





Serie Publicaciones Misceléneas
Al/DO-86-003
ISSN-0534-5391

INFORME FINAL
VOLUMEN II

NORMAL OPERATION 1/

37

1/ This document was prepared 31/08/86
by J.W. Labadie, V. Floris,

N-F Chon,

W.W.

Shaner

D.G. Fontane and



Sl N R N B o u B h B B R0 A A 2.0

0

2

~ -

~ M (<o)

AN -

S v

N 2
()
=



2R N N E EEAEEEEm === —

PRESENTACION

Los estudios de Operacidn y Seguridad del Sistema de Embalses de Valdesia
fueron ejecutados conjuntamente por el Instituto Nacional de Recursos Hidrauli-
cos (INDRHI) de la Republica Dominicana, la Universidad del Estado de Colorado
(csu) y el Instituto Interamericano de Cooperacidn para la Agricultura (IICA)

a través del Contrato IICA/INDRHI/CSU firmado el 6 de abril de 1984. Los es-

tudios se iniciaron el 6 de agosto de 1984 y finalizaron el 31 de agosto de
1986.

Los estudios fueron financiados por el INDRﬁI a través del préstamo
1655-DO del Banco Mundial.

La ejecucidén de los estudios se desarrolld en seis areas:

a) Estudios Hidroldgicos

b) Operacidn Normal

c) Operacién de Emergencia

d) Inspeccidn, Mantenimiento y Seguridad de Presas

e) Organizacidn para la Operacidn del Sistema de Embalses

f) Entrenamiento y Transferencia de Tecnologia

En este documento se incluye parte del material técnico del Informe Final,

el cual consta de los siguientes volimenes:

-Resumen

-Estudios Hidrolégicos

-Operacién Normal

-Estudios de Operacidén de Crecidas

-Estudios de Inspeccidn, Mantenimiento y Seguridad de Presas

-Organizacidén y Funciones para la Operacidn del Sistema de Embalses
de Valdesia.






-Transferencia de Tecnologia y Capacitacidn.

-Plan de Operacidén de Emergencia para el Sistema de Embalses de
Valdesia. '

-Plan de Operacién Normal para el Sistema de Embalses de Valdesia:
(1) Riego y Energia, (2) Control de Crecidas.

-Manuales de Operacidn de Modelos Computarizados para la Operacidn
Normal del Sistema de Embalses.

-Manual de Usuario de Modelos de Sistemas Hidrolodgicos.

Santo Domingo, Repidblica Dominicana
31 de agosto de 1986

DR. JOSE D. SALAS ' DR.

AGUSTIN A. MILLAR
Coordinador por CSU

Coordinador General
Estudios Embalse Valdesia
(11CA)

ING. JULIO M. LLINAS
Coordinador por INDRHI
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2.1. INTRODUCTION

The Valdesia Reservoir system is a significant multipurpose
project in the Dominican Republic that provides water for irrigation,
hydroéower, and possibly, in the future, municipal water supply. Its
60 MW power plant represents over 40% of the total rated hydropower
capacity in the country and contribﬁtes 15% of total hydro energy
production. It also supplies water for irrigating over 10,000 ha of
‘important agricultural 1land. Unfortunately, since its completion in
-1976, conflicts have arisen between energy and agricultural uses of the
system, resulting in shortages to irrigation water supply. On the other
hand, a stable and reliable energy supply from hydropower is critical if
the country is to reduce reliance on expensive imported oil for thermal
pow;r plants.

A comprehensive reevaluation of the operation of tﬁe Valdesia
system has been undertaken in order to maximize its capability in
meeting energy and irrigation requirements during nérmal or nonemergency
operating conditions. The need for such a reevaluation has become
particularly evident since the destructive effects of Hurricane David in
1979, . from which the country is still recovering. The key to
subs£antia1 improvement in performance 1is operating the system in an
integrated fashion that fully encompasses its multipurpose aspects.
Such a fully integrated approach confronts system operators with a
difficult task. Expanding the scope of the working system for more
integrated analysis greatly multiplies the potential number of
alternative operational strategies. This 1is further complicated by
conflicting objectives, stochastic hydrology, and uncertain consumptive

water wuse. Optimal coordination of the many facets of such a system
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requires the assistance of computer modeling tools to provide
information. on which to base rational operational decisions. These
tools can be employed both in operational planning of the Valdesia
systeﬁ, as well as actual real-time decision support.
2.1.1. iptio the stud ea

a. . Reservoix subsystem.

The storage subsystem includes two projects: Valdesia
Reservoir and Las Barias Reservoir immediately downstream. Valdesia
Reservoir 1is located on the Nizao River northwest of the City of Santo
Domingo, capital of the Dominican Republic (Figure 2.1.1). ' The
reservoir is impounded by a concrete dam designed for maximum storage of
153 106m3 at level 150 m.a.s.1l. The spillway runs the entire length of
the. top of the dam and is controlled by five radial gates. A tunnei
discharges water at a maximum rate of 90 h3/s to a hydroeleétric power
plant with two Francis turbines rated at 30 MW each. Hourly energy
generation data are compiled by CDE, as well as &aily power discharge
and water 1level measurements. This information can be used in mass
balance calculations to estimate reservoir inflows. Valdesia Reservoir
can pfovide some flood control benefits through maintenance of a flood
resefve during months where flood danger is high.

Las Barias Reservoir, about 15 km downstream of Valdesia, is
of much smaller size (3.0 106m3 maximum capacity at level 77 m.a.s.l.)
with its primary purpose to reregulate daily peak period power releases
from Valdesia Reservoir to provide stable discharges to the irrigation
canals. Standardized operating criteria for these projects during both

normal and flood emergency conditions have not been available in the
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past, which has resulted in inconsistent energy production and untimely
irrigation deficiencies.

The construction of other major reservoirs upstream of Las
Barias (Jiguey and Aguacate) has been planned for enhanced regulation of
the Nizao River, increased exploitation of hydropower potential in the
river basin, and possible future domestic water supply for Santo
Domingo. Although these projects are not directly included in this
study, a generalized model has been developed which will easily allow
their incorporation in future management and operational studies for the
system.

b. Conveyance subsystem,

Irrigation water supply from Valdesia and Las Barias
Reservoirs is distributed through two major irrigation canals:

1. Marcos A. Cabral: which diverts water from the Nizao River
at Las Barias Reservoir, conveying it 47 km to the west of
the River, with a total irrigated command area of 8707 ha.
The canal has a maximum capacity of around 12 m3/s (cms) and
includes two major 1laterals. Daily measured flows, with
some interruptions, are available over a nine year history
of the system.

2. Nizao-Naj;yo: which diverts flow 34 km to the east of the
river and irrigates 1636 ha.' Maximum capacity is estimated
at 2.8 m3/s. Daily flow data for this canal are also
available over a four year period, but contain many gaps and
inconsistencies. An additional canal, Juan Caballero, is
currently separate from the Valdesia system, but mav be

connected in the future.
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ation subsystem

Tropical and subtropical crops such as rice, sugarcane,
small vegetables, and fruit (pgrticularly, large banana production) are
grown-in an average yearly temperature of 23°C with mean annual rainfall
of 800 mm. Rainfall, however, 1is inadequate for meeting crop
requirements and irrigation is needed year round mainly for the variety
of crops grown rather than multiple plantings of the same crop over the
&ear. Overall irrigation efficiencies in the sygtem are quite low.

Frederiksen, et al. (1985) assume the following efficiencies:

canals 85%
laterals 80%
a atio

overall 51%

Based on interviews with operational personnel for the Valdesia system,
this overall efficiency seems excessive. The following adjustments have

been assumed for this study:

canals 85%

laterals 85%
. catio 50%*

overall = 35%

Future completion of lining of the main canals and possibly portions of
the major laterals will of course improve the efficiencies, even though
on-farm ‘application efficiencies may continue t§ be a problem. Other
problems include the fact that farmers at the end of the major canals
tend to face consistent shortages, whereas those at the head of the
canals are not using all of the water available to them (Frederiksen, et

al., 1985). Future plans to install control structures and siphons in

* This figure should more than fulfill the salt leaching requirements .
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the main canais should greatly improve equity in water distribution
along the entire length of the canal.

The key to efficient water use is estimating as accurately as
possiﬁle actual 'water needs and then minimizing both excesses and
shortages. This requires extensive and accurate meteorological data,
which were found to be severely deficient in this study. Meteorological
data have been collected over limited time intervals at stations within
.or proximate to the irrigation zone. The most complete data'are
collected at a station in San Cristobal approximately 10 km from the
study area. Though there are several years of daily climatological
measurements available, processing 1is time consuming because the data
are not in computer readable form.

2.1:2. oved ation ugh co erized de on_support.
Computer models of the Valdesia Reservoir system are needed for
operational planning under normal conditions (i.e., excluding flood
emergency conditions) as well as actual real-time operation of the
system. Advances ' in computer technology, both hardware and software,
have been dramatic in recent years and a wide array of tools are
availa?le and being applied to reservoir systems and other water
resoﬁrce projects. The first author of this volume, along with Charles
Sullivan, Chief of the Reservoir Control Center, Southwestern Division
of the U.S. Army Corps of Engineers, have edited a series of articles on
"Computerized Decision Support Systems for Water Resource Managers"
which highlight use of computer software and hardware technology for
actual Qpération of a variety of large and small-scale water projects

throughout the United States (Labadie and Sullivan, 1986). These

articles appear 1in a dedicated issue of the Journal of Water Resources
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Planning and Management, American Society of Civil Enginecers, July 1986.
The conclusions from these articles are that systems analysis and
computer technology are essentiallto operating these systems at their
maﬁimﬁm potential and efficiency.

Computer simulation models‘ are currently being applied to
operations within a number of river basin systems in the U.S. Many are
customized for the particular system, but there is also substantial
usage of generalized models such as HEC 5 (Hydrologic Engineering
Center, 1979). Computer simulation models are particularly attractive
for answering "what if" questions regarding the -performance of
alternative regulation strat;gies. However, they are not well suited
for finding the best or optimum strategies when flexibility exists in
coordinated reservoir system operation.

Optimizing models offer an éxpanded capability to systematically
éelect optimum solutions or families of solutions, under agreed upon
objectives and constraints. In addition, if properly constrained, an
optimizing model can act as a simplified simulation model. However,
simulation models are generally able to represent the operations of a
system with a higher degree of accuracy and are useful for risk analysis
in exémining the long term reliability of proposed operating strategies.

The best appFoach is to combine simulation and optimization
together so as to accentuate their respective strengths. Optimizing
models should first be used for generating operational policies which
can then Se tested and refined with a more detailed simﬁlacion model.
Therefore, two types of models are needed: one for simulation and one

for optimization.



.



2.1.3.

I1-8

Objectives and overview of this study.

The objectives associated with this study include:

1.

Develop optimal end-of-month storage guidecurves for the
Valdesia Reservoir system that maximize expected energy
production subject to meeting irrigation demands, Qith
consideration of the stochastic hydrology and all possible
initial storage conditions for each calendar month.

Perform a stochastic analysis to estimate the reliability of
these optimal rules in meeting energy and irrigation
requrirements, and assess the risks associated with possibly
increasing energy p;oduction and irrigation targets.

Develop a generalized, easy to use river basin simulation
model for the microcomputer which can serve as a weekly
real-time operational tool for optimally synchronizing the
hydropower and agricultural uses of the system, including
allocation between the various irrigation sectors. This
simulation model 1is envisioned to be run using the optimal
réservoir guidecurves from the monthly analysis.

Provide an assessment of the expected economic benefits of
applying the optimized operational guidelines to the
system ang compare the historical performance of the system
with what would 1likely have occurred had the optimal
operating rules been applied on a weekly basis over the
historical period. Energy productipn, power capacity, and
water deliveries for irrigation are the primary means of

comparison.
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5. Engage in technology transfer efforts to: | (i) prepare
Dominican engineers for application of this technology, (ii)
provide all software‘ developed for this study for
microcomputer usage, and associated documentaﬁion. and train
key Dominican engineers on the use of these models; and
(iii) develop a practical operations manual for
implementation of the optimal normal operation guidelines.

The basic scheme for meeting these objectives is shown in Figure

2.1.2. A temporal decomposition approach is selected which begins with
development of optimal feedback decision policies for each calendar
month for Valdesia Reservoir that maximize energy output subject to
satisfying irrigation réquiréments. A fully dynamic optimization
approach employing stochastic dynamic programming is utilized at the
monthly level, requiring inputs of:

1. Month-to-month transition probabilities describing the
stochastic characteristics of the Nizao River inflows -to
Valdesia Reservoir; since the flows are highly random, an
explicit stochastic' approach 1is necessary for developing

. operational policies that will maximize long-term beneficial
use of the system.

2. Hours of hydropower production, which have been highly
random in the past due to: variable daily peak load periods
and use of the system for base load as necessitated by
deficiencies or failure in various portions of the Dominican

power network.
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3. Physical system features including power  plant
characteristics, reservoir capacities, surface arca-head-
capacity tables, etc.

4, Irrigation demands estimated using a modified Penman model.

It 1is expected that the dynamic programming optimization need

only be rerun if it becomes evident that current values of one or more
of the above inputs are no longer valid or need adjustment. The
operating policies generated by the optimization specify optimal end-of-
month storage levels, conditioned on initial storage levels and previous
period inflows to consider the persistence of successive monthly
inflows. These kind of "feedback" policies are essential in that thev
represent optimal guidelines for a large variety of storage and inflow
condition; that may exist at any time, rather than just one inflexible
optimal open loop policy.

Prior to actual real-time wutilization of the optimal operating
policies, they are tested through Monte Carlo analysis. These are
performed using several hundred years of synthetically generated inflows
to assess the probabilities of maintaining various acceptable levels of
release for irrigation and power production, as well as determining the
possibility of increasing target levels to improve beneficial use of the
system. The same network simulation model to be utilized for weekly
real-time operations is also employed for this task on a monthly basis.

Optimal guidecurves from the monthly analysis can now be

utilized for weekly real-time operation of the system. A more detailed
network simulation model 1is employed for determining the optimal
allocation of water in the Valdesia system for hydropower and the
various irrigation sectors in the system, while attempting to conform to

the monthly guidelines. Opportunities are available at the weekly level
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to 1include forecast information on inflows. These forecasts can be
updated on a weekly basis and the model rerun to accommodate changing
éonditions as system perform§nce is monitored. The goal is for the
netwoék simulation model to become a real-time operational tool that is
tractable and easy to use by system operators. The guidecurves and
computer models are intended as support mechanisms only for the system
operators. Use of weekly and monthly targets allow flexibility in daily
.operations. They are regarded as targets only and operators are free to
deviate from them as the need arises and their experience dictates.

In order to confirm the value of employing the guidecurQes,
policies, and computer models developed for normal operation of the
Valdesia system, attempts have been made to assess the improﬁement in
syséem performance that would have occurred historically had they been
employed, versus the actual system -performance. In addition,
preliminary attempts have béen made - to assign an estimated economic
value to these improvements.

A significant aspect of this project has been technology
transfer activities including: (i) on-site training of personnel with
INDRHIu CDE and other key agencies involved in operation of the Valdesia
systeﬁ on the general concepts of systems analysis and computer_modeling
for improving operational performance; (ii) more detailed, lengthy
training at Colorado State University of certain key personnel with
significant responsibility for operational planning, as well as
incorporating their experience base for assuring the operational
procedures are realistic; (iii) intensive instruction on understanding
the computer modelsvdeveloped for this study aﬁd their implementation on

microcomputer facilities, which will be the major computing environment
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for operation of‘the system; and (iv) specific instruction on employing
all the ' technology developed in this study for actual real-time
operation of the system.

A comprehensive documentation and user manual for the computer
models developed for this study has been prepafed under separate cover.
In addition, a separate Valdesia stem Normal Operations Manual is
provided which gives detailed, 'step by step instruction on
implementétion of the procedﬁres for real-time operations. The purpose
of this final report is to fully document all of the work leading to the
normal operations procedures and computer models developed for the
Valdesia Reservoir system. it is hoped that this effort can provide
encouragement for applying sinfilar technology to other projects in the
Dominican Republic, and eventually developing a nationwide integrated
decision support base for water resources.

2.2 T DELS FO TION N _SUPPOR

Two  computer models are wutilized for this study: (i) a
generalized river system simulation model called MODSIM, and (ii) a
general purpose dynamic programming code called CSUDP for developing
optimal stochastic operational guidelines to be tested and employed in
MODSIM. These two programs work together in that CSUDP gives optimal
operation rules whicp can be input to MODSIM for basic operational
decisions and risk assessment. Again, the idea is that simulation and
optimization should be wused together. The former can more accurately
depict the operation of the entire system, whereas the latter can be
useful in helping find optimal operating guidelines for use in the

simulation.
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2.2.1. Optimization model for monthly operational targets: 'CSUDP,

There are a wide variety of optimization techniques available,
including linear prograﬁming, nonlinear progfamming, dynamic
progr;mming, integer programming, network flow theory, optimai control
theory, stochastic optimization, large-scale optimization methods, and
multiobjective techniques. The Tennessee Valley authority (Shane and
Gilbert, 1982) has implemented a linear programming model to schedule
weekly releases for their 42 reservoir system. The optimization is
performed on a week by week basis, éather than in a fully dynamic sense
in anticipation of forecasted conditions. A nonlinear search technique
is wused to tradeoff current energy production with future potential
energy. Prior to the intense &rought of 1976-1977, dynamic programming
was being wused to operate a portion of the Central Valley Project in
northern California (Sheer and Meredith, 1984). A 10% increase in
hydropower production revenues during the period the algorithm was used
was documented.

For this study, the optimization technique selected is dynamic
programming. The reader is referred to Labadie (1980)-and Yakowitz
(1982) , for applications of dynamic programming to water.resources. The
advangages of dynamic programming (DP) include:

a. particulaﬁ suitability in solving sequential decision
problems over many time periods or stages. As seen in Figure 2.2.1,
reservoir operétions can be naturally viewed és a sequential decision
process with release decisions at each stage resulting in beneficial
returns. Monthly storage volumes represent the "state" transitions

between stages. With DP, computer time requirements increase linearly
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with the number of stages. With other methods, except for optimal
control theory, computer time requirements increase geometrically.

b. Ease of considering nonlinear aspects of reservoir modeling
inclu&ing hydropower production functions and evaporation calculations.
The former introduce a high degree of nonconvexity into the optimization
problem which can cause severe difficulties with other methods.

c. Determination of "feedback" operating rules for a wide range
of conditions or states of the system, rather than just one "open loop"
optimal solution that would be obtained with other methods.

d. Solution efficiency actually increases when a large nuﬁber
of operational constraints are included, whereas the opposite occurs
with other methods.

- e. Particular attractiveness for solving stochastic
optimization problems with inclusion of-conditional risk constraints
defining 1limits of probability of failure to meet.certain operational
criteria (Sneidovich, 1979).

The primary disadvantages are:

a. The so-called "curse of dimensionality," which asserts
itself with a vengeance as the number of reservoirs considered surpasses
three. Computer costs and rapid access storage requirements increase
dramatically with each added reservoir.

b. Lack of available, generalized dynamic programming computer
software. The usual approach is to write a specialized DP code for each
new application. This requires both good programming skills and a
thorough understanding of the theory and numerical aspects of DP.

The second disadvantage is overcome by the availability of

Program CSUDP developed at Colorado State University (Labadie, 1980).
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The first disadvantage is not a problem for this study since there are a
limited number of reservoirs. Program CSUDP is used primarily for
developing monthly optimal stochastic operating rules for Valdesia
Reservoir. Program CSUDP 1is a flexible code that allows the user to
include the specifics of a particular system objective function and
constraints through user supplied subroutines 1linked to the main
program. A microcomputer version of the program has been developed for
this project for IBM PC or compatible machines.

2.2.2. mulat odel for weekly real-time operation; MODSIM

For development of weekly operational guidelines wunder
nonemergency conditions for the Valdesia Reservoir System, we propose
use of Program MODSIM developed at Colorado State University. A version
of this program for the IBM PC microcomputer has also been developed for
this project.

The wunderlying principle of MODSIM is that most physical water
resource systems can be represented as capacitated flow networks which
can be solved efficiently and rapidly with modern network flow
computational algorithms. The term "capacitated" refers to the
existence of strict bounds on each link. The components of the system
are represented in the network as nodes, both storage (i.e.} reservoirs)
and nonstorage (i.e., river confluences, diversion points, points of
inflow, and demand 1locations) and 1links or arcs (i.e., canals,
Pipelines, and natural river reaches). In order to consider deﬁands.
inflow, and desired reservoir operating rules, several artificial nodes
and links must be constructed such that mass balance is satisfied

throughout the network, as illustrated ia Figure 2.2.2. These
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artificial nodes and links are created automatically by MODSIM, so the
user need only to be concerned with the actual system linkage.

MODSIM allows the wuse of "costs" that can be real costs or
benef;ts (i.e., negative costs), or simply operational priorities
assigned to certain nodes and 1links that serve to rank operational
alternatives. Most other available general purpose river basin models
'do not have this capability, such as HEC 5 (Hydrologic Engineering
Center, 1979), MITSIM (Lenton and Strzepek, 1977) and SSARR model (U.S.
Army Corps of Engineers, (1972). With these models, various demands and
operating priorities cannot be ranked by the user.

MODSIM employs the‘out-of-kilter fOKM) algorithm (Clausen, 1968)
for optimally allocating flows and carryover storage throughout the
sys;em on the basis of these costs or priorities. The network flow
problem is solved iteratively in a sequential fashion over time. Unlike
other network programming-type algorithms, an init;al feasible solution
need not be provided when using the OKM. It is essentially a primal-
dual 1linear programming algorithm specifically designed for efficient
solution of minimum cost network flow problems.

. The current version of Program MODSIM is primarily intended for
obtaining weekly or monthly management guidelines over an entire river
basin or selected subbasin. The model is not well suited to short term
flood control operations requiring streamflow routing so its primary
usage is in normal operations. The model is capable of generating
operational plans that satisfy specified targets, priorities, and
constraints. It also can be used to evaluate tradeoffs between

conflicting uses during periods of deficient water availability. This
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information can provide a rational, documentable basis for making
difficult water allocation decisions.

One of the most important features of the model is its "user
friendly" design. The model input has 'been structured in an
interactive, conversational format which éncourages use by water

management personnel with little computer experience. The version used

in this study was designed primarily for the IBM PC microcomputer and

compatible machines operating wunder PC DOS 2.0 with a minimum of 320K
memory. The source code is written in FORTRAN 77.

MODSIM 1is designed to be a tool only. The results are onl& as
valid as the data input, but the modél can be useful as a means of
pinpointing data needs. Models can, and have been, abused, and model
usage must always be tempered with sound judgment and experience. The
user should have a good understanding of the assumptions and
approximations associated with the model. Detailed documentation and -
user manuals for MODSIM and CSUDP can be found in the companion report
"Manuales de Operacion de Modelos Computarizados para la Operacion
Normal de Sistemas de Embalses," by J. Labadie, et al (1986).

2.2.3.. simulation model for crop water reguirements.

Efficient operation of the Valdesia system is closely linked to
the accuracy of irrigation demand estimation and reliable delivery of
those requirements over the entire length of the canal system. In order
to calculate monthly and weekly net irrigation requirements, two
additional computer programs were crea:ed:*

- MODPEN: estimates crop evapotranspiration using the modified

Penman method.

* ,
Note that in this study canal head requirements for water delivery are
assumed to be satisfied through regulation of gates to be installed
within the main canals.



LN N N H R R R _R_BR_R_BR. B BR_BR-B_R_}_1J



I1-21

- EFEC: calculates effective rainfall availablé to the crop
root zone using a methodology recommended by Morel-
Seytoux and Restr;po (1985).
a. Modified Penman method
The modified Penman method has received almost universal
acceptance as the ﬁreferred method of obtaining daily and weekiy
potential evapotranspiration estimates. Detractors point to significant
data requirements including daily teﬁperature, humidity, wind speed, and
solar radiation. Potential evapogranspiration is then multiplied by
calibrated crop coefficients to determine water required by each type of
crop for each period. Though there are definite gaps in the requisite
data base for this project, it is still considered to be the appropriate
method for weekly and daily demand estimation.
Guidelines for calculations by this method were taken from an
FAO publication by Doorenbos and Pruit (1975) entitled "Crop Watér
Requirements". The Penman equation has two terms: an energy term which
considers incoming radiation and an aerodynamic term based on wind and
humidity. The modified Penman method involves a revised wind function
and correction for day and night weather conditions not considered ihl
the original wind term. The evapotranspiration calculation considers
water vapor pressure as a function of humidity, as well as additional
factors of wind speed, average temperature, and altitude. The radiation
term is baséd on the amounf of bright'sunshine and the relative position
of the sun and the station (month, latitude).
The crop coefficients modify the potehcial or referencial
evapotranspiration assuming that crops are grown under optimum

conditions producing optimum yields. Crops are categorized into ten
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groups based on similar characteristics: time of planting or sowing,
rate of crop development, length of growing season, climatic conditions,
and frequency of rain or irrigation required. Similarities in plant
structure were also used to group major crops. Since some plants resist
transpiration well, size, roughness, reflectivity, and ground cover aré

also considered. Ideally, each crop should be studied using a lysimeter

to determine water requirements more confidently.

b. Estimation of effective precipitatjon,

Effective precipitation 1is that portion éf rainfall that
contributes to the evapotranspiration requirement of a crop. The
computer program begins with daily rainfall and removes the amount that
is intercepted and returned to the atmosphere. Surface drainage depth
is subtracted from the remaining amount by defining infiltration depth
as the minimum of the precipitation rate and hydraulic conductivity at
natural saturation, assuming a steady infiltration rate.

Th; infiltrated fraction of precipitation is either.consumed
by crops, stored in the soil, evaporated and/or serves as recharge to
the aquifer by deep percolation. Unless the soil is initially
saturated, some of the infiltrating water gradually fills available
storage. Considering the average soil water field capacity, water
content prevailing at the beginnng of the day, the thickness of the root
zone and the recharge parameter for the precipitation process, a daily
effective infiltration depth due to precipation can be calculated
(Morel-Seytoux and Restrepo, 1985).

2.2.4' ocomputer im t 0
The two major models, CSUDP and MODSIM, are written in FORTRAN

77 and implemented on an IBM PC. Both models are compiled by Microsoft
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MS-FORTRAN Compiler V3.20 and linked by MS-FORTRAN Linker V2.41 under PC
DOsS 2.00. - Size of required memory to run these two packages in shown in
Table 2.2.1.

. A general instruction and remark file named READ.ME! is enclosed
in each package to describe the origin, characteristics and
implementation of each model. Two example problems with data and output
files are also enclosed for debugging purposes. For CSUDP, another
documentation file CSUDPIBM.DOC is included to explain program usage in
detail. |

Since integer variable calculation is primarily used in the out-
of-kilter method, MODSIM is linked with standard math library MATH.LIB
of MS-FORTRAN V3.20. With this option, system units installed with or
without an 8087 math coprocessor can run MODSIM successfully. In
addition, MODSIM uses many integer variables with 32-bit precision. If
the wuser needs to modify the program, the INTEGER*2 data type or
$STORAGE metacommand should be wused with caution. To increase the
execution speed of CSUDP, an 8087 math coprocessor is utilized. The
option of metacommand $NOFLOATCALLS in compiling and real math library
8087.LIB for 1linking are both used to obtain an executable file with
increased execution speed.

The PC version of MODSIM is a user-friendly package. It is
designed for interactive use and ease of implementation by beginners. A
batch command file MODSIMX.BAT is provided to connect various aspects of
the MODSIM .package together. Entering "MODSIMX" after the DOS prompt
initiates the package. The wuser can then follow instructions on the
screen and answer various questions to create dat# files or to execute

MODSIM for operational analysis. Once the user is familiar wich all
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Table 2.2.1. Minimum Required Memory for Executing CSUDP and MODSIM on
the IBM PC with Executable Files Compiled by MS-FORTRAN

v3.20

CSUDP MODSIM
Source Code 36,110 72,378
Code of Libraries 32,306 40,214
Real Math Library (8087.LIB) (MATH.LIB)
Constants,
Static Variables, 11,824 17,472
and Stack Segment
Common Blocks 46,736 113,873
Total 126,976 243,937
Suggested System Memory 192K bytes 320K bytes

Note: 1. Memory is in Bytes

and counted by decimal numbers.

2. 512 bytes of stack segment is temporarily assumed.
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procedures of this package, it is possible to selectivély access various
parts directly.

CSUDP 1is a general dynamic brogramming package. The user needs
to p;epare user subroutines STATE, OBJECT, and READIN for describing a
particular prbblem. After these three subroutines are successfully
compiled, they should be linked with the other two main program object
files CSUDP087.0BJ and DPSUBO87.0BJ to obtain the exécutable file.  Here
ﬁhe 8087.LIB and MS Linker V2.40 or V2.41 should be used for linking.
If a PC system unit is installed without an 8087 coprocessor, the user’
can employ the other two object files CSUDP086.0BJ and DPSUBG86.0BJ
provided for 1linking with the real math library ALTMATH.LIB. A batch
file DPLINK.BAT used for linking is enclosed in the package. The user
may also study this file to determine which object files should be
linked to obtain an executable file.

Hints about implementing the program with a floppy disk driver
are given in file READ.ME!. Both models can be executed witﬁ floppy
diskette, but only for small problems since up to five direct access
files in MODSIM and up to thrée in CSUDP are created during execution.
Some intermediate data are stored in a disk file to save main memory..
For lproblems which have many stages and finer discretizations in CSUDP
or many nodes and links in MODSIM, the corresponding’direct access file
will be extremely large. The only way to use the models in these cases
is with. a fixed disk. For details on the size of the direct access
files, the user can alsé refer to the READ.ME! file.

The total number.of files that can be opened concurrently by DOS
varies from four to eight. For users running MODSIM on an IBM PC AT or

compatible machine with DOS V3.00 or higher, FILE=15 is suggested to be
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specified in the system configuration file CONFIG.SYS for allowing more
files to be accessed at the same time.

The programs MODPEN and EFEC.have not as yet been'implemented on
micro;omputers because of the 1large data base necessary to run them.
This includes a daily meteorological input data file, monthly croppiné
patterns for each sector and each 'type of crop, and monthly crop
coefficients. Future work will attempt to adapt MODPEN and EFEC for
real-time wuse on microcoﬁputers, or directly incorporate them into

Program MODSIM.

2.3. ORGANTZATIO OCESSING

By far, the great majority of time and labor allocated to this
project has been devoted to collection, processing, analysis,
correction, and checking of a wide variety historical data associated
with the Valdesia system. Without this intensive effort, there could be
little confidence placed on the results and recommendations of this
study. It is hoped that focus on use of computer models and their
associated data requirements °will provide impetus on improving the
quality and density of water-related data collection networks throughout
the bominican Republic. Several limitations and gaps have been found in
data quality and quantity in time and at specific locations. This has
necessitated the filling of missing data by statistical procedures and
mass balance calculations. None of the data obtained from the Dominican
Republic were available in computer readable form (i.e., diskette or
magnetic type), so all data had to be laboriously entered into disk
files for wuse 1in this study. Table 2.3.1 summarizes the computerized

data base developed for this study.
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Table 2.3.1
Summary of Data Available for Normal Operation Study of the Valdesia
: Reservoir System

File Name Description Time Duration Variables
POWER Hourly energy 1976-84 Releases (m3/s)
releases,

Valdesia Res.

NIZAO D#ily irrigation 1976-84 Releases (m3/s)
releases, Nizao-
Najayo canal

CABRAL Daily irrigation 1976-84 Releases (m3/s)
' releases, M.
Cabral canal

BASE2 Daily general 1976-84 Day number
data base Precipitation at Sta. Valdesia (mm)
: Evaporation at Sta. Valdesia (mm)
Discharge Sta. La Penita (10%m3)
Discharge Sta. Palo de Caja (10°m3)
Water level at Valdesia Res. at
18:00 hrs(masl)
Minimum water level at Valdesia Res.
(masl)
Maximum water level at Valdesia Res.
(masl)
Calculated inflows to Valdesia
Reservoir (106m3)
Turbine operating hours
Energy at Valdesia Plant (MW-hr)
Water levels at Las Barias (masl)
Irrigation releases through M.
Cabral canal (10%m3)
Irrigaton releases through Nizao-
Najayo canal (10°m3)

DAEVAP Monthly evapora- 1976-84 Evaporation in mm
tion at Sta. Quija-
Quieta and San
Cristobal

DIFE . Daily level 1976-84 Water levels (cm)
changes at
Valdesia (18:00 hrs)
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Table 2.3.1 (continued)
Summary of Data Available for Normal Operation Study of the Valdesia
Reservoir System

File Name. Description Time Duration Variables
BANI » Daily temperatures 1976-84 Temperatures (°C)
at Sta. Bani
LLUVIA Rainfall data for 1976-84 Rainfall (mm)
Sta. Bani
WBAS7 Weekly data base 1976-84 . Day of starting week

Water volume at Valdesia
18:00 hrs (10%m3)

Evaporation *.8 -precipitation (mm)

Discharges Sta. La Penita (10%m3)

Discharges Sta. Palo De Caja (10®m3)

Water levels at Valdesia, 18:00 hrs
(masl) 4

Minimum water levels at Valdesia
(masl)

Maximum water levels at Valdesia
(masl)

Calculated inflows to Valdesia Res.
(10%m3)

Releases from Valdesia Res. (10%m3)

Power at Valdesia Plant (KW)

Las Barias water levels (masl)

M. Cabral irrigation releases
(10%m3) '

Nizao-Nijayo irrigation releases
(10%m3)

Week number

AREA4 Monthly cropping 1984 Cropping area (ha)
' areas for Sectors
1-8 for Nizao
irrigation area

AREA3 .= Monthly cropping 1983 Cropping area (ha)
areas for Sectors :
1-8 for Nizao
irrigation area

MG3 Generated monthly - ~ Inflows (m3/s)
inflows for 1100 years

TAPE6 Generated number - Number of Hours
of turbine operating
hours for 1100 years
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Table 2.3.1 (continued)
Summary of Data Available for Normal Operation Study of the Valdesia
Reservoir System

File Name Description Time Duration Variables
SCRI4 - Daily metereological 1984 Day number
data at Sta. San Temperature (°C)
Cristobal Wind Velocity (m/s)

Cloud cover (OKTAS)
Evaporation (mm)
Relative humidity (%)

E AR EARN

SCRI3 Daily metereological 1983 Day number
data at Sta. San ' Temperature (°C)
Cristobal Wind velocity (m/s)

Cloud cover (OKTAS)
Evaporation (mm)
Relative humidity (%)
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2.3.1. Irxrigation system data.
a. Irxigation sectors and cropping patterns.

The total irrigation cropping area has been divided into eight
sectoés as aggregated from 30 previous zone designations that are being
abandoned by INDRHI. The old sectors are listed in Table 2.3.2 and.
their aggregation into the new sectors is given in Table 2.3.3. The
locations of the new sectors can be seen in Figure 2.3.1. This
information was taken from the report "Organizacion de Operacion y
Mantenimiento Informe Preliminar de Diagnostico," Fredericksen, et al.
(1985). The 35 or so crop types are combined into 10 groups according
to simularities in growiné season (Table 2.3.4). Monthly crop
coefficients for the Valdesia iftrigation zone are shown in Figure 2.3.2.
The crop coefficient data were obtained from a table prepared by the
Opefations Department of 1INDRHI. Discussions with Eng. Jose R. Duval
(July 1985) concerning certain crops not included in the table resulted
in agreement that the FAO Manual (Doorenbos and Pruit, 1975) should be
consulted to complete this information.

b. wa u

, Program MODPEN is wused to estimate - crop evapotranspiration.
requirements on a daily, weekly and monthly basis by the modified Penman
method, as described by Doorenbos and Pruit (1975). The primary

formulas used in this method are:

ETO = W2+RN + W1.FU+(EA-ED) (2.3.1)
radiation aerodynamic
term term

where

ETO = reference crop evapotranspiration
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Table 2.3.2 0ld Sectors in the Valdesia Irrigation Subsystem

Marc abral Canal
Number ame Egmhg; ame
1 Maximo Gomez 13 Sector Escondido
2 Matanzas ' 14 Paya Sar
3 Los Jobos 15 Paya Norte
4 Canafistol : 16 Salto de Agua
5 Sombrero Norte 17 Carreton
6 Sombrero Sor 18 Catalina
7 El Llano Norte 19 Nizao 1
8 El Llano 20 Nizao 2
9 Boca Canasta Norte 21 Santana
10 Boca Canasta Sor 22 Pizarrete
11 Corbanal 23 Robledal
12 Mata Gorda 24 Las Barias
ao-Na Can
Number Name : Numbex Name
1 Semana Santa 4 Sabana Palenque
2 La Cabria 5 Sabana Grande de Palenque
3 Juan Baron 6 La Reforma
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Table 2.3.4
Crop groupings

No. Name of the group

Crops in their respective group

S g

NGOV EW

rice
corn

bananas

papaya

yuca

onions

sugarcane

small vegetables
(hortalizas)

pastures
perennial

rice

corn, sorghum, sunflower, peanuts,
red beans, molondron '
bananas, guineo, rulo

papaya (lechoza)

yuca

onions

sugarcane

tomatoes, pepinos, green beans
(vainita), sugarbeets, berenjena,

‘green  pepper, cebollin, cabbage,
name, melon, auyama, sweet potatoes,
potatoes, cucumbers, watermelon
natural pastures, pangola, guinea
citrus, coconuts, mango, avocados,
figs, mispero
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W2 = weighting factor for radiation term

RN = net radiation

.Wl = weighting factor for aerodynamic term

FU = wind related function

EA = saturation vapor pressure at mean air temperature

ED = mean actual vapor pressure.

Values of Wl are considered related to temperature and elevation,
as given in a table in Doorenbos and Pruit (1975). Considering the
elevation of the zone of study the following equation was developed from

this table mentioned above:

Wl = 0.571 - 0.013523 « TEMP + 1.82988 x 10 ¢ « (TEMP)3 (2.3.2)

W2 = 1-Wl (2.3.3)

ETO needs to be adjusted for daytime and nighttime weather
conditions. For this project the correction factor is equal to one
because ©of combined effects of daytime average wind speed, day-night
ratio of wind speed and maximum relative humidity.

EA and ED are functions of average temperature and relative
humidity, respectively, and can be estimated by formulas (as used in
Program MODPEN) or by tables (see Doorenbos and Pruit, 1975).

The term FU is a wind related function calculated as:

u2_
FU = 0.27 (1 + 735) : (2.3.4)

where U2 is wind run in km/day at 2 m height.
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Knowing the monthly average values of extra terrestrial radiation
(RA) and the ratio of actual to maximum possible bright sunshine hours

(CLOUD) the solar radiation (RS) is estimated as:
RS = (0.31+0.49.CLOUD) « RA (2.3.5)

The coefficients of this equation were obtained from Smith (1959) using
data from Jamaica at 18°N of latitude.
Considering a reflectivity of the crop surface (a) equal to 0.25,

the net shortwave radiation (RNS) is:
RNS = (1l-a)RS = 0.75 RS (2.3.6)

The term RN is a function of RNS and other correction factors
including: vapor pressure (FED), bright sunshine (FNN) and temperature
in long wave radiation (FT). All these coefficients are shown in tables
in Doorembos and Pruit (1975), Program MODPEN uses curves fitted to
these data.

Actual evapotranspiration is now calculated as:

ET = ETO . XKC (2.3.7)
where
ET = crop evapotranspiration
XKC = crop coefficient that varies according to crop stage during
the season. |

A listing of Program MODPEN is given in Appendix A.
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c. Effective precipitation

Effective precipitation represents the portion of rainfall
available to satisfy crop water requirements. A computer program called
EFEC ‘has been developed for estimating effective precipitation based on
a procedure developed by Morel-Seytoux and Restrepo (1985).

Daily effective infiltration depth due to precipation is defined
as:

DELPWP = PT - ESP - DDP (2.3.8)
where

PT = total daily precipitation depth, cm

DDP = daily surface dréinage depth, cm

and ESP is calculated by a Horton-type equation as:

ESP = PT for PT < PC + EP « TP (2.3.9)
- (PC + EP + TP)[1 - e-[PT/(PC+EP-TP)]]
for PT > PC + EP « TP ’ (2.3.10)
where
EP = daily potential .evaporation depth from a free water
surface, cm
TP = precipation duration, days

PC = interception storage capacity

The DDP term in (2.3.8) is computed as:
DDP = max(0,P-XKsTP) _ (2.3.11)
where XK is hydraulic conductivity at saturation (cm/d) and

P=0 : for PT < PC + EP - TP (2.3.12)



- - - a - - ¢
l l \ ' ' ! !
3 ' - ]



11-40

- PT-ESP  for  PT > BC + EP + TP (2.3.13)

with P defined as unevaporated precipitation depth reaching the ground.
Daily effective infiltration depth DELWEP is defined as
infiltrating water leaving the root zone and therefore not available for

crop use, as calculated by:

NP+1
DELWEP = DEFPWP NP
(NP+1) [ (THEFC- THEO) DELZR ]
for DELPWP < (THEFC-THEO)DELZR (2.3.14)
S ) .
(NP+1)(THEFC THEO )DELZR
for DELPWP = (THEFC-THEO)DELZR (2.3.15)
where
THEFC = water content at field capacity
THEO = initial soil water content
DELZR = root zone thickness on current day, cm
NP = positive dimensionless recharge factor
The final effective precipitation depth available for crop water
use is:

DELPE = max(0, DELPWP-DELWEP) (2.3.16)

The 1listing %or Program EFEC can also be found in Appendix A of
this report. Application of programs MODPEN and EFEC to the Valdesia
System has resulted in the monthly demand estimates given in Table 2.3.5
and the weekly estimates for each irrigation seetor in Table 2.3.6.
2.3.2 Stochastic inflow characteristics,

Figure 2.3.3 gives the frequency distributions of Valdesia

Reservoir inflows for the month of March, for illustration purposes. A




‘ ‘\«‘11‘,1‘1: A ‘
- - N OO T TR YT T OE T OE T




1I-41

Table 2.3.5 Monthly Calculated Irrigation Demands for Year 1983 and 1984

1984 1983 Total Average

ETP(ns) Efect” Consusotive Use ETP(en) Efect Consunptive Use g /s (1533-84)
Precip  Total al  Nizao Tofal Precip Total al  Nizao Tatal
(nn) (nn) E:g;s) (ails) (:Sls) (es)  (em) l(::e';s) (nils) (:ils) (nsls)*

Jan 13079 38.61 28337 46B6 .80 786 11309 1272 %677 7.8 07 6% 8l
Feb 123.72 4.0 23%6.09 &I 72 707 1991 0.00 IL17 10,05 .14 1119 .13
Mar 189.39 20,00 42683 1.3 )02 12.62 M5.48 25.07 0 9.7 110 1038 1150
fpr 168.23 4118 3300 975 1.09 10.64 15331 J293 M4 9.91 104 10.05  10.44
May 178.2 M.40 X806 9.9 112 1111 141,84 83.69 1§1.86 3.81 A 40 N
Jo 13891 3338 30LSI B4 94 9.08 1414 292 23206 5.6 Jb 685 187
Jul 170.11 65.05 23.03 649 B2 731 17482 24,12 430.00 11.06 138 12.44  9.88
fug 181,28 0.3 3MS.S7 874 145 9.89  1S7.M 95.81 17657 430 S %07 7.48
Sep 16436 78.81 204,43 601  .BO 6.B1 168.49 40.26 A 9.3 L19 1052  B.47
Oct 160.45 T75.61 242,40 581 .79 660 15156 39.80 31931 B3 102 945 7.68
Nov 138.71 20.00 39%.31 10,21 1.26 1L.47 156,23 28.89 38383 Q.41 L10 1051  10.9

Dec 149.12 32.99 33180 831 L.04 935 14161 30.26 3814 192 SN B S A

#  considered a total efficiency of J5L.
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Table 2.3.6 Calculated
irrigation subsystem (m /s).

WEEK

VWoONOWVMEWN-

s. 1

1.61429
0.95714
0.95714
1.10000
1.34286
0.88571
1.02857
1.51429
1.62857
1.47143
1.45714
1.61429
1.97143
1.31429
1.58571
1.47143
1.01429
1.97143
1.47143
1.07143
0.30000
0.55714
1.28571
0.67143
1.48571
2.10000
1.07143
2.05714
1.90000
0.80000
0.00000
1.57143
2.11429
1.60000
1.07143
1.84286
1.814629
0.48571
1.02857
1.42857
1.38571
0.85714
1.18571
1.45714
1.58571
1.90000
1.56286
1.38571
0.77143
1.57143
1.18571
1.25714

S. 2

.94286
.64286
.67143
.74286
.85714
.58571
.67143
.97143
.02857
.92857
.92857
.01429
.25714
.85714
.00000
.92857
.67143
.22857
.90000
.65714
.20000
.35714
.80000
40000
.90000
.21429
.61429
.20000
.10000
.47143
.00000
.91429
.22857
.92857
.67143
.11429
.08571
.28571
.61429
84286
.81429
.52857
.72857
.91429
98571
.18571
.94286
.05714
.64286
1.12857
0.82857
0.95714

OFHOFOOO0OO0OO0OO0O0OOHMFMFOOMOOOFHOMFM,OOOOOOOHOOFHFONMOOHOOOO0OOO0OOO

S. 3

1.50000
1.04286
1.08571
1.20000
1.28571
0.85714
0.98571
1.47143
1.60000
1.45714
1.44286
1.58571
1.98571
1.37143
1.62857
1.50000
1.05714
1.98571
1.48571
1.08571
0.31429
0.58571
1.31429
0.68571
1.50000
2.05714
1.07143
2.02857
1.87143
0.80000
0.00000
1.61429
2.15714
1.65714
1.21429
1.95714
1.92857
0.51429
1.21429
1.60000
1.54286
0.94286
1.31429
1.87143
1.85714
2.30000
1.75714
2.01429
1.28571
2.12857
1.54286
1.80000

COMMOMMMRMMFHMFROOOOO0OO0OO0OO0OO0OOOHOOCOFrHIFOFHFOOOOOHKFHOMRMMEMPEPEFHMFHNFRFROOHFOOOO

.94286
.62857
.64286
.72857
.04286
.64286
. 74286

17143

.20000
.11429
.10000
.18571
.42857
.00000
.24286
.14286
.80000
.52857
.21429
.94286
.27143
.38571
.94286
.54286
.11429
.45714
.70000
.37143
.24286
48571
.00000
.90000
.21429
.91429
.52857
.97143
.95714
.24286
.54286
.87143
.82857
.52857
.71429
.97143
.02857
.28571
.00000
.05714
.58571
.14286
.81429
.95714

11-42

mean weekly consumptive use

S. 5

3.01429
2.18571
2.25714
2.48571
3.10000
2.32857
2.58571
3.48571
3.18571
2.94286
2.94286
3.20000
4.05714
2.98571
3.45714
3.24286
2.42857
4.01429
3.05714
2.32857
0.81429
1.07143
2.48571
1.30000
2.84286
3.80000
1.91429
3.64286
3.35714
1.41429
0.00000
2.71429
3.68571
2.75714
2.15714
3.52857
3.47143
0.94286
2.15714
2.70000
2.58571
1.55714
2,20000
2.78571
2.90000
3.55714
2.78571
3.10000
1.91429
3.31429
2.40000
2.80000

for

OCOMHOHOMHOOOOOHOOFFHOFKFFROOFMFHOFIMOMOOMIMIIM MM E MMM OOHO OO

S. 6

.01429
.65714
.68571
.75714
.17143
.84286
.94286
.32857
.35714
.24286
.24286
.35714
.70000
.30000
.54286
.644286
.05714
.85714
45714
.12857
.38571
.45714
.11429
.62857
.30000
.72857
.88571
.67143
.52857
.61429
.00000
.22857
.64286
.24286
.80000
.38571
.35714
.37143
.80000
.00000
.95714
.58571
.81429
.95714
.98571
.22857
.97143
.07143
.57143
.15714
.82857
.94286

the

Valdesia

OO OO0OO0OROO0OO0OO0O0OO0OMHFFHOOMOOOHMHOFMFOOOOOOOHOOHOHOOOOH,OOOOOOO

.92857
.67143
. 70000
.75714
.94286
.71429
.78571
.05714
.95714
.88571
.88571
.95714
.21429
.91429
.05714
.98571
.74286
.24286
.95714
.72857
.25714
.34286
.77143
.40000
.88571
.17143
.60000
.14286
.04286
.44286
.00000
.84286
.15714
.87143
.70000
.11429
.10000
.30000
.67143
.85714
.82857
.48571
.70000
.85714
.90000
.10000
.87143
.98571
.58571
.05714
.75714
.87143

[-N-N-R-N-R-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-NoN-N-N-N-N-NoN-N- NN N Re RN

S. 8

.171429
.100000
.114286
.114286
.185714
.114286
.142857
.214286

257143

.228571
.228571
.257143
.328571
.257143
.271429
.257143
.185714
.328571
.228571
.171429
.057143
.100000
.214286
.100000
.242857
.314286
.171429
.342857
.314286
.114286
.000000
.285714
.371429
.285714
. 142857
.271429
.271429
.057143
.171429
.216286
.214286
.128571
.171429
.228571
.214286
.285714
.214286
.214286
.114286
.228571
.171429
.200000

.265
.865
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set of frequency distributions for all remaining months can be found in
Appendix B, as generated by the Emergency Operatioﬁs Group. All other
local inflows to the system are considered negligible in comparison to
these. inflows. Also superimposed on these figures are average
irrigation demands estimated from Tab;e 2.3.5. These show the high risk
of not meeting demands for certain months if Valdesia Reservoir were not
available and supplies were run-of-the-river only. Data used for this
analysis are based on 50 sets of synthetically generated flows upstream
of Valdesia reservoir in 22 year lengths, giving a total of 1100 data
sets.

Due to the existence of strong monthly serial correlation among
inflows, the probabilities of inflow in a given month should be
conditioned on what inflow actually occurred in the previous month. A
set of discrete conditional probability distributions were developed for
each month in the form of discrete transition probability matrices
P(IiIIi-l) to preserve these characteristics, where Ii is the inflow in
month 1 and Ii-l is the inflow in the previous month. Several
transition matrices of varying order have been calculated, including
3x3, 3x9, 6x6 and 12x12. After analysis of the corresponding stationary
opgrgtional policies from the stochastic dynamic programming analysis
described in a subsequent section, the 12x12 order was ultimately
selected for developing final operating rules. For the 12x12 transition
matrix, inflows for both the current and previous month are divided into
twelve classes. There are eleven limits for these twelve classes chosen
as S5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 95 percentiles of the
empirical accumulated probability distribution of generated inflow for

each month, as given in Table 2.3.7. The class mark of each class is
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Table, 2.3,7 Class liaits in transition satrix of each month and its corresponding percentile in probability distribution

Percentile  Jan.  Feb, Mar. Apr. May  Juwe July Mg,  Sept. Oct.  Nov.  Dec.

Hinisun 265 L7 1821 2058  1.000 1.491 24851 4471 5,887 6256 6228 3.304‘

6958 5293 S.49 537 5.3 5547 7.188 .30 8,695 9316 10.5B3 6,598

8,420 6793 6174 6504 6895  7.174  B.527 11.663 10.170 10.584 11.940 6.308
10.65¢ B8.8%0 6.005 B8.231 9.9 10.138 10.839 14.840 12.308 12.476 13.877 11. 248
12,370 10.771 9,512 9.685 13.533 12,898 13.034 18,018 14,603 13.880 15.537 13.809
13.890 12.600 11.034 11035 16773 16,113 15505 20.707 16.851 15,333 17.015 16.002
15300 14,516 12,925 12.284 20.087 19.659 18.246 24,803 19.401 16,743 18.908 18.742
17.510 16,617 14,606 13.846 24,552 24.9682 20.569 8.2 22.768 18.661 20,906 22,079
19.441  19.089 16,387 15.850 29.B11 IL.5I3 24413 33263 27.162 21.423 2011 26,35
2,200 21,967 19.218 18,196 38,052 39.128 29.083 40.671 32,440 24700 26,161 32.026
.20 27.18 24,387 22.292 0.282 3.2 3%.I[/ 52939 44.292 30.468 32.444 42,556
31,829 31.B41  28.491 26,061 43,229 67.877 43.221 70.433 58.197 3,76 3321 50.928

RBBVISTLSEEIS

Next to Max 52.330 352.551 48,354 41.821 136.B69 210.144 108.817 273.411 1S3.707 469.B45 &7.980 136.722
Maxisus . 39.104 33239 1971 50.333 197.840 225.957 109.485 430.546 163.226 77.326 69.895 142,059

Units CMS

o B A EdANNSSTEERSE
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taken as the mean value of all flow events in that class. The resulting
transition probability matrices for all months can Be found in Appendix
C of this volume. Table 2.3.8 includes the probabilities for March
inflows, conditioned on February flow classes.
2.3.3. rvoir s m_and powerplant

Elevation-area-volume relationships for Valdesia and Las .Barias
Reservoirs are provided in Tables 2.3.9 and 2.3.10. The elevation-
capacity curve for Valdésia Reservoir is shown in Figure 2.3.4. These
tables reflect conditions after Hurricane David. Maximum discharge
capacity through the powerplant is 90 m3/s. The two turbines located in
the Valdesia hydropower plant are the Francis type and generate
different levels of power as a function of the head, discharge and
turbine efficiency (Table 2.3.11). Turbine elevation is at 70 m.a.s.l.

A typical daily 1load curve for power demand is given in Figure
2.3.5. It can be seen that there are two or three peak periods
totalling eight to ten hours in duration. As described in Section 1.9
of Volume I, a bivariate stochastic modeling of inflows and hours of
generation was carried out because of the variability of generation
hours ,and strong correlation with inflows. Figure 2.3.6 gives the
resuléing accumulated probability gistribution for March. A complete
seg of curves for all months can be found in Appendix D.

Figure 2.3.7 shows the flood pool allocation for Valdesia
Reservoir which has been supplied to the Normal Operations study'by the
Emergency Operations group. Though there is no indication of any
historical provision for flood control space in the reservoir,
especially during periods of maximum flood danger, it was felt that some

provision should be made to improve the flood protection capability of
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Table 2.3.8 Transition Probability Matrix

Froa February to March , 1100 data

Level -0l 02 03 04 05 05 0 08 09 10 1l 12
Mark 3.9725 S5.7109 7.185%6 6.8120 10.275 12.016 13.783 15.501 17.478 21,527 26,341 34.457

01  4.0087 0.4364 0.2000 0.2545 0.0182 0.0182 0.0545 0.0000 0.0182 0.0000 0.0000 0.0000 0.0000
2% 1l 14 1 i 3 0 { 0 0 0 0

02 41114 0.2037 0.2037 0.2037 0.1667 0.1111 0,035 0.0370 0.0000 0.0000 0.0185 0.0000 0.0060
11 11 i1 9 [ 3 2 0 0 i 0 0

03 7.8893 0.1171 0.1261 0.2252 0.1892 0.0991 0.0811 0.0541 0.0901 0.0180 0.0000 0.0000 0.0000
13 14 % 2 i 9 ] 10 2 0 0 0

04 9.8973 0,073 0,045 0,135 0.1909 0.2364 0.1545 0.0545 0,099 0.0182 0,012 0.0000 0.0000
3 ] 18 21 % 17 [ 10 2 2 0 0

05 11,740 0.0162 0.0727 0.1455 0.1182 0.2091 0.1091 0.13%4 0.0%9 0.0545 0.04355 0.0000 0.0000
2 8 16 13 3 12 15 10 6 b] 0 0

06 13.528 0.0091 0,035 0.1000 0.1455 0.1273 0.1455 0.1273 0.1364 0.0727 0.0636 0.0182 0.0000
i b 11 16 14 16 14 15 8 T2 0

07 15542 0.0091 0.0000 0.0818 0.1182 0.1091 0.1545 0.1818 0.1162 0.1364 0.0709 0.0000 0.0000
1 0 9 13 12 17 2 13 13 10 0 0

08 17,757 0.0000 0.0000 0.0273 0.0818 0.1091 0.1273 0.1545 0.1545 0.1545 0.1364 0.0545 0.0000
0 0 3 9 12 14 17 17 17 15 b 0

09  20.3% 0.0000 0.0000 0.0273 0.0455 0.0455 0,109 0.1091 0.1545 0.2273 0.2091 0.0727  0.0000
0 0 3 S 3 12 12 17 -] VA 8 0

10 24,19 0.000 0,000 0,000 00182 0.0000 0.05¢5 0.1000 01273 0.1818 0.2273 0.163% 0.1273
0 0 0 2 0 b {1 14 2 o] 18 14

11 2.19% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0182 0.0909 0.0545 0.1636 0.23%4 0.1636 0.2727
0 0 0 0 o 1 S 3 9 13 9 13

12 38.625 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0354 0.0000 0,109t 0,163 0.21682 0.47277
0 0 0 0 0 0 2 0 6 9 12 2%
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Table 2.3.9 Elevation-Area-Volume Relation for Valdesia Reservoir.
(Source: CDE)

) Volume
"ELEVATION AREA (10°n>)
(m.a.s.1.) (10°n?) ORIGINAL SINCE MAY 1981
95 38 18
100 150 508
105 324 1693
110 871 4680 600
115 1572 10788 1173
120 2310 20493 6182
125 3406 34808 16214
130 4537 54669 32163
135 5664 80168 53736
140 6677 111021 80145
145 7492 146443 - 113465
150 8357 186066 153688
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Table 2.3.10 Elevation-Area-Volume Relation for Las Barias Reservoir.
(Source: CDE)

ELEVATION AREA , VOLUME
(m.a.s.l.) 103m2) - (103m3)
69 0 0
70 52 50
72 190 240
73 310 450
74 460 800
75 640 1400
76 805 - 2100
77" 910 3000
78 1000 4000

80 1140 6050

maximum elevation without spill
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Table 2.3.11 Turbine Efficiencies

Discharge (m3/s)
Head (m) :

0 40 50 60 65 70 75 80 90
60 .0 .6442 .6893 .7085 .7190 .7131 .7133 .7046 .6797
64 .0 .6346 .6854 .7190 .7344 .7334 .7296 .7219 .6970
67 .0 .6346 .6893 .7258 .7373 .7430 .7440 .7411 .7430
71 .0 .6202 .6893 .7354 .7507 .7565 .7498 .7478 .7248
74 .0 .6144 6874 .7402 .7526 .7632 .7613 .7574 .7315
77, .0 .6288 .6912 .7373 .7507 .7584 .7594 .7565 .7373
80 .0

.6422 7037 .7421 .7526 .7622 .7670 .7613 .7334
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the Reservoir. As discussed in a subsequent section of this report, an
analysis was performed to determine the possible loss in hydropower and
water. supply benefits as a result of imposition of this flood curve on
normal operations.

For reservoir mass balance calculations, seepage was neglected and
net evaporation (i.e., evaporation less precipitation) was obtained from
data at meteorological Station Valdesia. Monthly data for 1976 to 1984,
along with mean values are listed in Table 2.3.15.

2.3.4. storica stem i

The historical system behavior is reflected in Figures 2.3.8,
2.3.9, and 2.3.10, giving daily historical Valdesia water levels,
releases, and power output, respectively. The interruption in service
due to Hurricane David 1in September 1979 is clearly visible in these
plots. Figure 2.3.10 reveals an attempt by system operators to maintain
reiatively stable and consistent power output at around 30 MW. However,
storage levels and releases vary greatly which indicéte that well
defined operating rules were not followed historically. 'This has
resulted in conflicts between power and agricultural users of the System
over- the years. Stabilized power output under highly variable releases
and reservoir levels indicates that turbine generation hours and energy
output should also be quite variable, which is confirmed in historical
-data provided by CDE.

Interviews with operations personnél have indicated that
although meetings between power and agricultural interests have occurred
at times to discuss operating objectives, the guidelines reSultinglfrom
these discussions have not always been followed. It appears that energy

production from Valdesia has been dictated, to a large extent, by






51 4 41 -373% <57 42 -59 -26 -0

213 185 261 271 102 155 138 142

Oct, 146 148 126 129 124 133 118 146 —_
) -67 -37 =135 -142 22 -22 0 4 A -47

72 191 127 131 103 110 112 53

Nov 156 1 128 121 136 122 140 141
84 -58 . 1 -10 33 -17 28 88 22

71 127 32 13 62 82 50 47

Dec 153 133 137 136 131 125 150 123
82 8 105 143 75 43 100 82 79

* estimated 45 Precip (mm)
(all units in om) e-8. J3J Evap (mm) )
106 Net Evap (mm) = EVAP - PRECIP

#* Cvap = 0.3 % Pan Evap

I
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Table 2.3.12 Net Evaporation (Evaporation - Precipitation) at Sta. Valdesia
1976 1977 1978 1979 1980 1981 1982 1983 1984 mean
45 31 38 7 51 53 76 21 88
. Jan 143 156 114 127 124 116 133 —
106 120 105 149 63 74 48 95 45 89
62 17 35 36 38 62 79 8 82
Feb 136 155 139 150 129 133 121 128 122 —
74 138 104 114 91 71 42 120 40 88 .
' 60 12 65 80 3s. 39 24 149 38
Mar 153 193 149 157 155 156 152 134 162 —
93 181 84* 77 120 117 128 -15 124 103
59 49 140 71 264 34 35 180 40
Apr 188 188 126 153 107 210 130 140 133 —
129 139 - -16 82 -157 176 95 -40 113 57
87 480 252 260 100 796 309 1209 129
My 165 161 133 121 13 82 108 2 180
28 -319 -119 -139 35 -714 -204 -1097 51 -269
348 87 154 553 57 420 370 439 329
Jun 148 165 132 89 173 129 106 13 143  ___
-200 78 -22 -464 116 -291 -264 -305 -186 -170
53 96 45 245 143 180 206 109
Jul 192 153 175 113 151 157 163 182 —
: 139 57 130 -132 8 -23 -43 73 26
155 254 255 21 253 203 88 307
Aug 173 147 138 178 135 las 167 171 —_—
18 -107 -97 157 -118 -59 79 -136 -32
108 144 110 513 180 95 199 196
Sep 159 148 151 180 . 123 132 140 170
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failure or deficiencies in various parts of the Dominican Republic power

. distribution network which operators attempt to make up with Valdesia

power. Ideally, releases from Valdesia Reservoir should be for power

only, with Las Barias reregulating these flows for consistent irrigation

supply. With a wusable capacity of 3 MCM (Table 2.3.10), Las Barias

could only store around 9 hours of power flows at peak capacity (i.e.,
90 m3/s). With less usable capacity due to carryover storage, there is
great danger of spill at Las Barias and loss of irrigation water during
longer periods of generation.

2.3.5 [Economic data and analysis.

A preliminary economic analysis of the Valdesia system has been
undertaken in order to evaluate the benefits of improving operations
through application of the optimal guidecurves and policies developed in
this study. A discount rate of 15 percent is assumed for this analysis,
which represents capital scarcity without taking into account inflation,
risk to the private sector, income taxes, or national concern over
economic stability. This rate is lower than the 20 percent figure
proposed by the Central Bank of the Dominican Republic since it is
designed to reflect long term conditions.

For this analysis, flood gontrol benefits are excluded not
bec;use they are unimportant, but because insufficient information was
available at the time of this report for relating operational
improvements developed by the Emergency Operations portion of this study
with reduction in downstream damage from flooding. Future work should

focus on estimation of these benefits.



] . | _— - Ul T W _— -_— —— s wewm = T— ] - b |



I N v v —— [ u— . — — —

11-61

a. Hydropower benefits.

A characteristic of hydropower production is that the
initial investment is large, considering the entire dam and reservoir

project, while the cost of opetation is relatively small. The situation

'is reversed for thermal plants; i.e., lower investment costs but higher

operation costs due to the expense ofbimported oil for steam and diesel
plants, primarily. According to the Payne-Gamei report (1984), the
country will encounter severe economic difficulties should it continue
to import petroleum at current levels.

Using 1982 data, Tables 2.3.13 and 2.3.14 compare capacity
and production data by major plant type, including data on Valdesia.
Costs by plant type for 1983 and 1984 are preseqted in Table 2.3.15,
also including values for Valdesia. It is clear that additions to basic
generation capacity are needed.

From the viewpoint of replacement benefits, Shaner (1986)
has estimated a real difference between the average costs of diesel
fired plants and the Valdesia powerplant of DR$0.53/KWH.* This is a
valid comparison since from these tables, diesel plants are primarily
employed for intermediate and peaking purposes, which is comparable'tov
hydropower usage. This replacement value should be valid up to about 8
GWH/yf, thch is the average energy output of diesel plants over 1982,
1983 and 1984. ’

b. Irrigatjon benefits,

Benefits from additional water for irrigation purposes

1. security against dry years
2. availability of water when needed

3. growing more than one crop per year

* Though valid for historical analysis, this figure may be currently too high.






1I1-62

Table 2.3.13. Rated Capacity for 1982 (megawatts)
Plant Type Base Intermediate Peaking Total
Steam - 478.8 0 0 478.8
Hydro* 13.5 23.1 97.7 134.3
Gas 0 70.0 134.9 204.9
Diesel -0 1.0 —9.0 -10.0
Totals 492.3 9.1 241.6 828.0
*Valdesia: 60 MW - maximum rated capacity
22.4% of total peaking
40.2% of total hydro-rated
6.5% of total
Table 2.3.14. Generation for 1982 (gigawatt-hours)
Plant Type Base Intermediate Peaking Total
Steam 1777 0 0 1777
Hydro* 81 196 177 454
Gas 0 59 84 143
Diesel —0 -2 —_ —1
Totals 1858 257 266 2381
*Valdesia: 68 GWH

25.6% of total peaking

15.0% of total hydro
2.9% of total
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Table 2.3.15. Operating and Maintenance Costs for January and April
(DR$/KWH)
Plant Type 1983 - 1984
Steam . 5.54 6.04
Hydro* 1.17 2.73
Gas 13.84 12.16
Diesel 18.51 20.30
Overall 5.31 | 7.09
*Valdesia: DR$/KWH 1.87 | 5.79
$ of hydro 160 212

% of overall 35 ‘ 82
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4. 1increasing the area under cultivation

5. shifting to more profitable crops

6. greater water security resulting in farmers willing to aﬁply
cash inputs.

Despite these benefits from additional water, other factors.
influence farmer’s decisions, e.g., crop rotation requirements, pests,
marketing, credit, etc. Frederiksen et al. (1985) have noted that more
than water 1s important to the farmer. This is indicated by the fact
that farmers located at the heads of the 'major canals are only
irrigating on the average of 10 hours per day, and not at all on the
weekends, even though water is.actually available 24 hours per day. At
the same time, farmers at the -end of the system suffer water shortages
and receive whatever water reaches them during turns of 8 and 12 days.
To 1learn if those at the head of the system would gain from increased
water from Valdesia, it is important to know how they irrigate and why
they act as they do. With more water they could:

1. 1irrigate the same amount of land in less time, which reduces
their effort (manhours of work), or
2. irrigate more land in the same amount of time.

On the other hand, those at the tail end of the system would
ce;tainly benefit from an 1increase in water made available to them,
assﬁming there is ;;fficienc additional capacity in the canals to
accommodate increased flows. A comparison of total weekly irrigation
requirements computed by the modified Penman method and displayed in
Table 2.3.6 reveals that with a total estimated canal cap#city of 14.8
m3/s, there is sufficient unused capacity available for a 10 percent

increase in deliveries, except for perhaps two weeks out of the year.
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Even for those two weeks, there is likely no problem since adjacent
weeks have lower.demands, which would allow requirements in the criticaln
weeks to be spread over a longer cimé.

. Shaner (1986) has divided head and tail end users by:
assuming 57 percent of total irrigated lands and.46 percent of total
users are at the head end. Farmers benefiting from‘increased water
supply vary according to whether they are among the head end or tail end
groups.

Table 2.3.16 indicates tﬁe typical cropping patterns for the
"headenders" and tailenders" as presented in Frederiksen, et al. (1985).
This table indicaﬁes that the 1intensity of land use approximates 80
percent, so that opening of additional irrigation land is possible.

Table 2.3.17 provides estimates of average yield, price, and
variable costs associated with major crops grown in the area, as
compiled by Shaner 1986. Obtaining yield estimates for rice, sugarcane,
bananas and papayas was extremely difficult, due to ﬁigh variation in
published data and uncertainty about units of measure. - Factors
influencing yields include yedr, location, irrigated or rainfed, plant
variety, input use, etc., which makes correlating published data to the
study area difficult.

Estimation of prices is also difficult because of the range
in wvalues for various years expressed in both DR and US dollars. For
this study, an exchange rate of DR$3.25 to US$1.00 has been assumed,
which is based on the shadow price of foreign exchange rather than the
official rate. Production costs are considered to be relatively more
accurate than the other estimates and have been compiled from a number

of sources by Shaner (1986). These costs included agrochemicals,
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Table 2.3.16. Typical Crops Grown in Head and Tail Sections
(Frederiksen et al., 1985)

Head Sections : Tail Sections

Crops Hectares Percent of Tota Hectares  Percent of Total
Rice 274 5.9 16 0.6
Sugarcane 2,864 61.5 5 0.2
Vegetables 585 12.6 158 4.8
Papaya 43 0.9 - 246 7.5
Corn 174 3.7 | 73 2.2
Peanuts 63 1.4 | 63 1.9
Pastures 169 ?.6 207 6.3
Bananas ‘ 159 4.1 1,835 56.3
Cassava 41 0.9 75 2.3
Other — 233 —2.4 — 286 17.9
Total Cropped 4,655 100.0 3,264 100.0
Total Area 5,772 4,174
% of Cropped Area 80.7% 78.2%
Notes:

1. Using the old sector definition (Table 2.3.2), Head Sections

include 13 to 24 for M.A. Cabral and 1 to 4 for Nizao-Najayo;
Tail Sections include 1 to 11 for M.A. Cabral and 5 for Nizao-
Najayo; information was not available for Section 12 for M.A.
Cabral and Section 6 for Nizao-Najayo.

. .Major vegetables are onions, chili peppers, tomatoes, eggplant,

and molondorones; major other crops are beans and guandules.

Areas devoted to each crop are sometimes approximated as that most
representative during the crops principal growing season, since
areas devoted to a crop might vary considerably during the year.
Total areas devoted to all crops were checked against total areas
to judge whether results appeared realistic.
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Table 2.3.17. Average Net Variable Profits for Major Crops
Grown in Project Area
Gross Variable
Yield Price = Revenues Costs Net Revenue
Crops (tons/ha) (DR$/ton) (DR$/ha) (DRS/ha) (DR$/ha)
Rice 5.0 860 4,300 1,150 3,150
Sugarcane 90 80 7,200 800 6,400
Vegetables* 20 400 8,000 1,540 6,460
Papaya 15 400 6,000 1,280 4,720
‘Corn 3 290 870 420 450
Peanuts 2.2 800 1,760 380 1,380
Pastures 1.0 200 200 70 130
Bananas 33 100 3,300 1,860 1,440
Cassava . 12 280 3,360 1,000 2,360
Other** 2.5 1,000 2,506 640 1,860

B OB I B AN N Em Em e wm = e e

* Based on values,

eggplant, onions, and molondron.
**Based on values, in equal proportions, for beans and guapdules.

Notes:

Yields
World Bank's
1995,"

and prices

in equal proportions, for tomatoes, chili peppers,

are projected to 1990, based in part on the

"The Outlook for Primary Commodities, 1984 to
by Ronald C. Duncan, ed., 1984.

Values covered by this
report are rice, peanuts, corn, and bananag.
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unskilled 1labor, and other (seeds, 1land preparation, etc.). For
unskilled labor, a shadow price of 40 percent of the market rate was
applied. It was assumed that all agrochemicals were imported and the
shado; price of foreign exchange was applied in this estimation.

Tabie 2.3.18 presents a summary of all results. The yield

factor in percent is based on an analysis by Shaner (1986) which, using

a curve relating percent of maximum yield to percent of ideal water

quantity available, relates yield values to average worldwide farmers
that would be reflected in World Bank figures.

Shaner (1986) assumes that average farmers receive. 70
percent of the ideal amount; farmers at the head receive 80 percent; and
those at the tailend receive 53 percent. Shaner (1986) explains that
the'latter figure should be lower, but reflects the fact that pailenders
tend to use water with more care because of its scarcity to them. From
a relation developed by Hargreaves (1977), these estimates indicate that
headenders produce 11 percent more yield then average, and tailenders 20
percent less yield than average.

of ;he various ways of increasing benefits from increases in
availab}e irrigation water, we are primarily assuming that increases in
cu}ti;ated areawill occur because there is extra land available and this

option would probably result in less cost and effort to farmers in this

'study area, and that an increase in available irrigation water can be

directly correlated to an increase in cultivated area. These
assumptions will then be employed in the final economic analysis of

optimal normal operation strategies.
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Table 2.3.18. Profitability of Farming in Head and Tail Séctions

Net : Head Sections Tail Sgctions
Profit Yield Crops Percent . Yield Crops Percent
per Crop Factor, per of Factor, per of
Crops . (DR$/ha) % Year Area DR$/ha % Year Area DRS$/ha
Rice 3150 111 1.8 5.9 371 80 1.2 0.6 18
Sugarcane 6400 111 1.0 61.5 4369 80 1.0 0.2 10
Vegetables* 6450 111 1.8 12.6 1624 80 1.2 4.8 297
Papaya 4700 111 1.0 0.9 47 80 1.0 7.5 282
Corn 450 111 1.8 3.7 33 80 1.2 2.2 10
Peanuts 1400 111 1.8 1.4 39 80 1.2 1.9 26
Pasture 150 111 1.0 3.6 6 80 1.0 6.3 8
Bananas 1450 111 1.0 4:1 66 80 1.0 56.3 653
Cassava 2350 111 1.0 0.9 23 80 1.0 2.3 43
Other** 1850 111 1.8 5.4 200 80 1.2 17.9 318
Totals 6778 1665

* Tomatoes, chili peppers, eggplant, onions, molondron
%*%*Beans and guandules
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2.4 MODEL CALIBRATION FROM HISTORICAL DATA

As mentioned previously, normal operation studies require the two
computer programs CSUDP and MODSIM. These two programs work togetherf
CSUDP ‘gives optimal monthly opefation rules which can be input to MODSIM
to further analyze system performance and pfovide weekl} operational
guidance. The objective of the calibration phase .is to develop computer
models that, based on successful reproduction‘of historical values, can
accurately predict system behavior for future optimal operation of the
integrated system.

2.4.1. Calibratjon runs of CSUDP Program.
a. Program setup and data jnput, .

The calibration of CSUDP is based on monthly data as shown
in ‘Table 2.4.1. The elevation-area-volume relations for Valdesia and
Las Barias Reservoirs were given previously in Tables 2.3.9 ahd 2.3.10.
Table 2.4.2 1lists the power that can be generated for various discrete
levels of dischargg and elevation based on the efficiencies in Table
2.3.11.

CSUDP requires three user-supplied subroutines and one input
data file. Subroutine STATE, for this particular case, includes data
for tﬂ; elevation-area-volume curve (CEAV), net precipitation over the
reéervoir (PME) and Nizao river inflows (AP). It calculates the
releases (U) based on given beginning-of-month (X) and end-of-month (X1)

levels of the reservoir over the current period. The model actually

optimizes target end-of-period storage levels (X1) directly; rather than

releases. This kind of inverted optimal operating policy is considered
more reasonable since most reservoirs are operated by level guidelines

rather than discharge guidelines.
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TABLE 2.4.1 Monﬁhly Data for Valdesia Reservoir (Source CDE)

Year Month Precipitation Inflows Reservoir Hour Water  Energy
- Evaporation (106m3) Levels . of Power Generated
(mm) PME AP (m.a.s.l) Gen. Release (GWH)
(beginning (hrs) EG

of month) XNH

1982 January - 75.80 48.31 137.72 257.15 26.14 3.65
February - 69.30 75.17 141.19 837.75 98.14 14.57
March -160.10 27 .42 137.12 398.05 47.78 6.33
April - 45.40 23.20 133.59 267.70 28.93 3.73
May 193.30 45.49 132.42 208.17 22.37 2.90
June 243.20 57.08 137.30 441.32 44.53 6.36
July - 96.60 48.31 139.45 579.90 61.89 8.53
August -106.70 45.91 136.85 341.27 37.62 ' 5.18
September 40.10 39.24 138.77 350.12 37.38 5.23
October - 23.60° 34.19 138.70 302.10 31.02 4.34
November - 49,00 35.23 139.25 265.50 26.76 3.75
December -125.70 82.67 140.85 301.95 30.09 4,54

69.11

1983 January -124.50 56.53 148.11 384.12 41.59 6.61
February - 65.20 22.30 149.84 342.95 32.10 5.15
March - 18.70 22.52 148.61 725.70 74.11 11.47
April 17.70 17.84 - 141.18 566.97 62.64 8.64
May 246.70 68.25 132.57 299.58 32.65 4.40
June 97.50 65.43 139.28 512.02 60.43 8.87
July - 83.00 34.07 140.34 461.73 57.87 8.27
August 116.90 36.33 135.48 433.87 50.13 6.60
September 15.00 34.68 132.49 265.13 29.98 3.82
October - 28.70 39.14 133.60 410.22 47.14 6.05
November -116.20 28.48 131.79 281.95 32.64 4.15
December -111.50 21.82 130.59 140.45 15.66 1,97

. 76.00
TOTAL 14511
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TABLE 2.4.2 Power (MW) for Discrete Values of Elevation and Discharge
for a single Turbine (Valdesia Powerplant)

Discharge A Elevation

(m3/55 (m.a.s.1.)

0 ' 130.75 134 137 141 144 147 150
20 8.0 8.3 8.7 9.0 9.3 9.9  10.5
25 10.7 11.2 11.8 12.5 13.0 13.6 1l4.4
30 13.2 14.1 14.9 16.0 16.8 17.4  18.2
32.5 14.5 15.6 16.4 17.7 18.5 19.2  20.0
35 15.6 16.8 17.8 19.2  20.2  20.9  21.8
37.5 16.6 17.9 19.1 20.4 21.6 22.4  23.5
40 17.5 18.9  20.3  21.7 . 22.9 23.8  24.9
42.5 18.4 19.8 21.3 22,7 24.0 25.1  26.0
45 19.0 20.5 22.0 23.5 24.9 26.1  27.0
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Subroutine OBJECT includes data for the number of hours of
energy generation per month (XNH), the power table based on reservoir
level and discharge (CEPQ), historical energy generated (EQ), and water
released for power (AGT). Based on interpolations of power for
different 1levels of releases and reservoir heads, OBJECT calculates the
thebretical generated energy. It then calculates the squared deviation
error between the calculated and historical releases (run #l) and the
squared deviation between the calculated and historical power (run #2).
Program CSUDP then employs dynamic programing to find the optimal
storage guidelines that minimize the total squared-error deviation for
calibration purposes.

Typical samples of Subroutines STATE, OBJECT, and input data
file, are shown in Figures 2.4.1, 2.4.2, and 2.4.3. All runs were made'
with the current version microcomputer of Pfogram CSuDP.

b. Results,
Figure 2.4.4 gives the results of the calibration for

minimizing the difference between the observed and calculated releases

~(run #1). A sample CSUDP output for this run is given in Figure 2.4.5.

In all these runs, a splicing option was used where initial coarse
increments on storage were successively spliced to more accurate levels.
Figure 2.4.6 presents results of minimizing the deviation between the
historical and calculated power releases (run #2). Figufe 2.4.7 shows
the water levels resulting from run #1, and Figure 2.4.8 displa&s the
water levels from run #2. Observing the results of runs 1 and 2, we can
conclude that the calibration wusing either the power releases or the

energy generated gives an excellent fit.
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Figure 2.4.1 Subroutine STATE for CSUDP Run #1

SUBROUTINE STATE

" THIS SUBROUTINE CALCULATES THE MONTHLY WATER POWER RELEASES
CEAV : DATA FOR THE CURVES ELEVATION-AREA-VOLUME
PME : NET PRECIPITATION (PRECIP-EVAPOR) IN MM
AP : INFLOW IN MCM
X : WATER LEVEL AT THE INITIAL OF THE MONTH IN M.0.S.L.
X1 : WATER LEVEL AT THE END OF THE MONTH IN M.O0.S.L.
U : WATER POWER RELEASES (MCM) :

COMMON/ONEDM/X,X1,U,F,I,J,K,L,R, PNALTY

DIMENSION CEAV(14,3),PME(24),AP(24)

DATA CEAV/95.,100.,105.,110.,115.,120.,125.,130.,135.,140.,145.,
*150.,155.,160.,38.,150.,324.,871.,1572.,2310.,3406.,4537.,5664. ,
*6677.,7492.,8357.,9000.,9776.,0.,0.,0.,600.,1173.,6182.,16214.,
*32163.,53736.,80145.,113465.,153088.,196481.,243421./

DATA PME/-75.80,-69.30,-160.1,-45.4,193.3,243.2,-96.6,-106.7,40.1,
*-23.6,-40.9,-125.7,-124.5,-65.2,-18.7,17.7,246.7,97.5,-83.0,116.9,
*15.0,-28.7,-116.2,-111.5/

DATA AP/48.31,75.17,27.42,23.2,45.49,57.08,48.31,45.91,
*39.24,34.19,35.23,82.67,56.53,22.30,22.52,17.84,68.25,65.43,
*34.07,36.33,34.68,39.14,28.48,21.82/

DO 1 I10=1,14

IF(X.GT.CEAV(I10,1))GO TO 1

K10=I10

GO TO 2
1 CONTINUE

K10=14
2 DO 3 I10=1,14

IF(X1.GT.CEAV(I10,1))GO TO 3

K11=I10

GO TO &4
3 CONTINUE

_Kll=14

4 AO=CEAV(K10-1,2)+(CEAV(K10,2)-CEAV(K10-1,2) )% (X- -CEAV(K10-1,1))/
*(CEAV(K10,1) -CEAV(K10-1,1))
SO0=CEAV(K10-1,3)+(CEAV(K10, 3) - CEAV(K10-1, 3) )*(X-CEAV(K10-1,1))/
* (CEAV(K10,1)-CEAV(K10-1,1))
A1=CEAV(K11-1,2)+(CEAV(KL1,2)-CEAV(K11-1,2))*(X1-CEAV(K11-1,1))/
*( CEAV(K11,1)-CEAV(K11-1,1))
S1=CEAV(K11-1,3)+(CEAV(K11,3)-CEAV(K11-1,3))*(X1-CEAV(K11-1,1))/
*(CEAV (K10, 1) - CEAV(K10-1,1))
U=(S0-51)/1000.+AP(I)+PME(I)*(AO+Al)*.5E-6
c WRITE(IN,101)X,X1,A0,50,S1,U
C 101 FORMAT('X=',F8.1,'X1l=',F8.1,'AO=',F8.1,°S0O=",F8.1,
C % ’'Sl=',F8.1,'U=',F8.1)

RETURN

END
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Figure 2.4.2 Subroutine OBJECT for CSUDP Run #1

SUBROUTINE OBJECT

THIS SUBROUTINE CALCULATES THE SQUARE DIFFERENCE BETWEEN THE
- HISTORICAL AND CALCULATED VALUES OF RELEASES AND POWER

XNH : POWER GENERATION HOURS PER MONTH

CEPQ : DATA FROM THE ELEVATION-AREA-VOLUME TABLE

EG : HISTORICAL POWER GENERATED PER MONTH (GWH)

EGl : CALCULATED POWER PER MONTH (GWH)

AQT : HISTORICAL WATER POWER RELEASE PER MONTH (MCM)
U : CALCULATED WATER POWER RELEASE PER MONTH (MCM)

COMMON/ONEDM/X,X1,U,F,I,J,K,L,R,PNALTY

DIMENSION XNH(24),CEPQ(10,8),EG(24),AGT(24)

DATA XNH,CEPQ,EG/257.15,873.75,398.05,267.70,208.17,441.32,
1579.90,341.27,350.12,302.10,265.50,301.95,384.12,342.95,725.70,
2566.97,299.58,512.02,461.73,433.87,265.13,410.22,281.95,140.45,
30.0,20.0,25.0,30.0,32.5,35.0,37.5,40.0,42.5,45.0,
4130.75,8.0,10.7,13.2,14.5,15.6,16.6,17.5,17.7,19.0,

5134.0
6137.0
7141.0
8144.0
9147.0
1150.0
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36.61,5.15,1 ,
DATA AGT/26.14,9
*37.38,31.02,26.7
*60.43,57.87,50.1
XPROM=(X+X1)/2.
Q=U/XNH(I)*1E6/3600
IF(Q.GT.CEPQ(2,1))GO TO 5
1Q=3
GO TO 21
5 DO 1 I10=2,10
IF(Q.GT.CEPQ(I10,1))GO TO 1
1Q=I10
GO TO 21
1 CONTINUE
1Q-10
21 IF(XPROM.GT.CEPQ(1,2))GO TO 2
IX=3
2 DO 3 1I10-2,8
IF(XPROM.GT.CEPQ(1,110))G0 TO 3
IX=I10
GO TO 4
3 CONTINUE
IX=8
4 PP=CEPQ(IQ-1,IX-1)+(CEPQ(IQ-1,IX)-CEPQ(IQ-1,IX-1))*(XPROM-CEPQ(1,
*IX-1))/(CEPQ(1,IX)-CEPQ(1,1X-1))
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PP1=-CEPQ(IQ,IX-1)+(CEPQ(IQ, IX)-CEPQ(IQ,IX-1))*(XPROM-CEPQ(1,
*IX-1))/(CEPQ(1,IX)-CEPQ(1,IX-1))
POT=(PP1-PP)*(Q-CEPQ(IQ-1,1))/(CEPQ(IQ,1)-CEPQ(IQ-1,1))+PP
EG1l=POT*XNH(I)*1E-3

EDIFF=EG1-EG(I)

C F=(EG1-EG(I))**2
F=(U-AGT(I1))**2
c F=EG1
RETURN
END

Figure 2.4.3 CSUDP INPUT DATA FILE (FILES)

CSUDP CALIBRATION FOR VALDESIA RESERVOIR. RUN #1
1 1 24 1 1 1
1 0 0 1 0 1

2.7 .05 .1 .0 3.0 3.0
3
1 137.7 137.7
2 130.0 150.0
25 132.1 132.1
1 .
1 0. 100.
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FIGURE 2.4.5
TITLE CSUDP CALIBRATION FOR VALDESIA RESERVOIR. RUN #1
Rk ke hk Ak ke k ik dk kA kh ik dkkddk kdkdkk ki hkti ik
% *
* 1 DIMENSIONAL PROBLEM *
* *
* MINIMIZATION PROBLEM *
* *
* OBJECTIVE IS SUMMATION TYPE *
* *
* DETERMINISTIC OPTIMIZATION *
* ) *
* PROBLEM ASSUMED INVERTIBLE *
* *
* LAST TIE VALUE TAKEN *
* *
* SPLICING WILL OCCUR ON X *
* SPLICE = 3.000 *
* XMULT = 3.000 *
* *
* NUMBER OF STAGES = 24 *
* *
* *
s 2 22 2 2 2 2 s 2 2 2 2 2 T S 22 s 222 2 2 2.2 R 2.8 2.2 2 2.2.2 2.1
INTERVAL FOR X = 2.700
INTERVAL FOR U = .1000
TOLERANCE = 0000
UPPER AND LOWER BOUNDS ON X(I+l) AND U(I)
XMIN(I) XMAX(I) UMIN(I)
137.7 137.7 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
130.0 150.0 .0000
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UMAX(I)

100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.

(e NeNeNeNeNeoNeoNeoNoNeNoeNeRNo e NeNo N/
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19
20
21
22
23
24
25

130.
130.
130.
130.
130.
130.
132,

~OO0OO0OO0OO0OO

150.0
150.0
150.0
150.0
150.0
150.0
132.1
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OPTIMAL SOLUTION FOR X(1l) = 137.700

I

=
PLWNDMHOVOINOUVEWN M

e
VoW

NN
N = O

NN
[V VX

X*

137.
140.
.1000
.7000
130.
135.
.1000
135,
.4000
135.
135,
138.
146.
148.
146.
138.
130.
138.
138.
.7000
130.
132.
130.
130.
132,

138
132

138

135

132

7000
8000

0000
4000

4000

4000
4000
1000
2000
9000
2000
1000
0000
1000
1000

0000
7000
0000
0000
1000

30.
.10000
52.
.60000
22.
44,
62.
45.
39,
.10000
20.

90

34

34

28
34

66

28

Uk

30000
80000
80000
30000
00000
30000
50000

70000

.90000
.10000
43.
75.
55.
31.
.00000
59.
48.
23.
50.
.00000
12,

20000
30000
90000
60000

90000
50000
10000
70000

20000

MINIMUM OBJECTIVE VALUE =

éONTINUE THE ITERATIONS UNTIL FINAL RESULTS ARE OBTAINED

609.2175

.0000
.0000
.0000
.0000
.0000
.0000

100.0
100.0
100.0
100.0
100.0
100.0
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1 X*
1 137.7000
2 141.4000
3 137.3000
4 132.8500
5 131.4500
6 136.6500
7  139.3000
8 136.5500
9 137.9500
10 138.3000
11  138.8500
12 140.3000
13 147.5500
14  149.3000
15 147.9500
16 140.7000
17 131.8000
18 139.3500
19 140.3000
20 135.7500
21 132.8500
22 133.9000
23 132.0000
24 130.8500
25 132.1000

26.
98.
.90000
29.
.50000
44,
62.
.90000
37.
31.
26.
30.
.70000
32.
74.
62.
32.
.60000
.00000
50.
30.
47.
.90000
.90000

47
22

37

41

60
58

32
15

Ux

30000
30000

00000

60000
20000

60000
10000
90000
20000

50000
40000
80000
90000

20000
20000
20000

MINIMUM OBJECTIVE VALUE =

I1-80

.9255104
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2.4.2 Calibration of Program MODSIM

Since MODSIM is to be used for weekly operational analysis, it

.must . also be calibrated to weekly historical data. The approach taken

here was to force MODSIM to maintain the historical weekly storage
levels over the nine year period, and then see if the canal releases and

hydropower production produced by the model reasonably match observed

data. Several modifications were made in MODSIM to adapt it to the data

aﬁailable and conditions existing in the Valdesia Reservoir system. In
particﬁlar, the model previously allowed only average turbine
efficiencies to be entered. Now, turbine efficiencies can vary with
head‘ and discharge, which is much more realistic for the Valdesia
system. Another improvement is that actual number of hours or
synkhetically generated hours the ﬁurbines are operating per period
(i.e., week or month) can be considered instead of assuming constant
hours for the entire period.
a. Program setup and data imput.

As was shown in Figure 2.1.1, the Valdesia ﬁeservoir system
has two - reservoirs: the larger one being Valdesia Reservoir and the
smallgp Las Barias Reservoir for regulating the power releases for
1:riéation. There are two irrigation zones: one irrigated by thé Marcos
A. Cabral canal and the other by the Nizao-Najayo canal. Water spilled
in Las Barias Reservoir passes directly to the Nizao river. In Figure
2.4.9 the same system is shown, but in a network configuration
compatible with MODSIM. MODSIM solves the following optimization

problem:

N N
min £ 2 ¢ q (2.4.1)
=1 j=1 4
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VALDESIA
RESERVOIR

AS BARIAS
ESERVOIR

O

DISTRIBUTION

NODE 4 NIZAO RIVER

ECOLOGICAL
DEMAND
MARCOS A.CABRAL

IRRIGATION ZONE
NIZAO - NAJAYO
IRRIGATION ZONE

FIG. 2:4.9 MODSIM Network Configuration for the
Valdesia Reservoir System
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subject to:
N N
Z q - 2 q =0 for j=1,...,N (2.4.2)
1 M ey 3K
lij < q1j < u1j for i,j -1,...,N (2.4.3)

where q1j is the flow in 1link (i,j) defined by initial node i and

terminal node j; c,. is a unit cost or priority factor (negative cost

8

represents a benefit) on flows in link (i,j); 21 is the lower limit on

3
flow in link (i,]3); uij is the'upper limit; and N is the total number of
nodes. Constraint (2.4.2) guarantees that mass balance is satisfied at
every node. |

As explained in more detail in the report "Manuales de Operacion
de Modelos Computarizados para la Operacion Normal de Sistemas de
Embalses,"” Labadie, et al. (1986), several artifical nodes are added to
the network automatically by MODSIM to represent reservoir carryover
capacity and demand satisfaction. A priority number between 1 and 99 is
designated by the user to each reservoir, with a lower number then being
assigned a larger negative cost by MODSIM for carryover storage, and
t#erefore a larger benefit. Priority numbers are likewise assigned to
demand nodes in tﬁe same way. Ideal target storage levels and target

demands are specified by the user, which are translated into upper

limits u on the artificial carryover storage and demand links. For

1j

- calibration purposes, the target storage levels correspond to actual

historical reservoir levels. Node and link designation for calibration
purposes is shown in Table 2.4.3, along with priorities, costs, and

minimum and maximum bounds. Notice from Table 2.4.3 that Valdesia
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Table 2.4.3 Nodes and Links
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in the MODSIM Network Configuration for
Calibration Purposes

NODES 33
CAPACITY (107m™)
Initial
no. name priority lower bound upper bound Tevel
1 Valdesia Res. 1 348 186066%* 140482
2 Las Barias Res. 40 240 6050%* 1400
3 Distribution node - - . -
4 M. Cabral demand node 10 demands input in ADATA file
5 Nizao-Najayo demand 30 demands input in ADATA file
node
6 Ecological demand 99 demands input in ADATA file
LINKS RELEASES (10°m>/month)
ne., hgmg co ow ound
1 Nizao River 0 0 : 4233600
(from Valdesia Res.
to Las Barias Res.)
2 Nizao River ) -1 0 4233600
(downstream of Las
Barias)
3 Hydropower (water -1 0 54432
releases through the
hydropower plant at
Valdesia)
4 - Distribution link 0 0 8951
5 M. Cabral canal 0 0 : 7258
6 Nizao-Najayo canal 0 0 1693

* Based on the head-volume curve before the hurricane
**Based on the head-volume curve after the hurricane
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Reservoir is given a priority number of 1, which is gssigned the highest
possible benefit for carryover storage byl MODSIM. Since all other
priority numbers are greater, then MODSIM, as a result of the network
optimization, attempts to exactly satisfy the historical target storage
levels. The model does not assign any benefit to exceeding these
levels. .The model will then calculate reservoir mass balance,
hydropower and releases as a consequence of following the target
historical 1levels, and these can be compared with the historical data.
Notice from Table 2.4.3 that there are small negative costs (i.e.,
benefits) assigned to links 2 and 3. This simply encourages extra water
to be released for irrigation and hydropower, raéher than storing it in
Valdesia above the historical target levels.

For model calibration, data input consists of net evaporation
(evaporation-precipitation), inflows, turbine operation time, reservoir
releases, and hisﬁorical water levels at Valdesia and Las Barias
Reservoirs. Water surface areas and reservoir storages used in the
model are calculated from elevation-area-capacity curves provided by
"CDE, both before and after Hurricane David. Also included ar;
A effigieﬁcy tables for the turbines at Valdesia Reservoir. Daily data
were analyzed and completed before being summed into weekly values for .
use in the model. These weekly data were then divided into three
grouﬁs: 180 weeks before Hurricane David in 1979, and two 132 week sets
afterward. Simultaneously, records of ﬁhe historical energy produced by
the turbines, the actual releases of water from Valdesia and Las Barias
Reservoirs, and the measured surface levels were organized for

comparison with calculations made by MODSIM.






- —

FE N F NSNS ENENNENESEESEESEE
. . - |
| | !

-

I1-89

Since direct measurement of‘ Valdesia Resetvoir‘ inflow is not
available, daily historical records of reservoir storage, releases,
precipitation, and evaporation were utilized in mass balance
calcuiations,to estimate the inflows. Average net evaporation per month
from Valdesia Reservoir was determined as follows:

Enet‘- 0.8 (Pan Evap.) - (Precipitation) [m.] (2.4.4)

where precipitation and pan evaporation were measured at station

Valdesia. Net  evaporation is then multiplied by the reservoir surface
area to obtain the net volume. Available records of reservoir releases
include measurements of discharge for successive hourly intervals over
24 hour periods. The first measuremeht of a period corresponds to the
time when the storage level in the reservoir is measured; 1.e.,‘at 18:00
hours each day. These hourly discharges are summed to obtain the volum;
of release per day. Using the following ﬁass balance equation, inflows

to Valdesia Reservoir were calculated as:

e = Verr Ve Y Re * B (2.4.5)
where
. 6 3
It‘ = daily inflow, 10 m /d
6 3
. Vt = gtorage volume on day t,10 m
6 3
- Rt = reservoir releases per day, 10 m /d
Enet . net evaporation per day (an average value for the entire

month is uséd),losmald
Operational duration for the power turbines as recorded by CDE were also
input to MODSIM to complete the initial data base needed for
calibration.
All 1incomplete data were filled on a daily basis either by using

an average value taken from neighboring data, or by matching hydrologic
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conditions of another year and usiné the data for the needed period of
that year. After completing all daily values, thé data in each seven
day interval were summed to obtain a weekly data base. These data were
then .input to MODSIM along with reservoir storage capacity, discharge
capacity through the turbines, canal capacities, and efficiency tables
for the turbines.

b Results.

The reference data for calibration contained the historical
power produced per week, water surface 1levels for Valdesia and Las
Barias Reservoirs, and water releases to the Marcos A. Cabral and Nizao-
Najayo canals. Thé calibration procedure was to compare the historical
with the calculated power generation, assuming historical irrigation
demands and reservoir levels were matched.

Historical power values were plotted against the
corresponding results of MODSIM so that problems could be identified and
corrected to obtain the most realistic results possible. (See Figures
2.4.10, 2.4.11 and 2.4.12)

As 1is shown in the figures mentioned above, model MODSIM
appeared to match the historical values reasonably well. A consistent.
overestimation was corrected by .a slight modification in turbine
efficiencies (all values multiplied by 0.96)ﬁ With these new values,
more precise results were obtained. This is justified since the turbine
efficiency table is based on newly installed units which can suffer some
loss in efficiency due to aging, cavita?ion, etc.

It should be noted that historical data were not available
for water delivered through the Nizao-Najayo Caﬁal after August 1979

because the gaging station was destroyed by Hurricane David. The values
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shown as historical data on Figure 2.4.12 after August 1979 are actually

predicted values from MODSIM.

2.5 PMENT O (0) IDE VES
2.5.1 t stoc dynamic ammin

As described in Section.2.4, the CSUDP dynamic programming model
can be wused in a deterministic sense to analyze optimal reservoir'
operations for any given period of input data. Since results of the
analysis are based upon that specific period of input data, then
generalized operational policies can be obtained only by anaiyzing a
lengthy period covering a variety of hydrologié conditions. Though this

may be adequate for calibration purposes, it can be computationally

expensive for developing general operating guidelines wunder a wide

variety of hydrologic conditions. In addition, it may be difficult to
obtain a unique operating rule in this case.

Since inflows to a reservoir are a stochastic process,
operational policies that consider this stochasticity direcciy can be
obtained by wusing explicic ;tochascic optimization procedures which
directly 1incorporate inflow probability distributions rather than
deterministic inflow levels. Stochastic dynamic programming, which was
selected for this anélfsis, can find feedback policies that optimize the
long-term expected value of the operational objecﬁive. Transition
probability matrices are used to describe the discrete probability of a
certain inflow conditioned on the previous' period inflow. Optimal
policies are determined in stochasci; dynamic programming by searching

over discrete inflow levels for a current month conditioned on a

specific 1inflow class of the previous month. The general form of the
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recursion equation used in stochastic dynamic programming can be written

as:

K
B R O L Py Ty B VRV
i+l i
+ Fi+1(vi+1'Iik)] (2.5.1)
where Ei(-) = energy generated during period i, as function of releases
and average head over the period
i=1,..., N is index of months, with transition probabil-
ities repeated every 12 months
k=1,..., Kis index of discrete values of random inflow
V. = Reservoir initial storage for month i
Ri = Reservoir release during month i
I = value of a specific inflow class for month i-1
Iik = discrete random inflow at month i, discrefe level k
p(Iiklli-l) = probability of occurence of Iik conditioned on previous

L S
ok |

-2 pI, |1, ) =1 (2.5.2)
AR (1 S

There are two ways the reservoir mass balance can be considered:

noninverted form: Vi+1,k =V, -R, - EVAPi(Vi,V

i "Ry 141,k ¥ Tik

inverted form: R,, =V, -V - EVAP(V1

ik~ Vi Vin Vie) * Lk
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Notice that in the noninverted form, the end-of-period volume is treated

as a random variable, and releases R1 are directly optimized. This

results in optimal release policies R:(Vi,li_l).

optimization is performed directly over the end-of-period volume and

In the inverted form,

releases are now regarded as random. This results in optimal storage
%
guidecurves V1+1(V1’11-1)' The 1latter are considered to be more
flexible for reservoir operations.
An important aspect of the optimization is the calculation of

energy Ei(vi’Ri’v Since there are actually two turbines, it is

i+1)‘
necessary to perform a preoptimization in order to determine the optimal
loading of each turbine under a variety of discrete discharge and head
conditioqs. Table 2.4.2 defines power output for a single turbine, and
it is assumed that each turbine has the same characteristics. A simple
combinatérial approach is performed where for various discrete increments
of head and discharge, the optimal division of discharge between.the two
turbines is calculated such that total power output from both turbines
is maximized, even though in some cases, it may turn out to be dptimum
to load just one of the turbines. It is believed that the computer
program developed for this combinatorial analysis cén be useful to system
operators on a daily basis for deciding how to optimally ailocate flows
between the two turbines. A complete listing of the.computervprogram can
be found in Appendix G of this report, along with a set of optimal tables
in increments of 0.5 m head and 2 cms discharge. These increments can be
easily changed in thg computer program if more precision is desired.

This preoptimization was performed prior to the running of Program

CSUDP and an optimal combined table of maximum power output from both

turbines as a function of head and discharge was directly input into CSUDP.
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Since the transition probabilities repeat every 12 months, .the
undisc;unted stochastic dynamic programming is run over several years to
determine if optimal guidecurves for each month are becoming stationary.
For this study, calculation for three or four years has been sufficient
to guarantee convergence. The optimal seasonally stationary policies
can be applied each year over the entire operation horizon with any‘
sequence of inflows. To find a stationary policy, all other variables
used in the reservoir analysis, such as average i}rigation_demand (Table
2.3.5), net evaporation ‘(Table 2.3.12), average hours for power
generation in each month (Figure 2.3.6 and Appendix C), storage flood
rule (Figure 2.3.7), power table (Table 2.5.l) and elevation-area-volume
data (Table 2.3.9). All of these values are summarized in Table 2.5.1.
2.5.2 lem setu wi P

Subroutines STATE, OBJECT, READIN and the input data file were
developed for CSUDP. They are shown in Figure 2.5.1 and 2.5.2. The
objective function defined in Subroutine OBJECT is simply to maximize
total expected energy production. Other objectives such as m&ximizing
firm or reliable energy were also run, but appeared to result in
inferior policies. When it was attempted to include irrigation demands
as  explicit 1lower limits on reservoir releases, infeaéibilities always
occurred. This means that on rare occasions, iﬁ was 1mpossib1é to m;et
the irrigation requirements based on Valdesia release alone. Subsequent
Monte Carlo analysis which inciuded.Las Barias Reservoir revealed that

releases from Las Barias storage could meét these small shortages.
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Tabie 2.5.1. Averaged Represented Values used for Analyzing Optisal (Staticanary) Policy in CSUDP

Irrigation Net Haxisua Tise for Power  Nusber Convert
Variables Desand Evaporation Storage Generation of 108
{(,3)] (ss) (1, ;)] {fraction) Days to MM
danuary 8.1 89.44 IS 23098 3 STS7
February 9.13 8.2 13 <3138 2.8 409702
March 11.50 103.13 1B 2079 3 ST
fpril 10.44 .89 18 2815 R ) « 385802
MNay wm ~29.78 13 U2 3 BIA)
June 1.8 =170.89 13 461958 b « 385802
duly 9.68 .13 13 403858 3 SIS
August 1.8 -32.688 18 « 384355 3 373357
Septesber 8.67 .57 m « 278681 0 - 383802
October 7.88 7.3 137 30328 3 RIAY)
Novesber 10.99 2.8 13 378194 » « 385802
Decesber 9.13 n.TS 153 29738 | 373357
Reserveir Geosetric Data

Elevation (masl ) 105, 110. 115, 120. 125 130, 135 140. 45 10, 1S5, 160,
fraa (1000 w9 324, 671, 1572, 2310, 3404, 4537, 3bbd, 677, 7492, 6357, 9000. 9776,

Voluse (MOM) 0. .600 1,173 4.182 1621 32.16 53.74 80.14 113.5 1.1 196.5 243.4

Power Table (M)

3 head (m.a.s.l)

.m /s 75 132.00 134.00 136.00 138.00 140.00 142.
20.00 . . . . . . . . . .
25.00 §{10.70 10.89 11.20 11.60 11.98 12.33 12.67 13.00 13.40 13.87 14.40
30.00|13.20 13.55 14.10 14.63 15.18 15.73 16.27 16.80 17.20 17.67 18.20
35.00 |15.60 16.06 16.80 17.47 18.15 18.85 19.53 20.20 20.67 21.20 21.80
40.00117.50 18.04 18.90 19.83 20.65 21.35 22.10 22.90 23.50 24.17 24.90
45.00 :19.00 19.58 20.50 21.50 22.37 23.12 23.97 24.90 25.70 26.40 27.00
$0.00 '21.40 21.78 22.40 23.20 23.95 24.65 25.37 26.10 26.90 27.77 28.80
$5.00 '23.90 24.44 25.35 26.23 27.15 28.05 28.93 29.80 30.60 31.53 32.60
60.00 :26.45 27.14 28.25 29.27 30.35 31.45 32.53 33.60 34.40 35.33 36.40
65.00 29.00 29.85 31.20 32.27 33.45 34.75 35.93 37.00 37.93 38.93 40.00
70.00 131.20 32.12 33.60 34.93 36.30 37.70 39.07 40.40 41.33 42.40 43.60
79.00 [33.20 34.20 35.80 37.40 38.85 40.20 41.63 43.20° 44.27 45.53 47.00
80.00 |35.00 36.08 37.80 39.67 41.30 42.70 44.20 45.80 47.00 48.33 49.80
85.00 {36.50 37.62 139.60 41.60 43.30 44.70 46.27 48.00 49.47 50.80 52.00
90.00 138.00 39.15 41.00 43.00 44.75 46.25 47.93 49.80 51.40 52.80 54.00







I1-99

Figure 2.5.1. Subroutines used in the CSUDP runs.

STATIONARY OPERATION POLICY ANALYSIS: STOCHASTIC DYNAMIC PROG

VALDESIA RESERVOIR: MAX ENERGY ST MEET IRRIGATION DEMAND
RANDOM INFLOW (CONDITIONAL PROBABILITY)

Fdh Rk Ak R hhhkhkk ki hkhkdk ikt hhdhithhkidiihhkhkidhdkhdtdkhihiithiitidtdiidhtt

SUBROUTINE STATE

2 2 T e e e T e s T s e e R R e R R R R R R R ok ke

THIS SUBROUTINE CALCULATES THE MONTHLY WATER POWER RELEASES
INVERTIBLE FORM

A SMALL PENALTY IS ADDED TO THE CASE THAT

RESERVOIR RELEASE IS GREATER THAN TURBINE DISCHARGE CAPACITY

: STORAGE VOLUME AT THE INITIAL OF THE MONTH IN MCM
: STORAGE VOLUME AT THE END OF THE MONTH IN MCM
: RESERVOIR RELEASE, AVAILABLE FOR POWER 1IN CMS
: RANDOM INFLOW IN CMS
: TYPICAL MONTHLY IRRIGATION DEMAND OF ZONE Al (CMS)
: AVERAGED NET EVAPORATION (EVAPOR-PRECIP) IN MM
: MONTHLY CONVERSION FACTOR, 1 MCM = TCF CMS
: ENERGY PENALTY WEIGHTING FACTOR, FOR
NOT MEETING THE IRRIGATION DEMAND, IN GWH
: NEGATIVE RELEASE PENALTY WEIGHTING FACTOR
ILL : EXCESS WATER AFTER MEETING IRRIGATION DEMAND

8 agggeen~

(%]
o

******ﬁ**********************************************************

OO0 0O00O00O00O00O0000 0

COMMON /ONEDM/ X, X1, U, F, I, J, K, L, R, PNALTY

c
DIMENSION QIRR(12), EMP(12), TCF(12)
c
DATA QIRR/ 8.11, 9.13, 11.50, 10.44, 7.71, 7.87,
2 9.88, 7.48, 8.67, 7.88, 10.99, 9.13/
DATA EMP/ 89.44, 88.20, 103.13, 57.89, -269.78, -170.89,
2 26.13, -32.88, -0.57, -47.13, 22.88, 79.75/
DATA TCF/ .373357, .409702, .373357, .385802, .373357, .385802,
2 .373357, .373357, .385802, .373357, .385802, .373357/

DATA WS/ 100./, WUX/ 1./, WUN/ 1000./

CALL VTABL ( X , EL, A, 2)
CALL VTABL ( X1, EL, Al, 2)

IM = MOD(I,12)

'R R R R R EEEEEEEEEEEEEDN
00000000 QO0
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IF (IM.EQ.0) IM = 12
U= (X - X1 - EMP(IM)*(A+Al)*.5E-6) * TCF(IM) + R

C
C ** PENALTY WILL BE COUNTED IN GWH
C
F=0.
Cc
C*x IF U>300, LET U = 300 TO AVOID A LARGE PENALTY
C

IF (U.GT.300.) THEN
F=F-WUXx* (U- 300. )
U = 300.

.ENDIF

C
C*x IF U<O0, LET U =0 TO AVOID DOUBLE PENALTY ON NEGATIVE RELEASE
p

IF (U.LT.0.) THEN
FeF+ WUN *U

U=0.

ENDIF
Cc
C ** FOR U THAT LIES BETWEEN O AND QIRR(IM) WILL BE PENALIZED HERE ..
C ** IF SPILL < O MEANS INSUFFICIENT WATER SUPPLY FOR IRRIGATION
C ** USE A LARGE PENALTY WEIGHTING FACTOR WS TO:PENALIZE IT
c

SPILL = U - QIRR(IM)

IF (SPILL.LT.0.) F = F + WS * SPILL
(¥

RETURN

END
C Fhkkdkdhkddhkhkdkkikihdkidhhhkdkkdkhhkkkhhhdhikhhkhdkikihhhhkkhkihhkkihhhhkhrdrhiksx
C

' SUBROUTINE VTABL ( VO, EL, AR, IC)

C ' . .
.C *****************************************************************
c .
Cc VOLUME-HEAD-AREA TABLE OF VALDESIA
C FOR INTERPOLATION OF HEAD OR AREA FROM KNOWN VOLUME
Cc
C V : VOLUME. MCM
C E : ELEVATION. M (A.S.L.)
c A : SURFACE AREA. (1000*M"“2)
C IC : CHOICE OF INTERPOLATION. 1 FOR HEAD, 2 FOR AREA
Cc
C INPUT: VO, IC
C OUTPUT: EL OR AR
C
Cc P Fedede e de e Tk e Aok e e Aok o A ST S b e R e s o R sk o S e e e ek e
C
Cc

DIMENSION V(12), E(12), A(12)

(9]
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DATA V/ 0., .600, 1.173, 6.182, 16.214, 32.163,

2 - 53.736, 80.145, 113.465, 153.088, 196.481,- 243.421/
DATA E/ 105., 110., 115., 120., 125., 130.,
2 135., 140., 145., 150., 155., 160./
DATA A/ 324., 871., 1572., 2310., 3406. , 4537.,
2 ’ 5664., 6677., 7492., 8357., 9000., 9776./
c
DO 20 I - 2,12
IF (VO.LT.V(I)) GOTO 30
20 CONTINUE :
30 NV =1
IF (IC.EQ.1) CALL TWOPLN (VO, V(NV), V(NV-1), E(NV), E(NV-1), EL)
IF (IC.EQ.2) CALL TWOPLN (VO, V(NV), V(NV-1), A(NV), A(NV-1), AR)
C
RETURN
END

C  Fhkkdedkdrddrdkkdododedk kkkdoddkddedododkdodkkdedodede e dedodrdkodededededodeokdedededodededededodododedededededodedededede e ok

c
SUBROUTINE TWOPLN (X, X1, X2, Y1, Y2, Y)
c
c Fedrdedrdedededoddedek ek dededdddedo de dedkdededdeode dedededede dedededededededededededodededededededededededededode dededede ek
c
c LINEAR INTERPOLATION BETWEEN 2 POINTS
c
c FOR VALUE X BETWEEN (X1,X2), LINEARLY INTERPOLATE THE
c CORRESPONDING VALUE Y OF (X,Y) BETWEEN (X1,Yl) AND (X2,Y2)
c
C ® eoocaweose * ............... * ............... * -------- +
c (X2,Y2) (X,Y) (X1,Y1)
c
c INPUT: X, X1, X2, Y1, Y2
c OUTPUT: Y
c
c Fedddeikoddedkkokkdekdokdodok ook dokokkodededok dok ok dokek ko ook ook koo deootok
.C '
C . .
IF (X1.EQ.X2) THEN :
IF (Y1.NE.Y2) STOP 'CAN’''T INTERPOLATE LINE Y=-C FOR 2 X'’'S !’
Y=Yl
RETURN
END IF
c
Y = Y2+(Y2-Y1)*(X-X2)/(X2-X1)
c
RETURN
END

Fedededede R Aedededede ok A dede dede sk b b Fe v e b ke Fedo dook o ke e dedo b b e de ek b b e e b sb b kot e b b st b bbbkt ok

SUBROUTINE SRFLN2 (PW, HDI, QPI) 041786

a0
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e e dedk ook v v e sk e e e ke e e A ok o ot v e e s o S e e S etk e S e ot ke ke e sk e st e e b kSl e e e b e bbb ettt

LINEAR INTERPOLATION OF TABLE DATA

POWR, NH, NQ

THE POWER DATA SET OF RESERVOIR, POWR (NH*NQ MATRIX),

WITH H-AXIS ARRAY H AND Q-AXIS ARRAY Q

BOTH H AND Q ARRAY SHOULD BE IN ASSCENDING ORDER. 041786 .

PwW, HD, QP
FIND THE INTERPOLATED VALUE "PW" FOR A SPECIFIC
COORDINATE (HD,QP) ON THE TABLE (MATRIX)
POWR : POWER, IN MW
HT : ELEVATION, IN M (A.S.L.)
QT : POWER RELEASE, IN CMS

TAKE AVERAGE POWER COEFFICIENT OF 2 CORRESPONDING POINTS
FIRST, THE VALUE IS INTERPOLATED OVER H AXIS FIRST.

THEN INTERPOLATE THE FINAL POWER COEFFICIENT FROM THESE
2 NEW POINTS (E1 & E2) OVER Q AXIS.

FOR POINTS OUTSIDE THE TABLE IS ASSIGNED VALUED WITH

ALL DATA WITH EITHER HEAD OR DISCHARGE SMALLER THAN THE 041786
MINIMUM H OR Q VALUE IS RETURNED WITH ZERO COEFFICIENT. 041786
IF BOTH HEAD AND DISCHARGE OF THE POINT ARE GREATER THAN 041786
THE MAXIMUM H AND Q VALUE, THEN POWR(NH,NQ) IS RETURNED. 041786
IN CASE QP IS LARGER THAN THE MAXIMUM QT(NQ), THEN QP IS 041786
TRUNCATED TO QT(NQ), OR QP=QT(NQ). 041786
FOR HD IS LARGER THAN THE MAXIMUM HT(NH), THEN IH=NH IS 041786
RETURNED.
0 | POWR(NH,IQ) | POWR(NH,NQ)
------------ #e-c2-IQe-=--t-c-c--=e=--=  HT(NH)
IH2 X X |

[ N A
0 IH El--PW--E2 | POWR(IH,NQ) | HDI

| I l
IHL X X |

------------ +--IQLl----1Q2-4-----==----- HT(1)
0o | 0 | 0
QT(1l) ----- > QT(NQ)

KNOWN : POWR(NH,NQ), HT(NH), QT(NQ)
INPUT : HDI-HD, QPI=QP
OUTPUT : FPW

FedeFeArk Fe vk v e sk % 3t ke R dedk Rk ke o de ke e ke e de ke vk b ek e e b e kR ek AR AR K Ak Kk ek ke ke dkk bt

ke e e e R s e e e e e e e e e e e e e e e e R e I e e K e Ke e Ha K Ko N2 Ke Ko N e e N e o e Mo Mo o N e N 2

DIMENSION POWR(11l,15), HT(1l), QT(15)

OO

TOTAL 165 (NH*NQ) DATA POINTS ON THE TABLE
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%% THIS NEW POWER TABLE IS TAKEN FROM COMBINING THE TWO POWER TABLES
C ** OF TWO IDENTICAL TURBINES

DATA NH, NQ/ 11, 15/
DATA QT/ 20.0, 25.0, 30.0, 35.
* ’ 55.0, 60.0, 65.0, 70.
DATA HT/ 130.75, 132.00, 134.00,
* 140.00, 142.00, 144.00,

DATA ((POWR(IH,IQ),IH=-1,11),IQ= 1, 5)/ 8.

8.77, 8.93, 9.10, 9.30, 9.
11.20, 11.60, 11.98, 12.33, 12.
13.20, 13.55, 14.10, 14.63, 15.
17.67, 18.20, 15.60, 16.06, 16.
20.20, 20.67, 21.20, 21.80, 17.
21.35, 22.10, 22.90, 23.50, 24.

* % * F X X

0, 40.
0, 75.

0,
0,

136.00,
146 .00,

70, 10

18, 15

DATA ((POWR(IH,IQ),IH=-1,11),IQ= 6,10)/ 19

22.37, 23.12, 23.97, 24.90, 25.
22.40, 23.20, 23.95, 24.65, 25.
23.90, 24.44, 25.35, 26.23, 27.
31.53, 32.60, 26.45, 27.14, 28.
33.60, 34.40, 35.33, 36.40, 29.
34.75, 35.93, 37.00, 37.93,. 38.

* % % F % %

15, 28

00, 29

DATA ((POWR(IH,IQ),IH=1,11),IQ=11,15)/ 31

36.30, 37.70, 39.07, 40.40, 41.
35.80, 37.40, 38.85, 40.20, 41.
35.00, 36.08, 37.80, 39.67, 41.
48.33, 49.80, 36.50, 37.62, 39.
48.00, 49.47, 50.80, 52.00, 38.
46.25, 47.93, 49.80, 51.40, 52.

* * * ¥ * %

HD = HDI
QP = QPI

IF (HD.LT.HT(1) .OR. QP.LT.QT(1))

IH=0

1Q=0 .

IF (HD.GE.HT(NH)) IH = NH

IF (QP.GE.QT(NQ)) IQ = NQ

IF (QP.GT.QT(NQ)) QP = QT(NQ)

DO 200 I-1,NH-1
IF (HD.EQ.HT(I)) THEN

IH =1
GO TO 300
ENDIF
IF (HD.GT.HT(I)) 1IHl = I
200 CONTINUE .
IH2=IH1+1

300 DO 400 I=1,NQ-1

33, 42
30, 42

00, 39

THEN

PW = 0.

RETURN
ENDIF

00,

.10,
67, 13.
.73,
80, 17.
50, 18.
17, 24.
.00,
70, 26.
37, 26.
.05,
25, 29.

00,
47,
04,
90/

40,
10,

27,

.85,
93, 40.

00/

.20,
.40,
63, 43.

20,

.70,
60, 41.

60,

.15,
80, 54.

00/

45.
80.

0, 50.0,

0, 85.0,

138.00,

148.00,

8.
10.
13.

16

18

19.
27.
26.
28.
30.
31.

32.
43.
44,

44

12, 8.30,
50, 10.70,
40, 13.87,

.27, 16.80,
18.

15, 18.85,

.90, 19.83,

58, 20.50,
00, 21.40,
90, 27.77,
93, 29.80,
35, 31.45,
20, 32.27,

12, 33.60,
60, 33.20,
27, 45.53,

.20, 45.80,
43.
41.

30, 44.70,
00, 43.00,

90.

150.00/
8.
10.
14.
17.
19.
20.

21.
21.
28.
30.
32.
.45,

33

34.

34

47
46

0/

57,
89,
40,
20,

65,
50,
78,

80,
60,

93,

.20,
47.
.00,
.27,
44,

75,

041786
041786
041786
041786

041786
041786
041786

041786

041786
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P> nC

LR YA

IF (QP.EQ.QT(I)) THEN
IQ=1
GO TO 500
A ENDIF
IF (QP.GT.QT(I)) IQl=I
CONTINUE '
IQ2=IQ1+1

~ FOR POINT CLASSIFIED TO CORNER OR GRID POINT, JUST RETURN THE VALUE

IF (IH.NE.O .AND. IQ.NE.O) THEN
PW = POWR(IH,IQ)
RETURN
ENDIF

PBRFORM LINEAR INTERPOLATION ON A LINE
FOR POINT SIT AT BOUNDARY OR GRID LINE

IF (IH.NE.O) THEN
CALL TWOPLN

1 (QP,QT(IQ1),QT(IQ2),POWR(IH, IQl),POWR(IH, IQ2),PW)

RETURN
ENDIF

IF (IQ.NE.O) THEN
CALL TWOPLN

1 (HD,HT(IH1) ,HT(IH2),POWR(IH1,IQ),POWR(IH2,IQ),PW)

RETURN
ENDIF

PERFORM LINEAR INTERPOLATION ON A THE TABLE

FIRST, 2 LINEAR INTERPOLATIONS OVER H-AXIS FOR NEW PWI VALUE
THEN, GET NEW VALUE OVER THE Q-AXIS DIRECTION

CALL TWOPLN (HD,HT(IH1),HT(IH2),POWR(IH1l,IQl),POWR(IH2,IQl),PWl)
CALL TWOPLN (HD,HT(IH1),HT(IH2),POWR(IH1,1Q2),POWR(IH2,1Q2),PW2)
CALL TWOPLN (QP,QT(IQ1),QT(IQ2),PWl,PW2,PW)

RETURN

END

ook e e de vk v s ok ek R Fe ARk vk v e ek Ak e e v ek kb ek de e e Ak ke ke Rk ek Rk At st ke k ke ke k k ke kv desek

SUBROUTINE OBJECT

A e etk e e e Rkt ek ke ek Rk ek
THIS SUBROUTINE CALCULATES THE ENERGY GENERATED IN EACH MONTH
FPG : AVERAGED TOTAL POWER GENERATION TIME IN EACH MONTH

TCF : MONTHLY CONVERSION FACTOR, 1 MCM = TCF CMS
(FRACTION)

ey

‘Ji l:),l

‘A
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DO OOOOO0O

a0 0n
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DAYM : TOTAL DAYS IN A MONTH

U : CALCULATED WATER POWER RELEASE PER MONTH (CMs)
0) 5 : ACTUAL FLOW RELEASE RATE THRU TURBINE (CMS)
QTBX : MAXIMUM FLOW CAPACITY THRU TWO TURBINES (CMS)
XMAX : MAXIMUM ALLOWED STORAGE IN CURRENT MONTH IM™ (MCM)
POW- : AVERAGE POWER GENERATED BY INTERPOLATION (MwW)
ENG : ACTUAL ENERGY PRODUCED (GWH)
F : CCLCULATED ENERGY INCLUDING PENALTY (GWH)
WP : ENERGY PENALTY WEIGHTING FACTOR, FOR

WATER RELEASE EXCESS THE MAXIMUM TURBINE DISCHARGE
Sedededededededededededededederdedededededededededededededededede ke dede dededededededededededededededededede e e dedededdedededeok
COMMON /ONEDM/ X, X1, U, F, I, J, K, L, R, PNALTY
DIMENSION FPG(12), DAYM(12), XMAX(12), TCF(lé)

DATA  FPG/ .230968, .313894, .250793, .243139, .283427, .461958,

2 .403858, .384355, .278681, .303253, .378194, .219758/
DATA TCF/ .373357, .409702, .373357, .385802, .373357, .385802,
2 .373357, .373357, .385802, .373357, .385802, .373357/

DATA DAYM/ 31.,28.25,31.,30.,31.,30.,31.,31.,30.,31.,30.,31./
DATA XMAX/ 153., 153., 153., 153., 153., 153.,

2 153., 133., 113., 137., 153., 153./

DATA WP/ 0.1/, QTBX/ 90.0/

IM - MOD(I,12)
IF (IM.EQ.0) 1IM=12

CALL VTABL ( X, E, AR, 1)
CALL VTABL ( X1, El, AR, 1)
EM = (E+El)/2.

QP = U / FPG(IM)
CALL SRFLN2 (POW, EM, QP)

ENG = POW * .024 * DAYM(IM) * FPG(IM)
F = F + ENG

THE MAXIMUM EQUIVALENT AVERAGE RESERVOIR RELEASE FOR POWER GENERATION
WILL BE UMAX=-QTBX*FPG(IM) FOR TWO TURBINES. _

ONCE THERE IS (UNNECESSARY) EXCESS RELEASE AND X1 IS NOT FULL,

A SMALL PENALTY WEIGHTING FACTOR WP IS APPLIED TO THE AVAILABLE STORAGE
THUS, DRIVE THE STORAGE KEEP AS HIGH AS POSSIBLE !

IF (X1.LT.XMAX(IM)) THEN
UMAX = QTBX * FPG(IM)
UEXCS = U - UMAX
IF (UEXCS.GT.0.) THEN
XEXCS = ( XMAX(IM) - X1 ) * TCF(IM)
IF (UEXCS.GT.XEXCS) UEXCS = XEXCS “ee
F = F - WP * UEXCS
ENDIF
ENDIF
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RETURN

dedededrdededededededededededededededede dedededededededededededededededodedededededededekkdededkdeokdeddodkdkodd ek kedokedokedeok ke
SUBROUTINE READIN
Fededededededededededododededededededededodededodede dodededodededed ok dekk dedededededededededekk ek dedokdedeodedekdedededede

'RETURN
END






Figure 2.5.2. Input
STATIONARY OPERATION
-1 1 48 1
1 1 12 0
2.0 0.1
17
1 35.
9 35.
10 35.
11 35.
12 35.
21 35.
22 35.
23 35.
24 35.
33 35.
34 35.
35 35.
36 35.
45 35.
46 35.
47 35.
48 35.
1
1 0.
12
5.5102 7.6897
20.666 24.367
12
4.0087 6.1114
20.398 24.19%
12
3.9725 5.7109
17.678 21.527
12
4.3508 5.9561
16.921 20.014
12
4.0241 6.1822
33.337 43.358
12
4.0005 6.3710
34.578 45.814
12 ’
5.7850 7.9154
26.659 32.556
12
7.7630 10.646
36.775 46.200
12
J.4465 9.3810
29.388 37.564
12
8.4400 10.010

I1I-107

data file used in CSUDP runs (optimal operation rules)

POLICY OF VALDESIA RESERVOIR.

0

1 1

2
0.0

153.
133.
113.
137.
153.
133.
113.
137.
153.
133.
113.
137.
153.
133.
113.
137.
153.

300.

9.4707
29.279

7.8893
29.196

7.1656
26.341

7.4184
23.931

8.4843
55.936

8.8024
59.784

9.6742
39.482

13.213
60.206

11.259
50.860

11.616

11.
37.

0.0

486
493

9.8973

38.

625

8.8120

34.

457

8.9743

30

11.
83.

11.
97.

11

16.

.353

781
589

431
299

.845
55.

894

576

111.41

13.
86.

13.

565
017

156

13.

11.

10.

10.

15.

14.

14.

19.

15

14.

0.0

111

740

275

322

218

444

233

307

.606

574

14.

13.

12.

11.

18.

17

16.
22.
18.

l6.

608

528

016

737

337

.989

714

898

174

091

16.

15.

13.

13

22.

22

19.

26.

21

17.

RUN INV 12X12-#4

288

542

763

.075

153

.483

446

456

.029

709

18.

01

17.

02

15.

03

14.

04

27.

05

28.

06

22.

07

- 30.

08

24.

09

19,

488

01

757

501

619

156

019

400

446

876

979






22.997
12
9.4234
24.449
12
5.1575
29.173
12
5.5102
20.666
12
4.0087
20.398
12
3.9725
17.678
12
4.3508
16.921
12
4.0241
33.337
12
4.0005
34.578
12
5.7850
26.659
12
7.7630

36.775

12
7.4465
29.388

12
8.4400
22.997

12

9.4234
24.449
12
5.1575
29.173
12
5.5102
20.666
12

~4.,0087

20.398

12
3.9725
17.678

12
4.3508
16.921

27.103

11.310
29.050

7.5630
36.263

7.6897
24.367

6.1114
24.194

5.7109
21.527

5.9561
20.014

6.1822
43.358

6.3710
45.814

7.9154
32.556

10.646
46.200

9.3810
37.564

10.010
27.103

11.310
29.050

7.5630
36.263

7.6897
24.367

6.1114
24.194

5.7109
21.527

5.9561
20.014

33.

12.
34.

291

869
409

9.7400

46.

281

9.4707

29.

279

7.8893

29.

196

7.1656

26.

341

7.4184

23.

931

8.4843

55.

936

8.8024

59.

784

9.6742

39.

13.
.206

60

11.
50.

11.
33.

12.
34.

482
213
259
860

616
291

869
409

9.7400

46.

281

9.4707

29.

279

7.8893

29.

196

7.1656

26.

341

7.4184

23.

931

47.

14.
46.
12.
68.

11.
37.

II-108

626

762
006
589
123

486
493

9.8973

38.

625

8.8120

34,

457

8.9743

30.

11.
83.

11

11.
.894

55

16

353

781
589

.431
97.

299

845

.576

111.41

13.

86

13.
47.

14.
46.

12.
68.

11.
.493

37

565

.017

156
626

762
006

589
123

486

9.8973

38.

625

8.8120

34.

457

8.9743

30.

353

16.

14,

13.

11.

10.

10.

15.

14.

14.

19.

15.

14.

16.

14.

13.

11.

10.

10.

259
874
111
740
275
322
218
444
253
307
606
574
259
874
111
740
275

322

17.

17.

14.

13.

12

11.

18.

17.

16.

22.

18.

16.

17.

17.

14.

13.

12.

11.

935

343

608

528

.016

737

337

989

714

898

174

091

935

343

608

528

016

737

19.
20.
16.
15.
13.
13.
22,
22.
19.
26.
21.
17.
19.
20.
16.
15.
13.

13.

885

320

288

542

763

075

153

483

446

456

029

709

885

320

288

542

763

075

10

21.

11

24,

12

18.

o1

17
02

15.

03

14.

04

27
05

28.

06

22.

07

30.

08

24.

09

19.

10

21.

11

24.

12

18.

01

17
02

15
03

14.

04

879

207

488
02

.757

501

619

.156

Ql9
400
446
876
979
879
207

488
03

.757

.501

619
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12
4.0241
33.337

12
4.0005

34,578 °
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Therefore, to encourage the model to attempt to meet irrigétion demands
if possible, a penalty term is subtracted from energy production if
shortéges occur.

2.5.3 ) 0o e o decurves

Normal operation rules for this system are designed to guide the
operation of Valdesia Reservoir to meet its hydropower and water supply
objectives. Without considering real-time feedback control, a set of
rule curves is usually developed for operation over the project life of
the reservoir. Instead of providing simple operation rule curves, this
study takes a further step by incorporating current hydrologic
conditions (previous month inflow) and the entire range of possible
beginning storage levels in .the reservoir into the normal operation
guidelines.

For the purpose of flexibility in operation, a family of target
storage operation curves corresponding to each level of conditioned
previous random inflows was developed from the results of the
stochastic, invertible form analysis with Program CSUDP. For the
approach described in Section 2.5.1, the corresponding optimal
(sta;ionary) operation rules are shown in Figures 2.5.3 to 2.5.26. The
corresponding tabular values of these operating rules can be found in
Appendix E.

For illustrative purposes, CSUDP was also run for the
moninverted form, which produces optimal release policies such as Qhown
in Figure 2.5.27. Though these curves are of .interest, it is believed
that the optimal storage guidecurves are more valuable to system
operators and more conducive to input to Program MODSIM for weekly

analysis.
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2.5.4 Risk analysis of monthly operations.

A 1long term Monte Carlo analysis was performed on the Valdesia
system using the optimal storage guidecurves from Program CSUDP output.
These. guidecurves were input into Program MODSIM, which was then run on

a monthly basis using 400 years of stochastically generated inflows and

. turbine generation hours, as discussed previously. All other data and

system specifications displayed in the CSUDP analysis were also used. on
the MODSIM runs. |

A complete set of monthly frequency plots for energy production,
releases, and power can be found in Appendix F. For illustration, the
corresponding plots for the m;nth of March are given in Figures 2.5.28,
2.5.29 and 2.5.30. Figure’ 2.5.31 displays mean monthly energy
production from the Monte Carlo runs. Although some seasonality is
displayed in the means, it does not appear significant. Figure 2.5.32
gives monthly power output at the 50, 25, and 10 percentiles. These
plots give some indication of the power output that can be achieved at
various leveis of risk. It should be noted that the probability of
achieving, for example, the °10 percentile level for every successive
month in any given year is of course much less than 10 percent.

From these runs, po irrigation shortages were experienced during
the entire 400 yearq simulation. .Therefore, it was decided to consider
the risks of increasing irrigation supply by 15 percent, which are
displayed in Figure 2.5.33. Average risk is around 13 percent. If the
irrigation increase was 1limited to 10 percent, the frequency plots
indicatev that overall risk would reduce to around 8 percent for any

given month, which viewed as a 92% reliability seems acceptable.
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2.6 WEEK E NS
2.6.1 a (0) etu ecutio

The optimal stochastic DP operating rules presentea in the
previous section are intended to be input into Program MODSIM for..
developing weekly operational strategies in real-time for the Valdesia
system. The DP operating rules set monthly storage guidecurves, which
are then interpolated into weekly 1evels; Applying the hierarchical
strategy shown previously in Figure 2.1.2, forecasted values of inflows,
irrigation demands and energy requirements can be input into MODSIM and
then updated on a weekly basis.

Figure 2.6.1 gives the node-link configuration for weekly real-
time wuse of Program MODSIM.. This 1includes each of the irfigation
sectors for which irrigation demand estimates have been compiled.

A portion of the echo print of the ORGANIZ data input file for
this éonfiguration is shown in Figure 2.6.2. Most of the data in this
file relates to physical system features that will not change, though
some editing will be required. Notice that the capacity of Las Barias
is set at 3 MCM (or 3000 ; 10%m3), which is less than the 6.05 MCM
capacity employed during model calibration. This level is used since it
represénts the effective conservation capacity of the reéervoi:, above
which there i; dariger of spi}l. On a weekly basis, the beginning

storage volumes for Valdesia and Las Barias would have to be edited in
]

" this file since they will change week by week. A complete explanation

on how to do this is included in a companion 'report to Volume II, the

Valdesia System Normal Operations Manual.

The 1link capacities in the canal are all based on maximum canal

capacity at the head of the main canal. The reason is that instead of
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VALDESIA
RESERVOIR
HYDROPOWER 3 | NIZAO RIVER
AReservoir
(O Terminal Demand LAS BARIAS
RESERVOIR

NIZAO-NAJAYO DISTRIBUTION ZONE

ECOLOGICAL
SECTOR 3 DEMAND

Figure 2.6.1 Node-Link Configuration for
the Valdesia System for Weekly
'Real-Time Operations.
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Figure 2.6.2 Echo Print of MODSIM Input
Data File ORGANIZ

L2222l 2 R 2 Z a2 22l 2222t 2l 22 e I it sl Yy Yy

* »
* Program MODSIMX River Bbasin Simulation Package *
» Colorado State University cSu »
» Version: Valdesia.la IBM/PC-XT . December 13, 1985 »*
» »

FHAEIED I 0TI T 3002016300000 0000 08 0030 3000 309016 3 1630 3030369030163 00 90 9030 38 000006 3000 30 0016 3006 30 63636 36 0090 06 38 90

Control Options 3 DATA is Quarter-Week basis
Metric UNIT is used
Storage FRIORITY is same for each Week in a Quarter
Full OUTPUT for result of reservoir analysis
PLOT of reservoir and/or linkage is requested

VALDESIA TEST, WEEKLY BASIS, 8 IRRIGATION SECTORS, STARTED 84/10/09

Number of Nodes = 12 Number of Reservoirs = 2
Number of Links = 12 Number of River Reachus = 2
The Quarter Operation Starts = 40 .Number of Quarters to Simulate = 1
Number of Demand Nodes = 9 Number of Spill Nodes = 2
Yield Node = O Number of Import Nodus = O
.Node Name —==—==e Capacitiegs —————=—=—- Quarterly
———— ———— Maximum Minimum Beginning Demand
1 VALDESIA 133000 35000 93000 o
2 LAS BARI 3000 240 3000 o)
3 DISTRIE (o) o] (o] (o]
4 SECTOROS [o} 0 [o} (o)
S SECTOROS o (o] (o} o}
& SECTORO4 (o] o o Q
7 SECTORO3 o (o] o (o)
8 SECTORO2 [o] (o] o o
9 SECTORO1 (o] o (o} o
10 SECTORO8 Q (o] (o} o
11 SECTORO7 o [0} o Q
12 EcaLacICc o} o} Q Q

EEENNNNNNENNNENNENENEEREEREEREARLE







o 4 e g —

A AN aEEAaEEEAEN

II-149
Figure 2.6.2 (continued)
Power Efficiency Table 3
Head\Release 0 12096 30240 6288 39312 42TT6 A4AS3I60 48384
&0 0000 .6442 .6893 .7085 .7190 .7181 .7133 .7046
b4 <0000 ,6346 .6854 .7190 .7344 7334 .7296 .7219
&7 0000 .6346 .6893 ".7258 .7373 .7430 .7440 .7411%
71 +0000 .6202 .6B893 .7384 7507 .756S .7498 .7478
74 <0000 .46144 .6874 .7402 .75286 7632 .7613 .7374
77 <0000 .628B8 .6912 7373 .7507 .7%384 .7594 7565
80 «0000 ,6422 .7037 .7421 .7326 .7622 .7670 .7613
Reservoir 2
Point Area Capacity Head
1 [0} (o] &9
2 52 S0 70
3 190 240 72
4 310 450 73
-3 460 800 74
- 640 1400 73
7 803 2100 76
a 910 3000 77
9 1000 4000 78
10 1140 6050 80
Constant Power Efficiency = 0000
Groundwater Specifications
Specific Infiltration Distance to
Node Yield Transmissivity Rate Main Channel
1 . 0000 « 0000 . 0000 . 0000
2 « 0000 « 0000 . 0000 . 0000
3 . 0000 « 0000 . 0000 0000
4 « 0000 « 0000 . 0000 . 0000
S « 0000 + 0000 . 0000 . 0000
) « 0000 . 0000 . 0000 . 0000
7 » 0000 « 0000 « 0000 « 0000
8 « 0000 « 0000 . 0000 . 0000
9 « 0000 « 0000 . 0000 . 0000
10 , + 0000 « 0000 . 0000 . 0000
11 « 0000 « 0000 . 0000 « 0000
12 « 0000 « 0000 » 0000 +« 0000
Pumping Pumping Depletion Return
Node Capacity Rank Node Node
1 o (o] o) 0
2 Q o o o
3 (o) (o] (o} o
4 o (o] [0} (o]
s o] (o] 0 (o}
& o Q 0. o
7 Q (o] o o
8 o o o 0
9 o [s] (o] [o}
10 o o (o] 0
11 (o} (¢] o o
12 [0} o o o

54432
<6797
0970
.7430
<7248
<7718
« 73273

. 7324
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Figure 2.6.2 (continued)

Node 11

Quarter

1

Node 12

Quarter

1

Rank

10

Rank

10

Rank

10

Rank

9

(Demand

(Demand

(Demand

(Demand

is Read via Data

is Read via Data

is Read via Data

is Read via Data

File)

File)

File)

File)

Reservoir Desired Storage Levels and Ranks

Reservoir

Quarter

1

1

Rank

40

Reservoir 2

Quarter

1

Rank

SO

1

. 627

2 3 4

Weekly Distribution

S ) 7 8 9 10 11 12

<647 667 .6B0 .68B6 693 699 699 699 699 .699 .699

1

2 3 4

Weekly Distribution

S ) 7 8 9 10 11 12

1.0001.0001.0001.0001.0001.0001.0001,0001.0001,0001,0001, Q00

Reservoir Area-Capacity-Head Table and Power Efficiency:

Reservoir

Point

VONGCURRLUN

1

Area
8
150
J24
871
1572
2310
3406
4537
5664
&677
7492
8337
9000
9776

Capacity

Head

-
o

30
35
40
435
SO
SS

63
70
75

835
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Figure 2.6.2 (continued)

System Configuration

From to Max i mum Minimum Unit Loss

Link Node Nade Capacity Capacity Cost Coefficirent
1 1 2 4233600 0 (o} . 000
2 2 12 4233600 Q 0 . 000
3 1 2 34432 (v} (o} . Q00
4 2 3 8951 o (o} « 000
S 3 4 7238 Q (o] . 000
b 4 5 - 7258 (o} (o} . 000
7 L1 & 7238 o} Q . 000
8 - 7 7238 (o] [0} . 000
9 7 8 7258 [o} [0} . 000
10 8 9 7258 [V} [e} « 000
11 3 10 1693 [0} [o} « 000
12 10 11 1693 o (o} . 000

Spill Reservoirs in Order of Preference

2 1

Friorities and Desired Operating Levels are Unique for each Quarter
(Level can vary with Week)

System Demand(s)

Node 4

Quarter Rank (Demand is Read via Data File)

1 10

Node S

Quarter Rank (Demand is Read via Data File)

——— e - ———

Quarter Rank (Demand is Read via Data File)

1 10

Quarter Rank (Demand is Read via Data File)

1 10
Node 8
Quarter Rank (Demand is Read via Data File)

1 10
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introducing channel losses on each canal reach in Program MODSIM, the
irrigation demands for each sector have been adjusted to consider water
required at the main canal head to meet crop requirements in that
sector, as well as all intermediate 1losses and application
inefficiencies. Future work may involve employing actual crop
requirements as demands in MODSIM and then directly including channel
loss coefficients and application efficiencies in the model input data.
The current version of MODSIM is capable of analyzing the irrigation
system with either approach.

The next portion of the echo print lists the priority rankings
for system demands. The actual demands are read into a different data
file called ADATA. The edig;ng of this file is also explained in the
accompanying Valdesia System Normal Operations Mapual . As'described in
Section 2.4;2, each demand node must be supplied with'a priority number
between 1 and 99, with a lower number representing a higher priority.

These ranking factors are translated into negative costs ¢ (actually,

ij
benefits) and introduced into equation 2.4.1. Details on how this is
done in MODSIM can be foun& in the companion volume "Manuales de
Operacion de Modelos Computarizados para la Operacion Normal de Sistemas
de Embalses," by Labadie, et al. (1986). These are not actual absolute
costs, but only serve to prioritize which sectors should receive water
.first. It is suggested that operators assign numbers. between 10 and 30
for the demands, ordered to reflect which sectors are most in need of
water for the current period. It can be seen-in this example.tﬁat all

are simply given a ranking of 10 except for the so-called Ecological

demand which 1is given a priority number of 99. This means that it
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receives water left over after all irrigation and hydropower
requirements have been met.

Continuing on the echo print, the next information relates to
reservoir target storage levels and priorities. A ranking factor
between 1 and 99 is also assigned to the reservoirs. In this example,

Valdesia is given a rank of 40 which means that only after all the

irrigation demands have been met will the model attempt to achieve the

target storage levels provided by the stochastic DP analysis. The
weekly distribution fractions shown for each reservoir give desired
storage guidecurve 1levels represented as the ratio of the guidecurve
storage divided by maximum reservoir capacity. During flood prone
seasons, these targets will reflect the imposition of a flood pool in
the reservoir during those periods. Again, a complete description of
how the optimal monthly DP guidecurves are interpolated into wgekly
levels and edited into this data file in real-time is given in the
companion volume 2§1gg§1g_§xg;gm_Hg;mgl_gpgxggigng_ggnggl. Notice that
Las Barias Reservoir is given a rank of 50, which means that only extra
water in the system is carried over in this reservoir from week to week.
The remaining information in the echo print relates to physical
reservoir data that will likely remain unchanged.

An additional data file called ADATA must be prepared by the
system operators, which includes:

1. weekly inflow forecasts

2. weekly irrigation demands

3. weekly net evaporation rates

4. weekly hours of turbine generation for meeting energy

demands.
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For inputing these values, the u#er may fely on forecasts or typical
historical wvalues for that period. Operators are encouraged to try
several forecast scenarios and note the impacts on éperating policy.
ADATA file preparation is accomplished through an easy-to-follow
interactive process, which 1is '‘described in detail 1in the Valdesia

ormal Operati ual .

It is expected that operators will make several runs with MODSIM
on a weekly basis. For example, initial inp;t of turbine generation
hours may result in lower power or energy output than desired, in which
case the hours can be appropriately adjusted and the model run again
until desired power and energy criteria are met.

During dry periods, it is likely that some shortages will occur.
With the priorities used in the example echo print of Figure 2.6.2,lthe
model will first attémpt to meet all irrigatién demands, which may
result in Valdesia Reservoir 1levels and releases, and hence energy
output, much 1lower than desired. For comparative purposes, a tradeoff
analysis can be conducted where the Valdesia priority is changed to,
say, 5. This means that the model endeavors to meet the storage targets
first, , and only leftover water is used to meet irrigation demands. It
is likely that for this run, large irrigation shortages will occur, even
though enérgy output will be increased.

Obviously, compromises are cailed for in this case. Certain
sectors may be selected for imposition of temporary shortage by
increasing their priority number to, say, 60 and feturning the Valdesia
rank to 50. In this way, irrigation shortages can be controlled and

balanced with energy shortages.
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2.6.2 Comparison of historical and optimal operations.

The optimal stochastic DP operating rules were applied to
histogical data for the period since Hurricané David through 1984 in
order to assess the value of using these operating rules as compared to
what was actually done historically. The monthly DP storage guideéurves
were broken into weekly targets by a simpie linear interpolation, and
then these storage guidecurves were introduced into MODSIM and run over
the historical period covering 221 weeks, starting August 12, 1980.

The more simplified network configuration of Figure 2.4.9 was
used . instead of Figure 2.6.1, with all the demands for each canal
aggregated together. The weekly irrigation demand estimates of Table
2.3.6 were used as well as the monthly net evaporation estimates of
Table 2.3.12, which were assuﬁed constant within each month.

To obtain the monthly storage guidecurve 1levels for the
historical period, Program MODSIM was first run on a monthly basis with
the optimal DP guidecurves included. The resulting monthly storage
levels, which exactly met the optimal targets since this was given the
highest priority for these monthly runs, were then linearly interpolatea
into weekly levels, with consideration given to the disparity between
seven day weekly increments and' the number of days in each calendar
month.

The results of the comparison are shown in the following
figures. A comparison of storage levels is given in Figures 2.6.3 and
2.6.4, which 1nd1ca;es that the DP operating rule retains substantially
higher storage levels. The lowest level occurs around week 216. Though

maintenance of high storage 1levels is 1ideal for hydropower, these

~results suggest that there was sufficient water historically for
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1.7 r~
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140
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HISTORICAL AND OPTIMAL WATER LEVELS AT VALDESIA

Figure 2.6.4
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additional deliveries for domestic supply, or perhaps increased
irrigation demand, if the optimal rules were followed. The effects of
these increases on energy production would have to be assessed.

Figures 2.6.5 and 2.6.6 compare the average weekly power output.
It was first decided to force MODSIM to match the historical power by
initially guessing hours of production and then running MODSIM to
produce the resulting energy output. Thé energy output could then be
divided by historical power, giving new estimates of generation hoﬁrs,
and the process repeated until MODSIM power matches that which occurred
historically. However, because of the higher storage levels produced by
following the DP operting rules, power output was found to be
considerably higher. Therefore, another iteration was performed where
energy output was divided by higher than historical level of 35 MW, and
the resulting generation hours reentered into MODSIM. This produced the
power output shown, and all other results shown here. The resulting
generation hours are compared with what occurred historically in Figures
2.6.7 and 2.6.8. Table 2.6.1 compares the mean and standard deviations
of the historical vs. optimal power output and confirms a substantial
incre;s§ as a result of the latter.

Figures 2.6.9 and 2.6.10 compare the historical weekly energy
generation with that which would have been produced using the optimal
rules. Table 2.6.1 gives a comparison of the mean and standard
deviations, and indicates an 7.9 percent increase in total energy
production as a result of using the optimal DP rules, with very similar
standard deviation. That is, the seasonal energy variations are quite

comparable.
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Table 2.6.1

Comparison of Historical and Optimal Operations
[Aug. 12, 1980 to December 31, 1984}

Historical Optimal % change
standard standard in
mean deviation mean deviation mean
Power
-weekly (MW) ‘ 30.6 2.7 37.8 4.4 +23.5%
Energy
-weekly (MWH) 1698 1276 1832 1252 +7.9%
-annual (GWH) 88.3 - 95.3 - +7.9%
Irrigation
Shortages
-frequency* 25.8% - 0% - no
-ave. annual 2.18 - 0 - shortages
(m3/s)t

* based on the number of weeks shortages occurred divided by total number of
weeks (221).

t only for weeks where shortages occurred.
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A comparison of the summarized results in Figures 2.5.31,
2.5.32, and 2.5.33 of the monthly long term Monte Carlo analysis using
the optimal DP guidecurves reveals some discrepancy with the results of
Table 2.6.1. Even though the latter reflects a weekly analysis, power
and energy levels appear much higher than those from the long term
monthly analysis. It 1is believed that the reason for this is the way
turbine generation hours were treated. It became clear in the
historical analysis that in order to stabilize power capacity,
generation hours must be appropriately adjusted. It is clear from
Figures 2.6.7 and 2.6.8 that, turbine generation hours adjusted for the
optimal DP guidecurves differ somewhat from the historical values, even
though there 1is obviously a.high correlation. On the other hand, for
the Monte Carlo analysis, the generated turbine hours were explicity
related to historical values, even though the use of these hours with
the optimal DP guidecurves was somewhat inconsistent. For future work,
it may be profitable to develop new optimal DP guidecurves which instead
of being based on historical turbine generation hours, are based on
maintaining a stabilized pow;r output, at least within an acceptable
range.

Historical vs. optimal irrigation deliveries are compared in
Figures 2.6.11 and 2.6.12, resulting in the historical irrigation
shortages shown in Figures 2.6.13 and 2.6.14. There were zero shortages
produced as a result of the DP optimal operating rules. Table 2.6.1
indicates that historical shortages were substantial and that use of the
DP optimal rules would have greatly benefited irrigation during this

time.
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Figures 2.6.15 and 2.6.16 provide an indication of excess flows
that would have been available as a result of using the optimal DP
guidecurves. That 1is, if the irrigated area was expanded, or upstream
diversions to Santo Domingo were desired, then theoretically these flows
would have been available.

2.6.3 Economic benefits.

Based on the economic data developed in Section 2.3.5 and the
foregoing results of the historical comparison, it 1is possible to
provide some rough estimates as to the increased economic benefits that
would have occurred over ‘the historical period, assuming that the
optimal DP operating guidecurves were followed.

For hydropower, it was assumed in Section 2.3.5 that if
additional annual hydropower energy output of up to 8 GWH coula be made
available, then a repiacement benefit of DR$0.53/KWH for diesel
power plants could be accrued on the 1ncreasea output. Notice from
Table 2.6.1 that the increase in average annual energy as a result of
following the optimal guidecurves is 7.0 GWH. Therefore; average
annual increased benefits durin; this historical period would have béen:

7 GWH/yr x DR$0.53/KWH x 10® = DR$3.71 million

For irrigation benefits, it was assumed that ad&itional water
supply would be wused to expand the irrigated acreage. It should be
noted in this case that the headenders would capture the bulk of the
benefit if it is assumed that current cropping patterns would be
maintained. However, tailenders would still gain more from use of the
water than if historical practices were continued as before. From
Figures 2.6.15 and 2.6.16, it is clear that a 10 percent increase in

irrigation supply 1is plausible, and from previous analysis, that there
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should be sufficient additional capacity on the canals to carry the
increased flows. Even though there are several weeks where zero
excesses occur in Figures 2.6.15 and 2.6.16, a comparison of Figures
2.6.3. and 2.6.4 with 2.6.15 and 2.6.16 reveals that for the most part,
spills at Las Barias occur when there is excess capacity in Valdesia
above the optimal guidecurve storage levels. This means that some of‘
these spills could be temporarily stored in Valdesia for léter release
for meeting excess irrigation requirements. It is uﬁlikely that this
would greatly effect energy output. However, it would be advantageous
in this case to make new runs with Program CSUDP, but constrained now
(via penalty terms, as explained previously) to provide a 10 percent
increase in irrigation supply.

Assuming that a 10 percent increase in water supply can
correlate with a 10 percent increase in irrigated area, then

10% x 4655 ha x DR$6778/ha

DR$3.15 million [for headenders]

10% x 3264 ha x DR$1665/ha

DR$0.54 million [for tailenders]

Total increased average .annual benefits over the historical
period april 1, 1980 to December 31, 1984 estimated as a result of
utilizing the optimal operational guidecurves developed in this study
are:

DR$3.71 million/yr (from hydropower)
3.15 million/yr (from irrigation-headenders)

0.54 million/yr (from irrigation-tailenders)

DR$7.40 million/yr TOTAL






I[I-175

The large quantity of excess'spills at Las Barias, as shown in
Figures 2.6.15 and 2.6.16, provides encouragement that water upstream
of Valdesia Reservoir could possibly be diverted for domestic supply
to Sant6 Domingo and other areas. The difficulty is the large variation
in flows and the periods of continuous zero excess flows, in some cases
extending for 2-1/2 months. The domestic supply would of course need to
be consistent year round. The result would be a significant change in
Valdesia storage levels and reduced discharges through the power plant '
for energy production. For future work, it is recommended that a CSUDP-
MODSIM analysis be undertaken to determine the detrimental effects on
energy production, power capacity and irrigation supply that might occur

for various levels of extraction of domestic water.
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2.7 CONCLUSIONS AND RECOMMENDATIONS

2.7.1 Summary of Results.

A comprehensive analysis of operation of the Valdesia}Reservoir
system in the Dominican Republic has been conducted for normal or
nonemergency operating conditions. The emphasis has been on development
of 1integrated strategies that incorporate Valdesia Reservoir and
powerplant, Las Barias Reservoir downstream, and the major canals Marcos
Cabral and Nizao Najayo supplying water to over 10,000 ha of irrigated
lands. The objective is to produce practical operating procedures that
maximize 1long term energy production from the powerplant, subject to
satisfying irrigation requirements at minimum risk. There is also an
interest in determining if additional reliable water supply could be
made available from the system for expanded irrigation and/or domestic
supply to the City of Santo Domingo. Additional objectives include
comparing how the Valdesia system would have performed historically had
the optimal guidelines been pursued, versus how the system was actually
operated, and broviding an economic evaluation of possible increased
benefits from improved operations. Analysis of historical operation of
the system reveals that consistent operation policies have not been
adhered to, as indicated by significant irrigation shortages and highly
variable turbine generation hours and energy production.

A hierarchical approach has been selected in which optiﬁal
monthly storage guidecurves are developed using stochastic.dynamic
programming (Program CSUDP), and then input as térgets into a network
simulation. model called MODSIM which can be used interactively on a
weekly basis by operations personnel for real-time decision support.

In addition, daily guidelines are also provided primarily for power
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operations to determine the optimal loading of turbines in the
powerplant to maximize efficiency.

- The monthly operating targets are based on stochastic analysis

of Valdesia Reservoir inflows and are conditioned on a wide range of

storage levels and preceeding inflow conditions for aﬁy month, whereas

the weekly analysis can make use of forecasted infloﬁs, irrigation -

demands, and energy requirements in real time.

The key to optimal operation of the Valdesia system is
synchronization of the power and irrigation uses of the system. This
requires accurate assessment of actual crop water requirements and
operating strategies that minimize both shortages and wastage. Crop
water requirements are estimated using the modified Penman method.
Though meteorological data were limited for use of this method, it was
still preferred over more approximate techniques. Its use may also

provide an impetus for improved data collection and processing.

- Precipitation contributions to meeting crop demands are estimated using

a method developed by Morel-Seytoux and Restrepo (1985). 1In addition to
hydrologic, meteorological, and agronomic data, an attempt has been made

to estimate basic costs and benefits associated with Valdesia system

operations. These are employed to assess the potential benefits of

improving operation of the Valdesia system, ;ﬁ contrast with historical
policies.

In order to gain confidence in use of the models for future
operations, extensi&e calibration exercises have been carried out for
both the monthly and weekly models. A large data base involving
iaborious data entry has been developed for this ptojeét and used for

calibration, as well as development of optimal operating rules. The
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calibration results were considered satisfactory for purposes of this
project and the calibrated models are considered to be viable
operational tools for the Valdesia system. Future updating of model
parameters and inputs should be carried out as conditions change.

Optimal monthly storage guidecurﬁes were developed by Program
CSUDP with consideration of optimal loading of the two turbines in the
~powerplant.' That is, fof various discrete head - discharge combinations
a preoptimization analysis was performed that determined how each
turbine should be 1loaded so as to maximize overall efficiency, and
hence, energy output. This optimal loading table should prove useful
for daily operation of the system.

With development of optimal monthly storage guidecurves using
program CSUDP, an attempt was made to test them by assessing the long
term risks associated with meeting irrigation demands and maintaining
various energy and power output levels.

A Monte Carlo analysis was carried out whereby 400 years.of
monthly synthetically generated data for inflows and hours of turbine
generation were input to Program MODSIM, employing the optimal CSUDP
generated storage guidecurves. Hours of turbine generation were
included in the bivariate stochastic model because of their high
variability and strong correlation to inflows.

Results were extremely encouraging for irrigation supply, with
virtually .zero risk of incurring shortages noted in the program output.
In addition, it was indicated that irrigation deliveries coﬁld likely be
increased by 10 percent withan associated average monthly reliability of
around - 92 percent. However, energy and power Outpué levels, though

slightly larger on the average than what occurred historically, were
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somewhat disappointing. It was finally decided that there was a certain
inconsistency between the optimal DP operating rules and the use of the
synthetically generated hours of turbine gene;ation in the Monte Carlo
analy;is, since Program CSUDP had simply used average monthly values for.
hoﬁrs of generation. This inconsistency was confirmed by further
testing of the optimal DP operating rules on the historical period since
Hurricane David. A weekly time interval was used in thi; case.

It was determined that instead of using historical hours of
generation as a reflection of energy demand, it was more reasonable to
use power output as a means of compafison. The reason 1is that
examination of historical system operations reveals widely varying
levels of turbine generation‘hours in contrast with relatively stable
levels of power capacity at around 30 MW. This indicates that system
opefators attempt to stabilize power capacity as much as possible for
integration into the country’s power distribution network, and that this
in turn often dictates hours of generation, particularly for periods
where outflows are high and therefore releases are also substantial.

The results of this comparison were extremely encouraging, with
the optimal DP operating rules producing 23 percent more powér and almost
8 . p;rcent more energy, with no incurrence of irrigation shortages. An
analysis of excess spills at Las Barias resulting from the optimal DP
rules revealed that by storing some excess water above the DP guidecurve
and then releasing the water later, at least a 10 perceﬁt increase in
irrigation supply could be maintained at high reliability. From a
preliminary economic analysis, which assumes excess water would be
applied to irrigating more land for irrigators at the heads and tails of

the canals, an estimated additional return of DR$3.69 million per year
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could have been realized over the historical period as a result of
applying the optimal DP storage guidecurves. Adding in the estimated
benefits of increased energy production, the total benefits would have
been DR$7.40 million per year.
2.7.2 ure need

An accurate hydrological, meteorological, and agronomic data
base is essential to effective operation of the Valdesia system, as well
as  future planne& upstream developments and system improvements.
Because of data deficiencies encountered in thié study, it is suggested
that Station Bani, 1located in the center of the irrigation zone, be
equipped with modern instrumentation for more accurately estimating crop
water requirements, and that these data be entered and processed in a
computer readable form. Another station located on the Nizao-Najayo
side would also be a valuable addition to the country’'s data collection
network. In addition, a water level station at the upstream end of
Valdesia Reservoir is necessary to provide daily inflow information not
only for normal operations, but also for flood and emergency conditions.

It 1is recommended as MODSIM becomes a consistent real-time
operational tool for the Valdesia system, that a computerized data
aéquisition system be set up whereby data can be remotel& accessed and
updated in real-time, and direcély utilized by Program MODSIM for weekly
operational evaluations. Once this is done, the large computerized data

base already developed at CSU for this project can be transferred to

. INDRHI, CDE and other agency computer systems and be readily accessible

to all interested personnel.
Of key importance to effective real-time operations using MODSIM

is the development of a comprehensive forecasting capability for






RTINS TEOYAN) PRI AR e
SRR LIS (o ' ST ST TR TR

streamflows, energy demands, and crop requirements. Future work should
focus on combining automated data acquistion and processing capability
with .modern computer software for efficiently generating and updating
these forecasts in real time.

It 1is proposed for future planning of new facilities in the
Nizao River Basin that Programs CSUDP and MODSIM be again employed for
optimal 1location and sizing of these facilities and optimal integration
of the operation of all projects in the basin. Extension of the CSUDP-
MODSIM hierarchical strategy to other systems such as Tavera-Bao could
also be valuable, with the eventual goal of nation wide integrated
operational planning. This should include analysis of the power
distribution network and both hydro and thermal power facilities since
operations at individual projects are greatly affected by contingencies
in the power grid.

It is essential as MODSIM is employed in the future, that the
data base developed in this study for use with MODSIM be critically
examined and updated as necessary since these data are really’ohly valid
up to the current point in time. Eventually, perhaps after one year of
operatjonal experience has elapsed, new CSUDP operating storage
guidecurves can be developed using updated data, including the

’

transition probability matrices.
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APPENDIX A

LISTINGS OF PROGRAMS MODPEN AND.EFEC
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PROGRAM MODPEN (INPUT,OUTPUT,TAPES=INPUT,TAPE&=OUTPUT,TAPE7, TAPES,
+ TAPE9)

RN R R R R RN R R R R R R R R R RN RN B RN R R RN RN R RN RR RN NES
WATER RESOURCES PLANNING AND MANAGEMENT PROGRAM
DEPARTMENT OF CIVIL ENGINEERING
COLORADO STATE UNIVERSITY
FORT COLLINS, COLORADO 80323
19835

R RN R RN R RS R RN RN R R R R RN R RS R RN R RR R AR R R AR NSRS

THIS PROGRAM CALCULATES WEEKLY OR MONTHLY CROP EVAPOTRANSPIRATION BY
THE MODIFIED PENNMAN‘S METHOD ("CROP WATER REQUIREMENTS", IRRIGATION
AND DRAINAGE PAPER No. 24, FAO, 19735).

(2L X222 R X2 RS2 AR XX X222 X222 X2 22 R X 22222222222 )

OO0

DIMENSION TEMP(364) ,RH(364) ,0KTAS(364) ,EA(364),

1 ED(364),FU(364),U2(364) ,W1(364),W2(364) ,CLOUD(364),

2 RS(364) ,RA(12) ,RNS (364) ,FT(364) ,FED(364) ,FNN(364),

3 RN1(364) ,RN(364) ETO(52) ,11(364),12(364),13(364),

4 AREA(12,10,8),XKC(10,12) ,ET1(344),C2(12,8),C1(10,12,8),
5 ET(52,11) ,ETOM(12) ,ETM(12,11),TOTAR(12)

»
c DICTIONARY:
c
c AREA t cropping areas in Ha.
c CLOUD 1 cloudiness
C EA 1 saturation vapor pressure (mbar)
c ED 1 vapor pressure from dewpoint (mbar)
c ET 1 weekly crop evapotranspiration (10E3 a3)
c ETO 1 monthly crop evapotranspiration (10E3 a3)
c ETO t referential evapotranspiration (mm/day)
c FED t correction for vapor pressure
c FNN t correction for bright sunshine
' c _ FT s correction for temperature on longwave radiation
C FU 1 wind function (km/day)
c IYEAR 1 current year of study
c 11 t year of study
c I2 t month of study
c 13 t day of study
c NDAY t number of days per month
c NN t name of the station
c RA 1 extraterrestrial radiation (sam/day)
c RH t relative humidity (%)
c RNS 1t net shortwave solar radiation (mm/day)
c RN t net radiation (mam/day)
c RN1 t net longwave radiation (mm/day)
c RS 1 solar radiation (mm/day)
c TEMP 1 mean daily temperature ( C)
C TD 1 mean dewpoint daily teaperature ( C)
c u2 ¢t wind velocity (Km/s)
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c Wi t meigthing factor for effect of radiation

c W2 t weigthing factor for effect of the aerodynam:ic term
C XKC t crop coefficients

c . .

c FILES USED:

c :

c TAPES ¢+ METEOROLOGICAL INPUT DATA FILE

c TAPES 1 OUTPUT FILE ,

c TAPE7 s MONTHLY CROPPING AREAS (PER SECTOR AND GROUF CROFP) INFUT FILE
¥ TAPEB : MONTHLY CROP COEFFICIENTS INPUT FILE

c TAPE? 3 EFFICIENCY AND YEAR OF STUDY DATA

READ(S5,1) (11(1),12¢1),13(1),TEMP (1) ,RH(1) ,0KTAS(1),U2(1),
9 I=1,364)
READ (7,2) ( ( (AREA(T4L,I5L,12L),12L=1,8),I5L=1,10),14L=1,12)
READ(8,3) ((XKC(I4L,12L),12L=1,12),14L=1,10) :
READ(9,5) IVEAR
DATA RA/11.6,13.0,14.6,15. b,16.1,16.1,16.1,15.8,14.9,
¥ 13.6,12.0,11.1/
DO 80 Ki=1,12
DO 82 K2=1,10
. DO B2 K3=1,8
82  TOTAR(K1)=AREA(K1,K2,K3) +TOTAR (K1)
80 TOTAR(K1)=TOTAR(K1)/15.9
DO 10 I=1,364
EA(I)=10.#%(,835864+.026399%TEMP (1))
ED(I)=EA(I) #RH (1) /100,
FUCT) =, 27%(1.+U2(1)#,24)
Wi(I)=.571-,0135234TEMP (1) +1,B8298BE-6% (TEMP (1) ##3)
N2(I) =1, =W1(])
CLOUD(I)=.9B904-,12321#0KTAS (1) +.00297# (OKTAS (1) ##2)~
6 4.B0BE-5%(OKTAS(I)#%4)
RS(I)w(,31+,49#CLOUD(I))#RA(I2(I))
RNS(I) =, 75#RS (1)
FT(I)a1,97E-9% ((TEMP (1) +273.15) ##4)
. FED(I)=,34-,044%(ED(I) ##,5)
: . FNN(I)=,1+,9#CLOUD(I)
RN1(I)=FT (1) #FED(I)#FNN(I)
RN(1)®RNS (1) =RN1(I)
ET1(1)=W2(1)*RN (1) +W1 (1) #FU(I) # (EACT)~ED (1))
10 CONTINUE
NRITE(6,4) 'IRRIGATION DEMANDS FOR YEAR ',IVEAR
. WRITE(6,9)‘( UNITS IN 10E03 M3, EXCEPT THOSE INDICATED )’
NRITE(4,7) 'PER’,'SEC.1','SEC.2',"SEC.3', 'SEC. 4, 'SEC.5",
1 ‘SEC.4',°SEC.7',°SEC.8°,°'TO.CAB’, 'TO.NIZ',
2 'TOTAL','T.M3/5', TOT.MM’
WRITE(6,8) ° MONTHLY BASIS’
. 1 FORMAT(I&,212,4F10.2)
NI=0
DO 100 IJ1=1,12
DO 110 1J2=1,30
110 ETOM(IJ1)=ET1(I1J2+NI)+ETOM(1J1)
ETOM(IJ1)=ETOM(IJ1)/1000.
100 NI=NI+30
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N=0
00 20 I2L=1,52

D0 30 IéL=t,7

ETO(IZL)=ET1 (16L+N3+ETD(12L)
ETOCI2L) =ETO(I2L) /1000,

20 N=N+7

CALL AREAKC (AREA,XKC,CZ)
DO 60 I=1,52 '
DO 40 I15=1,8

60 ET(I,IS)=ETO(I)*C2(12(I#7),15)%0.628B93*A1(13)

210

DO 200 II1=1,12
DO 210 112=1,8
ETM(IT1,112)=ETOM(IT1)#C2(111,112) %A1 (112) %, 628672

ETM(IIL,9)=(ETN(IIL, 1)#ETH(III 2)+ETM(III,¢)+ETﬂ(Il g4

1 ETM([II,4)+ETM(III 6))
ETM(II1,10)=(ETM(IT1,7)+ETM(I11,8))
ETH(111,11)=ETM(111,9)+ETM(III,10)

200 CONTINUE

70

(S R N ]

e D @O N O

N -

N

120

WRITE(6,4) (1,ETM(T, 1) ,ETM(I, 2" (ETM(I,3) ETM(1,4) CTP

T,
y -

2 ETM(I,6) JETM(I,7) JETM(L,8) ,ETM(I,5) EIMII,10) TR, 11,

3 ETM(I,11) /2592, ETH(T,11) %106, /(TOTAT (1)), T=1,12;
DO 70 I=1,52

ET(I,9)=(ET(I,1)+ET(I,2)+ET(1,3)+ET(I,4)+ET(1,5)4ET (1,

ET(I,10)=(ET(1,7)-ET(1,8))
ET(1,11)=ET(1,9) +ET(1,10)
CONTINUE
WRITE(6,8) " WEELLY BASIS"

WRITE(&6,4) (I,ET(I,1) ,ET(I,2) ,ET(1,3),ET(1,8) ,ET(1,5 ET!1.¢6),

7 ET(I,7),ET(1,8) ,ET(I,9) ,ET(I,10),ET(I,11) ,ETCI, 11}/
8 604. 9 ET(I 11)%100. /TOTAR (12 (1*7)),1 1,52)
WRITE (b, 11) 'MONTHLY TDTAL CROPFING AREA (H3: -
uRITE(e,xz)<1,TUTAR41),1=1,12)
FORMAT ( (BF10.0))
FORMAT( (12F5.2))
FORMAT(I3,11F7.0,2F7.2)
FORMAT (3F4.1,F5.2,15)
FORMAT (40X ,A28,14,/)
FORMAT (A3,13(1X,A6),/)
FORMAT (/,50X,A20,/)
4roanar(/,o~x ASO, /)
FORMAT (/ ,A50,/)
FORHAT(IIO,FIO.Z)
sTOP
END
SUBROUTINE AREAKC (AREA,XKC,C2)
DIMENSION AREA(12,10, 9) Cl(lO 12,8),C2(12,8) ,XKC(10,12)
FORMAT (BF9.0)
FORMAT (12F6.2)
DO 100 J2=1,12
DO 110 IS=1,8
DO 120 14=1,10
C1(14,32,15)=AKEA(J2,14,15) *XKC(14,J2)
C2(J2,15)=C2(32,15)+C1(14,J2,15)
CONTINUE

LI
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110 CONTINUE
100 CONTINUE
4 FORMAT(BF10.0)
S FORMAT(BF10.0)
RETURN
END
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PROGRAM EFEC(INPUT,OUTPUT,TAPES=INPUT,TAPE6=DUTPUT)

222222222 X222 X222 AR X22 22X RX2 2222222 R 222X 8RR RR SRR 2R

NATER RESOURCES PLANNING AND MANAGEMENT PROGRAM
DEPARTMENT OF CIVIL ENGINEERING
COLORADDO STATE UNIVERSITY
FORT COLLINS, COLORADO 80323
1985

BRERRREERBRRERRERERERRRERERRERREERRRSERRRRERRERERRAFRERRF LS ERRAERE RN

THIS PROGRAM CALCULATES DAILY, WEEKLY OR MONTHLY EFFECTIVE FRECIFITATION
BY THE METHOD DEVELOPED BY H. J. MOREL-SEYTOUX AND J. [. RESTREPO (“SUR-
ROUTINE RAIN", DEPT. OF CIVIL ENB., COLORADD STATE UNIVERSITY, 198S5),
!************i*****!ii*********i*l*i*******l!****************¥¥**il**§***
DIMENSION EP(365) ,PT(365) ,DELPE(365) ,5UM(12)

DICTIONARY:

ELPE daily effective precipitation depth (cm)

DELPWP : daily infiltration depth due to precipitation (cm)

DELZR t thickness of the root zone (cm)

DDP ¢ daily surface drainage due to precipitation (cm)

ELNEP : daily effective infiltration depth due to precipitation (cm)
EP 1 evaporation rate (cm/day)

ESP t daily evaporation depth that is intercepted or has fallen into

I

depression storage (cm). Principles stated by horton (linsley
et al., 1982)
YEAR ! year of study

NP t positive dimensionless recharge parameter for the precipitation
process

P s daily precipitation depth reaching the ground that does not
- evaporate (cm)

PC t critical precipitation depth (ca)

PT t total daily precipitation depth (cm)

SUN t total weekly or monthly effective precipitation depth (cm)

THEFC 8 field capacity moisture (values from 0 to 1)

THEO : actual moisture (values from 0 to 1)

TP t rainfall duration (days)

XK t hydraulic conductivity (ca/day)

FILES USED: '

TAPES t INPUT DATA FILE : FIELD COEFFICIENTS (TP, PC, XK, THEFC,-

T

THED, NP, IYEAR, DELZR) AND METEOROLOGICAL DATA (PT AND EP)
APES & OUTPUT FILE

READ(S,1)TP,PC,XK,THEFC,THED,NP, IYEAR,DELZR, (PT(1) ,EP (1) ,1=1,345)
DO 10 L1=1,365

EP(L1)=EP(L1)/10.

PT(L1)=PT(L1)/10,
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B1=PC+EP (L1) #TP
IF(PT(L1).BT.61) THEN
ESPxB1#(1-EXP (~PT(L1)/B1))
P=PT(L1)-ESP
ELSE
ESP=PT(L1)
P=0.
- DELPE(L1) =0,
DELPWP=0,
DDP=0.
DELWEP=0.
80 TO 10
ENDIF
B2=XK#TP
IF (P.BT.62) THEN
DDP=DP-62
DELWP=62
ELSE
DDP=0.
DELWPsP
ENDIF
83= (THEFC-THED) #DELZR
IF (DELWP.LT.B3) THEN
DELWEP= (DELWP## (NP+1) )/ ((NP+1) # (G3*%NP))
ELSE
DELWEP=DELWP- (NP#B3/ (NP+1))
ENDIF
DELPE (L1)=DELNP-DELWEP
10 CONTINUE
L4=0
DO 20 L2=1,12
D0 30 L3s1,30
30 . BUM(L2)=SUM(L2)+DELPE (L3+L4)
20 LAsL4+30
NRITE(6,3) ‘EFFECTIVE PRECIPITATION (M) FOR YEAR ', IVEAR
3 FORMAT(A39,14,/)
\ NRITE (6,2) (1,8UM(1) %10, ,1=1, 12)
~2 FORMAT(110,F10.2)
1 FORMAT (SF5.2,215,F5.2/,(10%,2F10.2))
STOP
END
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APPENDIX B

MONTHLY FREQUENCY DISTRIBUTIONS FOR STOCHASTICALLY
GENERATED VALDESIA INFLOWS
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Probability Distribution of Generated Monthly Inflow

90 |

80 [—

70 }—

a8y »EC3CENND

40 |

30 |—

X = =Ty UT0C YD

Vo JN

N

Qirr = 8.11 cms
| | I | l | | ]

S 10 1S 20 25 30 35 40 45

e = o - -

Generated Monthly Inflow , CMS

January







11-193

]

L

Qirr = 9.13 cms

o
1]

€ UU3JE I~ OO

o
®

o

o

O L OO @8 0wt et 0 4 2

N

45

40

35

30

25

20

15

10

Generated Monthly Inflow , CMS

February






36

April

1I-194
Qirr = 10.44 cms

[
12 20
Generated Monthly Inflow , CMS

———

| I PN N N
& & R 8 8 g 8 g
0.

L O O @ Ot ot vt & 2N N

10

< UUJEIJI~eveT







asdd» = 3NN D

X = 0Ty T0 YD

N

90

80

70

60

S0

40

30

20

10

I1I-195

i

Qirr = 7.71 cms

l

12

24

! | ] | |
36 48 &0 72 84

Generated Monthly Inflow 4, CMS

May

96

108




Y T BN EE TN W EE s e Emw ey




X > =Ty TO VD

»

a8ty =c3ENND

90

80
70
&0

S0

a0

30
20

10

I11-196

Qirr = 7.87 cms

I | | I | | I | ]

12 24 36 48 60 72 84 Q6 108

BGenerated Monthly Inflow , CMS

June







a8y g 3NN D

K > = =0T 00D

N

80

70

&0

S0

40

30

20

10

I1-197

-+

Qirr = 9.88 cms '

| I I L I

5

24 32 40 48 S6

Generated Monthly Inflow , CMS

July

&4

72







as =g 3ENND

K =T TO0NTD

N

90

80

70

&0

S0

40

30

20

10

II-198

e

Qirr = 7.48 cms

| I I | 1 ] I

13 26 39 S2 &5 78 91

Generated Monthly Inflow , CMS

August

104

117







K > = O 00D

t

as e =g 3cn0nD

90

80

70

60

S0

40

30

20

II-199

s &
—1

N N R N R R B

12 24 36 48 &0 72 e84 96 108

~ Benerated Monthly Inflow , CMS

September







K = = O T0 YD

o

ansrtpy g 3E0N00ND

90

eo

- 70

60

S0

- 40

30

20

10

—— o e P T - 2

I1-201

EL IR A

] =T
_——
N
-
......... Qirr = 10.99 cms
] .
104 S N A N I N N N
7 14 21 28 35 42 49 56 &3

Generated Monthly Inflow , CMS

November







HE E N SN SNESEEEEEESEEEAESENE

a8 e =g 3EC0ND

K > =0T 00D

N

80

- 70

&0

S50

40

30

20

10

I1-201

Qirr = 10.99 cms

R R D R B

A

14 21 28 35 42 49 S6 &3

Generated Monthly Inflow , CMS

November







a8y »mocaennomm

X > = »TOe 00 VYD

]

80

70

60

S0

40

30

20 -

11-202

Qirr = 9,13 cms

I N N R R

T

e

o o

i8 27 36 45 54 ¢ 63

Generated Monthly Inflow , CMS

December

72

81







11-203

APPENDIX C

MONTHLY INFLOW TRANSITION PROBABILITY MATRICES
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®) Froa January To February , 1100 data

Lavel o 2 ® o (-] 06 0 08 " o 1 12

Mark  4.0087 60114 7.8893 9.8973 1L.740 13.528 15542 1275 20398 24194 20.1% .S

0 5473 o.6182 0.2182 0.109 0.0162 0.0182 0.0000 0.0182 0.0000 0.0000 0.0000 0.0000 0.0000
k] 12 6 H 1 0 H 0 0 0 0 0

02 7.5087 0.1635 0.245 0.2909 0.2000 0.0545 0.0182 0.0182 0.0000 0.0000 0,0000 0.0000 0.0000
9 14 16 b 3 H i 0 0 0 0 0

03 9.495 0097 01284 0.293% 0,197 0.150 0.073% 0.045? 0.0183 0.0000 0.0000 0.0000 0.0000
10 14 2 A 17 8 3 2 0 0 0 0

0 1L.477 0.0180 0.0341 0.27035 0.2613 0.1441 0.1241 0.031 10,0350 - 0.0180 0,009 0,0000 0.0000
- 2 [ 30 s 16 14 1 L 2 { 0 0

05 13117 0.0000 0.0273 0.109 0,200 0.2455 0.1455 0.13%4 0,099 0.0273 0.0182 0.0000 0.0000
' 0 3 12 2 a 16 15 10 3 2 0 0

06 14503 0.0000 0,073 0.1000 0.1000 0.1636 0.1344 0.1909 0,145 0.099 0.0273 0,009  0.0000
0 3 11 11 18 13 A 17 10 3 1 0

07 16,293 0.0000 0.0091 0.0273 0.1000 0,134 0.1727 0.1636 0.17277 0.1091 0.0818 10,0273 0.0000
0 H 3 1 15 19 18 19 12 9 3 0

08 18.472 00000 0.0000 0,009 0012 0.0273 0.200 0477 0.199 0,199 01727 0.0182 0,000
S0 0 1 2 3 2z 8% a a8 2 0

0 N8 00000 0.000 0000 0082 0.077 0.0818 0.16% 0,153 0234 0.5 0,009 0,018
0 1 0 2 8 9 18 . 18 % 1 10 2

10 24433 0,0000 0.0000 0.0000 0,0000 0.0182 O0.0455 0,045 0.1364 0.2182 0.3545 0.1455 0,034
0 0 0 0 2 3 3 15 ] h{j 1% 4

11 2.3 0,000 0.0000 0.0000 0.0000 0,0000 0.0182 0.0000 0.034 0.1455 0.2777 0.2707 0.2545
0 0 0 0 0 1 0 2 8 13 15 i

2 T3 0.0000 0,000 0.0000 0.0000 0.0000 0.0000 0.0000 0.035¢ 0,077 0.1091 0.1455  0.8364
0 0 0 0 0 0 0 2 4 b 8 5







(d Fros March to April , 1100 data
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el 0 @2 6 o S 6 0 @8 0 10 n 12
Mark 4308 S.9%1 7484 7 1032 ILTY IO 1619 1692 .04 B 305N

00 3975 04MS 01273 0.1818 01091 00545 0.034 0.0182 00000 0.0000 0,082 0,000 0.0000
5 7 10 & 3 2 t 0o 0o 1 0 0

2 57109 055 0200 0.2777 0109 01455 0.09%9 00182 00000 0012 0,000 0,0000 0,000
8 . 15 & 8 S 1 0 t 0o 0 0

05 7165 01000 01182 0.275 0.IS5 0.1091 01273 0.034 O0.0435 0,045 0.0273 0.0091 0.0000
#8003 ¥ M 4 5 5 3 1 0

O 6120 00182 0.077 0818 0.2000 034 0.009 0.009 0.182 0.0777 0,018 0,0000 0,000
2 8 » =2 15 10 1 B 8 2 0 0

05 10275 0.045 0.077 0.1000 01818 0163 0,183 0.0818 01275 0455 0.0182 0,000 0.0000
s & u ®» ® B ¥ M 5 2 0 0

06 12006 0.073 0,034 0.3 0.03% 035 01455 0163 0.077 0.099 0.0727 0.073 0,009
3. ¢ 15 7 ¢ w ® 8 10 8 3 1

07 13765 0.000 0.0273 0.0 01182 0.1000 0.1273 01273 OIS O.M182 01773 0.0384 0.0091
I A (D 2 S U

08 15501 0.0000 0,009 0.034 0.0%4 0.34 01000 0818 0.M55 0.163% 0455 00182 0.0273
o 1 ¢ 4 15 un 2 - ® W 2 3

0 17478 0.0000 0.000 0.0182 01000 0.077 0.0818 0.13%4 01435 01364 0.1818 0.09 0,034
o 0o 2 8 ¥ 15 ® 5 0 10 4

10 2.57 0.000 0.0000 00182 0,034 0.275 01000 0109 0,134 0.I45 01818 0.1182 0,109

10 2 4 3 0w 7 5 w7 2 B 12

1 B3 0.0000 0.0000 0,000 0.0000 0.000 0.000 0,109 0,077 0.2000 0.3091 0.1818 0.1273
o o 0o 0o 0 0 & & U 9w w0 7

2 W4T 0000 0.000 0.0000 00000 0.000 0.0000 00000 0.03%4 0173 01273 0.2182 0.4909
o o o o o 0o o 2 1 1 1 7
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(]

n

i1

Level o @2 0 o & 0 07 @ 0 oo
Mark 4,041 6082 8483 LB 1528 183V 218 2Z.1% NIV LAI8 K% 65

0f 4358 04000 0.2000 0.Z34 0.0 00182 00000 0.034 0,034 0,082 0,000 0,000 00000
2 u 15 3 1 o 2 2 1 o o0 0

2 5951 01818 O.MSS 02777 0.163% 0.077 0,099 00182 0,034 0,018 0,000 0,0000 0,000
0 8 B 9 4 5 2 1 o o 0

03 7.4184 0.0909 0.63% 0.7 0.77 0.1091 0.163% 0.0777 0.0182 0.0275 0,009 0,000 0,000
0 B8 ® ® 12 1. 8 2 3 | o 0

0F BT 0.055 0.077 01727 0.16% 0.1635 0177 01182 0,077 0.009 0,000 0,0000 0,000
6 8 1 1B 18 19 13 8 1 o o0 0

05 1052 0.034 0.0273 0.1364 0.1455 0,545 01366 0,077 0.1091 0,109 0.0545 0,0182 0,000
¢ 3 15 % w5 8 12 12 & 2 0

06 ILTI7 00182 0.0273 0.109 0.3 0.1635 0.0545 0.M82 0.1Z73 0.1364 0,109 * 0,000 0.0000
2 3 12 1’3 ® & B3 W 15 12 0 0

0 13075 0.0000 0.0182 0109 01273 0.077 0182 0.8 0477 0.1091 0,0818 0,056 0,0162
o 2 12 “ 8 B L3 ® @ 9 & 2

08 14619 0.0000 0009 0.03:4 0083 0,818 O0.1366 0.1455 0.1182 0.1182 0,100 0,05 0,034
e 1t 4 7 ® 135 1 13 13 . &
0 152 000 0.0001 0,009 0.073 0.083% 0.077 0,199 0,134 0.2091 0.1091 0.1091 0,054
: 1 1 ! 3 7 8 a 15 B 2 12
10 20,014 0,000 0.000 0.0000 0.0364 0.0354 00818 009 0.163% 0.163% 0.2777 0.077 0.0818
o 0 0o & 4 ? 10 18 ® N 8 9

I Z51 0.0000 0.0000 0.0000 0034 00182 0.034 0055 0.0545 0,099 0.373 0.1818  0.2000
o o o 2 1 2 3 3 s B 10 u

12 30.35 0.0000 0,000 0,000 0.0000 0.0000 0.0000 0,034 0,034 01091 0.2000 0.2000 0.4182
o o o o0 0o 0 2 2 5 3
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(f) From May to June , 1100 data
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() From July to August , 1100 data
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(i) Fros August to Septeaber , 1100 data

II-210

Level o @ B o4 o5 o0 o0 o0 0 10 o 1
Mark 7.M465 93810 11,259 13565 15.606 18.174 21,029 24676 29.389 37564 50.850 66,017

0f 77530 0,455 0.9 0,1818 0.0909 0.034 0,034 0,000 0,000 0,0000 0,0000 0,0000 0,000
v 7 10 5 2 2 0 0 0 0 0 0

02 10.546 01091 0,163 0,383 0.1455 0,077 0,034 0,035 0,077 0,000 0.0000 0.0000 0.0000
6 9 8 ‘ 2 2 ' 0 0 0 0

0 1323 0,091 01182 0.1818 0,253 0.1182 0,0818 00835 0.0364 0,0273 0,000 0.0000 0,0000
2 B3 2 A B 9 7 ‘ 3 0 0 0

04 1657 01000 0,099 01455 01455 0.1455 0.1182 0.1182 0,055 0.0545 0,073 0,0000 0.0000
S 0 1 1 1 13 13 6 6 3 0 0

05 19.307 0034 0.0364 0.1%09 0.0909 0,118 0.1818 01273 0.077 0.0818 0.0354 0.0273 0.0000
4 ¢« 2 10 3 2 8 9 4 3 0

06 22.6% 0.0090 0.0273 0.077 04273 0.16% O0.134 0.1091 0.1182 0.1455 0.0818 0,009 0,000
t 3 8 W B 15 2 B 9 1 0

07 26.4% 0,000 0,000 00455 0.0818 0.1777 0.1091 0,99 0,177 0.1182 0.0818 0,0182 0.0091
0 0 s 9 19 122 a 9 B 9 2 1

08 30.445 0,000 0,0000 0,045 0,099 00818 0,145 0,1182 01455 0,100 0.1909 0,034 0,0273
t 0 & 10 9 1 13 1 u a. & 3

09 3775 0.0000 0,000 0,073 0.0 0,077 0.077 0,09 0.1727 0.163 0,163 0,1091 0,054
0 0 3 6 8 8 2 19 18 18 12 6

10 45,200 0.0000 0.0000 0,091 0.0273 0,063 0.1182 0,109 0.1364 0.163 0177 01273 0,077
o 0 1 I 1 08 2 15 18 9 % 8

11 60.206 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000 0,055 0.0%9 0.2000 0.3091 0.1818 0.163%
0 0 0 0 0 0 3 s 1 17 10 9

12 1141 0,000 0.0000 00000 0,000 00182 00000 00182 0.0182 0,099 .0.1818 0.163% 0.5091
0 0 0 0 1 0 1 1 5 10 9 B







(i) From Septesber to October , 1100 data
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(k) Froa October to Novesber , 1100 data
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(1) Froa Novesber to Decesber , 1100 data
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{a) Froa Decesber to January , 1050 data

II-214

é

1212 Transitional Probability Matrix of Generated Nonthly Inflow
Data in (Probability)/(Frequency) , Mark in O

Level o1 02 o o4 oS 06 07 1] 09 10 i1 12
Mark  3.3102 7.6897 9.4707 11.486 13.111 14.608 16,288 16.488 20,686 20.347 29.219 31493

0f 5.2188 0,582 0.2157 0.1961 0.0000 0.0000 0.0000 0.0000 0.0000 0,0000 0,0000 0,0000 0,0000
30 i1 10 0 0 0 0 0 0 0 0 0

02 7,560 0.1667 0.3148 0.2778 0.1481 0.0741 0.0185 10,0000 0,0000 0.0000 0,0000 0,0000 0,0000
9 17 15 8 4 1 0 0 0 0 0 0

03 9.720 0.0833 0.1481 0.3426 0.2130 0.1204 0.0741 0.0093 0,009 0,0000 0,0000 0,0000 0.0000
9 16 37 3 13 8 i 1 0 0 0 0

04 12,574 0.0392 0.0294 0.1667 0.2059 0.2089 0.1176 0.0882 0,082 0.0392 0.019% 0.0000 0,0000
4 3 Y a A 12 9 9 4 2 0 0

05 14887 0.0000 0.0097 0.1252 0.2621 0,153 0.1650 0.1262 01068 0,038 0.0097 10,0000 0,0000
0 { 13 a 6 17 13 11 4 1 - 0. 0

06 17,37 0.0000 0.0377 0,075 0.,0849 0.16% 0,264 0.1792 0125 0,037 0,0472 0.0185 0.0000
0 4 8 9§ 18 Y. ] 19 13 4 3 2 0

07 20.%8 0.0000 0,000 0,028 0,092 0,1442 0,1346 0.2404 0,1923 0.115¢ 0.,0481 0,0000 0.0000
0 0 3 10 13 i -] 2 12 3 0 0

08 24,184 0.0000 00094 0.0000 00263 O0.1415 01792 0,321 0.2 0.25%8 0.1415  0.0094  0,0000
0 1 0 3 15 19 i 13 -] 15 1 0

07 29.177 0.0000 0.0000 0.0095 0.0381 0,019 0.0571 0,133 0,2000 0.2557 0.1524 0.1048 0.0000
0 0 1 4 2 6 14 2 ) 16 1 0

10 3.3% 0,0000 0.0000 0.0000 0,009 0,0000 0.0377 0.0849 0.1038 0.1792 0.339% 0.1604 0.0849
0 0 0 ! 0 4 9 1] 19 3% 17 9

11 46.251 0,000 0.0000 0.0000 0.0165 0.0185 0,0000 0.0185 0.0925 0.0741 0.3704 0.2037 0.2037
0 0 0 { 1 0 i 3 4 2 i 11

12 69.050 10,0000 0.0000 0.0000 0.0000 0.0000 0.0000 0,0000 0.019 0.019% 0.1176 0.1961 0.447
0 0 0 0 0 0 0 1 t 6 10 3
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APPENDIX D

MONTHLY FREQUENCY DISTRIBUTIONS FOR STOCHASTICALLY
GENERATED TURBINE HOURS
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APPENDIX E

TABLES OF MONTHLY OPTIMAL STORAGE GUIDECURVES
FROM CSUDP

W . T






11-228

Cetizsl Stationary Cperation Folicies for each Month , Inficw in (M5 , Storage in MCM

i P
wd

Frevicos 5058 7.563 9,740 12,589 14874 17,343 20,300 20207 A.173 36,283 46,281 68,123

Infiow
Ligits 6.37960  8.3060 11,245 13.809 16,002 18.742 22.079 26,386 32026 42.556 0.928
Initial End-of-Month Target Storage

E W 3. 3. 4. 43, 47, 4. 49, R. . 6l. 69,
J.W 41, 4. . 4. 4. 49. ot B . 3. .
KEA I N 4, 4. 4. 4. St H B 3. . L8 3. R.
., 4 4. 4. 49, 49, R. R 5 97, 4l. 63, Ta
8. 8. 4. 4. St 9. 3. . . . 63, 85, 7.
&8 6 47, 4. -1 Y B . 37, 39, 6l. &. 62, 7.
4. & 4. 1. . B 5 3. K. &3, 6l. 6. n.
54 3. 18 L8 LI8 3. . &1, &. &9, n. )8
H) I (A 1. . R. . A, b1, 8. . &L . . &,
RN S . X . 1. 81, 8. 6. &, . 7. &.
R R . . . 3. 6. 63, &7. . 7. . 7.
7. & 5. R. &1, &, 5. &7. &. n. . n. 9.
/R -8 . 1. 8. 67, 62, 6. . 7. n. n. 1.
., & x. 63, &. &, 69, &. R. n. 8t. 8t. .
8. . 4. &, 61. 87, . . 7o . &. &, 9.
& W 8. 6. &. 69, . n. 1. n. . 8. 9.
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s 7. &. &. . 9. %, 9. 9. . 108, b S} £ 4
. n. 8. &. 8. . 1. . . . 105, 0. 115,
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@ & an. . . . %. 106, 105 103,  108. 105, 12,
% & £9. . . . 9. 103 107, 105, 1. 100, 4.
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¥. 9. 1. . 11, t0f.  g01. 107, 1. 109, 1150 M. 120,
101, %, 93. ¥ 103 103, 103, 108, 1B, 109, M. 13 1A
103. 9%, . 10, 105, 105, 105, 1. 160 ML ue. MS 3L
108, 9. 97. 103, 107, 107, 107, i3, M. 1. 12, 1 1%
101. 9. ¥ 105, 107, 109. 109, . 1% us. 18 e 1%
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13 PR (1 SRS (1 SO (! % | § POt SO I O § L A < A VL A /S V2 S AT
113, 108, 18, 109, M. 1S ns. 2. 125 12t 13, 1A 1
5L A 117 S (17 ¥ § PR S 1 N Y A 5 R V- S VA S ¢} P /S [} 5
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February
Previous 5510  7.6%0 G471 10486 13011 14,600 16,288 18.488 20.ee6 2437 R.2§ 3433
Inflow H \
Linits 6,930 B.4200 10,654 12370 13.890 15,300 17510 1%.441 2.240 2.20 3.8
Initial End-of-Month Target Storage
S - - A - A T T T Y N TR AT
. ® ¥ ®/:oW M. 8 B 4L D4 Sl O 8 e
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T A A AR A A A T R
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. & 5 %N N SN f K e B & N N
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. -4 "8 & S . ®H B N &4 N 8 8
8 S B/ N B 6. M &S B O® BB B
5, B % B d. & & & W N B BB
. B K HN B S 8 H T B W e 6L
. 5 6. 6. 5 & & M H W/ W/ W8
N SN B S & & & ™ 8 T 8. M M.
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B & N B/ W/ N/ 0N B OB OH OB 103 1063
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M. W % 101, 105, 109, 109, 43 19, 7. 1B 130 1%,
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SM7. 1030 1030 105, 109, M3, M3, w7, 1. 1240 12, 17, 137,
19, 105 15 107, M. M5, 1S, M%. 13, 1@ 1§ 1A 1
120,100, 107, 109, M3 M. oM. 1240 15, 150 13 13 14y,
123,109, 108, ML 115 M9, M§. . 17, 150 1% 18 M
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} s
- % 0® 0B ®I-HB OB B ¥V OW¥ BN S
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- 4, %X X X ¥ ¥, N N B M &K N 9
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¢ 65 B ¥ Wi W X[/ OHN M BN W
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L A A R T M -
S, ®» ¥ M. & LK K N N RO
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. M. £ & -6 & 65 K K B 0N 8B &
% & € & 4 4N 4 SN B M 88
T A A Y T A e A
8 8 4 4 o8 8. 8. S8 B 68 o W
5. 45 # &6 8 N 8 ¥ N & & 8 M
. 4 5 % &S %5 ®S K Ko oM 4 N B
. 46 B K8 %N % W o & & 8 B B
no o8 BN OS° OH % OHN M & B N BT
BV NO%, 4 o 8. o & & BT N
mOOS. OB OH, &8 o B &8 0 0 TN 8L
n. % % & & &8 & & & e TN 8 8
n K W & o & 4 8 Nt N n” BB
B, 6. 6. &5 - & &L & & B B 8. & 6
B & &8 & & & Mmoo M, W B B 8N
B &% & & .M MW B B N, M B M/ 90
g & o 8’ oM W®OW W ON @€ W B
®. & 8 & ™ BB T B o8B B
. & N M onw B/ooWM 0K BB OB M B W
«& M B B B M BB BI BB R W
¥ B B B/ OB W8 8B B 8 % % ML
9. ™ W i & 8, 6 & ;i & 9. for, 103
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05, 8. & 8- % @ % 9. . 106 109 113 S
M. 8. 8. 9., % % % w105 103, M 18 S
. 9 8., W 9, 9. W, fo1. 105, 105, 113, us, A1
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. % % 9o 10n -10n 1050 1. 109, 117, % 12
R A A 2 1 1 S (A (17 11 PO PO ¢ LA i M V2 3
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123, 100 10, 103, 107, 107, 107, M. 0S. ns. 2. 15, 12,
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o e,

11-232

L

PR CAEY Sam @ T e

intabd Dbt SR R S S






- E EEEE NSNS EEESESaEEEN

11-233
2.0 s 15 <107t om0 Mm% 0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>