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Synopsis

Present day water resources systems have many
uses like (i) water for irrigation, (ii) energy (bydro-
) ‘electric)
(34i) water for industries amd (iv) direct energy
(transportation, waber wheels ete), Similarly,

designs of systems of storage and canals are con-

- 8trained by energy, ecology, terrains, crops

criteria.,

This paper introduces a model for cptimal
utilization of water and energy in the water. The
consiraints introduced are (i) comstraint on hill
ecology ~ storage at hilly areas and forest areas,

(ii) constraints on crop types and area covered,

(iii) wat%r economy on crops, trees - shares of each
to be cultivated, (iv) power generations - peak powers,
with minimum storage to balanced power throughout the

year, (v) energy balance - water and firewood.

The model is a parametric one and it can be.

solved for various scenarios. This is because of
the fact that some of the constraints can not be
directly modelled by means of mathematicgl equations
for want of data. Also constraints vary. For example,
hydroelectric power has the following options:
(i) carry over large reservoirs on the mountain range

holding the year's water available (using the

head and energy evenly throughout the year).
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(ii)

(111)

(iv)

Peak power plants at the higher plateaus with
minimum reservoirs and annual power plants at
mid-ranges

locations of power plants a2t many points

run of the river plants

Similarly crops have their options: (i) cereal
crops % heavy water consuming, least water
consuming etc. (ii) pulses (iii) trees. Again
storage is a common point between these two.
Tields of crops based on water is wsed in the

optimizing objective junction.

The fall out aspects are separately discussed.

The cptimization has the following stages (i) para-

meter selection (ii) sub optimization at different

ranges (iii) over 2ll optimization. The model is

being tested and gome of the aspects are illustrated

through actual case studies.



1. INTRODUGCTIQN

This paper discusses a model for *Happing
maximum energy and irrigaticn from a river. Mony
rivers in India and in other countries start from
hilly ranges, flow through undulating areas and
plains before reaching the sea, Many tributaries
join them a2t different places. The present pattern
of utilization of such rivers lead tc predominantly

the fellowing set cf solutions.

(2) Impounding of a large quantity of water in the

 higher hilly ranges mainly with a view bo
generate power., Such hydroelectric plamts have
been designed primarily with 2 view %c maxinize
powsr production. Since power demand throughout
& year i8 very nearly even and since in the early
days, hydroelectric generation wags a major source
of power (even today the States of Karnataka and
Kerala invSouth India get their clectric power
only from hydroelectric plant, Karnataka is
cons tructing a thermal plant based on coal and
is expected to be commisgioned in 2 few years),
the designers approached the pfoblem of power
generation from the point of view of storing
water and getting power throughout the year. This
rhilosophy replaced run of the river plants and

other plants by 2 hydro station backed by a large



reservoir. The reservoir impounds such gquantity of
water as can meet the power demands for a year, The
design of Linganamakki reserveir of the Sharavathi
Valley project in Karnataka4ia designed on such
principles - ag a carryover reservoir so that ehergy
can be carried over from a surplus year to a lean

year.

Further since construction coste were low angd
costs of generators were high in the earlier era, eco-—
neomics of scale played an important role. This
resulted in the construction of a large reéervoir
impouﬁding as much rain water as possible and a large
power plamt with unit sizes in the range of 100-200 Mis.
Scme rain water can be harvested only for a short
duration - . of three monthéisay ~ the réservoir is
built with a capacity to store required wate for
nine months. To sum up, objective was to mop us every
ce of water and use every centimetre of head and as

far as possible to go in for larger sized power plants.

b)The requirements of water for irrigation are met by
“two different approaches:
(1) To impound water on a dam or a set of 2 or 3 dams
and take it to the various command areaé through
canals. This allows use of water for a longer

duration, permits double cropping ete.
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(ii) to draw water directly from rivers by canals,
smali 1ift irrigation systems and tanks at
various'villages; This system, which is an
older system in India, is still working in
many parts of our counbry. 4Again in this
scenario also, the shift of technology is to
move towards larger dams 2a2nd canals running
from them towards the far end of the command
area. Sometimes canal water needs to be %aken
via agquaducts and also we need large bridges to
cross highways. This development is due to
convernience, easier management general applica—
bility and ease of control of water flow in
canals, In many rivers both systems are preva-
lent - majof dams in hilly terrains and minor
dams’'and tanks in plains and places with smali
undulations, In some instances water is used
both for irrigaticn purposes and to produce

electricaly energy.

Let us now look at some of the problems and

mokivations in the model being developed.

| (i) As already explained, hydroelectric projects are
designed on a large scale and %o store maximum
guantity of water., This dees not take into

account the problems of forest denudation.



Barly days, the number of power projects coming up
was few and hence the ffect of them on ecology was
not felt. Bubt with large areas of forests being
denuded for various activities such as power
projects, agriculture, population settlements,
industries and many natur&l causes, the availability
of prime forest areas for water submersion in a

power project is becoming difficult and costlier.

Also earlier designs did not take into account
the effect of water submersion on catchment areas
also, the revenue from forests, the cost of reha-
bilatiocn and résettlements of persons displaced,
and the effect of soil erosion were ignored totally.
Since we can lock at forests also ag a source of
energy'¥ they provide firewoced, a fuel ecseential
t0 the living of majority of rural people in India,
Firewcod constitutes more than 80 percent of rural
energy source and it meets a2 sizeable éomponent of
urban domestic energy needs ~ any design should
opbtimize the area of submersion. This opens up the

following possibility at the extrene,

We design a power plant with two sections (a) peaking

vower and (b) steady power,
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Peaking power is available only during monsoon.
All excess rain waker beyond storage in a reservoir

can be couverted into peaking energy.

Steady power - the capacity will be quite less than
peaking power - is available throughout a year.
This power and consequeﬁt cnergy are maintained
by the water stored in the reservoir.

Since peaking power is avaibale for a short
duration only, i%s lo0ad facior is low (about .2
or 80). This results in %wo problems fi)'cost of
energy is higher (ii) we need a matching thermal

plant to generake equivalent amount of power ang

energy during the lean period ~ when veaking power

is not available.

In a well mixed system, the second as?ect '
mentioned above can be taken care of. Only the
cost factor remainms. Since the proportion of cost
for comstruction is increasing and the percent compo—
nent of cost of'generating‘station is decreasing
(due o technological improvements ) the cost/unit
6f peaking energy is becoming economical. An

example will show this clearly.

If x is the total‘annual cozt for a project and
let us assume that 66.7 percent of this cost goes

towards construction of rescrvoir etc and 33.3 percent



(ii)

of this cost for generating station. If such a
plant of capacity ¥ is.replaced by a plant with a 2
steady capacity of Y/2 for one year and a pedicing
capacity of 2Y for 3 monbhs (sa) then total energy
produced is the same in both”cases agsuming no
large variations in daily load factors. Then the |
cost of such a plant will be (without economics of
scale) -
(a) anmnual cost of comstruction = x/%
fb) amual cost of steady plant = x/6
6c) annval cost of peaking plant = 2%/%
Total cost = 1.167x.
Thus cost of this alternate design is only 17 percent
more than the cost of +the earlier design., If costs J
of revenue loss freom forests and other factors are

considered;, the proposal becones economical.

The model proposed has & decision variable
pertaining to the area of submersion and this value
is an outcome of .this optimization mddel. The model
ag will be shown later, considers revemie from
forests and other costs also.
The second problem lcoks at irrigation usage. Again,
in order to maximige Tevenue, the existing systoms .

consider changeover to high profit varieties 1like

[¢2)

sugarcane, paddy ctc. Paddy cultivation in some

irrigation commands have led to water logging and
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salinity problems resuliting in a loss of cultivable
area. PFurbther as sugarcane cchsumes more watser and
inputs, it may not be economically the best option.
Hence the model introduces different crop production.
This becomes important in a country with an objective
to provide basic food for a2 maximum number of people.
Presently, projects are chosen (in India) based
on & benefit to cost rafio. Such a ratio results
in going in for high profit crops. rather than water
conserving low @rofit eréps, Thig is due %o

-

1) A high profit crop gets 2 higher profit due
to market situations examples being tobacco,

sugar cane ete,,

e
i

if 2 lower cost waber conserving creop is chosen
(1ike jowar, ragi, Qnion‘etc) the command area
increages, this means more management problems.

Multiple cropping pattern implies more extension

[
R
S

programs, intcnsive education of farmers.

ds a first approximztion, the proposed model
incorporates a few crops and is only approximate
as far as global croP selection is concerned. A
global algorithm should include crop requirements,
failure rates, cost of inpubts availability of
inputs, soil fertility ebtc. Whereas +this nodel

has two decision variables one %o select a set
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of erops and the second to find the area under each
CrOD.

The next gection describes the optimization

model.,

Statement of the problems

We would like to maximize annusl returns from

a river - indirectly optimizing utilization - both
from energy and irrigation point of view su@ject to
constraints «n ecology and availability. The basic
approach is to dlivide the enbire length into a
number of sections and optimize each section indivi—
dually. Normally, water distribution amongst these
sections can be initially chosen and can be
refined further. The other approach is to optimize
for the entire river ; since the number of variabdles
is not large and an algorithm can_bé easily fitted in,
it is possible to generate an integrated modei.
The objective function: It is intended to maximige .
annual returns. The objective function consists of
the following components:

revenue from -net energy production, annual

costs for capital costs of counstruction and

generating stations (negative), net annual

operation and maintanance costs (negative),

e o
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revenue from peak energy, net loss due
to denudation of forests due to sutmer-
genee (other than that for energy from
biomasé), net loss due to displacement

of population,

Revenue from net energy production:

From the rainfall-runoff-statistics, it is
possible to estimate the maximum amnual guan-
tity of water available. By storing this water

we get hydroenergy, But the submerged area can

grow biomass which gives us energy that can be

used in domestic, indusirial and other end uses,
This energy is not imnsignificant. Only when the
head of water is very high and the reservoir
profile is a deep valley with ateep walls at

its sides, can the hydroenecrgy be very compe—
titive compared to firewood. But, when the head
is not much and when the fterrain of the
reservoir has a slow siope, then a sﬁaller
depths of the reservoir, the firewood is
attractive and below sertain values ¢f depths,
it is more efficient storags device than water,

Table - 1 illustrates this.

Let ugs assume that the surfacé of the reservoir

is a cirele. This can be changed %o other
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geometrical shapes. Bubt it is easier to
illustrate this., Then there is an optimum
surface area. Let x be the radius of the
cirecle, then if we assume that the depth radius

relationship to be

Y=Y (1 - 0F) (1)

Then we can write total hdyroenergy as

eh = V.W.H-T}.GE - (2)

where W = weight of water/unit volume

H

|

net head of water
N = Efficiency bf conversion
€= evaporation factor |
V= total volume of water
V is given by
V= ony (Ei Txe™ Leax Ly (3)

max ‘2 - a a‘?‘ a
From the area to be submerged ( = nxz), the
energy lost (due to biomass) _ié
ef = k(ﬂ.X2).I‘.Q.V.T]C (3)

= £,(X)
where rﬂm annual rr'a.te of growth -
cv = enuergy equivalence factor
Ne = enrgy conversion efficiency, if any,
k = 'ra.tio of apparent area to aig:t‘u_al area

Net energy = e, = ep = £ (X) = £5(X) (4)

e
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where fl(x) is a function for e,

Bl = Revenue from onsrgy = Cu(eh - ef) (5)

where C is cost/unit of energy
.

BEquation (5) gives us net revenue from energy.

2.1.2 Annual charges on capital costss

P VI

2ele?

R

The capital cost depends on construction
cost that depends on energy and cost of generating
unit that depends on the capacity. The capacity
(MW) is calculated assuming a normal load factor,

R, = anmual costs = a (£5( x)ce + ck.eh/

Tas

(P£.1f 8760)) (6)

where o« is the fraction of capital cost assumed
as annugl cost, based on interest, depreciation,
rate of return etec.,
cc - cosf of construction/unit of water stored
ck - Cost/KVA of generating station
1f - load factor
pf -~ power factor
Peak energy revenue:

1f Q is the total guantity of water available
due to rainfall in the catchment area and inflows
minug outflows, then guantity of water available
for peak power is
Q, =Q~-V (7)

P
energy is given by
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ey = WeQuaHanac, (8)
33 = Nett revenue = earnings from energy -
annual charrges , (9)
(In the case of annual charfes, only the ?art
pertaining to additioml generation is to be
- eonsidered, the secondpart of equation (6)).
2¢1s4 Net loss due to forest reduction: "

Since the forest area is submerged, the
benefits we get from that area 2re lost. One
agspect 1.e. firewood energy ~ is already consi?
dered. The other aspects are (i) by products
(11) grass and other biomass as food for catile
(i1i) improvement of environment - water and soil

"conservation properties and reduction of floods,
(iv) raw material etc., Since these are propor-
tiomal to area of submersion, we can unite it as
R, ; f4(z') where x! - kx is the apparent area
(the area of submergénce effects the neighbourhood
éreas also, hence sometimes the area affected is
more ‘than this submerged area., This is taken into

account by the factor k).

2el.5 Annual cost due %o displacemént and resettlement:

This depends on area of submergence angd
population and can be written as

R - fB(x, D) | - (10)
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where p is the population density

2.,1.8 Yield from agriculture:

S

If we assume that a set of crops are possible

to be cultivated in that area, then let Xsg

area to be cultivated for jth crop in ith section

vy = is the net yield.in rupees/unit area for
crop Jjs
a4 = is the water required by crop J in section

o i for a unit area.
. _

then yileld is given by
Rg=y= 'E7 o (11)
j=1 Ji “ji
while calculating net yield Ty we should deduct
the yield obtainable due to rainfed cultivation and
other input costs, eimilariy the area x includes
double cropping as additional area.

The total annual reburn is given by
§ =R -R,+ Ry =R, - By + By (12)
This is the function to be maximized.

For T sectioms we get § = & @ (13)
i=1 |

The next section deals with constraints.

Constraints

(1) Water available in each section (Q)

| Qg ¢ ‘total water inflow from previous section

- total water outflow o0 the next section

+ local water harvesting

3
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i= 1.,2 seval - (14)

Some of the inflows/outflows are schéduled,
others are to be treated as variables. In
the separatioﬁ algorithm for each section,
these are assumed initially and refined by
repeating the algorithm until convergence.

(ii) Irrigable area in each section

In each section the maximum area under culti-
vation is known and alsc the maximum area
reachable by irrigation.

Hence we get the constraint the sum of total

area under each crop should be less than this.

max; (15)

o]
M
: IA
4y
[ =

e 1,2 canesl
where a .. is the maximum area (given) in
section i.
(iii) weter reguirement of crops in each
section. |

Since we know the water regquirement/unit
area for each type of crop (qij) we should
see that total water available should be
greater than total water requirement h?

various crops. That is

a -
E Q35 Xy < 4 §16)

ox
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x;4 18 the area of crop j in sect i, to be

determined by solving the problem.

(iv) Maximum and minimum quantities for water storage

and crop arecas

Vimin

i = 1’2.-.:1

< Vimax ' (17)

X (18)

ijmin X Fij S Lijmax
i= 192 .o.oI

j - 1’2 eeell

V. Vs

. . . B a - E
smin® Vimax® X re¢ known/assumed

ijmin® %ijmax
quantities.

(v) In some subsections (say a hilly terrain), the
same quantity of water ecannct be used both for
power generation and irrigation. Then Qi is
gplit as Qip-and QiW-and Qip is used in all
constraints pertaining to power and in for water,

Q= Qo Yy : : (19)

is ineluded in the medel.

(vi) For power producticn, we should state that total
“ volume of water should be less than the guantity
available.
v, Q% p o (20)
i ﬂ:l,2,o-oI
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(viii)
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In order to compare with other power plants
under consideration, the cost/unit of energy
should be less than the prevailing rate, This

constraint cah be ineluded as a check on the

‘golution. If the cost worksout as higher, the

project can be rejected.
Positivity constraints.
Qur decision variables are positive

X X0

%35 %0 (i=142y....1)

(3 = 1425000en) (21)

%Up s O

Yyl O
Now the problem is to maiimize ¢ subject to
these constraints. The problem is a nonlinear
one, but solution is very étraightforward one.,

We solve a Lagrangian multiplier given by

L= g+ ¢ i(Qianip—QiW) (22)

Then we check for inequality violoations. Where-

ever inequalities are not obeyed, the boundary
values are chosen and the prohlem is resolved.
This procedure is repeated until all constra-
ints are obeyed. The resulting solution gives
the first order solution which can be fine

tuned by detailed subseguent analysis.

o

o
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4. CASE STUDY: A HYDROELECTRIC PR OJECT

Inrecent years, the Silent Valley project
of the Kerala State in Indiz has evoked considerable
attention from various sources. The project
expected to generate power will submerge a large
part of virgin rain forest, thereby destroying
one of the oldest unique ecosystems. The argu-

ment in this case wag to weigh +the advantages

- of power generation vs the maintenance of a unique

ecosystem which is not fﬁily understood and which
may have a reservoir of *ééné pools! of many
qniggdentified and xféry old'plan-ts. ‘Whe_:rreas it is
possible %o obtain :alternate ways of géfting the
power; the;e is no alternative to éet a similar
eébsystem, This introduced lively discussions

amongst variouws sections of scientists.

Similarly ancther hydroproject in Karnataka

also got a good attemticn. This project is on

Bedthi river in Uftara Kannada dist. This river
is a shert one and flows through some of the

densme and good forests of Karnataka. The project
is expected to generate about 200 MWs of power
suﬁmerging about 10,000 hectares of prime forest
areé and &isplacing about 6000 peoplé. The capital

cost has a major component going to the comstruction
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of damg and tunnels. Table 2 shows the cost/unit
and benefit/cost ratio for this plant. Here it is
shown that benefit/cost ratio is less than one and

hence the plant is not & variable one as designed now.

Instead, it if is modified so as to produce
400-500 Mys in monsoon season — for three months
and to produce 80-100 MW in %the remaining period
with the help of a smaller storage unif, cost/unit
of énergy remains the same and benefit to cost ratio
also improves. In addition, this saves forest area
from éubmersioh and lesser number of families will'be

displaced.

The model is being further refined to include
a number of mini and microhy&el plants and direct
water conversion syétems so that an overall optimum

can be ocbtained.
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