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A Model of an Indian Village: A Study of
Alternative Sources of Energy for Irrigation
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Summary.  This study analyses the feasibility ol various suuarces of energy tor irrigation on the
northeast Indian plains. In this region there is a large potential for turther use of groundwater,
and this paper ¢xatnines the trade-oft between the benelits to agriculture of irrigation, and the

s ol the energy and cquipment required for pumping.

A voeur programiming model has been developed to predict the ettects on agricultural
production ol seversl conventional and non-coaventional technologies. Only small size pumps
suitable tor use by individual tarmers or small couperatives are considured.

I gesubty showe diesel-tuelled pumpsets to have the largest net bepelits, The general
unne sipetitiveness o the other technologies iy due to the low energy requirements of irripation
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I INTRODUCTION

Fhie role uf encrgy in the development of the
rural areas of developing countries has received
much attention in recent years. That mechanical
cquipment and cengines of some form  are
r2quired to ncrease agricultural production is
geno ally accepted, although there ure widely
dittering views n the most suitable sources of
energy for this technology  Particularly many
‘renewable energy technologies have been put
forward as tire soluoon to the problems of
expensive petroleum faeis

! nfortunarely it s often the case that such
renewable tecnnologies are advocated with little
base an erther technical or economic fact. In
this paper g linear programming maodel of a
village cconainy in northeastern Indis 1s formu-
faret The moded 1y then used 1o assess the
c. choliic lnvants of fow-hi't pumpsets tuelled
Vyoseveral convention o and non-conventional
sou wes of Cnergy

[he pape s organized in tive parts.

i) brier desoription of the tarmaing systenis
ut the northeast Indin plamns, and census
dava or e vill cre used as a case stuldy;

“an sutline of the model,

i g discussion G e most feastble methods
ol 2n sgzing Lo Lifrimgation

i g dlseussion ot ae Lindings of  the

meadtiing  exerct-c and some cost
erehit analy sis

14)

(v) a summary of the policy implications of
the above analysis.

2. SOME CHARACTERISTICS O
AGRICULTURE IN NORTHEASTLERN INDIA

‘The region considered in this study is that of
the plains of northeastern India, and particularly
the state of Bihar. The northern plain contains
the Ganges Jumuna Brahmaputra river system
and stretchies across the Indian states of Uttar
Pradesh, Bihar and West Bengal, to Bangladesh,
Generally, the land consists of deep alluvial
depuosits and is agriculturally rich, Of the order
of 30", ot the entire population of the Indian
subcontinent live on these plains.

North Bihar lies in the centre of this region,
st south of the Nepulese border. the north of
the Ganges River The population density is
approximately 1230 persons per syuare mile,
of winch only 107 live in urben areus. Ot agri-
altural households 3077 own no land and are

* Lhis rescarch was sapported an part by the Vising
Fellowshap Procramme of the Iintitute ot Dovelop-
teehitad studics, UK and a grant trom the Ford Feounda-
ot o Harvard Uraversite, USAU T would ik ts thunk
Protos or Poter Foocen and Reo Muloobn McPherson o
Harvard Uit sisits Lo oor mnany discunsions on s
rosealh,
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dependent on seasonal employment for income.
An additional 24% of households operates less
than one hectare of land (Singh, 1978).

The State of Bihar is considered one of the
most backward in India, and agricultural produc-
tion is low. The census data used in the model
are based on data from Pulkahi,' avillage locate’
close to the town of Dharbanga, and averages
for the State. Pulkahi was chosen as it is one of
the poorer villages in the region. Resources are
tightly constrained and there is no investment
in modern equipment. Thus, Pulkahi provides a
good case study for the potential development of
traditional agriculture into modern mechanized
agriculture. Pulkahi contains some anomalies,
however, and these are adjusted with data
averaged over the State. In this way a ‘typical
poor village’ in North Bihar is constructed.

Table la shows this distribution of land
ownership for Bihar, India and Pangladesh. Also
shown is the distsibution of land in Pulkahi.
Immediately appaicri is the severe shortage of
land, and the inequality in ownership. Table 1b
shows the number of landless households as a
percentage of total houscholds. An increasing
fraction of households have become landless
due to the rate of population increase (amongst
other reasons). The fraction of landless labourers

Table 1. Distribution of land ownership
in Pulkahi, Bilar
(a) Landholding pattern

Percentage of houscholds

India*  Bihar*  Bangladesht Pulkahi
ha (1976) (1976) (1968) (1981)
0-1 55 73 57 72
1-2 18 12 26 12
2.4 13 5
25 15
+4 4 11

*Source: Kalkra (1981).
tSource: Tyers (1978).

(b) Landless as a percentage of total households

"Kosi* Bangladesht Pulkahi
(1971) (1977) (1981)
30 38 57

«Source: Singh (1978).
Source: Tyers (1978).
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of the total agricultural workers increased from
25%in 1951 to 47% in 1971 (1LO, 1977).

In this study the population is categorized by
land owneiship as this is the main indicator of
economic status. The groupings used in the
model are: landless, small farmers owning
0.01-2.00 .. and large farmers owning 2.01 ha
anu above,

A large percentage of the land of Pulkahi is
sharecropped. The exact nature of land share-
cropping is dependent upon complex social
relationships, and many families have share-
crogned for a particular larger landowner for
generations. Although the Bihar Land Reform
Act of 1950 was concerned with the abolition
of Zamindari (larger landed proprietors) and the
transfer of ownership rights to the cultivators
of the land, there has been little change. Even
the later Bihar Land Reforms Act of 1961 left
*a series of loopholes (which) virtually nullified
the redistributive efforts presumably intended
by the legislators’ (ILO, 1977, p. 108).

The sharecroppers, or fataidar, are usually
responsible for financing all the inputs to the
crops. Agricultural production is then divided
equally between the sharecropper and the land-
owner. The Gini coefficient for Pulkahi for
land owned over the entire population is 0.3.
A similar figure across landowning households
is 0.7.2

There are two distinct categories of land in
North Bihar. One category is known as Champ
land. This land is found in old river beds that are
now dry. As it is low-lying it is often flooded
for up to half the year and crops that cannot
tolerate water-logged soil cannot be grown. Thus,
it is normally only single cropped. The second
category, known as Bharna and Bhitha land
(the local names indicate a more subtie break-
down) is of better quality. Itis multiple cropped
and all crops can be grown.

Table 2 summarizes the data used as a basis
for the model. Small nuclear families pre-
dominate in landless households. Women only
work (in agriculture) in the families of landless
labourers and marginal farmers, reflecting the
poor economic status of these groups.

The annual rainfall for Norta Bihar is of the
order of 1600 mm. Table 3 shows the monthly
breakdown of precipitation for the Saharsa
district in 1981 (where the village of Pulkahi is
located) aund the average depth to the ground-
water table in Pulkahi. The groundwater is very
close to the surface, and during the monsoon
much of the land is flooded.

There are three distinct seasons in North
Bihar:

(i) The Kharif, or autumn, including the
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Tuble 2004 tvpical poor village in North Bihar, India

Sharecropped
Mean as i
uperated percentage Male

Houschold  Number of lund ol vperated Bullock buttalo Family Male [Female

type househulds tha) lund ownenhip  ownenship sz carners o earners
Landless 112 0.05 Lofr: (.03 .03 4.5 1.3 0.7
Smazll 72 )55 15 0.60 011 6.5 1.5 0.1
Large 29 0.0

14 6.85 (o 1.70 t.91) 90

Land type 4570 Champ, 550 Bhitha and Bharna tor oll categories.
Cattle und buttalo population: adutt made s adult temale ratio, 1
Buased upon te vitlsee ot Pulkahi and averages tor North Bihar,

Sraall farmeny v less than 2 00 ha, laree farmens own mose than 2.0 ha.

1.17.

Lable 3. Preapitation i Bihar
——l e - e
Depth to , I
Precipitation® vroundwater? K
Month tnm) (1) -
Jan 34 2.4 —
feb 30 2.25
M 34 250 —
Aps 149 275 .
Moy 142 3.0 _]
Jun 167 2,50
Jul 613 2.00) _
Auy 391 1.50
Sep 131 1.0u
Out ] 1.23 . Sunarcane
Nuv [ 1.50 C #asredne
Lec C 1.75 1 I R
*Personal communication, M. N Jha (1981, -
TBased upon hnear interpolation o tigures tor May 3
and Septerber personal communication. MoNG T - g Foens Sreat
(19%1) r
months of July to October. This iy the i

MONS00N seasun,
tii) barly Rubi. winter, which
Novembier to February. During this time
the weather is dry and crelutively ) cool,
vin) Late Radao or sunnmer. s the penod
March to June which i hot and dry with
occdsional shawers
Lhe existing cropping pattern for Pulkahi is
shown in bigure L The muapor crop iy riwe
harvested during the carly Rabe season. Other
hnportant crops are pubse. wheat and oilseads

url cuvern

3. AVILIAGEL LEVEL MODEL

lhe mteractions aimong the members ot 4
rural village community are complex, and the
introduction ot new technology can have many
etfects  that are not bnmediately  apparent

Frore |

Nunerons observations (Manibog. 1979, Islam,
1950, Cecelski, 1979, NCAER, 1978) have been
made of the transter of gouds and services within
vitlages 1 oseveral regtons ot the world. Briscoe
(19790, p. 12y for cxample, highlights the
complexity of some ot the exchanyes in the use
ol crop residues.

Deep water arion paddy L proedaces leaves winch
are wsially wsed tor todder bt somctimes tog tael
Srain B b oweed Tor toads sk which vy wsually
wved tor tuel bue soctunes tor todder: bhar, the
apper, tender, which bowually used tar
todder but sametines oo used Yor tucl o compuost,
atad e, the lower, course siraw whioch s usuadly
whad tor tuel bat s aho ased tor cotpost and
ovanaly Lo constructon and anitnal todder

stiav
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Recently there have also been attempts to
identify the interactions between the different
activities of village life. One of the first, by
Makhijani and Poole (1975), qualitatively
compared traditional and modernized villages
and the different allocation of resources, Other
more quantitative studies include Briscoe
(1979a, b), Hart (1980) and Rappaport (1980).

There is a tendency in this type of analysis to
follow the approach of Pimentel and Pimentel
(1979) of measuring all inputs and outputs in
terms of energy and deriving an overall energy
efficiency. Although any village system includes
an imbedded energy system, the description of
all flows in energy units does not capture the
value of the goods consumed and produced: one
joule of rice is not equivalent to one joule of
sugarcane. Two measures are therefore required:
energy units for items that are direct substitutes
in these units (e.g. heat, mechanical work, etc.),
and the utility of goods as represented by their
prices, for items that are exchanged on estab-
lished markets (e.g. crops, diesel oil, etc.).

One of the most important systems within
the village is that of crop fertilizers (McDowell
and Hildebrand, 1980). Animals are an
important feature of this system, as although
they eat fodder which could be used for green
manure, they produce dung and return nutrients
to the system. Nitrogen is added to the system
by natural fixation and the application of com-
mercial fertilizers. The crop yield is removed
from the system (although food eaten by the
villagers is returned as faeces, generally directly
to the fields) as are residues burnt for cooking.
Residues and grasses on fallow fields are also
removed as fodder. Dung of less total nutrient
value is returned, some of which is burnt for
cooking and lost to the system.

The farm system balance of nutrients is very
important when the feasibility of biomass-fuelled
tecknology is considered. In many areas,
particularly the northeastern Indian plains,
bicimass is already used for some purpose (e.g.
fuel and fertilizer) and may not be freely avail-
able for new technology.

In order to study the village system, and to
predict how technology will be rised, it is useful
to construct a mathematicil model. This
provides a consistent framework tor the analysis
of interactions between individuals in the village.
To quote Edwards (1979): ‘The mathematical
and computerized model is not merely another
language, it is a logical system. ... It imposesa
system of organized reasoning’.

The model used here predicts the general
equilibrium state of the village economy from
the maximization of profit for farmers, under
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assumptions of perfectly elastic demand for
goods exchanged on established markets. It is
also assumed that domestic demand for biomass,
and the supply of labour are perfectly inelastic.’
In more detail the components of the model are:

(a) Objective function

The objective function maximizes farmers’
income from crops and milk production, less the
cost of commercial fertilizer and fuel (when it
is used for irrigation). All land hired is assumed
to be sharecropped. The sharecropper is respons-
ible for all inputs, but only receives 50% of the
crop prouauction,

(b) Land availability constraint

As has been noted there are two types of land:
multiple cropped, and low-lying single cropped.
We assume that only one crop can be present at
a given time on the same land. In addition, crops
that cannot tolerate water-logging (e.g. wheat,
maize) cannot be grown on low-lying champ
land.

(c) Crop production functions

Linear crop production functions are used to
relate crop yield to the level of application of
fertilizer and irrigation. It is assumed that each
feasible crop has a fixed demand for water,
fertilizer, animal work and labour, in each time
period.

(d) Fertilizer demand constraint

Fertilizer requirements are calculated across
total land operated for each group. This averag-
ing does not address the costs of Jdistribution of
fertilizers. The only nutrient to be considered
in this study is nitrogen, and it is assumed that
a nitrogen balance exists. A schematic of the
nutrient cycle is shown in Figure 2. Nitrogen is
lost in the crop yield, and in residue and dung
burnt for fuel. Additional nitrogen comes from
atmospheric fixation and the application of
commercial fertilizers. A given group can also
receive residues and dung for fuel from wealthier
farmers.

(e) Animal produrtion constraint

Animals are included in the model by linear
input/output functions relating work, milk and
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availability are adjusted with farm size. Il is

dung produced to fodder consumed. Inaddition
it is assumed 1hat cach category of animal has
an upper and lower limit of potential fodder
consumption in a given time period. This animal
production function is discussed in detail in
Hurst and Rogers (1983),

(f) Domestic puel demand

It is assumed that each houschold has u
demand for energy forcooking that must be met,
This heat comes from the burning of wouod,
residues and dung, vach of which has a specilied
etficicncy ot cumbustion, Wood production is
assumed  independent  of agriculture and s
included in the mode) by means of a fixed annual
avinlubility,

() Lahour availability constraint

e number of hours available for work trom
each houschold is sct by constraints. In this
formulation, 4 farmer alwuys uses tainily labour
to the limit, before using additional labour from
other households. However, the number of
howts ol work pertormed by large Tarmens i
quite low, and accordingly the limits on labour

assumed that a landless labourer can work up to
10 hr/day, that a small farmer can work up to
4 hr/day and that for larger farmers each worker
does not work for more than 2 hr/day.

(1) Technology production functions

The work availuble for pumping depends
upon the technology and the fuel consumed,
The efficiencies of the technologies considered
are discussed in the following section. It is
assumed that the guantity of water pumped is
directly proportional 15> the amount of work
pumped, and an cxogenously set depth to the
groundwater table, Groundwater draw-down
should not be a serious problem due to the low
soil retention time, and the large quantitics of
water flowing through the system. In addition
it is assumed that cach technology has an operat-
ing Jdemand tor labour proportional to the
shatt work produced

4. ALTERNATIVE LOW-LIFT PUMPS

Several alternative tedhnologies are avaglable
tor use with small low-itt pumpscts However,
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it is thought that the more feasible alternatives
for the next 10 20 years are:
(i) diesel engines fuclled with diesel oil,

(ii) diesel engines fuelled with methane from

biogas plants;

(iii) dicsel engines fuelled with producer gas

from gasifiers;

(iv) animal-powered pumps.
ln the time period of 10--20 years, direct solar
systems (e.g. photovoltaics, organic rankine
engines) will almost certainly not be available at
a competitive commercial level.* Wind power
may be feasible for some areas, but for many
others it is simply not windy enough for this to
be viable (e.g. the bulk of the Indian subconti-
nent). Biomass technologies and animal-powered
pumps remain the major alternative to fossil
fuels.

Biomass can be used in external combustion
engines such as the steam and stirling engine or
can be converted to alcohol for use in internal
combustion engines. However, these techno-
logies are also not considered due either to their
very high capital cost or low (technical)
efficiencies at small sizes.

At present the major mechanical input to
agriculture is from small-scale petroleum-fuelled
internal combustion engines. In India these are
usually tractors, or stationary diesel engines
driving purupsets or threshers (most of these
stationary engines have a capacity of 5—-12 HP,
although some 3-HP engines are also used).

The eificiencies of such engine pumpsets are
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the subject of some debate. This is due partially
to differing definitions of efficiency. It can be
measured in a laboratory, measured in the ficld,
or an efficiency can be estimated for best
possible field use. Table 4 shows the efficiency
for engine pumpset systems from various
sources.

From these figures, the following estimates
of the potential fleld performance of gngines
are made: 3-HP diesel engine, 20%; 5-HP diesel
engine, 28%; direct coupling of engine and
pumpset,® 95%; pumpset, 65—70%. This gives
an overall efficiency of 12% for 3-HP engine-
pumpsets.

Table S summarizes some characteristics of
the technologies included in this study. The
technology of anaerobic decomposition, or bio-
gas production, has been the topic of many
studies and is often recommended. There are
two designs that have been widely adopted in
both India and China. These are the KVIC
floating-dome plant, and the Janata or Chinese,
fixed-dome biogas plant. There is little differ-
ence in the technical performance of the two
designs, although the fixed-dome plant is
completely underground and better insulated
from fluctuations in atmospheric temperature.
The major difference (and cost) of construction
is the mild steel required for the gas collector in
the floating dome design,

One non-encrgy advantage of biogas plants is
that the spent sludge contains the same nutrients
as the feedstock. Additionally, digested sludge

Table 4. Petroleum engine-punipset efficiencies

Diesel
Pump Transmission Pump-transmission engine Overall
efficiency efficiency efficiency efficiency efficiency
4)) (2) 3)=(1)x Q) “) 5)=Q3)x @ Source
- - - 35 - a
- -- - 28 - b
41 85 35 25 9 c
- - 28 20 6 d
- - - 20-25 c
' - - - - 18 f
- - - - 13-15 g
- - 66 20 13 h
Sources:

(a) Engine manufacturers (India) 5 HP diescl.
(b) Engine manufacturers (India) 3 HP diesel.

(c) Patel and Gupta (1979) estimated normal performance for 3-HP engine.
(d) Patel and Gupta (1979) measured performance for 3-HP engine.

(e) Jensen (1980) maximum performance.
(D) Jensen (1980) recommended performance.
(g) Jensen (1980) field test.

(h) Figures for () broken down assuming a pump-transmission efficiency of 66%.
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Table S. Efficiencies of various technologics

Bivmass conversion Engine I'ump Probable
efticiency efficiency  efficiency overall efficiency
System IFuel (%) (i) (%) (%)
Conventional
diesel engine Diesel vil 28 -20 60 15-12
Biogas plant Dung 40 28-29 60 6--4.5
Gasifier Residues 30 28 2u 60 4.5--3
Wood 40 28 20 60 7.5 -4.5
Animal-powered
sy alems Residue 7 50 3.5 !

These tipures are discussed in more detail in Hurst (19483).

is reported to have a higher percentage of
ammoniated nitrogen which is more casily
absorbed by plants (Bhatia, 1979),

Muny types of material can be used to fuel
blogas plants including agricultural residues,
human and animal faeces and aquatic weeds.
Plant matter resistant tu digestion requires pre-
treatinent with enzymes or acids (Santerre and
Swith, 1982) “This technology is still at an
eaperimental stage in most cases, and in India
cattle duny will remain the major feed in the
near term

Gasification s another technology which
apprars to be technically very attractive.® Of all
the *appropriate’ technologies, itis probably une
of the least understood in terms of performance
and costs. This is surprising since gasification 1s
by no means & new technology. It is old and
well-tried, and during World War 11 some 3.3
million engines were powered by gasified wood,
charcoal and coal (National  Acsdemy  of
Sciences, 1982).

The efficiency of 4 small gasifier is of the
order of 6077 For simall systems, however, it iy
advisable to use charcoal as a fuel. Other fuels
(wood, residues) produce tars that are harmtul
to engines and that can only be removed by
expensive filters.” Charcoul adds complication
of the system and reduces the overall efficiency
by approximately 507, The overall efficiency
for a charcoal manufucturer  gasitier  diesel
engine is approximately 7.5,

The final category of pumps considered here
are animal-powered pumps. For centuries, long
betore Ot conceived of the imternal combus-
tiot engine ierigation has been done by animals.
In the tndian subcontinent it is usually bullocks
or buffalo that are used, and these can produce
of the order of 2500 750 W ot work depending
upon iheir size and nutrition. Perhaps the most
common ammal powered punips are the Persian
wheel aud the cham and washier pump. Far hoth
these pumps, the gearing mvolved in translerring

a horizontal rotary motion into a vertical one is
very simple  two intermeshing wheels at right
angles. However both require brick-lined open
wells (generally 4- 5 ft in diameter) down to the
groundwater table (these are much more expen-
sive thun tubewells).

An interesting new idea by G. S. Nijjar® is
the Bullock Powered Tubewell (Hurst and
Rogers, forthcomning). This mechanism relies,
like the traditional pumps, on a bullock walking
in a circle, But here, the rotary motion powers
a centrifugal pump attached to a tubewell,
Tubewelle and centritugal pumps are widely used
at present with diesel pumpsets, Their advantages
wre that centrifugal pumps are mass-produced
and cheap, and tubewells are much easier and
chieaper to install than open wells, Centritugal
pumps only operate at 4 speed of upproximately
1000 roin or more. Bullocks walk at about
1.25 m/sec or approximately 3 rpm for an 8-m
diameter circle. Therefore a gearing mechanism
is required with a gearing ratio of about 350.
Nijjar's present equipment is in the experi-
mental design stuge amd measurements have nat
been made. However, 30°% etticicney (not includ-
ing the bullock) is consistent with the reported
efficiencies of traditional systems.? [n addition,
animal metabolism lias an efficiency of approxi-
mately 797 for the conversion of fodder to work
(Hurst and Rogers, 1983). This gives an overall
etficiency for animal-powered pumps of 3.5%.,

5. IMPACTS GIF IRRIGATION
TEHCHINOLOGY

The model described in Section 3 was solved
using the SESAME Linear Programiming package
on the 1BM 360-168 at the Massachusetts Insti-
tute of Technology, USA Various levels ot
model complenaty were assessed betore the 1hial
model was chosen. the final model used to
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shows the uggregate village optimal croppin,
pattern when large farmers own  irrigation
technology. The typical villuge optimal cropping
pattern when both large and small farmers own
pumpsels  (again  excluding  animal-powered
systems) bs shown in Figure 6. The major impact
of frrigation is the adoption of irrigated, terti-
lized high yielding varicties of nice in both the
carly und late Ruabr seasons. Wheat is no longer
grown, and abthough more pulse is grown, less
arbiar Calso a vaitety o pulse) iy planted. The
cropping pattern of land sharecropped by land
fess houscholds s unatfected by the techno
logical endowments of other tarmers.

Unlike the other methods of pumiping s ater
discussed (ice. using internal combustion engines)
there 1s an important technical constraint to the
use ot animuals for pumping: there is a maximum
capacity of work that can be performed for a
piven number of anunals (the size ot the herd s
kKept vonstant) regardiess ot the number ot
pumps that are installed.

A bulluck or buttalo can only work in the
sun tor about 6 hir, and it cannot produce more
than an average of approximately 500 W. With
a pumping mechamsm of 3070 etticiency, and
an average depth to the groundwater of 1.0 m
tatter the monscon), one annnal can pump
16,200 m* of water in one maonth,

Fhis implies that large tanners owning an

Fari, It re
s | Cerad varan)

- r"-—.---.m.v...—.—..

L3t Rl s e
wh o gerd)
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average of 2.6 draught animals could pump
42,100 m® of water, sufficient to irrigate up to
4.2 ha of Farly Rabi rive. Small farmers with an
average of 0.7 draught animals could produce
11.500 m*, or sufficient irrigation for 1.15 ha
of Larly Rabi paddy (ihis assumes irrigations
must be applied within one month).

In the Late Rabi season, the groundwater is
decper (at an average depth of 2.5 m) and only
4600 m* could be pumped by a small farmer;a
large farmer could pump 16,800 m?®. This
quantity of water can irrigate 0.23 ha and
0.84 ha of Late Rabi paddy respectively.

From the model solutions, the optimum level
of irrigation (without capacity constraints) is
0.16 ha of Earl* Rabi rice and 0.24 ha of Late
Rabi rice for a small farmer, and 3.8 ha of Early
Rabi rice and 3.1 ha of Late Rabi rice for alarge
farmer. Therefore, although animal-powered
punips can mect fully the irrigation demands of
small farmers, if they are used by large farmers
then only 0.84 ha of paddy (per farmer) can be
irrigated in the summer, and 2.26 ha (per farmer)
of traditional Late Rabi paddy must be grown
instead of the higher yielding variety. This results
in a loss of income from the unconstrained
optimum of 1860 Rs/houschold (the difference
in income between irrigated, fertilized, high
yielding Late Rabi paddy and traditional
unirrigated, unfertilized Late "abi paddy is
820 Rs/ha).

Thus far the capita! costs of the various irriga-
tion devices have not been included, and it is
not surprising that the model predicts extensive
irrigation. The investment in capital was not
included in the model as it was thought that the
factors determining investment were too
complex to be included endogenously. Instead,
the net economic effect of each technology is
calculated through cost benefit analysis with
the benefits from agriculture of irrigation
measured from the model prediction relative to
the solution with no mechanical equipment. In
this analysis, labour is priced at 3.0 Rs/day. The
major change in the use of labour comes from
the change in cropping pattern rather than for
operating the pumps.

As mentioned previously, the engine capacity
constraints were set at 20 kW for large farmers
and 10 kW for small farmers. For a maximum
pumping rate of 8 hr/day, this is equivalent to
69,100 and 34,600 MJ for each season. The
model solutions show, however, that the maxi-
mum utilization of each technology is anly
14,000 MlJ/season for large farmers and 5250
MJ/season for small farmers. This work demand
could be met by an installed capacity of: 15 kW
(20 HP) for large farmers, and 6 kW (8 HP) for

small farmers, for an average pumping time of
2 hr/day over the 120-day scason. This ciapacily
would obviously require a large degree of social
cooperation within farm categories. For
example, assuming that the small farmers owned
three 3-HP engines and the large farmers owned
four 5-HP engines, there would only be one
engine for every four large farmers and one for
every 24 small farmers (although all farmers
within each group would use them). It is highly
unlikely that such a state could exist in a tradi-
tional Indian village and it is more likely to
assume that for complete irrigation (or more
exactly, the level predicted by the profit maxi-
mizing state of the village economy) each large
farmer would own their own 3-HP engine pump-
set (or possibly share one with one other farmer),
and that every four small farmers would have
access to one 3-HI’ engine pumpset. This gives
an installed capacity of 42 HP (31.5 kW) for
large farmers and 54 IIP (40.5 kW) for small
farmers.

The capital costs of owning and operating a
diescl engine pumpset are shown in Table 7.
Table 3 shows similar costs for biogas plants and
gasifiers. With these biomass technologies it is
still necessary to purchase a diesel engine, pump-
set and tubewell in addition to the biomass
conversion device,

The capital costs associated with animal
powered pumps are shown in Table 9. Two
different mechanisms are considered: the tradi-
tional Persian wheel and the bullock-powered
tubewell. These tectnologies are discussed in
Section 4. The annual maintenance costs
associated with animal-powered pumps are also
shown in Table 9. Immediately apparent is the
large cost of a dug well required with Persian
wheels.

Table 10 summarizes the net annual effects
of cach technology. Capital costs are annualized
at an interest rate of 15% over a period of 10
years, diesel oil is priced at 4.0 Rs/l, and com-
mercial fertilizer is priced at 5.4 Rs/kgN. For the
biomass technologies, it is assumed that 10%
diesel oil is used as fuel. This is required to ensure
that there is correct ignition of the biogas or
producer gas.'! In these calculations it is assumed
that large farmers either own individual techno-
logies or share with one other farmer, and that
small farmers have cooperative ownership of
one system between four houscholds.

It is unlikely that small farmers will adopt any
technology as they are all uneconomic even if
four small farmers have cooperative ownership
of one system. During sensitivity analysis of the
model solutions it was observed that land share-
cropped by small farmers is the most sensitive
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Table 7. Costs of owning ard operating a diesel engine puinpset
(not including fuel)

Other annual costs

Lubrication

Capital Replacement costs
cost cost (Rs/h, of Life
Component (Rs) (Rs/yr) running time) {yr)
Liesel engine (3 HP) 3770 380t 04% 10
Pumpset 5008 0 0 10

Bimboo tubewell 10008 0 0

*Source: Rogers (1981).
Estimated at 10% of capital custs.
{Iiuscd on an oil consumption of (.1 I/br of running time.
81 1sed un 430 Rs for a 2-HP pumpset quoted by Bhatia (1980).
iISource: Bhatia (1979),

Tuble 8. Costs of owning and operating
biomass-fuelled technology

Capital Replacement

Biomass cost cost Life

technology (Rs) (Rs/yr) (yr)
Biogas plants 10
(5.4 m¥/day)
(a) floating dome  5780* 100
(b) fixed dome 39641 100
Gasificrs 10
(a) residuce fuel 38001 100
{b) woud fuel 3800% 100

*Bused upon linear interpolation on 1977 prices of
2330 Rs tor 2 m® capacity und 5020 Rs for 8 m?
capacity (Bhatia, 1979) and 50% inflationary increase.
T Bused upon 1977 prices of 2640 Rs (Bhatia, 1979)
and a 50 intlitionary increase.

$Based upon 770 Rs/HP of shatt power for the gasitic
(Rogers, 1981), 500 Rs tilters and 1000 Rs for charcoal
production.

Table 9. Costs of owning and operating animal-powered pumps

Capital costs (Rs) ) .
P Maintenance costs  Life

Mechanism Well Pump Total (Rsiyr) (yr)
Bullock-powesed

tubewell 1000 3500 4500 170% 10

Persian wheel 5000% 2500 7500 1504 10

*0Open well.
157 of capital costs,
15 of pump capital cost plus 25 Ry/y 1 tor the open well,
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Table 10. Summary of the economic effects of technology

Net benefits;

Net be nefits;

‘ldcrcase in the

Net benefits; price of oil required

1 system 1 sysiem for 1 system for for break-even;
Casc per household 4 hous:holds 2 households 1 system for 2 houscholds?

number (Rs/yr) (Rs/yr) (Rs/yr) (%)

G (i) ()] (ii)
Diescl-engines 1 2 700 ~240 1470 0

- Biogas plants
(floating dome) 3 4 ~-250* ~-540* 1150* 50
Biogas plants
(fixed dome) 3a 4da 110* ~450* 1330+ . 22
Gasifiers
(residue-fuelled) S 6 110 -440 1330 25
Gasifiers
(wood-fuelled) 7 8 50 -420 1250 34
Persian wheels 9 10 -850 ~230 -35 -
Bullock-powered 11 12 ~-270 -90 270 -
tubewell

(i) Effccts on large farmers, ownership by large farmers only.
(ii) Effects on small farmers, ownership by small and large farmers.

*Includes credit for fertilizer value of spent sludge.

This is also equivalent to the increase in the depth to the groundwater table required to make each technology

competitive with diesel-fuclled engines.

to changes in the model parameters, and that if
(i) engine efficiencies are reduced, or (ii) ferti-
lizer prices are increased, then the small farmers
revert from irrigated crops to traditional crops
on their sharecropped champ land. This is
because farmers receive only 50% of the produc-
tion from share cropped land, the remainder
going to the landowner. This added sensitivity
makes it also unlikely that larger cooperatives
would form. In this analysis it is assumed that
small farmers are responsible for financing their
own pumpsets, although in the case of share-
cropped land the landowner may in fact make a
contrivution towards capital costs. In addition
there are some costs of cooperation not included
in these calculations.

Of all the technologies, only diesel-fuelled
engines have a significant positive net benefit if
each large farmer owns an engine. However, if
there is a joi:t ownership between two farmers,
all systems become profitable except the Persian
wheel, The diesel-fuelled scenario remains
optimal. Table 10 also shows the increase in the
price of diesel oil (or an increase in the depth to
the groundwater) required to make each system
profitable (the base price of oil is 4 Rs/sec). It
should be emphasized that as the Persian wheel
and biogas systems cannot be moved,12 it may
not be feasible to use them for irrigation if the

fields are fragmented and separated by large
distances (which will be the case for many
farmers), If there is an increase in the price of
oil by approximately 25-30% then gasifiers
become profitable.

A major reason for the general uncompetitive-
ness of biomass-fuelled technologies is the low
head through which irrigation water must be
pumped. Effectively, biomass systems substitute
an annual cost for diesel oil with an initial capital
cost for equipment.'® Inall cases, a diesel engine,
pumpset and tubewell must be installed. In the
village model (and large areas of the northeastern
Indian plains) the consumption of diesel required
is low, and is not sufficient to justify the invest-
ment required by biogas plants or gasifiers unless
there is joint ownership.

Animal-powered purnps are the least competi-
tive of all the irrigation systems for large farmers.
This is due to the wo'k capacity restriction from
animals and the losy of income from the high-
yielding irrigated summer rice crop. This
capacity constraint is not a problem for small
farmers as they own sufficient animals to fully
irrigate their land. However, the Persian wheel
devices are as expensive as the diesel and bio-
mass technologies. The bullock-powered tube-
well is much cheaper, and is the most profitable
of all irrigation systems for small farmers.

V
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Unfortunately, even ownership of this techno-
logy would have a net negative effect of 90 Rs/
yr/houschold,

The technology of the Persian wheel has
existed for many centuries and is known in
India. However, no Persian wheels are used in
Pulkahi, confirming the above result. Persian
wheels are used in some places in the north-
castern Indian plains and this may be due to
non-homogenous ownership of resources within
farm groups.

So far discussion has been focused on the
financial analysis from the farmers’ point of view.,
For the position of society, however, the most
cost-effective at market prices may not be the
most desirable,

Two of the most important social objectives
for India are creation of rural employment, and
reduction of foreign imported equipment and
material. For these reasons, the cost of rural
labour can be shadow priced as zero,"' and
foreign exchange at 125% its market price. The
social costs of each technology are shown in
Table 11.

Table 12 shows the net social benefits to the
village from different technological endow-
ments. These figures are calculated by shadow
pricing diesel oil at 6 Rs/sec (a 50% increase),

and commercial fertilizer at 6.75 Rs/kgN (a 25%
increase). A social discount rate of 15% is used
to unnualize capital costs over a time period of
10 years.

Given the desirability of indigenous techno-
logy, the biomass technology and the animal-
powered systems are much more competitive
with the diesel-fuelled engine. This is due pre-
dominantly to the large fraction of local labour

that is used in constructing these pumpsets, Even -

with shadow pricing, there is only a minor
increase (with tue animal-powered systems) or a
decrease (with all other technologies) in village
welfare- if small farmers own pumpsets in addi-
tion to large farmers. ’

Focusing on the engine-powered (both diesel
and biomass) scenarios, the most socially optimal
scenario of bwnership of engines by both small
and large farmers (fixed-dome biogas plants;
one system for two large farmers, one system
for four sr.all farmers) is less than the diesel-
fuelled scenario (with one engine per large
farmer household).

Considering ownership of pumps by large
farmers alone (with one unit per household)
then there is little difference between techno-
logies, although fixed-dome biogas plants are
the most socially optimal. If it is assumed that

Table 11. Breakdown of social costs for each technology

Annual
replaccment
Capital cost cost Life
Technology {Ry) (Rs/yr) (yr)
Diesel engine (3 HP) 4150 420* 10
Pumpset 550+ 0 10
Bamboo tubewell 650t 0 5
Biogas plant
{floating dome) 4480% 0 10
Biogas plant
(fixed dome) 19808 0 10
Gasificrs 4000 0 10
Persian wheel
(including well) 31301 0 10
Bullock-powered
tubewell mechanism
(including pump) 2500%* 0 10

Labour shadow priced at zero: forcign exchange premium 25%.

*40% foreign exchange component.

135% tabour.

£30'% labour, 30% foreign exchange component.

§50% labour.

Gasifier, 40% foreign exchange component; charcoal producer,

50% labour.

$Open well, 70% labour; mechanism 35% labour.
**Pump, 40% foreign exchange component; mechanism 35% labour.
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Table 12. Net social benefits of agriculture

Net village social benefits from agriculture

(Rs/yr)

Case 1 Unit per houschold 1 Unit for 2 households

Technology number for large farmers for large farmers
Diesel englncs 1 113,400 (100) 124,300 (100)
2 95,200 {84) 106,200 (85)
Biogas plants 3 111,900 (99) 129,100 (104)
(floating dome) 4 82.300t (713) 99.500F (80)
Biogas plants la 118,900t (105) 132,600% (107
(fixed dome) 4a 98,300t 87 111,500% (90)
Gasifiers 5 112,300 (99) 128,800 (104)
(residue-fuelled) 6 80,200 an 96,700 (78)
Gasifiers 7 111,000 (98) 127,500 (103)
('vood-fuelled) 8 83,700 (74) 100,200 (81)
Persian whecls 9 114,600 (101) 119,000 (96)
10 114,700 (101) 119,000 (96)
Bullock-powered 1 114,600 (101) 119,000 (96)
tubewell 12 114,700 (101 119,000 (96)

vigures in roman type: ownership by large farmers only; figures in bold type: ownership

by small and large farmers.

Base case 94,500 Rs/yr; engine capacity 3 HP.
*Assuming 1 engine for 4 small farmer households.
Includes credit for fertilizer value of biogas plant sludge.

large farmers share technologies (with one
system for two households), the initial capital
investment is reduced, and all biomass techno-
logies become better than diesel engines alone.
Again the fixed-dome biogas plant is marginally
superior to the other systems. However, the
benefits of cooperative ownership are much
smaller for animal-powered pumps, ard these
become the least profitable alternative.

In these calculations the minimum possible
shadow price for labour has been used. If a
subsistence wage of 3 Rs/day/worker were used
instcad, then the diescl-fuclled engine would be
optimal in the case of individual ownership by
large farmers, and 98% of the optimal for joint
ownership. Although it is possible that a central
authority may want to give subsidies for biomass
technology, it is probable that the costs of
implementing a subsidy programme would out-
weigh its benefits.

6. CONCLUSIONS AND IMPLICATIONS

The use of irrigation increases agricultural
yields and increases rural incomes. However,
small farmers (on the northeast Indian plains)
do not have sufficient resources to warrant the
purchase of any irrigation system, and both they
and landless households must rely on increased

employment by large farmers (and perhaps the
purchase of water) to share in the benefits of
new irrigation technology.

At current prices, large farmers (on the north-
east Indian plains) should choose diesel engines
over biomass technology or animal powered
pumps. As has been noted, the problem with
bjomass technology in this region is that the
groundwater is near the surface and the cost of
diesel fuel is not sufficiently large to compensate
for the capital cost of biomass technology.
However, at a 20—~25% increase in depth to the
groundwater table both residue-fuelled gasifiers,
and fixed-dome biogas plants become more
profitable thzn diesel-fuelled pumpsets. This
suggests that biomass techinology can still play
an important role in many other parts of India
and Southeast Asia.

The results of this study show that the
removal of biomass from the village system is
not a scrious problem. Although the ratio of
crop to biomass for high-yielding paddy is
approxiniately half that of traditional varicties,
the well-irrigated and fertilized high-yielding
crop produces twice as much rice as traditional
paddy. In addition, the increase in crop produc-
tion, and hence the value of irrigation, is such
that commercial fertilizer can be used to
compensate for nutrients removed from the
system by biomass consuming technology.
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From the viewpoint of society (that is Indian
society) it may be beneficial tn encourage the
use of biomass technology and possibly animal-
powered pumps due to their favourakle effects
on the national bala' ce-of-trade. iicwever, the
shadow pricing of Section 5 shows that no
technology has major advaniages over any other
technology.

It is reasonable to pose the question: if it is
economic forlarge farmers to own diesel engines,
why are they not used cxtensively at the
moment? The two main reasons are: risk aver-
sion of farmers in adopting new technology,
and farmers’ lack of information on the costs
and benefits of owning this technology. The
latter is perhaps an area where government
involvement can have large dividends. Through
educational programmes and loans to farmers
(at a fair but not necessarily subsidized rate of
interest) the use of diesel engines may become
much n ore widespread. It may also be the case
that more profitable investments can be mnade
outside agriculture through money lending and
trading.

The main alternative to the small decentra-
lized engines that have been the focus of this
paper is rural electrification. The issues involved
with optimal electrical distribution networks and
the pricing of electricity are complex and out-
side the scope of this study.

However, a major problem with rural electrifi-
cation is the long lead times (after large capital
investment) before demand rises to meet the
installed capacity. If in the future the use of
diesel engines is to be superseded by rural
electrification, these small engines can still play
an important role in stimulating and establishing
a demand for energy for irrigation.
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This study has been directed at the optimal
investment in irrigation technology by the
members of a highly individualistic society, The
cost-—-benefit calculations of Section 5 show that
the welfare of farmers can be jncreased by co-
operation (however, no estimates are made for
the costs of cooperation). This is particularly
tiie case in the northeast Indian plains where
the groundwater is close to the surface and only
a small engine capacity is required for complete
irrigation. Although a change in social organiza-
tion and collective ownership of irrigation
technology would certainly be beneficial for all
involved (and would have major redistributive
effects) it is unlikely that rural Indian society
will change in the near future.

The use of a model requires the estimation
of many, sometimes uncertain, coefficients.
However, a model provides a consistent frame-
work for the zomparison of alternative techno-
logies. A model such as outlined in this paper
may have an imnortant role in aiding decision-
makers involved with rural policy., A simple
model allows for sensitivity analysis and gives
insights into the int-ractions of the rural system,
In this way, issues for a more dstailed socio-
economic or technical analysis can be high-
lighted.

Finally, it should be emphasized that the
technical parameters of both the biomass
technology and the animal-powered systems are
uncertain. Further research and development is
required to improve existing designs and to
determine more exactly their operating
characteristics.

NOTES

1. The data for Pulkahi comes from an on-going
research effort by M, N. Jha, P Rogers and R. Bhatia,
sponsored by the Ford Foundation, Dethi. The data
was collected by M. N. Jha of the A. N. Sinha Institute,
Patna, and I am grateful tc him for permission to use
this data. '

2. A Gini cocfficient of 1 is equivalent to perfect
tquality. A Gini coefficient of 0 is equivalent to the
state wher all the resources are owned by one individual
in the society.

3. These assumptions are very specific and contain
many implications regarding farmer behaviour and the
rural economy. Whether farmers are profit-maximizirg,
or show significant risk aversion has becn the topic of
much debate. As no data is available to estimate farmer
risk aversion, simple profit-maximizing is used in this

madel. These issues are discussed more fully in Hurst
(1983).

4. Except for drying purposes where it is used
already.

5. In Bihar the groundwater is close to the surface
and most pumpsets are directly coupled to the engine,

6. Gasification is no more than incomplete combus-
tion. The reactions are:

C+%0, ~»CO
2C+H, +1%0, = CO+ Co, +H,
Both CO and H; are combustible pases.

7. Sec Hurst and Rogers (1982) for a discussion of
small scale gasification.
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9. Sce, for example, Birch and Rydzewski (1980)
for data on pumnping rates.

i0. An extensive discussion of the model and the
various scenarios analysed is given in Hurst (1983),

11. Biogas and producer gas do not scll-ignite at the
peak temperatures of a typical diesel engine cycle. The
injected dicsel oil acts in the same way as a spark plug,
by producing a flame that ignites the compressed gas.

WORLD DEVELOPMENT

12. The bullock-powered tubewell can be made
portable.

13. In this framework the price of biomass is auto-
matically included by the use of commercial fertilizer
necessary to maintain a nutrient halance. The price of
energy in the form of biomass is cheaper, however,
than an equivalent quantity of diesel oil.

14. Although dabour can never have a zero shadow
cost -- some search is required to look for a job - it is
used here as it Is the limiting case for labour subsidy.
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