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Abstract— Standard operating policy and hedging policies are commonly used for reservoir operation
for municipal or irrigation water supply. Application of these policies to hydropower reservoir operation
is complex. In this paper, new standard operating policies and standard hedging policy are proposed for
hydropower reservoir operation. The newly proposed policies were applied to the operation of Indira
Sagar reservoir in India and demonstrated.
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I. INTRODUCTION

River water flow varies with time and hence water is stored in reservoirs when available in plenty and used
later. Reservoir operation studies aim for reliable supply of water for various uses like municipal requirement,
irrigation requirement, hydropower generation requirements, flood control and recreation storage requirement in
the reservoir. Basically the reservoir operation studies answer the questions ‘when to release? and ‘how much
to release? . Reservoir operations studies can be used for planning or real-time operation. A planning model can
help to make decisions like fixing the reservoir size, maximum demand and changing the cropping pattern. For
this historical time-series of inflow from the river is collected and through a mass balance simulation model
along with certain reservoir operation rules, the performance of the operation is evaluated. Reservoir operation
studies use many performance indicators including the economical indicators and release based statistics.
Whenever possible, the performance is measured in terms of money benefits. However, the water resources
management goals cover the intangible benefits like socia justice, equivity and environmental protection also.
Hence, if converting the performance in terms of money is difficult, release based statistics are used for
measuring the performance [1].

There are many release-policies used in different situations. Standard Operating Policy (SOP) is one of the
simplest policies considered in planning models, which aims to release a quantity of water equal to the water
demand, if possible, and does not preserve water for future requirements [2]. There are many other rules like
hedging rule, space rule, pack rule, linear decision rule etc. In awater deficit system, hedging rule is often used
as this rule attempts preserving some water for future use. When preserving for future use, the normal supply
may need to be reduced in the current period; however, it helps to brings down severe deficitsin the future.

In the cases of operation of reservoir for municipa or irrigation supply, the demand is fixed and release is
based on availability and demand. In the case of municipal requirements, the demand does not vary with time. In
the case of irrigation requirements, the demand varies from season to season depending on weather conditions,
and in most cases, the annual demand pattern is repeated year after year. However, in the case of operation of
reservoir for hydropower generation, the water demand is a variable though the power demand is constant. The
hydropower P is estimated by the equation P = 3Qh where » unit weight of water, Q is the water discharge and

h is head of water. It is to be noted that the head increases when the storage increases in a non-linear manner.
When the storage in the reservoir is more, the head is also more and hence a smaller discharge from reservoir
may be sufficient to produce the power. However, if the storage is less, to produce the same power, a large
quantity of water is to be discharged. Thus, the water demand for hydropower production is a variable and
depends on the water head or storage availability. Hence, simulation of reservoir operation for hydropower
generation is complex.

1. BACKGROUND ON HEDGING RULES

Hedging rule became popular by Maass et al. [3] as they described the concept in their book. In 1990, Bayazit
and Unal [4] proposed a two-point linear hedging rule. Shih and ReVelle [5] developed a one point hedging
rule, which is specia case of two-point hedging rule. Modifying the two-point hedging rule, Srinivasan and
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Philipose ([6], [7]) presented a three-point linear hedging rule later this was again modified and used by Shiau
[8].

Claiming a closer practical operation, Shih and ReVelle ([5], [9]) introduced Discrete phased hedging rule.
Neelakantan and Pundarikanthan ([10], [11]) developed a different discrete phased hedging rule in which they
considered beginning storage to trigger the hedging instead of available-water which is beginning storage plus
inlow in current period. Later Tu et al. [12] demonstrated the use of discrete phased hedging rule for a multi
reservoir systems in which the beginning storage was used to trigger the hedging as suggested by Neelakantan
and Pundarikanthan ([10], [11]). The discrete rules are more realistic as the water managers do not usually have
the option of a continuous gradation [13], as they need to declare the rationing to the public in asimple manner.

While Neelakantan and Pundarikanthan ([10], [11]) and Tu et al. [12] triggered the hedging only based on the
beginning storage of atime step, all others used the available-water, which includes the current period inflow,
that is, the current-period inflow was assumed known or predicted and used. Shiau [8] extended this further
assuming multi-period inflows were assumed known or predicted. In 2011, Shiau [14] reported yet another
specia type of two-point hedging rule, which he named as ‘type Il two-point hedging rule’ in which when the
water availability istoo less no release is made and that availability is stored as reserve for the next period.

In 2004 Draper and Lund [15] published an analytical work on two-period (periods t and t+1) reservoir
operation model with an objective of maximization of sum of benefits due to current water delivery and
carryover storage value. Extending this work, You and Cai ([16], [17]) addressed implications of the start and
end of hedging, the extent of hedging with respect to the demand, inflow uncertainty, and evaporation loss.
Later, Zhao et al. [18] continued to study the optimality conditions for SOP and hedging rule.

In some reservoir operation studies ([19]-[22]), drought indices based on meteorological and hydrological
conditions were employed. Using such drought indicators may represent the reality closer than the triggers
based on beginning storage or water availability. In the recent past, Karamouz and Araghinejad [23] and Zhao et
al. [18] used non-linear benefit functions instead of release-based statistics. Encouraging use of such economic
indicators will lead the research to the next level of using realistic economics based hedging.

Though considerable number of literatures is available on reservoir operation for hydropower generation
[24]-[26], direct application of hedging rules for hydropower reservoir operation is almost not seen except [27].
Rittima [27] used the same form of hedging policies that are considered for municipal or irrigation reservoir
operation. It may be convenient to use a different form of hedging where the nonlinear relationship between
demand and storage (and head) is utilized. Hence, the objectives of the present work are (a) to present standard
operating policy in a new form and (b) to introduce a newly developed standard hedging policy suitable for
hydropower generation reservoirs.

I11. PROPOSED STANDARD OPERATING POLICIES FOR HY DROPOWER GENERATION

The existing SOP used for municipal water supply is presented in figure 1. The x-axis is representing
available-water and the y-axis is representing the sum of release and spill. D is the demand and K is the capacity
of the reservoir. The available-water is defined as the sum of beginning storage in the reservoir and the inflow
during the period minus the evaporation loss during the period. In this case, demand is constant and if the
available-water is less then demand all the available-water is released. At the point P1(PL,, P1,), the available-
water is equal to the demand and at P2(P2,, P2)), the available water is sum of capacity of the reservoir and the
demand. If the available storage is between P1, and P2, the release is equal to demand. The line between PO
and P1 makes an angle of 45° with the horizontal.

A

P1 P/
Release

+Spill

PO D K+D

Available water

Fig. 1. Standard operating rule used for municipal water supply
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In the case of hydropower operation, the demand is a function of storage (and head) and is not a constant.
Two different hedging models are presented as in figures 2 and 3. This model presented in Fig. 2 is similar to
the SOP presented in Fig.1 except that the demand is a considered as a variable and the y-axis represents only
the release. Assume the target power, which isto be produced in aperiod, is TP. Thereis a quantity of available-
water in the reservoir at which releasing all the available-water produces the target power. This quantity of
available-water is named as S The product of mean head (due to Sand zero available storage), Sand unit weight
of water should provide the TP as power production. This Sis to be estimated for a given reservoir using the
relationship between head and storage. As the available-water increases more than S, the release required to
produce TP will keep decreasing as the head increases. However, after reaching the full reservoir level, the head
cannot increase. Hence, during the cal culations when the available-water is more than the available-water at full
reservoir, the release required to produce TP is taken as constant R.. Thus, between P1 and P2, the demand and
release are falling as the head is increasing and after P2, the demand and release become constant. If an equation
is set for the curve between P1 and P2, the usud iterative procedure for estimating the discharge required can be
avoided. This is the advantage of presenting the SOP asin Fig. 2 over asin Fig. 1. This rule alows releasing
water to produce either the target power or less depending on the available storage. Hence, theruleisreferred as
‘Continuous SOP' henceforth.

A
Release
P1
P2
Ro=S Rc
v '\
P0=(0,0) S K

Available Water
Fig. 2. Standard operating rule for hydropower generation

Sometimes, the managers of the hydropower operation may not like to release the available-water if the
power that can be generated is less than the target power and they may like to save the water for future use. This
may be preferred as the economic value of the low-head water is low and saving it for future use with future
inflows with higher water head may economically benefit more. For such cases, the SOP may be presented as
shown in Fig. 3. Thisrule alows releasing water to produce either the target power or zero power and no partia
power production is possible. Hence, the rule isreferred as ‘Binary SOP' henceforth.
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Available Water

Fig. 3. Modified standard operating rule for generating only the target power
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1V. PROPOSED STANDARD HEDGING RULE FOR HY DROPOWER GENERATION

Use of more than one turbine for hydropower generation is very common. When available-storageisless, itis
good to operate lesser number of turbines with full discharge load rather than partial discharge in many turbines.
Assume a hydropower reservoir system with four turbines of equal power generation capacity, 25% each of full
capacity. Figure 4 shows atypical hedging rule for hydropower operation. Sl is the quantity of available-water
at which releasing al the S1 will produce the 25% of the full power generation capacity. S2 is the quantity of
available-water at which releasing all the S2 will produce the 50% of the full power generation capacity. S3 is
the quantity of available-water at which releasing all the S3 will produce the 75% of the full power generation
capacity. Similarly, $4 is the quantity of available-water at which releasing al the S4 will produce the 100% of
the full power generation capacity. The straight line connecting PO, P1, P2, P3 and P4 isa 45° line.
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P0=(0,0) S1 S2 S3 S4
Available Water

Fig. 4. Standard hedging rule for hydropower generation

If the available-water is less than S1, no turbine is to be operated which means the power production is zero.
If the available-water between S1 and S2, only one turbine is to be operated which means the power production
is25% of full capacity. Since the head is increasing between S1 and S2, the release to produce 25% power will
be falling and thus the release rule line P1 to P1' is a curve as shown in figure 4. If the available-water between
S2 and S3, two turbines are to be operated which means the power production is 50% of full capacity. If the
available-water between S3 and $4, three turbines are to be operated which means the power production is 75%
of full capacity. If the available-water more than or equal to $4, all the four turbines are to be operated which
means the power production is 100% of full capacity. For a given target power, release is a function of
available-water and head. However, beyond full reservoir capacity, the head is constant and hence the release is
afunction of available-water alone. Thus the rule line beyond P4’ is a horizontal line.

V. DEMONSTRATION

Indira Sagar reservoir (22°17'00" N, 76° 28'00" E) across river Narmada in India is mainly a hydropower
generation reservoir. The salient features of the reservoir are given in table 1. The operation rules developed
were applied to the operation of this reservoir and demonstrated. Thirty-two years of inflow data into the
reservoir was used in the simulation model that uses the principle the law of conservation of mass. Monthly
period was used and hence for the 32 years the total humber of periods is 384. The evaporation loss was
calculated by multiplying water spread area and rate of evaporation. In a monthly step, the average storage
((beginning storage +end storage)/2) was worked and corresponding water spread area was found using the
storage-water spread area relationship.

V1. RESULTSAND DISCUSSIONS

The proposed continuous and binary SOP models and standard hedging model were applied to the operation
of Indira Sagar Reservoir. The results are presented in tables 2, 3 and 4. Though the installed capacity of all the
8 turbines together is 1000 MW, four different target powers were considered at 250, 500, 750 and 1000 MW
for the analysis. The application of continuous and binary SOP indicates that as the target power increases, the
number of periods in which the target power produced is decreasing. However, the total power production in all
the periods together is increasing and this is due to the higher head advantage. Increasing the target from 250 to
500 MW per period increases the total power production by about 45%. However, this percentage increase
reduces to about 12% and 3% when increasing the target from 500 to 750 MW and 750 to 1000 MW
respectively.
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Standard hedging allows producing either zero or 250 or 500 or 750 or 1000 MW power per period. Table 4
shows that more number of 250 and 1000 MW power productions and less number of 500 and 750 MW power
productions. During the normal periods of the year 250 MW production is often possible and during the flood
season of the year 1000 MW production is often possible. The S1, S2, S3 and $4 values (refer Fig. 4) used for
standard hedging of Indira Sagar reservoir are presented in table 1. These values may be adjusted or optimized
for a given objective function. For example, the S1 values may be fixed any value higher than or equal to
1954.87 10° m® and the S2 should be greater than S1 and higher than or equal to 3656.60 10° m® and so on.

TABLEI

Salient Features of Indira Sagar Reservoir

Item Quantity
Full reservoir level (FRL) (m) 262.13
Capacity at FRL (million m°) 12,212
Minimum drawdown level (MDL) (m) 237.70
Capacity at MDL (million m°) 1357
Power house level (m) 196.6
Number of turbines 8

Power generation capacity of each | 125 MW

turbine

Overall efficiency of the turbines

85%

Storage (S in 10° m®) — Water spread
area (WSA in 10° m?) relationship

WSA = (—2x10 0% 52) 4 (0.0972x S)

Megan gnonthly inflow from July to June | 3931.44 | 9086.93 7360.77 1635.81 2022.06 1560.04
(10° m°)
1079.93 | 966.88 813.60 641.13 513.73 1553.19
Mean monthly evaporation rate from | 0.1524 | 0.1270 0.1397 0.1397 0.1016 0.1016
Ay to June (m) 01016 | 01270 | 02032 | 0.3302 | 04572 | 0.2794
Power in (Mega Watts) and Minimum | P 0 250 500 750 1000
ﬁ/%nIablestorage required S (million I7g 0 195487 | 3656.60 | 523367 | 6750.92
TABLEII
Results of Reservoir Operation Using Continues SOP
Target Power (MW)

Quantity 250 500 750 1000

Mean release per month

(10° m®) 1301.52 2185.38 2363.77 2487.78

Mean spill per month

(10° m®) 1164.70 381.89 225.09 110.20

Number of months in which power

generated is equal to target 371 216 137 89

Number of months in which power 13 168 247 295

generated is less than the target

Total power generated in 384 6.87 9.98 10.09 11.30

months (x 10™° kwh)

TABLEIII
Results of Reservoir Operation Using Binary SOP
Target Power (MW)

Quantity 250 500 750 1000

Mean rel ease per month

(10° m®) 1299.23 2075.02 2232.10 2316.79

Mean spill per month

(10° m®) 1165.99 464,57 312.29 207.27

Number of months in which power

generated is equal to target 376 267 200 155

Number of months in which no

power generated 8 117 184 229

Total power generated in 384

months (x 10™° kwWh) 6.86 9.75 10.95 11.32
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TABLEIV
Results of Reservoir Operation Using Standard Hedging Rule
Item Quantity
Mean release per month (10° m’) 2448.53
Mean spill per month (10° m®) 131.89
Number of monthsin which 250 MW generated 121
Number of monthsin which 500 MW generated 23
Number of monthsin which 750 MW generated 16
Number of monthsin which 1000 MW generated 99
Number of monthsin which no power generated 125
Total power generated in 384 months (x 10%° kWh) 11.15

V1l. CONCLUSIONS

Significant research was reported in the past three decades on reservoir operation rules. Hedging rule
application for municipal and irrigation water supply was focused by many researchers. However, application of
hedging rule or SOP for hydropower reservoir operation was not researched in depth. This paper opens a new
research field with few basic rules for hydropower generation. The demonstration aso indicates that there is
good scope for further research and development in thisfield.
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