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,a

KealY bbl oil~
Dletric

MJ Kwh IIp-hr Btu tOI\ coalY

'leal I 4.19 x 10-3 1.16 x 10-1 1.56 x 10-3 3.97 7.0 x 10-1 1.4 x 10-1

MJ 238.8 I 0.2778 0.3725 947.8 1.1 x 10-4 3.4 x 10- 5

Kwh 860 3.60 1 1.341 3412 6.0 x 10-4 1.2 x 10-4

IIp-hr 641.2 2.685 0.7457 I 2545 4.5 x 10-4 9.1 x 10-5

Btu 0.252 1.06 x 10-3 2.93 x 10-4 3.93 x 10-4 1 1.8 x 10-7 -83.5 x 10

bbl oil 1.4 x 106 6.0 x 103 1.7 x 103 2.2 x 103 5.7 x 106
1 0.203

retrie
7.2 x 106 3.0 x 104 x 103 x 104 2.9 x 107ton coal 8.4 1.1 4.93 I

11 To convert from mit in the left COllllill to wli ts i.n other COllmll heaJings. lIlull i)lly known qu,1nti ty by factor
- in table. For eXaqJle. how many m's (rnegaJoules) are equivalent to 12,000 Btu's? Answer: l2.0UO Btu x 1.U6

x 10-3 MJ/Btu = 1l.72 m. Tenus us~d are: Kcal" Kilocalorie, "U = mcga.Joules, K\~h .. Kilowa.-t-hour, IIp-hr ..
horsepower-hour. Btu = British thennal wlits, bbl oil .. energy etluivalent of one barrel of crude oil, amI
metric ton coal .. energy equivalent of one metric ton of coal (l00 kilograms).

y 1 Kcal (large calorie or kilogram cli~orie) = 1000 cal (5mB caloric or gram calorie)

~ Approximate conversion only which varies with source of crude. 1 bbl .. 42 gallons" 159 liters

~ Approximate cOilvel"Slun only which varies with soun:e of coal.
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EXEC'JTIVE StM4ARY

ENERGY IN IRRIG..\TICt' IN DEVELOPING COU\'TRIES
.~ .~ysis of Energr Factors to be

Included L~ a ~Jational Food Polic}'

by
Ernest T. Smerdon, P.E.

and
Edward A. Hiler, P.E.

Irrigation in developing nations i..., 19:":-':"3 consumed energy at an annual rate of

:~,300,OOO,OOO,00Ckilocalories per year. Included in ~~is is only ~'e energy to manufacture

:he Ptlr.;'s, engines, pipes and other co~onents of ~he irrigation system and operate the

system. The energy required to develop the water supplies for the irrigation, suc.~ as

constructing reservoirs and drilling wells, is not included. By 1985-86 this ener~~ use is

proje~!ed to have increased to an annual rate of 38,600,000,000,000 kilocalories per year

an in=rease of 55 percen~ in this 13 year period.

':1:is report assesses the energ)' use in irrigation in developi..,g countries for tile

?urpose of dete:'mi.ning the best means to reduce the magnitude of this growing and costly

energ;· demand. The potential for tecimological solutions to the problem of inCT'easing demand

for energr for irrigation is reviewed and c=itically analyzed. The following sunmari.:es tile

fi..,dings Khic:h we hope will be useful to those faced with policy decisions regarding energy

for irrigation in developing cmmtties.

:;0 ci:tta are available on the energy that is required to develop water supplies for

irrigatior. £rem either surface water resources or the groundwater. calculations to determine

this are :lade in the report and they show that, in general, the annual energy cost to develop

rese!'Voirs and associated canal works for surface supplies is about 178,000 Kcal/year for

each hecure provided with i:-rigation wa-r.er. The annual energy cost per hectare to provide

tubewell supplies is over twice as much, being about 410,500 Kcal/yr. Therefore, all factors

considered, it takes less than half as much energ;" to provide irrigation supplies from surface

sources. However, surface supplies often are not available.

The energy required to manufacture irrigation system components and install the

irrigation systems on the farms also was detetmined. Included were surface irrigation systems

wi th and without irrigation nmoff recovery systems, a hand-moved sprinkler system and a

trickle system. Similarly, the energy required to operate each of the systems was detennined.

In each case, the su:r:ace irrigation system is the most energ,.. efficient to manufacture,

install and operate under conditions typical of irrigation in most developing COlmtries.

Onl}· when pumping lifts are very great. approachi.ng 100 meters (well in excess of .that generally

found in LOCs) , are the sprinkler ane trickle systems competitive on an energy use basis .

.~d !."len the high cost of sprinkler or trickle systems precludes their widespread use in

developing countries. The importance of pumping energy is illustrated by the fact that for

sur:ace irrigation supplied by groundwater, over 96 percent of the total energy required is



= for ;t..'"tlpL'1g ,..hen :~e ?umpL'1g lifts are 50 ::leters 'Jr ;:oDre. Even ·...hen ptJITt:1ing :ii:s are less

-='"le energy for ~Ul:!ping ~ recicminates •
The ~otential energy savings possible ~iitil improvements 1..'1 ~..atercourses and on-farm

:'rrigation systems, su:h as '..-1:'"1 precision ~and. leveling and i.'1Stall.a.tion of '.mdergrcund.

?i;e, i~ analy:ed.. Case sn:aies are presented to show :he amunt 0:£ energy :h3ot :nay be saved

~ri~i. tilese ::Jeasures, ~.;hic.i. can ::nrkecily reduce -=.~e water losses in the sys tem. A procedure

:or ~culating the energy 3avings possible is liven. Using field ciao from -=.i.e case si:Udies,

i = is shown t:.'1.at energy 5~·I:i.ngs t:.i.rough improvements L'1. ;.;atercourses and :.i.e irrigation sys cem

en the far.:l can amount :0 50 percent or more.

The alter.-.3te renewable energy tec.lmologies ~"hic.i. u:ay have potential in irrigation

3Ys~e:ns i.n developing countries are disc.JSseci. The various possible alternate energy sources

tram agri.c'J.l tur:1l bicnnss materials, including wastes, 3.S ....eJ.l as the possible L'1C':'eased use

of solar energy and w~'1d energy are analy:ed. 3iomass systems considered. include di~ct

c::mbustion, gasific."!.':: ion , pyrolysis of plant residues, :nethane production by anaerobic

ciigestion of W;.1.1l :iastes, ethyl alcohol (ethanol) production from 3tarchy and sugar,? ~TOPS,

and producti";l of a iiesel :uel subs'titute from plant oils. :'he desirability 311d potential

:;r:,oblems ....-:~ tei each biomass fuel source are disC"..1Ssed. :he use oi agriCll turally produced

biomass nnterials for fuel instead of food poses a problem because 0:£ short 3u:?Plies and -=..i.e

eve-r-pre':,ent food/fuel conflict occurring in the foed deficient nations.

The potential for various direct uses of solar pOWeT including ?hotovoltaic cells,

shallow solar ponds c:ollec'ting energy to drive ~e C;/cle engines and other COllectOl-~

to provide energy to drive pumps are also discussed. ~1oreover, ·..rind power is reviewed as ar~

alternate energy source and its potential is assessed. Such issues as costs, the dependability

a:.ld risk factors involved lrith each technology, and the state of the tec.1nology and its

suitability for developing cOtmtties are analy:ed. Rankil"1gs in ter.ns of the U:<elihood that

the technology will be suitable for developi.!1g countries J consider.."g cost, shew ·..rind energy

to b~ highest, followed by biomass energy sources, then solar energy. 1:1e ?osition 0:£ 301ar

energy could greatly improve if some oi the speculated breakthroughs occur, ~ut ~ital cost

~dll remain very high even if the Ul)st opti."llistic ?rogress is made.

The i.Ddividual options for irrigation energy alternatives are assessed in tenns of the

impact of each on the food ?roduc~ion ~ffectiveness of irrigation systems. Here the L':lportance
of :iming of in-igation and having an energy supply that is capable oi providing irrigation

water at t.i.e specific time of C1'itical crop water demanc. is st:,es5.t.od. rnis is a critical

issue tor several of the system,<; such as windmills, ·...i1ich are totally dependant upon t.i.e

aVailability of adequate "ind supplies. The sensitivity of alternate energy systems to
operational problems is also considered.

The greatest potendal for saving energ;' is shewn to resul: from -=..i.e eli:nination at
water losses. Ideally, ever,1 drop of ·...·a'ter should go to the plant root :one so it can be

used by the crops. Preventing losses in canals w t.':ose i:'0iTI over- irri;ating fields ~ecat.:Se

,,:£ poorly designed or operated systems saves bot.'l water ~ energy and should be a high
?riority consideration.



..

Specific recommendations for saving energ:.· and water through researc:r. and development

are pro'lrided.. The general order of priori r;.' is: Ca) reduce water losses in the watercourse

anc ",oa,=er distribution system; (b) improve on-farm irrigation practic~!; ~1J~h as by precision

land leveling; Cc) be sure irrigatiqn pumps are operating as efficiently as possicle and are.

in good repair; Cd) make sure t..~e crop war.er needs are known and crops are not irrigated in

excess of their needs; and (e) use surface water when available to achieve the lower energy

cost of surface water supplies. Research and development should concentrate on helping

accomplish the best ~ater management possible on the farm. Research on sophisticated and

technologically complex alternate energy sources will continue in the industTiali:ed,

developed natio~~ a,d the break-tnroughs whi~~ have potential for LDC application should be

adapted. to developing country conditions through appropriate developmental acti'~ties.

Finally, it is very important for all governments to realistically assess dle energy

commitments requi:-ed if their nation's irrigation systems are to produce needed food. All

options can t."len be analy:ed and the impact of each on energy balance and economic strength

of t.l.:e nation can ~en be deterntined. This is an im;:lortant national policy consideration .

I
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0'la;9ter I

Th1'RODUCI'ION

World Energy Resources

Table 1. WO'l"ld CommeTCial Energy ~UIlpticn, 1975-90
CMillicn barrels a day of oil equivalent)

To place in perspective the importance of energy supply and cost on the future of

irrigation in developing countries, a brief look ai the world energy picture in is order.

Some energy sources, suc..~ as energy from biological production, hydroelectric pCJWer, wind

and direct: solar radiation, cane directly or indirectly from the sun and are renewable.

Other energy supplies originate from solar or geologic sources and constitute stored, non-. .
renewable energy sources. These include fossil energy such as coal and petroleum products

and nuclear energy. In developing countries human and an.i.mal physical energy is important

and is renewable. Tne supply of energy from fossil fuels is finite and demand will continue

to drive ;Jrices higher and higher. Currently, one of the most convenient and wid~ly used

fuels for irrigation appliQ;'.:ions is oil or gas for internal combustion engules. The future

oil and gas supply si'tUa'tion :is particularly criticaL Elecnici't)·, although not a priJI:ary

energy source, is an equally convenient power source ana is usually genera'ted by burning

foss il fue1s, but ma)" corne from hydroelectric or nuclear plants.

Estfmates of ultimately recoverable world energy reserves are highly speculative.

What is not speculation is the fact that world energy demand rate in recent decades has

grown a't a faster rate than the world population, see Figure 1 (33) ~. Also, h is known

that per capita energy consurllption in developed countries is n:.:c.~ nigher than in developing

countries, see solid lines in Figure Z. The World Bank recently r~orted a projection which

shows a future growth rate in energy consumption to be higher in the developing countries

t.~ in the developed countries, see Table 1 (12). However, the per capita energy consumption

rate for developed cotmtries will continue to far out-distance the developing countries for

many years to come.

198519801975
Avenge Armual Growth, PeTCent

1;90 1950-74 1975-80 1980.90-------------
WO'l"ld 122.1 137.11 166.0 201.5
Developed

Countries 108.2 121.1 143.7 2.70.9
Developing

Countries 1~.9 16.7 22.3 30.j
Oil Imp~rting

Developing
Count:'ies 10.4 12.4 16.8 2Z.B

Oil Expor-..ing
Developing
Countties 3.5 4•.3 5.S 7.8

5.0

6.9

6.9

2.5 3.9

2.3 3.5

3.7 6 .,..~

3.5 6.3

4.2 6.1

SOURCE: A~ted:rom E.."1ergy :n the Deve10tling Countties, WO'l"ld Bank, August
1960.

*NUII'bers in parentheses refer to the references appended to this report.
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Histo:ically, the economic and industrial development of countries have closely

paralleled energr consuroption. l~ile there are variations be~en L~dividua1 countries, ~~e

overall relation between energy consumption and gross national product is remarkable for both

developed coum:ries and developing cotmtries, see Figure 2.

~3Y Prices

The last decade has shown the export price of oil !o increase by a factor more tlrm

six. Comnodity prices doubled and the price of manufac'tUred goods IIIJre than doualed, see

Figure 3. Projections of energy demand have been made based on any of sev~ral selected

scenarios of the future. For example, the Conservation Commi.5sion of the World Energy

Conference, based on the work of experts from i6 countries, made several projections of

poten'tial world energ)' demand into the next cen't'.JI'Y (10). The lower projection of the

Comnission shows world energy demand in 2020 to be 2. S times the current demand. This

represents an average 3 percent annual growth rate for the next forty years, down from that

reported for the nen ten years in the recent World Bank report, Energy in the Deve10ning

Countries (12). Ever t.~is lewest of the possible future demands projected by the Conservation

Commission shows t~'lat energy supplies ~i.11 be strained and, as a result, the prices for energ:·

cannot be expected to decrease.

Developing cotm-::ries currently use a small portion of the world's conmercial energy -

about 12 perc~nt. By ~,990 that percen'tage ,olill increase slightly to 15 percent, still a small

share. The oil ilr.porting developing countries will have to import more oil in 1990 'chan in

1980 because their energy production increase over the decade will not canpensate for the

consumption increase. The difference between consumption and production lIIUS t be met by

iJl;>orts, whit:.:'l in 1990 will be i. 6 million barrels a day of oil equivalent versus 4.6 today,Y

rrostly in the fom of imponed oil, see Table Z.
Table Z. OU Importing OevelODinll Counmes: PtiIIIary CcmDeTcal EneTi)"

Balances, 1980 and 1990 (Millions barrels a day 0: oil equivalent)

1980 1990
(Aiilili&l lAriiili&l

Energr PnlchJ:'ticn Cl:InsuIz;lt:iCll1 ProcluctiCll1 Percent C21sumptiCln Pel'CllJ1t
Change) CJ1mge)
1980-90 1980·90

OU %.0 6.5 3.6Y ( 6.0') U.4 ( S.at)

Gas 1.5 1.4 Z.6 ( 5.6') 2.6 ( 6. ,\)

,.:oal 2.4 Z.S 3.3 ( 3.%\) 3.4 ( 3.1\)

HydrtJ 1.5 1.5 3.2 ( 7.at) - ~ ( i. 8\).;I ••

Nuclear 0.1 0.1 1.0 (25.9\) 1.0 (25.9\)

OOleTY 0.3 0.4 1.5 (17.5\) 1.: (11.6\)

Toul i.8 12.4 15.2 ( 6.9\) 22.8 ( 6.3\)

':'1 Wi:.'l ~4d~ t.'lis figure e::lUlci irQ'use to 4.8, but 3.6 is IIIne pt'Obablc:.
:/ Includes :l.i:ohol. OUler nan·conventional i't'iafil' energy sources, unalloaud eIle1"i)' anci
- expot't! of gas,
SOORCE: Ada1:lteci =rem =:ten;:' in t.'ll' DevelODinv, Counn-il!5, W01'ld 5ank, August, 1980.--------

1/ A barrel of oil equivalent is the calorific heat content of a barrel of oil. See Table of
- Ene'l'g:· Equi'valen'tS inside the front cover for conversion to otiler energy tmits.
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AgriCuJ. tural ~ergy Use

Agr;.cultural production a.ccounts for a. very small pOT'tion of t.1.e commeric3.~ energ;r

used L"l any nation. Typically, the figure is less than .5 lJercen1: ·Jf the COlmlercial energy

budget of the :1ation and tills low percentage generally applies for both developinJ countries

and developed. nations. A :najor issue :acing the developing counmes '..rill be that of

assuring tile energy supply necessary for inputs, such as fertili:er and water for irrigation,

essential to an increasingly productive agriculture. The recent \'lorld .Bank ~port, E."lergy

in the Develooing Countries, s'tates, "There is no readily identifiable yield-increasing

tec.lmology other than the l.1IpTOved seed-water-fertili:er approach that has characteri:ed the

Green Revolution of recent years." Therefore, the :mergy requirements of this improved

tec:mology :nt1S't have the attention of the government leaders in developing cotmmes.

~'lorld Irrigation

The ....-orld contains roughly 13, -loOl million hec~resY of land ::.urface 'Ni th crops
occupyi."lg about 1,4.39 million hectares, or about 11 percent of the land area (34). Of t.1.e

cropped land, about .to percent is in humid regions, about ~o percent in subhumid regions,

roughly 15 pel'Cent in semi-arid regions, and only 5 percent in arid regions. The irrigated

lands of the 'o'/Orld exceed 200 million hectares. This amotmts to approximately 15 percent

of t.1.e cropland. of the world. There are over 500 million additional hectares of potentially

irrigahle land in the world if water can be provided (34). If ti1a.t additional land is needed

for irrigation to feed a htmgr"/ world, a critical question is loI'het:her it might be prevented

because of eit.'1er energy shortages or exce.ssive costs of energy for irrigation. A s1..M1mar/

table showing the e:etent of irrigation in each COtmtry of t.'le MJrld is provided in .-\ppendi.;c !.

In 19i2·73 the use of commercial energy for irrigation b cfu-'leloping cotmtrieJ/

amounted to 24.3 x 1012 Kcal/yr and by 1985-86, that use is projected to have increased by

55 percent to 38.6 ;( 1012 Kcal/yr (i). These energy' cost calculations include the energy

to manuiac~e pumps, engines, pipes and other irrigation materiaf.s and operate. them. The

energy required to construct and maintain reservoirs is not included. This pTOjected energy

use in irrigation is a small ~ortion of the total energy required for agricultural production

in developing cotmtries (7.8 percent in 1972-73 and 4.4 percent in 1985-86), but stUl is

equivalen-: to 27 million barrels of oil. About 84 percent of the energy requirement is for

pumping and ot:her operational costs, not in t.'le eq"..1ipment manufactured.

In extremel.y arid areas irrigation makes the difference between having a crop and no

production whatsoe·ver. In temperate semiarid regions and even sub1'n.m1id regions, i:-rigation

can provide ~~t soil moisture cC.~Tol so essential if the potential high yields possible

with the improved seed-water-iertili:er approach consistentl:, are to be achieved. The

Y Cne hectare .. 10,000 square m3~ers .. :.~7 acres

3/ Inciudedare ..ti'rica, Latin America, Far East, ~~ear East and t.1.e Asian Cent-ral.ly Planned
- Economies (-;0).
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....ater supply lllUS': be dependable and the necessary energy ~o support the irrigation ImJSt

al.:So be a,:ailable and ~i. tilin economic reach of the fanners.

If water is not present in the soil to support crop produC':ion, high yields cannot

be achieved. Wa-:er, either through adequa~e na:t:ural rainfall or irrigation, then is an

esse:ltial resource. .oUthcugh on a global basis irrigated cropland constitutes only 15

per:ent of the culti\~ted land, this irriga:ed land produces 30 percent of the world's

food. As will be sh~n lat2r, irrigation requires energy in varying quantities, so energr

also is an essential resource for irrigated food production.

Definitions and Energy Units Used

It is important to define which energy tenns are used in this report to avoid possible

confusion. One tem used throughout this report deserves definition and elaboration here.

Comnercial energy is an energy form that is normally sold in the course of comnerce. This

includes coal, lignite, charcoal. peat, all petrolel.Dl1 products (oil, gasoline, diesel,

kerosene, natural gas and liquified petroleum gas), methane gas, alcohol, and electricit}"

generated ~i. th any fuel including nuclear or from hydro sources. Simply stated, commercial

energy is that energy for which a direct m:metary outlay is required for its use. The

tem, conmercial energy, is virtually synon}'lll)US with the often used terms, conventional

energy or cul tural energy.

Commercial energy does not include the renewable energy from the wind, sun or from

various organic was'te or biomass materials of plant origin. Nor does it include human or

animal produced energy. Since a JOOst critical problem facing the poorer oil importing

developing countries is the cost and availability of oil, a useful energy measure is

obtained when one refers to barrels of oil equivalent. One barrel of oil equivalent is

s:bnply the energy from the combustion of one barrel of oil (calorific equivalence). The

cost of this energy can also conveniently be estimated by looking at the world price of

imported oil as a first cost and adding related costs associated wi~~ the particular process

involved. A table of energr equivalences is provided in the front of this report to convert

from one energ)' measurement term to another.

Oven"iew of EnergY and Irrigation Relationshi-os

There are three principal parts of the irrigation enterprise where wide variations in

energy requirements exist. These are mentioned here and considered in lOOre detail in later

chapters of this report. The first is the energy cost of constructing the water supply

ir.cluding the energ;' cost of the water conveyance and dist:-ibution system. The second is

-:he energ)' cost of constructing the farm irrigation system. The thira .s the energy cost

0: operating the irriga~ion system, this latter being a recurring cost.

In each case ~,e analysis ~t include the energ>· cost of manufacturing the materials

-

=-
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used 1.'1 building ::-.e :3ystem as ",.jell as t.i.e energy ~equired co construct :!1e :..orks. =.:'<:cept

:or i1~cessar:J' :naintenance, t.i.ese fi."ted energy expcndi rures occur onlY' one' time over :he life

of :he system. The energy required :0 operate l".£i.e system is a ~el."Urring cost, often paid

directly by the fa~r hi..."'lSel£ and is, :here::::.re, very important to the poor developi.,g

cOlUlt1""l far::ler.

T.~e capacity of each phase of the whole irrigation scheme to keep water losses ~'1d

wastage low, often ~eferred to as efiidenC'l: bears a. direct relation to the energy considera

tions an~ therefore ref1ui.res careful analysis. ThiS fact must be consicered wi.:h judgment

!:lecause one C3l1 become enthralled with. highly efficient schenes whic.i. are so expensive as to

be beyond~i.e economic reac.i. of :nest developi.'lg cOlUltry fanners, regardless of how efficient

they may be in applying water. This fact ::lUSt be constantiy kept in mind.

Finally, a con:n~nt should be made about installed subsurface drainage ...iric.1. is

so~ti.mes necessart for successful long term irriga'tion in arid regions. \'ihether installed

subsurface d!'ainage is required depends on t."le aJOOUIlt of salt in the irrigat·ion :..ater and

t.":.e nat:"..:ral internal drainage characteristics oi :.he soil. ;~'hen L'lStalled subsur:ace drai.'1age

is necessar,.... , 5ubsurfaca conduits (tile or plastic drain t'ipe) are installed a. :nater or so

below the 50il surface. ..m energy expenditure is required to manuiacture t.i.e tile or pipe

and for eart.i.\..-ork and other operations in the drainage installation. A :oodest annual energy

requiremmt for :nai...'1tenance and operation may occur but the magnitude of this will not be

as great as for irrigation. Althot.:gh, to our knowledge, no studies have been made to

determine annual energy requirements for subsurtace dra:inage, we estimate t.":at it would not

greatiy exceed the installati~:T1 energy for surface irrigation -- perhaps ZOO ,000 Kcal/ha/yr.

Therefore, when engineering studies shew that installed subsurface drainage is required, its

energy implications must be included in any specific analysis of irrigation-energy relationships

I'



C1apter II

ENERGY USE Dr '!HE DI...'r:HE'IT TYPES OF !R.tUGATICN S'fS~,,:,"6

1'1.;0 c:nsiden:tions are impor..ant in an over-new analysis 0: energy use in irrigaticn.

One is the energy (direc1: and indireC't) that:nust be expended to provide ti'.e water s~ly,

This is related to the sour~. '..met:her it oe sur'face '~ater ~'t:UI"ed in sur=ace storage

resen-oirs aI' small ::onds 0'1" water pumped :rem the grcunciwater supply. The second is t.he

energy t.hat :nust be e."Cpended in applying the water in tile fields and this relates to t.he

type of :am ir:'igaticn system used.

Far su:r::ace wa:ter supplies c.e ener;or e:<pe~t"..Ire is Ims'tly in t.':e ccnse..:c'ticn
am maintenance of :he storage reserroir or pond and the necessary canal disaibution system

ani associated water-...ou:rses. There is li-e-~e ?UIIIP:ing energy requi±ed exc..."t :Or occasional

J • ':t il~s in :.i.e canal system since these systems can often utili=e grM '='! flow from t..!ote

upst:"eam reservoirs. Of course. i: the 'ater is ulc.mtely dis"tributed to t.'le l.md througil

a spr.nkler SYS1:e:n, pumping energy is required to p"I"O'V'ide the pressure to force :he flew

:.mugn the sp1'in.uers, but t.'lat is inciependen'C o£ the 'ater supply ami is cmsidem i!1

c:ompa.ting the various types of ram i1Tigaticn system:s. The ',ofaur supply for SU1'fal2 '4ter

sys'tl!mS 'irlIrf be dis1:3n't :rem the fields to be ir:i;a'Ced and illUSt be t:"atlS'pon..-d by rana' s.

'Ibis energy COSt is parT: of the energy cost of providing surface ',oi3,'Ce1" along wi 'C!:1 the enery

cost of COtlS't:"'.JC'ting the cLams for the stonge reserlOirs.

f'iJT' grotrnckter supplied irriga:ticn, the L.~gat.ed fields are oiten direc'tly above

the supply so long conveyance is not requ:ind, ~U't the waur illUSt be 1if-..ed. :c the surface.
nus requires a great m:nmt of energy because of the vas1: quantity of 'ater required for

ir:'igation. For example, to irriga1:a a single her:'tan' of lm:i with 1000 l1lIIl (3.3 fee'C) of

water per year fI'om a groundwater source '..dti.c:.~ :is 10 lII!tters (~ fee1:) below the earth's

sur=u:e requires :ba'C 10,000 OJbic: lDI!tte1"S of ',ofater weighing 10 llJillion kilograms (10 ,000
j]ln:ric tons) be ·l.:i.f-..ed to the surf3l2. D1e energy~valence of :.'le '..rork required to de

this is 981 :c 10° Joules or appxaximatelyO.17 barrels of oU equivalel'l'C. nus t.~eoretica.l
min;ml!D is equivalent to Z7 liters (i.2 gallons) of diesel :fuel. Ccnsidering a t:lpical

diesel pump engine ~ffid.enC', of ZS percm1: and a pump efiic:ienC'! of '55 perc..-n'C (whi.c:.~ :Or

u:c conditions rrJZf be high), over 1.96 liters (52 p..llons) of diesel fuel would be ~red

zrely to lift the '..r.1te'1" to in'igate this one hectare f=cm the grctJDl.iMlter to the S't.II"::'~.

If the groundwater 'Ne1'e t."lree times as deep, i.e., 30 meters, 588 liters (156 gallons) of

diesel feel would be required, a very large amctm'C. At the outset, t.iis illustrates to'le
mJZlliJUS qum'tities o£ energy required to pump water for iI.':gation f:'cm t.'le groundwater

~uiier.

Comprebensive data on the am:nIn1: of ir:'iga1:icn in developing CO\m'C'ies which is

supplied f=om~ waur and f:'em grounci:water are net available. However J the 1969

edition of Irrigation and Drainage in :he World provides some in£oT:nation from '..Rtic:h to

:nake est:.:Da'tes (34). ~r e."Cample, in India. in t..;e period priO'1" to 1961 an !stima:ted ':'.iQ-ti'li:ds

..7-
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or ~ie 20 million hec~ares of irriga~ion received water from ~or irrigation ~orks s~~ as
5I'Oundwater :...ells and suriace s'torage ponds or tanks. One-ti'.ird of the nation's irrigation

".•as from government c:mals supplied from ::lajor ;"ater supply reservoirs. That report

estima~ed ~~at by 1969 half ~~e po~en~ial 30.9 million irrigable hectares Li India ~ould

be under ir:-igation. CJnside1."ing t.i.e tube'~ell developments in recent :rears, t.i.at country' 5

irrigation supplied from grolmdwater probably has L"1.creased and ::lay now be close to half

ui.e to'tal.

In Pakistan L"1. 1966, abou~ fot.n"-fifths of the irriga'tion was reponed to be fram

canals supplied by impounded surface :"a'ter and one-fifth from ·"'ells. Like India, the

percentage from :...ells has undoubtedly increased with the recen't extensive tubewell programs.

Grotmdwater :nay now provide a third or more of the nation's irrigation.

In ~:cico, dle irrigation from pu:nping ac::Olm'ted for 16 percen't and the remainder

from gravity flow from can~ls. Tha't percen~age has likely changed wi th ~i.e advent of roore

pumps to t3p the groundwater.

Al though it is no't possible to say wi t.'1 certain~/, for the pruposes of :'h.is report

it seems reasonable to estiJ:l<l.te that ;.."Orldwide in developing coun't:-ies one-quarter to one

half the irrigation is taken from the g:-ound and the remainder comes from surface Nater in

reservoirs and S'tre3IllS. The depth below the surface to the grmmdwater supplies will vary

widely depending on local hydrogeologic condi'tions. In IOOS't cases ~~e depth will range from

a few meters below the surface down to a maximum of a hundred meters. 1"/pical depths of

waur raised' by animal p~r will be a few neters and that: raised with p~r driven pumps

will of'ten be greater ranging up to 40 :TV!ters or IOOre. While 'the depth of the groundwa'ter

table in the \~estern United States averages 3S meters with the average pumping lif't of 58

:il!ters (31), generally it has no't been economically feasible to tap such deep groundwater

supplies in developing countties. ~lany groundwater supplies in developing countries are

in alluvial plains and near coas'tS where wa'ter table dept.hs may approximate 5 to 10 met.ers.

These figures will suffice to inaoduce the principles invelved in looking at. the energy

requiremen'tS for irrigation in developing countries.

energY Cos't of Consttueting Water SUD'Olv ;~orks

It is n~essary to detennine the energy tha't is required in providing irriga'tion water

through cons't'rUc~ed reservoirs and rela'ted canal works or to drill and equip tubewells.

This includes all the energy required for the manufac'tUre of the consttuaion ma'terials and

equipIIJmt and the rela'ted energy cos'tS in the consttuetion of dams, irrigation canals or

tubewells. These energy expenditure5, which include all hidden energy subsidies, are

necessary initial energy investmen'tS re1.ated to the water supply only. They are above

those required to cons'trt.1C't and opera'te a pardcular field irriga'tion sys'tem or to ?ump the

'.i3.ter. ~onetheless, these energy C051:5 mus~ be considered in any complete analysis of ~nergy

use in irrigation.
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70 our knowledge a complete sectorial energr analysis of irrigation has not been

made. Therefore, of necessi~' we resort to indirect approaches utili:ing :he most ~ecent

applicable data which are available. Data from input-output analyses pro\~de a possible

starting point. One approach leads to a ratio of tow energy inpU1: into the particular

sector to the dolla:- level of final output in that sector.

Data of this type are usually country-wide and, unfornmately, mst of the data are

from developed countries. However, it turns out tha't sene useful data are available on

input-output analyses for the construction industry. In our judgment these data provide a

reasonable guide since the manufac'tUred materials used in construction, such as cemen't and

retal cOlllponents, requi~e about the same amount of energy to manufacnn-e irrespec:ive of

-:he country involved. Moreover, such acdvities as drilling tubewells 30 or more meters

deep :-equire machines which operate in about the same way irrespec'tive of the country.

In analy:ing the energy use in the Hong Kong food system, Newcombe recogni:ed the

energy inputs for irrigation which in that country consists mos'tly of labor in'tensive furrow

and bucket sys'tems w"it.i. water provided by diesel driven pumps (60). In his analysis, he did ,:

no't bclude tile ene~gy costs related to the construction costs of the intricate network of .

cistri:>ution canals, stating that tlti.s per annum energy cost was mi.n:iJnal. That view which

is held by o'thers seems reasonable since the life of tne canals is great and there are

minimal annual energy costs for 'their operation, but it should not be accepted w"i'thout study.

Tne input-output analyses are useful to test the validity of this assumption.

Develcming Surface \<later Sucolies

Several dams in the world which provide irrigation water were studied. The pl'Ojects

were oftentimes multipurpose, providing benefits chargeable to hydroelectric power develop

nEnt, flood control, municipal and industrial water, navigation and other purposes besides

irrigation. Using these data, rough estimates of the dollar cost of the project per hectare

irrigated were obtained. Many of these pl'Ojects were originally found economically justified

primarily on the basis of the hydroelectric power generation, but, nonetheless, in this

analysis a portion of the project consttuetion cost W-....::i dlarged to iTTigation. For large

hydroelectric pl'Ojects, we assumed one-fifth of the published project cost was for il"riga1:ion

benefits. The assumed life of the projec'tS was SO years for large projects and 40 years for

smaller ones. Project costs were obtained frC!!! 'the lit~rature on the dams and in those

cases where the costs did not clearly include the water distribution w"Orks, the costs

charg~able to irrigation were doubled in an effort to account for -:hat. The land area to

be served by irrigation was taken direc':ly from publish&d reservoir pl'Oject data. Table 3

summari:es these data.

It is readily recognized that the data in Table 3 are not precise because so many

estimates had to be made to get a dollar cost for pl'Oviding smface water for irrigation.

Costs such as fer the land inundated may not have been included. However, the energy costs

in construction, including the manufacture of constru:ticn materials and t."J.e actual
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Table 3 lititilllated COtitti of Selected Projects Char~cahle to IITigatiun

Projcct
NWllo. COli' t ry

(Hatc)

POlUlaniur. India
(1914)

lel. l)<ulI. I rWI
(1963)

'111c 5nO\>lY }.tIns.
Schcmc. Australia

(19M)

Warsak 1)allI.
Pakistau (l!l6U)

Yanh,,'C Project,
'l1lUi lund (19M)

Komul i Wier &
U 11111~ CiJJla I.
Swazi land (1965)

SUJlerior Courtland
Diversion llalll. USA

(l95U)

Project
Cost

Millions $

2.5

ISO

BBU

16

188

3.10

1.55

Cost for
Irrigation
f.Ullions $

y

n.5

30

110

15.2

31.0

3.70

1.55

AJulUul Cost
for

Irrigation
Mi Hious $/yr

y
0.01

0.60

3.52

.30

0.15

0.092

0.039

lIectarcti
Irrigatcd

'OIOICiands ha

~

0.85

145

479

4U.5

372

12.1

21, 7

Annuu I Cos t Annual Cos t
Hectare Concctcd
Irrigatcd for (;wlal Cos t
$/ha/yr $/ha/yr Itc fCrCI\l:cs

y
----->--

11.75 11.75 (4)

4.14 lL28 ( 1)

7.35 7.35 (1)

7.4U 7.4U (1)

2.U2 4.04 (l)

7.2ti 7.2ti (2)

1. 78 3.5lJ (3j

ASloliUl Balli.
Hgypt (1%8)
SouaidlUl' Pmject.
liangI adcsh (1964)

nlll1i1UI f.1Jhuulllcd 8m'age
l'aHslun (l955)

913 182.~ 3.65 350 10.43 iO.43 (I)

0.215 n.215 0.0054 2.43 2.22 2.22 (5j

80.1 86.1 1.15 1134 1.90 1.9U (I)
---_.-

Average 0.42
---------

(See ucxt pagc fOI" footnote's and referclu:cs.)
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Tab1e:5 Footnotes and References (See Pre~~ous Page)

Footnotes
y User.u life estimateG at eit.~er ';0 or 50 years depemiing on the size of the project.

y When hydroe1ec'tri:: power is inwlved, irrigation costs ar~ one-fifth of project cost.

y Area is that planned for 1±e completed proj ect.

Y If water distribui.ion works were not included, the cost is doubled L., an effort t.J
acCOtmt for that.

References

(1) New Horizons TopllDs: Dams of the World, The Japan Dam Association, Tokyo. Japan,
OCtober. 196:5.

(:) Olivier, H., Great Dams of Soutilern Africa, Durnell and Sons, Cape Town. South Africa,
(Book undated--1ate 1970's).

(3) Dams and Control Works, U.S.Bureau of Reclamation, U.S. Government Printing Office,
Washington, D.C., 1954.

(4) Balasub~am, T.M., Dossaniar Reservoir Project, New Irrigation Era, Pt:.blic Works
DepartIIent, ~1adras, India, 13:2-8, April, 19i3.

(5) The Comil1a Pilot Project in Irrigation and Rural Electriiica'tion, Pakist.an Academy
for Rural Development, Comilla, East Pakistan, No'\rember, 1963. I

consouction i !Self, have been included and, after all, it is the energy inves'ted in the

construction with which this aspect of the studr is concerned.

With the data available the only way to get estimates of the energy expenditures

necessary for the construction of the dam is to use input-outpu't da'ta which relate total

energy input (direct and indirect) to dollar expenditure for the final product. Such da'ta

are available for many sectors of the economy', but no't for the construc'tion of dams and

irrigation canals. Input-outpUt data are available for construction of various types

including highways. Highway construction involved the use of concrete and steel and IIXlving

large quantities of eanh suc:.~ as in dam cons'tTUCtion. Therefore, i't seems reasonable to

use these data for es'timating the energy cost of developing surface water supplies for

irrigation.

Herendeen and Bullard (43) determir.ad that the primary energy imrestment in construc'ting

new highways in the U.S. was 111,436 B'tU/c.~ollar (1963) of final oU'Cput in 1963. The figure

had changed very lit'tle in 1967. Wright es'timated the figure to be 105,089 Btu/dollar (1963)

for highway construetion (82). The figures from Herendeen and Bullard for ot:her kinds of

construction were slightly less ranging from 76,000 to 87,000 Btu/dollar (1963). Other da'ta

on cons01Jction as a whole in West Gennany show that these figures for the U.S. are comparable

'to those in Gennany (30). Finally, still aIlOthe'r s'tUdy shows the energy in' ~stJnent

(consumption and fued componen'tS) for general construction (not highways alone) in the

U.S. to be 64,000 Btu/clollar and to yary little from that in the European countries and

Japan Cf9).

Qui te obviously, there is no single figure that relates energy expenditure to dollar
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inves'ted in final output. However, a ::igure 'of 110, 000 3tu appears to be a reasonable Oli.e

::01' the purpose of this 5t:'.Jcly, The eq-L.1ivalent representations Ot tha.t figure in other energy

tenns a.re 27',720 Kcal/dollar out?ut, 0.020 barrel oil/dollar outpu't, 116 ~U/dollar out?ut,

~3.': ~p-hr/dollar ou'tput and, finally, 32.2 KWh/dollar output.

The da'tes of construc'tion vf the ten dams 1Lsted in Table 3 ranged from 1950 ~o 197-1

~i't.'l ::¥JS't bet.een 1960 and 1968 giving an average date of construCtion in the early 1960'5,

Therefore, using the 1963 dollar ....alue as wa<; the case for iOOSt of the input-ou'tput studies

sp.ems reasonable and inflation since that date 'o'Ii11 notattect theresul ting energy

deter:ninations. The average 1963 dolla.r cost per year per hec:are irrigated for the projects

Li 7able 3 is $6.42.

~fatsui, in disc..lSsing the capital costs of bringing ex'tensive areas in India under

irrigation in the second and third plans under the irrigation Jevelopment schemes of that

country, provided estimated costs of ~ie new irrigation and flood control systems (55).

UsLi.g these projected costs for the irrigation and flood control works and the new areas

to be served results in 35.17 in 1963 dollars as the cost per year per hectare of irrigated

land served. In this claculation, the liie of the irrigation water supply system was

estirrated to be 50 years and ~hree-fourths of the project cost was charged to irrigation

and one- fourth to flood control !:lenefits.

A reasoll.'w1e estimate of the dollar COS1: per year per hectare irrigated is the

llEan of the two figures determined above and is S5. SO. This final dollar output figure

has an energy ~uivalent of 7'06,200 Btu/ha/yr. COIq)arable barrels of oil equivalent,

horsepower-hours, kilowatt-hours and Kilocalories are 0.12S bbl oil/ha/yr, 2i7 hp-hr/ha/yr,

201 Kwh/ha/yr and 178,000 Kcallha/yr. In other words, th., annualized energy investment

made in the construction of works to provide surface water for irrigation is O.LZS barrels

~il equivalent for each hectare to be inigated.

Develooing Groundwater Suoclies

Energy also must be invested to drill the wells and manufacture the pumps and power

units required to develop groundwater supplies. This is over and above the energy required

to drive t.'1e pumps when the wells are p1"oducing water. These energy coS'tS for developing

the grot.m.ebwater supplies can be expressed as energy required. per hectare i.rrigated in much

the same way as'~ done in the previo~ section for surface water, Again, direct data on the

energy required to drill and equip an irrigation well are not available, 50 the indirec1:

i1ethod of using input-ou'tPut data mus1: agai"'l be used.

In 19i5, Johnson obtained. data from 192 private tubewell mmers in Pakistan (~iJ.

This included 109 electric driven pumps, i6 diesel driven PlmIpS and i tractor driven tmits.

The si:es of the wells were 4", 5" and 6". I:l this area of Pakistan the groundwater table

lias not eeep, averaging about 4.4 meters (14.3 feet), and the ''borehcles'' themselves averaged

only 33 i1eters (114 feet). Johnson calculated the capital cost of construc'ting and equip

;JLi.g a ttJbe<..rell on an annuali:ed ;;as15 considering t.he projected life of the various
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individual cOJ1;lonen'tS azoor'ti:ed at 10 percen't. Tnese cos'tS including all;!1ual repair and

operator .:ost were:

Water Pumped Estimated Armua1
Tubewe11 .l\nnua1 Annual1y_ Hectares Cost

Size, inches Cost, S 10,000 m.:l Irrigated1! S/ha/vr

4 881 16.0 16 27.5

5 1,168 ..- ., 27 21.5t., • ""

6 1,508 4.3.1 4.3 1i.S

1/ Based on data for average total area se:-ved by a single tubewell ang the es'timated
- volume of water pumped annually. About one hectare-neter (10,000 m.:l) of water is

pumped annually per hectare. Cropping intensity for areas served only with tubawells
","as 124% and was 167% in areas served with perennial canals supplenented by tubewells.
Others have also found that areas served by t:ubewells can have a greater cropping
intensity. ror exaJ~le, Narain and Roy determined· from a case study' in India that
areas served with tubewells had a greater cropping intensity than areas served 'oy canals (59)

Yasin reported on tubewells in the Punjab showing that by 19i4-75 an estimat:ed

125,000 tubewells would exist with !.he average area irrigated by each 'tUbcwell to be 35

hectares (83). However~ these tubewe115 are not the only source of water for this land

since some of the water is supplied by canals. F01' this calculation, we assume only hal::
the water is supplied from the tubewells making the net area supplied by each tubewell only

17.5 hectares. Yasin reported the capital cost of an average diesel tubewell in 1975 to

be abou't $5,540 and for an electric tubewell about $3,375. If the average life of the

tubewell is 12 years, the annual cost per hec'tare irrigated is S27.80 for diesel tubewe11s

and 516.08 for electric 'tl.lbewel1s, using Yasin's data.

Bhatti and Fayya: in 1973 repor'ted the capital costs of large tubewells drilled 60

meters deep and with 2 cusecs (0.057 m3!sec) capacity and 10i meters deep and 5 cusecs

(0.14 m3/sec) capacity (21). These capi'tal costs were $9,200 and S14,500 respec~ively•

Tubewells of this size will irrigate larger areas which we estima'te to be 24 hectares for

the smaller wells and 60 hectares for the larger ones. The annual capital cost per hec'tare

is $31.90 and $20.14 for the smaller and larger wells, respectively, again assuming a 12

year life.

Finally, still another study of tubewells was reviewed, this being for deep tubewells

in Bangladesh (3). These costs which were published in 196.3 indicated an average capital

cost of $6,450 for 6-inch electric tubewells and $4,700 for the same wells powered by diesel

engines. The electric tubewell cos~ included the cost of the 400 volt power line which

accOlmted for 40 percent of the total capi'tal cost. Considering the liie of the line to

be 40 years and the life of the tubewells and equipment to be 12 years, the annual capital

cos ts for both systems are about S.390. I:f t.he system serves 30 hectares, the annual capital

cost in 1960 dollars is S13/ha/yr. Correc'Cing these figures for inflation makeos the capital

cost about SZ3/ha!yr in 1970 dollars.
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These '/arious snni.es show the annual capital cost for tubewell coru~tion and

equipnent t:o range :Tom H6.0S up to 531.90 per hectare. In fact, taking a simple average

of all the figures gives a useable es'timate of $23.:7 for the annual capital cost of providing

irrigation ',vater to a hectare of land. in developing countries. This does not include operating

costs and. this calc-..tlated figure is useable only to estiJnate the enargy investment in

constrUCting tubewells and manufac'tUring 1:.1.e related equipment.

~uch of the capital COS1: of a tubewell is for the electric motor or diesel engine and
the P1JIIIP, 4101: for drilling the well. ~loreover, g:reat quanti-:::es of manufac"tUred goods are n01:

required such as for cement in consttucting a dam. Four L"1put-out;>U1: 5ec~ors were 5tudied in

tenns of the primar/ energy cost per dollar of final output (4.3). These sectors and their

Btu primary energy inpu't per dollar (1963) final output were: Internal combus'tion engines

at 61,750 3tu/dollar output; pumps at 55,256 Btu/dollar oU't'pu't; electric motors at 62,724

Btu/dollar output; and general consnuction at 88,662 Btu/dollar oU't?ut. Thir~ percent

of 1:.1.e COS1: was assl.IlIed to be c.'1argeab1e to the pump, 30 percent to the rootor or engine

and ..to perc:en1: to general constrUCtion (drilling the well), giving a 'ojeighted inpu't-Qut;>ut

figure for t".J.Oewells of approxi..'l1ately 70, 000 Btu/dollar (1963) outpU1:.

Using the above derived :'igure, one ':311 now estimate the primary energy inpU1: 1:ha1:

:I11St be invested. before grotmdwater C311 be ;'rovided to land fur irrigation. This figure

for tubewells is 1,629,000 Btu/haiyr which is aquivalent to 0.293 barrels oil equivalent/haiyr,

or 540 hp-hr/ha/yr, 477 la'/hlha/yr, or fir..ally, 410,500 Kcal/ha/yr.

Surmary of EnergY Costs for Develocing Water SU2Plies

In sumnary, the primry energy cost to develop irrigation ·..,-ater supplied from surface

wa1:er through large reservoirs or from grotmawater through tubewells on an annual basis in

various energy tmits is:

Surface
Units Reservoirs Tubel'iells

3tu1ha/yr i06,200 1,6:9,000

!<cal/ha/yr 178,000 HO,500

Barrels oil/ha/yr 0.128 0.:93

Hp-hr/ha/yr 277 640

!G'Ih/ha/yr :07 ~7i

In general, according to these calculations, it takes over t:..n.ce as much primary energy to

develop irrigation from groundwater SOU1'ces as from surface water sources. Moreover, 1:.1.is

does not include the energy cost of pumping the water which is a large continuing annual

energy requirement. That is one ~eason why investigators su~~ as 3hatti and Fayyaz report

that even f3.I1Ters with a tubewell \~uld prefer the wa1:er from suriace canals if the flow,

which usually contains water oi higher quality, ·..,-ere dependable (21).
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Energr Demands for the Various
Comconem:s Ot on-Fam Irnga'tlon Systems

Fam irrigation systems require energy in the manufacture of the pipe anc equipnent

used and for 'the operation and maintenance of the system. The energy invested in the

manufacture of the pipe and equipnent is made only once during the life of the system w'hile

the energy demand for operating and maintenance recurs each year. O=tentimes, only the

annual operating energy costs are considered, but any complete energy analysis of energy

b irrigation must include all the direct and indirect energy invc!stments that must be made

to accomplish the desired objective.

Energy to ~fanufacture Eouiurent and Ins'tall Irrigation Systems on, the Fanns

Bat~·, et al., summarized data on the energy required in manuiacnIring various

materials used i.-l on-farm irrigation and estimated the probable life of various component

materials (19, 20). An irrigation pump "''i th diesel engine requires about 1 x 106 Kca1 per

horsepower to manufacture. AA electric ootor requires about 0.5 x 106 Kcal per horsepower

to manufacnIre. Similar figures for other components of an irrigation system were dete!1llined

giving the approximate relations of several types of systems and are shown in Table 4.

Table 4. Annual Fixed Energy Inputs in Thousands of Kcal/ha/yr Required
for the Ins'tallation of Different Types of Irrigation y

Irrigation
System

Surface

Su:-face wi.th IRR$Y

Hand Moved Sorinkler
Trickle-¥ .

Manufacture
of Pump

16.7

16.7
20.3

17.7

Manufacture of
Pipe and Other

Equipment

15.5

195.1

168.8
975.5

EaI"thwurking
:.revel ing and

Ditching

is.s
79.3

3.3
13.4

Total

111.3
291.1

192.4

1006.6

11 Adapted from Table 5 of reference (19). Systems are designed to neet a peak water use
rate of 8.4 mm/da)'.

Y IRRS is irrigation nmoff return system.

Y The trickle system is designed for a permanent orchard crop.

The energy costs in Table 4 are only those fixed costs on a annualized basis for the

manufac'tUre and installation of the system and do 1".ot include any of the annual operating

costs. These latter energy costs are illustrated later in Table 5 where the energ}' to

provide the wa'ter supply and PUlllp it are both included.

EnergY to Ooerate On-Fam !rril1:ation Systems

The primary energy requirement to operate irrigation systems results from the enormous

aJOOUIlts of work required to lift the water from its source tc the fields. For gravity systems
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supplied oy sUI'i3.ce ' ater, t:us requirement em oe relatively :s11'.a.l1. nowever, for sprinkler

.systems or t.10se in · hic.~ :'1e '..,ater is :supplied by deep ground""ater :ones, tilat energy

requirement is usually qui te large.

To lift 10, 000 Ct.lbic meters of water (about enough to meet tl1e annual eemands of one

::'ect:lI'e of crops in a semi-arid climate) from 3. dep1:.1 or ten meters requires that 10,000

metric tons oe lifted 10 meters. The9hysical energy required to do this is 981 x 10° Joules

or 23, ~:6 !(cal. However, muc.i. more commercial energy than this must be supplied to the pump

rootor because t.1e systems to convert the heat energy of the fuel to physical energy for

moving water are not lLJO percent efficient. Diesel engines are about ZS percent efficient

in converting fuel to mechanical energy, and electrical syste.'ns are roughly the same w,hen

the efficiencies of t:he generating plant (about 34 percent), :.i.e power transmission lines

(about 35 percent) and electric :IDtors (about 38 percent) are all considered. For example,

0.34 x 0.35 x 0.38 D 0.25, or 25 percent net combined efficiency.

The efficienC'/ of irrigation pumps is an important factor to consider. Seldom do

i~igation pumps in t.i.e field rea~i. the potential pump efficiencies of about 70 percent t.1at

is possible for a well designed pump t.1at is properly matched to its operating conditions.

Tests of actual irrigation pump efficiencies indicated that typical efficiencies are between

50 and 55 percent. For example, in Texas an average efficiency of 52 percent was observed

(27) and in Idaho nearly t'..ro-thirds of the pumps tested had an efficiency of 55 percent or

less (76). In ~braska! :IDst irrigation pumping plants were well be10l~ their potential

performance (36). Data clearly show that, in the United States, irrigation pumps operate

well below their potential ane average no more than 55 percent efficient. A realistically

achievable efficiency is probably 62 to 65 percent, but to accomplish it would require good

management and a very significant capital expenditure for new pumps. If it weTe done,

however, energy savings of 15 to 20 percent could be achieved.

!r.:?-gation pump efficiency in developing cotmtries is likely not as high as in the

United States and probably averages about 50 percent or less. Few data. aTe available on

tests of irrigation pumps operating in the field in developing countties.

Assuming the inigation pump that lifts the 10,000 cubic meters of water 10 meters

has an efficiency of SO percent and is powered by a diesel engine (25 percent efficient) ,

then the comnercial energy required is 7848 x 106 Joules or 1,874,100 Kcal. 'this is

equivalent to the energy in loS barrels of crude oil per hectare per year.

Some data on energy requirements for irrigation in t.1e United States, although not

directly applicable to developing coun'tries, aTe useful to illusttate the extremely high

leV'el of energy inpu't intO modem irrigation en). The energy costs for irrigation in the

arid and semi-arid western 17 states of the u.S. were calc.J1ated for 58 producing regions

a~r.:ordL.g :.0 Welter supply. Forty-five percent of the irrigation is from groundwater and

53 p~rCe11t from surf3.Ce water. The groundwater table in the western U.S. is deep averaging

.35 ;reters and tile ::Lverage pumping depth is 58 meters. However, since only 45 percent of

t.he :':'r:.~a.tion L. the N'estern United States ic; from groundwater wi.t.~ t.1e remainder from
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surface water, the average lif: is only 26.1 meters. In the Western United States, on the

average i-: takes 6,026,000 Kcal/ha to pro,~de one meter of water for irrigation with an

average lift of 26.1 meters. Since the average wa-:er required to irrigate cropland in

the Wes'tern United States is about 520 mm, the average pt1lllping energy needed to irrigate

one hec'tare of cropland is 3,133,000 Kcal. Remember, these figures do not consider the

ener~' L~vclved in the construction of the irrigation water supply and distribution works

only the energy to pump and provide the water. These figures canpare well with those given

in Table 5 and Figure 4 presented in the next section.

Effect of TV"Oe of Farm Irril<cition System on Energy Requirements

At tile outset it is useful to look at calC'..l1ations that have been made to determine

the energy inputs to irrigation for several cti.fferent kinds of on-farm irrigation systems

in the United S'tates (20). These calculations ','ere for t".ro types of surface irrigation, a

trickle system and six 'types of sprinkler systems. Several of these systems are very expensive

to inst.all and involve a fair2y high level of tec..inology and, as a result, are not easily

applicable to the economic circumstances usually fOtmd in developing cOtmtries. However,

the exan;>les are useful because they provide a general comparison of the energy required to

provide the energ)' for several on-farm irrigation systems. The calculations on energy

inputs are based on a design to irrigate a hypothetical 64 hectare farm with each of the

nine systems.

First, it is important to stress one bask principle. The energy required for

irrigation is directly related to the water application efficiency, which is the percent

of the water that arrives at the field that is distributed to the crop root zone. If any

given system has high water losses through poor ~sign or careless on-fam irrigation

practices, ':';lat system will waste both valuable water and anergy. SOlIE systems such as

sprinkler and trickle ir~erently have greater poten~ial for high water application

efficiency, but they too can be poorly managed and, very ~ortantly, they are often well

beyond the economic reach ofmst farmers in developing cOWltries. For the purpose of

any cOJ!;)ara'tive analysis of the energy requirements of irrigation, representative typical

efficiencies of applying irrigation water must be assUIIlld. In general, the shorter the

length-of-run in surface irrigation, the greater the water application efficiency tha~ can

be achieved.

Barrl' and Keller considered an irriga~ed farm under conditions in which the annual

c:-op wa~er requirements are 915 mm (20). They determined the energy requirements to level

t..'1e land for a typical farm for surface irrigation and to manufacture and install the pipe

and equipment for t..'1e various sprinkler and trickle systems. The expec~ed typical irrigation

\<luter application efficiencies of the various sys~ems were considered. A simple gravity

surface sys~em was assumed to have 50 percent efficienc)' because of deep percolation at the

upper end of the system and the nonnal nmoff at the lower end of the system. If that runoff

L
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~vater I"as recovered and ~umped. bac:<: to the 'o'Ia'ter :iupply, the irrigation ef:iciency \"as
Ltiproved to an estL~ted 35 percent. They assumed water ~plication efficiency of the

spri~ler systems to be -5 percent and the trickle :iystem to be 90 percent.

The resul t.s show that the sur=ace systems require t.'e least total energy =or

irrigation. ;~hile :,he 5urface system ;oJ'ith an irrigation :'UIloff recover:' 5ystem (IrtRS)

was IOOst efficient over a ·.ride range of pumping lifts, because of its higher irrigation

water application efficienc::" the surface system without IRRS proved ilXJre energy t::fficient

than sprinkler systems except for very high pumping U£'tS of about 100 met~rs or lIDre.

A similar study in Oregon used simulation tedmi.ques to compare the energy require

;rents of various kinds of irngation systems (31) '. Again, sur=ace irrigation. was compared

·....ith drip irrigation and various kinds of sprinkler systems. In the Oregon study, the

surface irrigation system was found to be by far the !:lOst energy efficient for the various

condi..:ions considered, even lvhen the substantial energy costs for land leveling were

considered. The trickle system was second and the sprinkler systems were the least energy

efficient. The sprinkler system always suffered in the comparisons because of the high.

energy requi=e!Ilents to ?rovide toi.e high water pressures required to force the water

through the sprinkler no::les.

Using the energy costs of developing and p':oviding irrigation water f=om surface

wate'!" and grotmdwater sources along with the total energy cost of installing and operating

the irrigation system, Table 5 i.s developed. Table 5 uses the data on energy costs for

installing and operating systems from Batty and Keller and the energy costs ·....hich we have

calculated for developing the water supply from surface water and groundwater sources (19).

The surface irrigation Cesign in the Bat'ty and Keller study considered furrows with

len~1s-of-run in most cases 400 meters which are much longer than typically exist L~

developing countries. For these United States sys~ems with very long irrigation runs, the

assUl'lEd ir::"igation water application efficiency of 50 percent is re~onable. However, wi. th

good management and smaller fields with shorter lengths-of-run, the water application

efficienc::1' could be increased to 70 percent or more. Therefore, a second calculation was

ilI3cie L", Table 5 for a s~'I'face irrigation system lYith an application efficienc;' of ;'0 percent.

This efficiency is reasonably obtainable if the farmers have well levelP.d :ields and employ

good on-farm water management practices. A third surface irrigation system evaluated

had an irrigation nmoff return system (IRRS) and this system, more costly to install, had

a high irrigation efficienC'/ of as percent. The trickle system is very efficient but quite

expensive to install and requires careful maintenance and, therefore, is not considered

practical for most LOC conditions. The hand moved sprinkler system is also costly and not

practical under most developL,g country circumstances.

~~en water is pumped from great dep~i.s, poorly managed surface i~gation systems

·....i:.:.' low irrigation effi.cienC'1 are not energy efficient because of the great quantities of

water that are 'Nastec:i. Figure ~ graphically shows the same information as provided in

Table 5 and can be used ~o detennine the annual energy inputs required for one meter net
irrigation for any ·....ater lift from :ero to 100 ~ters.
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Tahle s.!! COJlllarison of the Annual r:ncrgy Rcquircd to Providc Net Irrigation of One Meter hy Four Systemsfrom Surface Water and Groullh·mter wi tJI l.ifts of 50 ~~tcrs and Ion ~1ctcrs. Energy Pigures arcin 1110usands of Kcal/ha/yr.

Surface Water SUJlply Grounlh,mtcr - SOlO I.ift Grollldwater - :100m I.i ftlnstal- Fitergy to Energy to Energy toIrrigation lation Provide PtllT1ling Total Provide Plloping Tota I PnlVidc PIMqling TotalEfficiency Energy Supply Hnergy I!nergy SupplyY Energy Encrgy Supply Encrgy .Ene rgy

Surfacc
760YIrrigation (50) .50 111 178 1,049 308 13,432 13,850 410 26,105 26,626

Surface

S4iYIrrigation (70) .70 111 178 832 308 9,594 10,013 410 ]8,646 19,168
Surface
Irrigation

74~ 1,215wHh HUlS ~' .85 291 178 308 8,200 8,799 410 15,654 16,355
Iland ~bved

Sprinkler .75 193 178 8,955 9,326 308 17,403 17,904 410 25,851 26,454
Trickle 'd .90 1,006 178 4,928 6,112 308 11,985 13,299 410 19,008 20~424

.Y Uata in this ta~~e adapted from rc.fel'ence (19). Sys~cms are designed to mect a pcak water use rate of 8.4 mnjday.Also, note that m makIng the plMIIHng energy calculatIOns, Batty ami Keller asslUned the plnnp efficiency = 0.70 andthe net plD1lJl power unit efficiency = 0.264 giving a combined irrigation plunping unit efficicncy of 0.70 x 0.264 = 0.185.111ese figures are typical of the JOOst efficient pLJJl~ing mits possible. In many cases, irrigation PllllflS in the fieldha~e eff~c~encies of only 0.50 mkl the PUllfl power Wlit ~fficiencies of about 0.24, gi~ing comhined irrigation plDlllingumt effICIency of 0.12. 111erefore, the values of puqllng energy are the 100...est possIhle and they could he increasedhy as much as SO percent or IOOre if less efficient IUUlping units were used.
y Some pl~)ing energy is asslUood even for surface irrigation wi tl.. open di tdl to accolllt for friction h~ad loss. inpipe and a slight elevating of the water to the level of the dItches. In systems where canal water IS supplIedat sufficient elevation to pennit gravity flow, pIUlping energy is zcm cxcept for the nmlest aJlmllt of ener~requi red for the sys tem wi th an i rri gation nUlOff recovery sys tem (liUlS).
3/ f:nergy to provide supply (dri 11 and equip the well) fora well with 50 mctcr IIIUI1ling ] ift was estimated to he- 75 percent as IIl1ch as for a deeper well with 100 meter punlling 11ft.

Y IRRS is lOl inigation Tlnoff recovcry system.

~ Trickle system is designed for orchard crops.
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As far as water source is concerned, when 'surface wa'ter is available, it nonnally can

be developed ....i.th less ene!"g}" expenditure than drilling wells and developing the grotmdwa'ter

resources. However, in eimer case the cost of developing the water supply is not large

compared to the cost of pumping water, even when the pumping lifts are small. For the two

surface irrigation systems without irrigation nmoff recovery systems included in Table 5,

t.~e percent of the to'ta1 energy for irrigat.ion which is required to develop a surface water

.;.:upply is from lito 11 percent. \\'hen the sys'tems are supplied by grotmdwater, the total

energy to provide the supply is greater than for surface supplies, but the percent of 'tOtal

energy chargeable to developing the ....-ater supply, Le., constrUCting the well and manufacturing

its equipnent, is less t."an 4 percent. In fact, when these surface irriga'tion systems are

supplied from groundwater with lifts of SO to 100 meters over 96 percent of the total energy

required is for pumping. This strongly indicates 'that pumoinQ" is the predominant energy

reouirement tor irrigation. PtII"the1'1OOre, a general conclusion can be drawn that the energy

requirelllE':~t for irrigation will be affected lit'tle by errors or slight changes in the energy

inpu't determinations for providing the water supply or for installing the system. These

resul ts also tend to coniirn Newcombe's asseT':ion mentioned on page 9 that the per annum

energy cost of constructing the water supply networks is m:i.nilIlal (60).

In t."e ser.'tions which follow, examples are presented in the fom. of case studies

to illustta:te the concepts presented. Data for these case studies came from developing

countries.

Energy for Land Levelinq -- Case Study

Land leveling is a major factor in i.n;lroving the efficiency with which irrigation

water can be applied. The energy cost of leveling land for irrigation is dependent on the

size and topography of the fields and the equipment available to do the land leveling.

The topography ","ill vary for steep IOOtmtains, where narrow bench terraces may be constructed

with human labor, to alluvial plains where the smoothing and leveling of uneven fields may be

done by machines. This case study from Pakistan is for conditions typical of alluvial

plains (8, 6i).

Studies l1ave indicated that when farmers irrigate unleveled fields, overirrigation

generally results because of the nat1.n"al tendency of fanners to keep irrigating until the

high. spots become wetted. Under traditional conditions in Pakistan without precision land

leveling, it was found from a stu.dr of 52 sites that over 70 percent of the sites were

. overirrigated resulting in the loss of valuable water and leached nutrients. The process

resulted in excessive energy costs. Sometimes the gross amotmt of water applied to poorly

leveled fields was 3 to 4 times the desired application.

In the Mona Project in Pakistan a land leveling survey indicated that' only one-fourt..'1

of the land satisfied a criterion of indi\~dual field basins being leveled to 0.03 meters

ma.."timum elevation difference. Another survey indicated even fewer fields met this levelness
criteria (.i8).
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Calc-ulations of the total cormnercial energy required to level fields t"ere mde

considering the volume of earth roved a...'1.~ ::.~e average distance t:"e earth ~"as hauled. :=01'

two cases the energy requirelOOnt is about: ::'0.3 x 106 KC:ll/ha for a O. £IS hectare field and
'''5 106

V' l/h - , 1 h - :. ~", I th - .:>' I., '8-._:<: ;\.ca. a ~r a _. eci:are _J.<;;_-.1.. n ese I..ases _It.er a.. or 64 horsepower

t:'ac~or and scraper ~"ere used bl the w"Ork md the enersr to manufacture and operate the

:Ilachines '..,-ere both considered. For compar::'.3c:-" in another study 3at'ty and Keller in th.e

United States found the land leveling ene:'gy for a 64 hectare field to be about 3.15 :<: 106

Kcal/ha (19). This ~iide variation is not sur;rising since the local topography of fields

to be leveled is so different.

If for purposes of i11us~rating the energy cost of providing land leveling in

developing coun:r:ries we conservatively ,.c;c? the large figure of 10 x 10° Kcal/ha for t.1e

leveling energy and charge that energy \:\'lst over a ~O year period, the result is an annual

cost of initial leveling of 0.25 :< 106 Kc:l.1/ha/yr. There is an energ)' requirement to maintain

the leveled fields which will be :llUc.~ less than the annuali::ed energy cost of the original

leveling. Assuming this maintenance ent:::",v' to be four-tenths of ~'le annual enerS'1 cos~ for

land leveling, provide,; an annual energ;.. ;;ost of land leveling. This estimated value of

0.35 :<: 106 Kcal/ha/yr is ccnservadve and should be applicable to :"topical small fields in

alluvial plains using ;';JaJ,l :ractors and scrapers for the leveling operation. It is

apparent t.~t the energy investment in la.'"1d leveling on an annual basis is small and provides

a large potential energy savings through lTDre efficient irrigation•

..1J:nw. surveys of fanne:-s in Pakistan y,'~ th precisicn land leveling indicate t..1at they

noted several benefits from land leveling, th~ major ones being reduced tilne to irrigate

fields (indica't:ing that less water was bein~ ~o/asted) and higher ytelds (6i). The land

leveling pays off in several ways' and wa.ter' savings with at't:endant energy savings is :najor

aIIXJng them.

The ~fatter .;f Ins-::J.llillg Cor.creo;~

L.mea Dlt::.~,:,s or ['.1derg!ouna ?!'De

'!he concept of improving and lIlJcie~i:in"~ surface irrig~tion 3)'sterns by replaci."1g

open ditches with buried pipelines has freq1.Y. :tly been proposed. Pilot projects such as in

Sri Lanka have been started in which conCl'et~ tmdergrotmd pipe is ~o be used (5i). One

major benefit anticipated is to improve the ';:mtrol of water so it can be applied on demand

as opposed to a rotation schedule using open. wi. ':ch watercourses. :'fate't' losses also will be

reduced permitting better :;roduction on ~2n:.:.:, ~artiollar1y' a.t tho llJW end of the water

course system.

3Rotty, et a.l., provides data on ~:~ 3Ii1Oun: of :!'..atF.:rial in V.:lr:i\1US id.mis of tmder

gTOWld irtigation pipe as '.-leU as for com.:~~tel::-:.ed ~ :'':''lgancn cha..'"'1rel.:i of .ii:ferent si::es

(19). .Uthough it has not yet been donf:" ;~::: ene-:'g>' cost of n1aTluiac,,:uri.'"1g and :.nstalli..!'lg

these kinds of water supply syStelllS could ")_ :'J.lculated. ":01" sp~:'fic W!signs unciar de'leloping

COtUlt':'y conditions. ~lone1'heless, some ge!l.;'~' .:.::. :.l-::lons are pc~sib:,J based en ~_i.e ~rmomic

analysis of t..~e benefi ts to be accr..:ed frn'l __l':~':" ". ~ ~ems.
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Tne mass 0= material (cQnc-:e~~j use:.l fo::.' pipes J.."ld lining caIl"- .-, js not great on a

pe-: hec~are servt::d bases. Neither is the '1ua."lt i. tv of ea:-c.h to :t .i!C ..~c in the excavation

ror trenches fo'::' pipes or the di t::.~cs. .-\1 t.hOLlg:-l :.i-te dollc.r CCJS~ H'.ay b.;- """rge, the an.."lualized

energy invesment is relatively mdes: L"ldic:a"ting that ecor.r.mdc consici,:~·~tions as opposed to

energy factors ","ill likely cietennin~ t.'1e £easibilit:;: of t..~ ~ystem:::. 1.i3 aJOOUIlt of "Tater

that can be saved, however, is great and can 3lT:Oun~ t::: half or more. TI.~ economics appear

to be favorable even under developing COur.tTV conditions if the nec:~~,:;i.::: credit and

resources are a\ailable (50, 57).
In mst developing countries, r.oncre"te pipe will usually be a ...e::..dil)" available

material at reasonable cost. Using t.~e bB contract prices for insta2.:ing the underground

concrete pipe for a project unde,::, construction in Sri LaT.l~ and the ',i;inal estimated

price for installing concre"te lined canals aloIlg with input-output 2:':' tor consttuCtion

",i.th concrete produc"tS, one can roughly estimate the energy investment 1~: .:.ired to inswl

eit.'ler tmderground concre"te pipe or lined ca.nals f01" this pilot pr-ojec': ~; ~, 78). On an

a.·li'1ua.lized basis, assuming the life of the systems to be 40 rear~. resul~.:. in about 800,000

Kcal/ha/)"l" to ins~ll concret~ pipe and 450,000 Kcal/ha/)'1' to put i...., cc:~;~r~te lined canals.

:hese estirna~es are =or a pilot projec~ of only 134 hec"tares and are p:ob~nly mu~'l higher

t~an \o,ul result if ","idespread use of underground pipe or lined canals ~'iere to be installed

si.T1:e the energ:' costs estimates were indirectly detennined using th~ contract bid price.

A more reasonable estimate is likel)" less than half these values. F~;.;ever, considering

the ....alue of the water saved, which is estimated to be as much as SO percent, the installa

tion of concrete pipe or lining of the canals can often be justified on an energy basis as

well as on an economic basis (50, 57, 65).

A critical question that must be considered is whether the ca~)ital to improve and

mderni:e the watercourse can be made available and if the scope of s~.;~ projects can lead

to economi.cs of scale in installing -:he improvements. Great benefit ca~ ~ccrue by having

better water control pennitting the use of an irrigation schedule "ilich can provide water

on demand.

Case Studv on Imcroved Water ~1anagement in Pakist:ar.

This case ","ill illustrate the energy that can be saved through good water managenent

practices, such as precision land level.ing and watercOUTse improvemer.t, and comes from a

study of private tubewells in the Salinity Control and Reclamation Project (SCARP) (47).

!he study included 192 tubewells, about 30 percent of which were on 2;ald also served by

canals and 70 percent on land unserved by canal water. The drilled ~eJ: th of these wells

was shallow, being only 3S meters and the pumping lifts were not great - - about lO meters.

For -:bese wells the total dollar cost of pumping water in the mid-l970' s a::l:n.mted to

approximately 565 per hec~~e-meter and is even higher now. For-:y percent of these dolla'::'

costs, or about $26 per hectare-meter, were for energy to drive the p~~ For these

tubewells an average of 30 perCE. t of the costs were fi.xed annual costs and not related

..
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to the quantit:r or ;..-ater provided. Therefore,:-O percent of the costs are 'rariable and

proportional to the quantity of water pumped.

Early estimates of water losses in watercourse conveyance in Pakistan made by

Pakis~ agencies in 1964 indicated losses or only 10 to IS percent (51). These studies

by ~~e Lower Indies Project (LIP) and the Irrigation Research Insticute-Punjab (IRI) led

to t.i.e comforting, but later proven erroneous, conclusion that wat:ercourse losses from canals

of 1500 neters a.verage length cuoounted to no lIlOre than 10 percent of the water passing through

them. However, rore recent extensive measurements on ove:- 600 sections of 51 waterco';II"ses
by teams from the Water and Power Development Authority (WAPDA) and Colorado State Universit'/

(CSu) showed losses ranging :rom 4 percent to 72 percent ?er 305 neters (1000 feet) of

watercourse (9). The inflow-outflow IOOthod used by the \'/APDA-CSU teams included losses at

junctions and outlets, losses through rodent holes, etc., and therefore represented all the

normal. losses in \'latercourse operation. The losses measured by the ponding method used by

t.i.e LIP and IRI groups measured only percolation losses under ideal conditions because leaks

at junctions or through rodent holes were sealed or avoided. The :'/APDA-CSU team found :.i.at

about half the ......ater supplied to watercourses was lost before it reached the far.oors I

fields, a far greater loss than originally thought.

The CSU On-Farm ;'/ater ~!anagement Project efforts, in cooperation with Paki:3tani

cooperators, resulted in several canals being cleaned and renovated (51). The resulting

increase in the water deliver; efficiency ranged from 21 percent, to 50 percent and avp.raged

from 30 to 40 percent. This cleaning and maintenance was done by the farmers themselves

and, <j}erefore, little expenditure of purchased c01llllJericaJ. energy was involved. In general,

approximately 1.1 meter of watercourse could be cleaned and renovated with hanri tools per

man-hour of labor. The cost was about SO.l2 per lOOter at t.i.e Pakistani labor rate of one

t'"..Ipee per hour. The energy l.."lput for labor is 300 Kcal/man-hour :naking the energy cost

per meter of improved 'N'a:tercourse an insignificant 273 Kcalimeter of canal. The energy cost

. per hectare served on an annual basis is 5000 Kcal/ha/yr. The process is labor intensive and

economically justified and is not energy costly. This illustrates t.i.at the human labor

energy input is not significant in energy calculations t but there are limits to \ihat can be

accomplished with hunan labor in irrigation.

In general, the watercourse iIq)rovements in Pakistan reduced the watercourse losses

from about SO percent to about 30 percent. As a result, instead of recei'ring only SO percent

of the p~ed water at the fields, iO percent 'N'as received -- a ~O percent increase L" the

water for irrigation. The efficiency of the canals in delivering wter c.1anged from 50

percent to iO percent. Even a lesser improvement would be very beneficial and worthwhile

in terms of energy savings.

Losses in the actual field irrigation. practices also can be of si:eable :nagnittlde.

Several conclusions can be made from a study of land leveling in Pakistan (48). Field

irri;ation application efficiency is a lOOasure of the por'tion of water received at t.i.e

field. that is delivered by the farm irrigation system'to t.i.e plant root :one 'N'here it can
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:,e used by the c't'op. It ',..-ill '1301;' :rom 60 ;lercent for fields ',vith ~5 .:m L'l levelness up to ;33

?ercent .~hen that '/ariadon is only =1c::l. The da'ta from 2~ precision leveled fields compared

to 26 ~'1'aditionally leveled fields showed that it took only about 60 percent as much time to

irrigate the ~recision fields as the tradi'tionally poorly leveled fields and a.t the same ti.:ne

the yields increased signiiic3Iltly. CalC'..tlations from t.1ese s't:Udies L"'1dica.te that the field

irriga'tion appliC3.tion eificienC'/ inc:oeased. f'1'om about 65 percent with tradi'tional leveling to

abou't 80 percent ri th precision leveling. The dollar cost of the leveling was abou't Sl;O i'er

hec-=.are for lOOving an average of nearly :00 c-..mic meters of earth pe4 hectare. The energy cost

for this land leveling by machine can be estima'ted to be abou't 350,000 !<c:a.l/ha/YT' (see case

study on energy for land leveling). It \vill be less if iIlOre labor intensive methods are used..

For this tubewell case study, one can calculate the energy cost to provide 0.6 me'ters

of net irrigation durir.~ the year to a crop in Pakis'tan. If this irriga'tion water is trans

mitted trom a OJbewell through a poorly rnain'tained watercourse with 50 ;Jercent loss (I'iatercourse

conveyance efficiency' of 50 percent) and applied. to traditionally leveled fields with a field

appro; cation efficiency of only 65 percent, then 1. 35 hectare-meters of water must be pumped

for each nee.tare irrigated. However, if the canal is renovated and improved reducing water

course 10s3es to 10 percent (watercourse conveyance efficienc/ of iO percent) and the small

fieles precision lev~led to increase field applica'tion efficien~, to 30 percent, only 1.0i
hectare-meters of ',.;ater mus1: be pumped to provide the necessary irrigation. About 40 percent

savings L"'1 PUIllping energy results along wit.'1 the same savings in other variable costs. Table 6

illustr:ltes the possible savings in total energy in tabluar fom, taking into account t.~e energy

cos't for the various ~ro""elllmt:s.

Table o. E.'(ample from Case Study for Irrigation from Tubewells in Pakistan.
E.'1ergy to Irrigate Crop in Pakistan from Tubewells '.<lith 0.6 ~feters

Net Irrigation. Energy Figures are in Thousands of Kcal/halYT'. Y
Energy to Energy for Energy

:'later Improve ?recision Energy Total Saved by
Pumped Watercourse Leveling to ?ump Energy ImprovellEn'tS

~feters3
lObo l<cil7 1000 kci17 1000 ~ca:rl 1000 Kc:ul Percent

ha/YT' ha/YT' ha/yr ha/YT'

15,500 0 ,1 3,150 3,150 0

Irrigation
Practices

Un.unoroved
l'latercourse

Tradi'tior.a.l
Leveling

Unimoroved
;'latercourse

Precision
Leveling

I.mcroved
f'latercourse

Traditional
Leveling

!lIIDro,,-ed
i'latercourse

P't'ecision
LevelL"'1g

15,000

13,190

10,710

o

sy
(:00)21

-':0/
;)-0

(ZOO)'}!

350

o

350

2,555

1,324

:,905

:,251
(:,~46)Y

2,179
C1,3i4),y

s

:9
(::) ~'
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Ta.ble 6. Footnotes (See Previous Pa~e)

Y Pumping energr calculated assuning diesel powered plmlp ....i th 10 meters total liit as
in case ror tube....·e1l3 in Pakistan. Pumc eificienc'l is assumed to be 55 :Jercent and
energy efficienc:" of diesel engine to be ZS percent. ~OTE: Pump eificienc:ies may
be higher, up to 70 percent but numerous measurements of irrigation pumps have shown
typical eificiencies of about 50 percent, so ~,e assumed 55 percent is reasonable.

]j This is based in this case study on watercourse renovation by hand labor in an ux:
giving a very low value of energy input. If renovation was by machine, the value
•....ould be higher and perhaps 200 KcalI ha/yr•

H Total if watercourse improvenent was by machine at ZOO Kcal/ha/hr.

This actual case study strikingly illustrates again that the best way to save energy in

irrigation is to proVide management practices which minimize water losses to the ma~

extent possible. In this case, the programs to renova't:e canals to conserve water are also

very effective in conserving the energy required for each hectare irriga't:ed and can result

in about 30 percent reduction in the annual energy required to irrigate each hectare of land.

This ....ase is for one crop per year. If t:~'C crops are produced each :/ear (cropping intensi1:'(

equals 200~), as is [Jossible in tropical and subtropical -:liJr.a.tes, the benefits of precisicn

land levelL"lg and watercourse improvement are rore st:oiking since t.:"'e energy savings through

reduced water pumped. occ:urs for each crop.

It so happens that in many situations there is inadequate water to properly irrigate

the available land. Therefore, the water saved can irrigate rrcre land and :mre food can

be produced, all with the same total expenditure for energy for the operation of the tubew-ell.

Regression analysis of a series of tests on the economics of precision land leveling in

Pakistan indicates tha.t precision land leveling in fields 'rith from 0.06 to 0.12 meters

m:i.nimJm-ma.tilm..an elevation range resulted in a wheat yield increase of .199 kilograms ?er

hectare due to leveling (48). Added to this is the production tha.t can be expec'ted from the

increased area that can be effectively irrigated because the improved field irrigation

efficiency ....hich resul ts froiI1 precision leveling permits IIIJre land to be irrigated ...n, th
the available water. In fact, the small plot research dan indicate a. potential yield

increase of 30 pe'I'Cent per hectare possible wi~"l precision land leveling and a ;"2 percent

increase in t.'e area irrigated from a given tubewell supply as a result of the combination

of precision land leveling and watercourse renovation. Taken together, this illust1'a't:es

the yield of f90d per uni t of water may potentially be lTIJre than doubled. Stated another

way, each unit of conmercial energy ccJmlit't:ed to food production could possibly be made

to produce twice as much food if the land is available for the additional irrigation.

The same result can be achieved in some cases by inc-reasing the cropping intensity on

existing land. For this reason improvemen'tS in on-fam water management practices :nust

be given high priority in any national strategy for energy in irrigated agricult'.Jre.

energY Savings Possible

The potential energy savings in irriga't:ion is summari:ed by Gilley and I'lat'ts (36).
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Their comprehensive report addresses the potential energy sa\rings from various improvemetlts

possible in on-fum irrigation systems and presents curves and tables.

The energy required for pumping increases directly in proportion to total pumping

lift and also in proportion to the water 10s'l: in each component part of the irrigation

system. The places where losses oCC"oJI' are along the watercourse and in the fields as deep

percolation or as nmoff. When the water losses are reduced by a certain percentage, the

pumping energy is reduced by a similar aJOOunt. We can st.mma.rize by considering the general

reduction in energr required by two improvements that are readily possible in developing

coUIl'l:ries -- first, reducing water losses in the canals and watercourses and, second,

reducLTlg the losses in t.he fields during irrigation. A general inverse relationship exists

between the energ;· required for punping and the efficiency of each component of the overall

irrigation system in performing its ftmction. That relationship is shown in Figure S in

\o,nich a Punping Energy Factor, PEF, is correlated to Efficiency, Eff. If there is no water

los'l:, Eff = 1.0, and the PEP is also 1.0 which is the lowest possible. As losses increase,

E=: goes down and PEP goes up. The relationship is simply PEP • l.OlEff.
Figure S,or the above simple inverse relationship,. can be used to calo~ate the effect

on PUliI?ing energy of any changes which improve the efficiency of a component of the irrigation

system. For example, if the efficiency of the watercourse is improved from 0.5 to O. ';

(losses in the watercourses are reduced from 50 percent to 30 percent), PEF for that component

is reduced from 2.0 down to 1.43, resulting e 28.5 percent energy savings. If the

efficiency of applying water in the fields was increased £rom 0.65 to 0.80, the PEF for

that component of the irrigation system would drop from 1.53 to 1.25, providing an additional

18.3 percent energy savings. A pump might be repaired or replaced, improving its efficien"y

from 0.55 to 0.6i giving a change of PEP for that from 1.82 down 'to 1.49, giving still

another 18.1 percent energy savings. The total effect on ptmlping of any combination of

changes is the product of the individual PEFs. In the above case the combined PEF before

the improvemen't5 was

PEP • Z.O x 1.53 x 1.82 • 5.57
before

After the improvenents it is

PEP • 1.43 x l.~5 x 1.49 • 2.66
after

In other words these changes which are reasonably possible reduced the pumping energy

requirements to only 48 percent of what it was before, i.e., 2.66 + 5.5i • 0.48. Clearly,

the first priority in saving energy is to reduce all losses and improve the efficiency of

each component insofar as possible.

The above e:<3I!;)le can be illustrated in another way by writing a general equation

representing the potential energy savings that are possible through iJI;lrovement of various

components :'n the irrigat.ion system. Such an equation can be expressed as

PES = 100 [1 - (~, (~, (~, ••••• (~) J
J;:.r~ 1 r. ... _a) Z Ef~ 3 Eff~ n
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in which PES is the potential energr saVings, expFessed as a percen~age, resulting from

irn;:lrovenen~ in the efficiency of various components in the irrigation system. In each case

t.iJe subscip": b follO\'f"ing Eff \d thi..'"l t.~e parentheses indicates the efficiency of th.a.t

component before improvement and the subscript a indicates the dficiency after improvement.

The subscrip~ "1, :, 3, •••n," outside the parentheses refer to the individual components

of the irrigation system that may be changed to improve efficiency. These include pump

efficiency, efficiency of the wa~ercourse system in conveying water witilout losses and the

application efficiency of the field irriga~ion sys~em in dis~ributing the water that arrives

a~ the field to tile soil root :one where it can be used by the crop.

Using this equation for the same example cited above would give ~~~ for
watercourse losses as m~) .. 1

(~~;~) 2 for efficiency of applying wa~er in the fields becomes (~:~3)

And, finally, (~i§~3 for pump efficiency becOIll!s m:~~)

In equation £onn the percentage energy savings, PES, becones

PES = 100 [1 •

= 100 [1 .
(~

0.48J

(~) (~J
• S2;;

Therefore, as before the energy savings resul~ing from the above thr'!e improwJreIlts is S2

percent 01", stated another way, only 48 percent as nuch energy is requi'!'ed after the

~rovements are made.

An expanded version of the above equation to include the effect of pt.qJing lifts and

t.1e depth of irrigation water applied is developed in APPENDIX II.

SUllmar""

The mat~er of establishing priorities for making decisions on how to best save energy

in irrigation needs st.mJnari:ing. This may be done in very general tenns by looking at. the

flow of water from the source to the field, figuratively spealdng, and identifying the

general magnitude of energy use in each componen~ and the po~en~ial energy savings possible.

One can look at the elements shown schematicall,· in the following:

Irrigation Fann Farm
Water Supply f- Water - Irrigation to- Irrigation

Conveyance Sys~em Management

At the outset i~ is importan~ ~o reiterate w't only general guides can be given

because each irriga~ion situation is differen~ fT(lJll any other. No two regions of the world

have the same hydrology and topography and surface wa~er s~orage potential, the same

hydrogeologic conditions and groundwater po~ential, the same soils and topography for canal

construction and field irrigation, the same climate and rainfall distribu~ion, the same
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:otent::'al for multic-:"opping, or the same socia-political. institutions ~or irrigation manage

rent. Some irrigat:ion is in large projects and in other cases, it Ifill be: in small individuall)

supplied, single far.:l. irrigation t.mi ts. :-!oreover, there will be exceptions to any general

recommendation that may be given. However, the generali::ations givon ~·iill provide under

stand.':T1g or irrigation-energy relationships and JUidance for those ~~ho :mlSi: make decisions

regarding the best way to save energy in irrigation under any specific set of circumstances_

It must always be remembered that one cannot isolate energy consideration from economic

cost data. :';01" can one separate an assessment of operations and maintenance problems

associated with a potential new technology from judgments on the li.1<elihood of tl1.e essential

support services being available on fanns in developing c~trie~.

Each of the factors will be considered separately.

\'later Suoulv

The decision on -,oIhether surface water supplies or groundwater supplies are developed

will generally be based on hydrologic factors indicating which supply is available as well as

on economic and fil'lancing considerations. Surface 'Nater quality is usually better, but the

canal supply system usually /JPerates on a rotation basis and does not have the £lexibili t:{

of supply-on-demand to indi'liCual farmers that tubewells provide. Tubewe11 irrigation often

enables greater iIDJl ticropping recausa water can be supplied on demand. Surface water

reservoirs camot be COllStruc'ted in phases as is the case for tubewell irrigation, so

the entire projec't financin~ :m.:st be available before constrUc'tion can begin.

These are only a few of the factors, other than energy considerations, that affec't

the decision concerning the water supply. However, when energy alone is considered

surface water projects require less than half as much energy to provide the water on a

per hectare per rear basis, liS, 000 versus 410,500 Ical/ha/;rr. Furthe1'lIDre J when groundwater

is used there is t.1e recurrin~ annual energy requirement for pumping and this depends on

the depth of the water below the earth's surface.

Irrigation Water ConveYance

~'1ater which is lost in its conveyance from the supply to the fields results in a

dire.:t loss of dle energy invested in providing the supply. Therefore, con1:rolling losses

in water conveyance is an important firs't step in saving energy.

rn Pakistan, it has been shown that earthen watercourses ,:culd be improved to reduce

wa'ter losses from SO percen1: co SO percent. This required an energy inves~n't of only

5,000 Kcal/ha/yr when the watercourse renovation was by hand labor with hand tools and an

estimal:ed 200,000 Kcal/ha/yr if done by machine. In either case it is a small energy

investllEn't for the water and energy saving benefits received and it is \~ell justified.

There is lit'tle data from developing ceuntties on the energy requirements for

~roviding conc~te lined canals or concrete underground pipe. However, based on a pilot

project in Sri Lanka, we estimate t.~t the energy to provide concrete lined canals would
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be no Jl!Jre than 225, 000 Kcal/ha/yr if the practice were to be implemented on a widespread

basis. Similarly, tmdergrotmd concrete pipe irrigation systems if widely used could be

installed for an estimated annualized energy commitment of 1e~s ~~~ 400.000 Kcnl/hal:7.
In 'the case of ,concrete lined canals or concrete tmderground pipe, 'the existing water losses

would essentially be eliminated. ille economic justification for such improvements appear

favorable, but that "''ill depend on the individual cases and the availability of capital and

credit and, therefore, no general conclusion can be reached.

However, it is evident that great energy savings can result in watercourse improve

ment. Renovation of existing earthen watercourses is a wise decision if water losses are

oCCUI":"ing. In many cases, it is probable that the further improvement with concrete canals

or underground concrete pipe can be justified ':J. OIIi an energy point of view. However, the

economic justification will control in most cases and this requires careful s'tUdy of each

L"1dividual case.

Fam Irrigation Systems

Improvement of irrigation management practices on 'the fam provides great opportuni t!'

for energy sa"i.ngs. Strface irrigation s!'stems require much less energy for installation

and operation 'than either sprinkler systems or trickle systems. The surface systems aTe

the best from an energy use point of view except for groundwater supplied systems when the

pumping lifts are very great -- approaching 100 mete:-s (a depth of water rarel!, found in

developing countries). As a general rule, surface irrigation systems will be 'the best

suited for developing countries.

For the small farnJ:!rs typically eXisting in de"lc:loping countries, the irrigation appli

cation efficiency can be expected to reach 70 percen~, if the irrigated land is accuratel!'

leveled. This is possible because the irrigated fields typically are small and the length-of

nm in the fields is small. When the length-of-run is large, SUdl as is tYPical for the

United States, irrigation nmoff recovery systems are justified on an energy basis.

Precision land leveling is the Jl!Jst easily achieved improvenent in farm irrigation

practices in developing countries. The annualized energy cost f':Jr la11..'1 leveling is 350,000

Kcal/ha/yr or less and, consideTing the improvement in the irr:.gation application efficiency

that can result, it is well justified on an energy basis. TIle case study reported for

Pakistan, stmmari::ed in Table 6, illustrates the value of land leveling in a striking

manner.

Farm Irrigation Mana~ment

Fam irrigation management covers the many management factors which ultimately

control the success of any energy efficient and successful irrigation system. The farner

mus~ tmderstand the places \o<"i thin the irrigation system where water losses, and resulting

energ>" losses, occur. He mus~ b~ advised on practical irrigation management practices ~o

help him achieve the goal of an energy efficient irrigation operation. This requires
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5uppOTt of 1001 educational programs 3.ppropriate to :.'1e individual conditions to assist

't.1e tann irrigators in lmderstarlding the benefits that can resul t in .5Ood far:n irrigation

management ?ractices. It is unrealis'tic to expect tha't t.h.e energy savings possible '..;i'th

good irrigation will be reali:ed on a significant scale unless geod educational programs,

designed for 't.1e local socio-political setting, are ~lemented.

I



O1apter III

AL!E~\[ATE RENE'IABLE ENERGY TEa-INOLOGIES WITH
POTENTIAL IN LDC IRRIGATION SYS'I'EM5

~~y of the developing countries depend heavily on fossil fuels for energ:', and even

in cases where they have significant fossil fuel resources, they are often short of the

financial resources to develop them. Thus, on the whole, these developing countries derive

more than half of their total energy fran wood and agricultural or animal wastes (12) .

.~ IOOdemi:ation and energy requirements of these countries increase, the efficiency of the

development and use of critical energy resources will be vitally important.

Wi~, regard to irrigation, the convenient and predominant power sources have been

oil and gas used in internal combustion engines and electricity, often derived up to now from

fossil fuels, Electricity derived from hydroelectric plants is an important source where

water resources and sites suitable for hydropower are available. In the long term, local

applications of biomass, solar, wind and other renewable energy fonns may hold promise of

more abundant energy, but the economic costs should not be underestimated.

This ~iapter provides a brie= discussion of several alternative energ)' conversion

tedmologies that may have potendal fiJI' use in irrirration in developing countries. Chapter IV

anal~':es the advantages and shortcomings of the various alternate renewable energy sources.lI

Discussed in this chapter are agricultural biomass ,Y solar and wind energy conversion

technologies. Biomass technologies considered are direct combustion, gasification and

pyrolysis of plant residues; me1;,hane production by anaerobic digestion of animal wastes;

e~~ol (ethyl alcohol) pro~UCtion from starchy and sugary crops; and production of a diesel

fuel substitute from plant oils.

Direct Cornbusdon, Gasification, and PYrolvsis of Plant Residues

As discussed here, "direct combus'tion" refers to bunri.ng of the biomass in an excess

of air. In "gasification" the oxygen supply is restricted reSulting in occurrence of incom

plete combustion releasing combustible gases such as carbon m:moxide, hydrogen and methane.

"Pyrolysis" is the ttansfonnation of :m organic material into another fom by heating in the

absence of air; principal products of pyrolysis are gases, oils and char 0

Conversion systems are of a thermochemical type and are classified as nonbiological,

dI:° processes . Exhaustive descriptions of the conversion systems, environmental impacts, and

economics related to combustion, gasification and pyrolysis have been presented in a recent

publication of the Office of Technology .~sessment (orA) of the Congress of the United

;,; The reader who is onl)' interested in the advantages and shortcomings of the various
possible renewable energr sources, and not a review of the various processes may go
direc~ly to Chapter r:.

y Biomass, a fom of solar energy resulting from the growth of plants or microorganisms,
includes all organic matter except fossil fuels 0 Dry biomass con'tai.'1S about half as
mu~, energy as coal -- 3900 Kcal/kg.
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States (13). Thus, only a condensed descrip~ion of the technologies will be given here.

wirect Combustion

7e~1nology fOr direct combustion is highly de~~loped ar.d in 'Nide use commercially wi~~

·....ood 3.S ~'le feeds~ock. SystEm!S are available :or production of elec'trici-cy or steam or for

cogeneration (si~taneous production of steam and ei~~er elect!'ici~1 or mechanical shaft

~ower). ~fuch research is tmderway to develop suitable combustion systems for high-moisture

agricultural biomass residues (e. g. rice hulls, cot:ton gin ~ash, grain stover, et:c.) and

to study optiJlum particle si:e, 'feeding systems, particulate control, suspended bum:L.."1g

systems, e~c. (74).

. The conversion system consis'tS of a reactor (furnace) to convert the biomass to heat,

a boiler to conver-:: the heat to steam, and a turbine to convert the steam to electricity.

In the reactor, provisions must be made to: (a) introduce the organic materials; (b) provide

an adequate airflow to maintain 3.&"1 excess oxygen supply; (c) relJDve t.1e residue or ash; and

Cd) control ~articulate emissions. Airflow may be by nat"..lral or forced draft.

There are two types of air-sl.l.Spended combustion systems: Ca) those which suspend

the burning fuel in the flue-gas stream in the cOmDust:ion enclosure; and (b) t.lrose which

suspend the fuel :L..'1 !he gas stream and in another :ned.ium, called the r'1uidized bed.

Advant:ages of flue-gas st'l"esm suspension include a I1IJre rapid response to automatic corttrol,

an initial cost savings, and the ability to complete ccmustion with a much smaller

percentage of excess air in the reactor.

Fluidized-bed suspension burning syS1:ems have the advantage of the flue-gas stream

susp'ension, plus several others resulting from the fac1: that: the fluidized-bed, usually a

sand-li.1<e :naterial, acts as a Jtthenoal flywheel" of large capacity. Thus, feedstoc.r..s of

var:,ing densities, particle si:es, and moisture con1:ents with variable or even intermittent

:eed :oates can be handled easily with little or no particulate emissions. Also, savings of

auxiliary fuel for preheating on the next startUp are appreciable in the case of intermittent

operatioo. Thus, the fluidi:ed-bed system is suited par'ticularly ·....ell to agricultural

biomass :eedstocks. Disadvantages are that a slightly higher level of operat:ional expertise

is required and the initial system cost is greater (i4).

Gasification

Gasification is t.he process of .:uming solid biomass into a. gas suitable for use as a

fuel or for chemical synthesis. When the oxygen supply is restricted, iitcomplete combustion

occurs releasing combustible gases such as carbon monoxide, hydrogen and methane. A solid

residue or ~iar remains (i4).
The t-ypes of :oeactors suitable for gasiiication include updraft, downdraft, fluidi:ed·

bed, and entrai.'led flow reac\:ors. 'These are described 1."1 detail in the recent on. report

mentioned earlier (13). The entrained- flow reactor is the fastest of these four, but has

the disadvantaged of requiring a finely grotmd feedstock and the fuel gas contains considerable
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ash. Ii tile ash is cleaned from tile gas by wet scrubbing, then the waste water may contain

t07ic compotmds sue., as phenol.

Fluidi:ed-ged reactors have the advantages described earlier in the direc~ combustion

sec-:ion plus they are much faster than tile updraft of downdra:t gasifiers. Properly designed

fluidized-bed reactors can be operated in eithe~ the combustion or gasification mode.

The updraft and downdraft gasifiers are the slowest, but they also are the simplest

to construct. In the updraft reactor, hot gases flow cotmter to the feedstock. Part of

the fuel stock is pyrolyzed and tile resulting gas has a high tar content. In the downdnU':

system, pyrolsis products are broken down as they pass through the reactor zone before

combining with the exiting gases. Since downdraft reactors have the potential to eliminate

tar from gas, they may be better suited for burning crop residues as a fuel source.

The ideal gasifier would be simple to construct and operate, produce no ash in the

fuel gas, completely gasi£~· the feedstock (producing no char or tar), accept a wide range

c: feedstock sizes and mois'tUre contents, and gasify the feedstock rapidly. The downdraft

a.nC. fluidized-bed gasifiers appear to be the most favorable types, but further development

of all 'types is required before a clear choice can be made. It is likely that different

gasi~ier types ~'ill prove superior for different feedstocks and applications (13). Much

research and developm2I'1t are underway in this area.

Experience in Europe during the 1930s and 19405 indicates that gasifiers can be used

to fuel internal combustion engines (n). Results of this experience wi th autOJlDbile and

truck engines indica:ted a significantly greater amtmt of downtiJJe for maintenance and a

30 percent reduction in power when operating on gas. Even though the gasifiers would be

unlikely for autoIl.;,:,oiles today except in extreme fuel shortages, the potential exists to

use gasifiers to fuel especially designed internal couDustion engines for irrigation water

ptmlping or elecnical generation. The problem of excess downtime for maintenance would

have 'to be solved, however.

The principal difference between gasifying for close-coupled boiler operation and

process heat and for internal combustion engines is that the latter application requires

that the gas be cOvled before entering the engine and requires particularly low tar and ash

content. The cooling is required to enable sufficient gas to be drawn into the cylinder

to fuel the engine and prevent misfiring. The gas cleanup system is required to prevent fouling

or excessive wear in the engine (13).

Gasifiers could be used as the sale fuel for gasoline engines or together with reduced

quantities of diesel fuel in diesel engines (by replacing the air intake with an air-fuel

gas mixture). The energy lost in cooling the gas and re:ooving the tar and the added cost

of the cooling equipment are liJcel)" to more .than double the gas cost.!; over that for close

coupled gasifiers (13). The gas is generally not competitive today with use of electtici ty ,

gasoline, and ciesel fuel for irrigation pumping, but with increasing energ;' prices may

be competitive with natural gas in the near future (13). Imprcvements will have to be made

in gasifier efficiencr and reliabilit)· to improve the applicability of gasi~iers to internal
combustion engines for crop irrigation, however.
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?v"rolvsis

Pyrolysis is the t1"aIlSfor.:lation of an organic :nat:erial into anomer for.n by heating

in the absenc~ of air. The principal ?roduct5 of pyrolysis are gases, oils 3nd char (7~).

I= heat is applied slowly under pressure and in the presence of a cat:alyst, a pyrolytic

,~il can be produced. The pressure suppresses gas for.nation and the catalyst aids the

format:ion of the oil. Rapid heating and cooling can also produce pyrolytic oils. Several

pyrolitic processes are under study currently 'Nith mi.'Ced 'results (13). At presen:t, the

costs of producing pyrolytic oils appear to be very high in relation to air gasifiers and

the efficienc:, of using the biomass feedstocks L"1 this way is considerably lower than with

gaslI:~cation. Problems with current: systems for producing pyrolytic oils from biomass

feedstock include excessive tar and char product:ion, cost:s, and corrosiveness of the product.

~!ethane Product:ion bv Anaerobic Digestion of Animal h'astes

.~erobic digestion is a conversion process for wet biomass 5U~~ as an~~l manure,

::nmicipal sewage and certain industtial '...c.stes C"4). r:l. this process, va.rious kinds 0-£

bacteria constlIIe the wet biomass in an airtight: container called a digester.

This biological process if as follows:

Crma.gt~te·rc + Bacteria + Water _ ~rethane + Carbon + Hydrogen + Stabilized
dioxide sulfide Effluent

The resulting biogas is 60 to 70 percent rethane with roost of the remainder being carbon

dioxide (C02). ~lethane-fonningbacteria are sensitive to environmental conditions in the

digester such as pH (6.6 to 7.6 optimal), temperature (35°C and 54°C are CiO preferred

levels), and carbon/nitrogen ratio (30 to 1 optimal) (74). The bact:eria may be present in

the original mat:erial when charged (as in the case of animal manure) or may be placed in the

digest:er when it is initially ~harged. The gas has the heat value of its methane component

and can be used directly as a heat fuel or in internal combust:ion engines (13).

The anaerobic digestion process is especially \iell adapted to slurry- type W:lStes and

has enviromnental benefits in the form of treating wast:es to reduce pollution hazards and

to reduce odor nuisances. Fut'thermJre, an advantage results because th.e residual from the

digestion process can be returned to the land, either directly as a fertilizer or possibly

after refeeding to aniIIals, to help maintain nitrogen and organic levels of soil. Other

biomass en~rgy conversion processes discussed to this point destroy ~st of the input

material ,md the residues have lit'tle fert:ili:er or potential animal :eed value (13).

3asic Proc..~ss

There ts muc.~ yet to be learned about the bacteria and exact biochemical processes

involved in aru::erobic digestion. However, the basic process consists of three steps (13):

(a) decomposition (hydrolysis) of the wet biomass to decompose it to usable-sized rolec.l1es

su~~ as sugar, (b) conversion of trle decomposed matt:er to organic acids, and (c) conversion
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of the acids to nethane. Accomplishing these steps involves at least '0-4"0 different t':IJes of

bacteria.
The rate at which the biogas foTmS cispends on the envirorunental conditions mentioned

earlier but also on the na'tUre of the material to be diges"ted. Sewage sludge and animal

manure produce biogas much faster than cellulosic materials suc..'1 as crop residues.

Disturbances of the digester system, changes in temperature, feedstock composition, toxins,

etc., can lead to buildup of acids tha't inhibit the methane-producing bacteria. Generally,

anaerobic digestion systems work best when a constant temperature and a unifOrm feedstock

are maintained.

when a digesrer is started, the bacterial composition is seldom at the opt:i1m.ml. If,

however, the biomass feedstock and operating conditions are held constant, a process of

natural selection 'takes place until the bacteria best ~le to metaboli:e the feedstock

dominate. Biogas production begins within a day or so, but complete stabili:ation may take

much longer, sometimes months.

Numerous kinds of anaerobic bacteria have been tried, though the process is basically

one of hit and miss (l3). I-: is difficult to assess the potential Ior improvement at this

time. Experience \\'i t..1 biogas such as in India leads sOJre to ::onclude that the benefits of

t:le biogas schemes have been over-estimated (64). Too often the benefits are estimated on

the basis of ideal estimates rather than data collected under operating conditions.

Biogas yields vary widely depending on feedstock and operating conditions. The

cpt:iIm.:m conditions for biogas yields have to be detennined separately for each feedstock

or combination of feedstocks.

Reactor Tvoes

There are numerous possible designs for anaerobic digesters, depending on the feed

stock, the availability of cheap labor, and the purpose of the digestion. Design parameters

include continuous versus batch processes, mixed versus unmixed reactors, variable versus

fixed feed rates, and other fea'tUI'es. In O1apter 9 of the Office of Teclmology Assessment

report on energy £ram biological precesses, ten different anaerobic digestion systems are

described in de'tail with excellent supporting drawings (13). .~lications and inputs,

scale, stage of development, advantages and disadvantages are presented for each system.

This material will not be repeated here. It is worthy of note, however, that variations

of these systems are currently used in several developing count'ries, particularly India

and Korea (is).

Energy Production

Although many factors affect output, Table i illus'trates the gas production ra'te

and energy output for various feeds'tocks. To translate energy output into common language,

~e dail:-- manure from a single 630-kg dain' cow could produce 1.8 m3 of biogas or the

equivalent of 1.25 liters of gasoline.
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7able 7'. ..1.pproximate :Jail;.- ?,:,ociuc:ion md ::eat 'ialues :01' 3iogas.

A:coro:d.m::tte Acoro:ci.'la:te Eolliwlents
Livestock . 3iogas ...I.coro:ci.1lateY~ ---';';';;'~:J~l:::;e::::se~lF-~5i-==a=tur=ii~";;;;;'---

J5J kg ?roduc:ion Heat Value, Gasoline :uel Gas
30dy ;'ieight :n3/day ~ L Y 1. Z/ 1:13 Y
3eef 0.35 19 0.5i 0•.53 0.51 0.4
I::airy , - 29 0.37 0.i6 O.i6 0.6.. ,)

Poul':."::"!
oroilel'S ? • 58.3 1.7 1.6 1.6 1.2_.0

?oul 'C:f
la.yers :.0 4.5.5 1..1 1.2 1.2 1.0

Swine 0.32 18.4. 0•.57 0•.19 0.~8 0.4.

y .~sumes biogas containing 60 pe!'Cei1t :net.iane or heating
value of 22 XJ/m3

y Heat:""1g ·Ja.lLes: gasqline, 5.5 ~O'lL; diesel ::.:.el, 3i.l ~U/L;

:l30lI'31 gas, 3i MJ/m.,); ?l'opane, .19 :.lJ/kg.

3iogas Utilization

Biogas cannot be liqUified at any pressure at commnly occurring temperat'.JI'es,

seriously limiting its use in mobile vehicles. It is better suited for use in high

co~ression (1.3-14:1) stationary engines designed or roocl.ified to operate on methane. In

biogas-powered statioIlar; engines, waste heat can be recirculated in the digester coil and

gas can be used as it is produced without a cOUIpressor storage unit. Full engine power

is realized only if carbon dioxide is removed from tile biogas mi:rture to inC!'ease the energy

coutent of the gas. Longer engine life is attained if hydrogen sulfide is also eliminated

f:-om the gas before use.

~fethane-driven stationary engines have a variety of uses but G,-o likely ones are fer

pumping irrigation ~"ater or for electrical generation. Since biogas is comprised roostiy of

methane, it can also replace natural gas for heati:lg.

Use of Sludge

Digester ....4Ste or sludge is an excellent iertili:er containing all the ;lotassit.ml and

phospho'I'US and up to 99 percent of the nitrogen originally in tile manure. In addition, trace

elenents such as b?ron, calcium., iron, magnesium, 5ulph~, and :inc re~ unchanged.

Sludge could also be used in livestock rat~ons if mixed '.ri th roolasses, grains and

roughage. Water must :'e remJved by centrifuge to concentrate t.'1e ~rotein and some of 'C.'1e

protein dissolved in the water is lost.

Ethanol Production from Agri·:ul tural Croes

.~ternate renewable energy technologies for biomass conversion considered up to this

•
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point are directed towoard utili:ation of plant or animal residues, not the direct food

product. The primary feedstocks for ethanol production (for which viable technology is

available today) are either s~rc.~ or sugar crops which can be used direc'tly for food in

many cases. Thus, the potential food/fuel conflict could become a serious consideration,

particularly in developing countries. Also, much controversy surrounds the energy balance,

i.e., the concern that the energy input required to produce ethanol rna.)" be equal to or

greater than the energy value of the alcohol fuel produced (13, 23, 45, il, i4). Nonetheless,

ethanol from biomass offers considerable promise for application in developed countries and

perhaps developing countries because it represen'tS a viable liquid fuel which is renewable

and whic.~ can be used to meet a wide variet:y of both stationary and mobile energy applications.

Regarding th.e energy balance in producing ethanol, it is panicularly important when fossil

fuel is used ::0 provide the energy for fermentation and distillation. When low-grc'cie

residues are a1Tailable, ther may be used with the technologies described earlier to provide

the process heat.

~m~~ has been written and spoken in the last few years about alcohol fuel from
biomass. Here, the basic process for ethanol production from starch and sugar feedstocks

","ill be presem:ed, some considerations regarding small-scale (on-farm) production will be

given, progress in the conversion technology for cellulosis feedstocks will be discussed,

ane fi."13lly brief consideration will be given to the use of et.~anol in engines.

Basic Process

All processes for the production of ethanol through fementation consist of four

basic steps: (a) the feedstock is treated to produce a sugar solution; (b) the sugar is

then converted to ethanol and carbon dioxide by yeast or bacteria in a process called

iennentation; (c) the ethanol is renxlved £rom the feI'IIEnted solution by a distillation

whic.~ yields a solution of ethanol and water that cannot exceed 95.6 percent ethanol at

normal pressures due to the physical properties of the ethanol-water m:i.xt\n'e; and (d) 1£

pure ethanol is desired, the water is renr:nred by further distillation in the presence of

chemicals (13).

Et.'1anol can be produced from starch and sugar feedstocks with comnercially available

technology. The main distinctions ammg the processes using different feedstocks are the

differences in the pretreatment steps. Sugar crops such as sugarcane, sweet sorghum, and

sugar beets yield sugar directly whic.'1 can go in1:0 'the fe~ntation process, but the sugar

often IlUSt be concentrated to a syrup or the sugar will be destroyed by bacteria. Starch

feedstocks such as corn and other grains require an extra step prior to fennentation, that

being a rather mild treatment ~1.th en::yllles or acid and then cooking to reduce the starc.~

1:0 sugar.

Regarding energr consumption in the conversion process, the sugar feedstocks woule.

at first glance seem to ha've an advantrtge because the energy needed to reduce tile starch

1:0 sugar is not required. However, this is not necessal'i1y the case because processes for
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extr'lcting sugar from :.he feedstock ar.d concentration :0 syr..tp require a lot' of energy.

Regarding byproduc-:.s and t.1.eir ~o'tem:ial utili:ation, the stillage from t.1.e starch

feedstock can be reduced in :nois'tUre com:en't' and u'tili:ed effectively as lives'tock feed

since the ieed value of the original ;Jroduc't has not been :-educed. The value of the byproduct

=:"cm t.1.e sugar feec.s'tock is of ques'tionable value and :nay pose a. definite disposal problem.

Ii sugar crops hav-'...ng little food value such as sweet sorghum and C".ll.l £ruits and

vegetables are used as feedstocks, then the matter of the foodl fuel dilemma is less of a

problem. However, these products are perishable and to be mst economical, an alcohol

;Jlant must operate year rotmd thus requiring a feedstock t.~a't can be s'tored, such as t.~e

starchy grains.

Small-scale Svs'tems

Considerable interest has been expressed in L"1dividual farmers or farm cooperatives

producing ethanol. A nunber of factors, however, could lirni t prospects of such production.

A famer iilUSt consider a number of site-specific :actcrs beiore deciding to L"lvest L"1

an In-iar:n unit. SOlOO of t.1.e ::KJre iI!lportan't of t.l1ese are (';".1):

i
j
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Investmen't - How much does the system and related equip~nt cost?

Use of the ethanol - liill the ethanol be used on farm or sold?
What engine roodi£ications are necessar:'? i'lill the fa~r be
dependent on a single buyer?

Labor - Does the fanner have access to low cost, quahfied labor,
or is it better to raake a large investment for an automated sys'tem?

Skill - ..u though ethanol can be produced easily, the process
yield--and thus the cost--as '''ell as the safe'ty of the operator
can depend critically on the skill of the operator.

Equipment lifetime - Less expensive systems :nay be constructed of
materials that are desi.-royed by r'..lst and corrosion after a few
years' operation.

Fuel for system operation - D:les tile fanner have access to wood
or crop residues and combustion equipment ~~t can use ~~ese fuels?
Can 't"eliable~ inexpensive solar stills be constructed ~or the
distillation step? If oil or natural 6as is used, would 'it be less
expensive to use tilis ,fuel directly?

Byproduc't - Can the fanrer use the wet byproduct on the farm? ;'1ill
this complicate the feeding operations or make the~ operation
dependent on an unreliable alcohol plant? ~'Jhat -.-lill dT)'ing equipment
cos t and how :meh energy ·.-lill it const.lll'e ?

~'1a'ter - Does the farImr have access to sufficient water for the
alcohol plan't?

As a profitable venture in absence of lal'ge subs idies, small-scale, on- far.n alcohol

production is, at bes't, marginal ,..n. th curren't technology.

Cellulosic Fee~tock.s

The feedstocks with the largest long-term ~oten'tial for ethanol ;?roduc'tion -- both
in terms of absolute quantity of ethanol and in terns of t.1.e quantity of ethanol per acre
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of cultivate:::' land are the :ellulose-containing feeds'tOcks (i4). These include wood,

crop resloues, and grasses, as well as the paper fraction 0= nnmicipal solid waste.

A major research and development effort is underway in the United States to convert

cellulosic materials to sugars by acid or enzyme hydrolysis and then to alcohol t.1.rough the

aforementioned processes. Although major breakthroughs must first be made, successful cOIlJTler

ciali:ation of cellulosic conversion to alcohol would greatly expand the feedstock base,

make alcohol production more independent of the supply of food and feed grains, and thus make

the alcohol fuel potentially more attractive.

Ethanol Use ir. En~ines

Ethanol has a higher octane rating and is a cleaner burning fuel than gasoline. Tnus,
it is an effeC'tive fuel in engines. Tne am::nmt of pure ethanol in the product (ethanol proof)

ul timately deterndnes hO\'.· it can be used. No engine IlIOdifications are necessary when

"gasohol," a mi.x~e of 10 percent pure etha:lol and 90 percent gasoline, is used. Also,

since there is only a :5 percent difference in heating values for gasoline and gasohol, only

a small difference in power output and fuel efficiency is expected (13,3i,74).

Lower proof ethanol, such as can be made in a small-scale alcohol plant, can be burned

stoaight in suitably modified spark ignition (gasoline) engines. The necessary engine IIDdifi

cations are related to t.1.e following combustion cr~acteristics of ethanol relative to

gasoline: (a) requires 20 to 40 percent less air for combustion, (b) has several times the

cooling effect duri..lg evaporation, (c) has twice the flame speed, (d) has a higher octane

number, and (e) boils at i8.:5°C. Gird, in his report on utili:ation of ethanol fuel,

delineates appro~riate engine modifications to accommodate these differences (37).

Ethanol is not well suited for use in compression ignition (diesel) engines and thus

cannot be burned straight. Use of straight ethanol would require major design changes in

engines and fuel syste!llS to assure proper ignition of the ethanol and lubricat:ion of tile

l.'1jection system.

There are 'tWO other approaches to burning ethanol in a diesel engi.,e. Pure ethanol

may be mixed with diesel fuel and injected in the normal way, but modification of the engine

is required. Another approach is to introduce ethanol int:o 'the intake air. The remainder

of the fuel (diesel oil) would be inject:ed by the nonnal injection system. This method is

comncnly called fumigation and Gird outlines needed engine rodiiications and precaut:ions when

using this method (37).

Ethanol is a veIl' volatile fuel. Therefore, safety is most important in production,

storage 'and use of ethanol. One example is that gaskets and seals in the engine fuel system

that were designed for gasoline or diesel fuel may be deteriorat:ed rapidly by ethanol. Gird

gives many additional saiety considerations for ethanol production, storage and use (37).

Plant Oils as a Diesel-Fuel Substit:ute

Agric~ture t.i.roughout the world is moving more and rore toward the use oi diesel

,.
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engines :or providil1.g moile and stat:ionar:r power. Short:comings of alcohol as a d.iesel-fuel

subst:' rote ~~·er~ discussed L1. tl'le ?revicus section. Plantoils, sucl1 as peanut oil, soybean

~il, a.,d sunflower oil, are a renewable bicmass source \o/hicl1 offers considerable promise as a

~esel :uel suDst:it"..lte or ext:ender.

Several plant oils have :he energy content and t..'1ermal ignition characterist:ics (cetane

number) to :.:ake them p01:ent:ial candidat:es to serle as a diesel fuel. The energy content of

~;umber 2 diesel fuel, several ;Jlant oils, and ethanol are:

-

Fuel

~ • .2 diesel

Peanut oil

Com oil

Cottcnsecd oil

Soybean 0 i..l

Stmr1.ower oil

Et.hanol

Kcal/liter

9,.320

3,360

3,:-90

3,:-20

:3,660

3,3:0

5,390

Thus, t..'1e energy content of plant oils is approximately 90 percent that of ~Io. : diesel

fuel \o/hereas t..'1e figure for etila&.,ol is about 60 percent.

A nunber of short- tem tests using plant oils as a diesel fuel have shown ,=hat diesel

engines C:ll1 operate without iIDdification on plant oils. The long-tem effect on engines of

USi:lg tilese fuels is not presently known nor have tile difficulties to be expected under a

'fliae ranse of operating conditions been documented. This points to the fact that operational

problems may be expected until all these pote~tial difficulties are solved.

The potential yield of oil from various cops is relatively high. For e.,<ample, rainfed

peanuts unde-:- good condi tions may yield Z, 800 Kgs/hectare \o/hich can be converted into approxi

:::ately 935 li t:ers pelt" hectare of peanut oil for use as a diesel fuel.

The energ}" balance for producing plrolt oils is :nuc.lt :nore favorable than that for

etil.anol ;Jrcdt:etioll. For example, defining the energr balance as the ratJ.o of tot:al energy

in the ~..lCl to gross energy input (agric..u tural proouc:ionand prccessi...,g), t.1e ;nergy balance

ra'tic for st.ln:1.cwer oil can be over 5:1.

Plant oils have the same ShOl"tcoming as ethanol in that t.'1ey use food crops for

production of fuel, henc~ the potential :ood/ fuel conflict is again a factor to be considered.

Howe\'e:', d1e ;llan1: oil byproduct is the seed :neal ~...hich has value as a fertilizer, as a protein

supplement for an.i..-:al.. feeds, ?Jld possibly as a human food supplement particularly in any

d~velC?ing countries \>ml"re protein dietar/ supplements are vitally needed.

The tc':.1nolcg;.... for extracting plant oils is a simple mechanical process adaptable to

1 J.OI.. -':~C.;..JiOJ.Ogy C'?era::ion. ine oil is obtained by crushing :he seed in a screw press

J~e!ati:m in ;..hi.r...l the oil is h 7.erally squee:::ed. out of the seed. This ;lTOcess is':'ifferent

:rom t~e solv~~~ eX:T~ction ?i0C~SS used in large commer~ial oilseed processing plants .

.\s an e:tampi~, :u!" ;jun.:'"lcloIers, ml:! screw press or expeller operation involved. t.he following·
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steps (44):

Cooker

Filt~r

Dehulle:-

Crude Oil

5.

,.....

3.

4.

6.

The seed needs to be cleaned before any :urther
operation. Any s'tones or metal pieces will damage
the expeller. It may also be advan'tageous to si:e
the seed prior to pressing.

It may be desirable to remove the hulls to reduce
the fiber content and increase the protein content
of the meal.

Some types of seed breakage may be advisable. Whole
seed can be used bu't efficiencies of oil recovery
are lower ..

Some means of hea'ting 'the seed prior to pressing is
needed to obtain the maximum oil recovery.

The press separates the oil from the meal. The meal
will still contain some oil, however, The amount
'IoIi.ll vary from i to IS percent on a dry weigh't basis.

The oil needs to be fil tered to reJIXJ'VE, seed particles.

The oil may need additional processing to renDve
phosphatides and 'IoI"a."(es. The exact amount remains to
be detemined.

.~ with moSt o£ :he alternate renewable energy resources, several important. research

and development quest:'ons nust be addressed and answered for plant oils. These questions

include: (a) the lr;").g~tenn effec'tS of plant oil fuels on engine perlor.nance; (b) the mini.mum

degree of processin& Jf plant oils required to produce a suitable fuel; (..:) optimal blending

ra'tes (if required) vf plant oils wi'th diesel fuel; (d) improved techniques for small~ and

large-scale produetior. of plant oil fuel; and (e) economic considerations.

Plant oils and ethanol are complementary in that tile plant oils are good diesel-fuel

substitutes and ethcmol is a good gasoline substitute or extender. Based. on the indica'ted

plant oil poten'tial 3..') a. fuel, major research and development efforts seem well jus'tified.

Direct Use of Solar Power

I

Solar te~inologies are anotiler possible source of renewable energy for developing

countries. Solar energ:-' is an environmentally clean source of power but the energy is not

concentra'ted and capitai cos'tS to utilize. it are very high currently. Water heating by flat

plate COllectors is ~,e solar technology most ready -- technically, economically and

commercially -- for ·..idespread application (12). Some developing countries have begun to

manufacture their 0\\':': s(:lar water heaters, and many others could do so. Flat plate collec'tors

can be an economic ~O~.lt'ce of hot water for residences and industry; they can also provide heat

for drying crops and ce:-..ain other agricultural uses, but they are no't well suited to providing

energy for irrigation pl..o""l1p engines. The thermodynamic eEiciency of converting low differ

ential temperature hear. ",ources in'to mechanical energy is very low.

Photovoltaic cells, which convert solar energy directly into electTicity, appear

tecnniCallr. feasible 'Co <lpplications in developing countries because they promise to be
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long-lived ~1d relatively trouble-~ee L~ operation. But \vi1ile the cost of photovoltaic energy
is falling, it is still vert high (appro:dma.tely SZ/Kuh). It is not now comnercially viable

except \~i1ere relatively small amJunt5 of power are needed in remote locations. The use of

photovol taic cells to r:eet power needs for low lift, small farm irrisation and village \"ater

supply pumpL'1.g is being tested in a number of countries (12). In our judgment, this technology

is a long way from being practical for irrigation applications in developing countries.

A proposed irrigation system powered by solar energy is reported in a recent publication

of the Solar Energy Research Institute of the U.S. Department of 2nergy (":'6). This approach

involved the following technologies:

photovoltaic cells,
shallow solar ponds driving organic ~e cycle

turbines, and
collectors with engines driving a mechanical ptmtp.

These systems have been proposed for the Southwestern United States and Israel. It is

specJlated that these photovoltaic cell-powered irrigation systems :night beccme cost

effective \~th photovolaic cell array prices of SSOO/peak kilowatt, perhaps sometime bet-.....een

1985 and 1990 depending on the :uel cost escalation rate (~6).

Solar ponds have a potential of being a low-cost solar collector with inherent t.'1ermal

storage. Saallow solar ponds ilOW being studied are essentially large plastic bags filled

with saline water that collect solar energy. When they are used in conjunction ·.ath a

nighttime thermal pool, the energy drives organic Rankine cycle engines, ~Nitich in tur.'1 power

the irrigation pumps. The Solar Energy Research Institute report provides a detailed

description of this proposed solar energr conversion tec.lmology (46). It could under good

condi:ions be a solution for large-scal~ electric power proc'lCtion in areas of the world

""here' water, sal t and sun are available in abundance. This solar technology provides the

b~st possibility to date for use of solar energy for irrigation, but the capital cost io5

expec:ed to be quite large.

~ewkirk recently published ':we survey reports on solar technology applications for

irrigation ptmtping systems (61,62). Both are state-of-the-art literature .eviews including

infonnation on world patents that have been granted. It was acknowledged that muc.'1 of the

information provided was tentative, rapidly changing, and highly variable in time and place.

The reader was advised that: the information should only be used as a guide.

Tne results reported in the st..mmaries of the 60 references of on-going \vork included

reports of thenna.! systems, thenooelectric systems and photovoltaic systems. For the strait

themal systems some encourageing reports are presented, although in iOOSt cases the capacities

of the pumps are SIIla11, often represented as a fe'.-I cubic meters 'per hour. The power output

relates to the size of the collector area and if verI large collectors are used, si:eable

pumping systems are possible. Systems wi.th large arrays of sun-tracking energy concentrating

mirrors can provide energy to pump large quantities of '~ter. For example, a large installa

tion in Arizona intercep'tS 564 square meters of stmlight in parabolic :rac!dng solar .

collectors and is capable of generating 3;00 ~N (SO hpJ of power at peak operaticn (56).
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For one 9.5 hour day the sys'tem pumped 21,000 m3 of water. However I the capital cos't of this

experimental s)'s'tem is very high and it i~ a long way from being suitable for developing

coun~ies.

A measure of the current economic suitabilit>" of direct solar energ:" for pumping

irrigation ",-ater comes from life cycle cost analyses of some of these systems to determine

their econor.lic feasibility. When systems were used only to pump water, the life cycle cost

of solar systeIl's ranged from 3 to 1. -: times as great as conventional electrical systems for

projected start up dates of 1980 and 1990 (52). This was for southern Arizona in the United

States -- an area with great quantities of solar energy. Therefore, even for an installation

projected for 10 :"ears hence the life cycle cost is expected to be alJoos't twice that of a

conventional s:"'stem.
Cha~ick experimented ",ith ~,ree models of low-head solar powered irrigation pumps (22).

His simple pumps would work for lifts of Z to .:; meters He postulated that the pumps might be

suitable for some low head applications if the capital quipment cost is sufficiently low and

free solar energy is readily available. Pumping efficiencies of one percent or less were

measured and one experimental mdel pumped 6 liters pe'r minute at 2.5 meters lift. Such a

pump would reqm.re 115 days to pump 1000 cubic met:ers of water, enough to apply a gross 10

cent:i'lleters of \iater to only one hectare.

Using Chadwick's est:imat:e of SO percent solar collector efficiency and one percent

pmp efficiency, the useful energy from each square meter of intercepted solar energy can

theoretically lift 0.6 meters 3/hr a height of 15 me:ers. To lift enough water to iITigate

one hectare with 10 centimeters gross application at one-week intervals would require about

150 square meters of collectors if the pump operated eig.J,t hours per day (the approximate

aIOOUIlt of time the sun would be high enough to provic1f' -.:he necessary radiant energy of one.,
kilowatt/meter-) • Chadwick's designs, however, are suitable only for low head applications

(2 to .:; Ir.eters) and could not be used to lift water 15 meters.

A comprehensive state-of-the-a.:-t. assessment of the feasibilitr of small-scale solar

powered pumping systems is contained in a 1979 report prepared with support of the United

:-;ations Development Program (UNDP) and the tiorld Bank (3P). The feasibilit>" of providing

small scale solar powered pumping systems for irrigating fanns of about one hectare size when

pumping from a depth of about 5 meters is reviE'Wed.

To irrigate a one hectare iam with one meter gross irrigation per year requires

that 10,000 meters 3 of water be ptmlped. The World Bank and llNDP considered that solar powered

pt.:nping systems will ultimately need to deliver water at a cost not exceeding U.S. SO.aS/meter3

(1979 prices) to be economically attractive (39). This corresponds to an annual irrigatior.

water cost of S500 for a one hectare farm. Therefore, the total armual operating cost of the

sohr powered pumping system should not exceed U.S. $500 if it is to be viewed as potentially

cornpe'titive. Assuming 9 percent of this annual cost ($45) is for maintenance (a maintenance

c.~rge tha'~ may be too low) and 91 percent for amortizing the purchase, the maximum purchase

price of the solar pumpi1.g unit for this one hectare fam is de'termined (39). Table S gives
the ma:d.mum purchase price for the complete solar ptmlping system using different interest
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7able 3. ~ra.."Cimum Capital Cost of Solar Irrigation Pumping System :::

for Various Assumed Interest Rates and .~rti:ation Periods

..worti:ation Int:rest Rate, Percent
?eriod. Years .\. 10 1-1.

5 2,022 1,864 1,7:3 1,563 ~.
10 3, :"00 3,204 2,808 2,3iO ~
15 5,055 .\.,136 3,-l.46 2,:-91 [

20 6,149 .\.,340 3,383 3,013

It would indeed be forttmate if t.he life of solar powered irrigation equipment proved
to ~xceed 10 years. Assuming the interest rates are 10 percent, then the ma.'dmum inves'Ol1ent:

in tb.e solar energy pumping system cannot exceed $:,308 if the cost of irrigiu:ion water is to

be kept to the pos-:ulated target of SO .OS/meter3 or less and the amorti:at:'on period is 10 years.

At preser.t, it cannot be stated .....ith any certainty whether the solar photovol taic

pumping system or one of t.'1e possible solar thennal. pumping systems (Rankine organic vapor

engine, Rankine steam engine or Stirling engine) has an advantage over the ot.l-!Pors. However,

it appears that the 501ar photovol taic system :nay have the best potential because of possible

~reakthroughs in '(eduction in cost and improvement in efficienC'/ and dependabili ty of the

photovoltaic cell arrays. Hawe~r, the photovoltaic system may not be so amenable to local
manufacturers in developing countries, a disadvantage.

The conclusion that ilUSt be reached is that so~ar energy tecfmologies can provide power

~'r;,r pumping irrigation i'iater. However, as yet the economic feasibility must await :nore

research and development before it can be proposed ror any widespread use in developing

countries. ~Ioreover, the technologies are still quite complex and likely beyond that 'Nhich

can !'easonably be expected to be successful in :nest developing country settings under O..1l'I'ent
conditions .

Wind Power

l~indmi1ls, generating power from wind or indirectly pumping \o/atel' into elevated storage,

were amng the fi:::Jt prime movers that replaced :nan as a source of power. The earliest

recorded use is attributed to Persians in approximately 600 A.D., introduced into Europe in

the 12th Cen'tUl'y as a primary power source and during tb.e 19th Centu:ry produced over 2S percent
of the nontransportation energy in to,e United States (li). This inexhaustible, though site

specific and intennittent, source of energy has the adV3Iltage of being pollution free.

Since 19iZ, \o/i..,d energy technology development has experienced its IOOst rapid growth

in history. Worldwide experiments with '.-lind turbine generators are numerous with emphasis

on develcping boto~ small and large utility interconnected generators (1:").
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The useable global ","ind energy potential is estimated to be 3900 quads/YT (1 quad =
1015Bt:u = ::.5:: x l014Kcal ) or more than 39 times the usable global ene~gy poterltial for the

combined renewable energy sources of hydropower, geothermal heat, and tidal energy. In the

United States, it is estimated that 2 million 1,000-Kw wind turbine generators could be

installed before environmental influences of the machines become important. These generators

could produce 50 quads of electricity annually. Thus, wind energy conversion systems could

produce a significant am::JUIlt of electrical energy.

An analysis of 1979 wind turbine generator costs shows that large generators in excess

of 300 Kw are not economically cOllJ;letitive even in high wind sites. Commercially available

~ind ~UTbine generators smaller than 40 Kw may have economic applications if located at sites

with average ~i.nds greater than 19 Kmfnr, if taX benefits or other subsidies are provided (Ii) .

However, wind turbine generators in the 40 Kw to 250 Kw size range have demonstrated economic

feasibility; they could power irrig~~ion pumps or provide rural electric cooperatives,

municipal utilities, large farms and small businesses with electricit)' at 3 to 6c;Kwh at sites

with average winds of 19 km/hI or greater. Wind turbine generator costs should decreaSe

fur-:.'er in ~e 1980s as economics of mass production are realized.

In sUlIITlary, ",i.ndmills can be used at suitable sites with consistent winds of 19 kmlhr

or more in developing countries to lift water for irrigation. If winds are intermittently

sufficient and a suitable water storage site is available, windmills can lift water to

elevation for storage from where it ;:an flow by gravity to meet irrigation needs. Wind turbines

also can be used to generate electric power for pumping or assisting in pumping irrigation water

However, there are many areas of the world where wind energy is not reliabl)' available with

sufficient velocity. The key words are "suitable sites;" winds must be relatively high and

steady. The intennittent nature of wL'1ds in many locations is an inherent disadvantage of

...."ind power. A firm· technical basis exists for ",indpower projects, and the)' appear to be

economically attractive for suitable sites, but there has been little recent experience with

them and much IOOre exploration of sites is needed to assess their potential role (12).
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Chapter I\'

ADVANTAGES ..1.I'iD SHORTCOMI!'lGS OF ALTERNAi':: RENEWA,8L;
m'ERGY SOUP.C-~ FOR IRRIG.:\TICN IN DEVEJ..oPTIIG COUNTRIES

In the previous chapte!', various alternative renewable energy sources which .;:a.... have

application for irrigation in developing countries were preserl'r.ed aTld discussed. At::he

outset in this chapter, i't must be stated that, as of this t:ime, none of these alternatives

is economicallr competitive wi'th 'the fossil fuels (oil, gas, coal) directly or with

electricity generated from these £os5i1 fuels or with nuclear power or with hydro~lectric

power "''here it is available. This is particularly 'tn1e for an operation such as the irrigation

of agricul'tUI'al crops where 'the am:HJm of energy required for ptm!ping CaIl be so 'V-ery great.

It is also a fact,· unfortunately, that the world supply of fossil f'...els i$ finite

and 'that the wo"'ldwi.de demand for these precious resources will continue to grow. Thus, fut'..:l e

price increases fo!' petroleum productS are inevi~ble. It is also qui te likely t.hat some of

'the alterna.tive renewable energy sources W:.L1l become economically competitive at scme point

in the fut;ure as energy pric~s continue to increase.

Another fact is that the extemsioll of lo-w'-energy techniques no.... ccmm:m.ly used in
developL,g countries -- the man or woman \,-i th only a hoe or wi th bullock a.Tld plough and ox

cart transportation -- will not p!"oduce t.".~ food supplies needed for rapidly growing urban

populations, oft;n far removed from areas of agriculttn"al production (75). Poor countries

need as much ene!'g)' as they can get, as cheaply as possible.

Revelle in his analysis of energy use in rural India points out that a considerable

increase in energy use will be necessary to ~t future food needs -- primarily for irrigation,

chemical fertilizers and additional draught power for cultivation (68). The climate and water

supply pennit two C":Ops per year on most of India's arable land, but this will be possible only

wi th greatly expanded irrigation and fertilization. The India Irrigation Commission estimates

that for full iI"l"igation development about 46 million net hectare-meters of water should be

pumped annually from wells, requiring at least 1014 kilocalories of fuel energy -- four ti.nes

the bullock, diesel and electric energy now being used. Large additional increases in energy

are needed also for fertilizers and cultivation.

Revelle concludes his study as follows (68):

The man and women of 1"U1"al India are tied to poverty and misery
because they use too Iittle energy and use if inefficiently, and
nearly all tlley use is secured by their own physical efforts. A
transformation of l'Ural India society could be brought about by
inC!"easing quantity and improving the teclmology of energy use.

This conclusion is applicable to virtually all 'the non-ail-producing developing countries in

the world. Institutional constraints such as landlord-tenant relations, inequity of educa

tional opportUnities, lack of coherent energy resource plans with research and development

efforts and appropriate ex~ension delivery systems and political considerations must be

overcome to permit development of the needed energy resources (is).
The developing wol"ld is I in many instaIlces, amply endowed with solar energy and has
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considerable ?otential for biomass resources. These resources are ?ar~icularly well sui:ed

to helping ~eet ~~e widespread need for small, decentrali:ed sourC&S of energy where, because

of lack of conventional energy supplies, renetvable sources could prove economical sooner than

in :.he indust:"iali:ed countries (12). However, i:: mlSt :,e stressed t.i.at :he economics of

ieveloping count:"ies :-enewable energy resources for ;n.anping irrigation ',.,ater are dependent

on ~~ yet unproven fac~ors,

The remainder of this chapter will provide an evaluation of the alternate :-enewable

energy sources for irrigation in developing countries presented in Chapter III. The following

parameters are considered: costs, dependability and risk factors, state of technology,

suit:lbili ty of ~i.e tec.i.nology for developing countt;r conditions, supply or rmi :naterials and

:Cod/fuel competition considerations.

Costs

Current litera'tUre abounds with economic analyses of alternat:ive fuels. Unfor~tely,

i: is vet;' diffiC'..u. t to generali:e about the economic feasibility of al ternate fuels. Costs

of fuel produc'tion from all alternate renewable energy sources are ext,:"emely site-specific.

:be economics of biomass fuels de?end heavily on feedstock cost and availability, end use,

t':"ansport distances of feedstock, and a host of other factors (13). Solar and wind power

costs are also very site-specific, depending on abundance of the solar or wind resources.

Given that solar, wind and biomass resources are available in abundance, rankings will

be made regarding energy production costs based on presently available data and currently

available technology (13,17,46,74). These rankings, in tenns of the likelihood that a

tedmology will be suitabl~ for developing cotmtries show wind to have the lowest cost and

direct solar energy the highes't and ~e:

1. Wi..'ld (~O-Z30 Kw si:e range)
Z. Biomass (all te~~ologies)

3: Direct solar energy.

Wi~hi.n biomass, th.e breakdown is as follows:

1. Direct combustion
2. Gasification
3. ~fethane produc'tion
4. Plant oils
oJ. Ethanol produc'tion.

Pyrolysis is not technologically developed to the extent that a :neaningful rarJ~ing can be

:nade. Direct solar conversion with current technology is :iluch :nore expensive (5 to 10 times)

than ~lY of the other conversion technologies. Research and development break'throughs

could, of course, change the economic picture and hopefully tb.ey will. It should be reiterated,

l1owever, that i ..,1. general none oi these technologies compete :~ell with present conventional

energy sources (fossil fuels, electticity, nuclear and hydropower). .4.n exception might be

wind energy at ideal sites of consistent winds of greater than 19 km./hr.

Denendabili:V and ~sk Fac~ors

For irrigation purposes, it is most important ~i.at the source of power be dependable
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because ~1e entire crop can be lost or greatly damaged if water is not applied at certain

gro~ stages when it is c~iticall)' needed. Both solar and wind power depend on L~termittent

sou:-ces of energy, except in very few locations, and it is important 'that some energy storage

mechanism be a part of the teclmology for each of these if 'they are to be sole sources of

power for irrigation. Local availabili't:' of maintenance and replacement parts in case of

equipment breakdown is also a ve:;.' :important consideration.·

Sta!:e of Technology

Major research and development efforts ~e continuing and increasing for all the

alternate energy ted4~ologies. The wind conversion and direct combustion technologies are

the most achranced at this time, followed by methane production, gasification, ethanol produc

tion, and solar. Plant oil ex:raction is a simple process, but not as Imlch research and

deyelopment effort has been made in this area using simple screw presses. The state of this

technology could lIX)ve ahead of the others rapidly wi'th appropriate research and development

emphasis, but muc..1 remains to be accomplished before the technology can be generally applied.

~~~lysis technolog:" is the least developed of those discussed in ~iis chapter.

Suitabili~' of Ter-hnclogr for Developing Count!"\." Conditions

Highly sophistica'ted technology requiring highly skilled operators is not well suited

to use for providing energy for irrigation in developing countries. Ideally, the equipment

L-:volved should be simple to operate, reliable and trouble-free, and have a long life. This

is tr'.le also for applications of new technologies in developed countries, but it is critically

important in developing countries. Regarding maintenance and repairs, it would be m::lst

desirable if the replacement par-wS could be fabricated locally and, in fact, local manufacture

~)f the entire conversion system would be desirable.

Very few of the alternate energy technologies score well in tenus of suitabili t)-' for

dE"veloping country conditions. Direct combustion, gasification, methane production, and

windmills would rank highest on a "suitabili-r:r" lis't, with plant oil extraction having great

promise, but all still haVE: problems to be solved. The "solar pond" technology coupled with

pho!o\~ltaic cells and wind turbine generators are fairly complex and likely to remain veIl"

expensive. Ethanol production comes next on the list with pyrolysis being least suitable

based on current technology.

Sucnlv of Raw ~1ateria1s and Comoeting Uses

Solar and wind energ;' sources, where abundantly available in nature, have a distinct

advantage over biomass energy sources in that they have no competing uses. In l'/X)st cases,

there are alternate uses for biomass -- fuel is only one of these.

The basic purpose of agric~ture is to produce food and =iber for humans. Thus, forms

of biomass and fiber that constitute human diets or feed for anL~s ultimately consumed by

humans must be reserved. I£ surpluses exist or more biomass can be gro\o,n, over and above the
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~eeds :or ~uman and animal d:e~s, they ~y be considered f~r =~els. 3ut if biomass is used

:01' f:;el, its ir.:pac-: on food prices and availability :!lUSt be ver.' '::lref..Illy considered (13).

:nere is, :;ndoubtedly, a tradeoff bet;...een sociall~' d.esirable goals or low food ;Jrices

.mci energy availability. Inadequate energy 5upplies :01' any segment of the :ood system could

seriously affect food availability ~d ?rice.

>/any forms of biomass are no'!: edible by humans and ~desirable as animal feed or fiber.

There xre undoubtedly cases such as municipal solid wastes or food processL~g wastes where

the biomass ;Jroduc't is truly a ".....aste" and :.-equires an expenditure to dispose of it. ;~ithout

question, ","hen such :..astes exis t, conversion to useiul fuels should. be explored. However,

such wastes are to a large extent already recycled, burn.ed for fuel, or otherrise consumed

in developing coun'tries poin'ting :0 the serious problem of supply of w"aste feedstock materiCils

£Or producing fuels.

~ byproducts or residues rULve alternate uses and positive economic values associated

with f~ach use. Some crop residues i:IJS't be returned to t.'1.e soil for erosion cont:'Ol and

maintenance of organic watter levels. Also, crop residues contain 3uDstantial quantities

of ;Jlant nutrients ..hich mus-: i:le :oeplaced if the residue is removed from the land.

Biomass is also used for strUCtural material, bedding and a variety' of miscellaneous

uses. !i biomass is to be used for fuel, its value as a fuel must comoete with alternat~

uses, :Jarticularlv food. Devoting agricultural land to biomass energy production will alMl.'S

be a critical issue in any food deficient nation.

!n conclusion of this chapter, it is of fundamental importance in alternate renewable

energy ievelopment that research and adaptation to' local conditions be given high priority.

Quoting the recent World Bank study on energy in the developing count::-ies (11):

The developing world, by no means t.miquely, finds itself
short of the exper'tise needed to evaluate and exploit its
resources. There are important gaps in the developing
countries' ability to select from and adapt to their needs
technologies being studied and developed by the industriali:ed
countries, and especially technologies whose greatest potential
is in the developing countries. To fill these gaps, a'ttention
needs to be given to strengthening national research pro~3Il1S

and to the possibility of organizing in'ternational programs
of research on specific renewable energy tec!mologies.
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Chapter V

OVERALL ASSESS.tENT OF AI.'IERNATI: SYSTEMS

Three issues are of primal'}' importance in looking at energy in irrigation in developing

countries and fornn.1lating guiding principles for policy decisions. F.i..rs't, there must be a

clear understanding of the magnitude of the total energ)' requirements in irrigation as well

as the critical nature of timing of these energy demands. This includes appreciation of the

relationships between irrigation and other production inputs such as fertili:er and good

seeds so ~,at the food production potential' of the improved seed-water-fertili:er approach

is not lost because of inadequate irrigation wa'ter at tb.e time of critical need. If a c-rop

rails because of lack of "'ater, the investJnent in both money and energy for other production

inputs is wasted. Second, the level of technology required for the on-fam irrigation system

and any alternate energy approach must be carefully assessed so that systems do not fail

because the technologr and all of its potential problems were not understood. Finally, the

economic factors lIDJSt be carefully considered to assure that systems are not proposed which

are well beyond the reasonable economic reach of fanners in developing countries.

Food Production Effectiveness

Chapter II provides data on the general magnitude of energy requirements for various

t}'pes of irrigation systems with the water supplied from various sources. The surface ir:'iga

tion systems require the least energy and are also the least expensive to construct.

Therefore, when soil and topographic conditions pennit the use of surface irrigation, and

when tnP. system is well designed rotd managed, it is the best choice from both energy and dollar

cost co:.'1Siderations. Surface irrigation requires more labor than other systems, however .

.~so, field water losses are often quite large if the systems are poorly designed, constructed

and managed.

The effectiveness of an irrigation system in producing food is closely related to its

ability to provide water to the crop at the time needed. The daily water requirement of an

annual crop will range from a small daily aIWtmt at planting and seedling emergence,

increasing to a maximum when the crop reaches full grCM:h and starts its flowering and

£rui.t producing stages (26). The daily water requirement in the early stages is usually 20

percent or less of the maxilT!!un requirement. Therefore, the irrigation system should have the

capabilit:" to provide irrigation water on demand at the time the crop needs it most. Failure

to provide the irrigation during the C'ritical time of crop flowering and froting can

severel)" reduce yields, perhaps by 50 percent or more. Therefore, any failure of the irriga

tion system or its power source during the time of critical wate:o need is e5J:ecially damaging.

The small photovoltaic solar pumping system \dth low capacity may have difficulty meeting

peak crop "'later demands.

This brings up the question or dependabilit:- of the irrigation power source. Electric

pumps a:oe inherentl}' very reliable except for periodic electric power supply failures.
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Several repor'ts point to tile :ac-: t.~at power failure is not uncorranon in developing countries

and often poses 3. serious problem for farmers. Therefore, this matter requires careful

c:msideration in determining the ':lest energy supply fer a particular situation.

T"ne dependability of energy sources such as wind and Stm require careiul study.

;'iinCmill::: for mm? ;tears have been used i.'1. PLm!ping I'i'ater. :'he use of wind energy ·....UI

increase, but its potential for providing the sole energy source for irrigation i:lUSt be

thoroughly analy:ed considering climatic records.

A woled is in order regarding the problems of operating irrigation water supply

reseI"'roirs "o'I'i to;' hydxoelecn-ic power plants. Oftentimes t....e •....ater released f:-om the reservoir

is controlled by the electricity demands on t.i.e hydroelectric plant rather than on the water

demands for irrigation. The fanners are expected to use the water when provided rather t.~an

having it supplied when dictated by c!"op demands. While there is no simple solution to this

age-old conflict, the timing of irrigation water needs should be considered insofar as

possible.

Sensitivitv of Systems to Ocerational ?roblems

There is danger of looking at the many possible problems wit.i. altarnate renewable

energy sources and concluding that the potential for technical problems is so great that

nothing new should be tried. One can never foresee the f!lture with suffi.:ient clarity to be

certain and this may lead to excessive caution. However, we know from past experience that

the successful implementation of advanced teClmologies in developing c:Juntries requires that

the state of the science should be sufficiently well developed to provide for relatively

simple, trouble-free operations; otherwise the systems will continually be plagu...-sd by probl~ms

and perhaps abandoned. Poor farmers should not be expected to use systems ~'i'hich are

experimen tal and wi thout reasonably proven dependability. Therefore, we are forced to strike

a balance bet'....een opt:L11i.sm toward alternate energy sources and the realism that for many

the tec~cal and economic problems are too great for their widespread successful application

in the near fU1:Ure.

Some of the sys terns to provide alternate energy sources, such as from microbial

decomposition in digesters producing biogas, are not new; yet they are still quite tmreliable

(64). Others, such as ScheIOOS for etharlol or plant oil production, are not dependent on the

poorly LDldersteod processes of mic-robial systems and in the near fut:Ure C3Il be expected to

becOlI'.e reliable processes. However J their success '",ill be highly sensitive to the supply of

the biomass feedstocks, the food/fuel conflict, and general economic factors. Also, t.i.e

dependability of iIJJdified engines or those especially designed to use !:>iomass fuels has not
been thoroughly proven.

The teclmology Jr direct solar iITigation pumping remai.'1.S complex. There are many

potential technical problems with systems t.iat u:se tracking solar collectors to concent':"ate

energy and machines to conve':"t this to mechanical or electrical power for pumps. The

economics for t.i.ese systems ·,..rill improve in t..~e years ahead but still will remain margi..'1al



-55-

for years to come.

Solar power through pho~ovol~aics could progress rapidly if certain breakthroughs

were to oc:::ur. \'i'no would have imagined the progress which has been made in microelec~ronics

and the development of simple inexpensive computers? Conceivably, with new techniques for

continuous manufacture.of silicon cells, similar progress might be made in pho~ovoltaic

devices or some other direct conversion of solar energy to electricity without moving parts

or maintenance. If such occurs as a resul t of worldwide energy research, and has applica~ions

to help irrigation farmers, it will be a fornma~e circums'taI1ce. However, the probability

that simple, low maintenance and reliable photovol t:aic powered pumps for irrigation will

emerge suittble for widespread use in the near future, uniornmately, is not high. Also,

the likelihood ~1at photovoltaic cell arrays will be readily manufactured in developing

cotmtries is no~ great in t..~e near ::Uture.

Regarding wind energr, the teclmology is relatively simple and reliable when dependaole

~ind reSOln"ces are available•.A..s stated earlier, however, the availability of the necessa·~·~·

steady winds of 19 km/hr or I1Dre is not ...:idespread. When the wind resource is available, it

can pro\'ide a cheap energy source for pumping ir:-igation wa~er and it should be care:ully

considered. There is a need to lower the cost of wincbni1ls t.."lrough local production ami

this should be encouraged. ~toreover, there will be times when ~i.nd energy can be used in

conjunc~ionwiti1. conventional irrigation pumping sys~ems and this should also be considered.

The system will be higher in cost since bot.."l the windmill and the conventional (diesd or

electric) power source IIDJSt be provided. The increased capital cost, however, may preclude

this combination systen for developing country operations for economic reasons.

Economic Factors

.Any analysis of energy in irrigation in developing countries lIDJSt stress the high

capital cost of some of the systems that might be proposed. It is also important to keep

the matter of human labor availabilit>" in perspective when considering irrigation in developing

countries. If the tecrmology of an irrigation system is too advanced and all the necessary

supporting services are not available, the system should not be adopted without thorough

justification. It is fortunate that surface irrigation, which efi:ectively utilizes readily

available labor, is the most energy efficient and also the least costly. Therefore, this

nethod of applying irrigation water in the field has merit from a energy cost and dollar

COSt as well as labor point of view.

A word of caution is in order, however, when one looks at the cost of lifting water

for irrigation. Much of the water lifted for very small irrigated farms is lifted with hunan

power or animal power. The energy requirement for lifting irrigation water is so great, and

the efficienc:· of anL~1 and human powered de,~cesis so low, that it is almost impossible

:0 ttansfer enough ar.imal or human physical energy to the de\~ces and achieve any significant

irrigation.

A study in Eg)fpt considered the cost of lifting irrigation ~ater using animal or human
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;lower versus elect-ric or diesel pumps (11). The human power :nay be used to operate a

shaci.ouf or the tambour (Archimedes screw). .4.nimal power may operate various types of sakias

(toiater wheels) and Lr1 some cases tambours or other pumps.

Considering the capacities of i:'.o4'O laborl~rs on a. tambour, toiorking al :ernating shifts,

:-....0 cows ?owering 3. sakia, also alternating the task, the practical capacities for li£tinr.

irrigation :...ater were deter.ni.ned. In all cases :h.e lifts ;Jossi:>le ·....ere very low. Although

the price for human labor was low, the cos't of lifting of irrigation water by human power

was about 3. i times greater for human power than for a small 6. S horsepower diesel pump.

Cost using an.i.1Ia.l power •....as 1.6 times grea'ter than for the diesel pump. ~loreover, the potential

for using animal and human power is limited to very small lifts and such is not the case fer

diesel or elec'tric pumps.

Revelle performed calculations on th.e poten'tial Ear using animal power and human

power for irrigation in Chad (69). Even considering verI expensive diesel fuel and very

c.'eap hunan labor rates, the economic advantages of the mechani,:a11y or elec-:Tically powered

system prevailed.

While it is tr".Je that lit'tle commercial energy (purchased energy) is required for

lif<;ing :..-ater loll th ani.':lal or human power, there is a :.ii:eable energy COEt::Ient in human food

and animal feed. ~lost importantly, the energy demands of irrigation pumping simpl}' c.:mnot

be met by human sneng'th and endurance and it is impO'I'tw.t to recognize that irrigated

agriculture using any such system cannot be expected to advance beyond a low-yielding,

primative state.



Chapter VI

ISSUES FOR GOVERNr-1a'l"I'AL POLICY CONSIDERATION

In discussing future sources of energy to solve energy problems, Dr. Edward A. Frieman,

Director of Energy Reseat'Ch for the U.S. Department of Energy, stat:ed that research to solve

energy problems could conveniently be broken down into threE' stages -- near term for the nen

15 years, mid-term from 15 to 40 years, and long term 40 years and beyond (35). He stressed

the necessity of being realistic in terms of what research and technology can be expect:ed to

do in solving the energy problems. In looking at: the next 10 to 15 ye~, Frieman eIt;lhasi:ed
the minimum time lag for development of and implementation of new technological breakthroughs.

He stressed that governments can't do ImJCh to solve the near term problems except to promote

conservation and press for research and development to solve the energy problems further into

the funtre. He cautioned against any nation being misled into belie\"ing t~t: there would be

a simple technological solution to the energy problems. It seems quite tmlikely that: there

will be simple solutions to the matter of shoTt energy supplies and increasingly expensive

energy.

In the near term, the next 15 years, the probabili1:)' is not high 'that there will be a

significant change in the source of energ)" supplies which support the approximat:ely 100 million

hectares of irrigation in the nations ....i.th developing market economies. 'TIlere will be a

considerable expansion of the experiment:a1 and pilot: irrig.l.1:ion pumping systems using solar

energy and other renewable, non-comnercial energy sources. There are over sixty small

photovol taic pumping systems over the world (39). The water output of these solar pumps will

likely continue to be small, of the o~der of 100 rneters3 per day or less, and of local impor

tance but not of sufficient magnitude to have any significant worldwide impa.c':. It is

questiorv_ble if the solar pumping technology will have advanced within the next 15 years to

make the systems economically justified under free-market conditions except in rare circum

stances. However, this is specula'tion and the needed technical breakthroughs may occur more

readily than anticipat:ed. Hopefully, they will. The research and developmen't work should

continue worldwide.

Supplies of biomass energy sources in developing countries will continue in shott

supply in arid and semiarid na'tions. This coupled with the food/fuel conflic't will hinder

use of biomass fuels for irriga'tion on a widespread basis even though the technology will

have advanced to make it prac'tiCal in many settings. Wind energy will be utili:ed to a

greater extent: in locations where adequate wind resources are available and sufficiently
dependable.

Al'though there will be numerous advances in the next 15 years related to irrigation,

the ac'tion IOOS t likely to reduce conmercial energy use in irrigation during this near term

is conservat:ion. Specific suggestions on ordering of priorities for conservation are given

in a later section in this chapter under Specific Recommenda'tions.
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In the ~d-tenn rurure, 15 to 40 years hence, there \vill likely be several practical

solar ::cwered ~umping systems. The ~.;o of these \.;hich are Judged to be the :nost probable

are solar ~onds, ~hich could power relatively large i~igation pumps, and small solar photo

voltaic systems. It is :lot far-fetched to think that t.he cost of solar photovoltaic arrays

~ght have decreased L~ price to 5150 to 5:50 (1980 dollars) per peak kilowatt by 1995, or

soon t.'1ereafter, as the U.S. i:eparrment of Energy has speculated (39). .-Uso, the photovoltaic
systems should be more durable and dependable operating in the potentially abusive conditions

(dust, :noisture, etc.) of terrestrial irrigation applications. Also, better adapted motors,

~tlIllps and controls to use energy from this power source should be available.

In our judgment, t.l:e biomass energy uses in the mid-tenn are still not overly promising

sL~ce ~1e competition ior biomass materials and t.~e food/fuel co~~ict will continue.

Conserration practices in irrigation will continue to be meritorious wit.~ high payoff in

energy .savings because even with solar energy the cos't of energy will not be small.

~~e cannot specalate about the condidons in the rar tern -- beyond ~o years in t.~e

=:':'ture. There are teo :nany unkncwns to cloud the future visions. :Iopefully, some net....

~jor commercial energy supplies such as fusion energy ~y begin to appear to alleviate the

~roble.T.s of depleting :ossil energy.

Energy for Irrigation Sys'tems in Perscective

The energy demands for irrigaticn, or other agricultural needs, in developing countries

cannot be viewed in isolation :from other energy requ:irer.:en'tS of the nation. In arid nations,

or if there are long dry .seasons, ir:'iga'tion is quite likely an essential inpu't for increasing

food produc'tion. This very cir';umstance exis'tS in much of the developing world (~O). In

other ·,.,ords, the governmental polic:ymakers should first realis'tically assess the energy .....hich

t.1eir nation I s agriculture (including irrigation) ~·lill require to meet the food produc'tion

goals. For irrigation, several logical steps can be identified and should be followed.

These are covered in the sections whic~ follow.

;~ater Suoolv I:'evelooment

As shown in Chapter II, the energy to develop water 5upplies is not the major energy

requirement for irrigation. Surface w:a.ter supplies are the least energy expensive to develop

and should be developed when available surface water :'esources and tcpogra'Phy per.ni'tS. .-Uso,

:he energy cos't for opera'ti..'1g these S"/stems are the least because gravity flow is frequently

possible.

It generally takes more than t:\nce as much energy to develop groundwater supplies as

surface water. What I s worse, t.1e recurring energy cost of pt.mlping is ever present and t.~e

energy for pumping is the larsest energy requirement in irrigation. Usually, the selec'tion

of supply source is not a choice to be made since the nation :mJS't develop \~'hatever .supplies

are available. ~breover, t.'1e en~rgy cos't of cievelopi.."lg either supply is not the :naj or energy

cost of irrigated agricult!JI'e. Planners should be aware of the I:nergy costs involved, however
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modest, so the least energr costly sources can be chosen when selections between supply

sources are possible.

Water Distribution Svstem

Extensive field studies in Pakistan and o~er places have shown that the water losses

in canals and watercourse systems are much greater than of'ten realized (51). Some losses,

such as seepage, may later be recovered from the groundwater bu't tha't recovery 'takes valuable

energy. Governments shnuld lead in providing programs to educate the fanners concerning these

losses, and insofar as possible, provide assistance and incen'tives to help reduce losses in

the disttibu'tion s)"s'tems between the supply source and the fanners' fields.

On-Farm Irrigation Systems

W'nen soil ane topographic condi'tions pennit, the surface irrigation systems are the

least energ): expensive 'to construct and opera'te. However, surface irriga'tion systems can be

was'teful of water if they are poorly designed and. cons'troc'ted and if fields are poorly leveled.

Sprinkler S:'s'tems are cos'tly both in dollars to install and energy to operate (because of the

w'a'ter pressures required). Trickle systems are very expensive, best suited for distant spaced

orchard crops, and generally not economically feasible for deve:oping countries although

they are very' efiicien't in utilizing water.

Sources of EnergY -- Concluding Comments

The developing cOUll'tries will need more energy if they are to achieve needed inCTeases

ill food production. A 1977 analysis of the role of energy in food production in developing

cc'untries demons'trated that goals of increasing food prodI.!Ction will be difficult to meet

unless energy is better used in providing the essential inputs of fertilizer, water for

irrigation and others (73). As sho\otn in Chapters III and 'N, there are no miraculous ne\~

energy sources which will suddenly provide ample, inexpensive energy for irrigation. Each

potential n~ source has its own problems, some of which are very serious. For biomass energy

sources a serious problem will be the supply of biomass feedstocks. If a nation is food

deficient, the chances are not good that land and other agricultm'al production inputs can

be diverted to producing biomass for fuel. Therefore, along with the ever present economic

consideration is the food/fuel conflict.

We are no't at all optimistic that direct solar devices will make any significant impact

on irrigation pumping in developing countries in the near tem future. Such possibilities

should continue to be explored, but "'i.th understanding of the probable cost of such sys'tems.

Nt:) governnx:nt should tD'tally bank on direct solar energy p ..oviding a cheap solution to

irrigation energ:" needs.

Nind energy offers promise at selected loca'tions in tile near term. This will

paI'"ticularl)' be sc when efficient, wind-driven devices are mass produced in the country
adding to the local economy.
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The source of eneqy t.'1at ',rill continue :0 provide :nost of the energy for irrigation

is tile :Taditional sources of fossil fuel, ~ydroeleC'tl'ic and nuclear now used. The costS

',dll increase as supplies di:ninish, 50 gO(1d conservation and management practices .rill increase

L~ importance and government leaders should note this fact. The section on S~ergy Savings

?ossible on page 27 of C1apter II and t.he raater':"al in APP9iDIX II should be reviewed to recap

~'1e potential energy savings possible Ll irrigation.

Scecific Recommendations

At the risk of over-emphasi:ing tr-.e importance of irrigation practices, tile following

are th.e areas which will provide the greatest savings in energy use in existing irrigation

systems. They are provided in the general order of priority in tenns of the savings in

energy (and wat~r) that can be obtained,

1. Reduce water losses in the watercourse. Earthen watercourses should be

maintained and repaired and, if economically feasible and justified, lined

with an L'lIpenneable material such as concrete or replaced with underground

?ipe systems. Lack of iOOney for lining canals or installing pipe should

not ;''i.'eclude the repair and proper maintenance of earthen .iatercourses

since the payoff in energy (and water) savings has been shown to be

si:eable. A related major benefit is a iOOre dependable water supply more

adaptable to providing water to crops in tb.e quantities required to :IlL'et

peak crop -:-equirements.

2. Irr.prove on- fuml irrigation practices. Precision land leveling should be

;Jrovided. If fields are of irregular shape or the length-of-nm is
excessive for t..i.e soil characteris'tics, the irrigation system should be

redesigned for better efficiency, TIls irrigation application efficiency

in :nost C'.Lses should be 70 percent at' iIlOt'e in the small fields in developing

countries.

, The efficienC'{ of irrigation pumps should be checked. Low pump efficiencies

should be detected and pumps '..n.th very poor efficiency repaired. large

energy los.:ies occur when punping water with pumps poorly matched to the

hydraulic characteristics of the ;~ell, or when the pumps are in need of

repair. The expense of replacing pumps may not be \ii thin economic reach

of the fanners, but repair of badly worn pumps is a goed investment. Be

certain that water is not discharged at higher elevation at' greater

pressure t..i.an :-equired as this wastes energy.

~. ~!ak~ certain t.'lat the actua.l.~~ter :-eQ.uirements of the crops are mown
50 t.1at the aI!lOWlt of each irrigation is proper fer the crop needs at

that time. Irrigation specialistS can provide this information based
on the crop, its stage of grO\vth, climatic conditions, soil characteristics
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and the frequenc;: of irriga'tion.

5. Use surface we;. :er supplies when poss ible. The energy required 'to provide

surface supplie~ is generally less 'than half 'that required for 't'Ubewells

and 'this does not include the pumping energy required to use grolUldwater.

Research and Develomnen't Needs

A complete book could be written on the agricul'tUral and energy research needs in

developing cotmtries. Here, we will only symmari:e the re:;c:aTCh ne~, ;.,ith special refer

ence :0 the energr Used in irrigated agricul'tUre.

First, with fossil fuels becoming less available and mre expensive, the most

e=ficien't practices possible will be needed because of mounting costs of production inputs.

i:"nerefore, practical research and demonstrations on production systems, particularly using

tile new high yielding crop varieties. which require bet'ter water management wHl be needed.

~tuch of this is site specific and should be carried out at field locations in the country

which are staffed with research sciC:'ltists and extension specialists, often wi.th an individual

having duties in both func'tions.

Research should concentrate on adapti ve research on crops grown i.."1 the region. The

oenefits of good irrigation practices should be de1OOnstrated. Emphasis should be on systems

leading to s~le production guides for the farmers in the area. These research and extension

centers should concentrate on field !'~search and dcmm.strations and, therefore, do lit'tle

basic research.

The resources for agriculture in the country should be inventoried, including

cli'llatic records, analysis of wciter resources, soils capsbility and geology. The efficient

use of fertilizers is essential because of the interrelationship be1:Ween fertili:er and water

requirements. The use of water and fertili:er should bot.~ be optimi:ed to save energ)" from

each use. Research on local on-farm water management practices should be given high priority

and this includes the physical problems, and also t.'le institutional problems. Irrigation

systems often waste water because the timing of applications cannot be controlled to meet

peak cr:'tical wa'ter neeqs. The soil sal:L~ity stat'.JS should be studied and drainage research

projects initiated where soil salinity 01' water logging is a potential p~oblem and reduces

productivity.

Government leaders should recogni:e the importance of dem:mstrations of good

irrigation practices and pI'OmJte programs to this end. Education of fanners on what can

be done to reduce their energy and dollar costs of producing food can have high payoff.

We do not believe that more research to add precision to exi~ting knowledge of water

requirements of crops is of the highest priorit:" • Instead, research on the practical

i::-:-igation systems w·hic.h \\'ill provide ;""ater to the fields when needed, based on t.'le aJ!;'le

1mcwledge of crop wa'ter requirements cur:-en-:1y existing. The developed cOtmtries "'ill expand

t.1ei:- research on me'thods to save energy in irrigation and some- of these may be adapted to
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developing .::mntries. Still, the economic cost :.;ill be the most serious constraint and

e£fo1"":s should be =oncantrated. on this factor .

.u though the likeli..~ood of rapid tecr.nologiC3l break'l:.~rough in solar pumps may not

be great, research on simple systems should continue. The benefits f:"om any advances in

solar ~urnping are potentially too J'I'eat to do ot.1.erwise. TIle s~ is i:rue of lrind-driven

~t..:rnping systems.

A Fi.nal Comnent

"The ontimis't orocl aims t~t we live in the best
of all· possible worlds; the pessimist fears ~1is
is true" -- James Branch Cabell

The energy supply in the '~rld is critical, par'ti.cularly in some developing cot.n'ltries.

There is also a shortage of other resources. This creates serious ~rcblems. However, 'tie

believe that there are oppo1"ttmities to solve problems that initially :nay appear di:fic-..ll.t,

or even ir./poss ible.

Erst, the problem of energy shortages and high cost !IlUSt be recogni:ed. Then an

effort must be r.'.ade, lvi. th full awareness of all the facts surrounding the problems, to IID.1Ster

programs so the problems are understood and all the options explained. This infonnation mus't

~en be widely distributed in order for the necessary forces to come into action for a

satisfactory outcome to be achieved. This desired outcome will not be achieved without strong

leadership by the policymakers in the governments of the world.
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World Irrigation by Comtry
in Thousands of Hectares
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APPENDIX II

E~TION FOR POTE.'ITIAL ENERGY SAVINGS

..

.'

In.01apter H, a general equation for potential energy savings is given to Cl.Ssess the

energy impaet of improving the efficiency of various components of the irrigation system. This

includes the efficiency of the individual components in delivering water from the point of

supply to the point of use (the crop root zone). When pumps are required, the efficiency of

the pump in converting mechanical energy to energy of lifted water car. also be included.

This general equation may be expanded to include any additional factors that are

related to energy use in irrigation. For example, if the net depth of irrigation is reduced

through use of improved crops requiting less water, that factor can be included in the

equa'tion. Similarly, the effect of reducing the total pumping lift by changing the pressure

(lift) requirements of the field irrigation system, such as shifting from high pressure

sprinkler systems to low pressure sprinkler or surface systems, may also be considered.

The mre general equation representing t.i.e savings in ene!"gy' requirements resulting

from energy conservation improvements, expressed as potential energy savings in percent, PES,

is

=

~)
iOO

0.375;a
800

2

~)
30

0.60;:a •
50

!.Eb! :a 0.55 ,. 0.321;
\ Ea!1 o:6f

the total head (pumping lift) is reduced

frem 50 meters to 30 meters giving

the efficiency of the irrigation pump

is increased from 0.55 to 0.67 gi\"ing

in which D is the depth of net irtigation required by the crop; H is the total head (pumping

lift) required of the irrigation pump; and E represents the efficiency of the '~rious

components of the irrigation system. These inc~.ude the pump ef:f'iciEmcy, the efficiency of

the watercotn'se in conveying water, and the efficiency of the irrigation application system on

the farm. The subscript b indicates conditions before improvements and the subscript a,

the conditions after improvements. The subscript numbers outside the parentheses indicate

the various irrigation system components that are changed to improve the energy use efficiency•

An example can again be used to illusttate the procedure. Consider a case where the
following improvements are accomplished.

The net irrigation application required for

the crop is reduced from 800nm to iOOnm giring

..::

= -71-



.. .,
-: .. -

the watercourse conveyance efficiency

is increased from 0.50 to O. iO giving LEb) ..
\ Ea Z

0.50 .. 0.714-;o:ro

-,

and the efficiency of water application

in the fields is increased from 0.• 65 to 0.30, (- Eb) :I 9_. 65 .. 0.312.
Ea 3 IJ.W

The \:ombined effect of these improvements results in the following poten'tial enerp,y savings:

PES .. 100 [1 - (0.375) (0.60) (0.321) (0.714) (0.812)]

.. 100 [1 - 0.25]

.. 75%

Therefore, 75 percent of the original energy used can be saved by this combination of

improvements L'l the irrigation practices. Stated another way, only one-fourth as much
energy \~ould be required to provide irrigation as before.

Although it would seldom be possible to make all these improvelOOI1ts in a single system,

the equation can be used to assess the :nagnitude of the energy savings resultin~ f:"OlIl each
improvement, individually or collectively.

,.




