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PUERTO RICO WATER RESOURCES
PLANNING MODEL
PROGRAM DESCRIPTION
by

D. W. Moody, Thomas Maddock, III, M, R, Karlinger, and J.J. Lloyd
ABSTRACT

Because the use of the Mathematical Programming System -~
Extended (MPSX) to solve large linear and mixed integer pro-
grams requires the preparation of many input dafa cardg, a
matrix generator program to produce the MPSX input data from
a much more limited set of data may expedite the use oé the
mixed integer programming optimization technique.

The Model Definition and Control Progfam (MODCOP) is
intended to assist a planner in preparing MPSX input data
for the Puerto Rico Water Resources Planning Model. The
model utilizes a mixed-integer mathematical program to iden-
tify a minimum present cost set of water resources projects
(diversions, reservoirs, ground-water fields, desalinization
plants, water treatment plants, and inter-basin tranéfers of
water) which will meet ; set of future water demands and to
determine their sequence of constructioﬁ. While MODCOP was
specifically writfen to generate MPSX input data for the plan-
ning m&del described in this report, the program can be easily

modified to reflect changes in the model's mathematical

structure. -



INTRODUCTION

The purpose of the model definition and control program
(MODCOP) is to assist the planner in preparing input data to
the Mathematical Programming System =-- ﬁxtended (MPSX).
Because of the large number of constraints (rows) and vari-
ables (columns) associated with some optimization models,
such as the Puerto Rico Watef Resources Planning Model
described below, the use of a matrix generator to produce
MPSX input data from a much more limited set of data may
expedite the solution of a given p;oblem. While e&ery'
attempt has been made to keep MODCOP flexible, it is pri-
marily designed to produce a specific problem matrix. By
making minor changes to MODCOP and the input data, the
Planner can generate a variety of planning models to evalu-
ate alternative water resources development schemes, However,
the application of MODCOP to other models, which are substan-
tially different from the one described in this report, prob-
ably will require extensive rewriting of the computer program,

This report describes the MODCOP program as applied to
the Puerto Rico Water Resources Planning Model and its use
with MPSX. The first part of the report briefly describes
éhe structure of the planning model. The second part dis-
cussés,the operation of MODCbP together with the preparation
and formatting of the input data. Finally, use of the program

in conjunction with MPSX is illustrated by an example,
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PUERTO RICO WATER RESOURCES PLANNING MODEL

The Puerto Rico Water Resources Planning Model is a
mixed-integer program which aids the planner in screening
large numbers of water resources projects proposed for
possible implementation. Given a set of future water dem;nds,
the mathematical program selects and schedules the construc-
tion of proposed prbjects sa that the demands are met at
minimum present cost., 'Similar planning models utilizing
mixed integer programming are described by O'Neiil.(1972)

and Facet and Marks (1972).

A schematic representation of one region in the pianning
model is shown in figure 1. In any given planning region,
water demands may be met from a number of different sources,
Raw wéter may be obtained from reservoirs, run-of-the-stream
diversions, or it may be imported from some other planning
region., Treated water may be obtained from ground-water
fields (water is assumed to be chlorinated at the pumphéuse),
desalination plants, treated-water imports, or ;aw water may
be processed at a water treatment plant. Thus the raw water
demands may be met from either raw water or treated ;ater
sbpplies, while treated water demandg may be only satisfied
from treated water supplies. In addition to filling intermal’
water demaan, the region may also export raw or treated
water to meet demands in other regions.

For each type of project, e.g., diversions, reservoirs,

ground-water fields, desalination plants, water treatment
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the -‘Puerto Rico Water-Resources Planning Model
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plants, and raw or treated water import systems, the planner
may wish to consider one or more different size projects
located at different points within the region. For each pro-
posed project the planner must estimate the project's yield
or capacity, construction costs, operation-maintenance=~
replacement (OMR) costs per unit of water produced, trans-
ported, or processed, and the projects economic life.

For legal or environmental reasons the planner may wish
to require that downstream flows equal or exceed a-required
fiow value RFLOW. If ground-water development t#kes place
in valley aquifers, ground-water surface-water interactions
may cause water from the stream to recharge the ground-water
supply. .Eventually, the infiow to the valley from the uplands,
QFLOW (fig. 1), may b; reduced by drafts on diversions and
reservoirs to the point where there is insufficient flow to
both recharge the aquifer and meet downstream flpw require~
ments. Therefore, the planning model has a constraint which
represents the interactions between surface-water and ground-
water developqent in the planning region and flow requirements
at points specified by the planner.

In summary, the plaﬁning model consists of two or more
planning regions interlinked'by one or more water transfer
projects (fig. 2). The model minimizes the present (or dis-
counteds total cost of construction and operat;on of water

resources projects in all regions over the planning horizon.
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Mathematical Structure

A mixed-integer program determines a set of activity
levels that optiﬁizes an objective function subject to a
set of constraints. Some of these activity levels are
integer variables and others are continuous variab;es. fﬁe
objective function of the Puerto Rico Water Resources Plan-
ning Model consists of minimizing the sum of the operating
costs associated with producing, processing, and transport-
ing a certain volume of water and the fixed construction
costs associated with the individual projects (eq..l).'
All costs are discounted to present value, The notation
used in describing the objective function and the constraints

is given in appendix A. The model's objective function is

-
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The first term of ghe objective function represents
the operating costs and fixed costs of diversions, reserxrvoirs,
well-fields, desalinization plants, and water treatment plants.
The se;ond term represents the operating costs and fixed costs

of raw and treated water imports.



The objective function is subject to the following
constraints:

l. Project initiation constraint -- No water may be provided
from project I of type k in planning region i until the
project has been constructed. Furthermore, once ;onstxucted,
the project cannot provide more water than its yield or

capacity. For water production projects,

n'
U;?’ L I;?% 2 Q;t% K= 1l,000,5: n* = 1,...,N; i=1,...,I;
n=1

l = l’f"’Lik' (eq.2a)

and for water import projects,
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If project 7 of type k in planning region i already
exists 1n the first planning period, then equation 2a or 2b
can be replaced by a bound on the column variables which takes

the following form:

o‘i'Qgt% < “f%’ n=1,...,N (eq. 3a)

or

0 < ok)  pix)

s . = g @0 ep - 3
2 Qnij7 2 Vs n 1 N (eq b)



2. Project limitation constraint -- Project ! of type k in
planning region i may be constructed once and only once
during the design horizon. For water production projects,

t 1) <1 k=105 1= 1,000 |
n=1 - .
L =1,..0,0,, (eq. 4a)
and for water import projects,
Y (x) -
2 Inijl i 1 .k = 6,7} i_- 1,..-,13 j - J-"OOJI’
n=l ’ e ‘ :
1# j, Z - 1,...'1!1 ‘eqo ‘b)
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If project I of type k;#nipiaﬁhipgi?géidn i already exists,

this constraint is unnecessary.

3. Tr;ated water demand constraint ~- treated Qate: production
or processing (the output of well fields, desalinization
plants, and water treatment plants) and treated water imports
minus exports in planning region i and time period n must
be equal to or greater than treated water demands of plan-

ning region i and time period n. i

L
- Mk oros .
(x) (7) (7)
‘ ir3 .
n = lltnO'N, i = 1'...'1 (eé.‘s)
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4, Total water demand constraint -- Total water prdduction
(the output of diversions, reservoirs, ground water fields,
and desalinization plants) plus the imports of raw and
treated water minus exports in planning region i and time
period n must be equal to or greater than the total water

demand of planning region i in time period n.

L
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(eq. 6)

5. Flow requirement constraint -- The sum of the natural
(dnregulated) upland streamflows in planning region i
in any time period n which discharge into stream segment p,
minus withdrawals from the stream system by upland diver-
sion, reservoir, and raw water export projects, and Qinus
losses from the stream due to ground water recharge induced
by aquifer pumping must be greater than or equal to the

required flows downstream of the well fields.

- 2 n
* ) (k) (3)
Qp - I I o -1L f-t+1,1,7 iz 2 Rip
k=l t=1
4 [A
Pk p3
n = l'-oo’N’ i = lpoo.plf p= lpoooppi (eqo ‘7)
v
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The term in parentheses represents the streamflow available
for recharging the aquifer in stream segment p. The vector
Zpk is a list of project numbers (1) of type k which affect
the flows in stream segment p. The vector%bB denotes a
list of ground water fields which interact with stream
segment p. The final term of the constraint computes the

losses from the stream in segment p during time period n

induced by the present and past pumpage of well field Z.

6. Bounds on integer variables -~ All integer variables are

bounded between zero and one

0{: Iniz :.1 n = 1'...'“, i\' 1,.0.,1’ Z = l';.-'Lik (eqnaa)
0.<_ InijZf— 1 n = 1,...,“, i= 1;-.0;13 j = 1;000013
1 # j' z = l'...'Lik ) (Qq.ab)

7. Non-negative constraint on continuous variables,.

(k) o Kkim 1,.00,57 D = 1,00e,N7 4 = 1,.00,1s

Qni) 2
z = 1,-.0,Lik (eq. ga)
Q:t;Z~z o Xk =6,7; n=1,,,,,N;] 1 = 1'..u'1,

v

.j.' l,000,1; 1 ¥ 331 = lv-'-rLik (eq. 9b)
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3. A planning region contains one or more complete
river basins. Where possible the boundaries of
a region should coincide with political boundaries
in order to simplify data compilation for water
demands, .

4. Waste water return flows are ﬂot considered as a
potential source of water through either direct
reuse, downstream storage or diversion, or recharge
of the ground water supply. In other words once
water has been gxiracted from a given s;pply; it

. is assumed to be removed from the hydrologic¢ system.

Additional assumptions are described in association with

parameter definitions.

Model Assumptions and Definitions of Parameters

The Puerto Rico Water Resources Planning Model described
by equations 1 through 5 may be used to represent a variety
of water supply planning problems by changing the size of the
planning regions, the length of a planning period, the number
of planning periods in the planning horizon, and level of
agbregation of water demands and water supply projects.
Obvidhs;y, the choice of levels of aggregation and the
opefational definitions given to model parameters will
affect the interpretation of the results of modg; optimi-

zation. The-following assumptions and tentative definitions

-13



of parameters are given with a minimum amount of rationali-
zation,

l. The minimization of water resource investments over
the planning horizon and discounted to present
value is a satisfactory criterion for evaluati;g
alternative projects in‘a screening model.

2. Water resources projects proposed for development
are associated with a specific site:whereas
water demands are assum?d to be aggregated at a
single point. It will often be conveni;nt to

_ assume that the raw and treated demand centers,
raw and treated water pools, and water treatment

plants are all located at the same point.

1

Cost Coefficients

The determination of fixed and operating costs of projects
depends upon the way in which projects are defined. The cur-
rent model makes a distinétion between projects which trans-
port water within a planning region and projects which transport
water between planning regions. Thus, the costs of reservoir
and diversion projects include the costs of transporting water
to the nearest water treatment plant. Such transport costs
might include a diversion dam downstream of the reservoir, if
the stream channel is used to transport reservoir releases

\

earmarked for water supply, pipelines, and pumping stations. .

-
-
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Construction costs of ground water fields and desalinization
plants include the costs of transporting the water produced
to the nearest connection within the existing water distribu-
tion system. Water treatment plant costs may of.may not
include transport costs depending on the location of thef
plant in relation to demand centers. The costs of expanding
the existing water distribution system are not included in
the model since such costs would be incurred regardless of
the source of water. o

Conceptually, water import pr;ject costs incléde the
constructign costs of pipelines and pumping stations needed
to connect raw and treated water poo;s (fig. 1; in thg export~
ing and imporiing regions. 'However, the actual costs of
constfuction maylinclude only a pipeline from a reservoir in
one region to a raw water pool in another region, since the
physical distance between project and raw water pool may be
shorter than the distance between the regional raw water pools.
In such a case care must be taken ;o assure that if the import
project is bﬁilt, the reservoir is also built.

Another problem involves the handling of nonlinearities
in the cost functions. Both operating costs and fixed costs

are genefally nonlinear with respect to capacity. Since the
planner has already fixed the size of the alternative projects
that he wishes to screen with the model, fixed costs are

determined before the model is run. The gquantity of water

15



produced, processed, or transported, however, is a decision
variable. The model assumes that the operating cost function
can be determined by a linear approximation of tﬂe‘function
in the range of water quantities demanded from the project.
If this assumption does not hold, then adjustments in the
operating cost coefficients will have to be made and the

model will have to be reoptimized.
Water quantities

The continuous variables, i.e., the Q-values in the
model are decision variables which represent the quantity
of water p}oduced, processed, or transported during the
planning period. While the total quantity of water may vary
from planning period to planning period, the rate (expressed
in millions of gallons per day) is assumed to be constant

during any given planning period.

Project capacities and yields

The design capacities of pipelines, desalination plants,
and water treatment plants are determined by using standard
engineering techniques and assumptions about system reliability.
Tﬁe yields of reservoirs, diversions, and well fields, hovever,
pres;nt.problems of definition. The yield of a reservoir,
for example,- depends upon its capacity (usable storage), the

pattern of inflows and drafts, its operating rules, and the

way in whicﬁ'project "reliability" is defined. The pl&nning

16



model assumes that the planner conducts separate hydrologic
studies of proposed reservoirs, diversions, and ground water
fields to obtain initial estimates of project yield. These
studies take into account seasongl (poséibly monthly) varia-
tions in both inflow and draft rates as well ag other storage
requirements for such purposes as flood control and low flow
augmentation in the case of reservoirs. These initial esti-
mates are used to obtain draft rates on each project from
the planning model. Ag this point additional hydrologic

studies may be undertaken to refine the yield estimates.

Flow Requirement Constraint

« The flow requirement éonstrainé parameters (eq. 7) require
some explanation. First, the model assumes that waste water
discﬂarges enter a stream below ground water recharge areas
(see assumption no. 4 lisﬁed above). It also assumes that
the planner may wish to impose a constraint that requires
a minimum quantity of water (Rip) to be available below stream
reach p for diluting these waste water dischafges in order to
maintain water quality standards in the stream. The aggregate
unregulated inflow from the uplands to stream reach p over
the planning period will be Q;P. With the development of
uplaﬁd reservoir and diversian sites some water will be
removed from the system., Similarly, with the development of
agquifers hydraulically connected to the stream alohq reach Py,

.

the stream will become a source of water with which to recharge

17



the aquifer. Thus, the term

n
(3)
tflz fn-t+1,i,z Qtiz

represents the aggregate amount of water removed from the
stream during time period n due to pumping of the well field
in time period n and all previous time periods.

The coefficient f may be interpreted as the

n-t+1,1i,7
fraction of water pumped by field I in time period t that is
removed from the stream in time pefiod n.

The computation of the coefficient £ is baséd.on the
use of a digital ground water model (Maddock, 1969). Given
that the vertical flow in an aquifer is insignificant,'it is
possible to construct a function relgting the pumping of a set
of wells to the drawdﬁwn at those velis even'if the agquifer
has irregularly shaped boundaries and nonhomogenous flow
parameters such as transmissivity and storage coefficients
(Maddock, 1972). Assuming that the head boundary is constant
along the surface water stream, Maddock (1973) derived an
expression relating the amount of water withdrawn from ground
water storage by a well to the storage coefficient of the
aquifer, the drawdown a£ the well, and the surface area of
the aquifer. The difference between the amount of water

pumped and the amount removed from storage is the. amount of

water removed from the surface water stream,

18



Let

n M M 2
Fn) = £ I [1- I s(x) ax? Blk,3,n-t+1)] Q(3,¢) :
t=1 j=1 k=1

(eq. 10)

where

F(n) = cumulative quantity of water withdrawn from
stream since pumping began.

S(k) = storage coefficient of the k-th cell of the ground
water model.

sz = area of each cell in the ground water modgl.
8(k,j,n-t+l) = the response matrix for time périod t
relating the drawdown of well k to unit

pumping at well js well k is located in
the k=th well of the model.

Q(j,t) = the quantity of water pumped at the j=-th well
in time period t. i

M = pumber of wells in the ground'water model

Q = npumber of wells

n = number of time periods

The g coefficients are obtained by éalibrating the ground
water model with historical water levei and pumping informa-
tion.

By replacing the qugntity in braékets by a coefficient,

eq. 10 can be rewritten as

n m
. F(n) = I I Y(j,n=-t+1) Q(j,t) (eq. 11)
t=1 j=1

Computational experience with the model has shown that once

a pumping pattern is established among the j wells of a well

19



N
field, the pattern remains fairly constant from time period

to time period. The individual well pumpages can>then be
replaced by a(j)Q(t) where Q(t) is total water pumped during
time period t and a(j ) 1s the fraction of the total quantity
of water pumped by well j. Thus, the Y coefficient for the
entire well field becomes

¥ m

(n-t+1) = I YP(j,n-t+1) a(j) (eq. 12)
j=1

Thus, each well field ? in each plénning region 1 will have

a coefficient computed for it. The f'cqefficient

n-t+l'i'

in eq. 7 can now be written

wl,i,l ’ n =1

fn-t+1,i,l = . .

Ya-t+1,1,7 - Ynoe,a,2 0 81 (eq. 13)



MODEL DEFINITION AND CONTROL PROGRAM (MODCOP)

The m;del definition and control program (MODCOP) was
written to assist the planner prepare input data to MPSX and
to optimize the model described in the éreceding section of
this report. It is assumed that the user is familiar with
linear programming and the use of MPSX (IBM, 1971);

The problem matrix which describes the planning model

to MPSX consists of five major sections (figﬁte 3):

l. Objective function--- a sipgle row vector of cost

coefficients across the top of the matrix;

2. Bounds -- upper and/or lower bounds which constrain

the values that.the column variables may assume;

-3. Right-hand side -~ a column vector of values which
represent the right-hand side (RHS) of the

constraint equations;

4. Ranges == a column vector of values which allow the
RHS of the constraint equations to vary by fixed

amounts;

5. The main body of the problem matrix is divided into

(3

as many submatrices as there are planhing regions,

Each position in the problem matrix is labeled by a column

name and a row name,

21



Column Names

Range Name

Objective . RHS
Function Objective Function kame
Name Submatrix
(unit 1)
°
o w
] . s 2
© Submatrix e. S
& (unit 2) ° o
= 2 s
. 3 ] o
[ Submatrix 2 4
(unit 3) 3 f,
(-4 (-4
Bound
Name Bounds on Columns

Figure 3., -- Problem matrix nomenclature. There are as many
submatrices in the planning model as there are
planning regions. The column variables of each

- submatrix consist of continuous variables and

integer variables,
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MODCOP is progiammed to prepare control cards and d;ta
cards required by MPSX to solve the Water Resources Planning
Model. The required cards and their format are described in
the MPSX program descriétion manual (IBM, 197la). 1In general,
once the appropriate equations of the mathematical progrgy
have been written (egs. 1-9), a sample problem matrix sﬁould
be filled in by hand with column names, row names, and the
values of coefficients for each non-zero matrix element. Care
should be taken to check and recheck the pattern of non-zero
matrix elements to insure that they agree with the.equations
which describe the model.- L;ter, this "picture" of the‘matrix
can be compared with a picture produced on the computér's
line printer by MPSX's PICTURE statement to verify the MPSX

input data produced by MODCOP.

23



Program Organization and Operation

MODCOP calls on two main subroutines: DATA reads control
cards and input data, and PR sets up the MPSX control data and

input data and transfers the card images to disk storage.

Subroutine DATA

Subroutine DATA reads EODCOP control cards and input
data, prints tables of ‘input parameters for verification
by the user, and computes interest rates, annual'f;xed costs,
ground-water coefticients, a;d various other model paraﬁeters.vf
Table 1 summarizes the cards read by this subroutine. .Their
formats are given in appendix B.

Each of the 12 types of data cards is preceded by a
header card which is used by the subroutine to verify that
the proper cards are being read. If the proper header card
is not read, the program prints out an error message, although

it does not terminate operation.

Model initialization parameter control cards. -- The first

of these two control cards contains four names which are
used to identify the MPSX data deck,‘the objective function
row, the right-hand side column, and bounds rows. Each name
may be up to eight character; long. The first character of
each name must be a letter and the name must not contain

embedded blanks. The last parameter of the first card waITB'
]

24



Table 1, ~- Summary of MODCOP input data cards

1., Model initialization parameter control cards.
2, Row and Column name symbol cards,

3. Number of water production (or processing) project cards.

4, Number of raw water iméort project cards.

5. Number of treated water import project cards,
. Water production project parameter cards.

7. Raw water import project parameter cards,

8. ‘Treated water import project parameter cards,
9., Water demand cards.
10. Surface water - ground water interaction parameter cards.
11. Surface water flow requirements cards.

l12. Planning unit and pfoject index cards.

25
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may be set to 'YESB', where 44 represents a blank character,
if the card images produced by the PR subroutine are to be
displayed on the line printer.

The second card specifies the number of planning regions
NPLAN, the number of time periods NTIME, the length of a .
time period in years TIME, the annual present value interest
rate RPV and the annual amortization interest rate RAM. The
subroutine converts the annual present value interest rate to
the effective interest rate for a pianning period usiné the

following equation: . ’ .

R = (1. + RPV)TIME _ ;. . (eq. 14)

All parameters are displayed in a table.

Row and columr name symbol cards, =- The first card in this

secti;n gives the number of row symbols (NRSYMB) and the
nu?ber of column symbols (NCSYMB) to be read from the cards
to follow. A third parameter NP gives the number of types
of water production (or water processing) projects as dis-
‘tinct from water import projects. The planning model
described in this report.has seven types of water resources
projects, five of which are water production projects, e.g.,
diversions, reservoirs, ground water fields, desalinization
plants, and water treatment plants. Thus, NP should be
set to 5.

Each thfee-character symbol is displayed on a separate
éard with row symbols preceding the column symbols. 1In the
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planning model different symbols are used in place of the
project type or k index, Each group cf row constraints should
be clearly identified by different row symbols and continuous
column variable symbols éhould be distinguishable from inte~
ger column variables. All symbols are displayed in a taple.
If the cards are out of order; e.g.; row symbol 10 is read
when the program expected row symbol 9, an error message

is printed but processing continues.

Number of water production (or water processing cards)., ==

.

These cards provide the number of existing and probosed

projects in each planning region by type, e.g., diversions,
reservoirs; etc. There must be one cagd for each planning
region. If there are no projects of a particular type of
plan?ing unit, a zero is entered in the appropriate column
position. A maximum of 10 projects of each type is currently
allowed in the program. The number of projects in each plan-
ning region are displayed in a table. If a card for a .-
planning region is missing or the cards are out.of planning

region order, an error message will be printed.

" 'Number of raw water import project cards. == These cards

~give the number of raw water import brojects in each planning
region. éach card has three variables: I, the“planning
region.iﬁgorting water; J, the planning region exporting
.waterp and ﬁPIMP(I,J), the number of tranéport projects

-(maximum of 10 projects). There must be at least one card
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for each planning region., If planning region I does not
import water, J and NPIMP(I,J) should be set equal to zero,

In ééz case; the last card of a group of one or more cards

for each planning region must have J = 0 and NPIMP(I,J) = 0
in order to terminate the réad cycle for each planning region.
After reading the cards, the program displays the number of

projects in a table. If the cards are not in planming-

¥region order, an error message will be printed.

Number of located water import praject cards, - These cards

give the number of treated water import projects in each
planning zegion. The description of the "Number of raw water
import project cards™ is applicable to these cards except

that the number of pfojects is given By the variable NPIMQ(I,J).

Water production project parameter cards. -- These parameter

cards describe the economic life NL, the yield (or capacity)
YLD, the fixed costs CF, and the operating costs per million
gallons CO for each water production project in each planning
region. The -total nupber of cards must be equal to the total
number of production projects. 1In addition to the information
above, existing projects mustbe identified by setting FIX = ],
) After reading the project parameters, the DATA subroutine
calfs another subroutine, ACOST, to compute the discounted ‘
fixed costs of each project for earh planning period during

which it might be constructed., The capital recovery factor

CFR is calculated as follows:
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- RAM (1. + RaM)DT
= NL
(1., + RAM) - 1.

CFR (eg, 13)

where RAM 1s the interest rate go be used in amortizing the
capital costs of the project over its economic life NL
expressed in years., The annual fixed costs AFC are then’
obtained by multiplying the fiied costs CF by the capital

recovery factor,

(k)

arc(¥) = crr (CF,
17

iz ) (eq. 16)

-

The data subroutine also converts project yields and
capacities from millions of gallons per day (MGD) to millions
of gallons per planning period. Finally, all data and the

results of the computations are displayed in a table.

Raw water and treated water import project parameter cards.

-~-These two types of cards contain the same xinds of infor-
mation as is on the water production project parameter cards,

One card must be prepared for each project.

Water demgnd'cards. -=- This set of cards gives the future

demands for fresh (treated water) DFW and for raw water DIW.
by land unit, Water loss factors are also given for each

tépe of demand and indicate the fraction of the water supplied
that is lost in transmisaiog and treatment., The program then
adjusts the.given water demands upwards to compensate for

these expected losses, For example,

o

DFW (adjusted) = DFW / (1. ~- PLFW) (eq. 17)
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The total water demand for a given planning period in a
given planning region is the sum of the adjusted raw and
treated water dehands. The program displays both the
unadjusted water demands in MGD, and then the adjuéted
demands in MG per planning period. There must be NPLAN®

NTIME water demand cards in the data deck.

Surface water - ground water interaction parameter cards, --

If a well field is developed in an aquifer which is hydraulie-
ally connected to a river whose flow is also deﬁeLOped as a
water supply, then the interaction between the two sources of
supply must be taken into account in evaluating the quﬁntity
of water that.may be pumped. 1In general, if ground water is
developed first, then as demands incréase beyond the capacity
of the well fields, upland surface water sources are developed.
Withdrawals from these sources reduce the amount of water
available fqr recharging the aquifer which in turn reduce

th; water available from the ground water system,

If the planner believes that these interactions are
important, th;n he must supply for each well field a set of
coefficients PHI which reflect the amount of water lost from
a_stream in this and future planning periods due to unit

pumping of the weil field in the current time period. 1If there

is no interaction, then the PHI values are set to zero.
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Each surface water - ground water interaction card
contains the PHI values for NTIME time periods for ground
water field 7 in planning region i. After reéding the
PHI values, equation 13 is used'by subroutine GWCEPMP to
compute coefficients for for the ground water decision v;ria-

bles Q‘B).- Al]l values :are ppinted in tables; 2£f no ground
water projects are in the model, this section of data input

must be skipped.

Surface water flow requirements cards. =-- For one or more

-

stream segments in a region; the planner may wish to sét up
flow requirements. This flow requirement states that the
natural runoff of the regiqn must exceed the ground water
and surface wgter withdrawals by a certain amount,

.The first card in this section lists the number of
points at which flow requirements are necessary. One card
must be provided for each planning region. The next two
cards are read by the program in pairs: the first card
gives the natural upland'flow QFLOW, the flow requirement
RFLOW, and the index number of the stream segments of
interest. The second card identifies those reservoir and
diversion projects whose withdrawals must be subtracted

-

from QFLOW in addition to those ground water pumpages which
induce -recharge from the stream and therefore decrease the
flow of the stream, In this way several flow requirements

on a single stream or on several different streams within a
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single planning region can be accommodated. There must be

one pair of cards for each flow requirement point in the model.

Planning unit and project index cards. -~- The final set of

cards in the input data to MODCOP is optional. They are for
the convenience of the user and alléw him to label any of
all of the various planning regions and projects. Whenever
an end-of-file card is encountered,subroutine DATA is ter-

minated.
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Subroutine PR

Subroutine PR in MODCOP transcribes the data read by
subroutine DATA into the format'required by MPSX,

The MPSX input data may be divided into seven sections:

l. NAME of data deck.

2. ROWS section specifies the row names of the problem
matrix and the type of each row constraint.

3. COLUMNS section specifies the column variable names
of the problem matrix and the value of each non-
Zero matrix element. The position of the element
is given by a column name and a row name. Marker
cards are inserted in this section to identify
where integer column variables begin and end.

4, RHS section specifies the name of the right-hand
side column vector and the nonzero values of the
row constraints. The matrix elements are identi-
fied by the RHS name and row name.

5. RANGES section used when a row is to represent both
a > and <inequality constraint. -‘-The section is
optional and is not used in the current version
of the Puerto Rico Planning Model.

6. BOUNDS section specifies the limits to be imposed
on the values of the column variables and the
type of bounds. Normally, the MPSX automatically
assigns a lower bound of zero and an upper bound
of + ®» to all column variables. Each nonzero
bound value is identified by the Bound name and
a column name., Note that all integer variables
in the planning model must have an upper bound
of one. : ’

7. ENDATA card signifies the eﬂd of the data deck.
-With the exception of the RANGES section, which is not
used iﬁ the planning model; subroutine PR is programmed to
write card images on disk for each of the sections listed

above. If XWRITE = 'YESH' on the first model parameter card
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read by subroutine DATA, the card images will also be

printed.

NAME section. -~ Writes the NAME card and assigns PNAME to

the data deck name.

ROWS section, =-- The program writes the name of the objective

function OBNAME, as the first row name and identifies it as
an unconstrained row (type N). The program then loops through
each planning unit writing the row names of constraints in
the order that they are given in equations 2 thfough 10.
The row (and column) names are created as follows: The num-
ber of the planniﬁg,region {I or J index) is converted’to a
letter, e.g., A = 1, B = 2, etc.,. Then the appropriate three-
character row symbél (RSYMB(K)) 1is coécatenated with the
planning region letter, the planning period number (N), and
the project number (M). In the case of import projects a
second letter (J index) is inserted aftér the first letter
to indicate the source of the imported water, '

The cosg coefficients of the integer columé variables
are calculated from the projects annual fixed cogts (eq. 16).
Each annual fixed cost pﬁyment made during the econoﬁic life
of the project or during the number of years remaining in the
planning h;rizon, vhichever is smaller, is discounted to

present'value and summed as shown in eq. 18,
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t,

k) _ 1 (k)

FC 17 AFC
n t=t, (1.+RPV)

s i1 {eq.18)

where Fc;?% - present value of equivalent fixed cost payment

assumed to be made during the first year of
time period n. |

ti - year in which payment is made; tl = N « TIME -
TIME + 1 where TIME is the number of years in

a planning period and N is the number of the

planning period.

tz -~ year in which ééyments end; t2 = N « TIME + NL
or tz = NTIME . TIME, whichever ig smaller,
where NL is the economic life of the pfoject

. in years'and NTIME is the number of planning

periods in the planninb horizon.

- RPV - annual discount rate
AFcii)- annual fixed cost payment for project 1 of
type k in planning region i.

The only zero coefficients in the objective function

row will be the fixed costs of existing projectsL

The row constraints aie written in the following order:

1. Project initiation constraints for water produc-
- tion and water import projects (eq. 2a and 2b).

- 2. Project limitation constraints for water produc-
tion and water import projects (eg. 4a and 4b).

3. Treated water demand constraints (eqg. 5).
4. Total water demand constraints (eqg. 6).

5. Flow requirements constraints (eq. 7).
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COLUMNS section. == The columns section is written in two

parts: the continuous variable section and the integer vari-
able section. Marker cards are inserted before and after the
integer variable section. The column names are created as
described for the ROWS section. To determine which matrix
elements are nonzero for any given column variable, the user
should@ rewrlte the constraints in such a way that the column
variables appear in the constraint in the same order that
they are to be written.by subroutine PR. The order is deter-
mined by the column symbol list CSYMB(K) and thgiDG-loops
indexed on plannipg unit I (and J for import projects), the
planning ﬁefiod N, and the project number M, if appropriate
to the constraint.

The first row of each column vector will élways contain
a cost coefficient. For the continuous variables column, the
cost coefficients i# the objeciive function are the present
values of operating costs per unit of water produced or
transported, COP, COP is calculated from the Qperating.costs
Co, COIMP, Snd COIMQ read by subroutine DATA, éor example,

co
(1. + )V

COP = (eq.19)

wvhere R is the effective interest rate for a planning period
(eq."14) and N is the number of the planning period.
The program then writes any nonzero values in the column

vector together with the row name. Coefficients with values

L 2

of 1 or -1 3re usually written as part of a format statement

in the qomputer program. Other values, such as project
- 36
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capacity must be read by subroutine data. If new constraints
are added to the model, the user must determine which rows have
nonzero coefficients and develop the logic of whether or not .
to write a coefficient in a particular column. The logic and
appropriate write statements and formats must be added to this

section of the PR subroutine.

RHS section. =-- The nonzero right-~hand~side values of each

row constraint are nex§ written in the same order as the row
names were defined. The RHS column is given the name assigned

to RHNAME on the first model'para;eter card read b§ subroutine
DATA. The_program also creates four additional columns as part
of the RHS section. The first column vector, xcncoinl, dupli-~-
cates the'tre;ted water and.total watar demands in the RHS column,
The second, xcnchnz duplicates the RHS of the required flows
constraint bearing in mind that this value is the difference
between the natural inflows and the required flows (QFLOW-RFLOW).
Column XCHCOLR3 and 4 contain negative values of columns XCHOLR1

and 2 respectively. These four "change" columns and the RHS

are used for parametric program using the MPSX procedure PARARHS.

BOUNDS section. =~ The program next writes out the bound row

vector, which is given the name assigned to BNAME on the first
model parameter and read by subroutine DATA. All withdrawals"
from wafer producing or transporting projects are bounded by

their yield; and capacities. All integer variables are given

upper bounds of one.
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ENDATA section. -~ The last step in subroutine PR is to write

an 'ENDATA' card to complete the MPSX data deck.
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Subroutine BLOCK DATA

The final subroutine in MODCOP that should be mentioned
is BLOCKVDATA. This subroutine initializes the values of
data arrays that are shared in common with the DATA and PR
subroutines. The current dimensions of data arrays in
MODCOP version 3 are listed in table 2. If the user wishes
to enlarge or reduce the dimensions of the current model for
some reason, the dimension and injitialization statements in
BLOCK DATA will have to be changedq as well as the appropriate
COMMON statements in the\DAfA, PR, ACOST, and GWCOMP sﬁh-

routines.
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Table 2,

Variable Name

RSYMB (25)
CSYMB (25)

NPROJ (K, I)

NPIMP (I,J)
NPIMQ (I,J)
NL (K,I,P)
NLIMP(I,J,P)

NLIMQ(I,J,P)
YLD (K,I,P)
YLDI@;(I,J,P)
YLDIMQ(I,J,P)
CAP(K,I,P)
CAPIMP(I,J,p{
CAPIMQ(I,J,P)

CE(K,I,P)
CFIMR.(I,J,P)

CFIMQ(I,J,P)

-

== List of variables dimensioned in

subroutine BLOCK DATA

Description

Row symbol 1list
Column symbol list

Number of water producing (or processing
projects)

Number of raw water import projects
Number of treated water import brojects
Economic life of water producing projects

Economic life of raw water import projects

Economic life of treated water import
_ projects)

Yield/capacity of water producing projects
(MGD) . -

Capacity of 'raw water import projects
{MGD)

Capacity of treated water import

projects (MGD)

Yield/capacity of water producing projects
(MG per planning period)

Capacity of raw water imporﬁ projects (MG
per planning period)

Capacity of treated water import projects
(MG per planning period)

Fixed costs of water producing projects
Fixed costs of raw water import projects

Fixed costs of treated water import
projects
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Variable Name

CO(K,I,P)
COIMP (I, J,P)
COIMQ(I,J,P)
AFC(K,I,P)
AFCIMP(I,J,P)
AFCIMQ(I,J,P)
FXFLAG (K, I,P)
IMPFIX(I,J,P)
IMQFIX(I1,J,P)
DFW(I,N)
DIW(I,N)

TAD (I,N)
PLFW(I,N)
PLIW(I,N)

PHI(N,I,P)

F(N,I,P)

NPX(I)'

Table 2. == (continued)

Description

Operating costs for water production
projects ($/MG)

Operating costs for raw water import
projects ($/MG)

Operating costs for treated water import
projects ($/MG)

Annual fixed costs for water production
projects

Annual fixed costs for raw water import
projects

Annual fixed costs for treated water import
projects

Logical flags for existing water péoduction
- projects

Logical flags for existing raw water import
projects

Logical flags for existing treated water
import projects

Demand for treated water (MG per planning
period)

Demand for raw water (MG per planning
period)

Total water demand (MG per planning period)
Treated water losses (percent/100)
Raw water losses (percent/100)

Ground water - surface water interaction
coefficient

Ground water - surface water interaction
coefficient N

Number of stream segments
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Variable Name

QFLOW(I,KP)

RFLOW(I,KP)

KPDFL(I,KP,6)

Index
I,J

K

KP

Table 2. == (continued

Description

Upland runoff above stream segments (MG
per planning period)

Required flow below stream segments
(MG per planning period)

Project linkage array

Index to planning regions: I = 8, J = 8,

Index to project type (water production
or water processing projects -only):
K = 5,

Index to stream segments; KP = 5,

Index to project number; P = 10,

42



Operating Requirements

The current version of MODCOP (version 3) is written
for the IBM 360/65 computer in the FORTRAN 1V programming
language. The program requires 154 K bytes of storage to
compile and approximately 250 K to execute. If the data.
arrays are increased, additional care Qay have to be allo-
cated to the program for execution of the load module.

An error-free compilation of the source program takes
about one minute. Execution time_will depend upon the
number of planning regions,.planning periods, and_projécts
in the model, but fey models will require more than one

minute.

MODCOP will usually be set up to write the MPSX data
deck ‘as card images on disk. To determine the disk space
requirements of the MPSX data deck the user should first
estimate the number of card images produced by MODCOP using
the equations in table 3. If 90 card images are written in
7200-byte blocks per track, then the user should allocate
[total number of cards / 90] + 1 tracks to MODCOP's output

data set._

A complete listing of the source program is shown in

appendix E.
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Table 3. -- Equations for estimating the number of card
images in a MPSX data deck produced by MODCOP
(version 3). Note that these equations only .
apply to the Puerto Rico Water Resources
Development Planning Model defined by equations
1l to 10.

Let n = total number of projects in all planning regions.

n, = total number of existing projects im all planning
regions.

n, = total number of projects of type k in all planning
regions..

t = number of planning periods.

q = total number of flow requirement points in all
planning regions.

p = number of planning regions,

where k = Type of project
1l Diversion dams
) 2 'Reservoirs
.3 Ground water fields
4 Desalinization plants
5 Water treatment plants
6 - Raw water import projects
7 Treated.water import projects
Section oé MPSX Data Deék R Number of Cards
NAM% , 1
ROWS
1. 'OﬁjéééiVE function . 1
2. -Init%ation constraints (eq. 2) = (n—ne)t
3. Limit;ti?n constraints (eq. 4) = h-ne
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Table 3., -- (continued)
4. Tre<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>