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ABSTRACT

The present stqdy concerns the optimal operation of an existing multi-
purpose multireservoir system using forecasts. An optimization-simulation
model was constructed for a system of four flood control reservoirs in the
Green River Basin, Kentucky, having recreation and low-flow augmentation as
secondary objectives. The resulting model, called GRBOPMZ, is designed for
use in real-time as well as in long-run operations studies.

GRBGPMZ consists of descriptive and prescriptive components. Its descrip-
tive component consists of a segmented model comprising nine mutti-input
Tinear (MIL) models of the river system downstream of the four reservoirs.

The prescriptive component is largely in the form of an operating policy algorithm
that involves repeated solution of a mathematical program. The optimization
technique employed to solve the mathematical program s Linear Programming.

tach of the nine MIL model components of the segmented model represents
a routing model for a reach between control stations. These models accept reach
inflow, gaged tributary inflow(s), and rainfall over the ungaged side inflow
area as inputs. Their outputs are the reach outflows. Three approaches to MIL-~
model construction were investigated. The results showed that a constrained
Tinear systems estimation method gave better results than the ordinary least-
squares method. The addition of an errcr model further improved the forecasting
performance of the models,

The deve]opment‘of the operating policy component involved an investigation
0f goals and priorities for reservoir operation. To that end the state variables
of the system associated with the reservoirs and with the control stations were
divided into time-varying target or ideal values or ranges. Deviations from the

ideal state vector were then divided into various zones and different penalties
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were associated with different zones. By aggregating these penalties over an
operating horizon, most of the goa1s and priorities for reservoir operation
were commensurated into a overall system's measure of effectiveness.

The use of GRBOPMZ model in long-run reservoir operations studies has been
demonstrated; system's responses under various operating and hydrologic conditioné
were obtained. In particular, trade-off curves between various system's objec-
tives were generated both for the winter and summer seasons by using histerical
hydrologic as well as synthetic model input data.

The use of GRBOPMZ in real-time operations has been discussed also. It
invo]vés the use df forecast data during an operating horizon and the perform-
ing of sensitivity analyses of operating decisions with respect to changes in
those forecasts. The results obtained from the model are represerited in an
integrated set of graphs and tables that appropriately shows the recommended
optimal release decisions and the resulting state of the system at the reser-
voirs and control stations throughout the operating horizon.

The GRBOPM2 model, besides being computationally efficient, is flexible to
allow the examination of the operation of a complex reservoir-river system for
é variety of operational policies. Specific to the approach in designing the
GRBOPM2 algorithm is that penalty weights and target levels and zones are among
the input variables for each time step. This orovides for the flexibility

needed in real-time operations.
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In INTRCDUCTION

1.1 ORIGIN AND SCOPE GF THE STUDY

Initial efforts fo support and improve the planning and operation of reser-
voir systems by use of digital computation and the systems-analytic approaches
it supports, commenced some two decades ago. Early in this evolution the
attention of academic researchers shifted to methodology development. The appli-
cation of systems analysis tocls tended to be restricted to hypothetical problems.
Even where real hydrologic data were used, the examined systems and their oper-
ation tended to be far removed froﬁ actual operations problems.

By contrast the work done- in this area by staff of federal agencies tended
towards generalizing proven planning and analysis methods. Outstanding and
widely known results were produced by the staff of the Hydrologic Engineering
Center, Corps of Engineers, for exampie. Until relatively recently efforts
by practitioners involved few if any of the optimization tools promoted by
analytical researchers. Notable exceptions are the efforts undertaken by
Tennessee Valley Authority and Central Valley Project staffs.

A number of researchers have recognized for some time that reserveir systems
are too complex to adequately model their operation within the framework of
typical optimization models. They concluded that it would be necessary to
account for numerous system and systems operation characteristics by means of
a simutation model constructed on the basis of historical operations of the
system in question. Such a simulation model might then be combined profitably
with a formal optimiiation model in the effort to facilitate the reservoir
systems operations task and to improve the analysis of such operations as well
as related planning-type studies.

The work reported herein deals, in a case-study context, with the problem

of grafting a reservoir operation's optimization model onto a reservoir
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simulation model. Its origins are fouﬁd in a five-reservoir systems operations
study undertaken for the Upper-Wabash Basin in Indiana. Its emphasis was on
incorporating existing operation rules into a simulation model and on maintain-
ing a linear simulation model structure in order to facilitate the use of 1inear€
programming in the attempt to obtain a workablie prescriptive operations model.
The case study system that was involved in the present study is a group of
four flood control reservoirs in the Green River Basin, Kentucky. This system
is regulated by the Reservoir Control Section at the Louisvilie District Office
of the Corps of Engineers. Starting in 1974 with data digitization efforts,
a model building effort has been maintained since then. Much of that work,
reported in some 15 reports, does underlie and is incorporated in the present
study, the resuylt of which is a "second iteration Green River Basin ({Reservoir)
Operations Model® or GRBOPM2, for short. This model family is now ready for
testing by the aboved-named agency staff. The structure and the visualized

potential of GRBOPMZ are detailed herein,

1.2 QRGANIZATION OF AND GUIDELINES FOR THE STUDY

The GRBOPMZ model may be thought of as being divided into an optimization
algorithm that imposes all necessary field operations constraints and a des-
criptive model of the simulation type, having a time step of one day, and ca?!edé
GRBSYS. GRBSYS is composed of sub-models, each of which is linear. |

GRBSYS is used to generate the short-run consequences of recent and fore-
casted precipitation and past and proposed future releases from the four reser-
voirs. The releases constitute the four decision variahles of the optimization
component of the overall model, called GRBOPMZ.

From the outset the principle was adopted that the weights selected to
commensurate and hence to aggregate all operations effects should be part of a

daily systems specification vector. Reservoir operators in their rofe as
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decision makers when it comes to real-time operations should be able to readily

alter these weights if the model is to be an effective aid in such operations.
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IT. DESCRIPTION OF THE GREEN RIVER BASIN

SYSTEM AND ITS DATA BASE

The general information needed for the operations study of GRB system is
rather varied and it covers data on hydrology as well as man-made structures.
Description of the basin, and the characteristics and availability of the data

are discussed herein.

2.1 DESCRIPTION OF BASIN

The Green River Basin, covering 9,230 miz and roughly rectangular in shape,
Ties Targely in West-Central Kentucky {see Figure 2.1). 1t is a subbasin of
the Ohio River. The terrain is gently rolling with 300 ft. high hills and
150 -ft. deep river va]1eys. The region is subject to frequent temperature
changes and occasional intense precipitation caused by storms originating in
the Gulf of Mexico. Late winter and early spring are the periods of high run-
off. Although localized summer storms can be intense, they do not lead to

basin wide flooding. The average annual precipitation is 47 inches.

2.2 STREAMS AND RESERVOIRS

Data related to streams and reservoirs in the Green River Basin are shown
in Table 2.1. There are six main tributaries of the Green River; among these
the Barren River is the principal tributary. [t is about 139 miles fong and
has a 2262 square mile drainage area.

There are four reservoirs in the Green River Basin; namely, Green, Nolin,
Barren, and Rough Resarvoirs. The locations of these reservoirs are shown also
in Figure 2.1. The four reservoirs have considerable storage space, ranging from
13 to 20 inches of runoff.

A schematic representation or systems graph of the reservoir-river system

is shown in Figure 2.2, It portrays the relative locations of the reservoirs
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and of the gaging stations. It also shows the approximate sizes of their

contributing drainage areas.

2.3 OPERATION OF THE GRB RESERVOIR SYSTEM

The model developed for this study is intended as an aid in the operation
of the four GRB reservoirs. Past operations of these reservoirs have been
described in detail elsewhere (Toebes, Rukvichai, Lin, 1976; and Toebes and
Rukvichai, 1978). The Corps of Engineers, U. S. Army is the agency responsible

- for the operation of the reservoirs in the basin,

The primary objective in the operation of each of the GRB reservoirs is
flood control in the Green River Basin and in the downstream area of the Ohio
River. The secondary objectives include recreation, low flow augmentation,

and water quality.

2.4 RESERVOIR CHARACTERISTICS

In order to build an optimization-simulation model for the Sreen River
Basin reservoirs, the storage-elevation-surface area relationships were‘needed.
These functions expreséed in polynomial eguations were already developed by
Rukvichai (1977) for each of the GRB reservoirs:

M

L

m=0

o
1]

m
a,E (2.1)

M
A= ] bE - (2.2)
m=0

where S = reservoir storage in ac-ft; A = reservoir surface area in acres;
E = reservoir elevation in ft above mean sea level; a. = polynomial coefficient

th order for sur-

of mth order for storage; bm = polynomial coefficient of m
face area; M = maximum order of the eguations.
Equations 2.1 and 2.2 were fitted to the data of each reservoir by the

least squares criterion in order to estimate the polynomial coefficients 2,
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and bm. The estimated parameters along with the regression criterion, Rz, are
given in Table 2.2. Figure 2.3 shows the data for the storage-elevation-surface
area relationships plots against the fitted polynomial curves. The piots con-
firm the accuracy of the fitting as_shewn by the regression coefficients of

89.99% in Table 2.2.

2.5 GAGING STATION, STREAMFLOW, AND PRECIPITATION DATA

In order to build the flow simulation component of the GRBOPMZ model, the
GRB reservoir-river system was decomposed into components that are largely
determined by the location of gaging stations. Some of these gaging stations
are being used as the system's main or local control stations; they are given
substantial weight in operating the four reservoirs.

In the Green River Basin, there are 27 gaging stations. Most of them are
being operated by the United States Geological Survey. Some are operated by
the Corps of Engineers. The locations of these gaging stations in the Green
River Basin together with the period of data availability and principal statis-
tics, are shown in Table 2.3.

The quality of these daily discharge data ranges,as rated by the USGS, from
excellent to fair {95 percent of daily discharges are within 5 to 15 percent).
The accuracy of these data depends primarily on the stability of the stage~
discharge relationships at gaging stations and the accuracy of observations of
the stages. reasonably frequent measurements of discharge, and interpretation
of records. Often substantial loss of accuracy is caused by backwater effects.
The use of a hase gage and auxiliary gages does not fully compensate for flow
field dynamics. At most gaging stations, the stage-discharge relationship is
also affected by ice flow during the winter.

There are 43 stations Tocated in the Green River Bas%ﬁ at which daily

climatological data, including precipitation data, are recorded. Table 2.4
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Table 2.2 Fitted Polynomial Equation Coefficients for Storage-Elevation-
Surface Area Relationships for Green River Basin Reservoirs

Reservoir torage-Elevation Curves jSurface Area-~Elevation Curves
RZ Order a Rz {rder b
Jul m m M m o
Rough 99,99 0 _2,96002&4xio§ 99,59 o «2.2472623xio§
River 3 1 2.0403855x107 3 1 1.739403%ix1 0
Reservoir 2 —an70?7855x10_1 2 |-2.9010603x10_,
3 | 3.6337791x10 3 | 2.0283986x10°
Nolin 99.99 0 1.1336309x107 99.99 | © 3.3093375x10§
River 5 1 -1.2@86259x10§ I 1 |-2.5466376x10
Beservoir 2 5.1156#65x10ml 2 7. 374575410 s
3 [-9.2321h51x107; 3 1-9.5615399x%10"
Lo 6.192930x10” Lo L.7091808x10"7
Barren | 99.99| o 3.1&85398x102 99.99 | © i.3213236xiOZ
River 4 1 ~2.2??6856x103 4 1 1~9.6959031x10
Reservolr 2 | 4.2987489x10 2 296651810x1021
3 |-7.6931803 3 3 |-3.2576203x10
4 3.6155171x10 b 1.4972358%x10°
Green | 99.99] o 6.4768566x102 99.99 | 0 |-6.7981049x107
River I L |-4.0663233x107 |7k 1 1 3.9095999x107
Reservolir 2 | 9.5991184x10 2 |-8.4081127x10°
3 |-1.0106039x10 3 8.0097941x10“i
L} 4.0069600x10”°> b j-2.840495%10”
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Table 2.4 List of Climatological Stations and Daily
Precipitation Data Availability
Precip NWS Mame of Station Operated Location Period of Precip
Segment HO. by Data availability
Number Lat. Long.
32 422 1 Barren River Res. NG 36-54 | B86-08 1964 - 1972
33 490 | Beaver Dam MAS 37-2% | §6-52 1964 - 1972
34 854 | Bonnieville NS 3723 ¢ 8554 1964 - 1966
35 909 | Bowling Green WS 36-58 ¢ 86-26 1964 - 1872
Lirport
36 1047 | Brownsville NS 37-12 | 86-16 1964 - 1972
37 1227 1 Calhoun Lock 2 NelS 37-32 | 87-16 1964 - 1972
38 1286 | Campbelisvile NWlS 37-20 | 85-21 1964 ~ 1972
29 1294 | Caneyvilie NWS ‘3725 | 86-30 1964 - 1972
40 1406 | Cecilia NWS 37-40 | 85-57 1964 - 1972
41 2358 | Dundee NS 37-33 | 86-43 1564 - 1977
42 2366 [ Dunmor WS 37-05 | 87-00 1964 - 1972
43 2488 1 Edmonton NS 37-00 | 85-37 1964 - 1972
44 3026 | Frankiin 1 E NS 36-43 | 86-34 1564 - 187¢
45 3246 | Glasgow WKAY MWS 37-00 i 85-55 1964 - 1972
48 3282 | Giendale 1 E NS 37-36 | 85-54 1964 - 1972
47 3430 | Greenshurg WS 37-15 | 85-3C 1964 - 1972
48 3451 1 Greenville 2 W NS 37-312 | 8.2 1964 - 1972
49 3662 | Hartford 6 NW NWS 37-32 | 86-54 1964 - 1972
50 3629 | Hodgenville-Lincain WS 37-32 + 85-44 19487 - 1972
National Park
Bl 4165 1 Irvington HWS 37-53 | B6-17 1664 - 1972
52 4703 1 Lietchfield 2 N O 37-31 | 8616 1864 - 1972
£3 4755 | Liberty TS 37-21 § B4&-55 1564 ~ 1972
B4 E067 | Madisonville 1 SE Ml S 37-19 | &7-2% 1964 - 1872
55 5097 | Mammoth Cave Park NWS 37-11 | 86-05 1964 - 1972
56 5428 | Millerstown HWS 37-27 | 86-03 1964 - 1972
oy 5684 | Munfordville MW S 37-16 | B5-53 1964 - 1972
58 5834 | Nelin River Res. NS 37-17 | B6-15 1965 ~ 1972
59 6155 | Paradise Steam NS 37-16 | B6-59 . 1964 - 1972
Plant
&0 6882 | Rochester Lock 3 i 37-13 § 86-54 1964 - 1972
61 6988 | Rough River Dam WS 37-37 | 86-30 1965 ~ 1972
82 7049 | Russelville NWS 36-52 | B6-53 1964 - 1972
63 7215 | Seotisville 3 SSW NWlS 36-44 ] 86-13 1964 ~ 1972
&4 7734 | Sebree MKS 37-36 | 87-32 1964 - 1965
&5 7800 | Summer Shade M S 36-53 | 8543 1964 - 1972
66 8824 | Woodbury Lock 4 NS i7-11 | 66-38 1964 - 1372
57 Green River {Dam) COE 1966 - 1972
BE Herrimag 953 1968 - 1072
69 Russel Spring COE 1967 - 1977
0 Argyie CGE 1968 - 1972
71 guffals COf 1964 - 1972
72 Lafayette 3 1963 - 1973
73 Barren Dam CoE 1673 - 1972
74 Nolin Dam COE 1973 - 3973

Remark - The data were obtained from the source indicated in the “Uperated by®
eolum.
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lists these stations, their ]ocatioﬁ, and the availability of daily data.
Thirty-five of these stations are being operated by the National Weather Ser-
vice and data could be obtained in digitized form from NWS. The remaining
Corps of Engineers station records were in written form and were digitized for
the GRB model studies.

Daily rainfall and runoff data were stored in a data base in the form of
permanent files (disc) and magnetic tapes. The data base is designed such
that the data can be retrieved and used in an efficient and systematic manner.
More details concerning the construction and the uses of the GRB Data Base
can be found elsewhere (Toebes, Rukvichai, and Lin, 1976 Steven, Rao, Toebes,
and Chassiakos, 1978).

The optimization-simulation model developed for the GRB system incorpor-
ates an operating policy component. In order to develop that component ai]
past operations data for the GRB system were analyzed. These data consist of
reservoir elevations and releases which were obtained from so called Dam Tender
Reports. Like the rainfall and runoff data, these data were also stored in the

GRB Data Base.

2.6  STAGE-DISCHARGE RELATIONSHIPS

The regulation schedules for GRB reservoirs given in Appendix A show that
each reservoir has one or two local control stations. They are gaging stations
at Glen Dean and Horse Branch (used in operating Rough Reservoir), Alvatan
(for Barren Reservoir), Munfordville (for Nolin Reservoir), and Gresham (for
Green Reservoir). The stages at these gaging stations dictate the maximum
allowable releases from each reservoir during critical flood periods. Since
the model uses flow data, it is necessary to convert stage data into flow data.
This requires a set of equations representing the stage-discharge rating curves

of the gaging stations at Gresham, Alvaton, and Munfordville. Glen Dean and
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Horse Branch data were already in the formof flow data.

The three rating

equations of which the parameters were estimated by the least squares method,

are shown in Table 2.5.

Table 2.5 Stage-Discharge Relationships for GRB Local

Control Stations

Local Control . .
Stations Stage-Discharge Equations Range
5 (1/0.5667)
Munfordville Q = (W}
[ s (1/0.4018)
¢= \o.som} S
Alvaton
¢ (1/0.3017)
Q= 73377 S » 27
S {1/0.3094)
Gresham G = (1 1388)
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[T, MULTI-INPUT LINEAR MODEL

A multi-input Tinear "MIL" model, is a correlative linear model. It enables
one to utilize directly and simultaneously all relevant data series for the
purpose of constructing a "black-box" systems model. The systems components
to which the modeling techniques were applied in this study are river reaches
and their corresponding watersheds. Thus the data series of interest are:
tributary inflows, precipitation data, and the river reach infiow. The model
can accept multiple tributary and rainfall inputs. In this chapter, the
theoretical aspects of MIL model as well as parameter estimation methods and

their application to the GRB system are discussed.

3.1 THEGRETICAL ASPECTS

Adopting an MIL model of a system amounts to assuming that the output is
Tinearly related to the inputs. Consider a hypothetical river reach shown 1in
Figure 3.1. The inputs to the reach during the time periods t are: reach
inflow I(t); tributary inflows T {t), v =1, 2, ..., s; and rainfall measured
&t n raingages Pé{t), i=1,2, ... n. The reach ocutflow is the streamflow
0{t). A more schematic representation is shown in Figure 3.2.

The system shown in Figure 3.2 is assumed to be linear, time invariant
and deterministic. The general form of such a multi-input linear model of

a river reach is:
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el

Channel Reach

G(t)
g

T (8) (T (frzm

FIGURE 3.2 Representation of a Reach
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where uI(j), uTr(é) and upi(j) are the impulse response functions corresponding
to the different inputs; s is the number of gaged tributary inflows; n is the
number of gaged rainfall inputs; and j is a time lag.

The MIL model of Equation (3.1} can be written more compactiy using the

foliowing vector notation:
g = Hu (3.2)

where q = [0(0), 0(1), ..., O(T-1)1% is a T-vector of outflow; y = [g],

£ . .
Uy ppr woms Hyges Uppcpgs »oes U 15 is an {Nk) vector of impulse responses

{N is the total number of inputs, i.e., N = T+s+n and k is the number of impulse

response ordinates); and H = [51, Hyppe oo Hyggs Hypapie oove Hyd ds a (T, Nk)
matrix of inputs in which r =1, 2, ... sand 1 =1, 2, ... n. The individual
. . R - : - t =
elements of u are defined as: Uy {uI(o), uI(]}, - uI(k 1375, Ug sy
- t = - (=
[u?r(o), uTr(I), - uTr(k 131" and Uppgei [upé(o), uP1(1), . upi(k 1)1,
The individual elements of the matrix H, say for @], are definad as:
N
[ I{o} 0
I(1) I{o)
Hy =
H{T-2} I(T-3) . . . .. I{T-k+1)
I(T-1) I(T-2) . . . ... I{T=k}
Similarly the matrices H1+r and H1+s+1 are formulated by using the symbols Tr

and Pi instead of I.

Equation (3.2} represents an approximation of the physical system. The

behavior of the system change because of factors unaccounted for in the
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mode? (e.g., the effects of vegetation, temperature, cloud cover, moisture con-
tént, etc.). Such "behavior changes” make the system "non-stationary" and
hence not representable by a fixed model. FMoreover, the discharge and rain-
fall measurements ét the gaging stations are affected by errors. Therefore,
instead of Equation {3.2), the following expression for the multi-input

linear model will represent the system better:

q =y o (3.3)

where ¢ = [=(0), (1), oo ¢{T-13F is a T-vector which includes both modeling

and data errors.

3.2 PARAMETER ESTIMATION

The compenents of vector u are rolated to the impulse response of the
system. These components ave also called "model parameters" or "narameters"
which must be estimated. [In this section we will discuss {a) the ordinary
least squares and (b) a constrainedlinear systems estimation of u. A general
discussion of parameter estimation techniques is found elsewhere (Bard, 1974;

Natale and Todini, 1974, 1976).

3.2.1 Ordinary Least Square Estimation [OLS)

The Tength of each impulse response vector, k, must be selected before
the parameters are estimated. Suppose for the moment that k is known and that
a1l the vectors are of the same length k. The vector u can he estimated by
the method of least squares in which the following quadratic form is minimized:

Min 9(c) = e L (3.4)

where R"I must be a symmetric, Positive definite matrix to ensure the existence

of a minimum. FEquation (3.4) can be written in terms of u as follows:

in [3 (1) = 5 (a - H® R™ (q - Hu)] (3.5)
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The necessary condition for the existance of an extreme is then obtained by
taking the partial derivatives of (3.5) with respect to u and equating those
to zero, giving:

t=] 1

e = R - BB g = 0 (3.6)
AU T T
The sufficient condition for a minimum %s that:
244U -
3°3(%) = Htﬁ ]U (3.7)
Bgz

is positive definite. The least-square estimate of parameters u can he obtained
from (3.6).

o= (RERTH T R q (3.8)

[f the varience V_ of the error ¢ is not known, one usually sets R = I (I =
identity matrix). Inserting this into Equation 3.8 gives the foliowing

ordinary least square estimate of

L3 oy
o

1
UgLg ~ (ﬁtﬁ) Btg (3.9)

where HH is the autocorrelation matrix of the input and H'q is the cross-

correlation vector of the input and the output (Eagieson et al., 1965).

3.2.2 Constrained Linear Systems Estimation (CLS)

The matrix {@tﬁ) in {3.9) is frequently ill-conditioned (Abadie, 1970).
In addition Todini and Wallis (1977) have found that when N > 1 the error
magnitudes due to the inversicn become comparable to the values of the parameters
that are to be estimated. Natale and Todini {1974) have shown that better
estimators of u are obtained by introducing equality and irnequality constraints.

The possible constraints that may be imposed in estimating u are as follows:
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i) The members in the u vector cannot be negative, t.e., u > 0. Con-
trary to this concept, Boneh and Golan (1979) have proposed that unit-impuise
response functions with negative ordinates are alsc capable of representing a
real-world system. In the following discussion, it is assumed that all members
of u should be greater than or equal to zero.

i1) In many hydrologic applications it is also desirable to impose a set

of linear constraints upon the response vector u as follows:
Gu = 1 (3.10)

These canstraints represent the condition of mass conservation. If the system

under consideration is regarded as stationary or “time-invariant," then:

k-1
)

up (3) = ey t=1,2, .05 (3.17)
j=0 i

with ¢; a constant runoff coefficient which takes into account the water losses
between the inputs associated with precipitation at i and the resulting output.
When veach inflow and tributary inflows are present, the conservation of

mass relations read:

k-1
L ougld) =1 (3.12)
370
Jowrt
E U 3 = =
320 Tr () 1 =1, 2, «..s 5 (3.13)

Under these constraints, the CLS estimates of the paramter u are given

by the following estimator (Todini and Wallis, 1977):

J—

Min J(u) = » uHEHU - ufHq (3.18)
gou e s A
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subject to: y > 0
Gy = 1
which can be solved by quadratic programming, provided that J{u) is convex,
The G-matrix in (3.14) s defined below. When there are no system inflows
(i.e., only precipitation inputs Pi(t) are present), G is a (1,nk)-matrix for

which the elements are:

T-3-1
E P-|(T)
9, G-k +3+1° ?? {3.15)
Loo(x)
=0
i=1, 2, s N jg=0,1, 2, » k=T
The Equation (3.15) represents the following constraint:
no k=1 T-3~1 T-1
T 0w () I P = T ooe) | (3.16)
i=1 3= i =0 =0

This constraint takes into account the water losses between the n precipitation
inputs, Pi’ and the output, 0, if Pi(T) =0 for -k <t < 0. Thus, the elements
of G are essentiaily the reciprocals of the runoff coefficients.

dhen, on the other hand, reach inflow and tributary flows are present,
G is an (s + 2, Nk)-matrix for which all elements are zero except for the

following ones:

g-[.,j"']:-l J;O:Ts 2: ,{(-“]
9o 4 1, r(k) + 3+ 1 = ] r=1, 2, . S
1:]3 2: s N
T-3-1
Pt
g , . = TZG T< ) (3.17)
s+ 2, (1 +s)k+ 3 +1 7o :
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Equation {3.17) represents a worked-out version of the Equation (3.12)
and (3.13) and the following water balance equation:
j~1 T

J -1
Lol oup (3) ) Pyl = ;U [0{«) - 1(x) -

5
YooT ()] (3.18)
i=1 j=0 i r=0 T =

Equation (3.18) is a systems equation relating the reach infiow, a total
of s tributary inflows, and a total of n precipitation inputs to the outflow
discharge vector, provided T > k. For convenience, all the above equations
have been written with k equal for all N inputs. The CLS program does permit
one to vary k, however. Note that the first value of each impulse response
vector {i.e., j=0) signifies an instantaneous effect of inputs on the output.

In the following it will be useful to employ a compact notation of
the specific models obtained for individual river reaches. The representation
below was devised by Rukvichai (1977)}. By way of example consider a river
reach as shown in Figure 3.7; let the dependence of model output on the inflow
(%) be given by two terms in Equation (3.1}, namely I{t-1} and 1(t-2).
Similarly, let the dependence of 0{t) on tributary infiow Tl(t) be given by
three terms, namely T1(t), Tz(t—i) and Ti(t~2)m Suppose that the second tri-
butary inflow is represented by two terms, namely Tz(tui) and Tz(t~2). Finally
assume that the dependence on the precipitation at raingage 1 inputs is given
by a single term P;(t), whereas the raingage 2 input dependency is represented
by two terms, namely Pz(t~1) and Pz(t—E), In other words the system is con-

sidered representable by:

UI(])' I(t-1) + uI(-Z) e T{t-2) *+ uT. (0} - Ti(t)

1 (3.19)

fow
——
ot
—
i1
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Equation (3.19) cont'd

+ uT2(2} . Tz(t~2} + uP](O) . Pg(t) + up2(1) Pz(tu])
+ UPE(Z) . Pz{t—E)
More compactly one may denote the system responses by
u1(1} UT](O) uTZ(E) UP](O) uP2(1)
uI(E) uT](2) uTZ(Z) uPZ(Z)
and yet more compactly this can be represented by:
(NI S (3.20)

This notation is employed in Table 3.1.

3.3 MIL-MODEL APPLICATION TO GR8 STREAMFLOW SYSTEM
2

The 9229 mi“ Green River Basin (GRB) is roughly rectangular in shape. A
systems graph of the GRB corresponding to the MIL model representation, is shown
in Figure 3.3. As shown by solid hatchings, the GRB river system downstream

of the four reservoirs has been decomposed into nine model components. These
components represent the stream reaches between the gaging stations and their
contributing watersheds. The gaging stations are used as system's control sta-
tions in operating the GRB reservoir system. There are four tributary water-
sheds which were not included in the MIL model representation. Their runoffs
represent separate external inputs to one or another of the nine component
models. These tributary watersheds are those of the local control stations at

Gresham, Alvaton, Glen Dean and Horse Branch. Recently, Staab and Rao {1979)

have devetoped unit hydrograph models for several of these gaged watersheds.
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Figure 3.3 Systems Graph for the GRB System as
Represented by MIL Models
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3.3.1 Estimation of Model Parameters for GRB

Parameters of several preliminary models were estimated using both the OLS
and CLS parameter estimation methods. Table 3.1 shows the black box model for
sach of the streamflow reaches along with the gaging stations that serve as in-
pu% and output points. The symbols for inputs and outputs are as defined in
Saction 3.1. The drainage area for each gaging station or control station is
shown in brackets just below its name. As there are no orographic or other rea-
sons for weighing one nearby rain gage more heavily than another one, the average
rainfall in the reach was considered as a single Tumped input. The rainfalls
measured at stations shown in Table 3.1 were averaged'to obtain the precipitation
input for different reaches.

The orders of terms corresponding to the inputs (-}, Tr(')’ and Pi{°) in
Eq. {3.1) must be selected pr{or to the estimation of parameters. Rukvichai
(1977) adopted a trial and error scheme that involved use of the determination
coefficient of the residual series, i.e. the R2~criterion= The residual deter-

mination coefficient, Rzg is estimated by means of the vector of residual ervrors,

2

= q - as where é = the vector of predicted outfiows, and g = the vector of actualj

outfiows, as follows:
( T .42
. 25)
82“ t:]t

standard dev. of residuals = v = [ ) ef (3.22)
t=1 T
T2
_ I 2
T, ( go)
_ - e L V¢
total variance = T = | 0p - 1t=1 71 (3.23)
=1 . T
e 12 L
et s . R T A 0, T . e
Explained variance = E;, = {;E=O% - =l -t ey - Lt t
=1 T t=1 T
(3.24)
Determination cdefficient = R™ = &= (3.25)
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The R2~cr€terion simply involves increasing the modei orders until the gain in
R2~va3ue is less than a épecified minimum value. The final model orders, the
parameter estimates, and the R2~va1ues along with the statistics of the residuals
for each of these reaches obtained hy using the above mentioned criterion are
shown in Table 3.1. The parameter estimates shown in Table 3.7 were obtained by
using the 1968, 1969, and 1970 data. In addition to the statistics given by

Eq. (3.22) through {3.25), the following statistics are alsc provided in Table 3.1,

-~ ~

Maximum positive error (Emax) = maximum of € (3.26)
Maximum negative error (gmin) = minimum of % (3.27)
Maximum observed flow (Omax) = maximum of q {3.28)
Maximum predicted flow (6max) = maximum of é (3.29)
0 -0
Percentage error between peaks (%} = —EE%§;;:JEH3 x 100 | (3.30)
\ m

In order to simulate the preservation of mass balance, the constraints in
the CLS method are such that the sum of the impulse response weights related to
reach's inflow is unity. Similarly, the sum of the impulse response weights re-
lated to each tributary inflow, will equal unity. By constrast, the sum of im-
pulse response weights related by precipitation equals the runoff coefficient.
Resutts shown in Table 4.1 indicate that the model parameter estimates, i.e. the
impulse response weights, obtained by the CLS method do indeed sum to unity or
sum to the runoff coefficient as the case may be.

The impulse response weights estimated by the OLS method, on the other hand,
generally violate the mass balance condition. Consequently, the outflow esti-
mates obtained by using OLS models exhibit considerable bfas. This is particu-
farly true for the impulse response functions that model the tributary inflows at
Gresham, Alvaton, Gien Dean and Horse Branch. The reason is that tributary in-
flows and the corresponding reach outflow exhibit a greater degree of correlation

than the precipitation and reach outflow.
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Table 3.1 shows that some of the impulse response weights estimated by the
CLS method are zero. This indicates that the model order is longer than necessary.é
The coefficient of determination, RZ, is slightly less for models whose para- :
meters are estimated by the CLS method than for those estimated by the OLS
method. For exampie, the RZ-values exceed 0.9 for six of the CLS-models and are
hetween 0.8 and 0.9 for the remaining three models. By constrast the R2~va1ues
are greater than 0.9 for all OLS models. This illustrates a drawback of using

2

only the R-statistics to select models.

3.3.2. Development and Use of Models in Flow Forecasting (GRBSYST-0LS and

GRESYST-CLS)

The nine MIL models developed with the OLS and CLS approaches {see Section
3.3.1) were placed in series or "in succession", so as to obtain a basin-wide
segmented model down to the Calhoun gaging station. These models, called
GRRSYST-OLS and GRBSYST-CLS, can be used to estimate the flows or the state
of the system at the control stations for a given set of anticipated or
forecasted reservoir releases, tributary inflows, and precipitation during
the operating horizon of L days. Note that the reservoir releases are to
be generated by an operating policy model via an optimization algorithm which
will be described in Chapter IV. Before proceeding with the development of that
component, it is necessary to study the forecasting performances of the seg-
mented models in order to select suitable MIL model parameters to be used within
the operating policy aigorithm. Details of the development and use of the seg-
mented models in flow forecasting can be found in an earlier work (Yazicigil,

Rao, and Toebes, 1979). Only a few results from that study are summarized hereiﬂ.}

The flow at Calhoun, the output node of the most downstream sybmodel, 1is .
considered the outflow from the Green River Basin. The flows at Calhoun were
used to check the cumulative errors of the segmented models. Figures 3.4 and

1.5 display for the 1971 water year the one-day ahead forecaste! flows as obtaﬁnedg
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from GRBSYST-0LS and GRBSYS1-CLS models, respectively. These results were ob-
tained by inputting "“forecast” reservoir releases, tributary inflows and preci-
pitation data {actually these "forecast" data were historic record values).
Figure 3.4 and 3.5 also show the one-day ahead flow forecast errors (again at
Calhoun). 1In general, the flow at Calhoun was overpredicted by both the
GRBSYST-OLS and GRBSYSL-CLS models during the dry season and was underpredicted
during the wet season.

The ratios of the mean error to mean signal (ME/MS) and the mean square
error to mean square signal (MSE/MSS) were calculated for all model nodes for
one to five days ahead {Yazicigil, Rao, and Toebes, 1979).

The variation of_fhe (ME/MS) and (MSE/MSS) ratios for different lead days
for Calhoun are shown in Figure 3.6 for the 1971 water year. Also shown are the
results for a flood event (Aug. 1 -~ Sept. 25, 1978) made avaiiable by the Corps
of Engineers. From the results shown in Figure 3.6, it is clear that in both
GRBSYST-0OLS and GRBSYST-CLS models the one-day ahead forecast error is small but
that the errors increase with increasing lead times.

The forecast errors of the 1978 data are higher than those for 1971 data.
This may be due to non-stationarity of the system such as river bed changes dur-
ing the 1971-78 period.

From the results presented in Figure 3.6 the measure of bias {ME/MS) is
seen to be small in the GRBSYS1-CLS model as compared to the GRBSYSI-OLS model.
This is, of course, a consequence of satisfying the continuity constraint. On
the other hand, the (MSE/MSS) is smallest for the GRBSYST-OLS model, at least
for 1971. This is not true for the 1978 data: the GRBSYS1-CLS model yields

more accurate forecasts for this event.
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3.3.3 Test on Residuals from MIL Models

The parameters of the above MIL models were estimated on the assumption that
the residual sequence, ;(t), would be an uncorrelated sequence. It is necessary,
therefore, to test the residuais of the fitted models, ;(t), to see whether this
assumption is satisfied. Furthermore, the residual sequence g(t} should exhibit
no periodicities.

The correlogram and the cumulative periodogram of the residuals for reach
9 (i.e. Calhoun), whose parameters were estimated by the CLS method, are given
in Figure 3.7. The Anderson's test based on the serial correlation coefficients
- and the Portmanteau lack-of-fit test {Box and Jenkins, 1970) were used to test
the residual sequences for whiteness. The results of these two tests showed that
the residuals of all MIL models, irrespective of whether the parameters were esti-
mated by the OLS or CLS method, were correlated. Also, the residuals of the models
were not free from perjodicities at the 1% level (Figure 3.7). In order to ex-
tract the information present in the residuals, models were fitted to them.

The correlogram of the ;(t) series (Figure 3.7) indicates that autoregres-
sive {AR) models are likely to fit the residual time series. Consequently, AR
models of different orders p were fitted to the residual series ;(t) of the MIL

models whose parameters were estimated by the CLS method. Here an AR(p) model

is represented by:

e(t) = T o(3) elt-i) + n(t) (3.31)

J

I e~13

]
fhe AR parameters, ¢(j), of these models were estimated by the maximum 1ikeli-
hood method (Box and Jenkins, 1970). 1In order to vaiidate the é(t)~series

models the residual sequences n{t) were tested for whiteness by using the
Anderson’s and Portmanteau tests. The presence of periodicities in n(t) was
tested by the cumulative periodogram test. Among those error models which passed

the validation tests, models with the smallest number of parameters were selected.
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In general, the AR models of order 4 and 5 were adequate to represent the e{t)
series. Parameter estimates of the selected error models are listed in Table 3.2.
They indicate that the parameters ¢{1) and ¢(2) are large compared to other para-
meters in ail the error models. This indicates that the e{t) series is highly
correlated at small lags.

the correlogram and cumulative periodogram for the residuals n(t) for reach
9 are shown also in Figure 3.7. This correlogram indicates that the error model
residuals, n(t), are uncorrelated. The cunulative periodograms indicate the

absence of periodicities at the 25% level.

3.3.4 Development and Use of an Error Model in Flow Forecasting (GRBSYS2)

The error models fitted to the residual sequences, e(t), were combined with
the MIL models whose parameters were estimated by the CLS method to derive another
segmented model called GRBSYSZ2. (See Yazicigil, Rao, and Toebes, 1979). The
GRBSYSZ model is similar to the GRBSYST-CLS model. The one-day ahead forecasts
with GRBSYSZ wiil, of course, differ from those obtained by means of GRBSYS1-CLS
model. The results obtained by using GRBSYS2 are illustrated in Figures 3.6 and
3.8.

The one-day ahead forecast errors with GRBSYSZ are smaller than those ob-
tained from GRBSYS1-CLS {see Figures 3.5 and 3.8). Also the bias in forecasts is
smaller. The effect of the error model addition in reducing one-day ahead fore-
cast errors is clearly brought out by the error statistics for the GRBSYST-CLS
and GRBSYSZ models which are Tisted in Table 3.3. The mean values of the one-
day ahead forecast errors of the GRBSYS? forecasts are about 50% of those ob-
tained from the GRBSYST-CLS model. This holds for the 1971 forecasts (Table 3.3}
as well as for the 1978 event mentioned earlier (Yazicigil, Rao, and Toebes,
1979).

The ratios of (MSE/MSS) for the GRBSYSZ are smaller than the corresponding
ratios for the GRBSYSI-CLS model by about 20-30% ({Table 3.3). Thus the
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Table 3.2 Parameter Estimates of the Best Models
for the ¢(t) Sequence

Reach Best Autoregressive Coefficients

No. | Model gy L g2) | oe(3) | e(4) | e(8)
1 AR(5) 0.4110 0.0426 | 0.0327 0¢.0922 | ~0.0536
2 AR(5) 0.8799 | -0.4912 | 0.4183 | -0.1867 0.0960
3 AR(5} 0.7894 | -0.2739 | 0.1655 | ~0.0191 0.0852
4 AR(4) 0.6313 -(3.1851 0.0504 0.0598
5 AR(4) 0.7462 | -0.,2012 | 0.1133 0.043%
6 AR{2) 0.6406 | ~0.1300
7 AR(4) 0.4372 | -0.0117 ¢ 0.0433 0.0998
8 AR(5) 0.69729 | -0.2247 | 0.2161 | -0.0188 0.0534
9 AR{5) 0.9779 | -0.4266 | 0.2083 | -~0.0971 0.0322

Table 3.3 Statistics of One-Day Ahead Forecast Errors Obtained from

GRBSYST-CLS and GRBSYSZ for 1971 Water Year

Statistics

Reach Mean 1 Standard HME/MS MSE/MSS

No. Deviation (%} (%)
GRBSYST \GRBSYSZ IGRBSYST {GRBSYS2 iGRBSYST IGRBSYS2 {GRBSYS] |GRBSYS?2
1 -31.6 -38.6 3729.3 350.8 5.13 2.43 2.05 2.2¢
s -57.9 -19.7 11353.6 [1236.4 1.83 0.62 10.33 8.61
3 | -92.7 | -19.56 [1081.2 | 884.8 | 1.87 | 0.40 | 2.77 | 1.85
4 £5.8 30.2 740.7 620.8 2.96 1.36 6.03 4.21
5 b1 .4 100.2 (2462.3 11964.5 4,06 1.26 4 .89 3.06
& 192 .1 90.3 (2068.1 11953.3 2.05 0.96 Z.99 Z2.65
7 4494 -21.1 180.4 160.6 5.8] 2.48 |+ 2.83 1.92
8 6.6 4.5 542 .7 403.9 0.52 (.35 8.33 4.61
g 62 .1 9.7 12240.9 2009.0 0.55 .09 2.37 1.83%
]
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forecasting performance of the GRBSYSZ model fis better than that of the GRBSYSI-
CLS model. The (ME/MS) and (MSE/MSS) ratios at Calhoun, as a function of Tead
time for 1971 and the 1978 event data, are shown in Figure 3.6. The improved
performaﬁce of the GRBSYS2 model 9s brought out by a comparison of the CLS
(i.e. GRBSYS1-CLS) and CLS + EM (i.e. GRBSYS?) curves.

Tt should be noted that the above comparative discussion of the GRBSYST-
CLS and GRBSYS? model performances was 1imited to one-day ahead forecasts. This
is because GRBSYS? cannot be used for forecasting flows more than one-day ahead.
The errar model that is an integral part of GRBSYS2 operates on the differences
between actual and predicted data. Because tomorrow's actual flow is not avail-
able, GRBSYS2 cannot be used for a two- or more days ahead forecasts. Of course
one could try to use the error model as such to generate two- or more day ahead
error forecasts. This was not attempted because it was expected that the two- ov
more days ahead error estimates could not be sufficiently accurate. Furthermore,
the inaccuracy in the precipitation forecasts probably exceeds the correction
afforded by suéh use of the error model. Therefore, two- or more days ahead
forecasts were made with the GRBSYST-CLS model except that the inflow from any
upstream reach fqr day t+1 was forecast by using the GRBSYSZ model.

Note that the above discussed one-day ahead flow forecast at a control
station ¢ is given by:

~
~

a P -
0 (t+1) = Q (t+1) - {‘Z? $(3)Q (£-3+1) - Qc(tmj+1}]} (3.32)
55 ,

where Qc(t+1) and @C{t+?) are the modified (GRBSYS2) and ummodified {GRBSYS1-CLS)
one-day ahead flow forecasts at a control station ¢ and Qc(°) is the historic

flow.
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3.3.5 Final Selection of the Model Parameters to be Used With the Operating

Policy Algorithm

The operating policy model, which yields optimal daily reserveir releases,
uses a linear programming algorithm (see Chapter IV). This model incorporates
the multi-input Tinear models discussed in the preceeding sections in order to
estimate the effects of reservoir releases on the flows at the downstream control
stations. It is more appealing to use CLS estimates of model coefficients, rather
than the OLS estimates in the operating policy model. This is because the CLS
estimated model coefficients are stable and preserve the mass balance and non-
hedativity restrictions. Furthermore, the bias in forecasts obtained by using
the GRBSYST1-CLS model is small as compared to the GRBSYST-0OLS model. In the
long run, the CLS model parameters cause the volume of water under the predicted
and actual hydrographs, to be equal.

Atthough the addition of an error model to GRBSYSI-CLS (i.e. GRBSYSZ)
further reduced the bias in forecasts and improved the forecasting accuracy of
the model, it cannot be used with the long-run studies of the operating policy
algorithm (Chapter V) because the error model that is an integral part of the
GRBSYSZ needs actual flow data and these would not be available. Furthermore,
the iterative nature of the GRBSYSZ model makes it difficult to include it in
a real-time operating poiicy model involving linear programming. Therefore, it
is recommended that the GRBSYS2 model be used only for studying the system's
response for a specified set of reservoir releases not specified via linear pro-
gramming algorithm; an. example would be trial releases by the reservoir operators.

Based on these considerations, the CLS model parameters {i.e. GRBSYST-CLS)
will be used with the operating policy algorithm to be described in the next
chapters. Recently, Katz and Toebes (1980) have develop-d several additional

flow forecasting models for the GRB system. It was shown that a flow differencing
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model which, furthermore, incorporates monthly runoff coefficients gives better
forecasts. 1t is recommended that eventually that model be incorporated with

the operating policy algorithm.
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IV. GREEN RIVER BASIN OPTIMIZATION SIMULATION
MODEL FOR RESERVOIR OPERATION {(GRBOPM2)

The development of the policy component of the Green River Basin Optimiza-
tion Simulation Model, GRBOPM2, is discussed in this chapter. Specific require-
ments and the need for this model were presented in Chapter 1. The conceptual

framework and the mathematical model are discussed presently.

4.1 GENERAL OVERVIEW OF RESERVOIR REGULATION PRACTICES

The Green River Basin reservoirs are operated in accordance with reservoir
reguiation schedules. These schedules constitute operations guides rather than
atgorithmic rules. They are derived from the reservoir regulation plan drawn
up from detailed studies made during the reservoir planning and design stages
and incorporate additions and revisions made during later operations. Toebes
and Rukvichai (1978) discussed several examples of such requlation schedules
for the GRB reservoirs.

The regulation plan for the GRB reservoirs was completed in 1967 (COE,
1967}. It was developed on the basis of mass curve studies as well as the study
of representative historical hydrologic events. They involve the use of
“rainfall-runoff and routing models. Much of the methodology is rooted in pre-
computer days, however.

The regulation of the GRB reservoir system has been decomposed into four
regulation schedules, one for each of the GRB reservoirs. They are shown in
Appendix A. Each regulation schedule contains the following information (sée
e.g. Figure 4.1):

(a) The rule curve. Sometimes certain operating zones are indicated in

the rule curve diagram, such as water quality pool, minimum pool, etc.;

(b) Several reiease schedules; and

(c) A set of constraints.




A

GRBOPMZ

SIULBAISUC) PUE PSO{NPBYDS DSB8y |RUBABS

“aadng 2iny BulMoys e (npsyos uorLienbey o |dues

[ 34nbi

ot Py whogy P AGE (30 435 o0V WD TEnD AW B4Y Nve g3 wr
GoL* 7 $'82 - 092 ~1 gk
00Z'y g9 - 078l f ! ! 3
Bee' e 5'be - G727 - m =2
600’y 02 - 007 4 ; : ¢ 0
ooaTut G 0Z 495 ! : % s
-
——— 1 =
74737 ey I JM! ? M -
ERELEE ] wag DR TR AN ! Ty w3 2
TR (B Bj{3apagging A0 G- L Ry 4 - 4. 4 oos -
R R : i ¥ Yiudw Lf o
35¥5335 A0H AT BMiHiE IWyIIY WsiieR TLHE b~ 2aly §3 w & -HTER %YL -
3hn 3 w syefais
s Wi
{ogrundnnss metyd dluyiasd gy Apgasdeld wbesest wiebia 0y HOLLIMN IR b ?EAVDEW&M@%«MW&R' -t WU gﬁ«. -~
tehEIy BT IMOE JT uTTSERIRE we Dupiveias 3o ATjiigisug H . 1 bpre
LE¥]RIBIBE 01 SUDI3IPUOY SBT4L VY SRULEIE DIONTIS {[1R armn3 Ty
B0§13E5 uail Gy AinAFIREY M43 CTImEl yInd 3yi Cf s
SpETL D) panias fymad SunIjpUes BERSRSuEOE 33ibh mdgziy
buptsed Figopog uniIRABlE gT jood wpiynte 0§ wopes
~H1E @) sHantE thod [1juR usdn iApued (38R UB) LUi1Ba¥id Faong
epEysrs jomd B CiiEpwRy 3o Aypondey By 40 Bojil BUEELEE aeed Lty 08 9% 3y PH BT TuTY uumnﬁm HE FUSLYPEE DUl 3
CETgUD U uwuyl S8R U PEIE
B dnadU B4D SO} Pub PIPIEIES by By BLWYY BISYILY 4584 iy 5085 § afwmemasaanuen Y GiHEEYSE 5% RETY i [
WL EEy 83 PRALSIIPUS ABARLRI pUpIRGAE mOyu) 1ie uudiEy
“§U303 8BS §0 IMENDLINPEL SE BangEy 79 Bavaby
wwpiny i FpU0 BEeEiRe C@R48% DI £C PEGIISEE wDiEA | OESlI-%14% et wddg ¢ S8 ggL § AP § 40 WL
Sy6 npiag BRG  Rean] {a6 Ay PouliTvead pu9iteasie sasgt | plAg-iipt GeEgRy | DAOTY 45 5y gangt 5t 3y FAOYE A5 IY 3
s6 3% 55 food weds 40 OOL A0 B3V JueiIacd § 48 Bluelwy
CE'3E GOE 48 BIS JUNIINGD B o3Y BIeRyly {3 wiopeusy 40 wo13e241 868 204
Bhrsd DY whLYiBU0s GU0 ARY)
sypeamesnbas (BINUST PAOY) PR MRl Eompugs
BugyosE Sy BpUieund 3% Saamy Syhy FeRu v 1oed gpvtuewy § ORSileslsd mmwww ﬁemw
aRiaed .
PRy SSPEITE wmiveg up PRRAd{PE} W1md 3% esEmise | e1/i-143t 5 ¥ BINPEYYE Bk RS e ]
pEpERIEE A0y B BiGU) BRBLRY WhWLNTY ¢ PIILI{PAUR 141731 fu4) o8y 428 soise Y AB3 AA9E Bt
spadies pRpasss C1o0d uitivide 9f ASvdsuldu me{gui BIR8%g ¢ Tyotyg whEiUsy 28 g1 ASLEg 4 gl 20ieg E ot ¥
. {3sgve yowr sebers Tiv}
pheg sadd sfhey Luddy .
. W5 REASL A . By 3jATHYRE Fin
w03 5Enby £8S4 20 Gly . ¥ w393 &m0y o
ki 109¢ 80 BUTE | pncy mansg aBayg BBESS SEALY Hud g -pRer




GRBOPM2 -49- Iv~3

The rulie curve is a statement that specifies how, on the average, reservoir
storage is to be used at any one time of the year. In essence, it represents
‘the Zong-run operating policy for a reservoir. A graphical representation of
the rule curve is shown in Figure 4.1. There is a specific curve for each
reservoir. System dynamics are usually not reflected in the rule curves.

Due to the randomness of hydrologic inputs and short-run operations' objec~
tives, the reservoir levels will necessarily deviate from the rule curves,
especially during flood or drought events. The reservoir regulation procedures
that are designed to return the reservoir elevation to the rule curve Tevel
may be called short-run regulation procedures. They are divided into a number
of release schedules such as the schedules A, B, C, D, and E in Figure 4.1.
These short-run regulation procedures are specified as a set of conditions in-
volving the stages at control stations, the reservoir elevation, and the time
of the year.

Finally, the overall regulation schedule shows various constraints on the
release decisions. These constraints include the minimum required release, the
maximum allowable release and others. The minimum release is made mainly for
the purpose of water gquality and low flow requirements. The maximum allowable
release often becomes a function of downstream channel capacity, of the stages
or flows at one or two local control stations, and of the time of the year.

In the regulation schedules, there is no explicit reference to the use of
precipitation and runoff forecasts., In actual operation, however, forecast
information is available and is being used in making release decisions.

Although the regulation schedules of each reservoir seem to be independent
of each other, they are integrated via the control stations that they have in
common such as Woodbury, Calhoun, and Evansville {Toebes and Rukvichai, 1978) .

In addition, joint operation of the reservoirs occurs during major flood
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conditions when they are regulated, in part, as a subsystem of the Ohio River
system. Finally, the concept of reservoir zoning or storage balancing rules
may be used especially during critical flood periods. Each reservoir is divided
into zones of storage and rules for filling and emptying the various zones of the
system reservoirs are employed {Chang and Toebes, 1972, 1973). Typically,
these rules may specify that the system be operated to maintain all reservoirs
in the same zone, if possible.

Sometimes cifcumstances arise that reguire special regulation procedures.
Stch procedures vary from case to case. Toebes et al. (1976) and Toebes and
Rukvichai {1978) attempted to document some of the more systematic informat

procedures that are currently used in the operation of GRB reservoirs.

4.2 CONCEPT OF REAL-TIME OPERATION

As in earlier work (Chang and Toebes, 1972, 1973} that underlies the
current efforts, the incorporation of curvent field level operations features
into algorithmic form was the guiding principle in develobing a real-time
operations algorithm. Sigvaidason (1976} also suggests that a practical re-
servoir simulation-optimization model shqu?d emulate the mode of operation of a
skilled resevvoir operator. This implies the following:

(a) The model'’s Togic should reflect the operator's decision and monitor-
ing processes. The operator makes decisions at specific points in
time on how a system of resérvoirs should be operated over a specified
operating horizon. He then monitors the system's inputs and the
system's response and may enter another decision round at time that
do mot necessarily coincide with the end of the usual time step
(Which for the GRB iodels is at = 1[day]) and for which the (simula-

tign) model {component) has been developed.
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{b) The model should yield recommended operations decisions on the basis
of limited information comparable to that available to the operator,
That information is the current state of the system (i.e., a listing
of current reservoir Tevels and channel flows) and a prediction of
future reservoir inflows, precipitation and tributary inflows over
some (operating) horizon.

(c) The model should permit ready adjustment to the balance among operat-
ing objectives and hence an adjustment of the corresponding operating
rules.

The GRBOPM2 model presented herein captures the above aspects of real
system operations. A run to obtain a recommended set of regulation decision
requires only a definition of the current state of the system and a forecast of
 future inflows, precipitation and tributary inflows. It permits reasonable
flexibility in specifying balances of operating objectives for the_aperating

horizon.

4.3 GOALS AND PRIQRITIES OF OPERATION

Before proceeding with the development of the policy or normative compoﬁ@nt
of the GRBOPM2 model, it is necessary to establish a framework within which the
goals of and priorities of reservoir operation can be represented systematically.
To that end the state of the system (and the corresponding operations decisions)
is divided into a target or ideal state (and corresponding ideal operating
decisions) and non-ideal states. Deviations from the ideal state (and other
than the ideal operating decisions to achieve the ideal state) are then associated
with penalties. By assigning different weights to different deviations from the
ideal component values of the state vector and by aggregating these penalties
over an operating horizon, we have a consistent, yet flexihle framework for

judging the relative merit of different operating policies.
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The components of the ideal systems state vector used in model construction
are:

1. Four target elevations of reservoir levels;

2. Nine target flows at control stations in the system;

3. Four sets of target values which the rate of change in reserveir

releases should not exceed.
Completing the operations model component are a number of relationships which
one strives to maintain, These include the:

4, Desired order of filling and emptying of the system reservoirs;

5, Relationships between violation of ideal reservoir storage conditions;

and violation of ideal flow conditions at stream control points.

In the model, the model penalties for deviations from ideal states are
functions of the degree of deviation, of the particular system state component
in question, of the time of year, and possibly of the operations event on hand.

The four target {reservoir) elevatichs are those specified by the ruie
curves. Rule curves implicitely reflect the established trade-offs among various
project objectives in the long-run. For short-run and some longer-term opera-
tions, the rule curve represent a guide. Deviations are accepied especially
during abnormally wet or dry conditions. For model purposes, however, all
deviations of reservoir levels above and below their rule curves are penalized.
In general, such deviations are indeed damaging. For example, excessive draw-
downs and Targe fluctuations of water levels from the rule curve will disturb
the recreational facilities, create an unattractive appearance and at certain
times harm fish species. Note that the target elevations (rule curves) are
time dependent.

Similarly all deviations from target flow zones at the various stream control

noints in the system are penalized and would in reality be damaging in terms of



GRBOPMZ ~53- V=7

decreasing water quality and estethics, or increasing damages due to high flows.
Like the target reservoir elevations the target flow zones are time dependent.

The restrictions on the rates of change of reservoir releases are penalized
because rapid decreases can lead to bank sloughing and sediment prob1ems'whereas
rapid increases can endanger life and property. In the model, restrictions on
the rate of change of flow are specified in terms of the allowable rates-of-
change of release from the system reservoirs as proposed by Ford {1978).

The concept of reservoir zoning is frequently used to specify priorities
of reservoir filling and emptying (Beard, 1967, Chang and Toebes, 1972, 1973).
Following this éoncept, the model prﬁvides for dividing each reservoir into
zones of sterage, and sets specific rules for filling and emptying the various
zones. A typical rule is to operate the reservoirs such that they are all main-
tained in corresponding zones. The number of zones and their magnitudes may
vary as a function of time of the year and of the priority relationships among
the system's reservoirs. The concept of reservoir zoning has also been incor-
porated in the Green River Basin Optimization—S?muTation Model. Because of the
spatial and temporal distribution of inflows and precipitation, it is not always
possibie to maintain the flows at their target zones at all control points in
the system. Reservoir operators do have preferences as to which flows will be
allowed to deviate (first} from their target‘1eve]s. Typically this preference
is a function of the state of the system reservoirs upstream of the control
points. In the GRBOPMZ, such relationships between storage 1n‘the system reser-
voirs and flow at control points are defined by differing pena}ty function values
that are provided by the GRB Reservoir Regulation Section of the Louisville
Distric of the Corps of Engineers. Penalty coefficients are specified for all
reservoir storage zones and for all levels of flow at control stations. Their

relative magnitudes govern the release decisions recommended by the model.
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in keeping with a systems focus, the operations component of the GRBOPMZ
model seeks to implement an operations objective, namely the minimization of
the sum of all {daily) penalties over the operating horizon (typically 1 to 5
days) and over a study pericd (typically several seasons or years of operation).
This implementation is pursued by means of one or another optimization or

mathematical programming model.

4.4 SELECTION OF A SUITABLE OPTIMIZATION ROUTINE

The model used in this study may be calied a simulation model with an
imbedded mathematical programming model. For the latter, a Linear Programming
(LP} model was selected.

Among several well-known optimization techniques, Linear Programming was
selected because it is computationally efficient, flexible, and a well-understood
technique. In anticipation of its usé, the pertinent hydrologic processes and
the components of reservvoir-river system were already vepresented by linear
functions such as the multi-input Tinear routing models discussed in {hapter 11l

Dynamic Programming, another optimization approach, was not the primary
choice because for systems with more than 2 %o 3 reservoirs and control stations,
and many analysis period, it becomes computationally less efficient than linear
programming.

Expressed in matrix form, the Linear Programming problem is:

minimize Z = § X (4.7a)
subject to: A X =B (4.1b)
X >0 (4.1¢)

where ¥ is an (i x 1) column vector of decision variables which (because
penalties associated with each of them) include: storages, releases, and stream-
Flows at control statfons; A is an (m x n) matrix of coefficients of the Tinear

constraint equations used to describe the dynamic interrelationships of the
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reservoir-river system; B is an {m x 1) column vector of right-hand-sides of

the constraint equations. This vector represents the input information for

the reservoir-river system model; the input includes forecasted infiows, pre-
cipitation, and tributary flows as well as the target Tevels; C is an {1 x n)

row vector of penalty coefficients associated with each of the decision variables;
and Z is the objective fdnction or overall systems measure of effectiveness. This
aggregate of penalties is what the optimization model solution is designed to
minimize. The elements of these matrices are described in detail in the foliowing

sections IV-5, 6, and 7.

4.5 CONSTRAINTS OF THE LP MODEL

The constraints of the above LP model which derive from the simutation
model {in which it is imbedded) define sclutions that represent feasible system
responses to specific hydrologic conditions and reservoir release decisions.
This constraint set includes: (1) reservoir mass balance constraints, (2) storage
zone constraints, (3) .control station mass balance constraints, {4) flow zone
constraints, and {(5) release rate constraints. Also included in the constraint
set are inequaiities that Timit the range of certain variables used in the
formulation of the LP model.

In order to clarify this, first consider a single reservoir-river system
shown in Figure 4.2. The inputs to the reservoir during the next operating
horizon are the net reservoir inflow {(gross inflows minus Josses due to evapor-
ation and seepage), RI(t + £), where £ denotes the £-day ahead forecast, £ =
T, 2, ..., L. Typically, the operating horizon is five days (L = 5). The
daily reservoir releases, RO(t + £), during the L-day operating horizon are the

decision variables wkich one seeks to define optimally by means of the model.

The resuTting pool elevations, E(t +2), or equivalently, the resulting storages,

S(t + ¢), are the state variables that define the state of the system's reservoir.
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Gerd)

Figure 4.2 Single Reservoir-River System

Figure 4.3 Reservoir Storage Representation
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4.,5.1 Reservoir Mass Balance Constraints

The reservoir mass balance equation is based on the principlie of continuity
and states that: during any period, the net average inflow velume to the reser-
voir minus the average volume of release must equal the change in storage.

Thus; ,

[R1(t+2) - RO(t+€)] a8 = S(t+t) - S(t+e-1) (4.2)
where A€ is the time step selected for analysis of system's structure as well
as its operation. In this study a2 = 1{day]. For each day £, the net reservoir
inflow, RI(t+£), is a forecasted quantity. As these are among the model inputs,
they will form the right-hand-sides of the reservoir mass balance constraints,
(see Eg. 4-1b). Thus Eq. (4.2), when written in the standard LP format, reads
as follows:

RO(t+L) af + S{t+f) ~ S(t+£-1) = RI(t+L) AL (4.3)
Because the quantity S{t+£-1) is known for £=1, it too will be made part of the
equation’s right-hand side:

RO{t+L) AL + S(t+e) = RI(t+L) ot + S(t+e-1) (4.4}
Selection of the optimal releases RO*{t+£) for each day £ requires the estima-
tion of the future impact of these releases. This is accomplished by solving
for each day £ a limited multi-period problem that reflects estimated future
conditions over an “opefating horizon", The operation and interaction of system
components in these future periods, i.e., £ > 2 and generally £ < 5 must be
modeled also. Consequently one has for each day £, the reservoir mass balance

equation and the associated constraints must be included in the constraint set.

4.5.2 Storage Zone Constraints

The day £ storage in a reservoir can be represented as the sum of the pre-
scribed rule curve storage, RCS(t+l), plus the deviation DS{t+£), from the rule
curve storage, thus;

S(t+l) = RCS(t+E) + DS{t+L£) _ (4.5)
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In turn the storage deviation variable, DS(t+{) is represented as a sum of

the six variables USi and LSi shown in Figure 4.3. Thus;

3 3
DS(t+e) = § S (t+l) - ] LS;(t+t) (4.6)
i=1 i=]
or in general
NSA(£ NSB(Z)
DS(t+e) = ) USi{tee) -} LS.(twe) (4.7)
i=1 i=]

where NSA(Z2) = number of storage zones above the rule curve for period £;
NSB(Z) = number of storage zones below the rule curve for period £. Note that
for any value of DS{t+2), either all of the USi will equal zero or all of the
LS; will equal zero. Furthermore, the value of US, is restricted to zero unless
the value of USiﬁ} is equal to its upper bond. A similar restriction exists
for the values of LSiw

The number of zones, NSA(+) and NSB(.), are not fixed; they can vary from
reservoir to reservoir and also from time period to time period.

By substituting Eq. (4.7) into Eq. {4.5) the basic constraint equation that
represents the state of the reservoir becomes;

NSA(£) NS

s(t+g) - ) Us,(tee) +
i=] i

jwe)
o

L)

15 ™~

: LSi(t+£) = RCS{t+L) (4.8)

Once again note that if S{t+£) exceeds RCS{t+l), then XUS1 will equal the
excess storage and Zsz will equal zero; whereas if S(t+f) is less than RCS{t+Z)

ELSi(t+£) will egual the deficit storage and EUSi(t+£) will equatl zero.

4.5.3 Control Station Mass Balance Constraints

The inputs to the river reach shown in Figure 4.2 are the reservoir out-
flows, RO(t+2); the precipitation, P(t+f); and the tributary inflow(s), T(t+Z).
The resulting streamflow at the downstream end of river reach, Q(t+£), is the

state variable for that reach. Its locale is identified with the control
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stations of the model. By means of the multi-input Tinear (MIL) routing models

discussed in Chapter III, the Q(t+£) can be expressed as follows:
k-1

k-1 k-1
tet) = 1 vpld) - ROEL-A) + [ upla) « P(ss=d) + T ur(s) - Tlewe)
J= J=

fl I~1 4

J
(4.9)
Because T{-) and P(-) are externally generated forecasted values, they will form

the right-hand-sides wheh casting Eq. 4.9 in the form of Eq. 4-1b:

k-1 k-1 k-1
Q) = T upg(3) « RO(ERE-3) = T up(d) « P(the=i) + T ur(d) - T(tee-3)
3=0 | 3=0 3=0 o 10)

4,

4.5.4 Flow Zone Constraints

As was the case with reservoir storages, channel flows can also be repre-

sented as the sum of the prescribed target flow level, TFL(t+£) and the deviation,
BQ(t+L), from the target flow level:

Q(t+L) = TFL{t+£) + DQ(t+e) (4.11)

As was done in formulating Eq. 4.7, the flow deviation, DQ(t+Z) at control

stations can be similarly represented:

NQA(£) NQB(£)
o(e+e) = ) 0y (tee) - ]

LQ, (t+t) (4.12)
i=1 i

1
where NQA(L) =

number of flow zones above the target flow range for period £;
NOB(Z) =

number of flow zones bheTow the target flow range for period £ (see
Figure 4.4).

By substituting Eq. (4.12) into Eq. (4.11) the equation that represents the

state of the channel flow at the control station can be obtained:

NQA(.L)
Q(t+£) - E UQ_i('th) +
i=1

=
A

H e
(o)

S

LQ, (t+e) = TFL(t+e) (4.13)

i=1
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Figure 4.4 Channel Flow Representation
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Figure 4.5 Maximum Allowable Reservoir Release Schedule Constraints
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4.5.5 Release Rate Constraints

The constraints imposed upon selection of release decisions, RO(t+£), are
the rate-of-change of release constraints, the minimum release requirement and

the maximum allowable release schedules.

a) Rate-of-Change of Release

The average reservoir release for a period is related to the release in
the previous period by:

RO(t+f) = RO(t+2-1) + RO(t+L) - 4l (4.14)
dR

df”

The net rate-of-change of release can be divided into two components, as follows:

where RO(t+£)} is the net rate-of-change of release for period £, i.e.,

RO(t+e) = ROI(t+£) - ROD(t+L) (4.15)
where ROI(t+£) = net rate-of-increase of release for period £; ROD(t+£) = net
rate-of-decrease of release for period £. In order to impose restrictions on
the rate-of-change of release, each of these components is divided into two
components: an allowable rate-of-change and an excessive rate-of-change. Thus

ROT(t+2)

ROAI(t+£) + ROEI{t+2) (4.16)
and

ROD(t+2) = ROAD(t+£) + ROED(t+) (4.17)

I

where Rdhl(t+£) = actual rate-of-increase of release within allowable limit for
period £; ROEI(t+2) = actual rate-of-increase of release in excess of allowable
Timit for period £; ROAD(t+2) = actual rate-of-decrease of release within allow-
able Timit for period £; ROED(t+£) = actual rate-of-decrease of release in ex-
cess of allowable Timit for period 2.

Substitution of Eqs. (4.15), (4.16), and (4.17) into (4.14) gives the basic
rate-of-change of release equation:

RO{t+£) = RO(t+e-1) + [ROAI(t+e) + ROEI(t+£)] - al
- [Roho(t+z) + ROED(t+£)] - (4.18)




GRBOPM? ~62- v-16

For £=1, RO(t+£-1) is known, and it will be made the right-hand-side of Eq. (&_]8):&
RO(t+£) - [ROAI(t+£) + ROEI(t+£)] al + [ROAD(t+e) + ROED(t+£)] Al = RO(t+£-1) ’

(4.19)
For all other periods, i.e., £>2, the Eq. (4.19) becomes:
RO(t+£) - RO(t+£-1) - [ROAI(t+L) + ROEI(t+£)] al
+ [ROAD(t+£) + ROED(t+Z)] oL = O (4.20)

b} Minimum Release Requirement

The low flow requirements on reservoir outflows (see Appendix A) is accom-
modated by imposing a Tower bound on the release rate:

RO(tL) > RO . (t+2) (4.21)

where Rﬁmiﬂ(t+ﬂ) is the required minimum release from the reservoir during
period £.

As shown in Appendix A constant minimum releases of 50 cfs are prescribed
for the Reugh,.No”ﬁng and Barren Reservoirs. Because of water gquaiity concerns,

a minimum release of 150 cfs has been adopted for Green Reservoir.

¢) Maximum Allowable Release Schedules

Local control stations have been selected for each GRB resévvoir in order
to achieve flood protection in the reaches immediately dowhstream of the reser-~
voirs during flood control operations (Appendix A). These stations are Gresham
for Green Reservoir, Munfordville for Nolin Reservoir, Alvaton for Barren Reser-
voir, and Glen Deaﬁ and Horse Branch for Rough Reservoir. The flows at these
local controls as well as downstream channel capacities constrain the maximum
releases from each reservoir.

By way of example, Tet us assume that the maximum allowable release from
the reservoir is a function of downstream channel capacity and of the flows at
the local control station at which the tributary inf]ow'joins the river reach.

Graphically this can be represented as shown in Figure 4.5.
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Unfortunate]y,.the feasible space represented by the maximum allowable
release schedules is not a convex region which is required for the solution of
LP problem (see Figure 4.5). However, the tributacry inflows, T{t+Z), are not
the decision variables; rather, they are externally generated forecast values.
Therefore, the'non-convexity problem can be eliminated by using the fotlowing
set of upper bounds and constraints:

1) if T{t+l) < a then RO(t+£) < CCAP where CCAP is the downstream

channel capacity: (4.22)

2) if a < T{t+£) < b then RO({t+L) < ¢ - o*T(t+l), where ¢ = intercept

of 1ine #2 in Figure 4.5; « = slope of line #2 in Figure 4.5;  {4.23)
3} if b < T{t+f) then RO{t+f) E-RGmax where ROmax is the maximum allow-
able release during flood conditions. (4.24)

Eq. (4.22) is not included in the constrain set; instead, it is included
as an upper bound on the release decisions for every period of operation. The
reteases are constrained such that they should be iess than or equal to the
right-hand-sides defined by Eqs. (4.23) or (4.24) depending on whether Eq. (4.23)
or (4.24) is active, i.e., binding. If the tributary flows are greater than
"a" but Tess than or equal to “b", then Eq. (4.23) becomes activé. If the tri-
butary inflows exceed "b" then Eq. (4.24) becomes binding. If both are inactive,
j.e., T(t+f) < a, then the releases are bounded only by the downstream channel

capacity.

1.6 BouNDs

In order to assure realism within the model, it is necessary to specify that
alt variabie values fall between a Tower bound and an upper bound. The lower
bounds for all variables are taken to be zero except for the reservoir releases
for which they are set equal to the minimum required release, Romin(t+£)’ (see

Eq. (4.21}).
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The upper bound for reservoir storage, S(t#£) is set equal to the reservoir
capacity RCAP. The downstream channel capacity, CCAP, is the upper bound for
the reservoir releases. The actual rates-of-change of release within allowable -
Timits, ROAI{t+£) and ROAD(t+£), are bounded by the prescribed operational 1imits
as

ROAI(t+L) < Ro“‘mmax(w) (4.25)
and

ROAD(t+£) = ROAD . (t+€) (4.26)
where RGﬁImax(t+ﬂ) = allowable rate-of-increase of release for period £;
| RdﬁDmax(t+£) = allowable rate-of-decrease of release for period £.

These bounds do not 1imit the rate-of-change of release; they only segre-
gate the actual rate-of-change of release into components.

The variables denoting components of channel fiow and of reservoir storage
are bounded by the prescribed operational limits (see Figure 4.3 and 4.4). The
capacity of each storage and flow zone is specified with upper bounds on the

appropriate terms,

us. (t+2) i“ﬂé}_(t%) (4.27)
LS, (t42) < IS, (t+e) (4.28)
U0, (t+e) < UR;(e+L) (4.29)
LQ, (t+L) < LQ;{t+L) (4.30)

where U§%(e) and fgé(&) denote the storage zone capacities {upper bounds) for
each storage component; and ﬁﬁé(s) and [ﬁg(e) denote the flow zone capacities
for each flow component.

The upper bound for channel flow is specified as an arbitrarily large
number (1i.e. Eﬁhqﬂﬁt+ﬂj = «} as no apparent physical constraints exist on the

total channel flows.
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4.7 OBJECTIVE FUNCTION

4.7.1 Component System

The objective function Z for the component system of Figure 4.2 aggregates
all penalties associated with undesirable conditions, i.e. with deviations of
storage from reservoir rule curves, with excessive rates-of-change of release,
and with deviations of channel flows from target levels. The objective of

minimizing Z then reads:

L [NSA(L) NSB(L)
MinZ = § [ Lo Pue (EHL) *US (thL) + T P L (t+2) * LS, (£+2)

& & us. i & [ i

£=] i=1 1 i=1 i
NQA(£) NQB (.2}
oL P () Rl + ] PLo. (E+e) * LQ;(t+e)
i=1 i i=] i
* Pogpp(t+2) * ROEI{t+g) + Pogep(tHe) * RO'ED(tJrE)} (4.31)
where Pﬂs.(téi) = per unit penalty for storage deviation above the rule curve

i
storage in zone i for period £; PLS {t+£) = per unit penalty for storage devia-
i

tion below the rule curve storage in zone i for period £; PUQi(t+ﬂ) = per unit
penalty for flow deviation above the target flow level in zone i for period £;
PLQi(t+E) = per unit penalty for flow deviation below the target flow level in
zone i for period £, PRGEI(t+£) = per unit penalty for rate-of-increase of
release in excess of allowable limit for period £; PRGED(t+£) = per unit penalty
for rate-of-decrease of release in excess of allowable Timit for period £; L =
short-run operating horizon.

The sum of the Tirst two terms of this objective function represents the
total reserveir storage penalty; the sum of the next two terms represents the
total penaity for flow at the control station, and the sum of the tast two terms
represents the total penalty for excess rates-of-change of release. The ob~

jective of operation of the system (as yet the system shown in Figure 4.2) is to
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minimize the total penalty during the operating horizon L. Therefore, each term
is to be summed cver L.

The objective function allows penalties to be assessed, using selectable
ynit penalties, for any or all undesirable operations results and thereby pro-
vides the flexibility to represent most goals and priorities of operation. In
selecting unit penalties there is one constraint, namely that the unit penalties
for_each successive zone farther away from the target levels must exceed the per
unit penalty of the previous zone (see Figures 4.6 and 4.7). This will define
a separable function of flow or of storage. This restriction does not signifi-
cantly 1imit the application of the model because in practice each successive
level of deviation of flow or storage from their target levels is indeed more
objectionable than deviations in the previous zone. Also, concave penaity func-
tions could be accommodated by using mixed integer linear programming techniques;

however, this is not necessary in this study.

4.7.2 GRB System

The LP model for the single reservoir-river system discussed in the pre-
ceeding section can be extended to model many reservoir, many interconnecting
river channels, many control stations and many periods of analysis. Any
reservoir-river system configuration, i.e. parallel or serial, can be accom-
modated. Table 4.1 summarizes the constraints and the objective function that
define the LP probiem for several reservoirs and control stations,

The dimensions of the technological coefficient matrix, A, of the LP

problem are as follows:

NRES L
no=6 %L % NRES + L * NST + § 7 [NSA"(2) + NsBY(£)]
r=] £=1
NST L
# 7 7 [NQAS(e) + NQBT(2)] (4.32)

c=1 £=1
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Figure 4.6 Penalty Representation for Reservoir Storage
(Adapted from Sigvaldason, 1976)

A
[ wp I— S -q-.-—-—-—-.au—-w. hn ezt = s
L0y e LD U0 Lot = m e L.,
LG, ug,
<
>
e z
3 =
5 5
o 1.,
P;E -
Poq =0 | 2. =0
1N sl
i fLg; £ W 1,

Figure 4.7 Penalty Representation for Channel Flow
(Adapted from Sigvaldason, 1976) _




GRBOPMZ2 -68 -

v=-22

Table 4.1 Objective Function and Constraints of Linear Programming Model
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pop L hoi ROED j
CONSTRAINTS
Reservoir Mass Salance Constraints:
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Storage 7ope Constraints:
. nsa(ey s’ L) .
STE) - f o Usg(ee) ¢+ 7 LS (tee) = roST(teE)  ¥r, ¥
= =1
Control Station Mass Balance Constraints:
c k-1 k-1 k-
o%teee) - ¥ w (d) ¢ {eee-d) = T ow(d) ¢ p{eee-d) 4 ] uldd) o T{em-i) e, M
L 4 Lo TP La
=0 3=0 =0
Flow Jone Constraints:
R NOATLE) NoBS(8) .
oF (e} = T ugi{teg) ¢ I nag(esl) = TRLT{tR) Ve, ¥
i= i=
Rate-of-Change of Release Constrainis:
. . . . i
ROTELA) - [ROAIT(t42) + ROELT(t+£}]ag + [ROAD (t+£) + ROEDT{4+2)JaL = RG (421} Ve, WL = 1 i
ROT(t+2) - ROT(L+E-1) - [ROAIT(t+2) + ROEIT(t+£)]af 4 [ROADT(L+£) + ROEDT(t+£)J6l = 0 ¥r, ¥ 2 2

Maximum Allowable Relsase Constraints:
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0
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Flow Zone Bounds:
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m = L{4 * NRES + 2 * NST) (4.33)
where n = number of columns of matrix (number of decision variables); m = number
of rows of matrix (number of constraints); r = reservoir index; NRES = number of

reservoirs; ¢ = control station index; NST = number of control stations.

4.8 METHOD OF SOLUTION

Solution of the operation problems for multi-purpose multi-reservoir systems
as modeled herein requires solution of successive linear programming problems.
Use of digital computer for solution is mandatory because of the dimensions of
the LP matrices and the number of times the solution process must be repeated.

Individual LP problems are solved by the "simplex" method. Among many
availabie LP algorithms that implement the simplex method, XMP is selected for
use in this study because of its efficiency, reliability, portability and ex-
tendabiiity {Marsten, 1980). XMP was developed at the National Bureau of
Economic Research, and at the University of Arizona, under a grant from the
National Science Foundation.

The XMP Tibrary consists of 48 subroutines written in FORTRAN that per-
form the various funztions involved in solving linear programs. In order to
facilitate the use of XMP for solving the optimal operations' problem of GRB
reservoirs, two additional packages of routines were developed by the author:
one tc manage the input data structure, called XMPINP, which itself consists
of a main program and 13 subroutines, and one for the output data structure
called XMPOUT which consists of five subroutines. Thus the total GRBOPM2 model

is composed of a main program and 66 subroutines. The roles and the interaction

of XMPINP, XMPOUT, and XMP routines are shown in Figure 4.8.
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V. USE OF GRBOPM2 IN RESERVOIR
OPERATION STUDIES

The GRBOPMZ model discussed in Chapter IV can be used in two modes. These
two modes of use are: (1) special reservoir operations studies, or a "study
mode," for short; (2} reai-time operations. The use of the model in real-time
operations will be discussed in Chapter VI. In this chapter, the use of the

GRBOPMZ model in special reservoir operations studies is discussed,

5.1 SCOPE OF SPECIAL RESERVOIR OPERATIONS STUDIES

Special reservoir operations studies are typically made to study alternative
operating policies over periods of time much Tonger than that normally used in
real-time operations. Special operations studies are aimed at obtaining the
tong-run systems responses for a proposed plan, or preject, or revision thereof.

The study mode is used by analysts as well as operators to improve the
model structure as well as its daily use. In regard to the model structure, re-
sults obtained in the study mode permit making refinements to the long-run
operating strategy, such as changes in rule curves, target flows, various zones,
and the penalty coefficients.

The maintenance of optimal selections for rule curves, target flows, zones,
and penaity coefficients depends, of course, on the project purposes, i.e.
system's objectives. There are two main project objectives, namely flood con-
trol and recreation. In the absence of fixed market values thereof, the study

mode results must be presented in the form of trade-off curves (see Section 5.8).

Since the relative significance of these objectives depends on the season, study
mode results have been generated for the summer as well as the winter seasons.
The above study results were obtained for both historical hydrologic data as

well as synthetic model input data.
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By generating trade~off curves using operating policies that had different
operating horizons, it was possible fo study the selection of that horizon for

short~-run operations.

5.2 STEPS IN USING GRBOPMZ MODEL IN A STUDY MODE

The model's use in the study mode generally requires the following steps:
(1) Define long-run target conditions by specifying the rule curve, and
the target flow levels at the control stations.

(2) Specify zones of deviation for the reservoir storages, S, and the con-

trol station fiows, O, (LS?s US:S LQ?, and UQ? whevre 1 = zone index;

r = reservoir index; ¢ = control station index) .

(3) Specify penalty coefficients for each zone of deviation (PESi’ PES@’

C
UQ;

A minimum of two zones must be specified for each reservoir and for each control

, and P’ 3 ¥r, ¥c) from long-run targets.

c
p
195

station: one above the rule curve or target flow level and one below {i.e.

NSA” > 1, S > 1, NQA© > 1, and NQBC > 13 ¥r, ¥c). The penalties for storage

and flow deviations must describe a convex function: as the deviations 1ncrease,f

the corresponding penalty coefficients must similarly increase (i.e.

pr > pPr. ., pl > pro, Pt > PC., and P¥ > PO W, ¥, V).
LSinp & TLS57 TUSyy T 0S5t M0y TR Wi = 9
(4) Define maximum allowable rates of change of release {ROAIT _ and

ma X
el . . . - r.
ROABmaX, Vr) and penalties for exceeding these 1imits (PROEI and

PEOED; ¥r); I = increase; D = decrease.

(5) Define the short-run operating horizon, L, over which constraints de-
fined in Table 4.1 must be checked.

(6) At the beginning of the run, initialize all needed data time series
namely reservoir outflows ROV (t), reservoir elevations ET(t), and

reservoir inflows RIT(t), for v = 1, 2, 3, 4 and for -5 <t < 0.

Other initial input data are the average rainfall Prr(t) at nine river ;
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reaches, rr =1, 2, ...9, tributary inflows Ts(t) at four tributaries
(Gresham, Alvaton, Glen Dean, and Horse Branch); and finally the flows
at nine control stations Q“(t), ¢ =1, 2, ...9, and -5 <t <0,

{(7) In addition, the model input data for t = 1, 2, ...T, (where T = length

of study period) are then defined, or assumed, or externally generated.
Among the exogeneously generated input data one finds the reservoir
inflow, average precipitation, and tributary inflows.
The model is then run in stages as illustrated in Figure 5.1 much like one would
find in a dynamic programming approach. There is one stage ber model time step
(i.e. one day). For each stage the status of the system is summarized by a set
of state variables which permit calculating a vector of optimal release decisions
for the next L-day period.

The directed arcs in Figure 5.1 represent the direction of information
flow, and the rectangles represent the decision process. In order to obtain day
t+1 releases, the initial state of the system, (i.e. E'(t), RO (%), RIr(t), P (),
T3(t), and Q%(t)) as well as the generated inflows RI'(t+£); r = 1, 2, 3, 4, the
precipitations Prr(t+£); rr =1, 2, ... and the tributary inflows Ts(t+£);

s =1,2, 3, 4 for £ =1, 2, ..., L are needed. With this information optimal
releases ROr(t+l) for period t+l are calculated!.

Going from “stage" t+1 to stage t+2, the reservoir elevations, Er(t+1),
and the flows at controi stations, Q°(t+1), as well as the releases, RO'(t+1),
resulting from day t+1 calculation, are automatically transferred and used to
Jpdate the model for the day t+2 calculation. After also updating the fore-
casts for £ = 2, 3, ..., L+1 (see Figure 5.1), this process continues until

t=T.

1altbougb optimal results for t+2, €+3, ... t+L, are computed alsoc, they
are not used in further calculations in the study mode.
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5.3 USE GF DUAL SIMPLEX ALGORITHM

In running GRBOPMZ it is important to have at the start of each computation
stage t an initial feasible solution that is "close to" the optimal solution for
stage t. As the initial feasible solution, it was decided to use the optimal
solution calculated for stage t-1. In some cases, that solution will be infeas-
ible because the right-hand sides of the constraint equations shown in Table 4.]
have been changed as part of the updating process. In such cases one can use
the dual simplex algorithm to clear the infeasibility associated with new right-
hand sides and attain the primal feasibility criterion (i.e. optimality criterion
for the dual simplex algorithm). Therefore, after obtaining the optimal solu-
tions for the first period (i.e. t=1) by using the primal simplex algorithm, all
subsequent solutions (i.e. t =2, 3, ... T) were obtained by the dual simplex
algorithm. The use of this approach provided approximately 90% reduction in the
cost of program execution as compared to the use of primal simplex algorithm in-

dependently for each period {$0.15 versus $1.5).

5.4 USER SUPPLIED PENALTY COEFFICIENTS AND ZONES

As stated earlier in Chapter II, the four reservoirs in Green River Basin
are regulated primarily for flood control. A secondary objective is recreation.

In addition, all four reservoirs also contribute something to low flow augmenta-
tion in the basin; Green Reservoir has an allocation of storage specifically for
sater guality centrol in upper Green River.

Major floods have been caused by cyclonic storms which usually occur in the
finter and early spring. Convective storms which generally occur in the summer
nonths seldom cause important flooding because they are 1o¢a}ized and transpira-
fon and infiltration losses then are high. Damages resulting from winter floods,
m the other hand, are not as high as those occurring when crops are on the fieids.
Inty extreme floods in the winter cause serious damage when stages are sufficient1y

11gh to affect real property, stored crops, highways, etc. Thus flood damages
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are heavily dependent on the season. In order to minimize flooding, reservoir
levels are drawn down to winter holding levels, thereby providing storage for
winter and early spring runoff.

Recreation includes boating, picnicking, fishing and other activities occuﬁ
ring either in the reservoirs or in and along the stream channels. Recreationaﬂ
values are also season dependent and occur mainly in the summer season.

Low flow augmentation purposes include water guality control (in upper
reaches) as well as the maintenance of a minimum flow in all channels. In ordeé
to offset effects of oil industry operations in the upper Green, a total of ;
64,000 ac-ft of storage is allocated in Green Reservoir for low flow augmentatid

Thus most of the project purposes are seasonal. This is reflected in the |
rule curve which prescribes two distinct target states for the GRB reservoir
pamely a winter and a summer season. These two periods were simulated and studé
and the results reported herein. Other seasons such as the spring and fatl |
seasons (which correspond to reservoir filling and depletion periods) are not
considered in this study.

No specific criteria are offered here for selection of the values for the %
various penalty coefficients. Such a selection is ultiméte]y the reservoir |
operators’ prerogative. Thus one of the modeling principies was to make penaTtg
coefFicients sélectable by the reservoir operators who have the most experiencei
in defining the goals and priorities of the GRB reservoir system operation. ?of
effective model building purposes, however, it was essential to have reasonabIeé
smitial values for the penalty coefficient and zone limits. Thus, during the
course of the study, regular contact was maintained with the agency staff in oré
to "best" define the model's study parameters. The results of all these dis- |

cussions were refined by Mr. R. A. Biel! in Tables 5.1 and 5.2 for the winter

1Cbief, Reservoilr Regulation Section, Iouisvilie District Office, Corps of
Engineers
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Tabie 5.1

Storage Zone Levels and the Corresponding Penalty

Coefficients for GRB Reservoirs in Winter Season

ngsz%i igge Reservoirs
Correspaonding
Coe???glgﬁts Green Nolin Barren Rough
US3=f(UE3) 724-734 570-580 608-618 544 -554
PUS3 1000 1000 1600 1000
USzzf(UEZ) 713-724 560-570 590-608 524-544
"us, 65 65 65 65
US]=f(UEI) £64-713 450-560 525-590 470-524
Pa;sT 3 2 2 4
RCS=F(RCE) 664 490 525 470
LS]xf(LE]) 655-664 476-480 520-525 465-470
Ls, 1 2 2 2
L52=f(LE2) Datum-655 | Datum-476 | Datum-520 | Datum-465
"Ls, 200 150 200 200
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season. The model parameters.for summer season are shown in Tables 5.3 and
5.4. The storage zone levels in Tables 5.1 and 5.3 are presented in terms of
etevation levels [ft] (i.e. UET and LEi); in the model, however, these eleva-
tion levels are converted into corresponding storages by using the storage-
elevation-curves for each reservoir.

The penalty coefficients are constants within their storage deviation zones.
This means that with respect to reservoir elevation deviations the coefficients

would be stightly non-linear.

5.4.1 Winter Season

In the winter season, a total of five storage zones were defined for each
reservoir (see Table 5.1}. The upper storage deviations are divided into three
classes or zones; the lower storage deviations are divided into fwo zones. In
yrder to maintain a balance of storage among the four reservoirs approximately
:qual penalty coefficients were assigned to corresponding storage zones. The
storage penalty coefficients [penalty points/acre-ft] are approximately 2.0-4.0
‘or the first storage zone, 65 for the second storage zone and 1000 for the last
storage zone above the rule curve. Thus, under flood conditions when water must
e stored in the system reservoirs, the model will distribute the water, if
ossible, within the same zone of all reservoirs before the storage in any re-
iervoir enters the next, more expensive (in terms of accumuiating penaltties) zone.

Similar considerations hold for storage violations below the rule curve.
or example, the model insures that during extremely dry conditions when water
st be released in ordef to meet downstream minimum f!ow.requirements, atl
eservoirs will normally be emptied to their lower most storage zone (i.e.

SE; ¥r) before any réservoér enters the lowest zone.

[t is not always possib]é to maintain an exact bhalance of storage in the

ystem reservoirs, This may be due to irregular areal and temporal distribution

f flood inflows, to the different target flow levels at control stations
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Table 5.3 Storage Zone Levels and the Corresponding Penalty

coefficients for GRB Resevvoirs in Summer Season

Storage Zone

v Reservoirs

Levels and
Corresponding
Ceeii?gléits Green Notin Barren Rough
US, = F(UE,) 724734 570-580 508-618 544554
Pusa- 1000 1000 1000 1000
US 4=F (UE,) 713-724 560570 590-608 | 524-544
PUSB 65 65 65 65
US,,=F{UE,) 678-713 518-560 564-590 497524
Pjsz 4 6 6 9
US,=F(UE,) 675-678 515-518 552-554 495-497
PUS} 3 2 2 .
RCS=£(RCE) 675 515 552 495
LS, =F(LE;) £61-675 486-515 517-552 | 492-495
PLSI 1 2 2 3
LS,=F(LE,) 655661 476-436 520-547 £65-492
p

LS, 2 4 4 5
LS4=F(LE,) Datum-655 | Datum-476 | Datum-520 | Datum-465
pLS3 200 150 200 200
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throughout the system, and to Timits on release capacity of a particular re-
servoir. In such situations the order in which the reservoirs should deviate
from their rule curve levels is specified by assigning stightly different co-
efficient values in corresponding zones. For example, Rough Reservoir has the
least, allowable release capacity. Therefore, a stightly larger penalty co-
efficient was assigned for storage violations in the first zone above the rule
curve as compared to the other reservoirs (a value of [4 noints/ac-ft] as
compared to [2-3 points/ac-ft]). On the other hand, the storage violations
in the first zone (LSE) helow the rule curve in Green Reservoir are not as
objectionable as those of other reservoirs. This is because that zone was _
allocated for water quality purposes. Thus, a penalty coefficient of 1[pena1ty?
points/ac-ft] was assigned for this zone as compared to penalty coefficient f
of [2 points/ac~ft] for the other three reservoirs (see Table 5.1). Thus, the é
model tends to promote releases from Green Reservoir. ;
Deviations from target flow levels at the nine control stations were eaché
represented by a total of five flow zones (Table 5.2). Three are above and twog
are helow the target levels. | |
The lower boundaries of the uppermost flow zones represent the maximum
flow rates for which no flood damages occur (COE, 1967). The penalty coeffi-
cients [penalty points/cfs] for flows exceeding these levels are assigned
relatively large values [9-24 penalty boints/cfs]. Because of the daily time
step of the model, each acre-foot of water released from a reservoir produces %
proximately a 2 fcfs] flow downstream. Therefore, each unit of penalty assessé
against flows at a control station [penalty points/cfs] is equivalent to two :
units of penalty assessed against storage at a reservoir [penalty points/ac—fté
Thus, because the penalty coefficients for the uppermost flow zones (i.e. PUQg%

are more than twice as large as the penalty coefficients for reservoir storage
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(i.e. PUS1)’ water will be retained in the reservoir, if possible, rather than
released. This, of course, reflects the system's purpose of flood control.

The first flow zone (UQ?; ¥c) below the target flow level carries no real
penalty because it corresponds to normal flow conditions. Therefore, a penaity
coefficient of zero was assigned (Table 5.2). On the other hand, penalty co-

efficients in the order of 100-250 [penalty points/cfs] were assigned for the

Towermost fiow zone (i.e. LQZ) because it corresponds to the required minimum

flow conditions.

5.4.2. Summer Season

In the summer season, the target elevations of the reservoirs are well above
those of winter season (see Tables 5.1 and 5.3) in order to provide surface
area for reservoir recreation. On the other hand, the target flow levels at the
control stations are held lower than those of winter season because of in-stream
recreation as well as high potential of flood damages due to the crop season (see
Tables 5.2 and 5.4). Deviations from the ideal state of the reservoirs in this
season were represented therefore by a total of seven zones, four above and
three below the target storages (Table 5.3). Again the interreservoir priority
~elationships that reflect the relative recreational potential of each reservoir
in terms of visitor-days were represented by assigning slightly Targer penalty
:oefficients for those reservoirs in which the recreation potential is higher
see Table 5.3). That ranking derived from the relative number of visitor-
lays is: Rough (most), Barren, Nolin, and Green (least).

Deviations from target flow ievels at the control stations were represented
wy a total of six zones, three above and three below the target flows. The
ippermost two zones (i.e. UQ, and UQ3) correspond to winter flow zones (see
‘ables 5.2 and 5.4); however, the penalties assigned for these two zones are

onsiderably higher than corresponding penalties in the winter season. This
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may be due to the fact that floods which occur during crop season (April to
October) cause the most serious damage.

In the summer seasoh, low-flow requirements may be critical. The lower-
most flow zones (i.e. LQB) correspond to "acceptable®” minimum flow Tevels;
these are equivalent to 7-day, 10-year pre-project flows. Penalties for these 2
zones were assigned such that the model tends to provide releases which assure é
maintenance of low-flow criteria. In addition to this zone, a second zone |
(i.e. LQZ) which corresponds to the “"desirved® Tevels of low flow was estab]ishé?
in order to maintain in-stream recreation and in part of the system to offset
the evaporation losses due to the withdrawal of cooling water by the TVA steam E
plant at Paradise. Note that this zome is absent in the winter season (see :

Tables 5.2 and 5.4).

5.5 RATE-OF-CHANGE OF RELEASE PENALTY COEFFICIENTS AND ZONES

From past release records it had been deduced that the reservoir operator&
gave weight to not changing release rates. Consequently, a penalty structure :
was introduced for rate of change of releases as shown in Section IV 5.5.a.

The selection of "zone" Timits and the coefficients [penalty points/cfs/day]
was based on a statistical analysis of historical rates of change of re%eases.i

Thus, cumulative distribution functions (CDFs) of the historical rates- |
of-change of releases were developed for each reservoir and for each of the
two seasons. Only three years of data (water years 1970-1972) were used becaué
Green Reservoir was not completed until 1969. The CDFs for the winter and |
summer periods are shown in Figure 5.2. For this study, the maximum a?}owabTe%
rates-of-change of release are defined as the 0.95 percentile levels of each
CDF. These and other statistical characteristics of the rates-of-change of
release data are tabulated in Tables 5.5 and 5.6. From an examination of the .
Tables 5.5 and 5.6, it is apparent that the rates-of-change of releases are

smaller in the summer season than in the winter season. Furthormore, it can
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Table 5.5 Statistics of Rates-of-Change of Release for
GRB Reservoirs in Winter Season

Rates-of-Change of Reservoirs

Release in Winter Season Green Nolin Barren Rough
Increase-of-Release
& Mean (cfs) 718.0 570.0 382.0 188.0
g Standard Deviation {cfs) 777.0 689.0 435.0 235.0
e Minimum (cfs)} 1.0 1.0 1.0 0.1
e Maximum (cfs) 4770.0 | 3310.0 | 1760.0 | 1082.0
e 0.95 percentile level 2250.0 | 2210.0 1 1270.0 735.0
Decrease~of-Release
e Mean (cfs) 536.0 449.0 236.0 173.0
& Standard Deviation (cfs) 728.0 612.0 451.0 246.0
@ Minimum (cfs) 1.0 6.0 2.0 0.1
@ Maximum {cfs) 3997.0 | 3390.0 | 2604.0 | 1G47.0
e 0.95 percentile ltevel 2100.0 | 1700.0 | 1310.0 710.0
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Table 5.6 Statistics of Rates-of-Change of Release for

"GRB Reservoirs in Summer Season

Rates-of-Change of Reservoirs

Release in Summer Season Creen NoTin Barren Rough
increase-of-Release

¢ Mean (cfs) 371.0 438.0 129.0 181.0
@ Standard Deviation (cfs)| 688.0 530.0 318.0 245.0
& Minimum (¢fs) 1.0 1.0 1.0 0.1
¢ Maximum {cfs) 4130.0 | 2262.0 | 1870.0 992.0
& 0.95 percentile Tevel 2100.0 | 1680.0 750.0 760.0
Decrease-of-Release

8 Mean (cfs) 214.0 279.0 72.0 120.0
# Standard Deviation (cfs); 450.0 428.0 240.0 203.0
e Minimum (cfs) 1.0 4.0 1.0 0.1
e Maximum (cfs) 2140.0 | 2340.0 | 1700.0 | 1122.0
@ 0.95 percentile level 1400.0 | 1280.0 390.0 580.0
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be seen from Figure 5.2 that the rates-of-change of releases are relatively
small for Rough and Barren Reservoirs because of their Timited release capaci-
ties and probably their high recreation potential in terms of visitor-days.
penalties assessed for exceeding the maximum allowable rates-of-change of re-

Teases will be discussed further in Section 5.8.

5.6 MAXIMUM ALLOWABLE RELEASE SCHEDULE CONSTRAINIS

The maximum allowable release schedule constraints (see Section 4.5.5.c)
that are included for each reservoir were derived from the regulation schedu]esg
shown in Appendix A._ After converting the stages at the local control stations
into flows using the stage-discharge relationships given in Table 2.5, these )
constraints are represented as shown in Figure 5.3. These constraints are the
same for both winter and summer seasons for each reservoir except Barren
(Figure 5.3). Maximum allowable releases for Barren Reservoir are smaller in
the summer season than those of the winter season. This may be due to increase&

agricultural activity in the summer season.

5.7 NUMBER OF CONSTRAINTS AND DECISION VARIABLES OF THE MODEL

The use of GRBOPM? model in special reservoir operations studies as des-
cribed in Section 5.2 requires solving a succession of linear programming
problems. The number of decision variables and the constraint equations {see
Fquations 4.32 and 4.33) that define the LP problem to be solved at each stage
is a function of: (1) the number of reservoirs, NRES; (2} the number of con-
trol sta%ionsS NST; {3} the number of storage zones for each reservoir, NSA
and NSB: (4) the number of flow zones for each control station, NQA and NQB;
and (5) the operating horizon, L{daysi. The number of reservoirs and control
stations included in the operations study of the GRB system is fixed, namely |
four reservoirs {i.e., NRES=4) and nine control stations {i.e., NST=9). Furtheé

more, the number of storage and flow zones is dependent on the season. Also
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the operating horizon, L, cver which the constraint equations of Table 4.7 must
he checked is a function of the availability of forecasted and/or generated in- %

put information.

5.7.17 Winter Season

Ls described in Section 5.4.1 the total number of storage zones in the wént%
season for each of the reservoirs equals five (see Table 5.1). Similarly, the .
total number of flow zones for each of the control stations equats five (see
Table 5.2). Thus, the number of decision variables and the constraints of the
LP problem depend only on the operating horizon, L. For different vatues of
L, the Equations 4.32 and 4.33 give the dimensions of the technotogical coeffi—%
cient matrix A {see Eqg. 4 1.p) for the winter season. They are tabulated in
Table 5.7. The slack and artificial variables that are required for finding
the starting feasible solution for the LP problem, however, are not included
in Table 5.7. The model automatically adds a slack variable for each less-
than-or-equal-to constraint and an artificial variable for each equality con-
straint. Thus, in addition to the decision variabies shown in Table 5.7, a
total of m slack and artificial variables must also be considered (m = number
of constraints) when setting the dimensions of the model's arrays.

The computational efficiency and hence the cost of using the simplex
algorithms is more sensitive to the number of constraints than to the number |
of decision variables (Phillips, Ravindran, and Sclberg, 1976). Eq. 4.33 showsé
that the number of constraints of the LP problem for the Green River Basin is
directly related with the operating horizon L {see Table 5.7}). Therefore, the i
marginal improvements in the system’'s measure of effectiveness (i.e. decrelrnents:Z
in total penalty) obtainable by increasing L must be studied in the Tight of .
the rapidly increasing computational burden. This aspect witl be discussed

further in Section 5.10.



GRBOPMZ -91-

Table 5.7 Dimensions of the Technolegical Coefficient
Matrix A of the LP Problem as a Function of Operation Horizon, L
for Winter Season

Dimensions of the Technological Operating Horizon, L
Coefficient Matrix @ in Winter l1-day | 3-day | 5-day | 10-day
number of decision variables, n 98 294 490 980
number of ceonstraints, m 34 162 170 340

Table 5.8 Dimensions of the Technological Coefficient

Matrix A of the LP Problem as a Function of Operation Horizon, L
for Summer Season

Dimen§iqns of thg Technological Operating Horizon, L

Coefficient Matrix 6 in Summer l-day | 3-day | 5-day | 10-day
number of decision variables, n 115 345 575 1150
number of constraints, m 34 102 170 340
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Fortunately, the number of decision variables which are mainly determined
by the number of storage and flow zones for GRB does not greatly affect the
computational burden. Therefore, if need be the state of the system in the
reservoirs and at the control stations could be represented by even more zones.f
Hence, the continuous penalty functions could be approximated yet more clese?y;E
the number of parameters to be determined would increase further, however.

The size of the LP model proposed herein grows as the number of systems
components increases (i.e., reservoirs and stream channels). Consider a river
system containing as many as 50 reservoirs and 100 control stations. Assuming E
five zones for storage and flow for each component and an operating horizon of }
five days, the LP model would consist of 2000 constraints and 7750 variabies
(including slack and artificai variables). A model of this size can still be
handled by an LP algorithm. It could not possibly be handled via the DP

approach.

5.7.2 Summer Season

The number of constraints of the LP model in the summer season is the sameg
as in the winter season. The only difference is the increased number of dec%-‘
cion variables due to the increased number of storage and flow zones. The |
decision variables and constraints are tabulated as a function of the operating

horizon L in Table 5.8.

5.8 USE OF MODEL WITH HISTORICAL INPUTS TO DEVELOP TRADE-OFF CURVES

The use of the GRBOPMZ model in so called special reservoir operations
studies was discussed in Section 5.2. A set of reservoir releases are se1ectei
for each day by minimizing the user-defined penalty functions (see Section 594f
during two well-defined seasons of the year, namely winter and summer. |

The objective function (Eg. 4.31) can be divided into three components asz

follows:
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Min Z = f{storage, flow, release)
: (5.1)
Min Z =17 A

1"t
The first objective Z} is a measure of deviations of storage from target Tevels
(i.e. rule curve) at the reservoirs. The second objective 22 is a measure of
deviations of flow from target Tevels at the control stations downstream of the re-
servoirs. The third objective 23 is a measure of deviations of excessive rate-
of-change of release values from allowable Timits. All three objectives conflict
physically; because of this, minima of Z], 22, and 23 cannot be achieved simul-

taneously (see Figure 5.4). Thus, there exists a trade-off surface between the

three objectives. The model permits one to generate and present such a trade-

off surface to decision makers (here the Corps of Engineers staff directly re-

sponsible for the operation of the GRB system).

The trade-off surface between the three sub-objectives (i.e. MIN[Z]],
MIN[ZZ}, and MIN[Z3]) may be generated by a variable weighting of two of the
sub-objectives and holding Z = constant for the third one. This amounts to
"decomposing" or slicing the trade-off surface or ”non—fnferior set” and pro-
jecting it onto a plane. The procedure may be repeated for different levels
of third objective until the entire trade-off surface is generated.

In this study, the entire trade-off surface has not been generated; rather,

the trade-off curve between the first two sub-objectives (i.e. Z3 and 22) was

generated by holding the third sub-objective parameter value, 23, constant.
This was achieved by adopting penaity coefficients for “excessive® rate-of-
change of release at each reservoir that were very Targe, namely 3000{penalty
points/cfs/day], as compared to the maximum penalty coefficient for storage at
that reservoir., Therefore, the model will always choose %o store a unit of
water rather than to release it if that would make for a release in excess of
the previous release plus the allowable increase. Consequently 23 = ( and the

original problem reduces to:
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%
(storage)

Z3
{rate-of-changes of release)

Figure 5.4 Trade-off Surface Between Three Objectives
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Min Z=17,+1, (5.2)
subject to the constraints defined in Table 4.1. The genefatioa of the trade-
off curve between Z} and 22 is achieved by varying the ratio of the weights that
contribute to the Z1 and Zz—va1ues. The ratios are such that at one extreme

the (weighted, aggregate) deviation of storages from target levels (Z]) becomes
minimized while at the other end only the (weighted, aggregate) deviation of
flows from target levels (22) becomes minimized. The final weighted objective

function for intermediate situations reads:

Min 7 = (T—A)Z] t A,

(5.3)
The term X is a weighting factor between the two objectives. The values of 2
range between zero and one. Both objectives are equally weighted or important
when value of X equals 0.5,

The above procedure was used to generate the trade-off curves between
storage and flow penalties for the winter and summer seasons of the 1970 water
year. The initializing data as well as all subsequent data inputs defined in

Section 5.2 were historical data. The operating horizon L over which the con-

straint equations of Table 4.1 must be checked was set equal to 3.

5.8.1 Winter Season

The GRBOPMZ model was run in study mode between days 87 through 161 (Dec. 26,
1969 - March 10, 1970) of the 1970 water year. The model was not run for the
entire winter season which corresponds to a period between December 1 and Mavrch 14
because there was a change in the rule curve levels on December 23, 1969, for
Nolin, Barren, and Rough Reservoirs. The historical and model determined
reservoir elevations, releases, and control station flows are shown in Figures
5.5 through 5.21. These figures show the case of » = 0.5 (i.e. the original
dinter penalty coefficients as provided by the COE and shown in Tables 5.1 and

5.2).
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Figures 5.5, 5.7, 5.9, and 5.11 show the simulated and historical reser-
voir elevations together with the rule curve levels (i.e. target levels) for
Green, Nolin, Barren and Rough Reservoirs, respectively. The simulated and
historical reservoir releases together with the reserveir inflow data are shown
in Figures 5.6, 5.8, 5.10, and 5.12 for Green, Nolin, Barren, and Rough Reser-
voirs, respectively.

The model-derived simulated elevations for all four reservoirs deviate
from the rule curve less than the historical data resulting from actual opera-
tion. There were several periods during which the simulated elevations did not
deviate from the rule curve at all except during floods (see Figures 5.5, 5.7,
5.9, and 5.11). The simulated releases, on the other hand, follow the same
pattern as the historical releases except that they occur earlier (see Figures
5.6, 5.8, 5.10, and 5.12}. This is mainily due to the use of historical input
data in the model {i.e. assuming perfect forecast information during the next
3 days). This does indicate that accurate forecasts of reservoir inflows as well
as of precipitation data are important to effective reservoir operations.

During the analysis period, there were several occasions where the maxi-
mum capacity of the Barren Reservoir outlet (i.e. 4000 cfs) was reached (see
Figure 5.10). This shows that the Barren Reservoir has relatively small down-
stream channel capacity as compared to its relatively large watershed (i.e.
largest among ail the reservoirs).

The simulated and historical flows at nine control stations are shown in
Figures 5.13 through 5.21. From an examination of these figures, it is seen
that the shape of the simulated hydrographs at the control stations are similar
to the historical ones. However, the flood peaks are appreciably reduced in
the simulated hydrographs as compared to the historical hydrographs for ail
control stations except for Falls of Rough. During the simulation period,

the flood stages (i.e. the lower boundary of the uppermost flow zone given in
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Table 5.2) were exceeded once or twice for all control stations except Greens-
burg which is the most upstream control station {Figures 5.13 through 5.21).
System low flow requirements were satisfied both by the historical and simulated

flows.

5.8.2 Mcdel Performance in Winter Season

In order to summarize model performance, to compare it with historical
operations, and to compare different policies, L-values, etc., the objective
function parameter values 7 were used. The Z-values associated with historical
operations shown in Table 5.9 were used as reference values (for a given
A~-valuel.

Thus the percent reduction in simulated storage penalties, PRSP, due to

use of the GRBOPMZ model avre defined as follows:

PRSP = 100| -] [%] (5.4)
Vo4
where Z? equals the total storage penalty that resulted from the historical
operations; ZT equals the total storage penalty that resulted from medel simu-
lated operations. These results are also shown in Table 5.9.

Table 5.9 shows the Z?«values for the GRBOPMZ simulated storage deviations
to be less than the historical deviations. This is true for all reservoirs.
The total reduction in storage penalty for all reservoirs was about 35%.

Similar results were obtained for flow penalties at each of the nine con-
trol stations as shown in Table 5.10. The percent reduction in simulated fiow
penalties, PRFP, are defined similarly to the percent reduction in storage
penalties:

-7,
——= ) 2] (5.5)

PRFP = 100 -
Ly
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Table 5.9 Comparison of Storage Penalties between Historical and Simulated
Results in Winter Season of 1970 Water Year

I Historical

-

Simulated Percent Reduction
Reservoirs Storage Storage in Storage
Penalties Penalties Penalties, PRSP
Green 3.37613*10° 2.13146%10% 36.9
Nolin 8.49985*105 5.58057%10° 34.3
Barren 5.32095%106 3.95202*10° 25.7
Rough 2.54619*10° 1.21532*108 52.3
Total
Zh % Z* 1.20933%107 7 .85685%10° 35.0

1 1

Table 5.10 Comparison

of Flow Penalties between Historical and Simulated

Results in Winter Season of 1970 Water Year
Control Hisg?rica1 Simulated Percegt Reduction
Stations oW Flow ~in Flow
Penalties Penalties Penalties, PRFP
Greensburg 1.65939%10°% 1.56761%10° 5.5
Munfordville 2.09850*%10° 1.45158*%105 30.8
Brownsville 2.79830%10° 1.37886*10° 50.7
Bowling Green 4,16719*10° 1.95166%105 53.2
Woodbury 3.87714*106 1.24898*10¢6 67.8
Paradise 9.40000%105 3.20064*10° 66.0
Falls of Rough 5.27210%10% 7.29669%10" ~-38.4
Dundee 9.57300%10" 7.19463%70" 24.8
CaThoun 1.33920*10% 3.52473%10° 73.7
Total
AN 7.37713%106 | 2.70140%108 63.4
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where Zg equals total flow penalty that vesulted from historical operations, and

*
Ly

The percent reductions in flow penalties exceeded the percent reductions in

equals total flow penalty that resulted from model simulated operations.

storage penalties. This may be due to relatively larger penalty coefficients
assigned to flow deviations as compared to the storage deviations (Tables 5.1
and 5.2). Such relatively higher penalty coefficients are to be expected be-
cause filood control at downstream control stations is the primary project purpose.g

Farlier it was seen (Figure 5.18) that at Falls of Rough the simulated :
flows were higher than the historical flows. The seemingly anomelous result
can be observed also in Table 5.10. The percent reduction in simulated flow
penalty, PRFP, for Falls of Rough is negative, namely 38.4%. This is because
Falls of Rough, located immediately below Rough Reservoir, has a smatlier rela-
tive penalty coefficient as compared to the storage penalty coefficients for
Rough Reservoir {Tables 5.1 and 5.2). Thus, the model "forced” release decisions |
that made storage to remain close to the Rough Reservoir rule curve rather than
to keep flows close to the target flows at Falls of Rough. The reduction of
historical Z]wvalues was 52.3% for Rough Reservoir as compared to 36.9%, 34.3%,
and 25.7% €or the Green, Nolin, and Barren Reservoirs, respectively. This is
so despite the fact that Rough Reservoir has the smallest release capacity of
all four reservoirs.

The total reduction in the overall systems measure of effectiveness Z*

h
h h)

k3 *
(1.e. Z* = 7. + 7,) from that of historical operations Zh (i.e. I" = Zi + 22

1 2
was about 45.8%. This result, once again, shows that the GRBOPMZ model pro-
duced better simulated operation of the GRB reservoir system than the historical
operations. The better performance of the GRBOPMZ model may be attributed to:

(1) the use of an explicit optimization technique in finding the values for

decision variables, and (2) the use of three-day ahead perfect forecast inputs
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{i.e. historical inputs). With current methods reservoir regulators have
nejther the time nor the tools to arrive at optimal operating decisions because
the number of decision determinants is so large. The use of optimization
techniques makes the solution of problems with that many variablies, practicable.
In addition, their use makes it worthwhiie to spend rescurces on obtaining more
reliable forecasts. Systematic work to fully substantiate this prepositﬁon does
not seem to have beeh undertaken as yet. Therefore, the use of the GRBOPMZ
model in judging the extent and the value of more accurate and extended fore-
cast information will be considered briefly in Section 5.10.

Returning to the trade-off curve between the two objectives, ZT and Z;,
it was generated by varying the value of x in Eq. 5.3 between 0.0 and 1.0 at
selected intervals as shown along the middle curve in Figure 5.22. The point
corresponding to the historical operations is also shown in Figure 5.22 (note
that the Zz-axis is interrupted). For all values of ), the GRBOPMZ2-generated
trade-off curve 1ies considerabiy closer to the "ideal" operations result (i.e.
the point at which all storage and flow penalties would egual zero) than the
historical operation. The ideal operations peint is generally unattainable due
to randomness of the hydrologic inputs, uncontrolled inflows downstream of the
reservoirs, lack of information, etc. However, it is important to stay as close
to the ideal operation as possible. This may be achieved by having accurate
estimates of the forecast inputs and by using an optimization routine to select
the optimal release decisions within the confines of the many constraints of

the system,

5.8.3 Summer Season

The GRBOPMZ model was run also for the summer season (between days 197 and
346) of the 1970 water year by using the summer season penalty coefficients given

in Tables 5.3 and 5.4. Again the value of X was set equal to 0.5 and three-day
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ahead forecast inputs were used {(i.e. NFCST = 3). The results are shown in
Figures 5.23 through 5.39. The total storage penalties corresponding to the
historical and the simulated operations as well as the percent reductions for
the latter are given in Table 5.11. Corresponding results fo% flow penalties
are given in Table 5.12.

From examination of Fiqures 5.23, 5.25, 5.27, and 5.29, and Table 5.11, it
is seen that the simulated elevation or storage deviations were less than the
historical ones for Barren and Rough Reservoirs. The slightly larger simulated
elevation deviations in Green Reservoir occurred between days 250 and 346,

These were caused mainly by the minimum release requirement of 150 [cfs]. Al-
though the reguiation schedules given in Appendix A show that a minimum release of
150 [cfs] was required from Green Reservoir, the historical operations did not
meet this requirement. Rather, the historical releases from Green Reservoir were
about 75 {[cfs]. No reason for this is apparent. However, the resulting dif- |
ferences between historical and simulated storage penalties are minor; Table 5.11
shows the percent increase in storage penalty, PRSP, to be only 2%.

The relatively Targer differences between simulated and historical eleva-
tions for the Nolin Reservoir, on the other hand, are attributed to the large
penalty coefficient associated with flows at the control station (Brownsville)
immediately below the reservoir. The penalty for exceeding 13,000 [cfs] at
Brownsville is 35 [penalty units/cfs] whereas the storage penalty for exceeding
the efevation 518 feet at Nolin Reservoir is only 6 [penalty units/ac-ft] (Tables
5.3 and 5.4). Converting units of flow inte units of storage shows that for
corresponding zones the flow penalty is about three times larger than the stor-
age penalty. Thus, the model did not yield releases from Nolin Reservoir that
made for flows in excess of 13,000 [cfs] (Figures 5.26 and 5.33). This feature
may also be recognized in the significant reduction in simulated flow penalties

(76%) as compared to historical flow penalties at Brownsville {see Table 5.12).
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Table 5.71

Comparison of Storage Penalties Between Historical and

Simulated Results in Summer Season of 1970 Water Year

Historical Simulated Percent Reduction
Reservoirs Storage Storage in Storage
Penalties Penalties Penalties, PRSP
Green 4.80037*10° | 4.89724%10° -2.0
Nolin 5.03577%10% | 5.76889*1(0° -14 .6
Barren 5.96031*108 | 2.73665%10° 54 1
Rough 2.20206%107 | 1.91466%107 13.1
Total
h * 3.78171*%107 | 3.25493%107 13.9
ZT & Z]

Table 5.12 Comparison of Flow Penalties between Historical and Simulated

Results in Summer Season of 1970 Water Year -

Control Historical Simultated Percent Reduction
Stations Storage Storage 1n_F]ow
Penalties Penalties Penalties, PRFP

Greensburg' 1.18228*%10% | 9.02045%10" 92.4
Munfordviile 6.17000%10% | 4.93076%10° 20.1
Brownsviile 1.54298*106 | 3.70347%105 76.0
Bowling Green | 1.99490*10° | 1.03062*10° 48.3
Woodbury 9,14088*%106 | 9.52512*10° 89.6
Paradise 3.47170*105 | 4.58909*10° -32.2
Falls of Rough | 1.09513%106 | 8.88939*10° 18.8
Dundee 1.47633%108 | 7.44312*%10° 49.6
Calhoun 8.20840*105 | 1.01964*10° -24 .2

Total

zh % Z* 1.64221*107 | 5.12100%106 63.8

2 2
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The sum of storage penalties for all reservoirs, Z?, was reduyced by 13.9%
as compared to the historical operations value, Z?.

By and large, simulated reservoir releases follow the historical releases.
There are differences, especially for Green and Barven Reservoirs (Figures 5.24
and 5.28). For Green Reservoir the simulated high-flow releases were less than
the historical releases. This is mainly due to the fact that the relative pen-
alty coefficient for exceeding 4,000 fcfs] at Greensburg just downstream of the
Green Reservoir is about six times larger than the penalty coefficient for ex-
ceeding the rule curve level at Green Reservoir {Tables 5.3 and 5.4}. Therefore,
GRBOPMZ did not yield recommended release decisions from Green Reservoir that
resulted in flows in excess of 4,000 [cfs] at Greensburg. This can be seen by
comparing Figure 5.24 and 5.31. The historical flows were in the range of &
6,500 [cfs], however (see Figure 5.31). This did, in fact, exceed the 6,000 [cfs]é
release constraint specified in Appendix A.

In regard to Bavren Reservoir, the differences belween simutated and his-
torical releases were due to the making of constant historical releases of about
480 [cfs] between days 233 and 346. This indicates that there may be an unwritten;
rule in the historical operations to change gate settings and hence release rates |
as 1ittle as possible even when there are substantial deviations from the rule
curve {Figures 5,27 and 5.28).

Figures 5.31 through 5.39 show that the simulated flow flood peaks at
most control stations were appreciably smaller than the historical flows with
the exception of Paradise and Calhoun (Table 5.12Y. This is probably due to the
high fiood stage elevations of the latter {Table 5.4).

The overall systems measure of effectiveness for flow penalties (i.e. ZZ)
was reduced significantly as compared to the historical one {i.e. ZZ); the per-

cent reduction in flow penalties (PRFP) amounted to 68.8%. The acceptable
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minimum flow requirements were met by both the historical and simulated opera-
tions during the entire summer season,

The reduction in the overall systems measure of effectiveness Z*, i.e.
- 7", where 7' = 7} + Z,, 2" = 7] + ), was about 30.5%. 1In surmary, the
GRBOPM2 model yielded recommended GRB reservoir system operations decisions
that were better as compared to the historical operations in both the summer
and winter seasons.

A summer trade-off curve similar to that generated for the winter season
was again obtained by varying the vaiue of » between 0.0 and 1.0 at selected
intervals as shown by the middle curve in Figure 5.40. The trade-off points
for » = 1.0 were not plotted in Figure 5.40 {for A = 1 the values of Z; and Z;
were equal to 5.11715%10% and 1.98420%106€, respectively). As was the case for

the winter season, the trade-off curve lies closer to the ideal operations condi-

tion than the historical operation (Figure 5.40).

5.9 USE OF MODEL WITH SYNTHETIC INPUTS TG DEVELOP TRADE-OFF CURVES

Using only the historic flow records as input to GRBOPMZ makes for a bias
in the obtained trade-off curves. There is no guarantee that the historical
flow record will repeat itself or will even be typical for the basin. By test-
ing the model against a range of flow sequences which could occur, the vari-
ability of possible future performance may be understood better. In turn this
promotes a fuller study of alternative operating policies, of penalty functions,

and of the desired trade-offs between objectives.

5.9.1 Development of Balanced Hydrographs

Various techniques have been proposed for the generation of synthetic in-
puts; the balanced inflow hydrograph generation technique proposed by Beard
(1975) was used in this study. A balanced flood is one that is of equal severity

for all possible critical. durations of floods. Here severity is expressed in
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terms of an exceedence probability or exceedence frequency for filood volume for
various durations or hydrograph time basis,‘Tb. The relevant duration of floods
in the Green River Basin varies between twolto three days in the upper reaches
and two to three weeks in the lower reaches {COE, 1967).

The steps for the generation of balanced inflow hydrographs as suggested

by Beard {1975) and their application to the GRB are summarized below.

Step 1. Develop maximum average flow-frequency-duration curves for each water-
shed whose runoff is counted as an external input to the model by using
historical data which are available or have been generated for between
10 and 20 years. To this end the available GRB daily flow data were
scanned to determine the annual maximum average flows, @, for Tb =1,

3, 5, 10, and 30 day durations for the four reservoir watersheds {Green,
Nolin, Barren, and Rough), the four gaged tributary watersheds (Gresham,
A1yaton, Glen Dean, and Horse Branch) and the nine river reach side
1n%1ow series (the latter series were generated using MIL models).
Figure 5.41 shows the average flow-frequency-duration curves, i.e.

q = G{Tb, p), developed for Horse Branch (here p = probability of ex-

ceedence}., Similar curves for other watersheds were also developed.

Step 2. Select a representative hydrograph. This can be of any shape. For
the GRB system, triangular hydrographs whose peak discharges occur at
one-third of the time base of the hydrograph were selected as the repre-

sentative hydrograph for all watersheds (see Figure 5.42a).

step 3. Select an exceedence frequency suited to the needs of a particular
problem. Exceedence frequencies of p = 0.43, 0.1, and 0.05 [yr™1]
which correspond to return periods of 2.33, 10 and 20 years, respectively,

were selected for the GRB system.
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Step 4. Obtain the flow Q = Q(T,, p) for the selected T, and p values. The

resylts are tabulated in Table 5.13.

Step 5. These G-flows shown in Table 5.13 are then used in the balanced hydro-
graph composition scheme outlined in Appendix B. Typical resuits for

Horse Branch are shown in Figure 5.42b.

5.,9.7 Use of Balanced Hydrographs

The balanced hydrographs were used as input to GRBOPMZ to develop trade-off
curves. For this study, it was assumed that these balanced infiow hydrographs
all occur at the same time throughout the basin. This is an overly conservative
assumption for most basins; although the COE (1967) manual does indicate that
basin-wide flooding is common in the GRB. More refined studies would require
the use of spatially as well as temporally varied balanced inflow hydrographs.
To that end one would have to study the temporal and spatial distribution char-
acteristics of runoff in the basin.

The process of generating tyrade-off curves using balanced hydragraph in-
puts is illustrated in Figure 5;43, The scheme applies to both the summer and

the winter seasons.

5.9.3 Winter Season Trade-0ff Curves

The balanced hydrograph inputs were imposed onto the GRB system following
a period in which constant inflows were applied while the reservoir elevations
were held constant (at winter rule curve Tevels). An operating horison of
L = 3lday] was used.

Trade-off curves between storage and flow penalty objectives were developed
for 2.33 and for 20 year return period as was done for the historical records.
These are shown in Figures 5.44 and 5.45. The shapes of the trade-off curves for

both return pericds arve similar to the trade~0ff curve developed from historical
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data (Figures 5.22, 5,44, and 5.45). However, the total storage and flow
penalties for the balance hydrograph'inputs‘are much larger. This is due to
the extreme input combination (i.e. uniform basin-wide flooding).

The trade-off curves may be used to answer a variety of questions. For ex-
ample, if general flooding conditions occur throughout the basin, the question of
what percentages of the flood storage space would be filled if che wants to
minimize only the flow penalties {i.e. » = 1.0) s readily answered. In that
case, all reservoir inflows will be stored completely and only uncontrolled
tributary and side inflows contribute to the flooding at the control stations.
Typical results from such an operation are shown in Tables 5.14 and 5.15. As
seen from Table 5.14, the occupied flood contro1 storage zones (i.e. US} in
Table 5.1) vary between 26% to 49% when the return period equals 2.33 years, and
between 48% and 85% when the return period equals 20 years. The flood control
storage zone for the Rough Reserveir was occupied more than any other reservoir
(49% and 85% for return periods of 2.33 and 20 years, respectively). This is
due to the relatively small flood control capacity of this reservoir as compared
to the others (Table 5.14). As seen in Table 5.15, the flood levels, which
correspond to the lower boundary of the uppermost flow zones in Table 5.2 at all
control stations, except Gfeensburg, were exceeded for both return periods.

It is noted that among the historical flood peaks the magnitudes shown in

Table 5.15 for T = 20[yr] were exceeded by a factor of two on several occasions.

5.9.4 Summer Season Trade-0ff Curves

Trade-off curves between storage and flow penalty objectives were developed
by using the synthetic balanced infiow hydrographs with return periods of 2.33
and 10 years. These are shown in Figures 5.46 and 5.47. The values of the storage
and flow penalty objective (i.e. Z; and Z;) in the summer season were larger than

those of the winter season because of the relatively large magnitude of the
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Table 5.14 Simulated Peak Elevation and Percent Occupied Flood Control
Capacities for 2.33 and 20 Year Return Periods at Reservoirs
in Winter Season {1 = 1.0)

Winter 2.33 Year Return Pericd 20 Year Return Pericd
Flood Control - :
Reservoirs | Storage Capacity Peak Occupied Flood Peak Occupied Flood
in ac-ft Etevation | Control Storage | Elevation | Control Storage
{Usy) in ft Capacity in ¥ in ft Canacity in % t
1
Green 561,438 £38.14 37.0 700.70 62.4
Nolin 545,408 521.11 26.5 536.07 48.3
Rarren 750,848 561.17 39.6 577.99 0.7
Rough 303,610 505.17 49.0 519.30 85.3
Table 5.15 Flood lLevels and Simulated Flood Peaks for

2 33 and 20 Yeay Return Periods at Controi Stations
in Winter Season (A = 1.0)

Fiood lLevels Fioocd Peaks Flood Peaks

. et i.e, U03 in for 2.33 Year for 20 Year

Control Stations Table 5.2 Return Period | Return Period
{cfs) (cfs) (cfs)
Greensbury 10,000 1,713 2,593
Munfordvilie 17,000 20,894 35,178
Brownsviile 23,000 23,790 39,930
Rowling Green 14,000 17,740 51,647
Hoodbury 25,000 42,707 97,786
‘Paradise 35,000 48,742 105,295
Falls of Rough 2,000 2,026 4,031
Dundee 4,000 7,892 14,900
Cathoun 40,000 51,369 116,536
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penalty coefficients assigned for storage and flow zone deviations in the summer
season (Tables 5.1 through 5.4). The shapes of the summer season's trade-off
curves were similar to those of the winter season's. |

The same analysis that was made in the winter season for x» = 1.0 (Section
5.8.1) was repeated for the summer season with return periods of 2.33 and 10
years. These results are presented in Tables 5.16 and 5.17. When all the reser-
voir inflows are completely retained in the reservoirs, the occupied flood con-
trol storage capacities vary from 43% to 70% for the return period of 2.33 years,
and from 63% to 100% for the return period of 10 years. The relative order of
magnitude of the occupied flood control storage capacities among the reservoirs
was the same as for the winter season (Tables 5.14 and 5.16) but the percentages
of occupied flood control capacities were larger. This is because of the rela-
tively small flood control capacity in the summer season due to high rule curve
Tevels. An interesting aspect is that fo% a x = 1.0 condition a 10-year, 30-
day duration flood will occupy all of the flood control storage capacity of the
Rough Reservoir up to the spillway level (524-ft). Again, the results from
Table 5.17 show that flood levels were exceeded ét all the control stations ex-
cept for Greensburg. Because Greensburg is the most upstream station. In the
absence of accumulated side-inflows, flood conditions were not reached. The
flooding of the other control stations was due to the uncontrolled tributary
and side inflows as all the reservoir inflows were completely stored in the
reservoirs. Similar analyses could be carried out for other values of A and

various return periods.

5.10 USE OF THE MODEL TO JUDGE THE VALUE OF FORECAST INFORMATION

The forecasted state of the system within the operating horizon is affected
by the projected optimal release decisions as well as the inevitable differences
between forecasted and actual system inputs (i.e. reservoir inflows, tributary

inflows and precipitation). The tonger the operating horizon and the more
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Table 5.16 Simulated Peak Elevation and Percent Occupied Flood Control
Capacities for 2.33 and 10 Year Return Periods at Reservoirs
in Summer Season (i = 1.0)

Summer ©2.33 Year Return Period 10 Year Return Pariod
Flood Control
Reservoirs | Storage Capacity Peak Decupied Flood Peak Jccupied Fiood
in ac~ft Elevation | Control Storage | Elevation | Control Stovage
(US+}- in ft Capacity in 2 in ft Capacity in ¥
Green 182,323 6595 .61 43.8 703.68 67.2
Nolin 439,092 539 .58 43.5 547.58 53.1
Barren 558,130 574.82 51.6 584 .94 82.5
Rough 324,011 516.98 69.5 524 .00 100.0
Table 5.17 Flood Levels and Simulated Flood Peaks for
2.33 and 10 Year Return Periods at Control Stations
in Summer Season (1 = 1.0) '
Fiood Levels Flood Peaks Flood Peaks
. L i.e. UQs in for 2.33 Year for 10 Year
Control Stations Table 5.2 Return Period | Return Period
(cfs} [cfs) (cfs)
Greensburg 10,000 1,713 2,252
Munfordville 17,000 20,894 - 29,630
Brownsviile 23,000 23,790 33,265
Bowl ing Green 14,000 17,740 35,455
Woodbury 25,000 42,707 77,852
Paradise 35,000 48,742 81,755
Falls of Rough 2,000 2.026 3,277
Dundee 4,000 7,892 12,191
Calhoun 40,000 51,369 89,979
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accurate the forecasts, the more optimal the decisions will be. However, in
real-time reservoir operations, the availability and accuracy of the forecast
information decreases as the operating horizon, L, increases. Furthermore, as
discussed in Section 5.5, the computational effort and hence the cost bf the
solution increases nearly linearly with L. Therefore, there is a need to assess
the extent and utility of forecast information.

In Sections 5.8 and 5.9, three-day ahead forecast or generated input data
were used in running the model for L = 3. The GRBOPMZ model was run for the
winter and the summer seasons with different operating horizons, namely L = 1
and 5, to generate the trade-off curves shown in Figure 5.22 and 5.40, These
figures show that as the number of periods of forecast information increases,
the trade-off curves lie closer to the ideal operating point. However, going
from a three-day to a five-day ahead forecast period, the objective function
values for botﬁ objective {i.e. Z? and Z;) do not decrease as much as they do
when going from one-day to three-day ahead forecast period or operating horizon.
Since computing cost increases linearly whereas the penalty decrease diminishes
with L, there must be_an optimal forécast period to be used with GRBOPMZ.

It is fnteresting to note that as the forecast period increases, the rela-

* *

tive improvement in 22 is larger than the relative improvement in Z, (Figure

i
5.22 and 5.40). (Z; = flow objective parameter values, ZT = storage objective
parameter value.) This emphasizes that better forecasts for uncontrolied tri-
butary and precipitation inputs is important.

Another result of changing L showed up. In spite of the fact that very
large penalty coefficients were assigned for the excessive rates-of-change of
releases from the reservoirs (see Section 5.6), the Barren and Rough Reservoir
releases exceeded their allowable rates-of-change of release limits in the summer

season when one-day ahead forecasts were used in the model. During the entire

summer simulation period, the total rates-of-change of release in excess of
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those allowable were small. They occur because the allowable rates-of-change
of release 1imits for Barven and Rough vreservoirs are quite small in the summer
season (see Tables 5.5 and 5.6).

Furthermore, one-day ahead operation cannot adjust for sudden events that
occur just beyond that one-day period. For example, an increase in Tocal con-
trol station flow at t = 2 will dictate a sudden decrease in the release for

day t = 2.

5.17 OTHER RECOMMENDED USES OF GRBOPMZ MODEL

The results presented in the preceeding sections represent only a few ex-
amples of model use. Extended use is facilitated by the fact that individual
reservoir rule curves and zone definitions as well as channel fiow limits can
be altered from one run to the next since these parameters are among the model's
daily input data.

The GRBOPM2 mode! may also be used as an aid in design and planning. For
example, effect on operating results of the addition or deletion of the Mining
City Reserveir could be studied readily. This veservoir has been authorized

but is not built and is subject of controversy.
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VI. USE OF GRBOPM2 IN REAL-TIME
RESERVOIR OPERATIONS

In the preceeding chapter, the use of the GRBOPM2 model in so called
special reservoir operations studies was discussed. The ultimate aim of this
study, however, is to generate and adapt a systems model to aid in real-time
operation of the GRB reservoir system. In this chapter, the use of the

GRBOPMZ model in real-time operation of the GRB system is considered.

6.1 CHARACTERISTICS OF REAL~TIME OPERATIONS

special reservoir operations studies as described in the preceeding chapter

are typically long-run operations studies. Time of computation and analysis
are not among the critical factors. In real-time operations of a reservoir
system whose main purpose is flood control, the time needed for computation
and analysis can be critical. The GRBOPMZ model described herein has been
designed keeping these model use factors in mind. In other words, special
attention was given to computational efficiency, to input requirements, and to
output selection and formating.

In real-time operations, release decisions are necessarily made without
perfect knowledge of future events. Hence, the GRBOPM2 model is built to
accept forecasted data over an L-day period. With this model, a set of recom-
mended reservoir releases are computed that are optimal for an operating hori-
zon of L days. Only optimal releases for the one-day ahead period (i.e.
RO*(t+1)) would be implemented. The releases selected for two and more days
ahead (i.e. £ =2, 3, ... L) will be revised during the next model run (at
times t+1) as updated forecast information is obtained.

It is noted that the "degree of optimality" of the model results obtained
at time t depends on the accuracy of the forecasted inputs during the operating

horizon,
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6.2 STEPS IN USING GRBOPM2 MODEL IN REAL-TIME QPERATION

The steps followed in using the GRBOPM2 model in real-time operations are
similar to those given for the special reservoir operations studies (Section 5.2).
The essential steps are as follows:

{1) update all data time series using observed data up to the present day, tg

(2) input the forecasted data for the days t+f, £ =1, 2, ..., L; |

(3) define the goals and priorities for system operation by specifying tar-

get flows, rule curves, zones, and penally coefficients;

(4) run the model to obtain the optimal releases for déys t+L. Only the

release policy for day t+1 would be implemented.
In real-time operation, a new set of forecasted data will be available on day

t+1. The model would, therefore, be updated and rerun for the period t+l1+f,

A scheme for using GRBOPM2 model in real-time operation is portrayed in
Figure 6.1. An interactive computer program would facilitate the input data set- |
up for GRBOPMZ. This program provides to the GRBOPM2 model the updated data and
forecasted input data for the operating horizon of L days. The forecast inputs
are: net reservoir inflows for four reservoirs, RIV(t+£)s tributary inflows from%

four four tributary watersheds, Ts(t+£); and avérage rainfall over the local side-

inflow areas of each of the nine river reaches, Prr(t+ﬂ). The GRBOPMZ model theng
returns the optimal release decisions, ROP(t%)*s the optimal reservoir eIevation%
Er(t+ﬂ)*, and the flows at control stations, Qc(t+£)*9 over the L-day operating |
horizon. Also returned is the optimal value for the systems measure of effectivei
ness, Z* (i.e. objective function values). The results are displayed by means of%
tables on thé computer printouts and as well as in the form of plots.

Upon considering the displayed resulis, the reservoir operators may want
to respecify some of the penalty coefficients, zones, target flows, etc. The

model is then rerun with these new set of parameters.
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Certain additions to the GRBOPMZ model could be made permitting more effec-
tive use in real-time operation. For example, the reservoir inflow forecast
models for four GRB reservoirs have been developed already by Tac et al. (1975)
and Rao et al. {1977). Recently, Staab and Rac (1979) have developed unit
hydrograph models for the four tributary watersheds which may be used to fore-
cast flows from those watersheds. These potential conditions are shown in

Figure 6.1,

6.3 A SAMPLE RUN OF GRBOPM2 IN REAL-TIME OPERATIONS

A sample run of GRBOPMZ was made to illustrate 1its utility. The real-time
use of the model requires inputs that are actual forecasts. Such data are not
available for past years. In Tieu of forecasted input data that would be avail-
able during field operations, the sample run was provided with historical data.

Table 6.1 shows the results of using GRBOPM2 with L=5 days for day t = 209
(April 29, 1970) of the 1970 water year. Since the period corresponds to the
summer season, the penalty coefficients and zones for that season were used.

The first set of output rows displays the water year and the days corresponding
to the operating horizon, L, and the various units for flow, time, storage and
elevation variables. The second set of rows displays the initialization data
(for day 205 to day 209) for four reservoirs. These inélude reservoir inflows,
reservoir elevations, and reservoir releases. The next set shows the one-day
ahead (i.e. day 210) recommended release decisions as well as related systems
state information. Similar information is shown in the next four sets pertain-
ing to days 211, 212, 213, and 214.

These same outputs may also be displayed graphically as shown in Figures 6.2
through 6.4, These figures provide the reservoir operators with a good picture
of what would happen in the basin during the operating horizon due to a given
set of release decisions for a given set of forecasted inputs. This graphical

representation facilitates the possible adjustments of the modet parameters
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Figure 6.2 Comparison of Historical Data and Forecasted Results
from the Use of GRBOPMZ in Real-Time Operations for
Green and Nolin Reservoirs
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from the Use of GRBOPMZ in Real-Time Operations
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(i.e. penalty coefficients, zones, target levels, constraints, etc.). He can
also vary some of the forecasted inputs to see how sensitive the release decisions ;

gre.

6.4 COMPARISON OF GRBOPM2 RESULTS WITH HISTORICAL OPERATION

The results from the sample run for t = 209 were compared with the historical
operations. To that end the historical operations are also shown in Figures 6.2
through 6.4.

From the results for Green and Barren Reservoirs {Figures 6.2 and 6.3), it
is evident that an unwritten rule was used in historical operations to minimize
changes in gaté settings and hence to keep release rates nearly constant. For
Nolin and Rough Reservoirs, however, the forecasted releases agreed well with the
historical data.

Figure 6.4 shows that the flood peaks were appreciably reduced at four of
the control stations as compared to historical flood peaks. Similar results were
found for the other control stations.

The aggregate penalty or the system's measure of effectiveness for the L-day
operating horizon was estimated both for historical (Zh) and model -recommended

6 for historical

. ;
operations {(Z ). These were equal to i.?OOSG*EOl and 8.17865*10
and model-recommended cperations, respectively. Thus, the.use of GRBOPMZ pro-

vided a 25.7% reduction in the system's measure of effectiveness,

6.5 A SENSITIVITY ANALYSIS SAMPLE RUN

None of the forecasted hydrologic inputs is entirely certain. The sensi-
tivity of model release recommendations to changes in one or movre input-value
for £ =1, 2, 3, ..., L can be obtained by inputting a distribution of input
values and computing recommended releases ROr(t+ﬂ)* for each input set. For
example, one might increase precipitation and/or reservoir inflows by say +10%

e
and/or -10% and obtain the AROV (£42) s,
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By way of example, consider the GRBOPM2 run for t = 209 of 1970 water year
presented in Section 6.3. The precipitation inputs for the middle and lower
reaches (3, 5, 6, and 9) and for £ =1, 2, 3, ..., L are shown in Table 6.2.
After changing each of the four precipitation inputs for t = 211 or £ = 2 to
2.0", the model was rerun (at t = 209). The results are shown in Table 6.3 and
Figures 6.5 through 6.7,

Table 6.2 Precipitation (Inches Per Day) Over the Reaches 3, b, 6, and 9
During Days 210 Through 214 of 1970 Water Year

Reach Days
No- v 210 | 21 212 | 213 | 214
3 0.745 | 6.185 | 0.000 | 0.130 | 0.983
5 0.088 | 0.102 | 0.435 | 0.003 | 0.013
6 0.347 | 0.020 | 0.543 | 0.000 | 0.005
9 0.448 | 0.062 | 0.000 | 0.006 | 0.211

By comparing these resuits with those of the previous run (Table 6.1 and
Figures 6.2 through 6.4), it is seen that the model-recommended releases from
Green and Barren reservoirs remain unchanged. However, the recommended releases
from Nolin reservoir were reduced for t = 210 and t = 217; the release from
Rough reservoir was reduced for t = 212, 213, and 214. The degree of change
in recommended reservoir release can be obtained convenientiy from the Tables
6.1 and 6.3.

The two inches of rainfall over the reaches 3, 5, 6, and 9 increased the
flood peaks at Brownsville, Woodbury, Paradise, and Calhoun. These control
stations are located at the output nodes of the reaches 3, 5, 6, and 9 {Table 3.1).
The increases in flood peaks as compared to those of the previous run (defined
by Table 6.1) were.approximate1y 5,000 [cfsj for Brownsville, 14,000 [cfs] for
Woodbury and 17,000 [cfs] for Paradise as well as Calhoun. However, the lower

boundaries of the uppermost flow zones (UQ3 in Table 5.4) at which no flood
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Figure 6.5 Results From the Use of GRBOPMZ for Sensitivity
Analysis Studies in Real-Time Operations for
Green and Nolin Reservoirs

VI-id
BREEN RES. . RES.INFLEM NGLIN RES. . RES.INFLOK
DAY209.3970 o o HIST.REL. PRY2US. 1970 o HIST.REL.
ey FCST.REL, wwyc FCSTLREL,
30000 - 15000
w3 20000 o lDDOOI—
b L
e 7
= %
& O
- -4 ’
Y- 36000 L oo
#
vé??Q%%% ﬂ/%
0 T 0 et o
-1.,000 L0000 4,080 £.000 -4.000 0o 4600 8.00a
TIME-DRY TIME-DRY
GREEN RES. . RULE CURVE NALIN RES. e RULE CURVE
DAY209.1970 o o HISTORICAL oAY209.1970 HISTARICR
y % FORECASTED Yoy FORECASTED
7069 540,01 ey
= £490.0 - 530.0
[ &5
[l —t
o e -
o &
e g
g o
il §60.0 i 590.0 -
R P
676.0 ; $10.0 - :
4,008 .0op 4000 &.000 4,000 OB w000 8,500
TIME-DRY : FirE-DRY



GRBOPM2 -171-~ VI-15

BARREN RES  ___  RES.INFLOW ROUGH RES. . RES.INFLOW
DAY20S.1970 o . HIST.REL. DRY209.197C n HIST.REL.
¥—x FOST.REL. ye—— FCST.REL,
6000. 30000
- 4000 . ¢y 20800 —
L L
i 7
= x
£ [n)]
4 d
& zo00, - L 10000 H
0. ‘-ﬁ.,,__.{f . g_q,—gm.@_ga—,:;i‘-..@ - T,JE 'i
-4.060 000 4000 #.000 -4.000 .ooo 4,500 8.500
: TIME-DRY ‘ TIME-DAY
BARREN RES  __ RULF CURVE ROUSH RES.  ___.. RULE CURVE
BAY205.1970 o HISTERICAL DRY208.1970 a g HISTORICAL
W3 FORECASTED ' w— FORECRSTED
565.0 520.0
—Hf
_, 560.0 ., 510.0 //""‘
€0 [ ] .
e -
i =
< £
S - =
iy B55.04 / i1 S00.0 -
P
a
850.0 y | 43C.0 .
-y.000 .00 4,000 8.090 4,000 .00 4600 8.000
TIME-DRY TIME-DAY

Figure 6.6 Results From the Use of GRBOPM? for Sensitivity
Analysis Studies in Real-Time Operations for
Barren and Rough Reservoirs
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damages occur, were exceeded only at Woodbury (at t = 212). The two inches of

rainfall over the reaches 3, 5, 6, and 9 increased the total penalty by 45.7%

as compared to those of the previous run.







GRBOPM2 -175- VII-]

VII., SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 SUMMARY AND CONCLUSIONS

The study reported herein is concerned with the optimal operation of an
existing multipurpose multireservoir system with a view toward making the best
possible use of forecast data and operations research techniques. The system
consists of four flood control reservoirs in the Green River Basin, Kentucky,
having recreation and Tow-flow augmentation as secondary objectives. This reser-
voir system is coperated by thé U. S. Army Corps of Engineers via the Lousville
District's Reservoir Reguiation Section.

The operation of complex reservoir systems requires models which have
descriptive as well as prescriptive or policy components. The descriptive
component relates the state of the system to a given set of release decisions
and a numbeyr of uncontrolled flows. The prescriptive component, on the other
hand, specifies what decisions are to be made such that the system is operated
optimally within a set of given constraints. To that end, an optimization-
simulation model, herein called GRBOPMZ, was developed. 1ts descriptive com-
ponent consists of a.segmented model comprising nine multi-input Tinear (MIL)

models of the river system downstream of the reservoirs. The prescriptive com-

ponent employs a mathematical programming model in the form of a Linear Program.

7.1.17 Descriptive Component

Cach of the nine components of the segmented model represents a routing
model for a reach between control stations. Each reach and the watershed pro-
ducing side inflow to the reach were modeled as a multi-input linear (MIL)
model having reach inflow, precipitation, and tributary inflows as model inputs
and the reach's outflow as model ocutput. The parameters of each MIL model were
estimated by two different methods. The first was an ordinary least squares

(OLS) method in which the parameters were not subject to any constraints. By
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using the second method, namely constrained linear systems {CLS) method, the
mode]l parameters were estimated subject to nonnegativity and mass balance con-
straints. The resulting reach models when placed in series constitute the over-
all segmented models called GRBSYST-OLS and GRBSYST-CLS, respectively.

GRBSYST-0LS and GRBSYST-CLS models were used to estimate the flows or the

state of the system at the control stations for a given set of reservoir releases,
tributary inflows, and reach precipitation during a set operating horizon. The
following resuits were obtained and conclusions are drawn:

(1) The GRBSYST-OLS model produced biased forecasts. Dry season flows were
overpredicted and wet season flows were underpredicted.

(2) The GRBSYST-CLS model reduced the bias in forecasts and improved the
accuracy of the forecasts.

(3) The residual time series for models whose parameters were gstimated by
hoth OLS and the CLS methods were corvelated. Consequently, models of
residuals obtained by the CLS method were developed to extract the
information still present in the residuals. The error models fitted
to the residual sequences were then combined with the MIL models whose
pérameters were estimated by the CLS method to derive another segmented
model called GRBSYS2. The GRBSYS2 model further reduced the bias in

forecasts and it predicted flows better than GRBSYS1-CLS.

7.1.2 Prescriptive Component

The development of the operation policy component involved an investiga-
tion of goals and priorities for reservoir operation. To that end the system's
ctate variables at the reservoirs and at the control stations were divided
into time-varying target or ideal values or ranges. The components of the
jdeal systems state vector included: (1) four target elevations of reservoir
levels, {2) nine target flows at control stations in the system, and (3) four

sets of target values which the rates-of-change of reservoir reieases should not
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exceed. Deviations from the ideal state vector were then divided into various
magnitude classes, called "zones"; different penalties were associated with dif-
ferent zones, By aggregating these penalties over an operating horizon, most of
the goals of and priorities for reservoir operation were commensurated into an
overall systems effectiveness measure. This measure proved useful in the con-
duct of special reservoir operatfons studies as well as the study of real-time
operations simulations.

The GRBOPMZ model was constructed such that penalty weights and zones could
be changed readily, if need be at the beginning of each new time step.

In special reservoir operations studies, the GRBOPM2 model was used to study
the system responses under various operating and hydrologic conditions. The
trade-off curves between various systems objectives were generated for the winter
as well as the summer seasons. These results were obtained for both historical
hydrologic data as well as synthetic model input data. In these investigations
the model has proved to be very effective in assessing the impact of alternative
policies of operation during various seasons of the year.

Secondly, the use of GRBOPMZ in the (simulation of) real-time operations was
studied. The availability of forecasted data and their importance in real-time
operations were recognized early in the study. Hence the GRBOPM? was constructed
such that it accepts forecasted data available for an operating horizon. Using
those data, GRBOPMZ yields recommended optimal release decisions, and associated
optimal reservoir elevations, and flows at the control stations throughout the
operating horizon. The sensitivity of model recommended release decisions to
changes in various forecasted input values was illustrated by performing a sample
run. The results indicate that the model has considerable promise as an opera-
tional tool to aid in real-time operation of the GRB reservoir system,

In terms of methodology, model use, and development, the following conclu-

sions are drawn:
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7.2

(1)

(5)

The linear descriptive models that are part GRBOPMZ appear to be
adequately accurate to make the use of a formal optimization model

(the prescriptive component of GRBOPMZ)Y meaningful. Their Tinearity
permits the use of linear programning.

The built~in model allows the examination of the operation of a complex
reservoir-river system for a variety of cperational policies.

Model inputs were selected so as to be limited fo readily available
data. For example, only normally available forecast information is
used.

The model vesults have been represented in the form of trade-off curves
that promote insight into obtained resuits. In addition the short-run
results are represented in an integrated set of graphs that appear to
be useful in eventual field application of GRBOPMZ.

The methodology presented herein appears readily extendable to any

existing system of reservoirs and interconnecting river channels.

RECOMMENDATIONS

1t is recommended that:

The GRBOPM2 model be field-tested by the Corps of Engineers.

The Four reservoir inflow models and the four tributary watershed models
he made part of GRBOPMZ.

That more general synthetic inflow studies be made after investigating
the temporal and spaiial distribution characteristics of those inflows.
The procedures and methodology presented here?n may be applied fruit-

fully to other reservoiy systems.
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APPENDIX B
BALANCED HYDROGRAPH COMPOSITION SCHEME

GENERAL STEPS:

The maximum average flow-frequency duration curves such as shown in
Figure 5.41 are used to obtain from a representative hydrograph a balanced
hydrograph. The steps are as follows:

(1) For a selected exceedence freguency p, obtain the maximum average
flow rates, Q = G(Tb, p), for various T -durations from the flow-
frequency-duration curves. For the work reported herein Tb =1, 3,
Ty o, (Tb)max'

(2) Consider periods that are Tb in duration starting with Tb = J{day].
For the representative hydrograph, Qr(t)’ determine the Tb-period with
the largest sum of ordinates. Call this sum of ordinates SUM(Tb)v

{3) Let ASUM = SUM(Tb) - SUM{TE)}a where T; is the next smaller duration
than T,. If T, equals T-day, then ﬁ(T;, n) = 0.0.

(4) Let AV = T * ﬁ(Tb, p) - T; * 5(Té, p). If Ty, equals 1-day, then
a1, p) = 0.0.

(5) For each day in the T -set but not in the Tgwsetg the balanced hydro-
graph ordinate Qb(t} equals the product of (aAV/ASUM) and the corres-

ponding representative hydrograph ordinate Qr(t), i.e.:
_ AV
@, (t) = zsuw * Q.0

(6) If Tb = (Tb) , stop: the balanced hydrograph is then complete. Other-

max
wise return to step 2 while increasing Tb“
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EXAMPLE :
By way of an example, consider the following representative hydrograph

ordinates:

Table B.1 Representative Hydrograph Ordinates

Or(t) 1a1001520017000]6400 (5900 5500|5100 |4800 1460014500

t(days 11 240 3| 4| 51 61 71 81 910

Let us further assume that the desired balance is specified by the following
g = Q(Tba p) values obtained from flow-freguency-duration curves for a given
exceedence freguency p.

Table B.2 Maximum Average Flow Rates for a Given
Probability, p, and for Various Tb—Durations

[#8]
o
Pl
fons

Th-Days 1

Q= Q(Tps P) | gogo | 5400 | 5000 | 4300
cfs

I[teration 1:

Step 2 (a) Set Ty = 1

(b) sumM({T.) = suM(1} = Q.(3)

7000

fl

Step 3. ASUM = SUM(Tb) - SUM(Tb) = SUM(1) - G = 7000
Step 4. sy = T % Q(T, p) = T, ¥ Q(T, p) = 1 * 6000 - 0 = 6000
_ AV . 6000 _
Step 5. Qb(3) = K§Eﬁ'* QP(B) = 5580 * 7000 = 6000
Step 6. Since Tb is not equal to 10, the balanced hydrograph is not

compieté. Set Tb = 3 and return to step 2-b.
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Iteration 2:
Step 2b. SUM(Tb) = SUM(3) = QP(B) + Qr{é} + QP(S) = 19300
Step 3. ASUM = SUM(Tb) ~ SUM(?b) = SUM(3) - SUM(1) = 13900 - 7000
= 12300
Step 4. BV = Ty Q(Tys p) = T * QT,s p) = 3 * 5400 - 1 * 6000 = 102000
i _ AV _ 10200 "o
Step 5. Qb(4) = TS * Qr(é) = 15300 * 6400 = 5307
. AV . 10200 -
0,(5) = z5m * 0.(5) = 173pp * 5900 = 4893
Step 6. Since Ty is not equal to 10, the balanced hydrograph is not
complete. Set Tb = 5 and go to step 2-h.
Iteration 3:
Step 2b. SUM(Tb) = SUM(5) = Q?(Z) + Qr(3) + Qr(é) + Qr{S} + Q¥(6) = 30000
Step 3. ASUM = S&M(Tb} - SUM(Tb) = SUM(5) - SUM{3) = 30000 - 19300
= 10700
Step 4. BV = T % Q(Tb, p) - T, * G(Tbs p) = 5 % 5000 - 3 * 5400 = 8800
_ AV _ 8800 -
Step 5. Qb(E) = TSUN * Qr(2) = 73766'* 5200 = 4277
. AV - 8800 -
,(6) = 7 * 0.(6) = {g7gp * 5500 = 4699
Step 6. Since Tb is not egual to 10, set Tb = 10 and go to step 2-b.
Iteration 4:
10
Step 2b. SUM(Tb) = SUM(10) = ) Qr(t) = 53100
t=1
Step 3. ASUM = SUM(Tb) - SUM(T;) = SUM(10) - SUM(5)} = 53100 - 30000
= 23100
Step 4.

BV = Tp* QUTy, p) - T % Q{7 p) = 10 * 4300 - 5 * 5000 = 18000
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18000

Step 5. Qu (1) = op * Q.(1) = 25093 * 4100 = 3195
0p(7) = s * Q,(7) = 25008 * 5100 = 3974

0, (8) = o Q (8) = 18900 * 4800 = 3740

0,(9) = &k« o (9) = 18990 « 4600 = 3584
0(10) = -5 % q,(10) = ;3588 « 4500 - 3507

Step 6, Since Tb equals 10, stop; balanced hydrograph is complete. The

ordinates of the balanced hydrograph is shown in Table B.3.

Table B.3 Balanced Hydrograph Ordinates

Qb(t; 31951427716000{5307148931469913974 1374013584 | 3507
(cfs

t{days)| 1 2 3 4 5 b 7 8 9 10
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