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PREFACE

This state-of-art report deals with problems' assoclated with
operation of a single purpose/multi-purpose reservoir. Starting with
heuristic procedures of reservoir operation, the general concepts of
rule curve and zoning of reserveir operation have been discussed.. The
report also includes discussion on the operation of reservoirs serving
hydro-power plants when used in conjunction with thermal power plants,
for various cases like bounded and unbounded reservoirxrs. The complexity
of reservoir operation problem inéreases when one is to deal with multi-
reservoir systems. In such cases , application of mathematical digital
models involving use of simulation or optimization techniques becomes
necessary. These aspects have been discussed in detail in the present

report, which also gives a comprehensive list of bibliography.
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1.0

1.1

RESERVOIR OPERATION

INTRODUCTION

studies on the operation of reservoirs have drawn the attention

of many researchers and reservoir managers in recent years due to one

or more of the following reasons:

(i}

(ii)

(iii)

(iv)

(v)

(vi)

Realization that under proper management the the structural and
non-structural elements of a water resource systems mobilize
the latent usefulness of natural water resources while allaying
their potential destructiveness.

Development of concepts -of economy and value functions (short
term production functions of water for irrigation, power, flood
control, and other purposes).

Multireservoirs operated as a system offer a great variety of
operating alternatives and thereby providing flexibility in
operation.

Development of mathematical programming techniques, computational
algorithms and increased computer capabilities to handle large
complex systems.

Growth and diversification of water uses and public demand for
maintaining a high quality environment and long term stability
reducing risk and uncertainties and increased reliability of
services (irrigation water Energy etc.).

As an effort to reappraise and enhance where possible the value

of existing water systems through better management practices.



(vii) A challenge to solve the complex and multifaceted problem.

(viii) The operation plans designed at planning stage are coarse in
nature and need refinement during the actual operation once the
system comes into being and needs t6 ‘be continuously updated
as and when additional data interms of input and information
on system performance accumulate. Further the introduction of
new interventions changes the character of interaction among the
subsystems.

(ix) Objective drift or the changed needs compared to the needs for
which the systems was designed originally.

{x) To quantify decision and to evolve a rational approach to the
operation of such systems.

The literature review reveals, that there exists no general
procedure or algorithm for the solution of reservoir optimization
problems. This is due to extreme complexity of the system and diverse
nature of its configuration, management, operation, political and

economic goals, and environmental interactionms.

1.2 Problem Defined

Given a res;rvoir or multiple reservoirs (independent or inter
connected), the problem of reservoir operation is to specify releases
from each of the reservoirs to satisfy the demand with regard to the
release, energy generation, and the storage space, the stored water
and stored potential energy. The complexity of the problem increases
from single reservoir single purpose to interccnnected multiple reservoirs
with multipurpose as the later offer a variety of release combinations.

The time dimension is most important in two different ways. The decision



problem is not a one time water release problem as the benefit accrued
from such releases is a function of such releases in the near past and
also of the near future encompassing a period of one flood period or
one irrigation season or an hydrologic year or multiples of these.

Further the continuous character of the decision problem requires plann-~
ing of operation in terms of on-line -operatic;n ( continucus operation},
medium term operation and the long term operation integrated properly
to meet the overall system objective, Each of these operations has
to satisfy the characteristic specification demand of the type of oper-
ation. For example in a long term operation, conservation, amount of
potential energy and the expansion plan may be of interest whereas

in the case of on-line operation, in additibn to the longrterm require-
ments, the rate of release and storage change may also be of interest.
.It seems appropriate and logical to analyze the problem in terms of
on-line, medium and long term problems and integrate them. Since the
8ystem demands are so varying, it may not be possible to evolve a uni-
versal approach to the problem of reservoir management although some

commen algorithms often useful in solving such problems can be identified.

1.3 Complexity of The Problem

- The complexity of any system is determined in terms of the number
of variables or components and their interactions. Higher the inter-
actions, higher is the complexity of the system. The high ‘degree of
complexity of reservoir operation scheduling problem can be explained
in terms of the following components and their interactions, environment
and modelling.
1. Multi-unit, Multi-purpose Characteristcs

The water stored in any reservoir has to serve both conflicting



and complementary multiple purposes. These purposes include:

(i) Water supply for municipal, industrial and agricultural (irri-
gation) needs.

(ii} Water quality improvement by releasing higher quality water to
dilute and transport downstream wastes.

(iii) Flood control through moderation by providing storage capacity
to absorb floods during periods of floods and release control
to take. advantage of the downstream channel capacity to reduce
likelihood of flood damage. )

(iv) Hydropower production by operation of reservoirs so as to minimize
loss of energy and meet energy and power requirements.

(v) Navigation by insuring sufficient depth of water in navigation
channels and sufficient watersupply for lockages.

(vi) Recreation, whose benefits, while sometimes difficult to quantify
in monetary terms, are nonetheless often present if appropriate
pool levels and limits on level fluctuations are maintained.

(vii) Pish and wild life enhancements through maintenance of desirable
pool levels of flows during critical periods in the year for
greater fish and wild life production and fishing and hunting
benefits.

These purposes when met by multireservoirs offer varieties of
options in terms of on-line, medium terms and long term operations.
2.  Economic interacﬁion

some of the purposes served by the reservoirs are to be integrated
with other alternati';*es serving the same purposes. For example the
most important purpose of power production is to be integrated with
the total electric utility service. when such integrated operations

are considered the problem of non-separable objection functions leads



to complexity.
The evaluation of hydropower involves both non-linearity and non
separability. A function f(x) is called separable, if it can be expressed

as a sum of single-variable functions as :
n
£(x) = L £(x,) e A1)
( j=1 1

otherwise it is non-separable. Mathematically the separability may
be described in terms of Hessian having all its off diagonal elements

equal to zero i.e.

aZf 0 i (2}

—_— sese

ax, o% # ] :

The definition gives more insight into and brings out the importance
of the nonseparability of objective function in interconnected or non-
interconnected multiple reservoirs operated integrally with a thermal
system. The first order partial derivative 9 £/ Bxi is the marginal
hydropower benefit(f) from a unit release (xi) from reservoir i in any
period t. The second partial derivative 32 £/ 9 x; Ix j represents the
rate of change in the marginal benefit obtained from reservoir i as
a function of release from reservoir j. The existence or otherwise
of non-diagonal elements of the Hessian simply describes the existence
or otherwise of economic interaction of reservoirs. The existence of
economic interaction is quite evident whether the multiple reserveirs

are hydrologically connected or not when operated integrally with thermal

system.

1.4 Uncertainty

The explicit treatment of uncertainties in the exogencus flows



of a reservoir system is of course a major theme in water resources
research. In addition the future demand and unit availability are also
subject to uncertainty. But the later is unlikely to have as great
an impact as uncertainty about inflows. The most desirable scheduling
model would be one which handles uncertainty using non-anticipative
stochastic control. This means that the operating policies produced
by the model have the property that, in each time period, the release
decisions depend on no more information than will be available to the
system manager at that time. Ignoring uncertainties in the future inflow
may result in unrealistic reservoir release scheduling policies.

In a reservoir scheduling context non-anticipativity means that
release decisions in each period must be based solely on observation
on il;flows for previoys periods, including of course any information
these observations may yield about future inflows. Though the difference
between the deterministic and the stochastic problem is small and is
in terms of inflows described in terms of probabilities, the stochastic
problems is computationally large.
Approaches to the problem .

The reservoir scheduling problem has been presented as a highly
complex stochastic problem with non-separable objective function with
ne universal approach to the solution. The solution to real stochastic
problem is not in sight. However, different approximations have been
advanced. The solution to problems range from common sense rulas to
modelling involving sophisticated mathematical techniques. This report
is framed to discuss initially the conventional operation policy foll-
owed by some of the rules developed by experience from oPerating the

reservoir. This is followed by mathematical modelling applied to



reservoir operation problems. A brief account of the various mathematical
technigques used in reservoir operation are discussed and is concluded
by a comparative bibliography of reservoir scheduling modela. The direc-
tion of future work is disoussed in the last chapter. The report provides

an extensive bibliography on the topic.



2.0 HEURISTIC PROCEDURES
2.1 I.ntroduction

Conventionally the reservoirs are designed on some yield models
based on mass balance technigque or its variations making use of historic
streamflows or through probabilistic analysis making use of generalized
statistical properties of the historic flows. In all the cases, built
in there, is the conventional reservoir ope.ration policy which

is graphically represented in the figure.

RELEASE

e e e s e —

T ST STORAGET INFLOW
FIG.l CONVENTIONAL RESERVOIR OPERATION POLICY

The classic operation policy has two conditional statements:

(i) If there is not encugh water to meet the target, release all
the water.

(ii) If there is more than encugh water release enough t¢ meet target
output unless there is momse water than can be stored, in which
case the excess is also released. The policy stated above is

a one time operation policy without relation to the release of



water at any other- time. This type of time isclated releases
of water is neither beneficial nor desiréd. Second the water
beyond the target output in any period has no economic valuer
and that the economic loss due to shortage of water varies linear-
ly. These are true in a restricted situations and in general
there is always a marginal water use available or a market for
surplus energy.

The classic reservoir policy is very rigid and restrictive in
operation and so not used in practice.

Under the assumption that it is posaible to define - jdeal storage
levels and the releases or diversions therefrom for all periods short
or long throughout the hydrologic period that satisfy all water users,
reservoir operating policies are needed to guide the operator or the
reservoir manager when it is not possible to satigfy these ideal condi-
tions. The ideal storage volumes or levels in individual reservoirs
are typically defined by 'rule-curves'. Due to varying hydrologic condi-
tions the occurrance of deviations from these rule-curves is quite normal
and hence a detailed set of instructions are necessary to take advantages
of the exdess water or to salvage the situation under deficient condit-
ions.

Rule curve specifies the reservoir levels and releases for various
purposes as a function of time and is to be updated as new data accumu-
late. For finding rule curves among the various reservoirs in the systen,
the criteria used is that the critical conditions should not be attained
simultaneously in all the reservoirs In the case of two reservoirs in
series ,the upstream reservoir release schedule will bias the development
of rule-curve faor the reservoir located on the downstream.

Rule curves must be understood as guidelines under stationary
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conditions (in the probabilistic sense). The purpose of the operating pelicy
is to distribute any necessary deviations- from ideal conditions in a
. manner that satisfies mandate laws or regulations and/or that minimizesg
the perceived discomfort or hardship to all water users in the system.
The existing operating policiesr vary from a rigid rule curve to
theose that precisely define managément of deviations from the rule cuves
for all combinations of hydrologic and reservoir levels, used in actual

operation are guite instructive.

2.2 Some Operating Policies
These operational policies, which are developed by intuitidn are
anticipatory in character and are quite useful in the case
of single purpose single reservoir or multiple reservoirs as the case
may be. These are useful specifically to municipal water supply reservoirs
wherein conservation of water is the sole objective. The rules aresdiffer-
ent for series or parallel configuration of reservoirs.
(i) Reservoirs in serieas: The operating rule in this case is that
downstream releases are met by the immediately upstream reservoirs till
it j.s completely drawn down and before using any upstream reservoirs.
In the figure 2, releases D2 and D3 are to be met from reservoir 2
till it is completely drawn down .whep it is not possible to meet the demand

D2 and D3 from reservoir 2,then only water from reservoir 1 is to be rele-

ased to meet the derrtands D, and D3,This rule makes use of available storage
fully and ensures conservation of avoidable spills from downstream reservoirs.
{ii) Reservoirs in Parallel: 1In this configuration two procedures

are commonly used.

One involves discharging water first from reservoirs with rela-

tively larger drainage areas or potential inflows per unit storage

10



capacity.

RESERVOIR R:-:ssnvom
2
RESERVOIR
Dz
RESERVOR
Ry Lo,
————t 02
" 03
RESERVOIR IN SERIES RESERVOIR N PARALLEL

Fig.2 CONFIGURATION OF RESERVOIRS.

In the figure2, the drainage areas to storage volume capacity
ratios for two reservoirs are compared(assuming the runoff per unit
of draiﬁaqe area is sa.mé). The reservoir with the larger ratio is used
to supply diversion D3 before the other reservoir is drawn down. Dis-
charging water first from the reservoir having the largest drainage
to storage volume capacity ratio will usually result in a reasonable
conservation of water. Another and more precise procedure involves
drawing in tandem from each reservoir. This requires monitoring storage
volumes and estimating future inflow. Such a policy minimizes expected
water wastage. The later rule is referred to as a space rule. In terms
of probability when parallel reservoirs are operated by this rule, the
objective is to equalize the probability that the reservoirs will have
filled at the end of drawn-down refill cycle. Actually all the reser-
voirs will be full and spilling, full and not spilling, or partly full,
the unoccupied storagée space being proportioned to inflows during the

drawdown refill cycle.
"



Mathematically the sapce rule can be stated as :

smax j Cijk " ij +_ Rjk - Qi ; n-k
m 7 —_— . 0. (3)
L (s - = 0,) + Yo
maxj idk jk 1:l'I‘ J j» n-k

Where S-maxj is the full capacity of the jth in a series of m parallel
reservoirs. siflk is the initial contents of the jth reservoir in the
kth of a series of n months; ij is the flow into jth reservoir in the
kth month ; R % is the release from the jth reserveir in the kth month
RT is the sum total of releases required to fulfill target outputs;
and dj, n-k is the prescribed flow into the jth reservoir for the remain-

ing n-k months of the drawdown refill cycle. We can solve the above

equation for Rjk,the release from the jth reservoir in the kth month.

Rk = S + ™ Smaxi ™ Sijk T Q) * Rp ]
m
o, s
x(Qj' n-k/g: Jen-k maxj
Subject to the constaint 0< Rjk< (Si'jk + ij).

A numerical example of the space rule is provided byMaass et
al in their book Design of Water Resources System, which is reproduced
for purposes of clarity.

Example: Application of the space rule to two parallel reservoirs. The
reservoirs are operated for a typical month, during which the target

12



output for irrigation is 250 x 103 acre ft. No unregulated inflow below
the reservoirs and above the point of diversion is available.

The space rule is very useful for situations where inflow forecast-
ing is very reliable as in the case of runoff from snowmelts. For other
types of streamflows the effectiveness of the space rule would be a
function of the coefficient of variation of the mean monthly flows,
the correlation between flows on adjacent streams and the reliability

of flow forecasts.

Capacities,cogtents,inflows and
releases 1¢” acre ft.

ITEM. Reservoir Reservoir Total reser
A B voir A & B

1. Max reservoir capacity 150.0 2500.0 2650.0

2, Reservoir contents at the beginninyg 50.0 1500.0 1550.0
of month

3. Available storage space at the 100.0 1000.0 1100.0
beginning of month(1)~(2)

4. Inflow during the month 90.0 400.0 490.0

5. Total target output or release - - 250.0
required during month

6. Total space available at the end - - 800.0

of month {3) -(4) +(5)

7. Predicted inflow between end of 110.0 1100.0 1210.0
month and end of refill cycle

8. Proportion of required space at 110.0 1100.0 1210.0

end of month 121¢.0 1210.0 1210.0
9. Allocation of space at the end of

month  (6) x (8) 78.2 781.8 860.0
10. Reservoir contents at end of

month (1) -(9) 71.8 1718.2 1790.0
1. Release during month(2)+ 4)-(10) 68.2 181.8 250.0

13



In modified form the space rule can also be used to apportion
releases among reservoirs for flood control, based on 6-hr or other
short intervals of time. It is valid too, when each unit of water
is of equal wvalue in a given reservoir but not of equal value in differ-
ent - reservoirs. However, the space rule must be modified in form to
deal with this situation. Unequal values of water are created in a
system for instance when a fixed head power plant downstream from reser-
voir B generates firm energy from irrigation releases, but no such
planf exists below reservoir A. In an application of the modified space
rule, the economic value of system output was maximized by preventing
or minimizing spills of the higher vadued water from reservoir B at
the expense of spills lower valued water from reservoir A. Had the
water within either of the two reservoirs not possessed a fixed value,
{as in the case of variable -head power plant) application of th'e rule
would have become much more difficult .

(iii) Pack Rule:

The Pack rule makes use of the streamflow forecasts and tries
to avoid spills by additional releases of water in advance(say for
dump energy generation). The Pack rule is so called because the possible
‘f_qture spill is packed as tightly as possible into future space turbine
capacity.

In mathematical terms:

Rd = Qn-k _(Smax - STK)-Pn-k .« « £5)

Where Rd are the additional releases for the current month,k,

for the generation .of dump energy; Q

-k is the predicted flow into

the reservoir for the remaining(n-k) months of the drawdown refill

cycle; Smax is the full reservoir capacity; S'I'K is the reservoir cont-

14



ents in the current month after current flows have been added and rel-
eases made to meet the target output for energy and pn-k is the useful
water capacity of the turbines for the remaining n-k months of the
drawdown refill cycle. If the right hand side of the equation is not
positive Ry = 0 and the equation is further subject to constraint Pc-Raf
STK where Pc is the useful water capacity of the turbines in the current
month after releases have been made through turbines toc meet the target

output for energy. predictions as they are seldom perfect that the

reservoir may not refill or spill.

Pack rule can be applied whenever releases beyond specified
output requirements are of wvalue. The rule can be of assistance in
making decision involving time for simple systems or for parts of comp-
lex systems, it can not be used to appertion water among purposes of
reservoirs.

The Hedging Rule

The concept of hedging is to distribute, the shortage if antici-
pated,uniformly so that the intensity of shortage is minimized. It
is sometimes economical to accept a small current deficit in output
S0 as to decrease the probability of a more severe water or energy
shortage.

Economically a hedging rule can be justified only if the proposed
uses of water have nonlinear loss functions. If the marginal values
of water for specific uses are constant, the economic losses from short-—
ages must be linear and,because streamflows are stochastic, it follows
that it is optimal teo postpone shortages as long as possible, insp-
ite of a high probability of a severe deficit later. Therefore, an

assured full supply now is preferable to a definite deficit now with

15



a lesser probability of a heavy deficit later. If severe deficit are
penalized proportionately more than mild deficits, however, it may

pay to reduce the probabilities of suffering heavy deficits.

2.3 Storage Zoning

The zoning of the storage space and rules governing the maint-
enance of the storage levels in any specified range is based on the
reasoning that there exists, for a specified time .a desired storage
level in each reservoir. The operators are expected t¢ maintain <these
levels in each of the reservoirs as closely as possible while generally
trying to satisfy various water needs downstream. The releages are
adjusted upward or downward depending on the reservoir condition being
above or below the specified level respectively. These release rates
may not be specified but will depend in part on any maximum or minimum
flow requirements and on the expected inflow.

Typically a rule curve exactly aims at this type of operation. The
desired storage level for single purpose reservoir is easy to arrive
at, whereas for a multipurpose reservoir it is worked out as a compro-
mise among recreational, fish and wild 1life, flood contrecl, hydropower
and water supply interests. These rule curves are derived either based
on historical stream flow records or through simulation studies. Still
left in this type of operation is the large flexibility in day to day
operation to adjust releases and storage levels within the specified
limita. This type of operation needs a very experienced personnel to
decide day to day operation taking into consideration the trade offs
among purposes and at the same time minimizing the deviations from
desired storage levels and discharges over time and space.

The operation in €ew cases is further assisted by multiple

-
zoning. Various storage zones often identified are:

16



(i)  Conservation aoige: This ig, the éohe, the wéter. stc;red . i‘n which
has to satisfy the . release demandé for various ;.:onse:.:va‘tionr
purposes including rec;eati_on and environmental needs.

(ii) Flood control Zone :  This is the_'-storage space exclus..i.vde'ly
'earmax.;ked for absorbing floods during high £lood period's.‘ The
releases are increéged ag’ necessary when the water stored in
t.he. _reser\}oif falls in this ioné.' |

(iii) sSpill and Surcharge Zome: This storage space is above tﬁe flood
control zone and -éorrésponds to t.hé flood rise during extreme
flocds and s‘pi‘lling.‘ This space is occupie;i mostly during higho
flows .and. the releases ‘dawnstream (i.e‘.spilis) are at or near
maximum. .

(iv) Buffer. Zone:; This is the .s_torag-e séacé ' betweeﬁ cbnsér{ration
zone and the dead Zone and ‘tllae‘ feservoir level will be brought
down t;) thié. zone under extreme draught situations. When the.
reservoir is in tl-ai:.s. 'zﬁne. the reiease from the reservoirs caters
only to essentigi_' needs. )

{v) ._ "Inactive Zone or Dead Storageé: -This .space. ié nor_maliy meant
to ‘absorb some .of the -sedimenﬁ._ entéring the reservoir.The waterin
: t_his -zo=ne may be -utilized. only .. _under‘ ‘extreme dry 'cond-iti;:ns
and.‘the withérawls a.re limitéd tolabsolute minimym.

'Figure 3 -s.hows such zq:;ne_ﬁ in a reserveir. ?hese 7-zones rﬁay
vary throughout’ f.he year. The rellea‘se‘ poiic_y 'will_ be to release as
'-_lai.‘ge. as péasible when ﬁhe.lreservoir.'is in spill zone and to release
as maximuml as possible witi_'mnt ca_using fliood 'damags _,do?ms'tream when
the reservoir coﬁtent is ia the .E-lood coantrol zone, and tx_:y' to l:!r;'.ng
the reservoir to thé top of .th‘e. qo‘ns_erva‘tionljzone at the earliest poss-
‘-ible, tune The release from Vthe Vcon‘setvatio_n : _zéne i‘sl governed by the

17



requirements of water for variuus purposes intended to be met by the
stored water and the day to day releases may be adjustad based on the
inflow anticipated and the £future requirements- upto the end of the
operating horizon. When the amount of water is anticipated to be short
compared to the demand, releases may be curtailed. It must again be
noted‘th;atlthe limits of zones may vary Eré.-n fnont‘n to month. This type
of defining of zones varying over months is useful in nultipurpose
reservoirs.

In_ the émn‘te:t ¢f miltiple 'res.érvdirs,zoning‘ 6t‘fers some flexi—
bility in operation of indi.vldual reservoirs. Such guidelines for multi—‘
ple reservoirs toqet};er with rules for individual resé;voirs offer

. additional guidance to nper;ators‘ ‘o‘f multiple reservoir systems. A fur-
ther guidance ié provided some times by defining subzones within conser—.
vation zone. The way it is combnly managed is to balénce the storage
level in different reserveoirs, that is ai: any .time all the reservoirs

-are maintained in the same zone(meaning the percentage filling of the
zone is equal in all the resérvoﬁi_.rs called eqﬁal function policy) or
the reservoirs releases is based on sam-e sort of ranking or priarity
concept(that is water in a particular zone is released from low pnor:.ty
reservoir first, and then from the next lugher priority reservoir and

‘so on) or by maintaining a sto;age lag between reserveirs(meaning with-
drawls from the same zone from different reservoirs are effected with
some time lag, but still keeping the peréentage difference of =zone -
volume of all rese'rvoir.s' same within the lag cyclei. ‘This type of operat-
liorl is needed to provide corrections the .reservoir balancing after
an expected or extreme hydrologic event.

‘These multiple zones and sub-zones and operating rules are pr-és-

criptive in character as compared to simple curve and this is a desir?

18



able feature as it reduces the enormous flexibility available in operat-
ing reservoirs with simple rule curves.

Further guidance in operatiori with regard to rate of relehse_
of water from storage g pr-c:vified by definiﬁg flow ranges, which are
defined in terms of nom1 range, exten_ded range and the extreme range.
~ These nomenclatives are very clear. Normal releases correspond to normal
reservoir conditions:. the .fange is." to provide .Adju.stments in deviations
from the rule curve contingent on the  actual - stream flow. Extended
‘rénge corresponds to extreme storage conditions.

Further,sometimes,wherever it is possible to torecasf flocds
or snow melts, .éonditidnal rule cﬁrvés can be defined. These rule curves
may -be presented either in the form of tables or graphs and show the
desired reservoir levels as a function of the e:;pected inflows. Condit-
ional rule curves may be defined for the P;ntire operation cycl§ time
or for a part of it. .

Many of the heuristic procedures do not take explicitly economic
considerations to account, though indirectly deo .so in tei:ms of water

conservation and release controls and aim at reliability and resilence.
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30 ECONOMICS OF HYDROTHERMAL COMBINATION

The purpose of this discussion is to analgse the economic inter-
action of H?drqpowgr stations and. thermal powerétationé; To maintain
clarity initially analysis is ' confined to déke:ministip' environﬁent
wherein, thef:infloys to  Hydropower are aésumed known and’ exten;ions
to stochastié'situétions‘aré diséussed.‘Thé«qperatién prgblem cons;dered
is of one year éuratioq divided into nﬁmber 'of"weéks. ‘Thé objeciive
_is to maximize<ﬁet‘edonbﬁic‘ﬁehefits or minimize the éost-ofigene:ation;
subject ﬁo constraints of | the. syséem. The ,diséussion below which ié

.'very clear is due to Read{1982)..
3.1 -Dé;etministic Case:

(i) Scheduling of Isolated Thermal stations:

Optimal scﬁeduling of é purely thermal syétem involves  equating
ma:qinal cést éf gene;aﬁion from all sourées aslﬂearly as'pOSSiblé.So
in a lossless .system, the mathematical problem can be stated a¥

I { Minimize costs) ...(6)

Min Z_y Cyley)
S.T. § g, >0  _ (meet load) UL 2
i=1 & S -

wWhere i= 1, 2,...,1 is the index- of thermal units’

L9y = generapioﬁ of ith unit
Ci = cost of :generation of ith 'unit which is a functions of

geteration }gvel 9;

D = system load {demand) -
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The inequaiity {7) helps to maintain 'feasibility L.)y"allowing
" excess productiqn should that be necessarf. '

Incorporating ‘t'he constraint(7) into the objective function
usihg a lagrange multiplier } . thé problem is written as

Min % (Ci(gi) -Agi) +3 D »e.(8)

As all Ci are convex ful.'ic{:ions. thi,s may be sblved(for a particu-~
lar ) } by differentiatihg Vwith ref.erer'n-qe-' to g, to f.'j.nd 95 {2 Quch
that | »

dcisxfor i=12,...,T cea{9)

dqg, . . : . ]
i Equation. (9) states that the marginal cost of generation equals

its 'price? or value  to’ the s_ys.t;m, ‘Therefore, thej op‘l;.imal‘ ‘sc':luti.‘.o.r.t
to the probleﬁi l then corresponds to- the energy. price ) *(D') for which
the generation lev.ela gi*Q .).'. :i._l= 12,...1 just satisfy (7). .

'In presence of losses (L), the .coﬁstraint (7} gets modified
to

I g, -Ltgap ee (10)
i= . ) -
Where L depends.on the whole vector of generation levels g -gia

i='1,2,..:,1

The (:o_rrespdnding optimaiity i:qnciifion is -

dci/dg.i*= al 1.'1 JL)/algil)l =li . ;..>(11)

The situ.ét:i.on is c-ompli..cated' by the exiétence of fixé_d ll;unning_
cost;sI which introduce non- convexities into the cost functions, It is further
complicated by start udp .costa. ;:onstré.ints ‘on -generation 'raten, raﬁping
r.a‘tes> land mindimum . doﬁn time.l 'I‘hésé with logd continuously varying,
mean that units often generate at levels other ‘than their 'mbs_t econo-
mi<:.'1-eve1. However, for pur_boses 'o‘f reservoir 6peration it is 'assuﬁlgd
that a well defined short term men:girbaallT cc;st X e:lci'sts qor'resbondiﬁg
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to any load .curve. Further it is assumed that, is a monoctone increasing
function of éystem loﬁd_ levels(This guarantees unigueness of solutions).
The assumption of. a single value of,\'dve'r- a short duration is a simpli-

fication.

;Ml;;xed Hy&rotherrr;al System;with Rur of the River Plants

In a mixed hydrothermal system with only runof the river hydro-
plants, all inflows to hydroplants mus€ be . releésed in the 'peried in
wh:.ch they arrive and the thermal lyste.m must then meet the resmdual
load The system marginal cost )* is also the marg:.nal value of hydro_
generation. When the gfficiency of- hydrogeneratlon is accounted for,
this marginal value: correspondg to "Natural price of _water denoted
by %®. It is- thé marginai value- of water in the absence of long ‘term
-stofage capacity. _Mathematically, the co_nst,raint egquation {7} changes

to

[l 2
Ire]
+

f e}~

% (gy) > D e (3

ignoring losses and é( qh) denotes the volume of water vreleaséd from

hydi:opla_nt h. In the absence of si:bragé capacity 9, = F h.thé inflow

.'t.o plant h, and the natural_'p_rice‘ of water for» plant k is given by

.

z gh(rhm da, URETYS
h=1 dEk v .

T F) = (A (D-

This is '(:orrect; if the load is épécifiéd. and is to be met ful];y.j
VAlterhat,ively if we think in - terms of social welfare, wherein
the " prices are determined b.y,margina..i‘ colsts, ‘the optin‘ality.c_ondition.
i'.s;- that ‘t_he marginal cost of geﬁe;ati-oh is.". egual ;-to marginal benefit

which is obtained through demand curve. o
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Mat.hematica-lly, ‘the prbblel!; is
_Max 30} - 7 c (g,) e (15)
When constraint is i=1 i?.:u:orporated, _the optimality condition, in
add.itj_-!’ﬂ to (9} includes | 7
3 B/3 D=A=? ci/a g'i, i=1,2,...., T L. (18)
i.e. marginal'-bel_'lefit from .],oad redugtidn éqqals marginal q.ost of produc-

ing power. -

Hydrothei‘mal Sy;tem-u.nbo.uhded kesen%rqif:'

,—‘-Th.e case .o.f u'nbounded: resefvo_ir ‘coupled with a'. thermal system
is sorﬁewhat a hypotl;atical situation, but Vprovide.s necessary insight
into the ope‘ration‘ of finite re_sé:_c'voir; ‘If the reservoir nefrer attains
either the erripty tlar full ‘lé\.rels.- then_.in the absence of releése. bounds
a_nd head effects, the ma'r;;_i'hal Qaiue of! feleaéing water-sho.uld be safne,
: throughout the .p-l.annir'ng ‘horizon. If'lt_h‘is Vwe;;e not so then savings could
be achieved by i.ngréasi'ngl fhe Aarlnbunt of water releaéed :|.n period‘ j.n
‘whi-éh‘r it is moré anluablre' an;d_decreasing lthe 'amount‘rel_eased..iﬁ'-perioals
in whiéﬁ it "i.s iess valu'albl‘e.- o

Supﬁose a system is i:qipg operatéd without any’ iong terrmlsto_rage;_‘
_t—fxen thé'h{rginagl ‘value bf water, its natural ﬁricle.ﬂ swill vary from'
.peri.'od to .period‘. ‘Naturally by -bu:i.id_ing a resgrvdir, one_‘cah buy - water
from the syﬁ(:em when ‘it‘s relative a'bundance;makes ) iﬁs .natpral price
1ow,l storing if.'in rese;l_:voilr..".then ‘selling' .it back when its relative’
scarcity _ma_ké its nai';u.ral ‘pri.ce_ high., Of course, 'since the syétem actu-
ally o¥n the reservoir'.-'gli benefits fe'ally accrue to the system. _
. One effeot of such tradiriq' will make more water ava_ilable when
it is moét needed. So low_ering. the prj.ce. of. water in such. periods to
A ' less thanq (Herex ', the marginal vallue' of releasing water, diff‘ers'
from A because of the(varying) marginal praducti;aity‘ of release}.
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Likewise the pricé will rise abm-re l'rr for perioda‘ in which water is
relatively ai:undant. 'Tr_ading' will cmtinpe sc long as the price in
any pericd exceeds that in any other. ‘An eqﬁilibr.ium siltuation will
be achiéved when the prices in all periods are the -same. Lety denote
this equil.ibrium price. For.any value¥ it is possible to define a corre-
sponding storaéé tréject.ory since in periods for which T is not equal
to ¥ , Just enocugh water will be added to or -:;eleased fro.th' storage
to bring the marginal value of releaéing water t';o equal 4’ . However
only one of thesé ‘.trajectories will be feasible since only ang. will
exactly a';:tain'the final Storage target.‘ The corresponding: quuJ;.libr_ium
price - ¥ is then the true mnrgin&_l value of water in the reger\r.oix;

a constant through out the year. So the reservoir should be used to

even out marginal costs through the year as far as possible.

Mathematically
t
N . .. , _ s

Miny 5 Gifef ) cer I

t=1 i=1 ;
such that
Tt t, t t : '
L gy +ay(a) % >, t=1,....,T ea(18)
: H
i=1
s® = 8° initial storage _ eea(19)
s =t s pt gt t - flow balance = ... (20)
T 7 : - : : o

s =8 : ..o (2h)

Here t=1,...., T indexes time periods

9y = generation from the reservoir o [
t
S

Storage at end ‘of period t

Now the load constraints may be incorporated into the objective
using a separate energy price lt for each week.r The optlimaiij:y condit-
ions for the thermal systems are exactly' as discussed previously(for
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each week). For the hydroéystem the following sub-problem must be solved

Max T ) t, t (22)
x . z ‘\ . PO
£=1" 9y fa)
S.T. % q, = - s + F F° ve. (23)
t=1 : =1

Writing down the -Lagrangianin terms ofi the 'marginal water value' the

problem becomes: - o ’ . -
e, ek o _ T t :
T t g ) - 1) + Y (87 - 87+ F y... (28)
t=1 , . ‘
provided g is-a concave function ,the optimal soiution for a particular

p rand) ,will be qt"(k . ) such that

ltdgHt/dqt*=\|:_t _ £=1,eiaT L. (25)
that is marginal beqefit'from release = marginal benefit frpm-storage.

Now for a partilcﬁ_lar set of enerqy pricesf a) the hydro subpr-
ohlem.(22 and 2-3) -can be solved by finding q-) such_ that lqt*( A, ¥ ) sati~
sfiés (23). mén‘the épefg.y prices can be adjusted to find} , for which
the load-constréint's €18) are‘also met. .

The optimality condif;ions are )

dci/dgit.; gt = .1.,2‘;...,1 o ' .. (26)
' t=1:2,....,1

t .t ¢ - :
AMTddp s aq =P t= ..., T ‘ eee . {27

The true .margingl water valﬁe;ﬁ is the optimal multiplier on the
const._raint that the final storagé target be met. This means that in order
to ensure- a final stor;ge volume_‘ of ST and so provide adequate water
for the next ‘year the' system pays a 'price’' of Y per unit of volume.
_Th.i.s gris:e represents the marginal value ;:f genez_'ation foregene in the curr-
. . 'nt year.{ ‘.'i.s frequently referreﬂ to as the'value of water'or the'water value'.
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Tt should be noted that it is a marginal value.
Once this water value has’been determihed, short*term scheduling
5 - straight forward. In any period there are two alternatlve uses
for ﬁeter: relea51ng it to  reduce current thermal generatlon costs,
or ,storing it for future use. Obviously, water should be released if
and only if marglnal benefxt of d01ng SO exceeds 1ts marglnal value
1f stored for future v V‘So water can be treated as a fuel, which can
be 'bought' from the reservoir at the price ® - Indeed all of the lonq—
. term reservoir schedullng models, determin1st1c or stochastic can be
seen as.more or less complicated - :ways of estlmatlngw for one or more
reservoirs.
| when schedu11ng releases over a one year plannxng horlzon 1t
will generally be necessary to ensure that suff1c1ent water remaing
at the end of the year for the next years’ operation. This may be aéhie
:eved by specifying a target storage level as fabove.' If the reserv01r
is in a stable cycle than the Lnltial storage level may be an appropr-
1ate target. However,.thls does not allow any flexibility in.balancing.
_the benefits from using water in the current year with the benefits
from leaving it ih storage ‘fot the -neit year. Of course this balance
could be achleved by extendlng the planning horizon indefinitely. More
practically it may prove p0551b1e to estlmate the marglnal value of
storing water for the next Year as a function of- the end of year storage
‘level Then the optlmal storage trajectory W111 be the _ohe 1n whlch_
the marginal value of uslng water in the current year equals ‘the marg-
inal value of keeping 1t for the next year as determlned by the final
storage level of that traJectory
Mathematlcally constramt(ﬂ') is dropped and the value of final

storage VT(ST ) i# . added to the obJectlve. The optlmallty“ condltlon

(25) then becomes:
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E*'-

~.. (28)

v
P -

in practxce hlgher storage levels may lead to greater product—
ivity of release. S50 generatlon is really a funct;on not only of current
releases but also of the storage level and hence of all previous rele—r
ases. If thzs head effect' is s1gn1ficant the prev1ously outlined policy
may have to be modified. This is. because there 15 an addltlonal ‘benefit
in storing water to increase the productivxty of later releases. The
impact of thlB on release dec1elons will be greatest in early weeka,
falling away to zero in the final week. So when this effect is accounted
for, the value of storing water. and hence of releasxng water, should
gradually fall durlng the plannlng horxzon. So releases- will be lower
than they otherwise would be in early weeks leading.to Higher storage
levels. In later weeks this wlll be ccmpensated by releasing more water
than “would have been released otherw1se, 80 that the final storage_
target is not exceeded, l - l

Mathematically the optimality condition {27) becomes:

£ ' r
t ag ‘ T 3%
R | - lr P
A t ¢ e+ t
3q : 3 q
T T gt '
= o4 " B _ o, .
o Cha ¥ Aaye Lo

Hereg T is the optimal multiplier on the final storage target constraint,
that is the price of ensuring sufficient storage for next year. Obviously
this will be .lower in this case"then'itrwould‘heve'been.without the " head

effect, ‘otherwisew would rise apd total releases would fall. This is
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because there is now more incentive to store water and so the target
plays a less impoftant role. It is-even congeivablé that the-head effect
~could make it‘economiC'to exceed.the'final target. If the target const-
raints is an equality (as in this formulation) the multiplier on itg T)
‘will then become negative. This means that there is a cost to the system

in keeping storage down to §T. If (21) is relaxed to become a lower
bound oﬁ end point storage,g T would drop‘ﬁo zero and end point storage
_would rise above the targét. Of course such éxcess storage will only
‘bccur if it is beneficial to the.sygtem. a

finqlly if futufe,'bengfits are discounted ‘then 'tbe marginal
water value, rgther than being cbnst;nt,_ shoulé- risé at the discount
rate. So the present diséodnted value of watér' is the same in all
perieds. The above analysis ngturally éorrespbnds to a zefo discount
rate.

©ne Bounded Reservoir Case:

Real reservoirs obviously do.have limited capacity and in gen4
ergl it is not economic to construct reserﬁoixs so large that  these
limits are never attained. So storage bounds do have 2 significant
limpactl The imbact of lowe? bounds albne will be 'considered before
upper bounds are introduced. Thé bounds 'discﬁssed hére need not be
canstant throﬁghouﬁ the year. Hgad‘effects will be ignored; |

o If a high 'watef value is éssumed, then Qater‘ will tend‘ to be
‘held in storaqé andt so the final storage ievel of the corresponding
trajectpry will be high. Obviously.the analysis of the‘previous secﬁion'
still applies if ‘there ig a sinéle‘value-a resulfing in a trajectory
which attains thg Qtoragé_ target Qithout emptying"the reservoir. But
suppose lthgt starting from an Iinitiall‘water value which resulted in

the._final storage térget‘ being exéeeded,r successively lower vaiues
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are tried until at L. D ‘the trajectbry Just empties the _reeer\tel:-_ih
some week t° but _s‘t:_ill _resulits‘ in too much wate__r. in storage at the
end of the year. Such a trajeqtory is shom;ﬁ in Figqure 7 .. It may be
said- to be 'tangential' to the lower constraint set in ttie sense that
it . just touches it at td - then rises -above it. Now, if it were not

for the fact that the reserveir is already empty at t. lt is apparent ’

D’
that a lower final storage level could be ach:.eved by 1ower1ng‘|’ further
te induce more water to be released ‘throughout the year. But it is
evidently impossible to release more water, in total, during the period
before_tD. R _ |
In fact it will be shown that the first arc of the trajectory
corresponding to ¥ D {i.e.,that part ‘of the _trajectery':up to tb) -is
optimal. So ‘I’ is the opt:i.mal eater value throughout that peried. Any'
higher water value would not fully utlllze ‘the capac:.ty ef the reservo-
ir, since 1t would never completely empty it. Any lower value could
not induce a greater total release m the period upto to. It would-'
only resualt in mxaellocating of releases within that period.. Too

much would be released early on, then less would be uvailable to be .

" released in the weeks imediately prior to‘t than should be.

Now after to the water value must still be lowered until the .excees
final storage is eliminated."A.s itis lowered':,' itlis alrnqst certain that
the tra‘jectory .correspondlng to some‘ new ‘Value.‘ ¥ <' llJ say,w:.ll empty .
the reservoir at t15 -to but still exceed the final storage target-
6 and t.' is optimi and

the water valueV optimal throughout this J.nterval (from t

S0, again; the trajectory seqment between t.

OtOtl)

This process may be continued, finding successively lower marginal
water values for successively l‘ater i intervale until the final storage
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target is. met,

So 'in the absance of upper bounds on’ storage the ol;t:.mal marginal
value of water w:l.ll stay constant at Y= Yo . until the reservoir first
becomes empty. Then.typically, the reservoir should stay empty for some
weeks while the water value drops. During this time the opt:.mal trajectory
m-ay rise above the empty. level ‘in some weeks, durmg which t:.me the water
value will ramain constant. But in no case will the water value rise in-
_any week. Whenever the. reservo:.; is empty. ‘for two suct:'_essive weeks the
release must ec_;ual the _uétural inf_iow,_ 80 the .optimal water value qf is
in fact equal to the. natural price-ilt “ . Eventually thé water ,.‘value drops
to a value ‘J" which is iow enough "to Vavoid excess final storage. Then
the opt::.ma.l trajectory r1ses above the empty level to f.mish at the storage
tarqet, with "’ be:.ng the optimal water value over this final trajectory
arc. ' 7

Obviously . if there is only one résex‘vo‘it, ‘there is no need to pur-
sue the analysis beyond the 'deteminetion of ‘i’o‘ since it is only this
.value which' is fequired to determine sn optimal schedule for the first
.'week The tangency condlt:l.on discussed above is the basis of the trajectory
method introduced.

Mathematically this_‘ prob}em 'orilyi' - diffe;s from the previous one
‘in that lower bqundlslar_e- introduced on the storaée_ _l'eve‘l ‘by: |

8>, st © el T (30)

N . [ . ’ .
These constraints can be incorporated into the objective function
using a.Aset of multi'plie,rs Y‘ . Corisideration of the resulting Lagrangian
problem shews that the optimality conditioh(25) .remains unchanged except

that the marginal watet value must be redefined to be:
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T

r=t+17r t= 1,e0uu..,T 31)

(If the final storage target is actually treated as a lower bound, there
is no real need to distinguish between this and other bounds and 0 may
be dropped}.

Now the marginal water value can obviously change from week to
week, because of the Yy multipliers. But these multipliers are only posi-
tive when the constraints are acti;ve. So q‘ remains constant over unconst-
rained arcs of the trajectoery and drops in each week a lower bound is
active. This is because after that week that bound is no longer in the
future and the marginal value of water in storage. depends only on its
future utilisation,not on the past.

The effect of upper bounds is very similar to that of lower bounds,
although generally in an opposite sense. They become active when it is
impossible for a constant water value trajectory to leave enough water
in storage at the end of the year without exceeding them. This means that
the ability of the reservoir to assign inflows during the early part of
the year to meet loads in later parts of the year is not great enough
to even out marginal thermal costs to a constant level. Ae for lower bounds
the optimal initial trajectory arc is the first arc of the trajectory
which just fills the reservoir at some time to(i.e.,it is tangential to
the upper bound). The corresponding water value L4 o,will be valid up until
that time. Any extra water available in that interval could only be used
in that interval and so its value does not depend on any later week. After
that time the water value will rise, following the natural price function
while the reservoir stays{approximately) full., When the water value is
high enough so that the trajectory arc corresponding to it 3just touches
the next atorage target, the storage level will fell away from the upper
bound again, the water value remaining constant until the next target
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is attained. Here the negﬁ target may be the final storage target in
the final week. But it will be the empty (full) level at the next time
at which the reservoir becomes empty (full) if it jis impossible to find
a constant water value trajectory from the full level to the final target
without emptying (filling) the reservoir in between. The initial storage
level for each arcrwill be either s° or the bound on which the last
arc terminated.

So in general the optimal storage trajectory will contain a series
of arcs over which the water value remains constant. Between these will
be periods when the reservoir is full and the water value rising and
periods when it is empty and thd’water value falling. Figure(7) shows
a typical optimal trajectory while figure{8) shows the corresponding
water values.

Mathematically, there are now upper bounds as well as lower bounds

on st. so Vt is again redefined to be:

T
vy rP=20"4+ 3 (Y-8 t=1,.....,7 ... (32)

Hence § t is the multiplier on the uppef storage bound in week t. It
may be seen from equation (32) that the marginal water value will rise
while the reservoir is full ( i.e. while st is positive).

It may be noted that the existence of such positive multipliers
implies some economic incentive to expand the storage capacity of the
reservoir so as to allow more water to be transferred from periods
where its value is comparatively low to those where it is higher. That is
§ is the price the system should be prepared to pay for more storage capa-
city in week t. Alsc a discrepancy between initial and final water values
may indicate a poor chicice of storage target. The marginal value of water

at the beginning of two successive years should not be substantially differ-
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erit ,unless there are special circumstances.

Of course only the water value for the first arcof this trajéctory
is required. Note that if it should prove necessary to spill water in
some week the marginal value of water will fall to zero throughout the
trajectory arc preceding that week, resulting in maximum discharge, if
not spill, throughout that arc. Extra water aéailable during that time
<ould not be utilized and so is worth nothing.

Conceptually, while the reservoir is approaching its full level
the manager's primary concern is to release enough water to aveoid spill.
So the marginal water value is low. Mathematically this is due|to the
6 multipliers which set a ‘'price ‘on violating the full constraint, and-
so spilling water, which is high enough teo ensure that this avoided if
possible. As soon as the reservoir becomes full, however, his concern
will be with avoiding the next constraint, generally the empty level.
Mathematically this'concern' is expressed by the Y multipliers which set
a price on running out of water. So the value of water quickly rises to
conserve storage. The reservoir tends to stay full for some weeks. After
this water is released much more continucusly until the reservoir acéually
becomes empty. Then concern switches back avoiding spill, or excess stor-

age, and water values fall once more.

Many Reservoirs:

The case of many unbounded reservoirs which are not in the same
river system is identical to that of one unbounded reservoir. There will
be a single marginal water value for all reservoirs at all times, apart
from differences caused by differences in release productivity.

With many bounded reservoirs, however, this will not be the case.

Water value will vary from reserveoir to reservoir depending on the inte-
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ractions between each reservoir's inflows and storage bounds. But each
reservoir will behave in exactly the same manner as. the single reservoir
discussed above. Furthermore, the marginal cost of producing power from
each reserveir in any period will be equated as nearly as possible to
At. This fact is the basis of the decompositibn algorithm. So the reser-
voirs behave Jjust like thermal units with fuel costs given by their water
values.

If plant efficiency were a constant independent of the rate of
release, this would mean that those reservoirs with ¢ less than or equal
to A t would generate at their full output, while the remainder generated
at mipnimaum levels. If,however, the efficiency of generation varies as
a function of the release rate, several reservoirs with differing water
values may be generating at intermediate levels to produce at the same
marginal cost. Realistically this will usually be the case because the
value of generation is not in fact constant atlt during the week, being
higher in peak +and lower in off-peak hours. So if water in a reservoir
has been assigned a high value then it may only be used during the peak.
At the same time another reservoir with a lower water value may release
throughout the week. Alsc there may be several hydro plants downstream
of one reservoir so that the marginal productivity of release will fall
off as each plant reaches its maximum output level. So for any )\ £ there
may be many reservoirs with differing water values for which the dptimal
release is intermediate between minimum and maximum levels.

If reservoirs are in the same river system the same principles
apply. But the marginal value of releasing water from one reservoir is
then equal to the marginal value of water in the next reservoir downst-
ream,plus the marginal benefit from generation from the intervening stat-

ions.
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In the multi-reservoir case it is still true that only the water
value for the first arc of each reservoir's trajectory is required.
But unless all reservoirs come into constraint simultaneously, a model
covering the entire planning horizon will be required to estimate those
values. This is because the first arc of one reservoir's trajectory
may interact with the second arc of another's. This in turn may interact
with the third arc of another's and so on throughout the planning hor-
izon.

Many Sub-Systems:

Finally, ifrthe reservoirs are in different sﬁb—systems a fur-
ther complication may occur. Limited transmission capacity between
the sub-systems may mean that marginal costs can not be equalled thro-
ughout the system. In this case marginal costs are equalized, when
losses are accounted for, if the transmission links are not at their
maximum limits.

Suppose ‘that two adjacent sub-systems were not linked and so
had different equilibrium prices in each pericd. Then if a hypotheti.al
enterpreneur build a transmission link between them he could buy power
from whichever region had the lower marginal cost and sell it to the
region with higher marginal cost. This would make the marginal cost
in the cheaper region rise while that in the more expensive region
fall. Such trading would continue until the difference between the
two region's prices exactly equalled the marginal losses incurred by
the transmission link or until the éapacity of the link was reached.
Then ,when power is already being transmitted at the maximum rate from
one sub-system to another, the marginal cost in the receiving sub-system
may have to remain above that in the sending one in order to meet load

levels there. Technically this discrepancy may be accounted for by
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a multiplier on the transmission capacity constraint. The existence
of such multipliers indicates an economic incentive to expand the capac-
ity of the link. It is the marginal value to the system of increasing
transmission capacity in that period.

Mathematically, if the losses incurred by the link(L)are a convex
function of the transfer through it(e) between the bounds E and -E,

. *
the optimal transfer from sub-system n to sub-systgem m is em where:

* = MIN(Max(e_, E_) E ) c .. (33)
nm

aL
A = —=— = -
m denm A m An Tt 34)

(i.e.marginal lost value= marginal gain from transfer).

Stochastic Analysis: -

It has been pointed out earlier that the certainty of future
flows is the most critical and difficult problem as compared to uncer-
tainty in any other related matters. Because of this uncertainty, the
release decisions may lead to crossing of bounds prescribed(i.e. may
not satisfy the constraints specified) and thereby produce greater
variations in thermal generation levels than that would be with perfect
knowledge of the future inflows.

As compared to the deterministic analysis, the basic difference
in stochastic analysis is the uncertainty of future inflows. This small
difference creates a very large computational problem in reservoir
scheduling problem as it is necessary to account for all possible inf-
lows at any time and in the near future of operating horizon, and fur-
ther the data necessary to evaluate all such possibilities is not ava-
ilable. Under these conditions, a real stochastic analysis may be impo-
ssible as of today,however, some simplified and approximate solutions

are possible which might be closer to the desired optimum solutions.
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by ignoring uncertainty, the policy deri-ved become unrealistic.
In addition tb uncertainty of inflows, there is uncertainty
of the model, the impact of which on the model's recommendation
is not recognized so far.

The sequential decision process must be based on the informa-
tion available at hand. Many models suggested deviate from
this ideal situation. Such approximations are expected to
introduce a systematic bias into the models conclusions.

In the case of runoff the river plants, the decision on the
release of water at any time has no 1link with the releases
at any other time. The releases correspond to the inflow.
As such there is absolutely no difference in the deterministic

or stochastic analysis in this case.

Unbounded Reservoir:

Consider a single reservoir with upper and lower bounds, but
assume that the reservoir .is 80 large that it will always be within
the bounds. As is the deterministic case, the optimal first period
decision depends only on the expected marginal value of water stored
at the end of first period. Furthefmore the marginal value of water
stored in the multiplier on the final storage target constraint.
But the basic difference from the deterministic case is:

{i) The non-anticipative nature of decision process must be modelled.

(ii) The cohcepts of feasibility and optimality must be examined.

(iii) The true maqnitude of the stochastic problem is to be reco-
gnized.

Non-Anticipative decision is one in which the decision at any time

is based only on the information available at that time. This is
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the basic difference from deterministic case wherein decisions at

any time is based alsoon all future inflows which are assumed kniown.
/

The non-anticipative decision on release R at any time as a function

of inflow Q upto that time can be written as:

r() = (R'te"),R%0%) %% ... .RT Q™)) .l (35)
where

Rt = R, R%,. e, R C . (36)

ot =o', Q%..... , o . e (37

The distribution of Q may be quite general but most naturally
thought of as the set of all historically observed inflows.

For every sequence of Q, there exists a sequence of R. Together
these sequences define a decision gtrategy. Then the question arises
that for a strategy to be non-anticipative,is it necessary to consider
all conceivable inflows from zero to infinity. This is not necessary;
the analysis may exclude sequences of zero probability or the analysis
can be further curtailed through chance constraints.

In practice it is recognised that decisions are made and modi-
fied continvously in response to inflows and other contingencies as
they occur. But this cannot be modelled exactly. In the models proposed
one can see a difference between'inflow-first-decision next' and ‘dec-
ision first-inflow next' concepts. The later one is more realistic.
Though in a continuous process ,not much di:férence appears in these
two cases, the results are different from these two types of analysis
but the earlier type is easy &0 model as the final storage is known

with certainty once the decision is made.

Optimality:
In a deterministic case, optimal decision sequence is one which

maximizes net benefits.
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In a stochastic environment, there must be one such sequence
for every possible inflow seguence. So it is more sensible to talk
of a decision strategy(also referred to as decis'ion rule, decision
policy, or recourse function}.

The strategy for release in each period is vderived in response
to any inflow sequence in a way which maximizes expected benefits.
The soluticn has to satisfy the constraints of the problem for all
sequences of inflow, and also the non-anticipative nature of decision.

Suppose two inflow seqguences, same up to a particular point
in time ¢, and diverging thereafter. The same decision must apply to
both the sequence upto and including t.

Variability of final weeks inflow must be absorbed in the last
week. If releases are constrained it may well prove impossible to find
a common penultimate storage level from which the target can be reached
for both sequences.

A decision strategy can be non-anticipatively feasible unless
at stage it is possible to find for each future inflow sequence, a
feagible non-anticipative release segquence from then on. The release
decisions at any time must be based on the information available upto
that time and the strategy should be such that the decisions should
remain feasible for all future inflows. The sclution with this property
is said to possess complete recourse. This means that the decisions
‘maker is never caught in a position, unable to proceed without violating
constraints. This is the most desirable feature and can be achieved
by increasing the flexibility of model and modification of constraints
through:

(1) penalty functions

{ii) Storage target can be replaced with and end of the year storage
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benefit function.
(iii) The targets may be relaxed to become a simple lower bound on

final storage or a target storage range .

(iv) It may be necessary to introduce induced constraints to ensure

complete recourse .

These are projection backward in time of the final constraints.

These manipulations are necessary to maintain feasibility and
they are similar to the thinking of multiple z;:nes discussed earlier.

Often ensuring feasibility is a problem. So one can think of
violating scme of the constraints{rather than rigidly satisfying the
constraints) and specify that 1';he probability that it is violated not
exceeding a certain 1evel.l These types of constraints are referred
to as chdnce constraints. '_rhé computation of problem of a stochastic
programming is very large despite the fact that all flows with zerc
probability need not be considered. The model uncertainty with regard
to the input based on historical flows may lead to suboptimal results.
The data required to evolve a proper model of inflow is usually not
available.

With these major difference brought out between deterministic
and stochastic analysis it is élear that the present stochastic analysis
is only approximations to the real stochastic problem in terms of inflow
segeuences considered, "the ROA-anticipativity of decision process
and the optimality of solution.

Modelling Approximations:

Ideally the reserveoir operation model must be a. stochastic one
and must be of non-anticipative type. However, models incorporating

all aspects including real time, stochastic and non-anticipative chara-
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cter is not in sight. Some sort of approximations and simplification
in representative of the physical situation is an accepted fact. 1In
practice even the models nearest to actual situation .physical and envi-
ronmental one are onlyacompromize between reality, accuracy.and computa-
tional efficiency. Even under such circumstances, evaluation of the
impact of operation on benefits of the simplifications and approximat-
ions will be most useful and serves as a guide to the qperator to adjust
model operation strategies spitably while implementing them in real
life situation. However, this assessment of impact is not very easy
andnot much of attention is paid in this direction. It may be possible
to some extent to estimate the impacts through simulation, but then
there could be bias, introduced through modelling of stochastic flows.

Despite the deficiency, the modelling approach will be most

useful if:
(i) The impacts and biagses introduced due to simplifications and
assessment could be estimated which might help in introducing to model
compensating approximation,. and that the model could provide an upper
and lower bounds on the solutions which can provide a confidence measure
and also indicate the maximum benefits that could be obtaingd from
more accurate models.

The model structure is an important thing in actual modelling.
Nested model with detaile@ model for the immediate future decision
with somewhat approximate model for future long term operation is most
desired. In stochastic models the effect of thea system representation
may be to reinforce or reduce the effect of the assumptions made about
future management strategies.

The definition of the objective function in the model is most

crucial. If the model objective and the actual soccial attitudes within
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which the actual system is to operate do not have at least
of purpose, thé model results are totally useless so far as
system operaticn is concerned.

The adaptive ability is the most desirable feature of
The model, must use the latest information available . So the
ation of models reésults will only be for the first period
assumed that the model is rerun and decisions taken at eﬁery

time.
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1.0 MODELLING APPROACH

The reservoir -management prc;blem will never be solved in its
full generality, so separate models must be applied carefully, with
due account taken of interactions between those aspects addressed by
the model and other relevent aspects of the problem. Further a hierarchy
of models are reguired with proper nesting to study the operation of
online, mid term and long term operation problems. It is the practice
in general that although the model may recommend a full years schedule
of releases; the release decisions recommended for the first period(week
or month) will be the only one ever af:tually implemented. So many mod-
els, particularly those with model uncertainty, give special attention
to this first release decision. In general the following comments are
appropriate.

(1) The goal of complete automated system remain unattainable for
the foreseeable future.

(2} The ultimate goal of all such studies is to improve system oper-
ation, directly or indirectly. It is not possible to experiment with
real systems, and more so0 with capacity expansions.

'(3) Models can improve reservoir management by providing or confirm-
ing, insight into the nature of the problem. The result of the model
may not be directly implemented but will be used as one of many inputs
into the decision making process{this is because the experience aver
years of research management may not be possible to incorporate into
the model)." The model studies may bring into focus certain aspects
of reservoir operation. So it serves te improve the manager's ability

to manage system wisely.
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A model which is not itself implemented but which provides a robust
management rules is a good investment. The various models and the stud-

ies reported based on these models can be classified into three general

categories:
(i) Optimizing models for single reservoirs.
(ii) Optimizing models for multi-reservoir systems.

(iii) Simulation models

Optimizing models for single reservoirs:

The first study reported by Little{1955} for optimal operation
of a single reservoir is an adaptations of inventory control 'theory.
In this dynamic programming was used for obtaining an cptimal reservoir
regulating plan within one year or less with the objective of minimizing
thermal power generation cost., The stochastic nature of inflow into
the reservoir is considered in terms of its probabilities. Following
this, Manne (1960), who applied linear programming to inventory problems
and extended it to reservbir management prcblems. The worthwhile contr-
ibution was to derive release policies in terms of the storage and
average inflow. Thomas and Watermeyer (1962) approached the problem
in a different way, though they also used linear programming. The infl-
ows in any time period were considered as independent random events
neglecting any possible serial correlaticns. The objective function
was linear in terms of releases, shortfall and excesses defined with
reference to specified ztargets. Dietrich and Loucks(1967), Gablinger
anéd Loucks(1970) used the s-ame approach in principle and carried out
more detailed investigations. Parallel to these studies based on linear
programming, studies were also reported »ased on -Dynamic programming
for example Bather(1962), Buras{1963) for conjunctive operation of

a reservoir and an aquifer. Falkson{1961) used a combined LP and DP
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approach and called it 'Policy iteration approach'’. All these models
are classed as explicit stochastic models wherein the inflow into
the reservoir is expressed in terms of its probability distribution
and is used in deriving the release policy.

Contemporary developments are the approaches referred tc as
implicit stochastic approach. The analysis reported are essentially
in the planning context with deterministic optimization and stream
flow generation techniques to take care of the stochasticity of inflows.
In this category falls the work of Hall(1964), Hau and Buras(1961).
In 1966 Young used the same appreach to derive a policy through regre-
ssion analysis. The independent variables in the regression analysis
were the storage and inflow during the previous peried. The implicit
approach is gquite appealing as it is easy t§ conceptualize, but the
main question as to the independent variables to be used in the regres-
sion, analysis for defining the policy remains unanswered. Further the
validity and the possible improvement in gains by implementing such
derived policies in practice is still to be established. But still
implicit methods are much better compared to explicit methods as errors
induced in discretization and use of incorrect probability distributions
in describing streamflow discharges are not properly gualified and
assessed.

Multiple Reservoirs:

Multireservoir operation problem is quite complex in terms of
problem formulation and solution procedures. The problem is computati-
onally intractable in the case of explicit stochaégic models. This
is because the multireservoirs offer a lot of flexibility in operation
with varying site characteristics and multiple use requirements at

different sites and interaction among reservoirs being sometimes hydrol-
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ogical as in the case of series configuration of reservoirs.
The best examples of stochastic optimization to multireservoir operation
is due to Schweig and Cole(1968) who applied Dynamic Programming to
a two reservoir system, Gablinger(1971) and Houck and Cohon{1978).

Various general approaches to multireser.voir operation through
implicit approaches have been suggested. The earliest work is by Hall
an@ Roefs(1966) who studied the optimal operation of a three reservoir
s;rstem in northern California. Here again they used dynamic programming
with 6 years of specific hydrologic sequence.

A major break through in this is due to Parikh(1966) who used
the decomposition concept. He studied the individual reservoirs by
dynamic programming and these subproblems were integrated through a
master LP programme. Parikh called this procedure as'Linear Dynamic
Decomposition Programme'. Parikh used his model for analyzing two test
problems a two reservoir system for 24 months_ of hydrology and a four
reservoir syst;.em for 36 months hydrology. In both the cases the solution
came close to the optimal relatively quickly. However a substantial
number of iterations was conducted before finally reaching the optimum
solution. Although the computational effort was substantial, it was
not prohibitive and thus demonstrated .the potential of the method for
further development and application, Further this concept was used
and extended in :':eservoir operation studi'ed by Buras(.1965). Hau* et
al(1969) Roefs and Bodin(1970}). The main improvements in these studies
were realistic representation of systems and introduction of nonlinear
benefit functions. .

A parallel development was the concept of linear decision rules
introduced by Revelle, Jores and Kirby (1960}. This was an adaptation

of similar rule suggested by Charnes et al (1958) for determining refi-
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nery rates for heating oils to meet stochastic weather dependent dema-
nds. The linear decision rule that was suggested is quite simple, and
the relationship is
= - ' .- .38
r, %t bt ‘ t38)

Where T, is the release at time t and St is the. storage at time t and
bt is the decision variable derived through the model maximizing or
minimizing the stated objective. This decision rule is very convenient
as the reservoir operation problem can be written as a linear programm-
ing problem.

Because of simplicity and mathematical tractabjlity, linear
decision rules have been improved and studied by various researchers
despife the controversy about its validity for adoption in practical
operations of reservoirs. ReVelle and Kirby(1971!) ,Joeres, Liebman and
ReVelle (1971), Nayak and Arora{1971,1974), Eastman and Revelle(1973)
and Leclerc and Marks(1973) have modified and extended and/or applied
this to reservoir management problems. However, Eisel({1972), Sobel{1974)
and Ioucks and Dorfmani1975} have all questioned the utility of linear
decision rﬁles for reservoir management. It has been established that
the linear decision rules produce conservative results and it is sugge-
sted that this type of linear decisions rule in its original form
or improved versions might be useful only for screening purposes and
is not . itself satisfactory for deriving optimal operating policies
for a single or multiple reservoirs.

As a part of Texas Water Plan studies ,Evenson and Moseley{1970)
developed an operation model called allocation model based on the Ford
Fulkersons(1961,1962) 'Out-of-Kilter' algorithm. Ford- Fulkersc;ns algorithm
is an efficienﬁ algorithm' to solve linear programming problems of spec-

ial type of maximizing flow through a capacitated network. Many water
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resources problems{both planning and operaticn) can easily be represe-
nted as a network problem and solved througp this algorithm. The algor-
ithm is very efficient in terms of computational requirements.

Simulation Approach:

Simulation in essence is to duplicate the system behaviour under
given hydrologic and other input data.Thus the approach is not useful
for deriving any operation pelicy, but helps in evaluating any policy.
Quite a lot of effort hasl been diverted by many to build detailed and
generalized simulation models, and there is an extreme view th&t simai-
ation is the only approach best suited for analyzing complex water
resources systems. This however does not mean that the so called gene~
ralized programmes of various agencies can blindly be applied univer-
sally. The three generalized simulation models which are accessible

through published reports and manuals are:

1. - HEC-3 -
2. SIMLYD-2
3. Acres Model

All_ these are based on the zoning concept of reservoir manage-
ment. The SIMYLD-2 and Acres model have built in it the optimization
process through 'Out-of-Kilter' algorithm.

The application of these simulation models to practical problems
are available in Beard(1967), U.S.Army Corps of Engineers{1971), Beard-
{1975), Frederich and Beard(1972), TexXas Water Development Board;1972),
Acres Consulting Services Limited(1973a and 1973b), Sigvaldason (1976~
).Sigvaidason,Bradford and Granz(1975), Sigvaldason, Ellis and Allen-
(1975) Tedro, Liu, Halton and Hiney,(1971). Of these, Acres model has

been claimed te be in use in day to day reservoir operation of Trent

River system in Ontario. Some of these models permits evaluation of
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reservoir ﬁolicy options in terms of system reliability, resilience
and vulnerability. Reliability is a measure of how often a failuré,
however defined, occurs. Resilience is a measure of how quickly the
system recovers from failure and vulnerability is a measure of the
magnitude of consequences of failure, should failure occur. It must
be noted that despite lot of improvements in methodelogy and understand-

ing of the system behaviour the'improved operation' is still a collect-

ive perception and interpretation.

Objective Function

The objective function is crucial cheoice in mathematical optim-
ization model for reservoir operation studies. The benefit is to be exp-
ressed in one or more of the following variables in any reservoir. opera-
tion problem: (i) Reservoir contenf.(ii) Vacant storage space and flood
absorption capacity,{iii) Amount of water released at any timer (iv)
Rate of release,(v) Rate of depletion of reservoir level,{vi) Anticipat-
ed discharge,{vii) Downstream channel capacity,(viii) Demand for various
outputs like irrigation power, recreation etc.,{ix)} Reliability, stabil-
ity and robustness. Some of the objective functions used by various

authors are:

(i) Max F (PW. R. + Pe._ . + Pn, En.
3 ] ] EPJ ] J)

where ij = water price

Rj = Release in period j
Pej = Peak energy pfice
Epj = peak energy
Pnj = Non peak energy price
Enj = Non peak energy

(ii)  Max

k1) :
+ .
i; CptP cu . .u_ + CYt Y3t

1 t t 't
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This is the study for three reservoirs in series

CPt = value of peak energy

CUt = Value of Off-peak energy

Crt = Value of release

P, = peak energy produced at time t
Ut = Off peak energy produced at time t
r3t = Release from downstream reservoir at time t.
(iii) Max AFE= Max (Mi (OEn
n ———
1i1 X X OPHn AOPH })

AFE - Annual firm on peak energy contract
OEn = On peak energy production in month n
OPHn- Number of on peak hours during month n

AOPH- Annual number of on-peak hours availability emergy year

24
{iv) Max L W, P.(S.S,)
i 1 1 1 1

1=

where Wi— is the weighting factor for the outputs of

period i.
P;(Di,si) - power generated in the period i

Di -Plant release at time i

Si - Storage at the beginning of ith time
J
(v}  Min.F{S,0) =D + W I (D,-p)>

j=1 .
where D, =L, - P,

J ] J
1% D.T

D= T §=1 373
J

T= 3T,
j=11

Lj is the system load in the period J
W is a suitable weighting factor
Pj is system power geheration in period 3

8= storage



Q= discharge

tvi)  Min Z(c®r%:8 r'K,
L O I T e |

Ri and R; are the firm and non-firm releases in period i for
reservoir K,

¢, ana ci' are functions of energy rate and average storage
at any time i and are kndwn.
Vil) Min £0x) = § Wiz (x))

k=1

Zk(x) = Value of index K of operation efficiency with decision
variable X.

P~ the total number of indices.

wk - Weight assigned to index K.
The variocus indices used are
(a) energy shortage index
(b) bownstream discharge shortage index
(c) Rumber of times salt-water barrier is installed in the period
of analysis

(d) Number of times the salt water barrier fails (washed out)

in the period of analysis.

(e} Average annual energy shortage

(f) Average annval downstream diégharge shortage

(g) Average monthly conservation pool elevation fluctuation

(h) Average annual energy

{i) Number of times the conservation peol is emptied.,

(3) Number of times the downstream discharge shortage occﬁrs.
T

(viii{ Min Z = tE %oss (Rt{
where Loss (R, ) =A[ exp (R,/R UP)-exp. (1) ]

Rt > RUP



Loss Rt=0 RLOW < Rtf RUP
Loss Rt = B[ exp (-Rt/RLOW )= exp (-1)]
Rtf RLOW
where A and B are constants depending on the price of water and how
extensive the property damage is (known)

Rt =~ Release during period t.

RUP- Upper limit of the Safe range {(known)

RLOW- Lower limit of safe range (known)

(1x) Max §  (benefit)

Benefit = Bz=n‘efit 1 + Benefit 2 + Benefit 3 + Benefit 4

Benefiﬁ 1 - firm energy benefit ’

Benefit 2- Dump energy benefit

Benefit 3- Firm water benefit

Benefit 4- Dump water benefit.
Rosenthal (1980)provided 4 comparative bibliography of reservoir Manag-
ement models. The models listing however excludes those primarily deal-
ing with capacity expansion and other system design features and those
incorporating water quality, temperature and multiple objectives. Despi-
te this deficiency the review is.very useful and instructive for resea-
rchers.

The comparative study considers the problem features such as
reservoir network topology(single or multiple reservoirs), multiple
time pefiods(which is the most essential feature), the stochastic or
deterministic character describing the inflow and the benefits (sepa-
rable or non separable).

(i) Reservoir network topoiogy

An x under the heading ‘multireservoir’ means the model allows

for general network topology. A blank indicates that the model is of
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single reservoir. Additional footnotes indicate the series and parallel
contigurations of the multiple reservoir.
{ii) Multiple time periods:
This feature is shared by almost all the models.
(iii) Stochastic inflows:

The non anticipative stochastic centrol aspect is the most desi-
rable feature of any reservoir scheduling model. It means that the
operating policy derived through the model must have the property that,
in each period, the release must depend on exactly the information
available to the manager at the time of decision. This ideal is very
difficult to attain. So approximations to this are employed. The classi-
fication is one of dealing with stochastic inflows or deterministic
hydrology.

(iv) Non-separable benefit:

A function is called separable if it can be expressed as a sum
of single variable functions. If f is twice differentiable and it has
all its off diagonal elements zero in the Hessian matrix azf/ ax:j
X5 # k) then it is separable. In physical terms it -explains the non
existence of economic interaction betweeﬁ two reservoirs for any time
peried. In multiple reservoirs , especially with serial structure, it
is difficult to visualize the absence of such interactions. Even in
the case of independent multiple reservoir in integrated operation
when integrated with other systems{such as Thermal System), the release
at any reservoir depends on concurrent releases from all other reservo-
irs. This point stresses the need for consideration of the non separabi-
lity of the benefits. However, non-séparability of the objective funct-
ion in soﬁe cases can be removed by explicit represéntation of the
hydrothermal interactions in constraints. The price paid for this modi-
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Fication is the:-Bigktad SMNpSStabIe. network structure- ii.the. constra-
ints(except mm osss when reservoivs are in parallel}.
T CoRN e Tt Sk
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COMPARATIVE DISPLAY OF EXISTING RESERVOIR MANAGEMENT MODELS

Author and Year

Techniques

Trott and Yeh, 1973

Gagnon et al., 1974

T.V.A.,1974

T.V.A.,1974,Giles and
Wunderlich, 1981
T.V.A.,1976

Hanscom et al., 1980

Divi et al.,1979

Rosenthal, 1981

Gilbert and Shane, 1982,
Shane and Gilber 1982

Dynamic programming
successive approxi-
mation

Penalty functions,reduced
gradient method

Discrete differential
dynamic programming

Dynamic programming
Successive approximation

Reduced gradient

Reduced gradient method,
control theory

Penalty function minimiza
tion with conjugate
gradients and Powell's
restart method,cubic
splines.

Nonlinear network flows

Linear Programming
with prepriority constra-
intsj;separable program-
ming

Bodin and Roefs, 1971
Joeras, Liebman and
ReVelle, 1971

Jacoby and Loucks, 1972

Driscoll, 1974
Takeuchi and Moreau, 1974
McKerchar, 1975

Separable programming
Dantzig Wolfe decomposition

- Chance constrained linear

programming,simuzlation

Dynamic programming simula-
tion

Network flows

Linear &dynamic programming

Deterministic dynamic progra
ming multivariate stream
flow simulation

a.Reservoirs in series.

b.Single reservoir with pumped water backup
c.Two reserveirs in geries.
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Author and Year

Techniques

Sobel, 1975
Casti, 1976

Pinter, 1976

Sigvaldason, 1976

Toebes,Rukvichai and
Lin, 1976

Electricite de France,
(See Read, 1979)

Peters,Chu and Jamshidi,
1977

North,et al,1977

Houck and Cohon, 1978
Divi,et al.,1978
Arunkumar & Chon, 1978
Yeh,Becke? & Chu, 1978
Kindler,et al.

Gal,1979

Read, 1979

Yeh,Becker,Chu, 1979

Turgeon, 1980
Diacon,Seteano,and Popa, 1981

Turgeon, 1981-2

Dynamic programming with struc-
tured policies.

Dynamic programmingjinetwork
flows

Stochastic programming

Out-of-kilter algorithm,simul-
ation

Time series analysisj;simulation

Trajectory method

Discrete differential dynamic
programming with successive
approximations

Discrete differential dynamic
programmingsregression analysis

Sequential linear programmings
Markov chain

Simulationjpenalty function
minimization;regression analysis

Dynamic programming with heurestic
structured policies

Linear programming and incremen-
tal dynamic programming with
successive approximations

Out-of-kilter algorithm;simulation
Dynamic programming

Lagrangean dualityj;decompositicn
Linear programming and incremen-
tal dynamic programming with

successive approximations

Dynamic programming

Linear programming & pattern
search

Decomposition

d. Model is descriptive,hence it has no objective function.
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Author and Year

Techniques

Little, 1955
- Young, 1967
Loucks, 1968
ReVelle,et al., 1969

Loucks and Falkson, 1970

ReVelle and Kirby, 1970
Butcher, 1971

Davis and Pronovost, 1972
Russell, 1972

Lane, 1973

Torabi and Mobasheri, 1973
Croley, 1974-1
Croley,1974-2

Guitron and Roefs, 1974

Mawer and Thorn, 1974
5u and Deininger,1974

Askew, 1975

Chow,et al,197%
Gundelach and ReVelle, 1975

Loucks and Dorfman, 1975
Roefs and Guitronm, 1975
ReVelle and Gundelach, 1975
Arunkusmar, 1975

Swedish State Power Board,
{See Daellenbach and Read, 1976)

[ T )

L T

L]

Successive

Dynamic programming
Dynami¢ programming;simulation

Markov decision chain

. Linear decision rule

Comparison of dynamic,linear

and Markov

Linear decision rule
Markov decision chain
Dynamic programming
Dynamic prograﬁming
Chance constrained programming
Markov decision chain

Dynamic programming

Stochastic dynamic programming

Markov decision chair({modified
value iteration)
Markov decision chain

Markov decision chain

Chance-constrained dynamic
programming.,

Dynamic programming
Linear decision rule

Linear decision rule
Markov decision chair
Linear decision rule

approximations

Dénamic programming



Author and Year

Techniques

Heidari et al,1971

Chang and Toehes , 1972

Fults and Hancock, 1972

Kerr,1972

wWindsor and Chow,1972

Liu and Tedrow, 1973

Tauxe et al.,1973

Becker and Yeh, 1974

Chow and Cortes-~Rivera, 1974
Jensen et al., 1974

Mejia et al,1974
Meredith, 1975

Becker et al,1976

. Fults et al.,1976
Nopmongcol & Askew, 1976

Yeh, 1976

Boshier and Lermit,
Collins, 1977

Jamshidi, 1977

T.V.A.,1977

Tauxe and Mays,1977

X

X

x Discrete differential
dynamic programming

X Comparison of reserveir oper-
ating policies by simulat-
jon

x State increment dynamic
programming

x Linear,dynamic,and out-of-

kilter programming

x Separable model with
integer variables,no
solution given

x g Dynamic programmingjpattern
search

X Multi-state incremental
dynamic programming
Linear and dynamic programming
Discrete differential
dynamic programming

X Generalized network flows

x Linear programming,forecasting

x Discrete differential,dynamic
programming

x Linear and dynamic programming

X Dynamic programming

% Multi-level incremental

dynamic programming

® Linear and dynamic prog-
ramming

x Out-of-kilter algorithm

X Dynamic programming

X Discrete differential

dynamic programming
x Linear Programming

x Dynamic programming

g. Nonseparable function in model is

in solution procedures.
h, Reservoirs in parallel

approximated by separable function
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Author and Year
Arun Kumar, 1977
Croley and Rao,1977

Rossman, 1977

le and O'Sullivan, 1979
Bog

Boshier & Read, 1979

Bhaskar and Whitlatch, 1980

Soares,Lyra, and.Tawares,
1980

Sniedovich, 1980

Joeres,Seus, and Engelmann,
1981

Manning and Gallagher,1982

Techniques
Nonhomogenous Markov chair
Multi-objective trade-off analysis

Dynamic programming;Lagrangean
duality

Dynamic programming;release rules
Stochastic economic modelling
Deterministic economic modoelling
Trajectory method

Dynamic programming and regression
analysis

Decomposition
Dynamic programming with a (non-
separable) variance constraint

Linear decision rule

Extension of Hotelling's rule

Mannes, 1955 X
Meier and Beightler, 1967 x
Schweig and Cole, 1968 e
Hall et al.,1969 X

Larson and Keckler,1969 x

Evenson and Mogely,1970 X
Fitch et al., 1970 X

Lee and Waziruddin,197¢ f

Roefs and Bodin,1970 X

Drobny, 1971 X

Linear programming
Decomposition

Dynamic programming
Dynamic programming

Discrete differential dynamic
programming

Out-of-Rilter algorithm
Dynamic programming

Gradient projection and conjugate
gradient methods

Separable programming with
Dantzig-Wolfe decomposition

Linear Programming

e. Two servoirs.

f.Reservoirs are in series and there are no exogenous inflows except

at first reservoir
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Author and Year

Techniques

Murray and Yakowitz,1978

Singh,1978
Toebes and Rukvichai, 1978

Daellenbach, 1979

Turgeon, 1981-1

Constrained differential dynamic
programming

Simulation
Simulation

Dynamic programming;price direct-
ive decomposition

Progressive optimality

Opricovic & Djordjivic,
197¢

Dagli and Miles, 1980

Manning, 1981

Three level dynamic programming

Adaptive Planning

Monte Carle techniques

Hall and Roefs, 1966
Hall et al. 1968

Erickson, 1969

Harboe,et al, 1970
Fronza, et al,1977

Chu and Yeh, 1978

Laufer & Morel-Seytoux, 1979

Tauxe,et al.,1979
Tauxe,et al.,1980

Guitron,1981

Dynamic.programming
Dynamic programming

Dynamic programming,pattern
gearch

Dynamic programming
Game theory

lagrangean duality and
gradient projection

Two-phase indirect solution
of Ruhn-Tucker conditions

Multi-objective dynamic programming
Multi-cbjective dynamic programming

Dynamic programming

i. Multiple time periods are handled independently with the release
for period t given as a forecast for period t+l.
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5.0 CONCLUSIONS:

Multireservolr operation under stochastic environment is a very
complex problem with n.o complete solution in sight. The procedures
available at present can generally be classified asa:

Heuristic procedures

Optimization models

Simulation models

The major stumbling blocks are unmanageable non-linearities,
ingseparable cbjective functions and stochasticity of inflows and the
resulting computational incapabilities. Bach one of these need a detai-
led study.

The operation problem should be incorporated right at the_ plann-
ing atage as unrealistic operational policies used in planning stage
may introduce constraints during operation stage resulting in inflexib-
ilities and lesser benefits. ’

Since all the reservoirs are planned with some sort of yield
models, a critical review of such models and their behaviour under
stochastic conditions is very much desired and based on such studies
sultable guidelines are to be provided for preparing of rule curves
and gquide lines. This is an immediate task because this procedure
is easily understood by the persons incharge of real world situations
and the procedure continue to dominate until such time the new aproaches
are well established, demonstrated for actual applications and underst-
ood and accepted by field people.

Regarding optimization models, the models worth is judged interms
of objective function. There is a need to quantify objectives as appli-
cable to reservoirs and their relevance to various situations and expr-

essing these objectives in terms of the reservoir parameters and the
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information at hand. Majority of the models referred in.the Bibliography
are concerned with the methodology for solution and optimization scheme.
In terms of the objective function, they are unrealistic and so not
directly useful for adaptations.

A hard look at the computational schemes on optimizatiod and
their simplications for use in reservoir operation studies is desirable.

PForecasting models ﬁlay a vital role in real time operation
of reservoirs. Development of operational policies, use of the policies
80 derived through forecasted inflows and adapting the policiea(Adaptive
aspects) are the important aspects which are still in the developing
stages.

There are quite a number of multireservoir simulation pProgrammes
documented and circulated. It is doubtful whether ocne can simply borrow
those programmes and try to cut short the effort required in developing
quantitative analysis capabilities. It is just like the saying'Having
2 screw driver and loocking for a screw it can turn'. This leads to
lot of wastage of manhours and computer time with Ano useful purpose.
There is a necessity to direct efforts to build our own technological

capabilities in this direction.
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