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Investigate environmental degradation problems in many areas. In the field of

water resources management, the most striking example of environmental
degraldatlcl)n was in water quality. Most of the accessible lakes and rivers were
deteriorating due to municipal, industrial and agricultural wastes. People became
sholclkjed to find that Canada’s largest city, Montreal, had no sewage lreatment
f:-1c1!mes:. everything was dumped straight into the Saint Lawrence River. A
similar situation existed for severa] other centres of population.

It should be realized that the so-called “‘environmental crisis™ of the early
1970s had developed not only because of the neglect of the overall environmental
management process and increasing levels of waste discharge to the water bodies,
but also ‘partly due to the increasing perception of pollution problems resulting
from society’s need or demand for a better quality of life, which, in turn, was a by-
product of increasing levels of aflluence and education. Within a management
context, the complementarity between the environment and development process
began to be emphasized. It was argued, quite correctly, that for the development
to continue and be sell-sustaining, environmental implications must be in-
vestigated and appropriate steps should be taken to reduce the magnitude of
unwanted side-effects.

For this reason the decision was made to develop mathematical models as a
tool for water quality management of the Saint John River System.

3-2 DESCRIPTION OF THE STUDY AREA

The Saint John is an international river, the upper part of which is in the United
States and the lower portion in Canada. Its length is approximately 700 km and
it has a drainage area of 54,934 km?. Nearly 36 percent of the drainage area is in
the State of Maine in the United States, and the balance, 64 percent, is in
Canada—13 percent in the Province of Quebec and 51 percent in the Province of
New Brunswick, as shown in Fig. 3-1. Among its major tributaries are the
Allagash, Tobique, Fish, Aroostook and Madawaska Rivers. Because of its
geographical nature, i.e., first international and then interprovincial in Canada,
the institutional arrangements necessary for rational management of its water
resources have not been easy. The models developed and discussed in this
chapter are for the Canadian section only: the modeling approaches used for the
portion in the United States are discussed in Chapter 4.

In some ways, the Saint John can be considered to be a typical Canadian
river. It is certainly a major Canadian river, both in terms of its physical size, i.e.,
drainage area and length, and its socio-economic importance to the region
through which it flows. Like any other river, its water is usgd. for a variety of
purposes like hydropower generation, industrial and municipal uses, waste
assimilation, recreation—including sports and fishing—navigation and flood
control. The river has an added importance since it has been noted as a major
spawning habitat for Atlantic salmon. Thus, significant conflicts exist at present

between various water uses.
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FIGURE 3-1
Saint John River Basin.
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In terms of water quality, the problems are quite severe at present. During
the study period fifty-nine significant sources of pollution were identified between
the headwaters and Oromocto (Fig. 3-1). This did not include major sources of
pollution that exist on the estuarine region near the City of Saint John, and
numerous other minor sources. Although most of these are municipal effluents,
several major sources of pollution arise from industry as briefly mentioned
later.

The main industry in the Saint John River Basin has been the harvesting
and processing of forest products. From water quality considerations, the major
source of pollution has been the pulp and paper industry, which has three
principal locations within the Canadian side of the river basin, at Edmundston-
Madawaska, Saint Anne-Nackawic and Saint John. The pulp and paper industry
has dominated the industrial scene for a long time, and accordingly there are
several old mills which can be characterized by their somewhat low earnings.
Economically it may not be viable for them to institute stringent pollution control
measures. The newer mills, such as at Saint Anne de Nackawic that manufacture
high-grade kraft and other kindred products, are in a better financial situation.
Socio-economic analysis of the possible industrial scenario of the river basin,
indicates that the pulp and paper industry will continue to play a dominant role
in the general economy of the region.

After pulp and paper, the second most important industry within the study
area at present is the food-processing industry, which is based mainly on
potatoes. Basically two types of products are manufactured, food products—such
as potato chips, french fries and mashed potato—and starch products. The
former have experienced rapid growth during the last decade due to both
economics and product innovation, but the latter has become a marginal, and it
is highly likely that many plants will go out of production during the next few
years.

The river has been used extensively for logging ever since the time of the
early settlers, and also serves as a transportation link. Its tributaries form the
most significant spawning ground for the Atlantic Salmon on the east coast of
Canada,! and consequently the Saint John river system has been an important
element for the fishing industry of the Maritime Provinces. The river has always
been used for recreational purposes, and the fish, wildlife and water fowl of the
area depend on the river and its tributaries for their survival,

The river flow is partially regulated for developing hydroelectric power,
having a current total installed capacity of 530 MW.? Construction of the
hydroelectric dams, significant increase in the amount of industrial wastes
discharged to the river, and poor land use and forest product harvesting practices
have all contributed to a substantial reduction in the spawning of the Atlantic
salmon. This has naturally contributed to a significant decrease in the salmon
run. Even though commercial salmon fishing plays a minor role in the overall
economy of the basin, its importance as a sport and its sociological implications
should not be underestimated. Hence, preservation of the salmon fishery remains

an important objective so far as the general public is concerned.
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The deterioration of the water quality of the river occurs due to a varie_ty of
causes: organic wastes, nutrients, floating and suspended solids, toxic chemicals,
bacteria. etc. The most noticeable form of water pollution bhas been due to
extensive discharge of organic wastes (BOD), which has resulted in rather low
dissolved oxygen (DO) contents in many parts of the river. The total untreat'ed
daily load was estimated to be 1,438,000 Ib of BOD, nearly 59 percent of which
was contributed to by the pulp and paper industry at Edmundston-Madawaska
region. Furthermore, potato-processing plants located primarily on the
Aroostook and the Presquile Rivers, tributaries of the Saint John, are responsible
for contributing significant arnount of effluents between Edmundston and
Woodstock.

3-3 MODEL DEVELOPMENT

While the study outline and the overall framework were developed by the author,
the models themselves were developed by Acres Limited. The development was
closely supervised by a steering committee, and the actual process used for model
development has been discussed in detail elsewhere.?

During the very early stages of model development, it was decided to build
two models—a programming or optimization model and a simulation or
descriptive model-—and to ensure the complementarity between the two models.
In the context of the present discussion, these two types of model can be defined
in terms of their relationships to problem-solving.* Programming models, for a
given objective function that can be explicitly formulated in mathematical terms,
attempt to derive the optimal policy. This means that the objective function can
be reduced to maximizing a single variable in order that a unique solution can be
obtained. Examples of this type of model are linear and nonlinear programming,
stochastic programming and integer programming. Simulation models, on the
other hand, attempt to predict possible future consequences due to a set of
assumed exogenous variables and policy alternatives. They do not contain
explicit definition of the objectives, nor can they be used to optimize the system.
However, in certain situations an optimization subroutine can be used to provide
partial optimization.

While programming and simulation models have been built extensively for
water quality management purposes, their complementary use has not been that
widespread in practice. Complementary use of such models was proposed by
Loucks for the comprehensive planning of the Delaware River Basin, where three
programming models and one simulation model were developed to analyze the
problems of water supply, water quality, hydroelectric power generation and
recreation.’ Linear programming techniques were used for all three program-
ming models, two of which were based on the concept of deterministic hydrology
and the third one on stochastic hydrology. Deterministic models were used to
carry out the preliminary screening, and then the stochastic model was used to
carry out further screening of a reduced number of projects. Finally, detailed
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analyses of a select few designs and operating policies were carried out by the
simulation model.

In spite of such advantages of using two complementary types of model,
comparatively few cases of such usage currently exist. For the Saint John River
Basin Study, it was decided to adopt this approach. Furthermore, major
emphasis was placed on large effluent discharges which had a significant effect in
the deterioration of water quality, rather than on other water use purposes like

hydropower, water supply fisheries and recreation which could be indirectly
considered.’

3-4 PROGRAMMING MODEL

The mathematical models developed use biochemical oxygen demand (BOD) and
dissolved oxygen (DO) as water quality indicators in the river, and BOD as the
measure of pollution in the waste effluent. This was because high organic loading
is the most significant water quality problem in the basin, even though several
other types of quality problem can be identified. The decay of degradable waste is
more difficult to analyze than for nondegradable wastes since a reduction in
pollution concentration may be due to dilution in the river as well as to the decay
process.

As the organic wastes start to decay in the water, they begin to consume
oxygen present in the water body, thus reducing the instream dissolved oxygen
level. If the dissolved oxygen content of water continually remains above zero
during this biodegradation process, the situation continues to be aerobic.
However, at lower DO levels, sensitive types of game fish like salmon may have
difficulty surviving. When the organic waste load is excessively high, the DO
content effectively reduces to zero parts per million. It produces ‘“septic”
conditions, with resulting unsightliness, unpleasant odors and reduced waste
stabilization, which have catastrophic effects on aquatic life. This is diagrammati-
cally shown in Fig. 3-2 as the DO sag curves.

The programming model developed uses linear programming (LP) for the
direct solution of the relation between BOD and DO. It was based on the
classical Streeter-Phelps equation, having two first-order differential equations
which define the mechanics of BOD-DO relations. Assuming steady-state
conditions of given hydrologic regime and constant effluent discharge rates, it can
be shown that the DO deficit at any point is the sum of the component DO
deficits due to the individual sources. Expressed mathematically, it becomes

D; =3 dyL, (3-1)

where L; = BOD load entering the river at point i

D; = total DO deficit at quality point j
d;; = transfer coefficient defining DO deficit at point j due to unit waste

load entering at point i
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FIGURE 3-2
Oxygen sag curves: Eflect of waste load on dissolved oxygen in the river.
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The DO deficit D; can be constrained so as to ensure that a specified level of
DO is maintained, which can be represented by the following inequality:

D€ 8 ~DOSTD;— pj (3-2)

where S; = saturation concentration of DO
DOSTD; = specified DO standard at j
p; = total DO deficit due to all uncontrollable sources upstream

If the above equations are combined, the constraint or requirement for a
particular point j will be given by

Y d;L; < S; — DOSTD; — p; (3-3)

This equation is in a standard linear programming format, since for any point the
right hand side of the equation is constant. Such a formulation can ensure that the
DO standard specified is maintained. If a large number of such quality points are
defined, each with its appropriate constraint equation, the entire river system can
be constrained to satisfy minimum desired DO standards.

If it is further necessary to limit the amount of BOD remaining in the stretch
of the river, a suitable constraint equation can similarly be developed. The
equation becomes

where B; = cumulative BOD at point j due to combined effects of all
upstream sources of effluents
b;; = BOD concentration at j due to unit concentration entering at
eflluent point i
BODSTD; = maximum possible concentration of BOD at j

Like Eq. (3-3), this function is also in standard LP format.
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Nnrnmuy water quality programming models use only one decay coeflicient
to charactenze the decomposition of each organic cffluent: the carbonaceous
Cnmp(_)ncnl. which decavs rather rapidly. This is because the effects of the slowly
dt‘g‘ay;gg mtrogenous component becomes important only at least five days after
hildi?llﬂn starts. Accordingly this portion of the organic elfluent can be neglected
for rivers having short travel times. The situation. however. is different for the
Saint John River which has a long travel time. Hence. for developing the
programming model. 1t was necessary to charactenize each waste with two
scparale components. each having its own unique decay rate. Under such
conditions. Eqgs. (3-3) and (3-4) can be used to determine the effects of these two
components by treating them as two different effluent sources originating from the
Rane point. Figure 3-3 shows the formulation of the removal efficiencies of the
vanous treatment plants and the associated cost functions for the programming
model.

One of the most important objectives of any water quality management
process is the concept of economic efficiency.* but considerable difficulty exists in
maximizing the net benefits accruing from water quality improvement processes.
This is because it is difficult 1o evaluate such benefits, especially when many of the
benefits are intangible. and thus difficult to quantify.® Accordingly it is often
simpler to minimize the basin-wide cost of treatment works that can satisfy

Treatment plants

Nitrogenous

Carboneous
waste

Raw
effMuent Percentage waste removal

FIGURE 3-3
Relationship between cost and waste removal.
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certain specified water quality standards rather than attempting to maximize the
benefits. In functional terms. it can be specified as

min Y C(L,) (3-5)
i
where C; = cost function for varying levels of effluent £, at each waste discharge
point i.

Since each effluent had been separated into carbonaceous L. and nitrogen-
ous. L7, components, the cost function at each effluent point becomes dependent
on both components. Hence. the function expressed in Eq. (3-5) had to be
reformulated as follows:

min ¥ C,(LS, L) (3-6)

Generally the cost function C,, as represented in Egs. (3-5) and (3-6) is
nonlinear. However, this is not a major problem since linearization can be
approximated by piece-wise linear representation of each cost curve. Such a
modification enables the use of an LP approach.

In addition to the minimum cost objective, the programming model can also
maximize water quality for a specified cost, by assuming dissolved oxygen as the
surrogate of water quality. This means that the level of dissolved oxygen at a
representative point within a given stretch of the river is assumed to be directly
proportional to the environmental quality, that is, increase in DO means increase
in environmental quality. “Weighting" coefficients can be used for each quality
point 1o reflect the relative social desirability of the different sections of the river.
by considering such factors as proximity and accessibility to centres of popu-
lation, quality of beaches and types of recreation available. The “weighting™
coellicients have to be subjectively estimated. Mathematically this can be
expressed as

Max ) W,DO; (3-7)
j

where W, = weighting coefficient for the stretch of river represented by point j
DO; = level of DO at point

In addition to DO and BOD constraints discussed earlier, the following
additional budgetary constraints can be added to reflect different political and
institutional considerations:

/" Minimum or maximum levels throughout the basin, or for portions

thereof.

2 Total investment for one portion of the basin, or for one general group

of polluters, to be less than, or greater than, a certain specified amount.

3 Total cost of treatment for one portion of the basin, or for one general
group of polluters, to be equal to less than, or greater than, some factor
times the total cost for another portion or group.
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3-5 SIMULATION MODEL

In contrast to the steady-state hydrology and constant effluent discharge rates
used for the programming model, the simulation model considers more precisely
the levels of waste treatment required due to varying hydrology and differing
effluent discharge rates. The difference between these two aspects, especially in
terms of the eventual use of the model, is important. For example, within the
context of the programming model, it is necessary to specify conditions which will
produce extreme conditions of water quality. Traditionally this means coupling
of low flow conditions with high-effluent discharge rates. The low flow conditions
are often assumed to be that value which is not exceeded for seven consecutive
days with an expected return period of ten years. Combination of such an
extreme hydrologic regime with maximum effluent discharge rates can often lead
to an ultraconservative solution. Furthermore, it is neither possible to select a
flow regime that provides worst conditions at all points of the river, nor feasible
to analyze possible ecological implications without information on the magnitude,
frequency and persistence of the violations of various levels of water quality.

A fundamental requirement of any simulation model is to select an
appropriate time interval, since water quality conditions vary with time due to
changes in flow rates, variations in effluent discharge rates and fluctuations of
photosynthetic oxygen production and benthal demand. Changes in flow and
effluent discharge rates will evidently affect the concentrations of various
pollutants in streams. Just as streamflow rates vary with time, so do industrial
effluent discharge rates, which could fluctuate with the season or even the hour.
Photosynthetic oxygen production varies throughout the day with changes in the
intensity of solar energy, but this daily variation can normally be neglected for
large rivers, especially those that are basically free of algae. It could, however, be
an important consideration for small streams and lakes. Benthal demand can
change due to lack of available oxygen, and by scouring or deposition on the river
bed.

Because of these fluctuations, it is important to analyze the effects of
changing water quality with time on the aquatic system which can be affected by
daily or hourly changes in the DO level, especially when such fluctuations are
large and occur near their threshold level. The use of a small time increment in
the simulation model will undoubtedly enable one to predict detailed responses in
water quality, but such models are more expensive to develop and to operate due
to longer running times necessary and more extensive data required. While the
use of a larger time interval simplifies the model-building process and lowers the
operational costs, it becomes difficult to capture the detailed responses of extreme
water quality conditions. Hence, it is necessary to make a compromise between
the cost of model development and operation and the results necessary for an
adequate appreciation of the responses of the ecological system. For the Saint
John River System, it was decided to use a daily time interval, with two-day and
three-day time intervals being available as options. Choice of such a time interval
allows analyses of variations in pollutant concentrations on a daily basis, but any
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fluctuations due to diurnal effects, i.e., short-term changes in effluent discharge
rates or photosynthetic activity, can only be approximated in an average sense.

The main emphasis of the simulation model was to analyze time-varying
BOD-DO relations for the river system, but it should be noted that the model can
consider other nonoxygen-consuming pollutants as well. The main difference in
approach is the fact that these pollutants are primarily subject to increasing
dilution only as they proceed downstream.

The simulation model consists of five distinct segments as shown in Fig. 3-4.
The first three segments—synthetic seasonal flow generator, daily (in the generic
sense) hydrology inflow generator, and routing component—are basically hydro-
logic in character. The variations in the pollutant concentrations are analyzed in
the fouTrth segment, and the last segment generates appropriately summarized
results.

Historical Seasonal synthetic
B
seasonal flows hydrology generator
Historical and synthetic seasonal

flows at gauge points

3

Hydrolog_ic ;nﬂow Daily inflow
characteristics hydrology generator

———————— Inflows at node points

Y

Hydrologic routing | Hydrologic
characteristics routing program

— Flow at node points

Y

Effluent Pollutant

loadings " routing program
Pollution concentrations at node

——— points, persistence matrices,
¥ statistics

Computer run

control — Cfpit

characteristics programs
Histograms for dissolved oxygen
levels, and persistences of
violations of water quality
standards for dissolved oxygen

FIGURE 3-4

Structure of simulation model.
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3-5.1 Synthetic Seasonal Flow Generator

Streamflow data available for most places are for a relatively short period, and it
was no exception in the present study. Accordingly, it was necessary to generate
Avetage seasonal flows for the different gauging stations to supplement the
existing data available, and thus obtain a greater variety of flow conditions for use
in the model. In order to ensure that the significant characteristics of the

historical flows were retained in the synthetically generated flows, the following
steps were taken:

/" The major statistical parameters of historical flows, including the long-
term means, were maintained.
2 The statistical relationships of the following aspects were retained:

a The flows at different gauges and for each gauge.

b The flows during adjacent time periods.

Essentially the synthetic seasonal flow generator utilized statistics of
historical or actual data to create a river flow record of any duration that is
statistically similar to the historical data. Generation of the synthetic sequences
provided long-term records of extreme conditions of low and high river flows that
do not normally exist in historical records, but are necessary for analyzing critical
conditions.

3-5.2 Daily Inflow Hydrology Generator

The Hydrology Generator is used to simulate the flows entering the river channel
at different node points. The seasonal flows obtained at different gauging sites by
the Synthetic Flow Generator are divided into daily inflows at different node
points. An attempt was made to capture the time-varying nature of the overland
and groundwater flows entering the river. The gauged instream flow records were
examined in detail, and it was decided that a reasonable representation of the
inflow can be obtained by considering it to have two parts—a slowly varying base
flow that generally reduces with the season, and a storm flow representing the
short-term effects of individual storms with their relatively quick peaking
character as shown in Fig. 3-5. The characteristics of the historical patterns are
maintained in the synthetic generation of daily inflows by identifying several
statistically significant relationships. Among these are positive correlation of the
base flow to the average seasonal flow, positive correlations of the number of
storms to the average seasonal flow, and positive correlations of the inflows at
different points from an individual storm. Correct distribution of storm volumes
and number of storms were also maintained. An attempt was made to ensure that
the total average inflow into the channel over the given season will, after
rerouting, reproduce the given average seasonal flow at the various gauging

stations.
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FIGURE 3-5
Daily flow representation for special season.

3-5.3 Hydrologic Routing Program

For routing the flows downstream through the river system, the general approach
was 10 use two separate routing techniques for river reaches and lakes, and to
ensure that the effects of changing storage and flow—both in terms of space and
time—were accounted for. The river system was separated into a series of short
stretches of the order of three to five miles. The Muskingum method was used.
Since the reservoirs on the Saint John river are long and narrow, the flows
were considered one-dimensional. The lakes were separated, as in the case of the
river, into a series of reaches. The flow at any cross-section was considered to be
represented by the mean longitudinal flow at that section. Furthermore, since the
reservoirs were primarily developed for hydropower generation, the simulation
model was structured in such a way as to reflect the effects of various operating
rules on water quality. Specifically, the following conditions were included.®

/' Maintaining the reservoir level between specified minimum and
maximum water levels.
2 Satisfying a minimum discharge requirement.
3 One of the following four options:
a Keep elevation as high as possible.
b Maintain storage at a prescribed fixed value.
¢ Increase flow when downstream quality drops below a preset value,
but otherwise keep elevation as high as possible.
d Maintain a prescribed fixed power output (flow times head), but
otherwise keep elevation as high as possible.

Daily flows at each point through the system were obtained from this
segment of the program. Velocities were computed from flows by using the

Manning’s formula in the case of the river, and directly by using cross-sectional
areas at the location for the lakes.
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3-5.4 Pollutant Routing

Pollutant routing differs in one fundamental aspect from the hydrologic routing.
Changes in river flow move downstream with a speed equal to wave celerity and
at velocities considerably higher than the actual speed of water. In contrast,
pollutants are transported downstream by the water itsell at the average flow
velocity. Accordingly a separate routing program for the pollutants was
necessary, whose formulation was based on transport velocities which were
computed directly from the flow rates obtained from the hydrologic routing
programme. A ‘“‘back-step algorithim was used to account for the difference in
the flow rates of the river and the pollutant.

In essence, it worked as follows. By knowing the water velocities, it is
possible to back-track an element of water in time and space, that is to determine
when the same element of water was at the upstream end of the reach.
Interpolating water quality conditions for the present and previous time periods
at the upstream end of the stretch, it is possible to estimate pollutant and DO
concentrations of the element when it passed the upstream end. Knowing the
time of travel, changes in BOD and DO can then be calculated by using the
modified Streeter—Phelps equation. These concentrations can be appropriately
modified if any additional inflow or waste discharge enters the node point, by
either diluting or supplementing as necessary. This procedure can be repeated
sequentially for the entire river system for each time increment, to obtain the
water quality conditions at daily intervals throughout the season.

3-5.5 Output Programs

The main output of the simulation model was a description of the violation of
various levels of water quality in terms of their frequency, magnitude and
persistence. For selected biological species, especially near their threshold levels,
it is important to know the length of time the DO level stays below the specified

value.

3.6 RESULTS OF MODEL USE

The programming model was used in the preliminary analysis to identify the
possible consequences of certain policy decisions. It was quite evident that
extremely poor water quality conditions existed at the Grand Falls Reservoir
(Fig. 3-1) due to high eflluent discharge of the Edmundston-Madawaska pulp
and paper complex (in excess of 800,000 Ib/d of BOD), and relatively low
assimiliative capacity of the Grand Falls reservoir. The model showed that just to
bring the Grand Falls head pond to an aerobic state, the treatment levels
necessary to achieve a very high level of effluent removal would far exceed
anything previously installed for such plants. Hence, it was considered somewhat
unlikely that the DO level in excess of zero ppm could be justified. Consequently
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reservoir, but for the rest of the river it

this level, zero ppm was maintained in the ve
that is between limiting conditions

was allowed to vary between 0 and 5 ppm, !
of becoming septic and the short-term threshold level for the migratory species of
cold-water fish. The model further indicated that for the low llows being con-
sidered for critical conditions, the DO levels all along the river itsell would
exceed 5 ppm-—provided the Grand Falls head pond was kept aerobic. How-
ever. DO levels would still be somewhat lower than 5 ppm in certain parts of the
tributaries.

For the steady state conditions of all efMuents being discharged at the
maximum capacity, and the general condition of seven-day, ten-year low flow
throughout, three different DO levels—0, 4 and 5 ppm-— were prescribed (exclud-
ing the Grand Falls reservoir as noted carlier) to determine the changes necessary
for costs of efMuent treatments. The objective was to minimize treatment COStS
throughout the basin for all cases for the following conditions:’

I Reference run—based on assuming no existing treatment and selecting
complete freedom of choice in treatment levels to meet the given DO
standards.

2 Existing situation—based on assuming that all existing treatment
remains in operation and optimally selecting additional treatment to meet
the prescribed DO standards.

3 Primary treatment everywhere—based on the policy of having at least
primary treatment at each effluent source and optimally selecting additional
treatment to meet the prescribed DO standards.

4 Primary treatment everywhere with low flow augmented by 20 percent—
as for (3) except that hydrologic flows have been increased everywhere by 20

percent.

Results of these analyses are shown in Table 3-1. The basic cost indicates
the expenditure necessary to meet the stated conditions, and then the minimum
additional cost is indicated to meet the specified DO levels.

Some interesting conclusions can be drawn from Table 3-1. For example,
starting with zero treatment, a DO level of 5ppm can be maintained at a
minimum annual expenditure of $3.266 million. However, for the existing
treatment systems, a sum of $2.091 million has already been spent, and another
additional $3.156 million is necessary to maintain the DO at the specified 5 ppm
level, for a total expenditure of $5.247 million. In other words, the resource
allocation process to improve water quality conditions has thus far been less than
satisfactory. An additional $2.021 million have to be spent, over the amount
necessary to maintain the DO at 5 ppm, compared to starting from zero
treatment. One can thus conclude that those who contributed most to water
pollution have so far installed little control measure to reduce effluent discharges.

If primary treatment is to be provided everywhere, a condition which is
often necessary due to administrative or institutional reasons and health consider-
ations, the increased expenditure necessary over zero treatment is of the order of
30 percent, that is an increase from $3.266 million to $4.163 million. It should be
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Table L1 SUMMARY OF ANNUAL COSTS FOR PRELIMINARY
SCREENING RUNS

-(mtmn-ﬁllinn!h

Ceneral standard (ppm )
Comdiition Racic comt § f 0
Starting with on 12126 1048 1616
ZeTo treatmeent 126 ) Uds MR
Starting wath 209§ 1156 2895 26t
exssting 8247 4 986 4702
treatment
At least primary 1.712 2451 2318 2.229
treatment every- 4163 4045 i Odl
where
At least pnmary 1.712 2.200 2089 2,080
treatment every- 92 1801 1RO1
where (flow
increased by
20 percent)

noted that even this option is more efficient in terms of cost, when compared with
actual expenditures up to the present time.

Finally, the model indicated that the combination of primary treatment
everywhere and flow augmentation by 20 percent, would provide a net saving of
$251.,000, compared to the third option. Such analyses of economic trade-offs are
necessary for planning purposes.

Another important conclusion that comes out from Table 3-1 is the fact that
the cost of improving water quality from 0 ppm to 5 ppm of DO in every case is
reasonable, varying from a minimum of $111,000 in the case of the fourth option to a
maximum of $690,000 for the first. If primary treatment is provided everywhere,
the additional annual cost is only $222,000. This can be better appreciated from
Fig. 3-6, which shows a schematic representation of the DO profile for the entire
river basin. The Edmundston-Madawaska pulp and paper complex has a
dominating effect on the river water quality due to its large effluent discharge.
Hence, if the required treatment facilities can be provided upstream of the Grand
Falls reservoir, water quality in the main stem can effectively be satisfied.
Changes in costs are reflected by the treatments necessary for municipal wastes
and food and starch-processing plants located near the Aroostook and Presquile
rivers.

Both the programming and simulation models were used to analyze the
water quality effects to maintain a DO level of 5 ppm at all points, except for the
Grand Falls reservoir where the minimum DO level was specified to be 0 ppm. It
was assumed that all existing treatment plants were operational, and that primary
treatment was provided by all polluters. No low flow augmentation alternative
was considered.

The programming model was used 10 determine the optimum size of the
waste treatment facilities necessary above and beyond the existing or primary
treatment levels. These levels were then defined at each of the effluent sources,
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and were input to the simulation model. The simulation model was run through
twenty-five consecutive low flow seasons of synthetic daily flows: this was selected
to be the three-month summer to carly autumn period. when flows are low and
DO levels are reduced due to high efMuent loadings from foad-processing plants
and rapid waste decomposition. The results from both the models are shown in
terms of water quality at different node points in Fig. 3-7. by means of a
continuous hne for the programming model and by a histogram for the
simulation model. Since outputs from the simulation model were massive. they
have to be summarized in appropriate forms for planning purposes. For example.
for the Grand Falls reservoir. DO levels as a function of location and time were
displayed as a three-dimensional 1sometric plot as shown in Fig. 3-8,

It is important here to review the results obtained from both the models
since they differ in some important aspects. The use of the simulation model
provided the information that the seven-day. ten-year low flow occurs for about
only two percent of the ime. In other words. if both the models are accurate, the
DO levels obtained from the programming model should be exceeded 98 percent
of the time in the simulation model. This. however, is not correct, as can be seen
from Fig. 3-8&. Only near the junction of the Saint John and Grand Rivers, the
DO levels from the programming model are lower in value as compared to the
simulation model. From the limited data available on the DO levels, it appears
that the results from the simulation model are closer to the reality. Table 3-2
shows a summary of the results for five representative points. In this table, the
potential range of simulated DO levels between 0 and 9 ppm has been divided
into ten categories, and the percentage of time for which the simulated DO level 1s
within each category has been indicated. The DO levels obtained from the
programming model are also shown. The last column shows the number of
violations of the standard exceeding seven days of duration over twenty-five
years. There should not be more than two or three violations il the seven-day,
ten-year requirement is satisfied.® While there are some expected agreements for
the first two locations, the programming model consistently gave much higher
DO levels for the rest.

One can then thus conclude, that the use of the steady-state programming
model did not capture the extreme low-flow conditions. This can be explained by
the fact that for rivers like the Saint John, reduced water quality can occur at
higher than low flow levels.

37 MODEL LIMITATIONS

It is important at this point to consider the limitations of the models developed
and also some of the assumptions that were necessary for their development. It is
quite clear that at the present state-of-the-art, comprehensive mathematical
models that can answer all pertinent questions cannot be developed for technical,
methodological and economic limitations. Lack of adequate data often hinders
the model building and validation processes. Furthermore, .my deciston-making
process has political, social, legal and institutional dimensions,” which cannot be
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dlrectlylconsi@red by the models. For strictly operational models, the socio—
econqmlc—polltlcal requirements are not so stringent, and accordingly it is no
surprise to find that most of the existing water resources models are used
plrlrr}an]y for operational reasons, and not for decision-making purposes.
Similarly, for economic considerations, the emphasis of the models developed
lends‘ to be on cost minimization (as in the case of the Saint John) rather than
benefit maximization. Existing economic techniques available for the quantifi-
cation of benefits accruing from specific projects leave much to be desired, and for
the evaluation of intangible benefits the situation is even worse.®

~ Within this general context it is useful to provide some information on the
limitations of the models developed so that they do not mean all things to all men.
Some of the important limitations are briefly mentioned herein.

The models developed for the Saint John River do not provide direct
monetary benefits associated with achieving a desired level of water quality for the
use of the river for recreation, fisheries, water supply or any other use. The linear
programming model, however, can be used to assess or determine benefits in the
form of treatment plant cost reductions due to different management strategies.

The models consider BOD and DO as surrogates of water quality because
decay relationships for oxygen-consuming wastes are the only ones available, and
do not treat other toxic pollutants such as pesticides, heavy metals, etc. The
simulation model does have the capability to consider conservative pollutants
which do not degrade appreciably in an aquatic environment.

The models assume instantaneous dispersion of pollutants from waste
sources into the river. Observation of pollution sources indicates that con-
siderable time is often required for complete dispersion to occur depending on
flow conditions, river, geometry, and other factors.

Only conventional municipal and industrial pollution abatement methods
are considered in the models. Transfer of wastes by piping, instream aeration, and
flow augmentation by storage reservoirs are other possibilities for treatment that
must be considered outside the models.

Greater improvements are required in developing the cost curves for
pollution removal at each treatment site. In some cases relatively complex curves
had to be derived from only three or four treatment points, and thus their
accuracies have to be questioned.

On the Saint John River one large pulp and paper mill upstream is the
major polluter. Because this waste source effectively “drives” the model, all the
results are particularly sensitive to small changes in waste load or treatment costs
at this point.

There are also some difficulties associated with obtaining direct links to the
models for aquatic ecology (in the form of “fish kills” at low DO levels), and

regional economics (in the form of employment and income effects of high river
water quality standards near the large industrial polluters). ' .

The estuary of the Saint John River from Oromocto‘to San.lt Johq is not
catered for by the models since it is extremely difficult, if not impossible, to

adequately define the effect of tidal fluctuations on water quality.
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4-1 SOME ISSUES ASSOCIATED WITH THE PLANNING PROCESS
AND MODEL DEVELOPMENT

In the process of planning investments in water pollution control for a river basin,
a great deal of analysis is needed to examine many pertinent facets of the problem.
There are interacting physical, biological, economic, social and political sub-
systems in a basin. Each subsystem can be complex and involve time-consuming
study. Models are often used to ensure and facilitate consistent analysis.
However, there is no one prescribed approach for model building.

A model can be comprehensive enough to include all subsystems. A model
of this type in general will be coarse and simplified for computational convenience
and, therefore, will seldom provide sufficient details of the system’s response. To
remedy the shortcoming, other models are used to generate refined information.
Some of these models will be subsystem specific while others will include more
than one subsystem. They can be designed to be used conjunctively in that the
output of some models may be the input to others. For example, a highly
aggregated optimization model generates plans which can be further analyzed by

* This chapter is drawn largely from deLucia and Chi," deLucia, el al.,* and deLucia et al.*
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models can be designed for feedback
and how they should be
and the particular
imple

In addiuon,
a single model or models,
analyst's experience, preference.
- one would start with relatively s

a detailed simulation model.
iteration. The suitability of
structured depends upon the
svstem under consideration. In practice,
t;ul robust model(s) and refine toward more reliable model(s). _ .

In the broadest sense. the development of a water quality model 1s
blem being examined. This chapter
arise in this process. but will
actively. These

dependent on the charactenistics of the pro
will not provide an exhaustive list of the issues which
present four areas of concern which influence the development

are:
] The relationship of planning activity to the problems of variable

specification.

> The nature of the institutional client setting.

“

3 The type and quality of data available to those developing the model.

4 The availability of resources for model  development and

implementation.

In the first area one is faced primarily with the issue of the specificity with
which the model’s endogenous variables must be defined. For example, although
a river basin may have an important nonpoint waste load, this pollution input can
be accounted for in the model as an equivalent point source. Another example
might be a casc in which nontreatment alternatives such as flow augmentation or

tment are under consideration, but they need not

bypass piping and regional trea
are dealt with

be included in the model specificiation. Rather, such alternatives
by running the model under an alternative flow regime (to account for flow

augmentation) or by developing treatment cost functions which reflect transport

costs (1o account for piping and regional treatment). There are other issues, of

course, having to do with the nature of the pollution problem (e.g., the

importance of nutrients) and the nature of the preference function (e.g., the

problem of equity versus efficiency).

The second area of concern is associated with the institutional or client
setting of the planning problem. Here the issues influence decisions related to the
structure of the mathematical model and its level of documentation. Is the model
for general use, or is it to be employed in the analysis of a specific problem? Is the
planning problem strictly a water quality management problem, or is the model
to be part of a larger planning effort and will it have to be made compatible with
other quantitative models?

The more general the model use will be, the stronger the argument for
detailed documentation and the inclusion of a variable structure that explicitly
deals mth many of the issues suggested in the area discussed above. On the other
h:-nc(:] if the n:odel islpeing developed for a very specific planning problem or is
stnictly a water quality mana ; ;

resources managecrlnenl )modt:; %T}?;ntio:!lllo?i: ;szrpos*fd dt p ld' b'mddcr e
tation of the model can be ]il';lilcd Strict wat 'llll"e dn‘ e
argue for less complex models .Th : "Yd S e BSE] TR S
. e availability of complementary models
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suggests that the model’s variable structure may be limited and these variables or
characteristics may be considered in a second or complementary model.

The last two areas (availability of information and resources) jointly
.inﬂ.uence both the level of complexity of model variable structure and ultimately
its implementing computer code. The more complex the model in general, the
more the dat_a, computing and professional resources necessary. In some cases
significant prior information allows the use of a more complex model than would
be wa}franted by the study budget. Consider, for example, the situation in which
there; 1s adequate existing field data to allow extensive calibration of parameters.
Additional data from the present study could then be developed specifically for
the ultimate verification exercise.

| The development of the Saint John River model, described in subsequent
se(.:tlons, provides an example in which many of the issues in the above four areas
arise. As the model is presented below, we will highlight the issues we considered
most important and discuss the important features of the discussion which led to
the development of the model in its present form.

4-1.1 Institutional and Physical Setting

The model discussed in this chapter was developed for initial use in the Saint John
River Basin. However, the characteristics of the model reflect not just the
particulars of the specific Saint John planning problem for which it is being used;
in addition, its characteristics reflect the planning requirements and the con-
straints implicit in the 1972 Amendments to the Federal Water Pollution Control
Act (Public Law 92-500). The model was developed and was documented such
that it would be useful in examining basin or area-wide planning efforts required
or suggested by various sections of the Amendments.

The model was developed for use in a planning study conducted by a team
of consultants, under a U.S. Environmental Protection Agency sponsored
contract with the Northern Maine Regional Planning Commission in a joint
venture of E. C. Jordan Co. Inc., and Meta Systems Inc.*

The Northern Maine Regional Planning Commission in cooperation with the
state agency is undertaking aspects of water quality planning mandated by the
Amendments. The initial model users were members of the Meta Systems’ staff
who have been involved in the development of this and other models. However,
the model development was funded by the Environmental Protection Agency and
has been documented at a level sufficient to allow ready application by other
users.
The planning effort which sponsored the development of the present
model(s) focused on the Maine portions of the basin and international boundary
waters between New Brunswick and Maine. Another planning study was carried
out by a Canadian team,’® and a series of both formal and informal exchanges of
information occurred. These exchanges included the sharing of unpublished
water quality sampling data. In addition, the United States planning study and
the development of the Saint John model benefited significantly from the results of
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The 1972 Amendments call for the attainment of “secondary treatment or
better by 1977 for publicly owned treatment works and bcsl-pracucable control

technology for industries provided that these levels of (reatment/control will result
in meeting water quality standards. In thosc Cascs where these levels of
technology are insufficient to meet the standards, more stringent technology
would be called for. The Amendments further state that when it is necessary to
move beyond secondary and best-practicable, the targeted reductions should

reflect economic considerations.
The Amendments call for more
of best-practicable by publicly owned treatment works and best-

nology economically achievable by industries.
The two timé-period treatment targets explicit in the Amendments are

incorporated into this model which considers both capacity expansion and the
level of treatment.

As for the nature of the basin for which the planning was done, the Saint
John River Basin is international in nature: it is located in northern Maine and
the adjacent areas of Quebec and New Brunswick between the watersheds of the
Saint Lawrence River to the north and the Penobscot River to the south. It
extends from a point on the Maine-Quebec international boundary, about 70
miles south-east of Quebec City to the Bay of Fundy (see Fig. 4-1). The total
drainage area is 21,300 square miles of which 36 percent or 7,600 square miles lies
in northern Maine, 51 percent or 10,950 square miles in New Brunswick and the
remaining 13 percent or 2,750 square miles in Quebec.

The river originates in Little Saint John Lake, located in the southwestern
corner of the basin on the international boundary between Quebec and Maine at
an elevation of 1,580 ft above mean sea level. It flows in a northeasterly direction
from Little Saint John Lake until it reaches the vicinity of Edmundston, where i
gradually changes to a southeasterly course to Grand Falls, New Brunsv&ick ttf )
so.utherly to the Bay of Fundy. The mainstem of the river is approximatel‘ 422
mllfes long. The boundary between Canada and the United States followy th
mainstem of the river for about 30 miles from its point of origin in Li Sint
Tohn Lake. and for a : : : rigin in Little Saint

» @ pproximately 75 miles from Saint Francis, Mai i
;l?out 7.5 miles upstream of Grand Falls, New Brunswick ’The lgzirff li p011‘_lt
; , : r
iver, a tributary of the Saint John, forms the international boundary foinzls

stringent 1983 goals, namely the application
available tech-
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Saint John River Basin location map.

additional length of about 27 miles north-west of Saint Francis, Maine. The river
slopes gradually, decreasing from about 8 ft/mile near the head waters to 3 ft/mile
in the vicinity of Grand Falls and 2 ft/mile in the Canadian reach above
Fredericton. Within the United States the major tributaries of the Saint John
River are the Allagash, the Fish, the Aroostook, the Meduxnekeag and the
Prestile Stream.

The watershed is sparsely populated with large areas of timberland and
agricultural land both of which contribute significant nonpoint pollution loads.
There are, however, a number of large volumes of either untreated or partially
treated industrial (pulp and paper, potato processing) and domestic effluents
which have created severe water quality problems.
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Tables 4-1 and 4-2 provide a (abular comparison between the point source

and the non-point source inputs to river regions for the seven-day ten-year design
low flow condition and for a typical winter flow. Only BOD. nitrogen and
phosphorus values are summarized in the tables. The values presentcd §uggest
quite strongly the important role of the nonpoint sources with respect to nitrogen

and phosphorus.

TABULAR COMPARISON OF POINT AND NONPOINT SOURCES

Table 4-1
AY AND 10 YEAR LOW FLOW REGIME

FOR 7-D
BOD Total N Total P )

Point Nonpoint  Point Nonpoint Point Nonpoint

Source Source Source Source Source Sot_lrce
Region (Ib/d) (Ib/d) (b/d) {(Ib/d) (Ib/d) (Ib/d)
Grand Falls 430967 22,932 17,192 2,622 399 591
Aroostook 156,220  2.809 2,362 752 604 44
Prestile 551 445 95 75 33 4
Meduxnckeag 15,636 176 - 284 99 — 103 55

NONPOINT SOURCES

Table 42 TABULAR COMPARISON OF POINT AND
FOR JANUARY-MARCH FLOW REGIME

BOD Total N Total P
Point Nonpoint  Point Nonpoint  Point Nonpoint
Source Source Source Source Source Source
Region (Ib/d) (Ib/d) (Ib/d) (Ib/d) (Ib/d) (Ib/d)
Grand Falls 430,967 124,415 17,192 3,547 399 681
Aroostook 156,220 5,010 2362 6,866 604 421
Prestile 551 1,583 95 675 33 40
Meduxnekeag 15,636 4,006 284 701 103 201
4-2 THE MODEL
4-2.1 Model(s) Overview

The model(s) developed actually comprise a set of complementary models. As has
been described elsewhere’ there is often no unique mathematical model for a
particular problem. Rather a set of linked, sometimes hierarchical models, is
n:ost u}v.e.ful. In tc:uls stu;ly Ec have developed both a descriptive and a prescript,ive
stream/river model and a descriptive lake '
are discussed in this chapter. P K0y Dok SRS UBA RS Mol
. A descriptive model relates pollutant loads with stream quality indicators
This model can be run independently as a steady-state, quality simulation mod l.
If requested by appropriate input data statements, it also can produce the m: tc‘ :
of descriptive relationships which become part of a prescriptive no l"1 o
(sepgrable) ]?rogramming model which minimizes the present value of cost,snl inear
mu!tlple period time horizon. Capital costs are distinguished from operatinoverg
maintenance Costs and appropriate relative multipliers may be introduced \ Etl;n
useful. The impact of reimbursement funds (both federal and state) andwccfsr:



MODEL OF THE SAINT JOHN RIVER., UNITED STATES 97

sharing of joint municipal industrial treatment works may be included in this
manner. Provision is made in the model for inclusion of various equity and
budgetary constraints.

' .Thc'physica] Systems relationships are based on stream hydraulics, and
kinetics with some modification for reservoirs and lakes which may be integral to
lhe. system. The dissolved oxygen/biochemical oxygen demand (DO BOD)
regime is modeled using a modification of the empirical Streeter—Phelps relation-
ship.® The carbonaceous and nitrogenous BOD loads are handled individually
(the latter including an appropriate lag effect). The combination of long travel
time and pulp and paper industry loads present in the Saint John River, with their
resultant significant nitrogenous loads, argued for this inclusion. Point and
nonurban nonpoint pollution sources are significant. They are explicitly included
with the options of including cost of controls for both point and nonpoint
sources, since source control options differ between sources and between point
and nonurban sources. The kinetic characteristics of the major pollutants (pulp
and paper waste, potato processing waste and municipal wastes) can vary
considerably. The inclusion of polluter-specific kinetics allows explicit consider-
ation of different control levels for different polluters. The nutrient regime is
examined considering both nitrogen and phosphorus as total species and
therefore essentially as conservative elements. The analysis of this model is based
on the assumption of steady-state regimes (although variation of the hydrologic
regime is easily accomplished with alternative model runs).

The structuring of a prescriptive water quality management model which
incorporates relationships between pollution loads and stream quality based on
“steady-state™ solutions of stream and/or estuary equations is not new (e.g.,
Thomann;® Loucks, et al;'® and Sigvaldason, et al.''). The uniqueness of the
prescriptive model presented herein lies in: (1) its structure reflecting planning
problems arising from the 1972 Amendments; (2) the use of a synthetic pollutant
to express the cost removal function; and (3) a series of heuristics adopted to
overcome possible nonconvex difficulties.

The first of these will be obvious from the structure presented below. The
second and third are somewhat interconnected.

4-2.2 The Model

The Basin is divided into activity points or reaches labeled j, where j =1, ..., J,
and quality points or reaches i, where i=1,...,1. For particular i and j, the
reach or point may be identical.

The descriptive approach entails the development of a set of transfer
functions, 7}, relating the quality at point i with the pollution at point or reach j.
T; is a vector transfer coefficient in that this relationship is developed for each of
the [/ pollutants and quality indicator couples we are examiping (DO, BOD, N,
P). Letting T, represent the scalar element for .pol!utant [ in th&_e vector 7"1.,-, we
note that T}, is a function of geometry, flow, kinetics, etc. T is a function of

system physics.
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The descriptive river model uses stream hydraulics—i.e., overwhelmingly
advective, little or no dispersion, and based on steady-state analysis. The
pollutants (instream) that are discussed below will be then treated with zero or
first-order kinetics dependent on their conservative or nonconservative nature.

The calculations of the transfer coefficient for the nonconservative organic
BOD and DO interrelationships is programmed using variations of the Streeter—
Phelps® equations as follows:

Extensions to the Streeter—Phelps given by Camp!? and Dobbins'? are for a
BOD level L,

dL
dT

where the terms k; and k; represent constants respectively for deoxygenation and
sedimentation, and

= —(ky + k3)L (4-1)

Q:le—kzu—A (4-2)
dt

where k, is the oxygen reacaration rate, D is the oxygen deficit, or saturation
concentration less actual concentration and A4 is the photosynthetic production
rate. Integrating Eq. (4-1) for L,, the concentration at a point corresponding to
time ¢ downstream from an initial concentration L, is

L= e ti+ks (4-3)

Utilizing Eq. (4-3) it is possible to integrate Eq. (4-2) for D, the oxygen deficit at
any time t downstream from an initial deficit D, thus
Ky

k
D — L o —(kytkah _ ,—kat _‘_1 skt —kz.
S vk Lo [e e 2] kz(l e "2') + Dy e k2t
(4-4)

Equation (4-4) thus provides the means for determining transfer coefficients for
BOD and dissolved oxygen in the models.

If Fj; denotes the flow between upstream activity point j and downstream
point i, then stream velocity and depth are functions of flow—V(F ), H(F ji)-
Velocity and depth in turn are determinants of the reaeration.

Using the Thackston and Krenkel'* formulation, the reaeration coefficient

may be written as
V(F,) ”2} [s
k,=0|1+|—E—= . 2
i [ (\/QH(FJ-,-)) H(F;) (43)

Where 0 is a unit conversion factor, g is acceleration due to gravity and S is the
channel friction slope. Using the above expression in the river segments and the
O’Connor and Dobbins'® formulation in impoundments, it is now possible to
define a set of transfer functions or coefficients which express the change in
oxygen concentration (Q;) at quality point i in response to a unit load of BOD
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carbonaceous (L; = 1) introduced into the stream at waste point j (point source)
dQ;

T, F,- Bt 4-6

iF i) dL; (4-6)

The coefficient T}; describes the interrelation between streamflow and waste input
for a particular flow. If M ; is the distance between points j and i, then the time of
travel is M ;;/V(F;): thus

ky

Ty(Fjy)=——
5i(Fji) kz(Fj,-)_'{kl +k3)

[L’ =k +k3IMi/VAEji) g —k2(Fji)Mjif l-"lef]] (4_7)

Since oxygen concentration is also coupled with nitrogenous BOD, a similar
transfer cocfficient is developed representing the nitrogenous activity.

Additional transfer coefficients can be developed for the other constituents.
If nitrogen and phosphorus are treated as total species or conservative substances,
a number k of pollutants to quality indicator couples, I;, i = 1, k, are obtained for
BOD carbonaceous/DO, BOD nitrogenous/DO, DO/DO nitrogen/nitrogen, and
phosphorus/phosphorus. DO is not a pollutant, but a transfer coefficient must be
developed for this couple since upstream DO influences downstream DO as
indicated in Eq. (4-4).

The T; describe the transfer of a pollutant concentration lumped at point j
to point i downstream. We have also included in the model provision for
pollutant loadings arising by runoff from the area drained by each reach. By
assuming a constant increment of flow/length and unit uniform loading along the
reach, we can derive a transfer coefficient for the propagation downstream to
reach i of a pollutant load linearly distributed along reach j. In contradistinction
to the situation discussed above, the flow in such a reach is not constant, i.e., F i
does not exist; rather, one has an F; and an F; such that

where F is the increment of flow/length in reach j. Then

_k,F}VIF,,F))
Fii = ky(ky + k3)F;

[1 szup A2 Mjir’V[Fi-Fjl]

k,F}V(F,, F;)
+
(ky + k3)[ky — (ky + k3)]F;

[e—kz Mji/V(Fi, Fj) _ p—tk1 +k31MﬁfV(F.-.Fj)]

(4-9)
To a good approximation the velocity can be regarded as constant
V(F;, Fj) = V(F;) = V(Fj) (4-10)
Clearly, in reaches downstream of j, the pollutant so introduced propagates
simply according to the 7.

The transfer coefficients then constitute the necessary relationships for
descriptive modeling. The downstream quality can be calculated by multiplying
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the upstream load times the transfer coefficient and summing over lthe.upstream
loads and appropriate couples. For example, if Q; is the DO at point i, LN; the
nitrogenous BOD load at j, LC; the carbonaceous BOD load at j, then

Qi= Y LN;T;y + 3 LC;Tun + Q54 Ty (4-11)
Jed Jjed

J 1s the set of pollutant points upstream from i, j* the uppermost point in the
system, and [, indicates the BOD nitrogenous/DO couple, /, the BOD
carbonaceous/DO couple and /; the DO/DO couple. The prescriptive model will

have constraints of the form Q; < Q; where @, is the quality target (standards).
In addition to the pollutants and quality indicators mentioned above, the
model utilizes an additional parameter, biomass potential, that indicates the
extent to which substances in the waste stream distort the biological activity of
streams beyond natural levels. The biomass potential concept was developed as a
part of another study.” Certain pollutants (or certain levels and intensities of
pollutant loadings) cause irreversible ecosystem disruptions: we do not deal with
such regimes. The pollutants in which we are interested are those which have
reversible effects at pertinent loadings. These may cause overfeeding and
overpopulation, or malnutrition and loss of species diversity; they are responsible
for excess productivity which causes only such perturbations to the natural system
from which recovery is possible through simple physical and biological activities.
For given hydraulic conditions, a measure of the relative extent of excess

productivity in a water body is the biomass potential, a parameter that may be
estimated from conventional water quality criteria.

(Biomass Potential (BP) = 1.47 BOD; + 4.57 TRN + 7P, where y =~ 30)

When this parameter is combined with stream size, dilution ratio, and detention
time parameters, a measure of the degree of reversible distortion of an aquatic
ecosystem is obtained. Biomass potential is an appropriate water quality
criterion to be used in the post-1977 period. At that time, standards will be met
and DO criteria will no longer be as relevant. As written above, the biomass
potential is expressed in terms of an equivalent biochemical oxygen demand. The
first two terms are the familiar stoichiometric estimate of ultimate BOD (NH,*
+ 20, + H,0 - NO,;™ + 2H,0%; 2 x MW,,/1 x MW = 64/14 = 4.57) that
follows from the oxidation of nitrogen in the reduced stage (as in ammonia NH,
to nitrate NO;™). The basis of the estimate y ~ 30 is discussed in the Meta
Systems report. A predecessor to the concept of biomass potential (or equivalent)
as a water quality criterion was contained in Standards of the Royal Commission
on Sewage Disposal in Great Britain (Fifth and Eighth Reports of the 1898
Commission).'® The basis of the standards, which were developed from extensive
surveys of small streams draining densely populated areas in the United
Kingdom, was that the 65°F, 5-day BOD of the receiving water should be less
than 4.0 mg/l during the low-flow warm weather season. This was perhaps the
first example of a true BOD or biomass standard for streams; similar standards
were adopted subsequently in the United States. Most stream standards,
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however, related to dissolved oxygen concentration; BOD concentration in
streams was regarded as significant only with regard to the effect on dissolved
oxygen. Dissolved oxygen reserves are directly important only in connection with
salety factors pertaining to maintenance of aerobic stream conditions. That
dissolved oxygen per se has little direct corrclation with water quality for
recreation and aesthetic uses is attested to by the fact that stream standards in
many regions of the United States today (e.g., New York and the New England
states) do not use the oxygen criterion to distinguish between the good quality
waters—Classes A, B, and C.

In addition to serving as a useful water quality criterion especially for the
post-1977 period, biomass potential proves a useful synthetic pollutant to utilize
in costs of pollutant control expressions. This is discussed in detail below.

4-2.3 The Prescriptive Model

Most early water quality management models utilized the BOD
carbonaceous/DO relationship only. Many were single period annual cost
models."” Cost functions were often expressed as total annual cost as a function
of BOD; removal efficiency.

Complete treatment plants consist of a series of processes and/or mechan-
isms acting simultaneously or in series. Although often one or more of the
processes may be present primarily for the removal of a particular pollutant (i.e.,
biological treatment processes for the removal of BOD) treatment plants are in
fact “joint product” plants removing BOD, suspended solids, nitrogen, etc.,
subject to all the difficulties associated with allocating the costs to the joint
products. Thus, expressing total costs in terms of a single constituent such as
BOD was an artificial mechanism but one that proved useful in models that
focused primarily on the BOD,/DO link.

Programming models which incorporated the nitrogenous BOD in the
quality relationships (constraints) while expressing costs in terms of BOD
carbonaceous often result in convexity difficulties. The problems stem from the
fact that in the range of BOD. removals for which the cost function is convex—
that is, the marginal costs rise with higher degrees of removal—the same is not
true for one of the other “joint products,” typically BOD,,.

Planning models examining capacity expansion problems face nonconvex
issues even when dealing only with the BOD /DO couple. These follow directly
from the existence of economies of scale in treatment plant costs.

In the model, costs are expressed as a function of biomass potential removal
and capacity. The specific planning requirements explicit in the 1972
Amendments allow the use of certain heuristics to examine both degree of
treatment and capacity expansion questions in a computationally efficient
manner. A convex separable programming algorithm is utilized allowing the use
of readily available computer codes.'®

The model is formulated with two decision periods, one to reflect the
decisions necessary to meet the 1977 water quality goals of the 1972 Amendments,
the other reflecting the 1983-1985 goals.
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The following paragraphs present the cost structure utilized in the model,
generalized for the nth point source polluter. From the discussion above we
suggest. that there exist cost functions of the form shown in Fig. 4-2. For the
purposes of discussion, capital cost functions only are shown, and the curves are
schematic. Annual operation and maintenance costs are assumed to have the
same general shape.

The model requires that, in the neighborhood of a particular design capacity
flow X,D, <X <D, for a specific waste source, the cost function can be
approximated in the following form:

Capital Costs=K =aX?+f(r) D, <X <D, (4-12)

where X is the design capacity, and r the design removal efficiency, and where
1, D, and D, are the bounds over which Eq. (4-12) is valid. Note that in general
flr) is convex, and aX# obviously concave for X > 0,a > 0, and 0 < fed.

The rationale for this approach is to select a particular design load
(capacity) X, and approximate the concave function with a linear term. This
linearization is schematically depicted in Fig. 4-2. The approximation is a good
one because the solution, X, must be in the neighborhood of D since the 1972
Amendments prescribe at least secondary treatment for all flows. The size of the
“neighborhood of D” in which the solution might fall, and hence the adequacy of

Concave region
approximated by
a linear segment

Capital cost

// Convex region approximated
by piecewise linear segments

FIGURE 4-2
Linearization of concave segment of design flow cost function.
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the approximation, is a function primarily of pollution load growth rates. To
consider this method in greater detail, examine a two-period capacity expansion
problem. Let D, and D, represent the design loads for the wastewater flow in
periods 1 and 2. They are a function of the flow growth rates for the particular
point sources and hence a function of population growth. The smaller the growth

rate, the smaller will be the difference between D ; and D,, and hence the smaller
the neighborhood of approximation.

The decision variables include:

X, = total capacity to be built by start of the first time period

X, = incremental capacity to be built by start of the second time period
ry = percent removal in first period

r, = percent removal in second period

The parameters include:

ro = percent removal in existing facility

D, = design flow for first period

D, = design flow for second period

A=D, - D,

m1 = minimum percent removal for first period (secondary) (assume r,,; is
greater than or equal to r,)

I'm2 = minimum percent removal for second period (best-practicable)

T, = length of first period (years)

T, = length of second period (years)
(T} + T, is the length of the planning horizon)

To develop expressions for the cost functions it is necessary to introduce
various constraints.

4-2.4 Treatment Facility Cost Constraints

The following constraints apply to the definition of the costs of capacity and
removal efficiencies for each wastewater treatment plant:

D, <X, <D, (in the case of no existing plant) (4-13)
Q, <X, <D, (where Q, is an existing capacity) (4-14)

0<X, (the nonnegativity condition) (4-15)
ry 2 T (minimum level of treatment for the first period) (4-16)
Py s (minimum level of treatment of the second period) (4-17)

The explicit assumption made above is that the cost function, for a
particular concentration and flow, may be written over a limited range of capacity
and removal efficiencies as a separable function of capacity and removal.

A mechanism for expressing the cost functions for each period remains to be
developed. If K, represents the capital costs prior to the first period, and K, the
capital costs during the first period, assuming X, to be zero (for purposes of
simplicity of presentation, X, will be assumed to be zero henceforth; for situations
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where it is nonzero, simply substitute X, — X, in lthc applicable cost fugc:;c:lnsi
and budget constraints), then the expendin_jre prlor_to the first ;_)f:ﬂ(; e
involve three separate terms. The first term is the capital cost assocmtc;] Cvtvsl th;
design flow of D, and a removal efficiency, r,. The second tt.:rm. re z; il
change in cost resulting from the difference between_ X,,at the begl_rmmg g p o
1, and the design flow D,, at the beginning of period 1. As ex.p!amed above, fo
small differences X, — D,, the change in cost can be approximated as a linear
function, a(X, — D,). The coefficient “a™ is the slope between the clapltal costs
associated with increasing the removal efficiency from r, to ry, assuming that the
flow of the treatment is D,. The removal cost is a convex function of the fqrm
depicted in Fig. 4-3. The capital costs to be incurred by the start of the first time
period can therefore be written as

ki(X,,ry)=K,+alX, —D,;)+fi(ry) (4-18)

where K is defined by Eq. (4-12) when X, = D, and r, = r, and f,( ) denotes the
cost function for time period 1 to increase the treatment efficiency of the flow X,
from r, to r,.

The capital costs incurred during the first period T, depend_ on whether
incremental capacity X,, will be constructed during this period, i.e., whether

Capital costs, k

FIGURE 4-3

Capital costs incurred by the start of the first time period as a separable function of
capacity, x and removal, r.
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X, =0o0r X, >0 Il X, =0, then the capital costs of the first period equal only
the costs of increasing the removal efficiency from r, to r,,

kz(Xzs"‘z)z_fi(-"z)—‘f](?'l) ifX,=0 (4-19)

as shown in Fig. 4-4. If X, > 0, the capital cost includes the cost of constructing
additional flow capacity X,, and increasing the removal efficiency of the total
capacity flow, X 4+ X,, tor,. The cost of additional removal efficiency, i.e., from
ry at the beginning of period 1 to r, during period 1, for a flow capacity of X, , is
defined in Eq. (4-19). The unit cost of removing a fraction of the waste r,, from
an additional flow X, can be estimated by a linear approximation, b, of the initial
portion of the cost function for capacity X given r,, k(X |r, ), as illustrated by Fig.
4-5.

_ KDy = Dy|ry) — k(0|x,) (4-20)
D, - D,

b

The removal efficiency costs for X , are approximated by the function f;(r, ) which
denotes the cost function for attaining removal efficiency r, in the increased
capacity X,. The capital costs may now be written as

ka(X3,ry) =bX, + f5(ry) + f1(ry) — fi(ry) ifX,>0 (4-21)

Capital costs, k

FIGURE 4-4 . . ) i
Capital costs incurred during the first time period when x = 0.
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f

k(.\'f-’\ )

FIGURE 4-5
Capital costs incurred during the first time period when x > 0.

This equation is only an approximation of the actual costs associated with X, and
r,, based on an assumed D, and D,. If the values obtained for X, significantly
differ from either O or D, — D, then the b and f5(r,) should be changed to more
accurately estimate the total capital cost before resolving the model.

There are at least two approaches to handling the expression k,(X,, r,):
(1) a mixed integer formulation; or (2) a heuristic utilizing a “loss function on X,.”

Both have been investigated in the Saint John Study.
The first approach suggests that I, be a dichotomous variable and

0<X, <Al (4-22)

then
ko(X5,ry) =bX, + 1, f5(ry) + fi(ry) = filry) (4-23)

The second approach suggests a linear loss function in X, as a replacement for
f>(ry). It should be noted in general that f,(r,) will not be a major term of
k,(X,,r,) in the cases under consideration because the capacity expansions
during the second time period will be small.

Consider the graph shown in Fig. 4.6.
Let 7, be the maximum expected removal for the second period and f3 = f,(F,)

— fir,,, ); then let

o 1}
f;(er—(Xz—Xl)K (4-24)
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fz(rz_)

FIGURE 4-6
Cost and percentage removal relationship.

hence

*
kala, r2) = b0 = X,) + 0 ~ X 4 ) iy = 7o) @25)
Since the second approach avoids the need for integer programming and its
concomitant problems of possible “cycling” and of extensive computer expendi-
ture, where the load growths during the second time period are expected to be
fairly small, the second approach is the better option. Collecting terms, the
mathematical expressions for k;; and k;, can now be written as

ki(X,,ry)=a,X, + fi(r;) + constant terms (4-25a)
ky(X,,ry)=a,X, —asX, + f,(ry) — fi(r,) + constant terms (4-25b)

where a,, a,, a; are positive coefficients and f; is a convex function. A similar
argument leads to the following for operation and maintenance costs:

0,(Xy,r1)=b,X, +g4(ry) (4-26a)
0,(X,,r;) =bX; — b3 X5+ g,(ry) —g,(ry) (4-26b)

where g, is a convex function and b,, b,, and b positive coefficients.
In the objective function both the capital and operating cost functions will

be multiplied by discount factors f,, f,, and 6, 6,.
The objective function then is

min Z = Z {By[a ;X + fi;(ri;)] + 0,[b;X + g4;(ry;)1}

JeN

+ Z {ﬁz[azj‘XZj = a3jX3j +f1j("2j) _flj(rlj)]
JEN

+ 0,[b; X5 — b3 X3; + g1(ra;) — glj(’:z;‘)]} (4-27)

where the second subscript j indicates a particular pollution source, of which there
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are N. The N pollution source points j are a subset of the J activity points
defined earlier.
There are four types of constraint:

I Local constraints

2 Removal and load relationships
3 Instream quality constraints

4 Budgetary and equity constraints

The first of these are Egs. (4-13) through (4-17) associated with each of the
cost functions. The second set of constraints relates the removals and loads of the
various pollutants to that of biomass potential. To facilitate this, we define the
following sets of variables and parameters.

Parameters
Cjp = the concentration (#/mgd) at waste point j before treatment, of the
pth pollutant in the rth period. p=1,...N,. p=1 for biomass
potential
L;, = the daily load (#/day). ..
= C;,,D,, where D, is the design flow defined above.

P

Variables

rjm = removal percentage of the pth pollutant at the jth waste point in
period t

’

= Aip"je (4-28)

relates the removal of the other pollutants to that of biomass potential. Within
the range of removals considered, the linear relationship is adequate in most
cases.

ipt

L jm = the daily load (# /day) at waste point i after removal of pollutant p
after treatment in the th period

ijpl = LjpAj1 s A =1 (4-29)

The third class of constraints are instream quality/waste load relationships

and the limits (or targets) placed on instream quality. We let Q.. be the nth

quality measure at the ith stream point in period t. Recalling the structure of Eq.
(4-11) the instream quality/waste load relationships are of the following form

Qi = Z ) TiLipe + Qi Ty (4-30)

jelleK

and the quality targets are of the following form

~ t=1,2
QintSQim i
=1

where the transfer coefficient 7, ji 18 based on an appropriate low flow regime,
usually the ten-year seven-day low flow.

(4-31)
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Here J is the set of pollutant points upstream from i, and j* is the
uppermost point in the system. K is the set of pollutant/quality measure couples
appropriate and [ is the appropriate quality measure/quality measure couple (e.g.,
BOD nitrogenous/DO couple).

The last set of constraints that may be of interest are budgetary and equity
constraints. These constraints may take the form of limitations on capital and/or
operating expenditures for a particular polluter or for sets of polluters. Let
Kj(r;;) and O,(r,;) represent the cost functions of Eq. (4-25) and (4-26) for time
period 1 and pollution source j; then such constraints might be of the form

Krj(r:j) < KU' (4'32)
O,(r;) <0, for some or all of j, 1 (4-33)

where the righthand sides of Eqgs. (4-32) and (4-33) reflect capital and operation
and maintenance budget limitations. Possible equity constraints might take the
form

Kjplryp <o, Y Kjlry) o<1 (4-34)
P#it

reflecting the fact that irrespective of marginal costs, one polluter should not bear
more than some percentage of the basin costs. There are a number of other equity
or political constraints that may be introduced. In addition, as discussed in
deLucia, et al.,> in order to facilitate solution, constraints are introduced as
necessary and useful when problem data require them. For example, it has been
necessary to introduce piecewise linear constraints on biomass potential and
constraints relating to removal efficiency with particular treatment processes.

In summary, the model selects treatment levels and capacity expansion sizes
and timing based on a criterion of minimization of weighted present value of
capital and operating costs. The weight can be varied to reflect either federal
resource cost criteria or local/regional (after subsidy) costs or other alternative
weights.

The selection is constrained by (1) minimum treatment and capacity
constraints which reflect federal legislation (these are augmented with local
constraints to facilitate model solution); (2) waste removal and load relationship;
(3) instream quality constraints which reflect stream standards and/or targets;

and (4) various budgetary and equity constraints.

43 MODEL VALIDATION AND EXAMPLE SOLUTION
4-3.1 The Need to Calibrate/Verify the Descriptive Relationships

This section discusses an indispensable step in water quality modeling, namely
validation. In specifying the functional (or structural) relationship among
variables in the previous sections, we have made assumptions, many of which are

for convenience while others are founded on the observational data of similar
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¢ have poslulalcd that the Saint John River behaves ltk_r-h"
atory systems in that the BOD dggradutmq is
g. We also assume that the rate of dcgfudulmn
| at of the Ohio River* and 1s 1O be
it is important to realize that a
on of the actual system. and that
t information and the accuracy of

ms. For example, W
ver and some labor

BOD remainin

syste
the Ohio Ri

propnrlional to the
in our systems may be different from th

determined by the pertinent data. Therefore._
waler quality model is. at best. an appromman
results obtained are only as reliable as the mpu

sperations performed on the data. ‘
e t.[:;cogmmr:; that a model is only an approxi_mat_ion of the real t:ys_tf:n?. l:
appears logical 10 visualize that water quality modeling is merely curve’ tting mh,,
river system. This line of recognition motivates one to apply fruntflzlly the
available curve fitting techniques in water quality modeling. F‘or _mslance.
statistical theory of estimation and hypothesis testing are all useful 1n model
building. and we have utilized such approaches in other cases.t On lh‘e other
hand. failure to recognize the quality modeling as curve fitting has, 10 part,
contributed to the making of water quality modeling a field of ambiguity and
mystery. Too often the calibration verification procedure is described as a
distinct and creative step in water quality modeling. However, it is merely, In
fact. an ad hoc procedure to fill partially the role of estimation and hypothesis

testing.

Admittedly. on many river bas s testing

ins rigorous estimation and hypothesi
cannot be carried out due to a paucity of data, although some less precise and
rigorous procedures must be adopted to justify the model before its use. Bul
whatever the procedure used. it must be clearly described together with any
adjustment 10 4 parameter’s values. In the following we present the procedure
used 10 justify the Saint John River Basin model.

Although in the full Saint John study, calibration
were undertaken for all of the sub-basins, the discussion below will focus on only
a portion of one sub-basin, namely the Grand Falls headpond region. This region
is highlighted since it contains interesting hydraulic characteristics and is also the
region receiving the largest pollution inputs. This segment of the basin is shown
schematically in Fig. 4-7.

Equation (4-11) shows that the quality indicator concentration instream at a
point i 1s a complicated summation of products of the upstream loadings and the
appropriate transfer coefficients. Within the reliability of sampling theory, the
qhuulil_\' indicator level is known from the instream measurements. The prob}(;m is
then one of examini j g ;

Clonone B R N e o pithmcs (e
loadings, instream decay and scdimen;gation ratr of UnSSAMI, R San S
it . Yy es, etc.) necessitates numerous
initial assumptions which in turn affect the computed profile. To create a be
comparison between measured and : FIEAIEA better
s | e >d an (fompuled profiles, the art of calibration
mes important in determining which characteristics of the computed profile

/verification procedures

l‘hf Ohw i "w nver lhl’l [hf 'SIIEE'IEI I lep& I wn ullllft’d
[
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FIGURE 4-7
Spatial location of point sources in example application.

are incorrectly being modeled or are in need of incremental adjustment. During
the calibration exercise it is essential to maintain an understanding of the physical
system being modeled, since apparent calibration can be obtained by incorrect
adjustment of parameters; however, this would create incorrect forecasts of the
water quality levels if the model were subsequently used in a predictive or
verification-type mode.

In this example we discuss only the calibration exercises associated with the
non-conservative pollutants since their transfer coefficients are more complex.

A series of line schematics identifying the spatial location of sampling
stations along the river sections provides a medium of comparison between the
measured and computed water quality profiles. On these schematics, the DO-
BOD stream sample information collected during a particular sampling program
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is plotted. The ranges of the sample measurements are denoted by the wide
vertical bar at each of the sampling stations, the length of the vertical bar
indicating the spread of the measurements. The short cross-bar on the vertical
bar denotes the mean value of the measurements. It is important to point out that
the plotted values for BOD profiles represent the ultimate total BOD values. The
need for considerations of ultimate (as opposed to five-day) BOD values arises
because of the extensive time of travel for transit through the river system. The
transformation of the instream samples of five-day BOD is complicated because
the ratios of ultimate carbonaceous (BOD) and nitrogenous (BODy) values to
the five-day values are dependent on the nature of the source. A method for
computing the transformation was developed by utilizing the best estimate of the
transfer coefficient and the pollution release levels to create a weighted coefficient
for the ratio of five-day to ultimate BOD conditions for the instream, sampled
BOD; levels.

Manipulations of the sampling results, in accordance with procedures such
as those indicated above, provide the appropriate data to compare with the
mathematically computed results. Prior to the mathematical computation phase,
however, there were many considerations that received attention, the more
important being:

I Checking the one-dimensionality assumptions—i.e., the assumption of
cross-sectional uniformity implicit in the mathematical model—is an im-
portant approximation that must be critically examined particularly for
regions of considerable river width, such as found in impoundments like the
Grand Falls headpond. Experimental evidence of the cross-sectional
homogeneity was provided by sampling at intervals across the cross-section.
The results identified no strong channeling effects, indicating the one-
dimensional assumption to be appropriate.

2 Selection of reaeration levels—the reaeration coefficient, k,, is one of the
rate constants incorporated within the mathematical model computation.
Since the rate constant cannot be measured accurately in a polluted stream,
and is a function of the characteristics of the stream (e.g., velocity, bottom
slope, etc.), as a first approximation, the appropriate reaeration levels must
be derived from literature equations. Efforts to match sampled and
computed profiles were complicated because, as is so often the situation in
sampling programs, a considerable instability of the flow regime occurred
during the sampling periods. A sensitivity analysis of reaeration coefficient
levels was undertaken for both the river regime and the headpond to
determine the magnitude of the changes in the velocity and reaeration that
probably occurred during the sampling program. This information was
useful in suggesting the level of uncertainty and therefore the difference
between the experimental and calculated profiles that might be attributed to
the selection of the reaeration coefficient level.

3 Since the Grand Falls headpond creates an impoundment for a distance
of about thirty miles upstream of the dam, it was important to establish the
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consequent effects on the pollutant transport processes (e.g., whether the
water stratifies). Use of a technique based on a reservoir Froude number'®
indicated that the reservoir does not stratify. This finding was later backed
up with experimental evidence. The absence of stratification, however, did
not preclude a considerable decrease in velocity in the wide portions of the
reservoir and a consequent difficult task of establishing levels for the
sedimentation coefficient.

The calibration computations are necessarily an iterative process, each trial
refining appropriate parameters and hopefully improving the comparison between
measured and calculated water quality profiles (subject to the proviso that no
parameter be adjusted without valid reason). Table 4-3 documents a synthesis of
the calibration exercises on the Basin. The information has been tabulated by (1)
calibration run number, (2) general comments, (3) flow regime, (4) point source,
(5) background contribution, and (6) rate coefficients. The second heading
describes the general emphasis of the calibration run. The last four columns
denote general sub-sectors of the problem and entries in the columns describe the
specific refinements made in each run. The successive runs of the calibration
generally indicate activity in sectors or columns from left to right (e.g., it is
necessary to establish the hydrologic regime prior to refinement of background

loading contributions).
Several general comments will clarify elements on Table 4-3:

I The flow regime of the computer program is developed by summing
successive contributions along the river system. Therefore, in order to
match the hydrologic regime of the sampling program, one must iterate,
trying flow additions and then modifying, if necessary, to create a match of
hydrology at many points of the system.

2 The literature estimates of background pollutant contributions are
necessarily given as'a range of values. Successive trials were necessary to
establish the general area within the literature range which was appropriate
for the Saint John River. (This range factor was particularly important for
the conservative pollutants since the principal N and P contributions
develop from background sources.)

3 As illustrated in the example results presented in Fig. 4-8, the series of
minor adjustments eventually provided good comparisons to the instream
measured values upstream of Edmundston. Successive adjustments to
parameters for the region downstream of Edmundston, however, failed to
create the comparison with the instream measured parameters that was
expected. This divergence indicated that an important contribution or
activity was being omitted. Adjustments to coefficients and loadings
produced an improvement in measured and computed profiles, but the
profiles still demonstrated a wide divergence in behavior. Subsequent
bottom sampling indicated a significant benthal activity in the area. This
finding represented an important affirmation of the value of the calibration

exercise.
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and the decreased assimilative capacity due to the presence of the impoundment,
incurs frequent anacrobic water quality levels.

Figure 4-12 illustrates the location of the point sources and Table 4-4
documents the relevant characteristics of the sources. Table 4-5 lists the water
quality characteristics of the present concern. The cost curve information and the
pollutant removal efficiencies for the stream of unit treatment processes con-
sidered as alternatives in the model are documented in Table 4-6.

Since the presentation of the case study is principally to demonstrate the
mathematical model described earlier. discussion of the implications of the results
as they impinge on the Saint John River will be very limited. Simply stated.
assuming the existence of a constraint stipulating at least secondary treatment to
be adopted everywhere, no budget or equity constraints, and a translation of the
above data into the objective function and constraint set outlined in earlier
sections, a linear programming problem with 1.600 variables and 900 constraints
results. The computer time required for solution of the problem was 7.6 min on
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an IBM 370/75. The resulting set of decision variables, which indicate which of
the treatment processes were adopted, is listed in Table 4-7. As well, at all
locations, the capacity of the treatment installation was constructed in accord
with the second time period design flow, indicating that savings in deferment of
capital expenditure do not outweigh the advantage of capturing the economies of
scale obtained from construction prior to the first time period.

Obviously, the problem as specified above is only one of many possible
scenarios that must be examined in a planning study. In fact, the results obtained
are not surprising in that, for the low growth rates typical of the Saint John area,
deferment of capital expenditure for a six- to eight-year period would not be
warranted. However, an important capability of the model is, for example, the
ability to establish the impact of the imposition of budget constraints on some of
the point sources, or, alternatively the impact on treatment plant construction of
the process of upgrading the water quality (e.g., the impact of adjusting the total
P constraint from 1.5mg/l to 1.0 mg/l, effective during time period 2, is
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Table 47 DECISION VARIABLE SET

. Location Remaoval processes adopted
Number  name Time period | Time period 2
1 Fort Kent Municipal 1,2.3.4.5 I 2:3.4.5
2 Stem Hall 12,345 L34S
3 Frenchville Municipal 1.2 1.2

4 Frenchville Starch | 12,3

5 Edmundston I I

6 Fraser Pulp 1.2.3.4,5 1.2.3.4.5
7 Madawaska I |

8 Fraser Paper 1 [

9 St. Basile 1,2,3,4.5
10 St. Anne 1.2 1,2

11 Van Buren 1.2.3.4,5 1.2,3.4.5
12 St Leonard 1 |

how much treatment cost could be foregone by relaxing the water quality
standard by a unit value.

The above discussion is only one very small set of exercises through which
the model may be put. The value of the model is that it makes it easy to examine
the impact of the many different kinds of questions that arise in a water quality
management study that in essence are “what happens if [ do this?"" The computer
model used in the study accepts the general description of the river, pollution
sources, ctc., and translates the information into input for the MPS linear
programming package. As a result, in order to examine different management
questions using the model, it is normally a simple matter of adjusting a few, select,
data cards and rerunning the computer program.

Table 48 EFFECT OF UPGRADING WATER QUALITY WITH
RESPECT TO TOTAL PHOSPHORUS

Location Removal processes adopted
Number mame Time period 1 Time period 2
1 Fort Kent Municipal 1,2,3.4,5 12.3.4.5
2 Stein Hall 1,2,3.4,5 1.2.3.4./5
3 Frenchville Municipal 1,2 1.2.3.4.5
4 Frenchville Starch 1,2,3 1,2,3.4.8
5 Edmundston 1 1,2,3.4,5
6 Fraser Pulp 1,2,3.4,5 1,2,3,4,5
7 Madawaska 1 1.2.3.4:8
8 Fraser Paper 1 1,2,3,4,5
9 St. Basile 1,2 1,2,3,4,5
10 St. Anne 1.2 2
11 Yan Buren L2345 1.2,3.4,5
2 St. Leonard 1 |
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4-4 CONCLUDING COMMENTS

The Saint John River Basin planning study which sponsored the development of
these model(s) was recently completed; hence some observations can be made
regarding the usefulness of the model(s). As has been the case in the past, the
model for prescriptive purposes was of more limited use than the model for
descriptive purposes. There are two reasons for this, First, although knowledge
of least cost solutions of control alternatives of both treatment level and capacity
expansion are important in the planning process, the number of polluters in this
case is small and an ad hoc analysis with a descriptive model is sufficient to
investigate a reasonable range of options. In some measure this was foreseen
early in the study and it was the potential for wider application and the
availability of EPA sponsorship that lead to the prescriptive model development.

Second, there is the need to examine control under a variety of criteria in
addition to least cost. For example, these criteria are associated with a concern
for such things as: (1) cash flow implications for municipalities; (2) energy
requirements of alternatives; and (3) administrative requirements of control
alternatives, both during the construction phase and continuing operation. All of
these are of some concern in the Saint John River Basin and the investigation is
amenable to the use of the descriptive model with some complementary ad hoc
prescriptive investigations, rather than the prescriptive formulation which is
limited in its criteria.
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Extending the comments beyond the Saint John study, we believe that there
are two types of problem associated with the use of water quality planning
models. The first problem is one of acceptance of a descriptive or prescriptive
mathematical model for use in an actual water quality planning study. The
second is associated with the implementation of a water quality plan which is
based at least partially on a study in which a mathematical model has been
employed.

Currently there is little impediment to the use of descriptive models in water
quality planning in the United States. Model building as a water quality
management analysis procedure has been gaining popularity. Advancement in
the modeling skill has improved the ability of a model to account for relevant
elements of the problem examined. As a consequence, the image of modeling has
been enhanced. However, one of the most important stimulants to the appli-
cation of a model for analysis may be attributed to a shift in the federal legal
procedures in dealing with pollution control in the United States.

In a traditional procedure of constitutional governments, an individual
awaiting trial in a court is regarded as innocent until he (or she) is proven guilty.
The burden of proof that he (or she) is guilty lies with the plaintiff. A similar
procedure has been applied in the litigation of pollution control in the U.S. The
court (or environmental regulatory agency) is required to assume the burden of
proof of damage due to a waste discharge. If the evidence is insufficient to prove
damage, then waste producers (private or public) are free of the charge. Pollution
control efforts following this procedure have not experienced a great deal of
success in improving environmental quality. Since the burden of proof is on the
regulatory agencies, information is valuable to them but not to waste dischargers.
However, data collection and analysis efforts assumed by the agencies are
inadequate to cope with the problem. Moreover, little cooperation can be
expected from waste dischargers, since lack of information acts in their favor. The
universal shortage of waste discharge information throughout the U.S. (and an
unwillingness to accept results obtained on the basis of a model) may be partially
attributable to the reluctance of waste producers to cooperate. The apparent
measure to remedy the situation is to reverse the burden of proof; namely, a waste
discharger would be required to provide evidence to show his innocence:
otherwise any discharge is regarded as harmful to the environment.

The National Environmental Policy Act requires that for any new construc-
tion larger than a certain size an assessment must be carried out to evaluate the
environmental impact. The National Pollution Discharge Elimination System
(NPDES) specifies more precisely that a waste producer must obtain a permit for
waste discharge. Public Law 92-500 also states that any polluter must use a
minimum treatment prior to discharge and if the water quality standard is still not
met, the level of treatment must be increased to reduce the amount of discharge.
In these pieces of legislation, legal procedure appears to shift the burden of
proving non-damage to the waste producers. Because of this change, data
collection and analysis are essential for polluters. Many large waste producers
have built up personnel capable of using some sort of analytical techniques to
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perform pertinent studies. There is evidence that these staffs are using model
building in their continuous efforts to ensure consistent analysis.

The application or use of prescriptive models has not been nearly as
widespread. We believe that this results from the inability of the models to
produce acceptable control plans to inform those involved in the decision-making
process. As stated above, the fault lies with the criteria functions employed. The
functions are based on cost minimization or benefit maximization. The former
criterion is often inadequate because it does not encompass such issues as those
associated with distribution or equity. The latter criterion, while suffering from
some of these same shortcomings, is of little use in guiding the selection of
acceptable plans because water quality benefits are usually not measurable.

On the other hand, there are cases, where the situation is complex and in
which it is useful to have the solution alternatives generated by prescriptive
models as the basis for comparison, where one finds such models implemented.
The Saint John is such a case. In this we sought an implementation of the model
but not an implementation of the plan based on the solutions of the prescriptive
model. The eventual plan implementation will be based on a number of issues
integrated into the plan formulation process, only a few of which stem from the
results of the model analysis.
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