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EXECUTIVE SUMMARY
 

Accurate and current information that can be used to compare alter­

native renewable energy systems options for a defined set of needs
 

has been and remains a major problem for designers and managers of
 

foreign assistance projects. Part of the problem is due to scanty
 

field data and inadequate data processing, but there are also serious
 

methodological problems which must be understood and addressed if
 

practical analytic tools are t- be developed in the future that will
 

allow the integration of renewable eneray options into mainstream
 

economic development planning.
 

There are five major causes for the difficulties currently
 

being encountered in analyzing and comparing renewable energy
 

technologies. In the following report, each is examined in detail,
 

with particular emphasis being given to the key data collection
 

and analysis problems that result. Two sets of problems (the
 

screening process used to identify technology options and those due
 

to the newness of the technologies) are found to be transitory, in
 

that they will disappear over time as planning organizations, line
 

agencies and donor groups gain more experience and refine their
 

analytic techniques. The other sets of methodological problems will
 

cause enduring problems, which will not be solved until universally
 

accepted solutions are developed.
 

Problem #1: The Technology Option Screening Process
 

Most international donor and national planning agencies have
 

inadequate processes for the identification and selection of tech­

nologies, a problem accentuated in the case of renewable energy
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two major facets to the screening process p ablem,
systems. There are 


First, too few candidate technologies are normally initially identified
 

for consideration, with the examination restricted to one or possibly
 

Second, project designer.- do not
two technology/end-use pairings. 


normally carefully assess the goals of the project to determine the
 

degree of commercial market-readiness required of the renewable
 

energy system, in order to elii-Ainate those options which do not yet
 

have the necessary economic viability, commercial readiness and
 

proven durability.
 

Problem #2: The Newness of the Technologies
 

Decision-makers have found that the sample set of systems
 

actually monitored in the field for certain renewable energy
 

technologies is quite small. Time-series of data collected thus
 

far in the field is often short, particularly when compared with
 

the expected lifetime of the systems. There has been an undue
 

reliance on data developed under controlled, laboratory conditions
 

rather than in real-world installations. This is compounded by
 

the fact that the technologies themselves are in a state of
 

constant change as producers and scientists continue to test and
 

adapt systems. However, a large number of data-collection and
 

field-testing programs are underway worldwide. Over time, these
 

will lower the proportion of information derived from laboratory
 

tests of prototypes, increase the length of time-series data and
 

provide more concrete data on long-term problems of mcterials
 

durability, operation and maintenance.
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Problem #3: The Need for Accurate, Site-Specific Information on
 

Energy Demand Patterns, the Renewable Energy Resource Bases Available
 

and Competing Demands for Scarce Factor Inputs
 

Energy is used for the same end-use in differing quantities and
 

at varying times by different groups of consumers. In addition, the
 

output of most renewable energy systems varies widely from site to
 

site, due to the strength of the local resource base. Even at any
 

given site, individual systems undergo major, predictable fluctuation
 

in output on a daily and seasonal basis, due to changes in the
 

resource base. To design and size systems to economically meet the
 

pattern of local demand and to select among technological alter­

natives for agiven site, a great deal of specific information is
 

required. This site-specific data is not now available for many
 

developing country locations, or it is available for one type of
 

resource base but not another. It is expensive to collect, since
 

field observers are needed. Site-specific data takes time to
 

collect and analyze, which can greatly slow the project development
 

and technology selection process.
 

The Fundamental Differences in the Characteristics
Problem #4: 

Governing System Design and Economic Viability within the Set of
 
Renewable Energy Technologies
 

Many renewable energy systems share few common performance
 

characteristics, which contributes to the analytic difficulty
 

facing decision-makers when considering technological alternatives
 

for a given end-use application. Moreover, different types of
 

renewable energy systems require alternative analytic techniques
 

to judge current and future economic viability. These energy
 

of initial capital investment
s~stems vary drastically in the ratio 
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to operating expenses, in their need for routine maintenance, in
 

the importance of feedstock collection and storage, in the need
 

for skilled operators, in the criticality of system sizing versus
 

energy demand and in anticipated system lifespans. Part of the
 

tjolut~.on is to systematically group technologies according to
 

their shared characteristics. Three categories are suggested:
 

technologies constrained by capital costs, technologies constrained
 

by feedstock availability and cost, and technologies constrained
 

by the quality of the resource base.
 

Problem #5: Problems Inherent in the Nature of Technology Comparison
 

The use of standard techniques for the analysis of economic
 

viability and technical feasibility of alternative technologies always
 

carries with it problems of bias. The assumption used for interest
 

rates, discount rates, future prices of factor inputs and technology
 

outputs, as well as the values assigned to employment generation and
 

secondary benefits,will normally favor one or more of the candidate
 

technologies. This is not a major problem if the technologies are
 

relatively similar in their capital and operating costs, as well as
 

their expected lifetimes. With renewable energy systems, however,
 

since the capital costs can vary greatly and since lifetime can vary
 

from a few months to more than twenty years, initial assumptions may
 

take on added importance. Moreover, because of the newness of the
 

technologies, it is often difficult to perform standard sensitivity
 

analysis on the values of the assumptions initially chosen. In
 

addition, because of the intermittent nature of the energy output of
 

most renewable energy systems, different requirements for system
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reliability may drastically alter the cost and complexity of
 

certain technologies but not others, changing the comparative
 

cost-benefit calculations.
 

To illustrate the five methodological problems and to
 

demonstrate the technology classification techniques developed,
 

renewable energy technologies for water pumping are examined in
 

the second section of this paper. A hypothetical screening of
 

technology options is done, leaving five candidate technologies
 

for public sector projects (wind fanmills, wind electric turbines,
 

PV arrays, biomass gasifiers and hydraulic rams) but only three
 

(wind fanmills, wind electric turbines and biomass gasifiers) for
 

private investments. Data assessment problems due to the newness
 

of the technologies is discussed next, as well as ongoing system
 

development and the problems it creates for data collection and
 

analysis. The site-specific data needs for the five candidate
 

technologies are briefly explained and compared. Lastly, the
 

problems of the assumptions used for a particular site comparison
 

are discussed for the five candidate water-pumping technologies,
 

and the implication of these assumptions for the final technclogy
 

selection are explained.
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INTRODUCTION
 

Since the onset of rapid price increases for crude oil and
 

petroleum products in 1973, a great deal of attention and funding
 

has been devoted to the development and testing of small-scale
 

decentralized energy technolz;ies for developing world applications.
 

Major initiatives have been launched by developing countries and
 

donor agencies alike, seeking both to reduce the importation of
 

expensive fossil fuels and to provide the additional energy so
 

desperately needed for the acceleration of economic and social
 

development. Much of the effort has been directed toward renewable
 

energy systems.* Thousands of units have been installed in the
 

developing world, ranging from low-cost sand and mud stoves to
 

highly complex, two axis tracking, concentrating photovoltaic
 

arrays. While there is no definitive calculatin of the total
 

cost of ongoing renewable energy development, testing, and dissemi­

nation programs in the Third World, it is now measured in the hun­

dreds of millions of dollars on an annual basis.
 

Despite the past decade of testing and demonstration, donor
 

agencies and developing countries find themselves today with little
 

solid information on which to base investment decisions and with
 

which to map technology dissemination strategies for renewable
 

*The term "renewable energy source" will be used here to include
 
all non-fossil fuels with the exception of nuclear power and large­
scale hydroelectric power generation. These non-fossil fuels
 
include all devices that convert organic matter to heat, gas, or
 
electricity; small-scale hydroelectric generators, wind energy
 
coaversion systems; solar electric systems; and solar flat-plate
 
and concentrating collectors.
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energy technologies. Information on technology performance, dura­

bility, cost, and social acceptability is often anecdotal and site­

specific. Information on the choice of implementation techniques
 

and the performance of management institutions is even more meager,
 

if available at all.
 

There aLe four major facets to the current information "dilemma."
 

First, useful data is not being collected in the field, or it is
 

being collected in a haphazard, non-systematic fashion. Second,
 

the raw data that is being collected is not being processed, analyzed
 

and distilled into non-technical information so that lessons can be
 

derived and policy decisions informed by the lessons. Third,
 

processed information is not being exchanged among project managers
 

and technology specialists outlining the practical lessons learned
 

from field installations. Last, simplified methodologies to facilitate
 

comparison among technological alternatives for the same end-use and
 

to guide technology selection are still lacking.
 

In the past three years, the first three of these problems have
 

been recognized and are now being addressed with varying degrees of
 

success. Field teams are now collectinq baseline energy consumption
 

information, as well as performing high-quality monitoring of in­

stalled system performance. More important, there are now
 

initial efforts to process existing field data and observations
 

into information relevant for non-technically trained national
 

planners and donor aqency decision makers.* Major inter­

*An excellent example is the assessment recently undertaken
 

by the Africa Bureau of the U.S. Agency for International Develop­
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national meetings have been held, culminating in the 1981 United
 

Nations Nairobi Conference on New and Renewable Sources of Energy
 

and follow-up meetings among the major donor nations.
 

Practical workshops have been held to allow developed world and
 

Third World technology designers and field practitioners to share
 

with one another construction, operation, and maintenance techniques.
 

Embryonic information networks are now slowly evolving in individual
 

fuelwood and charcoal stoves, biomass
technologies, such as 


gasifiers, and anaerobic digesters, encouraged 
by seed funding
 

from AID and other major donors.
 

As the amount of practical field experience with renewable
 

energy systems has grown, and as international information exchange
 

networks of experienced technologists and practitioners have begun
 

to form, the fourth problem--the lack of international recognized
 

methodologies for technology comparison--has assumed greater
 

importance. National governments and donor ac-ncies have found
 

great difficulty in integrating renewable energy systems into their
 

existing project development procedures. There are few practical
 

tools that allow a project designer to draw upon the body of
 

existing data to compare different renewable energy strategies
 

for meeting a defined set of development needs. The problem is
 

Teams of AID and contractor project managers and technolo­ment. 

gists visited seven African countries to examine the field perfor­

mance of installed renewable energy systems and to attempt to
 

gather existing data on system performance, durability, reliability,
 

cost-effectiveness, and relevance to national energy consumption
 

patterns in orler to help guide future AID deliberations on energy
 

project funding priorities in the African continent. See Ward,
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not necessarily a lack of data, but rather the lack of an
 

intellectual structure within which data can be collected and
 

purpose of the project, the available
sorted according to: the 


resource base, and the nature of the end-use applications. In
 

the following short paper, I will outline some of the methodological
 

problems confronted when gathering data for a comparison of renewable
 

energy alternatives for a particular development project. Part
 

One will identify the five types of analytic difficulties encountered
 

in the process of selecting renewable energy technologies and briefly
 

outline both the key data problems and the accompanying data analysis
 

difficulties. Part Two will be a case study of these five sets
 

of analytic problems during the selection of a renewable energy
 

system to pump irrigation water. Part Three will briefly outline
 

the next steps that need to be undertaken to resolve the data analysis
 

problems retarding the technology selection process.
 

An

1shworth, Burrill, "Renewable Energy Technologies in Africa: 


A:;sessment of Field Experience and Future Directions," Agency for
 

International Development, 1983.
 

ix
 



PART ONE:
 

NATURE OF THE TECHNOLOGY COMPARISON PROBLEMS: THE ISSUES
 

Gathering data on installed renewable energy technologies
 

(RETs) is a frustrating experience, particularly when the objective
 

is to locate technological options for a project under design.
 

There appear to be a dozen or more inter-connected problems with
 

any effort to compare systems, determine their cost-effectiveness,
 

reliability, durability, environmental impacts, and site
 

compatibility. Yet close examination will show that there are
 

a series of discrete analytic problems which are only tangentially
 

least five sets of causes of difficulties
connected. There are at 


encountered in analyzing and comparing renewable energy technologies,
 

some of which are due to outside factors, such as the nature of
 

technology comparison itself. For our purposes here, these sets
 

of causes will be collected under five general headings:
 

Problem # 1. The screening process used to identify 

technology options. 

Problem # 2. The newness of the technologies. 

Problem # 3. The site-dependency of renewable 
energy technology system performance. 

Problem # 4. The differences in technical characteristics 
within the set of technologies labeled 
renewable energy systems. 

Problem # 5. The problems inherent in any comparison 
among technological alternatives. 
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Each of these sets of analytic problems 
will be briefly
 

Most of the attention will
 outlined in the sections that follow. 


be 	focused on problems three, four and five, 
since these will be
 

enduring analytic difficulties which will not be solved 
until
 

Problems
 
some universally accepted common solutions are 

developed. 


one and two are, to a certain extent, tra:&sitory. 
They will
 

disappear over time as planning organizations, 
line agencies, and
 

their analytic techniques and as field data
 donor groups refine 


continues to be collected. Nevertheless, faulty technology screening
 

and the newness of the technologies are causing 
major problems
 

Therefore, each
 
for technology selection and comparison today. 


will be discussed below, along with suggestions 
on how to lessen
 

their impact.
 

The Screening Process Used to Identify 
Technology Options.


A. 


Key Data Problems:
 

e 	no reliable information set on all the 
sizes, configu­

rations and performance characteristics cf 
the full array
 

of technologies available world-wide to meet 
the end-use
 

need;
 

* 	no clear indication in the data that 
is available on the
 

level of development and commercial readiness 
of the
 

different candidate technologies.
 

Key Jata Analysis Problems:
 

no effort to scan the universe of technological 
options
 

e 

to find all the candidate technologies that 

have the
 

energy output characteristics required by 
the proposed
 

end-use application;
 

no 	effort to screen the range of candidate 
technologies


* 

and to immediately eliminate those that do not meet the
 

level of commercial readiness required by 
the project.
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a vacuum.
Renewable energy systems cannot be compared in 


The weighing of alternative technical options makes sense only
 

in the context of:
 

* 	project purpose;
 

e 	well-defined sets of project-level human, financial and
 

institutional resources;
 

* 	a given or desired energy usage pattern;
 

e 	defined and measured site conditions and local renewable
 
energy resources; and
 

* 	a larger political and social context procedure of
 

selection.
 

While the technical options to be considered are unique to
 

each organization, there are two generic problems that affect
 

many such processes: too few candidate technologies are identi­

fied, and too many of those initially located are kept in consi­

deration. While this may sound paradoxical, it is a direct
 

result of the troubled state of technology screening for many
 

Many project designers or
international development projects. 


program managers examine only one, or perhaps two, different
 

technologies for a given end-use rather than the whole range of
 

Often
systems available to produce the required form of energy. 


a single technology/end-use pairing--photovoltaics for water
 

pumping or anaerobic digesters for cooking--are considered,and
 

then either accepted or rejected. What is needed is a full
 

-isting of technologies or combinations of technologies that are
 

candidates for consideration. No candidate technologies should
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be dismissed at the outset, unless the proposed system is incapable
 

of producing the required form of energy either directly or through
 

a conversion process.
 

The process of matching renewable energy systems to given
 

sets of natural resources and to the pattern of local energy needs
 

a number of project planning documents.*
has been outlined in 


The key characterization criteria for both the need and the
 

But, prior to
technologies have been identified and explored. 


beginning this process, project designers and planners must determine
 

Some projects
as precisely as possible the purpose of the project. 


will encompass the full array of prototype and experimental systems,
 

while others will force the designers to rejcct all systems except
 

those that are commercially ready and currently cost-effective.
 

As illustrations, I have listed below five different types of project
 

purposes that could be announced for any given end-use application
 

(let us say pumping, since we will later examine this energy use
 

As we move down the set of program objectives, the
in detail). 


number of renewable energy technologies that remain within the set
 

of candidates decreases du. to the increasing need for commercial
 

readiness, proven durability, and economic viability.
 

* See Ashworth and Neuendorffer, "Escaping the Rural Energy
 

Dilemma: 	 A Process for Matching Technologies to Local Needs
 
# 4, (1982), pp. 305-318.
and Resources," World Development 10, 
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Project Purpose:
 

the creation of a
* 	Institution-building and training: 

pumping prototype development and testing laboratory.
 

" 	Field-testing of prototypes: the collection of data
 

on system outputs, required operation and maintenance,
 
durability, reliability, etc.
 

* 	Provision of governmental social services*: installation
 

of village potable water pumping units.
 

" 	Purchase of system for commercial (income-generation)
 
purposes*: investments by commercial farmers or co­

operatives in irrigation systems for increased cash
 
crop 	yields.
 

e 	Consumer durable investment*: purchase by individual
 
farmers or families for personal use.
 

As 	we move down this set of purposes, the project designer or field
 

implementation manager must impose more and more strict restrictions
 

on the candidate technologies, so that fewer reach the stage of
 

being even considered as options to be matched with the resource
 

base and the pattern of end-use needs. This winnowing process
 

is 	graphically depicted below in Figure 1.
 

B. 	 The Newness of the Technologies
 

Key Data Problems:
 

" small sample of monitored systems installed in the field;
 

" small amount of time-series data on field performance;
 

• 	inadequate time line to judge system and component
 
durability;
 

" 	heavy reliance on laboratory rather than field tests.
 

These three terms are adapted from the excellent paper by Asif
 
Shaikh, "A Framework for Evaluating the Economics of Renewable
 
Energy Technologies," (Washington, D. C.: Energy Development
 
International, n.d.), pp. 6-7.
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Figure 1 
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Key Data Analysis Problems:
 

" lack of standardized procedures for testing and collecting 
data for end-uses or particular technologies; 

" changes in system's physical design and operation 
procedures during the data collection process; 

" mixture of data on laboratory prototypes, field-tested 
units and commercial units. 

The data availability problems noted above must be considere
 

transient. Given the current number of active programs of field
 

monitoring, coupled with the increasing use of low-cost data
 

acquisition systems, the sample set can be expected to grow
 

As more systems are installed
exponentially over the next five years. 


and monitored in the field, the importance of laboratory prototypes
 

and of non-field testing will diminish. Monitored performance
 

systems with ten or more years of operation will become available
 

(providing that sponsoring agencies continue to provide financing
 

for minimal data acquisition). Such problems have been overcome
 

previously for a whole variety of technologies, ranging from electric
 

refrigeration to jet engines, and renewable energy technologies
 

should be no different.
 

The analysis problems for technical data that can be traced
 

to the short life of the renewable energy system testing and
 

demonstration programs will take longer to solve, but many are
 

already being addressed. Standardized testing procedures for
 

solar flat-plate collectors, photovoltaic arrays, wind turbines
 

and other mass-produced renewable energy systems have already
 

been introduced in the industrialized nations, often with the
 I , 

act ve cooperation of producer firms. Stailardized mionitoring
 



Minimal
 programs have been developed for passive solar designs. 


performance standards and/or warranties have been written into
 

contracts by major system purchasers, and have been adopted by
 

other purchasers as useful benchmarks for judging competing systems.
 

For example, the World Health Organization performance criteria
 

f. photovoltaic-powered vaccine refrigeration units have now
 

been adopted by other donors for systems they finance or purchase..
 

Even some of the site-built technologies are developing uniform
 

testing procedures, to ease the comparison of systems developed
 

An international group of low-cost
thousands of miles apart. 


fuelwood stove experts hammered out in December 1982 a preliminary
 

set of guidelines for the monitoring of cook-stove performance.
 

Similar programs are under discussion for anaerobic digesters,
 

and uniform testing procedures can be expected in the future for
 

other low-cost units. While the evolution of such testing programs
 

will take time, it seems certain they will occur.
 

The problem of short product cycle and constant changes in
 

prototypes is a function of the ferment in many of the renewable
 

energy industries. A photovoltaic array may undergo two or more 

major annu Jcrdunti ' hanges in'0te coir'.'f a year, each 

bne alteri 4ts output '.characteristicsand possibly its long­

e 

term durabity ohd reiaility, -* of 'the"e.changes may be
 

4eall di ton 4s.,a positive
steps backward,but hopefully the 


one as the industry makes its way toward product mix.
 

_ncreased durability and cost effectivenbss are two of the major
 

reasons for model changes. 1983 units are. normally more reliable
 

than units designed five years earlier. So, while there may have
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or 12 system designs in the interim, 
data gathered on
 

been 10 


a 1978 installation should be useful 
in forming a purchase decision
 

on a 1983 model. Standardization of design is expected 
as each
 

Operating
 
of 	the industries evolve and leading 

firms emerge. 


procedures will also become more 
uniform as training facilities
 

and technologies mature, and development 
organizations
 

e -developed 


.Iin experience with individual systems.
 

C. The Site-Dependency of Renewable 
Energy System Performance
 

Key Data Problems:
 

lack of data on current energy consumption 
patterns at
 

* 

the proposed installation site(s);
 

the amounts and patterns of energy 
required


* 	lack of data on 

for particular end-uses;
 

for proposed factor
 
little or no data on competing uses
" 

inputs to the energy technologies 

(agricultural residues,
 

water, labor, dung, fuelwood, etc.);
 

resource availability

" 	no time-series data on local renewable 


Existing data collection networks 
often
 

at 	proposed site. 

(airports, military bases, universities),
located at sites 


selected for other reasons;
 

(up to a year)

long lead time for gathering site 

data

" 


after monitoring equipment is installed;
 

little information on institutional 
capability at site
 

" 

to operate and maintain alternative 

technologies; and
 

little data on local availability of 
spare parts and
 

* 

repair facilities.
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Key Data Analysis Problems:
 

e 	the performance characteristics of many candidate tech­
nologies are highly dependent on the daily and seasonal
 
fluctuations of the resource base, so without site resource
 
data, system design and sizing become difficult;
 

* 	the pre-existing resource data often was collected for
 
another purpose (weather forecasting, for example) and
 
requires extensive interpretation to be used for energy
 
analysis;
 

* 	the economic feasibility of individual technologies (such
 
as wind turbines, small-scale hydroelectric turbinies, etc.)
 
is often directly coupled to the local resource regime at
 
the proposed installation site.
 

The site-dependent nature of most renewable energy technologies
 

causes a series of analytic problems if a planner or project designer
 

is 	considering a number of different candidate technologies for
 

a single site.*
 

* This is equally true in the more specialized case if an analyst 
is trying to gather comprehensive information on the performance 
characteristics of a single technology installed at a number of 
different sites. Here, the difficulty is normalizing the information 
that has already been collected at the different sites to a common 
format, controlling for as many extraneous variables as possible, 
and then examining how the variations in each independent variable 
affects key technology performance characteristics. For example, 
for the same normalized tower height and pumping head, how does 
the output of a wind fanmill pumper vary with changes in the wind 
velocity? This normalization process can be formidable. Data 
are collected at many sites in a haphazard fashion (or not at all). 
Even when detailed data collection has been carried out, the use 
of different averaging and data aggregation techniques, the common 
ommision of key variables, and the lack of supervision of local 
data collectors make data validation and comparison difficult. 
The problem is most severe when different organizations are 
operating the same system at the various sites. Some organizations, 
including AID, are attempting to manage this problem by developing 
standardized data collection manuals, which will be distributed to 
all field units and will contain minimal data collection needs,
 
suggested formats, etc.
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The first problem is that local resource data (if it exists at all)
 

is normally unevenly distributed across the technologies. For
 

example, there may be a good inventory of the local biomass resources,
 

due to the activities of a local forestry extension agent, but no
 

data whatsoever on wind, solar, and local streamflow characteristics.
 

TY -athering of additional data may require the use of scarce
 

sl lled manpower and may delay the initiation of the project, so
 

the assessment may proceed with inadequate information on several
 

technological options.
 

Second, there may be competing demands for many of the required
 

inputs to some of the technological candidates. Woody biomass
 

being considered for fuel may already be used extensively for other
 

(basketry,
basic needs: Lhe creation of shelter, local crafts 


carving, etc.) or major cash export crops (lumber, resins, nuts
 

and fruits). Similarly, agricultural residues for gasifiers and
 

anaerobic digesters may traditionally be allocated as soil condi­

tioners, building materials, cooking fuels, and animal feed.
 

Diverting flowing water to a hydroelectric project may adversely
 

affect downstream users, who have traditionally relied on this
 

stream for irrigation and drinking water. Information on competing
 

uses for resources cannot be gathered from a distance, but only
 

through careful site analyses and discussions with local citizens.
 

Third, it is crucial to analyze the daily and seasonal
 

fluctuations in the local resource bases against the pattern of
 

It is only with such data that the system designer
local demand. 


can determine the size of the system, the storage requirements, and
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any required transformation of the energy into other forms for
 

transportation or transmission (i.e., shaft power into electricity).
 

Only after all of these design decisions have been made can a
 

determination be made of the economic feasibility of each technology.
 

D. 	 The Difference in Characteristics within tl.e Set of
 
Renewable Energy Tecihnologies.
 

Renewable energy technologies are not a monolithic whole.
 

A number of them share virtually no common characteristics, except
 

perhaps for their freedom from fossil fuel usage. This makes the
 

development of a single technique for comparing these technologies
 

extremely difficult (particularly in the absence of good historical
 

data on output and life-cycle costs), even if they are all being
 

used for a single end-use application. Again, let us take the
 

case of small-scale irrigation pumping. Small-scale renewable
 

technologies that have been used to pump water include wind
 

fanmilis, photovoltaic arrays, anaerobic digesters, fiat-plate
 

solar thermal arrays, and biomass gasifiers. While they are all
 

powered by renewable energy sources, they share little in the
 

way of common features. A biomass aasifier is closer to a small­

scale diesel (in terms of operating vs. capital costs, operatinq
 

procedures, feedstock considerations, requirements for operator
 

presence, etc.) than it is to a wind turbine or photovoltaic
 

array. Different sets of these technologies require different
 

backgrounds from their operators and maintenance staff: plumbers
 

in one case, electricians in another, and small-scale internal
 

combustion engines in two of the others. These differences
 

must 	be accounted for before a universal methodology can be
 

1-12
 



developed for the comparison of these technologies and other
 

small-scale energy systems.*
 

The problem, then, appears to have two parts. The first is
 

the sorting and classification of small-scale energy technologies
 

acccrding tc their outstanding characteristics. This will allow
 

fc the ready comparison of similar systems, and provide a focus
 

fur systematic thinking about the technologl selection and
 

comparison process. This classification process is being explored
 

elsewhere, and is not central to this discussion. It will be
 

sufficient to note that renewable energy technologies are easily
 

divided into three sets--those constrained by initial capital cost,
 

those constrained by feedstock cost and availability, and those
 

constrained by the quality of the local resource base.** The
 

second part of the problem will be to develop the methodo.ogical
 

tools for comparing with each of these groupings, among the three
 

renewable energy technology sets, and among the renewable energy
 

same
options and conventional energy sources for powering the 


This will be the subject of a subsequent
end-use applications. 


methodological study.
 

* This may include some fossil fuel systems as well, such as
 

small-scale diesel and gasoline engines.
 

** See John H. Ashworth, "Classifying Energy Technologies and Energy
 

Supply Strategies," Associates in Rural Development, Inc. Occasional
 

Paper #2, September 1983.
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Problems Inherent in the Nature of Technology Comparison.
E. 


Key Data Problems:
 

* 	projected lifetime of system;
 

* 	future costs of factor inputs and feedstocks;
 

e 	future capital costs of second-generation models of current
 
systems;
 

o 	efficiency and operating costs of systems to be purchased
 
in the future.
 

Key Data Analysis Problems:
 

o 	projection of future stream of costs and benefits;
 

* 	the discount rate used for depreciating benefit/cost streams;
 

o 	the importance of system reliability;
 

o 	the need for backup systems or storage;
 

o 	sensitivity of individual technologies to fue'l/feedstock
 
interruptions;
 

o 	sensitivity of the analysis to changes in the underlying
 
assumptions.
 

The evaluation of technological alternatives to satisfy a
 

particular end-use need is a well-established discipline.
 

Analysts in developing country governments and donor agencies
 

constantly examine the technical feasibility and economic
 

viability of proposed technical solutions for a previously
 

defined problem. The tools employed range from simple financial
 

analysis to highly sophisticated technology assessments of
 

the secondary and unintended impacts of a technology introduction.
 

Inherent in any comparison process is the notion that certain
 

standardized assumptions will be used for all candidates.
 

Future prices of input factors and of the output of the techno­
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Future costs and benefits will probably
logies must be assigned. 


first year. Values will
 
be discounted relative to those in the 


have to be placed on secondary benefits 
that are not bouqht and
 

sold in the marketplace (an increased sense of comm_.nity, decreased
 

childhood mortality, etc.).
 

These assumptions will normally favor one 
or more of the
 

This is not a major problem if the
 c ndidate technologies. 


technologies are relatively similar in 
their capital and operating
 

costs, as well as their expected lifetime. 
For example, a change
 

in the rate of discounting of future 
benefits and costs from 20
 

percent to 15 percent per year will 
not drastically alter the
 

economic calculation in favor of a system 
that lasts ten years
 

over a unit similarly priced requiring 
replacement in eight years.
 

However, if the technological options 
have very different character­

istics, then initial assumptions may 
drive the technology selection
 

This is a problem for all technologies, 
not just renewable
 

process. 


energy systems, but it is important 
that the analyst acknowledges
 

Take two
 
this difficulty when examining renewable 

energy options. 


powered by photo­
examples of small-scale irrigation 

systems, on 


The assumption of low-interest
 
voltaics and one by a biomass gasifier. 


a low discount rate, and/or a substantial 
rate of increase
 

rates, 


for the price of biomass fuels would 
favor the PV system, since
 

a very large capital expenditure 
in year zero and low
 

it has 


operation and maintenance requirements. 
The assumption of high
 

costs of capital and free biomass 
feedstocks from lumbering
 

wastes would drastically alter the 
calculation in favor of the
 

biomass gasifier system.
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As noted before, the problem of sensitivity of assessment
 

outcomes to initial assumption is inherent in the nature of
 

feasibility studies and in the comparison of technological
 

alternatives for a given site. In most cases, the decision­

maker can be assisted in his interpretation of the results by
 

systematically varying key parameters using a sensitivity analysis.
 

The role of the different variations in the discount rate, for
 

example, or fuel price assumptions can normally be pinpointed
 

by the analyst to aid in the assessment process. This sensitivity
 

analysis, however, assumes that a number of basic parameters
 

are known and fixed. If, due to the newness of the technology
 

or constant changes in the proposed system desiqn, parameters
 

such as the project lifespan of technological alternatives or
 

the energy output for a given resource input cannot be stated
 

with certainty, then a rigorous sensitivity analysis becomes
 

much more difficult to perform. Also, when the technological
 

alternatives vary widely in a whole range of factors, each with
 

some imprecision assiqned to it, then the possibility of 
cumu­

lative errors in the technical feasibility or cost-benefit analysis
 

become more likely. This problem will be seen in the case study
 

in Part Three.
 

With renewable energy technologies, defining the system
 

performance requirements may also have a dramatic effect on
 

system cost and complexity of certain systems but not others.
 

For example, requiring four days of energy storage would
 

drastically increase the price, bulk and fragility of a photo­
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I 

voltaic refrigerator, while it would just mean a larger fuel storage
 

area for a biomass gasifier. Requiring high levels of system
 

reliability may necessitate the addition of back-up units and
 

storage systems. It is important that these technologies, because
 

of their new and untried nature, not be required to provide higher
 

als of reliability than their conventional counterparts. If,
 

fir example, the electrical grid reliability in a rural area is
 

only 75 percent, is it reasonable to insist that electricity from
 

a small-scale hydroelectric facility have a 99 percent availability?
 

Indeed, it has been argued that decentralized renewable energy systems,
 

because they are smaller, less complex, easier to repair, and using
 

lower levels of account­indigenous resources, should be held to 


ability. Disruptions are less serious than in centralized systems,
 

and can be locally repaired.
 

The five sets of problems just analyzed are central to the
 

development of uniform data and data collection techniques. However,
 

they may be difficult to grasp in the abstract. In Part Two which
 

follows, therefore, they are presented in the context of a single
 

end-use. Part Three summarizes the analysis and discusses new
 

data collection that is needed.
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PART TWO:
 

THE CASE OF COMPARING RENEWABLE ENERGY TECHNOLOGIES
 

FOR WATER PUMPING
 

Pumping of water for small-scale irrigation, the provision
 

wi potable water, and the watering of livestock appears to be
 

one of the major near-term applications of renewable energy.
 

systems in the developing world. The high cost of diesel fuel,
 

the frequency of required repairs, and the growing unwillingness of
 

many nations to subsidize diesel's price due to foreign exchange
 

problems, have led to a desire to displace small diesel units with
 

systems with lower operating costs and higher reliability. The
 

slowing pace of rural electrification has also increasingly led
 

Third World planners to look to small, decentralized renewable
 

sources to power rural water supply programs. since the mid-1970's,
 

hundreds of renewable energy-powered pumping systems have been
 

installed throughout the developing world, either to test the
 

feasibility of certain designs or to begin the process of tech­

nology dissemination. A whole variety of energy technologies
 

have been used to run pumps, including: wind fanmills, photo­

voltaic arrays, flat-plate solar thermal arrays, biomass gasifiers,
 

and anaerobic digester-. A wide range of sites and applications
 

have been attempted, ranging from small-diameter potable water
 

tubewells with 100 meter heads in sub-Saharan Africa to the high
 

volume pumping in central Java of water from irrigation canals into
 

surrounding fields. Given this range of technologies, site conditions,
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and end-use applications, water pumping will serve as a good case
 

for demonstrating the problems and classification procedures laid
 

out in Parts One and Two of this paper.
 

A. 	 Examining the Causes of Problems in the Comparison of Water-

Pumping Technologies.
 

1. 	Scrcening for Technology Options.
 

As noted in section 1.1, most organizations only look
 

at one or, at most, two technology options when they are consi­

dering the installation of a renewable energy-powered pumping
 

system. It may be that the organization had success with a
 

system in a previous project, or has received glowing reports
 

from a counterpart agency in another country. The technology
 

choice may be due to the sales effort of a commercial distributor
 

or to the demonstration effect of a prototype unit built by a
 

local university agricultural engineering school. Whatever the
 

reason, the candidate unit is often proposed as the single
 

option for installation, and then either rejected or accepted.
 

Our contention here is that the full range of technological
 

candidates should at least be considered. These include:
 

e wind fanmills;
 

e wind electric turbines;
 

e photovoltaic arrays;
 

e solar thermal flat-plate systems driving Rankine cycle
 
engines;
 

e concentrating solar thermal collectors powering low­
pressure turbines;
 

e anaerobic digesters powering modified diesel or gas engines;
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e biomass gasifiers driving modified diesel or gas engines;
 

e hydraulic rams;
 

o small-scale steam engines; and
 

* sterling cycle engines.
 

While it is important to initially include the range of
 

e ailable technologies, it is equally important that all the
 

candidates be subjected to certain policy-level filters before
 

being admitted into the comparison process. For most of the
 

organizations seeking.to select among candidate technologies for
 

water pumping, the minimal set of goals would be the provision
 

of water as a social service. A second possibility might be
 

the encouragement of the purchase of the system for income
 

generation by cooperatives and large farms. The project goals
 

help determine the required level of commercial readiness and
 

field-demonstrated durability. The first program goal would
 

screen out most laboratory proto-types or university demonstration
 

models, since they do not have the proven field reliability or
 

the demonstrated physical output performance required for such
 

installations. The second set of goals, purchase for income
 

generation, would also impose stringent financial performance
 

requirements, since private groups would demand a relatively short
 

payback period in order to make the capital investment and operating
 

expense commitments. While the technologies eliminated from the
 

list for comparison for governmental social service pumping might
 

vary from place to place, in general the following would be
 

dropped for a lack of proven reliability: solar thermal flat-plate
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and concentrating systems, anaerobic digesters, small-scale steam
 

engines and sterling engines. The addition of the criteria of
 

private-sector economic viability would also eliminate photo­

voltaic arrays and hydraulic rams, except for some highly
 

specialized applications. Whatever the goals, systems should 

c ,iy be compared with units at the same level of developmens: 

laboratory prototypes should not be mixed with commercial systems,
 

for example.
 

Thus, prior to beginning the comparison process, the number
 

of candidate pumping technologies has been reduced from ten to
 

five or three, depending on the program goals. For discussion
 

purposes, we will include the larger set: wind fanmills, wind
 

electric turbines, photovoltaic arrays, biomass gasifiers, and
 

hydraulic rams.
 

2. 	The Newness of the Technologies.
 

All the technologies being discussed, with the exception
 

of hydraulic rams, are being sold commercially today for water
 

pumping applications. However, only traditional wind fanmills
 

have a long record of proven field reliability. Manu­

factured units of the Jacobs or Southern Cross varieties have
 

been mass-produced since the early 1920 s, and other wind pumping
 

designs have low-maintenance records that extend more than 20
 

years. This is not true for the other technologies. Other than
 

in the Philippines, where initial GEMCOR* production models have
 

* GEMCOR is the Gasifier & Equipment Manufacturing Corporation, 

a government-owned firm set up in 1980 to design, manufacture
 
and install gasifiers. It had a production run of 1,000 units
 
in 1962, and anticipates selling 2,000 systems in 1983.
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logged several thousand hours of field trials without problem,
 

biomass gasifiers have not received worldwide field testing.
 

There have been enough monitored PV and wind electric installations
 

over the period 1978-1981 that considerable site-level data is
 

ncw available for particular types of installations, although
 

it Ioes not yet give us definitive answers on the life-time
 

of the system components. The problem of minimal time series
 

data on system durability can, to a certain extent, be overcome
 

by performance guarantees and repair warranties provided by
 

the vendor/installer.
 

The problem for irrigation systems is that there is no
 

universally agreed upon data reporting procedure, no common set
 

of external conditions under which all units are tested or to
 

which all test results will be converted. To facilitate comparison,
 

only the resource input should be allowed to vary, in the reporting
 

of results, while the other factors are reported as standards.
 

For example, a team of pump experts might specify three different
 

static heads (one shallow, one moderate and one deep) and two
 

different common pipe diameters. Then all manufacturers, experi­

menters or field observers would provide their performance data
 

in liters per second for these six conditions as the resource
 

base fluctuates. This would provide six different water-output
 

versus resource-base graphs (one for each combination of specified
 

head and pipe diameter) which could then be compared to other
 

t-!chnologies or other models. The problem is that few field
 

installations are exactly at the chosen standardized heads (for
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example, five meters, 20 meters and 60 meters), so converting
 

to the standardized dimensions may impose a data manipulation
 

task on the field data collector. Also, more seriously, pumping
 

heads will tend to fluctuate over the course of the year in
 

many locations as the water table is depleted in the hot season
 

z,.d then replenished by the annual rains. However, using standard­

ized conditions would be of enormous assistance to individuals
 

comparing manufactured systems or to any independent testing
 

facility setting out to compare alternative pumping units.
 

Lastly, it should be noted that constant system evolution,
 

as manufacturers and researchers seek to eliminate problems
 

found in the field, may be the biggest obstacle to the uniform
 

comparison of renewable energy systems for the foreseeable future.
 

Information collected on Pompe Guinard or Arco Solar PV pumping
 

installations placed in Upper Volta in 1978 may be of only
 

limited assistance to someone seeking to purchase systems in
 

1983, since the PV arrays, the control modules, and even the pumps
 

of both systems have undergone modifications in the intervening
 

five years. This product evolution has been particularly strong
 

in PV irrigation systems, in part because the initial field
 

installations were cobbled together from available off-the-shelf
 

parts that were not designed for one another. Pump manufacturers
 

attached photovoltaic units to their existing small-scale tubewell
 

pumps and called them integrated systems. This practice appears
 

to have diminished, but only through radical system redesign.
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At the other extreme, wind systems for pumping have experienced
 

only minor modifications in the past few years, mostly to lower
 

maintenance requirements. Data from a fanmill operating between
 

1973 and today would probably have high predictive value for the
 

operation of a new model of the same unit.
 

3. The Site-Specific Nature of Renewable Energy Systems.
 

Water pumping systems are normally designf;d for a particular
 

site or at least a type of site. The pumps can be surface­

mounted or submersible, and are chosen according to their optimal
 

performance characteristics at the anticipated flow rates. The
 

power sources are sized according to the anticipated demand, any known
 

fluctuations in the energy resource or the water table, the pumping head,
 

and the frictional losses due to the piping. All these pieces of
 

information that are vital to system design are also necessary
 

if an installed system is to be compared to another unit, either
 

located nearby or at a distant site.
 

Even if the background characteristics of the well and the
 

pumping sub-system are provided in a uniform fashion for each
 

installation, there remains the problem of how to compare the
 

performance of technologies that are highly dependent on daily
 

and seasonal fluctuations in the resource base. For photovoltaics
 

and biomass gasifiers, this is an easily managed problem. Solar
 

radiation data can be gathered through a variety of low-cost
 

techniques. 
Weekly or even monthly averages of this information
 

a.e acceptable for comparative purposes, although it is preferable
 

to have such information for a full year or longer. It is even
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now possible to estimate solar insolation using other
 

measures, such as satellite cloud-cover observations. For
 

biomass gasifiers, the relevant information would be the cost
 

of the feedstock (if purchased), the amount consumed on a weekly
 

or even monthly basis vs. the hours of operation, and any problems
 

wji.h feedstock procurement.
 

For wind systems, it is far more inportant to have a plotting
 

of a series of instantaneous reading of wind speed vs. water
 

output rather than broad averages taken over long periods of time.
 

There are well-documented cases of installations relatively close
 

to one another that have identical average wind speeds over the
 

course of a month,but one has twice as much power (and water) output as
 

its neighbor. The first experienced a greater incidence of
 

higher-speed winds (which produce more power) but greater periods
 

of calm or low wind, while the second experienced a more uniform
 

wind regime but with a lower number of high velocity "spikes".
 

Such expedients as five!-minute wind-velocity averages taken every
 

30 minutes or every hour assist in gathering the required infor­

mation on the pattern of the wind resource regime. Such specific
 

information on the fluctuations of the energy resource base could
 

possibly be important for hydraulic rams, although normally the
 

ram is diverting only a small amount of the water flow to pump
 

it uphill, so it may not undergo significant fluctuations in
 

pumping but rather gradual seasonal changes in response to the
 

changes in the water source.
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4. 	Differences in Characteristics within the Set of
 

Renewable Energy Technologies.
 

Of the five renewable energy systems that meet the criteria
 

of enough field testing and known reliability to qualify for
 

government services installations, the division into technology
 

types is as follows:
 

technologies constrained by capital cost--photovoltaics;
* 


technologies constrained by feedstock cost and availability-­* 

biomass gasifiers;
 

* 	technologies constrained by the quality of the resource
 
base--wind fanmills, wind electric turbines and hydraulic
 

rams.
 

It 	is important to note that different pieces of information
 

being central for each set of technologies.
immediately arise as 


For the capital-constrained example, precise definition of the
 

size and pattern of demand is important for system sizing and
 

for comparison (since it will tell us if the energy
 

being produced by this capital investment is being well utilized).
 

A detailed description of the components of the capital investment
 

(amount and cost of battery storage and/or water storage,
 

electronic controls, supporting structure) is also important,
 

so that the cost of the energy system is not confused with the costs
 

incurred as the result of system design decisions.
 

For the feedstock-constrained technologies, the amount,
 

quality and cost of the feedstocks consumed is of central
 

importance. Because of the organizational difficulties encountered,
 

it is important for larger installations to discuss in detail the
 

acquisition and transportation of the feedstock and any competing
 

uses for the feedstock. The non-site specific impacts of resource
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consumption are often crucial for feedstock-constrained technologies,
 

while they are not normally central for capital-constrained or
 

resource base-constrained technologies. For bioma~s gasifiers,
 

this can mean the impact on vegetative regrowth or desertification
 

of this installation and ones like it. For small-scale diesel
 

units, the emphasis may be on the national balance of payments
 

due to the importation of expensive foreign diesel fuel. Lastly,
 

operation and maintenance problems and costs normally assume a
 

high degree of importance for feedstock-constrained technologies.
 

For the three resource base-constrained technologies that
 

are applied to water pumping (wind fanmills, wind electric turbines
 

and hydraulic rams), the important data items are the strength and
 

pattern of the energy resource base. Everything else is secondary.
 

Once the quality of the wind regime or surface water flow is known,
 

then other data are all useful to have. These include a detailed
 

accounting of costs of auxiliary components and civil works separate
 

from the energy system, as well as a detailed description of system
 

performance over time versus observed variations in the resource
 

base.
 

5. Problems Inherent in the Nature of Technology Comparison.
 

In this final section are contained some of the most difficult
 

problems for the comparison of water pumping technologies,
 

particularly if the analyst's interest is to examine the stream
 

of costs and benefits accruing from different installations. As
 

already noted, the five systems identified as being field tested
 

.nd feasible for govenmental social service projects are distri­

buted among the three typologies of technoloiges, but with a
 

heavy emphasis on systems that are capital-intensive. The key
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underlying assumptions, therefore, that possibly alter the comparisor
 

among technologies are: the interest rate charged to capital,
 

the discount late used for future costs and benefits and the
 

availability of energy that will be required of each system.
 

A high-interest charge will greatly lower the return of all the
 

c pital cost-constrained and resource base-constrained tech­

nologies, but will be particularly hard on those with the
 

largest investment per unit of energy generated--photovoltaic
 

arrays and wind electric generators. Conversely, a low discount
 

rate will favor those technologies with large front-end costs
 

bat low or no operating expenditures, such as PV systems, while
 

lowering the benefit cost ratio of the biomass gasifier, since
 

feedstock and labor expenses are normally significant in every
 

year of operation and are not being heavily discounted. Lastly,
 

the problem of required system reliability or the loss of energy
 

probability is difficult to determine without prior knowledge
 

of the resource base at a particular site, but still should be
 

noted here. If a system is required to pump water for 24 hours
 

a day, or have a certain amount of water available each day, then
 

those energy systems which rely on intermittent sources of
 

energy must include some form of energy or water storage. The
 

amount of storage is dependent on two things: how intermittent
 

the energy source is, and how strict the requirements are for
 

daily water availability. The first is dependent on the site.
 

!or example, PV-powered potable water-pumping installations in
 

sub-Sahara Africa can normally get by with one or two days of
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water storage, since the sun shines brightly nearly every day.
 

However, the same system installed in Indonesia might require
 

four days of storage, because of long periods of cloudiness at
 

certain times of the year. The question of suitable conditions
 

is even more crucial for wind systems. In some locations, the
 

wind does not blow for long stretches of time. If it is essential
 

that water be pumped for irrigation or drinking purpose, during
 

these calm periods, then either large amounts of water must be
 

stored or a back-up installation (diesel, for example) must be
 

installed toprovide for the required reliablity. Only biomass
 

gasifiers are able to avoid the problem of the intermittent
 

energy source and need for energy/water storage,since the biomass
 

feedstock can instead be stored until it is needed. For high
 

reliability situations, therefore, it is simply a matter of
 

having additional feedstock stored and available to buffer against
 

the possibility of interruptions in the delivery of the biomass
 

fuels.
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PART THREE:
 

CLOSING REMARKS
 

In this paper, we have at least been able to begin the
 

process of unraveling the constant problem of comparing and
 

c -istrasting renewable energy technologies into their component
 

parts. By factoring out those problems due to the newness of
 

the technologies and to the process that many development agencies
 

use to identify candidate technologies for consideration, we
 

have found that the data collection and standardization problem
 

becomes much more manageable. The site-specificity problem,
 

while a serious one, appears to be more important for certain
 

technologies than others. Therefore, initial efforts should be
 

concentrated on developing detailed methodologies for these
 

particular systems (wind energy conversion systems, micro-hydro­

electric installations, etc.).
 

The potential of using a systematic classification scheme,
 

based on the operating characteristics of the individual tech­

nologies, is only touched upon in this paper and needs to be
 

expanded. It is clear that much of the confusion in the past
 

in technology comparisons has been in those systems that have
 

virtually no common characteristics: i.e., photovoltaic arrays
 

and biomass gasifiers. It is a much more manageable problem
 

if we focus on the more general problem of comparing capital­

constrainjed systems (such as the PV unit) with feedstock-constrained
 

technologies (i.e., the gasifier) and to work out detailed method­

oloqies for this level of analysis.
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Lastly, the case study of water pumping raises the interesting
 

question of whether the focus for technology comparison should
 

be by end-use application. Clearly, many of the data problems
 

found in the current reporting on renewable energy-powered
 

pumping systems are equally applicable to conventionally powered,
 

small-scale pumping installations as well, since missing data is
 

on the characteristics of the well, the aquifier, the water­

demand patterns, and the pump sub-component. Perhaps there is
 

a need for generic data sets for each major application, with
 

smaller sub-sets on the renewable energy technologies and those
 

site-specific resource and usage cnaracterisitics that are central
 

At the same time, more emphasis
to each of the technologies. 


could be put on assessing the commercial readiness and field­

tested durability of the unit, so that comparisons between
 

technologies at different levels of development can be avoided.
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