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PART I 

CHAPTER ONE: INTRODUCTION 

Statement of the Problem 

Many of man's activities depend upon the availability of water 

as one of the earth's resources. In Iowa, virtually every sector of 

the economy uses water (4, Table 2-A). In the future, industrial, 

agricultural, and population requirements for water in Iowa are 

expected to increase (4, Table 4-A) as population and output increase 

(64, 78). At some point in time, because of the uneven distribution 

of water supply both seasonally and geographically, requirements 

for water in Iowa may reach such a level that water becomes a 

constraining resource, one whose scarcity causes potential production 

to be foregone. This constraining influence on production could be 

felt either locally or generally, by individual water users or by 

groups of users. In such a situation, the manner in which water 

rights are allocated could have a direct effect on state and local 

economic fortunes. 

In the United States, water has traditionally been allocated , 

by non-market mechanisms. These systems have developed primarily 

in the customs, legislation, and court decisions of each state. 

In the State of Iowa, water resources are allocated by a system of 

water use permits (53). Since the inception of the water permit 

system in 1957, after a decade of below average rainfall (122), water 

supplies in Iowa have been relatively abundant. 

During this period, all except two permit applications have 

been granted, and the two which were denied each requested a permit 
1 for the drainage of excess surface water. It is therefore impossible 

to determine, on the basis of its historical performance, how the water 

permit system would allocate Iowa's water resources if scarcity of 

those resources began to impose a constraint on the state's economic 

1Louis R. Gieseke, Assistant Water Counn!ssioner, 
Iowa. Data on the history of Iowgs water . permit system. 
communication. February 9, 1969. 

Des Moines, 
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activity. This study addresses itself to the task of predicting, on some 

basis other than historical performance, the permit system's reaction 

to a water scarcity and also to the task of developing a method for 

economic evaluation of this reaction. 

The three objectives of this study are as follows: 1) to analyze 

Iowa's water permit system, constructing an estimate of the system's 

allocation in times of water scarcity; 2) to construct a model which will 

yield in specific situations both an optimum water use pattern and 

values for water in its various uses; 3) to apply the model developed 

objective 2 above and the estimate constructed in objective 1 to a 

specific situation. 

Methods and procedures 

This study is divided into four parts. Part I is both descriptive 

and theoretic in nature. First, water is examined both as a physical 

and as an economic entity, in an attempt to link the relevant concepts 

of hydrology and geology to the theoretic framework of economics. 

Theoretic necessary and sufficient conditions for optimum resource 

allocation are then derived. The origins and general characteristics of 

the allocative mechanisms currently in use in the United States are 

examined and to each system are applied the stated necessary and 

sufficient conditions in an effort to evaluate each system's recogni-

tion of these conditions of optimality. Emphasis is placed on Iowa's 

permit system in the discussion. As a result of this analysis of the 

permit system, a specific hypothesis is developed in Chapter Four. 
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In Part II, a general model of resource allocation is constructed 

utilizing linear programming to analyze the interaction between hydrologic 

and economic systems and to generate approximate values for water opti

mally allocated among competing uses. The results of the model's appli

cation can be used in testing hypotheses concerning water allocation 

under Iowa's permit system. 

Part II also involves application of the general model to two 

water use situations, one real, the other hypothetical. Chapter Six 

contains a description of the results of these applications. In Chapter 

Seven, results are sununarized, and conclusions drawn with respect to the 

applications of the general model. Reconnnendations for further research 

involving the general model are also suggested in Chapter Seven. 

Part III extends the analysis significantly by adding, explicitly, 

water quality considerations under the general assumptions that water 

qualities resulting from use are important public policy variables and 

that water users, directly or indirectly, should bear the costs related 

to reduction in water quality attributable to their use. The Tandem 

Program System (TPS) developed to incorporate water quality considerations 

into the general model is described in Part III and possibilities for 

refinement and expansion of the TPS approach are identified and discussed. 

Part IV summarizes the project efforts, makes recommendations 

for further research and suggests possible courses of action for adminis

trative agencies involved in water allocation. 
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CHAPTER TWO : FRAMEWORK FOR ANALYSIS 

Iowa's pattern of water use is made up of three dimensions. 

The first dimension comprises the quantitative and qualitative require

ments1 for water in all its uses, whether as an input to a production 

process or as a commodity for direct use as well as the quantitative and 

qualitative aspects of return flows following water use. The second 

dimension is Iowa's supply of water, existing both on the surface and 

underground, in varying quantities and qualities. The third dimension 

is Iowa's water permit system, under which rights of use are 

allocated to particular water users. At any point in time, the 

pattern of water use in the state, or any local area of the state, is 

the result of the permit allocation mechanism's interaction with water 

requirements and water supplies. Conceptual examination of each 

dimension is a useful prerequisite to discussion of any particular 

pattern of water use which would result from a scarce water supply. 

Water as an Economic Entity 

Occurrence 

The earth's water supply is circulated by means of the hydro

logic cycle, in which water is transferred from land to the sea and back 

to land (63, p. 8). Precipitation of evaporated seawater in this process 

accounts for almost the entir~ supply of fresh water, which occurs 

either as surface runoff collected in streams and rivers or as under

ground water collected in aquifers. 2 Units of the quantity of water in 

the hydrologic cycle are not homogeneous, but are differentiated by the 

time and location of their occurrence, and by their individual quality 

characteristics (44, p. 16; 76, p. 1259; 100, p. 7). The physical 

1 The term "requirements" is used instead of "demands." By 
definition, demand for a resource is a function of resource price. 
Under Iowa's water permit system, water has no market price; use of 
the concept of demand would be imprecise. The distinction between 
requirements and demands is discussed in a later section of this chapter. 

2Aquifers are quantities of water occurring in porous strata of 
rock and soil beneath the earth's surface (63, p. 8). 

I 
I 
I 
I 
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processes of the hy<lrologic cycle store, transport, and change the 

quality of the earth's water, creating and mEl'intaining specific supplies 

of water throughout the earth. 

Supply 

The earth's physical supply of water is all water contained in 

the hydrologic cycle, whether in seas, lakes, or rivers; in the 

atmosphere or underground. However, portions of the entire physical 

supply of water are not available for use. At any point in time, use of 

some portion of the physical supply of water may be prohibited due to 

restrictions imposed by such social institutions as a legal system 

(2, p. 18). One such institutional restriction of water use in Iowa is 

that which prohibits withdrawals when streamflow reaches a certain 

legally protected minimum (53, sec.4SSA.l). The amount of water 

available up to this type of limit is known as the institutional supply 

(2, p. 18). Further, at any point in time technological limits may make 

some quantities of water unavailable. The impossibility of reclaiming 

predictable amounts of atmospheric water when and where they are 

required (15, pp. 4-7) is an example of a limit placed on water supply 

by present technology. 

Some authors make use of the concept of economic supply (2, p. 

18; 1& p. 198; 58, p. 1112; 99, p. 1245). Economic supply is that 

amount of water which is economically feasible to bring into production. 

Economic feasibility is determined by the relationship between the cost 

of acquisition of an additional unit of water and the returns which that 

unit yields to its users; if returns are greater than costs, use of the 

additional unit is feasible. The unit cost of acquisition of additional 

water is influenced by technology, so that if changes in technology 

decrease the cost, use of previously untapped water may become 

feasible. Assuming acquisition costs to be constant, an increase in 

returns to the use of an additional unit of water could increase economic 

supply. Returns increase if demand for water increases, raising the 

price which users are willing to pay for an additional unit. These effects 
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of technology and economic conditons on economic supply mean that 
' 

water supply is not only a function of man's knowledge, but also of man's 

economic fortunes. Defining economic supply in terms of economic 

feasibility neatly illustrates the point that technological and economic 

change may make vast unused water supplies eligible for consideration 

in meeting existing and potential needs. The extent of these potential 

water supplies would be dependent upon the existence of any institu

tional or technological limit on physical supply. 

Water supplies may be characterized as either stock or flow 

supplies. Kelso (58) defines stock supplies as those whose physical 

quantity does not increase appreciable over time; therefore, each rate 

of use of a stock resource diminishes some future rate of use. In 

defining a flow supply, Kelso points out that different units of the 

supply become available at different times, and that present flow does 

not diminish future flow. Therefore, it would be possible to maintain 

use of a flow resource indefinitely if flow continues. The hydrologic 

cycle, precipitation, surface runoff, and streamflow are examples of 

flow supplies of water, while an aquifer which recharges at a very 

slow rate could be considered a stock supply, fixed in magnitude. 

· Water use classification 

The uses to which water resources can be put are myriad, 

perhaps as numerous as man's activities. A number of different 

schemes exist whereby these uses can be classified. One such 

device classifies water use by the final product, process, or activity 

of which water is a part, under the two general headings of production 

and consumption uses. Water uses in industry, mining, and agriculture 

are production uses (99, p. 1245), while such uses as human consumption 

and recreation are consumption uses (99, p. 1245; 18, p. 198). This 

method of classification is useful for the economist, for the same 

categories can be applied to water as an input or commodity in 

constructing demand relationships. 
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Some water uses, both production and consumption, may be 

designated as consumptive. In the traditional riparian definition, 3 

a water use is consumptive if the quantity of water in the water-

course is diminished by such use (1, p. 104; 48, p. 7; 104 p. 272). 

However, defining consumption in terms of quantity alone ignores other 

important ways in which a use may be consumptive. As an example, 

consider an industrial water user who returns to the watercourse all the 

water he withdraws, but returns it laden with the by-products of his 

production process. If a downstream user must treat intake water to 

remove these industrial pollutants, the second user is restoring 

quality utility which the upstream user consumed. It is therefore 

important to consider depletions in the utility which units of water in 

a watercourse possess, as well as depletions in quantity in the water

course, when considering consumptive use. 

Source depletion is also an important characteristic of those 

water uses which withdraw water from a stock supply. Since present 

rates of use of stock water supplies directly affect future rates of use, 

allocation decisions must be made inter-temporally, as well as among 

uses and users. 

Finally, economic theory provides one further classification of 

water use by enabling the relationships between water uses to be 

characterized as complementary, competitive, or neutral (99, p. 1246; 

85, p. 162). According to Timmons(99), water uses are complementary 

if allocation to one use increases net benefits accruing to water in 

another use, while a competitive relationship exists if one water 

use restricts net benefits available from another. If net benefits 

available from different uses are not affected by allocation to one use 

or another, the relationship is one of neutrality. Any consumptive use 

of water is competitively related to most other uses of that water, since 

3 The riparian doctrine is that legal system under which water 
rights are allocated in most of the thirty-one eastern scates. Further 
discussion of the riparian doctrine is contained in a later section of 
this chapter. 
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allocation to a consumptive use generally does not permit further use of 

the water without at least restoring the utility which was consumed. A 

use which is consumptive with respect to quality impairment may not 

interfere with another use which requires low water quality, but this 

relation is at best neutral. Water used in hydroelectric power 

generation complements the use of that water for recreation, since 

power generation ideally requires a constant head of water, which would 

provide a constant reservoir depth for swimming, boating, or fishing. 

Use for power generation would be neutral with respect to downstream 

uses, since only the energy head of the elevated water is used in 

generating power, not necessarily impairing quality or quantity. 

Complementary uses are not the major concern in allocation, nor are 

neutral uses, for a unit of water allocated to one use does not decrease 

or preclude the benefits available from that unit of water in another use 

if the two uses are neutral or complementary with respect to each other. 

However, problems arise when allocation decisions must be made among 

competing uses for a water supply, since only one of the competing 

uses can realize the benefits accruing from use of the water. 

In summary, the methods of classifying water use described 

above characterize each water use according to the product or activity 

of which it is part, and designate each use as consumptive, noncon

sumptive, or source-depleting. Further, sets of uses are characterized 

as complementary, neutral, or co~petitive. Such a scheme coincides 

with concepts advanced by Snyder( 93), who holds that uses should be 

categorized based on the concept of utility addition. Each use would 

be considered a conversion of water in an economic process such that 

not only quantity, but also time, place, and quality utility may be 

modified. Uses would then be identified according to their effect on 
4 Pareto optimality, which embodies the idea of interaction among water 

users. 

4For a comprehensive discussion of the conditions of Pareto 
optimality, see ( ai pp. 148-188). 

I 
I 
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Demands and Requirements 

In discussions of non-market allocation of water rights, it is 

important to distinguish between demands and requirements for water. 

The distinction between these two terms as used in this study can be 

illustrated by a discussion of the concept of water resource demand.5 

Demand for a resource is of two types, direct and indirect. For uses 

in which water is a factor input to be transformed into some product, 

demand is indirect. For such uses as drinking or bathing, water, or the 

utility which it possesses, is directly consumed; for th~se uses, demand 

is direct. Demand of both types is expressed for units of water of a 

particular quality at a particular time and location. 

Direct and indirect demand are both based upon physical rela

tionships. Direct demand by a water user is based upon the relationship 

between that individual's consumption of alternative amounts of water and 

the utility which he derives in consumption. This relationship between 

utility and consumption is expressed by the concept of the utility function. 

Indirect demand by a firm for water as a factor input is based upon the 

firm's production function, a technological relationship describing the 

transformation of a set of factor inputs into some product. 

Demand for water, however, is dependent upon more than the 

physical relationships described above. The price of the water resource 

is an important component of demand, for in their purchases of water, 

direct demanders are constrained by a finite income, while indirect 

demanders are constrained hf a finite revenue from the sale of the 

product of which water is a part. thus, if water has a market price, 

the amount users are able te> buy depends upon the level of market price 
I 

and the amount of money avtLil~ble for the purchase of water. 

Another important component of demand is the set of prices of 

other goods, particularly those which are either complements or 

substitutes for water as a commodity or factor. The amount of water 

SGeneral discussion of the concepts of demand can be found in 
(36, pp. 26-42). 
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which a user is willing to buy varies directly with the prices of substitute 

goods and inversely with the prices of complementary goods (36, pp. 54-60). 

In summary, demand _for water is initially derived from physical 

relationships. Direct demand is derived from the consumer's utility 

function, indirect demand from the firm's production function. In 

addition, demand for water is dependent upon the price of water, the 

prices of other goods which may complement or be substituted for water, 

and consumer's income or firm's revenue. 

In this study, the term "requirements" is used to refer to demand 

in situations where there is no market price for water. The term is 

used in this way for two reasons. First, where water has no price, if 

income or revenue and the prices of other goods are held constant the 

requirement for water derives solely from the consumer's utility 

function or the firm's production function. This relationship is physical, 

not economic; to label it demand would be imprecise and misleading • 

Second, in situations where water supply is insufficient to satisfy all 

requirements and where water has no market price, the requirements 

of alternative uses do not reflect the opportunity cost of water. Water 

has an opportunity cost if allocation of water to one use requires that 

production be foregone in other uses (36, p. 164), as is true in 

situations of insufficient supply. 

In situations where mark~t allocation of water rights is 

prohibited or restricted by a legal system, the concept of demand is of 

limited usefulness for the reasons cited in the above discussion. In 

addition, the applicability of a microeconomic industry or market 

analysis to water allocation is limited by at least the following factors: 

a) many decentralized users, such as farms, industry, and 

non-profit water organizations, are self-supplied (18, p. 200; 

20, p. 3). In 1950, 99 per cent of agricultural irrigation and 

97 per cent of industrial use were self-supplied (18, p. 200). 

Allocation decisions in these cases are internal, and not 

expressed i..n the market place. 
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b) As a commodity or factor, water is not homogeneous; for 

each demand, differentiated by quality, time, and location 

requirements, a "market" could exist. Thus, there would be 

no reason to expect a single price for water. 

c) Forms of ownership of rights to use of water are diverse. 6 

Among the various legal and administrative systems of water 

al l ocation in the United States, and within each system, a variety 

of restrictions have been placed on the free use and transfer 

of water. Without freedom to transfer commensurable rights 

to use a product, traditional market analysis is crippled. 

d) Forms of payment are also diverse, and possibly are not 

based on a concept of market price (10, p. 37; 18, p. 198; 74, 

p. 2); ad valorem taxes have been the most popular mode of 

payment (10, p. 38). 

For these reasons, it appears that the problems which need to be 

considered are more those of organization and management of self

supplying firms than of a traditionally defined industry (18, p. 201). 

However, even in their limited capacity, market concepts will prove 

useful in analysis of water allocation problems, since competition for 

water could develop among self-supplying firms. 

Theoretic Conditions for Optimum Resource Use 

It is not unreasonable to assume that the appropriative doctrine, 

the riparian doctrine, and Iowa's permit system (all to be discussed in 

the next chapter) were designed to be optimizing institutional mechanisms 

(l<l,, p. 6). In this section, theoretic necessary conditions for optimum 

water resource use are derived and, under the assumption above, are 

applied to each of the three allocation mechanisms to show how 

allocation under each system can differ from the optimum. Necessary 

conditions for optimum resource use can easily be shown using a 

6A summary description of these forms of ownership is 
contained in a later section discussing water law. 

• 
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classi~al optimization method, the technique of Lagrange multipliers. 

The general maximization case of this technique, utilizing inequality 

constraints, treats problems of the form7 

1) max Z = f (x), satisfying 

gi (x) ~ bi i - 1, ... , u, 

2) gi (x) ~ bi i = u + 1, . . • , v, 

i - V + 1, . . . , m, 

where Xis an n-component vector. Adding slack and surplus variables, -
the original constraints are equivalent to 

gi (x) + xsi - bi i - 1, u, - • • . , 
3) gi (x) - Xsi - bi i = u + 1, • • . ' v, 

gi (x) - b i = V + 1, i • • . , m . 

The corresponding Lagrangian function is 

4) F (x, ) = f 
u 

~i (x)] + xs, A.. (x) + E. A-i - X - g 
i=l Si i 

V 

- gi (x~ 

m 
gi (x)] i ~i~i + Xsi + i=v+1 Ai [bi - • 1.=u+l 

In order for f (x) to take on a maximum at x
0

, the following necessary 

conditions must hold: 

S) c F 
ax. 

J 

dF 
0 Xsi 

cJF 
a xsi 

aF 
ax1 
dF 
oAi 
dF 
ax1 

-

-

--

-

--

-- 0 j = 1, .. . 'n; 

-)...1-0 i = 1, ... , u; 

A-1- 0 i - u+l, . . • , v; 

i = 1, ... , u; 

i = u+l, • • • , v; 

i - v+l, . . • , m. 

7Equations (1) through (5) are taken from the excellent discussion 
of constrained optimization in (41, pp. 69-71). 
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Sufficient conditions for f (x) to be a maximum at x are satisfied if the 
0 

second total differential off (x
0

) is negative (46, p. 272, note 1), a 

condition which is fulfilled if f (x) is concave. For this analysis, it 

will be assumed either that second-order conditions are fulfilled, or that 

f (x) is concave, at least in the range relevant to analysis. 

Having derived the desired necessary conditi.ons in the general 

case alone, an objective function and constraint equations can be 

specified, relevant to water resource use, and particular necessary 

conditions derived for optimum resource use. The following assumptions 

are made in order to simplify and restrict the analysis to the con

siderations of this study: 

as 

a) there are~ perfectly competitive firms using water in amounts 

Xj, j = 1, ..• , n, from a homogeneous supply fixed at x;8 

9 b) each firm's production function, in truncated form, can be 

written as Qj = fj (xj), where Qj is the output of the jth firm's 

product; 

c) resource use decisions are made under an aggregate objective 

function, expressed in terms of total output of the~ firms using 

water. 

If the objective • 1s to maximize total value of production, expressed 

n n 
10 =L L.. 6) max Z P. Q. - P. f. (x.), j=l J J j=l J J J 

8such a group of firms corresponds to a "watershed 
concept elaborated and utilized by Tinnnons. See (97). 

firm" a , 

91n the truncated form of the production function, all other 
inputs are assumed to be held constant. The necessary conditions for 
optimum resource use with respect to any single input are identical 
whether other inputs are constant or variable. 

lOThe objective function can take this form only if output 
price is constant regardless of the level of output. This condition is 
fulfilled in the assumption of perfect competition. 
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where Pj is the price of the jth product, subject to the constraint 
n 

7) L.. xJ. , x, 
j=l 

* the necessary conditions for maximum Z at xj, (j = 1, .•• ,n), after 

adding a slack variable to the constraint, are 

8) d F * * 
s, X.. *) * (x , X p a f j (x j) ),... * 0 • 1, - - - J -- • • 

~ X · Jaxj J 

9) JF ---------
* * * * (x , X s, A.) >-.. O· = - -
axs - , 

10) dF * * * n 
(x , X s, A, ) = L - - o. xj + XS - X i)>-.. j=l 

Three important relationships are contained in these necessary 

conditions. 

11) 

First, from equation 8, it can be seen that 

pj d tl (x*j) = p _d_f~i_(.__x_*i_)_ 
o xj i d xi 

i, j = 1,. 

. , n· , 

. . , n. 

* _~_f_j_(x __ j)_ is the marginal physical product of x in the production of Qj, 
a Xj 

and p . ~fj (x*j) represents the value of marginal product (vmp) of x in 
J a xj 

the production of Q j . Equation 11 defines the critical condition that, 

for optimum resource use, the vmp of the resource must be equal in all 

its uses. 

Second, it can be shown that the following relationship holds: 

(37, p. 73). 

* From this relationship, A- can be defined as the shadow price of water 

and is equal to the value of an additional unit of water. It is apparent 

from equation 8 that the unit value of water must be equal in all its 

uses. The third relationship follows from equation 9, and is 

13) x* s A* = 0 

which means simply that 

(41, 'P· 72), 

ifx*s>o,A*=o; ifx*s=O, A*:/:o. 

slack variable, and is positive only if the supply of water, x, is not 

fully utilized. Therefore, from equation 13, if water is abundant and 

• 
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unused, then the shadow price, or unit value, 

Possible Divergendes from the Theoretic Optimum 

Assuming that the second-order conditions noted above are 

fulfilled, allocation of water such that vmp is equal in all uses implies 

that the value of the objective function for the watershed firm is a 

maximum. Whether this maximum is also optimum with respect to larger 

planning units, such as the basin, state, or nation, depends on the 

equality of cost and benefit to the watershed firm (marginal private 

cost and benefit) with marginal cost and benefit to the larger planning 

area (marginal social cost and benefit). External economies or 

diseconomies (5, pp. 368-371; 36, pp. 391-394) may be present which 

cause marginal private cost and benefit and marginal social cost and 

benefit to diverge. 

External economies and diseconomies are of two types: 

production and consumption (5, p. 369). Water pollution is a pertinent 

example of an external production diseconomy, in that pollution of water 

at one point on a stream incurs cost to any downstream user who must 

resort to substitute supplies or treat the water prior to his own use. 

Interaction between the production function of the downstream user and 

the upstream polluter implies that the downstream user must expend 

more inputs to produce the same output possible with unpolluted water. 

In this case, the marginal private cost of the polluting firm is less than 

its marginal social cost, if the pollution it causes is considered to be a 

negative portion of its output (87, p. 187). 

An external production economy, conversely, occurs when 

marginal social benefit exceeds marginal private benefit (5, p. 369). 

This type of externality would occur if an upstream water user applying 

11under the same assumptions employed above, plus the assumption 
that each water user is a profit maximizer, it can be shown that each 
producer will employ an input until its vmp is equal to the input price 
(36, p. 309). Therefore, at the optimum, decentralized resource alloca
tion and allocation under an aggregate objective function are theoretically 
the same, and A. can be considered the market clearing price. 
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water to a cooling process discharged heated water into a stream from 

which a downs tream user requiring heated water could withdraw. The 

increase in temperature from the upstream user's operation allows the 

downstream firm to expend fewer inputs in producing its output, making 

marginal social benefit greater than marginal private benefit . 

External economies and diseconomies which arise from one 

individual's consumption are defined in much the same way as production 

externalities. The major difference is that any divergence between 

marginal social values and marginal private values arises as the result 

of consumption rather than production. 

An important point with respect to external effects is made by 

Pigou (83, p. 183). He states that the existence of an externality is 

contingent not only upon the existence of interdependence between two or 

more producers, but also upon the lack of compensation for benefits or 

injuries resulting from this interdependence. This point qualifies the 

statement that external effects tend to cause misallocation of resources 

(5, p. 371). However, if costs and benefits can be measured, compen

sation is a remedy which can be applied to enhance optimum resource 

allocation. 

Having established in this chapter a background of concept and 

theory, Chapter Three will.discuss the allocative mechanisms under which 

water resources are controlled in the United States. Following this 

discussion, the allocative systems will be examined from the theoretic 

point of view established in this chapter. 

I 
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CHAPTER THREE: LEGAL SYSTEMS OF WATER RESOURCE ALLOCATION 

In the United States, most of the productive resources and 

factor inputs of the economy are allocated by market processes. Water, 

however, is one resource which has traditionally not been distributed 

by a market mechanism. Instead, a number of complex legal allocation 

systems have developed in the United States, evolving from customs, 

legislation, and court cases in each state (51, p. 868). 

Possibly the most important contributing factor in the growth of 

non-market allocation systems is the fact that water is a migratory 

resource; the flow of water does not respond to the delineation of 

property boundaries and political units. According to Harl (42, pp. 19-

20), property rights in such a fugitive resource are generally less 

certain and unequivocal than rights in other property. Two factors 

which create uncertainty in a water right are a) the possibility that the 

water to which the right pertains will not be available, due to variability 

in physical supply; and b) the possibility that the water may be consumed 

by an upstream user. Because of the inherent uncertainty in a water 

right, the quantity of water which the right holder will have available 

for use is indeterminate. This quantity could vary from zero to the 

full amount defined by the right, depending upon hydrologic conditions 

and the exercise of any prior rights. 

In turn, uncertainty of quantity leads to a similar uncertainty 

about price, since the unit price of a commodity generally varies with 

the quantity demanded or supplied. Establishment of a market in water 

rights could be inhibited by the lack of a clear price for water. 

An additional obstacle to the establishment of a market for water 

is found in the fact that the use of a unit of water may cause changes in 

the hydrologic system where the water was used and in the system from 

which it was drawn if the two systems are not the same. Examples of 

such concomitant changes are a change in water quality downstream from 

the point of use or a change in the conditions in an aquifer due to heavy 

withdrawal at one point. Such external effects as these may have 

• 
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sutstantial impact on parties who would not ordinarily be represented 

in any market transaction from which the external effect results. The 

obvious avenue for redress for such damages resulting from a transfer 

of water rights would be the courts. In this way, the establishment 

of legal precedents and principles of water allocation would be expected 

to accompany competition for water rights, if external effects resulting 

from transfers of rights are significant. 

As a result of the unique character of water, several general 

legal systems of water allocation have developed in the United States, 

each adapted to the peculiarities of the region where it is practiced. 

In general, surface water allocation in the thirty-one eastern states is 

regulated under the riparian doctrine (lOq p. 5), while the seventeen 

western states have developed a doctrine of appropriative rights (106, 

p. 5). In several states, administrative allocation systems, such as 

Iowa's water permit system, have been proposed or enacted UO~ p. 5). 

In order to provide a framework for evaluating the degree to 

which the appropriative doctrine, the riparian doctrine, and Iowa's 

water permit system recognize the necessary conditions for optimum 

resource use, each legal system will be examined in the role of an 

optimizing mechanism. Adoption of this point of view provides specific 

direction to the examination of each legal system, for a viable 

optimizing mechanism necessarily possesses the following character

istics: 

a) a clear, identifiable objective; 

b) provision of a mechanism which can measure and compare 

selected parameters for decision making; and 

c) identification of a set of measurable parameters upon which 

alternative courses of action can be compared. 

The following discussion tdentifies and examines these characteristics 

in each of the three legal allocation systems listed above. 
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The Doctrine of Prior Appropriation 

The so-called appropriative doctrine is based on Mexican and 

Spanish rights, developed in Utah by Mormon settlers and in California 

by miners after the discovery of gold in that state in 1848 ( 1, p. 104; 

51, p. 867). The doctrine is followed chiefly in the seventeen states 

west of the Missouri River and in Alaska (1, p. 104; 42, p. 24). These 

states are characterized by broad similarities in their water allocation 

systems (51, p. 873): the water resources of the state are under 

public control by statute (10~ pp. 19-20), with management placed in 

the hands of state officials, and statutory or administrative declaration 

is made concerning waste and beneficial use of water (51, p. 873). 

An appropriative right is based on the "law of the first taker" 

(62, p. 28), the principle which governed mining rights during the 

pioneer days. Indeed, the first beneficial uses of water noted in this 

doctrine were in placer mining and gold refining ~02, p. 279). The 

right has also been called "fir~t in time, first in right" (1, p. 104). 

Whoever first took possession of water and put it to a beneficial use 

retains the right to use that water. It is upon this claim in history that , 

an appropriative right is based. The right is defined in priority, 

quantity, period of use, and point of diversion (1, p. 105; 17, p. 256; 

4 2 , p • 2 7 ; 4 8, p . 2 2 ; 6 2 , p • 2 8 ) • 

There are two elements of an appropriation (1, pp. 104-105). 

First, there must be an actual diversion of water, with the intent to 

apply it to some beneficial use. Second, the water must be applied to 

that use or some other beneficial use. The concept of beneficial use, as 

expressed in these elements, is central to the appropriative doctrine 

0.02, p. 277), as evidenced by the maxim that "beneficial use is the basis, 

the measure and the limit of the right to use water .... " (102, p. 277). 

A few states list specific uses as beneficial, including domestic, 

municipal, stock watering, irrigation, manufacturing, and mining 

(1, p. 106; 42, p. 24; 102, p. 227). States have not, however, provided 

general definitions of beneficial use (1, p. 106;102, p. 277), and some 

opinions hold that the question must be decided separately in each case 
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(1, p. 106; 102, p. 277). In all states, a use must not only be beneficial 

to the user. but must also he reasonnbl~ wtth r~spf'~t l<' t\th<"'r u~f'I~ ~nrl 

future demands for water i-02, p. 284). The reasonable use criterion is 

apparently intended to insure that a privately beneficial use is not also 

socially detrimental. Reasonable use is defined in terms of relative 

economy and waste in intended uses (104 p. 284). 

Centralized state control over appropriation has developed in 

almost all the western states (1, p. 105), and orders of preference 

among uses have evolved (43, p. 26;102, p. 285). There is little general 

agreement among states on order of preference, except that man's 

survival needs, including water for drinking, bathing, and sanitation, 

come first, and navigation and water-based transportation are last 

~02, p. 286). Other uses, such as irrigation, mining, and manufacturing, 

vie for the middle ground of priority ~02, p. 286). Some states require 

state officials to grant priorities among appropriations according to 

statutory preference ranks, while other states allow state officials to 

exercise discretion in granting priorities (104 p. 285). In both cases, 

preferences are based on relative benefit (104 p. 285). Under these 

preference rankings, water may be reallocated in one direction only 

along the preference scale, from less preferred uses to more preferred 

uses ~02, p. 285). Rights may also be lost by abandonment, forfeiture, 

or action against an adverse use (1, p. 108). 

In general, apart from a transfer of ownership of the land on 

which the right is based, transfer of an appropriative water right to 

another type of use or point of diversion is difficult. In some states, 1 

a water right may not be transferred from either the original use or the 

original point of use ~06, p. 69). In other states, the party desiring the 

transfer must prove that no damage will occur to other users of the water 

supply affected by the transfer (44, p. 22). To prevent loss of return 

1Notable examples are Arizona and Wyoming (44, p.22). 
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flow by transfer or rights, the general rule has been established that 

only the amount of consumptive use may be transferred (44 , p. 22). 

The Riparian Doctrine 

In the thirty-one states east of the Missouri, and to a degree in 

some western states, a system of riparian water rights has developed, 

from roots in English common law (1, pp. 99-100; 51-, p. 867). Central 

to the riparian doctrine is the concept of riparian land as that land 

which borders the course of a stream or underground watercourse (1, 

p. 100; 42, p. 23; 48, p. 6; 62, p. 26). The right of a riparian owner, 

which exists as a consequence of ownership of riparian land, gives him 

the use of water flowing in a watercourse which abuts his land, providing 

the water is returned, unimpaired in quantity and quality, except for 

impairment inseparable from reasonable use (1, p. 100; 42, pp. 22-23; 

48, p. 6). The right is a modification of two legal concepts (42, p. 21; 

102, p. 273). The first, the natural flow theory, grants a riparian owner 

the right to a " ... natural condition of flow. u (42, p. 21). The second 

concept, that of reasonable use, was imposed upon the earlier theory in 

order to allow uses which are consumptive (42, p. 21). 

A riparian right is based on the nature of the source and the 

nature of the use (48, p. 4). Sources are defined as 1) diffused surface 

water, 2) surface watercourses, 3) underground watercourses, and 4) 

underground percolating water (48, p.4). Riparian owners may use 

these types of waters, except as limited by the rights of other riparians 

and restrictions based on certain categories of use (48, p. 4). 

Uses are divided into two major categories, natural and artificial 

~02, pp. 273-274). Upstream riparian users may, if necessary, consume 

all the water in a surface watercourse for natural uses (4i, p. 22; 48, 

p. 4; 102, p. 274), which include domestic use and watering an ordinary 

number of livestock (42, p. 22; 48, p. 4; 102, p. 274). Artificial uses, 

such as irrigation, industrial use, and municipal water systems (48, p. 

8; 102, p. 274), are subordinate to natural uses (48, p. 8). Rights of all 

riparian owners with respect to artificial uses are coequal (1, p. 101; 19, 

• 
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p. 877; 48, p. 7; 102, p. 274), and allocation decisions are based on 

relative reasonableness (48, p. 7). Determtnations must be made in each 

case of how reasonable an intended artificial use will be (1, p. 101; 42, 

p. 22; 48, p 9; 102, p. 283). No rules of reasonable use have been laid 

down by courts because what is reasonable in light of the equal rights of 

other riparians changes as physical, demographic and economic conditions 

change (1, p. 101; 102, p. 283). 

In general, riparian rights are restricted to lands contiguous to 

the watercourse (1, p. 101; 42, p. 23; 48, p. 9) and contained in the 

watershed (1, p. 101; 48, p. 9). There are, however, exceptions to both 

these principles. In some cases, rights to use water have been transferred 

from riparian to non-riparian lands. In a number of these cases, the 

riparian land and the non-riparian land were held by different owners. 

The re.mainder of the transfers were from riparian land to non-riparian 

land held by the same owner (66, pp. 55-56; 10~ p. 65). In Ohio, a 

city which is riparian is entitled to take water for use by its 

residents, even though they may be located outside the watershed ~06, p. 

16). 

As a general rule, riparian rights are not lost by nonuse (1, p. 

103), since these rights are not based upon use, but upon ownership 

of a particular type of land. Only adverse use or eminent domain 

proceedings can destroy a riparian right (1, p. 103). 

Doctrines Governing Underground Water Supplies 

The two underground water sources differentiated in law are 

underground watercourses and percolating groundwater (48, p. 4; 49, 

pp. 232-233; 52, p. 293). This distinction has been criticized by 

hydrologists as inapplicable, but continues to be observed in law (49, 

p. 233; 52, p. 294). Underground watercourses are governed by the 

legal system operating for surface watercourses in the area (49, p. 233; 

52, p. 244). Percolating groundwater, which is water underground and 

not moving in a reasonably defined course (48, p. 9; 49, p. 233; 52, 

p. 274), is controlled by one of the following three doctrines. One, the 
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English rule, or the common-law doctrine, grants absolute ownership 

of the underground water to the overlying landowner (49, p. 233; 52, 

p. 294). The freedom of use associated with this doctrine led some 

jurisdictions to apply another doctrine, the American rule of reasonable 

use (48, p. 9; 52, p. 294), which recognizes the right of the overlying 

landowner but restricts his use of percolating groundwater with respect 

to waste or transportation to a distant use (48, p. 9; 49, p. 234; 52, 

p. 295). The third doctrine controlling percolating groundwater is that 

of "correlative rights" (49, p. 234; 52, p. 295), found chiefly in 

California. Under this doctrine, the rights of overlying owners are 

coequal for reasonable use; any surplus beyond reasonable use by these 

landowners may be appropriated for use on non-overlying lands, and in 

shortage situations the available supply is apportioned among overlying 

landowners in proportion to their reasonable needs (49, p. 234; 52, p. 

2 95). 

It appears that the riparian and prior appropriation doctrines, 

although legally dissimilar, have similar objectives. Each system seeks 

to provide a mechanism for orderly allocation of water rights, according 

to the parameters of reasonable and beneficial use. The decision

making mechanism in both doctrines is one of adjudication guided by 

legal principles and precedents. However, in both the appropriative 

and riparian doctrines, these principles may act to restrain transfer of 

water to more beneficial uses. The economic significance of these 

restraints will be examined in a later section of this chapter. 

Administrative Allocation: Iowa's Water Permit System 

Several of the states under the riparian doctrine 

have proposed or enacted programs which modify the riparian doctrine (18, 

p. 252; 33, p. 237). In some instances, as riparian concepts are modified 

they are replaced with appropriative concepts (33, p. 252). In other instances, 

the trend has been toward grants or permits, administered by a central 
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state authority (33, p. 252; 42, p. 27). Of these modifications, the one 

most important to this study is that which has been made in Iowa. The 

Iowa water permit system is similar to earlier proposals in other 

states (48, pp. 24-25), notably Wisconsin, Minnesota, and North 

Carolina. This study focuses on the Iowa system. Where significant 

differences exist between the Iowa system and proposals in other states, 

these differences are noted. 

Iowa's permit system enacted in 1957, is defined by statute (53). 

Administrative decisions have been made in implementing the permit 

system which have become, operationally, a part of the mechanism, 3 

but the statute which created the permit system nonetheless constitutes 

its basic framework. For this reason, the analysis in this section will 

be based mainly on an examination of the provisions in the statute. 

Objective of the water permit system 

It is difficult to specify an objective for the permit system as an 

allocative mechanism. The following appears in the statute which creates 

the Iowa water permit system: 

"It is hereby declared that the general welfare of the people 
of the state of Iowa requires that the water resources of the 
state be put to beneficial use to the fullest extent of which 
they are capable, and that the waste or unreasonable use, 
or unreasonable methods of use, of water be prevented ... '' 
(53, sect. 455A.2) 

The statement specifies that each use be reasonable, beneficial, and not 

wasteful, but what constitutes the optimum degree of each is open to 

some difference of interpretation. The requirement that Iowa's water 

resources" ••• be put to beneficial use to the fullest extent of which they 

are capable ••. " (53, sect. 455A.2) could be interpreted in at least two 

distinct ways. First, the statement could mean that a maximum amount 

of water should be allocated to those uses which can be classified as 

beneficial. Alternatively, the $tatement could mean that the state's 

3An excellent review of permit system operations between 1957 
and 1967 can be found in Hines (48). 
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water resources should be allocated among all uses such that total benefit 

is a maximum. The two interpretations imply different conditions from 

the point of view of economic theory. Two similar interpretations could 

follow from the statement that declares control of the state's water 

resources to be in the state, in order " ..• to effectuate full utilization •.. " 

(53, sect. 45SA.2), which could imply either use of a maximum amount 

of water, or allocation of the state's water resources such that maximum 

benefit per unit is achieved. Furthermore, there is no indication in the 

objective statement of whether the general welfare of the people of Iowa 

is to be maintained, increased, or maximized with respect to water use. 

A set of definitions is contained in the statute (53, sect. 45SA.l). 

Most of the terms with which the statute is constructed are defined, with 

the immediate exception of the terms "general welfare" and "reasonable 

use." Reference to the following two definitions assists in making the 

policy statement more specific: 

"'Beneficial use' means the application of water to a useful 
purpose that inures to the benefit of the water user and subject 
to his dominion and control but does not include the waste or 
pollution of water;" (53, sect. 45SA.l) 

"'Waste' means~ permitting ground water or surface water 
to flow, taking it or using it in any manner so that it is not 
put to its full beneficial use, .{.El transporting ground water 
from its place of use in such a manner that there is an 
excessive loss in transit, i£2._ permitting or causing the pollution 
of a water bearing strata through any act which will cause salt 
water, highly mineralized water, or otherwise contaminated water 
to enter it;" (53, sect. 455A. l) 

Imposing these definitions on the statute's stated goal (53, sect. 

45SA.2) facilitates a slightly more precise paraphrase of the statute's 

objective: the general welfare of the people of Iowa requires that the 

state's water resources be put to fully beneficial uses to the fullest 

extent of which they are capable; these uses should be reasonable and 

cause no pollution or excessive loss in transit of the state's water 

resources. This restatement of the statute's objective still does not 

indicate whether maximization is desirable, or which variable or 

combination of the three variables (general welfare, benefit, and 

I I 
I 
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quantity allocated) is to be considered the goal of the system. As a 
' method of selecting among alternative water allocations, Iowa's water 

permit system has no adequately specific objective statement. 

The water permit system's administrative mechanism 

To implement its stated policy, the statute creates and vests 

authority in the Iowa Natural Resources Council (53, sect. 4SSA.2-.3). 

Composed of nine members, the Council is charged to " .•. establish a 

.•• comprehensive state-wide program for the conservation, development 

and use of the water resources of the state" (53 , sect. 455A .17). The 

statute declares the water occurring naturally within the state to be 

public wealth of the people of Iowa (53, sect. 45SA.2), and gives the 

Iowa Natural Resources Council jurisdiction over public and private 

waters in the state. The Council is directed to study and survey the 

state's water resources and their relation to problems in agriculture, 

industry, conservation, health, and stream pollution. Recommendatiqns 

are to be made for further development, utilization, protection, and 

preservation of these water resources. 

The statute provides for the selection of a water commissioner 

and one or more deputy commissioners, who serve at the Council's 

pleasure. The commissioner tries fact questions in processing permit 

applications, and conducts hearings on each application (53, sect. 

455A.9). 

Although jurisdiction of the Council is broad, not all uses are 

to be regulated. The following definitions partially limit the scope of 

regulation: 

"'Depleting use' means the storage, diversion, conveyance, 
or use of any supply of water which might impair rights of 
lower or surrounding users, or might impair the natural 
resources of the state or might injure the public welfare if 
not controlled;" (53, sect. 45SA.l) 

"'Regulated use' means any depleting use except a use 
specifically designated as a nonregulated use; 114 

4 (53, sect. 455A.l). Only irrigation uses are regulated under 
the permit systems of Wisconsin and North Carolina (33, pp. 239, 244). 
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"'Nonregulated use' means the use of water for ordinary 
household purposes, use of water for poultry, livestock 
and domestic animals, any beneficial use of surface flow 
from rivers bordering the state of Iowa, or use of ground 
water on islands or former islands situated in such rivers, 
existing beneficial uses of water within the territorial 
boundaries of municipal corporations on May 16, 1957, 
except that industrial users of water, having their own water 
supply, within the territorial boundaries of municipal 
corporations, shall be regulated when such water use 
exceeds three per cent more than the highest per day 
beneficial use prior to May 16, 1957, and any other bene
ficial use of water by any person of less than five thousand 
gallons per day;" (53, sect. 455A. l) 

A permit is required for all regulated uses as defined above. In 

addition, diversions of water from the surface to underground which 

existed prior to May 16, 1957 are exempt if they cause no pollution, but 

such diversions begun after that date must have a permit. 5 

Thus, a wide range of regulation is established, and the permit 

instrument is created to control allocation to uses throughout the range. 

The permit is the council's written authorization for use, limited " ... as 

to quantity, time, place, and rate of diversion, storage or withdrawal .•. " 

(53, sect. 455A.l). The procedure for securing a permit is 

initiated by written application to the Council. The application, 

accompanied by a fifteen dollar fee, describes the intended beneficial 

use (53, sect. 455A.19). 

Upon receipt of an application, the Council investigates the 

effect of the intended use upon other interests in the area ~3, sect. 

455A.18). and the water commissioner sets the date and location of a 

hearing (53, sect. 4SSA.19). A notice of the hearing, describing the 

intended use, must be published in the county of the proposed use prior 

to the hearing date. Copies of the notice are sent to officials in other 

interested state agencies, including the Conservation Commission, the 

Public Health Service, the Iowa Geological Survey, and the Iowa 

Development Commission (53, sect. 455A.19). 

5(53, sect. 455A.25). 
municipality requires a permit 

In Minnesota, no use originating within a 
(3 3 , p • 241) • 
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At the hearing, interested parties may appear and present 

evidence (53, sect. 455A.19). On the basis ·of due investigation and 

testimony, the connuissioner determines whether the intended use will 

be detrimental to either the public interest or the interest of any property 

owners with prior or superior rights. If not, a permit is granted (53, 

sect. 455A.20). Aggrieved parties may appeal the commissioner's 

decision to the Council within thirty days, and be granted a hearing 

before the director (53, sect. 455A.19). 

Definition of! set of decision making parameters 

The objective statement discussed earlier indicates that a use 

should be beneficial, reasonable, and not wasteful (53, sect. 455A.2). 

A beneficial use could be defined as one in which marginal benefit to the 

user is positive, but the statute specifies no measurable variable to 

represent this benefit. Waste is said to occur if any use is less than 

fully beneficial, if there is excessive loss in transporting groundwater, 

or if pollution of any groundwater is allowed through the introduction of 

any contaminated water into the supply (53, sect. 455A.l). Beyond the 

reference in this definition, what constitutes pollution is not specified, 

but water quality standards have been formulated under separate 

authority (55). 

It is possible to classify uses as beneficial or not, based on the 

qualifications of waste and pollution. Deciding among alternative 

beneficial uses, however, requires that the alternatives be ranked. The 

statute provides that applications are to receive consideration based on 

date of application, and that certain uses existing prior to May 16, 1957 

will be granted priority according to date of use (53, sect. 455A.21). 

In addition, the statute states that if no detriment to public or private 

interest can be found in an intended use, the commissioner " .•• shall 

grant a permit ... " (53, sect. 455A.20) for that use. If not all uses can 

be satisfied, these standards and priorities may not aid in achieving the 

statute's objective, for they do not provide assistance in measuring 

relative benefit. 
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The importance of beneficial use is reinforced by statements 

granting the Council authority to issue permits to these uses (53, sect. 

455A.22) and declaring that in the disposition of applications, the 

standard is to be beneficial use ( -53 . sect. 455A.21). Relative benefit 

would then seem to be the critical factor in ranking alternative 

allocations, but since benefit is not defined so as to allow measurement, 

comparison among uses on this basis is not possible unless adminis

trative judgments are made. (The costs of waste and pollution are 

measurable in theory, but since any use for which these costs are 

positive is not permitted, measurement is irrelevant.) 

On the basis of the preceding discussion, it is apparent that the 

statute is unclear or incomplete on two vital points. First, its 

objective is not stated in unique, measurable terms. Second, the 

criterion of benefit from use, on which comparison and allocation among 

competing uses would be made, is not defined in measurable terms. 

Therefore, comparisons among uses are not possible. In a situation of 

inadequate supply, the permit system's ability to achieve optimum 

allocation of water resources could be increased if its objective were 

stated so that the performance of the system could be measured, and if 

a more viable criterion were given by which alternative allocations 

could be ranked. 

Thus far, the analysis has concentrated on an assessment of the 

permit system's ability to achieve optimum allocation of the state's 

water resources given static conditions of requirement and supply. 

Another important facet of the system's optimizing ability is its 

responsiveness to changing physical, economic, and demographic 

conditions. To assist in examining this aspect of the permit system, 

a set of terms suggested by Ciriacy-Wantrup (18) will be used. These 

terms, "rigidity", "protection", and "security", denote nonresponse, 

while the term "flexibility" denotes responsiveness (18, p. 252). With 

respect to the permit system, rigidity refers to the lack of permit 

mobility among alternative uses. Protection refers to the assurance 

given a permit holder by the permit system that his water right is 

STATE LIBRARY OF IOWA 
Historical Building 
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protected against unlawful acts by others; this is a legal topic, beyond 

the scope of this analysis. Security can be , thought of as protection 

against tenure uncertainty, which is the possibility that a right may be 

lost to superior rightholders, or physical uncertainty, which is the 

possibility of loss of right due to flow variability. 

One component of the rigidity which the Iowa permit system 

possesses could decrease absolutely over time. This rigidity is found 

in certain rights which were to be preserved after the enactment of the 

statute (53, sect. 4SSA.23). As these prior uses are discontinued, 

more flexible allocations may take their place. However, the requirement 

that a low flow be protected in all watercourses (53, sect. 45SA.22) 

represents a component of rigidity which could increase in relative 

importance in a time of general shortage. The uses for which the 

minimum flow is protected are the nonregulated uses, which are assured 

a top priority as long as there is flow in the stream. If flow decreases, 

regulated uses may be required to cease, while nonregulated uses are 

assured an increasing share of available flow. 

Security is provided in the statute against both tenure uncertainty 

and physical uncertainty. Some protection against the physical 

uncertainty of variable flow is accorded to nonregulated uses by 

established low flow standards. Protection of this flow requires that 

consumptive uses cease when they endanger the protected flow, while 

nonconsumptive withdrawals may continue as long as flow is adequate. 

Thus, regulated consumptive uses are least secure, regulated noncon

sumptive uses more secure, and nonregulated uses most secure from 

physical uncertainty. 

Protection against tenure uncertainty is practically complete for 

nonregulated uses, as long as the minimum flow requirement stands. For 

permitted uses, this protection is less certain, as there are several 

ways a permit may be revoked or suspended. Violation of the terms of 

the permit or nonuse of the allocated water allow the water commissioner 

to revoke the permit (53, sect. 455A.20). In cases of emergency, the 



31 

6 commissioner may suspend the permit for no more than thirty days. 

Otherwise, permission of the user is required before a permit may be 

revoked (53~ sect. 455A.20), and the permit is secure for its duration, 

at most ten years (53, sect. 45SA.20). 

Flexibility, reflecting responsiveness in the permit system to 

changing conditions, is limited. Partially because of the security 

aspects discussed above, allocation may be inflexible for the duration of 

the permits granted. Greater inflexibility arises from the stipulation 

that permits can be transferred only if ownership of the property on 

which the water is used is transferred (53, sect. 455A.30). If changes 

in demand or supply make current allocations suboptimal, to move 

toward optimization requires not only the ability to change existing 

allocations, but the ability to identify those uses which would increase 

total benefit. The Iowa water permit system possesses neither of these 

abilities. 

Economic Interpretations of Legal and Permit System Allocation 

Graphical representation of~ hypothetical production function 

Figure la shows the shape of a hypothetical production function 

for the jth product, embodying the assumption that marginal physical 

product (mpp), as shown in Figure lb, first increases and then diminishes 

as water use increases, if all other inputs are held constant. Such a 

production function can be divided into three stages as follows (36, pp. 122-123): 

for any 

Stage I: {x f o ~ x , a} ; point ! is the point of maximum 

average physical product; 

Stage I I: {_ x l a < x ~ ~ ; at point b, total product is a -
maximum and mpp = O; 

Stage III: {x I x > b). Beyond£, total product declines 

as additional water is used; mpp < o. 

6 (53, sect. 45SA.20). 
reason for protection 

In Minnesota, a permit may be cancelled 
of the public interest (33, p. 241). 
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It can be shown that no rational producer would continue 
7 stage I, where average physical product is increasing. 

operating in 

Instead, he 

would increase water use beyond point a. A rational producer, in most -
cases, would also restrict water use to x ~ b, for beyond b, water is -
not only wasted, but total physical product is decreased with every 

additional unit of water. 

Thus, analysis can be restricted to stage II, in which a rational 

producer would operate, and stage III, where production implies that 

water is being wasted. From the general necessary conditions for 

optimum resource use developed in Chapter II, two conclusions are 

obvious. First, if total water use is less than the available amount, 

vmp ='X. = o, 8 
and optimum allocation occurs at b. Second, if total 

potential water use is greater than or equal to the available amount, 

vmp =Ao> 0, and optimum allocation occurs between~ and~, with the 

particular allocation depending upon the value of vmp. 

Recognition of necessary conditions in centralized allocation systems 

In measuring relative worth of water in alternative uses, the 

appropriative doctrine, the riparian doctrine, and the Iowa permit 

system all depend upon criteria developed in statutory or case law. 

For all systems, the criteria are similar. The appropriative doctrine 

ranks uses according to their relative benefit, contingent upon the 

7This can be seen intuitively by considering that as use of xis 
increased from x = 0 to x = a, the producer experiences increasing 
returns to x; in this range, increasing x increases the return to all units 
of x. It would be logical to continue to increase x until the point 
x = a is reached. Furthermore, in the interval 0 ~ x < a, the marginal 
physical product of any fixed input is negative (36, p. 123). 

8 
vmp = output price x mpp; under the assumption of perfect 

competition made in Chapter II, output price is constant regardless of 
the level of output. Therefore, the vmp curve and the mpp curve are 
similarly shaped, and are equal to zero at point b. 
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existence of a preference ranking within the jurisdiction. The riparian 

doctrine states the priority of natural uses over artificial uses, and 

maintains that the riparian owner has the right to reasonable use of the 

flow across his riparian land. In times of scarcity, allocation is made 

based on relative reasonableness_, defined in terms of benefit to the user. 

The permit system in Iowa requires that a use be beneficial to the user, 

and as in the riparian and appropriative doctrines, disallows waste. 

A use is beneficial to the user if the vmp of water in that use is 

positive. This fact implies that such a user will be operating in stage 

II of his production function, as discussed in the previous section, since 

no rational producer would continue operating in stage I. Water use will 

also not occur in stage III, since in stage III the use is both nonbeneficial 

and wasteful. 9 The only two points, therefore, which the appropriative 

doctrine, the riparian doctrine, and Iowa's permit system define are 

those two points where vmp is zero: at zero input use, and at maximum 

total physical product. No point between these two extremes is defined. 

For abundant water supplies, this lack of definition is 

unimportant, since vmp of abundant water is zero. However, if the 

supply is scarce, then vmp becomes positive. Optimum allocation of a 

scarce supply occurs at some point where vmp is positive; none of the 

three legal allocation systems identifies such a point without judicial 

or administrative procedure. 

Moreover, if vmp is positive, indicating that water supplies have 

value, allocation of those sypplies to applicants under a permit system at 

a nominal fixed cost per permit suggests a windfall gain to the fortunate 

permittee. The value of the scarce resource thus incures to the benefit of 

the permittee and not to society in general. 

Iowa's permit system, by inhibiting free transfer of water rights 

(53, sect. 45SA.30) precludes the operation of a market for water rights. 

Such a market would, in theory, tend to allocate water rights in an 

optimal manner. A system of ad valorem taxation could have a similar 

allocative effect. Since no market exists and water use is not taxed, and 

the permit system does not define the necessary conditions for optimum 

resource use, the following chapters describe the construction of models 

to generate estimates of optimum resource use. 

9This is untrue if the production function is horizontal in the 
interval x a. In this case, water use beyond x = a does not produce 
negative benefits, but is nevertheless wasteful. 
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CHAPTER FOUR: HYPOTHESIS 

Hypotheses, as guides to inquiry, are propositions concerning 

cause-effect relationships (37, pp. 41-53). Depending upon the 

objectives of an analysis, its hypotheses may be described as problem 

delimiting, diagnostic, or remedial (98, p. 24). Problem delimiting 

hypotheses illustrate the nature of a proble~ in terms of divergences 

between existing situations and desired goals. Diagnostic hypotheses 

attempt to explain why a problem exists, and remedial hypotheses describe 

methods by which the desired goal can be reached. 

The hypothesis constructed to guide this analysis is problem 

delimiting, and it is based upon the following two assumptions: 

1) Iowa's water permit system was designed to be an 

optimizing institution, one which allocates water rights 

such that progress is maximized toward some goal or 

set of goals. 

2) The set of goals toward which the permit system is 

designed to move includes goals of equity, security, 

and economic growth. 

The equity concept in the permit system's assumed·· goal set refer~ 

to a distribution of wealth throughout society consistent with generally 

accepted standards of distributive justice (87, pp. 59-69). In the 

context of water rights allocation, the goal of security refers to the 

assurance of a right holder that his water right will not be lost for at 

least some specified time period. 1 There are static and dynamic aspects 

of the goal of economic growth. Investment is the dynamic aspect, 

1 
According to Ciriacy-Wantrup (18), a water right holder faces 

physical uncertainty, for flow may not always be sufficient to meet his 
needs; legal uncertainty, in that his water right may be infringed upon 
due to the illegal acts of others; and tenure uncertainty, whereby his 
water right may be lost due to the actions of others with prior or 
superior rights. Dams, impoundments, and other physical structures 
provide a degree of security against the physical uncertainty of variable 
supply, and legal systems provide security or recourse against loss 
under legal uncertainty. Security of tenure, however, is one of the 
protections which systems of water rights allocation seek to provide. 
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inasmuch as net investment in capital goods increases the productive 

capacity of the economy, The static aspect is efficiency, which refers 

to that allocation of resources and output which maximizes social benefit 

(87, pp. 59-69). 

Given assumptions ( 1) and (2), it is possible to construct the 

following general hypothesis: Iowa's water permit system, in situations 

of insufficient water supply, will optimally allocate Iowa's water 

resources, where optimum allocation maximized movement toward the 

set of goals assumed in (2), A vtudy of this general hypothesis 

would require both static and dynamic analyses of the effect of water 

allocation on equity, security, efficiency, and investment in Iowa. 

Consideration of all these questions is beyond the scope of this analysis; 

therefore, a more restricted, operational hypothesis is used as a guide . 

Only efficiency, the static dimension of economic growth, is 

examined in this analysis. Further, analysis will be confined to 

considerations of short-run efficiency, 2 In addition to defining a 

problem of manageable proportions, the analysis focusses on this single 

goal for two reasons. First, the theory of short-run efficiency is 

relatively complete, and several analytical techniques exist upon which 

a model can be built. Second, it will be shown in Chapter Fiv e that the 

model used in this analysis can be adapted to account for considerations 

of equity, security, and investment. With these restrictions, the 

''working hypothesis" (37 , pp. 46-47) is as follows: Iowa's water permit 

system will achie ve efficient short-run allocation of Iowa's water 

resources in situations of scarce water supply. 

It was noted in Chapter One that since the inc e ption of the permit 

system in 1957, only two permit applications have been refused, and 

that each of these requested a permit to dispose of excess surface water. 

Therefore, the hypothesis above will not be empirically tested in this 

2That period over which all inputs are variable is the long run 
( 36, pp. 107 -108). One of the inputs held constant in the short run is 
capita 1, which is consistent with the decision not to examine the 
investment goa 1. 
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study, since the problem of allocating an insufficient water supply 

apparently has not arisen , 3 However, this hypothesis will be 

illustrated by a linear programming model. This model will show 

optimum water allocation in a given situation, which can be compared 

with the allocation which might result from operation of the permit 

system in the same situation. 

3
According to Hines (48, pp, 38-39, note 179), permits are 

often granted according to terms more restrictive than those requested 
by the applicant. In some cases, the amount of water granted is less 
than that applied for, but these reductions are often the result of 
an applicant's request for more than a reasonable amount of water for 
his use (48, p. 38). Shortages of water which necessitate critical 
allocation decisions apparently have yet to occur, 
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PART II 

CHAPTER FIVE: GENERAL LINEAR PROGRAMMING 

MODEL FOR RESOURCE USE 

A linear progranuning model was chosen in this analysis 

primarily because of the excellent correspondence between the require

ments of the problem and the features of this type of model. Because 

of the wide acceptance and frequent use of linear programming as an 

empirical tool in economic analysis, no theoretical discussion of the 
1 technique will be given. Instead, the points of correspondence between 

the problem and the tool will be summarized. 

As an analytical technique, linear programming can be applied to 

many types of situations. A common type of problem is that of finding the 

optimum levels of a number of alternative activities, when these activities 

are constrained by fixed quantities of available inputs. This is analogous 

to the problem under consideration in this thesis: identification of the 

set of activities which makes optimum use of a fixed water supply. 

Another advantage of using a linear program can be found in the 
2 primal-dual relationship. The relevant implication of this relationship 

can be summarized in the following way. For every linear programming 

problem there exists simultaneously another programming problem, 

called the "dual" of the original problem (which is known as the primal). 

The primal-dual relation is symmetric, and if the primal is a maximi

zation problem, the dual is a minimization problem. Further, if the 

primal objective is to maximize the value of output subject to input 

constraints, then the objective of the dual is to minimize the "shadow 

prices" (5, p. 110), or internally imputed values of the inputs. Thus, 

the solution to the dual generates for each input in the primal a value 

which corresponds to the Lagrange multiplier discussed in Chapter Two. 

1Full discussions of linear programming can be found in (5, pp. 
70-128), (40), and (93 , pp. 88-171). 

2For discussions of duality, see supra, note 1. 

, 
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The dual optimum solution tells by how much the value of the objective 

function would be increased if an additional unit of each of the primal 

inputs were available. 

A further advantage in the use of a linear programming model is 

its flexibility. Such a model can be used to describe allocation problems 

involving only a few alternative uses for a scarce water supply as well 

as allocation problems in which there are many diverse alternative 

uses. A linear program can also be used for single-period analysis or, 

with minor modifications, for multi-period analysis in a recursive 

framework. For multi-period analysis, a recursive linear program can 

also be linked with a simulation model which provides exogenous data to 

the linear program for each succeeding time period. For any period, 

this information is based on the reaction of simulated physical or 

economic systems 

in the preceding 

to the results 
3 period. 

of the linear program's optimum solution 

Model Structure 

The model described in this chapter is simplistic in its nature, 

endeavoring to provide the desired information with a minimum amount 

of required data input. Only the short run, as defined in Chapter Four, is 

considered. However, within this limited scope, the model exhibits 

dynamic properti.es in considering seasonal variation in water require

ments and supplies. The time period of the model is defined as one year, 

but in applying the model to any given area, the year can be partitioned 

into single months or groups of months. The time periods would be 

constructed to illustrate seasonal fluctuations in water requirements and 

supplies and transfer of water supply from month to month through 

storage facilities. In the application in this study, four groups of 

months are defined, as shown in Chapter Four. 

3For an example of such an application, see (43 ) . 
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The aforementioned single-year approach notwithstanding, multi

year applications can be made with relative ease. This could be done 

either by solving the model once for each year in the interval considered, 

or by solving the model for the first and last years of the interval. 

In either case, changing conditions would be denoted by corresponding 

changes in the model's coefficients and parameters between solutions. 

The form of the model is as follows: 

maximize z = c•xP 

subject to 
xP 

A XS 
' b 

-XP 

o. 
The variables have the following dimensions: 

1) c is a £-vector; 

2) xP is a £-vector; xs is an ~-vector; xr is an £-vector; 

p + s + r = n; 

3) A is an~ x ~ matrix; 

4) bis an m-vector. 

The primal form of the model is composed of four components: a 

xr]; a matrix A of technical set of activity variables, [ xP xs , , 

coefficients; a set of constraint [ 
-p -s ;;-rl parameters, b, X, X, X]; and 

an objective function, c'XP. The dual form, which generates the shadow 

price of each primal input, is determined once the primal is defined. 

The structure of each of the model's components is dictated in part by 

the type of information the model is intended to provide. The model is 

constructed to find the optimum level of water using activities 

in an area. No attempt is made to specify the optimum combination of 

• 



40 

activities within each agricultural or industrial water user's operation. 

It is assumed that this optimization has already occurred within each 

firm. 4 Each of the four primal components will be described in the 

following section. 

Activities 

For any time period, the model's set of activity variables 

represents each actual or potential use to which water withdrawn from 
• 

specific sources considered in the model can be put. These activity 

variables fall into three subsets which can be defined as follows: 

a) xP, the set of uses demanding water as an input to 

a production process. The assumption that each firm 

has found the optimum combination of technological 

alternatives for the production of each of its products 

implies that there is only one process per product. 

There will be, therefore, one Xj for each product 

produced in the area under consideration. The 

production function of each of these activities is defined 

by assumption to be Xj = fj (water, land, labor, capital_j), 

Xj . xP. Each of these inputs is subject to a 

constraint on the amount available per time period. 

In this study, most activities in xP are represented by 

aggregate sectors defined in Table 22, Appendix A. These sectors are 

composed of a number of manufacturing or non-manufacturing activities 

producing the same type of output. The output of any of these sectors is 

a fictional product type, so that the shadow price of water in that 

activity does not refer to any particular product, but to an 

aggregate of the products in the sector. Such general shadow prices 

are useful in determining the value of water in these sectors, but 

for some activities, more specific information may be desirable. 

4This two-stage decision-making process is developed in (77). 

l 
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Where information is desired with respect to a specific product, 

an activity is defined which represents the production of that 

product. 

Meat packing, cattle feed lots, corn production, and soybean 

production are represented specifically in application of the model. 

The level of each of these activities is measured in physical output 

units. All other activities in xP are represented by aggregate sectors. 

Output in each of these activities is measured in money valued units, 

which are defined below in the section discussing the model's objective 

function. 

b) x8
, the set of uses which represent treatment of water 

to change its time, quality, or location characteristics. 

Included in this subset are municipal water treatment and 

water pollution control plants, as well as storage and 

transport facilities. Each of these activities is assumed 

to have a production function of the same type shown in (a) 

above for xP, the producing activities. The unit in which 

activities in xs are expressed is one thousand gallons of 

water. 

c) xr, in part, a set of public water uses in which water 

can be conceived as a commodity, yielding utility directly 

by its use. Residential use and recreation are included in 

this subset, as well as an activity for each surface stream 

source in the model, representing use of water to satisfy 

the "protected low flow" requirement of the permit system 

(53, sect. 455A.l). Also included in xr is an activity 

to represent the amount of water which must remain in 

a source to service the rights of downstream permit 

holders who are not explicitly represented in the model. 

Activities in xr are measured in units of one thousand 

gallons of water. 
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Technical coefficients 
The model's matrix of technical coefficients consists of ratios 

defining the amount of each resource required for the production of a 

unit of each activity. For each Xj = fj(water, land, labor, capital). 

VXfXP, xs, there is a technical coefficient for each input in the 

production function. For domestic use there are two coefficients, one 

representing transfer of water either from a source or a treatment 

activity to a public use, the other representing transfer of waste water 

from domestic use to a treatment facility. For recreation and flow 

protection, a single coefficient for each represents net use per period 

from sources in the model. 

All water use coefficients show net consumption per unit of 

activity, except where withdrawals are from one source and discharge 

is into another source, or where water inputs and waste water outputs 

are treated by separate facilities. In each case, both coefficients must 

be explicitly accounted for to show movement of water from one supply 

to another. Consumption of location, quality, or time utility in water 

supplies can be illustrated in this way, differentiating water supplies 

according to these three parameters. 

Constraint parameters 

The set of constraint parameters contains components repre-

senting the maximum amount of each resource available to the model 

per time period. Water, land, and labor are represented by elements 

of the b vector. 5 Each of these resource classes is heterogeneous and 

can be divided into more homogeneous subclasses. The number of 

Swithin the system Alc,b, the following specific constraint 

inequalities can be identified: 

n 
let L. a 1j xj ~ b 1 

j=l 

n 

L a2j X j '= b2 
j•l 

• • (footnote continued on following page) . 
• • 

• • 
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subclasses used is determined by the amount of detailed information 

desired from the model. A shadow price is generated for each resource 

subclass delineated, but more detailed input data are required as the 

number of subclasses increases. 

Consistent with this relation between input data and output 

information, the water and land resources in the model are differentiated, 

while the labor resourGe is considered homogeneous. This is done for 

the water resource because information is desired concerning the 

differential value in use of various water supplies. Land is subclassified 

because there is evidence6 that some agricultural activities have a 

(footnote continued from previous page) 

n 

j=l 

n 

j=l 

n 

j=l 

n 

j=l 

n 

j•l 

auj xj 

au+lj Xj 

au+2j X. 
J 

• • 

• • 

• • 

am-lj xJ 

amj xj 

b express the area water use constraints; 
u 

bm-l express the area land use constraints; and 

bm express the area labor force constraint. 

61n Arizona, where water is generally scarce, Young and Martin 
( 122) showed personal income generated per acre foot of water used to be 
approximately 1000 times higher in manufacturing than in the highest
valued crop use. 
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significantly lower return to a scarce water resource than some 

industrial activities. By considering return to water used in alternative 

activities on different types of land, planning decisions could be made 

which would enhance the movement of water used ~n low productivity 

agricultural land into higher productivity agricultural or industrial uses. 

Labor supply could also be considered in this manner. However, 

labor is a relatively mobile resource both geographically and occupa

tionally. Further, knowledge of the magnitude of the return to water 

used by labor subclasses is of doubtful value. For these seasons, labor 

is treated as a homogenous resource class. 

Available capital inputs to activities in the model are considered 

to be fixed in any time period. ~ach activity which requires capital 

operates under a constraint on the available amount of fixed plant and 

equipment. This constraint can be expressed either as a physical 

quantity representing the production capacity of each of the activities, 

or as the dollar value of available fixed plant and equipment. For 

activities in the producing sector, XP, the constraint is denoted by xP; 

for water supply activities, xs, the constraint is denoted by x8. By the 

hypothesis in Chapter IV, investment is disregarded in this analysis, 

but xP and xs could be changed between periods in a dynamic analysis to 

allow for consideration of investment. 

Objective function 

The model's objective function follows from the hypothesis in 

ChapterFour,inwhich the analysis is restricted to considerations of 

short-run efficiency in water allocation. By definition (87, p. 148), 

efficient allocation is that which maximizes social benefit gained in the 

use of water; therefore, the model's objective is to maximize social 

benefit. 

Social benefit is difficult to measure, for it includes not only 

the dollar-valued output of goods and services, but also many items which 

have no readily discernible market value. For instance, social benefit 

from water use includes the benefit derived fran such water uses as 
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recreation and conservation. Further, water is necessary to sustain 

life, and its value in fulfilling this function is difficult to quantify. 

Because of these difficulties, it is necessary to find a proxy for social 

benefit. 

In this study, the proxy used is based upon the value of output of 

the producing activities in the model; these activities are represented by 
p 

the elements of xP. Value of output is represented by~ pJ. Xj, where 
J=l 

Pj is the unit price of the output of Xj . However, value of output may 

include payments to factors not located in the area affected by the 

hydrologic system under consideration. Therefore, for each activity X., 
J 

these payments are excluded from the objective function by the method 

described below. 

For each activity, total value of product is assumed to be 

exhausted by payments to the various inputs and factors of production, 

as expressed by the following relationship: 

Product value/unit of Xj = Wages and Salaries/unit of Xj + 

Materials Cost/unit of X. + Other Income/unit of X . . 
J J 

The several terms of this relationship are defined as follows: 

a) Wages and Salaries/unit of X. is the portion of product value 
J 

paid to those whose labor is expended in production of the jth 

product. 

b) Materials Cost/unit of Xj is the portion of product value paid 

to purchase the materials which are part of the jth product, 

including materials imported from outside the area. 

c) Other income/unit of Xj is the remainder of product value, 

including profits, return on capital invested, and rents 

according to land and water in the production of X .. 
J 

The element in the objective function corresponding to Xj is 

Thus, 

cj = Product Value/unit of Xj-Materials Cost/unit of Xj = Wages 

and Salaries/unit of X 
j 

each activity is weighted 

+ Other Income/unit of X . · 
j 

according to the portion of its product 

value earned by those factors of production local to the hydrologic system 
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under study. These factors are labor, land, water, fixed capital, and 

managerial ability. ' 

By excluding the cost of materials from the objective function 

coefficient, two problems are avoided. First, any payments for 

materials produced outside the model area are excluded; these payments 

do not represent be·nefit to individuals in the model area. Second, 

excluding materials cost insures that only the value of final production 

is measured. 7 

There are at least three theoretical difficulties in using a 

portion of product value to approximate social benefit. First, if 

there are any external effects present in the model area, marginal 

private cost and benefit may not be equal to marginal social cost and 

benefit, respectively. In this case, the market value of output does 

not represent its value to society; if marginal social benefit exceeds 

marginal private benefit, output value understates social benefit. 

If marginal private benefit exceeds marginal social benefit, which is 

the case where air and water pollution result from production, the value 

of output overstates social benefit. 

Another difficulty is that an increase in output, while increasing 

some individual's benefit, may decrease the benefit derived by others. 

If this occurs, it is not possible to specify whether social benefit has 

increased, because no method for making interpersonal utility comparisons 

exists at this time ( 87, p. 64). A third difficulty in the use of a 

portion of total output value to approximate social benefit is that this 

measurement conceals any changes in either the quality of the several 

outputs produced, or in the relative proportions in which these outputs 

are produced (output mix). Changes in both output quality and output 

mix can influence social benefit. 

7
Bread is a final product, the value of which includes the value 

of the flour used in its production. Flour is an intermediate product, 
and to add the value of bread production and the value of flour production 
would be to count the value of flour twice. See (84, pp. 183-186). 
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Notwithstanding the existence of these difficulties, the objective 

function of the model is defined as 

where 

Those 

Z = c'Xp 

cj = Product Value/unit of Xj-Materials Cost/unit of Xj = Wages 

and Salaries/unit of Xj + Other Income/unit of Xj, j=l, •.. ,p. 

activities which are treated specifically are measured in physical 

production units; the corresponding element inc is the price per unit for 

that product. Those activities represented by aggregate sectors are 

measured in dollar-valued output units. These units are defined to be 

the amount of production required to generate a one dollar increase in 

product value from that sector. cj, as defined above, is the product 

value per unit of output. Therefore, the unit of measurement of each 

activity in xP represented by an aggregate sector is cjXj, and the 

coefficient in the objective function is actually unity. The objective 

function of the model is identical to that defined above, Z = c•xP. 

The coefficients in the objective function associated with elements 

in xs, the water-supply activities, and xr, the residual social water uses, 

are defined to be zero in all activities except one because most water in 

Iowa presently has no market price. Therefore, the value of a unit of 

treated water, which derives from the use of that unit in production of 

consumption uses, cannot be directly measured, nor can the value of a 

unit of water used in human consumption, recreation, or low-flow 

protection. The activities in xr are instead constrained to appear in the 

solution, while the activities in X8 will appear at some positive level 

due to linkages with activities in both xP and xr. 
In one application of the model, one activity in X8 is assigned a 

negative coefficient in the objective function. This activity represents 

treatment of a polluted water supply. It differs from the activity 

representing treatment of a less polluted supply only in the objective 

function coefficient assigned to each. The negative cj is the amount per 

unit by which treatment costs are increased by the presence of pollutants 

in the water supply . 

• 

I 

II 
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Solution of 

Interpretation of the Solution 

the model yields an activity set [ P* s* r*J X , X , X 

which maximizes the value of the objective function. Optimal water use 

in activities in xP must be calculated indirectly from the optimal solution 

since these activities are expressed in terms of output units. 

\IXJ~xP, water use is calculated by multiplying Xj*, the optimum 

For X·* J , 

level 

of that activity, by its technical coefficient of water use (water used per 

unit of output). From any water supply 

used in activities in xP would be equal 

represented by ba, the water 
p 

to 4- ac,.j XJ•*. Total water use 
J=l u p 

in activities in xP from all sources would be obtained by L 2- aij Xj* 
i=l j=l 

for all water sources, b1 , bz, ••• bu· 

Activities in X8 and xr are expressed in units of one thousand 

gallons of water. Total water use in these activities would be 
u n > L aij Xj*, while total water use in all activities would be given by 
T-1 j=p+l 

Also generated are shadow prices for each constraint. For the 

b vector, the shadow prices represent the value of an additional unit of 

land, labor, or water resource. For XP, Xs, and Xr, the shadow 

prices have an analogous interpretation. However, the shadow prices 

associated with each parameter in xt represent the amount by which the 

objective function would be increased if minimum requirements for 

public use were lowered by one unit. This value, while not a price, is 

an opportunity cost measure which could be an aid in planning, expecially 

with respect to water reserved for residential, recreational, or flow 

protection uses. 

Changes in Parameters 

To express actual or proposed changes in water supply or 

requirements in an area, ~he parameters of the model can be changed. 

Population growth, for example, can be expressed by increasing the 

amount of water reserved for residual and municipal use. Increased 
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recreation use can be represented analogously. Increases in industrial 

or agricultural requirements can be shown by raising the limit of the 

constraining resource (land, labor, capital, or water) and allowing that 

activity to expand. 

Secular changes in water quality levels can also be represented 

by shifting quantities of water from high quality supplies in the model to 

lower quality supplies. If an increased cost is shown to be associated 

with use of lower quality supplies, the value of treatment will be 

reflected. By identifying the source of quality degradation and identifying 

the consequence area where treatment finally takes place, the model may 

also provide planning information for quality improvement programs. 

Adapting the Model to Multi-Dimensional Goals 

Considering only the one-dimensional goal of short-run efficiency 

implies that this goal is independent of the goals of equity, security, 

and investment. If the four goals are independent, maximization with 

respect to any single goal is not inconsistent with maximization in 

terms of any or all of the other three. Operationally, this assumption 

may be unwarranted. Security and investment are related in that, for 

planning purposes, the length of time over which a water-related invest

ment must pay for itself (the planning horizon) depends upon how long 

the investor's water right is assured. For a given rate of return, the 

maximum feasible investment decreases as the planning horizon becomes 

shorter, while for investments of a given size, higher rates of return 

must be forthcoming as the planning horizon is shortened. Equity and 

efficiency are also not mutually exclusive. Efficient resource allocation 

given current income distribution may be inefficient if income is 

redistributed to be more equitable. 

In a model designed to show short-run efficiency, these inter

actions can be shown as additional constraints. As an example, if an 

increase in investment is desired, those activities in which investment 

is desired can be granted permits for the maximum allowable period, 

shown in the model by reducing the amount of available water in 
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succeeding time periods by this secured amount. The model also shows 
' which activity will have the greatest direct increase in output and 

employment from the use of additional water. 

Investigation of the effect of permit security could take the form 

of a constraint representing, in successive iterations of the model, the 

amount of water secured from reallocation by permits in force. Under 

each different assumed permit duration, the model could be reiterated 

yearly for a specified time period, and the present value of each year's 

production computed. These present values could then be summed over 

the time period for which the model was run, and compared with the 

present values associated with each assumed permit duration. 

l 
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CHAPTER SIX: APPLICATION OF THE GENERAL MODEL 

The ,nodel described in Chapter Five is applied to two situations in 

this chapter. One application is to a hypothetical water use situation. 

Apparently, no water shortage exists presently in Iowa which is serious 
1 

enough to affect a diverse group of economic activities. Therefore, the 

hypothetical situation is constructed to illustrate the use of the model 

more completely than could application to an existing situation of limited 

scope in Iowa. 

The second application of the model is to the use, by existing 

activities, of water from a shallow sand and gravel aquifer, located 

near an Iowa town of approximately 5000 population. This application 

encompasses fewer activities and a more abundant water supply than 

the hypothetical situation, but it illustrates what could be considered 

a typical application of the model in a real situation. These applications, 

designated I and II respectively, are described in the following sections. 

Application I: A Hypothetical Water Use Situation 

The water use situation under study in application I is 

illustrated in Figure 2. In this situation, water may be used in crop 

and livestock agriculture, industry, and domestic uses. The water supply 

on which these uses depend is a stream with a 20 square mile drainage area. 

The flow in this situation is assumed to be dependent upon rainfall 

in the basin. The mathematical relation expressing this dependence is 

shown in a later section discussing the model's resource parameters. 

The annual time frame of the general model described in Chap

ter Five is partitioned into four time periods in application I. These 

time periods are constructed to reflect the seasonal variation in water supply 

and in the water requirements of the agricultural activities. The time 

periods are as follows: 

linterviews with officials of the Iowa Water Commissioner's staff 
and the U.S. Geological Service, as well as with members of the Iowa 
State University faculty in several departments failed to reveal any 
situation of scarcity. 
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period 1 - November through April; 

period 2 - May and June; 

period 3 - July and August; 

period 4 - September and October. 

Figure 3 shows these time periods superimposed upon the 

distribution of annual rainfall by months. It can be seen that 

period I contains the winter months of low rainfall while period 2 

contains the spring months, which have the highest average rainfall 

of the year. Period 3 contains those months during which rainfall 

reaches its lowest Level for the summer season, while period 4 contains 

a peak which occurs as rainfall increases from the low level of period 3 

and begins to decrease to the winter season low rainfalls. 

Crop water requirements during the growing season also fluctuate. 

The time periods defined above serve to isolate the period of maximum 

crop water requirements for crops considered in application I. 

According to Shaw, et. al (90 ), estimated average water requirements 

for corn during the periods defined above are as follows: 

period 1 - 4.9 inches; 

period 2 - 7.1 inches; 

period 3 - 10.7 inches; 

period 4 - S.l inches. 

The time periods of the model, as they are defined, allow for the juxta

position of rainfall and crop water requirements in such a way as to 

isolate those periods during which supplemental irrigation may be 

required. 

Activities 

Figure 2 shows the arrangement of activities in the situation 

represented in model application I. One central feature of this 

arrangement is the relationship of the pork slaughtering activity to the 

town. If, as is assumed in the model, significant pollution results 

from slaughter operations, the town downstream, which has no alternative 

supply, must bear the cost of removing this pollution from the water 

withdrawn for municipal use. This assumed relationship creates a 

I 
I 
I 
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framework in which to study the feasibility of using the stream between 

the pork plant and the town as an effluent carrier. 

The reservoir is included to illustrate the value of transfer 

of water between time periods. Inclusion of this facility also allows 

consideration of the competition between recreation, for which a stable 

reservoir level is desirable, and water storage, for which a fluctuating 

water level may at times be necessary. 

Two soil types are shown in the hypothetical situation so that 

comparisons can be made between the value of water used in crop 

production on each soil type. Further, the cattle feed lot operation is 

located on irrigable land, so that the value of water in different 

agricultural uses on the same soil type can be calculated. 

In this section, each activity in application I is defined. Each 

activity's coefficient of resource use and its coefficient in the objective 

function are shown in tabular form. The derivation of each of these 

coefficients is explained in the text. The . four variables listed below 

for each activity designate that activity in each of the four time 

periods of the model. 

The producing sector (XP) 

Agricultural activities There are five activities in the 

agricultural portion of the producing sector. They are a cattle feed lot, 

corn production on the two soil types, and soybean production on the two 

soil types. Aside from differences in yield due to soil type as shown 

in Table 19, Appendix A, the crop activities are defined similarly, so 

that comparisons can be made of the value of water in each crop on the 

same soil type. 

Crop activities on Tama silty clay loam are designated Corn 

Production I and Soybean Production I. Crop activities on Clarion loam 

are designated Corn Production II and Soybean Production II. Each 

agricultural activity withdraws water from the stream shown in Figure 2. 

The activities are defined as follows: 

X1, x25 , X49, X73 - Cattle Feed Lot, which utilizes land, labor, 

water withdrawn from the stream in Figure 2, and capital as illustrated 
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Tables la and lb. The activity involves feeding heifer calves, which 

are purchased at 400 pounds, fed a high roughage feed for 288 days, 

and sold at 925 pounds. Feed lots can be considered completely con

sumptive water uses, since liquid waste from the cattle is the only 

discharge of intake water. Most of this waste would either evaporate or 

infiltrate into the soil, never reaching the stream. 2 For this reason, 

no discharge is shown for this activity. 

Cattle feed lot operations which have no waste treatment 

facilities may also be significant contributors to agricultural pollution 

( 67, p. 1582). If feed lot solid wastes are not constantly treated, 

but are allowed to accumulate, these wastes may contribute only inter

mittently to high pollution loads in surface streams. Rainfall of 

sufficient intensity must occur to cause solid wastes to dissolve and 

run into the stream ( 67, p. 1951). Such a phenomenon is stochastic, 

and is not considered in this report. 

Production coefficients for labor, land, and water use in the 

cattle feed lot activity are based upon data given in James (57). 

Capital required per calf fed is based upon data in a study of feed 

lot operations in Northeast Iowa by Gross (39). 

The relationship used to estimate revenue per unit of output is 

the same for each of the activities in the producing sector. This 

relationship, given previously in Chapter Five, is 

c.= Product Value/unit of X 
J j 

wages and Salaries/unit 

- Materials Cost/unit of X. = 
J 3 

of X. + Other Income/unit of X .. 
J J 

2J. R. Miner, Agricultural Engineering Department, Iowa State 
University, Ames, Iowa. Data on the nature of cattle feed lot runoff. 
Private communication. July 1, 1969. 

3
rncluded in Other Income are returns to all non-labor factors 

of production, such as land, capital and entrepreneurial ability. 
The value of c. differs from total product value only by the cost of 
primary inputs~ with this single restriction, c. may be treated as 

J revenue. 
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For each activity, estimated materials cost per unit of output is 

deducted from estimated product value per unit of output. For x
1

, 

Cattle Feed Lot, product value was estimated according to 1967 average 

prices for good and choice heifer calves to be $~3.98 per hundredweight 

(32, Table 155, p. 107), or $221.82 for a 925 pound animal. The same 

calf, purchased at 1967 average prices, cost $28.00 per hundredweight 

(32, Table 160 - 160L, p. 113), or $112.00 for a 400 pound calf. 

Feeding costs are estimated by James (57 ., Table 2.12, p. 55) to be 

$73.57 for a 525 pound gain. Net revenue is as follows: 

Product Value 
less Materials cost: 

calf 
feed 

$112.00 
73.57 

$221.82 

185.57 
net revenue (C 1) $ 36.25 

X2, x261 , x50 , x74 - Corn Production I, the production of corn 

on Tama silty clay loam under high fertilization. 

X3, X27, X51, X75 - Corn Production II, the production of corn 

on Clarion loam under high fertilization. 

X4, X28, X52, x76 - Soybean Production I, growing soybeans on 

Tama silty clay loam under high fertilization. 

X5, X29, X53, X77, - Soybean Production II, soybeans grown on 

Clarion loam under high fertilization. 

Production coefficients for all four crop activities are shown 

in Table la and Table lb. The data from which labor, land and capital 

use coefficients were compiled are contained in James (57). Coefficients 

of water use per unit of corn output are based on data given in 

Shaw, et. al. ( 90 ). These water requirements express the amount that -
must be withdrawn from the stream to supplement insufficient rainfall. 

Negative irrigation requirements, which imply an abundance of rainfall, 

are considered to be zero in the model. Irrigation requirements 

for corn and soybeans and the method of derivation of these requirements 

for three levels of rainfall are shown in Table 21, Appendix A. 
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Water requirements for soybeans are assumed to be approxi

mately the same as requirements for corn. 4 ' The data given by Shaw, 

et. al. (90) shows consumptive crop use; return flow is assumed 

to be zero in each crop activity. 

Product value is assumed to be the same for a crop regardless 

of the soil type on which the crop was grown. James (57, Table 6.8 

p. 169) gives the average 1967 price per bushel for corn and soybeans, 

as well as estimates of the variable costs per acre (materials cost) 

for each crop (57, Table 8.1, p. 214). Variable costs per acre were 

converted to variable cost per bushel by the following manipulation: 
• 

variable cost/acre - bushels/acre= variable cost/bushel • 
• 

The net revenue per bushel for each crop is as follows: 

Corn (per bushel) -
Product Value 

less Materials Cost: 
net revenue (C2 ,C3) 

Soybeans (per bushel) -
Product Value 

less Materials Cost: 
net revenue (C4,c5) 

Non-agricultural activities 

$1.13 
-0.55 
$0.58 

$2.60 
-1.07 
$1.53 

There are eleven non-agricul-

tural production activities in each time period in application I of 

the general model. Of the eleven activities, two are represented as 

producing a specific product, while nine activities are represented 

as aggregate sectors. As discussed in Chapter Five, one distinction between 

these two methods of representation is that resource requirements in 

specific product activities are expressed as resources used per physical 

unit of output, while resource requirements in sector activities are 

expressed as resources used per $1000 of product value. By assumption, 

none of the t>leven activities has any seasonal variation in resource 

requirements. However, each of these activities must appear in every 

time period in the model. Table 2 shows, for any one of the model's 

Iowa. 

4R. L. Shaw, Agronomy Department, Iowa State University, 
Data on crop water requirements. Private communication. 

Ames, 
June 27, 1969. 

• 
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time periods, the resource requirements of each non-agricultural produc

ing activity. These activities are defined as follows: 

X6, X3 0 , x54 , x78 - Pork Slaughter I, which is a pork slaughtering 

plant operating at a rate of 230 carcasses per hour. Plant wastes from 

this activity are discharged into the stream after treatment for removal 

of biochemical oxygen demand (BOD). 5 It is assumed that the waste 

treatment facility of the pork plant provides adequate treatment of 

plant wastes at the rate of operation specified for Pork Slaughter I. 

By assumption, treated effluent from Pork Slaughter I does not decrease 

the stream's quality to such a level that existing treatment facilities 

of downstream users are inadequate. In terms of stream quality, the 

relationship between Pork Slaughter I and downstream activities is 

neutra1. A competitive relationship exists only with respect to quantity 

consumption; therefore, only the amount of water consumed per unit of 

output in Pork Slaughter I is shown in Table 2. 

X7, X31, X55, X79 - Pork Slaughter II, which differs from Pork 

Slaughter I in two respects. First, the slaughtering plant is operating 

at a rate of 310 carcasses per hour, so that its rates of resource use 

differ from those of Pork Slaughter I. Second, it is assumed that, in 

increasing plant output, this activity exceeds the design capacity of its 

waste treatment facility, 6 thereby reducing the facility's efficiency and 

increasing the level of BOD in plant discharge. The resulting pollution 

load is hypothesized to be sufficient to force the town downstream from 

5The bacterial deGomposition of organic waste in effluent water 
consumes dissolved oxygen. Bio~hemical oxygen demand (BOD) expresses 
the amount of dissolved oxygen which will be consumed in the decom
position of a given quantity of organic waste (63, p. 548). 

6The treatment facility's design capacity may be exceeded 
because the slaughter rate has increased, because the amount of waste 
discharged per carcass has increased, or because poor maintenance of the 
treatment facility has reduced its capacity. 
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Table la. Seasonal resource requirements per unit of output in agricultural activities, appli
cation I 

Resource 

Land I (acres) 

Land II (acres) 

Labor (workers) 

Water (gallons) 

X1 
Cattle 

feed lot 
{eer head2 

0.004a 

-
0.60c 

d below normal rainfall 1,810.0 
normal rainfall 
above normal rainfall 

a(57, Table 5.3, p. 146) 

b(57, Table 1.10, p. 15) 

c(57, Table 3.1, p. 93) 

d (57, Table 5.4, p. 147) 

ec 90, Table 11, p. 237) 

X2 
Corn 

I 
{eer 100 bu.} 

o.ob 

-
0.18c 

o.oe 
0.0 
0.0 

Period 1 
X3 

Corn 
II 

{eer 100 bu.} 

-

o.ob 

o.1ac 

o.oe 
0.0 
0.0 

X4 
Soybeans 

I 
{eer 100 bu.} 

o.ob 

-
0.25c 

o.oe 
0.0 
0.0 

X5 
Soybeans 

II 
{eer 100 bu.} 

-
o.ob 

0.29c 

o.oe 
0.0 
0.0 

,, 

°' 0 



Table la. (Continued) 

Per 

X25 X26 X27 X2s X29 
Resource Cattle Corn Corn Soybeans Soybeans 

feed lot I II I II 
(per head) (per 100 bu.) ( per 100 bu.) (per 100 bu.) (per 100 bu . ) 

Land I (acres) 0.004a 1.02b - 2.9b -

Land I I (acres) - - 1.1 b. - 3.4b . 

Labor (workers) 0.28c 0.20c 0.2)C 0.66c 0. 78c 

Water (gallons) 
o.o<l below normal rainfall 29.0e 31.6e 83.7e 98. 1e a-

I-"' 

normal rainfall 0.0 0.0 0.0 0.0 
above normal rainfall 0.0 0.0 0.0 0.0 



Table la. (Continued 

Period 3 

Resource X49 Xso X51 X52 X53 
Cattle Corn Corn Soybeans Soybeans 

feed lot I II I II 
(per head) (per 100 bu.) (per 100 bu.) (per 100 bu.) (per 100 bu.) 

Land I (acres 0.004a 1.02b - 2.9b 

Land I I (acres) - - l.lb - 3.4b 

Labor (workers) o.2sc 0.06c 0.06c 0.25c 0.29c 

Water (gallons) 0' 
N 

below normal rainfall o.od 161.Se 175.9e 465.Se 545.ae 
normal rainfall 90.1 98.1 259.6 304.4 
above normal rainfall 50.9 55.4 146.7 172.0 

,, 



Table la. (Continued) 

Period 4 
X73 X74 X75 X76 X77 Resource Cattle Corn Corn Soybeans Soybeans 

feed lot I II I II 
(per head) (per 100 bu.) (per 100 bu.) (per 100 bu.) (per 100 bu.) 

r.a·nd I (acres) 0.004a 1.02b - 2.9b 

Land II (acres) - - 1.lb - 3.4b 

Labor (workers) 0.12c 0. llc 0.12c o.soc o.sac 

Water (gallons) O" 
w 

below normal rainfall 300.0d 17.6e 19.le 50.6e 59.3e 
normal rainfall 0.0 o.o 0.0 0.0 
above normal rainfall 0.0 0.0 0.0 0.0 

.. 



Table lb. Capital requirements and net revenue per unit of output for any period in 
agricultural activities, application I 

Resource 

Capital 

(dollars) 

Net revenue 

(dollars) 

X 1 , X 2 5 , X4 9 , X 7 3 
Cattle 

feed lot 
(per head) 

33.20f 

36.25i 

£(39, Table 9, p. 47) 

g(S7, Table 8.1, pp. 213-214) 

h(S7, Table 8.2, pp. 215-516) 

X2,X26,Xso,X74 
Corn 

I 
(per 100 bu.) 

45.41g 

58.00i 

isee text for sources and derivation. 

X3,X27,X51,X75 
Corn 

II 
(per 100 bu.) 

48.SSg 

58.00i 

X4,X2s,Xs2, X76 
Soybeans 

I 
(per 100 bu.) 

113.77h 

153.001 

X5,X29,X53,X77 
Soybeans 

II 
(per 100 bu.) 

132.57h 

153.00
1 

, 

0\ 
~ 
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the slaughter plant to incur higher treatment costs. For the purposes 

of this model, it is necessary only to specify by what amount downstream 

treatment costs are increased, and not to specify the nature of the 

pollution load which causes the increase. The specific cost increase 

will be discussed in a later section describing the town's water 

treatment facilities. 

As shown in Figure 2, water is withdrawn from and returned to 

the stream by both pork slaughter activities. Pork Slaughter II, if it 

enters the solution of the model, however, adds significant pollution to 

the stream, consuming entirely the supply of relatively unpolluted 

water designated in the model as stream I. At the same time, Pork 

Slaughter II creates a new water supply with lower quality character

istics, designated stream II. Defining two separate supplies in this 

way emphasizes the artificial scarcity of stream I water created by 

the inefficient waste treatment of Pork Slaughter II. The model generates 

the shadow price of any scarce resource, so that the cost of using the 

stream as an effluent carrier between the pork plant and the municipal 

water treatment facility can be determined. 

Labor use and capacity coefficients for Pork Slaughter I and 

Pork Slaugher II are calculated from data given in Daellenbach (24). 

Water use coefficients are based on a survey and analysis of five meat 

packing operations by Thornton and Frederick (96) and also on data 

gained in personal interview with production personnel at selected meat 

packing plants in Iowa. 

New revenue is the same in both Pork Slaughter I and Pork 

Slaughter II. Daellenbach (24, Appendix 2, p. 131) shows identical 

Material Costs for 230 carcasses per hour and 310 carcasses per hour. 

Using the 1967 average wholesale value, carcass and by-products (32, 

Table 203A, p. 140), as Product Value, and including in Materials Costs 

the average 1967 price for 200-220 pound barrows and gilts (32, Table 

203A, p. 140), net revenue is as follows: 
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Pork Slaughter (per carcass) 
Product Value 

' less Materials Costs 
(assuming 210 pount carcass) 
net revenue (C6,C7) 

$59.62 

46.49 
$13.13 

The remaining activities in the producing sector of the model are 

represented by aggregate industrial and trade sectors. Table 22, Appendix A 

lists thirteen such aggregate sectors which encompass economic activity in 

agriculture, manufacturing, trade, and service industries. Each of these 

sectors represents a number of individual industries, each producing a 

similar product. The industries included in each sector are denoted 

by the Standard Industrial Classification industry code numbers 

corresponding to that sector. The sectors defined in Table 22 may 

be used as activities in the model wherever information concerning 

water use in the production of specific products is not desired. 

The coefficients of resource use for each of the thirteen sectors 

are given in Table 2. These coefficients are based on data given in 

Barnard (3,4) and MacMillan (75). 7 The general method of calculation 

for these coefficients is described below. 

Data given in the sources cited above express, for each sector, 

capital, water, and labor requirements per unit of gross output. Capital 

required per dollar of gross output (3, Table 8, p. 53) and water intake 

and discharge per dollar of gross output (4, Table 4, p. 14) are given 

directly. The labor requirements data (75, Table 29, p. 127) are given 

in terms of dollars of gross output per worker; the reciprocal of this 

ratio is the workers required per dollar of gross output. 

This revised labor coefficient, the capital coefficient, and the 

water coefficients must be adjusted to find the amount of each resource 

7
Barnard defines fourteen sectors in his work (3,4). MacMillan(75) 

defines only thirteen; the transportation and the communication and 
utilities sector are combined into one, entitled Regulated Industries. 
In aggregating the resource use coefficients given by Barnard for the 
two separate sectors, each coefficient was weighted by the proportion 
of that sector's output to total output in both sectors. 



67 

required per unit of value added in that sector it1 the area under study. 

It1 Chapter V, the coefficient in the objective function for any activity 

Xj was defined to be 

cj = Product Value/unit of Xj - Materials Cost/unit of Xj. 

Therefore, tl1at portion of gross output value in a sector which is used 

to purchase materials for the production of that sector's output must be 

calculated and deducted from gross output value. 

For any one of the thirteen sectors listed in Table 22, Appendix 

A, the sum of that sector's purchases, per dollar of gross output, of 

intermediate goods from the other twelve sectors and from states 

outside Iowa (Table 23, Appendix A) represents that sector's materials 

cost per dollar of output. Gross output minus materials cost is value 

added, the portion of output value which is earned by labor, management, 

and capital factors of production. Thus, for the jth sector, the 

resource coefficients are computed as follows: 
1 

Labor/dollar value added in Xj = Outputj 

Workerj 

• 
l 
KJ 

where output per worker is given by MacMillan (66, Table 29, p. 127), 

and kj = value added per dollar of gross output. 

Capital/dollar value added i X _ Capitalj . 1 . 
n j - Output J lcj"' 

the capital output ratio is given in Barnard (3, Table 8, p. 53). 

Water intake/dollar value added in xj - Water intake j 1 
Output j · k. 

Water discharge j. 
Water discharge/doilar value added in X. _ -------------J Output j 

Water intake and water discharge per dollar of gross output are given 

Barnard (4, Table 4, p 14). Since each unit of output in a sector 

activity generates $1000 value added, the coefficient in the objective 

function is $1000 for any sector activity. 

• , 

l -k-
J 

in 

• , 
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In application I, activities x8 through x17 in period 1, and 

the correspondin~ activitiC's in periods 2, J., and 4 are represented by 

sectors, aH follows: 

X33, X57, Xs1 - Sector 5: 

- Sector 6: 

- Sector 7: 

Other Food and Kindred Products. 

Other Non-Durables, 

Farm Machinery, 

Other Machinery, 

X12, X36, X6o, Xa4 - Sector 8; Other Durables, 

X13, X37, X6l' Xas - Sector 9: Regulated Industries, 

X14, X3s, X62' x86 - Sector 10: Wholesale and Retail Trade, 

X15, X39, X63, Xa7 - Sector 11: Finance, Insurance, and Real Estate, 

X16, X40, X64, Xaa - Sector 12: Other Services, 

X17, x41 , X6s, Xa9 - Sector 13: Construction and Mining. 

Each of these activities is assumed to be located in the town shown in 

Figure 2. Each activity uses municipally treated water and discharges 

waste water to be treated by the municipal waste water treatment 

facility. Resource requirements per unit of each of these activities 

are shown in Table 2. 

The water supply sector (Xs). 

There are four activities in the water supply sector. Two of 

these activities, Water Treatment and Water Treatment II, represent 

treatment of stream water to meet commercial and residential 

requirements in the assumed municipality. Waste water treatment represents 

treatment of municipal waste water, while the fourth activity is Reservoir 

Storage, carried out in the reservoir shown in Figure 2. Resource require

ments for · each of these activities are shown in Table 3. The activities 

are defined as follows: 

X X x x - Water Treatment I, the activity which treats 12, 42, 66 1 90 
water withdrawn from stream I, water containing effluent from Pork Slaughter I. 

It is assumed that Pork Slaughter I discharges waste in quantities too 

small to affect the level of treatment costs at the municipal water treatment 

plant. The output of Water Treatment I is distributed among the various 



Table 2. Resource requirements and net revenue per unit of out~ut for any time period in 
non-agricultural production activities, application I 

Activity 
X61, X30, X7, X31, Xs, X32, X9, X33, X10, X34, X11, X35, 
X54, X78, X55, X79 Xs6, x80 X57, Xs1 Xs8, x82 X59, X83 

Pork Pork Other Food Other Farm Other 
Slaughter Slaughter and Kindred, Non- Machinery Machinery 

I II (exc. meat Durables 
products) 

(1000 hogs) (1000 hogs) ($1000 VA) ($1000 VA) ($1000 VA) ($1000 VA) 

Labor .1380 .1241 .1319 .1346 .1448 .1598 
(workers) 

Landb - - - - - -
Water 
(ga 1 lons) 

stream I 8700 239,000 
stream II -232,000 
treated water 119136.0 96970.3 59281.7 12135.2 
waste water -5170.0 -90109.3 -59281.7 -11216.4 

Capital 1572.2 1364.4 946.2 870.6 
(dollars) 

Net revenue 13, 130 13, 130 1000 1000 1000 1000 
(dollars) 

afor sources and derivation of data, see text. 

bthe quantity of land used is invariate with the volume of production. Therefore no 
coefficient need be included in the model. 

, 

0' 
l,C) 



Table 2. (Continued 

Activity 
X12, X36, X13, X37, X14, X38, X15, X39, X16, X40, X17, X41, 
X60, x84 X61, X85 X62, X86 X63, X87 X64, X88 X65, Xg9 
Other Regulated Wholesale Finances, Other Construction 
Durables Ind is tries and Retail Insurances Services and Mining 

Trade and real 
estate 

($1000 VA) ($1000 VA) ($1000 VA) ($1000 VA) ($1000 VA) ($1000 VA) 

Labor .1343 .0819 .2100 .0510 .2021 . 1412 
(workers) 

Land - - - - -
Water 
(gallons) ...., 

stream I 0 

stream II 
treated water 80,268.2 522,978.4 8~76. 8 2,608.2 ~1667.3 1,261,768.9 
waste water -7Q668.7 -108,312.7 - 7;357.2 -2,412. 6 -\0050.5 -883,582.8 

, 

Capital ~024.3 3,266.9 85 7 .0 1,706.9 \273.S 506.0 
(dollars) 

Net revenue 1,000 1,000 \000 \000 1,000 1,000 
(dollars) 
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commercial and residential water using activities in th~ town. 

X19, X43, X67~ X91 - Water Treatment II, which treats water 

withdrawn from stream II, containing effluent water from Pork Slaughter II. 

The main difference between Water Treatment II and Water Treatment I is 

the level of treatment cost per unit of water. Water Treatment II shows 

a higher cost, reflecting the increased pollution load caused by the 

Pork Slaughter II activity. 

The amount by which treatment costs are increased by the 

effluent of Pork Slaughter II is based upon $175 per million gallons 

average cost for treatment including filtration, given in Seidel and 

Cleasby (88, p. 1522). It is assumed that Water Treatment II is ten per 

cent more costly than Water Treatment I, and that Water Treatment I 

costs equal the average cost shown above. Water Treatment II, there

fore, is $17.50 per million gallons more expensive than Water Treatment I. 

In most water treatment facilities, some proportion of total 

output is "unaccounted-for" water, not distributed to customers (88, p. 

1509). According to the Seidel and Cleasby survey, the most frequently 

reported proportion was in the range of ten per cent to fifteen per cent. 

For this study, the mid-point of this range, a twelve and one-half per 

cent loss before distribution, will be assumed. Therefore, for each 

1,000 gallons treated, 1138.6 gallons must be withdrawn from the 

stream in both Water Treatment I and Water Treatment II. 

X20, X44, X6s, X92 - Waste Water Treatment. This activity represents 

the treatment of sewage from residential and commercial activities in the 

town. 1'he sewage effluent from the town is considered to be of the same 

quality regardless of the water's quality prior to initial treatment. 

Therefore, one activity is constructed to represent waste treatment 

under any configuration of activities and stream quality levels. 

The capacity of each of the three water supply activities listed 

above represents the average capacity of that type of facility for all 

towns in Iowa of 2500 to 10,000 population in 1960. These capacities, 

expressed in gallons, were estimated based on data in the 1962 Inventory 

... 
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of Municipal Waste Facilities (111) and the 1962 Inventory of ~lunicipal 

Water Facilities (112). A ratio estimate, t~eatment capacity per capita, 

was calculated and used to estimate treatment facility capacity in the 

hypothetical town of 10,000. The coefficient representing capacity used 

per gallon of water or waste water treated is unity, since capacity in 

each activity is expressed in gallons. 

1abor and land are not included as variable resource require

ments. Interview data for selected Iowa water treatment and sewage 

plants showed that over a broad range of output, a fixed amount of 

labor is required due to process automation. In the short run, therefore, 

labor requirements for each treatment operation are assumed to be 

invariate with output. Land requirements are considered also to be 

invariate for the water treatment and waste treatment activities. 

X21 - Reservoir, a storage facility, which is also used for 

recreation. Reservoir capacity is discussed in a later section on the 

model's parameters. Stored water can be released during low-flow 

periods for flow augmentation, either to meet withdrawal requirements 

or to be used for pollution abatement. Recreation use and flow 

augmentation of reservoir water are competing uses to some degree, 

since a relatively stable water level is desirable for recreation, while 

flow augmentation implies a fluctuating water level. 

Because storage is a transfer activity, it must appear in every 

time period. Therefore, x45 , x69 , and x93 are reservoir storage 

activities in periods 2, 3, and 4, respectively. 

The residential sector (Xr) 

The residential sector contains four activities representing some 

of the uses of water which do not normally produce market valued output. 
' 
The four activities are defined as follows: 

Xz2, x46 , x70 , x94 - Residential Use, based on an average use of 

79,000 gallons per residence per year (66, p. 1512). This activity does 

not represent water used by commercial activities in the assumed munici

pality. 



Table 3. Resource requirements and net revenue per 1000 gallons of water or waste water treated 

Resource 

Land (acres) 
a 

Labor (workers) 
a 

Water intake (gallons) 

Capacity (gallons) 

Net revenue (dollard) 

Xia, X42, x66, X90 
Water Treatment I 

0 

0 

l,138.6b (Stream I) 

1,000.0 

0 

X19, X43, X67, X91 
Water Treatment II 

0 

0 

b 1,138.6 (Stream II) 

1,000.0 

-.175c 

X20, X44, X68, X92 
Waste Water Treatment 

0 

0 

1,000.0 

1,000 

0 

aThe quantities of land and labor used are invariate with the volume of water heated. 
Therefore, no coefficient is required. 

bBased on 12.5 per cent loss between intake and distribution (88, p. 1509). 

csee accompanying dis cussion for source and derivation. 

. 

-....J 
vJ 
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X23, X47, X7 1, x95 - Recreation Use of Reservoir, which represents 

reservation of some proportion, in this mod~l an assumed 90 per cent, 

of reservoir storage for recreational uses such as swimming, boating, or 

fishing. 

X24, X4a, X72, x96 - Low Flow Protection, which is a feature of 

Iowa's permit system (53, sect. 455A.l). Reservation of a minimum 

amount of flow for nonregulated uses grants these uses maximum protection 

of right as long as there is water in the stream. Knowledge of the 

opportunity cost ·of reserving a quantity of water for low flow protection 

requires that it be explicitly recognized as an activity. 

Constraint parameters 

In the general model shown in Chapter Five, the set of constraint 

parameters was defined to contain four vectors, b, XP, x8, and xt'. The 

elements of the b vector represents available amounts of labor, water, 

and reservoir storage capacity in each time period, as well as the 

amount of land available annually to agricultural activities in the model. 

In Table 4, where the parameter values used in application I are shown, 

the elements of the b vector corresponding to labor, water, and 

reservoir storage parameters are designated bit' t • 1, •.• , 4, denoting 

that the parameter value variee among the four time periods. 
~ ~ -Elements in X and X, denoted by Xi, i • 6, ••• , 22, are shown 

only as annual amounts. These parameters specify the amount of 

available annual capacity in producing and water-supply activities. 
::r 

Elements of X, which represent the minimum amounts of water reserved 

for residential, low flow, and recreation uses, are denoted by X'
1

, 
i • 23, 24, 25. 

The individual constraint parameters for application I were 
calculated as follows: 

Water - all water in the model is initially in stream I ~lt• t * 1, 

••• , 4). The available runoff was based on below normal, average, and 

above normal rainfalls (89, p. 6), assuming that the relationship between 



. 
Table 4. Resource parameters, application I . 

Resource 

b1 stream 1 (gallons) 
above normal rainfall 
normal rainfall 
below normal rainfall 

b2 stream II (gallons) 
above normal rainfall 
normal rainfall 
below normal rainfall 

b3 labor (workers) 

b4 reservoir (gallons) 

b5 land I (acres 
I) 

b6 land II (acres) 

x feed lot capital($) 
1 

f 2 corn capital($) 

-
X3 soybean capital($) 

-

Annual 

1,427 

500 

500 

32,200 

44,330 

39,620 

X4 pork slaughter I 
capacity (carcasses) 478,400 

Available atnount 

Period 1 

1,453,525,336 
952,789,336 
315,046,400 

1,453,525,336 
952,789,336 
315 , 046, 400 

252,896,964 

Period 2 

1,161,429,336 
760,840,534 
254,540,800 

1,161,429,336 
760,840,534 
254,540, 800 

252,896,964 

Period 3 

462 , 485,334 
303,918,934 
100,530.934 

462,485,334 
303,918, 934 
100,530.934 

252,896,964 

Period 4 

406,848,000 
367,059,200 
88,324,266 

406,848,000 
267,059,200 
88~324,266 

252,896,964 

..... 
\II 



Table 4. (Continued) 

Resource 
Annual 

-x5 pork slaughter II 
capacity (carcasses) 166,900 

x6 non-durable goods 
capital ($) 1,005,422 

-
X7 durable goods 

capital($) 866,810 

!'
8 

regulated industries 
capital($) 3,743,972 

-X wholesale and retail 
9 trade capital($) 3,904,438 

-x10 finance, insurance and 
real estate capital 4,705,960 
($) 

-X other services 
11 capital($) 4,991,927 

X construction and 
12 mining capital($) 928,240 

-
x13 water treatment 

capacity (gallons448,950.000 

Available amount 

Period I Period 2 Period 3 Period 4 

..... 
0\ 

, 



Table 4. (Continued) 

Resource 
Annual 

-x14 waste water treatment 
capacity (gallons) 381,279,000 

x
15 

residential use 
(gallons) 

-x16 protected low 
flow (gallons) 

-x17 recreation in 
reservoir (gallons) 

-x18 treated water 
(gallons) 

-X waste water 
19 (gallons) 

266,862,000 

Available amount 

Period 1 

6,300,754 

12,650,000 

0 

0 

• 

---

Period 2 Period 3 

12,563,779 3,150,377 

12,650,000 12,650,000 

Period 4 

2,527,847 

12,650,000 " -..J 
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annual rainfall and annual runoff can be expressed as 

, log (annual runoff)• -3.1 + 2.6 Q..og (annual rainfa11] 8 

It is further assumed that runoff is distributed unevenly throughout 

the year, with 41.7 per cent appearing in period 2; 33.3 per cent in 

period 2; 13.3 per cent in period 3; and 11.7 per cent in period 4, based 

on information given by Bennion (6, p. 11). If a 20 square mile 

drainage area is assumed, the amount of available water with below 

normal, normal, and above normal rainfall is that shown in Table 2, 

Appendix A. 

According to Shaw (89, p. 6), each of the three ranges of rainfall 

discussed above is equally probably. Of the three events, below normal 

rainfall is the event which would create situations most conducive to 

water scarcity. It is conditions arising in water scarcity which this 

model is designed to treat. Therefore, streamflow levels and crop 

water requirements in this application are those which result when 

rainfall on the drainage area of the stream is below normal. 

Stream II (b2t, t = 1, ••• , 4-) is a transfer row showing 
• 

movement of water from a higher to a lower quality supply as wastes 

from the Pork Slaughter II activity are discharged into Stream I. The 

value of b 2t in any period depends upon the amount of water initially 

available in that period in Stream I and upon the amount consumed by 

those activities which withdraw water from Stream I. These activities 

are as follows: 

Cattle Feed Lot -

Corn I 

Corn II 

Soybeans I 

Soybeans II 

Pork Slaughter I 

X1, 

X2, 

X3, 

X4, 

X5, 

x6, 

X25, X49, X73 

x26' XSO' X74 

X27, X51, X75 

x28' XS2' x76 

X29, X53, X77 

X30, X54, X7s 

8Merwin Dougal, Civil Engineering Department, Iowa State University, 
Ames, Iowa. Data on rainfall - runoff relationship. Private communication. 
July 3, 1969. 
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Pork Slaughter II 

Water Treatment I 

Reservoir 

Low Flow Protection 

79 

X7, X31, X55, X79 

Xia, X42, x66• X90 

X21, X45, X69, X93 

Xz9, X4a, X72, X96 

Thus, for time period 1, b 23 is given by the expression 

t21 = bll- [a11 xl + 8 12 X2 + A13 X3 + 8 14 X4 + a15 X5 + 

Applying a16X6 + (al7 - 8 27> X7 + 8 1,21 X21 + 8 1,24 X24] · 

relation to the b21 row yields 

this 

all Xl + 8 12 X2 + a13 X3 + a14X4 + 8 15X5 + a16X6 + (al7 - 2a27) 

which becomes the row 

of the A matrix representing use of the Stream II resource. For each 

of the other time periods in the model, the form of the corresponding 

Stream II row is the same as that shown above. 

Land ( bs, b6 ) - for each soil type in the model, Tama silty 

c l ay loam and Clarion loam, 500 acres are hypothesized to be available 

and irr i gable annually. 9 Land which is not irrigable due to unfavorable 

slope or eros ion characteristics is not considered in the model. 

Labor ( b3) - the annual labor resource, expressed in man-years, 

is 1,427 persons, ca lculated using the Iowa average employment in 1960 

in urba n place s of 2 ,500 to 10,000 population, which is computed from 

data in the U.S. Ce nsus of population, 1960 ~09, Table 70, p. 17-199). 

Labor i s assumed to have no seasonal fluctuations, and is therefore 

expressed as an annual total. 

Reservoir Capacity (b4 t, t = 1, . • . , 4) - according to Schwab 

(86, p. 28), a survey of ten reservoirs in Iowa showed that those which 

contained suf ficient storage to last through the 1934 drought had an 

average watershed area (acres): reservoir capacity (acre-feet) ratio of 

9500 acres for crop production is not intended to reflect any 
actual configuration of land use. The quantity available here is hypothe
tical and may be varied at will by future users of this model. 
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3.3. This ratio is used to determine the storage requirements for a 

watershed area of 20 square miles, or 12,800 acres. 

Each activity in xP, the producing sector, and X8 , the water 

supply sector, is constrained by its available short-tun production 

capacity. This annual capacity limit can be expressed either as a physical 

or monetary amount. The capacity constraint parameters, denoted as 

Xi, used in application I were computed as follows: 
-Feedlot Capacity (X1) - this activity is assumed to have available 

enough capital to produce 1000 fed steers, each animal requiring $33.20 

in capital, including land, buildings, and equipment (39, Table 35, p. 75). 

Corn Production Capacity (X2) - it is assumed that this activity 

has sufficient capital to utilize all available land of both soil types 

in the model. On Tama loam, $44.52 per acre is required (57, Table 8.1, 

p. 213-214); on Clarion loam, $44.14 per acre is required (57, Table 

8.1, pp. 213-214). 

-Soybean Production Capacity (X3 ) soybean activities are also 

assumed to have sufficient capital to utilize all available land in the 

model. For soybean production, $39.23 per acre is required on Tama 

loam, and $38.99 per acre is required on Clarion loam (57, Table 8.2, 

pp. 215-216). 

Pork Slaughter I and Pork Slaughter II (X4 , Xs) - each packing 

activity is limited to an annual capacity equal to production at the 

activity's assumed rate for 260 work days (52 weeks, S days per week). 

Pork Slaughter I operates at 230 carcasses per hour, or 1840 carcasses 

per work day. Its annual limit is therefore 476,400 carcasses. Pork 

Slaughter II operates at 310 carcasses per hour, or 2480 carcasses per 

work day. Its limit is therefore 644,800 carcasses per year. 
-Other Producing Activities (X6 through x11) - Capacities in 

activities x8 through x17 are based on a capital-labor ratio computed 

as shown in Table 23, Appendix A, from Barnard (3). The capital stock 

in each major industry group is shown in Table 25, Appendix A. In 

computing available capital stock, some groups of activities are aggregated 
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because 1960 employment data in sectors corresponding to those defined 

in this model do not exist for urban places of 2,500 to 10,000 population 

(10~ Table 70, p. 16-199). The capital stock in a sector activity or a 

major industry group of sector activities is calculated by the equation 
n 

Capital Stocki=(~ ej ~~?½~~:J) Workersi (1960). 
J=l J 

The terms denoted by subscript j refer to sectors as defined in this study; 

the terms denoted by subscript i refer to major industry groups for which 

employment data are published specific to urban places of 2,500 to 10,000 

population. The sum enclosed in parentheses represents a weighted average 

of capital per worker ratios in those sectors which must be aggregated 

to correspond with published employment data. The weights, ej, are of 

the form ej = Employmentj , where n is the number of sectors included 
n 
Z: Employmentj 
j=l 

in the major industry groups. Worker 1 (1960), the employment in the model 

in the ith major industry group, was calculated by allocating total labor -
force to the several industry groups in proportion to that industry 

group's share of 1960 total employment in urban places, 2,500 to 10,000 

population. 

Water Treatment Capacity (X12) - the sum of the outputs of both 

treatment activities is constrained to be no greater than the capacity 

of the plant. The assumed capacity is based on the average production 

in treatment plants serving populations of 5,000-10,000, as estimated by 

Seidel and Cleasby (58, Table 2, p. 1509). The average, 123 gallons per 

capita per day, is equivalent to 1.23 million gallons per day for a city 

of 10,000, or 448.95 million gallons per year. 
-Waste Water Treatment Capacity (X14) - a ratio of gallons of 

treatment capacity per capita was calculated for 48 places in Iowa of 

2,500 to 10,000 population, based on data given in the 1962 Inventory of 

Waste Facilities (112). Estimated waste treatment capacity is 104.46 

gallons per capita per day. Applying this average to a town of 10,000 

population yields an estimate of 381,279,000 gallons annual capacity. 
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Residential Use (X15) - This constraint represents the amount of 

water which is reserved in the model for human consumption. In order 

to avoid reserving water for use by commercial or industrial users in 

the hypothetical town, average residential use, rather than per capita 

total water use, is the basis of estimated requirements. The average 

given by Seidel and Cleasby (88, Table 5, p. 1512), for treatment 

facilities with a daily output of 1.0 to 2.0 million gallons, is 79,000 

gallons per year per residence. 

The number of residences in the hypothetical town was estimated 

by using the 1960 average population per household, 2.96, in urban 

places 2,500 to 10,000 population (10~ Table 71, p. 200). It is assumed 

that there is only one household per residence, so that there are an 

estimated 3.378 residences in the town, requiring 266,862,000 gallons 

per year. 
-Protected Low Flow (X16) - according to Hines (48, p. 44), the 

protected low flow in Iowa streams is generally set at that level of 

flow expected to be exceeded 84 per cent of the time between April and 

September. In applying the above standard to individual streams, 

protected flow may be increased or decreased according to public interest 

(48, p. 44). However, since the 84 per cent standard is the basis of the 

protected flow standard, the amount reserved for protected flow in this 

model is similarly calculated, in the following manner. 
10 Log (annual rainfall) follows a normal distribution. The 

parameters of this distribution, the mean and variance, are estimated 

from annual rainfall data for a period of 96 years (119). The sample 

mean is X m 1.493, and the sample variance is s 2 • 0.0043. Given the 

relationship 

log (annual runoff)• 3.1 + 2.6 log (annual rainfall), the 

distribution of log (annual runoff) can be specified as normal, with an 

estimated mean of 

y = - 3.1 + 2.6 (X) - 0.7418 

lOcraig Beer, Agricultural Engineering Department, Iowa State 
University, Ames, Iowa. Data on the statistical distribution of 
rainfall. Private communication. July 10, 1969. 
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and an estimated variance of s 2 y E 2.62 (s2x) = 2.9068. 

Based on the estimates above, the annual runoff which can be expected 

* to be exceeded 84 per cent of the time (y) is given by 

* -Y = y • t . 84 (n - 1) Sy (80, P• 92), 

where -t. 84 (n-l) is the point 

.B4 (n-l)] = .84 ( 80, p. 528); 

on the t-distribution such that P [ t~ -t 

n • 96 is the sample size. The tabulated 

t-value closest to -t. 84 (95 ) is -t. 85 (90) (80, Appendix 5, p. 528). 

Using this approximate t-value, y* is given by 

y* = 0.7418 - 1.043 (1.7049) = - 1.0364, or .1085 inches of 

annual runoff. 

Over the 20 square. mile drainage basin assumed this runoff is equal 

to an annual flow of 37,729.066 gallons, of which 16.7 per cent (6, p.11), 

or 6,300,754 gallons, occurs in period I, during the month of April. 

During period 2, 33.3 per cent (6, p.11), or 12,563,779 gallons, occurs. 

During period 3, 13.3 per cent (6, p.11), or 3,150,377 gallons, occurs, 

and during the month of September in period 4, 6.7 per cent (6, p.11) 

appears, or 2,527 .847 gallons. -
Recreation in Reservoir (X17) - the amount of water reserved in 

the reservoir for recreation use is assumed to be 90 per cent of 

reservoir capacity. 

Four additional constraints are imposed on the model. The 

amounts of treated water and waste water in the model are constrained 

to be zero, indicating no storage of treated water or sewage. In addition, 

Pork Slaughter II is constrained to be at a level greater than or equal to 

478,400 carcasses annually, since Pork Slaughter I and Pork Slaughter II 

are assumed to be mutually exclusive up to the maximum available from 

pork Slaughter I. The fourth constraint insures that the sum of output 

in Pork Slaughter I and Pork Slaughter II must be no greater than 648,400 

carcasses, the maximum amount of production possible. 

" 
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Application II: an Existing Water Use Situation 

Application II represents the analysis of water use from a shallow 
' 

sand and gravel aquifer by industrial, commercial, and residential uses 

in a town whose 1960 population was 4,350. The water supply and the 

activities which withdraw from it are not atypical of Iowa. Application II 

illustrates the problems encountered in applying the model developed in 

this study to real situations. In estimating technical coefficients and 

parameters for use in the model, accuracy increases as the sample size 

on which the estimate is based increases. Inasmuch as the resources 

available in governmental agencies for the collection of large amounts of 

primary data may be limited, an effort was made in this analysis to 

utilize secondary sources instead of primary sampling in estimating as 

many coefficients and parameters as possible. 

The activities are located along a river with estimated average 

flow of 210 cubic feet per second. No activity considered in the model 

withdraws water from this stream; the only use of the stream at this 

point is for effluent carriage. There are no significant uses of the 

stream for at least 10 miles downstream11 so that this river is not 

considered as a water supply in the model. 

In this application, there are no activities whose water require

ments fluctuate seasonally. Also, the water supply under study would 

not be expected to show significant seasonal variation in quantity. 12 

Therefore, only a single, annual time period is considered. 

Activities 

A number of activities in application II are identical to activities 

in application I. Where this is the case, reference is made to that 

activity's definition in the discussion of application I above; where the 

activity is unique to application II, it is defined in paragraphs below. 

llRichard G. Bullard, State Water Commissioner, Des Moines, Iowa. 
Data on water use in Iowa. Private communication. June 30, 1969. 

12Dr. Lyle V. Sendlein, Department of Earth Sciences, Iowa State 
University, Ames, Iowa. Data from a study in progress of surficial aquifer 
in a southwestern Iowa river bottom. Private communication. July 7, 1969. 
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Resource and objective function coefficients for these activities appear 

in Table 5. 

The producing 

in application II. A 

very little land of a 

p 
sector (X) There are no crop agricultural activities 

soil survey of the area under consideration ~l~ shows 

slope and soil type which would permit irrigation 

from the aquifer water supply under study. Therefore, only nonagri

cultural producing activities are considered. These activities are 

defined as follows: 

x
1 

- Pork Slaughter, which has coefficients of resource use 

identical with Pork Slaughter II in application I. In pumping its 

water from an aquifer and discharging it into a stream, this activity 

moves the water which it does not consume into a different water supply. 

For this reason, only the gross water intake coefficient is shown. 

Activities x2 through x10 are represented by sectors, which are 

defined as shown in Table 4, Appendix A. 

X2 - sector 4: 

X3 - sector S: 

X4 - sector 6: 

X5 - sector 7: 

X6 - sector 8: 

X7 - sector 9: 

Xa - sector 10: 

x9 - sector 11: 

X10 - sector 12: 

X11 - sector 13: 

Other Food and Kindred Products, 

Other Non-durables, 

Farm Machinery, 

Other Machinery, 

Other Durables, 

Regulated Industries, 

Wholesale and Retail Trade, 

Finance, Insurance, and Real Estate, 

Other Services, 

Construction and Mining. 

With the exception of x1, all these activities are located in the 

town, and are dependent upon municipal facilities for water supply and 

waste water treatment. 

The water-supply sector (Xs) There are only two activities in 

the water supply sector, a water treatment activity and a waste water 

treatment activity. Data on which the resource coefficients of these two 

activities were calculated were gathered in personal interview with the 



Table 5. Resource requirements and net revenue per unit of output for activities, application II 

Activities 

X Xz X3 X4 X5 
Porl Other Food Other Non- Farm Other 
Slaughter and Kindred durables Machinery Machinery 
(1,000 hogs) ($1,000 VA) ($1,000 VA) ($1,000 VA) ($1,000 VA) 

Labor .1241 .1319 .1346 .1448 .1598 
(workers) 

Water 
(gallons) 

from aquifer 239,000 
treated water 119,136.0 96,970.3 59,281.7 12,135.2 
waste -water -5,170.0 -90,109.0 -59,281.7 -11,216.4 

Capital 1,572.2 1,364.4 946.2 870.6 
(X) 

°' 
(dollars) 

Net revenue 13,130 1,000 1,000 1,000 1,000 
(dollars) ,, 
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Table 5. (Continued) 

Activities 

x6 X7 Xs X9 X X11 
OtherlO Other Wholesale Finances, Construction 

Durables ~egulated and Retail Insurances, Services and Mining 

Industries Trade & Real Estate • 

($1,000 VA) ($1,000 VA) ($1,000 VA) ($1,000 VA) ($1,000 VA) ($1,000 VA) 

Labor .1343 .0819 .2100 .0510 .2021 .1412 

(workers) 

Water 
(gallons) 

from aquifer 
treated water 80,268.2 522,978.4 8,276.8 2,608.2 31,667.3 1,261,768.9 0) 

-70,668.7 -108,312.7 -7,357.2 -2,412.t, -10~050.5 -883,582.8 
'-.I 

waste water 

Capital 1,024.3 3,266.9 857.0 1,706.9 1,273.5 506.0 

(dollars) 

Net revenue 1,000 ltOOO 1,000 1,000 1,000 1,000 

(dollars) 

• 
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plant supervisory personnel. 

x12 - Water Treatment, withdraws wat~r from the same aquifer 

system on which the Pork Slaughter activity depends. This water is then 

distributed to activities within the town. 

X13 - Waste Water Treatment, which treats waste effluent from 

municipal users, discharging treated water into the stream on which 

the town is located. Since the stream is not considered as a source in 

this study, the discharge from the waste treatment activity is not 

shown. 

The residential sector (Xr) The residential sector contains 

only a residential use activity. There is no protected low flow activity 

in this model. The Iowa Water Counnissioner had not found any low flow 

protection necessary, since there are no withdrawals being made from the 

stream in the reach under study. 13 The residential use activity is defined 

as follows: 

x14 - Residential Use, which requires an estimated 79,000 gallons 

per residence per year (88; Table 5, p. 1512). 

Constraint Parameters 

The general set of constraint parameters consists of four vectors, 

In application II, the b vector contains two elements, 

which express the annual amount of water available from the aquifer and 

the annual labor supply. xP and Xs express the annual capacity of each 

of the producing activities and water supply activities, respectively. 

xr expresses the amount of water reserved in the aquifer for residential 

use. The individual constraint parameters, listed in Table 6, are defined 

as follows: 

13Richard G. Bullard, State Water Conunissioner, Des Moines, 
Iowa. Data on water use in Iowa. Private communication. July 3, 1969. 
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Water (b1) - the maximum safe yield
14 

in the municipal well field 

was estimated at the time the wells were installed to be two million 

gallons per day, or an annual amount of 730 million gallons per year. 

This estimated capacity, however, does not include the water available 

from the aquifer at points other than the municipal well field. 

An estimate of the total flow in the aquifer was made15 based on 

the following relation: 

Q • K•I•A ( 63, p. 81), 

where Q is total flow in the aquifer in gallons per day; K is a constant 

describing the permeability of the aquifer, or its ability to transmit 

water, in gallons per square foot per day; I is the gradient in the 

aquifer, in feet per horizontal foot. A represents the cross-sectional 

area of the water-bearing material, in square feet. Permeability (K) 

was assumed to be 4000 gallons per day per square foot, based on tests 

made in similar aquifer systems. Gradient (I) is estimated to be 13.5 

feet per 1000 feet. The aquifer under study lies in a river valley, and 

the largest component of flow in the aquifer is from the valley wall 

to the stream bed. This gradient constant represents the gradient of 

flow in that direction, perpendicular to the direction of stream flow. 

A, the cross-sectional area of the water-bearing material, is estimated 

to be 158,000 square feet, since the bed of sand and gravel is approxi

mately one mile wide and thirty feet deep. The quantity of water flowing 

in the system described above, according to the formula Q = K·I·A, is 

approximately 8.5 million gallons per day. 

1¾1aximum safe yield is that rate at which water can be withdrawn 
from an aquifer without exceeding the rate at which the aquifer is recharged. 
To exceed the recharge rate in withdrawal is to incur an overdraft, which 
may damage the medium of the aquifer, permanently impairing the storage 
or transmission characteristic of the aquifer (63, pp. 101-102). 

15 Dr. Lyle V. A. Sendlein, Department of Earth Sciences, Iowa 
State University, Ames, Iowa. Data from a study in progress of sur-
ficial aquifers in a southwestern Iowa river basin. Private.communication. 
June 30, 1969. 
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Table 6. Resource parameter■ , application 11• 

bz 
-
-
-

-

-

Resource 

aquifer (gallons) 

labor (workers) 

pork slaughter capacity (carcasses) 

manufacturing capital (dollars) 

regulated industries capital (dollars) 

wholesale and retail trade capital 
(dollars) 

finance, real estate and insurance 
capital (dollars) 

other services capital (dollars) 

Parameter Value 

2,372,500,000 

2,014 

644,800 

2,669,952 

3,896,166 

2,348,734 

3,991,953 

2,182,688 

x7 construction and mining capital 616,640 
(dollars) 

Xs water treatment capacity (gallons) 365,000,000 

x9 waste water treatment capacity (gallons) 182,500,000 

-
residential use (gallons) 133,431,000 

8Refer to text for sources and derivation. 
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A second estimate of capacity was made, based on base flow 16 

in the stream flowing through the valley in which the aquifer is 

located. After an extended period of little or no rainfall, the flow 

in the river, which comes largely from ground water sources, represents 

a portion of the water flowing in the aquifer. Analysis of stream 

flow records in the basin and particular hydrologic conditions near 

the point of study in the stream yielded a preliminary estimate of 

base flow of 10 cubic feet per second, or approximately 6.5 million 

gallons per day. Thus, all withdrawals from the aquifer may total as 

much as 6.5 million gallons per day without causing flow in the stream 

to disappear. 

Inasmuch as the disappearance of stream flow may have serious 

effects on downstream uses, the limiting capacity of the aquifer will 

be assumed to be 6.5 million gallons per day, or 2372.S million gallons 

per year. 

Labor (b2) - Defining the labor force available to the activities 

in this model is a difficult task, since there are few indicators of how 

many people located outside the municipal boundary travel to town to 

work. In this study, it is assumed that the available labor force 

is 2014 workers. Labor force was estimated by calculating the 

proportion of 1960 county employment which was located in the town, for 

seven major industry groups as shown in Table 26, Appendix B. These 

proportions were then applied to estimates of 1967 county employment, 

by the same seven industry groups. These employment estimates were 

made by Dr. Marvin Julius, of the Department of Economics, Iowa State 

University. The resulting employment estimates are shown in Table 26, 

Appendix B. The total of employment in these industry groups is the 

assumed labor force. 

Pork Slaughter Capacity (X1) - this parameter is the number of 

carcasses which could be processed annually at a rate of 310 carcasses 

per hour, which is 644,800 carcasses. 

16Base flow is that flow in a stream which originates not as surface 
runoff, but as inflow from an aquifer (6~, p. 39). 

• 
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Capacity in other producing activities (X2 through X1o) - the 

amount of available capital stock for each of these activities is cal

culated by the same method used to calculate this parameter for these 

same activities in application I above. The relationship used is 
n 

Capital Stocki=~ 
j=l 

e. capitalj 
J workerj workersi (1967), where 

the term enclosed in parentheses represents a weighted average of 

capital per worker ratios in those sectors defined in this study 

(Table 23, Appendix A) which must be aggregated in order to compare 

with employment data for the major industry groups shown in Table 1, 

Appendix B. The term, workersi (1967), is the estimated employment 

in the ith major industry group, as shown in Table 26, Appendix B. 

The calculated capital stocks are shown in Table 2~Appendix B. -
Water Treatment Capacity (X11) - the capacity of the municipal 

treatment plant is one million gallons per day, or 365 million gallons 

per year. 

-Waste Water Treatment (X12) - the capacity of the waste 

treatment facility is 500,000 gallons per day, or 182.5 million 

gallons per year. 

Residential Use (X13) - the amount of water reserved for 

residential use is based on an estimated population of 5000 and an 

average annual requirement of 79,000 gallons per residence (88, Table 

5, p. 1512). Assuming 2.96 persons per household no~ Table 71, p. 

200) and one household per residence, there are. approximately 1689 

residences requiring 79,000 gallons each per year, or 133,431,000 

gallons per year. 

Based on the data described in this chapter, the two model 

applications were solved. The results of these solutions, as well as a 

summary of the study,are contained in the following chapter. 



93 

CHAPTER SEVEN: RESULTS OF GENERAL MODEL SOLUTIONS 

Solution of the model, in either application I or 

application II, yields a vector of optimum activity levels which 

is unique to the particular set of constraints and parameters in 

the problem. In general, a change in either the constraints or 

parameters of the problem will cause the solution vector to be 

changed. Therefore, by solving each application repeatedly under 

various sets of constraints or parameters, certain comparisons can be 

made which will be valuable in reaching a conclusion with respect to 

the hypothesis developed in Chapter Four. 

The initial solution of each application was reached using 

the data and relationships described in Chapter Six. This solution 

is the basis for subsequent comparisons within the framework of each 

application. The initial solution determines optimum activity levels, 

optimum water use and allocations, and the optimum value of marginal 

product of water. The value of the objective function in this solution 

represents the value added in production when a scarce water resource 

is optimally allocated. 

The second solution of each application approximates the actual 

pattern of water use by forcing the level of each producing activity 

to be equal to the estimated actual output of that activity in the 

year which the particular data used represents. This solution determines 

a new value of the objective function for each application which is 

less than or equal to the value determined in the initial solution. 

These two values define a range over which the permit system could, 

if properly operated, improve the value added in production which 

utilizes the particular water sources under study. This range of values 

of the objective function indicates the potential gain to the hydrologic 

area from optimum allocation under the permit system. Each of the 

solutions listed above is described in this chapter. 
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Results of Application I 

Tables 7a, 7b, and 7c show the results of the initial 

solution of application I. This solution is based on the data 

described in Chapter Six. Table 7a shows water to be a constraining 

resource in this situation, but .not throughout the year. The supply 

of water in Stream I is exhausted only in Periods 3 and 4, which are 

low rainfall periods. 1 This shortage serves to provide in this initial 

optimum solution, a baseline against which the comparisons previously 

discussed can be made. 

Before any comparisons are undertaken, several points of 

interest should be noted in the initial solution. First, the scarce 

water resource is Stream I, which carries the relatively unpolluted 

effluent of the Pork Slaughter I activity. The relative abundance of 

Stream II, which carries the more polluted effluent of Pork Slaughter II, 

indicates that the scarcity arises from the degradation of water in 

Stream I. The shadow price of this water, $0.15 per thousand gallons, 

represents the value of marginal product of Stream I water. This value 

can be interpreted in several ways within the restrictions of the model. 

The $0.15 is the dollar benefit which would be realized from every 

additional thousand gallons of Pork Slaughter II effluent returned to 

the original quality of the stream, whether by the pork processor or 

by the town. $0.15 is also the opportunity cost associated with the 

loss of one thousand gallons of less polluted water. This cost, as well 

as the municipal treatment cost and the cost of adequate treatment 

at the source of pollution, are data which can be used in analysis 

of this production diseconomy. Such an analysis is beyond the scope 
2 

of this study and is not attempted here. 

lsee Figure 3, Chapter Six for a depiction of rainfall by periods. 

2For discussion of an analytical technique which would apply to 
this particular external effect, see Turvey (107) 
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Table 7a. Initial solution of application I, seasonal resource use 

Objective function value: $17,480,639.99 

Resource 

Period 1: 

Stream I 
Stream II 
Reservoir Capacity 

Period 2: 

Stream I 
Stream II 
Reservoir Capacity 

Period 3: 

Stream I 
Stream II 
Reservoir Capacity 

Period 4: 

Stream I 
Stream II 
Reservior Capacity 

Resource used 
(gallons) 

267,339,726 
229,9'13,857 

12,650,000 

90,240,024 
77,764,735 
12,650,000 

100,404,934 
95,823,946 
12,650,000 

88,324,266 
76,656,645 
12,650,000 

Unused Resource 
(gallons) 

47,706,674 
85,132,543 

0 

164,300,775 
177,676,065 

0 

0 
4,670,988 

0 

0 
11,667,620 

0 

Shadow Price 
(dollars) 

0 
0 

0.00015 

0 
0 

0.00015 

0.00015 
0 

0.00015 

0.00015 
0 

0.00015 
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Table b. Initial solution of Application I, nonseasonal resource use 

' 

Resource Resource used 

Labor (workers) 
Land I ( acres) 
Land II ( acres) 

1,427 

Cattle Feed Lot Capital (dollars) 
Corn Capital (dollars) 

0 
0 
0 
0 

Soybean Capital (dollars) 
Pork Slaughter I Capacity 

(carcasses) 
Pork Slaughter II 

Capacity (carcasses) 
Non-durable Goods 

Capital (dollars) 
Durable Goods 

Capital (dollars) 
Regulated Industries 

Capital (dollars) 
Wholesale and Retail Trade 

Capital (dollars) 
Finance, Real Estate 

and Insurance 
Capital (dollars) 

Other Services Capital 
(dollars) 

Construction and 
Mining Capital (dollars) 

Water Treatment 
Capacity (gallons) 

Waste Water Treatment 
Capacity (gallons) 

0 
476,800 

168,000 

1,005,422 

866,810 

0 

669,641 

4,705,960 

4,491,927 

0 

448,950,000 

381,279,000 

Additional Water Treatment 99,550,400 
Capacity required (gallons) 

Additional Waste Water 23,147,800 
Treatment Capacity 
required (gallons) 

Unused Resource Shadow Price 
(dollars) 

0 
500 
500 

33,200 
44,330 
39,260 

0 

0 

0 

0 

3,743,972 

3,234,797 

0 

0 

928,240 

0 

0 

4,687.46 
0 
0 
0 
0 
0 

12.48 

12.55 

0.16373 

0.26142 

0 

0 

0.44 

0.01 

0 

0.001 

0.001 

• 
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Table 7c. Initial solution of application I, optimum activity levels 

Seasonal Activities: 

Period 1: 
Cattle Feed Lot 
Pork Slaughter I (carcasses) 
Pork Slaughter II (carcasses) 
Water Treatment I (gallons) 
Water Treatment II (gallons) 
Waste Water Treatment (gallons) 
Storage (gallons) 
Recreation (gallons) 
Residential Use (gallons) 
Low Flow (gallons) 

Period 2: 
Corn I (bushels) 
Corn II (bushels) 
Soybeans I (bushels) 
Soybeans II (bushels) 
Pork Slaughter I (carcasses) 
Pork Slaughter II (carcasses) 
Water Treatment I (gallons) 
Water Treatment II (gallons) 
Waste Water Treatment (gallons) 
Storage (gallons) 
Recreation (gallons) 
Residential Use (gallons) 
Low Flow (gallons) 

Period 3: 
Corn I (bushels) 
Corn II (bushels) 
Soybea~ I (bushels) 
Soybeans II (bushels) 
Pork Slaughter I (carcasses) 
Pork Slaughter II (carcasses) 
Water Treatment I (gallons) 
Water Treatment II (gallons) 
Waste Water Treatment (gallons) 
Storage (gallons) 
Recreation (gallons) 
Residential Use (gallons) 
Low Flow (gallons) 

Activity Level 

0 
237,752 
80,659 

215,496,000 
2,128,075 

107,736,000 
0 

12,625,000 
89,959,632 

629,989,000 

0 
0 
0 
0 

76,584 
26,886 

71,122,650 
709,350 

35,912,000 
100,000 

12,625,000 
30,313,089 

1,259,979 

0 
0 
0 
0 

85,840 
33,608 

80,196,530 
9,593,470 

86,657,000 
0 

12,525,000 
89,790,000 

504,044 

Reduced Revenue 

5,823.07 
0 
0 
0 
0.175 
0 
0.00015 
0.00015 
0.00015 
0 

879.49 
1,020.16 
2,940.72 
3,502.22 

0 
0 
0 
0.175 
0 
0 
0.00015 
0.00015 
0 

223.25 
223.25 

1,018.87 
1,206.38 

0 
0 
0 
0 
0 
0.00015 
0.00015 
0.00015 
0 



Table 7c. (Continued) 

Seasonal Activities: 

period 4: 
Corn I (bushels) 
Corn II (bushels) 
Soybeans I (bushels) 
Soybeans II (bushels) 
Pork Slaughter I (carcasses) 
Pork Slaughter II (carcasses) 
Water Treatment I (gallons) 
Water Treatment II (gallons) 
Waste Water Treatment (gallons) 
Recreation (gallons) 
Residential Use (gallons) 
Low Flow (gallons) 
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Activity Level 

0 
0 
0 
0 

76,584 
26,886 

71,122,650 
709,350 

42,145,810 
12,625,000 
56,829,164 

251,890 

Reduced Revenue 

364.00 
504.66 

2,191.38 
2,566.48 

0 
0 
0 
0 
0 
0.00015 
0.00015 
0 



Table 7c. (Continued) 

Non-Seasonal Activities: 

Other Food & Kindred 
Other Non-durable Goods 
Farm Machinery 
Other Machinery 
Other Durable Goods 
Regulated Industries 
Wholesale and Retail Trade 
Finance, Insurance, and 

Real Estate 
Other Services 
Construction and Mining 

99 

Activity Level 
(dollars) 

639,500 
0 
0 

995,646 
0 
0 

781,400 
2,757,000 

3,919,848 -
0 

Reduced Revenue 
(dollars) 

0 
41.41 
44.66 

0 
48.24 
15.19 

0 
4.82 

0 
1,807.22 

, 
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The second point of interest is that the initial solution shows 

that two of the reserved water uses, residential use and recreation, 

show a "reduced revenue 113 value of $0.15 per thousand gallons reserved. 

This is consistent with the fact that water reserved for these uses is 

withdrawn from Stream I, and is equivalent, therefore, to a reduction 

in Stream I flow. The law flow protection activity, however, does not 

"cost" anything in terms of the objective function value, since low 

flow can be reserved from Stream II, which is abundant. In situations 

of water scarcity, the reduction of reserved use levels would achieve 

the same increase in the objective function value as an increase in water 

supply, and should be considered explicitly as an alternative to the 

development of a new supply. 

It is also of interest to note the presence to the Storage 

activity in period 2, representing the transfer of Stream I water from 

period 2 into period 3 for subsequent use. Optimal allocation of a 

scarce water resource may require, in just the fashion represented in 

the model, that water be stored in times of adequate flow to be used 

in later time periods. The need for such storage would arise from 

differences in the time pattern of water requirements and the pattern 

of seasonal water availability. It can also be seen that the discharge 

of this stored water in period 3 pas decreased the amount of water 

available for recreation in period 3, during which the stored water is 
used. This drawdown of the reservoir level illustrates the conflict 

between recreation and intertemporal water transfer discussed in 

Chapter Six and points to the possibility of some point of intersection 

between the demand for water in its recreational role and the demand for 

water in its role as an input to production. If a postive value in the 

objective function could be established for recreation, comparable to the 

3 
"Reduced revenue", shown in Table 7c, denotes the amount by 

which the value of the objective function would be decreased if a non
basis activity were included in the basis at unit level. Conversely, 
it shows the increase in the objective function due to reduction of 
any activity which is forced into the solution at a minimum level. 
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positive values of each producing activity, the model would indicate 

this optimum point of intersection, at which water would be of equal 

value in each role. 

A modification was required in the model in both application I 

and application II. It was necessary to introduce real disposal 

activities4 into each matrix which correspond to the constraints on 

water treatment capacity and waste water treatment capacity. In 

both applications, these capacities are not sufficient to process 

the entire water supply, which must be done if water is to be 

exhausted. The effect of a disposal activity associated with either 

treatment capacity constraint is to indicate, by the optimum level of 

the disposal activity, how much additional capacity is required to 

treat all available water, either initially or as waste water. The 

additional capacity required for treatment in the initial solution of 

application I is shown in Table 7b. 

The second solution of application I is made subject to a set 

of bounds, one for each producing activity in the model. These bounds 

approximate the outputs which might have resulted in each of the 

producing activities in 1960, the year the data represent, had this 

hypothetical situation existed. Each agricultural activity and both 

Pork Slaughter processes are bound at their maximum levels determined 

by the smallest value which land or capital would allow in each case. 

The remainder of the producing activities, the aggregate sectors, were 

bound at the level which would result if the remaining labor in the 

model were distributed as it was distributed among the same sectors in 

Iowa in 1960. (75, Table 33, p. 131 shows this distribution). Table 8 

shows the distribution of labor and the pertinent output bound fixed 

for each producing activity. Seasonal activities are not restricted 

seasonally, but only in total so that the model is free to allocate 

production among time periods. 

4A disposal activity is represented by a vector Xj in which 
all elements except one are zero. The single non-zero element, which has 
a value of minus one, is in the row representing the resource to which 
the disposal activity corresponds. 
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Table 8. Distribution of labor force among producing activities; output 
bounds used in application I , 

Activity 

Cattle Feed Lot 
Corn I 
Corn II 
Soybeans I 
Soybeans II 
Pork Slaughter I 
Pork Slaughter II 
Other Food and Kindred 

products 
Other Non-durable Goods 
Farm Machinery 
Other Machinery 
Other Durable Goods 
Regulated Industries 
Wholesale and Retail 

Trade 
Finance, Insurance, and 

Real Estate 
Other Services 
Construction and 

Mining 

Labor used 
(workers) 

5 
0.6 
0.5 
0.7 
0.5 

65.8 
20.8 
57.2 

70.6 
42.0 
65.6 
84.9 

127.0 
391.5 

73.2 

311.1 
109.3 

Output with 
maximum labor usea 

Maximum 
output isb 

1000 hd.c 1000 hd. 
24,310 bu.c 24,310 bu. 
22,730 bu.c 22,730 bu. 
8,550 bu.c 8,550 bu. 
7,530 bu.c 7,530 bu. 

476,000 carcassesc 476,800 carcasses 
168,000 carcassesc 168,000 carcasses 

$ 433,666 

$ 524,517 
$ 290,055 
$410,513 
$ 632,167 

$1,550,672 
$1,864,286c 

$1,435,294c 

$1,539,337c · 
$ 774,079c 

$ 350,126c 

$ 333,446c 
$ 144,926c 
$ 242,639c 
$ 505,971c 

$1, 146,032c 
$4,555,937 

$2,757,021 

$3,919,848 
$1,834,466 

aThis is the output which would be achieved if all allocated labor 
were used. 

bThis is the maximum output which either capacity or capital will 
al low. 

cThese values were chosen as output bounds. 
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In setting output bounds, it was necessary to compare the 

production which would result in any activity from total use of 

allocated labor with the maximum production possible given that 

activity's capital stock. In order to avoid infeasibility5 , the lower 

of these two maxima was chosen as the output bound in the second 

solution, as indicated in Table 8. 

The activity level and levels of resource use in the second 

solution are shown in Table 9a, 9b, and 9c . Comparison of the first 

two solutions shows immediately that the initial solution makes far 

more efficient use of the resources in the model. The value of the 

objective function of the initial solution is $3,073,291J06 high~~ 

than the value of the objective function in the second solution. This 

difference in the value of output in the two situations under consider

ation shows, within the limitations of the model, how much greater 

benefits would be received in the model area if scarce resources were 

reallocated optimally among the alternative producers of the model. 

Table 9a also shows that water from Stream I is the constraining 

resource in this solution and that this scarcity occurs only in periods 

3 and 4. This table further shows the shadow price of water to be 

$0.15 per thousand gallons, which is equal to the shadow price of water 

in the previous solution. Thus, in this situation and over the range 

of these two solutions, the shadow price of water does not vary, even 

though the allocation of the resource and the value of output resulting 

from its use may vary widely. 

These two solutions have shown, with certain restrictions to 

be discussed in a later section, the magnitude of the increase in total 

value of production which might be realized if scarce resources were 

optimally allocated. The upper end of a range is therefore constructed 

over which the permit system might increase the value of production 

which utilizes this stream as a source of water input. 

5 An infeasible solution is one in which one or more of the 
constraints in the linear program cannot be met. 
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Table 9a. Second solution of application ·!; seasonal recource use 

Objective function value: $14,407,348.93 

Resource 

Period 1: 
Stream I 
Stream II 
Reservoir Capacity 

Period 2· • 
Stream I 
Stream II 
Reservoir Capacity 

Period 3· • 
Stream I 
Stream II 
Reservoir Capacity 

Period 4: 
Stream I 
Stream II 
Reservoir Capacity 

Resource used 
(gallons) 

269,149,726 
231,723,857 

12,650,000 

90,268,624 
77,793,334 
12,650,000 

100,494,934 
95,823,946 
12,650,000 

88,324,266 
76,656,646 
12,65Q,OOO 

Unused Resource 
(gallons) 

45,896,674 
83,322,543 

0 

164,272,176 
176,747,465 

0 

0 
4,670,988 

0 

0 
11,667,620 

0 

Shadow Price 
(dollars) 

0 
0 

.00015 

0 
0 

.00015 

.00015 
0 

.00015 

.00015 
0 

.00015 

I 

• 
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Table 9b. Second solution of application I, nonseasonal resource use 

Resource 

Labor (workers) 
Land I (acres 
Land II (acres) 

Resource Used 

Cattle Feed Lot Capital (dollars) 
Corn Capital (dollars) _ 
Soybean Capital (dollars) 

1,290 
500 
500 

33,200 
22,075 
19,471 

Pork Slaughter I Capacity 476,800 
(carcasses) 

Pork Slaughter II Capacity 168,000 
(carcasses) 

Non-durable Goods 1,005,422 
Capital (dollars) 

Durable Goods Capital (dollars) 866,637 
Regulated Industries 3,743,972 

capital (dollars) 
Wholesale and Retail Trade 

Capital (dollars) 
1,597,693 

Finance, Insurance, and 2,449,903 
Real Estate capital (dollars) 

Other Services Capital 1,960,346 
(dollars) 

Construction and Mining 
Capital (dollars) 

Water Treatment Capacity 
(gallons) 

Waste Water Treatment 
Capacity (gallons) 

391,684 

448,950,000 

381,279,000 

Additional Water Treatment 116,042,666 
Capacity required (gallons) 

Additional Waste Water 161,298,000 
Treatment Capacity required 
(gallons) 

Unused Resource Shadow Price 
(dollars) 

137 
0 
0 
0 

22,255 
20,149 

0 

0 

0 

173 
0 

2,306,745 

2,256,057 

3,031,581 

536,556 

0 

0 

0 
a --a --

0 
0 

0 

0 

0 

0 

0 

a 

a 

a 

a 

a 

.00083 

.001 

aNo shadow price is given in the solution for these resources 
because they were not entirely consumed; in each case the 
unconsumed portion was less than 0.001 units. This difference 
disappears in rounding, but is sufficient to cause a zero 
shadow price. 
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Table 9c. Second solution of application I, optimum activity levelsa 

Activities 

Cattle Feed Lot (head) 
Corn I (bushels) 
Corn II (bushels) 
Soybeans I (bushels) 
Soybeans II (bushels) 
Pork Slaughter I (carcasses) 
Pork Slaughter II (carcasses) 
Water Treatment I (gallons) 
Water Treatment II (gallons) 
Waste Water Treatment (gallons) 
Storage (gallons) 
Recreation (gallons) 
Residential Use (gallons) 
Low Flow (gallons) 
Other Food & Kindred 

Products (dollars) 
Other Non-durable 

Goods (dollars) 
Farm Machinery (dollars) 
Other Machinery (dollars) 
Other Durable Goods (dollars) 
Regulated Industries (dollars) 
Wholesale and Retail 

Trade (dollars) 
Finance, Insurance, 

and Real Estate (dollars) 

Activity Level 
f 

1,000 
24,310 
22,730 
8,550 
7,350 

476,800 
168,000 

438,637,177 
10,302,822 

381,279,000 
100,000 

50,500,000 
266,891,866 

2,645,902 
350,126 

333,446 

144,926 
242,639 
505,971 

1,146,032 
1,864,286 

Other Services (dollars) 
Construction and Mining (dollars) 

1,435,294 

1,539,337 
774,079 

aseasonal activities are not shown because the large number of 
constraints to which the model was subject caused the water 
supply activities in any period to be inconsistent with the 
levels of water using activities in that period. 
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Results of Application II 

The results of the initial solution of application II are 

shown in Tables lOa and lOb. The data which this solution represents 

are those discussed in Chapter Six. In this situation, the water 

supply is not exhausted; the constraining resource is the capacity of 

the waste water treatment activity. Since a portion of the water 

supply remains unused, its shadow price is zero. Optimum allocation 

in this case is that allocation which allows each water user to use 

water up to the point where the value of marginal product of water 

in that use becomes zero. In Chapter Three, it was shown that this is 

the amount of water which each user will require if the water is free, 

as it is in this case. Allocation in this situation is not critical, 

except for the possibility of waste, wherein a water user's production 

function becomes horizontal · at its maximum waste used in this type of 

process will never have a negative vmp, which would discourage further 

use of the resource, and there is no loss to the producer if he continues 

to withdraw. 

In order to find the point where water supplies, which flow at 

a relatively constant rate in application II, become scarce the 

requirements for water must be increased. This is done by increasing 

the value of all constraint parameters except those in the water supply 

sector (water supply itself, water treatment capacity, and waste water 

treatment capacity). In this case, the appropriate parameter values 

were doubled. In addition, as discussed in the section dealing with 

application I, two real disposal activities were included in the matrix. 

One is associated with water treatment capacity, the other with waste 

water treatment capacity. The effect of these two activities in the 

optimum solution is to indicate by how much the capacities of these 

treatment facilities must be increased to accoUW1odate the higher water 

requirements. Such information would be of use in planning the need 

for capital expenditures in water supply facilities. 

• 
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Table lOa. Initial optimum solution of application II (original constraints) 

Objective function value: $18,997,170.20 

Activity Optimum Level 

Pork Slaughter (carcasses) 644,800 

Other Food and Kindred O 
Products (dollars) 

Other Non-durable Goods (dollars) O 

Farm Machinery (dollars) O 

Other Machinery (dollars) 3,066,753 

Other Durable Goods (dollars) 0 

Regulated Industries (dollars) 15,926 

Wholesale & Retail Trade 2,845,722 
(dollars) 

Finance, Insurance, and 2,338,714 
Real Estate (dollars) 

Other Services (dollars) 1,713,830 

Construction and Mining (dollars) O 

Water Treatment (gallons) 263,484,232 gal. 

Waste Water Treatment (gallons) 180,000,000 gal. 

Residential Use (gallons) 133,431,000 gal. 

Reduc~d Revenue 
{dollars) 

0 

666.54 

1,236.84 

521.62 

0 

707.19 

0 

0 

0 

0 

7,157.70 

0 

0 
• 

0 
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Table lOb. Initial optimum solution of application II (original constraints) 

Resource Level of Unused 
Resource Use Resource 

Labor (workers) 

Aquifer (gallons) 

Pork Slaughter 
Capacity (carcasses) 

Manufacturing 
Capital (dollars) 

Regulated Industries 
Capital (dollars) 

Wholesale & Retail 
Trade capital (dollars) 

1,635 

417,591,432 

644,800 

2,669,952 

52,030 

2,438,733 

Finance, Insurance and 3,991,953 
Real Estate Capital (dollars) 

Other Services Capital 
(dollars) 

Construction and Mining 
Capital (dollars) 

Water Treatment Capacity 
(gallons) 

Waste Water Treatment 
Capacity (gallons) 

2,182,688 

0 

263,484,232 

180,000,000 

379 

1,954,908,568 

0 

0 

3,844,086 

0 

0 

0 

616,640 

101,515,768 

0 

Shadow 
Price 

0 

0 

13.13 

1.03 

0 

1.09 

0.57 

0. 71 

0 

0 

0.009 
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Table 11. Revised resource parameters, application II 

-

Resource 

Aquifer (gallons) 

Labor (workers) 

Pork Slaughter (carcasses) 
Capacity 

X2 Manufacturing (dollars) 
Capital 

X3 Regulated Industries (dollars) 
Capital 

X4 Wholesal & Retail (dollars) 
Trade Capital 

-

-

-

Finance, Insurance, (dollars) 
and Real Estate Capital 

Other Services (dollars) 
Capital 

Construction and (dollars) 
Mining Capital 

Water Treatment (gallons) 
Capacity 

X9 Waste Water (gallons) 
Treatment Capacity 

-
XlO Residential Use (gallons) 

Parameter Value 

2,372,500,000 

4,028 

1,289,600 

5,339,904 

7,792,232 

4,877,466 

7,983,906 

4,365,376 

1,233,280 

365,000,000 

180,000,000 

266,862,000 
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A time horizon can be roughly estimated over which the aquifer 

under study will be sufficient to meet the needs of activities represented 

in application II. According to projections by Maki (64, Table 4, p. 8), 

population in the middle Missouri River basin area of Iowa, where this 

aquifer is located, 1s expected to double by the year 2020. Given a 

constant rate of participation in the labor force, constant production 

coefficients, and constant ratios of capital stock among the activities 

in the model, it will be at least fifty years before the supply of 

water in this aquifer becomes critical. 

The increased values of the constraints are shown in Table 11 

and the solution of the model using these constraints is shown in 

table 12a and 12b. A water shortage now exists; consequently, the 

water resource has a positive shadow price. This solution establishes 

a base against which comparisons can be made, assessing the possible 

operation of the permit system in this situation. 

Note that in neither optimum solution is labor a scarce 

resource. This indicates that, given the existing capital - labor 

ratios and capital stocks in each activity, there is excess labor 

relative to capital as an input. Regardless of the availability of 

other resources, such as land or water, labor will always be in excess 

in this model. The inconsistency between the estimates of capital 

stock and labor can likely be traced to inconsistencies among the 

several sources from which the estimates were drawn. In any actual 

application of the model, it would be necessary to resolve these 

differences in data wherever possible, so that the productive potential 

of any activity will not be underestimated. 

It would seem intuitively correct that if all resources except 

water were doubled in value, the activity levels and the value of the 

objective function would also double. This is not the case, however, 

in application II. The value of the objective function more than 

doubled, from approximately $19 million to approximately $41 million. 

Also, the mix of activities changed significantly, with several activities 
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Table 12a. Initial optimum activity levels, application II, using 
revised constraint parameters 

Objective function value: . $41,081,687.60 

Activity 

Pork Slaughter (carcasses) 

Other Food and Kindred (dollars) 
Products 

Optimum Level 

1,289,600 

0 

Other Non-durable (dollars) O 
Goods 

Farm Machinery (dollars) O 

Other Machinery 6,133,506 

Other Durable (dollars) 0 
Goods 

Regulated Industries (dollars) 2,385,223 

Wholesale and Retail (dollars) 5,691,445 
Trade 

Finance, Insurance (dollars) 4,677,428 
and Real Estate 

Other Services (dollars) 3,427,661 

Construction and Mining (dollars) 1,833,977 

Water Treatment (gallons) 365,000,000 

Waste Water Treatment (gallons) 180,000,000 

Residential Use (gallons) 266,862,000 

Additional Water Treatment 
Capacity Required (gallons) 

1,699,285,600 

Additional Waste Water Treatment 2,055,370,640 
Capacity Required (gallons) 

Reduced Revenue 
(dollars) 

0 

882.59 

628.75 

123.22 

0 

228.64 

0 

0 

0 

0 

0 

-0.00079 

-0.00079 

0.00079 
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Table 12b. Initial optimum levels of resource use, application II, 
using revised constraint parameters 

Resource 

Labor (workers) 

Aquifer (gallons) 

Pork Slaughter Capacity 
(Carcasses) 

Manufacturing Capital 
(dollars) 

Regulated Industries Capital 
(dollars) 

Wholesale & Retail Trade 
(dollars) 

Finance, Insurance, & Real 
Estate Capital (dollars) 

Level of Used 
Resource Use Resource 

3,721 307 

2,372,500,000 0 

1,289,600 0 

5,339,904 0 

7,792,232 0 

4,877;466l 0 

7,983,906 0 

Other Services Capital (dollars) 4,365,376 

Construction and Mining Capital 928,055 
(dollars) 

0 

305,225 

Water Treatment Capac~ty 365,000,000 
(gallons ) 

Waste Water Treatment Capacity 180,000,000 
(gallons) 

0 

0 

Shadow Price 
(dollars) 

0 

0.00079 

12.94 

1.13 

0.18 

1.16 

0.58 

0.76 

0 

0.00079 

0.00079 
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tncrc•as 1 n~ hy large amounts given the increased resource parameters. 

These disporportionate increases are due in part to the existence of a 
' 

completely new set of resource constraints and in part to the intro-

duction of the disposal activities described above, which eliminated 

the constraining effect of waste water treatment capacity. 

Having obtained the baseline optimal solution of application II, 

another solution was generated in which each production activity was 

forced to equal a particular value. This value approximates, within the 

limitations of the data, the actual relative rates of production in 

each activity in 1960, the year represented by the data in the model. 

These rates are projected into 2020 A.D., in accordance with the population 

projection discussed earlier. It is necessary to project the rates in 

order to insure that water used will have a positive shadow price. 

The fixed bounds on output were calculated by allowing each producing 

activity, with one exception, to use labor at the same rate as in 

1960, as indicated in Table 22, Appendix B. The single exception is 

the pork slaughter activity, which was forced to operate at maximum 

capacity, since this is the rate of output indicated by personal 

interview with packing plant officials. In the case of the Manufacturing 

sector indicated in Table 16, Appendix A, it was necessary to apportion 

the labor force among the sectors, Other Food & Kindred Products, Other 

Non-durable Goods, Farm Machinery, and Other Durable Goods. Table 13 

shows the labor force distribution and the values of the output bounds 

for application II. The 702 workers in the manufacturing sector were 

distributed among the activities on the basis of that activity's share 

of total employment in manufacturing in Iowa in 1960 (75, Table 33, p. 131). 

In order to avoid infeasibility in the second solution, it was 

necessary to compare the bounds calculated above with the maximum 

production which the given capital stock would allow in any activity. 

In those activities where the use of all allocated labor was not possible 

because of the capital constraint, the lower output was used as an output 
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Table 13 Distribution of labor force among producing activities; 
output bounds used in app·lication II 

Activity 

Pork slaughter 

Other Food & 

Kindred Products 

OthDer Non-durable Goods 

Farm Machinery 

Other Machinery 

Regulated Industries 

Wholesale and Retail 
Trade 

Finance, Insurance and 
Real Estate 

Other Services 

Construction 

Other Durable Goods 

Labor used 
(workers) 

160 

124 

154 

92 

142 

256 

1,238 

246 

1,066 

376 

186 

Output with 
Maximum labor usea Maximum outputb 

C 1,289,600 carcasses 644,800 carcasses 

$ 943,000 

$1,150,000 

$ 638,200c 

$ 893,600c 

$3,076,800 

$5,876,000 

$4,784,200 

$5,264,600 

$2,634,600 

$1,379,QQQC 

$ 603,800c 

$ 866,4ooc 

$ 744,600 

$1,252,800 

$2,385,SOOC 

$5,798,QQQC 

$4,679,SOOC 

$3,430,QQQC 

$2,437,2QQC 

$1,380,200 

8 Th:is output would result if all the labor allocated to any activity 
were used. 

bThis is the maximum output which the given capital stock will allow. 

CThese output limits were used as output bounds in the second solution. 
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bound. This allows the linear program to proceed to a feasible optimal 

solution, in which all output bounds are satisfied. 

Having specified the value of each producing activity, only the 

water supply vectors are allowed to change. However, the shadow price 

of water and the objective function value in this situation are the 

items of primary interest. The optimum solution given using these constraints 

is shown in Tables 14a and 14b. 

A serious modification of the model was required in the second 

solution of application II. The total water use by all activities 

bound at the given levels is more than the total annual supply of 

water available from the aquifer source. Such a situation could 

easily arise in reality, since the aquifer parameter represents the 

maximum safe yield of the aquifer; an overdraft may be incurred, 

but damage to the aquifer would likely result. To account for this 

additional water requirement, a disposal activity was included which 

corresponds to the aquifer resource and which shows how much water 

would have to be withdrawn beyond the maximum safe yield. By first 

solving the model with the disposal activity unbounded, and then 

solving again with the activity bounded at the level given by the 

previous solution, a positive shadow price can be found which represents 

the vmp of a unit of water supplied either by incurring a further over

draft or by developing a new supply. A direct comparison can still be 

made between solutions, but it must be remembered that the solutions 

differ not only with respect to the value of the objective function and 

the vmp of water, but also with respect to the quantity of water used. 

Comparison of the two solutions shows that although more water is 

used in the second solution than the first, the value of the objective 

function is smaller. This indicates clearly that the greatest return 

to the scarce water supply is not being realized in the projected 

allocation. It can be seen that optimal allocation will increase the 

total value added in the area by more than $1 million, and that the 

rate of water use can also be made significantly lower, avoiding an 

overdraft of the aquifer. 
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Table 14a Optimum activity levels second solution of application II 

Activity Optimum Level 

Pork Slaughter (carcasses) 1,289,600 

Other Food and Kindred 603,800 
Products (dollars) 

Other Non-durable Goods (dollars) 866,400 

Farm Machinery (dollars) 638,200 

Other Machinery (dollars) 893,600 

Other Durable Goods (dollars) 1,379,000 

Regulated Industries (dollars) 2,385,800 

Wholesale and Retail 5,798,000 
Trade (dollars) 

Finance, Insurance and 4,679,800 
Real Estate (dollars) 

Other Sources (dollars) 3,430,000 

Construction and Mining (dollars) 2,437,200 

Residential Uses (gallons) 266,862,000 

Reduced Revenuea 

-13, 130.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

- 1,000.00 

0.00079 

a Negative Reduced Revenue values indicate that the objective function 
value would increase if any activity with a negative coefficient 
were increased. 
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Table 14b Optimum levels of resource use, second solution of application II 

' Objective function value: $39,919,070.00 

Resource 

Labor (workers) 

Aquifer (gallons) 

Pork Slaughter 
Capacity (carcasses) 

Manufacturing Capital 
(dollars) 

Regulated Industries 
Capital (dollars) 

Wholesale and Retail 
Trade Capital (dollars) 

Finance, Insurance & Real 
Estate Capital (dollars) 

Other Services Capital 
(dollars) 

Construction and Mining 
Capital (dollars) 

Water Treatment Capacity 
(gallons) 

Waste Water Treatment 
Capacity (gallons) 

Resource Unused 
Used Resource 

3,442 586 

2,372,500,000 0 

1,289,600 0 

4,922,735 417,169 

7,792,232 0 

4,877,466 

7,982,906 

4,365,176 

1,233,671 99,609 

365,000,000 

180,000,000 

Additional Water required 241,022,003 
(aquifer overdraft -gallons) 

Shadow 
Price 
(dollars) 

0 

0.00079 

12.94 

0 

0.18 

1.16 

0.58 

0.76 

0 

0.00079 

0.00079 
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The shadow price of water in this application remains constant 

between the two solutions, reinforcing the earlier conclusion that 

the shadow price of water is apparently stable over some range of 

possible allocations. 

The point was made in Chapter Three that it is not possible 

to specify how the permit system will react to a water shortage. 

However, it can be concluded from the analysis presented in this 

chapter that the existence of ~n optimizing mechanism within the 

permit system would allow that system to achieve significant increases 

in the returns to water in a given area. 

Limitations of the General Model 

Each application of the general model developed in this study pos

seses certain characteristics and flows which limit the applicability of 

the conclusion drawn above. Explicit mention of these limitations of 

the analysis is necessary in order to place the study in its proper 

perspective. In application I, a hypothetical situation was created so 

that water allocation among diverse alternative uses could be examined. 

The hypothetical situation required that average data be used in cal

culating the production coefficients for each activity, and in drawing 

the parameters of the model. These average data, such as that determined 

by using sector aggregates as activities, may not be representative of 

the production function of any single component of the average, such as 

a single firm in one of the sectors of the model. Furthermore, the 

reliability of many of the estimates cannot be determined empirically, 

since these estimates are not based upon any statistical sampling 

technique. 

The linear nature of the production functions used in this study 

for each producing activity is the source of two difficulties. The 

first difficulty became evident above in selecting those activities 

which would become part of the final solution in each application. This 
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solution is intended to approximate the permit system allocation, 

in that each water user in the solution i~ given water up to the point 

of maximum use. However, the point of maximum use was defined in 

Chapter Three as the point where total physical product becomes a 

maximum with respect to continued water inputs. Such a maximum point 

does not exist in a linear production function. Output continues to 

increase as water use increases until another resource becomes constrain

ing; in both applications, the constraining resource is capital stock. 

The second difficulty is related closely to the first, described 

above. The linear production functions used in this study allow for 

any producing activity, no substitution between inputs, which may not 

be representative of the true production function. Thus, any optimum 

position determined using a set of linear functions may be different 

from the true optimum position. 

One way in which both the problems described above can be 

accommodated is to consider more than one alternative production process 

for each activity. As the number of alternative processes, which can be 

thought of as planar approximations of the production function service. 

considered increases, the accuracy with which the production function 

is represented also increases. Such an increase in accuracy would also 

lend reliability to the optimum solution of the model. 

Another fl~w in both applications is the representation of labor 

as a completely homogeneous, mobile resource. This over simplification 

relaxes in the model constraints of immobility or of shortage of critical 

skills which may be important in an actual situation. Any constraints 

present in an actual situation and absent in the model of that situation 

will cause the value of the objective function to be overstated. Thus, 

in the short run, the maximum value of product possible if all scarce 

resources are optimally allocated may be impossible to achieve. 

Use of the same aggregate sectors was required in application II, 

for although this application described an existing situatioQ, no secondary 

data were available which specifically describe~ the producing activities 
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in the town under consideration. This application is therefore subject 

to the same limitations described above for application I. In addition, 

the problem of defining the size of the labor force on which a small, 

rural conununity can draw is a study in itself, inasmuch as it is difficult 

to define the geographical limits within which an available labor force 

may reside. For this reason, the labor resource represented in the model 

may constrain the producing activities at an artificially high or low 

level. 

A further limitation of the general model relates to the 

inadequate analytic treatment of water quality problems. In Part III, 

is described the Tandem Program System (TPS) model developed specifically 

to deal with this limitation. 

It is because of these limitations that these two applications 

serve best to demonstrate the methodology which the model represents. 

Values determined in application, such as the value of marginal product 

of water, may not be valid in other situations, and should be applied 

in other situations only with caution. 
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PART III 

ADDITION OF WATER QUALITY CONSIDERATIONS 

TO THE GENERAL MODEL--APPLICATION I 

This chapter introduces a second major section of this project 

that was carried out after completion of the work discussed in Parts I 

and II and as a separate study. The foregoing discussion has demonstrated 

that the economic implications of quantitative water allocation methods 

can be satisfactorily analyzed using a linear programming format with 

dynamic modifications. However, the rising tide of environmental con

cern is rapidly altering the water allocation sphere to include not only 

questions of quantity but also questions of quality. Therefore, Part 

III of this study was commissioned for the purpose of developing an 

approach to incorporate the economic implications of some physical 

water quality criteria into the general model. 

Further delimitation of water quality 

The various aspects of water quality are so numerous that some 

immediate delimiting of the area is necessary to define adequately the 

means and ends used in this study. Water is often classed as either 

fresh surface water, ground water, or salt water. Quality considerations 

are vastly different among these three classifications, and the frequency 

of water quality crises is unevenly distributed among the groups. The 

applications presented with the general model involve both surface and 

ground water; however, this section of the project is concerned only with 

application I, the fresh surface water problem, because of the much more 
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ubiquitous occurrence of this type of water quality concern. The use 
\ 

of ground water as a waste sink and the resulting water quality problems 

can be found in only a few specific locations; whereas, the use of sur

face streams in this same manner is indeed conunon. 

Surface water quality may be defined as a function of the demands 

made upon the water resource by its users. A firm producing drinking 

water from a surface source has an entirely different concept of water 

quality than a fisherman or any one of a number of other direct users, 

even though all users may have common facets to their water quality 

picture. The five predominant demands sensitive to quality considera-

tions for a surface water resource are for: (a) human and industrial 

water supply, (b) recreation, (c) waste sink (disposalhl/ (d) aquatic 

ecosystem environment, and (e) aesthetic appeal. Bacteriological 

considerations are of major concern to the water supply users, may be 

of less concern to the recreation users, and are often of little concern 

to certain other demands. Toxicity criteria are highly important to 

water supply users and aquatic ecosystem users, but assume a minor role 

with the rest of the groups. Similarly, temperature, odors, tastes, 

radioactivity, pH and other parameters are of greater concern to some 

users than to others. Thus, before the work of incorporating surface 

water quality criteria can begin in earnest, additional delimiting is 

required. 

11
waste sink (or waste disposal) is used in this context to 

denote the demand for the stream's waste assimilation capacity. Practi
cally all fresh water surface resources can accept an amount of biologi
cally degradable waste material and convert it to innocuous substances 
through natural processes. This is called the waste sink capacity; and, 
in some resources, this capacity is substantial. 

l 
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The surface waterway defined in application I of the general 

model (Chapter Six) is used as a water supply and a waste sink by the 

feed lot, the pork slaughter plant, and also by the municipality. In 

addition the waterway is most likely a place of recreation for the local 

populationo A parameter of significant importance to all of these uses 

is the level of the dissolved oxygen in the river water. Maintenance of 

a minimum level is necessary to prevent fish kills, odors, and bad 

tastes; and the surplus oxygen level above the minimum is important to 

the waste sink users. For these reasons, the water quality criteria to 

be incorporated into the general model will deal with dissolved oxygen 

levels in the stream. 

The general model, application I also includes a minimum flow 

parameter, often called low flow, which will be retained in the expanded 

model in a different manner. In the first application, this parameter 

functions as a guarantee of source to downstream users, thus becoming 

basically a quantitative parameter. However, low flow parameters are 

often related to quality considerations because of the waste diluting 

activities of streams used as waste sinks. Other factors affecting low 

flow criteria can also arise from the recreation and aquatic ecosystem 

environment demand areas. 

Thus, as a result of delimitation, the water quality criteria 

to be incorporated into the general model include only dissolved oxygen 

and low flow parameters. Elimination of so many significant variables 

often found in the complex real world water quality area was done in 

' 



125 

the interests of simplification. While the stated purpose of Part III 

' of the study is to incorporate relevant criteria into the model, the 

point of greatest interest is not what criteria are incorporated but 

how this incorporation is accomplished. The approach, then, is the 

crux of this work, and the complexity needed to analyze a real problem 

can follow in later applications. 

Review of the general model 

The discussion of the general model in Part II has been quite 

detailed, and readers are referred to Chapters Five, Six and Seven for 

a complete discussion of the general model. For readers interested 

primarily in water quality aspects, a brief sunnnary of the general 

model, Application I, is presented in the next few paragraphs. This 

surmnary serves also to extract (or modify) from the detailed earlier 

presentation features of specific interest to this work. 

The overall structure of the model follows the typical linear 

prograrmning (LP) format where the objective function takes the form 

c'xP. The vector xP consists of a number of production activities 

using water as an input factor. These activities produce a good or 

service of greater or lesser value than the value of the raw material 

inputs. The vector c' contains a series of coefficients that describe 

the amount of "value added" by each unit increase in an activity's level. 

The maximization of the objective function, then, may call for the 

determination of that group of activity levels that produce;a maximum 

aggregate amount of "value added." 
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tlowever, in application I an activity appears from outside 

the production activity vector in the form of "water treatment 2;" and 

this event will happen several times again as the water quality considera

tions are added, so this section of the report modifies the objective 

function slightly. The new fonn 

max c'x, 

where Xis a vector array [Xp: Xs: Xr1 with xP representing the produc

tion activities, Xs representing the water manipulating activities, and 

Xr representing the public water uses, all as defined earlier. Most of 

the activities in Xs and Xr do not enter the objective function; and 

this is accomplished by setting their respective C values equal to zero. 

This change causes the C vector to lengthen to dimension n, the total 

number of activities. This change permits the inclusion in the objective 

function of those activities requiring an input of resources from the 

aggregate community but producing a product with a cardinal value less 

than the cost of the input resources. Muncipal waste water treatment 

is typical of such an activity. 

The units of the elements of the vector xP are defined in two 

different ways. In the cattle feed lot, corn, soybean, and pork slaughter 

activities, the units represent either one (or one thousand) production 

entities. In the aggregate activities, the units are the amount of 

production required to produce one thousand dollars of "value added." 

Therefore, the units of C in the first case are the dollars of value 

added per unit of production activity; and, in the second case, are 
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dollars of value added per units of 1,000 dollars value added. 

The units of the activities in the Xs and Xr activities 

entering the objective function are in units of 1,000 gallons of water 

used or processed. The C vector coefficients for these activities are 

in terms of dollars of value added (in this case, the value added is 

negative because it is actually the treatment cost) for every 1,000 

gallons of water processed or used. 

No LP problem is complete without a set of restraining equations, 

and in the general model these constraints are of the form: 

AX ~ b 

X ~ 0, 

where A is a matrix of coefficients of size m x n (m equals the number of 

constraints, and n equals the number of activities), bis a unit vector 

of constraint parameters of length m, and xis any single activity. This 

last constraint is the non-negativity condition that insures against un

real negative activity levels entering a solution. 

The b vector includes the constraints for the four assumed 

resource inputs (water, labor, land, and capital) plus some physical 

capacity restraints on the public use activities, the pork slaughter 

plant, and the available stream flow. The components of these groups 

can be seen in Fig. 4. 

The coefficients of the A matrix are the real source of the 

activity level units. In the case of the individual production activities 

in xP, these coefficients represent the amount of resource consumed in 

1 
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producing one (or one thousand) units of production. The coefficients 

for the aggregate production activities in xP are in terms of the amount 

of resource consumed to produce a unit of 1,000 dollars value added. 

The coefficients for the activities in Xs and Xr represent the amount 

of resource consumed for every unit of 1,000 gallons of water consumed 

or processed. 

One of the very important features of the general model in both 

applications is the incorporation of temporal variability. This is 

accomplished by breaking the total time span of analysis (in this appli

cation, one year) into four separate time periods of unequal length. 

Some of the constraints have differing maximum values between time 

periods which requires the use of four different entries. In Fig. 4 

this type of entry is denoted by a, b, c, or din the column headed 

"time period.'' The balance of the constraints are yearly maximums and 

are denoted by the letter y. The general model apportions this latter 

type of resource among the time periods in an optimal manner. The 

mechanics of this feature are further clarified in the discussion in 

Chapter Ten. 

One particular facet of this dynamic arrangement should be 

noted. In application I, a reservoir exists in the upstream portion 

of the watershed, and the general model uses the resource constraints 

for stream flow and low flow to transfer water from one time period to 

the next, a very real and important function of a reservoir. 

The treated water and waste water constraints are used to 
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transfer the individual demands of the various municipal activities for 

these two commodities to the appropriate activity columns. This is 

accomplished by using coefficients in the water or waste water treatment 

activity columns of a sign opposite to those in the other columns and 

then setting the whole constraint equal to zero. 

The coefficients for the A matrix that are used but not derived 

in this section are taken from the earlier discussion in Chapter Five. 

Similarly, constraints have been used as developed in Chapter Five, 

also. Lastly, the objective function coefficients that are not derived 

in Part III have been discussed in Chapter Five. A number of features 

of the general model have not been discussed here, and a reader wishing 

greater understanding of the basic model at this point should read or 

reread the preceding chapters of this report. 

Water quality limitations of the general model 

In application I, as presented in Chapter Six, the possibility 

of stream pollution by the pork slaughter operation has been designed 

into the problem by providing two distinct pork slaughter activities, 

1 and 2. The model assumes that the lower capacity of pork slaughter 

1 will not exceed the assumed treatment facilities, but that the higher 

capacity, pork slaughter 2, will exceed the same treatment capacity, 

thereby polluting the stream. To account for the polluting of the 

stream, a second resource, stream 2, is created to replace stream 1 

when the pollution occurs. This polluted stream then triggers an 

additional water treatment activity (water treatment 2) at the down-
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stream muncipality which enters the objective functions on the assumption 

that polluted water increases the cost of treating drinking water. 

This approach has a number of limitations. First, the assump

tion that treatment is provided ignores the existence of three major 

levels of treatmentt/ with a number of sub levels possible within each 

major level. To account for the multiplicity of treatments possible a 

pork slaughter activity for each level would have to be created, and at 

the same time separate streams would have to be created for each treat

ment level o The expansion of the general model in this manner in an 

effort to better mirror real life situations would rapidly become 

complex and too cumbersome to handle conveniently. 

Another shortcoming is that the general model ignores the effect 

of the quantity of stream flow on the amount of waste treatment needed. 

This model has assumed that the pork slaughter plant is subject to 

3/ 
effluent standards.- At present, there is a great deal of debate con-

cerning the relative merit of these two approaches to standards, but 

it is generally admitted that, under proper management conditions, the 

use of stream standards is economically preferable because the waste 

~/The three major levels are primary, secondary, and tertiary 
treatment. The first level, primary, consists of one or more unit pro
cesses that remove a significant portion of the suspended particulate 
matter. The secondary treatment level uses biological treatment processes 
to remove dissolved or suspended biodegradeable matter. And the tertiary 
level includes one or mor~ of a large number of treatment processes such 
as disinfection by chlorination; odor, color or taste removal by carbon 
absorption; fine particulate removal by filtration; and nutrient removal 
by one of a number of processes. 

~/Effluent standards specify the maximum or minimum values for 
water quality parameters in the waste streams being discharged while 
stream standards specify these parameters for the receiving stream after 
receiving the discharge. 

• 
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assimilation capacity of the stream can be utilized. 

Another assumption that limits the application of the general 

model is the handling of increased water treatment costs by the downstream 

municipality. The treatment of a surface water supply usually involves 

such extensive investment and operating expense that most pollutants have 

little effect on treatment costs unless they are of an exotic nature. 

Very little data are available for use in estimating such costs on a 

generalized basis. McDonnell (71) has recently investigated the effects 

of raw water ammonia levels on the treatment costs of the city of 

Philadelphia. The report shows a 1.5% increase in operating costs for 

a significant arrnnonia level. Therefore, the economic effects of this 

phenomenon as applied in application I of the general model would not be 

of the same magnitude as the waste treatment effects added in Part III 

analysis. 

The most significant economic effects of water quality degrad

ation occur when waste discharges must be treated or activities must be 

curtailed because of excessive waste. 

The final major limitation of the general model, application I, 

is the lack of spatial relationships between the activities. This is 

an essential factor in assessing the location and the magnitude of the 

effects resulting from water quality degradation. The fact that the 

pork slaughter plant was upstream and an assumption about the effect of 

the waste on the water treatment operation had to be made before setting 

up the model since the model itself cannot take such variables into 

account. 
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All of these limitations discouraged attempts to include 

additional water quality criteria considerations within the LP problem 

itself; however, there is another feature of LP which is probably even 

more obstructive, and that is the need to use only linear relationships 

or linear transformations of curvilinear relationships. A typical 

dissolved oxygen relationship is shown in Fig. 5, and, even though a 

linear transformation of this relationship may be possible, it is far 

too complex and cumbersome for use in this application. Similar pro

blems exist in the treatment level relationships shown in Fig. 6. This 

curve shows that the treatment cost is zero as the waste strength or 

amount increases until there is a need for primary treatment where the 

cost rises vertically. As the waste continues to increase in volume 

or strength, the operating expense rises very slowly until a second 

point is reached where secondary treatment is required. This is 

repeated again through tertiary treatment. This type of relationship 

does not lend itself to linearization over the total span of waste 

strength or volume. 

Evaluation of TPS approach 

All of the considerations outlined in the preceding section led 

to a search for an approach that would combine more flexible analytical 

techniques with the existing LP procedures. The first avenue investigated 

placed the LP program in a subroutine role to a Fortran river model pro

gram; however, efforts were thwarted because the overall concept was 

incompatible with available computer techniques. 
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A second approach began with the LP model calling a river 

model subroutine. Implementation of this approach would require the 

rewriting of a significant portion of the computer LP solution system 

called MPS. This investigation led to the approach selected, developed 

and explained in the remainder of this Chapter and Chapters Nine 

through Eleven. 

Investigation of the Mathamatical Progranuning System (MPS) 

revealed an MPS subroutine that provided a bridge for communicating 

with other major programs written in the Fortran language. This meant 

that a model of the stream in application I could be developed using 

Fortran techniques, and that the LP model and the river model could 

then transmit information back and forth during a series of alternating 

solutions. The LP solution could be obtained first; then the activities 

could be transmitted to the river model where the activity levels would 

be analyzed for their water quality effects on the stream. Deleterious 

effects would be handled by first treating the waste, thereby modifying 

the objective function coefficient, or ultimately by establishing a 

maximum bound for the activity. Modifications would then be communicated 

back to the LP problem which would be revised and solved again. These 

procedures would be repeated until an optimal solution of the LP would 

cause no unresolved water quality problems in the river model which 

would be outputted as the desired solution. 

It is important to note that these two programs are independent 

and of equal status, even though one program initiates the sequence and 
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the other program is stored within the computer. Both programs contain 

numerous variables that must be described before analysis can begin, and 

only a few of these variables are communicated back and forth. This 

independence feature gives this approach a great deal of potential because 

it means that the analyst is not limited to two companion programs. 

There is reason to expect that this approach could be expanded to the 

point where the overall system would produce results very closely 

approximating the real world situation. 

In order to facilitate the following discussion, the name 

Tandem Program System (TPS) has been assigned to this group of companion 

programs. A number of modifications have been made in the general 

model, and a river model has been developed for the stream found in 

application I. The nature of the changes and the concepts employed 

are discussed in Chapter Nine. The new coefficients required by the 

TPS are also derived in Chapter Nine. A detailed description of the 

TPS operations appears in Chapter Ten with numerous references to the 

computer program listings in the Appendices. Part III, on the TPS 

model, then concludes with a discussion of the program output, the 

example results, and some future expansion possibilities in Chapter 

Eleveno 
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CHAPTER NINE: CONCEPTS USED IN TPS 

In Chapter Eight, a broad range of ideas and relationships 

was discussed in arriving at an approach to the problem of including 

water quality considerations in the general model developed in Part II 

of this report. This Chapter is first concerned with describing the 

changes required in the general model and the determination of some new 

objective function coefficients. The discussion then turns to the pro

blems of building river models, a description of the concepts and 

assumptions employed in this application, and the derivation of several 

ratios and constants used in the operation of the Tandem Program System 

(TPS) model as described in Chapter Ten. 

Modifications to the General Model--Application I 

In implementing the TPS model, the water quality features 

included in the LP format were deleted from the general model. These 

deletions include the Water Treatment 2 and Pork Slaughter 2 activities 

and Stream II and Pork Slaughter Capacity II resource constraints. 

The low flow parameter is moved to the river model in the TPS 

because that format allows spatial as well as temporal differentiation. 

The allocation of water among periods by the general model is retained 

so the resource constraints Stream I, Reservoir capacity, and Low Flow 

are continued in the LP portion of the TPS model. 

The general model assumed that a certain amount of water 

treatment and waste water treatment capacity existed for the municipality 
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and that use of these resources did not affect the objective function 

except in the now deleted case of Water Treatment 2. A set of disposal 

functions was incorporated into the model to permit the model to exceed 

these capacities by merely calling for additional treatment. This 

concept is substantially altered in the TPS model. 

The original assumption that municipal treatment facilities of 

a certain capacity already exist has been retained; however, the expense 

of using the waste water treatment facilities has been added to the 

objective function as a negative value added. Initially, the model 

assumes the waste is untreated. Whenever the river model calls for an 

increase in the level of municipal treatment, the objective function 

coefficient is incremented by a predetermined amount so that the coeffi

cient represents the .cost to treat one unit of activity, in this case 

a block of 1,000 gallons. 

The original assumption that the cost of treatment of the water 

supply within the original capacity of the facilities would not enter 

the objective function is likewise not retained. A cost to operate the 

water treatment plant of 17.5 cents per 1,000 gallons treated was 

selected from Seidel and Cleasby (88) although this value is probably 

too low at present cost levels. Here again the capital cost of the 

facilities is not included. 

Two new activities have been added to allow the municipality 

to expand either treatment facility as needed or as the river model 

parameters permit. These activities are called Additional Water 

Treatment and Additional Waste Water Treatment. 

--
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The Additional Water Treatment activity enters the objective 

function as negative value added with the capital cost of providing the 

new facilities also included with the operating cost just described. 

This capital cost was estimated at $200,000 to provide one million gallons 

per da y of additional capacity. This number is transformed into 4.4 

cents per one thousand gallons treated assuming that the capital debt 

is amortized over 20 years at 5% interest. This method of handling 

costs assumes an infinite divisibility in adding additional capacity 

which is not attainable in reality. However, this discrepancy in the 

initial approach could be removed in subsequent applications. 

The additional waste water treatment activity is handled in the 

same basic manner as the waste water treatment activity with the exception 

that every time the level of activity is raised, not only the cost of the 

higher level of treatment but also the capital cost of the facilities 

are added to the objective function coefficient. A cost of providing 

one million gallons per day of additional primary treatment was estimated 

at $114,000. This figure becomes 2.5 cents per 1,000 gallons treated if 

the debt is amortized over 20 years at 5% interest. The same figures 

for secondary treatment are $400,000 and 8.3 cents, and tertiary treat

ment was assumed to cost 3.0 cents per 1,000 gallons in capital expense. 

Tertiary treatment was assumed to include granular carbon absorption, 

aeration, and chlorination. The above figures were obtained from a 

cost study by Smith (92). 

The determination of the municipal wastewater treatment operating 

costs involved the three levels of treatment. If the existing plant is 
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assumed to have a 10 million gallon per day (mgd) capacity the yearly 

operating cost for primary treatment would be approximately $12,000 per 
' 

mgd of capacity. This number transforms to 3.3 cents/1,000 gallons of 

water treated. Secondary treatment was assumed as $18,000 per year per 

mgd capacity which is 4.0 cents per 1,000 gallons. The tertiary treat

ment process assumed has an estimated operating cost of 6.3 cents per 

1,000 gallons. Once again the values have been drawn from Smith (92). 

An important feature of this approach is that the volume and 

the strength of the waste are handled separately. It is possible to 

have a large volume of low strength waste requiring additional facilities 

but low treatment levels, or conversely, a small volume of high strength 

waste may require a high level of treatment, but no additional facilities. 

This properly mirrors real world circumstances. 

Two other activities in addition to the municipal treatment 

activities just discussed also require the addition of treatment func

tions. The first, the Cattle Feedlot, is handled in a unique manner. 

The provision of waste treatment facilities for cattle feedlots is 

usually considered infeasible so if this waste is found to be excessively 

degrading to the stream, the entire waste is assumed to be diverted to 

an irrigation activity. The water is then assumed to be returned to 

groundwater. The cost of diverting this waste to an irrigation use 

was arbitrarily assumed to be 10 cents per head of cattle, and this 

amount is subtracted from the cattle feedlot objective function coeffi

cient whenever the waste is so diverted. This approach was suggested 

by Koelliker (59). 
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The remaining activity concerned with water intake and waste 

water discharge is the pork slaughter plant. In this case, the cost for 

each treatment level includes the construction, debt service, operating, 

and maintenance expenses. Since these facilities are considerably 

smaller than the municipal plant, the treatment costs are higher. The 

primary treatment cost was estimated at 10.2 cents per 1,000 gallons, 

while the secondary treatment cost was 11.8 cents per 1,000 gallons.!/ 

The tertiary treatment process, consisting of carbon adsorption, re

aeration, and chlorination, was estimated at a cost of 13.9 cents per 

1,000 gallons. All of these figures were taken from Smith (92). 

These costs were converted to units of dollars per 1,000 carcasses per 

day using the BOD and water usage figures developed in the next section 

of this chapter. 

The foregoing discussion has presented the rationale and 

magnitudes of the revisions to the objective function coefficients as 

a result of needs for treatment of waste discharges. Since these objective 

function modifications are actually triggered in the river model portion 

of the TPS, this discussion could have been presented in that section of 

this chapter. However, moving the presentation to this section emphasizes 

that the actual economic impact of the treatment considerations occurs 

in this LP section. 

A possibility exists that even tertiary treatment might not be 

sufficient to reduce a waste discharge to acceptable strength levels. 

!/The cost in secondary treatment should have been approximately 
18 cents per 1,000 gallons; the erroneous figure was inadvertently used 
in the calculations with the result that treatment costs are somewhat 
understated. 
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Therefore, a fourth possibility was added to the model in the form of 

a bounds section for all of the activities. This section can be used to 
' 

set maximum or minimum activity levels or to set the activity level to 

a predetermined number. The levels of the waste producing activities 

are originally set at an arbitrarily high number, 107• Whenever tertiary 

treatment is insufficient, this upper bound is set to the maximum per

missible activity level as discussed in Chapter Ten. 

This bounds section was also found useful in apportioning the 

residential use in a reasonable manner among time periods by specifying 

minimum levels in each period. This could also have been accomplished 

by breaking the constraint value for residential use into its four time 

period increments. 

The only major change in the constraint vector involved the 

sunnning of the time period values for Pork Slaughter 1 and Pork Slaughter 

2 when the latter was deleted on the assumption that the more flexible 

waste treatment approach would permit full use of the slaughter plant 

capacity. Since Stream I and Stream II resources differed only in water 

quality, sunnning of the original constraint values was not appropriate. 

This completes consideration of the LP portion of the TPS. The 

modified model is sunnnarized in Fig. 4 as presented in Chapter Eight. 

Concepts and Coefficients Used in the River Model Portion of TPS 

The development of the river model portion of TPS could have 

taken any one of a number of forms. The literature is replete with 

recently developed river models, and new efforts are reported with 

increasing frequency as computer techniques develop and expand. All 
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of the parameters discussed in Chapter Eight have been modeled several 

ways, and these models can be either probabilistic or deterministic. It 

is very likely that any of these models could have been used in the TPS 

which emphasizes the versatility of this approach. 

The model format chosen draws heavily on the recent work of 

Dougal, et al (29). This extensive study of the Skunk River near Ames, 

Iowa provided ample material in developing the river model, and it also 

provides a ready source of expansion possibilities for the TPS being 

presented, since many of the concepts have been simplified to aid in 

illustrating the approach. 

The dissolved oxygen stream variable, which has been chosen 

from numerous possible variables (or parameters), involves a number of 

complex interrelationships. Whenever a waste is discharged into a 

2/ 
stream, the distribution of the waste's oxygen demand- along, across, 

and down into the stream is a function of many factors such as stream 

flow velocity, depth, width, bottom contours, obstructions, and wind 

action. In addition, the exertion of the demand is influenced by the 

nature of the waste. Some carbon compounds exert their demand much 

faster than others, and demand by nitrogen compounds usually occurs 

days after the carbon demands have been exhausted. Aquatic organisms 

such as fish or algae also exert oxygen demands, at least part of the 

time; and sludge deposits can form which affect the exertion of the 

oxygen demand. And lastly, the wastes introduced as single point 

I/The wastes serve as food for numerous bacterial organisms in 
the stream, and the oxygen demand is actually the demand of these organisms. 
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discharges behave differently than the uniform natural waste seepages 

along the stream. One or more of these factors can be evaluated in-

dividually with the balance being treated as a unit, or the entire 

group of factors can be simultaneously evaluated in any real situation. 

Normally, the effect of this group of variables is represented by a 

'deoxygenation coefficient.' 

Oxygen is continuously entering the water resource as deoxygena

tion takes place. Some of the variables affecting this phenomena are 

stream flow characteristics, stream temperature, and the presence of 

algae during sunlight hours. These factors are usually sunnnarized as 

the 'reoxygenation coefficient.' 

For the purposes of this work these two coefficients are 

assumed to include all variables and to be constant. The first assump

tion may be possible, but the latter one is never true for more than a 

short period of time. One major reason for this is the role of algae. 

During the day, these organisms produce oxygen, thereby aiding the 

reoxygenation coefficient; however, at night the algae can only respire, 

thereby transferring their effect to the other side of the ledger. 

These river coefficients were estimated from the data presented 

by Dougal, et. al. (29). A value of 0.400 per day was assumed for the 

reaeration coefficient, and a value of 0.200 per day was assumed for 

the deoxygenation coefficient. These values would be typical of a 

large stream with a low flow velocity. In an application to an actual 

fact situation, these values would be determined · from observations taken 

on the stream. 
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The use of these simplifying assumptions in this hypothetical 

application permits the use of the typical dissolved oxygen profile 

(also called the oxygen sag curve) presented earlier in Fig. 5. This 

curve represents the change in the residual oxygen levels of the stream 

as a unit of waste moves downstream from the point of discharge.~/ 

In the early stages of the waste unit's travel, the demand is greater 

than the reaeration capacity of the stream so the residual level falls 

to a low point, and then rises as the waste demand subsides below the 

reaeration rate. The low point in this curve is the crucial parameter 

used by this river model. If the initial saturation oxygen level is 

assumed to be 8.5 mg0
2
/1, and the low point is arbitrarily set at 5 mg 

0
2
/1, then the stream can acconnnodate any waste that creates an oxygen 

deficit of 3.5 mg0
2

/1 or less. The 3.5 figure is called the 'critical 

deficit.' 

The relationship just discussed involves a time (or spatial) 

dimension that must be incorporated into the model. This is accomplished 

by adding a scale to the stream in the watershed of application I, and 

this is shown in Fig. 7. The distance between stations on the dimensioned 

stream represents the amount of waste travel in one day. While this may 

not approximate reality in all situations, it fits the mathematical 

representation of the sag curve~/ and eliminates the need to use fractional 

or decimal numbers for time of travel, t. 

~-/ The oxygen profile in the reservoir would differ from the 
stream profile, but this is ignored in this application. 

4/ - See Dougal; et. al. (29) page I-196, equation 45. 
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The dissolved oxygen portion of the river model assumes that if 

a second waste is discharged into the stream before an upstream waste has 

been assimilated the effects of each waste on the oxygen profile are 

additive. This assumption is reasonable in most instances, but the 

possibility of synergistic or toxic interactions in real world applica

tions should not be ignored. 

The river model also checks to make sure a minimum low flow 

parameter is maintained. The operation of this facet of the program is 

described in detail in Chapter Ten. The minimum low flow figure used in 

this application is 103,367 gallons per day which was taken from the 

general model application I. This feature might be used, instead, to 

prevent the s tream from falling below some predetermined level that would 

negate established stream standards. In Iowa this would be the "10 year 7 

day"2/ low flow for any stream reach analyzed. 

All of the activities either removing water from the stream or 

discharging wastes to the stream have been assigned a station on the 

dimensioned stream. As the river model sequences downstream each station 

is analyzed f or water removal or waste discharge, and appropriate data 

are supplied to the model for use in performing these computations. 

Once again the Cattle Feedlot was handled in a manner unlike 

the other two activity groups. The water intake quantity was assumed to 

be a function of the feedlot cattle population, and a figure of 15 gallons 

per day per head was selected. The water returned to the stream was 

~/The Iowa Water Quality Standards apply to waters classed 
fishing streams, and the standards must be met for all flows above, 
equal to, the 10 year 7 day" low flow established for each stream. 
low flow is the lowest flow over a period of seven days that can be 
expected to occur once every ten years. 

as 
or 
This 

• 
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assumed to be a function of the rainfall runoff from the feedlot. This 

assumption is further expande4 in the interests of simplification of the 

model, to include a holding pond that would discharge to the stream in a 

continuous manner. A typical Iowa runoff amount of 20 inche~ per acre 

per year was selected, and the cattle feed lot size was assumed to be one 

acre for every two hundred head of cattle. The resulting discharge to 

the stream is 7.44 gallons per head per day. 

The strength of the wastes entering the stream is calculated from 

this discharge quantity and an estimated figure is derived for the amount 

of Biochemical Oxygen Demand (BOD) generated by each animal. A reason

able strength for the waste stream flowing from the pond could be 1,000 

mg02 demand/1. Using the 7.44 gal/head/day from above, this figure 

becomes 0.062 lbs BOD/head/day. These figures were suggested by 

Koelliker (59). 

The water intake of the Pork Slaughter plant was assumed to be 

225 gal/carcass, and it was further assumed that 90% of this volume 

would be returned to the river as waste flow. This latter figure is 

202.5 gal/carcass. The strength of the waste is calculated using an 

assumed BOD production of 2 lbs of oxygen demand/carcass. These figures 

were estimated from some unpublished data supplied the Iowa State 

University Department of Civil Engineering, Sanitary Engineering Section, 

by several Iowa packing plants and represent reasonable median figures. 

The intake and discharge quantities of the municipal utilities 

are the activity levels themselves, so these two constants assumed a 

value of 1 gal/gal. The strength of the waste was estimated at 350 
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mg0
2

/1 of BOD which is a typical municipal waste of intermediate strength. 

This number is converted to a value of 2.9 lbs. oxygen demand/1,000 gal. 

of waste. 

This discussion has reached the point where the Tandem Program 

System can be assembled into an operating model. Chapter Ten discusses 

the assembled model in detail, using the program listings as guides. 

This application of the TPS required four component programs, (a) the 

·control program, (b) the optimization program, (c) the communications 

program, called READCOMM, and (d) the river model program called the 

Water Quality Program, WQP. 

• 
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CHAPTER TEN: DESCRIPTION OF TANDEM PROGRAM 

SYSTEM (TPS) COMPONENTS 

The component programs of this TPS approach appear in the 

first several appendices. This chapter of the report will describe in 

detail the statements in these programs so that the reader with minimal 

programming experience can acquire a deep enough understanding of this 

application to allow the use of this approach to many other and possibly 

quite different problems. 

The controlling program uses the Mathematical Programming 

1 
System/360 (hereafter referred to as MPS or MPS/360) • This system is 

described in IBM Manuals GH20-0130-3 and GH20-0290-3 current in 1970 

and 1971. This controlling program consists of two parts, (a) the 

OS/360 Job Control Statements that appear in Appendix C, and (b) the 

Optimization Program that appears in Appendix D. 

Control Program Job Control Cards 

Statement 1, Appendix c, is the usual Job card required for 

every job run at the I.S.U. Computation Center. Statements 2, 3, and 

4 transfer control to the compiler and call for the compilation of the 

input program that immediately follows statement 4, in this case the 

Optimization Program. The unnumbered statements beginning with an x 

are control statements contained within the MPS and are generated 

automatically by the system. 

1There is a later version now available and known as MPSX. 
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Statement 5 overrides the builtin MPS STEPLIB procedure and 

allows creation of a library of programs, which is done with Statements 

6 and 7 (Note, the unnumbered cards beginning with// are merely 

continuations of the preceding card). Statement 6 adds the READCOMM 

program (Appendix E) under the name of PROG.U3583.D, and statement 

7 adds the Water Quality program under the code name PROG.U3583.H. 

Statements 8 through 11 link both data sets 03 and 06 to the 

printer. Both sets are specified in this application because midway 

through the development of this program, the I.S.U. Computation Center 

switched the standard printed output data set from 03 to 06. To avoid 

confusion during the change both sets were specified. Statements 12 

through 19 specify that data sets 08 through 12 are direct access files 

that are located in disc packs. There data sets are used in the 

READCOMM and Water Quality programs. 

The final statement, number 20, instructs the computer to 

commence executing the Optimization program previously compiled us~ng 

the input data immediately following this statement. The input data 

must be followed by an ENDDATA statement and/* card. 

Optimization Program 

This program begins with the required opening PROGRAM 

statement. The parameter 'ND' stands for 'no diagnostics' and it 

prevents the abnormal ending of the program for compilation errors. The 

next statement sets up the standard system demand implementation and 

their addresses. 

Statement 3 calls for the reading of the first data card and 

specifies that this card must have the name DAVE in column field 15-19. 
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Statement 4 allocates space in the MPS to this problem file and labels 

it MAY. Statement 5 then calls for the reading of the balance of the 

data cards and the storing of the data in proper fonn in the problem 

file just defined. 

Statement 6, with the address MORE, identifies data set 08 

as the communications file to be used by READCOMM in carrying information 

to the Water Quality program. This file is labeled COMMF'MT o Statement 

7 positions the disc to the beginning of the communications data set 

and opens the file for output. 

Statement 8 instructs the computer to print out the input 

data as read. This output appears in Appendix Gas the original data 

and also as the intennediate data output in Appendix H. 

The next two cards are included for precautionary reasons. 

Whenever the number of iterations through the Tandem Program System 

equals XFREQZ, in this case, SO, the program branches to the statement 

labeled ITR (number 33). The five statements, 33 through 37, then 

transfer the existing solution to a portion of the problem file MAY 

and then return control to Statement 11. The computations then 

continue, and the intermediate solution just saved can be recovered if 

the tandem program comes to an abnormal end within the next fifty 

iterations. Statement 11 initiates the solution of the optimization 

portion of the problem. The arguments specify that a set of 'bounds' 

called 'XMAX' are to be used, and the solution is to be a maximum value 

for the objective function. This card also specifies an initial basis. 

Statement12 instructs the computer to use the data vector 'c' from the 

problem file as the coefficients for the objective function. Statement 

13 calls for the data vector 'bl' to be used as the constraints (or the 

Right Hand Side, RHS). 
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Statement 14 causes the computer to skip statement 15 on the 

first iteration. The variable L3 is initially defined as 1 by statement 

40. This variable is incremented one unit by statement 26 on each 

iteration, eliminating the subsequent bypassing of statement 15. This 

maneuver keeps a record of the number of iterations and enables all 

later solutions of the optimization program to begin with the last 50th 

basis or the last optimal solution that has been saved in the problem 

file, eliminating a great deal of computation time. 

The next statement (16) specifies the algorithm to be used 

in the solution, in this case, the primal algorithm. Statements 17 and 

18 specify the output activities for the solution. The first statement 

calls for a printed output of all non zero columns and all rows. The 

second statement calls for this same solution to be transferred to the 

communications file, COMMFMT. 

Statement 19 then calls for the saving of the optimal solution 

in the problem file replacing any optimal or 50th iteration solution 

previously saved. 

The three statements, 20 through 22, release the core work 

area used in solving the optimization problem; execute the READCOMM 

program, codenamed DAVE (See Appendix E); and then again release the 

core work area used for this operation. 

Statements 23 and 24 call for the solution of the Water Quality 

program (WQP), codenamed HUBLY (See Appendix F). The IDEX argument 

is the variable indicating the number of iterations of the TPS, and is 

used by the WQP to tell the optimization program when to stop. When 

control is returned to th~ optimization program this variable is evaluated 

• 
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by statement 25, and the system either branches to 'QUIT' or begins the 

revision of the input data to the optimization program in preparation 

for a new solution. 

If the decision is to continue with another solution, the 

counter L3 is incremented one unit by statement 26. The next statement 

identifies the problem file MAY as the file to be revised. The state

ment, number 28, then takes the input data from data set 11, modifies 

the problem file MAY, and stores the revised model back on the problem 

file. This conn:nand also creates the output shown in Appendix H, page 

VI-7. 

The final revison of the problem is accomplished by statements 

29 and 30. The first of these commands calls for a new setup as in 

statement 11, only this time the revised bounds are setup. Similarly, 

the objective function is revised by statement 30. 

Statement 31 is another safety precaution designed to prevent 

the TPS from continuously oscillating because the solutions do not 

converge. The variable IA is set equal to a number one-unit greater 

than the maximum number of iterations that can be tolerated. When 

that number of iterations is reached, the tandem program branches to 

QUIT. Otherwise, the control is returned to the statement with the 

address MORE, statement 6, and a new optimal solution is begun. 

Statements 38 through 43 initially define the variables and 

arguments used in the statements described above. The final card is 

a signal to the computer that this is the end of the program to be 

compiled and that control is to return to the OS 360 job control 

statements discussed in the preceding section. 
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The READCOMM Program 

This program (Appendix E) transfers the solution (the 

optimal levels for each activity) from the connnunication file in MPS 

to data sets on a disc, in this case sets 09 and 10. This program 

also makes the necessary statements available to transmit the arguments 

ISTOP and IDEX between the optimization program and the WQP. 

The first two statements are straightforward Fortran 

definition statements and the second pair of statements position 

the disc data sets 09 and 10 to position 1. 

Statement 5 equates the word FILE to the integer 08, used in 

this context to denote disc data set 08 which is the MPS communications 

file. Statement 6 instructs the computer to position itself to read 

this file from the beginning. The argument INDIC is used throughout 

this program to indicate when the end of a data set is reached, at 

which time it assumes a value of 1. 

The next three statements, 7, 8, and 9, call for the program 

to read the first array in the file, which happens to be a standard 

array. Statements 10 and 11 call for the computer to position itself 

to the next array. If this array does not exist the program branches 

to the RETURN statement which returns the control to the optimization 

program. If the array exists, then the program reads the column names, 

data type, and then the individual values of each row vector as a 

result of the statements 12 through 14. The colt.m1n names are stored in 

the vector array COLUMN and each set of values is stored in a vector 

array VALUESo 

The READCOMM program must read the output arrays from the 

communications file in the same order as they are entered by MPS. 
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Therefore, it is necessary to read these first two arrays even though 

they do not contain data to be transmitted to the WQP. The second 

array appears in the TPS output, Appendix H page 241. Since the 

reading of these arrays is not followed by writing the arrays onto 

a disc data set, they are actually discarded or ignored. 

This process is repeated a third time by statements 15 through 

19, with this third array containing the information to be transmitted to 

the WQP. This array also appears in Appendix H, page 242. The trans

mittal is accomplished by writing these values onto two disc data sets, 

09 and 10, as called for by statements 20 through 23. 

Statement 24 returns control to the last CALL VECTOR state

ment until that statement branches to the RETURN command, at which 

time control is returned to the optimization program. The END connnand 

is for compiler use only. 

The commands GETARG and PUTARG that are used by the WQP are 

also a part of READCOMM. The first command transfers the arguments 

IDEX and ISTOP to the WQP, and the latter connnand returns these two 

variables to the optimization program. 

Since this program must reside in the system's library if this 

program is to be made available in the Control program, a set of input 

procedures is listed in the record part of Appendix E. Statement 1 is the 

customary job card. The next four statements, 2 through S, scratch any 

program using this program name that has previously been created in the 

system's library. This is not necessary, of course, if the program has 

never been cataloged or has not been recataloged after being scratched. But 
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inclusion of this procedure under these two conditions does not cause 

' an abnormal end to the cataloging procedure so the scratch portion is 

simply included for every run whether or not it is needed. 

The balance of the statements make up the catalog procedure. 

Statements 6 and 7 instruct the computer to compile the program using 

the input stream following statement 7. 

Statements 8 through 11 instruct the Linkage-Editor to con-

catenate the SYSl.FORTLIB data set with the MPS 360.SUBRTNES data set, 

to add the new program to this data set, and to refer to the whole 

set as PROG.U3583. Statements 11 through 15 are instructions to the 

Linkage-Editor, and it is here that the name DAVE is attached to this 

program. 

The Water Quality Program (WOP) 

This program appears in Appendix F. A complete listing of 

the program statements is found in sections 1 through 10. These ten 

groups represent the major function areas of the program. Also included 

in Appendix F are the input and revise procedures (section 11), a set 

of definitions for the program variables (section 12~ and a simple flow 

chart (Section 13). 

It is acknowledged that some programming inefficiencies exist 

in the program as presented. Some of the areas for improvement would 

require major changes in the program. Other areas do not offer enough 

additional benefits to warrant making the change. An example of the first 

type involves a more judicious choice in the units of measurement 

chosen for some of the variables, but to make the change in the program 

would involve rewriting many statements in both the optimization and the 



159 

WQP. Since the major purpose of this study is to develop techniques, 

and not solve a particular problem, efforts to further streamline the 

Tandem Program System are not justified in this project. 

The first group of statements, section 1, is the definition 

statements usually found at the beginning of a Fortran program. An 

example of an inefficiency as just discussed can be seen in statements 

1 and 2. In the beginning, the variables JX and JXMAX were established 

as integers, and this fits the definition statement 1. However, later 

in the program's development, it was necessary to switch these variables 

to real numbers, and statement 2 was a much simpler method than rewriting 

all of the statements containing JX and JXMAX. 

Another point of interest in this section is the use of double 

precision numbers. Toward the end of the program's development, a 

problem was encountered with variables being modified even when the 

program had not sequenced through the appropriate modification procedures. 

This trouble was eventually traced to machine error resulting from the 

use of values too close to the maximum size for single precision numbers. 

A switch to double precision numbers solved the problem. 

In the next section (2), a group of fixed ratios and constants 

needed to analyze the river water quality and to evaluate the cost of 

treatment are read into the computer in WQP formatol/ These real life 

variables and relationships are assumed to be constant during the TPS 

analysis, and the roles of most of these entities have already been 

discussed. 

I 1see page 162, line 10 this chapter. 
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However, the variables F and JP have been omitted from pre

vious description because the need for them' first arises in the Water 

Quality Program. Withdrawals and discharges to a waterway often are 

related. For instance, the pork slaughter operation can be expected to 

discharge about the same volume as it takes in; and, similarly, the 

municipality will discharge less than its intake volume. Coordinating 

these intake and discharge quantities does not occur naturally in the 

TPS so these two variables have been added to correct this problem. 

The variable JP identifies the location of any intake that is related 

to a particular discharge. In this application, JP is a vector array 

because there is only one intake point for each discharge source; but 

in a more complex application a JP matrix array could be used to handle 

multiple interdependent intakes and discharges. The variable F describes 

the quantitative relationship between the discharge and intake volumes. 

The variable is: 
Volume in - Volume out 

F - --------------
Volume out 

Using these two variables, the WQP can assure that the model will not 

permit an unrealistic disappearance of quantities of water. 

In section 3, statements 29 through 39, the names and the 

values of all of the model's activities are read into the WQP from the 

disc data sets created by the READC0MM program. The names are stored 

in the array IN and the values in the array X. 

In section 4, statements 40 through 85, the data which may be 

modified during the execution of the TPSare read into the WQP in MPS 
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3/ format.- Statement 40 instructs the computer to obtain the arguments 

IDEX and ISTOP from the optimization program via READCOMM. The 

argument IDEX is then used in statement 41 to determine which data 

set to use. On the first execution of the WQP the original input data, 

statements 48 through 79, are used; and in all subsequent executions 

of the WQP, the modified data set is used that has been stored on disc 

data set 12 in a previous execution. This latter operation is accom-

plished with statements 81 through 83. 

The statements 42 through 47 zero the storage arrays and 

statement 80 causes the program to bypass data set 12 on the first 

execution. Statement 84 returns data set 12 to the beginning of the 

set in preparation for the expected input of data later in the WQP. 

The statements in section S, 86 through 101, begin the analysis 

of the river's water quality. The first statement initially sets 

KOUNTA equal to zero. At the end of the analysis this variable is 

examined, and if it is greater than zero, then the WQP instructs the 

optimization program to solve the problem again and return to the WQP 

for another analysis. 

Statement 87 begins a loop that contains one complete analyt

ical sequence. This loop allows repetition of the river analysis for 

as many time periods as needed. The loop test value, in this case 4, 

equals the number of time periods to be analyzed. 

Statements 88 through 98 set the working arrays of the WQP 

equal to zero, or, in the case of JXMAX, to a very large number. 

11see page -162, line 10 in this chapter. 
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The last three statements, 99 through 101, initialize three 

' 
variables that are used later to speed up execution of the program. 

The use of these variables is explained below. 

Section 6, statements 102 through 191, converts all of the 

data that have been entered in MPS fonnat into the WQP format. This 

manipulation is necessary for all data that are either stored or 

carried between the optimization program and the WQP. 

The differences between these two formats occur in the activity 

numbering sequence and in some of the variable units. 

The need to convert from one numbering sequence to another 

arises because of the basic differences in the two problems being 

solved and in the computational approach to each problem. The follow

ing discussion of these two formats should clarify this point. 

In the optimization program the MPS format is used which is 

essentially a consecutive numbering of all the activities in the order 

that the coefficients were entered into the computer. Furthermore, in 

the case where it is wished to solve the problem over several time 

periods (as is done in this application), each time period's activities 

are entered in one long vector. In other words, if the first time 

period contained x activities, then those activities would be numbered 

from one through x. If a second time period with y activities was also 

to be analyzed these activities would be numbered from x + 1 through 

x + y. The next time periods activities would then begin with number 

x + y + 1, and so forth. 

This method of setting up the problem allows MPS to solve the 
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problem over the total time span and within each time period in one 

execution of the solution algorithm. This can be easily seen in this 

application. 

A number of the resource constraint equations have separate 

limiting values for each time period) and the MPS sets up separate 

constraint inequalities, specific to the appropriate time period, for 

each of these limiting values. In these situations there is no 

apportioning of a resource between time periods. However, some re

source constraints have only one limiting value, and for these con

straints the MPS sets up one long inequality. The solution includes 

an apportiornnent of these resources between time periods. 

However, the WQP is faced with a different situation. In 

this operation, concern exists only with those activities using the 

river water either as a source or a waste sink, but in order to analyze 

the river's water quality it is necessary to first be able to locate 

the water users. Therefore, the numbers assigned to variables in WQP 

format denote their location by station on the river as previously 

discussed. 

Furthermore, since water quality cannot be apportioned 

between time periods, there is no need to solve the water quality 

problem for all time periods simultaneously. In fact, an approach 

involving a simultaneous solution makes the program considerably more 

complicated than the sequential solution approach used. 

Essentially, the conversion from MPS format to WQP format 

involves equating the level of some water using activity designated 
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by its location on the river to an MPS activity level that is designated 

by its location in the MPS activity vector. ' Furthermore, in the WQP 

this must be done each time a new water quality analysis is undertaken. 

Thus, every time period solution begins by selecting from the MPS 

activity vector the appropriate values. 

The first three statements, 102 through 104, in section 6 cause 

the program to branch to the format conversion blocks for the first 

three time periods with the loop variable, k, representing the time 

period number. When time period 4,the last time period in this applica

tion, is analyzed the format conversion block on cards 105 through 126 

is used. 

If all of the time periods contain the same number of activities, 

and these activities are arranged in the same relative order in each 

period, the program coding in this section can be dramatically simplified. 

However, in this application the corn and soybean activities do not 

occur in the first time period so the bulkier method was used, but here 

again some opportunity is seen for future streamlining of this approach. 

If all time periods had originally been set up with identical sequences 

of activities and with the activities that we wished to exclude 

fixed at a level of zero, a simpler coding approach for this section 

could have been used. 

Another group of conversions is necessary in moving from MPS 

format to WQP fonnat. In this application the WQP requires different 

units on some of the variables in contrast to the optimization program. 

The most conunon conversion involves converting from units of activity 

per time period to units of activity per day. Statement 108 is an 
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example of this type of conversion where the number of hogs butchered 

per time period is divided by TD, the number of days in time period 4 

(or D). This statement also represents a conversion in quantity of 

activity units. The general model described in Part Two measured this 

activity in blocks of 1,000 units, and the WQP uses this activity in 

terms of single units. This type of conversion should be avoided in 

future applications of this approach by better coordinating the 

optimization and water quality models. This type of conversion led 

to the need to use double precision numbers in this application. 

One additional conversion activity is illustrated in statement 

114, where it was necessary to combine two MPS format activities at the 

same WQP location. (there is also a time factor conversion in this 

statement.) In this case, the two water treatment activities are 

combined. 

At the completion of the format conversion operation the 

program returns from the appropriate conversion block to a common 

CONTINUE statement, statement 192. 

The program now commences the analysis of the river's water 

quality, and the program listing for this module is section 7, state

ment 192 through 276. For discussion purposes, this section has been 

broken into five subsections. 

Subsection 7a is called a control module; its function is to 

shorten significantly the computation time of this section. Whenever 

the water quality analysis identifies a need for waste water treatment 

and alters the quality of the effluent accordingly, the computation of 
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the oxygen deficit must begin anew at the point farthest upstream that 

is affected by such modification. Whenever the modification involves 

an increase in the degree of waste treatment, the analysis recycles 

to the station of the offending effluent's discharge. However, after 

the available levels of treatment have been applied and the effluent 

still creates unsatisfactory water quality conditions, the WQP establishes 

a maximum activity level; and this may require a change in the dependent 

intake volume simultaneously. 0riginallY, the program recycled to 

station 1 after this type of modification; however, the control module 

statements now permit the program to begin anew at the station of the 

upstream intake. This simple modification resulted in a great saving 

of computation time. The module functions by allowing the key loop 

variables Nl and N2 to retain their initial values of 1 and 2, (state

ments 99 and 100) on the first entry to this section, but subsequent 

returns to this module during any single water quality analysis causes 

these variables to be set equal to J, the station of the dependent in

take. 

Statements 197 through 199 call for the removal from the array 

of calculated waste contributions, all values for discharges downstream 

from the recycled starting point. This eliminates the possibility of 

any previous downstream discharge values affecting the new analysis. 

The last statement in this subsection, number 200 initiates 

the major loop in the water quality analysis. This statement calls for 

the analysis to begin at station 2 (Station 1 is the beginning point in 

the reach being analyzed; there is no station 0.) At each station the 
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river is analyzed for low flow and a waste discharge to the river, 

which is subsection 7b. If there are no flow problems or waste dis

charges, this loop moves to the next station. If there are problems, 

the program moves through the appropriate subsections as discussed 

below and then returns to this loop where the analysis is moved again 

downstream one station. In this application, it was decided arbitrarily 

to continue the analysis twenty two stations past the last discharge 

point, which is station 28. Therefore, this loop test value is set 

equal to SO, the number of stations to be analyzed. 

After entering the analysis loop, the program moves to sub

section 7b, statements 201 through 209. This module figures the flow 

level at the new station, checks to see if the minimum flow conditions 

are maintained (the program branches to subsection 7c if the minimum 

flow level is not maintained), and determines if a waste is discharged 

to the river. In this latter activity the waste strength is calculated, 

and the program branches to the dissolved oxygen analysis subsection 

(7d) if this strength is greater than zero. Otherwise the program 

continues advancing downstream as described above. 

Upon entering this module, a variable Lis set equal to the 

number of the preceding upstream station by statement 201. Then 

another variable QOUTA is set equal to the amount of water withdrawn 

from the river per unit of activity for the station being analyzed. 

This variable is used later in subsection 7e. Statement 203 compares 

the river flow at the preceding station with the minimum flow parameter. 

If this upstream flow is found to be less than or equal to the minimum 

flow the program branches to statement 210 in subsection 7c where the 
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new flow level is computed as the previous flow plus any waters dis-

' 
charged to the stream. This equation, statement 210, assumes that waters 

just discharged to the stream cannot be reused at the same station 

should the river flow rise above the minimum because of the discharge. 

Statement 211 then sets the amount of water withdrawn per unit of 

activity equal to zero, and statement 212 returns the analysis to 

statement 207, the waste strength calculation. 

However, if the upstream flow is sufficient then the program 

sequences to statement 204, which calculates the new river flow as the 

sum of the previous station's flow plus the amount of water discharged, 

and minus the amount of water withdrawn. If some water has been with-

drawn, the fulfillment of the low flow parameter is checked in state

ment 206, and if the flow is too low the program branches to statement 

213 in subsection 7c. This card increments KOUNTA one unit because an 

activity level must be bounded at a maximum level because of the low 

flow parameter. Statement 214 then calculates this maximum level as 

the amount of water available divided by the net withdrawal per unit 

of activity at that station. This calculation assumes that an activity 
r 

both withdrawing and discharging water will not discharge during low 

flow • crises. The variable QOUTA is then modified to represent the net 

rate of water intake per unit activity, and the river flow is set 

equal to the minimum flow parameter by statement 216. Lastly, the 

activity level is set equal to the maximum bound, and the program 

r e turns to the waste strength calculation of statement 207. 
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This waste strength calculation, to which the program always 

returns after satisfying the flow parameters, is simply the activity 

level at Station I multiplied by the oxygen demand per unit of activity 

level and divided by the flow in the river. The constants in the 

equation convert the units of the answer to milligrams of oxygen 

demand per liter. As previously stated, a positive result here causes 

the program to branch to subsection 7d for a dissolved oxygen (DO) 

analysis of the river after the addition of this waste. 

This DO analysis begins at the initial or the last recycle 

starting point, and moves downstream one station at a time. At each 

station the program first initializes the variables DT and DNT to zero 

in statements 221 and 222; and then statement 223 calculates the 

oxygen demand remaining from the initial background demand using the 

. 4/ equation:-

D s 
-rt = D e 

0 

where Ds equals the demand at the subject station, Do equals the initial 

background demand (coded as DB), r equals the stream's reaeration 

coefficient, and tis time in days (in this application, t equals the 

number of stations separating the subject station from the initial 

station). 

This subsection next computes the oxygen demands resulting from 

any waste discharges upstream from the station at which it is computing 

the demand. This is accomplished with the loop described by statements 

224 through 228. The equation for calculating the oxygen demand of the 

!/see Dougal (29), p. I-196, equation 45, second term. 
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waste discharged at station Non the river at station M 
. 5/ is:-

kLN -kt -rt ' 

DM - [e - e J 
y - k 

where DM • the demand at station Min mgo2 is per liter, LN is the oxygen 

demand of the waste discharged at station N, k is the deoxygenation 

coefficient for the river, r is the reaeration coefficient for the river, 

and tis time measured in days (or in the case of this application, the 

difference in station numbers). The values for each of the various 

waste discharges are summed into the variable DNT, and when all of the 

discharges upstream from station M have been summed, N equals M, and the 

program branches to statement 229 where the background demand, DBA, and 

the waste discharge demands, DNT, are sunnned into DT, the total demand. 

The statements 230 and 231 are used to truncate the total 

demand, DT, and the critical demand, DC, to four decimal places. This 

is accomplished by moving the decimal point four places to the right and 

converting the numbers to integers. The two values are then compared by 

statement 232; and, if the critical demand is exceeded, the program 

branches to subsection 7e, the treatment level determination section 

discussed below. If the critical demand is not exceeded, the total 

demand is stored in the array DTR for station M, and the program loops 

to the next downstream station beginning again at statement 220. 

This process continues until an oxygen demand profile has been 

calculated for the entire reach of the river being analyzed. This 

~/See Dougal (29), p. I-196, equation 45, first term. 
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analysis includes the effects of all wastes discharged at station I 

and at Btations further upstream. The program then returns to state

ment 200, and the search downstream continues for additional waste 

discharges and low flow problems starting with station (I+ 1). When 

the final station on the stream has been analyzed completely, the array 

DTR contains the final oxygen demand profile for the stream. 

However, in reaching this point of departure from the Water 

Quality analysis section, the program will probably have branched 

several times to the treatment level determination section, 7e, state

ments 236 through 275. This section begins by incrementing the counter 

KOUNTA by one unit. Next the value in the array KT for station I is 

incremented one unit. This array is used to indicate the degree of 

treatment to be provided. A value of O indicates no treatment is 

provided, one denotes primary treatment, two denotes secondary treat

ment, three denotes tertiary treatment, and numbers greater than three 

indicate the activity has been bounded at a maximum level, possibly 

several times at successively lower values. This new value for KT 

indicates the treatment level to be implemented in that particular 

pass through subsection 7e. 

The next statement, 238, branches to a special treatment 

section for the cattle feed lot, statements 260 through 263. As was 

discussed earlier, this waste is diverted to irrigation use if it 

violates the water quality parameters of the river. The treatment 

level section for this waste then sets the BOD contribution and the 

activity level for the waste discharge equal to zero. The cost to 

irrigate per unit of activity, CTI, is also subtracted from the 

objective function coefficient. 
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For all other waste discharges, the desired level of treatment 

' is determined by statements 239 through 241, and the program branches 

to the appropriate group of statements. The primary treatment level, 

for example, is implemented by statements 264 through 267. This group 

of statements first reduces the BOD of the waste to 65% of the original 

strength with statement 264. The next card computes a new objective 

function coefficient by subtracting the cost per unit of activity to 

provide primary treatment. Statement 266 creates another objective 

function coefficient which is used specifically for the activity, 

"additional waste water treatment," by not only subtracting the cost of 

treating the waste but also the cost of constructing the additional 

structures needed for the additional treatment. 

Secondary treatment is handled similarly by statements 268 

through 271, and tertiary treatment is implemented by statements 272 

through 275. The BOD of the secondary treatment effluent is 23% of the 

primary treatment effluent, and tertiary treatment effluent is only 

33% as strong as the secondary effluent. 

All of these treatment level blocks return the program to 

statement 201, where the analysis of the river's water quality for 

the wastes and flows for station I and points upstream is begun again 

with the checking of low flow parameters and the computation of the 

waste load addition at station I, and proceeding through the several 

sequences described above. 

If the waste still demands too much oxygen after tertiary 

treatment, the program will not branch at any of the statements 239 
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Through 241, and will then enter the block of statements in subsection 

7e establishing a maximum allowable upper bound for the offending 

activity using statements 242 through 259. 

The equation used to compute JXMAX in statements 242 through 

244 is derived in the following manner. The amount of oxygen demand, D, 

available for the waste discharged at station I is equal to the critical 

demand, DC, minus the oxygen demand of the wastes discharged upstream 

from station I. This latter quantity is equal to the total demand just 

computed minus the demand for the station I waste that was just computed, 

or 

D(I)' = DC - (DT - D(I)). 

Substituting this equation and the equation for RL, from statement 207, 

into the equation for D(N) in statement 225 yields: 

RK*JX(I)*BOD(I)* l06*(e-RKt - e-RRt) 
DC - DT + D (I) = --------------------

(8. 33) (QRIV (L) + JX(I)(QIN(I) - JX(I)*QOUTA)(RR·RK) 

where the following relationship has been substituted for ORIV(I) because 

of this quantity's dependence on JX._ 

QRIV(I) - QRIV(L) + JX(I)*QIN(I) - JX(I)*QOUTA 

Solving equation 1 for JX and substituting the difference in station numbers 

between station I and the station with the oxygen shortage, M, for time 

t yie lds the equation in statements 242-244. This equation is first set 

equal to JXMAX and then in statement 245 to JX. 

Statement 246 sets J equal to the station number of the dependent 

intake or O if none exists. In this latter case, the analysis then 
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continues, statement 247, in the same manner as described above for the 

treatment level calculations. However, if~ dependent intake exists, 

the relationship between the intake volume and the discharge volume is 

examined by statements 248 through 250. If the intake quantity is less 

than or equal to the value calculated from the discharge volume, the 

analysis again continues in the same manner as above for the treatment 

levels. This assumes that if the activity's water intake is less than 

the calculated value, the difference will be made up from another source, 

such as a well. 

However, if the intake-discharge relationship shows that water 

has been taken into the activity that cannot be discharged as waste 

because of JXMAX, a new value for JXMAX must be calculated that will 

coordinate the intake-discharge volumes. This new situation modifies 

the river flow at station L immediately upstream from I. The new 

relationship is: 

QRIV(L)' - QRIV(L) + JX(JP) (QOUT(JP) - QIN(JP) - JX(I)(l + F(I)) 

(QOUT(JP) - QIN(JP)). 

This equation takes the previous flow at L, adds the original net with

drawal, and subtracts the modified net withdrawal expressed in terms 

of JX at station I. This relationship is then substituted for QRIV(L) 

in equation 1 and is again solved for JX with (M - I) substituted fort 

as before. This manipulation yields the equation on statements 252 

through 254, which is set equal to JXMAX for the station I activity. 

The station J activity is then calculated, and the appropriate JX's are 

e quated to the JXMAX'S, using statements 255 through 257. The control 
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module variable N3 is then set equal to J, a number greater than zero, 

and the program returns to the control module for the recycled analysis 

start discussed above. 

This completes discussion of the water quality analysis section 

although this may not be apparent because of the numerous branches and 

loops. A simplified flow diagram of the program is presented in section 

13 of Appendix F which may clarify the analytical pathways of the WQP. 

However, the program still has some work to do after completing 

the water quality analysis. At the end of each time period's analysis, 

a number of variables must be converted back into MPS format. This is 

essentially the reverse of the conversion procedures described previously, 

however, the subject variables differ. Two of the variables, vectors C and 

XMAX,are returned to the optimization program and used to revise the 

input data. In addition, these two variable vectors plus XBOD and IKT are 

stored for subsequent iterations of the WQP as discussed previously. 

The calculation of the bounds, XMAX, for the water treatment 

and wastewater treatment ~ctivities requires additional discussion. 

Statement 282 is a typical calculation for an "additional water treat

ment'' activity. The resulting value is examined for negativity by 

statement 283; and, if the value is negative, a bound is then established 

on the activity "water treatment" by statement 284. This calculation 

is repeated several times in this section for each of the appropriate 

activities. 

After each time period has been analyzed, and the data have 

been converted back into MPS format, the program moves to the section 
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where the WQP output is initiated. The WQP output is shown in Appendix 

' Hin conjunction with the balance of the TPS output. The output resulting 

from statements 356 through 365 appears on pages 243, 244 245 246 257 ' ' ' , 
258, 259, and 260. 

After the program has analyzed all of the time periods and 

created the output just described the program moves out of the major 

outer loop bounded by the CONTINUE statement 366 into the area where the 

decision to continue or stop the TPS analysis is made. 

Statement 368 examines the KOUNTA variable for an indication 

of any activity level or objective function coefficient modifications in 

the just completed analysis. A positive indication results in the pro

gram branching to statement 375 to begin the exit procedures to the 

optimization program with the intent of continuing the TPS analysis. 

However, a negative indication results in the output called for by 

statements 369 through 372. This output appears on page 261, 

Appendix H. The program then sets !STOP equal to one which will instruct 

the optimization program to stop and then branches to statement 416, the 

communications link with the optimization program. 

However, the exit procedures, when the analysis is to continue, 

are somewhat more complex. The program first, in statement 375, pre

pares data set 11 to receive the revised data being returned. The next 

two statements, 376 and 377, are debugging procedures that were inad

vertently left in the deck for the run that produced the output in 

Appendix H. The output from these statements is the bottom row of 

numbers on page 246 and is of no importance. 
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Statement 378 sets the variable NCOLS equal to the number of 

activities in the MPS fonnat data vectors. This variable is used as a 

test value in subsequent loops. 

Statements 379 through 411 prepare the output and the data 

for the Optimization program "REVISE" cormnand. This output appears on 

page H - 7 of Appendix H. The revised input data to the optimization 

program also appears on pages 248, 249, 250, 251, 252, 253 and 254 of 

Appendix H. 

There are two significant manipulations of the data occurring 

within this group of statements. The first of these involves statements 

394 through 399. Since we want to revise only the bounds which have 

been altered by the WQP, we wish to bypass any XMAX values still equal 

to their original values. This is accomplished with statement 394. 

Furthermore, negative bounds cannot be inputted to the optimization pro

gram, so any negative XMAX values found are set equal to zero, and that 

activity is fixed at the zero level by statements 397 through 399. 

The second manipulation involves statements 402 through 406 

where XMAX is truncated to three decimal places. 

Statement 412 prepares data set 11 for entry by the REVISE 

couunand. 

The storage of the WQP variables to be used in subsequent 

iterations is accomplished by statements 413 through 415. The data 

are stored on disc data set 12. 

Statement 416 returns the TPS to the optimization program via 

READCOMM with instructions to continue or stop. 
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The last statement, 417, tells the compiler that the end of 

the WQP has been reached. ' 

A set of input procedures is also needed for this program, 

and these statements are listed in sectionll. These procedures are 

identical to the input procedures for the READCOMM program described 

previously, with the exception of the program name. The WQP uses the 

DSNAME of PROG.U3583.H, and the READCOMM name HUBLY. 

Section 12 of Appendix 6 contains a listing of the various 

codes used in the WQP and units of the variables. The flow chart 

mentioned previously appears in section 13. 

This discussion of the TPS has been directed towards those 

readers wishing to apply this technique to their own problem areas; 

and, at this point, that mission has been fulfilled. However, Part 

III continues in Chapter 11 with a closing discussion of the analysis 

results obtained in this application and a discussion of a few expansion 

possibilities for the TPS. 
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CHAPTER ELEVEN: RESULTS OF TANDEM PROGRAM SYSTEM MODEL 

Two remaining discussion areas are incorporated into this closing 

chapter of Part III. The results obtained in applying the TPS to applica

tion I are presented first, to illustrate the output format and to show 

how the water quality portion of TPS affected the final solution. The 

last section of this chapter briefly discusses some potential improve 

ments and expansions in the TPS approach. 

Application l Results Using TPS 

An acceptable optimal solution to application I was found on 

the second iteration of the TPS. The computer output containing the 

two optimal solutions, the two river analyses, and the communicated 

variables has been presented in Appendix H. The computer printout has 

been rearranged into the actual solution sequence. The results of the 

initial optimization program solution appear on pages 241 and 242 of 

Appendix H, followed by the WQP river analyses for each of the four 

time periods. The WQP modifications to the objective function coeffi

cients and bounds appear on page 247, and the next seven pages of that 

appendix contain the revised data set used by the optimization program 

in its second solution. The results of the subsequent optimization 

solution follow on pages 255 and 256. The final set of four WQP 

river analyses is followed by the PROBEND message indicating that an 

acceptable optimal solution has been found. 

An idea of the effects of altering the general model to fit 

the TPS and then allowing the water quality parameters to enter the 
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solution can be seen in a comparison of optimal object function values, 

as shown in Table 15. 
' 

Table 15. Comparison of Optimal Objective Function Values 

General Model--Application !--unbounded solution 

TPS initial solution 

TPS final solution 

$17,480,640 

$17,649,333 

$17,379,973 

Surprisingly, the optimal values obtained before and after the general 

model was modified differ by less than 1%, indicating that most of the 

original features of the model have not been disturbed. The effect of 

imposing water quality standards was a relatively small 1.5% decrease 

which is less than was expected. 

The various activities and their values entering the four time 

periods of the initial and final TPS solutions have been tabulated in 

Table 16 presented below. The corresponding values found in the initial 

general model solution of application I are also included in the table 

for those activities that are comparable. The activities that were 

bounded by the WQP have been marked with an asterisk along with the 

changes in the balance of the activities resulting indirectly from the 

treatment and bounding activities of the WQP. The waste water treatment 

activity in time period Chas been marked with a double asterisk because 

this activity was also bounded, but the final solution did not exhaust 

the amount of treatment still available. 

The river analyses for the first TPS iteration show that tertiary 

treatment was required for both the Pork Slaughter and Waste Water 
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Table 16. Initial and Final Optimal Activity Levels for Application I 
Using TPS. 

Time 
Period 

A 

B 

C 

D 

Activity 

Pork Slaughter 
Other Non-durable Goods 
Wholesale & Retail Trade 
Other • services 
Water Treatment 
Add'l Water Treatment 
Waste Water Treatment 
Residential Use 
Low Flow 

Pork Slaughter 
Regulated Industries 
Other Services 
Water Treatment 
Add'l Water Treatment 
Waste Water Treatment 
Add'l Waste Water Treatment 
Residential Use 
Storage 
Low Flow 

Pork Slaughter 
Other Non-Durable Goods 
Other Machinery 
Finance, Insurance & Real 

Estate 
Other Services 
Water Treatment 
Add'l. Water Treatment 
Waste Water Treatment 
Storage 
Residential Use 
Low Flow 

Pork Slaughter 
Other Services 
Water Treatment 
Add'l Water Treatment 
Waste Water Treatment 
Recreation Use 
Residential Use 
Low Flow 

Level of Activity 
General Model TPS 
Application I Initial 
Unbounded sol. Solution 

318.411 
0 

781.400 

-

89,959.632 
629.989 

103.470 
0 

-

-
30,313.089 

100.000 
1,259.979 

119.448 
0 

995.646 

2,757.000 
-

-
-
0 

89,790.000 
504. 044 

103.470 

12,625.000 
56,829.164 

251.890 

318.411 
736. 897 

0 
2,207.472 

195,529.598 
78,180.428 

187,847.973 
132,349.127 

629. 989 

103.470 
329.571 
113.231 

65,896.715 
154,651.003 

63,720.600 
6,567.041 

44,603.849 
1,265.000 
1,259.979 

119.448 
0 

995.647 

2,757.021 
589.988 

66,976.989 
21,040.482 
61,951.937 

0 
45,335.061 

504. 044 

103.470 
1,009.158 

65,896. 715 
10,664.137 
43,594.924 
11,385.000 
44,603.849 

251.890 

TPS 
Final 
Solution 

318.411 
701.119 
586. 6 76 

2,163.686 
195,529.598 

78,180.428 
188,500.227 
132,349.127 

629.989 

103.470 
295.456 
711.720 

65,896.715 
155,762.017 

63,720.597 
8,886.773 

44,603.849 
0 

1,259.979 

116. 784* 
35.777 

995.647 

2,757.021 
0 

66,976.989 
1,099. 896·k 

55,045.032 *'\-
1,265.000 

45,335.061 
504.044 

102. 640 ')\-
1,044.442 

65,896.715 
11,781.493 
43,949.533 
11,385.000 
44,603.849 

251.890 
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Treatment activities in all time periods in addition to the bounding 

described above. The revised objective ~unction coefficients for these 

activities can be found on page 247, Appendix H, among the revisions 

transmitted back to the optimization program. As a result of the in

creased treatment costs the municipal Waste Water Treatment activity 

decreased by 5,900,044 gallons in the final solution. However, the 

addition of treatment costs did not curtail the Pork Slaughter activity 

since all of the available capacity was utilized even after these costs 

were considered. 

The bounding of the Waste Water Treatment activity in period C 

resulted in the bounding of the Additional Water Treatment activity 

through the use of the F and GP variables discussed earlier. This action 

caused the model to leave 20,197,527 gallons of the stream resource 

unused which probably is the reason the storage activity moved from 

time period B to period C. 

As in the general model solution of application I, the agricul

tural group of activities and the construction and mining activities never 

entered the solution so there was no opportunity to observe any water 

quality effects in these areas. However, the aggregated industries of 

the municipality produced 98,080 units less value added after the 

application of water quality criteria. 

Improvement and Expansion Possibilities for the TPS 

A number of potential improvement areas in the TPS model have 

been noted at various points in the preceding discussions; however, the 

results just presented illustrate a few additional areas in need of 

attention. 
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Several of the bound revisions listed on page 247 of Appendix 

H appear to contain very minute revisions, such as revising 63720.600 to 

63720.597. This is the type of problem mentioned early in Chapter Ten 

that required switching to double precision numbers. Obviously part of 

that problem still remains and probably should be debugged out of the 

model. Since aberrations of this sort do not significantly affect the 

solution when they occur in the bounds section (the earlier problem 

included the objective function revisions), these machine problems 

were allowed to remain temporarily in the TPS. 

The improbable free time period allocation of residential 

water use existing in the general model is clearly shown by the data 

in Table 16. The assumed constant consumption of the TPS model (731,210 

gallons per day) resulted inthe figures shown for the initial and final 

TPS solutions. There obviously is a difference between these allocations 

and the general model allocations also shown. The daily residential 

use of the general model figures are: 

Period A 497,015 gallons per day 
Period B 496,936 gallons per day 
Period C 1,448,226, gallons per day 
Period D 931,626 gallons per day 

This problem is resurrected at this point because the TPS model still 

contains a number of areas where events such as the practically impossible 

tripling of residential water use in period C can occur. The all or 

nothing use of many of the activities, as seen in Table 16, illustrates 

this type of problem and needs t9 be corrected. 

The TPS approach to the problem of dependent intakes and dis

charges works well in a single industry situation, e • .&.!_ the Pork 



Slaughter activity. However, the use of a constant discharge/intake 

ratio is inconsistent with the municipalit~ situation. The data in 

Table 16 have ratios of 0.69, 0.32, 0.70, and 0.57 for the four time 

periods, and this problem area is the probable cause of the 20 million 

gallon stream surplus in period 3. 

These areas of needed improvement are all directed towards 

building more realism into this particular application, and the list 

could be expanded to include many more than these few examples. 

However, these problems are insignificant when compared to the multitude 

of expansion possibilities available to the TPS. The versatility now 

possible in linear progrannning optimization problems through use of the 

TPS is limited only by the user's imagination. 

The expansion methods available fall into two large categories. 

A point of initial endeavor might involve the expansion of the Water 

Quality Program to increasing levels of complexity including additional 

water quality criteria and physical variables. Or, in this same manner, 

the Water Quality program portion of TPS might be diverted to some other 

area of interest to the analyst. 

A second approach to TPS expansion involves the use of multiple 

programs, each possibly quite different from the others. The system 

might be set up to solve an initial problem of the type just described, 

but instead of stopping when the solution is reached, the problem could 

then be reformed by another Fortran program and a new TPS solution could 

be started. 

The potential for application of this new tool should be 

obvious to the reader at this point. 
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PART IV 

CHAPTER TWELVE: SUMMARY, CONCLUSIONS AND SUGGESTIONS 

FOR FURTHER RESEARCH 

This study was undertaken with three objectives, each of which 

has been met with some success. The first objective, to determine by 

analysis of Iowa's water permit system how the system would allocate 

water in times of scarcity, was accomplished in Chapter Three. It was 

shown in that chapter that the permit system acknowledges only two 

consistently identified points on a water user's production function, 

the point of zero output and zero water use and the point of maximum 

total physical product, where the marginal physical product of water 

becomes zero. The second objective was the construction of a model which 

would show optimum water use in particular situations. This model is 

discussed in Chapters Five and Six. The accomplishment of these first 

two objectives enabled partial accomplishment of the third. 

The third objective was to compare optimal water allocation 

and permit system allocation in a particular situation. Such a 

comparison was described in Chapter Seven. In Part III, the general 

model was extended and refined to include detailed water quality con

siderations using linear programming and simulation. The resulting 

Tandem Program System (TPS) Model makes possible adjustments in pro

ducing activities based upon their waste producing character. 

As was noted in the discussion of this comparison, it is not 

possible to predict what allocation will result from operation of the 

permit system; it is possible only to estimate limits between which 
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permit system allocations might range, given certain assumptions 

concerning waste and total water use. , 

Related to all three of these objectives is the hypothesis 

developed in Chapter Four. The hypothesis states that Iowa's permit 

system will optimally allocate scarce water resources. It is possible 

to say, as illustrated by the results described previously in this 

chapter, that although the permit system might allocate water optimally, 

it is also likely that it will not. The hypothesis is therefore rejected 

on the grounds that no systematic bias toward finding optimum allocations 

can be presumed in the permit system. Note that the strict alternative 

hypothesis, that Iowa's permit system will not optimally allocate a 

scarce water resource, cannot be accepted without modification. An 

acceptable alternative hypothesis is that the permit system will not 

always allocate scarce water resources optimally. It is defensible to 

state that the current statutory criteria for water allocation in Iowa 

are less than adequate given the optimality assumptions herein. 

Having reached the objectives of the study, certain conclusions 

can be drawn which are of perhaps greater import than the rejection of the 

hypothesis. The permit system in Iowa cannot be relied on to optimally 

allocate scarce water resource without modification; this study proposes 

models thich can be instruments of such a modification. No vast 

change in the present permit system is required. It is necessary, 

however, that two further objectives be accomplished. First, data must 

be generated which will allow the models to be more accurate in describing 

area water use problems. Second, a system must be devised whereby 

solutions of the model can be obtained simply by transferring from the 

data bank to the model the activity vectors appropriate to the situation 
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under study. This system, if accurate, specific data were on call, would 

provide timely information in the form of priority lists among relevant 

activities, to those responsible for permit allocation decisions. The 

conclusion to which these suggestions point is that it would be possible 

to decrease the economic uncertainty of permit allocation by minimizing 

the element of randomness resulting from lack of information. Using 

the models would also assist the State of Iowa in finding that allocation 

which will provide the greatest feasible return to the state's water 

resources. 

The form taken by the required data referred to above is critical. 

The discussion of the model in Chapter Five pointed out that a trade-off 

exists between greater detail in information and greater awkwardness of 

computation as the model and its data requirements grow. The suggested 

data set should then be composed of information which describes the 

characteristics of the model's activities and constraints as accurately 

as ease of manipulation will allow. 

Such information can be envisioned with little difficulty. 

For example, any one of the aggregate producing sectors used in this 

study could be further broken down into a number of smaller, more 

homogeneous industry types. Linear production functions for these 

industry types could be estimated by sampling among them. It appears 

that the data so estimated could be allowed a large error tolerance, 

since the previous analysis in this chapter has shown that relatively 

small changes in the shadow price of water occur with large changes in 

water use. This insensitivity implies that the opportunity cost of 

inaccurate data may not be high. 



188 

The development of a system for utilizing this data would not 

be inordinately difficult. Linear programming routines have been developed 

and can be made an integral part of any computer installation. Data 

files could be established in some form of computer storage, such as 

magnetic tape or magnetic disc, and the required coefficients would be 

a part of the model's solution system. 

It is apparent, therefore, that models such as those developed 

in this study, when utilized with the appropriate data, could be of 

continuing value in the administration of Iowa ' s permit system. It is 

not improbable that models and data systems such as those suggested 

here could be easily maintained and updated once the data files had been 

established, thus providing an analytical tool which could be used to good 

purpose in more efficiently administering Iowa ' s water resources. 

Suggestions for Further Research 

As the conclusions of this study indicate, further research 

in at least three specific directions is required in order that the 

models developed in this study can be of maximum usefulness to those 

who are responsible for water quality management in Iowa. The first, 

and most urgent, direction is the development of more accurate information 

from which the coefficients and parameters of the models can be estimated. 

A data bank could be developed, in which production information could be 

stored. This information would be more specific than that derived from 

the aggregate sectors used herein. The increased specificity 

could come through subdividing sectors into a number of more narrow 

industry types and sampling within those types to derive more complete 

and representative descriptions of these production functions. With 

these data on file, a decision maker faced with determining a question 
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of water allocation could utilize the model simply by withdrawing from 

the data banks those activities involved in the allocation. 

Research could also be conducted in a second area. Models which 

describe the hydrologic system under consideration can be linked with 

this study's linear progranuning model, which describes the economic 

system making use of the water. In this way, changes in water resource 

parameters could be determined as changes in the hydrologic system 

took place, either as a result of water use or of changes in water supply. 

A third area of study is indicated by the following facts. 

The value of marginal product of a unit of water is also the share of 

product which accrues to water as an input to production. This value 

represents the marginal cost to the State of Iowa in surrendering 

water for use. The marginal benefit from use, however, is being realized 

privately, and marginal private cost is zero since only the $15 

application fee is charged for water used. This divergence between 

private and social marginal cost could be rectified if a fee were charged, 

equal to value of marginal product, for water use. This fee would also 

be an aid in allocation, since, in perfect competition, it represents 

the market clearing price of water. On the basis of what has been 

shown in this study with regard to the permit system and water allocation, 

collection of such a fee is justified. However, the assumptions of 

perfect competition and homogeneous water supplies relied on in the 

study must be relaxed and the resulting conclusions studied prior to any 

recommendation on the structure of a system of fees for water use. 

Whichever of these three directions of research is taken, it 

is apparent that this type of water resources research is an inter-
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disciplinary field of endeavor. The inherently hybrid nature of the 

tools which will be needed for water resource management in the future 
' 

requires that research efforts be conducted in the multi-faceted inter

faces of economics and such disciplines as the physical sciences, law, 

and engineering. 
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APPENDIX A 



Table 19. Fertilization rates and expected crop yields on soil types used in application I 

Soil type 

I. 

II. 

Tama silty 

clay loam 

Fertilizer: 

Nitrogen 

Phosphorus 

Potassium 

Clarion loam 

Fertilizer: 

Nitrogen 

Phosphorus 

Potassium. 

a yield 
(bushels/acre) 

98 

90 

a(50, Table 1.10, p. 15) 

b(50, Table 1.9, p. 14) 

Corn 

b fertilization rate 
(lb. /acre) 

100 

18 

15 

80 

36 

15 

a yield 
(bushels/acre) 

34 

29 

Soybeans 

fertilization rateb 
(lb./acre) 

0 

18 

0 

, 

0 

26 

35 

N 
0 
v.) 
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Table 20. Rainfall and runoff by time period for three levels of rainfall 

Average rainfall 

annual 
period 1 
period 2 
period 3 
period 4 

Below normal rainfall 

annual 
period 1 
period 2 
period 3 
period 4 

Above normal rainfall 

annual 
period 1 
period 2 
period 3 
period 4 

a( 80, p. 6) 

Rainfall a 
( in) 

32.12 
9.37 
8.60 
7.46 
6.69 

21.47 
6.06 
6.08 
4.90 
4.43 

37.79 
11.11 
10.52 
8.89 
7.27 

Runoff 
(in)b 

6.572 
2.74 
2.188 
0.874 
o. 768 

2.172 
0.906 
0.732 
0.289 
0.254 

10.02 
4.18 
3.34 
1.33 
1.17 

blog (annual runoff)= -3.1 + 2.6 
log (annual rainfall): 

Runoff 
(gallons per 

square mile 
drainage area) 

62,105,173.4 
47,639,466.8 
38,042,026.7 
15,195,946.7 
13,352,960.0 

37,763,840.1 
15,752,320.0 
12,727,040.0 
5,024,746.7 
4,416,213.3 

174,214,400.3 
72,676,266.8 
58,071,466.8 
23,124,266.7 
20,342,400.0 

runoff in period 1: 41.7% of annual total; 
period 2: 33.3% of annual total; 
period 3: 13.3% of annual total; 
period 4: 11.7% of annual total. 

See Bennion (6, p.11). 



► 

Table 21. Crop water requirements by time period for three levels of rainfall 

Water required 
(gallons/acre)a 

Rainfall 
(gallons/acre)b 

Supplemental 
irrigation requiredc 

(gallons/acre) 

Assumed 
yieldd 

(bushels/acre) 
Supplemental water 

requirements per bushel 

Period 1: 
Corn I 
Corn II 
Soybeans I 
Soybeans II 

Period 2: 
Corn I 
Corn II 
Soybeans I 
Soybeans II 

Period 3: 
Corn I 
Corn II 
Soybeans I 
Soybeans II 

Period 4 
Corn I 
Corn II 
Soybeans I 
Soybeans II 

13,276.5 
13,276.5 
13,276.5 
13,276.5 

19,361.9 
19,361.9 
19,361.9 
19,361.9 

29,139.3 
29,139.3 

·29,139.3 
29,139.3 

13,754.6 
13,754.6 
13,754.6 
13,754.6 

below above below above 
normal average normal normal average normal 

16,463.2 25,455.5 30,182.5 
0 
0 
0 
0 

16,517.5 23,363.6 28,579.7 
2,844.3 
2,844.3 
2,844.3 
2,844.3 

13,311.8 20,266.6 24,151.5 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

15,827.5 8,872.7 4,987.8 
15,827.5 8,872.7 4,987.8 
15,827.5 8,872.7 4,987.8 
15,827.5 8,872.7 4,987.8 

12,035.0 18,174.7 19,750.4 
1,719.6 
1,719.6 
1,719.6 
1,719.6 

0 
0 
0 
0 

0 
0 
0 
0 

aBased on data given in Shaw, et. al. (80a). 
bBased on data given in Shaw, (80). 

98 
90 
34 
29 

98 
90 
34 
29 

98 
90 
34 
29 

98 
90 
34 
29 

CFor any time period, supplemental irrigation required= water required - rainfall. 
negative irrigation requirements, implying an abundance of rainfall relative to crop use, 
are considered as zero. 

dBased on data in James (51). See Table 1, supra. 

below above 
normal average normal 

0 
0 
0 
0 

29 .o 
31.6 
83.7 
98.1 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

161. 5 90. 1 ' 50. 9 
175.9 98.1 55.4 
465.5 259.6 146.7 
545.8 304.4 172.0 

17.6 
19.1 
50.6 
59.3 

0 
0 
0 
0 

0 
0 
0 
0 

N 
0 
V, 
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Table 22. Definition of aggragate sectors by Standard Industrial 
Classification code 

1. 

2. 

3. 

4. 

5. 

a 
Sector 

Livestock agriculture 

Crop agriculture 

Meat products 

Other food and kindred 

Other non-durables 

6. Farm machinery 

7. Other machinery 

8. Other durables 

9. Regulated industries 

10. Wholesale and retail 
trade 

products 

11. Finance, insurance, and 
real estate 

12. Other services 

13. Construction and mining 

8 (66, Table 1, 8 - 32) 

Standard Industrial Classification 
codes included 

201 

20 (except 201) 

22, 23, 26 - 31 

352 

35 (except 352), 36 

19, 24, 25, 32 - 34, 37 - 39 

40, 42, 44 - 47, 481, 482, 49 

50 - 59 

60 - 67 

70 - 89 (except public education), 
483,0722 

15 - 17, 12, 14 
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Table 23. 1960 capital-output, output per worker, and capital-labor 
ratios by sector 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Sector 
1960 

capital per 
dollar outputa 

Livestock agriculture 0.6295 

Crop agriculture 1. 6114 

Meat products 0 .1423 

Other food and 
kindred products 0.3497 

Other non-durables 0.5389 

Farm machinery 0.4150 

Other machinery 0.4945 

Other durables 0.5015 

Regulated industry 2.2621 

Wholesale and retail o.6523 
trade 

11 . Finance, Insurance, 1.0471 
and real estate 

12 . Other services. 0.9451 

13. Constructing & mining 0.1909 

a(3, Table 8, p. 53) 

b(66 , Table 29, p. 127) 

1960 
output 

per workerb 

15,775 

16,274 

52,455 

32,898 

15,766 

15,838 

11,361 

12,745 

13,456 

5,817 

30,995 

4,333 

17,102 

1960 
capital per 
per workerC 

$ 9,930.4 

$26,233.9 

$ 7,464.3 

$11,504.4 

$ 8,496.3 

$ 6,572.8 

$ 5,618.0 

$ 6,391.6 

$30,438.8 

$ 3,794.4 

$32,454.9 

$ 4,095.1 

$ 3,280.0 

cCapital/ X 
dollars of output output/ k = capital/ 

wor er worker 

d(66, Table 31, p. 129) 

1960 

employedd 

140,394 · 

75,473 

27,313 

29,731 

36,999 

22,060 

34,133 

44,259 

66,016 

203,648 

37,492_ 

161,906 

56,770 
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Table 24. Direct purchases and imports per dollar of gross output by 
sector, 1960 

1. 

2. 

3 . 

4. 

5. 

6. 

7 • 

8. 

9. 

1.0. 

Sector 
Direct purchases 

per dollar of 
gross outputa 

Livestock agriculture 0.364713 

Crop agriculture 0.540987 

Meat products 0.131098 

Other food and kindred 
products 0.231319 

Other non-durables 0.411381 

Farm machinery 0.560502 

Other machinery 0.639259 

Other durables 0.588157 

Regulated industries 0.689875 

Wholesale and retail 0.765675 
trade 

11. Finance, insurance, 0. 613211 

0.745066 

0.421~39 

12. Other services 

13. Construction and 
mining 

8 (66, Table 26, p. 124) 

b(3, Table 22, pp. 95-96) 

Imports 
per dollar of 
gross outputb 

0.174749 

0.001549 

0.000902 

0.008886 

0.016417 

0.121950 

0.061198 

0.090549 

0.011813 

0.004516 

0.004679 

0 •. 002981 

0.044192 

Total materials 
cost per dollar of 

gross output 

0.539462 

0.542536 

0.132000 

0.240205 

0.427798 

0.682452 

0.700457 

0.686706 

0.701688 

0.770191 

0.617890 

0.748047 

0.465631 
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Table 25. Capital per worker and estimated capital stock by major industry 
groups, application I 

Major industry 
groupa 

Non-durable goods 
manufacturing 

Durable goods 
manufacturing 

Regulated industries 

Wholesale and 
retail trade 

Finance, insurance, 
and real estate 

Other services 

Construction and 
mining 

Activities 
included 

Xa,X9 

X10,X11,X12 

X13 

x14 

x1s 

Xl6 

X17 

' 

Capitalb 
worker 

$ 3,373.9 

$ 3,186.8 

$30,438.8 

$3,794.4 

$32,454.9 

$ 4,095.1 

$3,280.0 

Estimated 
employmentc 

128 

116 

123 

438 

62 

439 

121 

$ 

$ 

$ 

Capital 
stock 

431,859.2 

369,668.8 

3,743,972.4 

$1,661,947.2 

$ 2,012,203.8 

$ 1,797,748.9 

$ 396,880.0 

a 
These major industry groups are defined in U. s. Census of 

Population (96, Table 70, p. 17-199). 

hcapital; = Capital/ X Output/w k . Capital-
Worker Output or er 

output ratio from Barnard (3, Table 8, p. 53); output per worker from 
MacMillan (66, Table 29, p. 127). 

cTotal model employment was allocated among major industry 
groups in the same proportions in which total state employment is 
divided among the same major industry groups in urban places of 2,500 
to 10,000 population. 

• 
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Table 26. Actual 1960 county and municipal employment, by sector and estimated 1967 county and 
municipal employment, by sector 

major 
industry 
group 

Agriculture 

Manufacturing 

Regulated Industries 

196oa 

county 
employment 

2,368 

213 

251 

Wholesale and Retail Trade 1,000 

Finance, Insurance, and 
Real Estate 

Services 

Construction 

Total 

a(96, Table 85, p. 

b(96, Table 81, p. 

163 

971 

292 

17-268) 

17-234) 

196Qb 

municipal 
employment 

85 

120 

121 

544 

102 

385 

150 

percentage of 
county employ
ment located 

in municipality 

3.6 

56.3 

48.2 

54.4 

62.6 

39.6 

51.4 

1967c 
estimated 
county 
employment 

2,002 

448 

273 

1,112 

195 

1,326 

351 

1967d 
estimated 
municipal 
employment 

72 

351 

128 

619 

123 

533 

188 

2,014 

CDr. Marvin Julius, Department of Economics, Iowa State University, Ames, Iowa. Data 
from a study in progress of employment and output in Iowa counties. June, 1969. 

dMunicipal employment by sector is assumed to be in the same proportion to total municipal 
employment as county employment by sector is to total county employment . 

N 
t,-1 
t,-1 

, 
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Table 27. Capital per worker and estimated 1967 capital stock, by 
major industry groups 

major 
industry 
group 

Agriculture 

Manufacturing 

Regulated Industries 

Wholesale 
Retain Trade 

Finance, Insurance 
and Real Estate 

Services 

Construction 

capital per 

worker8 

$15,620.3 

$ 7,606.7 

$30,428.8 

$ 3,794.4 

$32,454.9 

$ 4,095.1 

$ 3,280.0 

estimated 
1967 

employmentb 

72 

351 

128 

619 

123 

533 

188 

8 Capital/ = Capital/ X 
Worker Output 

Output/ 

estimated 
1967 

capital stock 

$1,124,662 

$2,669,952 

$3,896,166 

$2,348,734 

$3,991,953 

$2,182,688 

$ 616,640 

Worker • Capital-

output ratio from Barnard (3, Table 8, p. 
MacMillan (66, Table 29, p. 127). 

53); output per worker from 

b For sources and derivation, see Table 26, Appendix B • 
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APPENDIX C 

• 
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Control Program OSl360 Job Control Statements 

Statement 
No. 

1 
2 

3 

4 

5 

6 

7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

IIC428B50 JOB 'U3583,TIME=2,REGION=l44K' ,VINCE,MSGLEVEL=l 
/ISTEPl EXEC MPS360,TIME.MPSCOMP=(l,0),TIME.MPSEXEC=(l,0), 
II REGION.MPSEXEC=l44K 
XXMPSCOMP EXEC PGM=COMPILER 
XXSTEPLIB DD DSN=SYSl.MPSMVT,DISP=SHR 
XXSCRATCHl DD UNIT=SYSDA,SPACE=(TRK,(5,2)),DSNAME=&SYSUTl 
XXSCRATCH2 DD UNIT=SYSDA,SPACE=(TRK,(S,2)),DSNAME=&SYSUT2 
XXSCRATCH3 DD UNIT=SYSDA,SPACE=(TRK,(5,2)),DSNAME=&SYSUT3 
XXSCRATCH4 DD UNIT=SYSDA,SPACE=(TRK,(5,2)),DSNAME=&SYSUT4 
IIMPSCOMP.SYSMLCP DD DSN=&&SSDA,SPACE=(TRK,(5,2)) 
XISYSMLCP DD UNIT=SYSDA,SPACE=(TRK,(5,2)),DISP=(NEW,PASS) 
XXSYSPRINT DD SYSOUT=A 
//MPSCOMP.SYSIN DD* 

(The Optimization Program cards are located here and the compiler 
prints the program, as read, at this point.) 

XXMPSEXEC EXEC PGM=EXECUTOR,COND=(O,NE,MPSCOMP) 
IIMPSEXEC.STEPLIB DD DSNAME=SYSl.MPSMVT,DISP=(SHR,PASS) 
XISTEPLIB DD DSN=SYSl.MPSMVT,DISP=SHR 
I/ DD DSNAME=PROG.U3583.D,DISP=(SHR,PASS), 
II UNIT=DISK,VOLUME=SER=LIBPAK 
II DD DSNAME=PROG.U3583.H,DISP=(SHR,PASS), 
I/ UNIT=DISK,VOLUME=SER=LIBPAK 
XXETAl DD UNIT=SYSDA,SPACE=(TRK,(200),,CONTIG) 
XXMATRIXl DD UNIT=SYSDA,SPACE=(CYL,(10),,CONTIG) 
XXSCRATCHl DD UNIT=SYSDA,SPACE=(CYL,(10),,CONTIG),DSNAME=&SYSUTl 
XXSCRATCH2 DD UNIT=SYSDA,SPACE=(CYL,(10),,CONTIG),DSNAME=&SYSUT2 
XXPROBFILE DD UNIT=SYSDA,SPACE=(CYL,(10),,CONTIG) 
XXSYSMLCP DD UNIT=SYSDA,DSNAME=*.MPSCOMP.SYSMLCP,DISP=(OLD,DELETE) 
XXSYSPRINT DD SYSOUT=A 
XXSYSPUNCH DD SYSOUT=B 
XXSYSIN DD DDNAME=SYSIN,DCB=BLKSIZE=80 
IIMPSEXEC.FT03F001 DD SYSOUT=A, 
II DCB=(RECFM=FBA,LRECL=l33,BLKSIZE=3325,BUFNO=l) 
IIMPSEXEC.FT06F001 DD SYSOUT=A, 
II DCB=(RECFM=FBA,LRECL=l33,BLKSIZE=3325,BUFNO=l) 
I/MPSEXEC.FT08F001 DD UNIT=DISK,SPACE=(CYL,(50),,CONTIG) 
IIMPSEXEC .FT09F001 DD UNIT=DISK,SPACE=(CYL,(50),,CONTIG), 
II DCB=(RECFM=FB,LRECL=l30,BLKSIZE=2600) 
IIMPSEXEC.FTlOFOOl DD UNIT=DISK,SPACE=(CYL,(50),,CONTIG), 
II DCB=(RECFM=FB,LRECL=80,BLKSIZE=7200) 
IIMPSEXEC.FTllFOOl DD UNI T=DISK,SPACE=(CYL,(50),,CONTIG), 
II DCB=(RECFM=FB,LRECL=80,BLKSIZE=7200) 
I/MPSEXEC.FT12F001 DD UNIT=DISK,SPACE=(CYL,( 10),,CONTIG) 
IIMPSEXEC.SYSIN DD* 
II 

' -

.... 
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APPENDIK D 



Statement 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
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Optimization Program 

' Control Program Compiler - MPS/360 

Statement 
Address 

MORE 

SKIP 

QUIT 
ITR 

JUMP 
11 
12 
13 
14 
IDEX 
ISTOP 

PROGRAM( 'ND' ) 
INITIALZ 
MOVE(XDATA, 'DAVE ' ) 
MOVE (XPBNAME, 'MAY' ) 
CONVERT 
ASSIGN('COMMFMT' , ' FT08F001' ,'COMM' ) 
PREPOJT('COMMFMT') 
BCDOUT 
XFREQ2=50 
MVADR(XDOFREQ2,ITR) 
SETUP( 'BOUNDS', 'xt,1AX', 'MAX') 
MOVE (XOBJ, 'C') 
MOVE (XRHS, rBl') 
IF(L3,EQ.1,SKIP) 
RESTORE 
PRIMAL 
SOLUTION( 1 ACTIVE') 
SOLUTION('FILE', ' COMMFMT') 
SAVE 
FREECORE 
DAVE 
FREECORE 
IDEX=L3 
HUB LY ( IDEX, I STOP) 
IF(ISTOP.EQ.11,QUIT) 
13=13+1 
MOVE (XOLDNAME, 'MAY 1 ) 

REVISE('FILE' ,'FTllFOOl') 
SETUP('BOUNDS', 'XMAX', 'MAX') 
MOVE(XOBJ, 'C') 
IF(L3 .NE.L4,MORE) 
EXIT 
Ll=Ll+50 
IF(Ll.LT.12,JUMP) 
SAVE 
11=1 
CONTINUE 
DC(l) 
DC(50) 
DC(l) 
DC(4) 
DC(l) 
DC(O) 
PEND 
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READCOMM Progr am and Input Pr ocedures 

' 1 . The READCOMM Progr am 

Stat emen t 
No. 

1 
2 

3 
4 

5 
6 

7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Statement 
Address 

INTEGER FILE,INDI C,N,1YPE(30) 
DOUBLE PRECIS I ON NAME,COLUMN(30),VALUES(30) 

REWIND 9 
REWIND 10 

FILE= 8 
CALL POSITN ( FILE,INDIC) 

CALL ARRAY ( FILE,INDIC,NAME) 
CALL COLNAM ( FILE,TIPE,COLUMN,NUMBER ) 
CALL VECTOR ( FILE,INDIC,VALUES) 

CALL ARRAY(FILE,INDIC,NAME) 
IF(INDIC-1) 31,31 ,22 

22 CALL COLNAM(FILE,TYPE,COLUMN,NUMBER) 
24 CALL VECTOR(FILE,INDIC,VALUES) 

IF(INDIC- 1) 41 ,41,24 
41 CALL ARRAY(FILE,INDIC,NAME) 

IF(INDIC-1) 31,31,42 
42 CALL COLNAM(FILE,TIPE,COLUMN,NUMBER) 
44 CALL VECTOR(FILE,INDIC,VALUES) 

IF(INDIC- 1) 31 ,31,25 
25 WRITE(9,26) VALUES(3) 
26 FORMAT(DlS.8) 

WRITE( l 0,66) VALUES(l) 
66 FORMAT(A9) 

GO TO 44 
31 RETURN 

END 



2. Input Procedures 

Statement 
No. 

a. Job Card 

219 

1 //C428V83 JOB 'U3583,REGION=l28K,TI=4' ,VINCE,CLASS=D 

b. Scratch Procedure 
2 //STEP 2 EXEC MOD 
3 //MOD. SY SIN DD -1, 

4 SCRATCH DSNAME=PROG.U3583.D,VOL=2314=LIBPAK,PURGE 
5 l-k 

c. Catalogue Procedure 
6 //Sl EXEC FORTGCL,REGION.LKED=l28K 
7 I /FORT. SYS IN DD;'( 

The READCOMM Program is read and the compiler outputs the 
program as read at this point. 

8 //LKED.SYSLIB DD DSNAME=MPS360.SUBRTNES,DISP=SHR,UNIT=PACK, 
VOLUME=(PRIVATE,SER=MPS002) 

9 // DD DSNAME=SYSl.FORTLIB,DISP=SHR 
10 //LKED.SYSLMOD DD DSNAME=PROG.U3583.D,UNIT=DISK 

VOLUME=SER=LIBPAK,DISP=(NEW,CATLG), 
SPACE=(1024,(100,l,l),RLSE),LABEL=RETPD=l00 

11 / / LKED. SY SIN DD;', 
12 INSERT READCOMM 
13 ENTRY MAIN 
14 NAME DAVE(R) 
15 /·k 
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Water Quality Program and Input Procedures 

Statement 
No. Addr. 

1. DEFINITION STATEMENTS 

1 
2 
3 
4 
5 
6 
7 

IMPLICIT REAL*8(A-H,O-Z) 
REAL*8 JX JXMAX 

' DOUBLE PRECISION V,IN(200) 
DIMENSION RL(50),QRIV(50),QIN(SO),QOUT(50),BOD(SO),JX(50),TL1(50), 

CTL2(50),TL3(50),JXMAX(50),CS(50),KT(SO),TLIC(SO),TL2C(50),TL3C(SO) 
C,CSA(SO), D(SO),X(200),XMAX(200),C(200),DTR(50),F(50),JP(50) 

DIMENSION XBOD(200),IKT(200) 

2. FIXED RATIOS AND CONSTANTS 

8 DATA F/27'1',0.D0,0.33D0,22·k0,DO/ 
9 DATA JP /14*0, 14, 2'1',0, 17, 91·0, 20, 22*0/ 

10 DATA QIN/14*0.D0,7.44D0,2*0.D0,202.SD0,9*0.D0,1.D0,22*0.DO/ 
11 DATA QOUT/13*0.D0,15.D0,2*0.D0,225.D0,2*0.DO,l.D0,30*0.DO/ 
12 DATA TLl/17*0.DO, .023D0,9'1',0.DO, .33D0,22*0.DO/ 
13 DATA TL2/17*0.D0,.024D0,9*0.D0,.05D0,22*0.DO/ 
14 DATA TL3/17*0.D0,.028D0,9*0.DO, .063D0,22*0.DO/ 
15 DATA TL1C/27*0.D0,.025D0,22*0.DO/ 
16 DATA TL2C/27'1'·0.DO, .083D0,221·0.DO/ 
17 DATA TL3C/27*0.D0,.03D0,22*0.DO/ 
18 RR= 0.400 
19 RK= 0.200 
20 DB= 0.0 
21 DC= 3.5 
22 DT=O.O 
23 QMIN = 103367.0 
24 CTI= 0.10 
25 TA= 181 
26 TB= 61 
27 TC= 62 
28 TD = 61 

3. TRANSFER ACTIVI1Y LEVELS FROM OPTIMIZATION PROGRAM 

29 REWIND 9 
30 REWIND 10 
31 DO 66 I=l,200 
32 READ(9,26,END=67) V 
33 66 X(I)=V 
34 67 DO 68 I=l,200 
35 READ(10,27,END=69) IN(I) 
36 68 CONTINUE 
37 69 CONTINUE 
38 26 FORMAT(D15.8) 
39 27 FORMAT(A9) 
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4. V1.\RIABLE RATIOS AND CONSTANTS 

Statement 
No. Addr. 

40 
41 
42 
43 
44 
45 
46 
47 11 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 9971 
81 
82 9972 
83 9973 
84 
85 9975 

CALL GETARG(IDEX,ISTOP) 
IF(IDEX.GT.1) GO TO 9971 
DO 11 I=l,200 
XMAX (I) =l.E7 
XBOD(I)=0.0 
IKT(I)=O 
C(I)=0.0 
CONTINUE 
XBOD(l)=0.062 
XBOD(21)=0.062 
XBOD(45)=0.062 
XBOD(69)=0.062 
C( 1)=36.25 
C(21)=36.25 
C(45)=36.25 
C(69)=36.25 
XBOD ( 2)=2. 0 
XBOP(26)=2.0 
XBOD(50)=2.0 
XBOD(74)=2.0 
C( 2)=13130.0 
C(26)=13130.0 
C(50)=13130.0 
C(74)=13130.0 
XBOD(l4)=2.90 
XBOD(38)=2.90 
XBOD(62)=2.90 
XBOD(86)=2.90 
C(16)=- 0.0001 
C(40)=-0.0001 
C(64)=- 0.0001 
C(88)=-0 . 0001 
XMAX(13)=222630. 
XMAX(14)=189072.6 
XMAX(37)=75030. 
XMAX(38)=63720.6 
XMAX(61)=76260. 
XMAX(62)=64765.2 
XMAX(85)=75030. 
XMAX(86)=63720.6 
IF(IDEX.EQ.l) GO TO 9975 
DO 9972 I=l,200 
READ(l2,9973)XBOD(I),IKT(I),C(I),XMAX(I) 
FORMAT(F12.6,I6,Fl2.6,E20.12) 
REWIND 12 
CONTINUE 
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5. INITIALIZE WORKING VARIABLES 

' Statement 
No. Addr. 

86 KOUNTA=O 
87 DO 1100 K=l,4 
88 DO 10 I=l,50 
89 JX(I)=O.O 
90 JXMAX(I)=l.E7 
91 D(I)=O.O 
92 QRIV(I)=O.O 
93 KT(I )=O 
94 DTR(I)=O.O 
95 BOD(I)=O.O 
96 CS(I)=O.O 
97 CSA(I)=O.O 
98 10 CONTINUE 
99 Nl = 1 

100 N2 = 2 
101 N3 = 0 

6 . CONVERT OP TI~1I ZATI ON PROGRAM FORMAT TO WATER QUALI TI PROGRAM FORMAT 

102 IF(K.EQ.l)GO TO 110 
103 IF(K.EQ.2)GO TO 120 
104 IF(K.EQ.3)GO TO 130 
105 QRIV(l) =1447938.8 
106 JX(l4) = X(69) 
107 JX(l5) = X(69) 
108 JX(l7) = X(74)*1000./TD 
109 JX(18) = X(74)*1000 . /TD 
110 JX(20) = (l/TD)*(X(85)+X(87)) 
111 JX(28) = (1/TD)*(X(86)+X(88)) 
112 JXMAX(15)=XMAX(69) 
113 JXMAX(18)=XMAX(74)*1000./TD 
114 JXMAX(20)=(XMAX(87)+XMAX(85))/TD 
115 JXMAX(28)=(XMAX(88)+XMAX(86))/TD 
116 BOD(15)=XBOD(69) 
117 BOD(l8)=XBOD(74) 
118 BOD(28)=XBOD(86) 
119 CS(lS)=C(69) 
120 CS(l8)=C(74)/1000. 
121 CS(28)=C(86) 
122 CSA(28)=C(88) 
123 KT(15)=IKT(69) 
124 KT(l8)=IKT(74) 
125 KT(28)=IKT(86) 
126 GO TO 140 
127 110 QRIV(l) = 1740587.8 
128 JX(14) = X(l) 
129 JX(15) = X(l) 
130 JX(l7) = X(2)~(1000./TA 
131 JX(l8) = X(2)~(1000./TA 
132 JX(20) = (l/TA)*(X(13)+X(l5)) 



Statement 
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224 

133 JX(28) = (1/TA)*(X(14)+X(16)) 
134 JXMAX(lS)=XMAX( 1) 
135 JXMAX(18)=XMAX( 2)*1000./TA 
136 JXMAX(20)=(XMAX(15)+XMAX(13))/TA 
137 JXMAX(28)=(XMAX(16)+XMAX(14))/TA 
138 BOD(15)=XBOD( 1) 
139 BOD(18)=XBOD( 2) 
140 BOD(28)=XBOD(14) 
141 CS(15)=C( 1) 
142 CS(l8)=C( 2)/1000. 
143 CS(28)=C(14) 
144 CSA(28)=C(16) 
145 KT(15)=IKT( 1) 
146 KT(18)=IKT( 2) 
147 KT(28)=IKT(14) 
148 GO TO 140 
149 120 QRIV(l) =4172800.0 
150 JX(14) = X(21) 
151 JX(15) = X(21) 
152 JX( 17) = X( 26 );',1000. / TB 
153 JX(18) = X(26);"c-1000./TB 
154 JX(20) = (l/TB)*(X(37)+(39)) 
155 JX(28) = (1/TB)*(X(38)+(40)) 
156 JXMAX(15)=XMAX(21) 
157 JXMAX(18)=XMAX(26)*1000./TB 
158 JXMAX(20)=(XMAX(39)+XMAX(37))/TB 
159 JXMAX(28)=(XMAX(40)+XMAX(38))/TB 
160 BOD(15)=XBOD(21) 
161 BOD(18)=XBOD(26) 
162 BOD(28)=XBOD(38) 
163 CS(15)=C(21) 
164 CS(18)=C(26)/1000. 
165 CS(28)=C(38) 
166 CSA(28)=C(40) 
167 KT(15)=IKT(21) 
168 KT(18)=IKT(26) 
169 KT(28)=IKT(38) 
170 GO TO 140 
171 130 QRIV(l) = 1620886.0 
172 JX(14) = X(45) 
173 JX(15) = X(45) 
174 JX(17) = X(SO)*lOOO./TC 
175 JX(18) = X(SO)*lOOO./TC 
176 JX(20) = (1/TC)*(X(61)+X(63)) 
177 JX(28) = (l/TC)*(X(62)+X(64)) 
178 JXMAX(15)=XMAX(45) 
179 JXMAX(18)=XMAX(50)*1000./TC 
180 JXMAX(20)=(XMAX(63)+XMAX(61))/TC 
181 JXMAX(28)=(XMAX(64)+XMAX(62))/TC 
182 BOD(15)=XBOD(45) 
183 BOD(18)=XBOD(50) 



Statement 
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184 BOD(28)=XBOD(62) 
185 CS(1S)=C(45) 
186 CS(18)=C(50)/1000. 
187 CS(28)=C(62) 
188 CSA(28)=C(64) 
189 KT(l5)=IKT(45) 
190 KT(l8)=IKT(50) 
191 KT(28)=IKT(62) 

7. WATER QUALITY ANALYSIS 

a. Control Module 

192 140 
193 
194 
195 
196 9876 
197 
198 
199 9991 
200 150 

CONTINUE 
IF(N3.EQ.O)GO TO 9876 
Nl = J 
N2 = J 
CONTINUE 
DO 9991 IKL = Nl,50 
RL(IKL)=O.O 
CONTINUE 
DO 1000 I=N2,50 

225 

b. Check Flow Level and Organic Load 

201 149 L = I-1 
202 QOUTA=QOUT(I) 
203 IF(QRIV(L).LE.QMIN)GO TO 160 
204 QRIV ( I) =QRIV (L)+QIN ( r)-:,Jx(I) -QOUT(I )-:,Jx(I) 
205 IF(QOUT(I).EQ.0.0) GO TO 159 
206 IF (QRIV(I).LT.QMIN) GO TO 170 
207 159 RL(I)=JX(I)*BOD(I)*l0**6/(8.33*QRIV(I)) 
208 IF(RL(I).GT.0.0) GO TO 180 
209 GO TO 1000 

c. Low Flow Protection 

210 160 QRIV(I) = QRIV(L) + QIN(I)*JX(I) 
211 QOUTA=0.0 
212 GO TO 159 
213 170 KOUNTA = KOUNTA + 1 
214 JXMAX(I)=(QMIN-QRIV(L))/(QIN(I)-QOUT(I)) 
215 QOUTA=(QRIV(L)-QMIN)/JXMAX(I) 
216 QRIV(I)=QMIN 
217 JX(I) = JXMAX (I) 
218 GO TO 159 



Statement 
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d. Check Effect of Waste on River Dissolved Oxygen 

220 180 DO 900 M=N2,50 
221 DNT=O.O 
222 DT=O.O 
223 DBA=DB/DEXP(RR*(M-1) 
224 DO 800 N=2,50 
225 D(N)=RK*RL(N)*(l./DEXP(RK*(M-N))-1./DEXP(RR*(M-N)))/(RR-RK) 
226 DNT=DNT+D(N) 
227 IF(M.EQ.N)GO TO 805 
228 800 CONTINUE 
229 805 DT=DNT+DBA 
230 IDT = D~(lOOOO 
231 IDC = DC*lOOOO 
232 IF(IDT.GT.IDC) GO TO 190 
233 DTR(M)=DT 
234 900 CONTINUE 
235 GO TO 1000 

e. Treatment Level Determination 

236 190 KOUNTA = KOUNTA + 1 
237 KT(I) = KT(I) + 1 
238 IF (I.EQ.15) GO TO 210 
239 IF (KT(I).EQ.l) GO TO 220 
240 IF (KT(I).EQ.2) GO TO 230 
241 IF (KT(I).EQ.3) GO TO 240 
242 JXMAX(I)=8. 33* (DC-DT+D(I) )*(RR-RK)*QRIV(L) / (RK)'( ( 1. /DEXP(RK-1< (M-I)) 
243 C-1. /DEXP (RR* (M-I)) )*BOD (I ))'(10-J(•k6- ( QIN (I) -QOUTA) 7<8. 33* 
244 C(DC-DT+D(I))*(RR-RK)) 
245 195 JX(I) = JXMAX(I) 
246 J = JP(I) 
247 IF(J.EQ.O)GO TO 149 
248 IJXJ=JX(J) 
249 IJXI=JX(I) 
250 IF(IJXJ.GT.IJXI*(F(I)+l)) GO TO 197 
251 GO TO 149 
252 197 JXMAX( I)= ( QRIV (L)+JX(J) -J( ( QOUT(J) -QIN (J))) / (RK1<BOD (I )*10*1--61

< ( 1/DEXP 
253 C(RK1< (M-I) )-1/DEXP(RR* (M-I))) / ( (DC-DT+D (I) )1<8. 331

< (RR-RK) )+(F (I)+l) * 
254 C(QOUT(J)-QIN(J))-QIN(I)+QOUTA) 
255 JXMAX(J ) = JXMAX(I) -J<(F(I)+l) 
256 JX(J) = JXMAX(J) 
257 JX(I) = JXMAX(I) 
258 N3 = J 
259 GO TO 140 
260 210 BOD(15) =0.0 
261 CS(15) = CS(15) - CTI 
262 JX(15) = 0 
263 GO TO 149 
264 220 BOD(I)=BOD(I)*0.65 
265 CS(I)=CS(I)-TLl(I) 
266 CSA(I) = CSA(I)-TLl(I)-TLlC(I) 
267 GO TO 149 
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Statement 
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' 

268 230 BOD(I) = BOD(I)*0.23 
269 CS(I) = CS(I) -TL2(I) 
270 CSA(I) = CSA(I) - TL2(I) - TL2C(I) 
271 GO TO 149 
272 240 BOD(I) = BOD(I)*0.33 
273 CS(I) = CS(I) - TL3(I) 
274 CSA(I) = CSA(I) - TL3(I) - TL3C(I) 
275 GO TO 149 
276 1000 CONTINUE 

8. CONVERT WATER QUALITY PROGRAM FORMAT TO OPTIMIZATION PROGRAM FORMAT 

277 250 IF(K.EQ.1) GO TO 260 
278 IF(K.EQ.2) GO TO 270 
279 IF(K.EQ.3) GO TO 280 
280 XMAX(60) = JXMAX(15) 
281 XMAX(74) = JXMAX(18)/1000*TD 
282 XNAX(87)=(JXMAX(20)-1230.)*TD 
283 IF(XMAX(87).GE.O.O)GO TO 251 
284 XMAX(85)=1230.*TD+XMAX(87) 
285 251 XMAX(88)=(JXMAX(28)-1044.6)*TD 
286 IF(XMAX(88).GE.0.0)GO TO 252 
287 XMAX(86)=1044.6*TD+XMAX(88) 
288 252 C(69) = CS(l5) 
289 C(74) = CS(l8)*1000. 
290 C(86) = CS(28) 
291 C(88) = CSA(28) 
292 XBOD(69)=BOD(15) 
293 XBOD(74)=BOD(18) 
294 XBOD(86)=BOD(28) 
295 IKT(69)=KT(l5) 
296 IKT(74)=KT(18) 
297 IKT(86)=KT(28) 
298 GO TO 300 
299 260 XMAX(l) = JXMAX(l5) 
300 XMAX(2) = JXMAX(18)/1000i,TA 
301 XMAX(l5)=(JXMAX(20)-1230. )i,TA 
302 IF(XMAX(l5).GE.O.O)GO TO 261 
303 XMAX(l3)=1230. i,TA+XMAX(15) 
304 261 XMAX(l6)=(JXMAX(28)-1044. 6)i,TA 
305 IF(XMAX(16).GE.0.0)GO TO 262 
306 XMAX(l4) =1044. 6i<TA+XMAX( 16) 
307 262 C(l) = CS(l5) 
308 C( 2) = CS(18)*1000. 
309 C(14) = CS(28) 
310 C(l6) = CSA(28) 
311 XBOD( l)=BOD(l5) 
312 XBOD( 2)=BOD(l8) 
313 XBOD(l4)=BOD(28) 
314 IKT( l)=KT(l5) 
315 IKT( 2)=KT(l8) 
316 IKT(l4)=KT(28) 
317 GO TO 300 
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St2.tement 
No. Addr. 

318 270 XMAX(21) = JXMAX(l5) 
319 XMAX(26) = JXMAX(18)/1000*TB 
320 XMAX(39)=(JXMAX(20)-1230.)*TB 
321 IF(XMAX(39).GE.0.0)GO TO 271 
322 XMAX(37)=1230.*TB+XMAX(39) 
323 271 XMAX(40)=(JXMAX(28)-1044.6)*TB 
324 IF(XMAX(40).GE.O.O)GO TO 272 
325 XMAX(38)=1044.6*TB+XMAX(40) 
326 272 C(21) = CS(15) 
327 C(26) = CS(18)*1000. 
328 C(38) = CS(28) 
329 C(40) - CSA(28) 
330 XBOD(2l)=BOD(15) 
331 XBOD(26)=BOD(18) 
332 XBOD(38)=BOD(28) 
333 IKT(2l)=KT(15) 
334 IKT(26)=KT(l8) 
335 IKT(38)=KT(28) 
336 GO TO 300 
337 280 XMAX(45) = JXMAX(15) 
338 XMAX(50) = JXMAX(18)/1000*TC 
339 XMAX(63)=(JXMAX(20)-1230.)*TC 
340 IF(XMAX(63).GE.O.O)GO TO 281 
341 XMAX(61)=1230.*TC+XMAX(63) 
342 281 XMAX(64)=(JXMAX(28)-1044.6)*TC 
343 IF(XMAX(64).GE.O.O)GO TO 282 ' 

344 XMAX(62)=1044.6*TC+XMAX(64) 
345 282 C(45) = CS(15) 
346 C(50) = CS(18)*1000. 
347 C(62) = cs (28) 
348 C(64) = CSA(28) 
349 XBOD(45)=BOD(15) 
350 XBOD(50)=BOD(18) 
351 XBOD(62)=BOD(28) 
352 IKT(45)=KT(l5) 
353 IKT(50)=KT(18) 
354 IKT(62)=KT(28) 
355 300 CONTINUE 

9. PRINT WORKSHEET FOR EACH TIME PERIOD OR PROBEND MESSAGE 

356 WRITE(6,30l)K,IDEX 
357 301 FORMAT( 'l' ,///,' RIVER CONDITIONS FOR THE TIME PERIOD' ,12,', 
358 CSOLUTION NUMBER' ,12) 
359 WRITE(6,302) 
360 302 FORMAT( 'O' ,T4, 'S TA ' ,T12,'RIVER FLOW' ,T30,'DEFICIT' ,T39,'ACT. LEVEL 
361 C' ,T52,'TRT. LEVEL') 
362 DO 1300 I=l,50 
363 WRITE(6,305) I,QRIV(I),DTR(I),JX(I),KT(I) 
364 305 FORMAT( ' ',I5,Fl5.l,F15.5,Fl2.0,Il0) 
365 1300 CONTINUE 
366 1100 CONTINUE 
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367 ISTOP=O 
368 IF (KOUNTA.GT.0) GO TO 310 
369 WRITE(6,306)IDEX 
370 306 FORMAT('l' ,////,' THE OPTIMAL SOLUTION NUMBER' ,I2,' ALSO ALLOWS 
371 C ACHIEVEMENT OF',/,' THE WATER QUALITY AND FLOW PARAMETERS SPEC-
372 CIFIED.',/,' THIS IS PROBEND. ') 
373 ISTOP=l 
374 GO TO 5019 

10. EXIT PROCEDURES TO OPTIMIZATION PROGRAM 

375 310 
376 
377 7779 
378 
379 
380 51 
381 
382 52 
383 
384 53 
385 
386 
387 
388 55 
389 54 
390 
391 56 
392 
393 
394 
395 
396 
397 9985 
398 
399 60 
400 
401 5888 
402 
403 
404 
405 
406 
407 
408 59 
409 58 
410 
411 599 
412 
413 
414 9974 
415 
416 5019 
417 

REWIND 11 
WRITE(6,7779)C(2),C(74),CS(l8) 
FORMAT(3D20.12) 
NCOLS=91 
WRITE(ll,51) 
FORMAT('NAME' ,lOX,'DAVE') 
WRITE(ll,52) 
FORMAT(:COLUMNS') 
WRI1'E(ll,53) 
FORMAT(' MODIFY') 
DO 54 I=l,130 
IF(C(I).EQ.0.0) GO TO 54 
WRITE(ll,55) IN(I),C(I) 
FORMAT(3X,A9,2X,'C ',5X,Fl2.5) 
CONTINUE 
WRI'IE(ll.56) 
FORMAT( I BOUNDS I) 
WRITE(ll,53) 
DO 58 I=l,NCOLS 
IF(XMAX(I).GE.l.E7) GO TO 58 
IF(XMAX(I).LT .. 000009) GO TO 9985 
GO TO 5888 
XMAX(I)=.000000 
WRITE(ll,60) IN(I),XMAX(I) 
FORMAT(' FX XMAX' ,5X,A9,2X,F12.8) 
GO TO 58 
CONTINUE 
L=XMAX(I) 
DD=XMAX(I)-L 
ID=DD1,1000. 
YID=ID/1000. 
XMAX(I)=L+YID 
WRI'IE(ll,59) IN(I),XMAX(I) 
FORMAT(' UP XMAX' ,5X,A9,2X,F12.3) 
CONTINUE 
WRITE(ll,599) 
FORMAT( I ENDA TA I) 
REWIND 11 
DO 9974 I=l,200 
WRITE(l2,9973)XBOD(I),IKT(I),C(I),XMAX(I) 
REWIND 12 
CALL PUTARG(IDEX,ISTOP) 
END 



Staten1ent 
No. 

11. INPUT PROCEDURES 

a. Job Care! 

230 

1 // C428V8 JOB 'U3583,REGION=144K,TI=2' ,VINCE,CLASS=D 

b. Scratch Procedure 

2 / / S TEP4 EXEC MOD 
3 // MOD.SYSIN DD* 
4 SCRATCH DSNAME=PROG.U3583.H,VOL=2314=LIBPAK,PURGE 

5 I* 

c. Catalogue Procedure 

6 //Sl EXEC FORTGCL,REGION.FORT=128K,REGION.LKED=128K 
7 //FORT.SYSIN DD* 

(Water Quality Model Program Entered Here) 

8 //LKED.SYSLIB DD DSNAME=MPS360.SUBRTNES,DISP=SHR,UNIT=PACK, 
// VOLUME=(PRIVATE,SER-MPS002) 

9 // DD DSNAME=SYSl.FORTLIB,DISP=SHR 
10 //LKED.SYSLMOD DD DSNAME=PROG.U3583.H, UNIT=DISK, 

VOLUME=SER=LIBPAK,DISP=(NEW,CATLG), 
SPACE=(1024,(100,1,1),RLSE),LABEL=RETPD=l00 

11 / /LK.ED. SY SIN DD·k 
12 INSERT READCOMM 
13 ENTRY MAIN 
14 NAME HUBLY (R) 

15 /* 
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12. DEFINITIONS OF VARIABLES USED IN WATER QUALITY PROGRAM 

Code 

BOD 

C 

cs 

CSA 

CTI 

D 

DB 

DC 

DT 

DTR 

F 

IN 

IKT 

Definition 

Biochemical Oxygen Demand generated 
by each activity per unit of activity. 

The objective function coefficients 
in MPS format. 

The objective function coefficients 
in WQP format with the exception of the 
val ues for additional waste water 
treatment. 

The objective function coefficients 
for additional waste water treatment 
in WQP format. 

The cost of diverting the feed lot 
waste to irrigation. 

A working variable array used in 
determining the river oxygen 
demand at the various stations of the 
river. 

The oxygen demand of the river at 
Station 1. 

The maximum allowabl e oxygen 
demand in the river. 

Total oxygen demand at each station 
of the river. 

The storage array for all the DT's 
along the river. 

The ratio of the water withdrawn 
from the river and not returned per 
unit of water discharged. 

An array used to store the MPS names 
for the activities. 

An array 
level of 
WQP. 

0 
1 
2 
3 or 

of integers indicating the 
treatment called for by the 

=None 
=Primary 
=Secondary 

more=Tertiary ----------
a unit of activity 

Units Format 

#Of WQP 
UA 

$ Value added MPS 
UA 

II 

II 

Mg Oz 
l iter 

Mg o
2 

liter 

Mg o2 
liter 

Mg o2 
liter 

Mg o2 
liter 

None 

None 

None 

WQP 

WQP 

WQP 

WQP 

WQ? 

MPS 

MPS 



Code 

JP 

JX 

JXMAX 

KOUNTA 

KT 

RK 

RL 

RR 

QIN 

QMIN 

QRIV 

QOUT 

TA,TB, 
TC, TD 

232 

Definition 

An array of integers that indicate 
if an activity waste flow is linked 
to an upstream river intake. The 
integer gives the station of the 
upstream link. 

The levels of the various activities. 

The maximum level of the various 
activities that can be allowed. 

A counter used to signal if a 
change in a treatment level has been 
made during each WQP run. 

The same as IKT only in WQP format. 

The river deoxygenation coefficient. 

The oxygen demand load being added to 
the river at each station. 

The river reaeration constant. 

The volume of water released by each 
unit of activity at each station 
per day . 

The minimum acceptable flow in the 
river. 

The flow in the river at each station. 

The volume of water withdrawn for each 
unit of activity at each station per 
day . 

The number of days in each of the 
ti.me periods. 

TLl,TL2, The cost of providing each additional 
TL3 level of treatment per unit of activity. 

TLlC, 
TL2C, 
TL3C 

X 

The cost of providing the additional 
capital expenditures required for the 
additional waste water treatment. 

The levels of the various activities. 

Units 

None 

Units/day 

Units/day 

None 

None 

-1 days 

Mg o2 
l iter 

- 1 days 

lOOOgal 
(UA)(days) 

lOOOgal 
day 

lOOOgal 
day 

1000gal 
(UA)(day) 

days 

Units 

Format 

WQP 

WQP 

WQP 

WQP 

WQP 

WQP 

WQP 

WQP 

WQP 

WQP 

MPS 
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Code Definition Units Format 

' XBOD Biochemical Oxygen Demand generated lfoo 2 MPS 
by each activity per unit of activity. UA 

XMAX The maximum allowable level for each Units MPS 
activity. 
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13. FLOW CHART FOR WATER QUALITY PROGRAM. 

vlo 

DoOne Vorloble, 

Enter Fl••d Rotlo, 
ond Constonh 

1 
ro;:l_ REAOCOMM ~--- Obtoln Activity 

levoh 

u,. lo, 
lnltlol ' Ent• r Vorlobl• Rotl01 ---- ond Modtnoble Con,tonh 
lt•rotlon 

logln Anoly,h fa, 
App,oprloto Tim• 
Period 

Convorl ~lat• 

, 

MI'S Vcwloblo, to WOP Format 

logln •t 
Station I 

Control Modulo - Control, 
loglnnlng Station lo, Anoly,lt 

I 
/ logln Approp,lot• Stoll<'.• ·,) 

---------------~ Anoly,lt fo, low Fl"" 
\. and Watt• Dlacho,g• ~ 

Ello,lneto 

- Wlthdr-ol, 
Coleulc,to New Flow 

s.t Activity 
~-1 to 

i----l ""-.... ""' lo, 
W-Avelloblo 
Sot flow to fl'ln. 

'1,lo,,• to ....,.., 
'-------1 OOWNtro- Stotlon 

Y•• 

Y•• 

No 

Uptt,eam 

No 

Colculot• Now 
~Ivor Flow 

? 

low Flow 
,,.,i,1 . ... ol 

Su•l•et Station 

No 

Colculc,to 0,cygen 
D•"'ond of Ohchargo 

? 

I• Oi<ygen 
D emond 
rre .. nt 

No 

? 

H0t Entl,. lll'f'•r 
l••n An•lyz.•d fOf' 
Wott• Oltcho,ge and 

Low Flaw1 

Yu 

Con .. rt WOP 
Vorloblu to 
MPS formot 

Print WOP 
Output lo, 
Subl• et Time 
Period 

Trigger Control Modulo ro 

,.----------------------l Recycle low Flow ond Wo,te i--.----l Ohchorge .Anoly,h lo 

Reset Moxlmurn Activity 
level, COCK'dlnoting the 
Oe~nd•nt Intake and 
Dhehorge Dependent Upstrlotn Intake 

Start •t 
on Up, t,.om 

Stotlon 

P·rovide Ne,ct l•v•I Roonolyu lo, 
Waste ju1t Treated 
or llounded 

~-----------'-------! o( r,..atment. 
Modify C Veera, 

Colculot• 0,cygen 
Domend fo, Watt•• 
Dheho,ged at o, 
Al,ov• tho Sublect 
Station 

Calculate and .t.noly,• 
tho 0,cygen Demond 
Pronlo of t+,e Entire 
kl-nr for oH Wo,t•s 
Pro10ntly Coleulotod. 
hgln ot Station I on 
lnltlol Entry 

? 

I, the 0,cygen 

~•m;~Too/ 

? 

Con Addltlonol 
T,.atment 8e 
Provided ro, lmt 
Wost• Ohchorge 

f...,nd 

"'/ .. No '----------------. 

~-------l Mo,e to Ne xt 
Oown,trec,n, Station 

No 

No 

Teti Opt. 

Ho, the 0,cygon 
Demond a.•n 
Calculated lo, 
All Station, 

Ye, 

No 

No 

No 

? 

11 rho lnlok• 
Dhehcwge 
Rolotlonthlp 
Ro010noblo 

Yo, 

? 

h Th•,. o 
Dependent 
lntolc• 
Up,,,..am 

Set Moxl""m 
Activity l ovol 

►------1 that wlll Conwmo 
Avollobl• 0,cygen 
Oomond c-.oelty 

.------------------------1 Prag. to ~ -- _ -------- --7 
I 
I 
I 
I 
I 
I 

Stop 

? 

No ~ • Yet 
..,,_ _______ -I Mt,,,o to Noxt i--.----</2:: :.1:1~>------< 

Tim• Period loon Anolyud 

W•,. ~ or 
xlMl< 
ModlO•d 

Set vp 

'>---Y-•-•--..-1 Revh•d Doto 1-----<--1 
FIi• for Opt 
Prag. 

Sto,. WOP 
Doto 

TelT Opt. Prag. 
1-----..i to Revh• Ooto , 

Reoptlmlxol ond 
Return to WOP 

---§ 
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APPENDIX G: ORIGINAL INPUT TO OPTIMIZATION PROGRAM 

'IPS/360 vz-"'g 

NAME DAVE 
Q ows 

N C 
L STRA 
L ST!l.FI 
L s r Rr. 
L ST!l.'1 
L WTCA 
L wrc B 
L WTC:r 
L ~rr:o 
E AWTCA 
E AWTCFI 
F AWTCr 

" AwTCO .. 
L ,IWTCA 
L WWTCl3 
L WWTCC 
L WWTC'J 

" a WWTC A ~ 

I: AWWTC~ 
F A~wrc: 
F A,IWTrD 
E L Fl WA 
E LFLWI\ 
E L FLWC 
i= L"LW'.l 
L PSC A 
L P<;CP. 
L PSCC 
L P~CD 
L RES 
G Q"S ID 
G ,cc 
L LA. B 
L L "ID 1 
L L'IO;> 
L CFLC 
L •• •• 
L SI\ C 
L I\J fl C 
L DC 
L QJC 
L WRC 
L FI REC 
L 'J SC 
L C 'IC 

:JLU'l'IIS 
CFLA 1 S:ALE' , 01~00 

CFLA r 3o,25))'.l ST,~ 19'),'.))}}) ,, 
: FL A LA~ 1,25'.lOO L'J'll tJ)~JJ 

CFLA CFLC 33. 200:)0 

DSA r l 31 ,O, O'.IOC'O ST'.l.A 371),J'.)}1} 
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CJNn c~c 
~TD ,. ..., 
WTO WTCD 
WWTO WWTCD 
AWTO r .., 
AWTO AWT::D 
AWWTD C 
~ECO ~FS 
RESIDD AWTCD I 

~ESID) ~ESID 
L FLWD ST~D 

~HS 
Bl STQA 
~l STR.C 
Rt WTCA 
Bl WTCS 
Bl WWTCa 
81 WWTCC 
Bl ~ES 
Rl Q. EC 
Bl LFLWB 
Bl LFLWD 
Bl LN')l 
Bl PS: A 
Bl PSCC 
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8\ SB:: 
~1 DC 
~1 w~: 
~1 DSC 

a □u"ns 
UP XMAX CFLA 
UP X\1A X PS~ 
UP XMAX AWTA 
UP XMAX AWWTA 
LO XMAX RES IDA 
UP X._,AX :FLB 
UP XMAX PSB 
UP XMAX ~WTB 
UP X._,AX AWWTB 
LJ X..,A X RESinB 
UP XMAX C:FLC 
UP XMAX PSC 
UP XMAX AWTC 
UP XMAX AWWTC 
LO X"1AX ~ESID: 
IJP XMAX CFLD 
UP X"1AX PSD 
UP Xt.1AX 6Wf0 
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UP XMAX 
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APPENDIX H: TANDEM PROGRAM SYSTEM OUTPUT 

EXECJTOR. MPS/360 v,-M9 
SOLUTION 1 
SECTION l - ROWS 

NUMBER ••• Q,Jfl.11 /!\ T ••• ASTIVITY ••• SLhCK A:rrvrrv 

l C BS 17649333.5453 1764?333.5453-, STRh UL 315046400,000 • ., STRB UL 254540800.0DO • , 

4 STRC UL 100494CJ34,000 • 
5 STRD JL 88324266.0000 • 
6 WTCA UL 222630000, 000 • 
7 WTCB JL 75030000.0000 • 
8 WTCC JL 76260000.00J'.) • 
q WTCD JL 75030000.::JOOO • 

10 AWTC~ EQ • • 
11 AWTCB ':Q • • 
12 AWTCC EQ • • 
13 AWTCO EQ • • 
14 IIWTCA BS 187847972,,34 1224627,'.)'>647 

A 15 WWTCB J L 6 3 72 06 00, 0000 • 
16 ,IWTC:; BS 6195\936,8701 2~13263.12994 

17 WWTCD BS 43591+923.9299 20125676,1701 

A '· 8 AWWTCA EQ • • 
A l9 AWWTCB CQ • • 
A 20 AWWTCC EQ • • 
A 21 AwWTCD EQ • • 

22 LFLWA ':Q 629089,00000 • 
23 LFLWB ~Q 1259979,00000 • 
24 LFLWC F :J 514044,0JDDO • 
25 LFLWO E :J 251890,00000 , 

2~ PSCA JL 3lB4ll,0JJ00 • 
;, 7 OSCfl UL 103470,000nO • 
28 PSCC UL 11944e,ooooo • 
29 o SCD UL 103470,00000 • 

A 30 RES J L 12S5DOOO.DO'JO • 
31 ~ESicl LL 26S391836,DJO • 
32 ~EC LL 11385000.0000 • 
33 LAB JL 1427,00000 • 
34 LNOl BS • 500, J'.JO'.l) 

35 LND2 BS • 50J,IJJ0f)O 

36 CF LC fl <; • 33?00,00000 

37 cc 3S • 443,0.'.J'.lf'J')O 

3B SBC 3S • 391,20,00000 

39 "IDC JL l '.J0542Z, 000'.lO • 
40 c,: JL A66 810, 00000 • 
41 ~IC BS 1075674,26)23 2667297,73977 

42 W il. C 3S 489411, 42453 341. 502 6, 5 75!+ 7 
,. 3 FIREC JL 4705960, O'JOQO • 
44 :J SC UL 4991927,00000 • 
45 :MC BS • 9zqz40, J'.lOJ'.l 

,,_J,iE~ LI'-IIT, •• JJ>=~ Ll'-IIT, • J J \ L h:TIVITY 

'lJ\I:: 'lJ"IE l,J)J)') 

"IJ\JE 3\5)+',4'.l'.), )'.)) , JJ03!.-

\IJ\I': '<5+5408c!O, )J') ,)))q4-

\JJ\IE \OJ4'l49?4, OJ'.) , '.)0084-

\I ) \j = 89324266, JJJO • '.)'.)'.)~+-

"IJ\J': 2??6300'.)0, '.)'.)'.) ,100J4-

'-1'1\IE 75'.)310J1. '.)'.)'.)) )")'"'4-. , , 

\I J 'l E 76260000, O'.''.l'.l • '.))))4-

\I )\I= 7503000::J.0)01 • J'.)J}4-

• , ,0)1\7-

• • 
,))1 1. 7-

• • 
,):)))7-

• • ,))1!7-

\11\1': ,q,)7'600, '.)'.)'.) • 
\IJ'lE ,,72)600, '.)'.)11 • 
\JJ\I:: 647o'i?OO, OJO'l • 
\IJ\j: 63720600,'l'lOCJ • 

• • • 
• • • 
• • • 
• • • 

629030.JJJJJ 6?9989. OOQ'.J'l • )'.)'.)~4 

1259°79.JJJ)) 1259979,'lJJJJ 1' '.))~g!+ 

5'.)4'.)44, '.))'.)00 5J+;)!t-~, J'.)J)') • )))~+ 

2518~0. ))))) 2'il 9"0, 'lOJ'.)1 • JJJq~ 

\IJ\I= 31 8'+'1,00'.))1 t:.+71~5-

\JJ'lc 1 )'.\470. '.)QJ')J '2, 47l9'i-

"10\J': ll 9!+413, )0J)') t~,, !t7J.~'5-

\JJ\JE l J) !+ 70. JO'.JJJ 12,471 9<;-

\jJ\j= l26'i)'.'OO,O::JD'J • 
~',6q91936. JJJ \J)\JC .1~117 

l t 395100, J'.JJJ \IJ"I~ • 
"I J \J E l+27,~1J)J !+7) 5. 64f'.)9-

~)~= 500, ))))') • 
'JJ\J=: 5')0, ()']0)1 • 
\JJ'l': 3'2'll', '.)f')'.))') • 
-.1\J': 4+33'.l, O'.l)'.l) • 
\JJ\JE 3,,,o,'.l'.JJJ'.l • 
\IJ\I: t'.)054?2,00'.)00 • t ~ ➔:;) .. 

\JJ\J: ~,,q\ o, '.}')'.))') ,?',',71-

'l)'l!' 374',97', J')J'.)J • 
N ')'II c: 3'.JJ+'t38, '.)')')'.}') • 
\JJ\J= 4 705960, 00 ,'.l'.JO - ➔ ~3t7-

"I ,., 'l = 4Q91Q27,J0('10 ,'.)1770-

"11\1: 9zq240.JJJ'.lJ • 



242 

P!\Gf 
EXECJTOR. 

SOLUTION 1 
SECTIJN 2 - COLU~NS 

47 PSA BS 318.41100 13130,00000 • 1 01 ):) 0 '):}. :):))) • 

49 ON-DA BS 736.89680 1..000.0:)000 • ~J\J= • 
c;6 JSA BS 2207.47lQ9 ! ooo. Q'.)'.)'.)') • \J J\J:: • 
58 wTA BS 195529.59775 .17500- • \I '.) \J ': • 

59 '4wTA BS 187847.972q3 • • t\JO'JE • 

so ~WTA B~ 78l~0.4279A .2tgoo- • 1 OQ J:)000, OJ')') • 
64 R~STDA LL 132349.l2700 • 13~34,g.121:>o \J J \J E • 
65 LFLWA BS 629.98900 • • f\J O \J I_: • 

71 PSB BS 103.47000 13130.00000 • l 0'.) )1000,0J)') 9 

17 RIB BS 329.57062 1000.0()')()() • \!1J\I'= • 
80 JSA B~ 113.230~7 1000.0')~'.)') • \JJ\J= • 

82 .-IT '3 BS 658q6,7152f .17500- • \IJ~I: • 

83 WWTB BS 637?0,60000 ll • t\..J1~;:: • 

84 AWTB BS 154651.002~q .21.qo')- • 10'.) )J~J').J:)J') • 

95 AWWTB B<; S5S7.040SS .0001J- ~ 
l ~'.)JJ(}:)3, nJJ') • 

~6 STQR~ RS 1?6'i.OOOno • • f\J O \11: • 

88 R.ESIOB LL 44603.84900 • 4-46)1.,34~):) \J)\JF. ,'J O'.)J4-

89 LFLWB BS 1259.<?7900 • • t\J'J\JE • 
qc; PSC BS 119.44800 13130.0'.)000 • lOOJ0 000 ,000') • 

99 ::JMC BS 995.64668 l~00.0:)J:)j • \JJ\IF • 

102 W-RC BS 571.07517 10Qo.o~~oo • \I J \J I: • 
103 FIREC BS 27'57,0~15C t 010. 01'.)'.)j • \J ) ~] I= • 

104 OS C" BS 5A9.~A75A 1000.0'.)00;) • \J 'J \J '= , 

106 WTC BS 66976.a~qz~ .17500 - ~ 
\IJ\Jt: • 

107 WWTC BS 61951.936'37 • • \J J\J E • 
1.08 ~WTC BS 21040.48164 .219'.)J- • l:):lJ'.)00JoJJJ') • 
112 RESIDC BS 453'35.06100 • 45335.06000 \JJ\11: • 

113 LFLWC 13 S 504,04400 " • \JJ\J~ • 

119 PSD BS 103.47000 1313~9 '.):)'.)()Q • 100)0000,')000 • 
128 JSD e, s 1009.1579? l ooo. 0'.)J')J • \JJ\J E • 

130 WTD BS 6'5896.71526 .17'50G- , f\lJ\JC: • 

l~\ WWTO BS 43'594.923~3 • • ~J\J': • 
132 AWTD BS l'.)664,13754 .21CJOO - • lOQ'.)1000. O~ O'.) • 

134 Q.ECD ~ <; 11385.00000 • • "' J \I !: • 

A ll5 ~c:s100 LL 44603,84900 • 44603,S!+~J:) N']~C • 
136 LFLW() BS 251.A9000 • , \J]\I': • 
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RIVER CONDITIONS FOP THE TI~E PER I JD 1, SOLLJTION NU~Rl:R 1 

STA RIVER FLOW DEFICIT ACT .. LEVf:L T~T. LEV EL f 

1 ... 1740587.8 o.o o. 0 

2 1740587.8 o.o o. 0 

3 17405l37.A o. ") o. 0 E 

4 1740587.8 o. (\ o. 0 C 

5 1740587.8 0. () o. I"\ ~ -~ 
b 1740587.8 o.o o. 1 2 

1 1740587.8 o. 0 o. Cl r 

8 1740587.B 0. '.) o. 0 
( 

9 1740587.8 o.o o. ') r 

1~ l.7405~7.P.- o.o o. 0 
( 

ll ,. 7 4058 7 • 8 n • '.1 o. '.) 

12 1740587. 8 o. 0 o. '.) 

13 174()587.8 0.0 o. 0 

14 1740587.8 o.~ o. '.) I 

15 1740587.8 0.0 0. 
I • 

J C 

16 1740587.8 :).'.) o. 0 

17 1344773.? o. 0 1759. " 
lA 1701006.3 o.o 1759. '=\ 

I I 

19 1701006.3 1.81AOA o. J 

2'.) 16q94q4.l 2. 707lq 1512 • J 

21 16 9 9 4 q 4 • 1. 3.~3733A o. 0 

22 lbQg494.1 3.03110 o. ') 

23 1699494.l 2.94871 o. 0 
I 

24 1699494.l 2.5783A o. J 
) 

25 l6994Q4.l ?..2759~ o. '.) 
) 

25 1699494.l 1.973?3 o. 0 

27 1699494.l 1.~ 0 02? o. 0 ► 

28 1700532.0 l.43351 l 03 ~. 3 t-

2Q 17OO532.O 2.7626'?- o. 0 ► 

30 1700532.0 3.3269S o. 0 t-

31 1700512.0 3.43785 n. 0 
) 

3? 1700532.0 3.29326 o. 0 

33 1700532.0 ~.01110 o. Q 
' 

~4 1700532.0 2. 68'5'-4 o. f) t 
-

35 170()532.0 ?.. 3426~ o. 0 
) 

-
36 170051?.0 2.'.)1461 o. ~ 

) 

37 1700532.0 l.7!410 o. " 
) 

~e 17OO532.O l.4468R o. ') ~ 
, 

'.\ Q 11nos32.o 1.21371 o. "I 
• --

4:, 1700532.0 1.0132\ o. 0 
~ 
• 

4-1 1700532.0 O.S426? o. ') 
• -
• 

42 11ooc:;12.o o.6<?865 o. J :l 

1700532.0 0.5778A o. J ' 
43 

• . 
44 1700532.0 0.47707 o. 0 

. . 

. 

<+ 5 170O532.O 0.39'321 o. 0 
. 
• 

46 1700';32.f) o.~?17? o. J 
, 
-

4, 1 1700532.0 o.?6f:-22 o. 0 

48 1700532.') o.21e1~ o. 0 

49 17OO53?.O o.17964 o. J 

50 1700532.0 o.14743 o. 0 



244 

RIVER CONDITIONS FO~ THF Tl~E PERIJD 2, SOLUftO~ ~J\18':R 1 

STA RIVER J:LOW DEFICIT ~Cr.. LEVEL TR T • LEVF:L 
1 4172800.0 o.J a~ 0 -
2 41 72 eoo. o O. D o. 0 
~ 4172800.0 o.o o. 0 -
4 4172800.0 o.:> a. 0 
5 4172800.0 0. :) o. 0 
~ 4172800.0 o. 0 o. !) 

7 4172800.0 o.o o. 0 
8 4172800.0 o. 0 n. 0 
~ 4172800.0 o.o o. 0 

I 

10 4172~00.0 o.o o. ~ 
11 4172800.0 0. ') o. 0 
12 4172800.0 o. 0 o. ~ 
13 4172A00.0 o. 0 o. 0 
?. 4 4172800.0 '.) . '.) o. 0 
15 4172800.0 o. 0 0. '.) 

16 4172800.0 o.o o. 0 
17 3791148.e. o.o l 696. ') 

18 4134634.8 o.o 1 6q6. 3 
1~ 41346~4.8 o.121J9 o. 0 
20 413101g.3 1.07390 ~616. 0 
21 41.11019.3 1.20329 o. 0 
22 4131JJ.9.3 ~-- 2023q o. a 
23 4131019.3 1.13004 o. 0 
24 4131019.3 1.02280 o. () 

25 41"31019.3 o.~D2A2 o. 0 
2 6 413l019.3 o.78302 o. 0 
27 413!.019.~ o.6704~ o. ') 

28 4132171.6 o.56865 11 5?.. 1 
29 4132171.6 1.!Aqc:;~ n. ') 

3, 4132171.6 1.459?6 o. 0 
31 4132171.6 1.c:;2005 o. 0 
32 4132171.f:. l.46258 o. ~ 

~~ 4132171.6 1.34363 o. 0 
34 4132~. 71. 6 1.~9806 o. 1) 

35 4132171.6 1.04657 o. 0 
36 41321 71. 6 o.9ooes o. 0 
37 4132,11.6 0.16109 o. ') 

38 4132171.6 O.64782 o. 0 
3Q 4132171.6 o.54?65 'J .. ') 

40 4132171.6 o.45400 o. 0 
41 4132171.6 o.37766 o. 0 
42 4132171.6 o.31?19 o. '.) 

43 4132171.6 o.2'>910 o. 0 
44 4132171.6 O.21393 o. :) 

45 413?.171.6 0.176~5 o. ') 

4 ", 413217\.6 0.145lg o. '.) 

47 4132171.6 o.11q41 o. ') 

48 4132171.6 0.09Pl3 o. 0 
49 4132171.6 O.G80S8 o. 0 
50 4 ,_ 3 21 71. 6 ').06614 o. :) 
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RIVER CONDITIONS FOR THE T!~F PER110 3, snLUTIO~ t.JU\iBF.R l 

STA RIVER FLOW OEFTCIT ACT,. LEV EL rq T. L~VFL E 

1 162O886.O o.o o. '.) 

2 1620886.0 o. 0 o. 0 

~ 16?0886.0 O.:) o. 0 6 

-
4 1A?OAA6. C' 0.0 o. ') 0 

5 1620A86.0 o.o o. 0 
4 

~ 1~20'386.0 0. '.) o. ('\ 2 .. 
7 1620886.0 o. 0 a. " 

0 

8 1620A86.0 0.0 o. 0 
0 

9 1620886.0 o.~ o. 0 
0 

10 16208~6.b 0. () o. 1 C 

11 1620886.0 o. 0 o. 0 

1~ 162O~'36.O o.J o. ') 

13 1620986.0 0. () o. 1 

t4 1620886.0 "• 0 o. ""I 

t5 l62Cq~6.O J.J o. 1 
' 2 

16 162O886.O o. 0 '). J 
t 
~ 

17 1197072.1 o.:, J 8 ~4. ') 
( 

18 '~ 5 7 8 5 04 • ', '.) . :, 1 9 R4. 4 
I f 

\Q ]578504.6 2.09774 o. (') 

20 1577256.9 3.12'l64 1248. 0 

21 1577256.q 3.c:;QO()O n. J 

22 1577256.9 ~.497~9 o. " 
23 1'577256.9 3.28694 o. 0 

t I 

24 1577256.9 2.9750? o. ~ 
I . 

2 '5 2.A26D4 
~ , I 

1577256.9 o. 0 

26 1577?56.9 2.27750 o. 0 
\ I 

27 1c;17256.9 1. 0 5024 ') . '.) ► 

28 15781Q5.0 , .• 654'.)4 93 A. ~ 
I-

?.9 1 '57Rl qc;. 0 2.9() 7 89 o. 0 ► 

30 1c;7S3195.0 3.42?24 o. ') t-

31 15781~5.0 3.~0'.)00 o. 0 
) 

32 157Rl95.0 3.3~352 o. J 

33 15781q5.0 3.~4293 o. " ~ ' 

34 1578,95.0 ~.1011,1 0. 0 t 
-

~5 1578195.O 2.352~4 o. 0 
) 

36 1578195.0 2.;2082 o. ~ 
) 

37 1.578195.0 ,.7l.784 Os 0 
) 

3A 1578195.0 1.4489:) o. 0 
~ 
' 

39 1s1a19c;.o l. 21 4 71 o. ') 
) 

' 

40 1c;1a,qs.o l.Ol3t-O o. '.) + 

41 157~19'1.0 ~.84?65 n. 0 
3 

42 1578~.95.0 '1.s9q4g o. 0 
} 

43 1.578195.0 o.5776t o. Q • 
44 1578115.0 ').47676 o. 0 

; 

45 1'578195.0 0.30292 o. J 
~ 

4b 1578195.O 0.32342 o. 0 ' -
!+- 1 157J31~".0 O.265QS o. ~ 

48 1'17B195.0 o.21g52 o. J 

4~ 157~!.95.0 0.17°4'3 o. 0 

50 1578195.O 0.14726 o. r, 
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~IVER :ONDITIONS FOR THE TIME PfRI:JO 4 ' SOL:.JTIO~ \JU~~~o_ l 

STA RIVER FL Ofll r)EFICIT \:T. LEVEL T~ T, L~VEL 
l 1447938.9 0. '.) o. ') 

2 1447938.8 0.:) o. 0 
3 1447938.8 '.) . '.) I). J 
4 1447938.8 o. 0 o. () 

5 144793~.8 0. ') o. 0 
6 l44703A.8 o. a o. '.) 

7 1447938.B o. 0 o. I"\ 

8 1447938.8 o.:> o. J 
9 1447938.8 o. () o. J 

1~ 1447938.B o.o o. :::, 
tl 1447938.8 o.o n. J 
l 2 1447938.8 0.0 o. '.) 

13 l44793A.8 o.:J I). 0 
14 1447918.8 o. C) o. J 
15 14479~8.~ IJ.O o. 0 
16 144793A.8 i.J o. 0 
\1 1069345.5 O,J 1 6 P ~. ') 

18 1410079.5 o. 0 l 6R3, 4 
19 1410079.5 2.'J9774 o. 0 
20 1. 40~R 24. 4 ~.123~4 l 2 5 5, '.) 

21 1408824,4 3.'500()1') o. () 

22 l40~P24.4 ~.4q739 o. C) 

23 1408824.4 3.286Q4 o. ') 

24 l40A824.4 ?.97502 o. '.) 

25 ,408824.4 2.!>26:)4 '). J 
~6 140~8?.4.4 2. '?..7759 0. '.) 

27 1408924.4 1.95024 o. '.) 

28 1409539.0 l.6c:;404 715. ~ 
~ 

29 14095~9,0 ~- 685Qc:; o. C) 

30 1400539.0 3. 09"42 o. '.) 

31 140953°.o 3.)2820 o. 0 
32 1409539.0 2.~62')0 "). :) 

33 1409539.0 ?. 6 q?,77 0, J 
34 1409539.0 z. 3R5'58 o. 0 
~5 14005~9.0 2.')73AA o. ') 

36 1409539.0 l,77ABA o. '1 
37 14005~g.o !.51'167 0. () 

'38 1409c;3q.c 1,"7320 o. '.) 

"3 ~ 1409539.0 1. 0 6 679 o. I"\ 
~ 

40 14095~9.0 0.98~74 o. '.) 

41 1409539.0 o.73°41 "' 0 '.) 

42 14095~9.0 0 .61272 "· ') 

4 'l l40Q5':\q.o o.5 ossq J • ') 

44 l 40Q '5~ 9. 0 0. 4190" o. '.) 

4'5 140 0'539.0 rt. 3 444A n. 0 
46 14og53q.o a .? 8~52 o . 9 
47 14()9c:;~g. 0 n . ?. ~31 2 0, ) 

4R 140053q.o ::>.1915~ I') . () 

49 1400539. 0 o. 1 ~72 f ') . ') 

50 140 9539.'.) o .12qos o. 0 
O.l3055 0 COOOO~O 0 5 0.1 3 0~50 00 000 00 '.) 5 0.1~ 0 55 '.)00 ~JOJ D J? 

.. 
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EXECJTDR. MPS/>60 v~-M~ 
OPTIMIZATION PROGRAM AFTER SOLUTION I 

TO MAY ACCOROINS TO DAI/F 

TIME - 1.2q 

FILE - FTllFOOl 

2- cOLUMNS SECTION. 

MJOIFY 
CFLA C 
PSA r 

V 

WWTA C 
AWWTA C 
C FL fl r -
P <; B C 
WWTB C 
AWWTB C 
CFLC C 
PSC C 
WWT C C 
AWWTC C 
: FL r, r . 

PSO r 
V 

WWTO C 
AWWTD C 

'.) MINOR ERRlR ( SI -
'i - BCJclN OS SECT ION, 

MJ)IFY 
UP XMAX pc; A 

UP XMAX WTA 
UP x-, AX WWTA 
UP X-,AX AWTA 
UP X'IAX AWWTA 
UP XMAX PS'l 
UP X"1AX WT 'l 

UP x-, AX WWT'I 
UP XMA X AWTFI 
UP XMAX P5C 
IJP XMAX I.ITC 
UP XMAX WWTC 
UP XMAX AWTC 

FX X '-1 AX AWWTC 
'.JP XMAX p<; D 
UP X"1AX WTC) 

UP XMAX WWTD 
uo Xlo! AX AWTD 

1 -,!NO~ ERRORISI -

PRJBLEM STATISTICS -

36. 25100 
13055.:)!)000 

-0.443)0 
-0.5Al1C1 
36,25000 

13055.00(100 
-J.44300 
-0.•9110 
36. 2 5()00 

130~5. OOQOO 
-0.44300 
-o,,AllO 
36,?'iQOO 

130'i5, 011000 
-0,44'10D 
-0,"Al10 

'.) MAJC1P cRROR(Sl 

g9g9gg9,gog 
??26~0.ClQO 
lP,91'7?, ,6? 

qq999qa,.ooc 
99ggqoo.apo 
gqqqoaq.9qa 

75030,0(10 
63720,507 

9c:,9qq99,'l'l'.J 
llt,7P4 

76?60.020 
5A1'>5,335 
1D'l9.8"6 

o.o 
lJ2,64Q 

75030, C'On 
~,7?0,597 

qgggqoo,goo 

0 M/IJCIR ER~O,(Sl 

136 VARJA3LFS, 

El 

6, 

0 
4 
2 
0 
0 
0 
0 

' '2 
6 
2 

16 

,e 
I l 
I I 

I ' 
,l 

' ' 

> I 

• 
) ( 

' , 

t ' 
i I 
i I 

) I 

I 
' ' ) 

• 
3 
~ 

~ 

? 
~ 

' -
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EXECJTJR. ~PS/360 V2-M9 
REVISED INPUT 
NAME OAVE 
QOWS 

t-.) C 
L 5TRA ' 

l ST~B 
L STRC 
L STRO 
L WTCA 
L WTC 13 
L WTCC 
L 1,fTCO 

E AWTCI\ 
E AWTCR 
E AWTCC 
I= AWTCO -
L WWTCO 
L WWTCR 
L wwrc: 
L WWTCn 
E AWWTCA 
I= AWWTCB -
F AWWTCC 
E AWWTCf) 
F Lr= L WA 
F L Fl WR 
E LFLWS 
E L Fl WO 
L PSCA 
L PSCB 
L PSCC 
L PSCO 
L q I= s 
G ~FSIO 
G QEC 
L LAB 
l LNOt 
L L"Jr")? 
l CFLC 
L 

,. ,. 
"'v 

L SBC 
L ~DC 
L DC 
L RIC 
L WRC 
L FIREC: 
L :JS C 
L CMC 

COLU'-1"JS 
' Cl=LA •SCALE' .010')0 

CFLA C 36.25('00 STOA lA10.O:)')')l 
C:FLA LAB l.25000 L ~ f), • 0:)~()') 

CFLA CFLC 'l3.?:>000 
PSA C 1305'>.00000 ST~A q700.0~101 
0 SA LAB .13Al)0 "S:I\ l ooo. 0'.)')0') 
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EXFCUTOR. MPS/?60 VZ-M~ 

JF-KA C , 000, ooooc awTCA l, q1 ~ 6. 0080 

D~-KA AWWTCA - 5170.0JO')O LA.A ~131q'.) 

OF-KA NOC 1572.20000 El 
ON-DA C tnno.0000:) AWTCI\ 9$970. 00'10'.) 

J~-OA LAB .1~4cO ~DC ! ~$!+-,4'.)')')'.) 

ON-DA AWWTCA -90109.00000 6• 
F~A C 1000,ooonr t\WT:A "92S31 .()()"'1')') o: 
FMA AWWTCA -59281.00000 L AR ,. 1 4481 4 ' 
I=~/\ nr: 946,20000 21 
'1'1 A C 1000,00000 !\WT':A , ~ l ~ i:;. 00'100 0 
O~A AWWTCA -11216,00000 LAB • 1. '5 QR') 0 
0'1A DC 870.60'."10 0 
nnA C 1000.00000 AwTCA 90?59. ()'.)()()~ 0 
JOA AWWTC~ -70t-6R.OOOOO LAB .,343') 

ODA DC 1024,300'.)0 
RYA ,,. 

"' 
1000.oocoo AWTCti 5'22Q7Q. :)'.')()J 

RlA AWWTCA -10~"?13.000(' L ti B 9f")A.,c;Q 

OJA QIC 3?A6, 9000() 2 
W-R A C l 000, COOOO AWTCA 8277.0')11J 6 
w-R A AWWTCA - 7357,C'OOOC' L6B .21J0'.) 2 
W-RA wqc 857. O0O0n 16 
FIRF.A C lJOO.O8O0O AWTCA I 260'3. 081')'.) 

FIREA tiWWTCA - 24'\.3.00000 LAB .o::,o] 
~ JQ Eh FIQEC 1706,00000 
'1SA C l 000, OOOOC' AWT:A ?-1667.0:)'10" 

OSA AWWTCA -10050.00000 L Ali .202,:) 18 
OSA CJSC 121~.c:;00'1n > l 
~ONA C l ooo. 0no~n AwT(fl 12'i1 76°,. ') 00 • )4 
cnNA AWWTCA -8835A~.oono L .\A &1412'.) IC 

CO~! A CMC c;n611 Cr"l:l")O ► 1 
WTA C - • 175 00 ST~t\ 111~.:,:)')')') -.. j 

WTA WTCA l 13q • 6'.:'')')C' AWTCA - , ')')'.) • 0000') ► G 

\IIWTA WWTCA 1000,000C)0 AWWTC~ !J1).~J10') -
.. j 

wWTf.\ C - • 44 300 ) ( 

AWTA 
,.. -
"' 

.21°00 S TR A 113e.~O()O) 

AWTA 0WTCA - 1000.0J:J')O 
AWWTA 

,.. -"' 
.5911n AwWTC~ 1 ')')'.). ')'.)')0) 

t ~ 

STJRA STRA 1000,00000 <;TRR - , 000,. 00:)01 ) ( 

STORA RES 1000,0001')0 ) ( 

R~C A q_ f s 1000.0'.)~')0 ~F: J 000, 0010'.) 
) ' . . 

Rl:SYOA AWTCA , ono. 0'."0"'0 AWWTCA - 7~0 .. 0000') ~ : 

QESIDA Rr;S YD i..no0. 0no0n , . 
) ' 

LFLWA srq,A 10()0,()()000 LFLWA ,JJ)ct;'))J') I ' +. 
CFL B •SCALE' ,0100(' 3· 

CFLR C ~6. <5:)0() ST~ R 1~1n,00 1'J1 ~-
CFLB LAB l,250')0 L~D, • :) ') 4')') ' ' + 

(FLA CFLC ~'l..20000 ~I 

C:Rt\Jl B 'SCALE' • 01 fl')(; =) 

cqNl~ C 5~.t'JOOO S TQ R ?q,()0')1') ,, 
-

C~NlB LAB • ?C)J"O L ~~D l t.1?1'):) 

CRNlA cc 45.41000 
CQ.N2R 'SC6LE' ,010')0 

CR.N2R C 58.00000 ST~=\ 31. f.()')()1 

CR.~28 LAB .?10:)0 LND2 ~-• 1 0 '1 ~ 1 
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EXfCUTOR. 

CRN28 cc 48.550')0 
SAlR 'SCALE' .OlJ)O 
s~ J. 13 C 153.0::)000 STP~ 9~.7:)')JJ 

' SBlB LAB .fSOOO L \J Dl ,.q'.)')8') 
S8lij s~c 113,770')() 
S82B 'SCALE' .0,000 
Sl:32~ C 153.00000 STP~ qq.J;)10J 
SR2B LA8 .78000 L\Jf'2 ~ • 4Q')')1 
S~?B s~c 13?.57000 
PS B C 13055.00000 STD1 A7()0 1 QQJ')') 
pc; 8 LAB .13B:JO P~CR 1001.0'.)()0'.) 
OF-KB C 1000.0~'.)1() AWT:~ 1, o, ~ ~. 010,() 
JF-KR AWWTCB - ')) 70. 000':'0 I. t\ ij .1"3191 
nF-KB "JDC 157?.20000 
ON-DP C ,. 000. 0::>::>00 AWTCR q601c.n0~00 
o~-os LAA .1?460 NC>: l 11:,4, 4:)')00 
O~-OP, AWWTCB -00109.000')n 
F~R C 1000. ('00')" AWTCR c::~zq,. )100'.) 
F~B AWWTCB -592Alft00"'"'0 L b. 1 .~_440'.) 
F~A oc 946. ?.')000 
O~B C 1000.00"'.)(' AWTCR ., .?l ~5,, nc 10; 
J~B AWWTCB -1) 21 6. ('')0()0 L tiB ."'5~S,') 
J~A n ,. 

l, F370,~000f" 
QDB C 1 ooo. con10 AIII/T(R ~J'?'>3. ')'):)1') 
ODR AwwTCB -706~R. ')(lQf")r LAP. -~~1,..3') 
ODB DC 1.024, 3'.)0JO 
~IR ,,.. 

l 000, "<'000 AWT(:A C:,??079,J'),') .., 

'<IA AWWTCB -10811?.00'10 l AR .OP19') 
RIB RIC 'l.?66.00000 
W-RB ,.. 

1000.ooroo AwT:::), 8?.77, ')008() ..., 

W-P 13 AWWTCB - 7357.0°000 L 6 R .21'1"') 
W-RR WRC ~57.00000 
FIR EB C 1000.00000 AWTCB ?f-09, JJQ')'.) 
~yQr:B ~WWTCB - 241?.onoor LA3 .Q5l('') 

FIR EB FIREC 1706.Q:)'.):J() 
'.JS B C 1000.rooo0 t\WT:~ 31667,1)0000 
OSB AWWTCB -10051.COO::>O l AB .'202 1 ') 

1S8 JSC 127~.~00CJO 
CONB C 1oco.00::>10 ~wr:3 l 261 7 69. 0')0 
CJNB AWWTCB -883583.0000 Lh~ ,l!+-12) 
CIJNR C'1C 506.000JO 
WT~ ,.. - • l 75no STQR ll3q.6:):)0J -
WTB WTCB 113A,6O0()1" 6WT:~ - 1_ 0 1 0 • 0 0 0 0 ') 
WWTB WWTC~ 1OOO.OOO:>o AWWTCR 10'.)'.).J~'.)JJ 
WWT~ C - • 441') 0 
AWTA C - .219'.)') c; T Q. A l l 3~. ~'.)OJ') 
AWTB AWTCB - 1 ooo. 0()()(\(' 

AWWTB r .., - .ss110 AviJWTCR l O')J, JJ')'JJ 
STORR ST~A 1000.on000 <;T~: - , 000, 0"00'.) 
STORR RE~ 1OOO.O'.)O()O 
R~C~ Q F. s l ooo. O'Jrnn REC l 0:1J. OJJ:>J 
RF.SIDB AWTCB 1000.00000 ~wwrce. - 750,00~:)J 
PESIDB RE~IO !C00,0000C 
LFL WB STR8 1 ()0(). 0')0'.)0 LFLwq 1 ')():). ')()')')') 
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EXECJT)Q. MPS/36'1 V2-M9 

:FLC •SCALE' • 01000 
CFLC C 16.2c:;OO0 ST~:: 1810.00':>0J 

SFLC CFLC 13.2')000 LAB 1.25001 EI 
CFLC LNDl • 00400 
C Q. N lC 'SCALE' .01000 
CRNlC ( 5A.OOOOO STR: 29.0000J 6• 
CRNiC LAB .:?JOOO L\JDl 1.02')')() 01 
C0 ~ 1C r:r. 45,4,000 4' 

CRN2C 'SCALE' • 01000 21 
CRN 2C C 5A.OOOOO STRC 31.6000) 0 
CRN2C LAB .23JJ0 L\J)2 ,,1000'.) 0 
CRN2C cc 4B.5"0J0 0 

SBlC 'SCALE' .010:lJ 0 
<;B\C r I 

l53.000~0 ST~S 83.70:)():) 
\,; 

SAlC LAB .6~000 L~o, 2.90')0:) 

s~,c SAC 113.77000 

SB?C 'SCALE' .o,()~O 
<;B2C 

,.. 1'53,00000 STPC 99,1:'.>JO) _, 2 
SR2C LAB • 78000 L t\lf)? 3.40:)0') 6 

S'32C SRC 132.57000 2 
P5C C 1~05'5.0~000 ST~: ~100.00000 6 
P<;C LAB .1380 0 P<;CC 1')00.0000J 

'lF-KC r IOO0aO0OOO ~WTCC l 1 Ql36.OOOO 
•/ 

or-KC AWWTCC - 5170.00:):)0 LAB .13190 

JF-KC ~DC 1572.20000 
ON-DC C 1. OC'O. Q')')JO A..JT<:r: 0 6970.00000 tS 
Jl\4-0C LA.9 ,13460 NOC l 'lS~. ~00:)'.) ) 7 

J~-oc AWWTC: -90109.000()() ) 4 

F"'C 
,. 1000.oooor awrcc 50,91 ~ '.)')'):)~ ,., IC 

F~C AWWTCC: -592Al.00010 L4~ .14480 ► l 
F~C DC 946.20000 ► l 
o~c r 1000.00000 AWTCC 1213~.()J'.)()~ ., ► 4 
J~C AWWTCC _, 1216. 00000 l t\ B • ,. 5 9 8 () -t j 

0"1C DC 870.60000 )( 

'lDC C 100'.).Q'.)'.)1'.) tiwrcr R0?69.0'.)00:) 

'.JDC ~wwrc:: -706',8.000C\0 LAB .1343~ 

Of)C DC 10?.4.300:)0 . -
~IC C l ooo. 0')000 At../TCC 572978.'.)'.)0J 

t ~ 

5 ( 

PIC AWWTC C -108313.0000 L4~ • 0819'.) ) ( 

RIC PIC 3266. g'.)QOf' ? ( 
w-~c C 1000.00000 4wr:: S3277,00000 ~ '. 
W-QC AWWTC:: 7?-57. ()00'.)0 LAB .2\00') - , . 

) . 

W-R C WRC 857.00000 ' . 
FIR ~C C 1000.0'.)J'.)0 ~wTCC 260~.00')0'.) 

+ 1 

3 '. 
f IR EC AWWTCC 2413,00000 l.h~ • 05 l OJ - ~-
FIRF.C FIRFC t706.9')~:)'J ' . 

'J<;C C 1 ooo. coooo ~WTCC 31657.0'.)0Q') 
+ ~-

J<; C ~WWTC: -10050,0"000 L l\3 .20210 ~: 
0 <; C JSC 1273.50000 )1 

CrJl\lC C 1000. ()():):)0 Awr:: 1261769.()00 -

co~c ~WWTCC -8B35B~.oooo t. fl R .14120 

C!l~C C"'1C "06,00000 

WTC 
,.. - .115no <;T~C 1139.6~0'.)) 
'"' 

WTC WTCC 1138.6000(' AWT:~ - 1000. 00000 
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EXECUTOR. MPS/360 V~-Mg 

WWTC WWTCC 1000.00000 AWWTC: 1000.0000:, 
WWTC C - • 4 4 300 
AWTC C - .219:JO ST.~: 11 38,6000') 
AWTC AWTCC - 1000.00000 
AWW TC C - • 58110 AWWTCC 1000.00JOJ 
STORC STRC 1000.00000 STRO - 1~00.J'.)JOJ 
STO~C RES 1000. 0 0000 
RECC RES 1 0 00.00000 REC 1000.00::>oo 
Q.ESID: AWTCC 1000.00000 AWWTCC - 7'5J,00JO'.) 
RES I DC ~ES I D 1000.00000 
LF LWC ST~C 1000.00000 LFLWC 1000.00')0~ 
CFLD •sc~LE' .01000 
CFL f) C 36.25000 STRD l~l:).O J JOJ 
CFLD LAB 1.25000 LNDl .00400 
CFL O CFL C 33020000 
CR.NlD 'SC ALE' .010::>o 
CR~ll) C 58.00000 STRD 2;.00:>0'.) 
CRNlO LAB .20000 L'J Dl , . • 02000 
CRNl') cc 45.41 000 
CRN2D 'SCA LE' .01000 
CQ.N2D C 58.00000 STRD 3l.60~0J 
CRN2D LAB .23 0 00 LND2 1.10()00 
CQ.N 20 cc 48,55000 
5 Bl D 'SC ALE' .01 000 
S810 C 153.00000 ST~D 83.70000 
SBlD LAB .66000 LNDl ?,90')00 
S810 SBC 1 1 3.77000 
SR2D 'SCALE' .01000 
S820 C 153.00000 ST~() 98,10000 

S820 LAB • 78000 L'J D2 3,40000 

SB2D SBC 132.57000 
PSO C 13055.00000 STRD 8703.00:>JJ 
0 so LAR .1380(1 PS: D 1000.00000 
:JF-KD C 1000.00000 AW TCD 119136.0000 
OF-KO AWWTCD - 5170.000:>0 L~3 .1319J 
OF-KO NOC 1572.20000 
Ot-.J-00 C 1000.00000 AWTCD 96g70.00000 
QN-DD LAB .13460 NOC 1364.40()00 
ON-DD AWWTCD -90109.0::)000 
FMD C 1000.00000 AWTCD 5923! • C>OC,00 
F~D AWWTCD -59281.00000 LAB .14480 
F~D nc 946.20000 
O~D C 1000.000:>o AWT:D l2l35,00'JOO 

Ol.10 AWWTCD -1]216.00000 l AB el59RI) 

OMO DC 870.60000 
QDD C 1 oo o . 00000 AWTCD 93?68.00000 

ODD AWWTCD -70668.oaooo L 4 a ,1343() 

ODD DC 1 024.30000 
RID C 1000.00000 AWTCO 522978.0000 

RIO AWWTCD -108313.0000 LAB .OR19J 
RID RIC 3266.90000 
W-RD C 1000.0:>:>00 AWTCD 82 7 7.00000 
W-RD AWWTCD - 7357,00000 LAB .2]'J:)) 

W-RD WRC 857.00000 



EXECUTJR. 

FIR ED C 
FIR ED AWWTCD 
F ID ED FIREC 
JSD C 
':'SD AWWTCD 
:,<;I) DSC 
CONO C 
COMO AWWTCD 
CONf) c~c 
WTO C 
WTD WTCD 
wwrn WWTCD 
WWT D C 
AWTO C 
AWTD AWTCD 
AWWTIJ C 
RECD ~ES 
R~SIDD AWTCD 
RESIOD RESID 
LFLWO STRD 

R HS 
Bl STRA 
Bl STRC 
R ,. WTCA 
13 l WTCC 
Bl WWTC A 
Bl WWTCC 
Al RES 
B~ QEC 
Al LFLWB 
B ,_ LFLWD 
~l l Nl)l 
~'\. 0 SCA 
81 p5r-r-

I., \., 

Bl CFLC 
Bl Sf3C 
B ,_ oc 
~ 1. WRC 
Bl DSC 

~ nu"' os 
UP X~AX CFLA 
UP XMAX P~A 
UP XM~X WTA 
UP X~AX WWTA 
UP XMAX AWTA 
UP X~AX AWWTA 
LO XMAX RESIDA 
IJP XMAX CFLB 
UP XMAX P5B 
uo X~AX WT~ 
UP XMAX WWT P, 

UP X~A X AWTA 
UP X~AX AWWTB 
LO X~AX RESTO!=\ 
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~PS/360 V2-~o 

1000.0:>J10 AWTCO 

- 2413.00000 l A~ 
t 706. 90000 
l 000. 00000 ~wr:~ 

-10050.0')~')0 LAB 
1273.50000 
1 ooo. 000')0 AWTCD 

-8~3583.0000 L ~B 
50h.OO')J0 

- .17500 STPD 
11~8.6J():)0 AWTCO 
1000.oooc,o AWWTCO 

- • 443')0 

- .21900 ST'< D 

- 1000.00000 
- .'5Al]O Awwrcn 

1 coo. 00000 REC 
1000.rr)JJO Al.4wTCD 
1000.000:,0 
1 ooo. 000')0 LFLWD 

315046400.0 S TR~ 
100494934. 0 STRD 
2 2 2 6 3 ~ 00 0 • 0 1/l} T CR 
76260000.00 wren 
l 8907?600,. C WWTC~ 
6476520C.OO WWTCD 
126'5000'1.0(' qc~ro . -

11385000.0f' Ll=L\41\ 
~ 2 599.,.9. 000 LFL w: 
251890.0()0() LI\ 8 

5<'0~0')'):)0 L\J)? 
31841,.JOJO P<;CB 
1io44s.oooo P SC r'l 
33200.00000 cc 
~96~0.00000 ~o: 
A66A l0.0')J() RtC 
390443R.OOO FIQ.fC 
4q91921.ooo C MC 

1 0000000. 00 
9999999.,900 
2226~0.0000 
189072.5620 
qq99999.qqq 
ggqq999.0~9 
13?349.1270 
~()()00000.00 
Q99oq99e9~0 
7SO3O~OO')')O 
63720 .. 59700 
9qqqq9q.qqo 
)000()000.00 
44603.849')(' 

2'->')B.00000 
.o5~~J 

:: ~ 
~l 661. ()'100".) 

.202!0 
6t 

12~,7~Q.')l)Q O! 
.14l20 4c 

21 
113'3.f-80OO 01 

- 1OO8.On')O~ QI 
,. ') 1 J • ) J ') " :) 0 1 

01 
l l 38. 60 ·100 

1 ')'.)J.OJJ')J 
t noo. flC'1'J~ 

- 75().0000() 2 
6 

1000.0 0')0:) 2 
6 

2'14540800.0 
88324~~6,0J 
7SO~OOOO.O') 
750~'.:)')f"l'J. OJ 
6372O6OO.O:) t8 
637?01:>00~0() >7 
?f6'3qlqA6.0 • )4 
6?998q.,:)')'1J 19 
504044.0')0') ~1 

,. 4 2 7 • 0 () ') 0 ~ ~7 
'500. 00000 ~4 

1.8?470,. ')')JJ ti 
103~ 7()., ')000 )( 
44,'3 0 .JJ')J) 
1.00t;422.000 
3743c12.oo~ ., 

t. 
47050S0.'10J 5( 
9~'3'.?40.JJOJ ) ( 

? ( 
~ ~ 
:, t 
I , 

+t 
31 
~-
4- '. 
9f 
~; 
? I 



254 

EXECJTDR. 

UP XMAX CFLC 10000000.00 
UP XMAX PSC 116.78400 
UP X'-1A X WTC 762 6 o. ooonn ' 
UP X~AX WWTC 58165.335()0 
UP XMAX AWTC 1oq9.a9600 
FX Xt.1A X AWWTC • 
LO XMAX RESIDC 45~35.06000 
UP XMAX CFLD 10000~00.oo 
UP XMAX PSIJ 102.6!+000 
UP XMAX WTD 75 0~ o. 00000 

I I UP X~AX WWTO 63720.59700 
UP XMAX AWTO 9999999.999 
uo X'-1AX AWWTO 1000000~.oo 
L:J XMA X RESTDb 44603.ij4930 

END~TA 

.. 
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PAGE 
EXECUTOR. MPS/360 V2-M~ 

SOLUTION 2 
SECTION l - ROWS 

NUMBER ••• R.aw •• AT ••• ACTIVITY ••• SLACK ACTIVITY •• LOWER Ll~IT. •• JPPER Ll~IT • • OJ~l ~:TIVITY 

1 C BS 17379972.5261 1737q972.5261- NONE ~'.)NE l.JJJ:>J 

2 STRA UL 315046400.000 • \JJ\J E 315J46400,QO') .J):)77-

3 STRB UL 254540800.000 \IJ\J= 25+54O8OO.O:l') .00073-
, 

• 
4 STRC BS 80297406.3856 20197527.6144 ~J\JE 1JJ4949~4.000 • 

5 STRO UL 88324266.0000 • NON:: 8832426!>.0)00 • 00011-

s WTCA UL 222630000.000 • 'J 'J \J C: 222630000.0DO • 0:):):)4--

7 WTCB UL 75030000.JOOO • \JJ\J~ 75:)3J000.00J0 .')~~J4-

8 WTCC UL 762S0000.0000 • \JJ\J ~ 76?S'.)00').0Q:)') • J008l-

q WTCO UL 1r;o30000.oooo • NO'JE 75 030000~0~00 .00():)4-

10 ~WTCA EQ • • • • .O'.)ll:l-

11 AWTCB EQ • • • • .J)l:>6-

12 AWTCC EQ • • • • ,:,::,1t:,-

13 AWTCO ~Q • • • • .03110-

14 ~WTCA 8S 188500226.5',5 572373.43491 ~J\JE 189J72 600" ')JO • 

15 WWTCB ~s 63720596.9999 3.00007 \JJ\JE 6372 0600. Q'.)')J ' 
lb WWTCC ~s 55045032.4'2':l7 9720167.57033 \JJ~= 64765200.0QQ() • 
17 WWTCO BS 4~949c:;3~.4558 19771066.5442 \J J NE 6372:)600.0000 • 
18 AWWTCA EQ • • • • • ):)'.)+4 

19 AWWTCB EQ • • • " 
• 0005 8 

20 AWWTCC J:Q • • t • • ))')4-!t 

21 AWWTCD FQ • • • • .00044 

?.2 LFLWA EQ 629989.00000 • S2~93J.J1)J'.) 629989.'.)J):)8 ,0()077 

23 LFLWB EQ 1259979.00000 • 1259979.1:)JJJ 1259979e000:>1 • '.)J'.)73 

A 24 L FLWC EQ 504044.00000 • 5 0 4 0 4- 4- • 0 '.) ::> '.) '). 5 '.)4:)44., '.)000') • 
25 LFLWO EQ 251890.00000 • 251890,00000 25]8901t00001 .D0'J77 

26 ?SCA UL 318411.00000 • NO~E 3184llo:)00'.)0 12.399?5-

27 PSCB UL 103470.00000 • NO\JE 133470.00QO() 12,'19959-

28 !>SCC BS 116784.00000 2664.00000 'JC)\J~ ll9!+4-9.JJJ:)~ • 

29 PSCD BS 102640.00COO 930.0:)000 \J1\J~ 103470.00000 • 

30 RES UL 12650000.0000 • NO\JF. 1?.65100:)ttCQOO • 00011-

31 RESID LL 266891886.000 • 266891886.00'J \J J \J '= ,()0143 

:'2 ~EC LL 11385000.0000 • 11395000,00'.):) NJNF .00011 

3~ LAB UL 14?.7.00000 • NJ\J= 1427.0'.)J~'.) 4703.'.)6518-

34 LN{)l BS • 500.00000 !\JJ\Jf 5oo~oocoo • 

35 LND2 BS • 500.00000 \JJ\JE 500.00001 • 

~6 CFLC BS • 33200.00000 N~\JI: 33?00-.0000') • 

37 cc RS • 443~0.0001')0 I\J'J"JE 4-4330.00JJ') • 
,8 SRC R <; • 39620.00000 \J '.) \J I: 396?0.00000 • 

39 ~DC LJL 1005422.0JOOO • \JJ\JE 1OO5422.OJ:>JO .t~15=)-

40 DC UL 86se,o.o::>OO~ • \JJ\JE 8SS'31O.OOJ:>0 , 264~5-

41 RTC ~s 06'5c24.2757q 2778747.72421 NnNE 374-3972.00J~0 • 

42 WRC BS '502781.37034 36.01656.62966 \JJ\J~ 3904438.00000 • 

4~ FIREC UL 4705960.00000 • !\JO\JE 470596(),008'.)') • 443)3-

44 JSC UL 4q91921.oao~o • \JJ\J E 4991927.'.)~OJJ • :)C,805-

45 CMC 13S • 928240.00000 NO"Jf 9?S~40.JJ~~O • 

111111111111111 
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' PAGE 
EXECUTOR. MPS /3 60 112 -M::I 

SOLUTION 2 
SECTlON 2 - COLUMNS 

t\lUMBER .COLUM"I. AT ••• ACT!IIITY •• , •• tNPUT COST •• ,.LOWER LIMIT, ,,JPPER LI"IIT, , '(EDJCECJ :JST, 

47 P5 A BS 318,41100 13055.00000 • 9g9q909, 99?) 1 • 

49 ON-DA BS 701.11935 1000.00000 • 'II Q \I E • 

54 W-RA BS 586,67604 1000.00000 • '110\J~ • 

56 OSA BS 2163,68578 1000. O'.lO'.l'.l • \JJ\JE • 

58 WTA BS 195529.5077~ ,17500- • 222,30. JOJO') • 

59 WWTA BS lR8500.22657 .44'l00- • 189072, 56200 • 

50 AWTA BS 78180.42798 .21900- • 0990099. 99900 • 

A 64 RESIDA LL 132349.1271'.l • 13?.349, 127'.lO \J J \JI' • 

65 L FLWA BS 629, 9890(' • • N Cl 'J ': • 
71 PSB BS 103.47000 13055.00000 • 9999999, 99'l00 • 
11 RIB BS 295.45572 1000.00000 • "I J "I f • 

80 JSB BS 711,72021 1. 000. DODOO • \JJ"IE • 

82 WT8 BS 65896,715~7 , 1 75flfl- • 75030, O'.J'.JJ'.l • 

83 WWTB LJL 63720.59700 .44300- • 637?0. 59700 ,13810 

84 AWTB BS 155762.01651 • 21900- • 99g9qo9, gqq)'.) • 

85 AWWT8 RS ABfl&.77270 ,58ll0- • tOOOOOC'O, ODDO • 
fl 8 ~ESlDF\ LL 44603,84900 • 44603,84::iJo "J •)NF , 05975-

89 LFLWB BS 1zo;g.919no • • NJ ·\JE • 

95 PSC UL 116, 78400 13055.00000 • 11.S, 79'+)'.l l2+'.l5,'.J77'.JD 

97 ON-DC BS ,5.7771+5 1000.0:iooo • 'IJ'IIE • 

99 'lMC BS gg«;,61+668 l 000, 0000'.l • \IJ'IE • 
103 FI REC 13S 2757,02150 tooo.00000 • \JJ\I= • 
106 >ITC BS 66976,98929 ,17500- • 7~2SO, :JOO'.)') • 

107 WWTC RS 55045.032'+3 ,44300- • S~lh5, 3•~'.)0 • 
108 ~WT(: lJL 1 09'l, 89600 ,?19'.)'.)- • l ~99. 896Cl0 • sg0'.l~ 

110 STORC BS 12fi<;.OOOOO • • "!ONE • 

112 ~ESIDC BS 45,35, 06100 • 45335,06:)00 "I O ~I E • 

113 LFLWC BS 504,04400 • • 
\JD"I~ • 

119 ?SD UL 102,64000 13055,0'.l~OJ • 102, h!+O:)'.l 12399,25228 

l2R OS D BS 1044.44246 1000.00000 • 'JONE • 
130 WTO RS 65896.71527 .17500- , 75030. 00)00 • 
131 WWTD RS 43949,5331+f ,'t4~00- • 1'3720, 5'l700 • 

132 AWTD BS 11781,49306 ,21900- • '.J a '.J ? '.J '.J 9 , '.J '.J '.J O ') • 

134 RECD RS 11.385,00000 • • NCl'IE • 

A 135 RESIDD LL 44603,84900 • 44603,84900 "IJ\IE • 

116 LFLWD 13S 251,89000 • • \lrl~= • 

' 
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RIVER CONDITIONS FOR THE TI~E PERI'1D 1, SOLUTION \lUMl3ER 2 

STA RIVER FLO~ OEFIC1T ~er. LFVEL T~T. L':VEL 

J 1740587.8 o. 0 o. '.) 

2 1740587.8 o. 0 o. 0 

'l 1740587.~ 0.:, o. '.) 
~ 

4 1740587.8 o.o o. ') 

5 1740587.8 o.o o. 0 

6 1740587.8 o.J o. J 

7 1740587.8 o.o o. ~ 

9 1740587.8 o.o o. 0 

9 1740587.8 o.o o. 0 

!J 1740597.'8 0.0 " 0 •J . 
11_ 1740587.8 0.:) o. 0 

' 

12 1740587.8 O.'.) o. t) 

l~ 1740587.8 o.c o. () 

14 17t..0587.8 0. '.) o. 0 

15 ~- 740587 • 8 o.n o. 0 

16 1740587.8 o.o o. 0 

17 1344773.2 o.J 1759. 0 

18 1701006.3 J.) J 759. 3 

19 1101:,06.1 t.8180$ o. :) 

20 11-,994q4.1 2. 70719 151 2. 0 

21 169q494.! 3.J3?37 o. 0 

22 1699494. ~- 3.G~ll'.) o. '.) 

23 1699494.1 2,84871 o. 0 

24 1699494.1 2.578?A o. 0 

?5 1699494.l 2.z1c;93 o. 1 

26 l6g94g4.1 1.97393 o. 0 

27 l6g9494. '· l.59'.)22 o. 0 

28 17005'35,6 1.43352 1041. 3 

2~ 1700535.6 2.76~02 o. 0 

30 1 700535. 6 3.33499 o. ') 

3\ 1700535.6 3.44685 o. "J 

32 1700535.6 3.30226 o. 0 

33 17005'35.S ~.::>255'5 "'· '.) 

34 1700535.6 2,69289 o. f) 

~5 170053'5.F., 2.34~39 o. Q 

~6 170053'5.6 2. '.)2047 o. J 

37 1700535.6 1.71921 o. C) 

~8 1700535.6 l.45113 o. 0 

39 1700515.6 1.2112° C) • '.) 

43 1700535.6 1.01621 o. 0 

41 1700535.6 0.94Sl2 o. C) 

4-2 170')535.6 0.10012 o. ~ 

43 1700535.6 o.57960 o. 0 

44 1700535.6 0.47849 o. () 

45 1700535.6 o.394-40 o. 0 

46 1700535.6 0.32468 o. J 

47 17005'35.6 0.26102 o. 0 

48 1700535.6 o.21g41 o. 0 

49 1700535,6 Oel8C'!A o. 0 

51) 1700535.5 o.14787 o. 0 
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RIVER CONDITIONS FOR THE TIME PERIJO 2, S DL J f I O \J \J J ~ Bl: ~ 2 
' 

ST~ RIVER FLOW DEFICIT ~er. LEVEL TQT • LEVEL 
l 4112800.0 O.) o. 0 
2 4172800. 0 o.:, r). ~ 

3 4172800.0 o. 0 o. !) 

4 4172800.0 o.o o. 0 
5 4172800.0 ~. :) o. :) 

6 4172800.0 o.o o. 0 
7 4172800.0 o.~ o. 0 
8 4172800.0 o.o o. J 
q 4172800.0 o.o o. 0 

10 4112aoo. b o.~ o. 0 
11 41728')0.0 o.o o. ') 

12 4172800.0 0.:) o. 0 
13 41 72 soo. 0 o.J o. 0 
14 4172800.0 o.o o. 0 

15 4172800.0 o. 0 o. 0 
16 4172800.0 0.1 o. 0 
17 3791148. !t o.:> 1696. J 
18 4134634.8 o. 0 1 6g6. 3 
19 4134634.8 0.12120 o. 0 
20 4131001.l 1.07390 3634. '.) 

21 4131001.1 1.20329 o. 0 

22 4131001..1 l.20239 o. 0 
23 4131.001.l 1.13004 o. 0 
2 4, 4131:>Jl.l leJ2280 o. 0 
25 4131001.l 0.90282 o. 1 
26 41310'Jl.l 0.10302 o. 0 

27 4131001.1 o.67048 o. 0 
28 4132191.4 0.56865 11 QQ. 3 
29 41.32191.4 1.21303 o. 0 

30 4132191.4 1.49418 o. 0 

'31 4132191.4 1.55918 o. ') 

3 ?. 4132191.4 1.5016A o. ~ 

33 4132191.4 le38Q3P o. 0 

34 4\32191.4 1. 23132 o. ') 

35 41321Ql.4 1.07593 o. 0 
~6 4132191.4 o.92635 o. :) 

37 4132191.4 0.78A90 o. '.) 

3 9 4132lg1.4 0.66632 o. 0 

39 4132191.4 o.55922 o. " 
40 4132191.4 o.4-670'l o. 0 

4l 4t~21g1.4 o. 3A85:? o. ') 

42 4132191.4 0.32222 o. ') 

43 4132191.4 o.26658 o. 0 

44 4132191.4 0.22011 o. '.) 

Ct5 4132191.4 0.1014s n. 0 

46 41~2191.4 o.14q39 o. "' 
47 4132191.4 o.122A1 o. '.) 

49 4132191.4 0.!0097 o. 0 
49 4132191.4 O.D829' o. 0 

5" 41 3 2191.4 0.06R06 o. 0 
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RIVER CONDITIONS FOR THE TI~E PERIJD 3, SOLUTlO~ NUMBER 2 

STA RIVER FLOW DEFICIT ACT. LEVEL TRT. LEVEL 
1 1620886.0 o. 0 o. 0 
-
2 1620886.0 o.o o. 0 

3 1620886.0 o.:, o. 0 

ft 1620886.0 o. 0 o. 0 

5 1620886.0 o.n o. 0 

6 1620886.0 o. 0 o. 0 

7 1620886.0 o. 0 o. 0 

8 1620886.0 o. 0 o. 0 

9 1620886.0 o., o. 0 

10 1620886.b o.o o. 0 

11 1620886.0 o.o o. 0 

12 1620886.0 o.~ o. 0 

\3 1620886.0 o. 0 o. '.) 

14 1620886.0 o.o o. 0 

15 1620886.0 o.o o. 0 

16 16?.0886.0 o. 0 o. 0 

17 119707~.1 o.o 1884. 0 

18 lt;78504.7 o., 1884. 4 

19 1578504.7 2.oq774 o. 0 

20 1c;77406.7 3.12364 1098. 0 

21 1577406.7 3.4qc,q9 o. 0 

22 1577406.7 ~.4q739 o. '.) 

23 1571406.7 3.28694 o. 0 

24 1577406.7 '-•97501 o. ') 

25 1577406.7 2.62604 o. 0 

26 1577406.7 2.27758 o. ~ 

27 1577406.7 1.95023 o. '.) 

28 1578294.5 1.65404 888. c; 

20 157~294.5 2.82~50 o. 0 

30 1578?94.5 3.30105 o. '.) 

31 1578294.5 3.36422 o. () 

32 1578294.5 3.19783 o. 0 

33 1578294. Ii 2.9\542 o. '.) 

34 1578294.5 2.58619 o. 0 

35 1578294.5 2.2s~q~ o. 0 

36 \578294.5 1.93246 o. n 
37 1578294.5 le6421R o. 0 

38 1"78294.5 1.38473 o. ') 

39 . 1578294.5 1.16069 o. J 

4:) 1578294.r; o.96837 o. (') 

41 lc:;7A294.5 0.00495 o. 0 

42 1'578294.5 0.66716 o. :> 

43 1578294.5 o.s5J.67 o. 0 

44 1578294.5 o.45532 o. 0 

45 15782q4.5 o.37523 o. 0 

46 1578294.5 Oe30A85 o. 0 

47 1578294.5 o.2539r, o. ' 48 1578294.5 o.20867 o. 0 

49 15782g4.5 0.11,_33 o. 0 

50 1578294.5 o. l 4~ 61 o. 0 
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~IVER CONDITIONS F3R THE TI._,E PERIJD 4, SOLJTIO\I NU~BER 2 
' 

STA RIVER FLOW DEFICIT ACT. LEV EL T~ T • LEVFL 
l 1447938.8 o. 0 n. J 
2 1447938.8 o. ') o. a 
3 1447938.8 G.J o. D 
4 1447938.8 o. 0 o. ~ 

5 1447938.8 o.a o. J 
6 1447938.8 o. 0 o. 0 
7 1447938.8 o.J o. 0 
e 1447938.8 o. J o. '.) 

~ l4479l8.8 o.o o. 0 
10 144793~.e o.:l o. 0 
11 14479'38.8 o. ') o. J 
12 1447938.8 o.o o. 0 
13 l447Q38.8 o.o o. 0 
14 1447938.8 o.o o. '.) 

15 1447938.8 0. '.) o. 0 
1..6 1447938.8 o.o o. 0 
17 1069348.6 o.o 1683. 0 
18 141:)079.8 :) . '.) 1683. 4 
tQ 1410079. A. Z.'J9772 o. J 
20 1408806.4 3.12362 l '73 • 0 
21 14088:>6.4 3.49997 o. 0 
22 1408~06.4 3. 497?-6 o. j 

23 1408806.4 3.2869? o. 0 
24 l40A806.4 2.g7500 o. 0 
25 1408806.4 2.62602 o. 0 
2~ 1408806.4 2.27757 o. G 
27 1408806.~ 1.9502::> o. 0 
28 1409526.9 1•65403 72 o. ~ -
29 ]409526.9 2.69556 o. 0 
30 1409526. 9 3.1.0607 o. J 
31 14Qg526.9 3.14c;75 o. 0 
32 1409526.9 2.97953 o. 0 
33 1409526.9 ?..71025 o. 0 
34 1409526.9 2.40051 o. 0 
~5 1409526.9 2.08705 o. 0 

II ~6 1409526.q 1.79030 o. 0 
37 1409526.9 1.52045 o. 0 
38 14005?6.q l.2814~ o. '.) 

39 l409S26a9 J.. 07~76 o. 0 
40 1409526.9 o.~9559 o. 0 
41 1409526. 9 o.74429 o. ') 

42 1409526.9 o.61677 o. () 

43 1409526.g o.50993 o. 0 

44 1409526.9 o. 4208:> o. 0 

4-5 1409526.9 o.34677 o. 0 

46 140g'526.9 o.2si;4O o. '.) 

47 1409526.9 0.23467 o. 0 
48 1409526.9 0.19,~o o. 0 
4'? 1409526.9 o.1 sa10 o. '.) 

50 1409526.9 0.12991 o. 0 



261 

PROBEND MESSAGE 

THF OPTIMAL SDLUT!ON NUM8FR 2 ALS~ ALL~WS ACHIF.VF.~E~r OF 
THE WATER QJALITY ~ND FLOW ?A?AMETERS SPE:IFIED. 
THIS IS PR[t8END. 
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