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Abstract

Irrigation projects in developing countries have a history of poor performance. Inefficiencies result as water applications
deviate from plans and induce greater than projected rates of soil degradation through water logging and salt accumulation.
Over time, the collective impact of these forces will converge to an equilibrium with a level of output that may be far below the
system’s potential. The Tungabhadra Project in south west India is experiencing all of these problems. Integrating geographic,
hydrologic, biologic and economic features, the lost production value is estimated for a range of equilibria to which this system
may converge. For the lower left bank main canal of the Tungabhadra project, the total economic cost of soil degradation are
approximately 14.5% of the system’s productive potential while sub-optimal distribution losses may approach 37.1%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Soil degradation can cause serious productivity
losses for irrigated agriculture. Two forms of soil
degradation that are common in irrigated agriculture
are salinisation–the accumulation of chemical salts
in the root zone–and water logging–the presence of
excessive water in the root zone. The amount of salt
in the soil column is controlled through manage-
ment of the balance between the removal of salts by
leaching and the addition of salts in irrigation water.
Insufficient volumes of water cannot remove salts.

Salinisation is a long term consequence of being
too frugal with water in the short term. However,
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excessive water availability, either through heavy ap-
plication or inflows from other fields, also depresses
yields. When the water available to the plant exceeds
the optimal amount, the plant ‘drowns’. A continuous
high water table can also lead to a breakdown in the
structure of the soil. The water management problem
is further complicated by the fact that salt bearing
water can flow downhill between soil blocks. Thus,
one farmer’s solution to soil degradation becomes
another farmer’s problem.

The Tungabhadra project (TBP) in south west India
provides a site for the estimation of the cost of soil
degradation in an irrigation project. The TBP is a pro-
tective irrigation system, designed to provide limited
supplemental irrigation over a large area(Hugar, 1997;
Mollinga, 1998). The distribution of water in the TBP
has implications both in terms of economic efficiency
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and equity. If the institutional instruments to optimally
distribute the water supply are unavailable, substantial
inefficiencies will result. With area based, rather than
volume based water pricing, farmers face a marginal
input cost for water that is near zero. Since the total
supply is finite, excessive use of water by some limits
the water available to others. Efficiency pricing of wa-
ter (Vaux and Howitt, 1984; Vaux, 1986)could reduce
these problems. Unfortunately, many barriers prevent
the efficient pricing of water(Tsur and Dinar, 1995,
1997).

Soil degradation costs are not borne equally
throughout the irrigation system. Downhill farmers
receive saline water from uphill farms, suffering
greater losses. The inequitable distribution of soil
degradation costs often compounds the inequities that
are generated by deviations from the planned water
distribution pattern. Since these systems are often
designed to increase equity between farmers, their
performance is a failure on both efficiency and equity
grounds. The objective of this paper is to develop a
model of the TBP which can be used to estimate the
economic costs of soil degradation separately from
the costs of sub-optimal water distribution.

The paper is organised as follows. InSection 2
some background material concerning the problem of
soil degradation in irrigated agriculture is reviewed. A
model of the TBP is then developed, emphasising the
linkage between the field where the water is applied,
the channel which delivers water to the field, the dis-
tributary which delivers water to the channel, and the
main canal which delivers water to the distributary
from the reservoir. The output of this model is then
described, starting with the field and moving up to the
system as a whole. In the penultimate section some
qualifications of these results are discussed. This dis-
cussion is followed by a conclusion that wraps up the
paper.

2. Background

The role of agriculture in the development of the
Indian economy is widely recognised(Bhatia, 1988;
Mollinga, 1998; Rao, 1994). The importance of agri-
cultural development, in particular irrigation, is high-
lighted by two main concerns. First, India cannot in-
dustrialise fast enough to absorb the potential outflow

of labour from the rural economy. Irrigated agricul-
ture enhances rural employment opportunities, offset-
ting the attraction of urban areas. Second, the rural
poor are particularly vulnerable to drought, a constant
risk in the monsoon-dependent regions of India(Rao,
1994; Bhatia, 1988). The primary justification for the
TBP was the provision of protective irrigation.

Large irrigation projects have seldom approached
design performance. In a comprehensive analysis,
Chambers (1988)finds that most large irrigation
projects in developing countries are performing far
below design targets. He attributes the poor perfor-
mance in part to a failure to understand the various
linkages between the loci of control generated by the
system.Perry and Narayanamurthy (1998)explore
farmers’ response to rationed water. Protective irri-
gation systems are designed to maximise return per
unit of water.Perry and Narayanamurthy (1998)ar-
gue that farmers aim to maximise return per unit of
land, and attempt to acquire the water they need to
do so. Given the fact that farmer’s incentives are in-
consistent with the objectives of the project designers
generates a potential for sub-optimal performance, a
potential that is all too often realized.

Mollinga (1998)conducts a detailed analysis of the
lower left bank main canal of the TBP. His perspective
emphasises the many different interconnecting aspects
of the irrigation project, and the tendency of analysts
to suppress too many of the details. Mollinga’s work
emphasises the political, economic, and social rela-
tionships that are created by the technology of irriga-
tion. In the TBP, legally sanctioned cropping patterns,
known as ‘localisations’ specify what each parcel of
land can be used for. The localisations are intended to
maximise the overall productivity of the system. On
paper, irrigation staff have the authority to impose se-
vere sanction against those farmers who violate their
localisation. Unfortunately, localisations seldom cor-
respond with farmers’ profit maximising crops. Given
limited irrigation staff with little credible authority,
farmers fail to follow the specified localisation pattern,
generating a grossly inequitable distribution of water.

The pattern of water distribution in large irrigation
projects is often very unequal. For a set of irrigation
projects in India,Deshparde and Supe (1989)find that
head end farmers tend to use about 1.5 times as much
water as is required for the crops being grown, while
those in the tail end are unable to acquire the water
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they need. For a sample of Indian irrigation projects,
Saini et al. (1989)find that farmers in the head end
of the system grow more water-intensive crops than
those in the tail region. Farmers in the tail end ’insure’
against the problems of irregular water supplies by
adjusting inputs such as seeding density and fertiliser.
Kijne (1996) finds that protective irrigation projects
in Pakistan have similar problems. In some cases, as
much as four times the planned area of water-intensive
crops (rice in particular) is grown. For the TBP left
bank main canal,Hugar (1997)finds that farmers in the
head region are growing four times as much paddy as
specified by their localisations. Even in the tail region,
considerably more paddy rice is grown than specified,
consuming water which is then not available for others
in this region.

In a previous paper,Janmaat (2001)determines the
optimal policy for a stylised irrigation system, given
constraints on enforcement options. It is shown that
the best way to manage irrigation water is to distribute
it such that any distributary which receives water re-
ceives enough for all farmers to grow any crop they
chose and have water left over to flush salts from the
system. To enhance equity, water supplies should be
alternated between distributaries. Although not attain-
ing the first best solution, this approach contains soil
degradation problems.

3. The model

An irrigation system can be envisioned as a hier-
archical system designed to distribute water from the
main reservoir to each block of land through a net-
work of canals.Fig. 1 shows a representation of the
network of canals that distributes water from the main
reservoir behind the Tungabhadra dam to the individ-
ual blocks of land. The backbone of the delivery sys-
tem is the main canal. It transports water from the
reservoir to a series of distributaries. These distribu-
taries generally follow the height of land between nat-
ural drainage channels known asnalas. Water flows
from the distributaries into field channels, from where
the water flows to the actual fields.

The modelling exercise is essentially the reverse of
the system description given above. The fundamental
unit of action in the model system system is a block of
land 100 m on a side, a one hectare square. The crop

Fig. 1. Stylised representation of the TBP left bank main canal. The
canal supplies water to a number of distributaries. The distributaries
supply water to a number of field channels (A). Each field channel
supplies water to a number of fields (B). The fields are related by
a number of water sources and sinks (C).

chosen determines the profit that will be generated by
each cell, and the amount of excess water which must
be accounted for. Individual cells are joined together
as field channels. Field channels are collected into dis-
tributaries, and the distributaries are joined together as
an irrigation system. At each higher level, changes in
the patterns of water distribution can affect the perfor-
mance of the system.

The total area that can receive irrigation from the left
bank main canal (LBMC) of the Tungabhadra project
is 243,915 ha. The total length of the canal is 227 km
(Tungabhadra Board, 2000). The bulk of the irrigation
water is released between the cities of Gangawati and
Raichur. These cities are approximately 112 km apart.
Gangavati lies approximately 32 km from the Tungab-
hadra dam(Bartholomew, 1995). There is little irriga-
ble land between Gangavati and the dam, as the valley
is quite narrow here. It is therefore assumed that the
bulk of the irrigable land lies along a linear distance
of about 120 km. Given the total area of the project,
the implied average linear length of a distributary is
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about 20 km. There are 87 distributaries in the system
(Mollinga, 1998). This implies an average distance be-
tween two distributaries of 1.38 km, which suggests
that the average distance between a distributary and a
drain is about 700 m. For the model, each field channel
contains seven one hectare cells, each distributary has
400 field channels, 200 on each side of the distribu-
tary. The entire system has 87 distributaries. Together
this generates an area of 243,600 ha.

The LBMC is allocated a total of about 26 M ha cm1

of water(Tungabhadra Board, 2000). In principle, this
system could provide almost 107 cm of water to each
hectare of land in the command area, assuming no
transmission losses. However, in most cases, this is not
happening. For the 10 year period between 1984/85
and 1993/94, as reported byHugar (1997), an aver-
age of just under 82,000 ha were irrigated per sea-
son. This severe under-performance is a result of wa-
ter use patterns that deviate substantially from those
planned for. In particular, water-intensive crops are
commonly grown in violation of localisations. These
high water crops are grown both in the kharif (mon-
soon) and rabi/summer (post-monsoon) seasons, fur-
ther increasing the demand water. With paddy farm-
ers utilising more than 300 cm of water for back to
back paddy crops, and actual delivered supply com-
ing in at close to 21 M ha cm, there is enough water
distributed to produce paddy continuously on about
70,000 ha.

3.1. The soil column

3.1.1. Salt and water balance
The time unit for this model is 1 year. With this res-

olution, water logging is taken to be a within period
phenomena, while salt accumulation and leaching oc-
curs between periods. Salt and water balance are mod-
elled in each soil column. The details of the water and
salt balance approach can be found invan Hoorn and
van Alphen (1994). The total available water in the
soil column,A, is the sum of the net inflows (inflow
from the uphill cell,L, precipitation,P , and applied
water,I).

A = L+ I + P.

1 One ha cm of water is enough water to supply one centimetre
of water to one hectare of land, one hundred cubic metres.

The salinity of this available water, measured as elec-
trical conductivity, is,

ECA = (L · ECL + I · ECI + 2Wfc · EC0)

A
,

where ECL, ECI, and EC0 are the electrical conduc-
tivities of the lateral inflow, the irrigation water, and
the soil in this soil column before any irrigation oc-
curs.Wfc is the water content of the relevant region of
the soil column, the root zone, at field capacity. The
electrical conductivity is measured using a saturation
extract from a soil sample. The volume of the satura-
tion extract is typically about twice the field capacity,
which explains the factor 2.

The available water in the soil column leaves the
column either as evaporation, transpiration, lateral out-
flow, or loss. Loss represents water that leaves by be-
ing flushed into a drainage canal or percolating to the
groundwater table at a depth where it no longer has
any impact on plant growth. The sinks for the avail-
able water can be partitioned as those which involve
liquid outflows and those which involve gaseous out-
flows. If we letX represent the water that is excess to
evaporation and plant transpiration, then;

X = A− T(A,EC0)− V(A− T(A,EC0)).

T(A,EC0) represents the transpiration water use by
the crop andV(A − T(A,EC0)) is the water lost to
evaporation. The amount of water use depends on the
salinity of the soil as well as the amount of available
water. The amount of water that evaporates depends
on the amount of water left after transpiration demand
by the crop. This simplification ignores the impact of
irrigation and precipitation timing on the salinity ex-
perienced by the crop. Judicious timing of irrigation
and fortunate timing of precipitation can drive salts
down out of the root zone, permitting crop growth in
soils where it would not otherwise occur. The model
construction also assumes a degree of separability be-
tween transpiration and evaporation that may be un-
realistic.

Evaporation and transpiration do not remove ap-
preciable amounts of salt from the soil column. Salt
leaves dissolved in liquid water. The concentration of
salt in any excess water is,

ECX = ECAA

X
,
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provided thatX is greater than zero. IfX is equal to
zero, then outflow is not an issue. The salinity of the
root zone after the crop year is over is,

ẼC0 = ECAA

2Wfc +X
.

If A = 0, then ẼC0 = EC0. This relation defines
the dynamics of the model. The salinity in the root
zone at the end of the crop year,̃EC0, is the salin-
ity at the beginning of the next crop year. Thus, in
steady state, for all levels ofA, ẼC0 = EC0. The
convergence of the system to a (possibly cyclical)
equilibrium is guaranteed by the shape of the crop
response function developed below. The dynamics
of the convergence path, and the relationship of
this path to the starting conditions and parameter
values, are not considered. An investigation of the
impacts of varying these conditions is left to further
research.

For simplicity, details of the water table level are
ignored. Instead, water is tracked from cell to cell.
Therefore, for the next cell downhill, the inflowL is
equal to(1 − ρ)X, whereρ measures the share of
the excess water in this cell that leaves the system.
The smaller the value ofρ, the greater the water and
the salt flowing into the downhill cell, generating an
externality.

The results presented in this paper assume a root
zone depth of 20 cm with a volumetric water content
of 25% (Miller and Donahue, 1990). This generates
a field capacity ofWfc = 5 cm. Annual precipitation
was 60 cm with annual evaporation also equal to 60 cm
(Patil, 1997). The salinity of the irrigation water was
taken to be equal to 0.2 dS/m(Patil, 2001).

3.1.2. Crop response functions
At low levels of soil salinity, as measured by the

electrical conductivity, plants show no yield response
to an increase in the level of salinity. However, after
a threshold level is reached, most plants show an al-
most linear decline in yield with further increases in
soil salinity (Dargan et al., 1982; Somani, 1991). Let
the maximum yield attainable, assuming all other re-
quirements are met, beYmax , a quantity that varies
by plant. LetECT .be the threshold salinity level, be-
yond which yield is affected, and letm represent the
percentage decrease in yield for a one unit increase in
salinity. The yield response function can then be rep-

resented as,

Ypot =
{
Ymax EC0 ≤ ECT
Ymax(1 −m(EC0 − ECT )) EC0 > ECT .

The soil salinity is often measured at the end of the
cropping season. The crop production component of
this model is run to equilibrium, at which point the
final salinity must equal the initial salinity, at least if
the cell is subject to the same activity.

Application of irrigation water can act to dilute or
flush salt out of the root zone. The electrical conduc-
tivity of the soil extract is approximately linearly re-
lated to the salt concentration of the soil extract(van
Hoorn and van Alphen, 1994). This allows a dilution
impact to be specified as ECθ,eff = (A∗

θ/A)EC0 where
A∗
θ is the recommended water application rate for crop

θ. EC0 is the electrical conductivity at the beginning
of the crop season. ECθ,eff is the effective electrical
conductivity of the soil extract, as appropriate to crop
θ, whenA centimetres of water are available to the
crop. However, this advantageous dilution effect must
be balanced against the impact of excessive water on
plant growth.

For crop water use, a linear relationship between
yield and transpiration is commonly used(Doorenbos
and Kassam, 1979; Ragab, 1996), up to the maximum
yield. The response of a crop to applied water is taken
to be curvilinear(Solomon, 1983; Perry and Narayana-
murthy, 1998). Unfortunately, few parameterisations
of curvilinear water response functions are available,
especially for cases in which water is applied in ex-
cess of crop needs. Therefore, a piecewise linear water
response function is used. The water response can be
expressed in a function as,

Y =



0 A ≤ w
¯

L

Ypot(A− w
¯

L)/(w̄L − w
¯

L) w
¯

L < A ≤ w̄L

Ypot w̄L < A ≤ w̄H

Ypot(1 − (A− w̄H)/

(w
¯

H − w̄H)) w̄H < A ≤ w
¯

H

0 w
¯

H < A.

(1)

The potential yield of the crop isYpot, which is de-
termined by the soil salinity. If applied water is be-
low w

¯
L, yield is zero. Yield increases linearly until
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w
¯

L is reached, at which point it plateaus. When water
application increases beyondw

¯
L, yield falls linearly,

attaining zero atw
¯

H.
Water excess to plant needs was calculated as,

XC =
{
A y = 0

A− w̄L
θ (Y/Ymax) y > 0,

whereXC is the excess water relative to crop demands.
When yield is zero, the crop does not use any water,
so that all available water is excess. The amount of
water available for leaching depends on the amount of
evaporation which occurs. This excess is calculated as,

X =
{

0 XC ≤ e

XC − e XC > e,
(2)

wheree is the amount of evaporation from the soil and
X is the excess water available for leaching. These re-
lationships are shown inFig. 2. The linearities in the
model are strong assumptions. Crop water use is bet-
ter modelled as curvilinear, as estimated by Solomon.
Water evaporation better modelled as a non-linear pro-
cess, dependent also on pore spacing and soil air flow.
However, there was insufficient information available
to meaningfully calibrate these more complex mod-
els. When calibrated to match the general results of
the linear model, the more sophisticated forms added
little to the final results.

The crop water use and salt leaching relationship
combine as a system that will converge to an equilib-
rium for a constant amount of available water in each
year. Suppose that the amount of water available to

we

wl

L                           H                           Hw w w wL

E
xc

es
s 

w
at

er

Total applied water (cm)

Applied water

e

Fig. 2. Excess water and leaching water. we is the excess water
that is not used by the plant. e is the amount of water that can
be evaporated. wl is the amount of water available for leaching,
which is the excess water after evaporation.

Table 1
Critical values for salinity response function

Crop Threshold (dS/m) Slope (%/dS/m)

Cotton 7.7 5.2
Paddy 3.0 12
Jowar 6.8 16
Groundnut 3.2 29
Sunflower 2.5 10

Source: Dargan et al. (1982), Somani (1991).

the crop is less than that which the crop can use in a
particular crop year. Any salts contained in the water
will accumulate, increasing the root zone salinity in
the next crop year. With this accumulation, crop yield
will fall. If the amount of water available to the crop
remains constant, then water will come available for
leaching as the amount used by the crop falls. There-
fore, the rate increase in salinity from year to year will
fall, and if leaching is sufficient, salinity will decline.
The system will stabilise when the salt brought into the
site exactly matches the salt that leaves by leaching.

For the principle crops grown in the TBP, the thresh-
old and slope values are shown in Table 1, where salin-
ity is measured as electrical conductivity in units of
decisiemens per meter (dS/m). Among the listed crops,
paddy, groundnut and sunflower are quite sensitive to
salinity levels, while jowar and especially cotton are
tolerant of higher salt levels. However, paddy is a bit
of an anomaly. Although it is quite sensitive to salin-
ity, this crop also has the ability to grow in ponded
fields. The high water level can dilute the salts in the
root zone and allow the crop to grow where it would
otherwise be unsuitable.

The specific levels for the water thresholds in the
plant growth model vary by plant species. The val-
ues used were approximated using the difference be-
tween projected yields with irrigation and under rain
fed conditions2. In the TBP area, the normal annual
rainfall is about 600 mm per year. Assuming about
500 mm of that falls during the kharif season, this was
used as a water level for rain fed crops. The water
available to irrigated crops in the kharif season was
assumed to be this amount plus the recommended ir-

2 Production recommendations were taken from an extension
publication written in Kanada, the local language in the state of
Karnataka. Translation for the purposes of referencing the docu-
ment was not possible.
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Table 2
Critical values for the water response function

Crop Maximum yield w
¯

L w
¯

H w̄H w̄L

Cotton 30 30 125 155 245
Paddy 80 80 120 160 480
Jowar 60 0 90 130 170
Groundnut 30 10 110 130 170
Sunflower 12 40 80 110 140

rigation volume. The recommended amount was as-
sumed to generate the maximum possible yield. Ex-
cepting paddy, which is grown on a flooded field, the
yield potential was assumed to fall back to zero before
the water volume recommended for paddy was real-
ized. The threshold values and maximum yield for the
crops modelled are shown in Table 2.

The precise details of farm level water management
have been ignored. It is acknowledged that method
and timing of water application can strongly influence
crop productivity and the salinity conditions. These
effects are beyond the scope of this analysis.

3.1.3. Profit function
The dynamic nature of the profit maximisation de-

cision is not explicitly modelled, and risk issues are
also ignored. The farmer in this model is a myopic
profit maximiser. Further, each site is taken to be con-
trolled by an individual who has no control over deci-
sions at other sites. To maintain tractability and limit
the shortcomings of the myopic nature of the model,
the water application levels available were limited to
three, 300 cm/ha, 90 cm/ha and rain fed. The high wa-
ter application level is in line with the quantity of wa-
ter farmers use when growing two paddy crops per
year. 90 cm/ha is approximately equal to the amount
of water that would be available if all irrigable land
actually received water. Rain fed is the fallback de-
cision when there is no water available. The farmer’ s
optimisation problem is to choose the crop(s) to grow
and how to distribute the available water between these
crops. This problem can be written as

π(A,EC0) = max
θ1,θ2,A1

{
pθ1yθ1(A1|EC0)− cθ1(A1|EC0)

+pθ2yθ2(A− A1|EC0)− cθ2(A− A1|EC0)

}

where pθi is the price for crop θi, yθi(Ai|EC0) is
the yield function, incorporating the salinity and wa-
ter availability issues described above. The cost func-

Table 3
Crop price and cost function parameters

Crop Price Marginal cost Fixed cost

Cotton 1651.91 399.52 5719.33
Paddy 371.31 100.00 4500.00
Jowar 270.00 70.26 3290.93
Groundnut 920.03 200.00 6000.00
Sunflower 1009.98 333.33 2000.00

tion is assumed linear, so that cθi (Ai|EC0) = FCθi +
VCθi · Yθi , where FCθi and VCθi are fixed and vari-
able cost components respectively. This specification
models the farmer as choosing the best cropping plan
each year, given the amount of water that is available.
What control the farmer does have over water avail-
ability consists of moving water between the rabi and
kharif seasons. The farmer is also assumed to know
the salinity of the soil, ensuring that the crop chosen
is optimal for both the amount of water available and
the salinity of the soil.

For the crop price, the gross return divided by the
yield was used, as reported by Hugar (1997). The use
of gross return, in contrast to grain price, is an attempt
to incorporate the value of other crop products not nor-
mally reported as part of the yield. The costs presented
by Hugar are generally consistent with the expected
direction of a linear cost function. The reported costs
were totals. However, totals were presented for dif-
ferent seasons and regions, and for different yields. A
linear relationship was extracted from Hugar’ s num-
bers. When this failed to produce a meaningful result,
rough estimates were made using the change in rec-
ommended input quantities corresponding to differ-
ent expected yields. The price and cost estimates are
shown in Table 3.

Farmer responses to soil salinity are more sophis-
ticated than the model suggests. Thiruchelvam and
Pathmarajah (1997) document some of the control op-
tions that the farmers have, and their attitude towards
these remedial practices. These measures are beyond
the scope of the current analysis.

In the TBP, from the listed crops, cotton requires
both the kharif and rabi seasons for one crop. The
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other crops can be grown in combination. Ten possible
cropping combinations were considered. They are:

(1) Fallow–fallow,
(2) Cotton,
(3) Paddy–paddy,
(4) Paddy–sunflower,
(5) Jowar–sunflower,
(6) Groundnut–sunflower,
(7) Paddy–fallow,
(8) Jowar–fallow,
(9) Groundnut–fallow, and

(10) Sunflower–fallow.

Except for the maize–sunflower pair, this list contains
the main cropping patterns reported by Hugar (1997).
Using the prices and costs along with the yield func-
tions permits the calculation of profits for each salinity
level and each single crop. The profit for each cropping
combination over a range of water and salinity levels
was then determined. Once profits were calculated for
each cropping combination at each salinity and water
level, they were compared to determine which crop-
ping pattern generated the highest profit at each salin-
ity and level of applied water. This profit/water/salinity
relationship then became the basis of the externality
cost estimation.

3.2. Field channel

The field channel links together a number of soil
columns. It was assumed that lateral flow of water
only occurs between soil columns that are along the
same field channel. In effect, the land that is irrigated
by one field channel is assumed to lie along the fall
line for the region, and little flow is assumed to occur
between adjacent field channels.

M
ain canal

T
un

ga
B

ha
dr

a 
R

.

Drain (nala)

Distributary HeavyLight

400 410 420 430 440 450

450

Rain fed

Fig. 3. Stylised distributary. Contour elevations are representative of those in the neighbourhood of Gangawati, in the head region of the
area serviced by the TBP left bank main canal. The ‘Heavy’ region represents area devoted to water-intensive crop. The ‘Light’ region
represents area devoted to lightly irrigated crops. The remainder of the area is devoted to rain fed crops.

Water available in the field channel was used first by
the uphill farmers. Crops that were grown with heavier
volumes of water were grown above those that used
lesser volumes of water, and these were grown above
those that relied on rainfall. This particular allocation
reflects that which is commonly observed. It is also
the allocation that has the potential to generate the
greatest externality problems.

3.3. Distributary

The distributary canal transfers water from the
main canal to a series of field channels. The distribu-
tary generally follows the height of land between
two natural drains. Since the distributary is normally
much larger than the field channels, water is able to
travel along its length faster than it can travel along
the field channels. Together with the tendency for
more water to be used at the top of a field channel
that at the bottom, this sets up a pattern of water
use as shown in Fig. 3. The area devoted to heav-
ily irrigated crops occupies a triangular wedge the
base of which is parallel to the main canal, and
the length follows the distributary. This wedge is
contained inside a wedge of lightly irrigated crops.
The remainder of the land is devoted to rain fed
crops.

The parameter δ is used to represent the share of
the total water available in the system which is used to
grow lightly irrigated crops. Let Il and Ih represent the
number of centimetres of water per hectare per year
applied to lightly and heavily irrigated crops, respec-
tively. If al and ah are the areas devoted to lightly and
heavily irrigated crops, then the total water used in the
distributary is Ihah + Ilal = It, where It is the total
water released into the distributary. Since δ = Ilal/It,
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the total area devoted to heavily irrigated crops is cal-
culated as ah = It(1 − δ)/Ih.

The parameter γ is used to represent the ratio be-
tween the distance along the distributary and the dis-
tance along the field channels that water flows. The
wedge containing the heavily irrigated crops is there-
fore a triangle with height given by (2ah/γ)1/2. The
total volume of water available to grow heavily irri-
gated crops was determined by building a ‘ staircase’ of
one hectare cells that rested on the distributary. Each
step in the staircase was γ blocks wide. The lightly ir-
rigated area was determined by building another stair-
case on top of the water-intensive staircase, using the
same step widths.

When the amount of water released into the dis-
tributary was more than enough to irrigate all the land,
for a given value of δ, the water was redistributed to
minimise waste. The water-intensive wedge was ex-
panded until the combined area for both heavily and
lightly irrigated crops was equal to the total area in
the distributary. In this case, the area for each type
of crop is calculated by solving the pair of equations
al +ah = at and Ilal + Ihah = It, where at is the total
land area in the distributary.

Hugar (1997) regressed paddy stress days on dis-
tance from the dam along the main canal, distance
from the main canal along the distributary, and dis-
tance from the distributary along a field channel. He
found that the distance from the distributary has a
much larger impact on the number of stress days than
either the distance from the dam or the distance along
the distributary from the main canal. For every 100 m
along a field channel, the likelihood of experiencing a
stress day grows by a factor of 23.8. After rounding,
the value of 24 is used for γ in the model calculations.

3.4. The system

Adding the main canal completes the model. The
main canal delivers water from the dam to the dis-
tributaries. The pattern of water releases into the in-
dividual distributaries selects a particular productivity
for that distributary, given values for δ, ρ, γ and the
biophysical characteristics.

The pattern of water use across distributaries is rep-
resented by the parameter φ, shown in Fig. 4. As the
angle φ increases from 0 to 90◦, the distribution of wa-
ter goes from exactly equal over all distributaries to a

Fig. 4. Distribution of water-intensive crops between the head end
and the tail end of the irrigation system.

pattern where all the water-intensive crops are grown
in the head region and only rain fed crops are grown in
the tail. The amount of water that is received by a par-
ticular distributary is determined by the interaction of
this angle with the share, δ, of the applied water which
is used to grow water-intensive crops. The maximum
amount of water a distributary can receive is set such
that the water use is consistent with the value of δ.

Fig. 5 shows the water distribution pattern for
four different combinations of the share devoted to
water-intensive crops, δ, and distributary allocation
angle, φ. If δ = 1 or φ = 0, then each distributary re-
ceives an equal share of the water. When δ = 1, water
is being used exclusively for lightly irrigated crops.
Since there is enough water available to irrigate all
the land in this way, the angle is irrelevant. Likewise,
when φ = 0◦, equal volumes of water are being re-
leased into each distributary. When δ = 0, this water
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will be used to grow water-intensive crops in that
distributary, rather than lightly irrigated crops. Thus,
much of the distributary will not be irrigated. How-
ever, each distributary will be equal. When δ = 0.5
and φ = 45◦, the first 15 distributaries receive enough
water to devote half of it to water-intensive crops
and the remainder to lightly irrigated crops. The total
water required to fully irrigate these distributaries is
greater than the amount needed to supply lightly irri-
gated crops on all the land, which is indicated by the
height of the land. Beyond the first 15 distributaries,
the amount of water released into each distributary
declines as the distance from the source increases.
When δ = 0 and φ = 45◦, less than 70 of the 87
distributaries receive water. No distributary receives
enough water to grow the water-intensive crop on all
the land in the distributary. As we increase the angle,
the water release becomes more concentrated in the
first distributaries. When δ = 0 and φ = 90◦, all the
water is released into the first 27 distributaries. None
of the other distributaries receive any water. Note that
the area under each line is the same, reflecting the
fact that adjusting δ and φ is a matter of adjusting the
distribution of a fixed total amount of water.

The parameters δ and φ can be interpreted as policy
options. Choosing φ involves determining how much
water is to be released into each distributary. Choos-
ing δ reflects the control that the command authority
has below the distributary outlet. The localisation pat-
tern that underlies the design of the system assumes
that δ = 1. The authority is able to distribute the water
to achieve the goal of spreading the water thinly over
a large area. As δ moves towards zero, the degree of
control that the authority has over the water use at the
field level declines. As a result of this loss of control,
the authority can compensate by choosing an optimal
value for φ. The results below illustrate the value of
different policy options under a range of system con-
ditions.

4. Results

The simulation was built using a nested set of
objects coded in C++ and executed on a dual Pen-
tium 933 MHz system running Linux. Four cases,
(ECIRR, ρ) ∈ {(0, 1), (0, 0.75), (0.2, 1), (0.2, 0.75)},
were evaluated. Each of the ranges δ ∈ [0, 1] and

φ ∈ [0◦, 90◦] were divided into 100 intervals, gener-
ating a grid with 10,000 points. Total system profit
was calculated at each of these points. Total computer
time was approximately 60 h. To reduce the computa-
tion time to 60 h, two main shortcuts were used. First,
the crop production function was calculated once for
a range of values. All subsequent crop production
values were drawn from this initial calculation. Linear
interpolation was used to generate values when one
had not been calculated. Second, field channel results
were stored in an indexed collection such that if the
same cropping pattern was used for a channel, it was
not recalculated. This latter step saved considerable
time, as on occasion a field channel required up to
1000 simulated years worth of iterations to reach a
reasonably stable equilibrium, in terms of soil salinity
and profit.

Each object was individually tested before being
bundled into the next object in the hierarchy. This per-
mitted the nature of the relationships which conspired
to yield the final results to be illustrated as they were
integrated. Graphing of the results was performed us-
ing the statistical and graphing language R (Ihaka and
Gentleman, 1996).

4.1. Production function

The cropping pattern generated by the model is
dominated by two principle choices, cotton and paddy
on paddy. Given the model parameters, cotton is the
optimal crop when water supplies are limited. It is
able to tolerate high salt concentrations compared with
other cropping options. The second most popular crop
is paddy. When salinity levels are low, it can be dou-
ble cropped on the same land. When salinity levels are
high, it is grown as a single crop using a very high vol-
ume of water to dilute the salts. The remaining crops,
groundnut and jowar, make their presence felt at salin-
ity and water availabilities that fall between the two
dominant crops. For the revenues and costs reported
by Hugar (1997), cotton and paddy after paddy are
the most profitable crops. Paddy on paddy is slightly
more profitable, if soil conditions are excellent. When
soil conditions are less than ideal, cotton becomes the
most profitable crop. However, cotton is sensitive to
water availability. If there is too much water available,
perhaps as a result of water logging, the returns to
growing cotton fall rapidly.
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4.2. The system

As modelled, the irrigation system is a collection
of 87 distributaries. Total profit was determined as a
function of the share of water devoted to lightly ir-
rigated crops and the angle of the water release pat-
tern into the distributaries. The total water available
could provide 90 cm of water to all the land in the
system. In the absence of any salinity or water flow
issues, total profit declines as the share of water de-
voted to lightly irrigated crops declines. The maxi-
mum profit of 7.76 × 109 Rs occurs when all the
land is irrigated at 90 cm. When all the water is used
to grow the heavily irrigated crop, total profit falls
to 3.36 × 109 Rs, a value that is 43.4%of the max-
imum possible. Therefore, almost 57% of the profit
that could be generated by the irrigation system is
lost as a result of the inefficient use of the irrigation
water, without any contribution from salinity or wa-
ter logging problems. This degree of loss is in line
with the performance observed by Chambers (1988)
(Fig. 6).

The percent of the maximum possible profit that is
lost to water logging is shown in Fig. 7. The maxi-
mum water logging cost is 3.03%, which occurs when
each distributary receives an equal amount of water
and approximately 85% of the water is used to grow
the heavily irrigated crop. Under these conditions, the
lost profit due to excessive water availability in some
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Fig. 6. Percent of maximum possible profit lost when ρ = 0.75.
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Fig. 7. Percent profit loss, relative to maximum possible profit,
when irrigation water contains dissolved salts and all excess water
does not leave the system from the sight of application (δ = 0.2,
ρ = 0.75).

fields exceeds the increased profit resulting from sub-
surface irrigation in other fields. As the share of the
water used to grow heavily irrigated crops further in-
creases, the extra profit resulting from subsurface irri-
gation increase. Rather than flowing to land growing
the lightly irrigated crop, which is susceptible to ex-
cessive water application rates, it is flowing to land
that receives no irrigation water. When all the water is
used to grow heavily irrigated crops, and the amount
of water released into each distributary is equal, then
total profit is increased by 1.93%, relative to the profit
which would be earned when φ = 0 and δ = 0 with-
out lateral flow. If we increase the angle, then the
amount of land receiving unintended subsurface irri-
gation falls, and the water logging cost being borne by
the heavily irrigated crops comes to dominate. With
φ = 90 and δ = 1, the profit loss is 1.41%. When
the applied irrigation water contains no dissolved salts
and farmers are able to optimise in the face of lateral
inflow, the cost of water logging is quite small.

Adding salinity to the model leads to a large increase
in the profit lost. Fig. 7 shows the percent profit loss,
relative to the maximum possible, when both salinity
and water logging problems occur. With both salinity
and water logging problems, maximum profit falls to
5.89 × 109 from 7.76 × 109 Rs per year, for a loss of
24.11%. When the applied water contains dissolved
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salts, salts accumulate until yield for the lightly irri-
gated crop falls enough for leaching to bring the cell
to equilibrium. The excess water, with its enhanced
salt concentration, flows into the next downhill cell.
There it combines with the salt in the applied water,
causing further profit losses. With salinity increasing
as one moves down the hill, losses suffered are greater
than when local salt accumulation is the only issue.
The combined effect is a substantial reduction in total
system profit when the irrigation water is being dis-
tributed equally.

When the irrigation water is all used for heavily ir-
rigated crops and the entire quantity of water is re-
leased in the first distributaries (δ = 0, φ = 90◦), the
combined water logging and salinity costs are mini-
mal. The total profit in the absence of these problems
is 3.36 × 109 Rs per year, while with these problems
it falls to 3.25 × 109 Rs per year. The loss is 1.48%
of the maximum possible profit. This cost occurs be-
cause some fields receive such high quantities of wa-
ter that even the high water crop suffers. In all cases,
salt accumulation is not a problem on irrigated land.
For the land that is not irrigated, there are no uphill
fields growing water-intensive crops which can send
excess water with high salt levels into the fields grow-
ing rain fed crops. When this is the case (δ = 0, φ =
0◦), the total profit falls from 3.36 × 109 Rs per year
to 2.86 × 109 Rs per year, a loss of 6.51%. This loss
represents a total abandonment of all the un-irrigated
land. However, since the rain fed land earns a much
smaller profit than the irrigated land, this loss is small
in percentage terms.

Even in the presence of water logging and salinity
problems, the profit that results from distributing the
available water equally between the farmers is greater.
Fig. 8 shows the actual profit that is generated by the
system, in the presence of water logging and salin-
ity problems. The difference between the worst case
and the best case is now 51.4% compared to 56.6%,
indicating that in percentage terms, the returns have
fallen by almost the same amount at both the high
and low ends.

The results shown in Fig. 8 support the conclusions
of Janmaat (2001). In that analysis, the author consid-
ered a case in which farmers are able to choose the
amount of water to use. The farmers near the outlet
were able to take water before those further down the
hill. The result was that the uphill farmers consistently
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Fig. 8. Total profit in the presence of salinity and water logging
problems.

use large quantities of water while the downhill farm-
ers suffered the external costs. Janmaat’ s analysis im-
plicitly assumed that δ = 0 and investigated the effect
of changing φ. That analysis considered the dynamic
decision process of the farmer and permitted the com-
mand authority to choose a sequence of φ values that
repeated over a number of years, rather than one policy
for all time. However, Janmaat’ s earlier analysis used
a highly stylised model from which quantitative cost
estimates were difficult to generated. In this model,
the details of the eternal cost process have been mod-
elled with greater precision. The qualitative aspect of
the earlier result carries through. If only constant poli-
cies are considered, the externality cost is minimised
when the irrigation water is released such that those
distributaries which receive water receive enough to
grow the water-intensive crop on all the land within
the distributary. Equity issues can be dealt with by ro-
tating which distributaries receive water.

In the TBP, approximately half of the water
delivered by the system is being used to grow
water-intensive crops. This suggests that a value of
0.5 is appropriate for δ. In the head region, enough
water is released into the distributaries that it is being
flushed into the drains. However, all the land is not
being used to grow heavily irrigated crops. In general,
some water does reach the end of the system. This
suggests that φ does not lie at the extremes of 0◦ or
90◦. If we select a value of φ = 45◦, then the total
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Fig. 9. Profit loss with saline irrigation water when lateral flow is
introduced.

profit that could be realized if there was no salinity
or water logging is 5.54 × 109 Rs per year. Relative
to the maximum possible profit, this represents a loss
of 28.6%. Adding salinity and water logging effects
reduces total profit to 4.19×109 Rs per year, a reduc-
tion of 24.4%. Relative to the best possible case with
salinity and water logging effects, profit is reduced
by 28.8%.

In summary, adding salinity and water logging ef-
fects to the model has a large impact on aggregate
profit. By comparing the situation with salinity but
no lateral flow, the externality cost can be assessed.
Fig. 9 shows the change in profit that results when
the irrigation water is saline and lateral flow is intro-
duced. These are the costs that could be avoided if
drainage was installed to prevent the lateral flow of
excess water between fields. The external cost is max-
imised when all the water is used to grow the lightly
irrigated crop. If the release angle is held fixed at φ =
0◦, costs fall with share until a minimum is reached
near δ = 0.6. The extra profit earned from unintended
subsurface irrigation and leaching is sufficient to off-
set the cost of salinity-induced yield depression. As
the share is further reduced, externality costs climb
and reach a local maximum when δ = 0. When the an-
gle is fixed at φ = 90◦, the effect is similar. However,
reducing δ corresponds with a release of more water
into the distributaries near the reservoir. This reduces

Table 4
Breakdown of costs by salinity, inefficient distribution, and water
logging

Source System
profit (Rs)

Change
(%)

δ = 0, φ = 0,ECIRR = 0, ρ = 0 7.76 × 109 n/a
ECIRR = 0.0 → ECIRR = 0.2 6.93 × 109 −10.7
δ = 0, φ = 0◦ → δ = 0.5, φ = 45◦ 4.36 × 109 −37.1
ρ = 1.0 → ρ = 0.75 4.19 × 109 −3.8

the area receiving subsurface irrigation and increases
the volume received. The externality costs fall below
zero close to δ = 0.2, after which they again climb.

Table 4 reports the breakdown of the costs according
to the different factors. Salinity of the irrigation water
reduces equilibrium profit by almost 11%. The inef-
ficient distribution pattern reduces equilibrium profit
by more than 37%. The physical externality, lateral
water flow, accounts for slightly less than 4% of the
inefficiency, at the indicated distribution pattern. The
representative policy for the TBP falls conveniently in
a region where externality costs are low.

4.3. Equity effects

Fig. 10 shows the Gini coefficient calculated for
the different water distribution patterns. The Gini co-
efficient ranges between zero and one, with zero rep-
resenting equally distributed income. The maximum
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Fig. 10. Water distribution pattern equity effects as measured by
the Gini coefficient.
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inequality occurs where the distribution of water is
equal between distributaries and almost all the wa-
ter is used to grow heavily irrigated crops. There are
two sources for this inequality. The largest contributor
is the fact that as more water is devoted to growing
water-intensive crops, more farmers are denied irriga-
tion water. The second contributor is the presence of
the salt accumulation externality. Salinity and water
logging effects drive down the profit for lightly irri-
gated and rain fed land, while leaving heavily irrigated
land virtually unaffected. This result is also in accord
with earlier work by Janmaat. When there are no ef-
fective controls over farmer cropping decisions at the
farm level, then δ is essentially zero. In such a situa-
tion, releasing the water equally between the distribu-
taries reduces equity, as it forces all farmers who do
not have access to water to suffer the damage of the
externality. The best way to enhance overall equity is
to rotate water availability between distributaries from
year to year, rather than trying to ensure equal water
releases into each distributary.

An interesting result of this analysis is the positive
correlation between equity and efficiency. In general,
cropping patterns that are less economically efficient
are also cropping patterns that generate greater in-
equality. This is a consequence of the protective nature
of the TBP. The design of a protective irrigation system
aims to maximise the return per unit of water, not the
return per unit of land. In the present context, return
per unit water is maximised by distributing the water
equally over the irrigable land. The greater the devia-
tion from this equal distribution of water, the greater
the efficiency cost and the greater the inequality.

5. Discussion

The analysis has relied on an integration of sev-
eral different models and a number of assumptions
to permit the models to be linked. Changing the as-
sumptions and parameterisations may have a substan-
tial influence on the final result. The impact of each
of the main assumptions is considered in turn in the
following:

The physical details of the area serviced by the TBP
lower left bank main canal were simplified into a se-
ries of 87 equal sized strips of land that were 20 km
long and 1.36 km wide. The actual system bears lit-

tle resemblance to the simplified case. The length and
width of the land serviced by a distributary interact
with the pattern of water use to determine the area of
land affected by salinity. Holding the general shape
of the water use pattern constant, making the distribu-
taries wider and shorter can substantially increase the
area of land affected and the productivity cost.

The characteristics of the soil, the irrigation water,
and the precipitation, determine how salt is accumu-
lated in the system. An increase in the salinity of the
irrigation water will require more leaching water to
keep the system at equilibrium. This implies that the
equilibria will occur at lower crop yields, generating a
larger decline in productivity. A reduction in precipi-
tation is akin to an increase in irrigation water salinity.
Less precipitation induces less dilution of the irriga-
tion water and less leaching of salts when there is no
crop grown. The depth of the root zone and the field
capacity of the soil interact to determine the nature of
the solution into which the plant roots grow. Reducing
the depth of the root zone and/or reducing the field
capacity will increase the rate at which salts accumu-
late and the effective salinity of the soil solution that
plants draw from.

The crop response functions establish how the crop
responds to changes in salinity and the amount of wa-
ter applied. Changing these characteristics of the bi-
ological system will change the shape of the yield
functions and the amount of excess water available for
leaching. The crop yield interacts with the crop price
and the cost function to determine the profits to the
farmer, and the crop choice which is optimal.

The economic characteristics determine the choices
made by the farmer. Changing the price and cost func-
tion will change the optimal choice. Under the prices
used in this study, two crops dominate in terms of
profitability to the farmer. These crops are paddy and
cotton. The prevalence of the first is consistent with
the observed behaviour in the head region of the TBP
(Hugar, 1997). The importance of cotton is consistent
with the description of this crop as India’ s ‘white gold’
(The East India Cotton Association, 2001). However,
the dominance of these crops in the model goes some-
what beyond the actual observed cropping pattern.

The assumptions that farmers are myopic profit
maximisers and ignorant of risk is a gross simplifica-
tion that can explain part of the discrepancy between
the model cropping pattern and that actually observed.
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Crops such as jowar can play an important part in
feeding livestock and providing an assured yield if
water is not delivered as expected. Water deliveries,
particularly in the tail region of the project, can be
quite erratic. Thus, farmers may hedge against this
risk by growing jowar. The fact that jowar is a crop
which is used on the farm also implies that the market
price understates the value of this crop to the farmer.
To the extent that the non-cotton crops are more sensi-
tive to salinity than cotton, the calculated productivity
loss is likely to underestimate the true cost.

The distribution of water within the TBP is strongly
affected by social interactions and the history of those
interactions. These aspects are not considered in any
detail here. Mollinga (1998) explores these issues. An
important aspect of this history is how it interacts with
the economic conditions to accentuate inequality. To
grow paddy, land must be levelled and bunds installed
to permit maintenance of a flooded field. This is costly.
Before the TBP project was constructed, this part of
Karnataka used to grow rain fed crops. Crop yields,
being dependent on unreliable monsoons, were highly
variable. Farmers were mostly poor. Most of these
farmers did not have the financial means to take ad-
vantage of the water provided by the TBP. Many of
them sold their land to the few farmers who where
wealthy, and to migrants from the delta of the Kr-
ishna river to the east. These farmers had experience
with irrigated agriculture, and the financial resources
to acquire the land that the local farmers were willing
to sell. These farmers were able to improve the land,
making them able to grow the more lucrative high wa-
ter crops. Thus, the TBP project ended up providing a
greater benefit to those farmers that were already well
off than to the poor farmers which the project was os-
tensibly supposed to help.

6. Conclusion

The pattern of water use in the region serviced by
the lower left bank of the Tungabhadra project suffers
from salinity related soil degradation. To estimate the
long run cost of this degradation, a simplified model
of the interactions between farmers, crops, soil and to-
pography was constructed. Depending on the pattern
of water distribution throughout the system, inefficien-
cies may be as high as 51.6% of potential system pro-

ductivity, in the absence of any salinity or water log-
ging related externalities. For the TBP left bank main
canal, where approximately half of the water is be-
ing used to grow water-intensive crops, the inefficient
water distribution pattern is the largest contributor to
the low system performance. This factor accounts for
37.1% of the maximum potential profit being lost. Irri-
gation water salinity reduces profit by a further 10.7%,
while lateral water flow accounts for a relatively mi-
nor 3.8% profit cost, given the water distribution pat-
tern. The vast majority of the inefficiencies observed
in the TBP are the result of a system that is unable
to enforce a pattern of water use that maximises over-
all profitability. A particularly striking result is that
moves which would increase the efficiency of the TBP
wold also increase the equity of income in the sys-
tem. This is a case in which the pursuit of efficiency
is not at odds with a principle objective of the TBP
project, a fortunate coincidence which it is hoped will
spur action.
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