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Abstract

Of all remewable energy technologies presently available to developing
countries in search of indigenous energy development opportunities, small-scale
hydropower may be the most ecoromic option due to its reliabilicy, accessibilicy,
and low cost. Costs of small hydropower syscems vary widely and are dependent
on site characteristics, size, the development approach, and the end-uses of the
energy, in terms of the delivered cost. The ultimate cost of a project is chiefly
a function of whether the design is suitable to the need for the plant, the

resources available to implement it, and the means of managing it,

Conventional small hydro cost data indicate that predictable economies of
scale prevail whereby the unit cost increases as the size of the ingtallation
decreases. Recent experience with this technelogy at the lower end of the capacity
range in a number of developing countries, however, tends to contradicc conven-
tional thinking with respect to economies of scale. This experience suggests that,
due to the scarcity of equipment, materials, and technical and manufacturing
expertise in most developing countries, per-unit costs tend to be greater with
larger-sized small hydro plants. Thase plants typically require more complicated
engineering, and larger and more sopﬁisticated equipment than p.ants at the lower
end of the scale which afford greater opportunity for non-conventional approaches

using local materials, equipmeat and techunology.
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INTRODUCTION

¥hy Hydropower?

Unlike thermal-based power generatioa, hydropower systems are not sub-
Ject to continuous cost escalation~—indeed, they are esgentially inflation-
proof, once built. Thay carry ano energy (fuel) cost, and since their usaful
lives can be more than twice as long as thermal plants, this is significant.
Moreover, they usually incur nome of the environmental costs associated with
thermal systems. The advantage of this technological choice are enhanced
when one considers that, apart from these cost advantages, hydropower can
provide secondary benefits that are not possible with other energy technologies,

such as irrigation, public water supply, and flood comntrol.

Why Small Hydropower?

Another advantage of hydropower tachnology, wﬁen considered for small-
scale applications, is that it 1s accessibla to most parts of the world where
technical and financial capabilities may foreclose the option of utilizing
more expensive and complicated technological solutioas, includiag largae-scale
hydropowear developmenc.l Apart from che enormous complexity of building large
storage hydro facilities, it should also be borne in mind that the long lead-
time that must be allowed for its planning and construction, including longer
procurement schedules, can reach 10-15 years, which bears with it a considerable
cost to the project. Smaller scale hydropower development 1s also more adaptable
to incremental, or staged, development, allowing for earlier pay-back on the
investmenc.?

Other reasons may be offered which favor the development of small hydro
systems as an alternative to large central power scations, particularly for
purpose of providing energy to dispersed raral regions, which consume roughly "
one-tenth as much energy as urban areas.’ The cost of building transmission
facilities over lomng distances, particularly in mountainous regions, can be
very nigh, ranging from $15,000 co $25,000 per xm in the U.S., and maintenance

cOsSts may be considerable. Yet rural energy demand is typically vervy low,
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particularly during daytime hours. Thus, large centralized powerplants
generally cannot compete successfully with small plants where loads are
swall and widely scattered. Moreover, it should not be overlooked that
grid extensions do not eliminate the need to generate new power to meet
rural loads. This is especially significant where the grid power is
based on thermal generatiom. Finally, envirommental coscs, beth with
regard to human and natural envirouments, are more likely to come into
play. Grid extensions may nevertheless be more economical if discances
are not excessive, the terrain is compatible, and the enargy demand
warrants them. The choice between isolaced development or interconmection
with the central grid to serve rural needs depends on these, and a number
of other criteria which are discussed below, that must be viewed om a
site-by~site and country-by—-country basis in terms of identifying the

least-cost optioa.

Point-of-Departure

A great deal of literature is available on the costs of small hydro
development within the industrial nations of North America and Europe which
goes back for a century or more. Economic and cost analysis of more recent
experience with this technology in a number of developing countries, however,
is almost non-existent. Information on direct costs of installation are
available to some degree, but data relatirg to reliability, efficiency, aad
durabilicy of these systems, as well as specfic information relating to
intangible costs, is difficult to attain. Yetr it 1s this experience that
may be more ralevant here, and more revealing as to the true costs of small

hydro technology in remote rural reglons of Africa.

For a number of reasons, some of which have already been alluded to,
this paper does not attempt to provide a specific costing methodology for
small hydropower development. While cost tables and cost curves are abundant
in cthis field, it is gemerally iInadvisable to suggest that any of these indices
can be applied gemerally--indeed, an important conclusion of this paper is
that they should aot. General cost parameters can be offered, and a aumber of

examples are presented to give the reader some idea of the actual costs that



are associared with small hydropower plaacs. Costing of small hydro plants

is dependent om a large number of variables that are site-specific; there

are virtually as many cost indices for small hydro plants as there are sites.
Rather, the purpose of this paper is to present some views on factors that

tend to influence costs. Further efforts are needed in developing a compre-
hensive costing methodology that takes into account some of the cost-influencing
factors presented here, and which is adjustable to reflect the relevant
technological conditions pertaining to small hydropower development that

exist in different parts of the world. This paper is offered as a brief
introduction to some of-the key issues involved and a preliminary assessment

of what the existing experience reveals.

For purposes of this paper, the term "small hydropower" refers to any
size of plant with the range of 1 kW to 1,000 kW unless specifically indicated
ocherwise. Further, it will gemerally avoid the question of whether rural
energy development--be it in the form of mechanical or electrical power~-isg
worth the cost of investment. 1In a discussion of costs, one can quickly
become embroiled in a debate on the merits of rural electrification. While
this question 1s well worth debacing, in light of the high costs of electrifi-

cation, the relative merits of energy versus other investments is not considered.

2. GENERAL COST HISTORY

It would be misleading to suggest that a general statement on the costs
of small hydropower installations can be made. Costs will vary from case to
case since labor, equipment, terrain, and technical experience, to name but
a few of the criteria, are highly variable. Mpreover, it is hazardous to
attempt to directly apply the data and experience developed in certain countries
to other regions of the world where the same conditions and assumptions may
oot apply. Indeed, much of the published data (see tables given in Appendix i)
are based on cost indices that are drawn from large hydrosystem development

which has been scaled down co smaller sizes, leading to distorzions that cend



to make small hydropower appear overly costly,

Costing achieved by this

method cannot only prejudice the decision-maker against the small hydro

option, but more importantly may influence the choice of development

approach which may be inappropriate——and needlessly costly.

It is therefore perhaps more valuable to take a quick look at some

cost data that have been drawn from actual experience in a number of

developing countries where small hyd-o development has taken place in

recent years (see Fig, A).

figures into the record.

Again, caution 13 advised in accepting these

The numbers shown here have been taken from

published and unpublished sources witnout any critical evaluation, and

therefore may not reflect the true costs of the cases given. Moreover--

and this can be said of virtually any source-—these costs typically reflect
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only direct costs associated with the comstruction of small hydro plants,
and do not take into account indirect or "intangible" costs that inevitably
occur in the development process, which may take the form of subsidies,
"experience-building" costs that occur over many years of a program, or
soclo-cultural costs that may occur at the site, which are certainly real

costs, but are difficult to quantify and are therefore overlooked.

In terms of identifying an acceptable cost-range for small hydro plants,
notwithstanding the World Bank's target of $2,000-$3,000/kW installed,% it
1s similarly inadvisable to toss out aumbers that do not take into account
important comsiderations such as the energy demand characteristics (both in
quantity and quality terms) of the region served, the fuel transportation
costs to the area, the distance from the existing grid, and the physical ‘
characteristics of the site itself, amoug others. Clearly, what determines
the acceptable cost-range for a small hydro plant will depend on the ralative
cests of alternative eunergy optioms. To provide the reader with a very
general rule-of-thumb, the graphs in Fig. B. give an idea of the range
of cost of a small hydro plant which makes it a relatively attractive in-
vestment compared to a similarly-sized diesel plant. Note that as the load
factor increases, the cost of the hydro can be higher and still remain
competitive. This is due to the longer life-span and the lower operation
and maintenance cost of the hydro as compared to the diesel.

3. UNDERLYING ISSUES

Matching Technology to Need

As mentioned earlier, costs takem out of context can be misleading, since
the data are frequeatly incompleﬁe or not quantifiable, and since market values
are quite different from country to country or even between reglons of the
same country. Moraover, analyses that are basad on cost alone, or even the
partial cost of an installatiom, such as the equipment and civil works, cannot
give an accurate picture of the value of a project since there are so many
variables that determine the aconomy of a project. The economic atcractiveness

of a project is a function of both the cost and the end-use of the energy



produced. While it is certainly appropriate to consider factors that can

reduce the ‘input variableas (i.e. costs), perhaps even more significant will

be efforts to maximize the use of the energy. It i1s generally easier to

reduce the delivered cost of energy by means of load enhancement, the economist's

function, rather than by means of reducing input costs, the function of rhe
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engineer. For this reason load planning is ‘critical to the ultimate cost
of the energy produced. This will be a funceion of how well the technology
1s matched to the consumer's energy needs in terms of both afficiency and

capacity of the plant, and the tariff policy.

Firsc, the energy form must be appropriate. Complex emergy solutions
for simple needs, in the rural context, Implies higher costs to the consumer.
A table is offered in Appendix B which can be helpful in matching energy
technologies to the appropriate energy requirem2nts. Please note that
cost 1s an important criteria in the matciing process. A corollary to chis
question of appropriateness is the matter of timing, Since small-scale
hydro systoms typically operate intermittently due to flow variations, the
time-factor of euergy supply can be critical. For example, if the energy
demand does not coincide with the seasonal flow characteristics of a sice,
it should be borme in mind cthat storage requirements that may be necessary
can add enormously to the costs of building the plant.

Second, capacity comsiderations are important. It is Zenerally thought
that plant factors should reach at least 20-30Z in order for hydro to compete
successfully with alternative energy technologies.s Domestic loads are typically
very low in most of these regioms, so it is important to emphasize day-time
industrial uses, or "productive" end-uses, especially where existing demand
is currently served by more expensive thermal generation, or where new
industrial demand can be served which otherwise cannot be achieved economically
by traditional energy means. Once an industrial load is egtablished, domestic
service can be provided at more feasible rates, as studies show that once
modern power sources are introduced to an area and take hold (1.e. induscrial
uses), power demand from the general sector increases rapidly.6 The cables
shown in Fig. C. demomstrate the relationship between the load factor and the
costs of producing the energy. Note that the cost of the delivered energy is
reduced as the load factor increases. Fig. C(l). indicates that higher load

factors allow a larger margin for capital costs at a standard tariff rate.

A key element here is that initfal development of a aew, isolated anergy

source must be scaled to the rate of demand in order to keep unit costs



sufficiently low to the consumer to permit the demand growth process to begin.
This can be achieved both by designing the system to permit staged develop-

ment, and by means of tariff policies which induce consumption.

Lord Factor (1) Canital Cosc/kW ($)
1¥:] 212
20 §7%
10 L,150
40 1,613
50 1,075
50 1,37
70 1,000
80 . _ 3,478
90 1,918

100 4,400

Fig. Cll). Comparison of Load Factor to Capital Cost for
Typical 30kW plant in Uctcar Pradesh 3tace, Indla.

(assumes standard U.P.S. earife race and full capital tacaovaery)
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Gupekaani 21.6 7.0

Cenci-Charra 20.3 9.1

Tilwara 2.1 Lg.1

Kots 6.7 27.5

Deoprayag 4.1 §3.3 !
[

Fig. C(2). Comparison of Load Pactors to Ganeracing Cost
far five 200kW projects in Ottar Pradesh 3ctace, Iadia.

{assumes full depreciacion over 6 years)

Fig. C. Raelationship of lLaoad Factor to Capital and Generating Costs

source: [(TIS I1980Q)

Costs and Benefits

In general, costs and benefirs are judged in terms of what costs one is
avoiding by either doing nothing (2.3, loss of forest cover, cost of diasel

fuel), or iavesting in some altermacive project (e.g. transmissioa costs), as
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compared to the costs of electing the small hydro project, whose components

are summarized in Appendix C.

In order to do an economic and financial analysis of a project, ideally
the full range of costs and benefits associated with the investment must be
quantified in some form, usually in monetary terms. This is true for
virtually any analytical tool, whether ome is seeking to find the internal
rate of return, or the ratio of bemefits to costs over the project's useful
life, or if mometary calculations are not possible, by some means of imputed
mass analysis. Although benefits calculations are an important part of
assessing a project's worth, particularly in comparing different sector
investment options, public infrastructure projects such as usually is che
case with power gemeration are commonly analyzed by first setting a target
in cerms of a rate of return or a stream of benefits to establish the minimum
desired result, and applying a least-cost analytical methodology which 1s often
called the life-cycle costing method. What one is attempting to do by this
method is to quantify all costs involved over the life of a project and to
discount their values to present worth using an interest rate that reflects
the opportunity cost of the investment. Thiy is discussed 1in a previous paper
but it worth noting that, as the discount rate used in the calculations
increases, the value of the project declines. Moreover, an artificially low
discount rate tends to favor capital-intensive approaches, which may not be

appropriate for rural development projects.

4. MAJOR COST-INFLUENCING FACTORS

Small hydropower costs can be affected by numerous factors pertaining
to the site, the scale of development, the technological approach, and the
purpose of the project. For this reason it is difficult to present a uniform
set of costs that can be applied g¢imply and universally. The costs of indi-
vidual components of a system are uore easily defined, but even these depend
largely on these same factors. The fellowing is a brief discussion of each

of the four major categories of cost-influencing factors.



A. Site Characteristicg

Selecﬁing the site is critically important to the ultimate cost that
will result. The chief aspects of site selection which will affect cost are:
(1) its relation to the load center;
(2) the availability of head and flow, particularly the former;
(3) the river slope and hence the distance ovef which the head
must be concentrated; and

(4) the degree of access to the site.

Relation to Load--Interconneczed or Isolated. First, the plant must be

located in a place where the energy can be used. Unless it is a site that
can be grid-conmnected, all-important capacity factors may be very low if the
site does not nave a sufficient load centar nearby. The energy must not
only be appropriate, but it must be affordable. Sites that can be inter-
connected are certainly best, depending om the power capacity available,
since load factors would theorectically be 100%Z of the comvertable energy
and since the need for expemsive asynchromous frequency control equipment
could be avoided by using induction generators. This cost-savings would be
mitigated somewhat, of course, by the additiomal cost of voltage step-up
equipment and transmission lines. Again, this depends on the capacity that
is available at the site, and the distance from the grid.

HBydraulic Characteristics. Site selection 1is important also in terms

of the type of scheme to be developed-——whether low-head or high-head, and
whether run-of-river type or storage (impoundment) type, which depends on the
avallability of natural head and flow.

Given the choice between run—of-river schemes and those requiring the
consctruction of new dams, it is generally wise to avoid sites requiring the
latter due to the high cost of dam construction and maintenance, particularly
for low-capacity plants (see Appendix A-4 for dam construction costs). Moreover,

the can:

(1) encail considerable envirommental and health problems;
(2) cause enormous damage in the case of failure during neak flows;

(3) add considerably to the comstruction period;
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(4) result in relocation of buildings or entire communiﬁies up-river;
(5) interfere with the use of the river for navigation and fish

migration.

Dams are also susceptible to silcing problems, which can complicate the design
and up-keep of the intake Structure, and can eventually render the dam worthless
if used for impounding water.

An alternative approach for sites with higher natural heads is to build
a low diversion weir to direct a partial flow of the river inco the intake,
as have been described in detail elsewhere. They are easier to construct
and maintain in remoce'rural settings, and need not be of permanent comstruction,
but could be formed by placing rocks and boulders across the stream that can be
easily replaced following each peak-flow seascn. This would be the most
simple design for a weir for a very small scheme, but permanent scructures
for larger sites cam also be built at substantially lower costs than for
an impoundment structure. Care should be take in selecting the placement
of the diversion structure to avoid silting and erosion, which can add con-

gsiderably to the cost of keeping the intake servicable.

Generally speaking, the degree of head available to a small hydro site
is the single most important decerminant of cost, since the amount of water
geeded to create a given amount of energy is reduced with higher heads,
ylelding ccst-savings in both the turbo-generating equipment and potentially
the civil works as well, depending on the slope of the river and the terrain.
However since most siting opportunities will occur on rivers and streams with
gradual gradients, the distances along which the water must be conducted to
achieve significant neads may be considerable, perhaps several kilometers.
Thus, the civil works costs for higher head schemes may often be the highest
cost component. In short, for the greatest cost-effectiveness, sites should
be selected to allow the highest head possible covering the shortest distance

from the intake to the turbine
Low-head sites tend to be more expensive due to the large size of the

machinery——which can account for up to 657 of the roral cosn7-and since dam

structuyres are often required. Total costs for low-head plancs (20m or under)

-11-



can be as much as two to three cimes as great as schemes with higher
heads.8 A final note--for very small micro schemes requiring laess flow,
heads need not be above what is generally presented as the low-head range
in order to achieve the most cost-eifeccive scheme. This 1is one reason

why micro plants using local labor and materials appear to offer the best economie

Finally, flow considerations are also important in terms of the annual
cost of energy supplied by the small hydre plant where flows are intermittent
and varied, as found in wany ccuntries of the West and Central African reglon.
If flow needed to operate the plant is available for ouly a few months of
the year, per kWh casts may make the plant uneconomical. For this reason
the quality of hydrologic calculations can be critical to the ultimate cost
of the plant, particularly if the capital costs are high.

Access Considerations. Finally, the degree of access to the site may be

important, particularly for larger schemes where equipment and materials

may be large or heavy, requiring roads. Frequently the best high-head sites
are found in areas where the terrain is inhospitable or the forest-cover dense.
It therefore may be best to reserve these sites for very small schemes where
equipment and materials do not require motorized transport, since the cost

of building roads can be extremely high, about $50,000 per km in the U.S,9

and since population densicies are likely to be low.

B. Economy of Scale Factors

Size of the Plant. The record is not clear on the question of economies

of scale with respect to small hydropower. Conventional wisdom is that as

the size of the plant decreases, the per-unit cosrt goes up. Certain costs
which are relatively fixed such as the feasibility analysis, the enginearing
design costs, training, and the "experience-building" costs mencioned earlier,
do tend to make lower capacity plants less competitive with larger plants;
moreover, for low-head schemes requiring larger, more sophisticated equipment

and impoundment Structures, the economies of scala ru'e applies more readily.
Where design and comstruction techniques Zor small projects follow from
modern technology that has been developed for conventional large avdropower,

this rule generally holds true. However, if a differeac, non-conventional
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approach is taken, based on smaller-sizad plants emphasizing simpler
designs and local expertise and materials, good economies can be achieved.
More will be said on this lacter, but it is evident that reverse aconomies
occur with this approach, where unit costs increase with the size of the

plant above a certain level.

Programmatic Considerations. Eronomies of scale are also evidant in

the size of the program, whereby multiple development-—especially when per-
formed in the same river basin—can reduce the impact of fixed costs meacioned
above by spreading the costs out amoung several projects. Overall costs can
ba reduced by as much as 10Z in this manner.lo Moreover, it may be particu-
larly advantageous to consider establishing regional grids under such an
approach to improve load factors, and to limit the number of plants that

must be builc. If multiple development is possible, thought should be given
to standardizing the techniques used, the general design, and the equipment,
although over-standardization can reduce cost-effectiveness. Since conditions
from site to site are likely to be different, the civil works design should
be fl xible enough to allow innmovation that is appropriate to each sice.

The greatest cost-effectiveness can be achieved by selecting sites with
similar'characteristics (L.e. head and flow) and standardizing equipment
packages, parcticularly: in the case of low-head sites, to operata within that
range of conditiony, Standardization of the turbo-generating equ: )ment

in chis fashion will not only reduce the design and fabrication costs, but
would shorten delivery time and minimize the need for spare parts laventory,
which can be shared among various sites. Project costs can be reduced by
10-15% where standardization of equipment is possible.ll It should be notred
. that over-standardization of equipment can reduce operational efficiencies of
plants, so care should be given to che use of turbines that can operate under
wide head and flow conditions, 3uch as are possible with cross-flow types and

converted centrifugal pumps used in multiple-unic configuracions.

Timing of Development. Finally, economies of scale can be improved by

approaching site development of an isolated plant on an incremental basis
racher than developing the full emergy potential of the sice at the outset,

in order to save on the ocst of the equipment or civil works. Again,
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this i3 a function of the load factor, which is cypically low during che
initial stages of operation. With incremental development in mind, the
headworks and penstock should be inicially designed to capture the full
amount of head feasible and so chat larger flows could be accomodaced

for future capacity growth, assuming chere is adequate water supply. The
penstock should be sized to withstand larger volume and preséure than are
initially required, or may be fitted with a bifurcacion cee at some point
along its length, if multiple units are feasible. Addirional curbines

may chen be added as load growth warrants. Allowances should be made ia

the excavation depth and floor space of the powerhouse for these future
additions. The principal reason for this approach 1s to avoid recarding

the demand growth process by making che power cost zo consumers excessively
high initiall}. Staged development also in a programmatic sense permits
"experience-building" to occur at a relatively low cost risk and can allow
for experimentation witch design innovations without laying too much momney

on the line. The decision of plant sizing and the timing of addiciomal
development should, of course, be predicated on the socioc-economic feasibilicy
study. Howaver, since load growth is often difficult to predict in isolated
regions of developing countries, the incremental design approach may be

egpecially appropriate.

C. Use Criteria

Multiple Uses. With low-head sites, priority should be given to projects

where power generation can be one component of a multi-purpose project. For
example, installing a plant on existing irrigation works or an existing dam

used for flood control, fish-breeding, or recreational purposes can vastly
improve the cost-effectiveness of a project. Similarly, new multi-purpose
water projects which include power genmeration as one compoment can yield

better ecomomies than a project where the only benefit 1s emergy. Alchough
costs would be greater for multi-purpose projects in absolute terms, since

they can be shared among the various purposes, inciuding municipal water supply,
irrigation, flood control,fish-breeding, navigation and recreational uses,

the unit energy costs would be significancly lower. Cases where the wacar

Supply can be actributed to irrigation and power generation, which is



frequently che case in China and Indonesia, offer the best configuracion for
multi-purpose projects since the irrigacion works can reduce the cost of

the power, while the power can be used to reduce the cost of distributing

the water. Please unote, however, that timing and design circumstances

can lead to competitive uses of the water, indirectly raising the cost of the

other water use (e.g. power generation when the water is diverted to irrigatiom.)

Project Purpose. Use criteria can also be viewed in cerms of whether

the purpose of the project is for fuel-substitution or for rural development
(i.e. rural emergy supply). This is not to suggest that these two criteria

are mutually exclusive. Even for small isolaced plants, where fuel substcitu-
tion is minimal in the nationmal scale of things, cash-savings achieved by
reducing the need for kerosene and diesel fuel can be the most important
benefit, aside from tche rural development considerations of such a projecs.

In this sense, small hydro technology may only be economical! where the cost

of fuel 1s particularly high due to transportation costs over long distances.
However when the primary objective of the project of program 1s to effect
reductions in the trade deficic, issues of plant capacity and the size of
the program, hence the technological approach, become critical. It has been
seen in Fig. A. that the greatest economies are achieved under conditions which
permit the development of very small plants based on non-conventlonal technology.
Yet import-substitution from a natiomal perspective is limiced due to the low
dggregate capacity of even a large number of such sices.” It is only with

much larger sites, where cost-effuctiveness may not be as great, that chis
objective 1s botter served. The .point here is that, as an lmport-subscicucion
technology from a national perspective, cost-effectiveness may at present only
be achieved in a size-range above 1 MW, where the economies of scale rule

applies more readily.

Tariff Policy Considerations. Lastly, tariff policies can be an important

® Taking the Ivory Coast as an example, we see that over 1 million MWh of thermally
powered electricity is now produced each year. 1If fifty 25 kW plants weras
installed throughout the cruntryside, assuming a relatively high capacicy

factor of 50Z, the annual yield of fuel substitution that could Se achieved

would amount to only 5,500 MWh, or only 0.5% of the total currently produced.

-15-



determinanc of the per-kWh cost of an isolated plant. Since there is no

fuel cost associated with hydropower generation, unlike thermal stations,

high capacity utilization reduces unit costs, whereas it tends to have the
opposite effect with fuel-based gemeratiom. Hence, the objective should be
to: (1) match the installed capacity to the peak-load factor on an incremental
basis (design fumctiom), and (2) maintain a high load factor (tariff function).
In other words, tariff policies should be set to encourage energy consumption
and demand growth. Therefore the key element with small-hydro plants is to
keep installation costs low, since operation and maintenance costs are
minimal, in order to allow low unit costs to the consumer, which in turn
improve load factors. Even with low installation cOSts, moreover, it may

be necessary to provide power below cost for a period sufficient to induce
demand growth during the critical period following che introduction of power,
and to Increase the capacity factor of che plant. This is particularly ctrue
for remote rural regioms of developing countries, where, as one has put it,
"it is not.easy to get the consumer to pay for a service he is not used to
having and that is foreign to his social behavioral patterns, 12 and where,

of course, people are usually too poor to pay much for such a service.

Exparience has shown that it is best to rely on non-domestic usas in
order to achieve economic success with isclated small hydre proiects. Power
stations where power is gemerated for industrial uses (often mechanical drive,
not electrical applications solely) have shown plant factors to be twice as
high as those where electricity is used for domestic and public lighting.l3
On chis paint it might be also be suggested that domestic consumers be charged
on the basis of a flat-rate tariff (e.g. x amount per light bulb per month),
as has been doue in Nepal and Pakistan, to eacourage consumption growth and

to avoid costly metered connections for unit-pricing.

D. Development Approach

The foregoing discussion of cost-influenzing factors with respect to
site characteristics, economies of scale, and end-uses raises a aumber of
fundameatal issues that reflect twa general approaches to small hydropower,

particularly in terms of che technological approach that is used. OCn one

-16~


http:lighting.13

side of this dichotomy, the approach can be said to be conventional; that

1s, employing standards established in the construction and managemenc of
large hydroelectric powerplants and scaling the designs down to smaller

sizes. In developing countries, this approach is more often associared wich
programs initiated and managed by ceatral agencies, frequently using imported
equipment, and predominantly permanent materials such as cement and reinforced
steel for the civil structures. On the other hand, the approach may be of

a non-conventional form, usually initiated and managed locally, whare the
designs are simpler, using locally-supplied equipment and civil engineering
based on techniques already familiar to villagers for irrigation and primitive
hydraulic emergy. A key difference between these two approaches which reflacts
a fundamental trade—off in terms of cost aad performance, is that coaventional
development teads to emphasize resource maximization, meaning the use of
parmanent structures and more sophisticated machinery based on designs chat
attempt to extract the most energy possible from a given site. Unconventional
designs, on the other hand, are based on minimal needs, implying less affort
in the feasibility analysis, but less efficient and less durable construction.
Yet, contrary to comventional thinking, it may not be cost-effective to actempt
to squeeze out every ounce of efficlency from a plant, since the greater costs
lmplied with this approach may not be worth the additional energy conversion
that 1s achieved, particularly for smaller isolaced plants. Fig. D. presents

a general description of the elements typical to each of these two approaches.

The more non-comnventional approach, while being constrained in size by
the limited capability of local resources to produce the larger and more
complicated machinery and structures aeeded for systems over 100 kW, offers

cost savings since:

(1) the cechno;ogy is simpler, and can be easily grasped by villagers;

(2) greater innovation in design 1s possible;

(3) maintenance is simplified since the materials are provided locally; and

(4) community participation, upor which this approach is based, will
reduce labor, engineering and management costs, and will provide

greater assurance of long-—cerm uccess.

-17-
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The importance of the last point cannot be over-strassed.
the cost-savings gained by eliminating the need for constant supervision by
a remote central agency, self-gemerated local involvement improves the
chances from the outset that the project will be better designed to serve
the local population's needs, since it will participate in its design and

construction, and that the powerplant will be something thac the people are

both able and willing to pay for, and keep running.

5. COST TRENDS

Taking inco account the major cost~influencing factors, particularly

those relating to size and the development approach, :the nistorical cosct

-18-
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data available to date suggest some inceresting trends. TFig., E(l). gives

a series of cosc curves covering a range of sizes and approaches to
development. At the lower end of the capacicty scale, costs are considerably
lower for schemes emphasizing local approaches to development, such as

are found in Pakistan (Apprcpriate Technology Uevelopmenc Organizatcion) and
Nepal (Butwal), as compared to the costs of similarly sized plants under

the more convencional approach, such as in the case of Thailand (National
Energy Administration). Falling between the two general categories is a
curve showing the costs of plant designs where civil structures are generally
of a conventional nature but the turbo-generating equipment is not conventional,
using centrifugal pumps run in reverse and standard, off-the-shelf generators.
Note that each curve shows economies of scale where the unit capital costs
decline as the size increases. But taken together, the curves show that

as the capacity increases, so do the unit inscalled costs, or that reverse

economies of scale occur.

Fig. E(2). plots the uait capital costs of the plants given in Fig. A.
The resulting curve, or "envelope," since that data present only a general
trend, from thils sampling of actual costs tends to confirm the reverse
economies theory. It should be acknowledged, howaver, that the local
approach shown here only applies to very small capeity plants, due to the
limited manufacturing capabilties of zmall workshops and the difficulties
of using traditional village civil engineering techniques to accomodate

larger water flows generally required for larger schemes.

The general conclusion one might derive from Fig. E. 1is chat where
hydraulic conditions permit the development of only very low capacity plants,
of 100 kW or under, conventional development approaches are not as cost-
effective as non-conventionzl approaches. As you move toward larger capacity
schemes, above 3500 kW, economies are not as great but nonetheless, may
certainly be worth underctaking, depending on the cost of altermative solutions,
and particularly if che plants can be intercomnected with an exlsting national
or regional grid. What is left is the least economical range, between 100 kW
and 500 kW, where local technologies are presently difficult to apply, buc
aconomies of scala with more conventional approaches tend to auger against

the small hydro option. TFor this range of plant, it amav be best to consider



adapting certain aspects of civil works used in local schemes that avoid
the use of extensive materials such as concrete and sceel, and substituting
standardiied pumps and generators for custom-made turbo-generating equip-
ment as proposad by the New York State Energy Research and Development
Authority.

6. CONCLUSION

In summary, the costs of small hydropower plants are widely variable,
and are subject to a host of interrelated technical, economic, and instcitu-
tional factors. Least-cost solucions are more likely when all are considered
as a whole. A technically ideal project may result in a misuse of resources
1f socio-economic factors have not been sufficiently taken into account.
Is cthe energy appropriate to the need, and will it be available when it is
needed? Is it affordable, and if so, are the people willing to take
respousibility for making it economically viable? Can it be maintained?
Local community participation thac exists in the project right from the
gtart--in the design, the collection of techanical information, the constructiom,
and the management and maintenance of the system-—can lead to cost-affectiveness
of a small hydropower project both in terms of the capital cost and in terms

of extending its useful life.

Small hydropower techmology, as with rural electrification in general,
should not be viewed as an objective, but as a means; nor should it be "pushed"
at any cost. In some cases, particularly where the goal is import-subscictucion,
it may not be warranted as the most cost-effective option. The capacities of
these plants may not be great, and therefore may not be worth the cost of
capital-intensive development using a conventicnal power management approach

aimed at maximizing the power potential of a site.

As an alternmative to the conventional approach, the record to date

suggests that small, micro-sized (below 100 kW) hydropower systems, based on:

-- maximum use of local expertise and =aterials;

— acceptance of a lower, but acceptable, standard of reliabilicy; and

~21-



- — simple, and easily maintained machinery,
may offer be the best hydro solution for very remota rural areas where
energy demand is initially low. The reason 1is that conventional development,
which relieas on imported equipuwent and foreign engineering standards, and
substantial use of expensive materials for civil works such as steel and
cement, do not allow as much opportunity for flexibility in'design and
construction. This 1s not to say that larger mini-hydro systems, where
conditions are right (e.g. retrofitting existing dam structures; easy
interconnection with the grid; opportunities for standardized "fits"),
cannot be a cost-effective means of expanding a national power system.
However, the cost-competitiveness of this approach in the medium size-vange
has generally not been proved, not only in developing countries, but in
the United States as well. However, when significant economies of scale
can be achieved at high load factors——in a range generally above 300-1,000 kW--
the technology fares bettter economically. Again, it should be stressed
that there 1s a fundamental trade-off between cost, on one hand, and operation-
al reliability and efficisney on the other hand, in selecting the development
approach. However, plants that are constructed simply are also relatively
easy to operate, maintain, and replace. The same cannot be said for plants
based on more complicated technology in parts of the world where technological
infrastructure is not yet fully developed.
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Appendix A-1l. Approximate Provortion of Prosd

ect Capital Costs
for Conventional Development

MECHANICAL
TURBINE - ELECTRICA!

GENERATOR

55 %
39%
ENGINEERING
AND LEGAL
20% ACCESSORY
ELECTRICAL

INDIRECTS 30% EQUIPMENT 1%
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MISC. POWER
CONSTRUCTION 10%

PLANT EQUIPMENT 5%
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43 %
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GENERATOR

18 %
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INTEREST~- DURING MISC. POWER

CONSTRUCTION 10% PLANT EQUIPMENT 3%
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source: U.S. Army Corps of Zngineers (1979)
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Appendix A-2. Base-line Cost Curve for Conventional Small Hvdro Plants
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Apvendix A-4. Embankment Dam Costs

AN

1

b
M1k

4 w2 | Kge 0.60

NOTES: .

1. Date of costs is April 1979,

2. Total costs obtained by multiplying the cost per foot by the
dam crest length.

3. The cost mst be multiplied by the valley shape coefficients shown.
See also Pigure A-2.

4. The cost is based on a unit price of $10 per cubic yvacd for
embaniment £{11.

5. Costs include 20 percant for excavation, foundacion tZeataent,

drainage and other minor items,

source: Eiectric Peri Research Institute (1931)




Appendix A-5. Intake Costs

3
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SINGLE INTAKE
PER INTAKE

MULTIPLE INTAKE
PER INTAKE

COST (THOUSAND DOLLARS)

- - - - .. . ———— .~ @ 38— — — 1 1 & —

NOTES:

1. Date of costs is April 1979.

2. The estimartad cost includes excavaticn, concrete, rainforcing steel,
back£ill, trash rack, miscellanecus metal and embedded metal.

3. No cost is included for an intake gate. The gate cost can be
obtained from Figqure 4-5.

source: Electric Power Research lnstitute (1981)



Appendix A-6. Steel Penstock Costs for Conventional Low=-Head Plants
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Tt

NOTES:

1. Costs based upon minimum handling thickness and a maximum net head
of 63.5 % (ZOm)

2. If the penstock gradient is great or than 15°, add 1% of total cost
for each degres greater than 15°.

3. Costs include a steel penstock, supports, site ¢learing and
excavation.

4. The cost of valves and bifurcations and anchor blocks are not
included.

5. Cost base s July 19783.

source: U.S. Department of Interior (1980)



Apvvendix aA-~-7.

Concrete Penstock Costs for Conventional Low-Head Plants
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4. Cost base is July 1978.

source: U.S. Department of Interior (1980)



Apvendix A-8.

Diversion Dam--Field Cost of Canal Headworks,
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Apvendix A-9. Valve, Bifurcation and Gate Costs

COST (THOUSAND DOLLARS)
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NOTES:

1.
2.

3.
‘.
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Date of costs is April 1979,

The estimated cost of the fixed wheel gate includes a hoist, qate
frame, guides and installation.

The estimated cost of the slide gate includes an cperator, gate frame,
guides and insrallation.

The estimated cost of the butter?ly valve includes a hydraulic operator
and installation.

The bifurcation cost must Se added o *he cost of the equivalent length
of steel pensrock.

source: Electric Power Research Institute (1981)



Appendix A-10. Francis Turbine Costs
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NOTES:
1. Estimated costs are based upon a typical vertical Francis turbine
direct coupled to the generator.

2. Costs include a turbine, synchronous generator, inlet valve, non
speed regulating governor and instaliation.

3. Installation costs are estimated at 15% of the total 2quipment cost.

4. Add $60,000 for speed regulating gavernor,

5. Ffor horizontal mounting, deduct 7% of cost.

6. Cost base is July 1978.

source: Department of Interior (1980)



Apvendix A-ll. Closed Flume Turbine Costs
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. The estimated costs are based upon a typical horizontal turbine of
either the propeller type coupled to the generator through a speed
increaser.

Costs include a turbine with fixed blade runner and wicket gates,
synchronous generator, speed regulating governor, speed increaser,
steel spiral case and installation.

Installatica costs are estimated at 15% of the total equipment cost
or 840,000 minimum.

For vartical units, add 7% of cos:.

Cost base is July 1978,

source: Department of Intarior {1980)



Appendix a-12. Oven Flume Turbine Costs
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NOTES:

1. The estimated costs are based upon a typical vertical propeller
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and installation.

3. Cost base is July 1978.

source: Department of Interior (1980)
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Appendix A-1l3. Standard Tubular Turbine Costs
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The estimated costs are based upon a standardized tubular turbine,
coupled to the generator through a speed increaser.

Costs include a turbine with adjustable runner blades and fixed
gquide vanes, inlet buttertly valve. speed increaser. synchronous
generator. speed regulating governor and installation.
[nstallation costs are estimated at 15% of the total equipment
costs.

For fixed blade units. deduct 527,000.

Cost base is July 1973.

source: Department of Interior (1980)



Appvendix A-14. Crossflow Turbine Costs for Conventional Plants
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NOTES:
l. The estimated costs are based upon a typical crossflow turbine
coupled to the generator througn a speed increaser.

2. Costs include a turbine, synchronous generator, speed increaser,
inlet valve, non speed regulating governaor and installation.

3. For speed regulating governor, aad $60,00Q0.

&. Cost bace is July 1978.

source: Department of Interior (1980) ﬁ%,



Appendix A-15. Miscellaneous Power Plant Ecquipment Costs
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POWER PLANT CAPACITY, MW
NOTES:
I. The major miscellaneous power plant equipment is listed below:
a. Ventilation equipment )
b. Fire protection equipment
¢. Communication equipment
d. Turbine/generator bearing cooling water equipment
2. Communication equipment includes supervisory and radio facilities
for unattended remote contraol of unit; further cost figures should
be abtained Tor very remote locations or integration with complex
communicat ion networks.
I. All figures shown include 15 percent for freight and installation.
&. Cost base is July, 1978.
source: Department of Interior (1980) /
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 Appendix A-16. Station Electrical Equipment Costs = _
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TABLE A
MW COST
0.2-0.5 25,000
0.5 -1.5 35,000
1.5 -3.0 45,000
3.0-7.0| 60,000
7.0 -18.0 95,000
NOTES:
1. The equipment and systems for which costs are included are:
a. 0-C switchgear and batteries.
b. Station service transformer and switchgear.
Cc. Main control switchbaard.
d. Wire and cable systen.
e. Conduit system.
f. Grounding system.
g. Lighting system.
2. Costs include freight and installation.
3. Costs are shown for a single unit plant.
4. To determine costs for a plant with multiple units:
a. DOetermine cost from curve for plant capacity.
b.  Subtract cost from Table A for plant capacity. o
¢c. Add cost from Table A for unit capacity times number of units.
5. Cost basa is July 1978.
source: Department of Interior (1980)



Avpendix A-17. Switchvard Civil Costs
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Appendix C. Cost Summary for Small Hydro Projects in Developing Countries

A. Project Planning and Feasibilicy Assessment

l. Project Sita Salaction.
a. hydrologic investigations.
b. geologic and topographical invescigations.
€. environmental assessmenc.
d. socio-aconomic and financial studies.
4. socio-cultural and institutional studies.

2. Project Dasign.
. overall project dasign.
b. technical design of power stacion.

3. Adminiscracion and Management.
a. administracion.
b. management structura.
€. training.

8. Project Implemsntatcion and Construction

l. Diract Costs.
4. I1ivil works.
b. turbo~generatcing equipment.
C. control equipmenc.
d. station electrical equipment,
e, transmission and distribution.
£. unskilled labor.
g. construction management and technical assistancas.
i. transportation of material, equipment and workforce.

2. Qther Direct Caosts.
4. aAccass system.
b. construction equipment and tools.
€. conseruction paried intersst.
d. land, land and water righes.
e. contingencias.

3. Indirsct Costs.
4. rslocations.
b. subsidies.
¢. foreign currancy
d. environmental costs.
e. end-use requirements (forward linkages).
£. indigenous resource development requirements (backward

linkages).

C. Recurring Costs

l. Operation, Maintenancs, and Replacement.

2. Pinancing Charges.

Author's noca: A number of these iteme are relevant only in terms

Q econodmic analysis of a project, and may not appear in the
financial analysis; they aight even appear as benefits (e.g. subsidiaes)
in termas of the financial analysis. It is also rscognized that some
of thesa costs aight not Ya cansidersd as adding to the costs of a
project, bue would de coscs -hat nay de incurrsd vhecher zhe projece
is undextaken or not {a.g9. hydroloqic investigations, adminiscrative
coscsi. 3y the sama token, :this list may aot be fully comprehensive,
depending on cha cizcumstancas of a4 given situation. Purther, it should
be paintad out that some itama, such as end-use Iequirsmencs, aay only
apply for isolacted projects undertaken for a specific purpose.



Apvendix B.

Characterization Criteria for Matching Renewable

Engery Tecnnologies to Villaga-Level Needs

Renewable Energy

Criteria Onsic Needs Technalogics Unit of Mcusucc
l. Discrimination Criteria
Type of output Form of energy that can Form of energy produced Not applicable
satis(y demand
Temperature of Lavel of heat to perfoem Range of temperature of ‘c

cutput

Spatial dispersion

Scasonality

Iime of day

Duration

Sensitivity to
interruption

Usage by type of
person

ilistorical, social,
& religious
in{lluences

Teuditional energy
sources used

Environmental and
ecological factors

Cost

" basic human needs

required work enerygy system output

The number of locations per
village needed (or the
performance of the basic
need task

Capability to distribute the
energy output produced by
the technology

II. Site~3pecific Temparal & Cllinatic Crilerin

Time of year when tha energy
demand occurs

Time of year when the
resource produces useful
cnergy ourpiit

Time of day when energy is
required to perform the
basic need task

Time of day when the useful
energy is produced

Duration of time the tech-
nology provides useful
energy during the day

Duration of time per day
required to perfocm the
basic need task

Langth of time tha perfor-
mance of the task can be
haited

Variability of cutput of the
energy source

L Site~3peciflc Social/Cultural/Environmantal Criteria

Persons participating in
the basic need tasi
affected by changing the
ensrgy sourcs

Historical, social, and
reiigious requirements/
customs that a{fect how
basic needs are met

Persons likely to be involved
in operating the renew-
able energy technologies
and their various skills

Traditional patterns that
could creats resistance to
the use of the energy
technology and energy use

Sources of energy used to Traditional use of renewable
satis{y village require- energy sources
ments Traditional technologies
used to protect renawable
energy sources

Factors that in{luencs
energy system performancs,
durability, maintenance
requicements, ste.; also
{actors that are affected
by the instailation of an
eneryy system or the
reallocation of resources

Climatic and resourcs
conditions that Umit
local ability to satisfy
needs or that aiter
relative importance of

[V. Cost Considerations

Costs of the technology's
local spplication

The cost limits for new
energy technologies (given
the monetary, laboe, and
social costs of traditional
and conventional energy
used (or basic need
requirements and the finan-
cial resources available to
the village)

source: SERI, U.S. Department of Znergy (13980)

Number of sites per
village required

Growing season, non-
growing season, or
afl year long

Moening, daytime,
night, ar 24-hour day

Number of hours per day

Can be inter~ Variable

rupted or or not
cannot be variadie
{interrupted

By sex, age, and
clasy

Description of the
historical, social,
& religious customs
that sflact basic needs

Units consumed per capita
or per task (kilograms
of (lrewood, charcoal,
dungy, ate.)

Qualitativs descriptions

Costs given in Jdollurs
(and/or person daya) per
unit of work or per unit
of output; social cost
qualitativeiy described



