SIM-V

Multireservoir Sifnulation
and Qptimization Model

Program Documentation
And

Users Manual

TEXAS DEPARTMENT OF WATER RESOURCES

UM-38

February 1982



MULTIRESERVOIR SIMULATION AND

OPTIMIZATION MODEL

SIM-v

Program Docurentation and User's Manual

by
Quentin W, Martin

Engineering and Environmental Systems Section

Texas Department of Water Resources
mM-38

March 1982



FOREWORD

The SIM-V Model described in thig document is a computer roaram that
simalates and ootimizes the operation of an interconnected System of reser-
voirs, hydroelectric aenerating plants, PUmD  canals, pipelines, and  river
reaches.

SIM-V is an improved version of the previousty developed Multibasin
Simulation and Optimization Model SIM-V {TWDB, 1972). The major improvements
to the previous model consisted of incorporating hydroelectric ower genera—
tion as one' of the functions of reservoir Operation and incorvoration of
reservoir evaporation, channel Seepage, and consumptive use directly into the
mathematical model ag System variables.

The SIM Model was originally developed in 1969 by Water Resources
Engineers, 1Inc. under contract to the Texas Water Development Board, with
Subsequent imorovements andg modifications made by the staff of the Texas Water
Development Board. The improved network representation using "gain" para-
meters is possibie utilizing a network optimization alqorithm developed and
written by Dr. Paul Jensen of the Oniversity of Texas at Austin,

The model was developed on the ONIVAC 1100/41 computer systems but ig
designed to be essentially machine independent. Core requirements are
approximately 60,000 decimal words. Computation time is a function of the
size of the problem bheing analyzed: hdwever, for the San Antonio-Guadalupe
River Systenm example problem discussed herein, aporoximately 10 seconds of
UNIVAC 1100/41 execution time is required to obtain a solution.

Any inquiries concerning the use of this program should be directed to
Quentin W, Martin, Texag Department of Water Resources, P.0O, pox 13087,
Austin, Texas 78711. pies of ThHwr COmputer rograms may be ohtained by
contacting the Infomation Systems and Services Section of the Department at
the ahove address.
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INTRODUCTION

The efficient management of surface water resources is a continuing
concern of the part of numecrous federal, state, and local agencies charaed
with providing water for power generation, water supply and other purposes.
The random changes in nature's hydrologic cycle have led to difficulties in
determining the proper method to operate surface water storage and conveyance
facilities so as to achieve the greatest efficiency. This report describes a
solution procedure for determining the optimal operation of an interconnected
system of surface water conveyance and storage facilities ower a time period
under which deterministic steady-state hydrologic and water use conditions may
reasonably be assumed to occur. Depending on the size and areal extent of the
system being considered, such steady-state time periocds may vary from as short
as a week to several months, The solution to this short—-term operational
problem is of course not the optimal solution to the problem of management
through a multiple year drouwght period. The long-term operational problem has
been treated and solved by a cowmpatible solution technicue coded into the
Water Allocation Model AL-V (8). The report describing AL-V provides exten—
sive detail into the previous investigations concerned with solving the
optimal operational! problem.

The solution procedure is consistent with the solution incorporated in
the AL~V program except that this procedure considers a singie time period as
the operational interval of study instead of multiple interconnected perinds
as does AL~V. The methodology seeks to overcome the various shortcomings of
the currently available methods by extending the capabilities of the SIM-V
Model developed by the Texas Water Development Board (14) to include the
evaluation of hydroelectric power generation from reservoir systems. The
technique developed divides the operational problem into network {linear) and
nonlinear subproblems and utilizes separate solution procedures tailored to
each subproblem. The computer program SIM-V, containing the solution proce—
dure described here (see Apvendix A}, is Adesianed to be used in concert with
the AL-V program to determine optimal monthly operating molicies for the
optimal operation of surface water systems over the critical period of drought
and mmay be used for actuwal operational control on a month- hy-month basis.
STM-V analyzes the entire time horizon by finding the optimal operation for
each of a succession of single time periodis. Each period is evaluated
independently of the others. The storages at the end of a given wonth are
used ag the initial storages for the next month.

The surface water resources systems considered in this analvsis consist
of water storage impoundments, hydroelectric mwer generatina facilities,
natural stream reaches, and artificial water conveyance links {i.e., pipelines
and canals). The benefits derived from the operation of such systems include
water supply, low flow maintenance, and hydroelectric wower generation. Other
beneficial purposes, such as recreation or flood control, are not explicitly
evaluated by the procedure to he developed in this report.

Before describing the solution procedure, it is necessary tn fully detail
the modeling assumptions ukilized in mathematically representing surface water
systems.



PROBLEM DFSCRIPTION

Water Storage and Conveyance

Conservation of Flow

The steady-state passage of water through a system of Impoundments andg
natural or artificial channels requires that the orinciral of conservation of
mass be followed. Therefore, for each water storage or stream junction point,
the total inflow must equal the total outflow during each time period. This
relationship can be expressed mathematically for each djunction 1 by the
following equation:

m m {S. - 85..)

. y T d,kHd ik’ - -

121 A_-,iqjk + iz} A_‘iiqik At Dﬁk + F‘jk(si,kﬂ'sﬁk) Ujk I_ik....ﬁ)
where

CL if flow in channel i enters junction i

Ay; = \-L if flow in channel i leaves junction i

’ 0, if link i is not directly connected to tfunction i,

D4k is the loca) water demand at Junction 1 satisfied in time

’ period Kk,

Bk is the evaporation loss from junction 3 during time period
k, as a function of the water storage,

Ik ig the cuantity :i.mp’)rteﬂ directly into junction i during
period k,

m is the nunber of channels,‘

dik is the flow entering channel i during time period k,

q'ik is the flow leaving channel i during time veriod k,

Syk is the storage contents of junction 3 at the start of time
period k, : ;

S5, k+1 is the storage contents of junction i at the end of

) time period k+i,

U4k is the unrequlated inflow into iunction i in time period

i k, and

At is the lenath of time period.

The flow rate entering a channel may not equal the discharge from the
channel due to water gaing or losses from evapotransporation, groundwater
recharge, or soring inflow. While the changes in flow vates along river



reachs or canals are highly complex, a reasonable approximation is to express
the rate of flow change as a fraction of the inflow, with the proportionality
factor allowed to vary for each perind of simulation (i.e., monthly or
seasonally). This is expressed mathematically for each channel i in period k
as

(}'ik = (1 - D',ik} qikooooo ----- te 4 e e 00(2)

where %k is the fraction of the water entering channel i that is lost in
the time period k. The above equation represents onlv the change in the flow
entering a channel as it passes ocut of the channel. Any additional inflow from
the intervening contributing drainage area that might enter at some point
alona the channel may be alded as unreqgulated inflow to the terminal junction
for the conveyance channel.

Bounds on Water Storages and Stream and Canal Flow Rates

The water storage in an impoundment will vary within the desian storage
capacities depending upon the seasonal limits desired for activities such as
water conservation, recreation, flood control or fisheries enhancement. Thus
the storage in Junction J at the end of any time period k must satisfy the
constraint relationship

min ax
Vi S S < v"' ........ R &3
where
vmax . h . b . . . . .
ik 1s t-e max imum allowahle water storage in junction j at the end
- of time period k and
Vmin . . . . . .
ik i1s the minimun permissible water storate in Junction 1 at the

end of time period k.

In a similar manner it may be desirable for navigation, flood control,
wildlife enhancement, water rights, or other purmoses to specifv upper and
lower limits on the flow rates in natural or artificial convevance channels on
a seasonal basis. Such constraints can be expressed for each channel 1 in
time period k by the inecualities

leiqlk_{_ulk ..... teseseanasnaans ceransa(d)
whera
Lik is the lower limit on the flow enterinag channel i in time
period k and
ik is the upper limit on the flow entering channel! i in time
period k.



Water Convevance Costs

In terms of economic impact, the operation of punps and motors at water
pumping stations is by far the most sianificant of all the operatina and main-
renance cnsts for a convevance system. The energy reguirements for a oump
pipeline or canal varies proportionally with the Flow rate and the Tohtal
Dynamic Head (TDH) over which the water must be pumped. The TDH is the sum of
the static 1ift (i.e., the elevation difference between the intake water
surface and the highest point on the conveyance line) and the friction losses
in the pipe or channel,

Friction Losses in Pipelines and Canals

A variety of empirical relationships have been proposed to quantify the
friction losses incurred by water flowing under pressure through closed
conduits. The comonly used Hazen-Williams ecuation may be utilized to obtain
the head loss in a pipe due to friction. Thus, the head loss hp, {ft.) over
a distance L (ft.) due to a flow rate O (ft3/sec.) in a completely filled
pipe of diameter D (feet) is given by

473 1 o'8%2

= P e ot ettt (5)
L CH1.852 287

h

where Cy is the Hazen-Williams coefficient of the pipe material,

Steady-state flow of water in an open channel occurs vwhen the enerav loss
due to friction equals the eneragy gained through aravitational acceleration,
which is equal to the vertical slope of the channel bed. Since the channel
slopes are assumed to he prespecified for all open channels in the system, the
friction 1losses on any open—-channel reach will be a constant for any positive
flow rate within the maximum flow capacity. That is, for different flow rates
the velocity and depth of water in an open channel will adijust naturally so as
to bhalance the acceleration and friction forces, and hence the net head loss
will be unchanged.

Pumping Energy Reguirements and Costs

For a pipeline or open channel desiagned to deliver a maximm flow O
(ft3/sec.) over a lift (TDH) H (ft.) the required pumping power Hy
{horsepower) is given by

no= Y L errereiieraeeeeeens(B)
where
Y is the density of water (1b/ft3) at the known water
temperature,
e is the pump-motor oombined ef ficiencv and



550 is the constant of proportional ity in foot-pounds per second
per horsepower.

The enerqy requirement E (kilowatts) for punping is specified hy

H
E = '7—?;‘(%—.—6‘6 Se et ;-....--.o--.o.-o(?)
where
737.6 is the constant of proportional ity in foot-pounds per sec per

kilowatt,

The monthly pumping expendit;.lre PE (3/month) is calculated by the following
expression :

where
c is the electricity cost {S/kilowatt-hour) and

v is the conveyance channel utilization factor (hours of
- operation at flow rate Q per month}.

A water pumping plant is generally designed to operate at or near a
specific desiagn flow rate. Tower flow rétes do not consume significantly less
energy since the motor efficiency also decreases with flow rates less than the
system design rate. To deliver a net flow less than the design rate, water
will usually he pumped at the design rate for the necessary veriod and then
pumping will cease. Thus the pumping cost can bhe represented as a linear
function of the net flow rate over the reriod,

Water Storage Benefits

Fluctuations in the hydrologic cycle of rainfall and runoff occur
periodically on a seasonal basis, as well as over drought meriods covering
many yvears. The monthly operation of water storage and conwveyance systems
must consider these cyclic inflow variations if the systems are to be managed
most efficlently. Tt is assumed that these long-term cycles are considered by
the specification of monthly target storage levels and a wunit storage benefit
at each impoundment. The storage benefit applies to all water retained in a
reservoir up to the target level, with no direct benefit for further storage.
The unit benefit need not he direct economic measure of the "opportunity" for
saving water for use in a less abundant period, but may be a somewhat
arbitrary value needed to reflect priovities for storage in competing
resarvoelirs.

For the develooment of the short-term optimal operation model descrihed
herein, it 1is assumed that the target storages and unit henefits are
specifiad, The selectinn of these parametors depends uwon  assessing  the
long-term operation of the system using  technimues described  in  the
applications section of this report.



Water Supply Benefits

The benefit for meeting a portion of a total water demand, in the munici-
pal, manufacturing or irrigation water use sectors, is generally a concave
function of the water supplied (12). That is, the most important (heneficial)
water uses are met first if not all water demands can be satisfied. The water
benefit function may be approximated by a connected piecewise linear function.
The slope of each linear component decreases as the amount of water supplied
approaches that of the maximum amount needed. This reflects the decreasing
marainal benefit for supplying additional water up to the maximum desired.
The total water demand may thus be represented by a number of separate water
demands, each having a linear benefit function. Therefore, it is without loss
of cenerality that the water demand benefit function WB4kx can be expressed
as:

WB_*'gk=p_"1k D'uk ..... eene{(9)
where
. is the benefit per unit of water supplied to Junction 1 in
Ik time period k and
Djk is the total volume of water demand at junction j in time

period k.

Hydroelectric Power Generation

Hydroelectric Generating Plants

A

Hydroelectric power facilities convert the potential and kinetic energy
in flowing water to electrical enerqy by means of mechanical turbines and
generators. A typical power generating system (Figure 1) consists of one or
more turbine-generator units located in a powerhouse. Water from an aljacent
impoundment enters throwsh a tunnel or pipe, called a penstock, and flows
under pressure to a turbine. The water exits the turbine, after having lost
most its energy, through a pipe known as a draft tube and is discharged in a
downstrean channel, termed a tailrace.

The amount of power P( kilowatts) generated by the passage of water at a
rate O(ft3/sec), under a constant net head H (feet), throush a turbine is

given by
P=¢c(P) HQM.Boouurnnn. cerererrenaresess(10)

where £ {P) is the enerav conversion efficiency and 11.8 is a conwersion factor
from foot-pounds to kilowatts based upon a water density of 62.5 pounds per
cubic foot.

The combined conversion efficiency € of the turbine and generator it is
a function of the power {loading} produced by the wmnit, Tis function depends
upon the characteristics and age of the power generation eaquipment, The
efficiency of a power plant similarly depends won the combined efficiencies

f—
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of the units used to generate a given loading. AS depicted in Figure 2, the
optimal power plant efficiency I1ncreases rapidly with initial increments of
power generation, but remains relatively constant as more generating units are
are added to increase power proxduction.

The net head is the difference between the water surface elevations at
the entrance {forebay) and exit {tailrace) of the genecratinag system less the
usually minor energy losses in the penstock and draft tube, which will be
ignored in this analysis. If the water utilized for eneray production 1is
released from a water storage impoundment  then H is a function of the water
storage volume.

The average gower generation Pry over & given time veriod t for mower
plant at reservoir r can be approximated by the relationship

prt = E(Prt) Qrt Hrt/1i.9.......................(11}

where

ﬁrt ig the average net water head {feet) at the power plant at
reservoir r during time period £ and

Ort 1is the constant rate of water release (ft3/sec) throuch the
power plant at reservoir r during time period t.

The approximating equation (11} ig exact if the net head varies wniformly
hetween its initial and rerminal values durinag the time period.

The average net head 1is defined by the ecuation

Hrt = Ert ‘= ETrt (Qrt, Et't} VU () 14

where,

Eyp is the average of the water surface elevations in reservoir ¥
at the beginning and end of time period t,

ETyr is the tailrace water surface {tailwater) elevation for reser-—
voir r during time period t, and

v’ is the reservoir jmmediately downstream of reservoir r.

The tailwater elevation is a function of the discharge flow rate Aown—
stream of the power plant, the storage content in any downstrean reservolr
which impounds water bvack up to the power plant, and the hackwater effects due
ro tributaries entering the railrace downstream of the power plant. For the
purposes of long-term simulation of reservoir operation, it is believed that
only the first two factors will significantly affect the power generation
estimates. In the larae majority of reservoirs, the controlled flow release
from a reservoir 1is the only significant factor influencina the tailwater
elevation. However, where navinational works are oart of a reservoir svstem
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or extensive development has ptaced reservoirs in close proximity to each
other, the tailwater elevation may be partially or completely controlled by
the storage levels in downstream impoundments.

The upper limit on the power generation rate is the minimum of the desian
generating capacity of the piant and the power produced by the max imum
discharge rate, nder a given head, through the bturbines. Since the maximum
turbine discharge is a Function of the water surface elevation, then the power
rate limit for each reservoir v can be representad by a function PMAXy (®).

Hydroelectric Power Benefits

The economic benefit for hydroelectric power generation is dependent 1OON
economic market conditions. Flectricity usage durim daylight and early
eyvening hours (termed peak periods) generally vields a greater monetary return
per kilowatt than consumption during other periods (nonpeak periods) simplv
pecause of the greater demand during the former periods.

The obijective function selected for evaluating the benefits of
hydroelectric power generation 1s mased upon a constant value for each wmit of
electricity generated up to the seasonal or monthly peak power requirement
( firm power) specified for the system. This it benefit is referred to as
the unit peak period power benefit. Any additional unit of power generated by
the system has a lower henefit reflecting the value of additional eneragy units
above the firm power load, and is commonly termed dunp enerdy. Wwhile this
obiective function is a rather simplistic view of daily operating benefits
from hydroelectric power generation, it is believed to be adequate for deter—
mining the long-ta2rm firm power capacity of a multi-reservoir system and is
thus useful in determining optimal power generation capacity allocation be—
rween various facilities in multiple fuel {i.e., nuclear, coal, hydro, etc.)
pover generating systems (1). By setting the annual fimm eneray requirement
to a specific value, the operation &fF a reservoir system may then be simulated
to determine if the system is capable of meeting the specified target over an
extended drought peciod. By incrementally increasirg the system firn power
target, a maximum firm power loading from the system can thus be established.

Should conflicts arise between various water uses, such as water supply
conpeting with nydroelectric power, then a paranetric analysis may be under-
taken when it is not possible realistically reflect the value of the compe-
ting uses on a CcowWton economic basis. This parawetric analysis may be accaom—
plished by specifyina maximum and minimum values for: reservoir releases,
strean flow rates, water demands, and taraet hydroelectric generation rates.

PROBLFM STATFMENT

The steady-state operational problem for a system of reservoirs and
convevance links ander Aeterministic hvdrologic conditions for a aiven tbme
period consists of determining the outflow of each reservoir over that period
so as to maximize the net benefit from water supply, hydroelectric power
generation, water conveyance, and water storage in the time period while
satisfying the constraints indicated below:

. Conservation of flow ig ohgerved at all stream junctions and reser-
voirs,

~-10-



- Reservoir storages are between minimum and max imum seasonal storage
levels,

. Channel flows are between minimum and maximum seasonal flow rates,

- FElectrical power generation at each reservoir is not in excess of
generation capacity,

- Maximum level of usable peak period hydroelectric cower, and

.« Minimun and maximum demands for water supply.

MATHEMATICAL PROBLEM FORMULATION

Let an existing surface water storage and conveyance system consist of n
storage and nonstorage junctions, of which R are reservoirs, and m conveyance
links. Iet k be the index for the operational time period. Also, let
Q'rk and Q"rk be the instantaneous releases from rceservoir r in time
period k during peak and nonpeak periods, respectively, for hydroelectric
power generation: and let ajx be the inflow to corveyance link i in period
k.

The minimum—cost operating flow for the system 1is the set of releases
Q'rkr Q"rk and gjx for all reservoirs and conveyance links which

R R
maximizes §© C HP Pprk+cf HFk PFrk + ¥ ark Sr,k+?

r=1 k r=1

HYDR)ELECI‘RIQ__E_’(IQER GENERATION BENEFITS RESERVOIR STORAGE BENEFITS

|
[ |

m
. . + . T T T
i=1 “ix Tk *iil p_';k Djk’

PUMPING COSTS WATER SUPPLY BENEFITS

subject to

material balance at junction points,
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junction and reservoir storage bounds,
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channe] inflow constraints,

Q‘ik < Ay < Uy S L= P G hesenaanaan e (1A)

flow losses along channels,

Giy = {1—&ik} ik P P o DA areraarm e 17

maximum rates of power generation during peak and nonpeak pericds from
power generating plants,

PP < PMAX, () r=Toec Reieiiiiies ererieeaa (18
PP, < BMAX () rSToecReenieneninennnnnennes (19}

maximum Firm rate of power generation durina peak period in each time
pericd,

cesnea{20)

total downstream release from a reservoir must be no less than the re-
lease for power generation,

m
8 . _E__ t + "

I Cie S W Que BP ¥ O HRY) ey L re e (22)
upper limit on storage in the target storage portion of reservoir
storage,

Skt < Tak 3=TeenesNecnnnens e (2D)

minimum and maximum demands for water at each junction in each period

in max . _
d;k < By £ P ) DU SRR T ceeeeeesa(23)

and positivity of all flows,

Olrk?‘_o F‘lro.o'R

Q“rkzo r=1,...,R

ajx > © i=1,...,Mm
a'ix > O 121, i Muveconaossanssransannasns N 2 3
where
a is the constant for converting the wunits of instantaneous fiow
(O and O"rk) into the wunifs of  flow for the period
{(dix) .,
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+1 if flow in link i enters Junction j
-1 if flow in link i leaves junction i
D if link 1 is not diractly connected to junetion i

is the cost per unit of fiow transmitted along link i in time
period k,

is the benefit per wnit of eneray producad during peak pericds,

is the benefit per wnit of enecqy mroduced during nonpeak
Periods,

is the local water demand satisfied from junction i in time
period k, '

is the maximum local water Aemang at junction § in
time period k,

1s the minimum local water demand at junction j in
time period k,

is the evaporation loss from junction j during time reriod k,
as a function of the storage,

1s the average net head at the ower plant at reservoir r in
time period k,

1s the number of hours of onpeak period power generation for
time period k,

1s the number of hours of P2ak period mwer generation for time
period k,

1s the number of hours in time period k,

n

the cuantity imported Airectly into function 3 Auring reriod

A e
~

is the lower linit on the flow in link i during time reriond k,

is the nuwher of rime reriods,
is the mumber of links, either bumn-canals or rivers,
Is the number of reseryoirs and non-storace junctions,

is the it shortase cosk for faiiure o meet the demand At
ction 1 Anring time merind ),
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is the rate of power production {defined by equation (11})

Auring nonpeak ceneratinag veriods by the power plant associated

with reservolr ¥ guring time cveriod X,

is the maximum rate of power oroduct.ion from veservoir t in
rime period K and is dependent UpoORn the water surface elevation
and power piant desion capacityv.,

is the rate of power product.ion (defined by equation {11})
during peak generating periods by the power plant aasociated
with reservoir ¥ during time period k,

ig the maximum usable rate of power product ion during peak
generating pericds in time period ¥,

ig the Flow enterind link i Auring time period k.,
ig the flow leaving link 1 Auring time reriod X,

is the instantaneous flow rate out of reservoir r Auring peak
generating period for power generation in time period K.

is the instantaneous flow rate out of regervoir v during
nonpeak generating period for power generation in time period
Kk, :

is the storade content of junction 1 at the start of time
period k,

is the storage content in the target storage portion of
storage in junction i at the start of time period k.,

is the taraget storaae in ‘junction i at the end of time
period K,

is the upper 1imit on the flow in link i Aduring time veriod ¥k,
is the unregqulated inflow into junction 1 in time period kK,

ig the maximum allowable storaqe at “unction 3 at the end
of time period K,

is the minimum allowable storage at ‘tunction 3 at the end
of time period k,

is the length of time period,

reservoir r for power Jeneration,

{1, if link i directly receives the flow Aischaraed from
0, otherwise.
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ik is the fraction of the water entering link i that is lost
in time period k.

SOLUTION METHODOLOGY

The reservoir system operational problem given by equations {13) through
(24) represents a nonlinear programming problem, with both linear and nore
linear terms in the obijective £unction and constraints. Further, the
objective function in rnonconvex and- thus a number of local optimum  may
exist. Numerous generalized computer codes {5, 7) have been developed tn
solve for local optimum of such nonlinear mathematical programring problems.
While any one of the applicable computational procedures could be utilized it
was believed that large-scale problems of the scope encountered in regional
water resources planning could be solved more efficiently with a procedure
developed specifically to exploit the problem's unique mathematical
structure.

Problem Decomposition and Network Structure

An examination of the problem structure reveals distinct linear and
nonlinear components. Specifically, the basic configuration of conveyance
links, river channels, and reservoirs can be represented as a network. In a
network, the real system's physical elements are represented as a combination
of two possible network components — nodes and links. As the namenclature
implies, a node is a connection and/or, branching pint within the network.
Therefore, a node is analogous to either a reservoir or a non-storage junction
(i.e., canal junctions, major river intersections, etc.) in the physical
system. Additionally, a node is a network component which is considered to
have the capacity to store a finite and bounded amount of material moving in
the network. Reservoirs are represented by nodes which have a storage
capacity as well as the ability to serve as branching points. A non-storage
Junction is handled similarly to a capacitated junction ({reservoir) except
that its storage capacity is always zeroc. Demands placed on the system must
be located at nodal points. Also, any water entering the system, such as
might occur naturally from runoff or artificially through import, must also be
introduced at a nodal point.

The transfer of water among the various network nodes is accampl ished by
transfer components called links. Typically a link is a river reach, canal,
or closed conduit with a specified direction of flow and fixed maximum and
minimum capacities. Figures 3 and 4 iillustrate a network representation for
the spatial configuration of a water resources system in the (ypress Creek
Basin in Texas.

Water storage is represented in the network analogue by "storage arcs®
which carry flow corresponding to water impounded at the end of a period. The
upper and lower limits of storage at a reservoir control the maximum and
minimum flow in these arcs.

The solution technigue developed here for the operational problem in-
volves the iterative solution of a least-cost network flow problem, vhere at
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each iteration the problem formulation is revised to incorporate the Ffactors
for hydroelectric power production. First-order Taylor series approximations
are made of the rnonlinear terms and substituted into the network problem.
Bounds are placed on the discharge rates from the hydroelectric generating
arcs to ensure that the linearized equations remain reasonable approxi-
mations.

The network subproblem will first be described in detail and the itera-
tive procedure then will be developed.

Network Problem Formulation

As noted above, a physical system of water storage and conveyance facil-
ities may be represented as a capacitated network. To clearly describe the
network problem, it is necessary to specify the origin and terminal nodes and
the four parameters associated with each arc. ‘The term generalized network is
used to distinguish network models having a fourth parameter per arc from the
pure network formulations with the three arc parameters of minimum flow,
maximum flow ardd unit cost of flow. The fourth arc parameter in a generalized
network is the flow gain factor which is the ratio of the flow leaving to the
flow entering the arc. A link having a gain of .9 will transmit 90 percent of
the inflow at its origin node to its termmaJ. node, while losing the remaining
ten percent in transmission.

Incorporation of the gain factor ephances the ability of the network
model to more accurately account for water losses which are flow dependent,
Such losses occur in actual water distribution systems through evaporation,
channel seepage, and consumptive use. For water conveyance links, the value
1 - a represents the gain factor, where o is the water loss (evapotrans-
piration and groundwater recharge) per unit of flow. For network arcs
corresponding to demands, the value of the gain factor is the user's sewerage
to water (5/W} ratio.

The use of the gain factor is somewhat more camplicated for the losses
due to reservoir evaporation since evaporation is proportional to the water
surface area and not directly proportional to storage volume. However, by
approximating the area-capacity curve for each reservoir with two continuous
piecewise linear segments, evaporation losses can be expressed as proportional
to reservoir storages. To illustrate, the area-capacity curve for the
potential Cuero I Reservoir in the Guadalupe River Basin of Texas can be
approximated by several conmnected line segments as shown in Figure 7. This

approximating function, A(8}, for the Cuero I vreservoir capacity-area
relationship is defined by
Ci s » 0 <8< 130
A(S) = R )
C, (S-130) + 130C,, 130 < S,
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A{S) is the water surface area (1,000 acres},

s is the reservoir storaqe volume {1,000 acre—feet),
cqy = .0923, and
cp = .0311.

By separating the storage variable S into two components, one corresponding to
the storage below 130,000 acre—feet (S1) and another to storage above
130,000 acre—feet (S2), the evaporation loss can be reasonably approximated
as proportional toO storage. ‘The approximate evaporation loss E {1,000 acre-
feet/month), as a function of reservoir storage, is given by

E = € {C1 S1 +C2 52).....................(26)

where e is the average evaporation rate {feet/period). The fractional losses
due to evaporation for each of the storage segments S1 and Sz are thus
eC1 and eCo, respectively. The two storage components 81 and 52 are
represented in the network by two storage arcs {see Figure 6). These gains
may vary by month according to the monthly average evaporation rate e.

It should be noted that the typical reservoir area—capacity relationship
in Figure 4 is concave. Hence, the upper seqgment (S2) of storage is wore
efficient in storing water (i.e., fewer surface acres per increment of
storage) than the 1ower segment (S1). Thus, it is possible that uwnder a
water shortage condition the optimal distr ibution of flow may specify that the
network arc corresponding to 52 have storage volume even though the arc
corresponding to St, is not at its maximum capacity. This, of course, would
violate physical laws. Unfortunately, a constraint specifying that the arc
for S1 he full mefore storing water in 87 cannot be specified in the
network model.

A Si/acre-feet benefit is assigned in the network for the lower rarge
storages (S1), while 2 penefit of $1/100 acre-feet ocCcurs for storage
retained in the upper storage range {S2). ‘This helps insure that the arcs
corresponding to the lower storage range are saturated before flow is allowed
through the links representing the upper storages. Under some circumstances,
however, the algorithm may attempt to put water in the upper range of storage
pefore the lower segment of storage capacity is full. Remedies for this
difficulty include setting the minimum storage in the impoundment equal to the
storage level where the linear segments join, or specifying operating rules
designed to require the lower segment of storage to he full at certain periods

of low total storage. These and other corrective rocedures are described in
the section dealing with model limitations in Appendix A.

Network Problem Mathematical Descr iption

The mathematical structure of the network model is described by four sets
of constraint equations and an objective function. One set of constraint

-1 8_



BAUNY BaJy-A310ede) e 4o uorjewtxouddy JedulT BSLM-30814 -G Bunby
(3994-240y 3} awn[op ab6vu0)g 4LOAdBSIY [ 0JdN)
< ‘s —pg lsPp
0091 0of| 00¢1 0001 008 009 00t 002 0
| | i i J i ! |

0l

uoLjeuilxoxddy deaul]  ee—

JULOY vIJYy
- A1 Loede) ® N

N3917

~ 0F (sauoy y)

eauy
SREEWHIN
dLOALDSIY
I odany
— 0f
o - 0§

- 0%

-19-



equations requires that continnity be satisfied at all nodes in the network,
except at the source and sink nodes. The second set of constraints indicates
the amount of water inst during convevance through each of the arcs. The
remaining two sets of equations describe the upper and lower limits on flow in
all arcs in the network. Thus, there 1s one equation for each node and three
equations per arc.

The mathematical statement of the network flow subproblem may he

expressed as findina the set of arc flows gij which

N N
minimizes I T G Ci""" ........ vaenee (27)

i o 1

i=1 3=

COST OF FLOW TRANSMISSION

suhject

material balance at all nodal points,

N

r -ql. = i=
iy qiﬁ qu 0, i=t,e..es Neveerraeoesens veea§28)

material losses along arcs,

q'i-i - {1 —cv.h.}qﬁ=0, for all 1 and Jseervccene {29}

and bounds on material conveyed along arcs,

Lij’i < qi_]_<_ U"ij' for all 1 and Jseeneereaven .ae (300
where .
g = flow entering arc from pode ito 1,
1]
q' = flow leaving arc from node i to node T,
il
I, = lower hound on flow from node 1 to node 3,
i3
U = upper bound on flow from node 1 to node i,
ij
c = cost of moving one unit of flow from node i to mode 1, and
13
N = number of nodes in the network.

The qeneralized network model ahove may be solved to estanligh the
mintmm cost flow circulation in the network. That solution is pouivalent o
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comput.ina the optimal operation of the reservolr systan. FBxisting primal and
dual method generalized network optimization comouter codes developed by
Jengen (6) are utilized to solve for the least costly are flows.

Computat ion of Hydroelectric Power Benefits

The solution to the network problem given above provides steady-state
(i.e., weekly, monthly, or seasonal) reservolr storages and outflows. How-
ever, the benefits from power generation must be computed on an instantaneous
flow basis for both peak and nonpeak periods during a dav (see equation 10).
Therefore, the network model reservoir storages and outflows must bhe converted
ro instantaneous levels and rates during peak and rnonpeak periods in each
period. '

In determining the henefit from hydroelectric power ageneration, it is
necessary to consider the numher of hours in a monthly period during which
peak power is needed. Since the peak power usaqe is required over a limited
portion of the day, usually a twelve to fourteen hour period, any water
released for power generation during normal (i.e., nonflooding) operation will
pe during these peak hours. Production of power during nonpeak pericds would
most likely occur only when water releases are mandatory.  Thus, the mean
discharge rate from a reservoir Aduring a month must reflect the varving
discharge rates between peak and nonpeak periods within the month. That is,
if for a third of the month neak mwer is reauirad then the release durina
peak periods will be three times the’ averaze ddischarge during the month,
assuming no releases are made during nonpeaX hours, Any additional power
generated above that needed for peak generation, hut generated Auring the peak
periods, is considered nonoeak power. This restriction represents the
inability of the power consumer to use peak mmwer dgenerated  above its
anticinated needs.

The eneray produced during nonpeak periods (s generally of such low
economic value that it is generated usually as a by-product of flow releases,
for water supply or low flow auamentation, in excess of that needed solely for
peak energy production. Tn actual operation, it is likelvy that any volume of
water used for dump or secondary power qeneration will be discharged at a high
flow rate s0 as to generate at a high efficiency level, since, in contrast
with firn eneray meneration, it is not necessary t» generate dump energv at a
constant rate over all nonpeak hours. Therefore, the nonpeak period power
generation is calculated, for a agiven volume of outflow in a periad, by
multiplying the maximum possible aeneration rate for the current reservoir
storage level by the number of hours that water is released to aive that
rate.

_];_terative Solution Procedure

The snlutinn to the network flow suhorohlen provides the minimum oost
{max imum henefit) operation for a systen with linear cost functions for soeci-
fisd constraints on reservoir storage and channel flow vates, T ayirs Gw
Full operational oroblem, howswos, 1t is npecessary to inclile Fhe benefits and
conatraints for hydroelnctric mwer deneration as well.
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The solution technicue described herein utilizes an iterative approach
whereby the network flow subproblem is solved iteratively. The unit costs and
hounds or flows discharges are changed to reflect incremental benefits for
hydroelectric generation.

The solution algorithm proceeds in the following manner:

Step 1. The hydroelectric power generation benefits are assumed to be zero

. ~ initially. The network algorithm is executed for the system to
Jdetermine the set of flows hoth spatially and temporally vwhich meets
all the desired constraints and maximizes rhe benefits (except
hydroelectric) for the system. These flows are assumed to be the
current solution to the rroblem.

Step 2. The 1link flows and reservoir storages from the current problem

o solution are used to derive an incremental benefit for power
generation per anit of outflow at each hydroelectric plant in the
system. Constraints are imposed upon the flows in links generating
hydroelectric power SO that they may varv within only a certain
percentage of the current flow rate.

Step 3. The revised network is solved to determine the optimal storages and
flows for the system. If the net cost to operate the system for this
tentative solution has increased from the current solution, then the
size of the allowable percentage flow change is reduced by half. if
the percentage flow change has reached a minimum value, then
execution ceases. Mherwise, qo to Step 2. If the net system cost
is lower for the solution to the revised network then replace the

problem solution with the revised solution and go to Step 2.

Taylor Series Approx imations

The defining eguation (10) for power generation is a nonlinear function
of the net head and the flow discharge rate. To incorporate this term into
the linear network model, the nonlinear functions are approximated as linear
functions in the neighborhood of a given solution by first—order Taylor
series.

The net heal H is a function of flow and storage. Thus, the power
generation for a discharge rate Q (f£3/secy and storage level S{acre—feet)
can be approximated, by deleting second order and higher terms, for values of
O and S near flow rate Q* and storage S* by '

p(0,F (5,0)) = P (0%, B (8%, 0%)) + -%1 (Q-0*)
' S*’Q*
P oH
+ -3§|S*’0*(S—S*). ............ teesieanavenal3l)

FEvaluating the partial derivatives gives
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P(Q,H(8,Q}) = P(O*,H(S*,0*%))
+ [ _- (H(‘B*,Q*} - B_{ET) 'q* Q*) {Q-0%)

£ 5H e H*Q*
+hﬁ-:“— Q* S_hs_'ls*'Q* (S_'S*)]/f.i - ap T] 8) -04--{32)

The rates of change of P with respect to Q and S are therefore given by the
coefficients of Q and S8 in the above equation, The storage variable in
ecquation (32) is actually two variables: the initial and final storages in
the time period. Thus, it is necessary to expand equation (32) not only to
include these storage variables but also to consider power production at all
plants in the system. Thus the coefficients for the individual flow and
storage variables are the sum of the coefficients in the various Taylor series
approximations for all the power plants.

The maximum power generation functions in eguations (18) and (19) are
also nonlinear. These equations mav be approximated as linear eguations in
the network model by substituting the value of the maximum power generation
for the current solution. This is a reasonable approximation since maximum
possible power generation at a rower plant is a function of the reservoir
storage and the rated plant capacity, where the latter is a constant and the
former generally changes little with smnall changes in reservoir discharge
rates.

Bounds of Flow Variables

If the change in flow discharge at each reservoir from specified rates Q%
is not too large, then it can be expected that the approximation in equation
{31} of the power generating fimction as a linear fumction of the flow rate
and storage is reasonably accurate. This linearization procedure yields, of
course, only an approximation to the actual problem. It is therefore neces-
sary to bound the allowable change in the hydroelectric power flow discharae
rates so that corditions do rot change radically from those of the point of
approx imation. There is a tradeoff, however, hetween retaining a hiahly
accurakte approximation by allowabhle only small changes in flow and reduced
computational efficiency. A large changes in the flow rate may allowable the
solution to converge more rapidly to the optimal solution or may cause the
network problem to he a poor approximation to the true problem formulation. A
canpromise was selected which beginsg with a relatively large allowable percen-
tage flow change and uses that value until a solution is found which is more
costly than the previous solution. The percentage flow change 1is then
decreased by one half and the process repeated. Experimentally, it was
established that starting maximum flow changes of 50 percent give rapid
initial convergence. The algoritha terminates when the allowable flow change
was reduced to less than one percent.

The bounds on the flows were restricked to he less than the allowable
flow percentage change when such a flow change has the motential for changina
incremental power generation between veak and ronpeak. That is, if the systen
peak power generation rate tarqet for a mnth is 90 megawatts and the system
dgeneration is slightly less than 90 megawatts, then each rower aeneration



facility can not increase its generation in that month more than .1 megawatts
since to do so might cause excessive nonpeak power to be produced.

Convergence of the Algorithm

The method described in this report is analogous to the Successive Linear
Programming {SLP) tachnicue, whereby a nonlinear proqramning problem is solved
by a sequence of equivalent linear pPrograms hased upon linearizing the non-—
1inear variables about successive feasible solutions. The allowable ranges of
the variables are restricted to be "near" the current solution at each
iteration. For the reservoir operation problem, the structure of the physical
system allows further reduction in complexity of the SLP sub-problem to that
of a capacitated general ized network. Recently, the theoretical properties of
SLP have been studied by Palacios—Gomez {9). Based on the results reported by
Palacios-Gomez and Lasdon (10) certain properties of SLP can be derived which
are applicable to the iterative algoritiwm developed in this report. These
authors report that a SLP algorithm which yields a feasible solution at each
iteration will converge to a local optimum solution as the step size is
reduced if the obijective function is continuously differentiable. Since the
operational problem structure and the Allocation algorithm satisfy these
conditions, it can be proven that the algorithm will converge to a local
optimum, However, the obijective function in this problem is not in general
convex, thus rermination of the algorithm at the alobal optimum solution
cannot be guaranteed.

Computational Efficiency of the Algorithm

The implementation of the algorithm described herein has a variety of
conceptual and canputational advantages over other procedures oroposed  to
solve the long-term operational problem for surface water resources Systems.
Ry utilizing a network structure, very efficient network flow algorithms can
be employed to perform the bulk of the calculations. Further, the represen—
tation of the physical system as-a network provides a readily identifiable
1ink for the analyst between rhe mathematical mxdel and the physical systenm.
in addition, far larger problems could be considered than would be mssible
using other techniques due to the smaller computer storage recuirements for
network flow algorithms.

The optimal system operatinn algorithm described above was coded in
PORTRAN V for automated execution as part of the Water Allocation Program -
gIM-V. Appendix A contains the users manual and prodran documentation for
STM-V.

APPLICATIONS OF THE ALGORITHM
To illustrate the capabilities of the SIM-V program, four surface water

resources Ssystems were analyzed. The initial example considers only water
supply while the latter three include hydroelectric power generation.
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San Antonio and Guadalupe River System

The Guadalupe and San Antonio River Basins (Figure 6) are situated in the
southern Coastal Bend area of Texas. From their headwaters in the FAwards
Pilateau region of Central Texas, the two rivers cross the Gulf Chastal Plains
and combine into a single stream shortly hefore entering San Antonio Bay. The
average annual rainfall over the two drainage basins varies from 35 inches
near the Guif Coast to 25 inches in the area of the headwaters.

The water needs in the basins are presently supplied larqely from grouri-
water formations wunderlying the reqgion, with the orincipal source of qround-
water being the Bilwards and associated Limestone Aquifer. This wmderaround
reservoir is a water supply source for irrigation and for many municipalities,
including the City of San Antonio. The Edwards Apifer is also the source of
water for the Comal and San Marcos Springs. fThese springs provide the maior
portion of the hase flow in the Guadalupe River.

Canyon Reservoir is the only existing maior storage reservoir in the
Guadalupe River Basin. The reservoir mrovides both water supply and fload
control storage. Six small hydroelectric dams on the Guadalupe River down-
Strean from New Braunfels constitute the only other sianificant impoundments
in the Guadalupe Rasin.

The major reservoirs in the San” Antonio River Rasin include Medina Lake,
providing water supply for irrigation in the San Antonio and adicinina Nueces
River Basins, and Victor Braunig and Calaveras {(reek Reservoirs, which are
utilized for coolinag water for steam—driven electric generating plants. The
Olmos Reservoir north of San Antonio is used exclusively for flood control
storage,

Water Supply Problem

The consumptive water requirements within the San Antonio and Guadal upe
River Basins are currently being alequately supplied from a combination of
surface and subsurface sources. However, with the greatly increased water
demands. projected for these hasins, it is evident that ‘udiciocus water
resources manatement will be essential in order to fully supply future water
needs,

The maijor demand center in the two hasins is the San Antonio metropolitan
area. ‘The city and adjoining suburbs have experienced rapid population growth
in the past several decades, and are proiected to have greatly increased
populations in the future. The area's water needs in the past have been
supnlied exclusively by pumpage from the Edwards Aguifer: however, this
municipal an? industrial pmpage added to the irrigation ompaae in the
Balcones Escaroment area to the west of the city 18 preseatlv approaching the
average annual recharge into the Fiwards formation. Should the incraased
future irrisation, municipal and industrial water recuiraments continue to he
supplied from groundwater, the Fdwards Amifar will mderqo drastic reductions
in water levels, diminished sprinafiows and sovere deterioration in watsr
aqual ihv,
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As an alternative to this depletion of the Edwards Aquifer, the Texas
water Plan (13) has proposed the development of a conijunctive aground and
surface water resources system to supply the San Antonio area. The plans
calls for limiting San Antonio pumpage o 215,000 acre—feet annually, and
supplying the remaining water requirements with swrface water conveyed through
pipelines from a system of reservoirs in the San Antonio and Guadalupe River
Basins.

Network Representation and Solution

The application of the SIM-V Program to a given water resources system
requires that the significant elements in the physical system be assigned to
corresponding elements in a network model. For the San Antonio and Guadalupe
River Basins, the associated network model is illustrated in Figure 7.

The SIM-V program was used to analyze the operation of a particular
system of proposed reservoir and vipelines consisting of the proposed Cuero
{Stages I and II) and Cibolo Reservoirs, and interconnecting pipelines between
the two reservoirs and bhetween Cibholo and San Antonio. Projected water
demands for the years 2000 to 2010 were imposed upon the system, with the
hydrology corresponding to that of the critical drouwght period from 1947
through 1957, ‘The eleven vear time horizon was analyzed by a succession of
monthly network solutions.

The efficient application of SIM-V to establish the long-term optimal
operation this water system, as well as other complex systems, depends upon
anticipating hydrologic conditions many months or years in the future. This
may be achieved by applying the Water Allocation Program ALV (8) to the
operation of the system. ALV solves the same problem as SIM-V except over
many time pericds simultaneously. To achieve the system operation offered by
solutions given by ALV, it is necessarv to translate the "perfect knmowledge”
solution into desired monthly storage targets for the SIM-V single-period
model. Since SIM-V cen not see a future drought, it is necessarv to restrict
the use of waters from some reservoirs when storage falls below seasonal
levels desired in the AL-V solution. It was found that seasonal taraet
storages could be developed through examining graphical vlots of the ooptimal
storage levels derived by AL-V,

Examination of the graphicat plots of storage in the significant impound-
ments Auring the critical period should reveal two characteristic features
needed to determine monthly storage targets and unit storage benefits: (1)
seasonal variations with the vyear and (2) storage withdrawal priorities
between reservoirs within the system. The first characteristic provides some
indication of the desired target storage levels needed to compensate for
seasonal variations in runoff and water demands. The storage plots hased upon
the AL~V optimal solution may not indicate for every reservoir a consistent
seasonal storage pattern. However, this lack of seasonal pattern will
generally occur for reservoirs that either release water first vhen water is
needed within a system or are used as a final reserve in the last few seasons
of the critical veriod. In either case, the storace retention policy of AL-V
can be followed in SIM-V hy the appropriate selection of a unit storae
penefit.

b
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The unit storage benefit for water storage up to a spercified (target)
storage volume allows for the desired sequential selection of the reservoirs
to make releases. That is, the AL-V policy for a system will generally cail
upon certain reservoirs to release flow to meet demands prior to other reser—
voirs doing so. Thus, whenever the nommal releases do not meet target demands
for hydroelectric power generation or water supply needs, water must be
released from storage to satisfy those needs. The selection of a sufficiently
larger unit storage benefit for one reservoir over another will cause water o
be released from storage in the reservoir having the greatest net benefit for
flow discharge. ‘The value of the unit benefit need not correspond to an
identifiable economic measure. It may be necessary to adjust the unit target
storage benefits several times before the mroper coordination of releases is
achieved. 'his occurs since the benefit for flow releases particularly for
hydroelectric power generation, varies with the storage level and release
rate. Further, the flow released from one reservoir mav be passed through
additional reservoirs, thereby wvroviding a much larger net flow release
benefit than may be apparent. It is swggested that reasonable variations in
unit benefits be tried initially to achieve the proper distribution of flow
releases. Options are possible in SIM-V so that the reservoir taraet storage
benefits may be temporarily reduced if it is necessary in a particular time
period to release more water, than would otherwise bhe discharged, to meet the
target peak power dgeneration rate. SiM~V allows some reservoirs to be
independent of the system by having a high unit storage benefit, while
allowing cothers to hold water in reserve for release when other reservoirs
cannok meet the need.

It is recognized that the procedure indicated above is not a rigorous,
precise means of determining target storage levels. Tt would, of course, he
preferable to have a self-aenerated set of target storages from the AL-V
program. However, since the Allocation program is maninulating the system
with complete freedom, it is unlikely that a single set of target storage
levels for each reservoir would properly explain the ontimal molicy. It is to
be expected that the complicated allocation of water by AL-V will not fit into
a simplistic, static set of storage retention policies.

The network flow sclution for the Guadalupe-San Antonio system obtained
by AL-V (8) indicated that the optimal policy was to use water from Cibolo
Reservolir without pumpina water from Cuero II, thereby reducing the storaqe in
Cibole to near its lowest limit. However, when the storage in Cibolo had
dropped to less than 60 thousand acre—feet {30 percent of capacity) then the
optimal molicy was to oump water from the Cuerc II project at the maximum
possible rate. 'The simulation using SIM-V indicated that the water needs in
San Antonio were met with little excess reservoir storace remaining at the end
of the drought utilizing this operating policy.

The application of AL-V to the San Antonio—Guadalupe system utilized
infomation concerning the lona term (10 year) desired end-of-vear reservoir
storages derived hy the TIWR Capacity Fxpansion Model DPSIM-T (15}, This was
necessary since the drouwght period is anproximately 8 vears in lenath, which
is longer than the 4 year maximum time horizon for each network model in AL-V.
DPSIM-I and AL~V are desianed to be complementaryv oxograms.

The SIM-V solution to the Guadalupe and San Antonio River systems

required 30 seconds of execution time on the Texas Tepartnent of Water
Resources (TDWR) Univac 1100/41 Series comouter.
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_Shasta—Folsom System

To illustrate the SIM-V Model application for systems of reservoirs with
water supply and hydroelectric power generation, the problem of the operation
of Shasta and Folsom Reservoirs in Northern california described by Hall, and
his associates (4) was coded and executed using SIM-V on the TIWR UNIVAC
1100/41 Computer System. Thege bLwo reservoirs were assumed to operate
separately to meet individual water supply demands and minimum monthly strean-
flows, but jointly to meet. a single power generation need., The network
spatial representation of the system 1is given in Figqure 8. ‘The inflow,
evaporation and water demand data on a monthly pasis consisted of the same
Adata as utilized by Hall (4)}. The simulation period covered twelve years,
with the hydrologic data corresponding to the drought period 1924-1935.

The electric generating characteristics of the system were represented
somewhat differently in the STM-V model than was presented by Hall and his
associates. However, the system characteristics were incorporated into the
SIM-V input data format as consistently as possible with the published
relationships given by Hall.

The combined firm power generation from the twO reservoirs was computed
for annual water demands of 3.5 million acre—feet and 700.9 thousand acre—feet
from the Shasta and Folsom reservoirs, respectively. The maximum rate of
power generation calculated using SIM-V amounted to 504 megawatts (M) of peak
generation, compared to 503.8 MW computed by Hall. The maximum rate of 504MW
was derived by iteratively increasing the rate of generation ntil the system
could no longer meet the generation target.

The SIM-V analysis utilized a previous application of ALV to provide
monthly reservoir operating rules for this system (8). The procedure de-
soribed in the previous sectidn on the Guadalupe~San Antonio system for
establishing target storages was applied to the Shasta-Folsom svstem  axi
resulted in monthly reservoir target storage levels. mxamination of the
monthly storage levels calculated by AL~V in simulated year 1934 (see Figure
B-1 in Appendix B} provided the “initial target storages. gimulated operation
using SIM-V under these targets dave shortages in meeting the target denera
tion rate of SO0MA because ingufficient water was stored in the pximary power
generating facility, Shasta. The Shasta storage targets was increased and the
Folsom targets adjusted generally lower during several further gimulation runs
until the 500MW firm generating target was catisfied. The firm power rate was
raised to 504MW, which the systemn generated, bhut with very little excess
capacity. The final tavrget storage levels, as decimal fractions of the
max imum conservation storage capacity, for Shasta are .8, .8, .95 .95, .95,
.85, .75, .70, .50, .50, .50, and .50 in January through December respective—
1y. Folsom's target storage fractions are .56, .60, .60, .61, .56, .48, .4,
.33, .33, .33, .33, and .33. The unit storage henefit for both reservoirs was
set at $10 per acre-ft., however the reservoirs were simulated wnder the
operating policy that successively, in each month, reduced the wnit benefit by
$1/acre-foot until full peak power generation was achieved or the henefit went
Lo Zero.
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The monthly firm and secondary eneray generation computed by giM-v for
the Ewo reservoirs 1s indicated on Figure 9. he optimal monthly storages
calculated by 5IM-V are depicted 1in Piqure 10.

gxecution Of the SIM-V progran reauirad approx imately 18 seconds of
execution time for the solution of the 12 year simulated operation for a given
level of rarget hydroelectric pover generation, using network  models
consisting of monthly periods.

white River System

another appl ication of the SIM-V program wWas the analvsis of the opera~
rior of five reservoirs (Beaver, Table Rock, Bull shoals, Norfork. and Greers
Perry) on the white River and adjacent tripbutaries in northeastern Arkansas
and southwestern Missouri. These reservoirs provide storade and releases for
flood control, water supply and hydroelectrir: power generation. In addition,
the reservoir system muSt release water to maintain a flow rate in the lower
white River of at least 3000 £t3/sec. The whita River Reservoir system is
part of the Southwest Power Pool Reservoir System in the arkansas, white and

Red River Basins (Figure 1) stwdied by Claure-Pereiro {2).

Data describing the white River system was obtained from a published
report of the 0.5. Ammy Corps of Engineers (3} and modified to fit into the
gM-V input data format. A achematic of the network model of the system 1S
shown in Figure 12. .

To develop monthly target regservoir storage levels and associated wnit
storage nenefits for the opt imal cperation of the white River System, it 1is
necessary that the results of the AL~V simulation (8) of the system De
examined 1in detail. particutarly, 2 graphical plot of the end—~of-month
storage levels Jetermined by AL-V is needed. Examination of the AL-V optimal
storage levels for the five reservoirs (see Fiqure B-2 in Appendix B) gives an
indication of the factors affecting storage retention. The plot indicates
that Reaver Regervoir 1S consistently kept well below its conservation storage
level throughout the years of gimulation. Beaver is not allowed O refill
except after max imum storage is attained in all the other reservoirs. It is
also noted that storage in Table Rock is reduced refore water 1is withdrawn
from storage in Bull Shoals. This may be noted particularly in years 1953
through 1956 in the suAner and autumn Seasons.

Seasonal patterns of Fluctuating gtorage are evident in all the reser—
voirs except Bull Shoals. To incorporate seasonally varied reservoir storaqes
as target storages, values should be selected that corresgond to the storage
that is required at time of minimum storxie {i.e., the height of the Adrought}.
Note that the system exper lences ninimum storage in the reservolrs in 1954.
Therefore, the initial selection of geasnnal target storages corresponded toO
rhe storages needed during that year. subsequent chanxies in the target levels
are discussed helow.

A unit benefit value of $10 per acre~foot was selected as a tentative
anit benefit for regervoiy storaqge at or below the tarqet monthly storage
levels. All reservoirs were operated ander the option which repetitively
allowed for the unit storage henefit to be reduced hy one mit and the solu-
tion to the systems operation to he computed wntil all of the unik herief 1ts
have a value of 2zero. mus bthe unit storage henefit of 2 reservoir would not
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keep the resexvoir from releasing waters for hydropower generation if such
waters are needed.

gExamining the optimal storadge levels {Figure B-2) during 1954 indicates
that Greers Ferry and Norfolk were the first reservoirs o exper ience veduc-
tjons in storage, followed by Beaver and Table Rock one month later. Bull
ghoals was the last reservoir to be called upon the release flow from storaje.
The storage levels of Bull Shoals Regervoir fluctuate more than those of the
others and were anoothed out in the month of Bugust to be equidistant between
the July and September storage levels. It is clearly evident from examining
the plot of reservoir storages that Beaver is characteristically held far
below its conservation storaqge level throughout the critical period. This
allocation of water essentially allows storage in Bull Shoals and Table Rock
to be held close to max imum  capacity.

The SIM-V program was executed iteratively using a succession of monthly
periods to determine the annual Firm power available from the five reservoirs
operated as a system. Five years of monthly operations were executed coverind

the critical hydroloqic period of 1953 throuch 1957.

The operation of the system was first simulated using SIM-V with a system
demand of 1600 total megawatts (the sum of rhe monthly generating rates) from
the system annually. Examination of the resulting optimal storajes indicated
that a emoothing of the Bull Shoals reservoir targets from Decesber through
January would provide a more real istic operating plan. The finalized target
storage levels for each month are given by reservoir in Table 1. The simula-
ted operation of the system was able tO adequately meet the above power Aemarxi
from the system. Further, storade retained in the regervoirs indicated that
further aiditional power could be generated from the system.

The vhite River reservoir system was again simulated using SIM-V with a
revised total power demand of 1800 megawatts. The system met the power
generation needs without shortages and with only minimal usable storage left
in the systanm reservoirg at the most extreme Arawdown month Of November 1954.
The small amount of storage 1eft in the system clearly indicated that very
1ittle additional power could be generated over the 1800 megawatt firm genera
tion requirement. This generation rate without shortages campares very favor-—
ably with the max imum generation of 2000 megawatts derived from AL-V (8). The
Corps of Engineers estimated schedule of power generation from these reser—
voirs totals some 950 megawatts annually, thus the simulated operation policy
developed by SIM-V provides almost a doubling of the filrm power available from
the system. It is to be expected that other congiderations, such as recrea~
tion, may influence reservoir release ol icies. However, the henefit for such
recreational considerations can only he compared with the reduced revenue from
other ourposes, such as water supplv hvdroelectric power generation if the
maximum of the latter nenefits is known. Thus, the tradeoff for other pur—
poses can be more adequately assessed if the total benefit for the primary
project purposes are calculated.

The monthly production of firm and secondary power for the system over

the critical period is aiven in Pigure 13. The optimal monthly storage levels
for each reservoir are ind icated in Figure 14.
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rable 1. Monthly Target Storage Levels for white River System Reservoirs {in
Thousands of Acre-Feet).
: Reservoir B
Menth Beaver Table Rock Bull Shoals Norfork Greers Ferty
Janvary 1710 2000 2410 900 1700
February 1210 2000 2200 950 1800
March 1210 2110 2290 1000 1800
April 1210 2110 2410 1000 1800
May 1160 2350 2410 950 1800
June 1010 2410 2440 950 1800
July 840 2110 2500 950 1600
August 790 2000 2560 800 1510
September 790 1590 2590 800 1200
October 790 1590 2410 RO0 1200
November 890 1590 2350 800 1200
December 1010 1590 2410 800 1200
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Execution times averaged approximately 20 seconds, for each five year
simulation at a given target power qeneration level, on the TOWR WNIVAC

1100/41.

Arkansas, White and Red River System

The SIM-V program was further utilized to analyze the operation of a
large scale multi-river basin water supply, navication and power generation
system. The surface water system considered was the Arkansas, White and Red
River BRasins in Texas, Arkansas, Oklahoma, Missouri, and Kansas (Figure 11).
These prolects and their spatial inter-connections are represented as a
network (Figure 15). This system has been studied extensively by state and
faderal government oraanizations (1, 2, 3) and the realer is referred to (2}
for a more detailed description of these basins.

It is desired to analyze the reservoir system to determine the maximum
power that can be dgenerated without violating minimum flow reguirements and
water diversion demands throughout the systen, Hydroelectric power generating
facilities occur at 12 reservoirs in this system. Two of these proijects are
owned by private interests, hut were included in establishinag the optimal
operation for power generation. Based upon prior studies, the critical period
of historical hydrology corresponds to the period 1953 thru 1957. By simula-
ting the operation of these mrojects over this 5 year period, the response of
the system to demands for power and water during the c¢ritical drought period
may be assessed.

The network model of the multiple river basin system coonsists of 30
nodes, 27 of which are regervoirs, and 28 links, of which all are natural
channels. Monthly operational periods were added for analyzing the system
preformance. The water demands, minimum flow requirements, and seasonal power
generation distribution were those given by Claure-Perrira (2).

A prior application of A~V to this system {8} provided optimal seasonal
water storage levels over the five wyear critical period (see Figqure B-3 in
Appendix B) under a monthly average peak power generation rate of 324MW,
Analysis of the seasonal storages calculated by AL-V led to the selection of
seven key reservoirs to have wonthly varyving taraget storages. These were
Broken PBow, (ologah, Bufaula, Tenkill Ferry, Beaver, Bull Shoals, and Greers
Ferry., 'The remaining reservoirs had target storages equal to their maximum
conservation capacities for all months. Several simulations were needed to
refine the monthly target levels and unit storage bhenefits to their final
values (Table 2). The resulting maximum firm power generation rate for the
system amounted to a monthly average of 316MW, or 8.1 percent greater than
that given by Claure. The details of the data used in analyzing the AWR
system are given in the sample output sections in Appendix A, The optimal
monthly reservoir storages calculated by SIM-V are aiven in Figures 16a and
16b.

Execution time for each simulation of the five year period required
approximately 2 mingtes on the TOWR UNIVAC 1180/41.
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Operational Forecasting Using SIM-V

The procedure described previously and coded into the SIM-V program oould
be used not only to analyze the optimal lona—term ocperating policies but also
could be used O implement those policies on a weekly or monthly hasis.
Conceptually, at the beginning of each time period, projections of water
demands, power requirements, and inflow characteristics or quantities could e
inserted into a data file consisting of a single period. SIM-V would then be
executed using the optimal monthly target storage and benefit for each reser—
voir and the resulting optimal discharges and reservoir storages could be
camputed. Sensitivity of the optimal policy to changes in demands and inflows
could be executed by varying the inflow quantities depending upcn the antici-
pated probability of their occurrence. Thereby any number of simulations
could be executed and the ricsk associated with the optimal policy could be
considered in determining a final control wlicy for actual implementation.

SUMMARY AND CONCLUSIONS

A camputational mrocedure has been developed to solve the problem of
obtaining the best chort-term, steady-state operation of a surface water
resources System S0 as to meet the puarposes of water supply, streanflow
maintenance, and hydroelectric power generation, while satisfying within
operational constraints for the system. The procedure is based upon the
representation of the operation of a general surface water system of reser—
voirs, stream junctions, natural waterways, pipelines, awv canals, under
deterministic hydrologic and water demand conditions, as @ network flow
problem. The incorporation of hydroelectric power generation henefits are
undertaken by solving auccessive minimun—cost network flow problems, where
flow bounds and tnit costs are modified between successive iterations to
reflect first order changes: in hydroelectric power generation with flow
release rates. The procedure 1is shown to converge to a stationary or local
opt imum solution. Convergence to the global optimum could mot be quaranteed
since the benefit function is not convex.

The algorithm, as coded in the SIM-V program, was applied to four surface
water systems, thereby demonstrating the flexihility and generality of the
model to solve for the optimal operation of general surface water systems.
Significant increases in system production in hydroelectric power generation
were calculated for the vhite River and the Arkansas, white, and Red River
gystems. The latter system had a camputed increase of 8 percent in the
estimated maximum annual firm power generation. '
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MULTIRESERVOIR SIMULATION AND OPTIMIZATION MODEL

PURPOSE

The multireservoir simulation program, SIM-V, is a general hydrologic
model of surface water resources systems. It is designed to analyze the
simulated multi-period operation of any interconnected configuration of reser-
voirs, hydroelectric power generating plants, pump and gravity canals, and
pipelines on a steady-state monthly or seasonal basis. The program may be
atilized, by itself or in conjunction with the AL-V program (4), to find:

1} the minimum cost operating plan for a system of reservoirs, river
junctions, canals and river reaches or:

2) the minimum cost sizing of individual reservoirs, canals, or closed
conduits;

CONCEPTE

The general concept behind this program is to describe the structure of a
surface water resources system in terms of a network flow model. The minimum
cost operation of the prototype system is thus established by solvine the
associated network representation for theé least costly set of flows throuch
the network. A solution is produced for a finite time interval (usually one
month) and the analysis moves forward in time in a stepwise fashion until the
desired time period is covered. The structure of this network model is
described in the following paragraphs.

First, the physical system is represented in space by a node-link config-
uration. For the physical system, nodes represent either storage reservoirs
or nonstorage link junctions, and links portray either river reaches, pipe-
lines, or canals. An example of such a spatial representation is shown in
Fiqure 4. This example system consists of ten nodes (eisht reservoirs and two
link junctions) and eleven links {two canals and nine river reaches). All
reservoirs that do not have a river reach leavina them must have an cutlet for
spilling any excess water that enters them, These spills leave the network
and are no lorger available for use.

This system network still does mot completely represent the network flow
problem, The system must have initial reservoir storage contents: inputs to
anc} demands from the systen must be made: imports must be allowed to enter and
spills must leave: and allowance be made for the final reservoir storage
contents. However, all of these considerations are accammodated by adding
additional arcs and nodes. The complete network, including these arcs and
nodes, is as shown schematically in Figure A-1. The user is required only to
spacify the system netwnrk and SIM-V will automatically create the necessary
additional nodes and arcs.

Tnitial storage contents and unrequlated inflows enter the svsten through
a set of arcs that are connected to all storace and junction nodes. Since the
mf%ows are input data, the "inflow arc" flows are fixed and are not system
varianles,
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Contrary to the fixed flow arcs are the demand, import, spill, and final
storage arcs. Flow in these arcs is variable. Demands (water intake require-
ments) are extracted from the system through a set of demand arcs. If re-
quired, import water can enter the system to the same node in all time
periods. Also, all junctions from which spills occur must have an arc leaving
them. And finally, the storage contents at the end of the time period leave
the system through a set of arcs, three for each reservoir.

These arcs, both fixed Flow and variable flow, are connected through six
nodes and five additional arcs. Five of these six nodes represent the nodes
from which the initial storage and inflow arcs and import arcs originate, and
to which the demand arcs, spill arcs, and final storage arcs terminate. The
five arcs either leave or enter these nodes and represent the total flow going
into or leaving the nodes, respectively. These five arcs are connected to the
fifth and sixth nodes, the source and sink, respectively.

There are altogether eight different types of nodes within the network.
These are:

1. source node,

2. a demand ncde,

3. an import node,

4. a spill node,

5. a final storage node,
6. a sink node,

7. reservoir nodes, and
B. non-storage nodes.,

The total number of nodes in a network is

where npn is the number of nodes in the spatial representation of the problem
(reservoirs plus non-storage nodes), and 6 is the number of special nodes in
the problem (items 1 through 6 above}.

Connecting these eight nodes are ten different types of arcs; they are
listed in Table A-1. Flow in these arcs is constrained to be within lower and
upper limits. These limits are alse summarized in Table A-1,

Flow in river arcs is permitted to be between zerc and the maximum river
capacity. If there are low flow requirements for water cuality control or
other purposes, the lower limit can he set to satisfy these needs. Canal and
Dipeline flows and reservoir storage contents are hoth constrained to be
between a minimum level and their desian capacities. ‘This upper limit can
also be used to stage or time their addition to the system, which is accon—
Plished hw placing an upper limit of zero on those elements not vet built andg,
in the vear each 1is constructed, increasing the constraint to the desian
capacity of the element.

Roth the initial storage arcs and the input arcs have egual uoper and
lower bounds, This forces the initial storage contents and inputs of the
systewn to be constants. The rdemands (water intake requirements) withdrawn
from the system can range from a lower bound that permits a tolerable shortace
to the maximum needed. The amount of shortage allowed can be different for
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Table A-1. Arc Types and Definitions of Their Upper and Lower Bounds

ARC TYPE LWER BOUND UPPER BOUIND
1. River Minimum Required Flow River Capacity
2. Canal/Pipeline Minimum Regquired Flow Canal/Pipeline
Capacity
3, Storae Zero Reservoir Capacity
minus Target
Storage
4, Target Storage Minimum Storage Target Reservoir
Storage
5. Initial Storage Initial Storage plus Initial Storage
and Unregulated Runoff Unregulated Inflow plus inregulated
Inflow
6. Demard Required Portion of Water Demand
Demand to be Met
7. Import Zero Maximum Available
8. Spill Zero Max imunm Permis-
sible
9. Distribution/
Collection
a. Mbtal Import Zero Max imum Import
b. Total Demands Zero Demands
c. Total Spills Zero Maximum Spills
A. Total Final Zero Reservoir
Storage Capacities
e. Flow By-Pass Zero Large Positive

Value




every month and every node. The amount of water imported is allowed to be
anywhere between zero and the maximum quantity available. The latter depends
on the season of the year. Flow in spill arcs is limited to between zero and
an arbitrarily high value that will not be reached.

an additional arc, called a flow by-pass link, is inserted into the
network between the flow sources and sink. The solution technique used to
solve the network model requires that a fixed flow level be supplied to the
sink. ‘The by-pass arc suppl ies, directly from the source node, whatever
portion of the water requirement at the sink that is not furnished through the
system network. Since it is important to put as much beneficial flow as
possible through the system network, a small unit cost {$.001/acre~-foot) is
placed on flow through the hy-pass arc. Thus, flow will ac through the hy-
pass link only after the net cost to put additional flow through the system
network exceeds $.001 per unit of flow.

The total number of arcs in the network to be solved by the SIM-V Model
is expressed as

anberofArcs=nL+4nr+nn+ns+nd+6

where ng, is the number of links (canals and pipelines plus river reaches):
ny is the mumber of reservoir nodes: nn is the number of storage and non-
storage junctions: ng is the number of nodes from which spills can occur;
and 6 represents the single import arc in each time veriod plus the 5 net

halance arcs.

To make the best use of SIM-V, it is important to understand the concept
of the solution once the real system is represented as a suitable network.,
Briefly, the procedure follows the four following steps in moving from a known
set of state variables at the beginnina of a time step to the solution for the
required set of state variables at the end of the time step.

1. The oresent status of the network is evaluated and all currently
included system elements are given an aporopriate parametric descrip-
tion. Ultimate system elements not bhuilt are given zero capacities
which effectively prevent them from influencing the network.

2. all specified hydraulic and hydrologic inputs and demands are ac-
counted for, and the mass balance for the entire network svstem is
determined. Bounds are placed on system demands, spills, and storage
levels.

3, The flows necessary to meet the levels required by 2, and at the same
time maximize the system's total bhenefit of water use, are determined
through the appl ication of an optimization procedure.

4., All necessary state variables have now been Aetermined, and the
status of the system at the conclusion of the current time step
becomes the status at the beginning of the next time step.

This procedure is repeated in a stepwise fashion until a specified simulation
interyal has been soanned.
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MODELING ASSUMPTIONS

It is aenerally known that modeling is the process of approximatina the
prototype for the purpose oOf evaluating the latter's performance.  Because
prototypes are generally more complex than models can ever be, certain simpli-
fying modeling assumptions must be made in order to provide a practical and

cost effective problem analysis capabil ity.

As a consequence of this simplification, various assumptions and limita—
tions were imposed on the development of the simulation model. These assump-
tions thus limit the generality of the resulting model and place restrictions
on its valid use. The major assumptions of the network approach utilized by
the SIM-V Program are described below.

® Only surface water cquantity is modeled. That is, no water quality
paraneters Or conjunctive use of aroundwater is included in the model-

ing capability.

® Monthly time increments are generally the shortest steady-state time
increments which may be used to simulate the system: thus, operations
of canals and reservoirs for routing flood waves is not considered.

the case of Import waters <here the maximum available will be pre-
specified. Thus, runoff, evaporation rates, and intake demands for
water are forced upon the system, but import water is drawn upon only
when needed. '

@ "l demands for and inputs of water must be pre-specified except for

® Import can OCCur at any one storage or non-storage junction in the

system during any limited part of the year up to the maximum monthly

availability that was pre—specified. Tmport water has a constant unit
cost. '

@ A minimum cost objective function is used in coniunction with penalty
cost functions. Thus, if these two paraneters are properly used, &
net benefits max imization criterion can be imposed.

@ Because an economic objective criterion is specified, it is assuned

that denands for water will be met only if the value for meeting

demands is greater than the penalty for not meeting them. The value
of having water in specific reservoirs on a seasonal basis can be
specified.

® Unit penalty costs for incurred shortages can be varied by node by
season whereas storage arcC ricing preferences can be varied by reser—
voir only.

® Demands for water, reservoir inflow quantities, and evaporation rates

are capable of beina varied on a month-by-month basis o permit

accounting for a demand build-up, runoff depletion, and stochastic
variahility in all of these quantities.

® Canal costs must be divided into two components - that component which

cannot be staged (e.G.. Aitch and right-of-way costs) and that om—
ponent which can e staged (e.a., puamp, MOtor, and housing costs).
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Both reservoirs and canals can he added to the network of active
facilities at any given year in the simulation pericd.

Both minimum and maximum flow and storage capacities must be specified
by season for conveyance links and reservoirs, respectively.

The physical system is represented hy a set of interconnected nodes
and links. Links correspond to river reaches, pump-canals and pipe-
lines, while nodes represent reservoir and link junction points.

All demands for water and runoff quantities occur at nodes,

Canal and river reach evaporation and seepade losses are computed as a
percentage of the flow entering the convevance link.

Tnitial storage contents of all reservoirs are known.

Iower bound constraints can be sek on demand arcs to reflect, at each
node, how much of a pre-specified demand must be met regardless of the
magnitude of shortages incurred. T1f the lower bounds are set too
hioh, an infeasible solution may result.

Spills out of the system can be controlled to occur only at those
reservoirsg specified as spill nodes.

Only reservoir storage allocated for "conservation" purpnses can bhe
used for re~reaulation.

The wnit cost of pumping is the product of a monthly power cost per
anit of flow per foot of lift and a constant lift. These parameters
are under input control.

A pumping energy efficiency of .8 is assumed for all artificial
conwveyance links in the computation of eneray consumption.

Hydroelectric power generation is associated only with reservoirs
{storage Jjunctions). Fach reservoir may have at most one power
generating facility.

Hours of peak and nonpeak period power qeneration must be snecified
individually for =ach season.

Hydropower generation efficiency at a reservoir power bplant is a
function of the oower generation {(or load) and may he varied by reser-
volir.

Tailwater elevation of a reservoir mwer plant is a function of the
flow rate from the reservoir and/or the water surface elevation of a
user designated downstream reservoir, and may be varied by reservoir.

Maximum instantaneous flow Adischarge at a reservoir oower plant is a
function of the reservoir storage laveld.



T Hydroelactric power is priced at a constant rate for power generated
Aur ing peak periods, hut not in excess of scheduled peak period power
generation.

® Hydroelectric power generation during peak periods is scheduied by
season for the reservoir system as a whole and not by individual
reservolirs.

@ Fower generation is priced at a constant rate for power generated

during nonpeak periods and during peak period In excess of target
{ scheduled) peak period power production.  This nonpeak production
anit benefit must be less than that for peak generation.

@ Al reservoir outflow in a season is assumed to be released at a
uniform rate for power generation during peak hours up to the max imum
extent possible. Any flow in excess of that needed at the maximum
power generation discharge capacity during peak hours is discharged
during as many nonpeak hours as needed, at the maximum power genera-
tion discharge rate, to make the total power generation outflow equal

the total volume of flow released from the reservoir in the season.

MATHEMATICAL DESCRIPTION

The mathematic statement of the network flow problem may be expressed as

NN
minimize & L q.. C..
. . 11 17
i=i =1 -
subiject to
material balance at all nodal mints,
N
2 (q.. = qt, ) =0, =1 N
i=1 i ~ i r 3T eeer
material losses aleng links,
' - - O = i 5
G i3 (1 ij’) qij 0, for ail i and 3,

and bounds on material conveyed alorg links,

Li_'i iqi_‘i iUij, for all i and 3,

where the terms are as defined in Table A-2.

The mathematical structure is described by four sets of constraint
ecquations and an objective function. One set of constraint ecuations re—
guires that continuity oe satisfied at all nodes in the network, except at the
source and sink rnodes. The second set of oonstraints indicates the amount of
water lost by conveyance throuah each of the arcs. The remainina two sets of
equat ions describe the upper and lower limits on flow in all arcs in the
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Tahle A-2. Definition of Terms in the SIM-V Problem Formulation

J——

Network Flow Variable Units
;;j = flow entering arc from node i to node 1 L/t
al = flow leaving arc from node i to node j L/
Li = Jower bound on Flow from node i to node 3§ L/t
Uij = upper bound on flow from node i to node j L/t
P = cost of moving one unit of flow from node i to node j S$/L3/t
N = number of nodes in the network
aij = Fract‘%on of flow lost along the arc from node i to

node j




network. Thus, there is one eauation for each node and three equations for
each arc.

The obijective function that must be satisfied while solving these
equations is the minimization of the cost of transferring water through the
network.

In this network, the canal, demand, storage, spill and hydroelectric
power generating arcs are the only types of arcs which have cost associated
with them. In the canal arc the wnit cost represents the cost of power needed
to pump one wnit of flow while in the demand arc there is a neaative wnit cost
associated with each unit of water demand. Reservoir storage arcs take on
user—-designated costs according to the operating rule option desired; however,
to prevent reservoirs from spilling when they could be storing water, a
minimum wit benefit of $.01 per acre~foot is assigned to water stored in the
system. Similarly, the unit spillage cost is specified by the user.

SOLUTION METHODOLOGY

The flow optimization problem described above represents a more general
problem formulation than was considered in previous versions of the 5IM Pro-
gram. ‘The prior models failed to incorporate hydroelectric power ceneration
as a benefit for system cperation. The SIM-V proaram o ives the operational
problem by linearizing the nonlinear components and solving the resulting
approximation to the problem as a general ized minimum cost, constrained net-
work flow optimization formulation. ‘The solution to the network problem is
then taken as the solution about which the nonlinear terms are linearized.
The generalized network model is swolved using dual and primal Network Al-
gorithms developed by Dr. Paul Jensen and Dr. Cora Bhaumik {3).

The SIM-V program utilizes two solution techniques for the network
problem. Initially, an optimal flow solution, excluding hydropower benefits,
is Aetermined using the GAIN subroutine. After the arc bounds and costs for
those links generating hydropower have heen modified to reflect hydropower
operations and benefits, the current optimal solution is taken as a starting
point for Subroutine PRIMAL. Fach successive change in the hydropower arc
bounds and costs requires that PRIMAL he cal led to determine the optimum flow
distribution based upon the new costs and bounds. Thus, the program does not
require that the network problem be aolved at each iteration from the initial
rrrivial” solution {i.e., all flows equal to zero) required by GAIN, but uses
the current optimal solution as a starting point for deriving a new solution.
Based upon computational experience, it was found that generally fifty percent
of the total execution time to achieve the optimal splution was required to
obtain the first intermediate solution derived by GAIN.

It is anticipated that SIM-V may be used to determine the maximum annual
production of hydroelectric power from a given system while meeting required
demands and flow discharges. To accomplish that objective, the program would
be execcuted for successively areater levels of tarqget peak (firm) hwidropower
generation. This would require trial and error on the mart of the uvser o
achieve the largest generating level while retaining a feasible operating
rolicy for water demands and minimum flows. ‘T reduce the computer time
required for operating the program in this manner, the user has the option of
storing the past intermediate optimal solutions for a given simulation and



reusing those solutions as starting points (initial solutions) to restart the
problem for a new {increased) level of firm power roduction. This advanced
restart capability may decrease substantially the time needed to achieve a
optimal solution over separate, independent executions of SIM-V,

The advanced restart capability requires that an initial solution be
feasible for use in restarting the alqorithm. 1In addition, the solution for
the entire set of network models for a simulation period must be specified,
and rot a partial set of solutions. 'That is, the storage file to he used as a
restart file must be generated by the execution of the SIM-V program without
encountering an infeasible solution and giving full solutions to each of
successive monthly network models over the period of simulation. The program
will terminate at any point for which data is umnavailable for use in restart-
ing the program. Further, the algorithm will test the feasibility of the
initial solution and, if it is infeasible, will use the GAIN subroutine to
find a feasible solution.

INDUT REQUIREMENTS
The following physical, economic, and water usage data elements are
utilized as input into the SIM-V Program.
System Structure Data
{1) The network's dimensions.
(2) A list of each 1link entering each node,
(3) A list of the nodes at the end of each link (link direction im-
plied).
Junction {Node) Data
{1) A literal name for each junction,
{2) 'The maximum storage capacity at each junction.
{3) The minimum storage allowed at each junction.
(4) The storage versus area relationship for each junction.

{5) The return flow S/W ratio {effluent to influent ratioc) and rnumber of
the node where the return flow will be discharged.

(6} The simulation year each reservoir is built.
(7) Target storage levels and wnit storage benefit at the end of each

Season or month of the year. (If hydroelectric power is aqenerated
from this reservoir then the following is needed:)

(B) The storage versus water surface elevation relationships.



{9) Nameplate (i.e., desian) power generating capacity.
(10) Generation efficiency versus power generated.
{11) Tailwater surface elevation versus flow discharge.
(12} Maximum flow discharge for power production versus reservoir stor-
age.
reach (I.ink) Data
(1) A literal name for each reach.
(2) The maximum flow capacity for each reach.
{3} The minimum flow allowed for each reach.
(4) The unit cost of pumping in each reach.
{5) The total dynanic pumping head of each reach.
(6) The simulation year each canal is built.

{7) Average annual percentaqe conveyance 1oss along each reach.

Cost Data
(1) Interest rates and repayment periods.
(2) Capital and operating cost for each reservoir.
(3) Capital and operating cost for each canal and pipeline.
(4) The wnit cost of water deficit at each demand node by season.

(5} Peak and nonpeak unit power generation benefits.

Hydraulic and Hydrologic Data
(1) The unreqgulated inflow to each junction site for each time period.

{2) The maximun and minimum intake demand at each junction for each time
period.

{3) The net evaporation rate at ecach reservoir for each time period.

System Simulation Data
{1) Delimiters for time interval and total simulation span.

{2) A list of nodes where spills may occur anxd a it cost of spills.
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(3) Total annual amwount, seasonal distribution and unit cost of avail-
able import water.

{4) Fraction full for each reservoir at start of simulation.
{5) UHumber of peak and ronpeak hours in each season.

{6) Annual firm power qeneration requiranent and its seasonal distri-
bution.

CAPARILITIES

The SIM-V Program is capable of analvzing the operation of an inter-
connected system of as many as 50 reservoirs and non-storage junctions and 75
artificial and natural water conveyance channels. Up to twelve periods within
a year may be considered in simulating the operation of a surface water
resources system. The entire simulation time horizon may be as much as 50
years in length.

The single-period network madel solved by SIM-V may contain as many as
500 arcs and 60 nodes. For a particular problem, the number of nodes and arcs
are computed according to the eguations on pages A-3 and A-5. The user should
verify before executing the program that the spatial dimension of the problem
do not generate a network model which exceeds the specified limits. SIM-V
will terminate if the arc or node limit is exceeded,

The SIM-V Program is capable of performing a number of analytical func-
tions either single or in conjunction with the Texas Department of Water
Resources Model AL-V. Included in the mdel's capabilities are (1) deter-
mining the minimum cost operating policy for a multiple reservoir system ower
a finite time horizon and (2) sizing reservoir or canal proijects. DNetails of
how these capabilities are achieved are presented in the following para—
graphs,

Minimum Cost Operating Plan

A minimum cost operating plan for a single time period, such as a month,
can be found for any development plan. The tink-node confiquration and the
length of the planning horizon define the network. Reservoir and canal
capacities, inputs, and demands describe the mator constraints. A set of
deterministic inflows and return flows describe the inputs. Proijected water
and power demands constitute the water requirsments. T™he solution to the
network flow problem associated with these conditions is a minimum cost
operating plan. It represents the least costly method of transferring water
through this network.

The network model solved hy the SIM-V Program does not have the abhility
to look ahead in time to operate the system. SIM-V must be used in con-
Junction with the AL~V multineriod optimization program to develop monthly
target storage levels and mmit storage henefits that will quide the month-
by-month nperation of a reservoir system to achieva aptimal performance during
ultivear drought oeriods. Te monthly target storages can be  Aeveloped
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through analyzing the graphical plots of the optimal storage olicies calcu-
lated by AL-V. The user is referred to the applications section of the main
report for further details as to how these reservoir operating rules were
Jerived for the Guadalupe-San Antonio: Shasta-Folsom: White River: and
Arkansas, white, and Red River systems,

Canal and Reservoir Sizina

The optimal sizina of a single reservoir or conweyance projects within a
large-scale water resources System may be determined by using the SIM-V
program in conjunction with the ALV Allocation program or 1in a stand alone
aode. The sizing can re achieved by utilizing an iterative process requiring
manual intervention and engineering judgements to coverge on an optimal
solution, Results from AL-V and SIM-V include the marginal costs of the canal
and reservoir sizes {constraints) . The marginal cost of a capacity constraint
increases as the constraint decreases because the increment of water as-
sociated with the decrease in capacity must find another route to its destina—
tion. Since the aolution with the higher constraint is the least costly, the
lower constraint must increase operating COSES. This increase in cost is the
marginal cost of the constraint. It represents the savings that would result
if the upper bound {max imum) capacity constraints were increased by one it
of flow or, conversely, if the lower bound (minimum} capacity constraints were

reduced by one wnit of fiow.

The manual procedure heqinsg by settina the upper hound constraints at
arbitrarily high values that will mot e reached. As a result, all marginal
costs will be 2ero. The solution to this problem, which is essentially
unconstrainted, is characterized by hidh ratios of maximum to mean arc flows.
Thege ratios are reduced by decreasing the canal and reservoir sizes wntil
their marginal costs become non-zero, These sizes can we further reduced
until the increase in their marginal costs becores aqual to the decrease in
their marginal capital costs.

Since power costs are incurred in each time interval and capital costs
occur only once, the &wo jtems are not directly comparable. With a gystem
that experienced increasing demands over time, the ypower cost for each time
period should be discounted and all accunulated before making a compar 1son
with incremental capital cost.

A recomnended procedure is to initially size the canal or reservoir under
come assumed design conditions and refine them in the later evaluation pro-
cess. For example, canal size could be preliminarily found under conditions
of average hydrology and maximum demand. Raservoir size, on the other hand,
could be estimated for extreme hydrologic and demand corditions. This initial
size would be refined by interactively reducing or enlarging the conveyance or
storage capacity of the facility accord ing to the variations in operating
costs computed by the S§IM-V Proaram.

LIMITATIONS

The SIM-V Program 1is Aesianed to optimize the simulated single-period
opaeration of a general confiquration of water storaae and conveyance facili-
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The characteristics of the Generalized Network Alaorithm (3} utilized

ies. . Lo
g; solve the associated network model does, however, place some restriction on
the type of confiqurations that can be analyzed.

Networks Conta ining Toops

e Generalized Network Algorithm reguires that an initial solution be
provided which is optimal for a particular level of inflow into the sink node.
sIM-V specifies an initial solution having all flows set to zero. It is
assumed that this set of flows is the minimal cost solution for an inflow into
the sink of zero. 'This assumption will not be valid if the network model
contains any closed loops or circuits having arcs with negative mit costs
sither entering or within the circuit. e temm closed circuit is defined
nere to be any internal set of nodes and linking arcs through which a path may
be directed hack to any starting mde,

A valid use of the SIM-V Program thus requires that the network model,
corresponding to the spatial representation of physical system, contain no
closed circuit along wvhich flow may move. Unfortunately, such circuits do
arise in actual water resource systems, usually in the form of pump canals or
pipelines. To analyze the operation of water storace and distribution network
having such characteristic structures, the network representation of the
system must be modified to remove the circuit. This is possible by adding
artificial junctions and links to the network to redirect the flows. Fiqure
A-2 indicates how this may be done for a simple circuit hetween two junction

P
-..F_J_ ° *-\P:! EZ’/ o
2 f}\
ORIGINAL NETWORK
Legend

O Junction

—— River Reach MODIFIED NETWORK
- == puymp Canal
v Unregulated Inflow

“2Z.  Demand

Fimme A-2
Method to Eliminats [nops Between Junctions
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points. Nodes A and B are joined by two pump-conveyance links (Py and P))
moving water in opposite directions. Ry adding two pseudo-junctions A' and A"
and B' and B*. ‘The circuit hetween A and B is removed. All inflows into A
are now directed into A' and all demands on A are located at node A".

A similar procedure may be utilized to remove closed circuits containing
reservoirs. Figqure A-3 illustrates how additional nodes and arcs may he
included in the network to remove such circuits. The artificial node A’ is a
reservoir with no storage capacity. This approach is, however, not completely
satisfactory since an upstream reservoir will be unable to make downstream
releases using water stored in previous time periods. For example, reservoir
A" in the modified network in Figure A-3 has no outlet for discharging stored
water except to meet local demands, although wnrequlated inflow (into A'} in
any aiven period may be routed downstream or impounded.

MODIFIED NETWORK

Legend

Junction
Reservoir
-~ River Reach
- == Pymp Canal
v~ Unrequlated Inflow

<2 Demand Figure A-3 _
Method to Fliminate Loops Between Reservoirs
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To conpletely overcome this aifficulty, a slight modification is required
in the program as presented in this documenta_tipn. At any aiven time inter-
val s initial storage for reservoir A would originate at node A' and all water
entering node A' could either be stored in A" or released downstream. The
required modifications in the computer code would occur in Subroutines PREPAR
and would involve transferring the final storaqes in A" to he the initial
storage 1n A' in the next period.

pogsible Raservoir Storage Errors

The SIM-V Program has an alditional limitation which the prospective user
should be prepared to deal with. As noted previously, the network model
divides the storage in each reservoir into two segments SO that evaporation
losses may be more accurately computed. The lower seqment of storage {(repre-
sented by Sy in Figure 5) will invariably be less efficient {(in terms for
evaporation losses) in storing water than the upper storage segment {S2 in
Fiqure 5). That is, a it of volume added to the upper range of storage will
add less surface area to the reservoir than would be alded if the lower
storage sSegment were augmented by the same wolume. Henoe, if a shortage
occurs in the system, SIM-V may attempt to take ajdvantage of this storage
efficiency by placing water in the upper segment of storage without first
filling the lower segment.

This, of course, is physically impossible and will vesult in wnder-
estimating the losses due to evaporation. A wnit benefit of $1/acre—foot is
assigned in the wmodel to water held in the lower seament of storage. This
penefit will tend to keep the lower storage range ful), except possibly when
shortages occur in the system. When such conditions are likely to occur the
user may force the program to fill the lower storage segment by setting the
minimum pool equal to the breakpoint storage for the reservoir piecewise
linear area-capacity approximation curve. Additional options in the form of
reservoir operating rules are available for requiring the proper filling
sequence in the reservoirs., These are discussed in detail in the description
of TNPUT FILE R found under “SIM-V Input File Description”. The user should
note that the $1/acre-foot benefit assigned for storaqe in the lower storadge
range may affect conveyance between reservoirs when water levels are low. The
terminal storace benefits indicated in INPUT FILE R may require adjustment to
compensate for this automatic seasonal benefit.

Should the Generalized Netwerk Algorithm alve a solution which violates
the storage segmentation constraint, the program will print an appropriate
message, redefine the bounds on the reservoir storage arcs, and aqain solve
the network model. The upper and lower bounds on the storage arcs are set to
force flow through the upper storage segment only after the arc corresponding
to the lower storage range is saturated. Mis artificial minimum storage
constraint may force water to be retained in storage rather than used for the
beneficial purposes of water supply or hydropower product ion.

This problem of storage allocation can be solved without Aifficulty if
the minimum storage in a reservoir is always greater than the hreakpoint
storage level in the piecewise linear area—-capacity approximation {Figure 5).
This assumption must, or course, be valid with regard to the accuracy of the
area-capacity approximation chosen and the minimum storage selected., Tt is
pgohahly justified in mwmost cases to set the "breakpoint" storage to the
m%nimum storage level and thus overestimate the area (and hence the evapora—
tion) for low levels of storaae, thereby providing a mre conservative esti-
mate of water availability.
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SIM-V PROGRAM DESCRIPTION

The STM-V Model consists of one main program and 26 subroutines, each of
which is described in the following sections. A schematic of the interaction
petween subprograms is given on the following page. The SIM-V Program was
coded in  Fortran IV for execution on the UNIVAC 1100/47 Computer.
Approximately 60,000 decimal words of storage are required to execute the
p'rog:am. Modification of some constants in Subroutine GAIN may he necessary
if the number of significant figures carried by the user's computer is fewer
than the nine significant digits in the UNIVAC 1100 Series machines. A
further discussion of the possible alterations is provided in the section
pelow describing Subroutine GAIN.

Main Program

This is the executive program that controls execution of the functions
and subroutines. Tt consists of three basic steps. Step 1 reads the bhasic
input data through execution of Subroutine INPUT. Subroutine INPUT reads the
general system data with the exception of the unregulated inflows, annual
Jemands, and net evaporation rates, all of which are read in Subroutine ARC.

All input data are described in the "SIM-V Input File Description".

Step 2 involves executing those auprout ines that solve the water alloca—
tion problem. These include Subroutines ARC, GAIN, HYDRO, PRIMAL, START,
RESTART, PREPAR, APRINT, ADJUST and SETNET. In this step the network is
constructed for a single time period. The model then solves the problem and
assians the final storages to the initial storages for the next period. After
the final month has bheen encountered and the associated problem soplved, step 3
is performed. This consists of a calculation of costs and a final print of
the annual suwmaries for the total time horizon. Trwolved in this step are
Subroutines COSTX and SFRINT. If at any time an infeasible solution is
encountered, a complete dump of the network structure and data is printed and
execution is terminated.

Subroutine ADSUB

This subroutine adds an arc to the triple label representation of the
flow augmenting tree.

Functicn AMPF

This function computes the flow amplitude of all arcs and their mirror
arcs.

Subrout ine APRINT

Subroutine APRINT prints the compiled annual results of the monthly
networks as obtained from PREPAR, APRINT consists of fifteen stens: each of
which prints a specific type of results. The correspordents between steps and
results in as follows:
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step 1~ Prints Link Flows

Step 2 — Prints Link Pumping Costs, Import Costs, Penalty Costs
Step 3 - Prints Peak Power Generation

Step 4 - Prints Non-Peak Power Generation

Step 5 - Prints Total Fower Generation

Step 6 ~— Prints Generating Capacity Utilization

Step 7 - Prints Generating Efficiency

Step 8 - Prints Marginal Link Costs

Step 9 ~ Prints Reservoir Storage Levels

Step 10 - Prints Reservoir Surface Elevation

Step 11 - Prints Water Deficits and Demands

Step 12 -~ Prints Marginal Reservoir Costs

Step 13 - Prints Marginal Costs of Continuity Fquations
Step 14 - Prints System Spills

Step 15 - Prints Maximum Link Flows

The reader should review "SIM-V Qutput File Description" for more detailed
explanations of the output and examples of the formats used in printing.

Subroutine ARC

Subroutine ARC converts the input data into arc data as required by the
Jensen-Bhaumik Algorithm in Subroutine GAIN. ARC consists of seven steps. 1In
step 1 the variables are set to their initial values. 1In step 2 the hydro-
logic inflows and demands for a year are read from the input tape and data for
the initial storage arcs are defined. After the tape is read, ARC defines
in steps 3 throuwgh 6 the upper and lower bounds on the flow in each arc, HI{A)
and LO(A}; the unit cost of flow in each arc, OIXST{A): and the amplitude
(gain) factor for the flow in each arc, AMP{A). These arcs define the paths
for inputs, demands, imports, reservoir storage, canals and river reaches, ard
spills from the system. Step 7 defines this same data for the net halance
arcs.

The net halance arcs are the first five arcs in the arc numbering svstem
and they represent the following:

. Source to sink by-pass arc,

. Thtal demands from the network,

. Total imports to the network,

+ Total spills from the network, and

. Total final storage in the reservoirs.

AT e Lad B e

The initial storage and unregulated inflow arcs follow the net balance
arcs and are numbered from 6 to SHIRES {or AMIN). PFollowing these arcs is an
arc sequence. This arc sequence and its relation to the entire arc numbering
Svystem is shown in Figure A-4 on the following page where:

NRES = number of reservoirs

NJ = number of link junctions
N1, = mumber of links

NS = number of spills

AMTN = HNJF + 5
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Daﬂaﬁd AKCS....-.....-.-....-....-..........-....-.....-......
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Link AICS............--..................-....-..........-...

Spill Arcs...-.o.....-o..-...--o..-...;-a....-.....-....-..--

Figqure A-4
Arc Numbering System
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ARMIN = AMIN + (NJ + 1)
AIMIN = ARMIN + 3(NRES)
ASMIN = AIMIN + NL
ASMINS = ASMIN + NS

ARC initializes the flows in all arcs in the network each time a new
season 1s encountered. Flows in all arcs are set to zero.

Subroutine COSTP

This subroutine computes the wmit cost of flow transmitted along an arc.
If the current flow in the arc is less than the lower bound on the flow in
that arc then a large negative cost ig put on the arc to drive more flow
through it. For flows greater than the upper bound, a similar high positive
cost is imposed to drive flow out of the arc. The specified it cost as-
signed in Subroutine ARC is used if the flow is within the upper and lower
bounds.

Subroutine COSTX

Subroutine (OSTX computes the actual cost, the present worth, and the
average annual cost of the plan being evaluated. Reservoir capital costs are
given as input data and their operation and maintenance costs are expressed as
a fraction of their capital costs. Canal capital costs are based on maximum
canal flow, and operation and maintenance costs are a fraction of this value.
Power and imported water costs are determined from the figures developed in
PREPAR. Present worth is obtained from the actual oost {sum of the costs of
actual capital, operation and maintenance, power, imported water, and deficit
minus the hydroelectric power benefits) by the equation:

1

P =S (ipm

and the annual cost is found from the present worth by the eguation

P i(i+i)"

A ()

where S equals actual cost, P equals present worth, A equals annual cost, 1
2quals interest rate, n ecquals discount period, and n equals repayment
pecind.,

Subroutine DESUB

2routine DESUB

This subroutine deletes a constraining arc from the triple label repre—
Sentation of the current flow augmenting path.
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Subr{lu_t ine [A

This subroutine calcolates =he potertials for the nodes in the network
solution tree. This sibroat ne 13 on) led iteratively as the solution tree for
the network is chanied =9 deiete and add arcs as flow is increased from the
source to the sink nodes.

Subroutine FLLHG

This subroutine increases the flow in an arc by a specified amount. If a
mirror arc is considered then the flow in that arc is decreased.

Subroutine FIMXC

This subroutine searches all the arcs in the flow augmenting tree and
determines the maximum change in flow that is possible for each arc. The
minimum value of all of these maximum flow changes is then the maximum change
in the flow in the current flow augmentation path.

Subroutine FIOP

This subroutine determines the flow amplitude in a flow generating cycle
in the current flow augmenting path. The maximum flow change in the cycle is
alsc computed, as is the constraining arc on maximum flow augmentation.

Subroutine GAIN

This subroutine executes the solution procedure for the linear program—
ming dual problem formulation developed by Dr. Paul Jensen and Dr. fora
Bhaunik (3) for the network-with-gains problem.

The network-with-cains algorithm is executed by iteratively calling the
Subroutines SHORT and MAXFIO in a two step sequence. In step 1, SHORT deter-
mines, on the first iteration, a set of connected arcs poviding a minimum
cost path for flow from the source to the sink. Tn each successive iteration,
Subroutine SHORT deletes a saturated arc from the current flow awmmenting path
and adds the most promising available arc to create a new path. In step 2,
Subroutine MAXFLO examines the current minimum cost path and 'determines the
maxinum flow that can be directed through that path into the sink. Flows in
the appropriate ares are then increased to the levels needed to increase the
flow into the sink the maximum computed amount. If the total flow into the
sink 15 equal to the required inflow then the procedure is terminated:; other-
wise, the algorithm returns to step 1 and the process is repeated.

Uoon campletion of steps 1 and 2, GAIN calls Subroutine OUTFUT to deter-
mine if the network flow solution satisfies the required minimum and maximum
link flow and reservoir storage constraints. If the solution is infeasible
{i.e., violates any constraints) then an appropriate message is printed, the
network model is dumped and execution of the orogram is terminated.

The algorithm for solving the network model requires that an initial
solution he provided which is optimal for a given flow into the sink., The set
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of zero arc flows is used as a starting solution under the assumption that
this is the minimal cost set of flows for an input of zero into the sink.:
mhis is a valid supposition if the network model has no directed loops or
circuits. Modification of the basic network model will generally eliminate
any directed circuits and allow the operational analysis of the system by the
SM-V Proaram. A further discussion of this problem may be found under the
section entitled "Limitations".

The original version of the GAIN Proaram was written for the OX 6600
computer which carries fourteen significant figures. The SIM-V Program
documented herein was developed on a UNIVAC 1108 which is limited in accuracy
to nine significant digits. This difference in machine precision required
that the constants EPS and BIG in Subroutine GAIN be redefined from 10-6
and 106 to 1074 and 105, respectively. By resetting these small and
large tolerance values, the program was allowed to ignore small differences
{less than .0001) between flow rates. Roundoff errors generated by the
machine had bheen responsible for introducing small differences between
supposedly egual values. These discrepancies sometimes resulted in the
program trying to remove from the flow augmenting path the identical arc to be
added into the path. When such a condition occurred the proaram bhegan to
cycle and would terminate only when the time limit for execution was exceed-
ed,

Subroutine HYDRO

The impacts of hydroelectric production in the system are calculated in
this subroutine. Should hydroelectric power not be produced from any of the
reservoirs then this subroutine is bypassed. An initial feasible solution to
the network flow problem is needed by this subroutine. Given that initial
solution, HYDRO determines the amount of energy produced from the current
solution and the benefit for further HYDRO production in the period from each
reservoir. Bounds are placed upon the flows in the arcs generating hydro-
electric power. These hounds are adjusted as a percentage of the current flow
rate except where the current flow rate is less than 10,000 acre-feet per
season or the efficiency rate is less than 20 percent, in which case the upper
bound of flow release is equal to either a oromortion of the maximum aenera—
ting capacity or, if the peak power generation target has not been achieved,
the incremental power needed to achieve the peak period production schedule,
The percentage factor for the flow limits initially starts at 20 percent,
however if a splution is produced in which the total benefits for hydropower
generation are less than the benefits achieved from a prior solution then the
Percentage factor is divided by two and the previous best splution is used as
a starting point with new bounds on the arc flows. The repeated aijustments
of arc flow hounds and costs are continued until the percentage factor for
flow changes is less than one percent,

To increase computational efficiency, the previous solution giving the
greatest penefit is used as a starting point for changes in cost and flow
bounds. This advanced starting solution is taken by Subroutine HYDRO and used
as the basis for ajjusting arc bounds and costs to give a new network lineari-
zation of the problem. Subvoutine PRIMAL then snlves this network formulation
Using the advanced solution as the initial solution.
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Subroutine INPUT
zroutine INPUT

Subroutine INPUT reads From cards all the System data except the un-
requlated inflows, demands ani the net evaporation rates. Reading these data
involves twelve basic steps. Each 2tep reads one or more records related tn
the type of data being read. These types of data pertain to {1) system
constants, (2} nodes, (3) links, (4) economic parameters, (5) seasonal varia-
tions in power costs, import availability, channel losses, link flow limits,
and reservoir storage bounds { 6} annual print controil options, (7} spilis, (8)
reservoir and canai construction times, (9) reservoir operating rules, {10)
shortage costs, {11} scheduled hydropower generation, and (12) reservoir power
generation characteristics, These data elements are all described in the
"SIM-V Input File Description® section. INPUT also prints, in tabled form,

all data read in the subroutine,

Function INTERP

This subroutine Performs piecewise linear interpolation between adjacent
sets of paired variahles to determine the value of a dependent variable based
upon the value of an independent variable,

Subroutine LOOP

This subroutine is utilized in the first iteration of the GAIN subrout ine
to determine if the flow augqmenting threo includes a flow Generating cycle.
Should such a cycle be found then the node potentials are adjusted.

Subroutine MAXFLO

along the arcs in the carrent flow augmenting tree, The constraining ({flow
Saturated) arc in the path is also established. The flow in the augment ing

Subroutine OUTPUT

Subroutine OUTPUT prints all the ‘arcs and network data when the program
encounters an infeasible problem, A message is printed moting the problem
cannot be solved and a dump of the data follows. Thisg inclwdes arc numbers,
gain factors, connecting modes, upper and lower bounds, unit costs, and are
flows when infeasibility was realized.

Subroutine PREPAR
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annual values are storad in the matrix LP in terms of thousands of Aollarsg:
and the marginal link power -vosts are converted to thousands of Aollars Per
cfs and stored in the matrix IC. Also, annual pywer costs, ARW, ang annuAl
import quantities, AIMP, are determined in step '2. Step 3 places the reger-
volr storage levels and their annual averages in the matrix RS in mits of
thousands of acre-feet, and the marginal reservoir power Costs in the matrix
RC in units of dollars per acre—foot. 1In step 4, the Subroutine compytes the
marginal costs of the continuity constraints and puts them in the matrix CC in
units of dollars per acre—foot, stores the deficit quantities in matrix 1pEm
and ISHORT in wnits of thousands of acre-feet, and computes the annual cost of
the deficits, IC0ST, in dollars per acre-foot. lLastly, step 5 storeg the
spills in the matrix JQ in units of thousands of acre~feet., All of these
matrices are then used in APRINT, the annual print routine,

Subroutine PRIMAL

This subroutine slves the linear eogramming  primal version of the
qeneral ized network problem using an algorithm and conputer code developed by
Dr. Paul Jensen of the University of Texas at Austin, 1975, aq compared with
the DUAL subroutine, PRIMAL, takes an initial feasible solution and solves the
aeneral ized network formulation. This subroutine beging by finding the are in
the network which most violates the mathematical condition required to ensure
an optimal solution. If there are no such arcs then the network opt imal
solution has been obtained. The arc most violatina the optimality condition
is forcal to enter the current basis of the network. The bagis tree is then
maxlified to include that are and flow through the tree is increased mtil one
of the arcs is driven to either its upner or lower low limit, The are attain-
ing its flow limit is then ranoved from the tree and the node mtentials for
all nodes connected hy the tree are changed to reflect the new Slow condition.
This process is then receatad by again finding the arc which most vinlates the
optimality condition.

Subroutine RESTAR
LR ANE REe AR

Glven a basis solutinn to a aeneralized network, this Shrout ine ealen-
lates node potentials in that network.  Subroutine RESTAR is ugeq to restart
the PRIMAL subroytine by taking a hasis ani mroviding  thae NECesSsary node
Potentials. RESTAR must he rm prior bo axecuting Subrout ine PRIMAL,,

Subroutine SETNET

Subroutina SETNET Aefines the single-veriod nebwrk for the system hv
Creating the directed arcs, A, in the network and the noles at hoth ends of
2ach of thege ACs, NE{A) and NT(A)., SETNET is called only once at the heqin-
NN of axecat ion.

Subroutine ShopT

This siheoutine astablishes the leaaf-enst 03kl from the e b the
TNk by ot ilizinag A shortest path algnrithm,  Afrape Fhe inicial Flay AT
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ting path is determined, the subroutine constructg additional flow augmenting
trees by deleting saturated ares and inserting new arcs into the current

tree.

Subroutine SPRINT

Subroutine SPRINT prints an annual sumary of the actual costs, present
worth, and annual cogts of the development plan. This summary includes
capital costs, operation and maintenance costs (for hoth reservoirs and

canals), imported water costs, power {(pumping and generation) costs, and
penalty costs for deficits., The reader is referred to the “SIM-V Output File

Description" for a detailed description of the output format.

Subroutine START

and then modifies the nei:work model to ensure conservation of flow throughout
the network. START jg called to read an advanced restart solution to a net-

continually changed to enable more flow transmission between the source ang
the sink.
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SIM-V INPUT FILF DESCRIPTION

all input data for the STM-V Program is read in card imaqe form and is
givided into 28 £iles labeled from A to ZB. A detailed description of the
individual data files and their associated input paraneters is provided in
Figure A-5. The required formats for the cards in each file are specified on
the input coding sheets (Fiqure a-6). Figure A-7 displays the sequence in
which the card files must be arranged for input into the cowputer. All data
is assumed to be integer and must be right justified in each field, unless a
decimal polnt 1S indicated.

A number of the data files require tabular information relating one
gyariable as a function of another variable (see FIIE V). In these tables, the
uger should swoply a range of values for the independent variable that come-
pletely encampasses the expected values. For exanple, the data read in FILE V
relates the water surface elevation in each reservoir to the storage volume.
Thus the largest storage value read must be greater than the maximum permis-
sible storage and the smallest storage less than the minimum allowable
storaqe. It is suggested that the largest independent variable read in these
tabular data files be at least 50 percent greater than the maximum value
expected for the variable during the execution of the program.

FILES M and N specify the characteristics of the spill nodes for the
system. However, the user is not required to have system spill nodes; in
which case, FILE N is ignored.

The user is alerted that extra carce cshould be taken in the selection of
the unit benefits for reservoir storage nelow a target level {FILE R}. If the
henefit for storage is larger than the henefit for water diversion or hydro—
power production then water will be retained in storaqe and not released. The
benefit for hydropower generation varies depending upon the anit orice of
electricity, flow release vate, and water elevation. The user should ccmpute
the incremental unit henefit {ecuation 31}, convert the unit henefit to
thousand acre—feet of peak pericd release, and compare ajainst the unit
storage benefit. Tt may be necessary to jreratively adijust the wunit henefits
and costs of electricity, water demands, and/or reservolr storaqe ntil the
user achieves the release molicy he desires.
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FILE &

Seasonal Variation in Maximum and Minimum Link Flow
Rates (2 * NRES Cards)

FILE I

A : s
Seasonal Yariation in Maximum and Minimum Reservoir

Storage {2 * NRES Cards)

FILE H Seasonal Variation of Link Conve{ance Factors
d

{1 Car

FILE & Seasonal Availability of Import Water {1 Card)

FILE F spasonal Variation in Power Costs {1 Card)

FILE E Economic Parameters {1 Card} | |

Convevance Link Construction Cost Coefficients {NL Cards} | |

f__

FILE D

FILE C [/ Link Description (WL Cards)

FILE B

Stream Junction Description (NJ Cards)

Parameters NJ, NRES, MJUNC, KL, NC, NR, NYR, NSEAS, __/

FILE A
IDATE, IMP, ND, KAPEYl, KAPEZ

Figure A-7a. SIM-V Input Data Organization
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2 s (N Cards)

y i 1
Coefficients to Seasonal Sterage Equations NN
using Key Reservoirs (0 to NRES * NSEAS Cards) H-P/

FILE R

Reservoir Operating Rules (NRES Cards)

FILE @

Initial Reservoir Sterage {NRES Cards)

FILE P

' Link Construction Times {NL Cards)

FILE 0

Reserveir Construction Times {NRES Cards}

FILE N System Spill Nodes (0,1 or 2 Cards)

Fite M 2 System Spiil Description (1 Card) : _j/

FILE L

System Water Demand Nodes {ND- Cards)

FILE K

Program Output Control (3 Card)

Figure A-7b. SIM-V Input Data Organization
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{NRES Cards}

FILE 78 } L
Reservoir Net Evaporation Rates

FiLeE A [ o i
"/ Junction Water Demands {ND Cards)

FiLE 7 [ — i
Y/ Junction Upregulated Inflows

..fNé Cérds)

FILE ¥ i G
7/ Maximum Fliow Discharge - Reserveir Storage Data
{6* NRES Cards) /

n - Flow Discharge Data

Tailrace Water Surface Elevatio
{6 * NRES Cards)

{6 * NRES

fiectrical Power Generation-Efficiency Data

Cards)

*

e
Generation {2 Cards)

Annual Eirm Power Requirements {1 Card)

Figure A-7c. SIM-V [nput Data Organization
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STM~-V OIJTPUT FILFE DESCRIPFION

el inmitial outout of the SIM-V Model consists of mrintino the card inoput
et ard a summary of the structure of the oroblam. Following this is ocutout
frem Subroutine APRINT describinag the annual simulation results. As trevious-
1+ Aescribed, this output is controlled by the variable IPRNT. Data that can
ne printed for each vear of the simulation are described in the followina
gections. At the end of the simulation output, Subroutine SPRINT prints total

costs, nresent values of total costs, and average annual costs,

INPUT DATA

Table A-3 {pace 2-53 to A-84) illustrates a sample rintina of the card
input data. Tnformation on the problem is arouped by Sunctions, links, the
beginning vear, the number of seasons in each vear and the mmber of vears in
each network.

ANMUAIL, SIMULATION RESUGLTS
Link Flows

Table A-4 (pace A-85) shows seasonal and yearly average link flows and is
printed for each year of the simulation. Flows are expressed in cubic feet
per second for each link by season. An arithmetic averaxse of &ll seasonal
1ink flows is mrinted to the rvight of the seasonal flow. BAll of the links
represent river reaches. Watsr imported to the Yunction specified in Table
A-3 is the last entrv in this table.

Link Power Costs

Table A~5 {page A-86) shows seasonal and vearlv averase link rower costs
that can be orinted for each wvear of the simulation. Costs are diven in
thousands of dollars. An arithmetic averace of all seasonal ower costs is
rrinted to the risht of all srasonal costs. Since the 1links are river
reaches, no pumping costs are incurred. Power costs in Table 2-5 corresoond
to link flows in Table A-4: however. when the mower costs is less than one
thousand dollars the cost is truncated to zero. ‘The total amnual puping .
import water, and water shortage cost (in thousards of dollars) is mrinted at
the bottom of this table.

Power Ceneration Durina Peak Periods

Table A—6 (page A-87) shows the rate of rower aeneration at each reser—
voir during the peak hours of rower ceneration in each season. The wnits are
in meqawatts. The total aeneration rate for each season 1s given., as in the
seasonal tardet firm power qeneration rate. An asterisk to the riaht of a
generation rate indicates that the associated reservoir power plant is genera
ting at the maximum possible peak meriod mower production rate in that season.
This maximum rate includes anv assumed overload factor in the data. A messaae
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ig orinted for each season in the vear in which the system peak power oroduc-
tion is less than the target reak production. Secondary {excess or off-peak)
power mav be producted during peak periods when the rate of aeneration exceads
the target rate. The economic benefits (in thousands of dollars) for peak and
off-peak power production durina peak period hours of the vear are also
oglven.

power Generation During NMonpeak Periods

Table A~7 (page A-88) shows the rate of power generation at each rescer—
voir during the nonpeak hours of power aeneration in each season. The wnits
are in megawatts. The generation rate at each reservoir rower station repre-
sents the average rate of generation over the nonpeak hours during the season.
That is, the nonpeak or secondary enerqy production is at an instantaneous
rate equal to the maximum power plant generation cavacity, but it will
aenerally not sustain that rate but for a portion of the nonpeak hours in the
season. ‘The remainder of the nonpeak period will have no secondary power
production. The benefits for rower nroduction during the nonpeak periods are
given in thousands of dollars. These benefits represent the total annual
revenue from power qgeneration sales,

Total Power Generation

Table A-8 (page A-89) shows the maximum rate of power dgeneration for each
reservoir in each period. The units are in megawatts. The annual peak and
nonneak power henefits are totalled for the svstem and given in thousands of
doliars. The total annual hvdroelectric power deneration benefits or revenues
are also aiven in thousands of dollars. The monthly or seasonal peak power
gqeneration and total generation in 100 megawatt-hours may be mnunched bv
removing the comment . desianation from the PINCH statements in Subroutine
APRINT.

ttilization of Power Generatina Camacity

Table A-9 (pace A-90)} shows the percentage of the instantaneous rower
aeneratina capacitv at each reservoir utilized to produce veak period {firm)
power in each season of the vear. The average utilization rate for each
reservoir during the vear and the average utilization in each season for the
svstem are also aiven. The average seasonal utilization is based won the
total system generatina cavacity.

Efficiency of Rydroelectric Power Generating Plants

Table A~10 (page A-91) gshows the mower aenerating efficiency at each
reservoir in each season of the year. This factor represents the conversion
percentade of the available motential eneray into electrical eneray at each
power generating plant durina peak period mroduction. The vearly averade
efficiencv for each reservoir is based upon all seasons. not just the seasons
in which energv was produced at the rower plant. The seascnal average
efficiency is based upon the averace efficiencv over all rower olants in the
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system, whether or not thev oroduced eneravy in that season. A power plant
that does not produce eneray in a season will have a zero value for percentage
efficiency.

Marainal Costs for Link Constraints

Table A-11 (pace A-92) shows the costs that would be incurred if it was
necessary to chanae the link constraints by one cfs. These costs are termed
"marqinal costs for link constraints”. They can be mrinted by season at the
end of each vear in the simulation period or suppressed entirely. The values
mav be positive, negative, or 2ero. Positive marainal costs are associated
with the lower flow (bound) constraints. For examnple, if it is necessary to
provide a minimum flow in a varticular link and the ootimum (minimum cost)
solution is constrained by this minimum flow, the renalty {cost) we nav for
having that constrainina flow is the marqinal cost. Since the cost of one cfs
in a link is dependent on the status of the entire system network, the margin-
al ~ost refers onlv to the last unit increment (one cfs) of link flow.

Negative marainal costs relate to uoper flow (bound) constraints. For
example, if the flow in a rarticular link is at its uoper limit and the
ontimum (minimum cost) solution is constrained by this condition. a neaatjve
marginal costs indicate the savina that would be achieved if the upper flow
constraint was increased bv one cfs.

Zero mardinal cost indicates that the link flow is not beina con-
strained.

Reservoir Storace Levels

Table A-12 (page A-93) shows seasonal and vearlv averade storage for
reservoirs and is mrinted for each vear of the simulation. Seasonal and vear-
1y average storage is expressed in thousands of acre-feet. Of the 30 nodes
within the network, the first 27 are reservoirs capable of storing water. The
ranaining 3 nodes are junctions that cannot store water, and hence there is no
output for them. The final storage levels in each season mav be ounched as
outout by removing the comments card designation from the PUNCH commands in
Subrout ine APRINT.

Reservoir Water Surface Flevations

Table A-13 {page A-94) shows the average water surface elevation in each
reservoir over each season and the yearly averaie water elevation for a reser—
voir over the entire year. The elevation values are in feet above a user—
desianated base or datum level. The user will aenerallv desianate mean sea
level as the datum mint. The averae vearly elevation is conputed by takina
the averace of the ssasonal averade elevations.

Water Diversion Shortases and Nemands

Table A-14 (ovage BA-95) shows the shortages or Aeficits in the water
diversion requirements in the svstem durina each season of the wvear. In
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addition. the total diversion recuirement at each iunction is orinted for each
season of the year. The nits for both water diversion and demands and water
shortages are in thousands of acre-feet. The water diversion demands are
printed for only those junctions havina one Or more Seasons in which the
demands are dareater than zero. Junction deficits are worinted only for those
junctions havina a water shortace in one or more seasons of the year.

Marginal Costs for Reservoir Constraints

Table A-15 {paqe A-96} shows the costs that would be incurred if it were
necessary to chance the volume of water stored in a particular reservoir by
one acre-foot. These costs are termed "marainal costs for the reservoir
constraints®. They are printed by season at the end of vear in the simulation
period. ‘These values mav e positive. neadative or zero. Positive rarainal
costs relate to lower storaae {bound) constraints. For example, if it is
necessarv to maintain a minimum mol elevation, and the optimum {minimum cost)
solntion is constrained by that elevation, the marginal cost 1s the cost of
retaining the last acre-foot of water in the reservoir. Because the cosgt of
astorage depends on the status of the entire network, the marginal cost refers
only to the last acre—foot of storage.

Negative marcinal costs are associated with wpper storaae (bound) <o
straints. For example, if a ool elevation is at its upper limit. and the
optimum (minimum cost) enlution is constrained bv this elevation, a neaative
marginal cost indicates the savim that could be realized if that reservoir
could storage an additional acre-foot of water.

Zero marainal costs indicate rhat the reservoir storade is between its
upper and lower bound (plevations) for an optimum solution and that no aain or
loss will accur if the constraints are chanaed.

Marginal Costs for Continuitv (onstraints

Table A-76 (vage A-97) shows the cost of deliverina one additional acre
foot of water to each node in the network. These values, termed "marqinal
costs for continuitv constraints", are expressed in Aollars per acre-foot.

Average Spills

Table A-17 {(paae A-98) shows the seasonal and vearly average spills from
those nodes whose spills leave the system. Theae results may be mxrinted for
each vear in the simulation pericd or thev can be suppressed. The nodes are
identified in Table A-3. Seasonal and vearlv averace spills are exoressed in
thousands of acre—feet.

Max imum Link Flows

Table A—-18 (paae A-99} shows the maximum link flows that have occurred up
to and including the wear heina mrinted, Values are in cubic feet per
second.
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COST RESULTS

Total Costs

Table A-19 {page A-100) summarizes total costs at the end of the simula-
tion. Costs in thousands of dollars are accumulated by year. Costs are shown

separately for physical facilities and for capital and operation and mainte—
nance. Negative costs represent power generation revenues (benefits).

Present Values of Total Costs

Table A-20 (page A-101) summarizes the present values of the total costs
in Table A-19. Present values refer to the base vear shown in the title of
this table. Link total costs, vpresent values are accumul ated. Costs are
shown separately for phvsical facilities and for mresent values of capital and
operation and maintenance. The entry corresponding to the last ver in this
table shows the mresent value of total costs to construct, operate, and main-
tain all the facilities., includina the cost of imported water over the simula-
tion reriod. Negative costs represent rower generation revenues.

Annual Costs

Table A-21 (page A-102) summarizes annual costs for construction, opera—
tion, maintenance. imported water. and mower for the duration of the simul a-
tion period. The repayment period is shown in the title of this table. The
totals at the end of this table summarize the estimated total annual cost
outlay over the indicated repayment reriod. Negative costs are the rower
generation benefits.

PROBLFM INFEASIBILITY

The progran will termipate if anv solution to the network mroblem is
found to be infeasible (i.e.. fails to satisfy all constraints}. Solution
infeasibility is generallv due to one or more of the followina corditions:

. improper specifications of the desired svstem confiauration.

. inadeduate number of spill nodes,

. a minimm river or canal cavacitv that is too bindim,

. an wmreaulated inflow occurrina where there is no mssible outlet for
the water, and

improper specification of the basic hvdrologic and demand data.
If problem infeasibility occurs then the user should examine the inout speci-

fications and the network dump printed by the mogram to verifyv the accuracy
of the input data.
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SIM-V EXAMPLE PROBLEM

The SIM-V Program was executed for a typical water resources system to
provide a demonstration of the program's capabilities. The example system
treated in this analysis is a portion of Arkansas, White and Red River Basins
in Texas, Oklahoma, Kansas, Arkansas, and Missouri. The major water storage
proiects in these basins are depicted in Figure 11. The physical elements in
this system were aggregated into an associated network representation as shown
in Figure 15.

The period of simulation covered five years correspornding to the histori-

cal period of 1953-1957, Monthly periods were used as the time intervals for
determining optimal operation.
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