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Abstract: This paper develops a generalized network flow optimization model for long-term supply-demand analysis for basin-wide
water resources planning. A set of nodes and arcs are used to form the network, and the decision variables are reservoir storage and w
supply for public and agricultural uses. The objective function to be minimized is formed by summing the products of the decision
variables multiplied by their corresponding cost coefficients. The constraints of the model include continuity equations, reservoir operatio
rule curves, reduced water supply due to water shortage, and evaporation losses from reservoirs. The formulated network model has los
in the transshipment and is solved by an efficient embedded generalized network(E6MWET). The developed model is applied to a

river basin located in the northern part of Taiwan. To analyze the characteristics of the model, the results obtained from the optimizatic
model are compared with those obtained from a well-calibrated simulation model. The comparison shows that the water shortac
computed by the optimization model is smaller than that computed by the simulation model. The developed model is then used to analy
future water supply-demand conditions for the area.
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Introduction water conservation. Kuo and Youri@985 used stochastic simu-
lation to derive joint operation policies for the Shimen and Feitui

Traditionally, both simulation and optimization models are used reservoirs. Delft Hydraulics(1991) developed a simulation

for basin-wide water resources planning and managerfs&®  model, RIBSIM, to analyze the long-term supply-demand plan-
reviews by Yeh(1985 and Wurbs(1993]. Simulation models  ping in Taiwan. Chow(1995 formulated the simulation model
analyze the results from various stipulated alternatives and thenjntg a network model for water resources management for the
check for feasibility anq opFiminty. It is inherently a tr'ial-and- Tsenwen and Kaoping watersheds in southern Taiwan. Many re-
error approach and optimality is not assured. The major advan-gearchers used linear programming to solve water resources plan-

tages of using a simulation model are that the model is easy toning and management problems. Loucks and Dorff175 de-
operate and it generally requires minimum computer time and veloped chance-constrained linear programming models to

storggg. on Fhe other hand, opt|m|zat.|on model; MINIMIZE OF o aluate linear decision rules for reservoir planning and opera-
maximize a given objective function subject to the imposed set of tion

constraints; thus the solution obtained is feasible and optimal. Certain tvpes of the water resources plannina and manadement
However, for large-scale water resources systems, this approach roblems foyr?nulated in terms of linear IOro rarr?min can a?so be
may become infeasible because of the dimensionality problem. InP prog 9

recent years, improvements in both computer capability and algo-fom;]u'zted m;[o network flow mlz)delz. 'Il'he most (I:(o_mm(r)]r'ﬂ)r/] uﬁed
rithm efficiency make the optimization models more attractive. method to solve a pure network model, a network in which there

Originally, simulation models were common for water re- is no gain or loss in the transshipment, is the out-of-kilter algo-
sources planning and management. Maass etl&162 used rithm. These types of models include ACRESigvaldason
simulation to evaluate the benefit for basin-wide water resources1976, MODSIM3 (Labadie et al. 1986 WASP (Kuczera and
planning. Hufschmidt and Fierind.966 used simulation to study ~ Diment 1983, CRAM (Brendecke etal. 1989 DWRSIM
the planning problem of the Rhine River system under multiple- (Chung et al. 1989 and KCOM(Andrews et al. 1992 Pure net-
reservoir and multiple-objective conditions. The U.S. Corps of Work models can also be solved by using the primal simplex
Engineers developed HEC{HEC 1979 for flood control and  algorithm (Kuczera 1982 Kuczera used decomposition along

with the primal simplex algorithm to solve a generalized network

lassociate Professor, Dept. of Civil Engineering, National Taiwan Model, although computational efficiency was sacrificed.

Univ., Taipei, Taiwan, ROC. E-mail: nsshue@ce.ntu.edu.tw McBride (1985 used the network simplex method along with
’Graduate Student, Dept. of Civil Engineering, National Taiwan matrix partition to develop EMNET, which can be used to solve
Univ., Taipei, Taiwan, ROC. an embedded generalized network model.

Note. Discussion open until August 1, 2002. Separate discussions  Syn et al(1995 compared the efficiency of MINO®/urtagh
must be submitted for individual papers. To extend the closing date by 504 saunders 1987and EMNET in analyzing the long-term
one month, a written request must be filed with the ASCE Managing g 1y qemand planning problem for the Metropolitan Water Dis-
Editor. The manuscript for this paper was submitted for review and pos- _ . . .
sible publication on November 1, 1999: approved on July 27, 2001. This trict qf Southern California and concluded that the latter was 11 to
paper is part of thdournal of Water Resources Planning and Manage- ~ 117 times faster than the former. Sun et(a99§ demonstrated
ment Vol. 128, No. 2, March 1, 2002. ©ASCE, ISSN 0733-9496/2002/2- the use of EMNET to solve a water distribution system with
102-112/$8.08 $.50 per page. losses. Yeh and Yand.997 formulated the water resources man-
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agement problem in the Chianan area in Taiwan into a network Vi
model and solved it by EMNET. INA
The purpose of this paper is to formulate the long-term plan- v, | .
ning problem for a large-scale water resources system into a gen-
eralized network model. The formulation takes into account the
reservoir operation rule-curves, reduced water supply due to
water shortage, and evaporation losses from reservoirs. The de-
veloped model assumes that the statistics of the past flow process
as recorded in the data will repeat in the future. The methodology
is applied to two river basins within the greater Tanshui River
basin, located in the northern part of Taiwan. Vi

v; ] Upper limit

Volume

Lower limit

Network Formulation of Basin-Wide System

Construction of Network Framework Extreme lower limit

A basin-wide supply-demand system is usually constructed by
combining various conveyance, storage, diversion, and pump fa- 0 ‘ -y
cilities as well as the demand and supply points. Conveyance 01 2 3 4 5 6 7 8 9 10 11 12
facilities include natural rivers, canals, and pressure conduits.
Storage facilities include reservoirs and detention ponds. Demand
points include cities, industrial areas, agricultural lands, and mini- Fig. 1. General zonation of reservoir capacity
mum requirements for environmental purposes. To proceed with
the network formulation, nodes are introduced to represent reser-

voirs, diversions, public demand points, agricultural demand \ynere AV,~AV,=upper limit of zones 1, 2, 3, and 4
points, minimum requirement points, and source points. In addi- V,=reservoir capacity;V,=upper limit of the rule curves;

tion, arcs are used to represent river reaches, pipelines, reservoi;. _ower limit of the rule curves; an¥,=extreme lower limit
storage zones, and paths that link all water uses. Each arc isyf the rule curves

subject to an upper and lower bound. The framework of the net- 14 conform to the fact that inflow into a reservoir is stored

work is then constructed by connecting the nodes and arcs ac+om the lowestfourth) zone, first the unit cost coefficients of the
cording to their physical locations in the system. four arcsa;~a, need to follow the following relationship:

Time (month)

< oa<os,<a 2
Network Formulation of Reservoir Operation Rule 4T T2 _ ( )
Curves As can also be seen from Table 1, if no loss occurred in the

) ) . . ) reservoir storage aii¢ then the inflow and outflow multipliers;
Reservoir operation can be categorized into normal operation andand)\i of the arcs are-1 and 1, respectively. The negative value

flood-mitigation operation. During the normal operation period, genotes that water in the arc is flowing into a node, whereas the

rule-curves are usually used. For most reservoirs in Taiwan, threepositive value denotes that water in the arc is flowing out of a
rule-curves are designated to separate the reservoir storage intQqe.

four zones throughout the year, as shown in Fig. 1. The curves are
called upper limit, lower limit, and extreme lower limit. The op- ) )
erational policy is then defined based upon the storage status afVetwork Formulation of Hedging Rule

the beginning of each time period. _ _ ~ When reservoir storage is below the extreme low limit during a

To incorporate the rule-curves and their associated operationalyrought period, the demand cannot be fully met and is usually
policy into the network framework, four arcs are introduced to gypject to reduction. This rule is called hedgifeh and Yang
connect the two adjacent time periodsndt+1 of the same 1997, The network formulation of the hedging rule is similar to
reservoir node, as can be seen in Fig. 2. The %s;, Xroy, that of the rule curves. As can be seen from Fig. 3, the demand
Xr3t, andXg 4, represent the four zones. Each arc has its own from a demand point is separated into two zones by the reduced
inflow and outflow multiplier, upper and lower bound, and unit gemandD,. The volumes of the two zones ateD, andAD,

cost coefficient. By properly assigning the values for the upper yegpectively. The network framework of the hedging rule can be
and lower bounds and the unit cost coefficients for the four arcs,

the rule-curves and their associated operational policy can be
completely described. As can be seen in Table 1, the upper
bounds of the four arcs ateV,, AV,, AV3, andAV,, the lower
bounds are all zero, and the unit cost coefficientsgrea,, as,
anda,. Then, the four zones of the rule-curves can be described
by the following equations:

AV]_:V]__VZ (1a.)

AV,=V,—V;3 (1b) Time step i Time step i+/

AV3=V3-V, (1) Fig. 2. Arcs connecting reservoir zones between consecutive time-
AV,=V, (1) ~ steps
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Table 1. Parameters of Arcs Connecting Reservoir Zones between
Consecutive Time-Steps

Parameters
Inflow Outflow
Arc Multiplier Multiplier Lower Upper Unit
(@) (vi) (\) Bound Bound  Cost
1 -1 1 0 AV, o
2 _1 1 O AVZ (0 %)
3 -1 1 0 AV, ag
4 _l 1 0 AV4 OL4

represented by Fig. 4. Two arc¥p ;; and Xp ,;, are used to
convey water fromAD,; and AD, to the demand point during
time periodt. As can be seen in Table 2, the upper bounds of the
two arcs areAD,; andAD,, the lower bounds are all zero, and
the unit cost coefficients anfg,; andB,. Then the two zones of
the hedging rule can be described by the following equations:

AD]_:D]__DZ (sa)
ADZZDZ (Sb)

whereAD,, AD,=volumes of the two zones that separate the
total demandpD ; =total demand; an®,=reduced demand.

Since the reduced demai, has to be supplied and satisfied
first, the cost coefficient of the ai; ,, has to be less than that of
Xp .1y, thatis,

B2<PB1 4)
As can also be seen from Table 2, the inflow and outflow multi-
pliersy; and\; are—1 and 1, respectively, if no loss occurred in
the arci connecting to a demand node.

To consider the rule-curves as well as the hedging rule, the
unit cost coefficients of the arcs introduced in the formulation of
the rule-curves and the hedging rule have to be reordered. Assum
ing that the supply to a demand point is reduced, if the storage in

D,
AD‘
o
g
§
a
D,
ADZ
0 .
0o 1 2 3 4 5 6 7 8 9 10 11 12

Time (month)

Fig. 3. General zonation of demand at demand node

Inflow

Diversion node

v

Outflow

Demand node

Fig. 4. Arcs connecting diversion node and demand node under re-
duced water supply conditions

the reservoir is below the extreme lower limit, the unit cost coef-
ficients have to follow the following order:

82<OL4< Bl<OL3<0(2<0(l

(5)

Network Formulation of Reservoir Evaporation Loss

When evaporation loss in a reservoir is considered, the formu-
lated network problem is no longer a pure-network problem but a
generalized-network probleiiBun et al. 1996 To formulate the
generalized-network problem, the outflow multipligrwill be in

the range between 0 and 1. In other words, if the loss ratge is
then\;=1—1.

Evaporation loss is usually proportionate to the surface area,
which, in turn, is a nonlinear function of the reservoir storage. To
maintain linearity of the formulation, the nonlinear function is
piecewisely linearized. Assume that the four zones of the reser-
voir storage are adopted and the corresponding proportionality
coefficients of surface area to storage arg m,, m;, andm,.
Letting the corresponding surface area values of storage values
Vi, V,, V3, andV, beA;, A,, Az, andA,, as well as allowing
the corresponding surface area values of the upper bounds in the
four zones beAA;, AA,, AA;z;, and AA,, one hasm,
=AA/AV,, =1, 2, 3, 4.

If the evaporation rat&; (in depth is known in a given time
periodt, then the ratio of evaporation to storage volume in each
zonei of the reservoir ieg ; ;= 1—E;m; . The outflow multipliers
N1, N2, A3, and\, of the four arcs connecting the reservoir node
at periodt and period+ 1 can easily be determined. Assume that
the storage volume of the reservoir and its associated surface area

Table 2. Parameters of Arcs Connecting Diversion Node and De-
mand Node under Reduced Water Supply Conditions

Parameters
Inflow Outflow
Arc Multiplier Multiplier Lower Upper Unit
0] (vi) (\) Bound Bound  Cost
1 -1 1 0 AD, B1
2 - l 1 O A DZ BZ
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Table 3. Parameters of Arcs Connecting Reservoir Zones between whereX; ;)=decision variable associated with ai¢j{ that de-

Consecutive Time-Steps Subject to Evaporation Loss

Parameters
Inflow Outflow
Arc Multiplier Multiplier Lower Upper Unit
(@) (vi) (N Bound Bound  Cost
1 -1 1-Emy 0 AV, oy
2 -1 1-Em, 0 AV, o
3 -1 1- Etm3 0 AVs Qa3
4 -1 1— Etm4 0 AV4 Qg

at time period areV, andA, and assume that the storage volume

is reduced toV{ when the evaporation logs,A, is subtracted.
Then one has

V{=V,—EA; (6a)
By adopting the four zones of the reservoir storage and assumin
that
Vo<Vi<V, (6b)
Vi=V,+AVy, (60)
A=A,+AA, (6d)
one has

V{=(AV4+AV3+AV,+AVy) —Ef(AA;+ AA;+AA+AAY)
= (AV,—EAA,) + (AV3— E,AAg) + (AV,— E,AA,)
+(AVy—EAAL)
=(1—Emy)AV, 4+ (1— E;mg) AVa+ (1— E;my) AV,
+(1—-Emq)AVy,
=(1-Emy)Xp st (1-Emz)Xp 3¢

+(1-Eimy) Xg o+ (1 —Eimy) Xg 14

=> (1_eR,i,t)xR,i,t:2 NiXRiit (6e)

Therefore, as can be seen from Table 3, the inflow multiplgrs
Y2, v3, andy, as well as the outflow multipliens,, \,, A3, and
N\, of the four arcs can be determined as follows:

vi=—1; N=1-Em (7a)
Yo=—1; N=1-Emy (7b)
v3=—1; Ng=1-Em; (70)
Ya=—1; N=1-Emy (7d)

It is obvious that Eq(6e) is valid for all four zones.

Formulation of Network Model

Objective

The standard form of the objective function of a network model is

minimize
(

Ci i X 8a
i’j%A (i, Ra.0) (8a)

notes flow rate leaving from nodieand entering into nod¢
C,jy=unit cost coefficient oK; ;) associated with ard (j); and
A=set of all arcs.

In this study, the objective function is to minimize the total
cost of water transshipment; that is,

minimize 3|30 3 Coieiit 3 3 Cosoke

22 cp,i,txp,i,t] (80)
whereXg ; ;=decision variable associated with a reservoir storage
arc that denotes the ending storage in zoofkereservoir noddR at
time periodt; Xp ; ;=decision variable associated with an arc
that conveys public water supply to zonef demand nodé at
time periodt; Xg; ;=decision variable associated with an arc
that conveys agricultural water use to zoref demand nodé& at
time periodt; Cr; =unit cost coefficient associated wiky ;;

ngM=unit cost coefficient associated withXp,;; and
Ck ; ¢=unit cost coefficient associated Wik ; ;.

Constraints

The standard form of constraints in a network model is

(”;EA a(|,k)x(|,k)+(k%:€A ak,i) X (ki) = Pk )
whereX; ,y=decision variable associated with aiick) that de-
notes flow rate leaving nodel and entering nodek;
Xx,jy=decision variable associated with ark,j() that denotes
flow rate leaving nodé& and entering nodg a;; ,y=multiplier of
Xi K in a constraint associated with nokea,, ;) =multiplier of
X,j) in a constraint associated with noleand b, =right-hand
side of a constraint associated with ndde

It is obvious that the continuity requirement at each node
poses a constraint. The formulation of the constraints associated
with the six types of nodes considered in this paper is described
below.

Reservoir Nodes

The constraints associated with a reservoir n&daccount for
continuity in both spatial and temporal domains. The rule curves
and the hedging rule also must be satisfied. The constraints can be
expressed as follows:

— 2 Xriat 2 Xiia— 2 Xo,1=—(1—er0 S

(for time periodt=1) (20)
Y (=i Xrit-1— 2 Xrict 2 Xiii— 2 Xo,i=0
(for time period 2<t<T) (11)
> (1=eridXri -1+ 2 Xii1— 2 Xo,1=So
(for time periodt=T) (12)
0<XRi1=AVRit (13)

where Xg; (—1)=decision variable associated with a reservoir
storage arc that denotes the ending storage in zoheeservoirR
at time periodt—1; Xg; (=decision variable associated with a
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reservoir storage arc that denotes the ending storage inizahe
reservoirR at time periodt; X, ; ;=decision variable associated
with an arc that denotes flow rate entering reservoir nBdat
time periodt; X, ; =decision variable associated with an arc that
denotes flow rate leaving reservoir note at time periodt;
er, t=ratio of evaporation to storage in zon@f reservoirR at
time t; Sy=initial storage of reservoiR; eg p=ratio of evapora-
tion to initial storage of reservoiR; T=total number of time
periods; andAVg; (=upper bound oXg; ;.

Demand Nodes for Public Water Supply
The constraint at a demand noddor public water supply with a
hedging rule is

(14)

where Xp ; ;=decision variable associated with an arc that con-
veys public water supply to zonieof demand node® at time
periodt, andADp ; ;=upper bound oip; ;.

0<Xp,i,t<ADp,

Demand Nodes for Agricultural Water Use
The constraint at a demand nodor agricultural water use with
a hedging rule is

O0<Xg,it<=ADEg (15)

where X ; (=decision variable associated with an arc that con-
veys agricultural water use to zomef demand nodé- at time
periodt, andADg; (=upper bound oXg; ;.

Nodes for Water Diversion
The constraints associated with a diversion nBdare

> Xiii— 2 Xoii— 2 Xpir=0

0<Xp,it=Up,

(16)

17

We now summarize the above-described formulation proce-
dure for the proposed long-term, supply-demand analysisfor
years using a 10-day time period:

n 36Xy

minimize >, > (

> Ci,txi,tfz Ci Xt
y=1 t=36x(y—1)+1

ieAr ieAp

(20)

+ > ci,txi,t]

ieAp

Subject to

2, (1-€ - )Xir-1— 2 Xitt
hi=] hi=j

E, Xi,t_fZ:j Xi,tzo

gi=]

j e Ng (21)
> X=X Xig=—2 INj; jeNs (22)
gi=] fi=] Si=]
gE:j xi,t—;:j X =0 jeNg (23)
0$Xi,t<AVi,t hi=j] jeNgr (24)
0=Xi<ADj: g=] jeNp (25)
0=Xj+<ADj: 9i=] JjeNg (26)
0$Xi,t$Ui,t fi:j jEND (27)

te (36X (y—1)+1)~(36Xy)

where n=number of years under planning=yearly index;
t=time-step indexg; ;_,=ratio of evaporation to reservoir stor-
age ard at timet—1; X; =decision variable associated with arc
i at time t; C;;=unit cost coefficient associated witK; .;
IN; (=flow rate entering source node=| from external source
at timet; AV; ;=upper bound of reservoir storage arat timet;

whereX; ; ;=decision variable associated with an arc that denotes AD; ;=upper bound of public-water-supply or agricultural-water-

flow rate entering nod® at timet; Xq ; =decision variable as-
sociated with an arc which denotes flow rate leaving nDdat
time t; Xp ; (=decision variable associated with an arc that de-
notes flow rate diverted from diversion nodke at time t; and

Up ; t=capacity limitation of diverted flow rate associated with

Xp,it-

Source Nodes
The constraint associated with a source n8ds

> X~ 2 Xoir=—2 INgiy

(18)

whereX ; ;=decision variable associated with an arc that denotes

flow rate entering the source nodeat timet; Xq ; (=decision

variable associated with an arc that denotes flow rate leaving

source nodeS at time t; and INs; =flow rate from external
sourcei entering source nod® at timet.

Junction Nodes
The constraint associated with a junction node is

> Xiii— 2 Xo,i4=0

(19)

whereX, ; ;=decision variable associated with an arc that denotes

flow rate entering the junction node at timendXg, ; ;=decision

variable associated with an arc that denotes flow rate leaving theThe developed model has been applied to a portion of the greater

junction node at time.

use arci with head nodeh;=j; U; =capacity limitation of di-
verted flow rate in ar¢ at timet; f;=tail node of ard; g;=head
node of ard; h,=reservoir node of storage aircs; =source node
which receives sourc& Ag=set of all reservoir storage arcs;
Ap=set of all public-water-supply arcsAr=set of all
agricultural-water-use arcsNg=set of all reservoir nodes;
Ns=set of all source nodesNg=set of all junction nodes;
Np=set of all demand nodes for public water supply;=set of
all demand nodes for agricultural water use; ahs=set of all
diversion nodes.

Note that Eq.(21) takes the following form for time-steps 1
andT=36Xy:

jeNg
(289)

—hzj Xi,1+g2:j Xi1— Zj Xi1=(1-€0S0

hzj (1—ei,T—1)Xi,T—1—rZ4]_ Xi,T*‘gZ:j xi,T_fZ:j Xi,7=Sj0

(28)

wheres; ;=initial storage of reservoij, ande; o=ratio of evapo-
ration to initial storage of reservojr

jeNg

Model Application

Tanshui River basin, located in the northern part of Tai\iig.
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Fig. 5. Greater Tanshui River Basin

River and Hsintien River basins.

Tahan River Basin

5). The greater basin consists of three major river basins: the Tanshui River. The length of the Tahan River is 126 km with a
Tahan River, Hsintien River, and Keelung River basins. Although drainage area of 1,163 KniThere are four major tributaries in the
the Tahan River and Hsintien River basins are hydrologically con- Tanhan River basin: Yufong creek, Shankwan creek, Shanshia
nected, the Keelung River basin is independent and hence notcreek, and Heng creek. The Shihmen reservoir, the most impor-
considered in the joint operation. Therefore, in the rest of this tant hydraulic structure in the Tahan River basin, is located down-
paper the term Tanshui River basin applies only to the Tahan stream of Yufong and Shankwan creeks and upstream of Shanshia
and Heng creeks. The Shihmen reservoir, completed in 1964, has

an effective storage capacity of 2820° m®. Approximately 20
X 10° m® of the storage is reserved for flood control during the

typhoon seasorfHsu et al. 1995 The Shihmen reservoir was

The Tahan River originates from Mt. Pinten and joins the Hsin- built primarily for irrigation and water supply along the Tahan
tien River at Chiang chutsui, which is the starting point of the River. The reservoir is currently managed by the Water Resources
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Department of the Ministry of Economic Affairs and has been Table 4. Cost Coefficients Associated with Types of Arc Groups

operating a_lccording to.the M-5 rule-curyes, as depicted in Fig. 1. Type of arc group Cost coefficient
The capacity of the spillway and the spill-tunnel are 10,000 cm/s
and 2,400 cm/s, respectively. The capacity of the outlet is 34 Reservoir storage zone 1 —10
cm/s. The M-5 rule-curves separate the reservoir capacity into Reservoir storage zone 2 -20
four zones by the upper limit, the lower limit, and the extreme Reservoir storage zone 3 —38
lower limit. The annual operational policy and its associated Reservoir storage zone 4 —44
hedging rules can be found in WRRT994). Public water supply 1 —42

The Yuanshan weir, another major facility in the Tahan River Public water supply 2 —48
basin, was built primarily for diversion of water to the Panhsin Irrigation diversion 1 —40
filtration plant. The capacity of the diversion is 11.57 cm/s. Irrigation diversion 2 —46
Hsintien River Basin exceptions at the end of some calendar months. Traditionally, a

o ) . ) . month is divided into three time periods. The first two time peri-
The Hsintien River originates from Mt. Chilan and joins the 4s always contain 10 days, whereas the last time period varies
Tahan River at Chiang chutsui. The length of the Hsintien River is fom a minimum of eight days to a maximum of 11 days, depend-
82 km, with a drainage area of 916 knThere are three major ing upon the particular calendar month under consideratitsu
tributaries in the Hsintien River: Peishih creek, Nanshih creek, 1995. In this paper, we will refer to the time period as the 10-day
and Gingmei creek. The Feitsui reservoir, the most important hy- period, recognizing the fact that it may not be exactly 10 days.

draulic structure in the Hsintien River basin, is located on the Let T be the total number of time periods; then the total number
Peishih creek. The Feitsui reservoir, completed in 1985, has anys constraints is (48T). ’

effective capacity of 32% 10° m® and was built primarily to pro-
vide domestic water supply to the Taipei Metropolitan area. The
Feitsui reservoir is currently under the jurisdiction of the Taipei /nput Data of Study Area

City government and has been operating according to its designedrne input data required to conduct the long-term supply-demand
rule-curves. The capacity of the spillway, the spill-tunnel, and the analysis for the study area are listed below.

spill sluiceway are 5,850 cm/s, 1,500 cm/s, and 2,520 cm/s, re-

spectively. The rule-curves separate the reservoir capacity into|nfiows

four zones by the upper limit, the lower limit, and the extreme Twenty-three years of historical streamflo\i&971-1993 have

lower limit. The annual operational policy and its associated peen collected at the Shihmen and Feitsui reservoirs and four

hedging rules can be found in WRRC994. _stations located at Nanshih creek, Yufong creek, Shanshia creek,
The Chihtan weir and the Chintan weir are the other major ang Heng creek. The seven inflows to the six source nodes are

facilities in the Hsintien River basin and are used for water diver- {hen estimated by using the relationships suggested by the Water
sion. The Chihtan weir is located downstream of the confluence Resources Planning Commission of Taiw@iRPC 1994.

of the Peishih and the Nanshih creeks. It is used to divert water to
the Chihtan filtration plant. The diversion capacity is 31.25 cm/s. pemands
The Chintan weir is used to divert water to the Konkwan filtration Tiy9 demand nodes are used to represent the two public water

plant. The diversion capacity is 12.56 cm/s. supply users in the study area. The annual demands of the two
users are estimated as 222B0*m’/day and 128.6
Water Use x 10* m*/day, respectively, under the current conditions. The an-

nual demands are also estimated as 2408 m®day and
Public water supply and agricultural water use are the two major 194.5< 10* m®/day, respectively, by 201WWRPC 1994.
types of water use in the study area. The public water supply  Four demand nodes are used to represent the four agricultural
users include the districts of Taipei and Panhsin-Shihmen. Al- water users in the study area. Due to the fact that a large portion
though Taipei users are supplied by the Feitsui reservoir, the of the agricultural land has been changed to industrial use, which
Panhsin-Shihmen users are supplied by the Shihmen reservoirhas the highest priority of water right, it is assumed that agricul-
The agricultural water users include Shihmen, Taoyuan, and thetural water use will not increase in the future. The total annual
upper and lower Tahan River basins. All agricultural water users demands of the four users are estimated as 320 m®/day

are supplied by the Shihmen reservoir. under the current condition®VRPC 1994.
Currently, the Hsintien system supports<x150* m®/day to the

public water supply user of Panhsin. This support will be discon- Other Input Information

tinued by 2008 and substituted by the supply from two major Other required input information that can be found in WRPC

hydraulic facilities—namely, the Shanshia weir and the Chihtan (1994 includes the area-volume-elevation curves, the annual op-
transmountain diversion tunnel. The Shanshia weir will be com- eration policies and monthly evaporation rates of reservoirs, the
pleted by 2001 with a design capacity oP600* m*/day, and the  10-day distribution of agricultural water use, and the 10-day dis-
Chihtan transmountain diversion tunnel will be completed by tribution of public water supply use. The cost coefficients associ-
2008 with a design capacity of 1600 m*/day. ated with the decision variables are categorized into eight types

and are listed in Table 4.

Optimization Model for Study Area

The network framework of the study area can be constructed Numerical Results

based upon the above-mentioned information using 40 nodes andrhree case studies are conducted to demonstrate model applica-
68 arcs. The time period used in the model is 10 days, with a few tion.
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Case Study 1 Table 5. Sources and Filtration Plant Capacities for Public Water
The purpose of this case study is to indicate that, for planning Supply under Current Conditions and in Years 2001 and 2011
purposes, the developed model, as expected, out-performs thé10* cm/day)

RIBSIM model for not only minimizing the shortage but also Name of plant Current Year
following the operation and hedging rules. The RIBSIM model and source conditions 2011

was jointly developed by Delft Hydraulidd 991 of the Nether-
lands and the Water Resources Planning CommissMRPQO of
Taiwan and has been well calibrated for the study area. Although
the RIBSIM model does not strictly follow the rule-curves, there Hsintien  Chihtan  Chihtan 1650 ~ 270.0 ~ 270.0  270.0

Filtration Plant  Source Plant  Source
Watershed Plant Source Capacity Capacity Capacity Capacity

are two reasons for selecting the RIBSIM model for comparison River W_eif
purposes(1) the RIBSIM model was originally developed for the Konkwan Chintan 1085 1685 1085 1685
study area and is well known in Taiwa(2) the RIBSIM model weir

gives reasonably good resultd/RB 1999. The hydrologic data ahan Longtan Shihmen 5.0 50 50 50
of 1993, a drought year, and the predicted demand of 2001, WhiChRiver res

is 1967.1x 10° m®, are used. To ensure that the comparison is Pinchen Shih.men 30.0 30.0 600 68.0
made on the same basis, a single-time-period optimization is g res. ’ ' ' '

used. In the single-time-period optimization, we formulate the Tanan  Shihmen  30.0 250 50.0 250
network model for each 10-day period and solve it independently. ' ' ' '

) L . res.
The computed ending storage volumes of the Feitsui and Shihmen

L . . L Yuanshan 25.0 25.0
reservoirs in each time period serve as the initial storage volumes weir

of the following time period. In other words, we are using opti-
mization to solve the simulation problem in a manner that is
consistent with the RIBSIM model. The total shortages computed
by both models are 203.8710° m® and 139.0% 10° m®, respec-

Shihmen Shihmen 12.0 12.0 12.0 12.0
res.
Panhsin  Yuanshan 60.0 160.0 120.0 160.0

tively. As can be expected, the developed model gives less water Werr
Shanshia — 50.0
shortage. .
welr
Kanyuan Chihtan — — 100.0 100.0
Case Study 2 diversion

The purpose of this case study is to show that assigning the cost
coefficients is crucial when applying the developed model to
handle the rule-curves and the hedging rules. The results obtained
from the developed model using both single-time-period and x10°m® and 0, respectively. As can be expected, the multiple-
multiple-time-period optimization are also compared. The hydro- time-period approach is more cost-effective and less conservative,
logic data of 1978, a drought year, and the predicted demand ofdue to the carry-over effect.
2001 are used. The rule-curves of the Feitsui and Shihmen reser-
voirs along with their hedging rules are considered. In the case of Case Study 3
multiple-time-period optimization, the initial storage volumes of The purpose of this case study is to show the efficiency of the
the first time period and the ending storage volumes of the 36th developed model when it is applied to the Tanshui River basin—a
period in the two reservoirs are identical to the ending storage real and large-scale system. The hydrologic data from 1971 to
volumes of 1977. 1993 and the predicted demand with a moderate growth are used.
To consider the carry-over effect of storage, it was observed by The rule curves of the Feitsui and Shihmen reservoirs along with
Yeh and Yang(1997) that the unit cost coefficients associated their hedging rules are considered. The initial storage volumes of
with the storage arcs need to be modified. Supposing that a unit ofthe first time period in the two reservoirs are identical to the
flow is assigned to the arc at an early time period, a unit benefit ending storage volumes of 1970 and the ending storage volumes
(negative of cogt say —a,, will be introduced recursively at  of the (36X 23)th period are set to be identical to the initial stor-
each time period before this unit of water is released from the age volumes of the first time period. To account for the effect of
reservoir. Therefore, the actual unit benefit for flow in a storage the carry-over of storage, cost coefficients are modif¥zh and
arc is larger than the original one. If a unit of flow in a supply arc Yang 1997. The number of decision variables and constraints are
is favorably compared to that in a storage arc, the unit benefit for 56,304 and 33,120, respectively. Each run of the optimization
the supply arc should be larger than that for the total benefit, model takes about 11 s of CPU time on an HP9000/710 worksta-
including future benefit that the storage can bring to the system.tion.
At the beginning of the analysis the actual unit benefit for the ~ Two alternatives that the governmental agency proposed
flow in the first storage arc should be 36 times its original unit (WRB 1999 are evaluated in this case study: current as well as
benefit for an analysis with 36 time periods. Therefore, to pre- projected conditions and planned construction of facilities for

serve the order of flow, fulfillmen®, should be less than 3§. 2011. The major facilities under current conditions consist of
Adopting the same concept, the unit cost coefficients should haveFeitsui reservoir, Shihmen reservoir, Chihtan weir, Chihtan weir,
values such that and Yuanshan weir. Shanshia weir and Chihtan diversion are

planned to activate by 2001 and 2008, respectively. Table 5 shows

B2<36as <P 1 <360 3<360,<360tq (29) the sources and capacities of the filtration plants for public water

In Eq.(29), 36x;, 36a,, 363, and 36, are used to account for  supply under current conditions and target year 2011.

the accumulative effects of the carry-over of storage during the ~ While Hsu (1995 proposed a generalized shortage index

thirty-six 10-day periods in one year. (GSI), the shortage indexSl) that was introduced by the U.S.
The total shortages computed by both approaches are 41.74Army Hydrologic Engineering CentédHEC 1966, 1975is modi-
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Table 6. Results of Supply-Demand Analysis for Case Study 3

Watershed Hsintien Tahan River Entire
River region
Taipei- | Panhsin- |Shihmen|Taoyuan| Upper | Lower
public | Shihmen |irrigation|irrigation| Tahan | Tahan
User -
water public River | River
supply water irrigation[irrigation
supply
Total demand | Current | 18687.27 | 10797.53 40601.95
10° m® 2938.47|6909.10 | 285.38 | 946.58
(0% ) Year 2011|20186.57 | 16328.82 47595.64
Total shortage | Current 0 139.69 | 65.81 | 151.72 | 7.27 8.37 369.86
6 3
A7) \year2011| 0 0 984 | 1690 | 027 | 146 | 29.10
Shortage rate | Current 0 1.27 2.24 2.20 2.55 0.89 0.91
0,
) Year2011| 0 0 034 | 025 | 027 | 016 | 001
Current 0 0.357 0.598 | 0.712 | 0919 | 0.150 0.160
MSI index
Year 2011 0 0 0.067 | 0.054 | 0.055 | 0.022 0.004
Annual water
X Current 365.4 349.6 724.9
supply potential
for MSI=1.0
(104 emd) Year 2011 443.2 472.1 9153

fied and used to indicate the degree of water shortage. The shortdemand at all demand nodes under the condition that=NMS).
In reality, a trial-and-error approach needs to be carried out to
obtain the annual yield, although we use the following algorithm
to accelerate the search.

Step 1: Determine the upper bound of the yield by assuming

age index can be defined by the following:

AS
AD,

100 2

n <1

(30)

where Skshortage index; AS-annual shortage irtth year;
AD;=annual demand itth year; andh=number of years under
planning.

This index has been used in the United States as an estimate o

that

there is a reservoir with an unlimited capacity in the system

and all the streamflow occurred during the simulation periods can
be consumed.

f Step 2: Determine the lower bound of the yield by assuming

water shortage in connection with reservoir construction, and it that there is no storage facility in the system and that there is no

also implies that the socioeconomic impact of deficit is propor-
tional to the square of the deficit ratio. Moreover, because the SI

carry-over between the simulation periods.
Step 3: Determine the yield for a given system with known

index is the average of the annual deficit rate squared, the deficif@cilities by the following procedures:

frequency and intensity are incorporated in the intlésu 1995.

To characterize the extremely uneven distribution of the hy-

drologic conditions in Taiwan, a modified shortage ind&tsI) is

used and can be defined as the following:
TS,

D

100

MSIl= —-
n’ ;1

(31)

where MSEmodified shortage index; TSshortage intth pe-
riod; TD,=demand intth period; andn’=number of 10-day pe-
riods.

In this paper, a water deficit corresponding to M3l0 is

considered to be tolerable and is used to determine the annua

—Noo

yield of the system, which is defined as the summation of the

Set the assigned demand equal to the average of the upper

and lower bounds;

Compute the demand at all demand nodes;

Run the optimization model;

Compute the MSI indeM ;

a. If M is greater than 1.0, set the upper bound equal to the
assigned demand, then go to 5,

b. If M, is less than 1.0, set the lower bound equal to the
assigned demand, then go to 5;

Repeat 1;

Repeat 2 and 3;

Compute the MSI indeM ,

a. If M, is approximately equal to 1.0, then go to 8,

b. Otherwise, carry out the linear interpolation usMg and
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M, and their associated demands to obtain the new as-tential; (4) the developed model has been applied to a real and
signed demand such that MS1.0. Then assigiM, to large-scale problem for supply-demand analysis.
M, and go to 6; and Several suggestions can be made for future st(yuse the
8. If converged, the assigned demand is the yield of the system.proposed network formulation to determine the optimal operation
The upper and lower bounds can easily be determined. Forrules and the optimal design capacity of a reserv@y;modify
example, assume that the streamflows of the five periods are 3, 5the proposed network formulation to incorporate hydropower and
12, 2, and 8 units. For a reservoir with an unlimited capacity, the typhoon release{3) analyze the water supply potential of the
demand without any shortage is 6 units. The upper bound cangreater Tanshui River basin, considering the construction of the
then be computed as 6.67 units., 100/55X (6—6.67/6.67] proposed Pinglin reservoir located upstream of the Feitsui reser-
=1.0. If there is no storage, the lower bound can be computed asvoir.
2.58 units (i.e., 100/50+0+0+(2—2.58/2.58f+0]=1.0.. A
spreadsheet is needed to compute the upper and lower bounds for
a real problem, such as the given case study. Using the aboveReferences
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