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A SIMULATION MODEL FOR SIZING DECISIUN IN A LARGE
IRRIGATION/POWER PROIDECT IN. INDIA

Samir K. Baruz and Nitin R. Patel

ABSTRACT

This paper describes nur experience with construction and use of
a simulation model for a large Irrigation and Power Project ina
state in India. Thse project has an estimated outlay of Rs. 5000
million (U.5. $ 5 billion} and a project constructicn time of thirty
years., The model was used by decision makers to fix key project param~
meters such as the main cBral capacity and the canacity of the power
plant.

It integrates a variety of uncertain factors, such as upstream
withdrawals, effect of raim=fall and use of ground water. The model
has also been imstrumental in a gualitative re-~design of the project,
by indicating substantial benefits from creation of additioml
storage in the command area. This project is now being actively
investigated by the project authorities.
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A SIMULATION MPDEL FOR SIZING DECISIUN IN A LARGE
IRRIGATION/POUER PROODECT IN INDIA

samir K. Barua and Nitin R. Patel

1. INTRODUCT ION

This paper describes the design and use of a simulation model for
answering certain basic guestions regarding & major irrigation-pouwer
project in India. The project envisages the development of a large
irrigatiocn—powsr system in State A using the waters of & large Tiver
which flows almost directly mest across central India. Its draimge
aréa jies for the most part in two States A arnd B, with a2 small por-
tion in another State C. Despite having a mean annual flow exceeding
the sum of flows in three of the five famous rivers of the Punjab
(Rabi, Beas and Sutlej) its development potential has not been tapped
so fap beceuse of inter—state disputes on sharing of water. However,
after the report and decisions of the river water disputes tribunal
was finalised in December 1979, the stage was set for harnessing the

river watars.

As a result of the tribunal's report, State A geared up to imple-
ment the ambitious irrigatiom—powser project. This projec% envisages
construction of a large concrete gravity dam (the secord largest -
after the Hoover dam in the world), which would be the most downstre2m
dam in a serias of dams of which all others will be in State B. The
dam would have & pouwer house in the river bed (RBPH) as well & a power

house at the head of the main camal (CHPH). The main caml as planned

¥ This paper has been preparsd for the invited session on Dperations
Ressarch in Developing Countries at the International Federation of
0.R. Societies Confarence, LFORS*8B4, August 6-10, 1984, Washington,
UeSeho



would be the largost lined irrigation camal in the world. It would bo
440 Km. in length and feed a gross command aree of 2.3 milljon hectaras
comprising one fifth of the gross cropped ared of the statc. lhoreas
water flowing through the CHPH would be available for irrigation from
the main canal, all thae wster sant through RBPH would bs lost to the
project command arsa., The cost of the project at 1981/82 prices is
estimated to be Rs. 50,000 million (US $ 5 billion) of which roughly
one third is the cost of the main carel.  Ths petcntiesl benefits arc
also large. It is envisaged that the annuel incre2se in value of
agricultural production alone would be Rs. 6,000 million (US § 600

million).

Some of tho key judgements regarding the project as handed down

by the tribunal are as follows:

4. The utilizable flow.ef water of 28 Millien Acru-fost (MAF)

*
at tho 75% reliahility level was to be sharod as follows:

State A 3.00 MAF
Stats B 18.25 MAF
State C 0.25 MAF
Stato D - 050 MAF

ii. To achidffe this utilizable quantum, a carry-over Tequirament
during good years was stipulated. Ffor a ysar in which utili-
zable flouw (UF) was in excess of 28 MAF, amount to be carried
over to tha next year woula be Min (8.291, UF-28) MAf, The
reeervoir in Stets A would be reguired to hold 19/56 of this
amount. The rest would be carried over in ruscrevoirs of

State B -
¥ This is ths leval that will bs excueded in 75% of years.




jii. The tribunzl recognizue tha ncod to co-ordinete the constru-
ction of projoct in Stete A with construction of upstroam
projects in State 8. Accordingly, it laid down ap implemen-

tatian schadule for tho two stetes summarizad in Table I.

Tabjio I: Imp;amentatiun Schaduls for Projacts

Stato A . Stato B e
Irrigation Livs Irrigetion Live
Reguirament Storags Ruguiroment Storage
Capacity Capacity
(MAF) (F) (Mar) (MBF)
Stage I (10 ysars from | " .
start of construction) 2455 4472 5.00 12473
Staga 11 (30 years from
start of construction) J.00 4,72 13.00 17.06
Stage III {45 ysars from .00 s.72 18.25 17,77

gtart of construction;

ive The Full Resurvoir Lavel (FRL) for the project was to be 455',
tha meximum weter lsvel was to be 460' and the Full Supply
tevel (FSL) at the head of ths main canal wos to be at 300'.
Stuta ﬁ‘s sharo of wator would bz deliveraed at the tail of

tha main caml.

Ve - In view of the long tima th2t it would takes for Btates A and
§ to fully develop their irrigation delivary systams, a river
bed power house (RBPH) with a’rapacity of 750 M was ruwoomm-
endad in Stete A to gunorate power upto this tima., &fter full

development in the two states, it would operatu purely on spiils.



vi. The RBPH must be operated at Full capacity during périods of
spilis. Rny additiomal watsr available from spills, after
operating the RBPH at full capacity, could be used by
8tate A, aﬁd such spill water extraction would not bs

counted towards the state's shars.

vii., State A's shars of tha power generated in both RBPH and

CHPH would be b6h.

2, RESEARCH DBJcCTIVES

The two studias which preceded our work were scraan;ng models
developed by Operatiocns Ressarch Group (ORG), Baroda, and by the
Irrigation Department of Stats A. ORG developed linear programming
model for the main canal sizing decision. The study by the irrigation
dapart@ant used a simulation model in which the reservoir operations
were simulated with ten daily historical inflow data. The power
genegration in the river-bed power house was maximized subject to
meagting a fixed irrigaticn demand and Earry—avar reguirsments. Both

models had the following limitaticnss
i+ The operating decision at any point in timg was mads with
- perfect knowledge of all future inflous,

ii. The possibility of utilizing spills at State A for irrigatian

was not considerad.

iii. Possible correlations betWesn the demand for water and

the utilizable inflows were not considorad.



Dur work was concermod with pvarcoming the above limitations in
order to determine mére raslistically the gquantum of water that could
ba extracted from ths system for irrigation by a good opsrating poliﬁy
under different sizes of main carel and RBPH capacity. To begin with,
a pure supply = sideo modasl was ﬁeualepad to answer this guestion uith
no regarxd ko domand. Subsequontly, this_modal was snlarged to accommo~-
date demand-side factors such as cropping petterns, distribution

‘losses, rainfall and groundwater susage effucts.

3,  THE SUPPLY MODEL
. This model was devalopad to assoss the amount of water that could
‘ﬁq axtracted for irrigation with a good reservoir pperating policy.

-Tha major aspents kept in mind while building such a modsl weraes

'i.. The flow in the river is highly seasonal. Measurcments ovar
the pariod 1948~1870 show that out of an avgrage total flow
af 30.5 MAF, the flouw in the period July-Octohor is 25.1
MAFs As tho storage in the ﬁrujact is vary small relativae
to the share of State A, a péor operating'policy may result
in spillis which may make it impossible to draw tho state’s

shara of wter for agriculturs.

ii. As it would teke State B a long time to build up its total
agricgltural demand, and as thu power relsascs in Statu B
would be into the river, for tha first two stages it may ba
possibla through @ good operating policy to usc spill water

to increasc the amount of water extractad beyond the shars amount.



Our first effort was to make soms rough @ssessments regarding the
short—term_prediétability of 10-day flows undser virgin conditions. ﬁa
found very erratic and low corrslaticns Trom simple time—sseries fore-
casts. uWe therafore, decided to use & conservative approash by
employing a simple policy which did not maka any forecests of future

inflow,

Tha orly significant uncertainty is during the monsoon or kharif
esgason (July-Dotober), For the remaining aight months of the rabi
(winter, November-Februery} and summer {(March-Juns) ssasons, thera is
virtually no spillage peoassibility and little uncertainty in inflpws,
Thus, the kaey problem is reservcir operation in the kharif. At the
gnd of the kharif, for the rest of the year, on2 can deterministically
calculate how much water will bz available for agriculture, giuén tha
reguirement of carry-pver. Ffor powsr genaraticn, we have usod
pperatirg curvas which specified upper 1limits for-each Period for water
to be released into the RBPH (those limits would, of courss, be cver-
ridden during times of spillage}. These curves wera oXoguhously
specifised, based on the irrigétion department study mentionsd

parlier.

The modol used a 10-day period bassd on tho 10-day historizal data
and inflows availabls for 31 yoars., The resorvoir operating policy

D uwas as follows:



Kharif Season

a. If there is no spillage condition at the raeservoir then,

ie " Calculate amount available for use in periocd t = opening

storage for period t + inflow during period t.

ii. Generate as much power as possible subject to the oparating

curve limit for the period.

iii.  Calculate State A's share based on total river flow upto
+*
end of period t . Subtract from this the cumulative amount

extracted so far.

p. If the balance exceeds the canal capacity, then extract at the
canal capacity rate, otherwise extract the full amount of the balance.
If spillage conditions exist then,

i. Generate as much powsr as possible upto full RBFH capacity

using spillsalone.

ii. If the power operating curve limit is not reached, generate

upto this limit.

iii. 1If there is still spiliage, extract the spillage amount

(subject to the canal capacity limitj.

iv. If thers is still canal capacity available, extract

according to step (iiij{a) above.

Since the total river flows was certain to exceed 8 MaF, this was
used as a lower limit for total river flow instead of zero.



Rabi and Summer Seasons

Extract as much water as possible for agriculture, ensuring
that the carry—-over amount is always ieft behind at the end of tha

"period.

This policy is simple to operate and ensures that at all times
the stats doss not viclate the tribuynall's rulings. Hs noted earlier,
the pclicy 0Pl is conservative in that it provides estimates which may
be improved with more sophisticated forscasting schemes. In order
teo test how far it may be below more sophisticated policies, we
examined two other policies. Each one is an ' extreme' policy ~ policy
0P2 sesks to maximize the extraction against share of state A, while
policy OP3 maximizes the quantum of spills diverted iﬁtu the main
camal. Both 0P2 and 0OP3 differ from 0P only in kharif. Policy
ﬁﬁ2.assumas perfect knowlsdge about the total annual flow, &nd
hence the annual share of State A. Thus, unlike 0Pt which uses
bﬁmulatiua flews, OP2 uses the annual flow to limit withdrawals
against shars of State A. Policy 0P3 mekes no withdrawls until the
reservoir is full, and all subsaquen; withdrawls in kharif are
purely from spills. Clearly no policy can improve on oP3 in
maximization of spill withdrawls. The sum of regular withdrawals
for OP2 and spill withdrauwls for DPS for any year, gives an upper
bound on the guantum that can be extracted during the year. It is
thus possible to bound both the averagse and the 75% reliable annual
withdrawal under any operating policy. The results of this amalysis
for two canal capacitisss 40,000 cusecs and 48,000 cusecs (the range

Considared worth investigating, are presented in Table II.



TRBLE II: Comparison of 0P with OP2 and 0P3

it - rep—_ s,

Ffalicy Canal RBPH Watsr Abstnactsi? Pouwser Generated
Capacity Capacity 75% Reli= hver-
ability age

{000 cusens) (M), {MAF) . {000 MuH)
om 40 750 10,70 1245 1427
o2 a0 759 6,40 7,54 1431
oP3 40 750 4,39 5.89 143
tpper bounds for GM 11 .97 13.43 143
fat=] 48 750 11 .37 13410 1424
op2 48 750 7.03 7.94 1434
o3 48 750" 5,03 6 .61 14%
Upper bounds for OGP 12.77 14475 143

. - oy - - —

* Figﬁres are For tatal withdfawais in the case of 0OP1, Gujsrat

Share withdrawals for OP2 and spill withdrawals for [OP3.

fFrom the results we sss that O is aot unduly conservative

since no other policy can improve the water abstracted by more than 10%
bayand 0”1« Thea perfeormance of OP) is very interesting. Tha average
share of Btate A for the simulation period is 10.51 MAF. Ue observe
that OP1 is éhle to substantially improve on this by spill extraction;
for @ain car@]l capacity of 40,000 cusecs and 48,000 cusecs, it draus
additional amounts of 1.64 MAF and 2.68 MAF., This led us to conclude

that there is a good possibility for utilizing spill waters in Stats A.



10

To confirm this we oxamined the performance of O for inflow sequences
which reflsesct Stage I, Stage 1Y and Stags 111 dsvelopment in the up-
strgam arga, Thase inflows ware workad out using logic employed by
denartment studiss. In brisf, these inflows clubbed all upstream.
raservairs into one Ups;ream resarvoir and computed releases into the
river so @s to ensure 75% relisbility of masting fixed agriculture
reyuirements in the upstrsam commang areas. The results as shown in

. Table IIl suggest that substantial extra water is availabla tp State A

in the form of spills in the earlier stages of development in

State B,
ThBLE IIl:s Abstraction Using 9P1 in Stages I, 11 & II1
Stage Canal RBAH Gujarat's Share Abstraction 0OP1
Capacity Ca?ECLty Avg. .75 Rel. Avg. «75 Ral.
{030 cusscs) (MY} (MaF) (MAF)
1 - 40 760 11.85 9.75 12.86 9.75
4B 750 11 .85 - 8.75 13.08 9.75
I 40 750 12.56 9.75 12.79 .75
48 750 12.56 _ 975 13.11 3.5
IIX 40 750 12.25 9.75 11415 Te81

48 750 12,28 . 9,75 1140 7 .81

- PN, B R R ket o DR T PR e S P
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4. THE DEMAND MODEL

The supply side model ciearly indicated the poesibility of
extracting watar in excess of sfata A's shara in ﬁha early stages of
development. The héxf step was to examine the possibility of axtra-
cting more wetetr when supply and demand were taken together. This
step raguired detgrminaﬁion of periodwise irrigation requirement, and
modelling the impact of groundwater and rainfail in the command area

on the system.

The requirement for irrigation water depends on tha cropping
pattern and the climatic factors in the command area. These data for
all the six zones_combrising'the command area were provided by tha
agricultural department of State A. The modifisd Penman's Mathod [1]
Was used to compute the ?an—gay perioduise raquirement of water for
irrigation. The net irrigation requirement was determined by subtra-
cting the effective rainfall [2] from the gross requirement for

irrigation.

In most of the studies on reservoir operations the impact of
rainfall is taken into account somewhat crudely. An average availa—
bility of watsr from rainfall is assumed, ang this amount is subtracted
from the gross requirement to arrive at ths net irrigation requiremsnt.
Such a8 method is inadequate uﬁen thaere is high variability in rainfall,

particulafly since rainfall may be positively corralated to river flou.
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For this project it was necessary to ensure a reliability of
75% for suppliss to'irrigation. Ths computation of reliability is
influenced by the manner rainfall is accounted for. If average rain-
fall is used then reliability could be gressly ou;rwestimated. Period—-
wise actual rainfall obtained from histurical data gives a hetter
picture of reliability .nf supply by automatically accounting for the
nagativa‘corralation between irrigation requirement and rainfall in

thae command arsa.

The groundwater in the command aroa was modaelled as a safety
stodk that providss protection in poor inflow years. The higher the
lovel of grounduwater, the greater would be the protection. This posi-
tive aspact though has to be Waighed against the increased possibility
of water-logging. The desirad level of grounduater as safety stock
was determined by simulating the reservoir operations for prespecified
' lavels and then examining the impact of these levels on the reliability
of supply for irrigation and the maxiﬁum level of groundwater during

the year.

The ggenatigg'Pqéégx

The reservoir operating policy was similar to oM for the supply
madel. It assumed no information about thu future inflows and was
based on thy premise that the annual flow would be at least 8 MAF,

The policy attempted to ensure a reliability of 75% to the supply for
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ifrigation. This reliabilikty wes computed by classifying a yogar 2s a
*failury' yoear if the availability of wateér in any two succaessive
périods in the year fell short of the reguirement for ag®iculture
. in thesu periods by more than.S0%. The policy also incorporatos
the possibility of a fsedback to upstream reservoirs. 1f
spillage conditions prevailed at State A in ény period in rabi or
summer season, then the power releases at ths upstrsam resarvoirs

could be reduced to prevent/reduce loss of water dus to spills.

In the kharif season, surface water was used first to meet the
irrigation requirement. Groundwater was used anly when the surface
water available fell short of the reguirement. The use of surface
water was limiteﬂ by the balance shere of State A, while the uss of
groundwater was limited by the pumping capacity expscted to be installad
in ihe command area, The ;aleases for power generation were governed
by a prespecified capacity utilization curve on the basis of studiaes
done sarlier. This ceiling on capacity utilization of RBPH was dis-
ragarded in periods of spills, and in such periods the pouwsr houss was
operated at maximum possibls capacity. Uater available from spills,
after oparating the RBPH at full capacity, was abstractad for

agriculture. This water would not ba ceunted towards State A's share.

In the rabi and summer seasons, the order in which ground water
and surface water  wares used in meeting thoe irrigation needs depended

upon the availability of groundwater., If the availability was greator
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than the desired safesty stock, then groundwater was used firét tao
meet the irrigation nesds. Surface water was used first in cass the
grourdwater available was below the desired safety stock. Such a
policy would control the chances of water-lagging and yet provide
protection in poor inflow years. The usage of surface water was
limited by ths balance share of State A, while the use of ground-
water was limited by ths pumping capacity. Rsleases for powar
generation wers made only when the surface water available excesded
the balance share of State A. Thq carry-over restrictions spscifiee
by tha tribunal were adhered to in avery period.,

Se DISCUSSION OF RESWLTS

The above policy was used for simulating the rsservoir operations
for various stages of development. Since a decision to construct a
canal with a capacity of 40,000 cusecs had bsen takan, we used only one
level of camal capacity for the simuiatiun runs. The decision on the
RBPH capacity had not been taken, and hence we simulatsed the reservoir
operations for two levels of capacity, 800 " and 1200 MW. The
results are summarissd in Table IV. It was apparent that a fair amount
of water in excess of démand'would be available throughout the 1life
of fha preject. This possibility initiated a ssarch for locations to
store the extra water, A storage was necessary since this extra water
was available from spills in ths kharif season. As no natural storage

was available within the command area, the possibility of takimg
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this water to aperennially matar scarce area adjoining the command
of the project was explorsd. A storage of about 2 MAF has been
locatad in the adjacent area and this would feed the existing

reservoir systems in the region.

The amalysis thus hselped in not only developing & reasonable
operating policy for the reservoir, within the f ramework of tribunal's
stipulation, but it also opensd up a possibility of further benefit-

ing tha people of a water scarce region.

TABLE IV: fExcess Water Avai)able in Stagss I, IT, & I1I1

YR Y Y

Stage Canal RBPH Power Generated #Abstraction in
Capacity Capacity Average Excess of Demand
{'\Vg. <75 RBl.

(000 cusecs) (M) (0BO MWH) (MAF)

1 40 800 - 3766 B.32 6.97

40 1200 4247 744 ¢.6)

Il 40 800 2559 2.06 0.00

40 1200 2880 1.69 0.00

I11 40 800 1569 1.48 0.00

40 1200 1732 1.30 0.00

P e
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