order
 

to exhau,4 the total can only furnish misleading guides for investment
 

decisions.
 

The marginal capacity costs for distribution depend on the mean
 

distance the power is carried from the central 
supply to the individual
 

distribution points, and not the actual line length in the area,
on or the 

incremental length per distribution point. Reserving further elaboration 

of the concept for subsection 3 immediately below, we will simply define 

the weighted mean distance electricity is carried in the area as the 

equivalent length for distribution (EL). Thus, 

(3. 13a) MCCdP = EL MCC 1lp + MCCp tf 

(3.13b) MCCd = EL MCC 1 

MCCd (MCCds) = Marginal capacity cost for primary (secondary) 
p distribution ($/KW) 

EL (EL ) = Equivalent length, primary (secondary)
 
P distribution (miles)
 

MCC 1p(MCC 1 ) = Marginal capacity cost of primary (secondary) 
line ($/KW-mile)

MCCtf =Marginal capacity cost of distribution transformer 
($/KW) 

No capacity cost component is assumed in the users' connection and metering 

costs. This is appropriate only over a reasonable range of usage, and if 
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different indivisible costs are estimated for 	domestic arid power users. 

Joint cost arise in the capacity cost of lines, as in all capacity 

costs, due to the partial non-coincidence of peak demands. Given the 

probable demand diversity between the small number of points in rural 

areas served from a common line, joint capacity costs on lines may be 

usually neglected. 

While the derivation of total costs from the above is fairly obvious, 

the equations are given here for future reference. 
n 

v 

(3. 14a) TCdpa = ICdpa + MCCdp Dvi 

i= 1 

n u 

(3. 	 14b) TCd v= ICd + MCCd. D. 

i=1 

(3.15a) TCd = ICd + MCCd 	 D 
pv pv p v 

(3.15b) TCd = ICd + MCCd 	 D 

TCdpa Total costs for primary distribution for an area 

TCd = Total costs for secondary distribution for a villagesy
 

TCd = Total costs for primary distribution per village 

TCd = Total costs for secondary distribution per usersu 

D = Maximum demand for a villagev 

D : Maximum demand per useru 

These total costs must of course be understood as incremental or 

avoidable costs in the same sense as the antecedent indivisible costs 

were defined. 
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2. Line arrangements and lengths 

Simple schematic models for a distribution system are illustrated 

in Figure 111-2. "Mains" or "feeders" leave a central supply point and 

feed "laterals" which are distributed along each side of the mains. The 

laterals may lead directly to the delivery point, (especially primary 

distribution, where these are sometimes called "spurs"), may passor 


nearby a number ol delivery poirits In secondary distribution, the
 

connectionb between the laterals and the consumers are commonly
 

called "service drops " in built-up areas with streets in a grid-like 

pattern, secondary lines may approach fairly closely a rectangular 

grid as in Figure 111-2A. Secondary lines would be much less regular, 

and more on the pattern of Figure 111-2C 

Given the low density of dcmand in a rural area, both primary 

and secondary distribution lines will follow a relatively simple radical 

pattern. Iwo possible exceptions are. 1) possible interconnections 

between primary lines away from the common supply point to provide 

greater security of supply- 2) in -i large village, two or more transformers, 

each at a separate location, may be connected through the secondary lines. 

Neither will signfi canlly affect the '-ucceeding analysis. 

At feasible utilization voltage levels the economic maximum length 

of secondary lines is or, the order of one mile. 38 This implies that each 

village should be considert d to be as a separate secondary distribution 

area. Generally, this secondary system would be supplied at one point, 

38For approximately 230 volts phase -to-ground. The U.S standard 
of 120 volts implics about half that lengh Hence, in the electrification 
of individual farmsteads in the rur-al are:.s of the U S. , there is very 
little secondary line construction Tho primary line is extended to ea.ch 
farmstead, and a transformer is installed for each consumer. 
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although the larger villages might require several transformer
 

locations. Hence it is reasonable to 
assume that the primary line
 
would be extended 
to the center of each village, but that no secondary
 

lines would connect villages.
 

While accurate estimates of the line lengths required 
to electrify
 
a village or a larger area must be based 
on direct observation, it is
 
helpful to know the order of magnitude which may be expected. The
 
total primary line required to reach all villages in an area (Lpa), can
 

be approximately estimated from the average distances between villages, 
or from 'he average village area The average length of line per village 
will correspond to the average distance between the villages in question; 
generally, one' would expect the line length to be slightly more than the
 

straight-line distance between 
villagos, but no more than the actual39
 
road distance. The average, and 'lence the total, 
 line length can
 
also be related to the geographical arcis of villages. Assume that the
 
areas of the villages in an indefinitely large area, A, are relatively
 

uniform in size. If all 
n villages in the area are toV be electrified, the
 
average line length per village will be 
 approximately equal to the square 
root of the village area. That is, average line length = (A/n 

1/2 
,
1240 v
 

and the total line length, L = (n A) 1 / 2
 

pa v
 

For investment decisions, hihe relevant primary line length per 
village (L pv) is the incremental length r quired to connect the village.
 

Joint lines, or portions of lines, whi(n would 
serve another village 
irregardless of service ,) the village in question, are excluded. No 
general estimates of the Incremental length can be made, as it is 

3 9 On the one hand, it is convenient and slightly less expensive, for
both construction and maintenance, to parallel roads. On the other, lines 
are less constrained by terrain and streams than roads, and may frequently
take a more direct path than would be feasible for road construction. 

40 For a relatively large n , strictly uniform village are(as, each 
arranged in the form of a square, and no physical barri, rs, the above 
holds quite closely, Size variance about the mean usually lowers slightly 
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contingent on decisions whether to serve other villages. If only large, 

widely spaced villages are connected the incremental length per village 

will be high. Smaller villages, near the lines which have been constructed 

to serve the larger villages, will require short additional line lengths. 

An approximate upper limit to the incremental length can be set; assuming 

lines in the area already serve larger villages or towns, the incremental 

line length (Lpv) for villages of a given geographical size class should 

rarely exceed the average distance between villages of that size. 

Turning to secondary lines, the distinction between incremental 

and average line lengths per customer is equally important. Typically, 

a line is run along a street or service alley, and serves customers 

along each side. The average length of lateral is thus about one-half 

the frontage of the customer's lot to the street. The average length of 

main per customer will probably fall within 25-50 per cent of the average 

lateral length, depending on the depth of the lots and the arrangement of 

mains and laterals. But the appropriate incremental line length for 

connecting a customer when the line passes his lot is strictly zero. 

This is quite important when the feasibility of connecting very low usage 

domestic customers is considered. On the other hand, serving an 

irrigation pump in the fields outside the village proper may require a 

considerable length of line which can serve no other customer. Normally, 

the major portion of the secondary line will serve a number of domestic 

and power users jointly and would be required to serve either group 

separately. Hence, for decisions whether to serve a given user or group 

of users, these joint costs are considered to be an essentially indivisible 

cost at the village level. 

the average length per village, but a highly skewed distribution might 
raise it. Approximately circular or hexagonal shaped areas also tend to 
lower the average slightly. Difficult terrain or bodies of water would 
raise the average. 
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The equivalent line length in distribution 

The marginal costs of carrying electricity on a line vary with load
 

and distance. At each demand point, relevant variable is
the the product 

of the load at that point and the distance back to thc supply source. 

Calculating the load-distance variable separately for each demand point, 

points near the central supply will have lower costs of supply per unit 

of load But a particular pattern of rplative costs is consistent with 

only one location of the supply point If the supply point to the distribu­

tion system in question were relocated, nearby points would become more 

distaint, and vice versa. As a consequence, the marginal costs of 

distribution on an individual demand point basis become ambiguous and 

apparently arbitrary. Howev-r. a weighted mean distribution distance, 

or an equivalent line length "EL, " circumvents this difficulty and 

simplifies the general model of distribution costs. It is equally 

appropriate for primary and secondary distribution. 41 

Assume uniformly dispersed load-points, each having an identical 

demand, over an approximately rectangular area, as in Figure 111-2. 

An equivalent distance variable which corresponds to the sum of the 

individual load-distances divided by the aggregate load is desired. 

The problem is analogous to that of finding the center of gravity of a 

body of uniiorm thickness. The distribution lines are separated into 

appropriate sections; the cquivalent distances, or lengths, are deterrr.ined 

for each section; and the several equivalent length variables are then 

summed for a single equivalent length variable for the whole distribution 

area. 

An inductive argument will serve; consider the main feeder m in 

Figure III-2A. Assume its extension from the supply point, the center 

4 1And also for the sub-transmission portion of an integrated system, 
as the sub-transmission lines perform a distribution function. But trans­
mission lines are of secondary interest in this study. 
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of the rectangular area, to the edge of the area, or a distance of about 

A/2. The load on the main decreases from its maximum at the central 

supply to zero at the end by equal amounts at each tapping of the laterals. 

Hence, the aggregate load-distance of the main is approximated by the 

maximum load on the main concentrated at the mid-point of the main. 

Noting that each main carries one half of the Lotal load for the distribu­

tion area, and that both mains are symmetrical, the equivalent length 

on the mains is approximately A/4. 

The same argument holds for the laterals: on any lateral 1., the
1 

equivalent load point is half its length, or B/4. Summing the loads on 

all of the laterals, the equivalent distance on the laterals is B/4. Thus, 

for a rectangular ar a, AxB, with a total demand evenly dispersed over 

its area, the equivalent length for distribution, EL = (A/4 + B/4). 

A special case is the square distribution area; when A = B, EL = A/Z. 

These results are not sensitive to the particular arrangement of the 

mains and laterals. For example, the arrangement on the top of Figure 

III-2B--four mains, each serving a triangular shaped area--yields exactly 

the same result. Four mains along the diagonals as on the lower left 

of Figure III-2B produce an equivalent distance of .472 A for a square area, 

and relatively less discrepancy from the above for rectangular areas. 

Even a hexagonal area--the ideal shape for a distribution area-- with a 

main for each of the six triangular segments, produces an equivalent 

length within I per cent of the simple A/2 for a square having the same 

geographic area. Where a regular grid is not built, as illustrated in 

Figure III-2C, the above results are also essentially correct so long as 

the mains and laterals meet one another at approximately right angles. 

In general, it appears that feasible arrangements of lines will not appreciably 
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alter the equivalent length from that of the simplest ideal case.42 

More complex line arrangements, and greater total length of 
line, yield very small reductions in the equivalent length for a distribu­
tion area of a given size. The high indivisible costs for additional 
line length outweigh the consequent reduction in the capacity costs of 
distribution. Hence, our earlier assumptions of essentially zero 
substitution between line length and marginal transport costs is 

justified. 

The assumptions underlying the above derivation should be noted. 
First the load has been assumed to be uniformly distributed over the 
whole distribution area. But frequently the load is more dense in one 
part of the distribution area, and it is desirable to locate the central 
supply point within this more dense portion in order to lower the aggregate 
load-distance. Where the simple model above yields results significantly 
different from the actual, it might be modified in either of two ways. If 
load density can be described as a simple function of distance from the 
center, a general formula for the equivalent load-distance can easily 
be derived. Or the equivalent lengths and loads can be estimated 
separattly for the areas having significantly different densities, and 

the results summed. 

The second important assumption is that "back-hauling" or "back­
feeding" is negligible; i. e. , an insignificant amount of electricity is 
carried back towards the central supply point. Generally there will be 
slight back-feeding, e.g. , in about one-half of the service drops from the 
secondary lines, But significant amounts of back-feeding will be justified 
only in special circumstances, and the equivalent length can then be 
adjusted upwards accordingly 

4 2 This equivalent length should not be confused with equivalent
length definitions for losses which assume a uniform wire size on
line. Our definition assumes that the wire size is 

the 
approximately matched 

to the load. 
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Further assumptions which should cause little difficulty in applica­

tion include the neglect of physical obstructions. In the rectangular 

lay -ut of lines there is considerable latitude for bypassing obstructions 

without appreciably raising the equivalent length. Also, the discrete 

changes in loading and necessary discrete changes in wire sizes have 

been neglected. But this is merely the problem of matching the line 

to the load, and allowances are made in the cost description of the line 

as described previously. 

One final point: for a very low demand density, allowable voltage 

drops may constrain either the size of the distribu~on area, or the 

conductor sizes in the lines. Hence, we should note the line length to 

the farthest point of the distribution area. Referring again to Figure 

111-2, in the simple grids of A and the left of B, the corners of the areas 

are A/2 + B/Z from the central supply point. With the arrangement on 

the right of B, the longest line is slightly shorter, but the less regular 

pattern of C again places the farthest points about A/2 + B/2 from the 

central point. This we will assume to approximate the general case, 

noting that it reduces to A for a square area. 

4. Distribution area optimizing 

The capacity costs of distribution are contingent on both the mean 

distance electricity is carried and the carrying cost per unit of load­

distance. The mean distance, or equivalent length, has been related to 

the size of the distribution ,.rea. In turn, the size of the distribution 

area must be explored. In some cases demand is concentrated at 

particular points, with little or no demand in the intervening spaces. 

Each demand concentration then forms a natural distribution area. But 

the more general case, and especially for area-wide rural electrification, 

is that of an approximately uniformly dispersed demand over space. The 

size of the distribution areas within this space then become s a problem of 

economic optimization. 
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The equivalent length concept of the previous section may be
 

further generalized. The uniformly dispersed demands within an
 

indefinitely large area, A, may be described as a demand density
 

per unit area, D. For units consistent with the earlier specification 

of marginal line costs, the units of D should be KW/mile 2 . For a
 

square distribution area, whose sides measure S (in miles), the
 

equivalent length, EL = S/2; the total load for the area is DS 2; and
 

the transportation burden within the area 
is thus (DS 3)/2. Within the
 

indefinitely large area, A, there are 2
A/S such distribution areas, 

and the total transportation burden is (ADS)/2, in KW-miles. 

The costs of carrying this electricity is the product ( (ADS)/2) (MCC1). 

For the optimum S, these costs must be weighted against the indivisible 

costs of the feeder (ICf--the substation or transformer and the supply 

lines) for each of the A/S distribution areas. In short, the partial 
derivative of the relevant costs, with respect to S, may be set equal 

to zero, and the equation solved for the optimum S: 

6C AD MCC 2A IC- 1 - f=0;o 

1 s 2 4C(3.16) 

Where the only indivisible costs for a distribution area are the 

terminal costs, i.e. , where a feeder line already exists and may be 

tapped anywhere on its length, the above yields the exact optimum -­

providing of course that the underlying assumptions hold. However, the 

total length of supply lines required will generally vary with the number 

and size of the distribution areas. If a defensible general relationship 

can be establi.,hed, it may be entered into the analytic solution directly. 

Otherwise, the indivisible costs of the supply line for the anticipated area 

size may be included within the term ICf; if the resulting size is 
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significantly different from the anticipated, an adjusted supply line cost 
may be entered and the calculation done again. 

The above derivation for the optimum area will be used for comparing 
the costs of alternative primary line voltages, and for estimating the 
magnitude of indivisible costs for substations and subtransmission lines 
for electrifying areas at considerable distances from pre-existing lines. 

C. 	 Cost Estimates for 	Primary Distribution 

This section will set forth preliminary cost estimates for primary 
distribution based on presently available data. The data are admittedly 
unsatisfactory, as only a few sources reporting estimated costs in 
underdeveloped countries are 	available, and in none is the basis of 
estimation made explicit. However, the range of costs can be established, 
and the preliminary estimates will illustrate how the analytic model can 
be applied. Further, the approximate magnitude of costs is sufficient 
to support tentative conclusions when costs are quite disproportionate. 
And in some cases relative costs are relevant, and these can frequently 
be estimated to greater accuracy than absolute cost levels--providing the 
critical components or variables have been isolated. 

But the whole purpose in elaborating the analytic model in the 
preceding sections was 	to facilitate the introduction of varying cost 
parameters, fitting particular environments. And this the reader is 

urged to do. 

The costs for primary lines and transformers are discussed in 
separate sections. Component cost estimates are given, and their 
sensitivity to environmental assumptions is discussed. Illustrative 
summary costs are given in the concluding section, and conclusions 
regarding economic voltages and phase arrangements are stated. 

1. 	 Primary line cost estimates 

No attempt will be made to examine all the possible operating voltages 
and phase arrangements. Present discussion abroad regaiding the optimum 
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voltage centers around alternatives in the 10-12 KV and the 20-25
 
classes. Estimates will be made for 11 
 and 22 KV, single and three­

phase.
 

Preliminary estimates of the line construction cost parameters
 
defined above (Section A, 
 1) are given in Table III-1. The low estimates 
are an attempt to establish a plausible lower boundary for line construction 
costs, the median estimates approximate or slightly exceed the actual 
costs reported from several countrie_5; and the high estimates are
 
intended for unfavorable situations, 
 but are not proposed as maximum
 
cost estimates. In appropriate designs, e.g. , use 
of copper conductors
 
and mountainous terrain may push costs much higher.
 

Three-phase 22 KV line construction costs, calculated from the
 
estimates in Table 111-1 
 according to equation 3.1, are plotted in
 
Figure 111-3. Reported rural line costs from the 
U.S. and several other
 
countries 
are shown for comparison. Our median estimates appear to
 

be fairly representative.
 

Pole costs usually comprise 
the major part of the indivisible costs
 
of the line, and hence a substantial portion of the total 
cost of a low­
capacity line. Thus, both the spacing between the poles and the unit
 
cost per pole will have a significant impact on the line cost. From the
 
available information, 
 construction in underdeveloped rural areas uses 
,surprisingly short spans compared to the practice in Canada and Sweden 
where wind and ice loading and temperature variations are generally
 
more severe 
than in the underdeveloped countries. It appears that 
a critical review of the design standards could yield considerable 

economy in some instances.
 

An average 
span of 400 feet, as assumed here, is conservative for 
ACSR in level country, and can be obtained with 30 foot poles (total 
length) where no ice loads are expected, and with 35 foot poles under 
heavy ice loads. Ceteris paribus, longer spans require longer and more 
costly poles, which in part offsets the savings due to fewer poles. 



TABLE III-I 

CONSTRUCTION COST ESTIMATES FOR
 

PRIMARY DISTRIBUTION LINESa
 

Low b Medianb High b 

Indivisible Structure Costs of Line:c A 1 P 

Poles 

Miscellaneous (Guys, 
grounding, etc. ) 

Labor and overhead 

$65 

80 

$400 

100 

$790 

120 

(including supervision 
and inspection) 80 160 300 

TOTAL 225 660 1210 

Indivisible Conductor Cost: 

Conductor 
Pole-top hardware 

11 KV 
22 KV 

Labor and overhead 

A 
wp 

119 

24 
50 

4 

143 

28 
61 
32 

168 

32 
72 
60 

TOTAL 
11 KV 
22 KV 

147 
173 

203 
236 

260 
300 

Variable Cost of Conductor: B 
v/p 

Conductor 250 300 350 
Labor increment -	 5 9 
Pole and hardware 

increment 8 	 25 46 

TOTAL 	 258 330 405 

Notes: 
a. 	 The unit length is uniformly one mile: for a kilometer basis, 

multiply by 0.621. The average span between poles is assumed 
to be 400 feet' the minimum conductor size to be #4 ACSR. No 
land and clearing costs are included. 

b. For assumptions behind the Low, Median, and High categories, see 
the 	text. 

c. Excluding neutral: if required, add A at 11 KV.wp 
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H,,L--onstruction costs implied

by High, Median, Low estimates 
for 22KV in Table III-1, respect. 

&--Madras, 3KV, 3, 3w, steel poleSB--Ues., 7.2/1.2.5,K-V, 3j; 4'W
10--Sweden, 2OKV,53,4w 


7 D--U.S., 7.2/12.p, KV, V',, 3 
E--Madras, 11KV, 30, 5w, rein­8 foraed conorete poles 

.4f Z / z/o 3/ A .. h smie 

Size of Conductors 

Ounparative Construction Cost Estimates for 
Primary Distribution Lines
 

Sources.: RZA, "Construction Costs ha o, Rural Distribution and
Transmission Lines and Substations,",Table 1; Gov't of India$
 
"Report...on Rural Electrification in Madras," Annoxure IIT; 
Kaijser, WPC, Belgrade, 1957, p. 229.
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Pole costs commonly are higher in underdeveloped countries than
 

in the U. S. Impregnated (usually creosote) wooden poles, 
 the most
 

economical 
in the U. S. , are not available in sufficient quantities in
 

many underdeveloped areas, and importation involves high transport
 

costs, plus foreign exchange difficulties. Consequently, steel and 
reinforced concrete poles are being used, especially in India and
 

Pakistan. A study of on-site 
costs for alternative poles in the latter
 

country [Iis been made; for poles of uniform height (30 feet above
 

grolund), -itee] poles would cost $80-90 each; pre-stressed concrete
 

poles tr .m a central 
plant and imported treated poles from Scandinavia413
 

wouid etch cost about $60. Reinforced poles, not pre-stressed, are 
rcportud to cost Rs. 75-110 ($15. 80-23. 10), depending on length, at
 

dec'ntlaiized casting stations in Madras. 
 Decentralized casting reduces
 
the subsequent transport 
costs to the site. In Kerala, 32-35 foot poles
 

cut from teakwood plantations, and impregnated with chemicals, 
 are
 

estimated to cost Rs. 100 ($21. 00). Wooden poles, 
 35 feet long for 

rural primary distribution are estimated to cost $37.40 in Puerto Rico.44 

In view of these costs, there has been conside:able interest in using 

locally available poles, eventhough the life might. be fairly short. In
 
some communities, especially in South America, 
 local poles are
 
available at essentially zero cost, these 
could be used with no treatment 

or with a superficial chemical application. If local labor is used, the 
replacement c -s is vury low. Another possibility is to set the wooden 

pole on a concrete or steel stub extending above ground, thus obtaining 

moot of the advantages of concrete costor steel poles at substantial 
45
 

savings. 

4 3 Miner and Miner, Presentation Report, Exhibit B, "Distribution 
Structure Cost Comparison Study," p. 3ff. However, without any explana­
tion, surmirary cost estimates for line construction include poles at half or 
less of the above. Cf. pp. 40, 41, of the main report.
 

4 4 "Report of the Study Team on Rural 
Electrification in Madras, p. 8," 
and Annexure IV, p. 29; Gainneos, "Rural Electrification in Kerala, "t 
ECAFE, Bangkok, 1961, pp. 6-8, and 14; and from cost estimates prepared 
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In view of the wide range of possible pole costs, three alternatives 

are included in Table III-1; Low--local poles are available at very low 

real costs, $5 each; Medium- -permanent poles are available at $30 at 

the site, about the most favorable cost to be expected; High--a less 

favorable cost of $60, which should rarely be exceeded. 

Labor costs will depend heavily on the participation of local labor, 

which usually involves very low or zero real cost. because of underemploy­

ment, in seasons of the year at least. No allowance is made forsome 


land deari-, in these estimates, as this can generally be done by local
 

labor. Local labor and animals can be used for transport, but the
 

feasibility of further use of local labor is not clear. 46 The low estimate
 

of Table 111-1 assumes 
that local labor can do most of the actual erection
 

under the supervision of a centralized staff, especially in rough terrain,
 

not having to bring large work crews and/or heavy equipment into the
 

area would mean substantial savings.
 

The labor costs in the "Median" column are probably near the
 

lower limit for a centralized work force; low wages and efficient
 

organization would be required. The total centralized labor costs,
 

including supervision, are comparable to those estimated for Pakistan.
 

They are somewhat higher than those listed for Kerala, but it is not
 

clear whether overhead and indirect items are in the latter. 4 7 The 
costs listed in the "High" column should not be exceeded in most under­

developed countries. However, they are about two-thirds of the estimated 

labor costs for rural electrification in Puerto Rico. 

by the Puerto Rico Water Resources Authority in 1962. 
4 5 See Mikes, "Reseaux Rationnels de Distribution d'Energie Electrique. 

pour les Besoins Agricoles Tchecoslovaquie," WPC, Belgrade, 1959, 
Vol. VI, pp. 862, 6, 7; and Idnani and Seethapathy, "Rural Electrification 
in India, " ECAFE, 3angkok, 1961, Appendix. 

4 6 More problems are posed for major use of local labor in primary 
line construction, as higher standards are required, and the construction is 
usually on a Jarger scale. Sev below, Section D 1, for some of the arguments 
for local labor participation. 

4 7 Miner and Miner, op. cit. , p. 41; and Gainneos, op. cit., p. 14. 
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Material costs other than poles are not expected to vary widely in
 
cost as the items 
are of fairly uniform design, and transport costs
 

relative to value are not high. Imported goods might be somewhat
 

higher in real costs than U. S. prices would suggest due to the shortage
 

of foreign exchange. The "Miscellaneous" 
 category under indivisible
 

line costs is intended to include the materials required for anchoring and
 

grounding poles, and for a pro rata share of special angle and terminal
 

structures and simple sectionalizing devices. The "Pole-top-hardware" 

category includes all items required per conductors, including the 

insulator assembly, brackets or a share of the cross-arm loot, and armor 

rods and tie-wires. The major difference in cost between 11 KV and 22 KV 

arises in the required insulators. 48 

The conductor costs are based on U. S. delivered prices in the Fall 

of 1962 for ACSR. Low, Median, and High estimates are 125 per cent, 
150 per cent, and 175 per cent, respectively, of the lowest U.S. costs. 

The available foreign cost data is consistent with the Low and Median49 

estimates. The cost of copper conductors is about double that of the 
equivalent capacity ACSR in the U.S. , and as this ratio is consistent with
 
the relative world market prices for ingots of the two 
metals, relative 

costs anywhere in the world should be comparable. Although there are 
slightly higher costs in installing aluminum rather than copper conductors, 50 

copper, without steel reinforcement, cannot be used for as long spans as 

ACSR, and it is unlikely that copper conductors can be justified for primary 

lines anywhere in the world. 

4 8 The opinion that there need be no significant differences in line 
structure, other than the insulators, for the two voltages is based on a 
careful comparison of the R. E. A. design specifications for 7.2/12.5 KV 
and 14. 4/24. 9 KV given in Form 804 and Form 803, respectively.
 

49 E. g., Gainneos, 2p, cit., p. 14: the 
cost is just 125 per cent of 
the U. S. cost net of discounts. 

5 0 Primarily because greater care must be taken in making Joints, and 
because armor rods at each insulator are always required for aluminum­
the cost would be several dollars per conductor per mile--and copper, for 
relatively short spans, may not require similar rods. 
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For the annual fixed cost of the line, estimates of the annual capital 

charges and the operation and maintenance costs must be made. With 

permanent poles, a primary line has a physical life of perhaps thirty 

years. Even if the economic amount of excess capacity has been 

installed initially, major rebuilding may be required much sooner, 

and the economic life is very difficult to estimate. However, examination 

of Table A-2 in the Appendix will show that the annual capital charges 

are not sensitive to the exact life of a long-lived investment when the 

discount rate is fairly high. In the su.cceeding, a discount rate of 10 

per cent and a twenty-year 1iie are assumed, yielding an annual capital 

charge, accII, of approximately 12 per cent. Using Table A-2, the 

implications of other assumptions are easily explored. If non-permanent 

local poles are used, their life will probably be less than the economic 

life of the line, and an appropriately higher rate should be charged against 

the pole component of the investment 

The annual operating and maintenance costs cannot be estimated 

without qualification, as no unambiguous data from underdeveloped 

countries have been found. According to the Madras State Electricity 

Board, uperating and maintenance amounts to 7.2 per cent of the invest­

ment in rtiral extensions, but secondary lines are included, and probably51 
user billing and collection The R. E.A. suggests a range of 1.5-3. 552 
per cent of originil iwnvestment for rural lines in the U.S. Recalling 

that the basis for estimating operation and maintenance is here only 

the indivisible costs of the line and conductor, an annual factor, omlp, 

of 4 per cent seems reasonable, It would, of course, be higher with 

the use of local poles. 

The first section of Table 111-2 reproduces annual indivisible cost 

estimates calculated from the above estimates according to equation 3.8 

51 "Report . . . on Rural Electrification in Madras, " p. 15. 

5 2 REA, Economical Design of Primary Lines for Rural Distribution 
Systems, p. 4. 
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above. The effects of other assumptions may be explored by substitu­

tion of the appropriate values into the basic equation. 

The second section of Table 111-2 lists marginal capacity costs 

calculated according to equations 3. 9a and b. Representative values 

for the marginal capacity and energy costs at the distribution sub­

station output are $40/KW and 3. 4 mills/KWH, respectively. 53 A 

power factor of 90 per cent, and equivalent hours for energy losses 

equal to 1,000 are assumed for primary lines. The marginal capacity 

costs are not very sensitive to different construction cost estimates, 

and experimentation with different capacity and enrgy costs will also 

indicate low sensitivity. However, the voltage of the line has a marked 

effect on the capacity costs; doubling the voltage halves exactly the 

marginal capacity cost. The small differential between 16 and 3 

results from the assumption of 2 phase wires on the W line, so that 

the voltage between conductors is the same for both 16 and 3 . Of 

course the wire sizes would be larger on the 16 line than on the 3 , 

for a comparable load. Over-all cost comparisons for l and 3 6 

must include the relative costs of transformers, to which we will now 

turn. 

2. Transformer costs 

In each village one or more step-down transformers will be 

required to convert the primary voltage to the standard utilization 

level. The relative costs of transformers must be considered in weigh­

ing the advantages of alternative primary voltages, and a major objection 

to higher primary voltages has been the increased cost of the distribution 

transformer. Consequently, we will analyze transformer costs in some 

detail so that the relative costs for different primary voltages and phase 

arrangements can be established. 

5 3 See below, Section V, A, 7. 
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TABLE 111-2 

ILLUSTRATIVE ANNUAL COSTS FOR 

PRIMARY DISTRIBUTION LINESa 

Low b Median b High b 

Indivisible Costs: IC ($/mile)C 

Single-phased 
11 KV 83 170 277 
22 KV 92 181 290 

Three-phasee 
11 KV 107 203 318 
22 KV 120 219 338 

Marginal Costs: MCC ($/KW-mile) f 

Single -phased 

11 KV .47 .53 .59 
22 KV .24 .27 .29 

T" ree-phasee 

11 KV .41 .46 .51 
22 KV .20 .23 .25 

Notes:
 

a. Assuming a 20-year life for construction, except 10-year for 
poles in "Low" category; 10% rate of interest; and omlp = 4%. 

b. 	 Using the corresponding construction cost estimate in the pre­
ceding Table, III-1. 

c. 	 Calculated according to equation 3 8. 

d. 	 Two phase conductors, no neutral. 

e. 	Three wire.
 

f. 	 Calculated according to equations 3.9a and b, assuming CC z $40, 
EC = 3. 4 mills, ehr 1000, and PF = .90. 
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The total transformer costs include the initial purchase and 

installation cost, operation and maintenance, and the cost of power and 

energy losses. Over the relatively narrow size range of transformers 

which would be used in rural electrification (perhaps 10to 200 KVA),55 

the installed cost of transformers may be closely approximated by 

linear cost functions. 
(3. 17) Installed transformer cost = A t + Bt (KVA) 

The annual capital cost of the investment may be obtained by 
multiplying the above by a factor, acct, representing both depreciation 

and interest charges. Annual operating and maintenance costs may be 

estimated as a decimal fraction, omt, of the original cost. 

The power and energy losses must be divided into two categories:
 

the "core" or ''iron" losses which are fixed for a 
given capacity of
 

transformer irrespective of the load on the transformer, and the 
"coil" 

or "copper" losses which vary as the square of the load on the transformer. 

Maximum copper losses are evaluated at the full load rating of the transformers. 

Each of these losses may be estimated over the relevant size range as 

linear functions of the KVA rating of the transformer. In kilowatts, they are: 

(3. 18a) Iron losses = af + bf (KVA); 

(3. 18b) Maximum copper losses = a + b (EVA)
c c 

The costs of losses include both marginal capacity and energy costs. 

Iron losses continue at a constant rate throughout the year, and 

(3. 19a) Annual cost of iron losses = (af + bf (KVA)), (CC + 8, 760 EC) 

5 4 Exciting current costs very low relative to the power and energyare 

losses, and are neglected in the succeeding. 
5 5 Transformers are rated in kilovolt-amperes, which is equivalent to 

KW/ (Power Factor). 
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Copper losses are resistanc losses and vary with the square of the 

load, as do line losses, and the concept of loss equivalent hours may 

be used here also. 

Hence, 

(3, 19b) Annual cost of copper losses = (a + b (KVA)) (CC + ehr EC)
C 

From the above equations, the annual costs of a transformer installa­

tion may be derived. Again, the indivisible costs per installation, ICtf,
 

and the marginal capacity cost per kilowatt of demand, MCCtf, will
 

be the most useful. These costs are defined as follows:
 

(3.20) ICtf = (acc t + omt) A t + (af+ ac) CC+ (8,760 aftehr a ) EC 
(3.21) 	 MC~tf =- C acc t + m ) B + (bf.+ bc) CC+ (8,760 bf + ehr bctf t t t fc £ c 

ECJ 

A small strictly energy component -- the term, ehr b EC- -has been c 

inluded within the capacity cost definition. It is not directly proportional 

to the energy 	thruput of the transformer, and it is negligibly small relative 

to the marginal energy cost at the transformer. Thus, a separate energy 

cost specification for the transformer is needless, and the term is 

included with 	the capacity cost so that equations 3.20 and 3.21 will include 

all components of the transformer costs. 

Given the relatively high cost of installing a transformer, considerable 

excess capacity will usually be installed in anticipation of a growing demand. 

On the other hand, transformers are generally designed with an actual 

capacity exceeding the nominal rated capacity by a fairly large margin. 56 

5 6 The feasible capacity of a transformer of a given design and size is 
determined by thermal considerations as the insulation deteriorates 
increasingly more rapidly as its temperature increases. Thus the maximum 
loa - which can be carried depends on the ambient temperature and the 
duration of the load. Short-term over-load capacities on the order of 
150 per cent of the rated capacity are common on U.S. transformers. 
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Consequently, averaging over the installed life of a transformer, the
 

annua., peak load may be approximately equal to the design rating of
 

the transformer. In the succeeding, it 
 will be assumed that negligible
 

error 
results from setting the nominal rating of the transformer in KVA 

equal to the annual peak demand in KW) corrected for Power Factor. 

Not enough data on transformer costs abroad could be obtained to 

support representative estimates. Consequently, the following 
estimates are b-sedon current U.S. costs. Technical design parameters 

determining the loss components of costs should not be significantly 

different. Manufacturing costs abroad may or may not be higher: 
Indian commercial quotations approximate U. S. prices at the official 
exchange rate, and selling prices are substantially lower in Europe 
and Japan. It appears that transformer installations in foreign rural 
areas are frequently much more elaborate than U.S. practice, and
 

are difficult to justify for low demand areas. 
 Design standards evolved
 
for dense demand urban areas 
seem to be used without critical review
 

of their applicability in different situations.57
 

The installed cost parameters reproduced in Table 111-3 have been 
estimated from manufacturers' current listed prices, on a delivered 

basis, and on R. E. A. estimates of installation costs. 58 The listed 
voltag:s are not consistently standard U.S. designs, but estimates were 
based on the nearest standard rating. The transformers are uniformly 

"self-protected,"1 including fuses and lightning arrestors on each 
primary phase conductor and circuit breaker protection on the secondary 
side as an integral part of the unit. Under and over nominal voltage taps 

5 7 Where utilization voltages are high, as in Europe, the distribution 
transformer economically serves a larger area and heavier load, and 
tends to have more elaborate switching and protective gear. The low U.S. 
standard utilization voltage has forced the development of relatively low­
cost transformer installations in order to serve low density loads, 
especially in rural areas. 

58Prices from manufacturers' price lists current, in the Fall, 1962,
and R. E. A. estimates from Staff Instruction 80-3, "Construction Costs of 

http:situations.57
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TABLE 111-4 

REPRESENTATIVE ANNUAL INDIVISIBLE AND CAPACITY 

COSTS FOR DISTRIBUTION TRANSFORMERSa 

Indivisible Costs: Marginal Capacity 
IC ($) Costs: 

MCCtf ($/KW) 

Single phase
 
11 KV, O-N 
 34.50 2.60
 
11 KV, 0-0 
 40.40 2.60
 
22 KV, O-N 
 44.40 2.80
 
22 KV, 0-6 
 56. 10 	 2.80 

Three phase 

11 KV 90.70 	 2.80 
22 KV 107.00 2.80 

Note s: 
a. Calculated from equations 3. 19 and 3. 20 under the following 

assumptions: 
1. Cost and loss parameters of Table V; 
2. 10% discount rate, 15 year life, implying acc t = . 13; 
3. Annual operating and maintenance, om = . 04; 
4. 	 Marginal capacity costs at the transformer, CC = $45/KW;

marginal energy cost, EC = 3. 4 mills/KWH;
5. Equivalent hours for copper losses, ehr 	= 1000 hr. /year;
6. Power factor at the transformer, PF = . 90. 
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for each village will be the indivisible costs (ICdpv ) as defined above 

in equation 3. 12 a: 

ICdpv = Lpv IClp + ICtf 

The relevant line length (L pv) is the incremental length for connecting 

the village in question, and the reader is reminded of the above discussion 

of joint lines (section B, 2). As an illustration, assume a village size of 

3 square miles, which is fairly representative of Indian rural areas. If 

the towns in the area are a!ready electrified, the incremental primary 

line per village should not exceed \fT7 or about 1.7 miles. 6 0 A few 

villages fortunately situated near existing lines might require shorter lines. 

Our basic estimates for IC assume 36 lines; the conditions underlp 

which 10 service yields lower total costs will be discussed later. Using 

the median estimates of Table 111-2 for ICPl transformer cost estimates 

from Table 111-4, illustrative indivisible costs for primary distribution 

per village, ICd pv, are $436 and $479 for 11 and 22 KV, respectively. 

The capacity costs for primary distribution are given by equation 3. 13a:
 

MCCdp = ELp MCC p + MCCtf
 

As the equivalent length (ELp) varies with the size of the distribution area, 

and the economic area size is dependent on the demand density and the costs 
of substations and subtransmission lines, several alternative assumptions 

will be made. Three levels of demand density (D) over the whole distribu­

tion area may be assumed: 1) demand for lighting, with very little power use, 

3 KW/mi 2; 2) power for processing and minor irrigation pumping, plus 

lighting, 10 KW/mi 2; and 3) pump irrigation over most of the area, plus 
2processing and lighting, 30 KW/mi . These are maximum demands at the 

village and take account of some non-coincidence between the various demands. 61 

6 0 For the justification of this estimate see above, sec. B, 2. 

61 See above, Sec. II, A, and the cited references for the range of 

demand parameters. 
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Still assuming 3 mile 2 per village, these demand density assumptions imply 

maximum village demands (D ) of 9, 30, and 90 KW, respectively. 

Alternative assumptions regarding the indivisible costs of a primary 

voltage source feeding the distribution area (ICf) are: 1) only the 

indivisible costs of the substation are incurred, $4, 8 00/year; 2) to the 

substation costs are added the indivisible costs of 20 miles of subtrans­

mission line at $ 6 00/mile/year, or a total of $16,800/year; and 3) 30 miles 

of line must be built, plus the substation, or $22, 8 00/year. 62 

According to these assumptions, and marginal line capacity costs 

from Table 111-2 (median estimates for 11 and 22 KV), the optimum size 

of the distribution area may be determined from equation 3.16: 

s-- 45C ) l 
KD MCCGI 

Calculated values for the side (S) of an optimum sized area are listed 

in Table 111-5. These values should not be interpreted too precisely, as 

they rest on several simplifying assumptions. 63 In addition to illustrating 

the effects of different environmental assumptions, these estimates may be 

interpreted as the approximate dimensions of the distribution areas which 

might be economically served from an existing substation, given the 

stated costs of providing another substation with its supplying subtransmission 

line. 

Recalling that the equivalent length for distribution, EL = S/264 
for a square shaped distribution area, the marginal capacity costs for 

6 2See below, sec. V, A, 2 and 3, for substation and subtransmission 

line cost estimates. 

6 3 Which are discussed above, sec. B, 4. 
6 4 After the derivation in sec. B, 3, above. 
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TABLE 111-5 

OPTIMUM DISTRIBUTION AREAS AND RESULTING ANNUAL 

CAPACITY COSTS FORPRIMARY DISTRIBUTION 

Demand Density (KW/mile 2 

3 	 10 30 
_a c _.a _ a c 

S MCCd S MCCd S MCCd 
(miles) P
(miles) (miles) P 

($/KW) ($/KW) ($/KW) 

I. Substation only: 
ICf = $4,800 
11 KV: MCC = .46 24 8.30 16 6.50 11 5.40 

ip 

22 KV: MCC 
lp 

= .23 30 6.30 20 5.10 14 4.40 

II. 	 Substation plus 20 miles 
Subtransmission line: 

ICf 	= $16,800 

11 KV: MCCIp = .46 (37)b (11. 20)b 25 8.60 17 6.70 

22 KV: MCClp = .23 46 8.10 32 6.50 21 5.30 

III. 	 Substation plus 30 miles 
Subtranmission line: 

ICf 	= $22,800 

11 KV: MCCIp = .46 (39)b (11.90) b 26 8.90 18 7.00 

22 KV: MCC p = .23 50 8.50 33 6.60 23 5.40 

Notes: 

a. The optimum length of one side of an approximately square distribution area, 
as calculated from equation 3. 16 for the listed values of D, ICf, and MCCIp. 
See sec. III, B, 4. 

b. 	 Voltage drops would probably be excessive for the theoretic optimum 
conductor size and distribution area. See the end of sec. III, A, 4, including 
equation 3. 10b. With load compensating voltage regulation, and under and 
over nominal voltage taps on the distribution transformers, maximum voltage 
drops, to the end of the primary line, of 10-15% can be tolerated. See also 
sec. III, E. 

c. 	 Calculated from equation 3. 13a, with the MCCI values (median estimates, 
3 lines from Table 111-2 used for calculating S, and transformer costs 

from Table 111-4. 
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primary distribution (MCCdp) may be calculated from equation 3. 13a. 
Using the same MCC p values as were used for calculating S, and
 
marginal transformer costs from Table 111-4, 
 MCCdP estimates on an
 
annual basis are 
entered opposite the corresponding s" in Table 111-5. 
As might be expected from the relative values for MCCIp , 11 KV
 
consistently yields higher capacity 
costs (MCCd ) than 22 KV. Capacity 
costs steadily decline as demand density increases, and smaller distribu­
tion areas become economical. With increasing indivisible substation
 
costs, the least-cost distribution area increases, 
and therefore the 
capacity costs increase also. The bracketed entries for 11 KV imply
 
that voltage drops would be excessive 
 for the theoretic least-cost area
 
size and conductor capacity. However, this might not 
be a constraint,
 
because portions of lines in such 
 low demand density areas would be very
 
lightly loaded, and the excess conductor capacity 
would yield less voltage
 
drop than is 
 implied for the optimum conductor size.
 

The total costs for primary distribution per village 
are simply the
 
indivisible primary distribution costs, 
 plus the product of the capacity
 
costs and the village demand, 
 as given by equation 3. 15 above The 
relative total costs for 11 and 22 KV may be quickly calculated for the 
conditions assumed in Table 111-5; the total costs are nearly the same
 
for a demand density of 10 KW/mile 2 and the 
 lowest substation costs. 
Higher demand densities and/or higher substation costs imply savings
 
for 22 KV. 
 Only for very low demand densities would II KV appear to have 
lower total costs, but for these demand densities 1 service, with 
lower indivisible costs than for the 36 assumed above, would be economical. 

But the choice of primary distribution voltage should not rest 
exclusively on the primary distribution costs. Substation and subtransmission 
line costs will also be affected by the primary voltage. Further discussion 
of this topic is reserved for section E below, after the secondary distribution 
costs are reviewed. 
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D. Cost Estimates for Secondary Distribution 

The first two sections following establish preliminary estimates of 
the costs for secondary lines, and domestic and power users' service 
costs. Factors influencing these costs will be discussed, and possibilities 
of reducing costs from present levels noted. The final section relates
 
these estimates to the costs of supplying different classes of users.
 

1. Secondary line custs 

Again the major determinant of total line costs is the initial
 
investment required. 
 The low, median, and high estimates reproduced
 
in 'fable 111-6 are to be interpreted in the same fashion as the similar
 
!t'itnatesfor primary lines. 
 The median estimate is intended to
 

approximate 
the most frequently encountered costs; the low and high 
estimates are attempts to set reasonable lower and upper boundaries.
 

A pole spacing of 200 feet is 
 assumed in the estimates of Table 111-6.
 
This spacing may be varied somewhat, according to the distance between
 
service drops. Especially with expected ice loads, small sizes of
 
aluminum strand may not have sufficient tensile strength for spans which
 
would otherwise be allowable. Where convenience for service drops is
 
not a constraint--e. g. , in extending a line to serve 
an irrigation pump-­
it will probably be economical to use 
ACSR and extend the pole spacing. 

Locally available poles with minor chemical treatment are assumed 
to cost $5 each; permanent poles will cost about $20 each on-site under 
favorable conditions, and should rarely exceed $40. These costs are 
slightly lower than those suggested above for primary lines, because 
secondary lines usually have shorter spans and lower clearances, and 

65Each service drop should originate at a pole, and feasible maximum
lengths of service drops without poles in mid-span are about 100 feet. More
than 6 or 8 drops per pole lead to severe congestion on the pole. 



71. 

TABLE 111-6 

CONSTRUCTION COST ESTIMATES FOR 

LINESa
SECONDARY DISTRIBUTION 

b *bb b 

High b 
MedianLow 

Indivisible Structure Costs of Line:C Als 

Poles $135 $530 $1050
 
Miscellaneous (Guys,
 

grounding, etc.) 125 160 190
 
Labor & overhead
 

(iticluding supervision
 
and inspection) 100 240 400
 

TOTAL 	 360 930 1640 

Indivisible Conductor Costs: A 
ws
 

142Conductor 102 122 


Pole-top hardware 40 50 60
 

Labor & overhead 5 35 58
 

TOTAL 	 147 207 260 

Variable Cost of Conductor: B 
ws 

Conductor 18Z 218 255
 

Labor increment - 7 13
 

Pole & hardware
 
increment 	 13 35 62 

195 250 330TOTAL 

Notes: 
a. The unit length is uniformly one mile. For a kilometer basis, 

multiply by 0.621. The average span between poles is assumed 

to be 200 feet; the minimum conductor size to be #4 AAC. No 

right-of-way costs are included. 
b. 	 For assumptions behind the Low, Median, and High categories, 

see the text. 
c. Excluding neutral; when required, add AWs. 
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can hence utilize shorter poles. For the different pole materials and 

the range of reported costs, the reader is referred to Section III, C, 1, 

above and the references there cited. 

The participation of local labor appears more feasible in secondary, 

than in primary line construction, and merits some consideration. Real 

labor costs could be drastically reduced if most of the construction labor 

could be supplied in the village. Chronic underemployment in under­

developed villages implies essentially zero real wage costs. The 

effective use of local labor is probably dependent to a large extent on 

the institutional arrangements for electricity supply; if all operations 

at the local level are administered by a central agency, the high costs 

of administration and coordination will work against major use of local 

labor. Alternatively, if a local organization, probably a cooperative, 

is in charge of local distribution, local labor can undertake most construc­

tion and maintenance with central resources available for technical matters 

and some supervision, inspection, and training support. 

Arguments against a centralized approach to local construction include 

the following: 1) Centralized work forces must have substantially higher 

wages and living allowance. 2) Relatively high costs are involved in 

transportation and communication to rural sites. 3) Initial expenditures 

on materials will generally be higher because of the greater difficulty 

in utilizing any available local materials, especially poles; and the 

relatively higher costs of later extensions will require larger initial 

installations. 4) Rarely are all service connections made initially, and 

the time and cost involved in making later connections is much higher. 

5) Local men competent to complete consumers' wiring are required to 

keep these costs to reasonable levels; these skills are comparable to 

those required for secondary line construction. 

The following arguments apply against local construction: 1) Local 

labor will have to be trained. However, any substantial construction 



73.
 

program will require training labor anyway, and it can be argued that 

less fully employed rural labor ought to be trained. 2) Some supervision 

and inspection will still be required, and enforcement of minimum 

technical standards may be difficult. This would be the key problem in 

a decentralized scheme. 3) In many instances local poles may be 

unavailable or unsuitable even when installed by very low cost labor. 

For comparison, secondary line construction cost estimates from
 

several countries are shown in Figure 111-4, together with the implied
 

total costs (ifter equation 3 1) from the component estimates of
 

Table 111-6. Costs reported in foreign currency have been converted at 

the official exchange rate. It appears that our low and median estimates 

are consistent wit.h reported foreign costs; and that costs will rarely 

reach our high estimate. 

Based on the alternative construction cost estimates of the preceding 

table, annual indivisible and marginal costs for secondary lines are given 

in Table 111-7. The additional assumptions are noted in the table; the 

indivisible costs were calculated according to equation 3.8 above, and the 

marginal costs following 3. 9ab. In calculating the marginal costs, a 

utilization voltage of 230 volts, phase to neutral, was assumed. This is 

the standard for India and Pakistan, and mid-way between the Continental 

European 220V and the English 240V. At the U.S. standard, 120V, 

marginal costs are increased by 230/120, or nearly doubled. The choice 

of utilization voltage is not a trivial mattei , and new extensions in Latin 

America ought to be standardized to relatively high levels. 6 6 The indiviible 

costs are minimized by tu.ing as few conductors as possible--i. e. , 2, in a 

1, two-wire supply. But the marginal costs are halved in a 1 6, three-wire 

line (the effective voltage is doubled assuming a balanced load) and total 

costs are lower with the latter construction for loads exceeding 2 or 3 KW. 

6 6 See below, sec. 3 for the effect on distribution dlistancea and capacity 

costs. The claim is sometimes mad. in this country that higher utilization 
voltages are not desirable because greater safety hazards are presented. This 
objection is rarely, if ever, raised in cou.ntries which have adopted higher 
voltage standards. Of course some attention must be given the design and 
quality control of utilization appliances. 
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TABLE 111-7 

ILLUSTRATIVE ANNUAL COSTS FOR 

SECONDARY DISTRIBUTION LINESa 

Lowb Median b High b 

Indivisible Costs: ICIs ($/mile) 

Single-phase
 
2-wire (230 V) 105 215 345
 
3-wire (230/460 V) 128 248 387
 

Three -phase 
4-wire (230/400 V) 152 281 428
 

($/KWmile)dMarginal Costs: MC Is 

Single -phase
 
2-wire (230 V) 21.20 23.80 27.70
 
3-wire (230/460 V) 10.60 11.90 13.80
 

Three-phase
 
4-wire (Z30/400 V) 10.60 11.90 13.80
 

Notes: 

a. 	 Assuming a 20-year life for construction, except 10-year for 
poles in "Low" category; 10% rate of interest; and om 4%. 

b. 	 Using the corresponding construction cost estimate in the preceding 
table, 111-6. 

c. Calculated according to equation 3. 8. 
d. 	 Calculated according to equations 3.9a and b, assuming CC = $48, 

EC = 4 mills, ehr = 700, and PF = .90. 
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The marginal costs are identical between 1 , 3-wire (230/460V), and 
3 , 4-wire lines, with the sam6 phase-to-neutral voltage. There is a 
fairly common misconception that 1 6 distribution is necessarily less67 
efficient than 3 q . Single-phase, three-wire lines are not only 
equally efficient in the use of conductor equipment as 3 ; they involve
 

lower indivisible costs as 
one less conductor is used. 

2. Users' costs 

Two components in users' costs may be distinguished; the annual
 
capital charges and the operation and maintenance costs of the service
 
connection, including the metering or control devices; and the adminis­
traitive, accounting, and billing per user.costs Both components are
 
essentially invariant with the 
rate of usage, and can be considered as
 

indivisible costs per user--hence 
the notation, ICud for domestic
 
users, and IC for power 'sers. Marginal capacity costs are
 
either zero or negligibly small. For domestic service, the minimum 

wire sizes required for tensile strength in the service drop have excess
 
capacity relative 
to the low levels of demand, and losses are negligible.
 

Meters 
or other load control devices are unchanged for wide ranges of 
demand. Service leads for power connections are short, and their cost, 
which may vary slightly with the demand, is small relative to that of the 
meters. Accounting and billing costs per user do not increase with larger 
usage; if such costs vary at all, they may increase for low levels of use 

due to the difficulties of collection from low income users. 

While the following cost estimates appear small, they are large 
relative to the expected low demand levels. For example, in estimates 

6 7 E g. , see Menezes and Filho, "Disadvantages of Single phase Lines 
on Pioneer Rural Lin,.s," U.N. Conference on the Application of Science 
and Technology for the Benefit of the Less Developed Areas, Geneva, 1963. 
The present generalization applies to distribution only, and does not 
include relative costs of utilization equipment. 
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for Pakistani villages, the installation costs of meters and services 

amounted to 165% of the secondary line construction costs. 68 Also, 

the costs of billing and collection from a centralized agency may
 

constitute half or more of the total applicable costs- -capacity, energy,
 

and user's indivisible costs--for low domestic demands. 69 Meter 

reading and billing costs in the rural areas wou'd hardly be lower than
 

in urban areas 
in the U. S. , where such costs ap roximate $5-$7 per
 

customer per year. Some 
kind of decentralized administration-­

perhaps a local cooperative in each village orgroup 
of nearby villages-­

is probably a prerequisite for a reasonably self-supporting service to
 

the major part of the population of a rural village.
 

The cost of the service connection, and hence the annual capital 

charges on it, will vary widely, depending on local versus centralized
 

installation, and on 
the kind of meter or control devices. A detailed
 

estimate for domestic service installations in rural Pakistan totals to
 

$34.48 for materials, including 
a meter at $16. 50, and $11.29 for 

labor. However, this installation seems to be inappropriate for the
 

relative material and labor costs and demand 
levels of an underdeveloped70
 
village. Without sacrificing any safety standards, it appears that the
 

material costs can be reduced to the order of $6 for an 80-ft. drop,71
 
excluding metering. 
 Labor costs are dependent on the participation
 

of local labor. Especially for connections subsequent to the initial
 

electrification, centralized construction will involve very much higher
 

68 
Miner and Miner, op. cit. , pp. 41-2.
 
See Gainrcos, op cit. , pp. 
13, 14, and Annex F, for the number of 

staff maintained in rural areas and the collection practices in Kerala State, 
India. One regional accounting office has already been equipped with imported
automatic computing machines to process users' invoices. 

7 0 Miner and Miner, op. cit , p. 42.
 

71Assuming 
 I bare and 1 polyethylene insulated #6 solid aluminum 
wires at current U. S. list price8 plus 25%; simple insulators, entrance 
cable, ground wire, etc. , at $3. 50. 
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72 
costs over local administration and labor. The real labor costs 

for local construction may be no more than one-tenth of the total 

labor, transportation, supervision, and overhead costs involved 

for a central agency. 

Standard meters are prohibitvely costly relative to the energy 

(ontumed in a low-income rural household. U.S. prices for a l 

meter are about $15 each,'and $20 is reported for meters of Indian 

manufacture. Meter costs might be reduced; European meters are 

available at about $9 each, and Japanese at $5. A more economical 

possibility is to leave off the meter altogether. At very low consumption 

l-vels the exclusive use is for evening lighting, and a flat rate for wattage 

tnuitLed is perfectly feasible. The consumer can be connected to the 

street lighting circuit which is energized for only the evening hours, and 

his demand 
74 

limited to the agreed wattage by a simple magnetic or thermal 

relay. This device should be integrated with the fuse and disconnect 

box which is required for circuit protection. Thus, the load control 

device might cost little, or no more than the service switch and fuse 

required in any case. Its cost might approximate $2. 50, based on 

current catalog prices. 

To conclude, a lower cost of about $10. 00 per domestic connection 

seemE attainable with local administration and labor; for a centralized 

agency costs might approach $20. 00 for the minimum service. The 

upper limit is probably about $50 for a metered service. Allowing 

about 2(,% per year for capital charges and maintenance, the annual 

costs are thus $2, $4, and $10, for the respective assumptions Assuming 

7See the discussion in the preceding section regarding local versus 

central labor. 
7 3 From memorandum prepared by the Meter Department, General 

Electric Co. 
7 4 Ibid. 
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negligible collection costs for a local cooperative, the lowest value
 
for ICed is $2/year. Assuming, optimistically, 
 that collection costs 
for a central agency approximate $5/year, minimum and maximum values 
for ICud might be $9 and $15/year respectively, for service from a
 
central agency.
 

For light industrial and agricultural services, the indivisible cost, 
(IC up) are not so high relative to the annual energy consumed. From
 
the same source 
cited above, 36 service in Pakistani villages was
 
estimated to cost $103. 
 62, including meter at $47.a 50.7 5 The above
 
comrnentb on least-cost design in view of low labor costs apply here
 
also, and a material cost of $15, excluding the rneter, appears attainable. 
io this, labor charges of a few dollars for local labor, or about $25 for
 

a central agency, should be addel.
 

Flat rate service is probably not feasible for thc 
 larger power
 
consumption. For the
1 $15 U.S. meter has ample capacity for
 
most rural power 
loads. U.S. prices for 36 meters are about three
 
times the 1 meter price. 
 Part of this differential represents a larger
 

capacity meter.
 

When there is only one motor at the 
service connection operating 
at a constant load, e.g. , an irrigation pump motor, the hours of 
operation could be counted on a veiy simple and low-cost running time 
accumulator. The billing units could then be HP-hours, or conventional 

KWH by converting the motor size ratinA to KW demand. 
A load supplied exclusively off-peak involves very much lower costs 

due to the implied zero generating and transmission capacity Butcosts. 
to implement off-peak operation reqtiires some means of either preventing 
peak hour use, or of charging differential rates between on-and-off peak 

7 5 Miner and Miner, op. cit. , p. 42. 
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hours. Meters which accmulate on-peak and off-peak hours separately 
are available in the U. S. at a price somewhat more than double that of
 
the standard meter.' Meters incorporating a 
timed switch for disconnecting 
the load at peak hours are slightly cheaper. The availability and prices of 
compar':ble devices abroad isn't known, but are expected to be favorable 

relative to U.S. prices. 

For the single motor service mentioned above an off-peak control
 
may be advantageously 
 combined with the motor controller so that the 
heavy circuit switches are not duplicated. Combining a simple time clock 
and a running time accumulator (much of the clockwork could be common
 
to both) with ti.c motor-controller would yield an inexpensive metering
 
and control device. Such a design would be simpler than a 16 meter;
 
its cost might be $5-$10, irrespective of the motor capacity 
or phases
 

of supply.
 

Thus the annual indivisible costs per power 
user will vary widely
 
depending on the kind of metering equipment. Assuming again an 
annual
 
cha'ge of 20% for capital charges and maintenance, and $5/year for
 
accounting and billing from a 
central agency, possible estimates for
 

IC are:
 
up 

Local CentralSimple time accumulator, Administration Administration 
or 3g $4 $15 

IW Metering 7 18 
36 Metering 13 24
 
16 Off-peak metering 
 10 21 

243 Off-peak metering 35 

Given capacity costs at the user in the order of magnitude of $50/KW/year, 
some method of off-peak control or metering will be economical for all 

but the smallest power demands. 
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3. Summary secondary distribution costs for different classes of users 

As in primary distribution, indivisible costs represent the major
 

portion of the total secondary distribution costs. Per village, the
 

indivisible secondary distribution costs are described by equation 3. lib:
 

ICd : L IC + n IC
 sv svt is u u.
 

The total secondary line length in the village (L svt) is 
 quite variable.
 

Secondary line lengths for "typical', villages in Madras are reported from
 

less than one 
mile to nearly 10 miles, but 2 to 5 miles appears to be76 
more common. The line length required will depend on the location of
 
users, as well as their number. The indivisible costs for service
 

connections 
may vary widely, as we saw in the preceding section, and the
 

number of connections will depend on 
the demand and on rate policies. 

But $1, 000 or more por year for secondary indivisible cost does not seem 

unreasonable for a village. 

The costs per user are more relevant to investment decisions. The 
user's indivisible costs are simply his connection costs and the costs of 

the incremental line length required to serve him, i. e. , after equation 

3. 12b:
 

ICd = L Is + IC .
 

The chief difficulty is in estimating the line length, L ; for some su 
users it is effectively zero as lines pass them to serve larger demands. 

The problem of joint line use is inescapable, and averaging the total among 

all the users yields misleading results. In some cases, a relatively 
homogenous group of users may be considered as a unit, and the incremental 

length for the whole group allocated equally within the group. Power 

connections within the village proper can be made with relatively shurt line 

7 6 "Report . on. . Rural Electrification in Madras," Annexure IX. 
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lengths, but the incremental length for a single isolated irrigation 

pump may approach one mile. 

Given the great variability in users' indivisible costs, single 

general estimates should not be given. But the range of possible values
 

must be established for comparing electrification costs with alternatives.
 

For a domestic user, the indivisible costs per year (ICd ud) may be as
 

low as $2, assuming that he may be connected to an existing line. 77 For 
a group of dwellings in a closely built-up village, the lines required to
 

serve them independently of any other service might 
come to about 40 ft. 

per dwelling, iniplying an additional $2,78 or ICdsu d = $4. Central 

administration would increase these minimum costs drastically; from
 

the cslimates in the preceding section, by $7 for the minimum service,
 

;in( perhaps $13 if metered service is provided. 

Power for processing and light industry within the village proper 

could bti served from relatively Fhort lines; for some the incremental 

length will be zero, and as a group one-tenth of a mile seems realistic, 

and indivisible line costs might come to $25-$30 per year. More than 

double this length would hardly be required in the built-up village. The 

indivisible terminal costs vary widely depending on the kind of metering 

equipmnt, the estimated range above being $4-35. Hence, the plausible 

range for 1CdSu p is from $5 to perhaps $100. Incre-nental line lengths 

for irrigation depend on the number and location of the wells. The maximum 

line length would rarely exceed one mile because of the feasible limits 

to the secondary distribution area, and the minimum would be scarcely79C 
less than . 3 mile. Including the termina) costs, an approximate range 
for irrigation pumping of lCd is $80-$300. 80 

sup 

7 7 And assuming local administration, after the discussion in the preceding 
section. 

7 8 Following tht, discussion of line lengths in sec. B, 2, above, and with 
median line costs from Table III-7. 

79 Assuming that each well commands 2 . 1 mi , and the distance between 
wells is hence about . 3 mile. 



83. 

The capacity cost for secondary distribution is given by equation 

3. 13b above: MCCds = ELs MCCIs* 

The marginal capacity cost on secondary lines (MCCIs) may be taken 

from Table 111-7; the estimate for 3, or lW, 3-wire, is relevant as 

2-wire, lW, laterals would be short and lightly loaded. The equivalent 

length (EL 
s 

) depends of course on the size of the distribution area. In 

small and medium-sized villages the village proper would be smaller 

than feasible distribution areas, and EL might be estimated from the 
s 

size of the built-up area. Assuming an approximately uniform demand 

density througnout the village proper, the EL would approximate half 
81 

the distance r-cross the built-up area. For example, if the built-up 

area covered one-tenth square mile, EL would equal . 16 mile. With 

the median estimate of Table 111-7. MCCd would hence be about $2/KW. 
S
 

This value will be used in later comparisons for domestic and power 

condumption within the village proper. 

For supply to the fields surrounding the village, as for irr.5.tion 

pumping, the distribution distance is increased, and hence the capacity 

costs are higher. The feasible size for a secondary distribution area, 

as determined by allowable voltage drops on the secondary line, and by 

cost minimization, may be smaller than the agricultural land belonging 

to the village. For the demand densities assoiated vith major irrigation 

pumping (about 25 KW/mile 2), and the median cost estimates above, and 

neglecting voltage drops, the optimum sized secondary distribution area 

is about 1.5 miles on a side, after equation 3. 16. But the voltage drop 

on a least-cost designed line of 3U, 230/400V, or 16, 230/460V, is 

8 0 At median line costs from Table Il-7; alternative line costs will 

make a significant difference as the line costs make up the major part of 
the total.
 

8 1 After the derivation in sec. B, 3, above. 
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82 
about 12% per mile. As the maximum allowable voltage drop on a 

secondary line is about 5%, lines longer than about 1/2 mile would 

require larger wires than the optimum. The resulting cost penalties 

steadily increase as the line construction departs farther from the 
83 

optimum, and the feasible distribution area will hardly exceed 

1. 5 miles on a side. This approximates the total area of small 

Indian villages, but larger villages will require two or more distribu­

tion transformers for irrigation pumping. 

Taking the equivalent length (EL ) to be one-half the distance 

across the distribution area, or about .75 mile, the capacity cost of 

secondary distribution (MCCd ) for irrigation will approach $9/KW. 

This is substantially higher than the estimated capacity cost for distribu­

tion within the built-up portion of the village, and indicates a part of the 

higher costs ol serving dispersed demands--the remainder of the 

differential costs being the indivisible costs noted above. 

E. Least-Cost Phase Arrangements and Voltages for Rural Distribution 

While the technical design of the distribution system is the engineer's 

province, our analysis sheds some light on several long-standing arguments 

over line design. 

Single-phase supply has frequently be-n suggested as a feasible means 

of lowering the costs of minim im service to low demand density rural 

areas, and it has proven entirely satisfactory in the United States. While 

admitting that possibly some savings are possible in primary lines, the 

case against Wg5has been argued in terms of higher secondary distribution 

line costs and higher motor costs. The implications for the secondary 

8 2 Following equation 3. 10ab above, with the same cost assumptions as 

in Tables 111-6-7, and taking the % loss to equal the % voltage drop. See 

Table A-4. 
8 3 For an example, see Figure III-I above. 



distribution lines have already been noted: 8 4 long-run marginal costs 

are the same for a 10, 3-wire line as for a 3q line, if the phase-to­

neutral voltage is the same in each case. There are savings, however, 

in the elimination of one conductor from the line--by our median estimates, 

amounting to more than $30/mile per year. Higher motor costs for 16 

are clear, but perhaps not as markedly so as some have concluded in 

countries where only 36 motors are regularly manufactured. From 

prices in the U.S. marginal purchase arecosts per HP for 16 about 

$15 higher than 3 , and other costs are comparable. 85 Allowing for 

capital charges and maintenance, our estimate for the cost penalty for 

10 is $3. 30/HP annually. 

There is no question that the main primary distribution lines 

should be 36. Possible savings in primary distribution would then 

arise in the lower cost transformer, and in the elimination of I or 2 

conductors in the relatively short spur line serving the low demand 

village, or villages. Where a substantial part of an area is served with 

36, the I spur consisting of a 1-phase wire and a neutral from a 36, 

4-wire main feeder--the standard design for rural electrification in 

the U. S. -- is not promising, and we will neglect it. Taking a Wg tap 

from 2 of the main phases will eliminate one conductor (for which our 

median cost estimate is $33 or $38 per year, depending on the voltage), 

and allow savings of about $50 per year for the transformer. 86 

Single-phase supply is indicated whenever the savings in lines and 

transformers are greater than the penalties for motors, as there is no 

84In section III, C, 1, above. 
8 5 See b)low, sec. V, C, 1. Indivisible costs are lower for lW; 

fractional torsepower motors are generally 16. In the larger lW motors 
a capacitor is justified to improve the running power factor to a level 
equalling or exceeding that of the u sual 36 squirrel cage motor. The 
cost of this rutujing capacitor is inclUded in our cost differential. 

8 6 Primary line costs from Table 111-2, and transformer costs from 
Table 111-4. 
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cost differential for other utilization appliances. On this basis, 1 

supply is more economical whenever the installed motor HP in the 

village is less than 15, plus 10 for each mile of secondary and primary 

line in the village. 87 

Although ground return for 1W has never been attempted in the U.13., 
88

successful trials are reported from India and Pakistan. Where the 

subsoil resistivity allows, probably precluding arid regions, this 

system requires only a single metal conductor and allows transformer 

savings of about $60 cost.per year from the 36 The break-even connected 

HP in the village is thus about 18, plus 20 for each mile of primary line, 

plus 10 for each mile of secondary line. 

These numbers should not be interpreted rigorously, but they do 

indicate that significant reductions in the indivisible costs of serving 

a village can be obtained by using 16 extensions. Ir ,tial 16 service, with 

eventual change to 36, also provides an economical way of increasing 

the line capacity as it is required. 

Considerations bearing on the appropriate primary distribution 

voltage were mentioned above. For moderate demand densities (10 KW/mile 2), 

the lower line capacity costs with 22 KV rather than 11 KV offset the 

slightly higher indivisible costs of the higher voltage line. Higher demand 

densities allowed significant savings. The optimum size of the primary 

distribution is also increased with higher voltages, and the corresponding 

8 7 A few minor considerations are neglected, as they do not appreciably 
alter the conclusion; there are very slightly higher capacity costs on the 
short l primary spur; and some of the lightly loaded secondary line in 
the village might he 2-wire in either case. 

88 Sviden, "Note on an Economic Type of Distribution System for Rural 
Areas, " ECAFE. Bangkok, 1961; and Idnani and Seethapathy, "Rural 
Electrification in India," ECAFE, Bangkok, 1961, pp. 12-13. 
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indivisible substation and subtransmission line Losts per village are
89 

reduced. Our summary cost specifications for lines overstate the 

cost penalties for lightly loaded high voltage primary lines; the minimum 

conductor size, whose cost is included within the indivisible cost of the 

line, provides more capacity with less loss at higher voltages. By 

assuming a constant marginal capacity cost at all loads, we neglect 

this relative advantage of the higher voltage. 

A significant advantage of higher primary voltages arises from the 

resulting larger capacity distribution ubstations. in addition to the 

above noted indivisible cost savings on substations and subtransmission 

lines, the larger load on the subtransmission line makes higher sub­

transmission voltagvs economically feasible and results in significant 

savings in subtransmission costs 9() 

The most marked advantages of higher primary voltages arise in 

the initial stages of electrification; demand densities are quite low, due 

to low demands per village and possibly only the larger villages being 

connected. Medium or low primary voltages, with allowable voltage 

drops constraining the maximum length of the line, require the 

installation of costly substations and subtransmission li ,es to serve very 

small loads. High primary voltages permit the efficient carrying of 

electricity over relatively long distances, and large areas of low demand 

8 9 For example, the following table shows the annual savings on sub­
station -subtransmission cost2 per village for 22 KV rather than 11 KV. 
The assumptions are: 3 mile /village, the same cost data as in Table 
111-5, and uniform allocation of costs over the whole area. 

Demand density (KW/mile 2 
Annual Substation-
subtrin s ,ssioncosts: 3 10 30 

$4,800 $9 $21 $43 
16,800 14 29 64 
22,806 16 37 75 

9 0 For the trend in marginal capacity costs for transmission lines, 
relative to the load, see below, sec. V, A, 3, and Table V-l. 



88. 

91 
denolty can be economically served from a few substations. As 

demand grows, the system capacity would be increased by the inter­

position of additional substations. 

It ii iinpostSible to generalize th(e quantitative savings for using 

ZZ KV primary voltages rather than I I KV, due to the possible 

variations in relative ( orponent costs, and to the wide differences 

in dem:in (l( iislity arid proximity to electrified urban areas. But the 

al,tglllidc ol p)Otsib)h' havings is sufficient to warrant careful investiga­

tiol g , p()t)ptoninig tlt initallatioii of one sibstation with its sub­

S,tn niihtsion linu,' tor orlily one year may allow savings comparable to 

tilte lt,al invest nt requirements for linking up 10 small villages. 

Allt, r the supply (list ribution system is fully developed, it is plausible 

thit tll( total (o)st.i for Z2 KV ma1,y _) 20%'o under the costs for 11 KV. 

Perhaps m signiiicalnt the diffictulty one has in assembling)ore 1s 

a set of plalusil)lt (ost anid (lemaInd asstmptions such that 11 KV yields 

low(,r ov(,r-all co()sts, when the distributioni system is built from the 

leg 11n11. 'lhis proviso is importaint, he cause the costs of changing 

an establishied -ystcri voltage arye high. But the implied commitment 

to tht initial voltage makes the design of new extensions in underdeveloped areas 

S( itily I n,|port int, and present practice questionable. Pakistan's 

rural elect' ficatt,)n is apparently proceeding with 11 KV as the exclusive 

standa rd, nost ()f' Ioi,,n rural electrification is 11 KV; and in South 

America tilt Iprt ,'i v(oltages vary, but the field teams of this project 
92 

reported no voltage highe r than 13. 2 KV. Careful investigation of 

relative costs nity show that primary voltages higher than the 22 KV 

:lahm re desirable. Above all, rural construction should not proceed 

ill blind dfe ell((e to standa rds evolvcl for urban service some decades ago. 

'In spa rstly settled artas of northern Sweden, 20 KV primary lines 
as long a.s 1((0 il. , the most rermote transforme r bVing 190 Kmn. from the 

substation, h.ve lwe success!(ully op, rated. Kaijser, ''Ex gerience Gained 
in the Ru ral , a Spa rsely [Populated Region in NorthernI-c ttrification of 

Sweden," WI);, l'.egrate, 1P67, ). , 1. 
)2st,, MNne r*and Miller, op. cit. , "B;sic Design Requirements for Trans­

mtNsion anid Ip t'i bt run, " paa rag raph 2. 7 and Table VII; Idnani and Seetha­

pathy, up. it , p. 8; and G. E. , "Preliminary Report of Field Survey Teams, " 

pp. 1,39, 101, 1(0, 172c. 



IV. SMALL-SCALE GENERATING PLANTS 

Electric generators operating independently of the grid supply may be groupod 

into two general categories--i) engine-driven generators which are relatively 

independent of the physical environment, 1.v. their location and hours of opera­

tion are determined by dema(I conlitions; and 2) generators driven by energy 

sources which arc not geierally available. either in location, or at tile times re­
qnired. L:xamnplpos of the litter :iare hydro and wind. For the first groupi cost
 

analysis is straightforward. and generalizations, with some qualifications, 
 can
 

he made. For thi" second, economic feasibility depends to a large degree upon
 

the characteristics of each site. Furthe r, variability in the timing of supply
 

Influences strongly the value of the supply. 

hI the following we will first develop ain analytic approach for evaluating
 

the economic feasibility of engine generators of various types. Then 
we will
 

turn to the complivations presented by the environment-dependent clatss of
 

electricity sources.
 

A. Isolated Engine Generators 

Engine generators convert fuel to electricity, and fuel can generally be
 
transported ardi stockpiled as 
required to meet the demand for electricity. 

Thus, envinr,nicjtal constraints may be neglected, except Insofar as they 

affect the pricit. of fctor inputs. For any )articular class of equipment, 

substitutioni ht wetwl IUti Is considered,I to he very limited, and hence cost 

functions may )e, written with unique technological coefficients.) 

93 
With some qualification for local fuels: e.g. , the bulk of most agri­

cultural waste raises tranisport and storage costs sharply. Likewise for blo-gas. 
But storage for daily, even weekly, demand cycles at the village level is 
feasible. 

J4 
But these coefficients vary slightly with possible (iesign variations of the 

equipment; once the equipment Is built, virtually nto substitution Is possible. 
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Given the assumption of negligible substitution between the three classes of 
Inputs--equipment, fuel, and operation and maintenance--their costs may be
 
Itemized Independently. The indivisible, the marginal capacity, 
 and the marginal 
energy cost components of each input may be distinguished, and summary 

equations written for the Indivisible, capacity, and energy cost of generation. 

Diesel engine driven sets are tiv most generally applicable small-scale 
generating facility. Thus, diesel sets are the hasis for discussion in the follow-
Ing, and estimates for diesel generation are develope 1. However, the analytic 

framework Is quite general and may be readily applied to any fuel-electricity 

conver,on scheme by introducing the appropriate parameter values. 

1. Investmeit and AnImal Capital Charges 

The major p):,rt of the initial capital cost of an isolated plant is the purchase 

cost of tir gener:ting set or scts. A survey of 1962 list prices, f.o.b. U. S. 
manufacturers, indicates a linear relationship between price and the size of the 

set. For diesel sets, 1S00rpm, .4,from 10-250 KW capacity, Including minimum 

control equipment, the median purcLase price was $2600 4- $81 (KW). But 
actual equipnent costs delivered to the site mae diverge considerably from this 

median. F,-st, these are list 9rices and probably would not be firm under 

compelitive biddhing; second, foreign sources, including suppliers indigenous to 

the country of the installation, might vary in either direction!,)6 third, trans­

portation costs to the stle, includi ng ocean shipment for imported units must be 

added; fo, th, exclse dtie, might be required although the Justification for their 

95G. E. , "Siall-Scale Power Supplies.. pp. 18-20. The cost curve for 
optional equipment should read, C - $600 a $5 (KW), 3o that the correct marginal 
Increase per KW is $81, not $127. 5 as rqported on p. 18. 

9E.g., the (,stinmates for Indian sources contained In "Report of the Power 
Sub-Committee . . . ", Ministry of Commerce and Industry, Government of India 
are substantially lower than the above. But Indian commercial quotations obtained 
Summer, 1962, are consistent (at the official rate of exchange) with U. S. list 
prices. 
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inclusion would depend on the situation, and finally, the nominal foreign exchange 
rate might not reflect the true shortage of foreign exchange for the importing 

country. 

For transport to rural Indian sites from Indian city of manufacture, 13 per 
cent of f. o. b. price has been estimated. 7 U.S. list prices probably have 
sufficient "slack" to absorb export crating and freight to port of embarkation, 
and perhaps part of ocen freight. To the equipment cost, delivered at the 
site, must he added installation expenses, the cost of any protective enclosure, 
and such auxiliary installations as fuel storage tanks. Erection expenses depend 
on location and the type of Cquipment: small- and medium-size sets may be 
factory asSeml)led as packages requiring a minimum of on-site assembly and 
adjustment. Foundation and structural costs depend in part on the design of 
the equipment, but mainly on the material cost on-site; local unskilled labor 
may be taken at zero cost. Clearly these costs will vary considerably from 
area to area. For a small "power hous&" in rural India the estimated cost 
was equivalent to 7,978But this masonry and reinforced concrete 
structure seems more elaborate than would generally be required. 

The total investment in an isolated generating plant may be summarized as 
follows: 

(4. 1) Investment in generating plant - A +-n A -- B RWP g g g P 

Diesel Gasoline 
Preferred Range Preferred Range 

Number of sets In plant ­n 

Indivisible plant costs - A ($) 600 300-1200 600 300-1200P 
Indivisible installed 
costs pcr generator A ($) 3000 2400-3600 1800 1300-2300 

Ma rglna! installed cost8 
per K' '- Bg ($/KW) 100 80-120 95 7G-115 

Kilowatt capacity of 
plant - KW 

p 

9711_ d. 
98flNd. 
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Th above parameters are approximations over the range 10-250 KW for 

relatively high-speed units, 1800 and 1500 rpm (for 60 and 50 cps, respectively) 

in the smaller size:;, and 1200 and 1000 rpm in the larger. Heavier slow-speed 

sets with appreciably higher equipment, transport, and installation costs, may 

exceed this range. The estimates for gasoline-fueled sets would apply also to 
99 

bio-gas fueled sets as little modification is required. Engines operated on 

producer gas from solid fuels would yield a reduced output, and equipment 

costs would increase accordingly. 

As an alternative to blo-gas and producer gas, the solid fuels or agricultural 

waste might be burned under a boiler to raise steam for a small steam engine 

driven set. But the costs for the equipment now currently available are much 
100

higher than the above approximations for internal combustion engine sets. 

And, in view of the complexity of the boiler, engine, condenser, and feed-pure 

combination relative to the I-C engine, there is no reason to expect costs to 

approach that of I-C engines. Of course, when process steam is required as 

well as power--as in sugar extraction--the steam cycle may compare favorably 

in over-all costs. 

The annual cost of the fixed investment in the generating plant may be 

estimated as a decimal fraction, accg, of the original investment. 101 

(4. 2) Annual capital charges on plant = acc A p + acc n A 9 acc B KW .gP ggg gg p 

For small high-speed plants, a life of ten years is reasonable. At annual dis­

count rates of 10 per cent, the implied acc is about 0. 16. The units are now 

-g 

For exclusive operation on bio-gas ( which is mainly methane) efficiency 
would be improved slightly by higher compression ratios. But it may be 
advantageous to operate the set on either gasoline or bio-gas, which is feasible. 

100 
, ., pp. 39-41101 G. E., Small-Scale Power Supplies. 

For a justification of .ombining both interest and depreciation charges 
into a single annual charge, see Section II, B, above 
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$/year, and these terms are directly comparable to annual fuel and operating 

cost data. The first two terms constitute the indivisible component, and the third, 

the capacity. 

2. Fuel Costs 

Fuel consumption per KWH depends on the efficiency of the engine in convert-

Ing fuel to mechanical energy, and on the efficiency of the conversion of mechanical 

to electrical energy in the generator. As a first approximation, both efficiency 

parameters are frequently assumed to be constant; i. e., the fuel consumption per 

KWH is assumed to be Independent of the capacity of the plant or its rate of output. 

Unfurtunately, the simplification of a constant rate of fuel consumption per 

KWH conceals a major disadvantage of small isolated plants. The local demand 

is highly variable, and for most of the time, is only a small fraction of the peak 

demand. Given the high costs of decreasing the size of units and increasing their 

number, during most hours of operation generating units will operate at a fraction 

of their rated capacity. 

Fuel consumption per KWH increases steadily at lower rates of output, and 

the part-load fuel consumption is relatively higher for small engine-generating 

sets than for larger. A considerable portion of the total energy losses in an 

engine-generator unit (especially in the engine) are incurred whenever the set is 

operated and are independent of the rate of output. Figure IV-1 illustrates this 

with several typical curves. The axes are non-dimensional and indicate the per 

cent of full load output versus per cent of full load fuel consumption. Generaliza­

tion regarding details of the curves isn't possible but generally larger engines 

show better part -load performance. The marginal fuel consumption per KWH for 

a given set is relatively constant over the relevant range of output. We will assume 

that it is constant but recognize that zero load consumption will be somewhat under­

stated. 102 

102 Further refinement of the fuel consumption curve would be of no value 
unless the frequency distribution of demand were also known to a fair degree of 
accuracy. The latter would be very difficult to estimate. 
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Defining the zero-load fuel consumption as a quasi-fixed cost (i. e., incurred 

with operation regardless of output) and adding a co nstant marginal component, a 

straightforward specification for a single set is obtained: 

(4. 3) Total annual fuel consumption = Ff KW hr + Fm KWH.g g o g

Idle fuel consumption - Ff (lb. /hr. /KW
 

Marginal fuel consumption = Fm (lb. /KWH)
g
 

Capacity of set = KW
 

Hours of operation of the set = hr 0 

Again, we are simplifying: neither the idle nor marginal fuel consumption 

rates are independent of the scale of the plant, its design, etc. But analytic 

complexity yields diminishing returns, and it seems more appropriate to adjust 

the parrnct.e values to the specific applied situation than to attempt a mora 

generalized definition. Examination of guaranteed fuel consumption rates for 

engine sets reveals considerable variation among sets of the same size. Hence, 

application of this analysis in a particular set ing chould rest on accurate report­

ing of the equipment options available. Figure IV-2 indicates the approximate 

values to be expected for different sizes of diesel sets: the marginal consumption 

varies very little, and most of the variation in average consumption per KWH 

arises from the changes in the idle consumption. The high heat value of fuel oil 

assumed here is 19,350 Btu per pound, and appropriate adjustment should be made 

for other heat values. 103 

Gasoline engine driven sets are less efficient than diesel, especially at low 

loads. Full load consumption of gasoline (pounds) would approach 150 per cent 

of diesel oil (pounds); zero-load consumption would be about double; and the 

marginal consumption per KWH approximately 125 per cent. For non-standard 

103 Or the fuel consumption can be left in heat units, Btu, or large calories, 

and fuel prices can be stated per heat unit: this is standard for coal-fired thermal 
plants, as coal varie6 widely in heat value. 
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fuels in a spark ignition engine, e.g., bio-gas, the efficiency should be comparable 

to that obtained in burning gasoline. Once the heat value of the fuel is determined 

the conversion can be easily made. 104 

For small vapor engine sets, an over-all energy conversion efficiency of 
105 

3-8 per cent, depending on the equipment design, has been postulated: part-load 

operation would show a decline in efficiency at least comparable to that illustrated 

above (Figure IV-l) for diesel sets. Given the heat characteristics of the 

particular fuel, appropriate coefficients may be calculated for insertion in the 

fuel specification equation. 

Finally, fuel consumption data must be converted to costs. If fuel prices, Pf 

are stated In dollars per pound, annual fuel costs are price times the consumption: 

(4. 4) Annual fuel costs Pf Ff KW hr0 Pf Fm KWH 

The first term is a capacity cost varying with the installed capacity and the hours 

of its operation. The second term varies only with the energy output. 

Petroleum fuel prices vary widely, being generally low in South America and 

quite high in India. Reported prices in rural areas of South America, Summer, 

1962, for high speed diesel oil, ranged from 1. 354/lb. (Columbia, North Coast) 

to 2. 9V/lb. (Chile, Cautin Area), with about 2€ a common price. In the same 

areas regular gasoline was priced from 1. 8 to 3. 6 /lb., 2. 70 being representative. 

High speed oil in rural Indian locations varied from 6. 5 to 8. 0g/lb; 74 was fairly 

typical. "Low speed oil,?! a heavy distillat cost about 4V/lb. 106 

104 
About 37 ft of bio-gas will substitute for a pound of gasoline. This is on 

the basis of a LHV comparison with the methane w ntent assumed to be 56 per cent. 
Higher compression ratios for bio-gas would permit somewhat better efficiency: 
blo-gas could also be burned in a dual-fuel diesel engine, but higher capital costs 
probably make this uneconomic in a small engine. See Parikh, "Cost Benefit 
Analysis of Bio-Gas Plants in India' G. E. "Small-Scale Power Supplies... "p. 108. 

105 
"Small Scale Power Supplies...," pp. 37-46106 G. E., 

G. E., "Preliminary Report of Field Survey Teams. . . , " pp. 64, 65. 
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The above Indian fuel prices include taxes which make up about one-half of 

the total price. The argument can be made that the taxes do not represent social 

costs and ought not be included in a comparison of local generation with alterna­

tives. However, the larger part of these taxes has been instituted to reduce 

consumption, and hence foreign currency expenditures to pay for the imported 

oil. This, in effect, admits a shortage of foreign currency and a shadow foreign 

exchange rate substantially higher than the nominal rate. Hence, the after-tax 

price of fuel may more nearly represent the true cost than the price before tax. 

Regarding the low -speed oil, which is commonly used in India in small low­

speed (up to about 500 rpm) diesej.enginec: this oil is not suitable for the high­

speed (1500-1800 rpm) engines which yield the most favorable equipment costs in 

small sets. However, above approximately 100 KW, medium-speed engines might 

utilize the much cheaper fuel with relatively small or no equipment cost penalties. 

Bunker, or residual, fuel oil is frequently burned in heavy marine and power­

station diesels. The approximate lower size limit for technical feasibility is 

1500 KW per unit, or well beyond tie range for local distribution in rural areas. 107 

Prices for non-commercial fuels cannot be estimated generally. One important 

point should be recognized: the requirements for cven a modest generator are so 

large relative to present demands and supplies, that present prices do not indicate 

future costs. Very high transport costs prevent the concentration of fuels from a 

large surrounding area, and hence the supply curve will be inelastic. 

3. Operation and Maintenance 

This category is highly variable and difficult to estimate. It includes wages 

of operators, supplies (including lubricating oil) and minor repairs and major 

overhauls. The first might be estimated separately; the latter are frequently 

estimated either as an annual expense equal to some decimal fraction of original 

equipment cost, or as a charge per KWH of output. Either of these methods 

10 7Cf. G. E., "Small-Scale Power Supplies. . . ", pp. 15-16 
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understates the relative costs for small-scale sets. Most operating and main­

tenance expenses increase with the scale of plant less rapidly than does the
 

equipment cost: I. e., the "indivisible" costs are relatively higher. Also, energy
 

output is less relevant than the running hours of the set; and smaller plants generally 

operate at a smaller fraction of their capacity simply because of greater variation 

in small loads. 

The following is proposed as a more useful approach to operating and main­

tenance costs. The annual costs for a single engine-generator unit may be described 

by: 

(4.5) Annual operating and maintenance -Of -r Ov hr + Ovs KW hr g go g g o 

P'he first term, Of 
g 

, is the strictly fixed component of operating and maintenance 

costs; the set nd, Ov 
g 

hr 
o 

, indicates the costs which are indivisible with respect 

to the size of t1e unit but variable with iLs hours of operation; and the third, 

Ovsg KW g hro , is the portion which varies with both the capacity and the period 

of operation. The first two terms are indivisible costs, the third a capacity 

cost., and there are no energy cost components. For a plant comprising several 

units, the plant operating and maintenance costs are obtained by summing the costs 

for the individual units. 

These parameter estimates for high-speed multi-cylinder diesel sets are 

consistent with data now in hand: 0f 0 0 

Operators $100 $.05 $.001 
Lubricating oil, supplies, 

and minor repairs 50 .05 .002 
Overhauls 
 150 .18 .003 

Total 300 .28 .006 

The underlying assumptions are: 

1) Operators' wages are 10/ hour: this is probably too low if staffing is from 

a centralized agency, and may be too high for local semi-skilled labor in 

India, but approximates observations in rural South America for local 

operators. 
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2) Full-time supervision is not required in very small plants. Multiple-unit 

plants will have more nearly continuous supervision than single-unit plants. 

3) The operator has about the skill of the frequently-encountered driver and 

casual auto mechanic, and can perform most routine maintenance 

work. His responsibility is probably more critical than his skill, Major 

overhauls require a skilled mechanic from outside the villages. 

4) Repair and overhaul periods depend mainly on hours of actual operation, 

with energy output within the period of operation not significantly affecting 

the rate of wear; also, some deterioration takes place independently of hours 

of operation--this is caused by accelerated wear at each cold start-up, and 

by rust and corrosion while a set stands idle. 

5) Overhaul costs are comparable to U. S. costs, lower wages being off-set 

by lower skills, higher relative cost of equipment and greater distance to 

service facilities. These costs have relatively high indivisible components 

so average costs per IM rise sharply with small sets. 

6) Injection system and val\ overhaul is required every 2, 500 hours of 

operation: its cost is approximately $300 + $3. 00 KW. 

7) A general overhaul, rings, pistons, liners, bearings, etc., is done every 

5, 000 hours: its additional cost beyond the above minor overhaul, which is 

done simultaneously, is $300 +.$10. 00 KW. 

The above estimates are reasonably o.timistic: except in isolated locations 

where higher transport costs exist, these costs could be approximated. Sub ­
108 

stantially lower costs would be exceptional. On the other hand, careless and 

negligent operators could raise repair costs several-fold. Poorly-trained and 

incompetent mechanics, while perhaps requiring low wages, would exact a high 

108 Small, slow-speed, single-cylinder engine sets might show lower over­

haul costs, but at the expense of higher equipment costs. 
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toll in unnecessarily frequent repairs and wasted materials. Lack of equipment 

standardization would require large inventories of repair parts and/or delays and 

additional expense in procurement. 

Heavy-duty gasoline engines should yield comparable estimates: the savings 

in not having the expensive injection system of the diesel are approximately off­

set by the general experience of more frequent repairs. Non-standard fuels such 

as bio-gas might raise maintenance costs somewhat. 

Tlv.h above perhaps over-states somewhat the relative maintenance costs of 

larger engine sets: no adjustment has been made for the longer service periods 

between overhauls which might generally be expected. Also, one could expect 

higher standards of routine supervision and maintenance. However, these con­
siderations are difficult to quantify and 
are probably an order of magnitude smaller 

than the above estimates. 

Maintenance considerations are one of the most crucial disadvantages of
 

small-scale generation. 
 Thus these estimates should not be applied indiscrim­
inately in varied circumstances: more appropriate estimates may be readily
 

introduced. 

4. Indivisible, Marginal capacity, and marginal energy costs 

Having identified the parameters for each of the three inputs, equations 4. 2, 
4.4 and 4.5 can be summed into a single total cost function. To distinguish the 

indivisible, the marginal capacity and the marginal energy costs within the total 

is more useful in the present analysis. 109 

The indivisible costs, IC , in dollars per year, are obtained from equations
g 

4.2 and 4.4: 

109The marginal capacity cost is simply the partial derivative of the total 
cost with respect to the capacity variable, KW, and the marginal energy cost 
is the partial derivative with respect to the energy output, KWH. 
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(4. 6)' IC =ace A + (ace A + Of )n + Ov n hr. 
g g p gg g g g go 

The-marginal capacity costs, MCCg ($/KW/year) include parameters from all 

three equations, 4. 2, 4. 4 and 4. 5: 

(4.7) MCC 9 - ace B *+(Ff Pf + Ovsg) hro.
 

Finally, only the fuel input (equation 4. 5) enters into the marginal energy cost
 

($/KWH):
 

(4.8) 	 - MEC Fm Pf. 
g gf 

The indivisible costs increase with the number of generating sets within the 

plant and with the average number of hours of operation per set. While a single 

set per plant yields the minimum indivisible costs, a fairly dependable supply-­

as would be required, e. g., to supply a produce refrigeration plant--would re­

quire at least two sets per plant. Three alternative patterns of plant operation 

seem feLsible: 1) supply for the evening hours only, lighting being the almost 

exclisive load, and annual plant operation approximating 2, 000 hours; 2) supply 

for day-time agricultural and light industrial use in addition, with annual hours 

approaching 4, 000; and 3) continuous supply for 8, 760 hours per year. With two 

or more sets in the plant, the average hours of operation per set would be sub­

stantially less than the hours of plant supply, the exact amount depending on the 

shape of the load curve. 

Table IV-1 lists the indivisible and capacity costs calculated according to the 

formulas and preferred parameter estimates given above. In two-set plants, the 

sets are assumed to be equal in size, and each to operate on average 60 per cent 

of the time for which the plant is supplying power. The apparently precise figures 

should not mislead the reader: they are no better than the underlying assumptions 

and estimates. 

The marginal capacity cost is dominated by the operation and maintenance 

costs and the fixed component of fuel costs, especially for longer hours of plant 

operation. Note in Table IV-1 the effect of the fuel price: at 7 /lb., capacity costs 
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TABLE IV-1 

ILLUSTRATIVE ANNUAL COSTS FOR ISOLATED DIESEL
 

PLANTS
 

a 
Indivisible Costs: IC 

g 
Hours of
 
Op ration
 
per Year 1 Set 2 Sets
 

2000 $1440 $2330
 
4000 2000 3000
 
8760 3330 4600
 

b 
Marginal Capacity Costs: MCC g 

Size of Plant and Hours 
of Operation 1 Set 2 SetsPfw Po 	 P-
Pf.rf f
 

Pf Pf = f Pf Pf -Pf2I/lb. 44I 74/l 24/lb. 4V/lb. 7-/lb. 
25 	KW 

2000 $ 39 $ 50 $ 66 $ 30 $ 36 $ 46 
4000 62 83 116 43 56 76 
8760 116 133 234 76 104 147 

50 	KW 
2000 36 45 57 28 33 41
 
4000 57 74 99 40 51 66
 
8760 105 142 197 70 91 125
 

Notes: 
a. Calculated from equation 4. 6, with preferred installed cost estimates, 10-year 

life, and interest rate of 10 per cent. With two sets, each is assumed to run 
60 per cent of plant hours of operati'on. 

b. Calculated from equation 4. 7, with the same assumptions as above. 
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approach double the costs at 24/lb. Two sets show consistently lower capacity 

costs than one set. This differential is more marked with higher fuel prices, and 

results from the capability to more nearly match the running capacity to the 

varying load. This saving tends to offset a part of all of the above noted indivisible 

cost of the second set; under present assumptions and Indian fuel prices (including 

taxes), total costs are lower for two sets than for a single set in the 25KW plant 

running continuously, and in the 50 KW plant running 4000 hours or more. 

Larger sets show, ceteris paribus, slightly lower marginal capacity costs-­

largely due to a lower idle fuel consumption per unit capacity. 

The marginal energy cost is easily estimated as it includes only the 

marginal, or incremental, fuel consumption per KWH, and the price of fuel. 

For small diesel generators, the marginal energy cost will range from about 

14/KWH in South America to near 4 I/KWH in India. 

One final note: contrary to frequent assertions, it is not clearly economical 

to operate a generating set, which has been installed to serve an evening lighting 

load, during the day to supply electric motors for mechanical power. The 

additional costs for operating the generator, excluding the marginal energy cost, 

are obtained by noting the terms including the operating hour variable, hr
0 

, in 

the indivisible (4. 6) and capacity (4. 7) cost formulas. For one set, indivisible 

costs increase at Ov/hour, and capacity costs at (Ffg Pf + OvsdKW/hour. 

With the above estimates, the former is 28#/hour, and the latter, for a 25 KW 

et, 1. 14/KW/hour with fuel at 214/lb., and 2. 5f/KW/hour with 7 . /lb. fuel. 

Assuming further an optimistic plant factor of 1/2 during the hours of additional 

operation, the resulting additional costs per KWH amount to 4. 5 4 and 7. 2 V at 

the respective fuel prices. These amounts hardly represent bargain rates for 

energy, especially when the marginal energy costs of 10 /KWH and 3.5€/KWH 

at the respective fuel prices are added. In fact direct mechanical drive from small 

diesel engines is frequently cheaper than to operate an existing generator longer hours 
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to supply the load electrically. 110 

B. Small-Scale Wind and Water Driven Generating Plants 

Other than fuel-fired generators, interest in small-scale electric generation has 

been focused on small hydro developments and wind power. Whereas fuel can be 

transported and stored at a reasonable cost, these "free" sources of energy are 

not generally available at the location and time required by demand conditions. 

Economical water power can be develop -] only at favorable sites, and water storage 

to regulate the timing of supply is very costly in a small-scale installation. Winds, 

even in the bost of sites, are quite variable, and even high mean velocities hardly 

yield economical energy production. 

While solar energy is ubiquitous. its cyclical supply and low energy level imply 

exceedingly high investment in equipment to provIde mechanical or electrical energy 

output. All present and foreseen conversion schemes are so high in cost relative 

to other alternatives, that solar energy need not be considered as a potential source 

of energy in the rural village. 

The first section notes the appropriate modifications in the preceding cost 

specifications for generators, and suggests approximate cost paraneters for wind 

and small hydro generators. Then the problem of supply variability, and its impli­

cations for capacity and energy costs, is discussed. Finally, the implications of 

"dump" energy for the feasibility of grid interconnections are reviewed. 

1. Cost Specifications for small hydro and wind generation 

The energy source being freely available in nature, there are no direct energy 

costs: the sole costs for wind and hydro generation are those of the installation required 

to harness the energy. Most of the costs are the initial investment; by the nature of 

the equipment, the operation and maintenance requirements are much less than 

for the small engine generator. The installed equipment costs are more variable 

than for engine generators for several reasons: the equipment is not as widely 

110For estimates of small diesel engine costs, see below, Sec. V, C, 1. 
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manufactured; the site strongly influences the design of the installation and its result­

ing costs; and transport costs to the site may be very high. However, general cost 

parameters are analytically helpful, the most relevant being the installed cost 

for the smallest capacity plant -- an essentially indivisible cost, Ag -- and the 

marginal cost per KW of capacity, B . Over a fairly narrow range of capacity, 

Bg 	may be taken as constant, although the marginal cost of hydro installations 

declines slowly, but steadily, as capacity increases. 

Operation and maintenance costs are relatively small, and as the plant 

will 	operate continuously, there is no need to differentiate these costs by hours 

of operation. Operation and maintenance costs may be separated into the annual 

costs for the minimum plant, Oig, and the marginal costs per KW, Omg -­

again on an annual basis. Alternatively, given the small magnitude of operation 

and 	maintenance costs, they might be satisfactorily estimated as a per cent of 

the 	installed cost of the plant. 

The annwl capital charges on the plant investment may be represented by 

a decimal fraction, accg, including both interest charges and depreciation. 

Hence, the indivisible costs of the plant, on an annual basis, are simply: 

(4.9) 	 ICg -_ ace Ag + Oig. 

Similarly, the marginal capacity costs are: 

(4.10) MCCg- acc B +Omg.gg g 

The indivisible investment costs, Ag, of a small hydro plant will vary widely, 

depending on the amount of civil construction required for the site, and the contri­

bution made by local labor. Even the equipment costs cannot be estimated closely, due 

to design differences, head at the site, degree of factory pre-assembly, etc. The 

minimum equipment costs -- for a factory assembled turbine-generator package, 

plus penstocks, gates, etc. -- would hardly be less than $5, 000 installed. If a 

standard packaged unit is not available to fit the site requirements, the assembly 

of separate components, including the necessary design work, implies equipment
111 

costs of $8-10, 000 for a minimum plant. For units connected to the grid, 

111 See G. E., "Small-Scale Power Supplies... ," pp. 32-36, for estimates 
combining U.S. manufactured components. Small self-contained units are manufac­
tured in Europe. 
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asynchronous induction generators, which are simpler and require less control 
equipment, may be used with substantial savings in initial equipment costs. 112 

Any dam providing storage capacity will be prohibitively costly for a small­

scale hydro plant. The usual construction would be a weir or low diversion dam, 
with a canal or open conduit to the intake gates. Even taking the cost of local labor 
at zero, the on -site costs of cement and other necessary materials, in addition to 

the costs for competent engineering design and supervision, would hardly be less 
than $2, 000. In many cases, costs will be much higher, as the site characteristics 

and location are critical determinants of cost. 

The marginal investment per KW, Bg, will vary with the site, being lower 

with a higher head and faster revolving turbine. For a generator capacity of about 
100 KW, the equipment component is in the magnitude of $100/KW. With larger 
sizes, it should decline slowly. At. any given site, the construction requirements 

for increased generating capacity should be small: for later use, a minimum of 
$25/KW is suggested. 

The above estimates are optimistic compared to the reported average construc­113 
tion costs of $400-500/KW for small plants (60-300 KW) in Japan. Of course the 
more favorable sites would have been developed earlier in Japan. But, more probable 
costs of construction are well above the minimum. Conservative, but far from maximum, 

estimates, might place Ag = $15, 000, and Bg $200.= 

Annual maintenance costs are low for hydro equipment: the repair and routine114 
supplies component of Oig might amount to about $200 per year. The supervision 

staff required depends on the degree of automation: with the low wages prevailing 

in underdeveloped countries, fully automatic control would probably not be justified 
112 

Oda, "The Present State of Small Hydraulic Power Stations in Japan," 
WPC, Belgrade, 1957, Vol. VI, p. 543. 

113 
Ibtd., Fig. 3. 

114
 
Rji.__., p. 547.
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(and has not been assumed in the construn"ion cost estimates). As a minimum, 

one resident operator with annual wages of $300, may be suggested. If 

continuous attendance is required, operators' wages will approach $1, 000 per 

year. Hence, the implied range of 01g is perhaps $500-1,200 per year. The 

marginal operating and maintenance costs, Omg , would be low--$5/KW annually 

is reasonable. 

and a 20-year plant life,With a realistic interest rate of 10 per cent per year, 

acc -. 12. Thus, from the above estimates, the lowest piausible indivisible costs 

for 
g 
a small hydro plant, IC , is $1, 340 per year. A more defensible value is $3, 000. 

g 
For the marginal capacity costs, MCC , a low of $20/KW, and a more conservative 

estimate of $29/KW, are indicated. 

Any estimates of wind generation costs must be largely hypothetical, as only 

pilot plants have been built to date, excepting the very small D. C. generators. 

The smallest of the D. C. generators, under one KW, can be installed for about 

$1, 000, including a low~gtower. 115 This establishes a lower limit for A , but the 

minimum cost for an A. C. generator would be substantially higher, due to the 

more difficult control problems. Not enough comparable estimates have been 

reported to indicate the cost variations with the size of the plant, but there is no 

evidence for a significant decrease in the marginal costs with increased size, and 

marginal costs clearly increase if capacity is extended beyond a few hundred KW. 116 

The most optimistic construction cost estimate which the author has seen is the 

equivalent of $160/KW of rated capacity for a 200-KW machine. This we may 

take as a minimum estimate for B , as the indivisible costs, averaged on a KW 

basis, would be small for this size. More common cost estimates approximate 

115
 
See Golding, "The Potentialities for Rural Electrification in Asia and the
 

Far East," p. 19.
 
113
 

Larger diameter rotors must rotate more slowly, necessitating increased 

costs for the mechanical transmission from rotor to generator and/or the generator. 

One estimate places the lowest average cost at 200-500 KW rated capacity. See 

Buhl, "Operating Experience of Wind Power Plants," WPC, Belgrade, 1957, 
Vol. VI, p. 573, 4. 

117 
Ibid., p. 575. 
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an average of $400/KW, 1 1 8 which may be suggested as a more conservative estimate 

for B 
g 

Wind generators must be controlled automatically, and supervision costs should 
be low. However, the risk of storm damage is fairly great, and maintenance costs 

might prove to be high. An annual allowance, for operation and maintenance, of 
6 per cent of the original investment seems reasonable for both the indivisible and 

119
marginal capacity costs. 

With a 20-year life, and 10 per cent interest rate, acc = . 12, and annual 
g

capital charges plus maintenance amouit to 18 per cent of the original investment. 

Thus, our minimum estimate for IC Is $180/year for a small wind-driven D. C. g
 
generator, 
 and perhaps twice that amount for an A. C. machine. Minimum and
 

conservative estimates for MCC 
 are $29 and $72/KW, respectively.
g

2. Variability of supply and energy stoi age costs 

A "firm" or reliable capacity is commonly estimated for a variable energy
 

source. Strictly, 
this capacity is not firm in the sense of being always available, 

but rather is a lower capacity which is reached or exceeded with an acceptable 

high probability. For example, a "run-of-the-stream" hydro plant might have its 

firm capaLcity estimated at a . 95 probability level, i.e., it would be expected to 

fall short of its firm capacity 5 days in each 100. The firm capacity (KWf) of a 

run-ef-the-stream plant is below the average feasible capacity of the stream (KW a). 

118 
E. g., Golding, op. cit., p. 18. Other than equipment design differences, 

and different manufacturing cost assumptions, a significant factor in the capacity 
cost is the rated wind speed for which the generator is designed; at high rated speeds
the cost per KW of capacity is lower, but the plant would produce less energy per KW 
of capacity at low winc speeds. The optimum design would depend on the wind velocity 
profile at the site.119
 

Compare Buhl, op. cit., pp. 574, 5, 7.
120 p.~~
The average feasible capacity of a stream will be less than the average 

water flow rate converted to KW. The upper peak of the water flow curve would 
last such a short period in each year that the capital charges oil the equipment to 
harness it would be excessive relative to the value of the energy captured. An 
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The firm capacity can be increased with storage, but for the small hydro developments 

with which we are presently concerned, significant amounts of storage would rarely be 

feasible, and the output would be dependent on the natural flow rate of the stream. 

Hence, the ratio KWf/KWa varies with the stream characteristics, but is always 

less than 1. This implies that some potential energy must escape in an isolated 

run-of-the-stream plant. If the minimum power demands and the minimum flow 

rates are positively correlated, or if the power demands can be shifted to coincide 

with higher flow rates, the relevant minimum capacity of the plant may be somewhat 

higher than the usual definition of the firm capacity. 

Following the simplifying and useful fiction that "firm" capacity is indeed always 

available on demand, a KW of firm capacity in a small hydro plant is a perfect substi­

tute for a KW of capacity in a small engine generator or in a grid connection. In 

addition, negligible energy costs are incurred in the hydro plant. The marginal 

capacity costs for small hydro plants will almost certainly be lower than those 

of small diesel plants, and probably lower than capacity costs for a grid connection, 

if the electricity is generated in thermal stations. However, for a grid with hydro 

generation, the economies of scale in larger hydro plants may more than compensate 

for the capacity costs of transmission. To evaluate the feasibility of a small hydro 

plant, its savings on capacity costs, plus the energy premium--which = (8. 760) 

(Load Factor) (MEC for the alternative source), on a KW basis, must be weighed 

against the relative indivisible costs. Where the indivisible costs of the site 

development are low, small hydro plants will show much lower total costs than local 

diesel plants, and will compare favorably with grid connections and thermal generation. 121 

economic maximum capacity is that at which the marginal costs of the last KW of 
capacity are equal to the value of the energy which can be obtained by it. The average 
feasible capacity is the first moment of the density function whose upper tail is 
terminated at the maximum economic capacity. Adding storage reduces the dis­
crepancy between the average feasible capacity and the average water flow rate: 
1.e., storage increases both the firm generating capacity and the feasible energy output. 

121 
For grid costs, see below, sec. V,A. 



Sites may be economically developed, whose indivisible costs, net of indivisible 

conn cting line costs, are less than or equal to the total capacity and energy savings 

relative to the lowest cost alternative. 

Whether generating capacity beyond the firm capacity of the stream ought to 

be installed in an isolated run-of-the-stream hydro plant is problematic. Inter­

ruptable capacity is necessarily lower valued than firm capacity, the discount 

depending on the extent of correlation between higher demands and water flows. 

In a plant integrated with the grid, the feasible peak generating capacity will 

normally be greater than the firm capacity, and the additional energy which can 

be thereby obtained is one of the justifications for a grid connection. This topic 

will be taken up in the nextN section. 

Fm wind generation. even in the most favorable sites, the firm capacity is 

zero. 122The implications are two-fold. First, the costs of the plant depend on 

its rated capacity (KWr), but the latter will be utilized only intermittently. For 

comparison with other methods of generation the average capacity (KWa) is 

relevant. The effective cost per KW is increased to MCCg KWr . The value 
KWa 

of the ratio, KWr/KWa, will depcnd on the site, but at least 3 may be expected, 

with 5 a more probable value. 123 

Second, wind energy can be utilized in one of two ways, or some combination of 

the two: as more or less random energy which can be used whenever it is generated, 12 4 

or by means of some energy storage device. For a wind generator in parallel 

with other generators, the random energy can replace fuel, or conserve water for 

later use in hydro plants with storage. As an isolated plant without energy storage, 

Its output could be used only by loads which could be shifted from one time period 

122 
See the monthly power generation curves for two installations on the 

Danish coast, one of the more favorable areas for wind power, In Buhl, op. cit. 
Figure 2, p. 572. 

123 
See ibid., Table 1, for actual values at 2 Danish sites, and Figure 3 for 

potential values at other sites. 
124 

At some sites, the variation in wind is fairly predictable. 
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to another. Adapting the energy use to its highly variable availability naturally entails 

additional cost. There is no need now to estimate the penalty for varying wind energy 

relative to a dependable source: for some uses, e. g., communications equipment, wind 

energy without storage would have almost zero value; in other uses, e. g., water 

pumping, the final work output might be storable or deferable, at a reasonable cost. 

Since no firm capacity is available, the cost per KWH is a more meaningful 

basis for comparison than the cost per T(W. Even with ouite flexible loads, it is 

entirely unrealistic to expect to utilize all of the randomly available energy. The 

appropriate discount can only be hypothesized: one-half the annual energy might be 

= Usable, i.e. KWH /KWHa 1/2. The resulting costs per KWHu = MCCg KWr KWHa. 
8,760 KWa KWHu 

With our uost optimis!ti estimates for wind generator costs, and for average output, 

the (ost is ah'nt 20 mills/KWHu; more probable estimates yield 80 mills. These costs 

are comparabl- t) those of smail diesel generators, but well above the combined 

capacity and energy costs of a grid connection. further, electric motors supplied 

at 20 mills/KWH, plus distribution costs, would provide more costly mechanical
125 

work than directly coupled diesel engines burning high priced fuel. And each of 

these alternatives provides energy on demand, not only when the wind blows. Hence, 

independent wind generation without storage holds very little promise. 

For decades, storage batteries have been used for energy storage with small 

D.C. wind generators to supply small amounts of electricity. The implied costs 

depend on several variables: P, the number of hours in the storage cycle; and K., 

the annual cost of one KWH of storage. Assuming that sufficient storage capacity 

is provided to supply the average load for one storage cycle with no generation, the 

= storage equipment cost, per KWH of output PKs For heavy-duty lead-acid 
8,760 

.
 

125
 
For summary diesel generation costs, see Sec. IV, A, 4 and Table IV-1; 

for grid costs, Sec. V, A, and Table V-4; for small engines, Sec. V, C, 1. 
123 

The annual cost, K., is distributed over the output of 8, 760/P cycles in 
the course of a year. The above assumes that the rate of power delivery can be 
disregarded in the storage cost specification. This is reasonable for most storage 
battery applications, as most of stored energy can be withdrawn within a few hours, 
or a small fraction of the probable cycling period for wind energy storage. 



113. 

127 
storage batteries, a reasonable value for K. is $10. A 24-hour storage cycle 

thus imllies costs of 27 mills/KWH; a 48-hour cycle, of 55 mills/KWH, etc. 

If storage is provided for only a part of the average cycle consumption, the costs/KWH 

delivered are reduced proportionately. 

The energy losses in the two-way conversion between electrical and chemical 

energy are not included in the above, as they are more conveniently included with 

the direct energy cost of v,'ind generation. Denoting the efficiency of energy storage 

by Ns , and the fraction of the total which is stored before use by F., the costs of 

wind generation and energy losses in storage, per KWH of output = 

MCCg KWr / 
KWa Fs t 1-Fs8,760 Ns 

=For a lead-acid battery, N5 2/3, approximately, and we may assume FS to be 

1/2, for an example. Optimistic assumptions for wind generator costs and average 

output imply costs of about 12 mills/KWH, and more conservative estimates, about 

50 mills/KWH. If the average output of the generator could not be utilized, even with 

storage, this cost would be increased correspondingly. Adding the costs of the storage 

batteries, wind energy might cost about 40 to 100 mills/KWH. At a realistic load 

factor of 30 per cent, this would convert to $105 and $260/KW, respectively, and 

the lower the load factor, the more favorable the cost per KW appears. In spite 

of the relatively high cost of storing energy in batteries, the cost per unit of usable 

electricity from wind generation is probably not much higher with storage, than without, 

especially for shorL storage cycles. And, most important, the supply is relatively 

independent of wind variations, and allows a short-term peak capacity in excess of the 

generating capacity. 

127 Assuming an initial cost of $50/KWHt capacity, a life of 10 years, 10 per cent 

interest rate, and annual maintenance costs of 4 per cent of original cost. 
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The probable costs with storage being higher than our preceding estimates, the
 
above conclusions regarding wind generation costs relative to available alternatives
 
are relevant for the storage case also. 
 However, where small amounts of electricity
 
are required -- e. g., for an isolated communications relay station and the sole
 
alternatives 
are wind generation or small engine; generation, wind generation with
 
storage batteries will probably yield lower costs. 
 The indivisible costs will be higher for 
an engine generator, and the marginal capacity and energy costs w.i also be higher,
 
unless very low cost fuel Is available. Small continuous demands, 
 or low load factor
 
demands, are especially favorable for wind generation and storage batteries.
 

3. 	 Interation of a variable enelgysource with the grid
 

The chief advantage of linking a 
small hydro plant to the grid is the ability
 
te. utilize energy on the grid which wo!id be otherwise unused. A hydro plant
 
with a firm capacity, KWf, may prov:de annual 
 "dump" energy= 8, 760 (1 - LF) KWf,
 
wherein LF is the load factor of the local load. 
 For example, if the marginal fuel
 
cost on the grid is 4 mills/KWH, and LF =. 3, the dump energy is 
worth nearly $25 
annually per KW of firm capacity. The only costs for utilizing this energy are those of 
the necessary linking line to the grid, and median estimates of the latter suggest 

that one mile of line could be built per 10 KW of firm capacity. 12 8 

An additional possible justification for a grid connection arises when the local 
demand does not match the firm capacity of the stream. Any firm capacity 
beyond the local peak requirements may 2ontribute energy to the grid on a continuous 
basis, and also firm generating capacity. The probable marginal costs of additional 
generating capacity in even a small hydro development will show savings on the 
order of $35 	per KWf against median capacity and energy costs for thermal generation; 129 

12 8 A small or intermediate-scale plant, up to perhaps 1,000 KW, could be satis­
factorily linked with a 22-KV primary distribution line, of which the costs are estimated 
In Table 111-2 above. 

12.) 
For 	cost estimates at the thermal station, see below, Sec. V, A, 5, and TableV-3, and for estimates including transmission costs, see Table V-4. 
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I. e., 6 or 7 KW of excess firm capacity might justify a mile of line. If, however,
 
the alternative generating capacity is 
 in large-scale hydro developments, the possible
 

savings will probably be less.
 

Given the indivisibilities in generating equipment, 
 it will be economical ,o anti­
cipate future demand growth in the initial installation. Even if the available firm
 
stream capacity will eventually be fully utilized by the local load, during an interim
 
period significant amounts of energy and firm generating capacity could be used 
on
 
the grid, at no additional costs. The replacement value of this energy and generating
 

capacity will offset a portion of the cost of the connecting line. 
Finally, some generiting capacity beyond the firm capacity of the stream will usually 

be feasible if the resulting non-firm energy can be used on a grid to replace fuel, or
 
allow water to be held 
behind dais for lhtqor use. The amount of additional capacity, 
and the resulting average feasible capacity of the development, will be determined 
by the shape of the water flow profile.130 Generalizations regarding the magnitude of 
the feasible increase over the firm capacity are difficult, if not impossible, in view
 
of the unique flow characteristics at each site. However, 
 the implications for integra­

tion of small hydro plants with the grid should nut be overlooked. 

Thus, in all but the most isolatcu areas, the feasibility of linking a small hydro 
plant with the grid should be seriously investigated. In Japan, which has a well­

developed grid system, substantial numbers of small plants are still being constructed 
and connected into the grid, because the total costs are comparable to, or lower than, 

131those of larger scale alternatives. In the more mountainous regions of South America, 

conditions should be equally favorable. 

Substantial experimental work continues in England and Denmark to determine 
the feasibility of wind generators linked to a grid. Taking the optimistic construction 
130 

See note 102 immediately above. 
131 

Oda, op. cit., p. 543, 4. 
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cost estimates of one of these groups of investigators (the low estimate utilized in 
the preceding section), the actual output per unit of capacity for several pilot 
plants, and their maintenance and capital charges assumptions (interest at 5 per cent), 
the Implied energy cost is 11 mills/KWH. Adjusting the interest rate upwards to 
reflect the opportunity cost of capital in underdeveloped countries -- to perhaps 
10 per cent -- but leaving the other assumptions unchanged, the implied costs are 
more than 14 mills/KWH. More conservative construction cost estimates will of 
course raise the energy cost. Wind energy provides no firm capacity, and this 
(nergv has only the replacement value of the marginal energy cost on the grid. 
Comparing the probable marginal energy costs with thermal generation,133 

wind goneration for delivery into the grid could be feasible only with the combination: 
a most favorable site, low construction and interest costs, very high fuel prices, and 
bmall-scale inefficient steam generators. 13 4 Relatively higher discount rates alone 
are sufficient to rule out significant wind generation in underdeveloped areas, with 

or without a grid connection. 

132 
Buhl, 2 ., pp. 575-7, and Table 1.
 

133
 
See below, V, A, 5, and Table V-3.
 

Even in fuel-poor and wind-rich Denmark, 
true marginal energy costs on the
grid, rather than average, would probably preclude wind generation, even under the 
most favorable assumptions for the latter. 



V. 	 RELATIVE COSTS FOR DIFFERENT METHODS 
OF SUPPLY 

This chapter utilizes the summary cost specifications developed in the preceding
 

chapters for comparing different methods of electricity supply to the village, and
 

electricity versus direct alternatives. For comparison with isolated generation and
 

direct alternatives, summary costs for grid extension are estimated in the first
 

section. Next, 
 small-scale generation in the village is compared with intermediate­

scale generation and primary distribution to a number of villages. Then the costs 

for isolated intermediate generation are compared with those of grid extension. 

FiiailN, the cost of electrification are examined relative to the costs of smal 

dir(.ctly coupled engines, and of lighting by kerosene fueled lamps. 

A. Costs for Grid Extension 

As it costs of an integrated grid are outside the main emphasis of this study, 

we cannot. undertake a detailed analysis comparable to that above for distribution 

and small-scale generation. However, as will be evident from succeeding cost compari­

sons, grid extension will be in most cases the cheapest means of supply in rural 

areas, and estimates of the costs of supply must be based on grid supply costs. 

Because of data availability, the estimates in this section are largely based 

on current U. S. experience. No claim can be made that U. S. costs are representative 

of costs in underdeveloped countries, but there is no clear presumption that the latter 

will be consisteitly above or below U. S. costs: from the available data, foreign costs 
135 are consistent with the following estimates. Further, the exact level of costs is 

less important tha,. the differential between average and marginal costs, and the trend 

of marginal costs with larger sizes of installations. 
135 

If U. S. equipment is installed, foreign costs will generally exceed U. S. costs -­
an increase of 25 per cent is plausible. However, European equipment insta'led in an 
underdeveloped country will usually cost less than comparable U. S. manufactured equip­
ment installed at home. All undo.rdeveloped countries are largely, if not exclusively, 
dependent on imports for heavy electrical equipment. 
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1. The System Cost Components 

Costs are based at the output of the distribution substation: Thus, the costs of 

an intermediate -scale Isolated plant can be directly compared. Again the three 

categories are the indivisible costs, ICsd; the marginal capacity costs, CCsd; 

and the marginal energy costs, ECsd. Each category includes all of the relevant 

costs back to, and including the central generating plant. 

As an existing grid is assumed, no indivisible costs for generating plants and 

transmission substations and lines are incurred for extending the supply to rural 

areas. Indivisible cosLs for the distribution substation (ICsd) and the subtrans­

mis,,on litie feeding it GCtm Ltm , the product of indivisible costs per mile and 

the Icniqli in miles) avc incurred only if the substation is required exclusively 
136for the: adlitlonai rural load. 

Marginal capacity costs at the substation output (CCsd) include all of the 

capacity costs from the generating station. This is simply the sum, 

(5.1) CCsd =MCCsd + MCCtmLtm + MCCst - MCCg, 

wherein, 

MCCsd = marginal capacity cost of the distribution substation 
itself, 

MCCtm = marginal capacity cost of the transmission line per 
mile, 

"tm length of the transmission line, 
MCCst = marginal capacity cost of the transmission step-up

substation, 

MCCg -- marginal capacity cost of the generating plant. 

Frequently the eler.tr icily will be transmitted at several voltage levels between the 

generating plant and the distribution substation. Thus, wher appropriate, additional 

terms for transmission line segments and Intermediate substations should be added 

136 
We are neglecting the possible element of joint costs in a substation designed 

to serve a town and a surrounding rural area. It seems probable that neither the 
location nor the design for serving both loads would be substantially altered from 
that required to serve the town only. 
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to the above equation. 13 7 

The marginal energy cost at the substation likewise includes all marginal energy 

costs from the generating plant outwards. The major component is of course the marginal 

energy cost of generation (MECg), but energy losses in transmission lines (MECtm) 

is significant except in very short lines. In the estimates for substation costs below 

the relatively very small marginal energy loss in substation transformers is included 
138 

within the capacity cost. Thus no terms are included for the energy cost of the 

s.,.tbstations. The resui,.ing marginal energy cost at the substation is: 

" 
(5.2) EC sd MECtm Ltm + MECg. 

The succeeding sections will give estimates for the above parameters. From 

these estimates, approximate values can be calculated for the capacity and energy 

costs within different scale systems. 

2. 	 Distribution Substation Costs 

The costs for substat~ions of a given capacity may vary a great deal depending 

on the design ot the station. More elaborate switching and protective gear tends to 

increase the indivisible costs of the substation more rapidly than the marginal 

costs. S)st'ations installed for rural service exclusively would have a relatively 

small capacity, and would be of a simple design. Larger stations serving a town 

or city would be more complex, but the marginal costs for additional capacity 

will 	be comparable to that of the simpler station. 

Thus, for our purposes, the costs of the sim.'e, standardized design dis­

tribution substation used by R.E. A. cooperatives in this country are most 
137 

There m:y he significant diversity between the peak demand of the Indi­
vidual distribution substat ion nd the system peak, in which case a coincidence factor, 
or factors, should he inroduced to detlate the affected capacity cost variables. 

138 
The core component of energy loss is properly included within the capacity 

cost of the transformer', and the coil component is negligibly small (about 0. 2 per 

cent) compared to the MECg. The costs for supplying exciting current, being 
quite small, are neglected. 
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useful. 13 9 From R. E. A. estimates of installed costs, excluding land, the investment 
costs may be approximated by a linear ftnction over the range of 500-5, 000 KVA. 
For input voltages near 66 KV, the
 

installed cost - $30, 000 + 
 $8. 00 (KVA), approximately.
 
Lower input voltages impl 
 slightly lower indivisible costs.
 

The life of the substation is 30-35 years, and the implied annual charges on
 
investment are 
slightly less than 11 per cent with an interest rate of 10 per cent.
 
Annual operating and maintenance costs are 
on the order of 5 per cent of the installed 
cost. Over the restricted capacity range, the power losses are about 1 per cent of the 
output, with the core losses about 1/3 of the total. The annual capacity and energy
 
cost of the losses are thus about 50M/KVA, at representative capacity and energy
 
costs at Ihe substation. 140
 

Thus, from the above, the indivisible cost of the substation, IC 	 d = $4, 800/year. 
The 	marginal cost pet, KVA is about $1. 80/year, and converting to a KW basis at a power 
factor of 90, MCC ' $2. 00/KW/year. There is a slight bias toward overstatement
 
of MCCsd at the upper end of the designated capacity range 
-- neither the construction 
cost 	nor Ihe loss component is strictly linear -- and beyond 5 MVA, the overstatement
 

may be sign.ricant.
 

3. 	 Transai,;sion Line Costs
 
Where a subtransmission line must be built to supply the rural area, 
 the 	indivisible 

costs of the transmission line (Ctm) must be estimated. As with primary distribution 

13) R. E. A., Construction Costs of Rural Distribution and Transmission Lines andSubstations, St,1f Instruction 80-3, 1954. As this is
adjustments have been made for current prices. 

the most recent edition available, 
The 	estimates include incoming airbreak switch, 4-1p transformers (for added security: a single 3 transformer wouldbe more economical), voltage regulators, 3 outgoing circuits with oil circuit reclosers,

and fence and miscellaneous. 
140 Csd = $38; ECsd = 3.4 mills; and ehr = 2,000 for coil losses. Strictly, 

these values should be adjusted for the actual values at each site, but 	the refinementnot 	justified for the approximate estimates being made here. 
l 
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lines, the construction cost of the minimum line will vary with the terrain, the expected 
wind and ice loading, the availability of poles at a reasonable cost, labor costs, etc.
 
The order of magnitude to be expected for a 66 KV line is 
 $4, 000/mile. 141 
Lower voltage lines will be less costly: e. g., a 33 KV line is reported to cost Rs.
 
9, 000 (1, 890) in Madras, India.1 4 2 
 But primary distribution in the 22 KV class, as
 
recommended in this report, 
 implies higher capacity transmission lines and a minimum 
standard voltage in the 66 KV range. Allowing 4 per cent of original cost for annual 
operating and maintenance expenditures, 

ICtmand 11 per cent annual capital charges, 

may equal approximately s O0/mile/year.
 

The marginal capacity and energy costs of transmission lines are of more general
 
interest. 
 The common practice of estimating line costs on an average basis is grossly 
misleading because marginal costs are far below average costs up to very high line 
capacities. Present evidence suggests that marginal transmission line costs are about
 
one-third of average 
costs over the normal range of transmission line voltages and 

capacities. 143 

For later reference, Table V-1 lists marginal inputs and costs calculated from
 
general construction 
cost estimates prepared by the Federal Power Commission, 14 4
 

and from representative capacity and energy 
costs for losses. The costs for wooden 
pole and firane construction are probably lower than would be found in many underdeveloped 
countries. However, considering relative labor costs, the steel construction estimates 
may be higher than in most underdeveloped countries. 

141 Compare transmission line construction cost estimates in R. E. A., op. it.
Table XI, XII. 

142 Government of India, "Report... on Rural Electrification in Madras, " Annexure III. 
143 Based on analysis of the data underlying Table V-1 below. This differentialbetween average and marginal costs is not surprising in view of the fact that the produc­tion function for electricity transmission may be approximated by a Cobb-Douglas functionin which the exponents sum to 2 -- I. e., doubling inputs increases output fourfold. This,plus the essentially indivisible components in construction costs, implies very marked 

econ2 4nies of scale. 
F. P. C., Bureau of Power, "Technical Memorandum No. 1: Instructions forEstimating Electric Power Costs and Values, " Revised March, 1960, Table 19. 
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TABLE V-1
 

APPROXIMATE COSTS PER MILE OF TRANSMISSION LINE
 

Per 1,000 
PER IW OF CAPACITY KWH DELIVERED 

Line Construction Approximate Construc- Annual Capacity Annual Energy Cost of 
Nominal Conduc- Economic tion 0 & Mc Cost of Capacity:e Losses: f 

Voltage tor Size Loadinga Costb (Mills/ Lossesd MCCtm MECt
 
KV ACSR MW ($/KW) KW) (Mills/ (MillsT (Mills,"
 

_..... KW KW) 1,000 KWH)
 

Vood Towers: 

66 30 A. W.G 5 .502 9.4 12.5 77 1.10 

110 336 (1 000 16 .187 3.4 7.4 31 .66
circu­
lar 	mils)

132 477 " 28 .126 2.3 6.2 22 .55 

154 636 " 43 .094 1.8 5.3 17 .47 

220 795 " 79 .059 1.2 3.7 12 .33 

3teel Towers 

66 40 A. W.G. 8 .703 4.6 15.4 97 1.40 

110 336 (1,000 22 .327 2.1 9.2 47 .81 
circu­
lar mils)
 

132 477 " 38 .220 1.4 7.7 33 .70
 

154 636 " 59 .163 1.1 6.6 26 .60
 

220 795 " 107 .104 .7 4.6 17 .42
 

Notes: 

a. Estimated load for which the indicated structure would be optimum, from esti­
mated variations in costs for different voltages and conductor sections, and 
capacity and energy costs noted below. 

b. 	 Construction cost estimates from FPC, 'Technical Memorandum No. 1," 
Table 19. 

c. 	 From Ibid., Table 23. 

d. 	 Assuming CC = $30/KW, annually. 

e. 	 From preceding three columns, the annual charges on investment being 11 
per cent (35-year life, 10 per cent Interest, and minor insurance and interim 
replacement allowances). 

f. 	 Assuming EC = 3. 5 mills/KWH, and ehr = 3, 000. 
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4. Transmission Substations 

A step-up substation is always required at the generating plant. Frequently,
 
an additional substation is required to convert 
a high voltage for bulk transmission to 
the inteinmediate voltage used in subtransmission. Our interest is in the marginal 
capacity cost (MCCst) oi the substation. Again average costs decrease markedly with 
size increases, and 	marginal costs are less than two-thirds of average costs up to 
very 	large capacity and Ilgh voltage substations. Table V-2 lists on an annual basis, 
.he 	o wP,Inerits of the marginal capacity cost, and the summary cost per KW, for a
 
rarnge fr::,in 5-200 MVA. 
 These estimates are derived from construction cost and
 

anUiim1,1il r
pating and maintenance cost estimates prepared by the Federal Power 
C''iUniFoowei ind from typical transformer core and coil losses.145 In the smaller 

4. 	 c l,.irgnal capacity cost estimates tre higher than the above estimate for
 
distrilution substations. One cawise is the more elaborate design assumed for the
 
transmission suistalions., which involves 
more high xoltage switches and circuit
 
breakers. Equally, important
or more the voltage is assumed to increase with the
 
rapacity 
so as to correspond to the efficient transmission voltages for different line
 
capacities. Ceterisparibus, 
 higher voltage implies higher costs, and hence unit 
costs do not decline as rapidly when both capacity and voltage are increased, as when 
capacity i ; increased with voltage heid constant. 

5. 	ThcimalI (kne at ion.
 
Gene ration costs constitute a 
major portion of the marginal capacity costs for 

grid Suppiv, ;1,,d prwII.'ully all of the energy costs. About three-quarters of the 
inaiginal capacity cost ot thermal generation is the caf al charges on the plant 
invest.menl l.nve 1h o~sumed inlerest rate will haN • a marked effect on the generation 
capacity cost. The reniiiinng components of the capacity cost are a fixed fuel com­
ponent and the opc'vat:ing and maintenance expenditures. The 	fixed fuel costs are 
frequently neglect t.,i in pt paring eapal'i v cost estimates, and total fuel costs are
 

- . . T bles S ancd 22, 
 pp. 77 and 96; Westinghouse, Electrical 
Transmission and Distribuion Reference-Bool<, pp. 102, 103. 
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TABLE V-2 
ILLUSTRATIVE MARGINAL CAPACITY COSTS FOR TRANSMISSION 

SUBSTATIONS 

Capacity 
MVA 

Construction 
Cost a 

($/KVA) 

Annual 
Operation and 
Maintenanceb 

Annual 
Capacity 

and Energy 

Annual 
Capacity 
Costs: d 

($/KVA) Cost of MCCst 
LossesC ($/KW) 
($/KVA) 

5 24.20 1.10 .32 4.50 

10 16.60 0.78 .29 3.20 

20 11.90 0.55 .25 2.10 

50 9.40 0.38 .20 1.80 

75 8.10 0.32 .18 1.50 

100 7.30 0.29 .17 1.20 

200 5.30 0.23 .16 1.10 

Notes: 

a. Derived from F. P. C., Bureau of Power, "Technical Memorandum No. 1," 
Table 8. 

b. 	 Derived from Ibid., Table 22, Including allowance for administrative and 
general. 

c. 	 For typicai corC and coil losses from Westinghouse, Electrical Transmission 
and Distribution Reference Book, pp. 102, 103, and CC = $30/KW, EC = 3. 4 
mills/KWil, and elr - 3. 000. 

d. 	 At annual charges of 11 per cent. on investment (35-year life, 10 per cent 
interest, and minor insurance and interim replacement charges), plus operation
and maintenance and cost of losses, all converted to a KW base at a power 
factor of . 90. 
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averaged over the KWH output. This practice is misleading as it overstates the energy 

cost (which is no longer a marginal energy cost), and understates the capacity cost -­

by about 10 per cent in each instance. 

Table V-3 lists illustrative marginal capacity and energy costs, with their com­

ponents, for coal -fired plants over a considerable size range. The basic data is
 

U.S. ,xperience,14 6 but there is no reason for a consistent bias relative to foreign 

costs. The underlying ::s,.,mptions are detailed in ,lie notes, and the reader can 

readily makc adjustments fr alternative assumptions. The fuel price in particular 

will vary widely: prices 50 per cent. of the assumed 30g/million Btu., or near the other 

end of the range., 50 per cent, higher are likely. 14 7 The consistent decline in marginal 

costs with L rger scale plants should be noled. For a given scaie of plant marginal 

costs are consistently ab. ut fou'.-fifths of average costs. The costs listed in Table V- 3 

are represent.Jtive of pkn s designed for 'ong period operation. Short-term peaking 

capacity could be obtained somewhat more cheaply, but the marginal energy costs 

would be higher. 

6. 	 ydro Generation 

Simple cos' estimates for hydro generation cannot be given. The largest portion 

of the coI,s-is usually the dam and associated construction, and is highly variable 

with the ciu,,.ueristics cf the particular site. The equipment component of costs 

also v'aries sjgndfucantijy with the site: ceteris paribui, high heads will allow lower 

equipment, costs. Further separations of costs into capacity and energy categories 

is not unambiguIouS. 

1,16
 
From F.P.C. op.a cut, Tables 1, :3, 5, and pp. 28, 29. See note 1 above. 

147 
With wide departures in fuel prices from the assumed, there would undoubtedly 

be some fuel equipment substitution. .. e., very low fuel costs will make a less 
efficient plant, requiring less investment, but burning more fuel, more economical 
than a plant designed lor average cost fuel. But the possible substitution isn't great, and 
may be neglected for present purposes. 
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TABLE V-3 

APPROXIMATE VALUES FOR MARGINAL INPUTS AND ANNUAL
 

OF COAL-FIRED PLANTa
COSTS BY SCALE 

PER KW OF CAPACITY 	 PER KWH OF OUTPUT 

Plant Invest- Fixed Annual Annual Fuelg 0 and M Energyh 

Sizeb mentc Fueld 0 and Me Capacity (10 Btu) (Mills) MECg 
MW ($) (106 Btu) ($) MCCg (Mills)($) 

15 232 9.25 5.79 34.10 11.9 0.55 4.1 

38 199 8.06 3.90 28.20 10.3 0.37 3.5 

66 178 7.43 3.23 25.10 	 9.6 0.31 3.2 

99 166 7.29 2.79 23.30 	 9.4 0.28 3.1 

132 158 6.85 2.52 22.00 	 8.8 0.25 2.9 

225 145 5.96 2.09 19.80 	 7.6 0.20 2.5 

300 137 5.82 1.85 18.70 	 7.5 0.18 2.4 

Notes: 

a. 	 Derived from basic data in F. P. C., Bureau of Power, Technical Memorandum No. 1, 

Rev. MLarch 1960. 

b. 	 Assuming three equally sized units in each plant. 

c. 	 For co-fired, conventional construction: deduct 5 per cent for outdoor boilers,
 
15 per ceLit for non-coal fuel.
 

d. 	 At HIIV of fuel, and assuming units are spinning 80 per cent of the time. Reduce 
by 6 per cent for oil fuel, and 13 per cent for gas. 

e. 	 Including allowance for Administrative and General. 

f. 	 From preceding three columns: assuming 35-year life, 10 per cent interest rate, 
and minor allowances for insurance and interim replacements, the sum of which 

amounts to 11 per cent annual charges on investment; and assuming fuel price of 
30 /10 Btu. 

g. 	 At IIIV: add 5 per cent for oil fuel, and 10 per cent for gas. 

h. 	 From preceding two columns, assuming fuel to cost 30/106 Btu. 
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Most frequently, both thermal and hydro generation are integrated into the system.same 

If the economic hydro sites have been exploited, 
 the relevant marginal energy costs on the 
system are those for thermal generation. Without storage capacity, the marginal capacity 
costs would also be determined by thermal costs. However, given sufficient storage
 
behind the dams, peak demands could be met. by installing additional hydro gi nerators
 
and increasing the hydro output during peak periods, 
 but reducing it during off-peak 
periods. Thus, under certain conditions, the marginal capacity cost to supply peak 
demands may approach the marginal cost. of hydro generating equipment only. 1 4 8 

The capacity costs for supplying continuous loads,. "base-loads, " would be higher 
and might approach the marginal capacity cost for thermal generation. 149
 

Where unrtxploifed hydro sites remain which permit 
 lower costs than thermal genera­
tion, the marginal general ion costs oin the 3,'stem 
 viii be determined by the costs for
 
the new sites to be devceioped. With st,,rage the system,
on in old or new developments, 
the peaking capacity cosls approach the marginai equipment, costs. The distinction between 
capacity and energy costs for base load operat ion on an exclusively hydro system are
 
:inihigiious, as a major part ol the costs are essentially joint costs. The upper limit
 
for the combined costs would be the capacity and energy costs for base-load operation 
in a thermal plant (otherwise the therma, pnant would be more economical), and the 
actual costs would be highly variable from site to site. 

With the vast, indivisibilities in hydro site development, for significant interim 
periods of time. th, ic evant capacity cost,, peaking or base-load, is the marginal equipment 

148"Ilydro equipmtrit is intended to include the penstock, turbine, generator, and all 
associated equipment. 

149 
To reline the coiicept of marginal capacity cost on an integrated system becomes

complex. Basicaily, one should distinguish capacity to deliver power by the time period 
over which it. can. or will, dehkcrix lwer. In thernial generation, this )ro)lem can l)e
avoided by an assumpion[01 1h/a1 at] genral lolln equipment is homogenous. The assumption
is not strictly correct, : Iwakirg ca;,:i v, with lower invest.ment costs, but higher
fuel costs than base-load i.,,;i gned piank (,,inhe installed. But the assumption can be 
tolerated as a first approximation. Fori, iintegrated system with hydro storage (either
natural or pumped), the differential costIs bttween peaking and base. load capacity are 
so great, that a single capacity cost specilieation is not useful. 
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cost. Also, the marginal energy cost would be almost zero with water pouring over the
 
dam. But the costs, economically defined, would increase 
as demand increased.
 

In view of the above, 
 there is no need to attempt general hydro generation cost estimates. 
The equipment cost category is however helpful, as it frequently determines the relevant
 
peaking capacity cost. The marginal equipment cost for hydro will be lower than any
 
possible thermal capacity costs, 
 the annual costs being on the order of one-third or one­
quarter those of a steam turbine generator of the same size. 
 Hydro generating equipment 
shows significant economies of scale up to an upper economic limit for generator sizes, 
which depends on the head of the plant,. Generators beyond 125 MW are rare in high 
and medium head plants, and the maximum feasible size is much smaller in low head 
plants. Thus higher head plants will show lower unit costs as larger generator sizes
 

are permitted.
 

7. Illustrative Capacity and Energy Costsat the Substation 

The relevant marginal capacity and energy costs at the substation are those of the
 
lowest cost 
source of supply on the system, all transmission costs included. Costs 
may be lower from a more distant and larger generating plant than from a near­
by plant, in spite of longer transmission distances and probably one or more inter­

mediate transmission substations. 

To ilusi:,,te possible costs for connection to a grid where most of the supply 
comes fromn coal-fired steam pjants, Table V-4 has been prepared. Three alternatives 
are included, a low capacity system in which the lowest cost generating unit is only 
5MW capacity, thus ,iehlding near the highest probable costs, a medic'i cost estimate 
with units ol 33 MW ench, but involving longer transmission distances than the preced-
Ing; and a low estimate for supply from 100 MW units, which would be found only on 
systems supplying major uiban centers. 6The fuel cost is uniformly taken to be 30 4/0 Btu. 
but the estimates may be easily aitered by referring to Table V-3. The transmission 
distance assuniptions are itemized, and may be readily changed. These summary esti­
mates will be compared with the costs of' isolated diesel generators, and for estimating 
the costs of grid extension relative to direct methods of energy supply. On systems 
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TABLE V-4 
ILLUSTRATIVE CAPACITY AND ENERGY COSTS AT A GRID SUB-

STATION 

I. 	 Marginal Capacity cost: ($/KW) a
 

Highd
Lowb MedianC 

MCCsd 2.00 2.00 2.00 

MCCItn(a) 1-tm(a) 1. 5 0 e 4 . 0 0 e 10 . 0 0 f 

MOC ~a) 1.70 2.40 2.40 

MCCtI (I;) mh) 3 . 5 0g 5.00g h 

MC(' (b) 1.00 1.50 h 
MCC 19 .70 25. 10 34. 10 
07sd 28. 40 40.00 48. 50 

J. 	 M ginial Energy cost- (mills/iWTP' 

Low Median High 

• 0 4e 	 .15 f MECtm(a) Lt (a) 0 7 e 

MEC 11 4b) Ltm(b) . 0 5 g . 0 7 5 g h 

MEC 2.4 3.2 5.0 

ECsd 2.5 3.4 5.2 

Notes; 

a. After equa.ion 5. 1, with cost estimates from the preceding three 	tables. 

b. 	 Assuming marginal generating units are 100 MW each, and substation and 
transnubsion capacities are scaled accordingly. 

c. 	 With 33 MW marginal generating units and corresponding scale of transmission 
fncilities. 

d. 	 With 5 MW marginal generating units and corresponding scale of transmission 
facilities. 

e. 	 50 miles subtransmission tine length. 

f. 	 100 miles suhtransmission line. 

g. 	 100 mil s bulk transmission. 

h. 	 No hulk Iransmission. 

i. 	 After equation 5. 2. 
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with major hydro generation, the estimates may be adjusted according to the discussion 

of the Immediately preceding section. Generally, longer transmission distances than 

those assumed in Table V-3 should be anticipated for hydro supply. 

B. 	 Isolated Generation versus Grid Suppiyv 

The relative costs of alternative methods of electricity supply to the village will now 

be 	examined. The costs of small-scale generation in the village will be compared to 

the 	costs of a larger pncerating plant with primary distribution to a number of villages 

in 	the ara. The latiter, in turn, will be compared with grid supply costs. We will 

proce,,1 !) comparing tfe indivisible, capacity, and energy cost categories for each pair 

of alternanves. Thus, tuc comparison may be readily applied to a wide range of demand 

ass miiri,jn.. 

.	 Vjtl.lag.(neratior) versus IntermediaL, Scale Isolated Supply 

The v'ce for comT:u,'i)g village ;;( neration with larger scale generation is the 

point of' supply to the wcotndary distribution lines in the village. For generation at this 
point, the relevant indivisible, capacity, and energy costs, are simply the corresponding 

categories (ICg, MCCg, and MEC for the small generating plant itself. For the more 

centralized supply, the indivisible and capacity costs must include those of the primary 

distribution lines (]C1, and MCCIp) and transformers (ICtf and MCCtf), as well as 

the iarg , r ,,.-a' at ing plant. The energy costs are the marginal energy costs at the 

generator in I)oth cases, as the very small energy costs of primary distribution have 

beeni included inI the C),Lcity cost of the line. 

For convenience deriolo village generation as option a, and the larger scale plant 

as b. Within each cost category, the savings with b are given by: 

(5.3) IC savings ICg a - (qCtf + IClp LQ; 

(5.4) CC savings MCC - (2 MCCtf MCClp Lpv + CFw MCCgb ; 

(5.5) EC savings MECg a - MEC 

The relative total costs may be readily obtained from the above, plus estimates of the 

village peak demand and annual consumption. 
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Diesel engine driven generators are the most generally applicable method of producing 

electricity in both small and intermediate-scale plants, and the generating cost 

variables may be Laken from the summary Table 1V-1, and estimated from the equa­

tions and basic estimat.es of section A in the preceding chapter. As an example, 

assurije the., l(liowing: a village peak demand of 50 IW, which can be satisfactorily 

served t)h a plant operating 4, 000 hours per year, and a load factor of 40 per cent on 

a 4, 000 hour base, an alternative piantl serving a number of villages, of 600 KW capacity 

in 3 gen(,r'i-1ng sets, also running 4. 000 hours per year: a coincidence factor between 

vi'lage peak demands ;C vv , of . 95, and 3 , 22 KV, primary distribution lines 

!-fs(%Aeen vliiages. 

The distribuion lie costs may be taken from the median estimates of Table 111-2, 

and t he tranl,ormer costs from Table Ill. 4. If lhe fuel price is 4 i/lb., examination 

Ihe estimates it-, Talbi. IV - I wi i! sh(\%ihatt two sets can supply the 50 KW demand, at 

4, 00() hours rUnning time, s ightl IY mor, cheaply than a single set.. Calculating the 

costs of the iatermediate -scale plani accorclng to the above assumptions and tie same 

4 /Ib. iLel price, the annual savings fer the larger plant (option bb are-

IC, ' S2,900,. $219 L I. CC, ($6.40 - $ .23 Lpv/KW, EC, 1. 2 mills/K-H. 

The total savings for a 50 KW demand, and a load factor of 40 per cent on the 4, 000 

operatt- hou r base, St - L. for primary lineare thus aboil $3. 320 $230 That. is, 

lenglhs betwvef-at 1llages less than about 14 miles, the larger piant. with distribution 

is more ecotiomic:, and for more normal line iengths of 5 miles per village, the 

anr. I savings WOUld e:xceed $2, 000. 

The savings on 1hc idivisib:e costs of the small plant make up most of the total 

savings in the above eamiple. The relative costs are not sensitive to the fuel price, 

so long as fuel for both plants is tht same price- e.g. , with fuel at 7 /lb. , the equal­

cost line length is aoul 1( miles. On the other hand, if fuel costs 7 /b. , in the small 

150 Strictly, MCCi is thus slightly understated, as tfr cost of losses Is slightly 

greater in this exampte than that assumed for the estimates in the table. But the 
difference is negligible here. 

http:estimat.es
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plant, and 4/lb. in the larger, the costs are equated with line lengths of about 23 
miles. Other assumptions might be explored -- e. g., continuous supply raises the 
relative costs for locai generation markedly -- but strong arguments against local 
generation can be made from assumptions which are most favorable for small-scale 

plants.
 

Neglecting the capacity and energy savings,
151
 

lines about 10 miles long can be 
justifierd on the basis of savings in tfhe indivisible costs of one generating set only, 
the set. providing supply for 4, 000 hours annually. Even for minimum lighting service 
(suplity du i'ng the ev,',ring hours only), the indivisible costs of one set approximate 

11K COSt.S4 8-10 MilS (f line lus transformer. Thus, from our preliminary 
estimate>, ocal diesel generation cannot he defended even with low initial demands, 

9l1ess villages are veryr i,olated. 

l'he above estimates neglect i he probable greater dependability of supply from the larger 
plant. Also, they are based on the implicit assumption that the capacity of the small 
local plant could be adjusted to the actual village peak demand. The normal case of 
a growing demand necessitates excess capacity due to the high indivisible costs of 
the engine -generator sets. If the resulting higher costs per unit of demand are 

included, local generation appears even less favorable. 

Therf, ha:; been considerable interest in the use of locally available fuels for 
electricity generation in the village. Bio-gas fuel from dung and agricultural waste 
in particulr has attracted attention. Hence a comparison between a bio-gas fueled 
generator in the village and a larger diesel generator supplying several villages is 
enlightening. For the bio-gas plant, the cost estimates for gasoline fueled generators 
in section IV, A, may be used, with 1he conversion from gasoline to bio-gas fuel there 
noted. The cost of h)1 gas tuel cannot be predicted with accuracy. but we will assume 

151The capacity ind ,nergy ccists will be consistently lower for the larger plant
with distribution, with a possible exception when low-cost noncommercial fuels are 
used In the small )lant, and very high cost fuels are used in the larger plant. See 
the succeeding discussion of bio-gas fueled l)lants. 

152Assuming a 10 extension as this Is the most economical way to supply the 
very low demand. 
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that blo-gas equivalent in heat content to one pound of gasoline will cost two cents. 15 3 

Assuming one 25-KW set running 4, 000 hours per year, for the blo-gas fueled plant, 
IC = $1, 800, MCC L $80/KW, and MEC = 1. 2 /KWH, all on an annual basis. 

g g 
Assuming Lhe same intermediate scale diesel plant as above, with its fuel costing
 

7 /lb. , the local generator has CC penalties of $30/year, and EC savings of
 

23 mills"KWlI. The tuel savings wouhl oifset, the additional capacity costs 
at a
 

realistic load factor of siighxiy more than 30 per cent 
on a 4, 000 hour base.
 

Hence, und, the most a'orable conditions for the local bio-gas fueled generator,
 

costs ,h( ri-an the indivisible costs might be about. equal. 
 But the indivisible
 

C.':3LS ,,f t!:e jocal ploui. are equivalent to those of about 8 or 10 nies of line plus
 
a ',ranstortuer. With luel costs ol 4 f 
 /0). in the diesel plant, fuel savings would
 

nri uimpeasate for h,pacity cost penitv at any load factor, 
 and the equal-cost
 

I,gt.]l of iiln: wouii, i: In) eased ''dtnily. Shorter operating hours, as for
 

light-ng only, redtce the ccsis of both al'.ernatives, leaving the relative costs 
essent 1:1l1v ucha;1ged. Thus, neg.ecling 'he probem of adequate local fuel supplies 

in the villag', hio gaIs lueled generation appears to be more costly than larger scale 

diesel generalicn 1(ir noriai distances between villages. 

The above nu'mbers !tre no mre trustworthy than the underlying assumptions and 
esli 1ratcs. 1 the readerprticular, mav wish to review the estimates for indivisible 

eost.s ol s;ib:illt generat:1 1r:S. But the cost differentials are so great that one must con­
clude that sma'o-sc;, 11igine driven generat.ion in the village ,v;,l be gen2 rally 
more costly "ilan Supply atlom larger piant serving a number of villages. The 

higher costs are chleffty t Indivisible costs (;i the small-scale plant, and there 
15 11c ad%,ant;)go in instlli ug locll gent'r at ors to serve low demands in the initial 

153 I t here is al alnpicf suppy (o dung and waste in the village relative to the 
demand or 1)1, gas, the cost of the latter wil I)e the capital chargets on the conversion 
equipmiel andd o[Aiat ,in lltai-it(niclnce. O1r esliates are based on the costs 
reportfd by Parikh in t lie , ppend ix 1(o G. E., S I -ll-ScalePower Suj)hlis.. , with 
assumed intrest rates ol about, 10 per cent per annum. In aI community with limited
supplies of )10 -gas relative to demand, thf, ppropriate price for bio-gas might approach
that of the commercial fuels for which it is a substitute. 
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stage of electrification. With very few exceptions, economical rural electrification 

will require primary distribution. Whether the supply to the primary distribution 

system should be from an isolated generator or a grid connection is the sib Ject of 

the next section. 

2. Intermediate Scale Isolated Generation versus Grid Connections 

Intermediate scale (about 500-10, 000 KW) generating plants will most likely be 

diesel plants. While the construction cost of gas turbine plants is favorable, their 

relatively high fuel consumption, especially at part loads, make them poor candidates 

for b.,aIe -load operation in an isolated plant. 154 Steam plants in these size ranges compare 

unfim,ora ly to diesel because of their higher capital cost and much lower efficiency. 

A i W ,S3how, in the preceding chapter, grid connections to intermediate scale hydro 

planlti will frequently 1m, economical. 

l lence, for purposes of illustration, we will assume the same intermediate scale 

diesel plant as in the preceding section- three 200-KW sets operating in parallel. 

The plant may be alternatively assumed to supply energy for 4, 000 hours per year, 

or continuously, with the average operation per set to be 60 per cent of the period 

for which supply is provided. Alternative fuel prices of 7, 4, and 2/lb. may 

be assumed. 

The savings for grid connection within each cost category are: 

(5.6) IC savings -ICg- (ICsd + ICtm Ltm); 

(5.7) CC savings: (MCCg + MCCsd) - CFrg CCsd; 

(5.8) EC savings MECg - ECsd 

154 With two possible exceptions: the free piston gasifer driving a power turbine 

is In concept an efficient and flexible unit, but it has not yet been widely used. Also, 

in fairly large units (about 20 MW), the gas turbine is being compounded with a steam 
turbine to obtain efficiencies equal, or superior to, that of a comparable scale of con­
ventional steam turbine. Large diesel engines may burn any fuel which gas turbines 
have burned successfully to date. 
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The indivisible, marginal capacity and energy costs for the diesel plant may be 

calculated from equations 4.6, 4. 7, and 4. 8, and the estimates of section A in the 

preceding chapter. With our alternative operating and fuel cost assumptions, they 

are, on an annual basis: 

for hrn = 4, 000 for hr0 = 8,760 

lCg: $4,460 $6,850 

MCCg: 

at Pf = 74 $49/KW $88/KW
 

4 41 71
 

,24 37 63
 

MECg:
 

at Pf - 7 J13 mills/KWH
 

44 19
 

= 24 9
 

By referring to the estimates for grid supply summarized in Table V-4 above, 

it is obvious that grid supply from an existing substation will be chaapcc than 

isolated generation when continuous supply is desired, regardless of fuel prices, 

load factors. or scale of generition. Still assuming connection to an existing 

substal.ion, all cost categories show savings for grid connection relative to 4, 000 

hour/year supply from the isolated generator, except for possible slightly higher 

capacity costs from a grid with smalh scaie generating capacity. For the amount 

of the total savings, one must. assume values for the coincidence factor between rural 

areas and the grid ICFrg) , and ot the load factor on the rural portion of the system. 

Reasonable assumptions are 95 per cent and :30 per cent, respectively. With con­

tinuous supply, and taking the most favorable circumstances for Isolated diesel 

generation -- diesel fuel at 2 /'ib. and small scale, high cost central generation 

and transmission -- the energy savings for the grid connection amount to $11/KW, 

and the capacity savings to $19/KW per year. That is, the total savings per year, 



136.
 

under these assumptions, of connecting to an existing substation is $6, 800 for the
 
indivisible costs, 
plus $30/KW for combined capacity and energy savings. If a
 
new substation and subtransmission line must be constructed for the service, 
 the
 
annual indivisible 
costs being estimated above at $4, 800 and $600/mile, respectively, 
costs will be equalized at a transmission line length of 3 miles plus 5 miles per 
100 KW of substation capacity. Recalling that the economic distribution area
 
from 
a single substation implies substation capacities in excess of 5,000 KW, even
 
wit; average demand densities as low as 3 KW/mile 2, 155 rural areas 
sufficiently far
 
from a possible grid connection to justify continuous isolated generation would be
 

very rare. 

The s',me exercise can be undertaken with assumptions less favorable to
 
isolated genei ation. For example, assume the same 
low fuel costs and operating
 
conditions for thu l: olated plant, 
 but connection to a medium capacity scale grid
 
corresponding to the median estimaltes summarized in Table V-4: the combined energy
 
and capacity cost savings lor the grid connection are $43/KW/year and imply correspond­
ing equal-cost transmission line lengths. The same assumptions, save low grid costs,
 
resulP 
 in energy and capacity cost savings of $56/KW/year. Higher fuel costs for the
 
isolated diesel plant will raise the relative costs markedly.
 

The only sitAtion in which isolated generation costs will approach those for grid
 
connection is one 
in which high grid costs and low isolated plant costs, due to low fuel 
costs, are combined with intermittent supply. Assuming a load factor of 40 per cent on 
a 4, 000 hour hnse, the energy savings for the grid connection would be offset by the 
higher capacity costs. The indivisible costs of the isolated plant would about match 
those of a substation, but any transmission line requirements would place a penalty 
on the grid connection corresponding to the indivisible costs of the line. This makes no 
allowance for the obvious fact that continuous service is more valuable than intermittent: 

155 The optimum 5ize of the distribution area Is taken from column one of
Table I-5, for 22 KV primary distribution and substantial subtransmission 
requirements. 
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some loads, such as refrigerated storage, must have continuous service,. and others, 

such as pumping, can be economically served in off-peak hours. And for assumptions 

other than the most favorable for isolated generation, combined capacity and energy 

costs ar, less for grid connection: low isolated plant costs and median grid costs 

yield savings in excess of $10/KW for the latter: median isolated plant costs and high 

grid costs result in savings of $19/KW for grid connection. 

As the ah(.,.e costs for is,,tcd pjants are so much higher than grid costs, there is 

no need t,, imsl Igt, ,isely several additicnil disadvantages of isolated generation. 

The fi, st is he lower degree of dependability oi the isolated plant. Units must be down 

tr schodl(.d repairs tren time to ieinw, and unexpected breakdowns occur. Hence 

-,ilnu cc- ! service interrtlptiMns arid excess generating capacity must,!)onlise hetween 

hI)( reached. For boh the service interrupli,)ns and the excess capacity, costs are 

'el'ave'l1v i11g:1 et'r pli )it they included in tile simplifiedr tht. Isolated an ire not 

comparis.,on ohove. AI\, )ecause of scale economies. demand growth is anticipated 

by instalitrg excess capacity each line a new generating unit is installed. On an 

integraled grid,, with a large number oi gener:ting units, the relative cost of the 

excess capai.ity is less ihan in a smail isolaie(l plant. 

While the above cost, estimal. s wiii require modification in differing locations, 

the coot drilerenlials ire sulficient lot us to conclude that isolated diesel generating 

plants \ulI gurienj i, he more costly than grid connections. Quite 'ong transmission 

lines, well in ext'cz- of 100 miles, will be more economical than diesel plants providing 

continuous s.rvice u ieasonably sized primary distribution areas. Isolated diesel 

plants may lie ecom.ical only icr very iow demand areas widely separated from 

electrified a 'cas, and Irom aireas to be served within a reasonable time. With low 

demaiid densities in the imitiai stages ol electrification, the economical solution is 

large distribution areas, served with a relatively high primary distribution voltage 

from grid -SUlpplid substatons, interim diesel plants at scattered locations result 

in sufficiently higher capacity and energy costs to more than offset possible savings In 

subtransmission and primary 'Jistrihut mi. Hence, with very few exceptions, rural 

elect rilication should proceed by grid exLcd'ision. 
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C. Electrification versus Direct Engine Drive 
The potential demand for electricity to provide mechanical power in light industrial 

and agricultural applications, especially for pump irrigation, is quite large. This 
mechanical power can also be provided, and is being provided in non-electrified areas, 
by small internal combustion engines directly coupled to the driven equipment and 
appliances. Hence the relative costs of serving these power requirements via engines 
or 	by electric motors are most important for assessing the feasibility of rural 

electrification. 

The first section develops the relevant cost parameters of the engine and motor
 
inbtailatjon. These costs are then used, 
 with the estimates for distribution and
 
genei ation above, for an over -all comparison of costs. 
 A 	range of alternative 
assuwptions is explored, and the critical variables in determining relative cost
 

Irxe Isolated.
 

1. 	 Costs for endnes and motors
 
Foi comparability, 
 all engine costs and all electric motor costs, excluding the
 

cost of electricity supply, 
 must be expressed on the same basis. We assume that
 
an appliance 
may he driven by either an electric motor or a small internal combustion 
engine (the usual higher installation costs for the latter being included in the engine 
cost specifieat ions), and that the alternative drives may be compared directly horse­
power for horsepower. The lamiliar cost categories are again used: the indivisible 
costs per installation (JC e and lCm, the subscripts signifying "engine" and electric 
"motor, ",respect ively) the marginal capacity costs per horsepower (MCCe and MCCm); 
and the marginal energy component -. MEC in dollars/HP-hr for engines, and the 

conversion efficiency of motors, N m In KW/HP.
 
The initial cost of the engine installation constitutes 
a major part of the total. 

Over the relevant scale range of about 3-20 HP, the installed cost follows closely 
a linear function, 

(5.9) Investment in engine installation - Ae + Be HP, 
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wherein approximate parameters for diesel and gasoline engines are: 156 

Diesel Gasoline 

Preferred Range Preferred Range 
Ae($): 400 300-600 200 150-250 

Be($/HP): 50 40-65 25 20-30 

For annual capital charges, a life of 10 years, with interest rates at least as high 

as 12 per cent per annum in tie rural villago, may be assumed. This implies an 

110Cp of 18 per cent per .yeai, which vill he used in the succeeding comparisons, 

although the reader iw.y wish ;o revise this upwards for higher interest rates. 

A.f ror smiall genierating sets, the annual operation and maintenance costs are very 

i] IficitL lo estimate. A fixed component *Ote', per installation irrespective of the size 

ol the engine, or its operating hours appears appropriate to account for deterioration 

while the engine is idle and fv a(cv v.,rrat weai with each start-up. Additional 

costs are incurred for each hour oLoperation, and these would seem to be largely 

independent of the size of the engine withir *he relevant range. Hence, a variable 

component Peve) is suggested to include lubricaling oil and supplies, supervision, 

and a part of the periodic repair and overhaut costs. Operating and maintenance 

costs wotJdC not vary significantly with the energy output. Thus, 

(5. 10 Annual operation and maintenance costs - Of e + Ov e hr0 .
 

No data on ct.ual operating and maintenance costs of small engines could be obtained
 

from underdeveloped areas. Thus, preli minary estimates of Of e = $50/year,
 

and Ov,, $ .15/hou 1)re approximate costs in the U.S. for repairs and, based on 

supplis. But labor cosis for routine operation and maintenance are very much lower 
1561 Data on engine costs were obtained from commercial quotations, Summer, 1962, 

data on installed costs from the field survey leams of this project, and from a 
detailed listing of costs by size of engine hor a sample of 98 installations, supplied 
by D.R. Gadgil, of the Gokhale Institute of Politics and Economics. 
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than in the U. S,, and intermittent supervision is assumed. Major overhaul costs may 
be fully comparable to those experienced here. 

Operating and maintenance costs are essentially indivisible costs by the above 
assumptions. Adding the indivisible component of the capital charges against the
 
initial investment in the installation, the indivisible costs become:
 

(5.11) ice 7 accpA e Ofe Ove hr0 .-


The marginil capacity costs include only the annual charges on the marginal invest­

ment per horsepower:
 

(5. 12) MCC e =1accp Be. 

Normally, the size of the engine may be matched to the single driven load, 1 5 7
 

an(I fuel consumption may be estimated on 
an average basis without significant error.
 
Average fuel consumption per I[P -hr 
,Fe,varies somewhat with the design of the
 
engine, 
 and tends to decrease ,;lightly wkith increased size. But. for present purposes,
 
a single parametCr estimate, 
 which may be easily adjusted, is adequate. Thus the
 
marginal energy cost is simply
 

(5.13) MEC e : Fepf" 

For small diesel engines, Fe .5 lb. /HP-hr is a good single estimate; gasoline 
engines will show a higher fuel consumption, about Fe = .75 lb./HP-hr.
 

The instalied e,;, of electric motors is only a 
fraction of the investment required 
for a comparable 12pacitv internal combustion engine. For integral horsepower ratings 
to about. 20 liP, thu initial cost may be represented linearly: 

(5.14) 
 Investment in electric motor installation = Am 4 Bm HP. 
Single-phase and 3$ motors have significantly different marginal investment costs. 
Including all accessory equipment,, qproximate parameters for induction motors 

157There may be exceptions to this, a single engine may be alternately beltedto several appliances which have somewhat differing power requirements. 



158 
are: 

141. 

Three-phase Single-phase 

Preferred Range Preferred Range 

Am($ ) :  120 100-150 100 80-130 

Bm($/HP): 25 20-30 40 35-50 

For costs on an annual basis, annual capital charges (acC) of 18 per cent may be 

assumed as above. Operation and maintenance costs are small, and can be satisfactorily 

estimated as a fraction (0mm) of the original cost of the motor installation: 4 per cent 

per year seems realistic. Hence, the indivisible costs are: 

(5. 15) ICm = (accp+ Omm) Am. 

Marginal capacity costs are equally simple: 

(5.16) MCCm : (accp, Omm) Bm. 

The energy costs for motors may be estimated on a horsepower-hour of output 

basis, in order to obtain comparability with the energy costs of directly coupled 

engines. An efficiency factor, Nm ' in KW/HP, is multiplied by the relevant marginal 

energy cost per KWH to obtain the cost per HP-hr. The motor efficiency increases 

as the size increases, but only slightly from 2 or 3 HP upwards, for which a single 
159 errors.estimate of Nm = . 9 introduces negligible 

15S3 motors are standard 230/400 V squirrel-cage; 1$ are either capacitor­
start, capacitor-run, or repulsion-start, capacitor-run, operating On 230/460 V. 
10 through at least 15 ItP are presently available in this country, although they are 
not widely manufactured abroad. These estimates are for synchronous speeds of 
1,800 and 1,500 rpm on 60 and 50 cps, respectively, although the lower speed 
mote- would be slightly more expensive for the same rating. The sources are current 
U.S. manufacturers' price lists and retail quotations, and commercial quotations 
from Indian suppliers, which are comparable to U.S. quotations. To the motor and 
equipment costs are added representative estimates for delivery and installation, 
not including the cost of the service drop. 

11 motors are also slightly less efficient than 3$; for comparable sizes, 

perhaps 3 per cent. 
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2. Electric drive from small generators versus direct drive 

Although all evidence suggests markedly higher costs for electricity from small 

generaors than from grid connections, isolated diesel-electric generation has been 

proposed in some circles to supply light industrial and agricultural demand for
 

mechanical 
 power in rural areas. Hence we will review the relative costs of electric
 

drive from small generators, and direct diesel engine drive.
 

The total costs for both alternatives may be separated into the indivisible, marginal 

capacitv; and miaiginal energy components. All will be consistently given on an annual 

basi's. Setting aside 1,j the present the indivisible costs of the generators, the possible 

.Ia~~~i;sfn indivisible costs, per power installation, for electric drive are given by: 

"5i. 7' IC savings leir electricIC (I 0 m ± lCdsICp)e 

On! the dir',ct invi.-;iblc costs incur red our the power installation are included: 

gounurator and ;mn costs cornnion I several users are excluded. These savings may 
very well be neg'ative, i. e.. the -ndivxlsi)le costs may be higuer for the electric drive. 

The Indivisible costs of engines and mctors, ICe and ICm are defined, and preliminary 

estimates given, in the immediately preceding section- and the indivisible secondary 

distributien cost per power user. lCdsup, in section III, D, 3, Using ourabove. 

earlier prtf-!.r1rd estimates, the probable maximum savings in indivisible costs for 

an electric installation served by a short distribution line might be $50/year plus 

15 g per hour of ,wi'ation, due to the operaling and maintenance costs of a small diesel 

engine. 160 A reason,)able ut ilizat ion of 1. 000 hours per year would thus mean ann ual 

savings ot peihapls .a',. But the higher line indivisible costs for an electric powered161 
irrigat ion pump imply appioximate equalily of the indivisible costs: with high 

utilization and fairly sh ollt lines, savings of $100/year with electric drive are possible, 

but an equivalent penalty results from moderately long lines and moderate usage. 

The capacity cost "savi,. s" for electric drive are consistently negative. 

160 ice s 122 + $. 15 hro, ICm - $26; ICdsup is variable with line length 

and metering assumptions -- see Section Ill, D, 3. 
161 

lCdsu p would be hardly less than $80/year, and may approach $300. 
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(5.18) CC savings for electric = MCCe - (MCCmt Nm(MCCds+ CFpp MCCg).
 

Estimates for the marginal capacity ccsts for engines and motors, 
 and the efficiency
 
factor for motors, MCCe, MCCm, and N, 
may be taken from the preceding section:
 
and the capacity cost for secondary distribution, MCCds, is estimated in Section III,
 

D, 3, above. 162 Neglecting the capacity cost of the generator, and taking preferred

estimates,, 
 capacity savings for electric drive might be $1. 70 for distribution within
 

the village proper, 
 but a penalty of $5 might be incurred for irrigation. 163 The 
generating capacity cost, MCCg, varies considerably depending on the hours of electricity 

supply. But the most favorable conditions imply annual costs of $30-40/KW. 16 4 

The coincidence between power demands, CFpp, cannot be estimated precisely, but values 
Of. 7 !' 9 ,ire plausible. Thus, the annual capacity cost penalty for electric drive will
 
rang,: upwards from ahout S20/HP. 
 Note that this will generally be sufficient to offset
 
any possible indivisible cosf savings for electric drive.
 

The quiasi-fixed component of ft-el consuniptiom in the generator is included in
 
our specification of the capacity costs of the generator. 
 Hence the energy savings
 
are 
given on the basis of strict marginal energy costs: 

(5. 19) EC savngb= MECe - Nm MECg.
 

If the 
same fuel is used in the small engine as in the engine driving the generator, 
marginal energy costs will probably be slightly lower with the generator, the quasi­
fixed component ol fuel consumption being included in the capacity cost specification. 165 

162Strictly, MCCd s would be slightly higher here than in the above estimates,
to higher energy, and possibly capacity, 

due 
costs for losses. But the difference is negligible. 

1 6 3 MCCe - $9; MCCm = $5.50, for 3 ; MCCd s = $2, for short distances, and
possibly $9 for irrigation - see Section 111, D, 3. 

164 See Table IV-1, and the discussion of Section IV, A. 
165The marginal fuel consumption rates, Fe (lb./itP-hr), and Fmfg(lb./KWIl), 

are about equal, and the relative fuel consumption will depend on the motor efficiency,
Nm. Taking Nm = . 9, the marginal energy savings might be 10 per cent for the electricdrive, neglecting losses in the secondary distribution line. The relative total fuel con­
sumption Is given by (Nm(Fmn +Ffg/PlF))/Fe, wherein PIF is the plant factor, or the 
average fraction of the generAor capacity utilized. Total fuel consumption for electricsupply Is at least 30 per cent above the directly coupled engine. See the generator fuel 
consumption parameters in IV, A, 2. 
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small relative to the capacity cost penalties.But the possible savings are 

the best case that can be made for electric drive from a small generatorThus, 


direct engine drive is that the savings on indivisible costs for the motor
versus 

This would, however, beinstallation might offset most of the capacity cost penalties. 

rare, as a combination of short distribution lines, small power demands at each 

and a low demand coincidencelocation, 	 high rates of utilization of each power installatioR166 

and especially for irrigation, the capacity costwould be 	required. Normally, 

tor electric drive would be much greater than any savings on the indivisiblepelmdtiecL 

costs of the installatic(i. When taking into account. the indivisible costs of the engine 

generator (it genertators, and common distribution lines, not included in the above, 

total cos; v.ill 1t much higher for the electric drive. The penalties are of the 

and one mustmagnitudc of several thousand dollars per year per village, 16 7  

that. the in, tallation of local dtcseI generators to supply mechanical powerconcl, , 

is grossly Uneconomiic. 

Whether an existing generator, which has been installed to serve an evening 

should be run during the daytime to supply electric motors, is not such alighting load, 

clear-cut case. The relative marginai energy costs would again show a slight 

advantage for the generator. But the fixed capital charges on the generator are properly 

zero ior ott-peak operation. Omitting entirely any generator costs from the capacity 

cost eomi) isn, the capacity cost for electric supply will fall short of the capacity 

costs for 	the engine for short distribution distances, but may be as much as $5/HP/year 
168 

higher for the disti i)11t ion distances involed in ir- igation. 

the costs 	which vary with the hours of engine opera-Within the indivisible category, 

tion may 	be convenientlv separted. The remaining indivisible cost components will 

16The 1alst, two of these conditions are inconsistent, as higher rates of utilization 

imply higher (lemanld coincidence. 
16 7 Compare the indivisible cost, estimates for diesel generators in Table IV-1 above. 

16 8 TIic savings are given by MCCe - (MCCm+ Nm MCCd 5 ). (Compare equation 

5. 18 above). Taking preferred parameter estimates, the result is $1. 70 for distribu­

tion in the village proper, and negative $4. 60 for Irrigation.
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show slight Eavings for electric drive with short distribution distances, but penalties 

as high as $200 for the distances involved in irrigation pumping.169 

Ther'e remain the hourly operation and maintenance costs of the small engine (Ove), 

which we have estimated to be 15 /hr. Against this must be set the additional costs 

per hour of operating a generating set, the operation and maintenance and quasi-fixed 

fuel costs, which we have estimated at 28g/hour, plus I to 2g per KW of capacity 
170 

per running hour. If power installations average 5 HP, and about half of the 

generator's uapacity is utilized on average in the off-peak period, both of which
 

seem realistic, the running costs of the generator, excluding the marginal energy
 

component, will consistently exceed the corresponding combined running costs for 

s.mall engines driving the loads directly. 

In conclusion, operating an existing diesel generator in the village to serve irrigation 

loads, will generally be more costly than to install and operate small diesel engines at 

each pump. Po\wer demands within the village proper may be economically served -­

providing the existing distribution lines are adequate, the generator operates at a 

relatively high percentage of capacity during the additional running time, and several 

power applications can be served simultaneously. If these conditions are not met, direct 

engine drive will be more economical. An exception to these conclusions is the case 

where grid connection may be expected in the near future: higher interim costs for 

the electric drive may be justified to avoid investment in engines which would be soon 

replaced by electric motors. 

There is no need to compare in detail the costs of direct engine drive with electric 

drive, the electricity being generated in adiesel plant serving several villages, as the 

relative costs are not markedly changed from the above. Installing additional diesel 

generating capacity to serve the power demand will not be justified under any plausible 

16 9 From 5. 11 and '. 17, we have the possible savings for electric drive, on 
the strictly fixed compon3nts, decsup): or, by preferred$9estmaes -I~ ' acc A -tOf0 - (ICm + ICd 
estimates, $96 - ICdsup, on an annual basis. 

1701.e., (OVg (Ffg Pf -- Ovsg)/hour: see above, Section IV, A, 4. 
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circumstances. However, adding power demands, which can be served off-peak 

demand from existing capacity, will tend to be more economical. The larger 

generator will have lower additional running costs per KW, and should serve more power 

applications at a higher fraction of capacity, than a generator serving only one village. 

3. Electric drive from a grid connection versus direct drive 

As we earlier' found the costs of electricity from a grid extension to be generally 

below the costs of isolated generation, we should expect the most relevant alternative 

to dirC-t.ly (:(upled ungines to be electric motors supplied from a grid connection. 

As a wide range of alternative assumptions might be explored, we will proceed by de­

tailing th,. lparameters and variables which affect the relative costs. Preliminary 

es!l,-iri' s may then be introduced to support conclusions regarding alternative 

situations. 

The po.,ihie savings in the indivisible component of costs for an electrically driven 

installation are given by equation 5. 17 of the preceding section. The same estimates 

there proposed are applicable here, and we note that reasonable annual rates of utilization, 

and short secondary distribution line lengths, might yield savings of $200 per year. 

But longer lines, as for irrigation installations, would not show ma-ked savings, and 

penalties w%'ould result from low rates of utilization. Note that the indivisible costs which 

are conliai, ., se,eral users - the transformer and primary line for the village, and 

probably s ( (li th, secondary line are riot included. 

To the prviois comparison of capacity costs, the marginal primary distribution 

cost. (MCCdp and the marginai capacity cost at. the distribution substation output (CCsd) 

must be added. Thus, 

CC savings for grid connection 
(5.20) MCC e - (MCCni Nm (MCCd s 4- CFpp MCCdp-- CFpg CCsd)). 

The primary distribution capacity cost, MCCdp, is estimated in Section III, C, 3, above.. 

The capacity cost at the substation output, CCsd, must include the generation, trans­

mission, and substation marginal capacity costs on the grid; representative estimates 

are given In Table V-4 above. The coincidence between the power demand and the peak 

http:dirC-t.ly
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grid load, CFpg is one of the most critical variables In determining the relative costs, 

but we have no firm data from underdeveloped areas to support estimates. 171 For 

strictly off-peak operation, it is of course zero. With no off-peak control, it will 

depend on the kind and timing of the rural power demand, and its load factor, as 

demands with higher load factors are clearly more likely to coincide with the system 

peak duniand. Rather than attempt a single estimate, we will show the effect on 

relative costs of alternative estimates. 

Taking median and preferred estimates, and assuming PFpp = . 8, and PFpg = . 7, 

equation 5. 20 suggests that marginal capacity costs, on an annual basis, will be about 

1128/11P 1-igher for electric supply than for a small diesel engine, for the short secondary
172 

distribimirnn distances implied for service within the village proper. The amount of the 

penalty for electric drive depends chiefly on the values of CFpg and CCsd; if PFpg = 0, 

it is only $2. (0/11P, and the remainiog terms are not highly variable. Still assuming 

a median CCsd of $40/KW, the relative cost for grid supply will increase by $3. 60/11P 

for an increase in the PFpg from . 7 to . 8, and the converse for a decrease. Holding 

PFpg constant at . 7, the relative costs of grid supply will be $6. 30/lIP more (less) 

for a $10/KW increase (decrease) in CCsd, i.e., over the approximate range in grid 

capacity costs which may be anticipated on thermal systems. Low cost hydro peaking 

capacity would hardly yield a CCsd below $20/KW. 

Altering only the value of MCCd s , to adjust for longer secondary distribution 
173 

distances, from the above assumptions, the capacity costs for irrigation pumping 

off the grid peak demand would be about $9/HP higher than the capacity costs for 

=diesel engine pumping. However, assuming CFpg . 7 (and this Is probably low for 

171 See the discussion on demand data, Section II, A. 

=172 From V, C, 1, above, MCC e $9; MCCm $5. 50; Nm =.9. MCCds - $2= 

=(Section III, D, 3); MCCdp $6 (Table 111-5); and CCsd = $40 (Table V-4). 

173 To MCCd s - $9 (Section III, D, 3). 
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uncontrolled usage at uniform on-and off-peak rates during the irrigation season), and 

CCsd = $40/KW, the capacity penalty for electric pumping is about $34/HP. For changes 

in PFpg and CCsd, the relative costs will be affected as noted in the preceding paragraph. 

The relative marginal energy costs will be consistently favorable for grid supply. 

(5.21) EC savings for grid connection - MECe - Nm ECsd = Fe Pf - Nm ECsd. 

For a small diesel engine, Fe =. 5 lb. /HP-hr: with a fuel price of 4 /lb., and median 

energy costs on the grid, savings are about 17 mills/HP-hr. The highest plausible 

estimates for grid energy would reduce the savings by abort 4 mills, and the lowest 

would !ii, rease them by about 2 mills/HP-hr. 174 The diesel fuel price will have 

mu!h more impact on the possible savings: 2 /lb. fuel will lower savings by 10 mills 

from the ab)ve, aLnd 7 /lb. implies additional savings of 15 mills/HP-hr. 

With (- 1pccity costs consistently higher ]or electric drive, and energy costs consistently 

lower, the "inntal hours of usc at which costs are equal may be obtained by dividing the 

CC penalty by the EC savings. For the mcdian estimates of grid capacity and energy 

costs within the village proper, on peak use at a plausible coincidence factor, and 

4 /lb. diesel fuel, the CC and EC would offset, one another at 1, 650 ( = 28/. 017) 

hours of annual operation. This is a considerably higher use rate than that reported 

in electrified villages in India: 175 it. may be attainable for light industrial use, but 

seems hiji; lor agricultural processing, due to the seasonal nature of the latter. 

For the correspondinig assumptions, the equal cost annual use for irrigation is 2,000 

hours, which again is ligher than reported usage, but might be reached with two or 

three crop irrigation. The effects of alternative diesel fuel prices, but other assumptiors 

unchanged, may be noted: for Pf = 7 , the equal cost annual use is 880 and 1, 060 

hours for applications within the village proper, and for irrigation, respectively; 

for Pf = 2 , the corresponding hours of use are 4, 000 and 4, 860. The lower use 

17 4 Median ECsd =: 3.4 mills/KWH; high, approaching 8 mills; low, scarcely 
over 1 mill. 

17 5 For evidence of present use rates, see above, Section II, A, 
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rates should be reached, but the higher are unrealistic. 1 7 6 

The implications of the above costs should be noted for various underdeveloped
 

areas. With low diesel fuel prices in South America (about 2 /lb.) on-peak grid
 

supply for irrigation is generally higher in cost than direct pumping with diesel
 

engines, even though electricity is already available in the village. For short 

distribution distances within the village proper, and assuming electricity is 

available, costs are about equal for electric drive and direct engine drive. Low­

cos;i hydro generating capacity, small power demands at each installation, and high 

ave age rates of utilization make electric drive somewhat more favorable. Exclusively 

off-it-, e'ectr'ic pumping will be about equal in cost to diesel pumping for use rates 

appro~ximating 1, 200-1, 500 hours per year, but higher in most instances for low 

utillz-tfionf. For the highest reasonable use rates, off-peak electric pumping will 

shw only minor saving.,; against diesel pumping. Consequently, the supply of electricity 

for power applications can be at most only a minor justification for rural electrification 

in South America. 

In India, a low estimate of 4g /lb. for diesel fuel is appropriate for the "low-speed" 

oil, or for standard distillates less the tax. Not including any indivisible costs for supply 

to the village, and with median cost estimates for thermal generation and grid supply, 

on-peal, electric irrigation pumping is more expensive than diesel pumping up to use 

rates of about 2, 000 hours per year. Low cost hydro generating capacity would lower 

the equal cost utilization to about 1, 200 hours annually. However, off-peak electric 

pumping will break even with diesel pumping at about 500 hours per year, and use 

rates as low as 800 hours per year, representing current experience, would show 

savings of perhaps $5/11P per year for electric pumping. A use rate of 1, 200 hours 

per year is perhaps the highest to be anticipated for small pumping sets, even with a 

more rational rate structure: this would imply a maximum saving of about $10/HP per 

year for off-peak electric pumping. Taking the indivisible costs to be equal for diesel 

17 6 Save for salin;ty control pumping, and possibly large tube-well irrigation. 
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and electric irrigation installations, 1 7 7 we may conclude that diesel costs, with 

4 /lb. fuel, will be lower than electric, unless off-peak service is used. In the 

latter ca.-e, savings of $5-$10 per HP per year are possible with electric pumping. 

For gencral light industrial and agricultural processing demands in the village proper, 

and median grid costs with thermal generation, the capacity and energy costs for electric 

drive will equal diesel costs for about 1, 600 hours annual use. Present use rates 

,approxima.tting 900 hou-s ner year imply a penalty of about$1VIHP of connected capacity. 

If pea!.-. g capacity can be obtained irom low cost hydro sources, the combined capacity 

and enc gy cots tor diesel and electric power arc about equal, at. present use rates. 

But the e!,,. tri, installation would show significant savings on indivisible costs -­

$100 to *K'200 is piroba'ble -.-and with an average of 5 HP per installation, electric 

dr: ,,c vili show savings of perhaps $100 per installation, at present use rates and including 

dhernial geri , ittl capacity costs. 

These 1,, savings should be compared with the indivisible costs of supplying)sible 

electricity lo the viifige we estimated the indivisible distribution costs to the 

village (ICdpv)to approach $500 per year for 3 -upply to a moderately small village. 178 

Hence, it appeaii ,ithat as few as 5 p(ewer installations within the village would justify 

electrificat ion, under relatively conservative assumptions. With reduced capacity 

costs. or wtilh a lower demand coincidence with the system peak, fewer installations 

would bC reqUIred to make up the indivisible costs of supplying the village. 179 

And oft peak i rigat ion pumping may contribute about $5-10/HP toward the joint 

Indivisible costs ,,1supply. Hence, it. appears that quite defensible power demand 

assumptions will indicate lower over-all costs for electrification, even with fuel cost 

a-sumptions which are relatively low for Indian conditions. 

177 Eleclric drive might show minor savings in indivisible costs -. up to perhaps 

$100 -- with moderate line lengths and medium to long periods of operation, but penalties, 
again minor, tor long lines. 

17 8See Section Ill, C, 3, above. 

179 With small power demands, 1 supply will be more economical than 30, and the 

indivisible costs of village supply are lowered. See Section III, E. 
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The above is not Inconsistent with heavy losses being incurred on present rural 

electrification under Lakings. Present rate structures permit and perhaps encourage 

a pattern of use which could be more economically served from directly c, upled 

engines. E. g., in Madras, India, electric pumping loads are served with no on- and 

for which a typical utilization is 750 hours per year. 180 
off-peak differentiation, 


Under our present assumptions, and 4 0/lb. diesel fuel, the penalties for electric
 

supply are $21/1tP per year for medium scale ther.nal generating capacity, and
 

about $10/1tP for low cost hydro generating assumptions. Even with 7 /lb. fuel,
 

thermal feneration implies about $10/1HP higher costs each year for electric supply.
 

Higher diesel fuel costs lower the relative cost of electrification. As we noted above, 

under nedian grid cost assumptions the annual use for equating capacity and energy costs 

of electric and diesel engine drive is 880 nnd 1, 060 hours, for nearby power applica­

tions within the village p'oper, and for i-rigation, respectively. This is consistent 

with present light industrial and processing usage, but is high for present irrigation use 

and not far below reasonable expectations under rational pricing. Hence, unless irri­

gation pumping is done off-peak, even with high diesel fuel costs. directly coupled 

engines may yield lower costs than electric drive. Off-peak electric pumping may, 

however, Fhow savings in excess of $15/HP per year over diesel, even at present use 

rates, and feasible use rates of 1,200 hours per year would show annual savings of 

approaching $30/HP for electric pumping. Vor other power uses, where off-peak 

opbration is not feasible, the capacity and energy costs would be about equal, and all 

of the savings of the electrically driven installation, relative to the indivisible costs 

of an engine drive, may be applied against the indivisible costs of supplying the village. 

Hence, a very moderate power demand would justify village electrification. 

Given the detail in our analytic model, the reader may readily investigate the 

effects of alternative cost and utilization assumptions. An important cost. category 

is the indivisible costs per installation, both because these costs are relatively large 

for small power demands, and because our estimates are least certain here. Within 

18 0 "Report... on Rural Electrification in Madras, " p. 12, and basic data in Annexure IX. 
However, the peak demand has become so great that a lower demand coincidence Is 

being enforced by alternatively disconnecting supply lines. See pp. 16, 17. 
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the indivisible costs, the most difficult components to estimate are the operation and 
maintenance costs of small engines, and the secondary distribution line requirements 
for electric installations. Both may be expected to vary widely from particular case 

to case. 

No attempt has been made in the above to include the dynamic investment problem 
posed by an increasing demand. Even if the present power demands do not Justify 
electrification, anticipation of Increasing demands in the near future may constitute 
a decisive argument for electrification. In the present context, the key consideration 
is the capital losses involved in shifting from diesel engine power to electric drive. 
If no losses woire imvolve,I i.e., the salvage value of the engines exactly equaled 
their rim:,ining value in the installation, without electrification, no demand anticipa­
tin ,vould he justified. However, significant losses would usually be involved, the 
tAl)per limit being the total investment in an installation. An attempt. at a precise 
estimate il not warranted, but it appears probable that village electrification should 
be advanced oine year from the break-even point of time, for each potential engine 

installation before that time. 

While admitting the ouly apparent preciseness of the above estimates, certain 
preliminary conclusions may be reached. First, with the low diesel fuel prices 
prevailing m South America, the need to supply rural mechanical power requirements 
in rural ,t-eas provides, at most, only a minor argument for rural electrification. 
Second, unhiu. ell vi. pumping can be done off the system demand peak, irrigation 
demands will not justif electrification. even with very high diesel fuel prices. 
However, off peak (iehtric pumping will represent some savings over engine pumping 
at median fuel prices and major savings at high fuel prices. Hence the provision 
ol dilerential oil- and off -peak rates, or some manner of off-peak control, is 
extremely important. 'tliird, electric power applications requiring short distribution 
distances should show iiod,.rate savings over diesel drive at median fuel prices, and 
major savings at high luel prices. However. the extent of utilization is important, and 
poor rate st ructures will encourage use patterns which could be more economically 
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provided by direct engine drive. Finally, the posoible savings for electric drive at 

high fuel prices may equal the indivisible costs of electricity supply to the village at 

relatively 1ow power demands -- providing moderate annual utilization rates and 

off-peak irrigation pumping are obtained b y rational rate policies. With median 

fuel prices, the amount of power demand which would, of itself, justify electrification 

cannot be estimated closely, but it is within the approximate magnitude of possible 

demands in most Indian villages. 

D. Electrification versus Petroleum Fuels for Lightin 

Ar very low levels of income, the domestic demand for electricity would be 

lighting exclusively. At somewhat higher levels of income some amenities such as 

fans and radios would also be included. But general use of electricity for cooking and 

heating wou,,ld be prohibitively costly relative to the incomes in the most prosperous 

rural areas of the underdeveloped countries. Consequently, for evaluating the feasibility 

of domestic electric service, the key cost comparison is between electric lighting
181 

and lamps or lanterns fueled by karosene. The magnitude of the costs for present 

methods of lighting should not be underestimated- e. g., in India, about one-third of 

all petroleum products consumed is kerosene, 182 which is mainly used for household 

lighting, and the consumption is especially important because scarce foreign exchange 

must be spent for the imported oil. 

For kerosene lighting, the costs are the fuel and the lamp or lantern, both of which 

the householder purchases directly. The lamp may be treated as a capital item as it 

should last several yeajrs, with some annual maintenance costs. For comparability 

with kerosene lighting, electric lighting costs will be estimated at the household level, 

, nd on a single lighting fixture basis. Table V-5 lists several groups of lighting 

18 1 And also by gasoline, especially in South America, as gasoline is a more 

satisfactory fuel for the high pressure mantle type of lantern. Formerly, vegetable 
oils or animal fats were widely used, either in candles or crude lamps, but these 
generally have higher value alternative uses, and have been replaced by petroleum fuels. 

182Se National Council for Applied Economic Research, Utilization of Primary 

Energy in India, Table 19. 
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TABLE V-5 

AND ENERGYLIGHTING EQUIPMENT COSTSAPPROXIMATE 

CONSUMPTIONa 

Annual 	 Energy 

Equipment 	 Consumption 
Costb 	 for 1,000 

hours use
 

15 KWH
$1.50
15 watt incandescei. 

110 lb. kero3ene1.20° 
Flal -wick kerosent, lantern 

60 KWH1.50c
11.. 6t0 w:it, incandescent 
2. 1oe 	 24 KWHg 

21) at lluo,'escenl 

Singit. mantle (high pressure) gasoline 
70 lb. gasoline
5.40f 
a:Ti-f; n 

100 KWH1. 50c111. 100 watt. incandcescunt 
36 KWHg2. 5 0 e30 watt fluorescent 


Double mantle (high pressure) gasoline
 
6.60f 	 130 lb. gasoline

lantern 

Notes: 
illumination are approximately equivalent.

a. 	 Wit' ,n each group, the levels of 
are based on data in Handbook of

Outp,: :nd energy 	consumption estimates 
and Standard Handbook for Electrical,!em ,.!nd_Physi[s. 31st Ed. p,.2096, 

.Engniec.-( 3th Ed.. Tables 16-5 and 16 -8. 

retail prices for lanterns and economy lighting fixtures, in­
b. 	 Taking (curiwnt U.S. 

,!io11 (If electric lighting with supply circuit, but excluding main
cluding in s :6i 

costs as noted below, and effectivelhii :ild annual replacementswitch, t1sr, 

t, (it kl,per cent per anlull.
interest 

c. Useful life of 10 .',i-S,-0 a 111nnu'lly for 	bulb replacement. 

d. 3-year life$ 5)f yearlv tot mi:tntenance. 

e. 	 10-year life, tailidd g bulb. 

generator, and globe replacement.f. 5-year life. $2. 0t an:iaily for mantle, 

g. Including 20 per cent losses in ballast. 



appliances: within each group the alternatives provide approximately equal levels of illu­

mination. Approximate annual equipment costs are listed, with supporting details in the 

notes. For electric lighting the equipment costs include the wiring for one light; 

the circuit protection device is assumed to be combined with the load control, and to 

be included within the cost of electricity service (ICd sud). Thus the estimate would 

cover minimum lighting provision in very low income homes, but would approximate 

the cost per room in higher income homes. The last column lists the energy input 

for 1, 000 hours of use, in KWH or pounds of fuel. 

The annual wiring, fixture, and bulb costs for incandescent lighting are about equal 

to those of 'ie simplest kerosene lamp. 183 Hence, for minimum lighting supply, the 

kost of the kerosene burned may be compared to the incremental cost of electricity 

supply. For supply from a grid extensjoi, the latter is given by: 

= 
(5.22) Incremental cost of domestic service 

ICdsud ' Dud (MCCd s + MCCdp t- CFdg CCsd) + Dud hrd ECsd. 

The marginal capacity costs for primary and secondary distribution (MCCdp and MCCd s ) 

do not vary widely, and $8/KW per year is a good median estimate, for the two 

combined. 184 The coincidence factor between rural domestic demands and the system 

peak would vary with the pattern of use in the household: with an evening system peak, 

minimum service of one light per household implies a CFpg very nearly one, especially 

if service is provided on a capacity charge basis, with no energy measurement. Marginal 

capacity costs at the substation (CCsd) may be taken at $40/KW per year, and the energy 

costs (ECsd) at 3. 4 mills/KWII. 185 Assuming an annual use as high as 2,000 hours per 

183 While the initial costs are higher with electric lighting, the life, excepting 

the bulb, is much longer. 

184 See above Section III, C, 3, and D, 3, for the basis of this estimate, and 

possible variations. 
185 

See Table V-4. Thermal generation Implies a range for CCsd of about $30-50, 

and low cost hydro capacity, a low of perhaps $20/KW. On a thermal system, ECsd 

will normally be in the range 2-5 mills/KWII. 
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year, and complete peak load demand coincidence, the capacity and energy costs por 

KW of demand are thus about $55 per year, of which the major portion is the 

capacity cost. To compare the costs for a representative Indian rural household, 

now spending about $4. 00 per year for kerosene (implying one lamp burning about 1 1/2 

hours each evening): an equivalent level of illumination could be obtained with one 15 

watt incandescent bulb (Dud , . 015), for which the capacity and energy costs are 83 

per year (tr lighting throughout the whole evening). With electrification, a higher 

level of illumination is probable; a 25 watt bulb on the same basis implies annual
 

capaclt, :mod energy co;t.:- of $1. 40, and a '10 watt, $2. 20.
 

Even high cost 
loal dieset general ion permits brighter and longer illumination at 

a lower ilii cost than for burning kerosene. Fur evening lighting operation only, 

the m'u ginali capacty cost (MCCg + MCCd 5 ) is about $70/KW with fuel at 74 /lb.SO 

At this fuel price 11w enei'gv costIa "MECgt is about 3. 54 /KWH. Hence the 
capaciy :wrl, tm. g, costs lor a 25 watt iight burning 2. 000 hours per year is about 

$3. 50. This does not include any of the indivisible costs of the generator, as the above 

grid connection does not include the indivisible costs of connecting the village. 

Thus, for supply to low income househoids. the indivisible component of costs 

assumes critical importance. Where the service connection can be made to an existing 

line, lCd,,,) may be as low as $2/year with local administration. Adding a probable 

maximum shmi v of fhe indivisible cost of the secondary distribution line, ICdsup may 

come to ..1 /yeai, or to a level where annual costs per household are slightly higher 

for minimum helectric Iht ing than for present expenditures on kerosene. However, 

the necessarily higher .1-'1-1 reading orfor meter load control enforcement and bill 

collection, with a centralized atdministration imply minimum costs at least twice as 
1 7high. 

18(6See Table IV- I for the generator capacity cost estimates. 

1 8 7 See Section II, D, 2 and 3, above for a detailed discussion of the components
of these Indivisible service costs, current estimates and the cost reduction 
possibilities. 
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both the market and the real social cost of kerosene and gasolineIn South America, 

Hence the relative savings per unit of illumination are lessis much lower than in India. 

due to lower fuel prices and somewhat higher incomes, thethan in India. However, 


average level of use is higher in South America. No detailed data on kerosene and
 

gasoline consumption for lighting in non-electrified areas could be obtained, but
 

one evidence of the ability to pay for lighting is the reported fairly common use of gaso­

line fueled, high pressure mantle lanterns. Noting the relatively high annual equipment 

on lighting equipment couldcosts of these lanterns in Table V-5, the direct savings 

a major part, or all, of the user's indivisible service costs.cover 

Incandescent electric lighting converts fuel energy to light much more efficiently
 

With only moderate
than do lamps, but fluorescent lighting is still more efficient. 

illumination levels, fluorescent lamps yield lower over-all costs due to the resulting 

savings on generating and distribution capacity costs. The key consideration is the 

e. g. , to use a 20 wattdemand coincidence of the lamp with the system peak demand: 

fluorescent tube rather than the equivalent 60 watt incandescent bulb, or a 30 watt fluo­

for demand coincidences greaterrescent instead of a 100 watt incandescent, is economical 

and median capacitythan one-third -- at the relative lighting fixture costs in Table V-5, 

The relative energy savings for normal household use are much lesscost estimates. 

important: to replace the 60 watt incandescent implies about 12 savings per 1, 000 

hours of use, at median energy cost estimates. Thus, investment in more efficient 

lamps appears frequently to be more economical than investment in additional generat­

ing capacity. Street lighting with incandescent bulbs should be subjected to critical 

rate structure would encourage the householder to make the
scrutiny. And a rational 

additional investment in more efficient lighting fixtures where over-all economy would 

result. 

The incremental cost per household for minimum electric lighting can be less than 

on lower quality lighting, only for service to dwellings in a
the present expenditures 


Supply to isolated farmsteads would incur high indivisible
closely built-up village. 

costs per user, and would be uneconomic for domestic use only, in virtually all 

underdeveloped areas. However, in most underdeveloped rural areas, the isolated 
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dwelling is rare. 188
 

The most critical requirement for economic service to most, or all, of the households 

in an electrified village, is to lower the indivisible costs of initiating and administering 

the service. Administration of domestic connections, billing, and collection at the village 

level 	is the most promising means to reduce these costs. High indivisible costs of 

central administration relative to low rates of consumption are the only apparent 

explanation why such a small fraction (about one-tenth) of the households in rural 

l+ndia ,ro connected in electrified villages. 159 If our inference is correct, the con­

straint,,_ of the present. administrative and institutionai arrangements are especially 

unforitina.: ,ii)t only might many more Iamilies enjoy electric lighting, the net real 

,costS 	el p ovidwig this anenity are very low. and perhaps negative. Secondary lines 

ajready 1W throiogh i, village to servC pr,)sperous househoulders and light industrial 

oenimla i hCOC teOICci2'uui red second,tr'V !iiw construction required would be minimal. 

The keiosene now being burned entails high real costs, because of the foreign exchange 

shortage. Fut ler, given local administration oter secondary distribution and user 

billing, and economic rate structures service probably could be given to most dwellings 

without suliering any financial loss, and possibly with net revenue over and above the 

incremental cost oIt service. 

The anOLtIt of henefits from electric lighting in excess of the direct savings on alterna­

the nmethods o ilghling is very difficult to estimate. Some knowledge of the demand 

elasticity toir lIgight I g service. respectwith to both its price and the income of the 

purchasci I..; required. Electricity demand studies of this sophistication are rarely 

made in the dhCveoC10ljd couLtries let alone in the rural areas of underdeveloped countries. 

However, it is :,aIr that the c(mfcnier-ce, ceanliness, etc. , of electric lighting makes 

it a higher valued co smiption it em than its lumen-hour equivalent of kerosene. If the 

18111u 	 a I electrlr icat ion in lie U.S. has involved supply to isolated farnisteads 
alnost exclusively, as in ruraltowns and villages areas which could be profitably 
served by commiercial conipanies had alrcadI Hence,been connected. extensions from 
U.S. 	 experience may not be relevant to the service of rural villages abroad. 

1H9
See above. Section I1, A. 
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incremental costs for electric lighting are equivalent to those of the substitutes, the 

premium for electric lighting, which the domestic consumer would be willing to pay, 

could therefore be applied toward the indivisible costs of supplying electricity to the 

village and its residents. The magnitude of this premium is especially important for 

electrification decisions in areas where potential agricultural and power applications 

do not justify the Indivisible costs of connecting the villages. In South America, due to 

low costs for alternative sources of power, agricultural and small industrial power 

applications are, at best, only minor justifications for village electrification, and the 

benefits ot domestic service, plus public amenities, must constitute the main argument 

fur connection. Personal incomes are higher in South America than in India, and it 

is not implausible that many rural extensions could be defended on the basis of domestic 

service exclusively. In India, electrification of many villages may be justified for power 

applications only, and the benefits of domestic consumption are useful only for allocations 

of the indivisible costs between the various classes of service -- it being understood that 

the incremental costs for domestic electric service, relative to alternative lighting 

costs, indicate domestic connections. But there will remain marginal villages, in which 

the decision for electrification will depend on an assessment of the full benefits of 

domestic service. 

In conclusion, the greater efficiency of electric lighting power lamps burning petro­

leum fuel permits superior electric lighting at a lower cost than that of the fuels now 

being consumed, providing the indivisible user costs are low, and electricity is already 

provided in the village. The first condition can apparently be met by local administra­

tion, billing and collection, and connection of most, if not all, dwellings in an electrified 

village is indicated. Where only a small fraction of the dwellings in electrified villages 

are connected, due to the very high costs of centralized administration relative to the 

low consumption levels, institutional alterations are suggested. The amount of the bene­

fits of domestic connections, beyond the direct savings on alternative methods of lighting, 

cannot be estimated for lack of adequate data, but these benefits should offset a part, and 

perhaps a substaitial part in relatively prosperous areas, of the indivisible costs of 

supplying the village. 
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APPENDIX 

TABLE A-1 

ANNUAL CAPITAL CHARGES ON INVESTMENTS AND PRESENT DISCOUNTED 

VALUES OF ANNUALLY RECURRING COSTS 

beginning one year after the investment and con-I. 	 The annual capital charge, 

tinuing for n years, which has a present discounted value of one (1), the
 

discount rate being v. vompoundcd :-imnual!y­

1 - ( r)
 

nr .06 - .08 ._10 .12 .14 .16
 

.2638 	 .2913 .30545 .2374 .2505 .2774 


10 .1359 .1490 .1627 .1770 .1917 .2069
 

.1030 .1168 .1315 .1468 .1628 .1794
15 

20 .0872 .1019 .1175 .1339 .1510 .1687
 

.1275 .1640
25 .0782 .0937 .1102 .1455 


.1241 .1619
30 .0726 .0888 .1061 .1428 

.1223 .1609
35 .0690 .0858 .1037 	 .1414 
.1213 	 .160440 .0665 .0839 .1023 	 .1407 

11. 	 The present discounted value of one (1) recurring at the end of each year for 

L years, beginning one year hence, the discount rate being r, compounded annually: 

1 -(1, r -n
 

pdv 

n\ .rC .08 .10 .12 ..14 .16
 

3. 605 3.433 3.2745 4. 212 3.993 3.79i 

10 7. 360 6. 710 6. 145 5.650 5. 216 4. 833 

15 9.712 8.559 7.606 6.811 6.142 5.575
 

20 11.470 9. 818 8.514 7.469 6.623 5.929
 

25 12. 783 10.675 9.077 7. 843 6.873 6.097
 
6.17730 13.765 11. 258 9.427 8.055 7.003 


35 14.498 11.655 9. 044 8.176 7.070 6.215
 

40 15. 046 11. 925 9.779 8. 244 7.105 6. 233
 



161.
 

TABLE A-2
 

APPROXIMATE RATIOS OF PER CENT VOLTAGE DROP/PER CENT POWER 
LOSS FOR ALUMINUM AND ACSR CONDUCTORS IN AC CIRCUITSa 

Conductor Size Power Factor -. 90 Power Factor . 80 

A. W. G. Mho-mile I ft. 3 ft. I ft. 3 ft.
Gauge Spacing Spacing Spacing Spacing 
4 .45 .92 .94 .77 .80 
2 .71 .98 1.02 .84 .89 

"/0 1.13 1.06 1. 12 .95 1.02 
Z/0 1.42 1.12 1.19 1.02 1.11 
I/0 1. 79 1.19 1.28 1.10 1.22 
4/0 2.25 1.27 1.39 1.21 1.35 

Notes: 

a. Calculated from the approximate formula, 

Per cent voltage drop cosE cos - ) wherein 49 voltage-
Per cent 12 R 

-

cos w 
.current phase angle, and impedance angle, i. e., tan reactance/
resistance. (Sec Standard Handbook for ElectricalEngineers, 8th Ed., 
Sec. 14-42.) 

b. One ft. spacing is approximate for secondary lines; 13 ft., for primary lines. 
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