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ABSTRACT

Computer programs were developed for the preliminary design and
costing of wastewater renovation by the lime-clinoptilolite-
carbon processes of advanced waste treatment; for activated sludge
treatment; and for pipeline conveyance of water. These together
with methods or algorithms of lesser depth for other processes
were used to cost water supply and waste treatment under conditions
expected in San Antonio in the year 2000 for two extreme alterna-
tives, one importation of surface water according to the Texas
Water Plan and conventional water treatment, waste treatment and
disposal by discharge; the other completly closed recycle,
discharging no waste water and reusing all the waste water after
treating it to make it reusable. The unit costs for these two
extremes were about 20¢/kilogallon of water used and the reuse
scheme was only 10% more costly than the conventional scheme, i.e.
well within the expected error of the estimates. It was shown
that the seasonality of the water consumption in the face of
non-seasonality of the sewage produced has an important bearing
on the design and cost of reuse systems.

This report is submitted toward fulfillment of Grant No.16110 EAX
under the partial sponsorship of the Environmental Protection
Agency.
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CONCLUSIONS

In the design of municipal water reuse systems a very

important factor is the seasonality of the water consumption

in the face of the relative constancy of the sewage production.
This situation means that there is a seasonal variation in the
amount of new makeup water required in the system. This
seasonality makes for a lower utilization factor and thus a
higher cost than would be estimated from constant annual
averages. Furthermore the seasonality brings about a
continually fluctuating quality in the blend water being used
or a continually fluctuating requirement for demineralization.

The magnitude and seasonal nature of these effects depend upon
the makeup quantity and the relative quality of the makeup
water and the required blend as well as on the characteristic
impurity increment added to the water by a single municipal
use. In San Antonio the conditions are such that without
discharge and without demineralization the water would be
better with respect to inorganic contaminants in the summer
than in the winter, levelling off at about 1000 mgpl (milli-
grams per liter) in the winter and about 500 mgpl in the
summer. To meet a typical quality standard of 500 mgpl would
require no demineralization during two summer months and de-
mineralization to the extent of removing 45 - 70% of the
contaminants on all of the recycled water during two winter
months.

The cost of supplying the projected San Antonio water supply
and waste treatment at the quality and cost levels of 1969
and at the quantity levels estimated for the year 2000 by the
conventional means of importation and sewage treatment and
discharge according to the current Texas Water Plan would be
within 10% of the cost of not discharging any wastes but
treating all sewage by advanced waste treatment and reusing
the product water. The 10% difference is well within the
estimating error which means that the complete reuse cost is
comparable with the conventional importation and discharge
cost. (Certain alternatives to the Texas Water Plan are said
to have lower costs for a conventional system.)

The San Antonio conditions are favorable for the conventional
scheme because the makeup water would be partly from local
ground water which is relatively inexpensive. (The
conventional scheme requires more makeup than the reuse
scheme.) In cities not having access to ground water the
reuse scheme would have that additional advantage.



RECOMMENDATIONS

1. In their planning for future water and waste water
management, municipalities should utilize preliminary
estimating and comparison methods, as partly worked out
herein and elsewhere to assess the relative economics

of advanced treatment and recycling of waste waters in
comparison with the conventional methods of seeking
additional water sources and discharging waste to streams.

2. Most of the seasonality in water consumption comes from
irrigation of urban and suburban lawns. It is not meant to
derrogate the aesthetic and the psychological value of lawns,
but using the methods of this report some exemplary studies
should be made to determine the dollar cost to the community
of having (and irrigating) lawns. The seasonality, of course,
would be reduced as well as the total water consumption and
thus the community costs would be reduced. Comparison of

the costs for the actual consumption pattern with the
corresponding costs for a hypothetical pattern from which
the lawn losses had been eliminated would provide the
information on just what lawns are costing.

3. Work on the methodology partly developed in this project
should be continued so as to provide a complete methodology
that is applicable for any municipality having any particular
set of conditions and possibilities. The most pressing need
in the methodology is to complete the work on the recycle
problem, namely the method for determining in a given system
what quantity must be demineralized and what quantity
discharged in order to maintain a blend which just fails

to violate any of the quality constraints imposed. This
project studies the two extremes, namely (1) demineralize
and recycle none, discharge all, and (2) recycle all,
discharge none. Actually, it is very likely that the lowest
cost will be achieved somewhere between these two extremes,
particularly if a conventional sewage treatment plant is
already constructed and in operation.

4. 1In the present study lacking any other information, it
has been assumed that the municipal increment, namely tne
concentration increment in the sewage attendant upon one
municipal use, does not have seasonality. Possibly this

is correct, but if it is not correct the recycle algorithm
would have to be quite severely modified. Thus, before a
recycle algorithm could be generally useful, it would be
necessary to demonstrate whether in general the municipal
increment has seasonality. This should be done by sampling
and analysis program in a number of cities carried out over
a complete year.



5. Because of its bearing on the total cost in reuse, a
study should be made in a number of cities to determine
the extent and duration characteristics of the excesses

of sewage flow over water used. In a reuse scheme if
there are any days on which the sewage flow is greater
than the water use the excess water must either be wasted
or stored. If it is to be wasted, treatment and discharge
must be provided; if it is to be stored, storage must be
provided; in either case representing a cost not covered
in the methodology of the present study.

6. A number of other recommendations for further work are
contained in the appropriate sections of Chapter I including
the construction of practical design and costing computer
programs for demineralization, for canal conveyance and for
ground water facilities.



CHAPTER 1

SUMMARY OF PROJECT

This project explored what is required and what happens if -
some or all of the sewage collected from a municipality is
treated by advanced waste treatment (AWT) and put back in
the water distribution system. By what happens and what is
required is meant the changes in the quantities of water
withdrawn from the sources, passing through the city and
treated by various means, the changes in the concentrations
of contaminants in the water and the means taken to keep
these within specified limits, the size and costs of the
facilities for accomplishing this recycle system, and the
annual costs of such a scheme as compared with the annual
costs of the conventional once-through scheme of supplying
the same demands. Portions of the results are general and
usable for any municipal situation. Others are specific
for San Antonio in the year 2000 which was used as a
concrete case around which to frame the project.

This chapter is a summary of the remaining five chapters.
Chapters 2, 4, and 5 are computer programs for designing
and costing advanced waste treatment processes for
renovation, pipeline conveyance, and activated sludge
treatment. Chapter 3 discusses the pattern and logistics
of municipal recycle showing that the design and operation
is considerably more complex than hitherto revealed. An
important role is played by the losses that occur between
the water distribution and the sewage delivered. 1In
addition, these losses have a high seasonality which com-
plicates the design. Chapter 3 also supplies the numbers
for the year 2000 for San Antonio for two extreme cases:
discharge all and reuse none, and: discharge none and reuse
all. Chapter 6 develops the investment and operating costs
on an annual cost basis for these two cases, in 1969 dollars.

The outcome is that complete reuse is almost as cheap as

the conventional once-through system. Indeed, the difference
is only 10% which is so close that any real decision would
have to await a more refined study.



In the year 2000 a design water usage of 341 mgd (million
gallons per day) average is predicted for San Antonio, with
either system. For the conventional system of ground water
plus surface water, treatment of the surface water,
conventional sewage treatment and discharge, the required
investment is 264 m$ (million dollars) and the total annual
production costs 24.4 m$/yr (million dollars per year),
19.5¢/Kgal (Kilogallon). For the reuse scheme involving
ground water, no surface water, no water treatment, advanced
waste treatment by the lime-clinoptilolite-carbon process
directly on the raw sewage and recycling for reuse, the
investment is 169 m$ and the annual production costs are

26.8 m$/yr, 21.6¢/Kgal.



LOGISTICS OF MUNICIPAL RECYCLE

General Pattern and the Recycle Problem

Discussions on municipal recycle customarily stop at: "Let's
‘treat the sewage to make drinking water out of it and put it
back into the mains." Chapter 3 explores in some detail what
is required and what happens if this is done and reveals
incidentally why so many discussions come to a stop at that
point.

The generalized pattern of municipal use and reuse is shown
in Figure 1.

The water in a conventional municipal water supply and waste
disposal system is receiving a continual input of contamin-
ants: the contaminants in the source water, the contaminants
introduced through use, and the contaminants introduced in
the course of treatment for discharge. 1In the typical U.S.
city in addition to the increment of several hundred mgpl of
organics resulting from municipal use, the water also
receives an increment of the order of 300 mgpl of inorganic
ions.

In the conventional once-through system these contaminants
are removed in the sewage treatment, in the discharge, in
the losses from the sewage collection piping and in the
losses representing water that is used but not returned to
the collection system, the last in a major way from the
watering of lawns but also from fire fighting, street
flushing, etc.

In a recycle for reuse scheme some or all of the collected
sewage is diverted from discharge and treated to make it
acceptable for reuse. This closing of the system introduces
two hitherto untackled problems - a quantity problem and a
concentration problem which are themselves individually
complicated and which besides are inter-related with each
other in a complicated way.

As to the quantity problem it is not possible to obtain all
the needed water from recycle because some of the water used
does not find its way to the treatment plant but is lost in
lawn losses and pipe losses. At least this much must come
from makeup water, ordinarily, of course, from the source
which had been in use in the conventional system. This in
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itself would not be much of a complication except for the
unfortunate fact that while the quantity of sewage collected
is almost constant throughout the year the quantity of water
used has a high seasonality which obtains almost soley
because of the high seasonality of lawn irrigation, high

in the summer and low in the winter. This means that the
system for supplying the makeup water must face a highly
variable load and therefore must operate under the disad-
vantage of a low utilization factor, that is it must have
the capability to meet a high maximum day demand but must

in the year's average spread the costs over a much smaller
quantity. Indeed where the present supply, now in the
recycle scheme to be used for makeup, is close to its
physical constraint limit it means that the new additional
makeup system must be installed simply to supply a peak
demand during a few months of the year.

This makes for a complicated and expensive system but this
complication is nothing compared with the concentration
complication.

One of the objectives that must be satisfied in reuse is to
have the blend of the makeup and the return be suitable for
use; that is, there is some specified constraint on each
contaminant in the blend. If the return water had zero
contaminants and if the makeup concentrations were all lower
than the blend constraints then any quantity of return would
be allowed. However, if some of the makeup concentrations
are higher than the blend constraints then the return must
be considered as "dilution water" for that contaminant and
the blend constraint could only be met if the quantity of
return water were sufficient. But the quantity of return
water is limited. In San Antonio in the summertime the
return water cannot amount to more than about 40% of the
water used. This means that it would not be feasible to
reduce the contaminant level in the makeup to half of its
value. Of course, this is not a situation that would occur
very often. In most cases presumably the municipality
would be willing to accept a slightly lowered quality in
the blend water compared to the makeup which they had
historically been using. However, the circumstance could
arise if it were necessary to seek a supplemental source

if that source were highly mineralized.



But it would be very expensive to produce a return water
with zero contaminants. Instead one would attempt to remove
from the sewage only so much contaminants as is required to
meet the blend constraint. In that case it is usually
rather the makeup water which serves as the dilution water
for the return. If all of the sewage collected is used as
return water then in the summertime when the use of makeup
water is high the return water would not have to be purified
to the degree that it must be in the wintertime when the
makeup water for dilution is low. Indeed, as actually happens
in the San Antonio case it might not be necessary to demin-
eralize at all in some of the summer months. Thus not only
is the makeup water system faced with a low utilization
factor but also the demineralization system is similarly
disadvantaged.

Some demineralization processes may be adjusted so that they
only partially remove some of the contaminants to the extent
desired. Other demineralization processes remove some con-
taminants to a high degree and cannot efficiently be made to
do less. Where the inherent removal in a demineralization
process is greater than needed not all of the return need be
demineralized. If such is true for all of the contaminants
then for one contaminant the quantity that has to be
demineralized has to be greater than for any other and only
this quantity need to be demineralized. The rest can be by-
passed.

Some demineralization processes remove certain contaminants
very poorly. For such contaminants or indeed for any contam-
inants, those for which the input gquantities are greater than
the sum of the output quantities in the lawn loss, the pipe
loss, and the demineralization process will build up in the
recycling water and eventually exceed any blend constraint.
Of course, one might shift to a demineralization process such
as distillation and mixed bed ion exchange polishing which
would remove virtually all of the contaminants. However, in
general, presumably a cheaper way to handle this contaminant
build up is to purge some of the sewage by discharge. While
the conventional scheme involves "discharge all and reuse
none," and the complete reuse scheme involves "reuse all and
discharge none," this represents a compromise between the two,
in the interests of ultimately achieving a cost lower than
for either extreme.
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There may, however, be constraints on the discharge also.
There are already constraints on discharges with respect

to organic contaminants and total suspended solids. In some
places there are constraints on the discharge with respect
'to phosphates which in general appear to be handled not by
phosphate removal processes but by prohibiting phosphate
from appearing in the municipal increment.

For the common water minerals, NaCl, Ca(HCO3)2, etc., it is
unlikely that any discharge constraint would be violated by
a municipal sewage if the municipal water itself was fit to
drink in the first place. However, if demineralization is
practiced and one is attempting to dispose of the demineral-
ization residue in the discharge then it is quite possible
that discharge constraints could be violated. In this case
there would be still another constraint on the amount that
could be demineralized.

The foregoing discussion has been presented to assist the
reader to visualize the complexity of the problems involved
in municipal recycle and to recognize that the problem is
far more complex than usually associated with the carefree
philosophy "let's treat the sewage to make drinking water
out of it and put it back into the mains." The formal
statement of the logical problem is as follows:

In a system of recycle for reuse having water for
use as a blend of makeup water and recycled water,
having a contaminant increment attendant upon use,
having losses in use not returned to the treatment
plant (lawn losses), having losses in transit of
waste not returned to the treatment plant (pipe
losses), having conventional sewage treatment,
having advanced waste treatment with some attendant
demineralization, having explicit demineralization
and allowing some by-pass thereof and having dis-
charge and disposal,

GIVEN:

makeup water quality in N contaminants, criteria
(maxima) for water quality in use in N contaminants,
municipal concentration increment in N contaminants,
quantity of pipe losses, quantity of lawn losses,

any set of treatment and advanced treatment processes,
any set of explicit demineralization processes,
criteria for water quality of the discharge in N
contaminants, and any set of disposal processes,

11



DETERMINE:

for anv given quantity of effluent discharged what
quantity of the recycle must be demineralized (and
what quantity by-passed) in order to maintain in

the blend water and the discharge a steady state
concencration meeting the criteria in N contaminants.

The answers to this problem comprise the quantity to be
demineralized and the quantities to be discharged. For any
given set of conditions, water use quantity, losses, munici-
pal concentration increment, characteristics of treatment and
demineralization processes, etc., there may be or there may
not be a feasible solution. If there is a feasible solution
there.is a set of discharge quantities that will allow a
solution which just fails to violate the criteria. For any
of the allowed discharge quantities there are two deminerali-
zation quantities which will satisfy the criteria. Of these
two demineralization quantities the higher one will give a
total cost for the system which is higher than the cost for
the lower one. (For any given demineralization quantity there
is also a pair of discharge quantities which will satisfy the
criteria but a simple statement cannot be made as to which of
the two will be cheaper.) These pairs of economic discharge-
demineralization quantities provide a set of solutions which
will meet the criteria. One of these pairs will have a cost
lower than all others and this is the optimum solution.

This optimum point may lie anywhere from one extreme to the
other. The one extreme is to discharge all the sewage
collected and reuse none and therefore demineralize none.
The other extreme is to discharge none of the sewage
collected and reuse all in which case of the amount reused
the amount demineralized mav be none, some, or all. 1In
between the extremes lie the various combinations of dis-
charge some, return some, and of that returned demineralize
none, some, or all. :

12



Mathematically the possibilities for the solution are
represented as follows:

D = Quantity discharged

D= Quantity discharged  _, _ R
Quantity collected

_ Quantity returned
" Quantity collected

Quantity demineralized

Z= Quantity retruned
Z=1(R,------ )
> >0

Z 0

- R is the fraction of the quantity collected that is returned,
Z is the fraction of the quantity returned that is demineral-
ized. 2 is a function of R and the constraints and other
quantity parameters. R and Z may lie in the range between
zero and one but such that the pair satisfy the functional
relation.

The problem is akin to a' linear programming problem but
departs from linearity in a number of ways such that linear
programming cannot be used for solving it. The 'project did
not have sufficient time to work out the computer algorithm
for solving the problem and the completion of the work on the
problem remains as a recommendation for further investigation.

Instead, the project investigated the two extremes which are:

1. Conventional supply primarily by import and
conventional waste treatment and discharge
with no reuse and no demineralization, and

2. Complete reuse with required demineralization
and with no discharge.

Chapter 3 develops the quantity pattern for these two
extremes. Chapter 6 summarized beyond developes the costs
thereof.

13



Numbers for San Antonio, Year 2000

Figure 2 shows a long term trend in water use in Bexar County
as represented by withdrawals from the Edwards. There appears
to be an upward trend for the first 20 years but after the
drought in 1957 the per capita consumption falls back to the
1940 level. It is projected that the usage in the target year
2000 A.D. (anno Domini) will not differ greatly from the usage
in the 60-70 decade.

Figure 3 shows the long term trend for sewage collected and

the difference between water used and sewage collected, being
the total loss. Over the past 15 years it appears that the
gpcd (gallon per capita per day) for sewage collected has been
increasing and the loss has been decreasing. Indeed, one could
draw trend lines showing that in four or five years the sewage
collected would amount to more than the water used. Such a
trend, although not impossible and resulting from heavy infil-
tration or gradual inclusion of storm flows in the sewer system,
is thought to be spurious and as will be seen the bases.for the
2000 design are the figures from the 61-65 seasonal study to

be described.

The decrease in the loss does not come from any change in
rainfall. The annual rainfall over the period of interest
has not been increasing particularly and the seasonal study
to be described showed that the monthly loss ratio has only
a second order correlation with the monthly rainfall, the
main predictive parameter being the monthly temperature.

For the design basis the maximum day for water use and the
maximum day for sewage collected were taken in ratio to the
maximum month, both expressed as mgd (million gallons per
day). The 90 percentile values for these ratios are 1.30
and 1.85, respectively. This means that there is only a 10%
chance that the ratio in any single year might be greater
than these values and these were used in the system design.

A study was made of the monthly per capita water withdrawal
and sewage delivered in San Antonio for 1961-1965 which some
of the results are presented in Figure 4. It is seen that
the sewage flow has little seasonal variation but the water
use has an extreme peak in July and August. As the basis
for the 2000 design the monthly average per capita water
withdrawal was taken as approximately the upper envelope

of the water curve in Figure 4, and the makeup was similarly
taken from a curve showing the excess of per capita water
withdrawal over sewage delivered.

14
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The existing facilities in San Antonio which will be part

of the 2000 system are the three existing or under construc-
tion sewage treatment plants and the existing well stations.
The latter have a firming factor, that is an average ratio
of installed capability to firm capability, of 1.4.

The municipal increment is the difference in concentration
between the water used and the sewage delivered. Figures
for the apparent increment in San Antonio were available for
five of the major ions and 13 of the minor elements. The
rest of the major components in the municipal increment were
filled in by the averages of figures in other western cities.

Figure 5 taken from the data just described shows the monthly
water patterns in 2000 in San Antonio. It should be remem-
bered that the design data are approximately the upper
envelopes of a five year monthly series. On this basis the
top curve labeled 6 shows the monthly water usage peaking at
515 mgd in August and averaging 341 mgd. The next lower
curve, labeled 7, shows the ground water withdrawal under
the conventional supply scheme peaking at 339 mgd which is
the allowable limit on monthly withdrawal for the aquifer,
and averaging 192 mgd which is the allowable limit for
annual ground water withdrawal from the aquifer. To make

up the difference, surface water would be required as shown
in the curve labeled 8 peaking at 176 mgd in August and
averaging 149 mgd. Under the reuse scheme the ground water
withdrawal would be as shown in curve 3 peaking at 336 mgd
and averaging 164 mgd which may be compared with the 163 mgd
now being withdrawn in 1970. No surface water would be
required. ‘

Projection of the population to years beyond 2000 indicates
that in the reuse scheme the peak month constraint is just
barely met since it would be violated about the year 2005.
The annual constraint would be exceeded about the year 2017.
Starting in 2005 there would have to be provided some surface
storage for ground water pumped in the winter and spring
months and stored to avoid exceeding the peak allowable in
July and August. The storage period and quantity would have
to become larger and larger as the population grew. Begin-
ning in 2017 no amount of storage would suffice and it would
be necessary to supplement the ground water supply. However,
the target year in this project is 2000 and in this design no
constraints are violated in that target year.
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Of course, these projections depend upon the constancy of the
gpcd water use and sewage delivered. Under a reuse scheme
any steps taken to reduce the gpcd water intake and increase
the gpcd collected would be favorable toward postponing these
critical dates.

Figure 6 shows the seasonal changes in the blend composition
in the year 2000 for the recycle scheme with no demineral-
ization and no discharge. It is seen that with no discharge
and even with no demineralization the blend would have a TDI
(total dissolved ions) of less than 500 mgpl in the two
summer months but would rise to higher than 1000 mgpl in

the winter. 1In Chapter 6 summarized beyond there is worked
out roughly the quantities of demineralization (by electro-
dialysis) that would be required to lower the TDI to 500 in
every month. This is shown as the dotted lowermost curve on
Figure 5.

Table 1 shows the quantities involved in the 2000 system
giving the average, the peak monthly, and the peak day for
each element of the system. The triple figures in the
conventional column show the requirement if the peak day
load is thrown entirely to the ground water, entirely to
the surface water, or spread equally between them. The
figures for demineralization are obtained as a rough
approximation by determining the amount of demineralization
that would be required to reduce the return flow from its
concentration with no demineralization to a concentration
which would result in a blend concentration of 500 mgpl

for TDI. This somewhat overstates the quantities to be
demineralized for if the blend were reduced to 500 TDI

then the return liquor would not reach such a high concen-
tration in the recycling. To determine the quantities to
be demineralized under true steady state conditions not
violating the blend constraints would require the solution
to the recycle problem which has not been accomplished under
this project.
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TABLE 1
LOGISTICS OF THE NEW SUPPLY - 2000

Note: Peak day is the 90% level --i.e. expected to be
exceeded in only 10% of the years.

AWT Reuse Conventional
Scheme Import Scheme
mgd mgd
Ground water withdrawal, average 164 192
Peak monthly 336 339
Peak day 435 339/440/494
Utilization factor .377 .567/.436/.389
Surface water withdrawal, average 149
Peak monthly none 176
Peak day ‘ withdrawn 331/230/176
Utilization factor .429/.649/.845
Total withdrawal 164 341
Peak monthly 336 515
Peak day 435 670
Over-all utliziation factor .377 .510
Water treatment, average 149
Peak monthly not 176
Peak day used 331/230/176
Utilization factor .429/.649/.845
Lawn and pipe losses 164 164
: (AWT) (Conventional STP)*
Sewage treatment or AWT, average 177 177
Peak monthly 189 189
Peak day 350 350
Utilization factor .506 .506
Demineralization, average (rough) 117
Peak monthly 261 not
Peak day 486 used
Utilization factor .241

Disposal to the Gulf, average (rough) 7

Peak monthly - not
Peak day 14 used
Utilization factor .5

Discharge to San Antonio River none discharged 177
Storage required yes no

* Sewage treatment plant
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When this is done the amount (of demineralization residue)
to be disposed of to the Gulf will also be decreased.

The term "storage required" refers to the need for a
balancing storage to store the return water on those days

on which the amount of sewage collected is more than the
amount of water used. This cannot yet be computed because
it requires a day-by-day study of the water and sewage flows
to determine the statistics and pattern of the excesses.

Table 2 shows the sewage treatment plant alternatives,
conventional sewage treatment for the conventional scheme
and advanced waste treatment for the reuse scheme.

TABLE 2

LOGISTICS OF THE NEW SUPPLY - 2000
Sewage Treatment Plant Alternatives

mgd
AWT Conventional
Reuse Import
Scheme Scheme
Existing or U.C. STP (3 plants)
Peak day capability not 116
Average used 59
New capability required (AWT) (STP)
Peak day 350 234
Peak monthly 189 -
Average 177 118
Utilization factor .506 .506
Discharged to San Antonio River none 177

Table 3 shows the required ground water facilities, which do
not differ much between the two schemes. Table 4 shows the
conveyance alternatives. The AWT reuse scheme in the single
AWT plant embodiment would require the conveyance back from
the AWT plant illustratively at the Rilling site to the water
distribution system illustratively taken as the Hildebrand
tank in the north part of the city. The conventional scheme
would require the conveyance from one of the several alter-
native supplemental sources here taken as the Cuero-Cibolo
source. This source would require the reimbursement of the
Guadalupe Basin with water from Goliad Reservoir.
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TABLE 3

LOGISTICS OF THE NEW SUPPLY -~ 2000
Ground Water Facility Alternatives

mgd
AWT Conventional
Reuse Import
Scheme Scheme
Existing GW facilities
Peak day firm capability 333 333
Average 125 145
New facility reguired
Peak day, firm 102 107
Average 39 47
Utilization factor .377 .436

TABLE 4

LOGISTICS OF THE NEW SUPPLY - 2000
Conveyance Alternatives

mgd
AWT Conventional
Reuse Import
Scheme Scheme
Cureo and Cibolo to Hildebrand
Peak day 0 230
Average 0 149
Goliad to Victoria
Peak day 0 141 .4
Average 0 113.1
Rilling to Hildebrand
Peak dav 350 0
Average 177 0
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COSTS OF THE TWO EXTREME ALTERNATIVES

Chapter 6 develops approximate costs for those cost
elements other than AWT, pipeline conveyance and activated
sludge treatment for which computer programs are developed
in chapters 2, 4, and 5. Some of these Chapter 6 costs
for the other elements are generally applicable though of
an approximate nature without the flexibility of the full
computer programs. Others of the Chapter 6 costs are
simple ad-hoc costs developed specifically for San Antonio.

The assignment to these categories is as listed:

General Ad-hoc
Surface water reservoirs X
Ground water facilities X
Water treatment (X)
Demineralization
(by electrodialysis) X
Sewage conveyance X

Table 5 gives a summary of the element and system costs for
the two extreme alternatives. About three-quarters of the
conventional costs are for the scurce water and its treatment.
The differential over the comparable cost of source water for
the AWT reuse case is about 17 m$/yr. However, the only
additional cost in the conventional system is for sewage
treatment and the cost of advanced waste treatment and asso-
ciated elements slightly overbalances the differential.
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TABLE 5
COST SUMMARY

Conventional AWT Reuse
Design Average New Annual Design  Average New Annual
Capability Production Capital Cost ¢/Kgal Capability Production Capital’ Cost ¢/Kgal
mgd mgd m$ K$ mgd mgd m$ K$

Surface water delivered 230 149 201.3 13,989 25,7 0 0 Y
Water treatment 230 149 18,6 3,240 6.1 0 0 0
Total SW delivered and treated 149 219.9 17,229 31.8 0 0 0
Ground water 440 192 5,7 (1,326) (1.9 435 164 (6.5 (1,173) (2.0)
Total water delivered and treated 341 225,6 (18,555) (14.9) 164 (6.5 (1,173) (2.0)
Sewage treatment - 350 177 38,5 (5,707 (9.8) 0 0 0
Advanced waste treatment 0 0 0 350 177 86,1 15,352 23.8
Return conveyance 0 0 0 350 177 15.7 2,138 3.3
Balancing storage 0 0 0 required, not considered yet
Demineralization (very rough) 0 0 0 327 104 42,8 7,073 18,6
Disposal to Gulf (very rough) 0 0 0 14 7 19 1, 100 44
Total 341 264,1 (24,362) (19.5) 341 169,1 (26,836) (21.6)

() = Costs do not include amortization on existing plant,



COMPUTER PROGRAM FOR RENOVATION COSTS

Chapter 2 covers the development of a computer program for
the design and costing of the lime-clinoptilolite-carbon
process for renovating municipal waste waters for reuse.
The over-all process points toward an advanced waste treat-
ment system whereby water meeting potable standards is
produced from waste waters.

The major steps are:

1. Lime clarification with recalcination of the
lime...reducing the suspended solids, the
organic content both suspended and dissolved,
and the phosphate content of the waste.

2. Clinoptilolite ion exchange regeneration and
stripping ...removing the ammonia nitrogen
from the waste and concentrating it in a small
volume of ion exchange regenerant from which
it is air stripped.

3. Activated carbon absorption...removing the
organics residual from lime clarification.

These steps are followed by a final chlorination to assure
disinfection of the water.

In this process all the wash liquors generated in the later
stages are returned to the lime clarification step so that
no liquids leave the system other than in the product water
and the only solid for disposal is the moist inert residue
from the lime slaker. The organics are burned off in the
lime recalcination kiln and the ammonia leaves as a gas
from the stripping tower.

Selecting this process for the basis of the present study was
a calculated risk. The process had been piloted on a moderate
scale but as applied to secondary sewage treatment plant
effluent, not to raw sewage. Applied to raw sewage the pro-
cess was under study during the design period, at the Blue
Plains, District of Columbia, Experimental Plant operated by
EPA. It appeared, and still appears so, that this process,
the so-called independent physical-chemical process, was a
likely contender for water renovation as against the conven-
tional biological processes with supplementary (tertiary)
treatment, in part because it was more readily controllable
for varying production rates and not subject to the erratic
fluctuations that plague the biological processes. Further-
more, renovation by conventional biological treatment followed
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by tertiary treatment would involve exactly the same process
‘steps, ‘lime, clinoptilolite or other forms of ammonia removal,
and carbon, and the cost of these tertiary steps would be
only very slightly less than the cost of the same steps
applied directly to raw sewage. In other words, the cost of
renovating secondary effluent would have been only slightly
less than the cost of renovating raw sewage and in addition
there would have to be borne the basic cost of the conven-
tional biological process itself. It was decided therefore
to use the independent physical-chemical process even though (1)
it had not been ‘fully proven, and (2) the ba51c performance
data were not yet complete.

Under these circumstances it is readily conceded and should
be emphasized that the design and computer program is highly
preliminary and is to be considered not an end in itself but
only one of the steps toward answering the question: "With
what we know about it now, how does reuse compare economi-
cally with a conventional system?"

Not enough is known about the equilibrium, stoichiometric,

and rate processes involved to construct a true mathematical
model, i.e., a model in which any parameter change will be
reflected in a corresponding performance change. For example,
in the activated carbon stage the COD (chemical oxygen demand)
of the effluent is set by the value assigned to the parameter
COD89, in the exemplary work set at 8 mg/1 (milligrams per
liter). The COD actually reached in the effluent for a fixed
feed'comp031tlon will in a real plant vary with the equipment
configuration, the contact time, and the carbon loading
factor. Lacking knowledge of the relationship among these
the program merely provides for setting the contact time and
carbon loading factor...or in other words it allows the user
to make his own selection of carbon loading factor and
contact time which he thinks w1ll produce the de51red COD

in the effluent ‘

"In using the program the user may select any combination of
feed water quality parameters and any reasonable combinations
of the other decision parameters. Using these, the program
will design and cost the equipment so that the plant
capability is QDOT, the design capablllty mgd, and will cost
the operation when it is operated in that equlpment at QBARE,
the expected average productlon rate mgd.
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Such a program, of course, can be used as a research and
development tool to direct research toward cost improvement.
Very little of this was done with the program, however,
since the present purpose was simply the costing of the
process under the current technological level. 1In the cost-
ing the various performance parameters were set at levels
expected from pilot plant work or from actual operation of
similar equipment.

Economic factors were set at plant life, 20 years; tax,
insurance and interest rates .01, .01, and .045 annual
fraction of investment, respectively; energy price 1¢/Kwh
(kilowatt hour):; base labor price $3/man hr; and payroll
extras factor .45 fraction of payroll. The feed liquor
used is a typical San Antonio sewage composition with a COD
of 500, suspended solids of 220 mg/l, and inorganic ions
approximately as found in the sewage.

The next page comprises the printout of results of the AWT
renovation process for San Antonio in the year 2000 con-
sidered as a single central plant. The costs are 1969,

San Antonio. The QDOT capability is 350 mgd, meaning that
the plant has a capability to treat as much as 350 mg in a
single day. The average production is 177 mgd, for a
utilization factor of .506. The entries may be explained
by example as follows. For the lime stage of the process
the investment is 20,454K$ which is 23.77% of the total
investment. The unit investment in this lime stage facility
is 5.844¢/gpd of capability or 11.556¢/gpd of actual pro-
duction. The production cost for the lime stage, that is
the operating costs plus the amortization is 3,479K$/yr
which is 5.386¢/Kgal produced and this represents 22.67%

of the total production cost. The total investment for the
entire renovation plant is some 86 million dollars and the
annual production cost 15.3 million dollars. Over-all amorti-
zation costs are 12.9¢/Kgal, operating costs 10.9¢/Kgal and
total production cost 23.8¢/Kgal. One hundred forty—three
tons per day of moist inert residue are disposed of in a
sanitary landfill. The cost of this disposal is only about
.5% of the total production cost.

Figure 7 shows the investment and production costs at various
production rates in plants in which the capability is two
times the production rate. In the high production ranges,
abovel00 mgd, the unit cost does not fall off very much as
production rate increases, in other words the scale economy
is quite small. Consideration such as this would be used

in making preliminary decisions on the economics of central-
ized and regional plants. The graph shows that not much
economy can be achieved by centralizing plants which are
already as big as 100 mgd, but considerable economy can be
achieved by centralizing plants of a one mgd or ten mgd size.
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COMPUTER PROGRAM FOR PIPELINE CONVEYANCE COST

Chapter 4 covers the development of a computer program for

the design and costing of pipelines and the conveyance of
water or other fluids through them. Water conveyance is one
of the important elements bearing upon the economic competi-
tion between conventional water supply and waste treatment
typically by importing water from remote sites, and renovation
for reuse by advanced waste treatment.

A computer program takes the specified characteristics of the
conveyance situation, designs a pipeline which will minimize
the cost of conveyance in that situation, and returns the
design data and the cost breakdown. The line is designed in
segments (up to three) as may be specified, each section being
optimized for conveyance of an average amount of QBARE in a
facility which has the firm capability of conveying an amount
QMAX. The program generates the necessary cost indexes for
the state, region (21 in the nation) and future year, as well
as energy price corresponding to the state, the future year
and the expected Kwh/yr energy consumption. A subroutine
generates the proper friction factor from the Moody diagram.
The program determines whether the line shall be pumped,
boosted, or gravity, and for the pumped and boosted selects
the proper psi pressure classes of pipe. ' ’

To the cost of conveyance in a horizontal line the fixed
charges on the pipeline itself contributes some 70-80% of

the total. The pipeline price relation therefore is very
important in costing. In this study the basis is a historical
correlation of the installed costs of 825 pipelines which were
correlated against diameter and by region of the country.
There are large regional differences in the prices of pipeline
which must be taken into account in estimating the cost of
conveyance. Special regionalization factors are provided for
doing this.

Figure 8 shows the cost of conveyance by pipeline at a utili-
zation factor, UBARE, of 0.5. (The firm capability is two
times the average conveyance rate.)

The study showed that the capital charge on pump stations
contributes 5-10% of the cost in horizontal lines and the
energy about 10%. For pumped lines the optimum diameter is
practically independent of the slope or static head. The
conveyance cost is directly proportional to distance down to
distances of one to three miles at least.

Using the future year cost index feature which is incorporated
in these computer programs, it was shown that both the invest-
ment and the conveyance cost will approximately double, in
current year dollars, between 1970 and 2000.
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_The cost of conveyance in the Cuero-Cibolo-San Antonio link
of the Texas Water Plan had been the subject of an engineer-
ing study by a consulting engineering firm.. That study laid
out an actual route and designed a pipeline and pump station
system under a set of ground rules laid down by the client.
When the present computer program was run with the same basic
data the corresponding 1969 costs of the two studies were
within 7% of each other over the range of the engineering
study which was 100, 200 and 300 thousand acre feet per year.
This illustrates how the computer program without using any
input data other than the quantities, elevations and distances
can reproduce costs from rather detailed engineering studies
which include field studies, map routing, topographic and
geological profiles and item-by-item preliminary cost esti-
mating. (For the exemplary quantity above most closely
corresponding to the actual San Antonio case costed, the
difference was only two parts in 500.)

CONﬁmﬂHﬂ{PROGRAAJFOR”ACTTVATEI)SLUDGE'TREAJT%ENH‘COSTS

Chapter 5 takes an existing computer program for design and
costing of activated sludge plants, modifies it to handle
some of the actual design problems and uses it to develop
capital ‘and operating costs'for the conventional sewage
treatment components in the’'San Antonioc scheme. For general
application it would ‘be necessary to have programs for other
treatment tyvpes also. For example, trickling filters are
more economic than activated sludge plants under some condi-
tions, particularly at small sizes. However, activated
sludge was chosen as a conventional treatment type for this
project because (a) the established computer program was
available, (b) activated sludge was a preferred type of
treatment for larger capability plants as applicable in the
San Antonio study, and (c) activated sludge is a treatment
type of the existing San Antonio plants which are involved
in the basin management.

The program permits any feed, any product, and any size
(within limits). This means that the user may specify the
raw sewage composition and the desired effluent BOD (bio-
chemical oxygen demand). The program will then design a
plant to achieve this of a size capable of handling the
maximum day and will cost the treatment of the OBARE average
day in the plant designed. It is not permitted to specify
the total suspended solids desired in the effluent but this
usually comes out of a magnitude quite close to the effluent
BOD. The program will correctly handle a specified effluent
BOD of ten mg/l but will not handle one as low as five, the
actual limit being some undetermined value between these two.
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COMPONENTS OF THE PROBLEM REMAINING UNRESOLVED

The objective of this project was to develop general
procedures by which a comparison could be made and an
optimization achieved between the total costs of a future
water supply-pollution control system which is at or some-
where between the two extremes:

1. Conventional supply primarily by import and
conventional waste treatment and discharge,
and

2. Complete reuse with no discharge

- At the inception the problem was admitted to be complicated
and possibly massive but it was thought that those problems
which could be foreseen could be solved by the application

of known techniques. For example, it was thought that the
"placement problem," the problem of how many AWT plants of
what sizes and where as contrasted with a single AWT plant
treating all the waste, could be treated as a network
problem once the basic cost relations had been worked out.
However, as the basic data and relationships revealed them-
selves it was discovered that municipal recycle contained
some problems that had not been suspected and attacked before.
These included the central role of the loss ratio in the
compositional changes on recycle, the seasonality of the loss
ratio and the day-to-day imbalance of the water-sewage relation
and finally the inter-relationship of the independent para-
meters, quantity demineralized and quantity discharged, as
they affected the composition of the blend, the "recycle
problem ", Because of the magnitude and the difficulty of
these unsuspected problems, there still remain a number of
components of the over-all problem which are unresolved. The
types of these fall into several categories:

1. Problems for which techniques are known but
which are massive and set aside in favor of
problems heretofore unattacked. Examples:
the placement problem, demineralization
design and costing.

2. Problems requiring the collection of additional
basic data primarily in other cities, for the
present well enough known for San Antonio.
Examples: seasonality of municipal increment,
seasonality of loss ratios.
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3. Problems representing special details for the
San Antonio case or for which approximate
solutions are allowable, or which probably
will not be generally encountered. Examples:
the alternate (Colorado-Applewhite) source
for San Antonio, canal conveyance, desigr and
cost for ground water facilities.

4. The recycle problem, the algorithm which deter-
mines the optimum quantities for demineralization
and for discharge to meet the blend constraints,
a problem which our studies to date show is
solvable but which we have not yet completed.

Table 6 lists these components remaining unrescolved and shows
. whether or not they are needed for a decisicn in the San
Antonio case and in the general case. Under the general case
the term "probably not" signifies that it probably is not
necessary to work upon these problems for the general case
because: canal conveyance will probably be rarely met with

in actual practice and the costs of ground water facilities
can be approximated for individual cities on the basis of
‘historical facilities cost in that location without a large
parametric design program.

Under the San Antonio case the term "probably not" means some-
thing else. It takes into account what we already know about
the economics of the San Antonio situation, namely, that reuse
appears to be slightly uneconomic compared with the conven-
tional import scheme, and therefore any additional elaboration
or additional costs taken into consideration for the reuse
scheme would not change the decision since in all such cases
they could only increase the reuse cost. Only one unresclved
problem stands a chance of reducing the reuse cost for San
Antonio, this being the placement problem. The major portion
of this problem is being worked out on another project using
the STORET sewer design scheme. Taken one by one: the
Colorado-Applewhite source including the canal conveyance

from the Colorado source will probably result in a lower cost
for the conventional supply than here computed and this will
not change the decision. The recycle algorithm and the
storage problem could only increase the cost of the reuse
scheme and thus would not alter the decision. The demineral-
ization costs have been briefly reviewed by Ionics Inc., the
vendor, with the comment "your figures on ED costs seem
remarkably up-to-date." The costs for the actual San Antonio
water would probably differ little from those shown.
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TABLE 6

COMPONENTS REMAINING UNRESOLVED

Needed for Decision in:

Component of the problem remaining San Antonio General
unresolved Case Case

Colorado-Applewhite source, replacing Probably no
Cuero-Cibolo not

The "Placement Problem"; area AWT
instead of single AWT at Rilling yes yes
site

The "Recycle Problem"; completion of
recycle algorithm for Q demineral- Pprobably yes
ized and Q discharged not

The "Storage Problem"; day-by-day probably yes
differences water-sewage not

Demineralization design and cost probably yes
program not

Canal conveyance design and cost probably probably
program : not not

Seasonality of municipal increment
and completion of basic data probably yes
San Antonio and other cities not

Loss ratio relations other cities- no yes
seasonality

Design and cost for ground water no probably
facilities not
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To assess as "probably not" the need for studies of the
seasonality of the municipal increment and the magnitude
of the increment for those contaminants not specifically
known for San Antonio is indeed a presumption. Even if
demineralization would not be required because of some of
the contaminants whose increment quantities are not known
for San Antonio, still this would not change the fact that
demineralization is required for some of those that are
known. But as for seasonality it might indeed be so that
the municipal increment does have a seasonal variation and
this might be in the direction of being low in the winter-
time and high in the summer and providentially might allow
the scheme to sneak by without demineralization. But this just
would be more good luck than one could hope for.
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REMAINING COMPONENTS OF THE GENERAL PROBLEM

The project took as many components of the San Antonio
problem as could be handled within the time and funds
available and worked upon them. It attempted to provide
general solutions for as many of these as time and funds
allowed. Those remaining unresolved from such an attempt
have been described in the previous section.

There remain a number of facets of the problem outlined in
the original concept and the various proposals which were
not worked upon at all.

One of the use alternatives specifically possible in San
Antonio and presumably usable generally where the situation
allows, was the exchange of conventional effluent for source
water used for irrigation. The San Antonio situation is

that some 20 mgd average are withdrawn from the underground
aquifer and used for irrigation about 15-20 miles west from
the present sewage treatment plant, some of the area actually
being in another river basin. If the irrigators would use
the treatment plant effluent and cease the withdrawal from
the aquifer then this additional quantity would be available
for withdrawal from the aquifer for higher order uses, i.e.
for potable water for the city. This would have the effect
in the present scheme of increasing the limits on ground
water withdrawal thus allowing the withdrawal of more ground
water and the importation of less surface water, for a net
economic benefit. On the cost side of the balance would be
the cost of conveying the effluent to the irrigators. There
would, of course, be the administrative and political problems
involved in such a transfer but these are outside the scope
of this project.

The present study provides the means for exploring the
economics of such a transfer. The pipeline conveyance
program would show the costs of the conveyance and the
ground water and surface water costs could be adjusted
for the new quantities. However, this was not done on the
present project. In addition, some of the local agencies
had funded an engineering study of the same scheme and
although the final report thereon was not available the
conclusion had been that such a transfer was uneconomic.
It would be interesting to check this conclusion with the
mechanism provided by the present study.
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The situation does not fit either of the two extremes costed
herein since under the reuse scheme it would involve operating
one of the conventional treatment plants to produce the
irrigation water. Under the conventional plan some of the
plant effluent would merely be conveyed to the irrigators

thus reducing the amount of discharge.

EPA was particularly interested in the economics of segre-
gating different qualities of water for different uses.

Three broad categories of uses are municipal, irrigation,

and industrial. A specific use for conventional sewage
treatment plant effluent as irrigation water has just been
mentioned. The commodity cost of the water in this case
would be zero since it is merely to be discharged anyway.
However, if one considered an irrigation use in the reuse
scheme the commodity cost would be greater since every gal-
lon of water diverted from reuse to irrigation would require
the generation of a gallon of water from the source. 1In the
San Antonio case which is impinging on the peak ground water
constraint this would mean additional surface water at a cost
of the order of 30¢/Kgal. Balanced against that would be the
possibility of by-passing some of the AWT steps, specifically
the clinoptilolite-ammonia removal and the activated carbon
treatment at a saving of something of the order of 18¢/Kgal.
The water would have about 20 mg/l of NH3-N (ammonia nitrogen)
and a COD of 82 which presumably would be acceptable for
irrigation. This would also mean that the amount of makeup
water would be increased thus the requirement for demineral-
ization would be decreased for an additional saving. All this
assumes, of course, that the use points for the irrigation
water are relatively few and concentrated, else the cost of
conveyance to the use sites would be excessive.

The reuse of lower grade water for industrial purposes was
not explored in the project because San Antonio, with one
exception, does not have any large industrial water users
such as a paper plant, a petroleum refinery, etc. If such
water users occur in a community there are a number of
possibilities for reuse, or, indeed, for successive use of
waste water. Probably the ammonia removal and carbon treat-
ment in advanced waste treatment could be dispensed with for
industrial cooling water with some process adjustments.
Although clinoptilolite-ammonia exchange is used for ammonia
removal another method of ammonia removal is simple air
stripping of the entire liquor in equipment identical with
cooling towers. Thus, passage through an industrial cooling
tower in several recycles therein might indeed accomplish the
ammonia removal which now costs something of the order of
7¢/Kgal in the AWT process. The blowdown liquor could then
be returned to the AWT process to the lime stage or to the
activated carbon stage as the economics dictated. Involved,
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of course, would be the replacement of the water lost by
evaporation in the cooling process. For a study of the
economics of this the project provides the conveyance costs
but the AWT program would have to be modified to include the
extraneous cooling use. Also, the project, of course, does
not provide any information on the additional cost of using
such water in the industry's cooling tower itself.

There are also possibilities for using various grades of
water for industrial process use, but such uses and the
requirements for them are highly specific to the particular
industry. San Antonio has no such industries and it was
outside the philosophy of the project to generate schemes
for hypothetical situations which did not have a real
embodiment on which they could be hung.

The one industrial use embodied in San Antonio is the ,
cooling water requirement for the power plants of the City
Public Service Board. The project was not able to determine
to what extent these requirements were included in the use
projections of the Texas Water Plan and, indeed, this was

one of the developments that led to the independent explor-
ation of the San Antonio demand situation. In any event the
major interest lies in the Braunig and Calaveras power plants
which will supply the bulk of the future demand and which
operate on their own cooling lakes with water drawn from the
San Antonio River downstream of the City's discharge point.
The 1985 usage of these two plants will be approximately

45 mgd average, this being water consumption. This figure
will never be exceeded because any plants for supplying San
Antonio beyond the 1985 date will not be constructed within
the basin. The 1985 water usage in San Antonio will be about
200 mgd average so that typically the cooling lake require-
ments are about one-fourth of the water use of the munici-
pality served. 1In the year 2000 San Antonio design the sewage
collected averaged about one-half the water use so that the
water use power plant cooling consumptive use would be about
one-half the sewage collected. If in general it were neces-
sary to supply the power plant cooling use solely from the
sewage collected, this would seriously cut down the extent to
which other reuse could be practiced. Indeed, reuse in such
a case could only supply one-quarter of the total water needs.
The problem was not faced in the present project because the
expected 45 mgd are withdrawn from the flow of the San Antonio
River downstream from the City discharge point. The average
flow in the river is about 180 mgd of which about 90 mgd are
return flow from the collected and treated sewage. Thus, the
average flow of the river in excess of the sewage discharged
is about 90 mgd. The power plant cooling requirement is only
45 mgd and the cooling lake comprises damping storage for the
peaking. Because of this it was judged that the power plant
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cooling requirement in San Antonio is not part of the reuse
picture. This dictated the development of the project's
own demand figures which made it of no consequence whether
or not the Texas Water Plan figures included or did not
include the power plant cooling water.

San Antonio discharges excess sludge and also bypasses some
sewage flows into an 800 acre lake, Mitchell Lake, which
serves as a holding basin and oxidation pond. The original
concept included the study of the use of Mitchell Lake as an
oxidation pond, or the separation of Mitchell Lake from the
sewage system so that it might be rehabilitated for recre-
ation, storage or other uses. The Mitchell Lake problem also
‘received a low priority and was not worked upon. The lake
and the plant already for many years have supplied irrigation
water and this irrigation water would have to be replaced if
~the status quo were to be maintained with a reuse scheme,

The project as it stands then condemns these irrigation uses
to oblivion. The alternative would be, in the reuse scheme,
to operate the sewage treatment plants to produce the
approximately 12 mgd of effluent now used for irrigation
south of San Antonio, at an additional (increment) cost of
about 6¢/Kgal.

The original suggestion for this project contained the phrase
"collect every drop of water available to the basin in wastes
and storm drainage." This project does not do that. It
specifically takes nothing from the natural flow of the San
Antonio River in the local area except to withhold the
contribution of the present sewage treatment plant effluent.
To have done so would have involved the placement and con-
struction of a storage reservoir somewhere immediately south
of San Antonio. This would have been a major alteration of
the Texas Water Plan for this area although obviously this
would not have been any consideration for studies in other
areas. If the scheme had used the entire flow of the San
Antonio River, say at Elmendorf, it would have dried up the
river for the downstream users including the power plants.
Also, the total flow of the river is actually not sufficient
to supply the water needs so that reliance on some other
reservoir and conveyance from that point would be required.
The present embodiment leaves enough water in the San Antonio
River to supply the downstream users including the power
plant lakes and the irrigators.

43



CHAPTER 2

COMPUTER PROGRAM FOR DESIGN AND COSTING
OF THE LIME-CLINOPTILOLITE-CARBON PROCESS
FOR WASTE WATER RENOVATION

This chapter covers the development of a computer program for
the key element in the project, namely, for the design and
costing of the lime-clinoptilolite-carbon process for reno-
vating municipal waste waters for reuse. The over-all process
points toward an advanced waste treatment system whereby water
meeting potable standards is produced from waste waters.

The major steps are:

1. Lime clarification with recalcination of the
lime...reducing the suspended solids, the
organic content both suspended and dissolved,
and the phosphate content of the waste.

2. Clinoptilolite ion exchange regeneration and
stripping...removing the ammonia nitrogen from
the waste and concentrating it in a small volume
of ion exchange regenerant from which it is air
stripped.

3. Activated carbon adsorption...removing the
organics residual from lime clarification.

These steps are followed by a final chlorination to assure
disinfection of the water.

In this process all the wash liquors generated in the later
stages are returned to the lime clarification step so that no
liquids leave the system other than in the product water and
the only solid for disposal is the inert residue from the
lime slaker. The organics are burned off in the lime recal-
cination kiln and the ammonia leaves as a gas from the
stripping tower.

Selecting this process for the basis of the present study was
a calculated risk. The process had been piloted on a moderate
scale but as applied to secondary sewage treatment plant
effluent, not to raw sewage. Applied to raw sewage the process
was under study during the design period, at the Blue Plains,
District of Columbia, Experimental Plant operated by EPA. It
appeared, and still appears so, that this process, the so-
called independent physical-chemical process, was a likely
contender for water renovation as against the conventional
biological processes with supplementary (tertiary) treatment,
in part because it was more readily controllable for varying
production rates and not subject to the erratic fluctuations
that plague the biological processes. Furthermore, renovation
by conventional biological treatment followed by tertiary
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treatment would involve exactly the same process steps--lime,
clinoptilolite or other forms of ammonia removal, and carbon,
and the cost of these tertiary steps would be only very
slightly less than the cost of the same steps applied directly
to raw sewage. In other words, the cost of renovating secon-
dary effluent would have been only slightly less than the

cost of renovating raw sewage and, in addition, there would
have to be borne the basic cost of the conventional biological
process itself. It was decided, therefore, to use the
independent physical-chemical process even though (1) it had
not been fully proven, and (2) the basic performance data

were not yet complete.

Under these circumstances it is readily conceded and should
be emphasized that the present design and computer program is
highly preliminary and is to be considered not an end in it-
self but only one of the steps toward answering the question:
"With what we know about it now, how does reuse compare
economically with a conventional system?"

Not enough is known about the equilibrium, stoichiometric,

and rate processes involved to construct a true mathematical
model, i.e., a model in which any parameter change will be
reflected in a corresponding performance change. For example,
in the activated carbon stage the COD of the effluent is set
by the wvalue assigned to the parameter COD89, in the exem-
plary work, set at 8. The COD actually reached in the
effluent for a fixed feed composition will in a real plant
vary with the equipment configquration, the contact time, and
the carbon loading factor. Lacking knowledge of the relation-
ship among these the program merely provides for setting the
contact time and carbon loading factor...or in other words,

it allows the user to make his own selection of carbon loading
factor and contact time which he thinks will produce the
desired COD in the effluent.

In using the program the user may select any combination of
feed water quality parameters (the ions should be in stoichio-
metric balance) and any reasonable combinations of the other
decision parameters. Using these, the program will design
and cost the equipment so that the plant capability is QDOT,
the design capability mgd, and will cost the operation when
it is operated in that equipment at QOBARE, the expected
average production rate, mgd. Obviously, at reasonable
utilization factors (UBAR = QBARE/QDOT) of 0.4 to 0.7, the
product quality will be different at QBARE than it is at
QDOT. For example, the longer contact time in the carbon
adsorbers should improve the COD quality of the product. The
program does not take this into account. It does, however,
reduce the operating costs approximately correctly, for
example, by reducing the cost of pumping energy corresponding
to the flow.

46



GENERAL PROCEDURE IN DEVELOPING THE COMPUTER PROGRAMS

For the LIME subroutine as well as the CLINOPTILOLITE and
ACTIVATED CARBON subroutine , the general procedure was to
develop and debug these subroutines individually and run
some sensitivity analyses on a program version containing
extensive printouts. In these operating labor, engineering,
and buildings were set to zero since they were to be applied
on the entire plant as described beyond.

The sensitivity runs are not explored thoroughly and in some
cases use computations which were later superceded or
corrected. However, the sensitivity runs are not of parti-
cular interest to the parent project.

Buildings

The kiln, the accelators, the carbon regeneration furnace, the
preliminary treatment and the chlorination tanks would not be
housed. All other facilities would be housed. 1In the present
program the cost of buildings was taken as 10% of the sub-
total investment, which makes allowance for the outside
locations of some portions of the equipment.

Engineering

Engineering as an investment item was applied on the value

of the subtotal plant according to the relation shown in the
ENGR FUNCTION subprogram. This had previously been developed
from a number of engineering fee schedules.

Operating Labor

Operating labor was estimated by visualizing the operating
activities of a 10 mgd plant as in Table 7. Nonoperating
labor was applied according to the schedule in Table 8.
Operating labor at other mgd levels was obtained from the
10 mgd estimate by using the log-leg slope typically found
in chemical process plants (l1). The estimate for total
labor is shown in Table 9, the exponential relationship in
Line 405 of the Program.
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TABLE 7
OPERATING LABOR ESTIMATE
10 mgd Plant

Man hours per day

Preliminary 3
Lime 20
Clinoptilolite 18
Carbon 6
Chlorination 2
Disposal _ 8

7

TABLE 8
NONOPERATING LABOR ESTIMATE

Man hrs/day -

_ Total Non-

mgd Chemist Clerical Asst.Supt. Supt. Custodial Operation
.1 1 0 0 0 0 8
1 1 1 0 1 0 24
10 1 1 0 1 1 32
30 2 2 1 1 2 68
100 4 2 3 1 3 104

mgd

.1

10
30

100 -

TABLE 9
TOTAL LABOR ESTIMATE

Man hrs/day

Nonoperating: Operating
8 16
24 30
32 57
68 - \ 77
104 103
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24
54
89
145
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When the nonoperating labor at applicable estimated pay
levels for each category was added to the operating labor
at each mgd level the average total labor rate was 1.12
times the $3.00 per hour operating labor rate. The factor
1.12 in Line 405 makes this adjustment.

Preliminary Treatment

Investment and operating costs for preliminary treatment
were taken from Reference 2.

Residue Disposal

The cost of hauling and sanitary landfill disposal of the
slaker residue is taken as 1.5§/ton of (moist) residue.
Moisture content was taken as 30%.

- The UNITS Subroutine

The UNITS subroutine and associated PARAB3, BAJO and state-
ments in the P rogram determines the optimum number of major
units to be used. The concept is as follows:

The plant design for fail-safe operation requires that the
plant fulfill its function even though one unit is out of
service. By "fulfill its function" is meant to be capable

of the design capability or some specified fraction thereof.
When an equipment unit is capable of being pushed beyond its
nominal capability as for example an Accelator, then this
fraction can be less than 1.0. In the case of the accelators
in this program the fail-safe principle is that they must be
capable of 65% of the design capability with one unit out of
service. The principle in general requires at least two units.
And if there are only two units each must have the design
capability and thus the total capability two times that with-
out the fail-safe principle. If three units are used then
each can have a capability of one-half the design capability
such that the total is only 1.5 times the design capability.
Carrying this to the extreme one would seek the largest
possible number of units limited only by the smallest practi-
cable unit available, so as to have the least excess capa-
bility. However, as the number of units is increased and the
size of individual units decreased the unit cost (e.g., cost
per gallon per day of capability) of each increases.
Accordingly as the number of units is increased on the one
hand the cost is lowered because of lowering the excess
capability but on the other hand the cost is increased because
of increasing the unit cost of each unit. Therefore, there
is an optimum number of units. The UNITS and associated
subroutines determine the number of units which will give a
minimum production cost.
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In the LIME subroutine UNITS determines the minimum
investments for A ccelators and filters (separately),
since the minimum in production costs occurs when these
are minimized individually.

In a complete optimization scheme the number of units would
be simply another one of the parameters to be optimized.

In the present version, only the one dimensional optimization
is used. :
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LIME CLARIFICATION STAGE DESIGN

A flow sheet of the lime clarification stage with stream
numbers is shown on the next page. The preliminary treat-
ment includes a screen chamber including a comminutor, an
aero-degritter, overflow and by-pass chamber and Parshall
flume.

Basic Performance Data

Table 10 shows the performance of the system at Blue Plains
as operated up to April 1970 (3).

TABLE 10
BLUE PLAINS PERFORMANCE DATA ON RAW SEWAGE

Concentrations in mg/l1 (3)
Removals as Fractions

BOD COD TOC* PO, NH3-N
Raw sewage 142 347 118 27 13.6
After lime 31 66 26 1.4 12.8
Removal, lime .78 .81 .78 .95 .06
After filter 24 54 20 .95 -
Removal, filter .23 .18 .23 .32 -
After clinoptilolite - - - - 2.3
Removal, clinoptilolite - - - - .82
After carbon 3.7 8.0 3.7 .64 -
Removal, carbon .85 .85 .81 .32 -
Removal, over-all . .97 .97 .97 .98 .83

* Total organic carbon
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At the time this P rogram was developed there was available

a mathematical model of lime treatment (4). This work on
this difficult subject was not used in the present program
because the design was for Densators, because the perfor-
mance data was for secondary effluent rather than raw waste,
and because the present authors have come to distrust
solubility and solubility product relations as applied to
calcium carbonate and phosphates in waste treatment. It was

preferred to use empirical performance data such as in
Table 10 and 11.

In this program the COD is used as the parameter for the
organics. The removal in the Accelator stages is about 80%,
and about 18% of what remains is removed in the filter. The
phosphate is reduced to 1.4 mg/l. In laboratory experiments
. at Cincinnati (5) the PO, was reduced to 1-3 mg/l. The
program uses 2.0, a concentration parameter rather than a
fraction removal parameter.

Table 11 shows the values taken for the controlling para-
meters in the lime clarification stage (6,7).

Ca0 Dosage

To avoid the confusion which exists in the literature over

lime terminology the following definitions are used in this
work:

Ca0O or calcium oxide - the chemical substance CaO

Ca(OH)z or calcium hydroxide - the chemical
substance Ca(OH)2

Quick lime - the technical grade solid comprising
Ca0 as the major component and used for its
CaO content

Hydrated lime - the technical grade solid containing
largely Ca(OH), and used for its Ca(OH), or
equivalent CaO content

Lime - the technical grade solid, either quick lime
or hydrated lime

Milk of lime - an aqueous slurry containing particulate

Ca(OH) , and other solids, Ca(OH)2 being a major
component; made by mixing water and lime
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TABLE 11

LIME CLARIFICATION STAGE ASSUMPTIONS
FOR BASE CASE PERFORMANCE

Symbol Description Units Value Source
XMGH12 Mg in Accelator #1 overflow mg/1* 3. 6
P0O412 PO4 in Accelator #1 overflow mg/1l 2. 3,5
TSS12 Total Suspended solids
Accelator #1 overflow mg/1 10. 6
Total suspended solids
Accelator #2 overflow mg/1 10. 6
TSOL13 Total suspended solids
Accelator #1 underflow mg/1l 103 6
FCODAC Fraction COD entering
Accelators which is removed
in the two Accelators fraction .8 3
FCODF Fraction COD entering filter
which is removed in filter fraction .18 3
FINRTD Fraction of inerts entering
slaker which leave as
disposed residue fraction .9 6
CAC26 CaCO3 in Accelator #2 underflow mg/1 1.5%10° 6
CAC27 CaCO3 in Accelator #2 overflow mg/1 35. 6
TSOL14 TSS in thickener overflow mg/1 100. 6
TSOL15 TSS in thickener underflow mg/1 2.5%10° 7
TSOL16 TSS in centrifuge overflow mg/1 4.7*104% 7
TSOL17 TSS in centrifuge underflow mg/1 6.5%10° 7
pH of Accelator #1 overflow pH 11.0 6
pH of Accelator #2 overflow pH 9.5 6
C02 required to achieve this mg/1l 30. 6
Removal of PO, in Accelator #2 fraction 0. 6
CO5, in scrubber exit gas % 25. 7
Ratio backwash to filter exit fraction .03

*Milligrams per liter
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Reference 8 presents a relationship for determining CaO dosage,
mg/l from waste water alkalinity, mg/l equivalent CaCOj,

derived from their own investigations as well as several others.
The CaO requirement is that to bring the waste water to a pH >
11.0. The investigations were performed with actual municipal
waste waters having alkalinities between 60 and 450 mg/l and

for the Reference 8 sample a POy content of 7.2 mg/l. The
composition of the actual waste may vary greatly from those used
in the investigation. A modification may be necessary. A sixth
degree polynominal, that given in Lines 1105-1107 of the
Program, was fitted to the data. The equation gives negative
values for dosage if the alkalinity is less than 60 mg/l. This
is handled by a lower constraint of 50 mg/l1 on the CaO dosage.
It should not be trusted for alkalinities greater than 450 mg/l.

Lime Slaker

The particular lime slaker used in this version of the lime
clarification step is the Infilco "Viscomatic" (9} which allows
separation of the impurities, MgO, hydroxyapatite (Ca50H(PO4)3),
and inerts, in a grit chamber and their removal by a flight
conveyor (6). The use of this slaker eliminates the necessity
for discarding lime in order to dispose of the impurities. 1In
the Program the slaker is operated to produce a milk of lime
with a water/Ca0 ratio of 7.72 corresponding to 1.05 pounds
Ca0/gallon. (9)

Reference 9 provides some data points for the relation between
percent Ca0O in the feed to the slaker and percent Ca(OH)p in the
residue from the slaker, respectively 0.8747, 0.282, .959, .664,
.959, .628. The relation must also pass through the points 0,

0, 1.0 and 1.0. A relation which approximately reproduces these
pairs is:

FCAOHD = FCAOS**10
The récycle around the slaker is brought to balance by iteration
between Lines 1665 and 1615, the convergence being considered
complete when two successive values for makeup lime differ by not
more than 1% from each other.

The slaker reactions are:

CaO-+H20 > Ca«ﬁﬂz
MgO ——> Unchanged
Ca50H(PO4)3 ——>  Unchanged
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Recycle Around Accelators

The process uses Accelators because they are superior to
Densators for the intended service. The recycle of streams
around the Accelators is accomplished by iteration between
Line 1865 and Line 1201 in the Program and using material
balances which involve some approximations and the neglect of
some small streams in the water balance. The recycle is con-
sidered converged when two successive recycle streams (Q20)
are within 0.1% of each other.

The reactions in the first Accelator are:

Ca(OH), + Ca(HCOy), > ZCa003\|, +2H.C

2
.i-'.
Ca(OH)2 + MgH —> Ca , + Mg(OH)Z\'y

3(P04)  + 5Ca(OH),, > CaSOH(PO4)3V  + 9(OH)~

leav1ng excess Ca(OH)5 in the liquor at pH 1l. Some of the
organics are hydrolyzed, others are brought down with the
solids.

In the first recarbonation and second Accelator the reaction .is:

Ca(OH), + CO, > Caco3\l} +H,0

to pH 9.5 with 35 mg/1 CaCO3 equivalent in solution.

The second recarbonation merely lowers the pH to 7.5 for the
clinoptilolite stage without further precipitation.

In the thickener and centrifuge it is assumed that there is no
segregation effect on the various solid components so that the
relative composition of the suspended solids is the same in all
streams. Actually the centrifuge overflow would be found some-
what enriched in Mg(OH)2. The Mg content of the liquor would
in actuality affect the centrifuge performance. At Miami and
also at Austin where the Mg is low the 65% solids is achieved
in the centrifuge cake, but at Dayton with higher Mg only 45%
is reached. Of course, this also depends on the rpm speed and
the loading. Reference 8 uses recarbonation of the sludge to
redissolve about 20% of the precipitated Mg (OH)2 to improve
dewatering characteristics. These things are not taken into
account in the present Program.

Kiln

The reactions in the kiln are taken to be the calcination of
CaCO3 and Mg (OH)2 to CaO0 and MgO and the conversion of the
original suspended solids to ash by combustion. The fraction

of non-volatile suspended solids in the original suspended solids
is taken as 0.25 (8). The hydroxyapatite passes through the

kiln unchanged.
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LIME CLARIFICATION PROCESS COSTS

Accelator Investment

From Infilco price lists (6) installed costs of Accelators

were obtained as a function of mgd capability at 1.5 gpm/sf
rise rate. The size range covered was from .07 to 20.16 mgd,
taken as the minimum and maximum size units, respectively. The
relation between 1970 dollars investment and mgd capability was
expressed as a fifth degree polynominal in LNS (natural logar-
ithms) found in Line 2050 of the Program. The NTRAIN refers to
the number of trains of two Accelators each. This is obtained
from a subroutine UNITS which approximates the number and
capability of units such that the production cost will be a
minumum and the system can handle a specified fraction of plant
capability with one unit out of service.

Costs Related to Recalcination

Some basic data on actual costs of installed recalcination
facilities for lime softening plants including thickener,
centrifuge and kiln were available in References 7 and 10.
Other workers (10) had computed some of these on the basis

of 1.2 tons Ca0 per mg of production which obtains at Tahoe.
The available data were further explored with the result that
the 1.2 ratio was considered typical of softening plants as
well as the Tahoe waste treatment plant. Since the calcination
in the softening plants produced a 93% available CaO lime, the
ratio of pounds of kiln product to pounds of CaO in the lime is
1.07. The resulting data ranging from 6.4 to 161 tons per day
of product were fitted with the following equation:

VRCALC (K$, 1970) = 178.959* (TLBS18/2000)** 535022
where:

(TLBS18/2000) = tons per day of kiln product
K$ = thousand dollars

o ratio has this meaning: Probability is 68% that an actual
value will lie between ¢ ratio times, and 1/c¢ ratio time the
equation value.

Other workers (10) studied the fuel cost for several plants and
used this to generate fuel costs in one of their tables. The
table was reconstituted by taking 1.28(=1.2 x 1.07) tons per day
kiln product per mgd. The correlation is:

fuel costs (§/day) = 11.249 x (TLBS18/2000)**.767663*UBAR
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That reference gives an electrical energy cost for recalcination
of 0.1¢/Kgal which under the assumptions above computes to

0.791 $/ton kiln product. Note that the energy price is buried
in this cost.

Costs of Recarbonation

Investment in recarbonation equipment comprises the recarbon-
ation unit (including the scrubber), the grids and the concrete
basin. Infilco prices (11) and general design data (6) were
used in the costing. The design bases included the following.
The gas to the recarbonators will be 25% CO5, the price list
specification for 1lb CO,/24 hours being for a 12% gas. Thirty
mg/l of CO; is supplied to each unit. The grid area required
is 25 sf/mgd. The basin is 10 feet deep with bottom and walls
one foot thick. Concrete costs are 100 $/cu. yd. installed and
grids cost 6 $/sf.

Costs of recarbonation units were available from 104 to 10,400
1b 25% CO3/24 hours corresponding to mgd's of .51 to 51. Thel3
data points were fitted to a third degree polynominal in LNS
(Natural logarithms) which is found in Line 2076 of the Program
with a 35% increase for installation. For large units the 50
mgd value was extrapolated at a ln-1ln slope of 0.7 according to
the relation in Line 2073.

The same references supplied data over the same range on the

horsepower of the blower as a function of mgd to which the
following relation was fitted:

COMPHP = 1.30789*Q12** 668189 -0.45166

o ratio = 1.10
The conversion of this to energy costs for the two recarbon-
ators is contained in the expression in Line 2248 of the Program
along with the energy cost arising from pumping to the filter
and to one Accelator.

Cost of Filtration

References 11 and 6. supply data on costs of dual media filter
plants installed, over the range from .7 to 28.8 mgd, operated
at 2 gpm/sf. In the Program the filters are operated at GPMSFF
set to 4. and multiple units are used beyond 70 mgd at this rate,
(10410 sf). The relation between installed costs K$ and square
feet was expressed as a fourth degree polynominal in LNS, and is
found as the exponential in Line 2150 of the Program, having
been trended to 1970, N = 11, o ratio = 1.038. The pumping
energy requirement is figured assuming a & P of 40 psi and an
efficiency of .75.
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RESULTS OF KINDIVIDUAL LIME CLARIFICATION RUNS

On the above basis individual runs on the design and costs of
the lime clarification stage alone were made using parameter
values shown in Table 11. Figure 9 shows the cost versus
OBARE relation, and Figure 10 shows the sensitivity around the
base case to certain of the parameters. The waste used was
typical of San Antonio waste. :

Figure 9 shows a cost of 6.87 ¢/Kgal for the base case at
100 mgd, utilization factor UBARE = 0.5. (UBARE = QBARE/QDOT)

The computations for the present project are being carried out
on the basis of present technology and the parameter values
chosen are representative of that level. However, Figure 10
shows that if the filters could be eliminated by placing the
filtering burden on the clinoptilolite and the activated carbon
beds the costs could be reduced by about 1.3 ¢/Kgal at 100 mgd.
The filters comprise 21% of the investment. At 2 gpm/sf
(gallon per minute per square foot) instead of 4, the filters
would comprise about half of the total investment, greater than
the cost of the Accelators and twice as great as the recal-
cination facility. '

The sensitivity relations in Figure 10 show that the costs are
quite insensitive to the water quality parameters and also to
the fraction of inerts disposed of from the slaker. The process
is highly capital intensive and therefore very sensitive to
UBARE which therefore appears as the only controllable decision
parameter by which costs might be reduced.

59



1

09

QDOT, mgd

20 200
00 | 100
LIME STAGE PRODUCTION COST
Versus
QBARE and INVESTMENT vs QDOT
N
~
~
™~ \ Investment
LIME STAGE ~ \ LIME STAGE
PRODUCTION COST INVESTMENT
¢/Kgal, 1969 \\\ ¢/gpd of QDOT,
1969
Base case
Production -~ ~ -
mgpl —~—
-~ =
~——o S— ~—
CaCoj3 80 = ~ewda without
Mg 18 filters
Alk 360
TSS 220
COD 500
FINRTD .9
UBAR .5
Operating labor set to zero
Disposal not included
10 100 QBARE, mgd 1000

Figure 9



19

LIME STAGE PRODUCTION COSTS

¢/Kgal, 1969

7 Ca as __ ALK e e e e o e ——
Cace3 -"t::::::::: _FINRTD_ e
Po4 == ' Ca as CaCO03
//’
-’
’
7
7
7/
7 ALK
/ : ,
/ Sensitivity of Lime Stage to Various Parameters

OBARE = 100
Operating labor set to zero
Disposal not included

.5 .6 FINRTD .8 .9 1.0

40 : 120 200 ALK 360 520

40 50 CaCo03 80 90 100 120
10 PO4 20 25 30 35 40 :
| L [ I N L1 R R N N NN R N
.3 UBAR 5 .7 : 1.

Figure 10




CLINOPTILOLITE ION EXCHANGE STAGE DESIGN

A schematic diagram of the clinoptilolite ammonia exchange
process is shown on the next page. The feed liquor exit from
the lime clarification stage is fed to several clinoptilolite
ion exchange beds in parallel. When a bed has reached exhaustion
it is piped into the regeneration system. In the first regen-
eration step a regenerant liquor containing about 100 mg/l
NH3-N is circulated through the bed via Tank A until it reaches
a concentration of 600 mg/l. The bed is then piped into Tank B
containing 10 mg/l1 liquor and recirculated until the liquor has
built up to 100 mg/l. Finally the exchanger is flushed with
product water to free it from residual brine and lower the

pH to 8.5. Then it is returned to the exhaustion 1line.

In the exhaustion stage the NH3 in the liquor exchanges for Ca
on the clinoptilolite. In the regeneration stage Ca(OH), is
the regenerant exchanging for NH3 on the clinoptilolite.

When Tank A has reached 600 mg/l it is piped to the stripping
columns where it is stripped in two columns in series with air
which when necessary is heated to keep the liquor temperature
above 250C. The stripped liquor contained in Tank C is trans-
ferred to Tank B of the regeneration line for use in subsequent
regeneration. A clarifier may be needed ahead of the stripping
towers, but it is not included here.

This process has been piloted (12, 13). Other work had been
done on ammonia stripping some of which was used in the present
design (14). However, most of the practical design conditions
represent the technology as of about April 1970 (15).

Basic Design Assumptions

Table 12 shows the design parameter assumgtions for the clin-
optilolite stage. 1In addition to the NH4" the clinoptilolite
also must exchange other ions particularly Kt for which it is
selective. This Kt and the other ions must build up in the
regenerant liquor since only NH3 and any other gas-forming ions
are removed by the stripper.
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CLINOPTILOLITE AMMONIA EXCHANGE, SCHEMATIC
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TABLE 12

CLINOPTILOLITE STAGE ASSUMPTIONS
FOR BASE CASE PARAMETER

64

Symbol Description Units Value
AN79 - NH3-N in effluent mg/1l N 0.5
CLLF Clinoptilolite~exchange«> : :
capacity Lbs N/cf clino .17
FCLPR Clinoptilolite attrition ‘fraction of bed
loss per regeneration volume .0026
- GPMSFX Maximum allowable flow gpm/sf cross
in .exchanger section 6.
GPMSFS Liguid loading in stripper gpm/sf cross
: section 5.
CFAPG Air/liquor  flow ratio.in
stripper .cf/gal 300.
DIAMAX Maximum allowable diameter
of exchanger ft. 25.
DERMAX Maximum allowable depth B
of clinoptilolite bed ft. 10.
EPUMP _ Efficiency of pump, wire o
to water fraction .75
EBLOW :Efficiency of blower;»wire
to air fraction .60
Fraction of NH3-N removed .
in each stripper - . fraction .85
PRCLIN Price of clinoptilolite $/cf 10.
NDTL77 Days per year less than 77°F No. days 100.
AVTL77 Average temperature when
less than 77°F OF 67.
PRNACL Price of salt $/1b 01
PRMBTU Price for heat $/million BTU .5
PRLIME Price of lime $/ton 18.5
FACAOL Fraction of active CaO ,
in purchased lime fraction .9



Consequently it should be necessary either to discard some
regenerant liquor or to return it to the process in order
to prevent the buildup of these other ions. The present
Program does not take this into account but assumes that
nothing but NH4+ is exchanged on the clinoptilolite.

Exchanger Number and Size

The size of the exchanger is controlled by a makximum bed
depth, a maximum gpm/sf and a maximum diameter. The number
of exchangers on line and the capability of each is obtained
via the UNITS subroutine. The diameter and height are then
adjusted to the next half-foot dimension. The time to
exhaustion is computed from the bed volume per stage and

the clinoptilolite capacity. The number of exchangers in
regeneration at any time is computed on the basis that
regeneration requires nine hours, four hours circulaticn

in each tank and one hour for the rinse.

Regeneration System

Each regeneration system consists of three holding tanks for
regenerant solution, a pump for each tank, cone drain tank,
and a brine tank and saturator for all the regeneration
systems. It is assumed that each regeneration system will
simultaneously handle two exchangers. The capacity of each
holding tank is four bed volumes. The pumps are sized to
circulate 10 bed volumes per hour at 35 feet head.

The initial charge of NaCl necessary to bring the regenerant
liquors up to 0.1 normal is neglected and the NaCl consumption
is computed on the basis that at each regeneration the regen-
erant liguor residual in the bed (50% voids) enters the
product.

Stripper System

Each exchanger regenerated requires four bed volumes of eluent.
The capability of stripper is generated from that, and the
area of each stripper is determined from a loading GPMSFS,
taken at 5 gpm/sf. Two pumps are required, each capable of
the stripper capability. The regeneration system pumps are
used for returning the stripped eluent to storage tanks. The
capability of the blower to handle the two strippers is taken
at 300 cf air/gal. On days when the liquor is below 25°C
(770F), heating will be required to raise the temperature to
779F. Parameters are inserted for an arbitrary number of days
per year below 77°F and the average temperature on those days.

65



Instead of the Marley 20 foot cross-flow tower type of
stripper used at Tahoe, this design utilizes a stripping
tower similar to a square-type forced-draft aerator because
of the greater ease of access for cleaning. The Tahoe
stripper operates on secondary effluent with NH;-N
25-30 mg/l and achieves an 85% removal at 3.2 gpm/sf and
240 cf air per gallon. In the present design it will be
assumed that a square-type aerator tower 10 feet in height
will give the same 85% removal per stage operating on
NH3-N concentrations of 600 mg/l1 in the first tower and

90 mg/1 in the second. '
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CLINOPTILOLITE ION EXCHANGE
STAGE PROCESS COSTS

Ion ExchangerSystem Investment

Another Program (IONEX) (Reference 16) had developed costs
of an ion exchange system including vessels, the regenerant
tanks, and the associated valving, piping and controls. The
relation appears in Line 6005 of the Program. This equation
had been developed for commercially available ion exchange
units with bed volume less than about 200 cf and is used in
the Program for which it was developed to the largest size
commercially available exchangers of about 800 cf. For the
Clinoptilolite Program it will be assumed'g t the equation
can be extrapolated to exchangers 25.5 feet i1n diameter and
of 10 foot bed depth.

Tanks Investment

The cost of tanks is taken from data in Reference 17 and the
relation is for example in Line 6020 of the Program. The
factor 1.23 is a factor after Reference 18 to account for
concrete foundations not included in Reference 17.

Pumps Investment

The relation for pump cost is developed from Reference 18
which gives uninstalled costs of carbon steel pumps with
driver and a factor (2.4) to obtain installed costs including
indirect labor. The cost of the piping is assumed to be
adequately covered by the costs for the exchanger system.

The relation appears in Line 6015.

Blowers Investment

Blower horsepower may be computed by Reference 19

HPBLOW
in,

CFMAIR* P (in.H,0)/(6356* efficiency)
inches

The efficiency of blowers is about 60%. Reference 14 computes
aaA P of 0.9 inches H,0 for a tower 10 feet wide and 27.5

feet high. A A P of 1.5 inches is assumed for the tower to

be used. The CFMAIR is actually to be measured at the suction
pressure and temperature. These data result in the horse-
power equation given in Line 5330 of the Program. The maximum
blower size is taken at 5000 HP.

The relation between blower cost and horsepower is taken from
Reference 20 and the graph there gives results in a relation
shown in Line 6045 of the Program where the factor of 2 enters
because there are two stripping towers.
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Stripping Tower Investment

The stripping tower to be used is similar to a square-type
forced-draft aerator for which manufacturers prices were
obtained (21). These prices include blowers. The estimated
blower cost was subtracted from the quoted prices and the
installed price adjusted for three additional trays to get

the 10 foot height to be used. A resulting relation between
tower cross-sectional area and cost is that shown in Line 6035
of the Program.

Pipe Investment

It is assumed that piping for the tower is similar to that
for horizontal pressure vessels at an estimated cost of 42%
of the tower cost (18). Assume that "piping" for the blower
is for the duct work associated and is similar to that for
air coolers, factor 18% (18).

Energy Cost

Electrical energy is needed for regeneration pumps, stripper
pumps, stripper blowers, and exchanger pumps. It is assumed
that the flow through the exchanger is laminar and consequently
pumping power is proportional to square of flow rate. For the
blower the flow is assumed turbulent so that the energy is
proportional to the flow rate cubed. This computation is in
Line 6535 of the Program.

Lime Cost

The lime consumption is taken as that equivalent to NH
released, in Line 5175 and the cost to purchase this is
computed in Line 6520. If there is excess Ca(OH)y from
the lime clarification stage the cost is proportionately
reduced in Line 6522.



RESULTS OF INDIVIDUAL
CLINOPTILOLITE ION EXCHANGE RUNS

On the above basis, individual runs on the design and costs

of the clinoptilolite ion exchange stage alone were made

using the parameter values in Table 12. Figure 11 shows the
cost versus QBARE relation and Figure 12 shows the sensitivity
around the base case to certain of the parameters. The base
case at 100 mgd shows a cost of 7.42¢/Kgal. The cost is not
decreasing very much beyond 100 mgd because the maximum sizes
of equipment have been reached.

The clinoptilolite ion exchange stage is highly sensitive to
the parameters. It is thought by some that the clinoptilolite
loss fraction might eventually be reduced to 1/10th of its
current value, in which case the cost would be reduced by
1.7¢/Kgal. Also, the current price of clinoptilolite at 10$/cf,
about 30¢/1b seems quite high for a mined and processed mineral.
The initial clinoptilolite comprises about one-quarter of the
investment and the makeup clinoptilolite about one-quarter of
the production costs. The cost is particularly sensitive to
the ammonia nitrogen in the feed, approximately proportional to
it, thus if the NH3-N in the feed were 20 instead of 15 the cost
would be increased by 1.4¢/Kgal. The cost is extremely sen-
sitive to the maximum diameter allowed for the exchanger

vessel, reaching a minimum at about 2¢/Kgal below the base

case somewhere in the region of 75 feet.

However, the present application of this Program in this
project is restricted to present technology.
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ACTIVATED CARBON ADSORPTION STAGE DESIGN

On another project the authors, like a number of investigators,
have attempted to find a basis for the rational design of
activated carbon adsorption for waste waters only to conclude
that the behavior of waste water with activated carbon does

not follow the laws and relations which have been developed

for other adsorption processes and upon which scientific
designs can be based. Without actual experimentation the
presently available data do not allow the prediction of
required contact times and carbon loading factor (capacity

for organics) necessarv to achieve a given effluent. In view
of that, the present design uses a carbon loading factor and

a contact time as input variables. Until better information

is developed the designer must first determine experimentally
with the liquor to be processed just what carbon loading factor
and contact time is required to achieve his specifications.

The contact time of 50 minutes and the carbon loading factor

of 0.5 1bCOD/1bC (pounds COD per pound carbon) for an effluent
of 8 COD, used in the base case, are thought to be conservative
for most liquors and typical carbons.

The term "contact time" is reluctantly retained in this report
because it has crept into common usage. However, it should be
recognized that this term is a misnomer and does not reveal
the average time of contact of the liquor with the carbon.
"Contact time" is the time required to pass one bed volume of
feed liquor. Since carbon has a void space of about 36-38%,
the actual average time of contact of the liquor with the
carbon is about one-third the "contact time." A rational
unit, preferable because it avoids the indefiniteness of
"contact time" is gpm/cf (gallon per minute per cubic foot)
which is now coming into use in ion exchange technology. The
relation is:

7.48/ (gpm/cf) = contact time, minutes
Fifty minute contact time is about .15 gpm/cf.
The two major design and cost studies on activated carbon (as
applied to secondary effluent) are those of References 22,

23, and 24. Condensed cost data from 22 appear in Reference 25.

Most of the performance relationships and cost data used herein
were taken from these two studies.
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A schematic of a two-stage, two-train adsorption process is
shown on the next page. The term "train" refers to the two
series of adsorbers, ABE and CDF, run in parallel. The term
"stage" refers to the two contactors on line at any one time
in each train, in the sketch, A and B and C and D. The feed
liquor flows through the two stages in series and the two
trains in parallel and issues as product. When lead adsorber,
A, reaches exhaustion it is taken off stream and the second
adsorber B is made the lead adsorber, the spare E becoming
the second adsorber. The sketch is shown at the condition

in which adsorber E containing carbon has just been taken off
the line. Adsorber F is empty. The spent carbon is conveyed
as a slurry to a screen from where it is passed through a
rotary hearth regeneration furnace where it is reactivated

in a steam atmosphere. As it leaves the furnace it is
quenched and transported again in slurry form to adsorber F
which had been empty. The regeneration operation and this
transfer require many days and is timed so that adsorber F
will be full of carbon and adsorber E empty, by the time it
is necessary to place F in service through the exhaustion of
C. Makeup carbon is added to replenish the carbon loss in
the regeneration process. In the complete recycle scheme all
backwash waters, scrubber waters and carbon fines are returned
to the Accelator, but this return is not taken into account in
the present design.

Design of Adsorber Beds

Central to the design after the contact time and carbon loading
factor is the constraint comprising a maximum gpm/sf (gallon
per minute per square foot), GPMSF, through the adsorber.

The total required volume of adsorber beds on line (BEDVOL) is
computed from QDOT and contact time. If the gpm/sf through

the adsorber is greater than about 13, the pressure drop through
the adsorber may be greater than 15 psi which is considered a
limiting level. Bed depth is then computed from gpm/sf, contact
time, and number of stages, and is brought back to the con-
straints of 2.5 and 25 feet if outside these. The UNITS sub-
routine determines the optimum number of trains and the capacity
of each. The bed volume per stage and the diameter is then
computed.

The number of spare adsorbers, E and F of the sketch, is taken
as two for every 10 trains or fraction thereof.
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Furnace Area

The required hearth area of the furnace, sf, was correlated
with 1lbs (pounds) C/day regenerated from the data of
Reference 22. The relation is found in Line 8400 of the
Program, obtained from 17 points, o ratio 1.13.

Energy Consumption

The two basic cost references are not in good agreement on
the energy consumption. Shown in Table 13 is the estimated
consumption for a two-stage plant of three sizes.

TABLE 13

ENERGY CONSUMPTION, KWH/Kgal
(kilowatt hours per kilogallon)

mgd 23, 24 22

1 1.21 .496

10 1.00 773
1.36

100 .79 .372

All five points were used in developing the relation:
KWH/Kgal = .939669*QBARE** (~,0775243)

7 points, o ratio = 1.51

Backwash Systems

The number of backwash systems was taken as one-half the
number of spare adsorbers, i.e. one for each 10 trains or
fraction thereof, but this is not used in the final version
of the Program.
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ACTIVATED CARBON ADSORPTION
STAGE PROCESS COSTS

Cost of Adsorber Vessels

The two main cost references present the cost of adsorber
vessels as well as of other equipment in different ways.
Reference 22 provides a "capital cost" to which is added

40% for contingencies, engineering and profit. 1In the
present study Reference 22 capital cost figures are
increased by 30% to obtain investment ex engineering and
buildings, 10% of this 40% being considered as engineering.
Reference 23 presents "major materials" which is multiplied
by a factor of the order of 1.7 to obtain plant investment.
In the present study the Reference 23 "major materials" are
multiplied by 1.7 to obtain investment ex engineering and
building. When plotted against total volume in the adsorber
vessel including freeboard the two sets of raw data adjusted
to 1968 define two trend lines having the same log-log slope
but with Reference 23 (12 points, ¢ ratio 1.10) being more
than two times the Reference 22 points (24 points, o ratio
1.29). Both sets of points began at about 2000 cubic feet
but the Reference 22 points extended to 140,000 whereas the
Reference 23 points extended only to 30,000. For that reason
the final chosen equation was obtained by taking the arithmetic
average of the exponents and the coefficients of the two sets
yielding the equation in Line 8505 of the Program:

VADS, K$ = .187254*VOL** 593364
where |
VADS = K$ per adsorber vessel
VOL = cubic feet of volume in vessel including

freeboard

Cost of Regeneration System

The cost of the regeneration system in Reference 22 is related
to the square feet of furnace hearth by the exponential relation
in Line 8510 of the Program; number of points 10, range 28 to
1600 sf, o 1.10. Derived from the Reference 22 40% for contin-
gencies engineering and contractors profit, a factor of 1.3 is
used to generate investment, 10% being considered as engineering.
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Pumps and Sumps Cost

The two main cost references differ in their estimated costs
for pumps (23) and the corresponding pumps and sumps (22). For
a two stage system Reference 22 costs which are independent of
contact time, increase'as the 0.3 power of mgd over 10-100 mgd.
The cost at 100 mgd is less than two times that at 10 mgd.
Reference 23 costs are higher than the Reference 22 and have
about a 0.6 factor. Because of the more reasonable slope the
Reference 23 costs are chosen, the relation being:

K$ (1968), two stages = 29.3693*QDOT**,710743,
found in Line 8514 in the Program.

With respect to the number of stages the Reference 22 costs at
10 mgd are independent of contact time and increase as number
of stages increase. Reference 23 costs at 50 minute contact
time and 10 mgd decrease as number of stages increases. Unable
to resolve this difference without detailed design work, the
present Program takes pumps and sumps cost as independent of
number of stages. The cost of pumps and sumps is less than 5%
of the total capital cost at any mgd size.

Reference 22 gives separately the cost of the backwash systenm,
largely independent of the number of stages, and which is
related to the gallons per minute backwash rate by:

K$ (1968, investment ex engineering) = 0.444*GPMBW** ,493

This 1s about the same as the Reference 23 investment for
"pumps"” at 1 mgd. If it is assumed ithat the Reference 22
pumps and sumps plus backwash systems correspond with the
Reference 23 pumps then it is found that the Reference 22

costs for the two are about the same as the Reference 23

costs at 1 mgd but are still well below the Reference 23

costs and with an 0.3 factor at the larger sizes. Accordingly,
the Program uses the Reference 23 costs as representatives of
pumps and sumps and backwash systems.

Piping Costs

Both references give piping costs. When adjusted to investment
ex engineering and plotted against gpm flow per train, (adsorber
flow rate) the two sets follow a single trend line (Line 8525

in the Program):

KS per adsorber, 1968, ex engineering = 2.41222*ADSFR**
.386757

24 points, o ratio 1.29
where

ADSFR = flow rate, gpm per adsorber train
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Cost of Electrical System and Instrumentation

Reference 22 gives separately the costs for electrical system
and for instruments. The ratio of the cost for both together
at NSTAGE (number of stages) to the cost at two stages follows
‘closely:

ratio = .70455 + NSTAGE*.147708
At two stages the costs bear the following relation to mgd:

K$ (1968) electrical plus instruments ex engineering =
46.4174*QDOT** ,386189

It is assumed that the stage ratio at 10 mgd is also applicable
at other mgd levels. The combined equation is found in Line
8530 of the Program.

Concrete Costs

References 23, 24 give separate costs for concrete, some
of which in some cases are used for a one-day surge basin not
included in the present design. A correlation could not be
established. Concrete costs for foundations, etc., instead
were taken from Reference 18 who gives material costs for
concrete as a percentage of bare module cost (corresponding
to investment installed ex engineering) of 1.2% for centrifugal
pumps and drives, 2.3% for process vessels, and 4.4% for fur-
naces. It is assumed that the installed cost of concrete will
be about four times the material cost leading to the relation
shown in Line 8545 of the Program.

Makeup Carbon Cost

Carbon loss in regeneration is taken at five percent per
regeneration. The price used in the exemplary runs is 26¢
per pound. Fuel consumption is taken as 4250 BTU/lb (British
thermal units per pound) carbon regenerated (24). In the
exemplary runs the price of fuel was taken as 25¢/mBTU
(million BTU).
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RESULTS OF INDIVIDUAL ACTIVATED
CARBON ADSORPTION RUNS

On the above basis individual runs on the design and costs

of the activated carbon stage alone were made with parameter
values as in Table 14. Figure 13 shows the cost versus QBARE
relation.

TABLE 14

PARAMETER VALUES USED IN BASE
CASE ACTIVATED CARBON RUNS

Variable Values
Names Description Used
NSTAGE Number of adsorber vessels in a train 2
GPMSF Flow rate through beds 6 gpm/sf
RHO Bulk density of carbon 30. 1lbs/cf
PRCAR Price of carbon 26. ¢/1b
PRFUEL Price of fuel 25.¢/mBTU
GPMBW ‘Backwash rate gpm/sf
(not used)
COoD89 COD in process effluent 8. mgpl
CT Contact time 50 min. (minutes)
CLF Carbon loading factor .5 1b COD/1b
carbon

F Fraction of QDOT under fail-safe

condition 1.

Figure 14 shows the sensitivity around a base case to certain
of the parameters. These sensitivity runs were made before
final corrections and adjustments had been made in the Program
from which Figure 13 is drawn. However, the sensitivity
relations will not be greatly different from the final Program.
The cost levels themselves are not directly comparable with the
costs of Figure 13...for instance the sensitivity runs base
case used a COD in the influent of 50 mgpl, whereas in the
complete lime-clinoptilolite-activated carbon scheme the feed
to the activated carbon is 82 mgpl.
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It is seen that the cost is highly sensitive to the contact
time. A drop in the contact time from 50 minutes to 30
minutes would lower costs by about 1.5¢/Kgal. A special

study was made to determine the effect of providing additional
contact time by increasing from two stages to three stages per
train. The results, shown, confirm other more detailed studies
in which two stages have proved to be the optimum.

The cost is reasonably sensitive to the COD in the feed to the
activated carbon stage indicating the desirability of high
removals of COD in the lime clarification stage, if possible.
The sensitivity to the carbon loading factor is not very great,
nor is the sensitivity to the gallons per minute per square
foot flow rate.

The cost is highly sensitive to utilization factor since the
process is highly capital intensive. In the final Program at
100 mgd more than half the production cost comes from the
capital charge and about a quarter from the maintenance and
repair which is proportional to investment.
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COMPLETE AWT PROCESS RUNS

The Computer Program for the complete AWT process comprising
preliminary treatment, lime clarification, clinoptilolite

ion exchange, activated carbon adsorption chlorination, and
ultimate disposal is given in a following section. Thereafter
follows the definitions of the variables and a description of
the Program. The exemplary runs were made on a composition
typical of San Antonio sewage shown in Table 15.

TABLE 15

TYPICAL SAN ANTONIO SEWAGE COMPOSITION
USED IN EXEMPLARY RUNS

SMATX Value Used in

Subscripts Contaminant Exemplary, mgpl

(1, 3) Na+ 174. (adjusted to achieve
ionic balance)

a, 4 K" 12,

(1, 5) Ammonia N 15.

(1, 6) ca't 80.

a, 7 Mg+ 18.

1, 8) Ccl 82.

1, 9) F~ ' .3

@, 10) Noz“ 2.

(1, 11) NO, 12,

(1, 12) HCO, 360.

(1, 13) CO3 0,

1, 14) SO4 52,

(1, 15) Si():3 15.

(1, 16) PO 4‘ 25,

(1, 17) coD 500,

(1, 18) VSsS 163.

1, 19 NVSS 57.

(1, 20) TDI not used



Other data common to all subroutines used in the exemplary
runs are:

Parameter Value Used
Name Description In Exemplary
PLF Plant life 20 Years
TX Tax rate .01 Annual fraction

of investment

XINS Insurance rate .01 Annual fraction
of investment

RET Insurance rate .045 Annual fraction
of investment

CKWH Energy price 1.¢/Kwh
CYMST Current year Marshall & 285. for 1969
Stevens

Chemical Process Industries
Equipment Cost Index

RTLAB Base labor price 3.00$8$/man hour for
operating labor

PYEX Payroll extras factor .45 Fraction of
payroll

A printout of the base case at 100 mgd, utilization factor 0.5,
is given on the next two pages with 1969, National costs. The
individual process summaries show separately the amortization
and operating costs for each of the three major processes.
These costs do not include buildings, disposal, engineering or
operating labor, which are treated as separate "processes."
Under the heading "OVERALL AWT PROCESS" the term DISP, TPD, in
this case 80.821 tons per day, refers to the quantity of moist
residue for ultimate disposal under conditions of average pro-
duction. The table "CONTAM. IN OUT" refers to the mgpl com-
position of the overall feed and the product. The investment
costs are shown for each process in terms of K$, percent of

the total by process, and unit investment in ¢/gpd of capability
(QDOT) and of average production (QBARE). Production costs,
operating plus capital charge, are shown by process in K$/yr,
¢/Kgal, and percent of the total.

At 100 mgd average production and 200 mgd capability the total .
AWT cost is 26.748¢/Kgal of which about 37% arises from the
carbon stage and about 24% from each of the lime and clinoptilo-
lite stages. Overall capital charges amount to 14.728¢/Kgal

and operating costs 12.020.
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10/727/770e¢ 1742206

Fr=A6 AWT27
---------- LINE FHOCESS===mmme~-=
ORARE 100.000 QDLOT 200.000 UBAK «5000C

CACOG3  #0e0s MG 180, FO4 25.0, ALK 3600, TSS10 22005

CST SUNMMARY, CENTE/KGAL

ANORTe = (37665 NOFER. = 247225 TOTAL = 6.488

VARIABLE PANAWMETERS FOR TEIS CASE

QBARE  100.00 QDOT 200.00 UBNE « 50000 ANSO

COST SUMMAIY, CENTS/KGAL

AMONTe = 30925, OPEle = 36439, TOTAL = 6464

-=-=ACTIVATED CARBON FHOCLRSS---

GDot = 200000 =GD, WAPY = 100.000 MGDs UBAR =
CLF = +«500, CT = 500, Lupblny = ozels CODEF = Ee0
COST SUMMARYs CENTS/KGAL

AMORTS = 50827, OFERe = 39635, TOHTAL = 94790
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-~-« (VERALL AWT PRNOCESS

QBARE 100.00 EDOT 200.00 UBAR 50000
CONTAM. IN HUT

NA 174.00 180.12

X 12.00 12.00

Ca 8C.00 €4.02

e 15.00 1.25

CcL &#2.00 99.44

F «30 «30

NO2 2.00 2.00

NO3 12.00 12.00

HCN3 360.00 69.09

co3 Oe. 0.

S04 52.00 5200

S1n3 15.00 15.00

PO 25.00 «90

CuD 500.00 8.00

VSS 163.00 «70

NVUSS 57.00 «30

INVESTMENT CNOSTS, KS$

PCT. OF CENTS/GED 0OF

PROCESS K$ TOTAL QDOT GBARE
PRELIM. 4834163 «87 0242 e 183
LItk 141894357 2557 74095 14.189
CLINGOF. 11395.506 20.+54 5698 11.396
CAREON 21954.947 39.57 10977 21.955
CHLOR . 478 .042 «&6 «239 o478
BUILDINGS 4£850.102 Be74 26425 4.850
DISPAHSAL Ge. O 0. Q.
ENGR» 2138.145 3.85 1.069 2.138
TOTAL 554%9.261 100.00 27 «745 55.4K9
PRODUCTION COSTS

FRNOCESS K$/YEAR CENTS/KGAL PCT.
PRELIMe 74131 «203 «76

LIME 2367 .977 6+ 488 24425

CLINGP. 2359267 6Gel6l 24017

CARRON 3573.404 9790 36460

CELGI. 204.292 « 560 209

BUILDINGS 469 .859 1.287 4.81

DISPOSAL 440278 «121 45

ENGRe« 207135 «567 Cel2

HPHKe LABOR 462707 1.268 AeT74

THTAL 89763.052 26.748 100.00

COST SUMMARY s, CENTS/KGAL
AMORTe = 14,7285 (OPER. = 12.020, TOTAL = 26.748
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With the 100 mgd as a base case the Program was used to
generate costs at other average production levels. The
results are shown in Figure 15 and Table 16. The unit

costs decrease in a normal manner with increasing average
production. The change is very small beyond 100 mgd
primarily because the maximum sizes of most of the equipment
units have been reached and capability increases are achieved
by replication. At 100 mgd the optimum design calls for 11
Accelator trains, 5 filters, 47 clinoptilolite exchanger
trains, and 47 carbon adsorber trains, all of these close

to the maximum sizes available. Obviously future cost pro-
duction studies should explore the possibilities of relaxing
these upper constraints on equipment sizes. The present
project has not thoroughly explored these constraint relax-
ations.

TABLE 16

EFFECT OF QBARE ON AWT COST

QBARE .1 1 - 10 100 177 1000
QDOT .2 2 20 200 350 2000
Unit investment 497.0 106.4 43.79 27.75 26.38 23.82

¢/gpd of capability

Unit production cost, 508.9 112.7 43.62 26.75 25.05 22.57
¢/Kgal

Percent Contribution of
Major Processes to Production Cost

Lime 35.4 29.3 29.7 24.2 23.2 21.2
Clinoptilolite 8.3 13.3 18.1 24.1 25.3 27.6
Carbon 19.6 22.3 28.5 36.6 37.8 39.8

Figure 16 shows the sensitivity of the overall AWT process to
utilization factor and to the fraction of the COD removed in

the Accelators. The process is highly sensitive to utilization
factor. 1In the 100 mgd size the cost could be as low as 18¢/Kgal
if a utilization factor of about 1.0 could be achieved. To
achieve such a utilization factor in a municipal waste treatment
plant, with the flow fluctuations characteristic of such plants,
would require storage of the raw waste for at least days and
possibly weeks or months.
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COST OF AWT BY THE LIME-CLINOPTILOLITE -~ CARBON PROCESS

San Antonio Sewage 1968

Utilization Factor,
UBAR = 0.5
FCODAC = .8
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SENSITIVITY OF AWT Costs to Utilization Factor and to
Fraction of COD removed by Accelators

QOBARE = 100
UBAR = 0,5
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One case explores the sensitivity of the AWT cost to the
fraction of COD removed in the Accelators. This is not the
overall percentage removal of COD but measures the fraction
of the total COD influent to the Accelators which does not
appear in the exit liquor from the Accelator. As this
fraction is increased the load on the activated carbon is
decreased. Increasing the FCODAC from .8 to .9 would bring
about a reduction of about 1.0¢/Kgal from the 26.75¢/Kgal
cost of the base case at 100 mgd.

Costs for San Antonio 2000

The next page comprises the printout results of the AWT process
for San Antonio in the year 2000 considered as a single central
plant. The costs are 1969, San Antonio. The QDOT capability
is 350 mgd and the average production 177 mgd. The total
investment, excluding land is estimated at 86.0m$. The total
production costs are estimated at 15.3m$ annually, a unit cost
of 23.8¢/Kgal in the year 2000. The average amount of moist
solids for ultimate disposal is 143.05 tons per day.
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11/05/70. 16.24.34.
PROGRAM AVWTFIN

-=-=-- (VERALL AVT PROCESS ==--

GBARE 177.00 QDOT 350.00 UBAR +50571 DISP.» TFD 143.053

INVESTMENT CNOSTS, K$

PCTe. OF CENTS/GPD 0OF
PRMNCESS K$ TOTAL QDnT QBARE
PRIMARY 625.647 «73 «179 «353
LIME 20454.389 23.77 S.844 11556
CLINGP. 18260.176 21.22 5.217 10.316
CARBON 35338+354 41.06 10.097 19.965
CHLOR. 630553 «73 «180 «356
BUILDINGS 7530.912 8.75 2.152 4.255
DISPOSAL O O Oe Oe
ENGR. 3217 .865 374 «919 1.818
THTAL 86057895 100.00 24.588 48620
PRODUCTINN COSTS
PROCESS K$/YEAR CENTS/KGAL PCT.
PRIMARY 112.834 «175 «73
LIME 3479671 5386 22.67
CLINOP. 3916.268 6.062 25.51
CARB®ON 5829357 9.023 37.97
CHLOR . 348.967 « 540 2.27
BUILDINGS 729.566 1.129 4e75
DISPSAL 71532 «111 47
ENGR. 311.734 <483 2.03
HPR. LABOE 551903 «854 360
TOTAL 15351 .832 23.763 100.00

COST SUMMARY, CENTS/KGAL
AMORT. = 129055, OFPER. = 10.858, TOTAL = 23.763

STOP.

CPU SECHNDS 11.763
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DESCRIPTION OF COMPUTER PROGRAM AWTLCC

Program AWTLCC is a subroutine to be used in a larger RECYCLE
Program for exploring reuse systems. Since AWTLCC itself is
a subroutine the listed Program provides a main Program TAWT
which calls AWTLCC itself. AWTLCC operates by calling the
following six process subroutines:

. PRLM - preliminary treatment

LIME - lime clarification

CLINOP - clinoptilolite ammonia exchange

ACTCAR - activated carbon adsorption

CHLOR - post chlorination

DISP - a rudimentary computation of ultimate disposal
cost

S W N
.

It also used the following non-process subroutines:

COSTC - for computing ¢/Kgal costs, percent contribution
to costs, etc.

UNITS - for computing optimum number of units, used for
Accelators, filters, and clinoptilolite and
carbon trains

PARAB3 - used in the UNITS scheme

BAJO - used in the UNITS scheme
ENGR. - a function subprogram for computing engineering
costs

The Program is constructed to operate on a CDC 6400 computer
via a time sharing terminal. The core space required is 8000
words (60 bit words). Program length is 35,840 characters
and requires about 12 seconds CPU to compile and execute.

There are two types of input data, one contained in data
initialization statements in the Program, the other contained
in a data file named SEW.

The data initialization at Line 25 and 26 sets the printout
regime as follows:

IPRINT (1) = O suppresses effluent and influent
concentration

IPRINT (2) = 0 suppresses diagnostic printout of
UNITS searches

IPRINT (4) = 0 suppresses capital cost

IPRINT (5) = 0 suppresses production cost

IPRINT (6) = 0 suppresses summary printouts for

individual processes
IPRINT (3) is not used
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Data common to all cost computations is initialized in

lines 117, 118, and 119, these being plant life, tax rate,
insurance rate, interest rate, energy price, current year
‘Marshall & Stevens Chemical Process Industry Cost Index (MSI),
factor for maintenance, repair and minor replacement, labor
price, payroll extras factor, current year Building Cost
Index for the Region and National BCI for the year of the

MSTI.

Data initialization for the LIME subroutine are contained

in lines 1025-1027, in the exemplary runs in accordance with
the list given in Table 11, Data initialization for the clin-
optilolite subroutine is contained in lines 5025-5031 according
to the listing in Table 12. Data initialization for the acti-
vated carbon subroutine is found in lines 822-823 according to
the listing in Table 14.

The data file SEW is called from Line 1025. It contains the
stream matrix parameters SMATX(l,'), each value on a separate
line. The first two I elements are QDOT and QBARE, the
remaining 18 elements, the concentration parameters for the
raw sewage as listed in Table 15.

Incidentally although the UNITS optimization was developed to
handle the possible characteristics of an unknown cost function,
out of 40 cases run for this report, 10 for each application,
there were 30 cases in which the optimum was the minimum

number of units, 9 cases in which it was one greater than the
minimum, one case two greater than the minimum, and no cases
where the optimum occurred further away than this. Accordingly
the strategy of the optimization was altered to explore first
these positions near the minumum number of units. As a result
the subroutines PARAB3 and BAJO will be very infrequently
called upon.

The Programs trend the cost to 1969 National by means of the
Marshall and Stevens Chemical Process Industries Equipment

Cost Index (Value: 285). It regionalizes by the ENR Building
Cost Index. The denominator in the conversion, the National

BCI must be set for the year of the MSI base. As it stands

the denominator is set at 1969(802) and the current year BCI

is set at Dallas (San Antonio), 732. Cost elements not adjusted
by these indexes are those involving PRFUEL, PRCAR, PRMBTU,
PRLIME, PRLAB, CKWH, PRCLIN, PRNACL which Should be set
correspondlng to the reglon and year desired.
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PROGRAM AWTLCC Link PrOJECT=162 F :. AACNG AND FEQA 1176770

11707770« 0E¢5043%

10 PRNOGRAM TAWTC(INPUT,OUTFUT, TAFEL)

13 COMMON/ZUNITS/ZIXs YY s OMAX, CMINSQDOTU b » NOWGEH s MMMAX , MMMIN
14 COMvON/NCALL/NCALLC,NCALLU,NCALLF, NCALLB

15 COMNMON/BO/CKWHLCYMSI sUTOT»WTNTsFACKK, IPKINTSDITIFSVCLINSVCAE,CIK
16 COMMON/BLEL /CYRBCI

20 DIMENSINON VTOTC20),WTOT(20),IFRINT(6),SMATXE(20,8)

21 DIMENSION IX(4)sYYC4)

25 DATA (CIPRINT(I)»>I=1,6)=

206+ 0505051,150)

30 CALL AUTLCC(SMATX)

35 STNF

40 END

100 SUBRAUTINE AWVTLCC(SMAT)

103 COMMON/ZUNITS/IXL,YY, QMAX,QMINsQDOTULF L NOUGH,, MMMAXK,, MMMIN

. 104 COMMON/NCALL/NCALLC »NCALLU, NCALLF »NCALLE

105 COMMNON/BO/CHWHRHCYMSILVTOT,UTOT»FACKSH, IPRINT,DITIF,VCLIN, VCARSCIE
106 COMMON/BLEL/CYBCI

107 DIMENSINN SMATX(2058)»1XC4),YYC4)

108 DIMENSION VTOHTC(20),UTNOTC20)>IPRINT(6)>PNAKE(10),CNAME(20),ARRAY (7)

109 DATA PNANLE/10HPRELIM. » 10HLIME » 1OECLINAP s
110+1 0HCARBON » LOHCHLOR » 1OHBUILDINGS ,10EDISFOSAL
111 +10HENGR. s 10HOPR. LABOR, 10HETOTAL s

113 DATACC(CNANEC(I)»I=3,19)=4HNA ,4BK » 4HNH4 ,4HCA  ,4HMG
114+ 4HCL  , 4HF »4HNN2 S 4HNOG3 ,4HHCNO3,4KHCNO3 »4HSNO4 ,4HSIN3,
115+ 4KPO4 ,4HCOD ,4RKRVUSS »4HNVSS)

116 DATA IFILT/1/

117 DATA PLFL,TX,XINS,RET,CKWH,CYMSI,FACMRL,FYEX, FRLAB/
118420056015 ¢015¢0455,1¢52850050045045534/

119 DATA CYBCI,BCINMS/732.,802./

120 DITIF=TX+XINS+RET/(1.0~-C1+0+RET)**(~-PLF))

121 ETLAB=PRLAB*(1l.+PYEX)

122 CIR=CYMSI/273.1%CYBCI/BCINME

125 CALL RETR(1,3HSEY)

130 Db 135 I=1,19

135 135 READ(1,)LINE, SMATXC(I»1)

140 QDOT=SMATX(1,1)

145 QBARE=SMATX(2,1)

150 LBAER=QBARE/QDOT

200 CALL PRLM(SMATX)

215 CALL LIME(SMATX,IFILT,XSCAOK,DSPTPL)
220 220 CALL CLINNOP(SMATX,XSCAOH)

230 230 CALL ACTCAR(SMATX)

240 CALL CHLOR(SMATX)

241PLINTLCIR

260 260 CALL DISF(UTOT,W1TnT,DITIF,DSPTPD,UBAR,CIK,CYMSI)
300 VTEMNP=0

305 DO 310 I=1,5

310 310 VTEMP=VTEMF+VTOTC(I)

312 VTOT(6)=SVTEMP*x.1

313 VTEMF=VUTEMF+VUTOT(6)+VTOTC(7)-VCLIN-VCAK

315 JTOHT(8)=VTENMNF*ENGR(VTEMP)
241 PRINT, CIR 95



FEOGKANM AWTLCC LEKR 'PROJECT-162 FOR AACOG AND FULQA 11/6/70

11707770+ 06¢50+39.

320 UTOTCL10)=VTEMP+VTNT(&)+VCLIN+VCAR

400 WTOT(8Y=DITIF*xUTHTC(&I*1000

401 WTHT(6)I=VTNT(6)%LITIF%1000

405 WTOTC9)=1. 12*RTLAB*(49.*ODUT** 315)%365.24
410 BTHTC10)=0

415 Dfy 420 1=1,9 :

420 420 VTOTC10)Y=YUTOTClI0I+ETOTCI)D

425 AVDSF=DSPTPD+UBAER

500 PRINT &00

505 PFINT £01,0BARE,QDNT,URAR,AVDSF

506C =--=--PRINT(1) CONTAM IN AND OUT-=----
510 IFCIPRINT(1))60056005515

515 515 PRINT 802

520 Df 525 1=3,16

525 525 PRINT &03,CNAMECI ), SMATX(I,1),SMATX(I,6)
599C ---=FRINTC4) INVESTMENT COSTS=-==--
600 600 IF(IPRINT(4)>700,700,605

605 605 PRINT &04

610 PKINT 8&C5

615 PRINT 806

620 AERAY(5)=UTNHTC10)/100.

625 ARRAY(6)=QDNT*10.

630 ARRAY(7)=0BARE*10.

635 D 645 1=1,8

640 CALL CNOSTCCARKAY,VIOTC(IND

€45 645 PRINT 807;rAA\E(I):(AFRAY(J),J 1,4
650 CALL COSTC (ARRAY,VTNHTC10))

655 PIIINT S08,PNAMEC10), (ARRAY(J),J=1,4)
699C ----FRINT(5) PRODUCTINN CNSTS=-==--
700 700 IFCIFRINT(5))755,755,705

705 705 PRINT §10

710 PRINT &11

715 ARFAY(5)>=1000.

720 ARRAY(6)=3650+%CEAEE

725 AREAY(7)=WTNHT(10)/100.

730 DO 740 1=1,9

73% CALL CNSTCC(ARKRAY,VTNTCI))D

700 740 FEINT &12,ENAMECI)s (ARRAY(J) s Jd=2,4)
745 CALL ChSTC (ARRAY,WTOTC10))

750 FRINT &13,FNAMEC10)Y, (ARRAY(J)»J=2,4)
755 755 AMORT=UTOTC(10)*DITIF/3+.65/GBARE
760 WTOTAL=WTNT(10)/3650«/CBARE

765 WHE=WTOTAL-ANMORT

770 FHINT 8&2C

775 BRINT 825,AK0AT,W0H7P,WTHTAL

79& 798 CONTINUE

769 799 RETURN

&0Q &00 FORMAT(///% =--=-- OVERALL AWT PROCESS --=-%)
#01C *SEE LINE &30 FOR FORMAT 801%*

&02 802 FORMATC(//% CONTANM. IN OUT*)
€03 803 FORMAT(IX2A4,F9.2,F8.2)

€04 &04 FOEMATC//% INVESTMENT COSTS, KE*)
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PEOGRAM £UTLCC  Lkr PROJECT-162 FOR AACOG AND FUEA 11/6/770

11/07/70’ C&e50e39.

K05 H0S FORMAT(/Z45%FCTe OF CENTS/ZGFD Fx)

806 806 FOURMAT (% FPiOCESS® 10Xk KS*S¥xTOTALXLY QDO TSN X ORARE %)
607 807 FOAMATC1IA,Al0,F10e35sFT7e2,2F1C3)

808 G0E FORMATC/IZ,B10F10«3,FTe252F10.3)

&10 810 FORMAT(//% PRODUCTIR] COSTS*)

11 &l11 FORMAT(/7*% PROCESS*8X*xKE/YEAR CENTS/KGAL PCTex)
Elg &12 FOERMAT(1IX,A10,2F10.3,F7.2)

Bl3 BI3 FORMAT(/1X50810,2F10.3,FT7.2)

820 E20 FOEMAT(//,% CHET SUNMARY, CENTS/EGAL*)

825 825 FORNMAT(/, #AMDET. =%3FT+3,%, OFLFER, =x,F7.3,

R26+%, TT1AL =k s FT e3s/)

830 801 FMORMAT(/#% CDAKEXFE2,32,%CDOT+F9.2,3X,*UBAR*FT7 .5, 3X,
B35+%DISP «a TFL*,¥ 10432

B99 END

900 SUBROUTINE FELNM(SMATX)

905 CHMMON/BO/CRUH,CYMSILVUTOT,WTNT, FACMR,, IPRINTLDITIF,VUCLIN,VCAHLCIR
909 LIMENSINN SMATH(20,8)

910 DIMENSION VINT(20),WTOT(R20),IPFINT(E)

915 LMy 920 I1=1,20

920 920 SKATX(I,2)=SMATX(I»1)

925 ODOT=SMATX(1,1)

930 OBARKE=SMATX(2,1)

935 UTOTC1)=14.7*%0CDNT*%0.625%CIE+273.1/237.8

as0 WCChHG=DITIF*VIGTCL)

945 WOHM=(S500%PEPARE+2150%028BAE*%0.37)*%CIR¥273.1/7237.8

946C *x%kW(M INCLUDES LABNOR, BUT LET- 1T Gex&x

950 WTOT(1=UCCHEG+UWOM

955 HETURN

960 END

1000 SUBRNUTINE LIME(SHATX,IFILT,XSCAOH,DSFTRLD

1003 COMMON/UNITS/IX YT, OMAX s OMIN, CLOTULF » NUW GO, MMMAX, MMMIN
1004 COMMON/NCALL /NCALLC, NCALLUsNCALLF,NCALLD

1005 CUMEUN/BO/CKWH;CYMSI:VTUT,NTUT,FACMH,IPHINT;DITiF;VCLIN;vCAE,CI&
1006 CuMpiNN/BLK1/CYBCI

1009 DIMENSION SMATXC(Z205,8)5sI1X(4),YY(4)

1010 DIMENSION VINTC20)sWTHT(20), IFRINT(6) s ARBAY(T)

1015 KEAL NUSS12,NUSS135NUSS14,NUS515,NUSS16,NUSS17,NUVSS1E,NUES19,
1016+NVSS20,NUS527,NVSS285NUSS10

1025 DATA XMGHI2:?04121T5512:CAC26,CA027:TSULISJTSULléaTSQLXSJTSULlé:
1026+T50Ll7;FACAOL:FINHTD:PELIME:FCODAC:FCUDF;GPNSFF/
1027+3o,20,10-:1-5E5:35-;!E5:100032-5E5;4-7E4:
1028"’60535:0-9,0-9,18050:008)0018112-/

1040 ODNT=SMATX(1,2)

1045 QBARE=SMATX(2,2)

1047 UBAR=QBABE/GENT

1050 CAC10=SMATX(6,2)

1055 XMG10=SMATX(7,2)

1060 ALK10O=SMATX(12,83

1065 PHA10=StATX(1652)

1070 COD10=SHATX(17+22

1075 USS10=SMATX(18,2)

1080 NUSS10=SMATX(19,2)
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1082 TSS510=NUSS10+USSI0

1085 FUSS=0.24%USS510/7(VUSS10+NVSS10)

1090 FNVUSS5=0.2-FVSS

1100 Gl10=011=012=025=Q27=Q29=049=QLNT

1102 XMUL=XSCAUK=Q48=0

1103 PCAC14=PCAC16=PINR19=PCAC20=FVUSS20=PNVSS20=PMGHR20=FAFA20=0.
110S DOSCAG==T701.706+189183%ALK10-0+151669%ALK10%%2+6.73099E~4%
11064ALK10%x3~167022E-6%ALK10%%442.17110E-9%ALKI0*%5=1.14985E-12%
1107+ALK10%%6

1109 I1CAOFLG=1

1110 IF(DOSCAO-50)1115,1115,1120

1115 1115 DOSCAN=50

1116 ICALFLG=2

1120 1120 ITER1l=1

1125 PCAGKHR=DOSCAG*QDNTkE.33%1.321

1130 Q19=DNSCAN%D10%7 . 7T2E~6

1199C **REENTRY FKOM 1865 FNOR NVERALL LIME STAGE ITERATINNS**
1200C ***PERFORMANCE NOF ACCELATOHS*%%

1ol 1201 CONTINUE

1210 PCACLE=B «33+0DOT*(CACIC+DNSCANEX100.09/56.08-2.%«ALK10)

1211 +~8.33%(ADNHT*PHUL0~-D12%F412)%5%100+09/(3%95.00)-&.33%027%CAC27
1212 IF(PCAC26)1213,1214,1214

1213 1213 Q26=0 $ I1CAGFLG=3

1214 1214 CONTINUE

1215 G26=PCAC26/CACR26/8.33

1220 PCAC13=PCAC14+FCAC16+FCAC26+8.33*%0DNT+ALK10*%2~8.33%Q27xCAC27
1225 PMGRE13=0DOT*XMG10%8.33%2.399-012%xXMGH12%8.+«33+FMGH20

1230 FAPA13=(QDOT*F410-C12%P0412)%8.33%1 .763+PAFPA20

1232 VSS12=TSS12%FUSS/(FUSS+FNUSS)

1233 NUSS12=T5512-VUSS12

1235 FUSS13=(QDOT*VUSS10-012+USS12)%8.33+FVES20

1237 PNUSS13=(QDOT%*NUSS10-G12%NUSS12)*%8433+FINR19+PUSS20*%FNVSS/FUSS
1240 TLBS13=PCAC13+PMGH13+FAPAl13+PVSS13+FPNVSS13

1245 FCACnH3=FCAC13/TLBS13

1250 FMGOH=FNMGH13/TLBS13

1255 FAPAT=FAPA13/TLBS13

1260 FUSS=FUSS13/TLBS13

1265 FNUSS=PNUSS13/TLBS13

1270 Q13=TLBS13/TSNL13/8.33

1275 COGD27=(1-FCODAC)Y*CHDL0

12800 x*%%% PERFOEMANCE F SECOND HECARBONATOR *ki*x%k

1285 ALK30=CAC27+30.*%50./44.

1300C **x*kTEICKENER FERFOUMANCE+%%

1310 Ql4=G13%(TSOLIS-TSNHLI3)/(TSOHLLIS-TSOL14)

1312 PCAC14=FCACH3*TSNHL14%8.33%014

1315 @15=Q13-a€14

1400C ***%CENTRIFUGE PERFORMANCE#®*% _

1210 Q16=Q15%CTSOLI7-TSOLIS)Y/Z(TSOHLLIT-TSOL16)

1412 PCAC16=FCACN3*TSOHL16%8.33%116

1415 R17=Q15-&16

1500C **%*KILN PERFORMANCE®*%%

1501 PCAC17=PCAC13-PCAC14-FCACI16
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1503
1505
1510
1515
1517
1520
1525
1530
1535
1540

TLBS17=TLBS13%PCAC17/PCAC13
PMGHE17=TLBS17+FMGOH
PAPA17=TLBS17%FAPAT
PUSS17=TLES17%FUSS
PNVSS17=TLBS17%FNVSS
PCAf18=PCAC17%0.5603
PMGO18=FNGH1T7%0.6906
PAFA18=PAPA17

PASH=PNVSS17
TLBS18=PCAN1&+FMGlH 1 &+PAFA] B+PASH

1600C ***SDAKER PERFOURMANCE#® %

1610
1612

ITER2=1
LFLAG=1

1614C **xREENTRY FROM 1655 FNR SLAKER ITERATIONS**

1615
1620
1622
1625
1630
1632
1635
1636
1637
1638
1639
1640
1645
1650
1655
1656
1660
1665
1670
1675
1680
1685
1690
1691
1695

1615 FCANS=(FACANL*XMUL+PCAN18) /(FACAOL*XMUL+TLBS1&)
FCAOBD=FCANS*%10
PINRTS=TLBS18=-PCAN]&8+XMUL*(1-FACANL)
TLBS31=FINRTD*PINRTS/(1-FCANHKHD)
PCANHD=FCANHD*TLBS31

Gl TOC1635,1656),LFLACG

1635 XMULN=(DNSCAN*xQDNT*8«33-(PCAN1&-PCANHD*(Q.7568))/FACANL
IF(XMULNYL163751640,1640 )

1637 LFLAG=2

XMUL=XMULN=0

G TN 1615

1640 IF(ABSC(XMULN-XMUL)Y/XMULN:-0.01)1660,1660,1645
1645 XMUL=XIMULN

ITER2=ITER2+1

G TN 1615

1656 XSCANH=PCAN18*1.321-PCAOHED-FCAGHR

1660 CNHONTINUE

PINR47=(C1-FINRTD)*PINRTS

PCAGHAT=PCAN1&%1 .321+(1-FACANLI*XMUL*1.321-FCANHD
TLBS47 =PCANH4T+FINR47

Q47=TLBS47%9/8.33E6

Q19=047% (1 -XSCANR/PCANRHAT)
PNVSS19=PINR47*(1=-XSCANH/PCAGKA4LT)

PINR19=PNVSS19

XMUL=XMULN

1700C **x*FILTER PERFMRMANCE AND SCRUBBER FEHRFORMANCE***

1705
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718

Q12=011-@13

Q27=012-Q26

Q41=230=0

cnbD28=Cnba7

PO 428=P0412
US527=US5528=TSS12*%FVSS/(FVSS+FNVSS)
NVUSS27=NUSS28=TSS12%FNVUSS/(FUSS+FNVSS)
IFC(IFILTY17205,1720,1715

1715 PN428=.67%P0412

1716 @41=030=0.03%Q27
CcnD28=Cnp27%(1-FCOHDF)
USS28=41%V5527
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1719 NUSS28=.1%NUS527

1720 1720 FUSS30=(VUSS27-VUSS28&)%8.33%Q27

1725 FNVSS30=(hVSS27-NUSS28)%*8.33%Q27

1730 Q28=Q29=Q27

1740 Q42=0.01225%QDOT

1800C ***RECYCLE STREAMS*%*

1810 Q43=E19%&./9.

1815 AN20=Q14+Q16+Q19+Q41+Q42+Q43

1825 1825 1F(ABSC((GN20-G20)/QN20)>-0.001>1900,1900,1830
1830 1830 Q20=QN20

1835 PCAC20=PCAC14+PCAC16

1840 PMGH20=(Q14%TSNHL14+Q16%TSOL16)*%FMGHH*8433

1845 PAPA20=(Q14%TSOL14+Q16*TSOL16)*FAPAT*8.33

1850 PUSS20=(Gl4*TSHL14+Q16%TSOL16)*%FUSS*8.33+FVSS30
1855 PNVSS20=(Q14*TSOL14+Q16*%TSHL16)%FNVUSS*8.33%PNVSS30
1860 Q11=Q10+020

1862 ITEK1=ITER1+1

1865 GO T 1201

1900 1900 CHNTINUE

19031C *%*k% EFFLUENT STREAM #%%*%

1905 @20=aN20

1910 011=Q10+Q20

1915 DSPTPD=TLBS31/2000/0.70

1920 DN 1925 1=1,20

1925 1925 SMATX(I,3)=SMATX(1,2)

1930 SMATX(6,3)=CAC27

1935 SMATX(7,3)=XMGH12/2.399

1940 SMATX(12,3)>=ALK30

1945 SMATX(16,3)=PnH428

1950 SMATX(17,3)=CND28

1955 SMATX(18,3)=USS28

1960 SMATX(19,3)=NVSS28

2000C «==--- ACCELATNR SIZING==-=-~

2005 2005 CONTINUE

2006 QOMAX=20.16 $QMIN=0.7 $QDNTU=Q11 & F=.65

2008 NCALLU=N5=NCALLC=VACCEL=0

2010 2010 CALL UNITS(NTRAIN,2TRAIN,VACCEL,N5)

2011 IF(NOWGN.EQ.1) GO TN 2050

2013C-=~==~~ COMPUTATINON RE-ENTRY,ACCEL=-=---

2014 2014 X=ALOGCQTRAIN) SNCALLC=NCALLC+1

2016 VACCEL=NTRAIN*2+EXP(10.5803+0.356282%X+0.114333*X*%x2+0.0374586%
2017 +X%*3=000403479%X*x4~0.00366915%X*x*5)/1000*CIR%273.1/294.2
2018 UPUMF=NTRAIN*2.4%(7«5771E-4%(20%QTRAIN) #%0+740863+0.433922)%
2019+CIR

2020 VACCEL=VACCEL+VFUMP$IF(IPRINT(2))2025,2025,2021
2021 2021 PRINT 2022, NCALLC,NTRAIN, @QTRAIN, VACCEL
2022 2022 FORMAT(2X,I2,2X+NTRAIN: *I14,2X*QTRAIN: *
20234F10.3,2X*%VACCEL: *F13.3)

2024Ce===== ACCELATNR OTFIMIZATION=-----=

2025 2025 IF(N5)2032,2032,2026

2026 2026 N5=0 $ YY(2)=VACCEL

2028 2028 CALL PARAB3(NTRAIN,GTRAIN)
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2030 GO T4 2014

2032 2032 IF(NOUGEOIZ034,2050,2050

2034 2034 IF(NCALLU-73>2010,203652040

2036 203€ YY(2)>=VACCEL S Gf TH 2014

2040 2040 IX(4)sNTRAIN SYY(4)=VACCEL

2042 CALL BAJOINTRAINL,QTRAIN, D)

2044 IF(NOWGNHI204652014,2050

2046 2046 GNH T (2014,2028,2028,2014,2028)J

2050 205C CAONTINUE

2055 RLTFD=PCA018&/2000.

2060 RLPMGLD=RLTFD/QDNOT

2062 TSPMGD=TLBS18/2000/0D0T

2063 LECOLY=PCAN18/(QDOT*DOSCAN%*8.33)

2065 VHCALC=178.959%(TLBS1&/2000)*%0«535022*%CIR
2070 RCAREA=Q12x%25

2071 VCONC=100/27 ¢ *(40*x(1+SQRT(RCAREA) ) +(2+SCRT(RCAREA) ) *%2)
2072 VGRIDS=RCAREA%*6.

2073 VCARBU=40500%(Q12/50)%*0.7

2074 IF(Q12-50.32075,2077,2077

2075 2075 X=ALNOG(Q12)

2076 VCARBU=1 ¢35%EXF(B+354614+178289%X+.0350484%X**2+.0122392%X*%3)
2077 2077 VRCARB=2%(VCARBU+VGRIDS+VCONCI/1000%CIR*273.1/294.2
2100C=-=-FILTER SIZING====~

2105 VFILT=NFILT=0

2110 IFC(IFILTY>2199,2199,2115

2115 2115 NCALLU=NCALLC=NS5=VFILT=0

212 FTOT=027/0.00144/GPMSFF

2121 @DOTU=AFTOT $F=.8 .
2122C-~~~-NPTIMIZE FILTER AREA,NOT FLOW RATE=-=-
2125 eMAX=AFMAX=10000.

2130 OMIN=AFMIN=250.

2135 2135 CALL UNITS(NFILT,AFILT,VFILT,N5)

2136 IF(NOWGNH.EG.1) GO T 2196

2144C==v»~ COMPUTATION RE-ENTRYLFILT=-====---

2145 2145 X=ALNG(0.00288%AFILT)

2147 NCALLC=NCALLC+1

2150 VFILT=NFILT*EXP(4.81926+0535745%X-0+115997%X**%x2+0.0633145%
2151+X%%3-0.00718024xXkk4)*%CIFk273+1/294.2

2152 IF(IPRINT(2)32159,2159,2157

2153 2153 FNORMAT(2X,12,2X*kNFILT: %I14,2X%AFILT: *
2154+F10+3,2%X%VUFILT: *F10.3)

2155C-=--~ FILTER OPTIMIZATION

2156 IF(N5) 2170,2170,2160

2157 2157 PRINT 2153,NCALLCsNFILT>AFILT,VFILT
2158C====~~ FILTER OPTIMIZATION=-=-==-=-==-

2159 2159 IF(N5)>2170,2170,2160

2160 2160 N5=0 $ YY(2)>=VFILT

2165 2165 CALL FARAB3(NFILT,AFILT) & GO TO 2145
" 2170 2170 IF(NNWGH) 2175,2196,2196

2175 2175 IF(NCALLU-7>2135,2180,2185

2180 2180 YY(2)=VFILT $ G T 2145

2185 2185 IX(4)=NFILT $ YY(4)=VFILT $ CALL BAJN(NFILT>AFILT, J)
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2190 IF(NOVGNH) 2194,2145,5,2196

2194 2194 Gf TN (2145,2165,2165,2145,2165) J

2196 2196 CNHNTINUE

2199 2199 VTOT(2)=VACCEL+VRCALC+VRECARB+VFILT

2200C *x%kx%JPERATING COSTS**%

2201C ----- NGTE: LABOR CHOSTS ARE SET T ZERf------

2220 WCCHG=DITIF*VTNHT(2)*%1000

2225 WMUL=PRLIME=XMUL/72000%365 .24%UBAR

2230 WFUEL=365.24%11.2492%x(TLBS18/2000%xUBAR)Y**0.767663*%CYBC1/754.
2235 COHMPHP=1.30789%Q12%%0.668189-0.45166

2240 POHUACC=1.0%Q11%07452/0.75

2242 POWPMP=011%20¢/3957¢/0.75%0.7452

2244 POWCOHNMP=.4T775T7T%COMPHP

2245 POWFILT=1.4E5%Q41*%IFILT

2246 PHYWKILN=0.792%TLBS1&€/2000

2248 UPOU=(C(POVACC+(POWCOHMP+POHWPMP)I*UBAR) *24%365.24
2249+4++PHWFILT+*UBAR)Y*CKWUH/100+365.24%POWKILN

2250 WMRR=1000*%FACMR*VTOT(2)

2260 WTHT(2)=WCCHG+WMUL+WFUEL+WPGUW+WOL+WMREA

3000C **%x*PRINT STATEMENTS**%

3001 IFCIPRINT(6)>)>3500,3500,3005

3005 3005 PRINT 4904

3006 GNH TN (3009,3007,3008)>,1CANFLG

3007 3007 PRINT 4900 $ GO TG 3009

3008 3008 PRINT 4990

3009 3009 CONTINUE

3015 PRINT 4906,QBARE,QDNT,UBAR

3017 PRINT 49075CAC10,XNMG10,PN410,ALK10,TS510,COHDLO

3400 3400 PRINT 4950

3405 AMOET=WCCHG/3650/QBARE

3410 WOP=C(WTOT(2)-WCCHG)/3650/QBAKRKE

3415 WTOTAL=AMORT+WOP

3425 PRINT 4951,AMORT,WOF,WTOTAL

3500 3500 RETURN

4900 4900 FGRMATC/s *CAf DNSE ARBITRARILY SET AT 50 MG/L*/)
4902 4902 FORMATCIS)

4905 4904 FORMATC(//// s¥=mmmmmme== LIME PROCESS—=w=w=weecakx)
4907 4905 FORMATC//», * IMFNOSED CONSTANT DESIGN PARAMETERS*)
4908 4906 FORMAT(/* QBAHE*FII.3:2X*QDOT*F12.3;2X;*UBAR*F12.5)
4909 4907 FORMAT(*CACH3*F6e1%, MGXFSel*, PO4XFSelks ALK*,
4910+F6«1%s TSS10%F6e1%, COHDXxF6.1)

4956 4950 FORMATC(//,% CNST SUMMARY, CENTS/KGAL*)

2957 4951 FORMATC/,% AMORT. =%sF7¢35%5 OPERe =%,F7e35%, TOHOTAL =%,
UOSE+FT7 «3577)

4990 4990 FOEMAT(/% Q26 NEGATIVE. ARBITRARILY SET TO ZEROG«%*/)
4999 END

5000 SUBROUTINE CLINNP(SMATX,XSCAGR)

5005 CUMMON/BO/CKWH,CYMSI:VTOT,WTOT,FACMR,IPRINT,DITIF,VCLIN,VCAB,CIR
5007 CUMMUN/UNITS/IX,YY,QMAX,QMIN,QDOT,F,NUWGO,MMMAX,MMMIN
5008 CUMMON/NCALL/NCALLC,NCALLU,NCALLF,NCALLB

5010 DIMENSION SMATX(20,8)

5015 DIMENSION VTOT(zo),WTOT(BO),IPRINT(6),ARRAY(7)

102



FROGRAM AWTLCC LKR PROJECT=162 FOL AACGGE AND FuoA
11707770« 08.50.39. QA 1176770

5020 DIMENSION IXC4),YYC4H)

5025 DATA AN79,CLLF,FCLPR,GPMSFX,GPNSFS,CFARFG,DIAMAX » DEFMAY S
S026+FRCLINFENACL PRLIME, FACANL s EPUNF , ERLOW ,NLTL7 75 AVTL77, FEMBTU
5030+/0e550¢1750¢002656035¢53000525¢551005
9031+10e50¢01518¢5050¢950+7550:605100567e¢5065/

5033 NCALLU=NCALLC=NS=WTOT(3)=0

5035 Q50=Q@79=QD0OT=QDHTU=SMATX(1,3)%F=1.

5037 G@BARE=SMATX(2,3)

5040 UBAKR=QBARE/QDOT

5045 ANS50=SMATX(5,3)

5100C ~=weccen=-w EXCHANGER NUMBEE AND SIZE-=--cecaeca-
5105 BEDDEF=DEFPNMAX

5110 QMAX=GPMSFX*0.00144%0.785398%DIAMAX®*2

5112 QMIN=GPMSFX*.00144% 785398

5115 5115 CALL UNITS(NEXCHEL,QEXCE,WTHT(3),N5)

5116 IF(NNWGHG.ER1IGH TN 6775

5119C -----~ COMFUTATINON ENTRY POINT ----

5120 5120 AREA=QEXCH/.00144/GPNMSFX

5121 NCALLC=NCALLC+1

5125 DIANM=SQRTC(AREA/0.785398)

5130 NHFT=2%L1ANM+0.99990

5135 DI1ANM=0.5*%NBEFT

5140 AREA=0.785398*DIAM*%2

5145 BUSTG=BEDDEP*AREA

5150 GPMSFC=0DOT/(NEXCEL*0.00144%AREA)

5155 TLOAD=BEDDEF*CLLF /(GFNMSFC*(ANS0-ANT9)*499.8)%1E6
5160 NEXCHR=NEXCHL*9./TLOAD+0.99999

5165 NEXCHT=NEXCEL+NEXCHR

5170 BPXPMP=QDNOT/2/0.00144%35/3957/EFUNMNP

5175 PCAOH=GDOT*&.33%(ANS0-ANT79)/14.01%74.10/2

5180 PLIME=PCANE*56.08/74.10/FACAGL

52800C =remmmmee=- REGENERATION-=======-=~

5205 NEGS=0.5*NEXCHE+0.9

5210 CETANK=4%BUSTG*7 4806

5215 CDTANK=1.5%BVUSTG*7 « 4806

5220 GPMREG=1.25%*BUSTG

5225 ANXRGD=NEXCHL#*24/TL0OAD

5227 PSALT=ANXRGD*BUSTG*.18244

5230 HPHRPMF=GPNMREG*35/3957/EPUMF

5300C ----==-~==-=~ STRIFPPER====cmmec=-

5305 GPMSTR=ANXRGD*BVSTG/48§

5310 TAREA=GPMSTR/GPISFS

5315 CFMAIR=CFAPG*GFNMSTR

5316 BTUAIR=CFMAIR¥29./392.%1440%NDTL77*0.23&%x(77~-AVTL77)
5317 BTULIQ=GFMSTR*833%1440%NDTL77*(77T-AVIL77)
5320 HPSPMP=GPNMSTR*35/3957/EPUNMF

5325 NBLOUW=1

5330 HPBLOGW=0.000236*CFMNAIR/EBLOY

5335 IF(HPBLOW=500C.)535055350,5340

5340 5340 NBLOW=HPBLNOW/5000+0.99999

5345 HPBLOW=HPBLOW/NBLOW

ONTINUE
5350 535C CO 103
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6000C ~=meww—c=-- CAFITAL CNSTS

6005 VEXCH=NEXCHT*1+.56611*%BUSTG*%0.504425*%C1k

6010 VCLIN=PRCLIN*NEXCHT*BUSTG/ 1000

6015 VXPUNP=2%2.4%(757718E-4%(35%0DNT/7270.00144)%*%xQ.T740&63+0.433922)
6016+*CIEK

6020 VHTANK=3*NRGS*1.23%(0.00506131*CHTANK*x*0.688148+0.139225)
6021+*%CIR*273.1/7241.8

6025 UDTANK=NRGS*1.23%(0.00506131*%CCTANK**0.688148+0.139225)
6026+*%CIR*273.1/241 .8

6030 VRPUMP=3%NKGS*2e4%(7 577 18E~4%(35%CFMREGI**%0.740863+0.433522)
6031+%C1IER

6035 UTOHOWER=2%(0.0890xTAREA+0.719873)%CIE%273.1/294.2

6040 VUSFUNMP=2%2.4%(7 5771 8E~-4%(35%xGPMSTR)**%0.740863+0.433922)
6041+%CIH

6045 VBLOW=NBLOW*2%(0303308%EFBLOW*%0.6981764+0.379419)%CIE*273.1
6046+/108.7

6050 VSPIPE=0.42%¥VTOHWER+0 . 18%UVBLOV

6055 VTOT(3)=VEXCH+VCLIN+UXFUNP+VRTANK+VDTANK+VRPUMP+VTOWER+
6056+VUSFUMP+VEBLNAW+VUSPIPE

6500C ~=====-- OPEKATING CHSTS=w~ww=-

6501C *%k*kxkkkNOTE:LABNOR CNHSTS SET T ZERO%%k%kkkkk*k

6510 WCCHG=LITIF*VUTOT(3)2*x1000

6515 WMUC=FCLPR*ANXRGD*365.25*%BUSTG*PRCLIN*UBAR

6520 WLIME=PLIME/2000%365.24%PRLIME*UBAk

6521 IF(XSCANH)YE525,6525,6522 ‘

6522 6522 VLIME=WLIMEXx(FCANKH<-XSCAOH)/FCAOH

6523 IF(WLIME)6524,6524,6525

6524 6524 WLIME=0

6525 6525 WSALT=PSALT*365.25%¥PRNACL*UBAR

6530 WFUEL=(BTUAIR+BTULI@)*].E-6*%PRMBTU

6535 HPQBAR=(2*HPXPMP+NHGS*3*HPEPMP/UBAB+2*BPSPMP/UBAR+UEAR*HPBLUh)
6536+*UBAR*%*2

6540 WEPNW=0.74524HPQRAR*24%365.25%CKWH/100

6550 VWMRR=1000%FACME* (VTHT(3)-VCLIN)

6551 WINT(3)= WCCHG+WMUC+WLIME+WSALT+WFUEL+WPOV +WNMRER

6555 IF CIPRINT(2)) 6705,6705,655¢

6556 6556 PRINT 6557,NCALLC,NEXCHL,CEXCH,UTOT(3)

6557 6557 FORMAT(2X,12,2x%¥NEXCHL: *I14,2X*QEXCH: *F10e3,2%%UTOT(3): *
6558+F13.3)

6700C -==-=- OPTIMIZATION======~

6705 6705 IF(N5)6730,6730,6710

6710 6710 N5=0

6715 YY(2)=Ww10T(3)

6720 6720 CALL FARAB3(NEXCHL,QEXCH)

6725 GO TO 5120

6730 6730 IF(NOWGN)IE6T35,677556775

6735 6735 IF(NCALLU-7)35115,6740,6750

6740 6740 YY(2)=WTOHT(3)

6745 GG TN 5120

6750 6750 1X(4)=NEXCHL

€739 ERI4L)BATHILGBXCHL, QEXCE, J)
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6705 IF(NOVGOIETTOs512056775
6770 6770 GN TH(5120,6720,6720,5120,6720)4
6775 6775 CONTINUE
6777 FLINT 6778
6778 6778 FURNAT(k-=—=memmea Xs/7)
6800C **¥EFFLUENT STHEAM% %*
6805 6805 D S410 I=1,20
6810 5410 SNATX(I,4)=SNMATX(I,3)
6815 SMATX(354)=SMATX(3,3)+FPSALT*23.00/58¢45/CGDOT*&e33)
6820C **NNOTE+ ONLY NH3 ASSUMED EXChANGEL%k
6825 SMATX(5,4)=AN79
6830 SMATY(6,4)=SMATX(653)+FCANHXSE+0&/ 74410/ (QDIT*E¢33)
6835 SMATX(&,4)=SMATX(&5s3)+PSALT*35.45/5845/ (CI0OT*&8e33)
7000C-~---PRINT STATEMENT
7005 IFCIPRINT(6)) 7799,7799,7010
7010 7010 PRINT 7901
7020 FRINT 7903,QBARE,OL0OT, UBAE,ANSD
7600 7600 PKINT 7970
7605 AMOGRT=WCCHG/3650 /0BARE
7610 WOFP=(WTOT(3)-YCCHG)/3650/0BARE
7615 WTHTAL=WOF+AMORT
7620 PRINT 7971,AMOET,wOE,WTOTAL
7799 7799 RETURN
7600C ----FORMAT STATEMENTS
7601 7901 FORMATC////skmmw=m= CLINOFTILOLITE PROCESS=«=-<x%)
7805 7903 FORMAT(/>* QBARE*F&¢2,3X%,%QL0TxsF9e2,3%,*UBAR%,
7806+F9+5,3%, ¥ANS0%,F9.2)
7896 7970 FURMATC(//,% COST SUNMMARY, CENTS
IGAL*) Y
7697 7971 FORMAT(/,% AMORT. =%,F7e3,%, OFERe =%,F7.3,%, TOTAL =%,
T&98+F7 +3)
7999 END
6000 SUBROUTINE ACTCAR (SMATX)
8003 COMMUN/UNITS/ZIX,YYsQMAXs QMIN, @DOTU,F,NOUWGH,, MMNMAX, MMMIN
8004 ChMMON/NCALL/NCALLC,NCALLU,NCALLF,NCALLB
8005 ChHMMON/BO/CKWH,CYMSI»VUTHUT,WTNT,FACMR, IPRINT,DITIF,VCLIN,VCAR,CIE
019 DIMENSION SMATX(20,8),IXC4),YY (L)
8020 DIMENSION VTOTC(20),WTOT(20)s IPRINT(6)5,ARRAYCT)
8022 DATA NSTAGE,GPMSF,RHEO,PRCAR,FRFUEL,GFMBY ,CODE9,CT,CLF/
8023+ 2356330326525 8¢58¢55005¢5/
8025 QADNHT=0DNTU=SMATX(1,4) & F=1.
8027 QBARE=SMATX(2,4)
8030 UBAR=QBARE/GDOT
8032 CODBO=SMATX(17,4)
£035 IF(GPMSF-13)8045,8045, %040
8040 8040 FRINT 50
- B045 8045 DNHSAGE=8.33%(CND80-CHD89)Y/CLF
8050 CREGDY=DOSAGE*QODOT
8054 BEDVOL=QDOT#CT*92.833
8060 YRKWH = 365.24%939.669%QBARE*x*.9224757

%W%{%@%WM @& D NUMBER OF TRAINS==--
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8105 8105 BEDDEP=GPMSFC*CT/7 «4806/NSTAGE

8110 IF(BEDDEFP-25.)8125,8135,8115

8115 E115 GPMSFC=254%7 « 4806 %*NSTAGE/CT

€120 BEDDEP=2S. ‘

8125 B125 IF(BEDDEP-2.5)8130,8135,&135

8130 8130 BEDDEP=2.5

8135 8135 QMAX=0.785398%25.5%%2%0.001 44%GPMSFC
8136 QGMIN=.785398%.00144%GPMSFC

8138 NCALLU=NCALLC=NS=WTOT(4)=0

8140 8140 CALL UNITS(NTHFAIN,OTRAIN,WIOTC4),N5)
8141 IF(NOEWGNHER.1) G TN 8595
8144C~~-=-COMPUTATION RE-ENTRY,ACTCAR= ===

8145 8145 BUSTG=BEDVOHL/ (NSTAGEX*NTEAIN)

8146 NCALLC=NCALLC+}

8150 DIAM=(BUSTG/BEDDEP/0.785398)%%0.5

#300 8300 CHNTINUE

8315 8315 NHFT=2%DIANM+0.99999

8320 DIAM=0.5%NKFT

8325 AREA=0.785398%DIANM*%2

8327 BEDDEP=BUSTG/AREA

8330 NHFT=2.6%BEDDEF+0.99999%

8335 RGT=0.5%NEFT

8337 GPMSFC=QTRAIN/0.00144/AREA

8340 NSPARE=2+2%(NTRAIN/10)

&345 NADSO=NTRAIN*NSTAGE

8350 NADST=NADS{+NSPARE

8360 VNHL=AREA*HGT

&400 FAREA=.000640472%CREGDY*x*x] .29912

8405 IF(FAREA-28.26)8410,8415,8415

8410 8410 FAREA=2&.26

415 8415 CARB=(NADSOH+NSFARE/2)*BUSTG*xERN

8427 ADSFR=@DOT/NTRAIN/.00142

8430 CRGDYE=UBAR*CKEGDY

8500C *kkkkkkkkk kR INVESTMENT COSTS *kkkkkkkkkkk
8505 VADS=NADST*0.187254%VLx%0.593364%C1Hk

8510 VFUR=1.3%19.0042*%FAREA%%x0.39326%CIR

€514 VPASBYW=29.3693*%QENTx*.710743*%C1IK

B525 VFIP=(NADSM+NSPARE/2)%2.41222%¥ADSFR**«3K8€6757*CIR
8530 VELIN=C46.4174%QD0OT*%«3E86189)%(T70455+NSTAGE*¢147708)%
8531+CIR :
8540 VCAR=PRCAR*CAEB/1ES

8545 VCHN=.048%¥VPASBW+.092%xUADS+.176%VFUK

8560 VTOT(4)=VADS+VFUK+VFASBW+VFIF+VELIN+VCAR+VCNHN
8565C kkkkikkkkkkHPERATING COSTS*kkdkksokkkkok¥xkokkt
8567 WCCHG=DITIF*xUTNOHT(4)%1000

8570 WCAR=CKGDYE*PRCAE*X3.6524%.05

8571 WFUEL=0.0155125%CRGDYE*FRFUEL

8572 UWOHL=0

8573 WMER=1000.*FACMR*(VUTNOT(4)-VCAR)

8574 WTOTC(4L)=WCCHG+%CAR+UFPNU+VFUEL+LOL+UMREE

8580 IFCIPKINT(2))8585,8585,&5&1

65&1 8581 PRINT 8582,NCALLCNTRAIN, GTEAIN,UTOT(4)
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@582 ES82 FORNAT(2X,I1Z2,2x%NTRAIN: *I14,2%*%LTRAIN: *F103,2X
BSR3+xWTOTC(4):s *F12.3)

E5BUC ~=«-=ACTCAIR NFTIMIZATION

8585 85685 IF(NS5S)E589,E£5489,&5K6

¥586 8586 NS=0 ¢ YY(2?I=UTNT(4)

BSET E587 CALL PARAB3(NTHAIN,QTRAIN)

&8SEE G TN g14S

8589 8589 IF(NAOWGNH) &590,8595,8595

8590 &590 IF(NCALLU-7) &140,8&8591,8592

8591 E591 YY(2)=UTOT(3) % GNH TO glas

§592 8592 I1X(4)=NTRAIN $YY(4)=wINTC4) SCALL BAJN(NTRAIN, QTRAIN,J)
8593 IF(NMWGNH) B8594,8145, 85595

8594 8594 GO TNH(B8145,8587,85687,8145,8587)Yd

8595 E595 CHONTINUE

8600 B600 IF(IPRINT(6))BE99,H8899,8601

8601 &601 PRINT 1

8603 PHINT 3, QL0OT,0BARE, URAF

8604 FRINT 4,CLF,CT,CnHDE9,CULER

8860 8860 PRINT 70

8865 AMORT=WCCBG/3650/GBARE

8870 WOF=(WTOTC4)-WCCHG)Y /3650 /QBARE

BETS WTOTAL=WUOP+ANORT

8880 FRINT 71,AMORTLWOF,WTOTAL

BB99 &K99 CONTINUE

900 1 FOBMAT(///51X,%=-=-ACTIVATED CARBON FHROCESS---%)
B902 3 FORMAT(/517,%xQDNT =%,F11.3,% MGD, CBARE =%,F11.3,
8903+% MNGL» UBAR =%,F6e4)

B904 4 FOEREMAT(1X*%CLF =%FSe3s,%s CT =%FSel*, CODEF =*xF6.d,t+,
E905+4X+«CODIN =%F5.1)

8979 50 FOEMATC(* FLOW BATE OVER 13 GFM/SRFTe CHECK PERESSe DHOP.%)
980 70 FORMATC//>% CNHST SUMMARY., CENTS/KGAL*)

8981 71 FORMATC/»% AMORT. =%3F73s%, OFERee =%,F7.35%, TOTAL =%,F7.3)
&990C kk%k k4 kkEFFLUENT STREA®%*k%*%k%x

&991 Df) 8460 J=1,20

8992 8460 SMATX(J,5)=SMATX(Js4)

8993 SMATX(165,5Y=SMATXC(1654)*%067

8994 SMATX(17,5)>=COLLE9

899& RETUKN

$999 END

9000 SUBRMUTINE CELOK(SMATX)

9005 CrHMiuON/BO/CEEH,CYMSIMVTOT, W TNT,FACHME, IFRINTHDITIF,VCLINLVCAKSCIH
9006 CrnMNON/BLKL/CYBCI

9009 DIMENSINN SMATX(20:8)

9010 DIMENSION VTOT(203,WTHTC203,IPRINT(6)

9015 D6 9020 1I=1,20

9020 9020 SMATX(1,6)=SMATX(I,S5)

9025 QDNOT=SMATX(1,S5?

9030 GOBARE=SMATX(2s5)

9034 UTOHT(5)=13.5%QD0Tk%k+658%CIR*2731/2629

9040 WCCHG=VTOT(S5)*DITIF

9045 WOHM=3178.xQBARE*% .904*%CYBC1/718.

9050 WTOT(S)I=WCCHG+WGM
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(]

9055 SMATX(E,6)=SMATX(8,5)+K.

Q056C =~~~ ABOVE ASSUMES ALL CL2 CONVERTED 1) CL-e =e---

9060 HKETURN

9065 END ‘

9200 SUBROUTINE DISPC(VTOTLWTNT,DITIF,CSFTPFD,UBAR,CIR,CYMSI)

9205 DIMENSION VINTC20),¥THT(20)

9210 VTOT(7)1)=0

9215 WTNHT(TI=1e5%365.24%UBAR*DSPTPD*CIR*%273+1/CYMSI+VTOTC(TY*DITIF*1000
922C RETURN

€225 END

100CC SUBREOUTINE COSTCCARRAY,VALUE)

10605 DIMENSINON ABRAY(7)

10010 ARKAY(1)=VALUE

10015 D 10020 I=2,4

10020 10020 ARRAY(I)=ARRAY(1)/ARRAY(I+3)

10C25 RETURN

1003C END

12000 FUNCTION ENGR(VALUE)

12005 ENGRE=0.154874%VALUE*%(-0.122012)

1201C IF(ENGR«LT.0.05)ENGR=0.05

1210C RETUERN

12105 END

13000 SUBROUTINE UNITS(MBACK, QBACK,w,N5)

130C1C NPTIMUM NUMBER OF UNITS AND SIZES THEREGF TN FRODUCE QDOTU
130ceC OR F*QDOTU WITE ONE UNIT OUT. FIRST CALL GIVES BHUNDARIES
13003C 0OF THE DOUMAIN OF M AND @, AND RETURNS FIRST M AND @ Tf USE.
13004C SUCCESSIVE CALLS EXPLORE DOMAIN T LOCATE OFTIMUNM.

13005 COHNMMON/BO/CKWH, CYMSILVTOT,WTOT, FACMKR, IPRINT,DITIF,VCLIN,VCAR,CIR
13006 DIMENSION IFRINT(6)

13014 DIMENSION IX(4),YY(A)

13015 COMMON/UNITS/Z1X,YYsQMAXsQMIN, QDOTU, Fo NOWGH , MMMAX, MMMIN
13016 COMMAN/NCALL/NCALLC,NCALLU>,NCALLP,NCALLE

13020 MX)I=MAXOC(C(INT(F*QDOTU/R+24=-1+E«7)) INT(QDOTU/X+1e=14E=7))
13030 @CK)= AMAX1 (F*&DOTU/ (K-1),QC0TU/K)

13040 NCALLU=NCALLU+1

13050 GO TH (60,200,220,220,2505300,400)NCALLU

13060 60 MM=M(QMAX)

13065 NOWGOH=-1 SULAST=1.E17

13070 IF (MM-2) B0»90,90

13080 80 MM=2

13090 90 w@=0(MM)

13100 IF (Q@=~-EMIN) 110,120,120

13110 110 QG=0MIN

13120 120 MBACK=MMMIN=MM

13130 GBACK=EJQMAX=GE

13140 140 QQMIN = GMIN

13150 MMMAX = M(OMIN)

13151 IF C(IPRINT(2)) 170,170,160

13152 IF(MMMIN-MMMAX)I16051545160

13154 154 NOWGH=0

1315& 158 FORMAT(//s)k-====cee== *)

13159 160 PRINT 158

13151

13155 160 IF IPRINT (2) 170, 170, 159
13159 159 PRINT 158

108



PROGEAM AWTLCC  LKR PRNOJECT-162 FNR AACNHNG AND FWQA 11/6/70

11707770+« 1034419,

13160 PRINT 16t

13161 161 FORNATC(x UNITS DOMAINS*®,4%,%xMMIN  MMAX QMAX UM IN*)
13162 PRINT 163, MMMIN,MMMAX,QQMAX,QOMIN

13163 163 FORMAT(20X,13,16,F103,F9.3)

13170 170 RETURN

13200 200 VWLAST=WINMBACK=MBACK+1%G( T 9S00

13220 220 IF(VW~WLAST)Y200,255,255

13250 250 IF(W-WLAST)Y260,255,255

13255 255 MBACK=MBACK-1s&NOWGOH=0%GH TO S00

13260 260 IF(MBACK-MMMAX)270,265,265

13265 265 NOWGH=1 $ G T 998

13270 270 YY(1)=U$IX(1)=MBACKSMBACK=MMMAXS$GFA TO 900

13300 300 WLAST=WSMBACK=MBACK-1%GNH TN 900

13400 400 IF(U-WLAST)Y450,406,5406

13406 406 IF(YY(1)-W) 450,450,410

13410 410 MvBACh=MMMAXENOWGNH=02GH Tf 900

13450 450 I1X(3)=MBACKSYY(3)=USNWAY=MNMMAX/10+1

13451 IX(2)=NMBACK=(NWAY*IX(1)X+IX(3))/(NWAY+1)

13452 NS=1SNCALLU=8%$GH TN 900

13900 900 QBACK=Q(MBACK)

13998 998 ERETURN

13999 END

14000 SUBKOUTINE FARAB3(MBACK, Q@BACK)

14010C GIVES PARAB THRMUGE 3 FOINTS AND X AT MINIMUM,NOE A CANDIDATE
14011C X CONSTRAINED

14014 DIMENSION IXC4),YY(4)

14015 COMMON/UNITS/IX>YY,QMAX,QMIN,QDOTU,F,NOWGH, MMMAX, MMMIN
14016 COMMON/NCALL/NCALLC,NCALLU, NCALLF,NCALLB

14017 QCK)Y = AMAX1I(F*QDNTU/(K-1),@DOTU/K)

14019 J=0 % NCALLF=NCALLP+1

14020 Cl=IX(1)>~-I1X(2> $ C2=1X(2)-1X(3)

14040 C=CCYYC(1)=-YY(2I)/Cl=-(YY(2)-YY(3))/C2)/(1IX(1)-1X(3))
14045 1F (C) 46546550

14046 46 PRINT,*APPROXIMATING PARAB HAS A MAXIMUM. NCALLP=,NCALLP
14047 IFCYY(3)-YYC1)) 49,48,48 '
14048 48 IXLNW=IXC1) % MUSE=MMMIN-1 € GO TO 150

14049 49 IXLOW=IX(3) $ MUSE=MMMAX+1

14050 150 IXC(4)=CIXLOW+IX(2))/2 & IF (IX(4)-1IX(2)) 151,152,151
14051 151 IFCIXCa)-IXLOW)Y 75,152,575

14052 152 1X(4)=CIXLNOW+MUSE)/2 3G TO 75

14059 S0 B=(YY(1)=YY(2))/C1l-CIXC(1)+1X(2))*C

14060 & = YY(1) =BxIX(1) = CH(IXC1)*%2)

14062 XP= =-B/(2%C) $ YP = A+BxXP+C*xXP*%2

14063 PRINT 64, XP,YP

14064 64 FORMATC(KPARAB OPT X =%,F10.3,% MIN Y =k,F103)
14070 IXC4a)= XF

140&0 75 IFCIXC4)-MMMAX)IT3,79,72

14090 72 IX(4)Y=MMMAXSNBFLAG=-1 $GH TO 78

14100 73 IFCIXC4)-MMMINYT4,79,79

14110 74 IXC4)=MMMIN $§ OBFLAG=1 % GO T0H 78

14120 78 PRINT,*IX(4) RETURNED FROGM OUT OF BOUNDS*

14126 J=0 $ GO TO 4140
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14130 79 J=0 % MNBFLAG=0

14140 4140 Df; 88 I=1,3

14150 IFCIXC4)~-IX(I)) B8,85,8%8

14160 85 J=1 $ PRINT 86,NCALLF,»I,IX(4)

14170 86 FORMAT(*IX(4) RETURNED FRfNM PARAB3 AT NCALL *,13,
14180+ * SANME AS IX(%,I2,%)5 = %,13)

14190 88 CONTINUE

14200C ~--=-NEW X(4) F(3R DUPLICATES =~==-

14210 IF(CJ) 194,194,191

14220 191 GO TN C4221,200,4221)34J

14221 4221 1IFC(OBFLAG) 4222,4223,4222

14222 4222 1X(4)=1X(2)+0OBFLAG & GN T 90

14283 4223 G TOH (192,2005,1933J

14230 192 1X4DUP=0 & G TO 48

14240 193 IX4DUF=0 % GN TO 49

14250 194 IX4DUF=0 $ GN TN 90

14260 200 IFC(YY(3)-YY(1)) 220,210,210

14270 210 IXLOW=IXC(1)Y % IXEI=IX(3) & GO TH 240
14280 220 IXLOW=I1X(3) & IXHI=IX(1)

14290 240 IFCIX(4)-IX4DUP 250,280,250

14300 250 IFCIX(2)-1XLOW-1)260,270,260

14310 260 1X4DUP=IX(4)5IXC(4)=(CIXLNW+I1X(2))/72%GNH TOH 90
14320 270 IX4DUP=IX(4)SIX(4A)=(IXHI+IX(2)>/2%GH TN 90
14330 280 IFCI¥(2)-1XHI+13)300,290,300

14340 290 1X€4)=1X(2)-1%GN TH 90

14350 300 IXC4)=1X(2)+1

14360 90 MBACK=1IX<4) % QBACK—@(MBACK) $ YY(4)=0
14370 RETURN

14380 END

15000 SUBROUTINE BAJN(MBACK,QBACK,J)

15010C NUT OF 4 POINTS RETURNS 3 LOWEST BRACKETING
15011C A MIMIMUMS OH IF NONE, 3 LOWEST

15012C AND CANDIDATE FNRE A MIMINMUM BRACKETER

15014 DIMENSION 1X(4),YY(4)

15015 CUMMQN/UNITS/IX;YY:GFAY:QVIN:QDOTU;F,NQWGUJNMMAXJMMMIN
15016 CHMMON/NCALL/NCALLC, NCALLU,NCALLP>NCALLB
15019 QCK)Y = AMAXI1(F*QDOTU/(K-1),QDNTU/K)

15020 YMIN=1E17 % J=0 $ N=4

15030 NCALLB=NCALLB+1

15035 IXWAS4=1X{4)

15071 DO 95 K=1,3

15072 N=N-1

15075 b6 95 I=l,N

15080 IF(IX(I)=-IX(I+1)) 95,95,85

15085 ES XTEMP=IXCI) $ YTEMP=YY(I) § YY(I)=YY(I+l)
15090 IXCId=IX(I+1) $ IX(I+1)=XTENMF $ YY(I+1)=YTEMP
15095 95 CONTINUE

15100 DO 130 iI=1,4

15110 IFCYYC(ID)-YMIN) 120,130,130

15120 120 YMIN=YY(I) S$IMIN=I

15130 130 CONTINUE

15135 J=IMIN
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15136 IF (J-8) 140,137,140

15137 137 MMMIN=IXC1) § DMHAR=1X(3)
151386 PRINT 139,MMIN,MnMAX

15139 139 FORNATCHMMMNIN=®5 145 2R ) *MibAR=%,14)
15140 140 G TH (190,320,160,160) J
15150C ----160 ARLKANGE ---

15160 160 XTEMP=IXC1) & YTEMF=YY(1)
15170 DO 175 I=1,3

15174 IXCI)=IXCI+1)

15175 175 YY(I)=YY(I+1)

15180 IX(4)=XTEMFS YY(4)=YTERP

15190 190 GO T& (195, 320,320,200)IMIN
15194C ----190 NEW X(4) ---

15195 195 MUSE=NMMIN & GO TO 205

15200 200 MUSE=NKMNAX

18205 205 IX(4) =(MUSE+IX(IMIN)I/Z
15206 MBACK=IX(4) $ GBACK=QBACK)
15207 PRINT,*THREE LOWEST NOT MINIMUDN*
15315C ---TEXT FOR ¥ CONVERGENCE---
15320 320 Gf T (3995330,330,399) J

1176770

15330 33¢C IFCL1=-CIX(3)-IX(2)IX(IX(2)=IXx(1)))360,340,360

15340 340 IFCIX(2)-1XWAS4)350,345,350

15345 345 NOWGOH=1%GH T 400

15350 350 NOWGH=0 § MBACh=IX(4)=IX(2) & GO T0O 399
15360 360 J=5

15399 399 QBACK=0Q (MBACK)

15400 400 RETURN

15410 END

- --TEE ENTD=- ==
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AMORT
ARRAY
BCINMS
CKWH
CCDnn
CYBCI
CYMSI

DITIF

ENGR
EPUMP
FACMR
IPRINT (n)
]
NSTAGE
NTRAIN
PLF
PYREX
QBARE
QDOT
Qun
RET
RTLAB
UBAR

VARIABLE NAMES
Variable Names For The General Program

Amortization cost, ¢/Kgal

Array used for cost calculations

National BCI for Year of CYMSI

Cents per kilowatt hour, ¢/kwh

COD in stream nn, mg/1

Current year Building Cost Index for Region

Current Year Marshall & Stevens Chemical Process Industries
Equipment Cost Index

Amortization rate, depreciation, interest, taxes, insurance
annual fraction of investment

Engineering, fraction of subtotal investment
Efficiency of pumps

Maintenance and repair factor, fraction of VT OT/year
Print decision variables, n = 1-6

Dummy variable for UNITS subroutine

No. of stages in series

No. of trains of units operating in parallel
Plant life (years)

Payroll extras factor

Expected flow rate into plant, mgd

Design flow rate into plant, mgd

Flow rate of stream nn, mgd

Interest rate, fraction of VI OT/year

$/man hour labor rate including payroll extras
Tax rate, fraction of VI OT /year

Utilization factor, QBARE/QDOT
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VTOT(n) Investment,, total of process n, K$

WCCHG Capital investment charge, $/year

WMRR Cost of maintenance & repair, $/year

wOoP Cost of operation, ¢/Kgal

WTOT(n) Total production cost, $ /year, for process n

WTOTAL Total production cost, ¢/Kgal
XINS Insurance rate, fraction of VIOT per year

Variable Names for Lime Process

AFILT Filter area, sq. ft.

ALKnn Alkalinity in stream nn, mg/1 CaCO3

CACnn CaCO3 in stream nn, mg/1

COMPHP Horsepower of compressors, HP

DLIME Required CaO dose, mg CaO/liter

FACAOL Fraction of new lime which is active CaO

FAPAT Fraction of CaSOH(PO{}) 3 in solids exit. Accelator #1
FCACO3 Fraction of CaCO3 in solids exit. Accelator #1

FCAOHD Fraction of Ca(OH) 2 in solids disposed of from slaker.
FCAOS Fraction of CaO in solids feed to slaker

FCODAC Fraction of COD entering Accelators removed by Accelators
FCODF Fraction of filter influent COD removed by filter

FINERT Fraction of inerts in solids exit, Aécelator #1

FINRTD Fraction of inerts entering slaker which leave in disposed residue
FMGOH Fraction of Mg(OH) 5 in solids exit, Accelator #1

FNVSS Fraction non-volatile SS in suspended solids

FTSS Fraction of TSS in solids exit. Accelator #1

FVSS Fraction volatile SS in suspended solids

IFILT "Is there a filter?" 0 =no, 1 =yes

NFILT No. of filter trains required in parallel
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NVSS
PAPAnn
PASH
PCACnn
PCAOnn
PCAOH48
PCAOHD
PCAOHR
PINRnn
PINRTS
PMGHnn
PMGOnn
PO4nn
PRLIME
PTSSnn
QN20
RCAREA
RECOF
RLPMGD
RLTPD
TLBSnn
TSOLnn
TSPMGD
TSSnn
VCARBU
VCONC
VFILT
VGRIDS
VRCALC
VRCARB
VSS

Non-volatile suspended solids, mgpl

Pound/day appatite CaEOH(PO4) 3 in stream nn
Pound/day ash exit the kiln

Pound/day CaCO3 in stream nn

Pound/day CaO in stream nn

Pound/day Ca(OH)2 in stream 48

Pound/day Ca(OH) 2 disposed of from slaker (Stream 31)
Pound/day Ca(OH) 2 recycled to supply DLIME
Pound/day inerts in stream nn

Pound/day inerts entering slaker from kiln and makeup lime
Pound/day Mg(OH) 9 in stream nn

Pound/day MgO in stream nn

Concentration of PO4  in solids in stream nn, mg/1
Price of new lime, $/ton

Pound/day total suspended solids in stream nn

Newly computed recycle stream 20

Area of recarbonation grids in one unit, ft.z‘

Recovery fraction of lime (Ib/day CaO exit kiln/(lb/day CaO in makeup lime)
Recovered lime per mgd, tons CaO recycled/Q10
Recovered lime, tons/day, exit the kiln

Total 1b/day solids (dissolved & suspended) in stream nn
mg/1 total solids in stream nn

Tons of solids exit kiln per mgd of Q10

mg/1 suspended solids in stream nn

K$ for each recarbohation unit

K$ for recarbonation basin concrete

K$ for filters

K$ for recarbonation grids

K$ for recalcination facility

K$ for recarbonation, VCARBU + VCONC + VGRIDS
Volatile suspended solids , mgpl
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WFUEL
WMUL
WPOW

X
XMGnn
XMGHnn
XMUL
XMULN
XSCACH

ANnn
ANXRGD
AREA
AVTL77
BEDDEP
BTUAIR
BTULIQ
BVSTG
CDTANK
CFAPG
CFMAIR
CHTANK
CLLF
DEPMAX
DIAM
DIAMAX

$/year for kiln fuel

$/year for makeup lime

$/year for electrical power

Dummy variable for approximation formulas

mg/l Mg in stream nn

mg/1 Mg(OH)2 in stream nn

Makeup lime, 1b/day, as delivered (including inerts)
Newly-calculated value of XMUL

Excess Ca(OH) 2 produced beyond requirement for DLIME, 1lb/day

Variable Names For Clinoptilolite Process

Ammonia nitrogen, stream nn, mg/1 as nitrogen
Average no, of exchangers regenerated per day at QDOT
Ion exchanger cross-section area, ft.2

Average eluant temperature when less than 77°, °F
Depth of resin in ion exchange beds, ft,

BTU/year required to heat stripping air to 77° F (25°C)
BTU/year required to heat eluant to 77° F

Bed volume per stage, fl:.3

Capacity of one drain tank, gal.

Cu, ft, air per gallon of eluant, ft.3/gal.

Cu. ft, per minute of air to stripper, ft.3/min.
Capacity of one holding tank, gal.

Clinoptilolite loading factor, 1b, NH3-N/ft.3 resin
Maximum depth allowable for clino. bed, ft.

Diameter of clino, exchanger, ft.

Maximum allowable diameter of ion exchange vessel, ft,

116



EBLOW
FACAOL
FCLPR
GPMREG
GPMSFC
GPMSFS
GPMSFX
GPMSTR
HPBLOW
HPQBAR

HPRPMP
'HPSPMP
HPXPMP
I
NBLOW
NDTL77
NEXCHL
NEXCHR
NEXCHT
NHFT
NRGS

PCAOH
PRCLIN
PLIME
PRMBTU
PRNACL
QEXCH
QMAX
QSMALL

Efficiency of blower

Fraction of active CaC in lime used for regeneration
Fraction of clino, lost per regeneration
Regeneration flow rate, gpm

Calculated g'pm/ft.2 in exchangers

gpm/ft.2 liquid loading to stripping tower

Imposed maximum gpm/ft.2 in exchangers

Flow rate of eluant to stripper, gpm

Horsepower of one blower, HP

Total horsepower required for pumps and blowers at production of
QBARE, HP

Horsepower of one regeneration pump, HP

Horsepower of one stripper pump, HP -

Horsepower of one exchanger pump (2 required for plant), HP
Subscript dummy variable

No. of blowers in stripper system

No. of days per year eluant temperature is less than 77°F (25°C)
No. of exchangers on line (at QDOT)

No. of exchangers being regenerated (at QDOT)

Total no, of exchangers installed

No. of half-feet in exchanger diameter

No. of regeneration systems

Pounds/day of Ca(OH) 9 usedsfor regeneration (excluding inerts)
Price of clinoptilolite, $/ft.

Pounds/day of lime used for regeneration (including inerts)
Price of one million BT'U, $/mBTU

Price of NaCl, $/1b.

Design production of one exchanger, mgd

Maximum production allowable for one exchanger, mgd

Design production for plants small enough to use only one exchanger (not used)
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TAREA
TLOAD
VBLOW
VCLIN
VDTANK
VEXCH
VHTANK
VRPUMP
VSPIPE
VSPUMP
VTOWER
VXPUMP
WLIME
WMUC
WPOW
WSALT

ADSFR
AREA
BEDDEP
BEDVOL
BVSTG
BWF'R
CARB
CLF
CODEF
CODIN

Stripping tower cross-section area, ft.2

Time to exhaust one exchanger at QEXCH, and QDOT, hours
Investment of blowers, K$ '

Investment of initial clinoptilolite, K$

Investment of drain tanks, K$

Investment of exchangers and associated pipes, valves and brine tanks, K$
Investment of holding tanks, K$

Investment of regeneration pumps, K$

Investment of stripper system piping, K$

Investment of stripper system pumps, K$

Investment of 2 stripping towers, K$

Investment of 2 exchanger pumps, K$

Cost of regenerant lime, $/year

Cost of makeup clinoptilolite, $/year

Cost of electrical power, $/year

Cost of salt for regeneration, $/year

Variable Names For Activated Carbon Process

Adsorber flow rate (gpm) at QDOT

Surface area of one adsorber, ft.2

Depth of carbon in one adsorber, ft,

Cu. ft. carbon required at QDOT

Bed volume/stage, cu.ft.

Backwash flow rate, gpm

Total pounds carbon in equipment

Carbon loading factor, 1b, COD/1lb, carbon
ppm, COD in effluent

ppm, COD in influent
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CREGDY
CRGDYE
CT
DIAM
DOSAGE
FAREA
GPMBW
GPMSF
GPMSFC

NADSO
NADST
NSPARE
PRCAR
PRFUEL
RHO
VOL

Pound carbon/day regenerated at QDOT
Pound/day carbon regenerated at QBARE
Contact time (minutes)

Diameter of one adsorber, ft.

Pound carbon/million gal, water

Furnace area for regeneration of carbon, ft.2
gpm/fl:.2 flow rate for backwash water
gpm/ft.z'

Calculated g-pm/ﬂ:.2 flow (as opposed to GPMSF which is imposed)
at flow rate of QDOT

No. of adsorbers operating (total, all trains)
Total no. of adsorbers, including spares
No, of spare adsorbers

Price of carbon, ¢/1b,

Price of fuel ¢/mBTU

Density of carbon, lb/]‘.‘t.3

Total volume of one adsorber, ft.
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CHAPTER 3

THE LOGISTICS OF MUNICIPAL RECYCLE
ILLUSTRATED BY THE SAN ANTONIO SUPPLY IN THE YEAR 2000

THE FLOW PATTERN IN MUNICIPAL RECYCLE

Outline of the Recycle Pattern

Figure 17 is a schematic flow diagram showing the flow pattern
in municipal water use and recycle. The portions boxed in heavy
solid lines are the inputs and outputs from the municipal system.
The portion boxed in heavy dashed lines is the advanced waste
treatment appendage to the conventional system which permits
recycle. The unblocked portions of the chart are the con-
ventional system.

The inputs to the system are the source water and the contam-
inant increment which occurs on one pass through the
municipality, the latter including both the organic, the
inorganic and the organism additions to the water through

use. The water passes through the distribution and use system
picking up the contaminant increment and is collected in the
waste collection system. From the distribution and use block
there occurs a loss of water used in irrigation, lawn watering,
street washing, etc., here termed "lawn loss." From the waste
collection system there occurs a loss from seepage out of the
pipes, termed "pipe loss." Actually there may and does occur
infiltration into the waste collection system from ground water
but this is not taken into account in the present study so that
the pipe loss is actually the net of infiltration and pipe loss.

That portion of the waste which enters the collection system
and does not appear in pipe loss is delivered to the conven-
tional waste treatment plant where most of the organics and
the organisms are removed or rendered harmless and only a
negligible loss of the water itself occurs. The effluent from
the waste treatment plant is discharged to a receiving water
body or water course. Thus, the output from the municipal
system is the lawn loss, pipe loss, and the disposal quantity.
All of the input must appear as output with the exception of
the organics which are oxidized into harmless gases in the
conventional waste treatment. Thus the water content of the
input must equal the water content of the output, and the
contaminants both in tbe water source and in the municipal
increment must equal the contaminants in lawn loss plus pipe
loss plus discharge. These contaminants are primarily the
minerals, which pass through the treatment system unchanged.
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In municipal recycle three elements are appended which recycle
some or all of the water to the distribution system. (1) One

of these elements obviously is the return or "conveyance back,"
namely, the conveyance system used to return the water from the
collection point to the use point. (2) The advanced waste
treatment process has the purpose of further reducing the
organic and organism content beyond that achieved in conven-
tional waste treatment. (3) The AWT process may also achieve a
demineralization incidental to the other processes going on

in AWT. If this incidental demineralization is not adequate
then there must be further appended an explicit demineralization
process to remove the inorganic ions which have been added by
use. Waste streams mayv be developed from the AWT process or the
‘explicit demineralization process which would require disposal.

In a simple municipal process in which the water is taken from
a stream upstream and the treated effluent is discharged down-
stream, the ultimate in pollution control is to so treat the
waste that its level of contamination is no greater than that
at the intake, thus leaving the stream to which the effluent
1s discharged no more contaminated than it was before use. It
'is obvious that if this ideal situation were reached the use
would equally well be served by returning, the purified dis-
charge to the intake such that there would be no discharge to
the stream. This recycle, completely closed with respect to
water, is the ultimate goal of advanced waste treatment for
reuse. In this scheme the output modes for the contamination
which occurs in use are through the lawn loss, through the pipe
loss, and by ultimate disposal of the wastes from the treatment
processes as dry solids or gases.

The present study accepts the lawn loss and the pipe loss and
attempts to develop process schemes by which the quantity of
discharge may be appreciably reduced.

If it were reduced to zero, the quantity of water to be taken
from the source, that is the quantity of makeup water, would

be an amount to equal the lawn loss and the pipe loss. Actually
it may be found that to carry the recycle to this extreme, that
is to cut the discharge to zero, would be more expensive than
to stop at some intermediate point. For example, the reduction
of the discharge to solids and the disposal of the solids may
prove much more expensive than the reduction of the discharge
to a concentrated solution and the disposal of that, containing
some water. The objective of the project is to provide means
for determining in any specific case just where this o .imum
quantity of discharge lies, that is which quantity of discharge
would produce the cheapest overall system and still meet the
water and discharge quality constraints. And this does not
exclude the possibility that that optimum point may be in some
particular cases exactly where it is now, namely, to discharge
all and recycle none.
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Qualitatively the factors which move this optimum point towards
zero discharge may be identified, a priori. They are:

. A high cost of‘the water source.

. A low cost of the recycle processes (the heavy
dashed box on the chart).

3. A low cost for disposal (as distinct from

4

N =

discharge).
. Extreme quality restrictions on discharge.

The Central Role of Loss Ratio

The .input-output water balance for the system described is:

M=L+P+D

where
M = makeup water quantity, in ratio to water used
L = lawn loss quantity, in ratio to water used
P = pipe loss quantity, in ratio to water used
D = discharge or disposal quantity, in ratio to water used

A characteristic quantity termed "loss ratio" determines these
input-output relations: -

Loss ratio = (L + P)

The total loss, lawn plus pipe, is the difference between the
water distributed and the sewage collected at the treatment
plant. The contaminants enter with the makeup water and with
the municipal increment. They leave in the lawn loss, the pipe
loss and the discharge or disposal. .In a conventional once -
through municipal system all the water used in each pass appears
as losses or discharge and disposal and thus all the contam-
inants entering in each pass leave the system in these three
streams.

If now some of the discharge is returned for use, without
demineralization, then the inorganic contaminants will build

up in the recycling water until their concentration in the
waste collected is high enough so that the water lost and dis-
charyed can now carry out the input contaminant. Thereafter
the system will operate at this steady state concentration. If
some of these concentrations. of the inorganic ions are accept-
able for use it is necessary either to increase the discharge
quantity and thus the makeup quantity, or to take inorganic ions
out ¢of the water by demineralization and dispose of them pre-
sunably separately from discharging the water.

124



However, the same function, output of inorganic contaminants,
is accomplished by the lawn loss and pipe loss. Therefore,
to maintain the same ‘steady state condition with the same
input, a municipality with a high loss ratio will require
less discharge than one with a low loss ratio. Stated in
another way, this means that if the discharge is reduced to
zero by recycling all of it without demineralization then
the steady state contaminant level to which the system will
build depends upon the loss ratio, the higher the loss ratio
the lower the steady state concentrations.

Figure 18 shows a practical example of this being based on

the actual input concentration and municipal increment assign-
able to some of the ions for San Antonio. The graph shows the
concentration of these ions in the blend, that:is in the water
being used, when there is no discharge and no demineralization
(and when the sewage treatment process does not alter the
inorganic ion concentrations). Since the dlscharge is zero
the abscissa represents the loss ratio.

It is seen that as the loss ratio is cut back the steady state
concentrations in the blend increase but they do not increase
very much until the loss ratios get below about 0.4. (The
Texas Water Plan calls for a loss ratio of 0.523 for San
Antonio for the year 2020.) If there were no demineralization
and no discharge the total dissolved ions in the blend being
used would rise to about 600 mgpl, the HCO3 to about 310, the
Ca to about 84, the SiO; to about 31. This would be the con-
dition if the treatment consisted of conventional biological
treatment. If the treatment comprised advanced waste treat-
ment with lime the ‘inorganic ions would be affected. The
HCO3, Ca, Mg and probably SiOs would be reduced. Depending
upon the ‘extent, this reduction could lower the total dis-
solved ions to a level even below the level in the makeup
Edwards water, even without explicit demineralization.

It is possible that with a loss ratio of 0.523 the blend would
be suitable for use, in the inorganic ions, without any de-
mineralization other than that occurring in the lime treatment.
On the other hand, for a loss ratio of 0.2 it is likely that
demineralization would be required since the ions not removable
by the lime treatment are built up to a high concentration.

For example, Na and Cl are at the 300 mgpl level. Even removing
the Ca and HCO3 ‘completely would still leave a TDI of about 800
mgpl which is not acceptable.‘
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Actual Seasonal Loss Ratios at San Antonio

The 0.523 is a projected loss ratio for the year 2020.
Actually the loss ratio can be expected to vary from month
to month. A study was made using actual San Antonio data on
total water withdrawn by all users in the sewageshed and total
sewage collected by all known treatment plants, as described
in the next chapter. The data for the years 1961 to 1965
are shown in Figure 19. It is seen that there is regular
variation throughout the year with a high loss ratio maximum
around 0.6 in the summer and a low loss ratio around 0.25
in the winter. The year-to-year pattern is rather consistent.
‘The five year average loss ratio is about 0.38 meaning that
on the average about 38% of the water withdrawn does not
appear as sewage collected and therefore is not available for
recycle,

Comparison of Figure 18 and Figure 19 leads to the rather
unusual situation that on recycle the San Antonio water blend
will be better in the summertime than it is in the winter,
quite the reverse of typical conventional supply which with
respect to mineral quality is usually better in the winter
than in the summer. Demineralization would be required in
the winter months and might not be required in the summer
months.

The Seasonal Variation of the Municipal Increment

The municipal (concentration) increment as available from
surveys and as used herein is the concentration difference
between the sewage treatment plant effluent and the water
being used, the difference being taken as the concentration
increment attendant upon a single municipal pass. The data
have been obtained by analyzing the waters in spot samples
or as averages. The question to be explored is: ‘does this
municipal concentration increment have a seasonal variation
corresponding with the seasonal variation of loss ratio?

To explore this let the symbols be:

B = mgd of water distributed, called BLEND
b = concentration of BLEND in some ion, ppm (parts per
million)
L = mgd lawn loss, mgd
1 = concentration, ppm
Similarly:
P and p pipe loss

S and s = sewage delivered
I and i = municipal increment
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WATER-SEWAGE LOSS RATIOS, SAN ANTONIO
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The symbol i represents the municipal concentration increment,
ppm, determined as described. I, the liquid volume associated,
is zero. The daily quantity of ion entering with the BLEND
is Bb, of which the units are ppmmg (parts per million times

million gallons) a weight of ion egqual to 8.34 1bs.

A material balance will show that on the day the i was
measured:

B-L=S+P

Total input of ien = Bb + (B - L)i, QI = (B ~ L)i = (S + P)i,
where QI is the symbol for the municipal Quantity Increment,
ppmmg. This assumes that the pipe loss is of the same con-
centration as the sewage delivered at the analysis point. (In
conventional sewage treatment there is practically zerc change
in the inorganic ion concentrations other than sometimes phos-
phate and possibly ammonium-nitrate.) The question is: how
do the concentration increment i and the quantity increment

(B - L)i change with season, that is as B changes and L
changes?

Figure 20 shows, as gpcd {(gallon per capita per day) the
quantities B and S for San Antonio developed from the data

used in Figure 19. It is seen that the sewage flow is
practically constant throughout the year. The lawn and pipe
losses in the wintertime are about 35 gpcd. If it is assumed
that the lawn loss component is practically zero in the winter-
time then the pipe loss is 35 gpcd. (See Figure 28 beyond.)

(P + L) winter = 35 gpcd
L. winter = 0
P winter = 35

Formally this water here provisionally assigned as pipe loss
actually includes some irreducible minimum of water use which
does not return the water to the collection system and which
is not seasonal, such as street flushing, fire fighting, etc.
However, this pipe loss cannot be greater than about 35 gpcd.
In the peak months something of the order of 160 gncd is used
for lawn watering and similar purposes which do not return
the water to the sewage collection system. San Antonio has
very few combined sewers, and while it is true that a heavy
rain will be reflected in an increased sewage flow, the
monthly sewage flow does not follow the monthly rainfall
pattern, thus let it be assumed that there is little actual
infiltration...presumably because the sewers are well above
the water table. That being the case, if the sewage flow is
constant there is no reason for the pipe loss to vary with the
season. Accordingly,
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P = constant at 35 gpcd
Now since P is constant and S is constant
S + P = constant = B — L = approximately 155 gpcd

and incidentally P = approximately .295P = approximately
.23 (S + P).

If (S + P) is constant then the quantity increment QI = (S + P)i
must vary directly as i the concentration increment.

We do not know either how the quantity increment varies or how
the concentration increment varies. However, it does seem
logical that quantity increment, namely, the amount of ions put
into the sanitary sewer system by the day-to-day activities of
a municipality, should be constant and little affected by
season, rainfall, etc. The well known and often used figure

of .17 lbs BOD per capita per day, for example, implicitly

bows to this concept. And if the quantity increment is con-
stant then the concentration increment must be constant because
(S + P) as just deduced is constant. However, this is only a
deduction containing many assumptions and the seasonality of
the municipal concentration and quantity increments must be
checked in a number of communities before the general recycle
problem can be attacked with confidence. For the present study
it will be assumed that both the concentration increment and
the gquantity increment per capita are invariant.

Under recycle and reuse at steady state conditions all of this
quantity increment must in some way be removed from the system.
However, some of this removal is accomplished by the pipe loss
and the lawn loss. In the conventional system the remainder

is removed by discharge. In the recycle and reuse system this
amount must be removed by the AWT process including, if neces-
sary, explicit demineralization. The quantity involved termed
net quantity increment is:

NQI = S(b + i) - Bb, ppmmgd

In the recycle and reuse scheme the blend is no longer the
source water as it is with the conventional scheme but comprises
the blend of the source water with the return recycled water.
The NQI equation shows that if the blend is to be maintained at
the same concentration throughout the year, then S(b + i). being
constant the net quantity increment decreases as the blend
quantity increases. This means that the load on the explicit
demineralization unit will be less in the summertime when B is
high and greater in the wintertime when B is low. An illustra-
tion of this is given in the demineralization section of
Chapter 6.

131



The Geographical Variation of Loss Ratio

The seasonal variation of loss ratio has been presented for

San Antonio. However, it is highly likely that this seasonal
pattern will vary with geography and climate as well as socio-
economic factors which vary from city to city. We have already
demonstrated that the seasonal pattern of loss ratio is a
highly important factor in the engineering and the economics

of recycle. Before general recycle computations nationwide

can be made it will be necessary to develop such data for
numerous cities.

The Detailed Recycle Scheme

Figure 21 is a more detailed flow diagram for municipal recycle
with special regard to mineral quality. The capital letter
designations are quantities in mgd per mgd of water supplied

to the distribution system, i.e. of blend. (Note the difference
from the symbols as used on the immediately preceding pages.)
The lower case letters are the concentrations of an individual
ion in each stream. '

The SOURCE includes the present source and its conveyance line
and the existing conventional water treatment, if any. In
addition, a supplemental source is provided. These are
combined as makeup water which is the input water.

In the USE step the makeup water is blended with the return
water to make the blend, the water supplied to the distribution
system. A small amount of blend is used in the various sub-
sequent processes. Shown on the chart is a use for regen-
eration water for ion exchange demineralization. The lawn loss
output comes out of the blend. The remainder is the water to
which the municipal increment is applied to produce sewage.

In COLLECTION the sewage is transported through the collection
system with an attendant pipe loss, the net of infiltration
and true pipe loss.

For CONVENTIONAL systems the sewage is delivered to an existing
conventional treatment plant which produces "secondary effluent"
which is discharged.

In the AWT recycle scheme the sewage is delivered to the AWT
process where under the scheme of this study it is treated
with lime to reduce the organics, Ca, HCO3, Mg, and POy;
then treated to remove the NH3 and finally passed through
activated carbon treatment to remove the last traces of
organics. It is also provided that the effluent from con-
ventional secondary treatment may be treated in a tertiary
stream, the same processes for tertiary treatment being
required as are here shown for direct AWT. The discharge
from AWT is discussed later.
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FLOW DIAGRAM

MUNICIPAL RECYCLE
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If DEMINERALIZATION is required the carbon effluent is treated
by some demineralization process here shown as an ion exchange
process, producing a demineralized product. The product from
several of the possible demineralization processes would be
more pure than required for recycle and therefore, it is
possible to by-pass some of the carbon effluent around the
demineralization process.

The by-pass and the demineralized product are mixed as the
RETURN liquor which is conveyed back to the distribution system.

The ultimate goal of recycle is to achieve zero discharge. 1If
in the flow chart shown the AWT and demineralization processes
could accomplish the necessary purification then the conven-
tional treatment line could be eliminated and the only disposal
would be of the demineralization waste water. However, some
demineralization processes are not capable of removing all
ionic contaminants. Those that are removed are output from

the system in the regeneration water but those that are not
removed must be output by a purge of the recycling liquor
before the concentration of the particular ion reaches unaccept-
able levels. In an AWT system not incorporating a conventional
waste treatment plant it would be inefficient to discharge the
carbon effluent since probably for discharge or disposal it is
not necessary to remove the last traces of organics. Accord-
ingly, it is likely that the discharge from the AWT process
would be made prior to the carbon treatment. 1If, however, the
system contains a conventional treatment plant, for which the
capital costs are already sunk, it would probably be more
economic to operate the existing conventional plant in order

to achieve an effluent suitable for discharge which could

serve as the purge for the ions suffering excessive build up.

There are numerous possibilities not shown on the chart. For
example, it might occur that the effluent from the conventional
treatment plant was discharged to a stream while the regen-
eration water from demineralization and other process waters
from the AWT processes, if any, are handled by ultimate
disposal in some manner.

Also, of course, ultimately this project should seek to
provide for situations in which the split of the delivered
sewage between the existing and the AWT processes is not a
matter of choice but is forced by some physical configuration.
For example, it might be uneconomic to convey into an AWT
sewage shed the flow now going to an existing conventional
treatment plant.
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PRELIMINARY LOGISTICS OF THE
SAN ANTONIO SUPPLY IN THE YEAR 2000

This section develops data for San Antonio and uses these to
determine the flow pattern in the year 2000 for two extreme
situations: (1) conventional supply, treatment and discharge
with no demineralization, and (2) complete recycle and reuse
via advanced waste treatment with no discharge (and no de-
mineralization). The costs of these two extremes are
developed in Chapter 6.

Area Population Projection

The preliminary 1970 Census places the population of the San
Antonio District as 684,322 on April 1, 1970. The district
includes the City of San Antonio and its surrounding com-
munities and military bases, thus approximating the population
served by the water and sewage system corresponding to the
1961 to 1965 water and sewage data described in the previous
chapter.

The actual 1960 to 1970 growth for the San Antonio District
falls considerably short of the growth projected by the Texas
Water Plan for the major cities of the county. However, it is
assumed in this study that in the year 2000 the system under
consideration will be serving the entire population of Bexar
County. The Texas Water Plan projections for the 1960 to 1970
growth of the County were closer to the actual experienced
growth. The experienced growth to the 1970 Census population
of 830,661 was about 20% from the 1960 population and a
projection at 20% per decade yields 1.44 million population
for the County in the year 2000 which is satisfactorily close
to the Texas Water Plan projection for that year of 1.42
million. The 2000 projection of the Texas Water Plan for the
major cities of the County is 1.33.

Historical Water Withdrawal and Sewage Delivered

To obtain the seasonal gpcd figures mentioned in the previous
chapter and used in this chapter the following procedure was
used. The U.S. Geological Survey San Antonio office collects
annual data on the pumpage from the aquifer for Bexar County
and other surrounding counties broken down in detail by the
actual withdrawal agency of which the major one, of course, is
the San Antonio City Water Board. The breakdown includes the
some 25 other independent public supplies, the military bases,
the City parks and zoo, industry broken down by individual
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establishments, private commercial use, air conditioning,
etc., private schools, country clubs, etc., flowing wells,
springs, domestic stock and country estates, and irrigation.
For the years 1956 to 1965 this tabulation is available by
months. From this total pumpage from the aquifer, which
represents the sole water supply, there are subtracted the
flowing wells, the springs, the irrigation, and the domestic
and stock; the remainder taken to represent the water with-
drawn which is potentially contributory to the sewer system.

Annual and monthly figures for sewage delivered are available
for the Rilling Road and Leon Creek sewage treatment plants.
For the seasonal studies of the previous chapter the annual
sewage delivered at the smaller sewage treatment plants in

the area was estimated by the procedure described beyond under
long term sewage trend. The total sewage delivered each month
was estimated by applying to the sum of the Rilling Road and
Leon Creek plant flows the annual factors, ranging from 1.041
to 1.050, determined in the long term study.

The flow of the San Antonio River at the Elmendorf Street
gauge is available from October 1962. The flow for previous
months was estimated by a correlation between the Elmendorf
flow and the Falls City station flow for the period October
1962 to September 1966. The relation is:

Elmendorf = .934997*Falls City**(1.0146)

The correlation coefficient is .98220; the o ratio 1.103.
This relation is not used in the present project because the
project does not go so far as to consider the possibility of
using the future Elmendorf net flow for water supply.

The population at each month in the 1961 to 1965 period was
computed by assuming a uniform logarithmic increase between
the San Antonio District populations of 618,944 in 1960 and
684,322 in 1970, a monthly increase of 0.083713%.

The monthly data so developed have been used in the previous
section (Figures 19 and 20) illustrating the pattern and are
used beyond in setting the logistics of the 2000 supply
(Figure 28).

In an effort to obtain some correlation which might allow
predictions, some manipulations of the five year data were
made. "Reducing" the loss ratios by dividing each by the
average of the monthly loss ratios for the year does not
effect much of a compression of the band such as observed
in Figure 19.
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While there is a downward trend as expected, the monthly loss
ratios are not correlated 51mp1y with the monthly rainfall.

in other words, very little of the variance in the 60 monthly
loss ratios is removed by plotting against monthly rainfall.

The 60 loss ratios do show a correlation in the expected
direction with average monthly temperature, increasing as
the average monthly temperature increases from about 45 to
87° F (degrees Fahrenheit). An appropriate form for the
relation is a second degree polynominal. However, it is
noted, as would be expected, that with approximately equal
monthly temperatures the months having high rainfalls tend
to have lower loss ratios. Accordingly, a better predictive
equation is obtained from a multivariate regression yielding
a relation:

7 = .703396 - .0192044T + .00214679T2 - .0267191R
where

calculated monthly loss ratio

average monthly temperature, ©F

monthly rainfall, inches (airport)

60, standard deviation = .0573, correlation
coefficient = .852

T N

"About 72% of the original variance is removed by this multi-
variate correlation. Analysis of the residuals shows that
compared to the true loss ratio the quantity Z tends to be low
in the spring and high in the fall, varying sinusoidally with
month throughout the year. Observationally, this means that
for months having equal temperatures and equal rainfalls a
calculated loss ratio tends to be lower than the observed if
it is a spring month and higher if it is a fall month, and to
be about equal if in the winter or at midsummer. This residual
variance would be reduced if a sine term is included in the
multiple regression.

Of course, it is a misnomer to call this a predictive equation
since in order to use it it is necessary to know a future
average monthly temperature and a future monthly rainfall.
However, the analysis was made in order to be prepared for
comparisons with similar data in other cities. When such a
study is made it will draw on the more sophisticated studies
of municipal use relations which are being made by other
investigators (26,27,28,29). For example, Reference 26 pro-
vides a correlation for lawn irrigation which includes such
variables as average irrigable area per dwelling unit, mean
monthly temperature, monthly percent of daylight hours, effec-
tive rainfall, and an empirical monthly crop coefficient for
grass.
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The USGS San Antonio office has been recording, estimating,
and summarizing the water withdrawal by category in Bexar
and surrounding counties, published information going back
to 1934. The summary sheets for these publications were
located and they were brought up to 1968 from recent annual
reports. The uses categorized are:

Municipal (:subtotal of 4) Irrigation
Industry ( subtotal of 2) Salado Creek and
Country clubs, private other flowing wells
schools, etc. San Antonio and San
Domestic and stock, estates, Pedro Springs
misc.

The four categories in the left column are those considered

to measure the future water use of Bexar County. The City of
Schertz is included in the municipal supply but its population
is not in Bexar County. Over the years 1956 to 1968, the with-
drawal for Schertz was about .25% of the total withdrawal. The
County withdrawals were corrected for Schertz by subtracting
Schertz in the years available and applying the ratio .9975 in
other years.

To obtain the corresponding population of Bexar County leading
toward a gpcd figure the Census population at each decade was
interpolated between at a constant annual percentage increase.
These annual increases incidentally are: 1930-1940 1.46%;
1940-1950 4.00%; 1950-1960 3.22%; 1960-1970 1.91%.

The resulting gpcd figures are shown in Figure 22. It is seen
that there is no strong long term trend toward either an in-
crease or decrease in the gpcd use. It might be considered that
the trend was rising during 1935 to 1956, but with the breaking
of the drought in 1957 the gpcd usage fell to the level it

bore 20 years prior, and in the subsequent 10 years has hovered
around 200 mgd. The 35 year average is 214.1 gpcd. Explora-
tion for the significance of the trend taken as a Cartesian
regression line indicated a slope of about 0.42 gpcd/year, and
not significantly different from a slope of zero, at about a
50% level of significance.

Even if the trend should be significant the regression shows
a gpcd of 207 in 1934, 220 in 1964, and 235 in 2000. Table 19
beyond, indicates that the annual average gpcd corresponding
to the seasonal pattern base taken for design in 2000 is 236

gpcd.

This 35 year trend, incidentally, while small, is even larger -
than the long term trend for large U.S. cities in general. The
hundred-year average trend for some three-score large U.S.
cities is about .30 gpcd/year. That per capita municipal use
is rapidly increasing is a popular misconception - if applied
to even moderate sized cities.
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Not so easily resolved is the long term gpcd trend for sewage.
In 1969, there were about 14 sewer collection systems and
small treatment plants in addition to the two City plants,
Rilling and Leon Creek. Also, there are eight incorporated
communities for which Census data are available and one over-
all "District" which includes these, the City of San Antonio,
and some contiguous urbanized territory, all within the
sewageshed. The Kelly Air Force Base collection system

and treatment plant has been operating since before 1940.

The other small treatment plants and collection systems came
into being starting about 1956 and most of them were installed
by 1963. Some of the separate Census entities have been
served by the City sewer system since 1940, others have
varying inception dates of sewer service, up to as late as
1966. '

Data on starting dates for service to the various communities
were obtained from San Antonio City Hall (Finance Department)
together with some data on connections. Data on current pro-
duction rates of the various treatment plants were obtained
from TWQB (Texas Water Quality Board), except the historical
record for Rilling, Leon Creek and Kelly AFB (Air Force Base).
Data on the starting date of these treatment plants were
obtained from the operating agencies, Water Control and
Improvement Districts, etc. together with information on the
generalized growth pattern of each. Sewage flows between the
starting date and 1969 were then estimated in accordance with
the growth pattern. For Rilling and Leon Creek the complete
records were available. For Kelly AFB records were available
back to 1955. Data on the Kelly performance 1940 to 1955 were
obtained from the retired foreman of the plant. Populations
in the intercensal years were interpolated from the Census
data for the various civil divisions on a constant logarith-
mic increase characteristic of each decade. For other than
census divisions population figures were estimated from
connections. When all known surrounding communities are

added to the San Antonio census population, a fiqure is obtained
which is less than that given for the "San Antonio District."
The difference was assigned to a population entity termed
"missing from District" and the population for intercensal
years interpolated as for an actual census division. The
"missing from District" includes unincorporated areas not in
the City limits but closely associated with it. The "San
Antonio District" is a term generated by the local census
operation, has a population somewhat less than the San Antonio
urbanized area, and the population "missing from District" is
about 1% of the total population served.
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The total flow generated by the 17 treatment plants was
divided by the total population served in the 13 population
entities to generate the gpcd sewage flow. The resulting
data are shown in Figure 23, the gpcd water use, the gpcd
sewage collected and the difference, that is the loss between
water and sewage. While the water use shows no trend except
for the peak in the drought period ending 1956, the sewage
data reveal an upward trend.

It is believed that part of the long term upward trend in
sewage arises from a deficiency in the data, namely, that

in the period before 1956 not all of the City population was
served by sewers and, therefore, the denominator being too
large the gpcd becomes too small. This hypothesis is con-
firmed by an analysis of the loss ratio (water minus sewage

in ratio to water) as a function of annual rainfall shown on
Figure 24. There is not much discernible trend with rainfall.
If there is a trend it would appear to be in the proper

- direction that is toward lower loss ratios' at higher rainfall.
However, the important point is that the data fall in two
groups, 1957 to 1968, and prior to 1957. The latter loss
ratios fall in a group significantly higher than the former.
This is the condition that would result if the sewage gpcd's
were too low in the period prior to 1957. To resolve this
question would require a detailed study of the population in
the various tracts served by sewers in each year as the City
expanded its sewer system

Figure 25 shows the tlme trend of the loss ratio from which

it is apparent even ignoring the pre-1957 data that the loss
ratio is in a downward trend, resulting from an increasing
sewage flow in the face of a constant water use. The in-
creasing sewage flow might have been attributed to an erron-
eous inclusion of the numerous small systems which have sprung
up since about 1957. However, even if this had been the case
the effect of these on total sewage flow has been indeed quite
minor. The ratio of total sewage flow to the flow from the
City's two treatment plants was about 1.04 around 1957 and

has gradually risen to about 1.07 and this 3% difference is
not nearly enough to bring the loss ratio from around .4 to
around .2.

Without further study this project cannot arrive at a pre-
diction for the future sewage flow and loss ratio. The design
arrived at in the subsequent section "Logistics of the 2000
Supply" takes the upper envelopes of the 1961 to 1965 period
as the total use and makeup quantities and assumes no change
from 1961-65.
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In San Antonio the maximum day in each year occurs in the
maximum month or in an adjacent month. Data are conveniently
available 1953 to 1969. To eliminate the variability of
population served and total annual water use there was computed
the ratio of the maximum day to the maximum month, both ex-
pressed in mgd terms. Plotted, these ratios showed a cyclic
pattern with no time trend. The 17 ratios are log-normally
distributed with a mean of 1.21 and a o ratio of 1.06 (68%

of the points lie within about 6% of the mean). The popu-
lation 90 percentile is 1.30. This means that there is only

a 10% chance that the ratio in any single year might be greater
than 1.30, The population 10% is 1.12.

It is concluded that once the maximum month has been established
in the planning, the maximum day can be established as 30%
higher.

Similarly the annual reports and other data from the City of
San Antonio sewage treatment plants, available 1950 to 1968

can be used to assess the maximum day/maximum month ratio for
sewage collected. Plotted, the data show no time trend. The
20 points are log-normally distributed with a mean of 1.46 and
a o ratio of 1.20, signifying that about 68% of the points lie
within about 20% of the mean. The populatior 90% for the ratio
is 1.85. It is concluded that there is only a 10% chance that
this ratio in any year may be above 1.85. Accordingly, this
factor can be used to compute the maximum design day from the
maximum month. The sewage maximum day is higher and has a
greater variance than the water maximum day, presumably because
of the great influence of rainfall on sewage flow.

In a more thorough study than is possible here it would be
desired to study not only the maximum day for water and for
sewage, but also the maximum day for the difference between
them and, indeed, the whole statistics of this net difference.
For in a reuse scheme, unless storage is resorted to, only that
much waste water can be recovered on each day as the community
uses water on that day. Any daily excess of sewage collected
over water used must be discharged, and any daily excess of
water used over sewage collected must be made up by makeup
water. This aspect must be left for further detailed investi-
gation.
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Existing Facilities

The peak day capability of the three existing or planned San
Antonio conventional sewage treatment plants, the Rilling,

the Leon Creek and the Salado are Rilling 80, Leon Creek 12,
and Salado (under construction) 24, for a combined peak day
capability of 116 mgd. These figures are based on detention
times in the aeration basins sufficient to provide an effluent
meeting the present specifications (30). The average pro-
duction from these plants as operated at present is greater
than they will be able to supply under the seasonal use
pattern later to be developed for this study.

The City Water Board's production facilities (31) comprise

eight primary stations having 34 wells and 26 smaller secondary
stations having 26 wells, the installed capability of the well
pumps being respectively 285.3 and 94.3 mgd. Dropping out the
largest well at each primary station would reduce the capability
by 81.8 mgd. Thus the ratio of installed capability to firm
capability at the eight primary stations is 1.4, firm capability
being defined as the highest daily production that could be
obtained with the largest unit out of service. In the compu-
tations it will be assumed that this ratio of installed cap-
ability to firm capability will apply to the entire ground water
facility system in 2000. '

In addition to the City Water Board production the other
municipal supplies produce an additional 20% or more. The
average of the ratios of the total water production from all
municipal supplies to that from the City Water Board over the
four years 1965 to 1968 was 1.229. Assuming that the installed
capability follows the same ratio as the production, the
estimated installed capability of all existing municipal wells
would be 466 mgd, and by application of the 1.4 factor the
estimated firm capability of all existing municipal wells 333
mgd.

The municipal Increment for San Antonio

Table 17 shows the assignment of the San Antonio municipal
increment either from the San Antonio data or where this was
not available taken from the average for western cities. 1In
the former case, the western cities average is shown also for
comparision with the apparent San Antonio increment. The
average increment for the western cities comes from one to 22
cities from Reference 32.

146



TABLE 17

MUNICIPAL INCREMENT, SAN ANTONIO AND WESTERN CITIES AVERAGE

MAJOR IONS

Na

K

NH

Ca4

Mg
Fe(2)

Cl

HC03

NOS

NO2

F

SO

CO4

sic}
PO 4 total
PO 4 ortho
MISCELLANEOQUS.
Total alkalinity
Conductance
Residue
Temperature
pH
Hardness

MINOR ELEMENTS

Al
Ba
B
Mn
Sr
Cr

Pb
Mo
Co

Ni

Cu

Sn

Zn

Ag

Li
ORGANIC

BOD
cOob

Apparent Increment S.A.,

15

A
67

(raw)20

o

A

A

Ay AANAANA
LU WM ON | - Wi 0

AN
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Western Cities Average

74
11
18
13

7
.2
92
81

7

2
29
-1
17
28
25

66

352

-.4
58

23
(96)



The study took the analytical data for the water supply and
the sewage treatment effluent for a number of cities, up to

as many as 33 for some contaminants, and developed the range
and averages for the concentration increment for eastern
cities, western cities, and for both together. The San
Antonio data came from analytical data on the composite

water 1/1/64 (31), and from the average of six well stations
2/8/62 (33). The minor elements analysis came from spectro-
graphic analysis from one of the stations. The waste water
analyses which were for sewage treatment plant effluent except
as noted came from analysis of the effluent of the West plant
in the Rilling Road complex made on composites between 5/28
and 6/9/68, the minor elements again by spectrographic analysis.

Also included were some spot analyses of raw sewage on the
north side of the sewageshed 1968 (34). Also used were some
data from the Rilling complex July and August 1966 showing
the hardness and incidentally demonstrating that hardness
does not change on passage through the treatment plant. The
figure for total phosphate is one of those obtained from the
raw sewage and this is somewhat important since San Antonio
plants effect a reduction in phosphate. Some of the other
analyses also were from raw sewage but this is not important
since there is no change in those ions on passage through the
sewage treatment.

This Table should not be taken as anything more than a very
sketchy approximation to the real situation in San Antonio.

In the first place as has previously been indicated, we are
not sure that the municipal concentration increment does not
fluctuate according to season, but the analyses are based on
spot samples or short time composites. Secondly, as Reference
32 shows, the ranges from city to city for each contaminant
are considerable. About an eightfold range is typical for

the western cities.

It is also clear that these increments, coming from averages
and spot analyses, will not be in icnic balance. This is not
of particular importance except for explicit demineralization
processes. When used for such purposes the water composition
must be adjusted for ionic balance.

If these data are used for the design of a recycle system, it
should be recognized that the result would be only illustrative.
How far such a design would be from reality in equipment sizes,
in performance, and in dollars is completely unknown and a

real design would have to await much more extensive data for

the individual city.
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The General Pattern of Compositional Changes on Recycle

Figure 18 has shown how the composition of the blend water for

San Antonio would depend upon the loss ratio with no discharge

and no demineralization if there were no compositional changes

in the waste treatment process. The monthly loss ratios having
been developed as in Table 19 beyond it is possible to show how

the average monthly composition of the blend would change from

month to month.

Since the Program AWTLCC (Chapter 2) provides the composition
of the AWT effluent for any given feed composition it would be
possible also to incorporate the effects of the compositional
changes which occur in the AWT process. The equilibrium com-
position of the blend must be obtained by iteration, as in a
recycling flow sheet. When the complete RECYCLE program is
established this will be done. Meanwhile the compositional
effects of the AWT process were approximated from AWT runs
already made and this surrogate AWT process was used in a
small program (WGMONSA) to compute the blend composition for
San Antonio.

The values used in the composition study are shown in Table 18,
the first column being the composition of the source water, i.e.
of the present San Antonio supply, the second column being the
municipal increment as previously established; and the third
and fourth column pertaining to the AWT process itself. 1In the
third column is given the effluent concentration for those con-
taminants for which that value is set by the assumptions, for
example, 0.5 mgpl for NH,-N. In the fourth column are given
the changes in concentration for those contaminants not so set.
These are the changes actually observed and generated by the
AWT program operating on San Antonio waste as described in
Chapter 2.

Figure 26 shows the concentrations of some of the contaminants
as a function of the loss ratio. Comparison with Figure 18
reveals the significant differences attendant upon the com-
positional changes in AWT. Na and Cl are higher because

NaCl is used as a reagent in AWT and contaminates the product
water. Ca is unaffected by loss ratio because it happens
that the increment taken is almost exactly the same as the
fixed concentration taken for the concentration in the AWT
effluent and accordingly, the loss of Ca is almost precisely
equal to the increment of Ca at a blend level close to the
source water level. The behavior of Mg and HCO, is quite
different from that in Figure 18 because large removals of
these contaminants occur in AWT. Indeed, contrary to the
general trend the lower the loss ratio the lower the concen-
tration of these two contaminants in the blend. The overall
effect of the AWT compositional changes is to lower the TDI
over that of Figure 18.
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TABLE 18

VALUES USED IN COMPOSITION STUDY WQMONSA

Source Municipal AWT Effluent

Water Increment Conc,* A Conc.
Na 7.8 74. -6.12
K 1.0 11, 0.
NH4 0. 18. 0.5
Ca 64, 15, 64,02
Mg 17, 0. 1.25
Cl 15. 67. -17.44
F 0.3 0. 0.
NO2 0. 2. 0.
NO3 4.5 7. 0.
HCO3 241, 81. 69.09
003 0. 0. 0.
SO4 23. 29, 0.
SiO3 15.2 17, 0.
PO4 0. 20, 0.9
CcOD 0. 492, 8.
VSS 0. 162.3 0.7
NVSS 0, 56.7 0.3
TDI 48,2(2) 341 (1)

(1) Summed by the Program
(2) Unlisted ions to bring total ions to 437

* Concentration
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Figure 27 shows the average monthly compositions of the blend
water for each month resulting from the design loss ratios of
Table 19. It is seen that the TDI is lowest in July and
August and highest in December and January, and that this
also is true of all the other contaminants except Mg and HCO4
for which the reverse is true.

The major revelation, however, is that under these conditions
the mineral composition of the blend is too high in any month
of the year. The TDI of the undemineralized blend barely

falls below 500 mgpl in July and August and in December reaches
more than 1,000. Since the compositional changes of AWT have
only been approximated in the program which generated this
figure there is a slight possibility that the blend resulting
from AWT runs will be somewhat different, and possibly better.
But this is not very likely.

Accordingly, it appears likely that either demineralization

or discharge or both will be required in order to generate a
blend of sufficiently low TDI to be generally acceptable, in
San Antonio. Conditions would be better if the city had a
higher loss ratio or had a lower municipal increment. San
Antonio already has an extremely high loss ratio, up to more
than 60% in July and August and it is doubtful if there will
be found in the nation many other cities having loss ratios
this high. As for the municipal increment, the increments
used for San Antonio either are or were deliberately selected
close to the average for western cities. Accordingly,
probably about half of the western cities have lower municipal
increments and, eastern municipal increments being generally
lower, more than half of the eastern cities have lower incre-
ments. A separate study is being suggested of monthly loss
ratios and municipal increments in other cities but it seems
clear that there are cities, San Antonio being one of them,

in which either demineralization or discharge will be required
to maintain blend quality at an acceptable level.
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Logistics of the 2000 Supply

Figure 28 shows the monthly average per capita excess of water
withdrawal over sewage delivered for the 1961 to 1965 period
generated from the aforementioned data. These curves represent
the gpcd of makeup water that would have to be supplied if the
entire sewage flow were reused. The five-year average is 89
gpcd. For the design basis for this study the upper envelope
points of these curves were taken except for May where the
1961 point is very high, in which case the second highest was
used. The monthly figures for the envelope are shown in
Column 2, Table 19. Multiplication of these figures by 1.44
million yields the monthly average design mgd of makeup for
the year 2000 shown in Column 3, of Table 19, and as the
correspondingly labeled curve in Figure 29. This annual
average design is 114 gpcd, higher than the 89 gpcd five-year
average because the upper envelope was used in the design.

A similar procedure using the upper envelope was applied to
the water withdrawal curves from Figure 20 of the last section
and represented as total intake in Column 4, Table 19. These
gpcd rates applied to the 1970 population give the 1970 intake
shown in Column 5, and applied to the 2000 population give the
2000 intake in Column 6, represented in the correspond ing
labeled curve, Figure 29.

There are two constraints on the use of ground water, an

annual constraint of 215 thousand acre feet per year imposed

by the Texas Water Plan as a safe annual yield which will
maintain the flow of the springs, and a peak monthly with-
drawal constraint. The experienced peak monthly withdrawal

in the 1961 to 1965 period was about 9,400 mg (million gallons)
for the total pumpage, corresponding with about 7,000 mg with-
drawal contributory to the sewers, that is after the deductions
for irrigation, flowing wells, etc. The maximum limitation of
10,000 to 11,000 mg per month for July and August consecutively
has been offered as a constraint (35). 1In average mgd units
these constraints are 192 mgd annual, and 339 mgd for the
July-August peak months.

Column 6 indicates that ground water within these constraints
cannot supply the year 2000 demand since this calls for an
annual average of 341 mgd and a peak month of 515, both of
which exceed the constraints.
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TABLE 19

SEASONAL LOGISTICS OF WATER SUPPLY
BEXAR COUNTY, 2000, CONVENTIONAL vs. REUSE

1 2 3 4 5 6 7 8 9
Makeup Total Intake Conventional 2000
Month  gpcd mgd gpcd mgd mgd Proposed Required Sewage
‘ 2000 , 1970 2000 ground water surface treatment
pattern, mgd water or AWT
6-7 6-3
1 47 68 170 117 245 125 120 177
2 61 88 180 124 259 129° 132 171
3 72 104 192 132 276 136 140 172
4 113 164 228 157 328 172 156 164
5 121 174 250 172 360 195 165 186
6 165 238 200 200 418 253 165 180
7 233 336 350 ¢ 241 504 339 165 168
8 231 332 358 247 515 339 176 183
9 137 197 268 185 386 218 168 189
10° 94 136 218 150 314" 149 - 165 178
11 52 75 174 120 251 126 125 176
12 38 55 160 110 230 122 108 175
Avg. 114 164 236 163 341 192 S 177
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But Column 3 shows that ground water used alone as makeup

in a recycle scheme would be adequate in the year 2000. The
peak month is 336 mgd compared to the constraint of 339 and
the annual is 164 compared to the constraint of 192. There-
fore, if all the waste water could be recycled the entire
makeup to the year 2000 could be supplied by the allowable
ground water withdrawal.

Projection of the population to years beyond 2000 indicates
that the peak month constraint is just barely met since it
would be violated about the year 2005. The annual constraint
would be exceeded about the year 2017. Starting in 2001 there
would have to be provided some surface storage for ground water
pumped in the winter and spring months and stored to avoid
exceeding the peak allowable in July and August. The storage
period and quantity would have to become larger and larger as
the population grew. Beginning in 2017 no amount of storage
would suffice and it would be necessary to supplement the
ground water supply.

However, of course, these projections depend upon the constancy
of the gpcd water use and sewage delivered. Under a reuse
scheme any steps taken to reduce the gpcd water intake and
increase the gpcd sewage collected would be favorable toward
postponing these critical dates.

In any event if the sewage collected would be completely
recovered the allowable ground water withdrawal would meet
the requirement in the target year 2000. However, anything
even slightly less than 100% recovery of the sewage collected
would violate the peak month constraint in 2000.

As may be seen the thrust of this project is to utilize ground
water to the fullest before drawing upon surface water supplies.
The reason is economic. Ground water will cost less than con-
veyance of water from Cuero and Cibolo reservoirs or from the
Colorado River. Obviously, economics demand that the cheaper
source be used to its limit before resorting to the more
expensive source. The cost disparity is even greater than the
mere conveyance costs suggest since surface water would require
treatment at a cost of additional cents per kilogallon.

But this consideration of using the cheaper source also applies
to the competitive scheme of conventional supply. Even if :
water were to be imported this conventional system would make
use of the cheaper ground water up to the allowable limit in
order to reduce the overall cost of the supply. In order to
fairly take this into account in comparing the economics of
reuse versus conventional importation, it is necessary to

158



determine the monthly pattern of ground water use in 2000
which will (a) produce an annual amount equal to the annual
constraint, and (b) avoid exceeding the monthly constraint in
any month, and (c¢) minimize the cost of the conveyance and
treatment of the imported water. The last goal involves
maximizing the utilization factor of the pipeline, and also

of the water treatment plant. Utilization factor is the ratio
of the average production to the design capability. The ¢/Kgal
cost increases as utilization factor decreases. Therefore,
maximizing the utilization factor minimizes the cost.

Column 8 shows the requirement for import water if the ground
water is pumped so as to just attain the monthly and annual
constraints. Since the intake in the maximum month is fixed
and the ground water contribution also fixed this means that
the import water requirement in that maximum intake month is
also fixed, at 176 mgd. The remaining months of the ground
water withdrawal in Column 7 have been adjusted so as to meet
the constraints and to have no month's requirement for import
water greater than the maximum 193 mgd. Column 8 is the
difference between the ground water and the total intake.
These two curves, (7 and 8), also are shown on Figure 29.

Table 20 summarizes the quantities involved in the conventional
and reuse schemes in 2000. Under the reuse scheme the average
withdrawal of ground water would be 164 mgd and the peak day
435 mgd for utilization factor of .359. The lawn and pipe
losses would be 164 and the amount returned to San Antonio
River zero.

Under the conventional import scheme the average withdrawal
of ground water would be the limit, 192 mgd, and the peak
monthly also the limit, 339 mgd. The average surface water
withdrawal would be 149 mgd. The total withdrawal would be
341 mgd with the peak day 670 mgd for an overall utilization
factor of the system of .51. The lawn and pipe losses would
be 164 mgd and the quantity returned to the San Antonio River
177 mgd.

In the conventional import scheme the load for the peak day
can be thrown toward the ground water or toward the surface
water and in practice this would be done in the direction and
to the extent that produced the minimum overall cost. If all
of the burden of the peak day were thrown on the imported
surface water the peak day for ground water would be the same
as the peak monthly 339 and the remainder of the overall 670
mgd peak day load would be placed upon the surface water,

331 mgd. In that case the utilization factors for the ground
water would be .567 and for the surface water .429. 1In the
other direction the entire burden for the overall peak day
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TABLE 20
LOGISTICS OF THE NEW SUPPLY - 2000

Note: Peak day is the 90% level --i,e, expected to be exceeded in only 10% of

the years,
AWT Reuse Conventional
-Scheme Import Scheme
—_mgd mgd
Ground water withdrawal,' average 164 192
Peak -monthly 336 - 339
Peak day 435 - 339/440/494
Utilization factor 377 .567/.436/.389
| .Surféce water withdrawal, average . 149
Peak monthly ’ none 176
Peak day = ‘withdrawn 1 331/230/176
‘ Utilizatlzoq factor o .429/.649/.845
Total withdrawal 164 341
Peak monthly 336 515
‘Peak day , 435 670
Overall ﬁtili_zation_ factor 377 510
Water treatment, average 149
Peak monthly ‘not 176
Peak day ‘ “used. 331/230/176
Utilization factor .429/.649/.,845
Lawn and pipelosses 164 - 164
: : -~ (AWT) (Conventional STP)
Sewage treatment or AWT average - 177 177
Peak monthly ‘ - 189 189
Peak day 350 350
Utilization factor .506 .506
Demmerallzauon, average (rough) 117
Peak monthly 261 , not
Peak day _ 486 used
Utilization factor . 241
Disposal to the Gulf, a.verage 7 ‘ .
Peak monthly - - ot
Peak day ‘ .14 used
Utilization factor .5 '
Discharge to San Antonio River none discharged 177
Storage required yes no
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could be placed upon the ground water which would give it a

peak day of 494 and a utilization factor of .389, leaving

176 mgd as the peak day for the surface water for a utilization
factor of .845. The present project does not as yet go so far
as to determine the proper allocation between the two sources.
Instead, the 1.3 factor which relates peak month to peak day

for the demand characteristics (at the 90 percentile level) is
applied to both the ground water and the surface water resulting
in a peak day for ground water of 440 and for surface water of
230 mgd, with corresponding utilization factors of .436 and .649.

The category "demineralization and by-pass" refers to the
explicit demineralization portion of the recvcle scheme. It
has been shown that some demineralization will be required even
in the summer months where the blend is of the better quality
if a TDI much less than 500 mgpl is to be achieved in the blend.
The extent of demineralization need only be such as to produce
in the blend concentrations of the various contaminants which
just pass the blend requirements. Obviously, to reach say 400
mgpl of TDI in July and August from 500 mgpl will reguire a
lesser degree of demineralization than in December anc January
from about 1,000 mgpl. Some demineralization processes, for
example, reverse osmosis, can be operated to achieve various
degrees of demineralization in the effluent. If such a process
is used it would be continuously adjusted to achieve the degree
of demineralization required day-by-day to meet the blend
constraint. Other types of demineralization, for example, ion
exchange, more or less completely demineralize the water and
cannot efficiently be modified day-to-day to do otherwise. 1In
such cases in order to avoid the economic inefficiency of over-
demineralizing the quantity demineralized would be varied by
by-passing some of the AWT effluent around the explicit demin-
eralization stage. The determination of the exact amount of
by-pass which with a given discharge is allowable in order to
just meet the blend constraints is the purpose of the RECYCLE
program, not yet completed. For a rough approximation to their
quantities, see the demineralization section in Chapter 6 of
this series. Table 20 merely indicates that the requirements
for explicit demineralization cannot be greater than the figure
given, but it may be less.

Table 21 provides some details on the treatment plant require-
ments. The combined peak day capability of the three existing
or planned San Antonio conventional sewage treatment plants,
the Rilling, the Leon Creek, and the Salado will be 116 mgd.
The corresponding average flow handled by these plants under
the seasonal pattern described will be 59 mgd. Therefore, the
new capability required in 2000 will be 234 mgd which will
handle an average flow of 118 mgd. This may be compared with
the requirement for the AWT plant, from Table 20, of 350 mgd
capability, and average flow of 177 mgd.
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TABLE 21

LOGISTICS OF THE NEW SUPPLY - 2000
Sewage and Water Treatment Plant Alternatives

mgd
AWT Conventional
Reuse Import
Scheme Scheme
Existing or U.C. STP (3 plants)
Peak day capability not 116
Average ' used 59
New capability required (AWT) (STP)
Peak day 350 234
Peak monthly 189 -
Average 177 118
Utilization factor .506 .506
Discharged to San Antonio River none 177
Demineralization and by-pass*
Peak day 350
Peak monthly 189 not
Average 177 needed
Utilization factor .506

* Demineralization required cannot be greater than this

Water treatment

Peak day 331/230/176
Peak monthly not 176
Average needed 149
Utilization factor .429/.649/.845
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Table 22 provides some details on the ground water facility
requirements, using the utilization factors characteristic of

" the AWT reuse scheme and the conventional import scheme from
Table 20. With these utilization factors the average pro-
duction from the existing ground water facilities would be

125 mgd for the AWT reuse scheme and 145 for the conventional
import scheme, since the latter would operate at a higher
utilization factor. The new facility required would be 102
mgd and 107 mgd, respectively, of firm capability an average
production for the new facility of 39 and 47 mgd, respectively.

TABLE 22

LOGISTICS OF THE NEW SUPPLY - 2000
Ground Water Facility Alternatives

mgd
AWT Conventional
Reuse Import
Scheme Scheme
Existing GW facilities
Peak day firm capability 333 333
Average 125 145
New facility required
Peak day, firm 102 107
Average 39 47
Utilization factor .377 .436

Tabkle 23 shows the conveyance alternatives. The AWT reuse
scheme in the single AWT plant embodiment would require the
conveyance back from the AWT plant illustratively at the Rilling
site to the water distribution system illustratively taken as
the Hildebrand tank in the north part of the City. This pipe-
line conveyance system would have a peak day of 350 mgd and an
average of 177.

For the conventional import scheme, several alternative sources
are available. One of these is the Cuero Reservoir supplemented
by the Cibolo Reservoir. Since Cuero is in the Guadalupe Basin
the Texas Water Plan calls for a "reimbursement" of the Guada-
lupe Basin by the San Antonio Basin by a transfer from Goliad
Reservoir to the Guadalupe in the neighborhood of Victoria.

This conveyance is part of the Cuero-Cibolo system and part of
the cost. Another alternative is the conveyance of water from
the Colorado at Austin much of which would be by canal. A
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preliminary engineering study has been performed on these two
alternatives (36). A still more recent alternative involves
an Applewhite Reservoir on the Medina River which is now being
studied by the City Water Board. The Applewhite Reservoir is
not in the published versions of the Texas Water Plan. Other
alternatives, some of which have received engineering study,
include Canyon Reservoir, and Cloptin Crossing Reservoir.

TABLE 23

LOGISTICS OF THE NEW SUPPLY - 2000
Conveyance Alternatives

mgd
AWT Conventional
Reuse Import
Scheme Scheme
Cuero and Cibolo to Hildebrand
Peak day 0 230
Average 0 149
Goliad to Victoria
Peak day 0 141 .4
Average 0 113 .1
Rilling to Hildebrand
Peak day 350 0
Average 177 0

When engineers come to a final decision on one of these or
other alternative conventional supplies they will take into
account the engineering, economic, and political considerations
which govern such choices. The politics and the emotions
surrounding alternative Texas water schemes can become heated.
Our selection of the Cuero-Cibolo alternative for the conven-
tional supply in this study should be taken as purely illustrative
and not a recommendation for that scheme as against any other.
Our proposal for this recognized that alternative conventional
water supply schemes are multifarious and this project could
not hope to be instrumental in selecting the best of them for
any particular city. Such a selection even for a single city
would in general require more funds than allotted to our entire
project, the main purpose of which was to obtain a methodology
for a comparison between reuse and the best alternative conven-
tional supply. San Antonio was selected as the practical
situation on which to explore the methodology and when a final
decision is reached by other parties as to the best of the
conventional supply alternatives the corresponding logistical
and cost data can be plugged into the model for a comparison.
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Among the available alternatives the Cuero-Cibolo scheme was
chosen for this illustrative comparison for the following
reasons. The quantities, the reservoir yields, the distances,
and the reimbursement requirements were clearly set forth in
the Texas Water Plan (37). For the Lake Austin and some of
the other alternative schemes the reimbursement feature under
the Texas Water Plan was not clear. The Lake Austin convey-
ance system would be largely by canal with seepage losses

and costs thereof unknown. We believe that the future water
supply of cities will be conveyed mostly by pipeline, only to
~a small extent by canal, and our project did not yet cover
canal conveyance models. The Applewhite scheme had not been
sufficiently formulated to use in our illustrative model.
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THE NATURE OF THE RECYCLE PROBLEM

One of the major alternatives to have been studied in this
project is recycle and reuse, to as high a degree as possible,
or at least to as high a degree as economic. It was therefore
necessary to come to quantitative grips with the problem that
is usually swept under the rug in discussions on reuse. Most
discussions of reuse are content implicity or explicity to
consider a single reuse, relying on some treatment process to
produce a water for reuse that is acceptable, and in some
components not too much worse than the orlglnal starting water.
This is fine for a single reuse, but if one is con51der1ng
indefinite reuse, these components in which the return is only
a little worse than the original water must build up in the
recycling water and ultimately become intolerable. The standard
reply to this extension of the problem in turn is that the worst
liquor, in our case the secondary effluent, will be purged from
the system to maintain the return at an acceptable level in all
components. This is where the problem is usually left. We
believe no one has ever worked out a quantitative balance for

a real recycle and reuse process and particularly determined
whether or not the purged quantity might not be so great as to
leave little for reuse.

The problem turns out to be very complicated mathematically and
in the real application is further complicated by the high
seasonality of the loss ratio. At one stage of the study it
appeared that the problem was one to whichi no solution existed.
The project now has demonstrated that a solution does exist

but we have not had enough time to complete the solution (this
was but one of 22 tasks under the project). This chapter out-
lines the nature of the problem, the boundaries and constraints
in it, and the method by which the solution is to be achieved.

The problem is stated as follows:

In a system of recycle for reuse having water for
use as a blend of makeup water and recycled water,
having a contaminant increment attendant upon use,
having losses in use not returned to the treatment
plant (lawn losses), having losses in transit of
waste not returned to the treatment plant (pipe
losses), having conventional sewage treatment,
having advanced waste treatment with some attendant
demineralization, having explicit demineralization
and allowing some by-pass thereof and having
discharge and disposal.
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GIVEN: makeup water quality in N contaminants, criteria
(maxima) for water quality in use in N contaminants,
municipal concentration increment in N contaminants,
quantity of pipe losses, quantity of lawn losses,
any set of treatment and advanced treatment processes,
any set of explicit demineralization processes,
criteria for water quality of the discharge in N
contaminants, and any set of disposal processes.

DETERMINE: for any given quantity of effluent discharged what
quantity of the recycle must be demineralized (and
what quantity by-passed) in order to maintain in the
blend water and the discharge a steady state concen-
tration meeting the criteria in N contaminants.

A Glimpse at the Solution

The work toward the solution of this problem has revealed the
following. The answers to the problem comprise the quantities
to be demineralized and the quantities to be discharged. For
any given set of conditions, water use quantity, losses,
municipal concentration increment, characteristics of treatment
and demineralization processes, etc., there may be or there may
not be a feasible solution. If there is, there are a set of
discharge quantities that will allow a solution which just fails
to violate the criteria. This set of values is continuous and
has upper and lower limits which are non-trivial, i.e. do not
merely comprise zero percent and 100 percent of the sewage
quantity. For any of the allowed discharge quantities there
are two demineralization quantities which will satisfy the
criteria., Thus, the solution comprises a set of "pairs" of
discharge and conjugate demineralization quantities which are
inter-determined...that is if one is chosen the other two are
fixed. The set of demineralization quantities is also con-
tinuous and bounded non-trivially. The pairing relation is ,
reciprocal, that is if the demineralization quantity is chosen
its paired discharge quantities are fixed, and likewise, if a
discharge quantity is chosen its paired demineralization
guantities are fixed. Finally, each pair of solution quantities
has an associated cost for the entire system and in general one
of these pairs shows a cost lower than all others, i.e. is an
optimum.
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Linear Programming Model

With this much information those familiar with the field will
assign this as a linear programming problem. In the simplified
form it is indeed a linear programming problem. In the real-
world form it is not a linear programming problem, but we shall
discuss it first in the simplified form to lay the groundwork
for the real problem. Figure 30 is a flow chart of a simplified
municipal recycle scheme showing quantities of water and con-
centrations and quantities (ppmmgd) (mgpl times mgd) of a
particular ion. A subscript j is to be considered as applying
to concentrations and ion quantities as well as leakage. The
flow diagram has been simplified by assuming that no mineral
change or mineral addition occurs in the conventional STP or

AWT processes. Also, no water occurs as waste or backwash

from the demineralization process; the mathematics is simplified
to make the leakage independent of the feed concentration and

to place no constraints on the discharge quantity or concen-
tration.

It is seen that the overall input is the makeup water M and
the municipal increment. The output is the lawn loss L, the
pipe loss P and the discharge M-L-P. The amount demineralized
is X.

There are two overall material balance relations on water
quantity and ion quantity. One of these comes from the over-
all input-output balance. The other comes from the two
possible computations for the ion quantity in the return,

one from a backward computation and one from a forward com-
putation. Both of these relations yield the identical equation
which is the basic material balance equation of the problem:

Mm + Bi =M+ X (1L - f) (b + i) (1)

To make it easier to discuss the problem we shall replace this
equation with another obtained by dividing through by B, retain-
ing now the symbol M to represent M/B and X to represent X/B.
The equation then becomes:

Mn +i= M+X (1 - £f) (b+ i) ‘ (2)

In solving this to meet a given BLEND quality, g, and ignoring
any discharge specification the constraints are:

0< X+M) < 1
0 <M< 1

0 <X <1

0 <f <I

0 <(L+P) <M

. (L+P) < 1
b <
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The Basic Linear_X_, _l![_ Relation

The linear relation is between X and M:

X = M(m-b-i) +1i
(1-£) (bt i) 3)
_X(1-£) (bH) - i
M= ‘1-b-1) (4)

For each ion there is a value of X which will just meet the f constraint on that
ion in the blend. Call this Z,

(1- fj) (ﬁj + ij)

At any given M value the highest of the Ej's is of course the X that must be used.
*

Call this £ . The blend concentration of that ion will just meet the § constraint

-for that ion, and the concentrations of all the other ions will be less than their

B constraints, according to:

p, = Mmy ti C 8 | ©)
x M+Z(1-f) X k

where k is the subscript representing any of the other ions,

A schematic linear progfamming diagram for X and M is shown in Figure 31.
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In this diagram on the simplified model with three ions it is
seen that X is a linear function of M for each ion. The con-
straints that X and M must lie between zero and one are shown
on the axes; the constraint X + M = 1 is the hypotenuse. The
X1 line represents the relation for ion number 1. Having been
drawn it divides the diagram into two regions; that above the
line being allowed, that below the line being disallowed
because X, M pairs in that region would not achieve the B i
criterion. The X2 line when drawn similarly excludes an area
below it, in the sense of at lower X's. Similarly the X3 line.
The X3 excluded region, however, has no effect because it is
over-ridden by the line representing the constraint that

M= (L + P).

The Feasible Region

Thus the onlv region in the entire field which is feasible for
meeting the pconstraints on the various ions is the unshaded
polygon. Any other combination of X and M would fail to meet
the blend criterion for at least one of the ions.

Note that it is not necessary that there be any feasible region
at all. For example, if L + P were quite high, higher for
example than the intersection of the X1 line with the hypotenuse,
then there would be no feasible region, which means that there

is no possible combination of X and M which would meet the

blend constraints. In other words, no real system could hold

the blend concentration which is specified.

Non-Linearities

So far this has appeared to be a straight linear programming
problem in which the next step would be to impose a linear cost
surface on the diagram, and to recognize that the lowest cost
feasible solution must occur at one of the apexes. However, the
real situation is not amenable to simple linear programming
because the system departs from linearity in at least three wavs.

First, the cost surface is not planar, and therefore the con-
tours representing that surface on the linear programming
diagram are not linear. 1In general this means that the mini-
mum cost solution is not necessarily an apex and could even be
in the interior of the feasible region. The real situation is
not as recalcitrant as this, however, and it will shortly be
shown that the minimum cost solution lles on one of the feasible
region boundaries.
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Second, the linearity of the X, M lines depends on the
assumption that the leakage, f, is independent of the com-
position and concentration of the demineralization feed. 1In
most demineralization processes this is not strictly true (with
some it is strongly untrue) and this non-constancy of f makes
the X, M lines non-linear.

Third, in some demineralization processes the concentration of
some ions in the product must depend upon the combination of
concentrations of its companion product ions. For example,

in ion exchange the concentration of Na in the product is
determined not by a leakage unigque to itself but by the
leakages of the other ions since its leakage only occurs

in maintaining ionic balance. This not only makes the line

for Na non-linear but it also makes non-linear the line for
total dissolved ions which can also be one of the B constraints.

Ions Not Amenable to Demineralization

Some demineralization processes fail to remove any of certain
ions, e.g. Sidg in weak base anion exchange. For such ions
(1L - £f) becomes zero, and the overall material balance
equation becomes: '

Mm +i = M(b +1i) (7)

For each ion there is a value of M which will just meet the B constraint on that

ion in the blend. Call this Mj:

= —j - - 8
Mj i / (mj ﬁj lj) (8)
For any set of ions there is one dion which will give the highest
of the M: values. Call this value M*, which is the lower bound
on M to meet the blend criteria for all ions for which (1 - f)
approaches zero. This boundaryis a vertical line on the linear
programming diagram, which may be above or below M = L + P.

The highest of the several lower bounds, M*¥ or M = L + P is

the controlling bound for M and sets a minimum M. Of course,

it is understood that these vertical boundaries might be
completely over-ridden by the .exclusion fields of some of the
other ions and so not come into consideration. (However, the
existence of these vertical lines determines a strategy in the
computer solution.)
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The Cost Surface

While the cost surface is not planar and thus it is not possible
to place the optimum at an apex, nevertheless it is possible to
make some general statements about the cost surface which can give
a further clue as to the solution. The following chart shows how
the costs of the various cost components change as M increases at
constant X and as X increases at constant M.

Increase in Cost No Change Decrease in Cost

As M increases at constant X:

New water Demineralization AWT
Sewage treatment Disposal (of demin. Conveyance back to
Disposal waste) point of use

(of discharge)
As X increases at constant M:

Demineralization New water None
Disposal Sewage treatment
(of regeneration waste) AWT
Disposal (of discharge)
Conveyance back

This shows that as X decreases at constant M no cost component
increases, some remain unchanged, but two components decrease.
Therefore, at constant M as X decreases, total cost decreases. It
follows that no point in the interior of the feasible region can be
economic over a point vertically beneath it at a lower X value. The
minimum cost will be found on one of the boundaries of the feasible
polygon but not on a boundary which has any other boundary vertically
beneath it. To illustrate, the minimum cost will be found somewhere
along the line segments A, B, C in Figure 31. The mathematical
description of the situation is:

(dCOST/dX),, > 0

Unfortunately, the relation for the change of cost with M at constant
x cannot yet be so simplified. We do not yet know the nature of the
surface in the M direction since it contains both positive and
negative partial derivatives.
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No Demineralization

The relations in certain reduced forms of the recycle pattern are
of interest. With no demineralization X = 0 and for all ions the
‘relation is as for a single ion with £ = 1. The makeup necessary
to maintain a given blend constraint for a given ion is as in
equation (8). The My's are the intersections of the X vs. M lines
with the X axis. Thé highest of the Mji's, called M*, is the
controlling M and the concentration of all the other ions is given
‘by:

b, = m, -i +1i, /M*
] J ) J/ ©)
No Discharge

With no discharge M is fixed at M* = L + P, and the X necessary to
achieve the blend constraint for each icen is given by:

(l-ﬂ(ﬁj-%)

The highest of the X.'s, called £*, is the controlling one, i.e.
the demineralization“required to maintain a given blend constraint,
and the concentration of each of the other ions is given by equation

(6) .

No Discharge and No Demineralization

With no discharge and no demineralization X = 0 and M = L + P. This
is the only value that M can have, called M*%*, and the blend concen-
tration of each ion will be given by equatlon (9). This is the
relation on which Figure 18 is computed If any of the by is
greater than the corresponding the blend constraint cannot be met
for that ion and the constraint %ust be relaxed or else discharge or
demineralization must be allowed.

This can be re-expressed:

b-m) = i(—p) = iz -1

This states that the increase of the blend concentration over the
makeup water concentration in any ion depends only on the municipal
concentration increment and on the loss ratio.
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The Real Recycle Pattern

The real recycle pattern is more complicated than this simplified
form in at least the following ways:

- There are some 50 likely contaminant ions that should be
explored for buildup. Possibly any ion may prove to be the
controlling one.

The leakages are functions of the concentration and composition
of the demineralization feed.

Some water may be used in the backwash, regeneration and
reject from the demineralization process.

Disposal of thé demineralization waste separately from the
discharge may be 1nd1cated

-The AWT process causes changes in the ionic concentrations,
indeed some ions are actually added to the water in the
AWT process comprising an additional input.

Where there is no existing conventional plant it may be
desirable to discharge at an intermediate stage in the AWT
process, e.g. prior to the carbon . stage, or this may be

so even if there is an existing conventional plant.

The presentation has been in terms of a fixed usage, B,
lawn loss L, pipe loss P, and sewage delivered (B - L - P).
Actually B'and L are subject to seasonal variations. The
physical system must be capable of handling the worst:
conditions and the costs to be optimized are the summations
over the year under the fluctuating seasonal conditions.

Possibly the municipal increment also has a seasonal
variation.

The hature of the seasonal variations does not allow the
picking of a particular time instant, i.e. a particular month,
as containing the extremes for design. The highest requirement
for hydraulic flow occurs in July and August but the highest
requirement for demineralization occurs in December-January.
Thus, for example, the makeup water system must be sized on

the July-August flow but the demineralization equipment must

be sized on the December-January flow.
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Status of the Computer Program RECYCLE

The reader who has waded through the increasing degrees of complexity
in the foregoing exposition may now understand why so many discussions
on recycle stop at "let's treat the sewage to make drinking water out
of it and put it back into the mains."”

. Unéer this project we have developed several computer programs for
.solving the recycle problem in increasing degrees of complexity.
"None of the ones that are completed are close enough to reality to
-be worth reporting. The one that is close enough (and still a long
way from design reality) is not complete, and cannot be completed
within the time schedule of the project.

That program handles the following degree of complexity. About 20
of the major ions plus COD are considered. The quantities are fixed
and are not seasonally varied. The physical system comprises a
single makeup source, a single AWT plant, a single conventional sewage
treatment plant, and a single explicit demineralization plant. No
constraints are placed on the discharge (in dissolved ions). The
program only determines the feasible boundary in the X, M field and
does not as yet find the optimum pair for minimum cost. During the
development the program uses surrogate AWT and activated sludge sub-
routines for simulating AWT performance and conventional STP per-
formance but the full programs are available in Chapter 2 and
Chapter 5. The program uses a surrogate subroutine for approxi-
mating the performance of a demineralization process. Programs are
available for reverse osmosis ion exchange and electrodialysis, but
none of these are in shape for immediate insertion into the recycle
program.

As for the current program the mathematics have been worked out and
require checking. The computer program itself has been roughly flow-
charted but not written.

Despite the incompleteness of our work on the recycle problem, we
believe that the most important accomplishment of the project has
been the demonstration of the nature and the complexity of the
recycle problem.
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CHAPTER 4

COMPUTER PROGRAM FOR DESIGN AND COSTING
OF CONVEYING WATER BY PIPELINE

This Chapter covers the development of a computer program for
the design and costing of pipelines and the conveyance of
water or other fluids through them. Water conveyance is one

of the important elements bearing upon the economic competition
between conventional water supply and wate treatment typically
by importing water from remote sites, and renovation or reuse
by advanced waste treatment.

WHAT THIS PROGRAM DOES

This program takes the specified characteristics of the
conveyance situation, designs a pipeline which will minimize
the cost of conveyance in that situation, and returns the
design data and the cost breakdown. The special details

are as follows.

The line is designed in segments (up to three) as may be
specified. As the program now stands each segment may have
its individual mileage, beginning elevation, ending eleva-
tion, terrain factor (a factor concerning the cost of line
maintenance) and construction factor (a factor concerning
a construction cost). The program optimizes each segment
and returns the design characteristics of each segment

and the cost of the entire line.

The input quantities conveyed, obviously the same for each
segment, are: QMAX, the mgd on the maximum day in the design
period; QBARE, the expected average mgd over the entire
design period; and two quantities not yet used in the program,
the actual average day as distinguished from the expected
average day, and the minimum day. The maximum and average

gph and gpm rates are taken to be 1/24 and 1/1440 times

the mgd rates.

The program optimizes each segment for the conveyance of
QBARE in a facility which has the firm capability of
conveying QMAX,

Within each segment having multiple pump stations the program
designs with equal-sized stations, a design which if it

could be achieved in actual practice would minimize the

cost over unequal-sized stations. The program generates

a firming factor which computes installed pump station
horsepower from firm pump horsepower.
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Given the state and the region in which the bulk of the

line lies and the future year for which the estimate is
désired the program then generates the necessary cost indexes
for the future year and for the region. If the ¢/Kwh energy
price is not given the program generates an energy price
corresponding to the state, the future year, and the expected
Kwh/yr energy consumption.

The viscosity and density of water are computed from the
water temperature given. Similar relations for other fluids
could be inserted.

In place of the commonly used Hazen-Williams coefficient
this program generates the friction factor from the Moody
diagram from the known relations including solving the
non-explicit Colebrook and White formula for friction factor
in the transition and turbulent regions. This subroutine,
MOODY, returns not only the computed friction factor but
also the Reynolds number and the flow type whether laminar,
critical, or transition, or turbulent.

Within the head limitation given as input the program deter-
mines the head per station (for other than gravity lines)
and from this selects the highest pressure class of pipe

to be used apportioning lower pressure classes along the
line as the pressure decreases, and computes the cost of

the total of the various pressure classes.

The program reports the optimum conveyance type whether

gravity, boosted, or pumped, having selected whichever
is the cheapest among these.
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WHAT THE PROGRAM DOES NOT DO

Some of the items mentioned in this section are discussed
more fully in the text. All of them possibly might better
appear in a discussion and recommendation section following
the text. However, they are placed here in order that

the reader may peruse the rest of the text with the fore-
knowledge of what the program does and does not do.

The program uses the annual cost method rather than.the
present value method partly because it is simpler and partly
because many of the programs with which this one will be
tied are couched in the annual cost and ¢/Kgal terms rather
than the present value terms.

The program does not compute the costs for each year's
production as it occurs, presumably under some growth
pattern. Instead, it computes a cost as if each day's
flow were the average flow over the entire period, namely
QBARE. Other studies of the authors have shown that this
produces a cost which is lower than the true cost, but
not much lower.

The program does not adjust for inflation during the project
life. It computes all costs in "current year dollars"...i.e.
if IYEAR is set to 1980 all costs will be in 1980 dollars.

The program does not stage the construction of facilities.

It assumes that all facilities are constructed in a given
year, the "current year," and of such a size as to meet

the requirements in the target year, in this project 2000 A.D.

Pipe sizes and pump station horsepower are treated as con-
tinuous functions, not discrete functions as they are in
actuality.

It is assumed that in any segment the hydraulic gradient
created by equal size pump stations will at every point

be higher than ground elevation. This might not actually

be the case if the profile is not of constant slope through-
out the segment. The most obvious of such violations is
accounted for by the stipulation that no segment may have

an intermediate high point which is higher than both the
beginning and the ending elevation. This serves to break
the pipeline into segments which are less likely to have

the hydraulic gradient intersecting the ground elevation.
Even in this case, difficulties are encountered when the
segments consist of a relatively short lift segment followed
by a segment with a small negative slope. This is more

fully discussed at the proper point in the text.
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The program does not take into account the higher pressure
class of pipe which would be required at the bottom of

a U-shaped profile, nor does it assign a pressure class
other than 100 psi for gravity lines.
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SYSTEM DESIGN

Pump Station Design Computations

The philosophy of the design model is to achieve the necessary
total horsepower for pumping by using equally-sized pump '
stations. Previous work (38-44) has shown that for pump station
costs, as well as most other investment costs, the lowest cost
is achieved by using equal-sized units. Any departure from

this so as to have unequal-sized units results in a higher cost.
Real pipelines, of course, cannot achieve exactly equal-sized
pump stations and to the extent this is not achieved real costs
will be somewhat higher than those computed by the model.

Under this philosophy the pump station computations are as
follows:

FRHDOT = 318.4346*FDOT*QDOT**2/DIAM**5

TDHDOT = FRHDOT+SLOPE .

NUMSTA = (TDHDOT*PMILE/HDLIM+.99999)

PUMILE = PMILE/NUMSTA

HDSTA = TDHDOT*PUMILE

HPSTAF = 0.175615*QDOT*DENS*HDSTA/EFF

HPSTAI = HPSTAF*FIRM

where:

FRHDOT = Friction head at design capability, feet of fluid
per mile

FDOT = Moody friction factor at design capability

QDOT = Design capability, mgd

DIAM = Inside pipe diameter, feet

TDHDOT = Total dynamic head, feet of fluid per mile

SLOPE = Uniform slope of pipeline, feet/mile, (elevation
difference/pipeline miles)

NUMSTA = Number of equal-sized pump stations (truncated to
"the least integer not less than")

PMILE = Pipeline length, miles

HDLIM = Head limitation on pump station, feet of fluid

PUMILE = Interstation distance, miles

HDSTA = Head per station, feet of fluid

HPSTAF = Firm horsepower per station

DENS = Fluid density, gm/ml

EFF = Wire to water efficiency, fraction

HPSTAI = Installed horsepower per station

FIRM = Firming factor, ratio of installed horsepower

to firm horsepower
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The Moody friction factor, or rather the Moody correlation of

the Darcy friction factor (45), is computed by a subroutine

MOODY developed for this study, which generates the MOODY

friction factor, over most of the range according to the

Colebrook and White formula, and also generates the Reynolds
number and the flow type, whether turbulent, transition, critical,
or laminar. Since the Colebrook and White formula is non-explicit
for the friction factor the subroutine uses an iterative proce-
dure for solving the eguation. The other parameters required

in addition to the flow rate and the diameter are viscosity,

VIS, and absolute roughness, EPS. The absolute roughness used

in the exemplary computations is 0.0003 feet, corresponding to

new or fairly new smooth concrete average workmanship or hot
asphalt dipped or centrifugally applied concrete lined steel

pipe, continuous interior butt welded (46).

The equations for density and viscosity given in the program
listing cover the range from 4 to 36 degrees C (centigrade).
The density equation exactly reproduces a five-place density
tabulation with standard error of estimate being about 3x1076.
The viscosity equation has a standard error of estimate of
about .0057 in millistokes, correénonding to about 0.05%. It
is converted to viscosity in feet 4/second.

The wire-to-water efficiency used in the exemplary computation
is 0.75.

The firming factor is taken as 2.0 at QDOT 1.0 or less, and
1.25 at ODOT 10.0 or more, Cartesian linearly interpolated
between.

Types of Conveyance Situations

Depending upon the pipeline slope and the variations in required
daily flow there exist four distinguishable types of conveyance
situations. With the range of daily flows from QMIN the minimum
to QMAX the maximum, whether or not pumping is required on a
given day, that is at a given flow, depends upon the relative
magnitudes of the friction head at that flow and the pipeline
slope. The total head loss, feet/mile, is the algebraic sum

of the friction head loss and the slope, both in feet/mile.

Consider the changing situations "as a high positive slope is
continually decreased. At any slope above zero pumping will be
required on every day, that is at QMIN as well as QMAX, and the
situation is termed "pumped." As the slope continues to decrease
through zero and becomes slightly negative there is no change,
in that pumping is still required on each day but the pumped
flow is assisted by the gravity gradient and this situation is
termed "pumped, gravity assisted" or "assisted pumped." Mathe-
matically this is in no way different from the pumped situation.
However, as the slope continues to become more negative it
eventually reaches a condition at which the absolute value of
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the slope is greater than the absolute value of the friction
head on the minimum day. Thus, on such days the sum of the
friction head and the slope becomes negative and the energy
requirement is zero. The conveyance situation under this
circumstance is that gravity alone is adequate to convey the
required flow on some days but not on all days and the
situation is termed "gravity boosted." Finally, as static
head continues to become more negative it reaches some magni-
tude such that absolute value of the static head is greater
- than the friction head even on the maximum day, i.e., on the
design day. Beyond this pumping is not required on any day
and indeed pump stations are not required. The energy con-
sumption is zero and the situation is called "gravity."

Table 24 shows some of the characteristics of these types of
conveyance situations as defined by the indicated relationships
between slope and friction head, where:

FMIN = Friction factor for the minimum flow
FDOT = Friction factor for the design flow
QMIN = Minimum daily flow, mgd

QDOT = Design or maximum daily flow, mgd
DIAM = Inside pipe diameter, feet

For the gravity situation optimization is not required since
.the lowest cost is obtained at the pipe diameter which will
make the friction on the maximum day just equal to the negative
of the slope. Thus:

I

DIAMG ((318.4346*FDOT*QDOT**2/ (-SLOPE) ) ** .2

where:

DIAMG Diameter of the smallest line that will just

suffice on the maximum day
For the other three situations optimization is required.

It will be found that for the pumped and pumped gravity assisted
conveyance types the optimum diameter of the pipeline is practi-
cally independent of the slope. The very small dependency that
does occur results from the somewhat erratic effect of pump
station horsepower on pump station OMR as used in the program.

In the gravity, boosted conveyvance type if the slope lies in

the range between the OMIN and the QDOT term (i.e. if the slope
is not simply the negative of the QMIN term), then there will

be days in which the friction head is less than the negative

of the slope, and on those days the TDH becomes negative. Since
the energy term in the energy summation is proportional to TDH
these days would appear in the summation as negative energy days.
Of course, the correct energy consumption in such days is zero
and such TDH values must be returned to zero.
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TABLE 24

TYPES OF CONVEYANCE SITUATIONS

Range of Slope Type of Optimization Is Optimum Pump Cost
Conveyance Required Diam, Stations Equation
Dependent
on Slope?
+ oo to0 Pumped Yes No Yes  As written
0to _ QMINZ Pumped,
-318 .4346 FMIN 5 Gravity Yes No Yes  As written
DIAM . :
assisted
QMIN>
t3018'4346 FMIN 5720 , Gravity Yes Yes Yes Modified*
_ QDOT boosted
318.4346 FDOT —DIAMS
QpoT?
-318.4346 FDOT DIAM5 Gravity No Yes No Modified*

to - ©

*Modification consists of replacing negative total dynamic heads with zero in the
summation term,
5280
.6463229 * 2g (

318.4346 =

Lis

7 )

.6463229 = conversion cfs to mgd

g = 32.17398, standard gravity
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The relations shown in Table 24 are explicit and give sharp
demarcations between conveyance types for a given diameter.
However, the problem is to determine which coneyance type

is the cheapest at the optimum diameter. For the trivial
transition between pumped and pump assisted the decision is
clear since it merely involves whether the slope is positive

or negative. However, for the other two transitions between
gravity and gravity boosted and between gravity boosted and
pumped assisted, under certain conditions even high precision
computer optimization breaks down in making the decision. Under
these conditions the present program utilizes a small area of
tolerance in making an arbitrary decision and does not arrive
at a mathematically precise transition. However, the area of
tolerance is so small as to be inconsequential in the practical
application.

Q Variable and Q Constant

The discussion up to this point has involved the real situation
in which the daily flows are varying. However, this would in-
volve an integration over the varying flows in computing the
energy cost. To avoid this degree of complexity the present
program substitutes for the real situation a simplified
situation in which the flow on each day is held constant at
the average flow value, QBARE, where QBARE is the average flow
expected over the project period. However, the pipeline is
designed so that the system can achieve the design flow, QMAX.
Since the energy cost is proportional to the cube of the flow,
the cost for the simplified model with Q constant will always
be less than the cost computed with the real model with Q
variable. However, the authors (40) have tested this approxi-
mation by comparing the costs for a Q constant model against
those for a Q variable model in which the variability is among
the highest occurring in real water conveyance systems. It

was found that the Q constant model produces costs which are
for most slopes within 5% of the extreme Q variable model. The
discrepancy reaches as high as 10% at slopes in the vicinity of
zero. As slopes decrease in the direction of the gravity line
the discrepancy decreases until it vanishes for the gravity
line, since the energy term drops out. Likewise, as slopes
increase to high positive values most of the energy cost becomes
that for overcoming the static head and the discrepancy again
approaches zero. Most water conveyance variabilities do not
approach the extreme used in the comparison and the simplified
model accordingly provides a satisfactory approximation for the
intended purposes. (It is intended later to incorporate the Q
variable model in the program.)
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In terms of the simplified model then the conveyance types
have the following strict meanings. For the gravity situation
there are no pump stations and no energy is expended on any
day. For the pumped and pumped assisted situations there are
pump stations and energy is expended on each day, the energy
being that required for a flow of QBARE. For the gravity
boosted situation pump stations are required (in order. to have
the capability of meeting the maximum day) but no :energy is
expended on any day. The pump station capital charge and the
pump station OMR costs are incurred.

A common occurrence in pipeline profiles comprises a rather
short segment to an intervening high point followed by a longer
segment of negative slope. If it should turn out that the
negative slope section is optimum as a gravity line while the
positive slope section is, of course, the pumped type then the
program accepts that situation. However, if the negative slope
segment should turn out to be a pumped assisted or boosted line
then the program provides a small pump station for the positive
slope segment and one or more pump stations for the negative
slope segment. 1In that case it would in general prove cheaper
to consider the line as a single segment in which the hydraulic
gradient at the beginning is great enough so as to exceed the
elevation of the intervening high point at that high point.
This would make the pump stations of equal size in the program
design and more nearly of equal size in the real design.

The present program does not explore that alternative since

it i1s one of a number of problem situations relating to the
proper gradients for and segmenting of pipelines for real
terrain profiles which hopefully may be tackled in a more
detailed future version of this program. Meanwhile for such
profiles as described above the costs generated will be in error
by being slightly too high.

Optimization Strategy

The strategy used in selecting the cheapest pipeline is as
follows. If the slope is steeper than ~-50 feet/mile it is
judged that there is practically no chance that a boosted line
would be economic and only the gravity line is computed. If

the slope is greater than zero feet/mile only a pumped line will
suffice and only a pumped conveyance type is computed. If the
slope is negative between 0 and -50 feet/mile the gravity line
is first computed and then the line with pump stations is com-
puted, a process involving optimization and which may result in
a boosted or an assisted conveyance type. If the optimization
search does not find a cost less than 110% of the gravity cost
in eight iterations it is concluded that the optimization is
homing in on a value which cannot be as low as the gravity line.
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Accordingly, the search is terminated at eight iterations

and the gravity line selected. If the optimization search
produces any cost less than 110% of the gravity cost there

is judged to be a possibility that the ultimate optimum will
be less than the gravity cost and accordingly the optimization
search is continued to the convergence. If the so-located
optimum shows a cost less than the gravity line it is selected.
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COST RELATIONS

Pipeline Investment

A concurrent study (47) correlates the investment costs trended
to 1968 for some 825 pipelines and presents equations and cost
index factors by which the investment in a pipeline can be
estimated for any diameter and any of the 21 regions. It is
shown that there are large regional differences in costs of
pipelines which must be taken into account in estimating the
cost.of conveyance. The equations reduce to the three relations
in Statements 300-304 of the Program which also include the
regional and temporal cost adjustments and the special regional
pipeline cost adjustment.

The ¢ ratio for the correlation is approximately 1.3. A corre-
lation is also given for the cost of offshore pipelines, but
this is not included in the program since very few water con-
‘veyance systems will be submarine.

The parameter CONSFAC (construction factor) is provided to permit
an engineering judgment on the deviation of estimated costs for
a particular installation from the median costs given by the
equations. Thus, for example, setting CONSFAC at 1.3 will pro-
"duce a cost which is on the average exceeded by only 16% of the
pipelines in the basic data. The user is cautioned against
using the construction factor intuitively as a regionalization
factor. The cost index system already takes into account the
~fact that pipelines in the Boston region cost 2.5-3 times as
much as those in the Denver region. The CONSFAC is to be used
" to adjust for costs which are atypical within a given region.
The user is also cautioned against over emphasizing the right-
of-way costs in setting a CONSFAC. As shown in the reference,
right-of-way costs in general are but a small portion of total
pipeline investment. If right-of-way costs were increased ten-
fold over the average the cost of pipelines would only be
doubled over the average.

Only a small fraction of the mileage represented by the 825
pipelines in the basic data occurs in urbanized territory, so
that overall the construction factor should be greater than

1.0 for water lines in urbanized territory. But in urbanized
regions as, for example, the Boston region, a greater fraction
of the pipelines in the basic data occur in urbanized territory
as compared with an open country area such as Denver or Atlanta.
Accordingly, the construction factor for urbanized territory
for the Boston region should probably be lower than would be
the construction factor for urbanized territory in the Atlanta
region. The authors can give no firm guidelines for construction
factors in urbanized territory. However, a construction factor
of 2.0 represents a cost which is exceeded by only about 8% of
the pipelines in a given region.
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The reference shows that down to two or three miles there is
no effect of length on unit investment, a constancy that must
break down, of course, at very short distances.

Pump Station Investment

Earlier studies (40) developed a correlation of pump station
investment as a function of installed wire horsepower. This
relation with appropriate cost index adjustments is found as
Statement 452 in the Program.

It is recognized that major factors influencing pump station
investment are not only horsepower but also TDH (total dynamic
head) and firming factor. Since the above relation was
developed other authors have developed correlations which

take some of these into account. However, some of these are
not supported by actual data in the publications; others have
used firm capablllty rather than installed capability in the
correlation; and it was felt that the subject really required
rather an intensive review using actual investment as installed.
This was judged too big a task for the present purposes, parti-
cularly since pump station investment is generally a rather
small fraction of total investment in a conveyance system and
makes a relatively small contribution to the cost.

Pump station price ig trended by the USBR (United States Bureau
of Reclamation) Pumping Plant Building and Equipment Cost Index
and regionalized by the BCI (Engineering News Record Building
Cost Index).

OMR on Pigeline

The correlation used for OMR (operation, maintenance, repair

and minor replacement) on pipeline is from earlier work (40)
admittedly based on rather poor data. However, the contribution
of OMR on pipeline to total cost is quite small and a greater
degree of accuracy is probably not warranted. The relations

are given in Statements 314-335 in the Program. A terrain
factor (TERFAC) of 1.0 represents good terrain conditions for
maintenance in relatively open country and ready access. Sug-
gested terrain factors for other conditions are:

Medium marsh 2.0
Bad swamp 3-6
Mountainous (5)

An approprlate terrain factor for urbanized territory is dlfflcult
to assign. A provisional suggestion is 1.2 for that mlleage in
urbanized territory.
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The OMR costs are average over the pipe lifetime. Appropriate
factors, not used in the program, for other ages are suggested
as:

New ‘lines 0.2
10 years old 0.7

Pump Station Operation and Maintenance Costs

The Bureau of Reclamation (48) studied 174 pumping :plants
ranging in size from 5 to 15,000 horsepower and concluded from
the data that annual operation and maintenance costs can best
be estimated by con51der1ng operatlon costs and maintenance
costs separately.

Multiple correlation against a number of possible parameters
indicated that the factor having the most influence on operation
costs are attendance (whether unattended, semi-attended, or
attended), station capability, design TDH, and length of the
operating season. The last of these refers to the operation

of particularly irrigation pumping plants during only the
irrigation season. For maintenance costs the significant
parameters were station capablllty (mgd), staticn horsepower

and annual water pumped.

The malntenance and operation covered. are for the pumps, motors,
accessory electric equipment, miscellaneous equipment, and the
plant structure. The costs do not include the operation and
maintenance costs for the intake channel or the G&A (general

and administration) expenses. More details on definitions and
coverage will be found in the reference.

The nomographs and the equations presented in the reference

were translated into a portion of the computer program, State-
ments 453-504 in the Program. The basic computations allow for
selection of any degree of attendance with any horsepower. The
present program assumes an unattended plant if installed station
HP (horsepower). is 450 or less, a semi-attended plant if it is
5,000 or less and an attended plant if it is greater than 5,000.
If the installed station horsepower is over 15,000 a different
relation is used as explained in the reference and incorporated
in the program. The program, of course, takes the season as

52 weeks per year, i.e. continuous operation. ' The labor portion
of the O&M (operation and maintenance) costs is trended with

the Labor Cost Index; the non-labor costs are trénded w1th the
Maintenance Cost Index.
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Energy Costs

A Function Subroutine CKWH generates (if a ¢/Kwh electric rate
is not prescribed with GVCKWH), the average electric rate for
the state, the year, and the Kwh/yr consumpticn. The base state
averages for industrial service 200,000 Kwh/mc and 1,000 Xwh
demand are the January 1, 1969 state averages from Reference 49.

The adjustment for future year is by the Energy Cost Index from
COSTN described beyond. The adjustment for consumption level
measured by Kwh/yr was obtained by averaging the relation between
cumulative ¢/Kwh and Kwh/yr obtained from a variety of electric
utilities (5C). This study was facilitated by a proorzm, FLECTR,
which may be of interest to some readers. It gives the cumu-
lative ¢/Kwh effective unit price for any or any series of
Kwh/mo consumptions at any load factecr, from input data
consisting of the block limits and block rates for Xwh and

for Kw demand taken from the typical electric utility rate
schedules as found for example in the National Electric Rate
Book.

Incidentally, this ELECTR study revealed that it is necessary to
use caution in interpreting rate schedules. Just because a rate
schedule contains a lowest energy charge of .3 in the highe:st
consumption block does not mean that the cumulative energy price
will become asymptotic to three mils as energy consumption
becomes very large. The rate schedules in general ccntain fine
print that cause the asymptote rate to be considerably higher
than the lowest rate in the schedule. It is not at all unusual
that a rate schedule containing a three mil block actually does
not allow the cumulative rate to become less than scven %o

eight mils.

The Cost Index System

COSTN is a Function Subprogram providing regional and tempocral
cost indexes which are used to adjust historical data to some
common year and to adjust regional data to a national average.
This subprogram will ultimately incorporate all cost indexes
which are useful in chemical and water and waste process costing.
The regionalized indexes in COSTN which are used in the present
program are the 21 region BCI, and a pipeline adjustment

factor (47); and from the non-regionalized indexes there are used
the composite pipeline cost index, the electric energy cost index,
the pumping plant cost index, the maintenance cost index, and

the average hourly earnings in manufacturing.
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The Function COSTN returns an index projected for a future
year. All the indexes have been subjected to a time trend
analysis. In general, it was found that the cost indexes over
the past 20 years can be remarkably well represented by a
Cartesian linear relation from which there are found two types
of anomalies. One group of indexes has a hiatus in the period
about 1960 to 1965 in which the index does not increase very
much, and thereafter increases at about the same slope as
before the hiatus. In these cases the projection has been
made by dropping the hiatus years, in effect shifting the
prior years upward in time by the amount of the hiatus such
that the new set of points define a line with the same slope
as before and after the hiatus.

In the other type of anomaly the reverse has occurred. Begin-
ning somewhere in the period 1965 to 1968 many indexes have
taken a sudden upward turn. This is true of all the BCI,

some to an extreme degree. Since there are not enough his-
torical years to establish a new slope or level or both if
such is to be, it is very risky to make a projection. The
present projections use this device: the projection has the
level of the actual 1969 value at the year 1969 and has the
slope of the regression line 1948 to 1968.

The energy cost index returned by COSTN is the projection of

the national average cost for industrial electric service
200,000 Kwh/mo and 1,000 Kw demand (49).
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RESULTS OF EXEMPLARY COMPUTATIONS

Following this section are the program listing, the variable
names and instructions for running the program.

Conveyance Cost in Horizontal Lines

The characteristics of conveyance in a horizontal pipeline at
a utilization factor of 0.5 under average U.S. conditions are
shown in Table 25. The contribution of each of the five cost
elements is shown in Figure 32.

TABLE 25

CHARACTERISTICS OF OPTIMIZED CONVEYANCE
IN HORIZONTAL PIPELINES
(1968, National, UBARE = 0.5)

Average conveyance rate, mgd

.1 1 10 100 1000
Optimum pipe diameter,
inches 5 11 32 86 220
Pump-station spacing,
miles 12.5 8.3 25 33 50
Investment ¢/mile/gpd
capability
Line 8.5 2.3 0.90 0.32 0.12
Total 9.4 2.7 0.96 0.36 0.14
Conveyance cost,
¢/Kgal/mile 3.9 1.2 0.41 0.16 0.070
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Contribution of Cost Elements to Conveyance Costs
Horizontal Lines, 1968, National

100 - _OMR Pump
—OMR Line
e
- — :-\\\ — Energy
— Pum
\__—/ \\ ? Capital
60 Charge
— Line
40
20
0
.1 1 10 100 1000
Average Production, QBARE, mgd
Figure 32

Parameters which enter into the conveyance cost are water
temperature, pipe roughness (in computations herein taken as
0.0003 ft), pump-station efficiency (taken as constant at
0.75), firming factor (amount of emergency standby pump-
station capability), over=-all pipeline slope, and utilization
factor (ratio of average conveyance rate to design capability).
The sensitivity of conveyance cost to most of these parameters
is quite small, a 100% change in parameter value bringing
about only a few percent change in conveyance cost. The para-
meters to which conveyance cost is sensitive to a degree
greater than this are pipeline investment, slope, utilization
factor, and energy price.

As a determinant of conveyance cost, the price of electric
energy is much less important than is generally believed, for
the cost for energy is not an important factor in the total
conveyvance cost, except when the pipeline has a high positive
slope, and then it becomes dominant only at high conveyance
rates.

The effect of utilization factor on optimized costs in a
horizontal line is also not very great. Over the range
reasonable in municipal and industrial practice, the optimized
cost change from UBARE = 0.5, with utilization factors between
0.4 and 0.7, would be less than + 9%. These differentials
should not be confused with the differential between the con-
veyance cost in a line optimized at one utilization factor

and then operated at a different utilization factor.
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Conveyance Cost in Inclined Lines

The deviation from horizontality in a pipeline is an important
parameter affecting conveyance costs. Actual pipelines follow
the profiles of the land, but for approximate cost computation
it can be shown that every pipeline can be expressed as a
two-section line, of which the one-section line is a special
case. The upstream section is that from the beginning to the
highest intermediate point higher than the beginning. The
downstream section is from the highest intermediate point to
the terminus. The model pipeline thus has two sections, the
first having a positive gradient, the second a negative
gradient, and either one of the two sections may be missing.
Conveyance costs must be computed separately for each section,
although for lines several hundred miles in length, the cost
will rarely differ by more than 25% from that for a hori-
zontal line. The program also allows segmenting of the line
in other ways, so long as in any segment no intermediate high
point is higher than both ends.

For a line having a positive gradient, or a negative gradient
of small magnitude (such that it falls within the pumped or
pumped gravity-assisted regions of Figure 34), the additional
conveyance cost over that for a horizontal line is closely
proportional to the slope (at constant energy price). The
proportionality constant is the cost of raising a million
gallons one foot, and this is termed the cost of static 1lift.
Figure 33 shows the cost of static 1lift at various average
conveyance rates and utilization factors, and at constant
energy price of 1.5¢/Kwh. Above one mgd the cost of static
lift is practically constant, and the cost in cents of
raising 1,000 gallons 1,000 feet is about six times the

¢/Kwh energy price.

Note, however, that the present program lowers the energy price
as annual energy consumption increases. Under these circum-
stances the cost of static lift reflects the changing price of
energy, such that the cost of static lift decreases both as

the slope increases and as the flow increases, since both of
these result in higher energy consumptions and thus lower
energy prices. As an example, Table 26 shows the cost of
raising 1,000 gallons 1,000 feet at various QBARE. Quantita-
tively, the effect of slope at constant flow on the cost of
static 1ift is small and somewhat erratic because of the
optimization. The effect of flow on the cost of static 1lift
in the ranges used is major and while the differences are
reduced by optimization, they are far too large to be reversed.
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TABLE 26

EFFECT OF CONVEYANCE RATE ON COST OF STATIC LIFT
(With energy price varying)
(National, 1968, UBARE = 0.5)

QBARE Cost
mgd ¢/mg £t
.1 43.6

1 15.2

10 10.9
100 8.0
1,000 6.5

This static lift proportionality is not maintained in regions
of negative slope labeled gravity and gravity boosted on
Figure 34. This figure shows the effect of slope on conveyance
cost at a series of average conveyance rates, computed at a
utilization factor of 0.5. Figure 35 shows the contribution

of the five cost elements at a high-positive and a high-negative
value of slope. It is important to note that at high positive
slopes enerqgy cost displaces the fixed charges on the pipeline
as average conveyance rate is increased. This means that at
high slopes and at high capabilities it is the price of energy
rather than the pipeline investment which is a major contri-
butor to conveyance cost.

Effect of Pipeline Length

The cost of conveyance is directly proportional to the conveyance
distance except at quite small distances, at which it is some-
what greater than the per-mile costs illustrated herein mostly
because of the high unit price of the small pump stations. The
distance at which this effect begins is about three miles at
two mgd capability and one mile for 20 mgd and higher. The
program itself correctly computes the costs even at these short
distances, but it does so on the basis that the unit investment
for line is unchanged at short distances. This has only been
demonstrated down to two to three miles. At some unknown
distance, less than this, this must no longer be true.

Conveyance Costs in the Future

The COSTN subroutine allows the projection of the cost of con-
veyance at future dates. Table 27 shows the costs predicted by
this program for the conveyance of 100 mgd at UBARE = 0.5 in
the next three decades. For a plant built in 2,000 both the
unit investment and the conveyance cost will be almost double
that for a 1970 plant in current year dollars.

199



FR

.01

Average Conveyance,

mgd.

Boosted

Gravity
Puinped

10

-1 Conveyance \ 100
4 Cost, \

(1968, National)

COST OF CONVEYING

WATER BY PIPELINE
UBARE = 0.5

Effect of QBARE and SLOPE

(Field boundaries
are approximate)

N N A R N R DA N

-50 -40 -30 -20 -10 0 10 20 30 40 50
Line Slope, ft/mi

Tigure 34

200



CONTRIBUTIONS OF COST ELEMENTS TO COWVEYANCE COST

Inclined Lines
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TABLE 27

COSTS OF CONVEYANCE IN FUTURE YEARS
Horizontal Line, 100 mgd, UBARE = 0.5, National

1970 1980 1990 2000
Investment, ¢/gpd mile .328 .427 .526 .625
Conveyance, ¢/Kgal mile .147 .188 .229 .270

Comparison With an Actual Engineering Estimate

When the PIPELIN program was used for the San Antonio compu-
tations a comparison was made between the PIPELIN costs and
the costs developed by a preliminary engineering study of a
conveyance system, the Cuero-Cibolo-Hildebrand link of the
Texas Water Plan, which had been made by a consulting engine-
ering firm (51). The comparison is discussed in more detail
in Chapter 6 of the report but it is briefly mentioned here
since it bears on the accuracy which may be expected out of
PIPELIN.

The engineering study laid out an actual route and designed

a pipeline and pump station system under a set of ground rules
laid down by their client. PIPELIN was run with the same basic
data. The corresponding 1969 costs of the two studies were as
follows:

QBARE ' Conveyance Costs

¢/Kgal
Engineering Study PIPELIN
100,000 afy 7.15 6.72
200,000 afy 5.72 ' 5.70
300,000 afy _ 5.05 , 5.45

This information is presented here simply to illustrate the
confidence that can be placed in PIPELIN costs as reproducing
costs from rather detailed preliminary engineering studies
which include field studies, map routing, topographic and
geologic profiles, and item-by-item preliminary cost esti-
mating. The firm demonstration of confidence, of course, would
require many such comparisons in various regions of the country.
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INSTRUCTIONS FOR RUNNING PROGRAM PIPELIN

This program is set up to run in Fortran IV on a CDC 6400
computer. There are about 900 cards. The compile time is
about 11 CPU seconds and six peripheral seconds, the execute
time about three and three resp. The program will compile
with a core memory of 60,000 60-bit words. It will execute
from a compiled program or binary deck with 22,000 core words.

The main set of data cards are those numbered 1 to 11 on

Page 203. The data deck structure is shown on Page 204, The
program can be manipulated to iterate successive cases with
new values of one of the data cards by inserting additional
data cards 12, 13, etc. and using the proper values for LOOP.
The values read from the data cards are shown on the next
page. Card 7 comprises actually a set of cards, one for each
segment. (If the number of segments is greater than one then
an instruction for a short printout will abort the run.) If
it is desired to run just a single case without looping the
LOOP card should be punched as one. The program also will not
loop, i.e. will compute only one case, if LOOP is set at 2, 3,
4, ., 6, or 10.

Wit. LOOP at 5, 7, 8, 9, or 11 the program will return after
the first case and read the next card in the deck, 12, 13, etc.
With each auxillary card or card set so read it will compute
one case and continue to return until the deck is exhausted,
increasing the case number by one on each iteration. It is
not possible in a single run to loop on more than one type of
data, i.e. on more than one data card number. For example,

a series of cases can be run in which the QMAX is varied
(Card 8) and in a separate run a series of cases can be run
in which DEGC is varied (Card 11). But it is not possible to
iterate varying both QMAX and DEGC at the same time.

When looping is used the data on the new card is printed out

just prior to the new case number. (This print is not suppressed
with IPRINT(6).)
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Data Card
No.

1
2

7a

etc,

10
11

12
13
etc.

Run no.

LOOP

i, 2, 3, 4, 6, 10..,will not loop

5, 7, 8, 9, 11,..loops on data in corresponding
data card number by reading cards 12, 13, etc,

This data card number not used

IPRINT(6)

zero suppresses; 1 prints:

(1) parameters imposed

(2) parameters of the optimized design
(é) cost breakdown

(4) short printout

(5) search iterations out of OPTIM

(6) data cards 1to 11

STATE, NMSTAT, NREG, IYEAR
NUMSEG

One card for each segment

PLMILE(), ELEVB(I), ELEVE(I), TERFAC(I), CNSFAC(I)

QMAX, QBARE, QBARA, QMIN
PLLF, PULF, BASCL, RET

TX, XINS, PRLAB, PYEX

GVCKWH, DEGC, HDLIM, EFF, EPS

Data for subsequent cases in loop chosen

7/8/9
6/7/8/9
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No.

101
101

85

95
101

111

111
111
111
111
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SAMPLE PRINTOUT

B see

====RUN NO.
-===DATA rpPNS-=--
oy e
111011
_ _GITEXAS ...B1960
?
26,2000 42,5000  420,103C_ . 1.3000.
IR,INCC LGN, 10AF  R7D,0POC 1.0500
236.0000 149,0300  149,000C 149,000)
76,0000 25.0°90  100.0700 L1459
i .n10n JA10T L 2.0000 . L4500
£,7102 21,5000 3I00,000¢C L7E02
=-==CAST N7, .1 -=-==
e  PARAMETER VALUES TMFOSEN
___YEAR OF FESTIMATE  1¢€Q_ .
STATVE TEXAS
" REGION NUMBER @
©USEGMINT 1 SFGMENT 2
" MTLEAGE ru,2000 28,3000
__TERRATN FACTOR . 1,6000_ .. 1,590
CONSTPURTION FACTOR 1.0000 1.17500
_SLOPE, FI/MILE L6082 11,2205

.. .DESIGM CAPASTILITY .

EXPFCTED AVERAGE PRODUCTION

—ACTUAL AVFPAGE PRODUCYICM

2, neen

1640,0009

142,00010

MAXTMUM DATLY PPOODUCTION 22p,0000
__MINIMUM DELILY PROCUCTION 149.9000
PIPELINE LIFE 78
PUMPSTATION LIFF = . ... .25 . .
INTFREST RATE « 0451
INSUPANCE RATE .01010
TAX PATF 0109

~ LIMITIMG HEAD PUM® STATIONS

For.0nnn

TEMPERATURE OF WATER 24,60

LABOR PPICE 2,00

GIVEN ENFSGY PRICE g.npn
_PAYPOL!I FYTRAS FACTOR L4500
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CMILLION

1.£03090
1.0849000

53070

SEGMTINT 7

MILLINN
MILLTON

GALLONS/DAY
GALLCNS/nAY
GALLCNS/NDAY
FALLCONS/ZDAY
GALLCNS/NAY

MILLIAN

»ILLTON
YEAPS
YEARS
FEACTINN/YEAF

EOACTION/YERAFR

ECRACTINN/YERR
FY. CE FLUID
TEGR=ES (.

COLLARS/HOUFR

T APNTS/KWH

FRACTTON |



PARAMETERS NF THE OPTIMIZED OF

STrN:

 SEGMENT 1

CONVEYANCE TYPF

_OPTIMUM PIPF DIAMETER T.N, _INCHES £B8,4L498
_MAXIMU¥ PRFSSURE CLASS o<1 S 10,0000
NUMOFPR 0OF PUMP STATIOQNS STATIONS N -
_HEAD, PUMP STATTON Fl. CF FLUID . .221.3784
JINTERSTATION DISTANCE MILFES. N . A7.100¢
DESTGN INSTALLFD HP HP/STATION -.14992,4598
IESIGN PFYNOLDS NUMBEP e 5.8E95E406
_FLOMW TYPE, DESIGN__ e ~ TRANSITION
FLOW TYPE, AVERAGFE ... JPANSITION
QOPTIMUM VELOCITY, DESIGN o FYe/SFCe . 8,3238
VELCCITY, AVERAGE FT./SFC, . 5.4028
DESTGN FPICTION HEAD FT./MILE ....8.3785
AVERAGE FRYCTION HEAD ET./MILE . X,5855
ENEFGY PPICE CINTS/KWH « 9215
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e = -PUMPED.

SEGMENT 2

PUMPED
83,4473
150.0000

2
286.8592
12.7667
1¢426.,1518
he2144E+DE
TRANSITION
TEANSITICN
39,3706
60705
11,2408
L.B267

« 9560



COSTS AREAKNAWN

o INVESTM:=NT e
o PERCENT. CENTS/GOO CENTS/GED
K noLLADe OF TNTAL CAFRRPTILITY FRONUCTICN
. . H
PIPELINF 56574 .37 82,650 24,576 37.93¢
_PUMPSTATIONS __ _11208.4°7 16,5488 . 4,873 7.522
TOTAL £7772.8°0 1060, 2Q,n40 LS, 458
PFR MILE a2 T 627
e __RRODUSTION

ANNUAL UNIT COSTS

K DOLLARS CENTS/KGAL  PFFGENT OF ToTAL

OMP 0N DYPETLTNE 138, 46 245 2.5¢%
OMP _ON_PUMPSTATIONS = _ . 248,42 L .e80L3 4,74
ENERGY 1070,24 2,637 - 27,232
TCTAL OPFRATING FOSTS 251,12 L.R23 24,619
CAPITAL CHARGL ON PIPFLYNF 771,26 - £.C79 51,8¢D
CAPITAL CHG NN PUMPSTATIONS Q3G,n5 1.801 13,455
TOTAL PPCOUCTION COSTS 7257.96 132,355 170,

PFRP MILF Jioy
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100
110
120
130
140
150
160
170
180
190
200
21¢
220
230
240
250
260
270
280
290
200
310
320
330
240
350
360
37¢
380
290
400
410
- 420
L20
440
450
L60
470
L80
490
500
510
520
530
sS40
550
560
5740
580
590
600
610
620
630
640

PROGRAM PIPELIN(INPUT,O0UTPUT,TAPES=INPUT)

EXTERNAL FUNC2
INTEGER STATE,FMT
COMMON/+OODL/VIS,EPS
DIMENSTION PLMILECL) ,ELEVB(UL) 4ELEVE (4) 4,TERFAC(4) ,ARRAY(7),
+GPDC(22) ,GPDP(16) ,CNSFAC(4)
ODIMENSTCN SEGMNT (4,25) 3 IPRINT(6) yPC(22) s NMSTAT (2)
DIMENSICN CNTYPE(L) ,FLTYPE (L)
DIMENSICN HWCK (4)
DATA FLTYPE/10H LAMINAR, 10H CRITVTICAL,i1CHTRANSITION,10HTURBULENT
+ /
DATA CNTYPE/10H GRAVITY,10H BOOSTED,10HASSIS PUMP,10H PUMPE
+D/
ARRAY (3) =1,
30 READ (5,101) NRUN
PRINT 4Q,NRUN
LD FORMAT(1H1,///410X,*=-==RUN NO. *,12,%* ~==-=¥)
READ (5,101) LOOP
L=L00OP~4
NSET=1
READ (5,85) IPRINT
85 FORMAT (5X,61I1)
READ (5,95) STATE NMSTAT4NREG,IYEAR
95 FORMAT (5X,12,2R7,12,14)
CYMNI = COSTN(20,0,IYEAR)
READ (5,101) NUMSEG
101 FORMAT (5X, I2)
IF (IPRINT (4) *NUMSEG~2)102,102,2110
21190 PRINT 2115
2115 FORMAT (1H1 ,*--MORE THAN ONE SEGMENT,SET IPRINT(4)=0 FCR
+ LONG PRINTOUT=-=-%)
sSToP
102 DO 110 I= 1,NUMSEG
110 READ(5,111)PLMILE(I) ,ELEVB(I) ,ELEVE(I),TERFAC(I) ,CNSFAC(I)
111 FORMAT (S5X,4F10.4,F10.6)
READ (5,111)QGMAX,QBARE,QBARALQMIN
READ (5,111)PLLF,PULF,BASCL,RET
CaesesCY LABOR PRICE TRENDING IS BASED ON PRLAB BEING THE 1968 PRICE....
READ (5,111)TX,XINS,PRLAB,PYEX
READ (5,111)GVCKWH,DEGC4HDLIM,EFF,EPS
IF(IPRINT(6)1)117,117,115
115 PRINT 118
118 FORMAT(3X*-===-DATA CARDS-=~-*%)
PRINT 101,L00P
PRINT 85, IPRINT
PRINT 95,STATE,NMSTAT,NREG,IYEAR
PRINT 101,NUMSEG
DO 116 I=1,NUMSEG
116 PRINT 111,PLMILE(I),ELEVB(I) ,FLEVE(I)},TERFAC(I) 4CNSFAC (D)
FRINT 111,0MAX,QBARF,QBARAZQMIN
PRINT 111,PLLF,PULF,BASCL,RET
PRINT 111,TX,XINS,PRLAB,PYEX
PRINT 111,6GVCKWH,DEGC HDLIM, EFF, EPS

209



650
6610
€70
6890
6919
700
740
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
ar70
880
890
aon
9140
Q28
934
940
958
el
970
980
930
1000
10190
1020
1830
104D
1050
1060
1079
1086
1090
1160
11190
1120
1130
1140
1150
116G
11790
1180
1190

117 ~oNTINUI
MTTAFS = 0
CeeeeelDOF REENTPY .0,
158 NYIAIS = MTIMLS+L
TF (IPRINT(4)) 157,157,114
157 PEINT 178, NSIT
158 FORMAT(//41iXy®=wem=lASE NO, *4T2,% -=-=%)
114 2TLAS=PFLAR* (1 ,+DYTX) ¥CNSTM(11,0 ,TYCAR) /2,07
IF (NTIMES=4) 123,120,775
75 GO TO (160,160 ,16093209140 4143,146) 4L
120 QDOT=aM2ax
ANAR=ORLEF
C ‘....lllllF]‘Pr‘:I!‘JG FACT()"'.......Q.
IF(ID0T-1.) 173,137,175

133 FI=>4=2,
GO TO tan
175 TFAD0T-17.)13/,13%8,158
136 FIM=(= 753/ ) ¥ {CO0CT=-1,)+7
O T2 14l
138 FIad=1,2¢
140 DITPU=STIXHXINS+22T /7 (L, - (L «TET)* ¥ (~PULF))

DITPLETY4YINSHIFT/ (L= (1,435 T) *¥ (=2LLF))
146 NENS=,G00P 76455052 ~G¥NEGLHR 7{ 7EE AR EGCR*247, 6155701

+IDIGLAET-4 ARLTLT- 1L R DEGLY *u

MIS= (17 JRES =, A067ROFIFGCr JS10RRI1¥NECIF¥2 -2, 867220 5% 0750

$¥F 2D LGATAT -5 ¥NECNRRL) ¥L, 07T E~G

160 00 85 I=1,L

HWCK(I) =0,

5O 65 J=1,75

SEGANT(I,J)=0.
65 CONT INUE

0 7EY NTEGS1, WUMSTG
C SETTING SEGrFNT FAPAH{ETORS

TLOCE=(ELEVS (NSTG) = LI VANSIGY) ZELATL, (HSTR)

SEGANT(LSLG,20) =SLAFE

TER=TERFAC(NSHG)

COMSF=CRSFAC (M5:1)

CMIL:=PLMILF (NSTG).

SEGUNTINSFG,22) =1t 3

IFISLOPE) 182,257,217
C GRAVITY LINF
182 KK=13;0=102,§00L0=161,
183 CALL MCGDY (QUOT P, ETYFMGGL, TTYFF)

D2 (T8, LILAFFHOODRINITH®2/ (~SLOFE) ) ¥¥ 0,0

TF(ARS(C-02L0) /D0LN-.01)197,198,163

148 0DoLD=p
0 TO 1A2
iac T=0%12.

SEFGUNTINSER 1) =0nTYET (1)
SZGMNT(MSES,P?) =T
SFGHUNT(NSEG,€) =PEY
CSEGMNTIHSFG 7)) =FLTYL- (TTYPRI)
AVFAC=1.
50 16 3¢

270 SEGMNT(MSESG,1%) =L INE
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1208 SEGMMT(MSEG,17)=WCORPL

1210 SEGMNTINRSEG, 13) =HLOMP

12290 HTOT=WCOHEL + WL OHR

12348 SEGHMNT(NSEG, 22)=UTNT

12u0 TEASLOPi +572.,)7072,770,2N9
1250 2497 KK=4

12680 C APPRNXIMATING FIRST RIAFTTER AND LIMITS, PUNMPED LINT cevave
1276 249 IF(Q3AP-1.)226,2145,21C
1280 21¢ DIAM=1G*SQPT(QA3ARY /12,
1290 NTAMLO=UTAM/ 2,

1300 CIAMAI=TIAM>?,

1210 50 Ta 2:8

1326 220 DIAM=3C¥SNRT(ORAFY /12,
1330 NIAMLG=.1

1340 NIAMHI=1,

1350 IF(DTAMLO-NTIRAM) 224,025,222
1360 222 LIAMLO=LTIRM/2,

1370 G0 1O 23t

12an 224 1F(DIAMBEI-JITAM} 226,233,230
1320 226 UTAAHI=Z ,¥DTAN

140C 23C TF(KK=-1)27L 42324234

1410 232 NIAMHI=D

142¢ IF(N=-NTaMLD)Y 222,235,235
1430 223 GIAMLO=ULi/L,

1449 235 UGIAA=DTILMLO

1450 274 ¥K=4LLL=07JJJd=0

1460 NCALL=G

1470 KKK=3

1480 C---=---- RPENTRY FOR NPTTH L NOF

1490 CPUMP STATIGCN BQOK 1127P%4
1500 CNUARCH DF PUtP STATICKHS

1510 250 CALL MOOLY(CGONTLZNDTAA,EFY,FHAQCC,TITYRT)
1520 FRHNOT=Z12, 44 ¥FROQCA¥NNAT X2 /N p1¥#5
1530 TR{FTHOCTHSLCPIY 265,365,375

1540 365 MUMSTA=1

1550 HOSTA=O,

1560 GG Tn 277

1570 375 KK=2

15RQ NUPSTA= ((FEHDOTHSLIAFT) ¥PMILE /400 TH+,933339)
1590 HOSTa=(FRHEDIOTH+SLOF, ) *PRTLF/MUNSTA ‘
1600 377 CUMTILE=FHMTILF/ZRUMSTA

1610 REYDAT=FEY

1620 TTROT=ITYFF

1630 £ seeseoense DJUSTING PTET TINMVESTMINT FL? PRISTUIT CLAS S esaaesavon
1640 TP (YRS TA/2.35+25,) /50, v, 95C004G

1650 TFLTOREY 1T ,¢) 1PRIS=2

16R0 PRGLMYX=TPF® S¥5(,

1e70 HPCLS=IkFIS~-1

1680 AVFAC=1,

1€90 NO 407 u=i4NFGLS

1700 PRLCL=51 .47, %) ]

17190 G0 AVFAC=S AVFACHPSFLC(DTAMLERCL Z,FASCL)
1720 ENVFAC= AVFAC/MFRCLS

1730 290 T=nIAM¥41?

1740 KKK=WKK 4]
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1750
1760
1770
178c
1790
1800
1810
1820
1838
1849
1850
1860
1870
1280
ig90
1900
1610
1020
1930
1940
1as5¢
1260
1¢7¢C
198¢
199¢
2000
2010
20286
2030
2040
2058
2060
2070
2080
2090
21060
2110
2120
2120
21490
2150
2160
2170
2180
2190
22¢e0
2210
222¢C
22320
2240
2250
2260
22710
228¢
2290

C LIND INVESTMENT BK 182 F51
256 FONTINUT
CPHMI = CONSF*AVEAC

oo TJ (781,301,262 »301,3061,337,201,322,303,201,351,%1

y 301,301
1702,2301,202,331,301,352,301),NRIC
251 CPHT = CPﬁT‘l’? LANRTEX(T42,042€55) ¥%1,376L91

0 TC 344
T2 OPMI = FPMI*ET78,.011652%(T+,357003) ¥%,a3112¢
G0 TO {4
FPE OPHMI = (TPI®417 0077204 %¥ (T+65,.660431)%%1 ,Q7082,
L CPMT = CRPET®COSTMES,MESG,0)® (CNSTN(1 NREGyTYZAR)/COSTN(L,21,1IYEAM)
HFIFLDOSTM(LIS, {1, [YEARQ) /10R, 1)
CLINE NMR 2K 102P60
IL4 IF(T=-31,) 215,230,339
315 T=ALIG(T)
PRLAMP=FYF (4,04360-,0610731%T-,
t= o G1LOAFLFTHRL) FOYUNT /52,6 0%TE R
0 109 3F%
33 PRULOMR=(2T 256447, 217323 T4+, 12708%¥T+%2
o DG1ULERY T ¥¥ 241 (AT 7T—n ® TR L) FOYMNI /A2, £0¥TED
335 SRLOMR = PRLOMDRCOSTY(L 4 NREG,IYFAP) /COSTN (1,21, IYFAR)
WLOMR=FRLOMR®PMTLE
VLINE=CinNI*PrTLE
WOCHPL=VLINE¥OTTAL
GO TO (T0045LL3,4L8,b50) 4KK

CGO7312%T¥¥24 1 Q756L¥T¥¥3

CHOXRSZFOWFR
458 HPSTAF=(.175615*QDOT*GPMS*HNSTA/EFF
L5¢ HOSTAI =HPSTAT*TIPM

C UMIT TNVISTHEMT AND QM2 £X ENFPGY
Coews oFUNP STATICON FRICE TG PE RTVYISFD WITH Q-TOH FARAMETES AND
Cose s UNITS SUFPCUTING REOLACING FIRMueeos
IF(HPSTAI-24)451,451,452
451 TRPUMD=20CIN,
G0 7O 4c7
H2 PRPUMB= (103, C50%HPSTATI®*] 0322 2+16274,3) %
+ (1 13-AFS(ALOGLIN(RPSTRAIZL202)) % (L1016667))
452 TRPUMD - F”DUM?'CC§TN(19,Q,TY€AP)*COSTN(lgNFEG,IYLAR)/COSTN(iyZi,
+TYZAR) 7 14E,
C V AND H ByMe -
¢ USSR SALESTACH, CONTIMUCUS NPERATION PUMP COMR
TRIHPATRI-15003.) 455,502,502
L% TR{HAPSTET-ubl.)ub66,L6%,450
Coeonea s UMATTOINED FLANTS  aeasos
LSy PUNARST LEX(QUNT¥L 56727V %% G7FHOSTARR 25%52 %% 74% (], 2%¥3TLAPY
+CYHI1/87.E)
GO TO Lé&n
4R5 TE(ARSTLI=-5000.0477,470,475
Cooeoes STAI=ATTEMNED PLANTS ceeees
L72 UM =2 2% (Q0GTHLaOL47P2) % (GO¥HISTARR [ 25%50 % (2 ¥ TLAF+CYMNI/
+37,.56)
GO TO 4D
F....‘.‘\TT(-_'N"}fD )er’T)ltl.lll
477 BUNMR=7 ¥ (ONCTHFL, 04727 ) %% N PULCTAXS (1 2%52 % (3, S*2TLAQ
+CYMNT /87 ,F)
Cevase PUIR MAINTENA ‘!?FT......
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2200
2318
2320
23320
2740
2350
2760
2270
2380
22910
2400
2414
24290
243¢C
2440
2L50
2Lbl
2470
2L8C0
2490
25720
2510
2520
2530
2540
2550
25610
2570
2580
259¢
2e00
2614
2€29
2627
2640
265¢
2660
2ern
2680
2sen
270¢C
2710
27280
2735
2740
2750
276/0
277¢
27810
2790
2800
2r1¢0
2R20
2830
2840

LR P 4GEOTLATECYSNT/A2 A0
TF(49STIT=150,) 48,490, 494
L9% FUOMREPUCHR+ (L, F(D)I0TF1.54723) #% (FL¥HASTA® ¥ ,u*p)
60 T3 504
4A0 USAP=(ALOTHL.54727) ¥ L% HATTa*s (4 1 ¥ (I2AR¥ ,TES2L2G% 2, 2648 Q)
PEX L TED
TE(4PSTAT=7000,) 455,500,500
436 PUSARSPUNM +2,¥USE?
60 TO 504
S5 PUOAREPUONR +1,7%US3E
e Te 50L
Cuesaea MANUAL OF: EZATION,OVES 1SOLTHRERY®
Br2 HE=HdmSTAT#, 7450,
PUOATSOYNNT /65, J2¥ (272 7.5+7,C1PTGFHDE% B27043)
Sh ONTINGS
AP ORZPLOHT N ASTA
VEYAP DT FUME *OUNSTA
HEOHPU= L EUSPE3T TPU
£ oEHERGY
PALL N0CTY{RRAS , DT, 2L Y, 000, 1TY 1)
FOHAAZ=718,4 74 19FHNONENTAS #82 /0T AtixAS
TE (FRHLPF+SLOPT)IG2E,822,505

515 K¥=t
IF(SLOPE)T 15,535,513

515 KK=2

S0 TOo BNF
522 PRTNT 123,012
£2z FO2AT (% ROUHRARY PANSTE0+4STITTED AT ALAME,

+ELI0, 7 ¥SFT OAS UO0STH KITH 20403 FHERGY®)
528 WINGY={

=i
GC 7D &%
p

56 YRKUH=L1LT, 0370 2ORAFFNINGY (FREEF4ILODI) ¥PRILE/ (EFFANUFSTA)
TE(OVOKEF)Y b, baua Tt
SuT HWCK (NSEC) =GYIKHE

-0 T0 S5LE
Sl HUAK{HT s G = D RKHH (Y r WH, GYCKWH,, ST 17, TYE A7)
SaT 0 HEMGYSHWOK (FISTG) #Y PKAHANUMSTA /100,
C TOTAL CNST FOF QFTTH
56 G WTOT=HCCHPL4RLOME # WOTHPUS WO NF R4 WINGY
TALL SPTINAOTAM,HTAT 0T AMU G, DTAMNET 4 1:0-3,5 LT =Ly NGELL y NOWED)
CovonoeasedTTT (T, GRAVITY COST &8 TIF=C,.,.,
TF(JJN TET 5B, 5528
RGO TRLMTOT -1 1 ¥SEGaNT(MSUG,22)) 547,574,504
BR2 JJJ=1
NS T T O~
& LLL=LLL+1
TRALLL=-T)E89,45A3, 77
Caaaes™@IuT(5) OC2TT STASCHA S aeaen

CeaeoMOTZ THAY THTIS TS5 WTOT IN AHT DTAM CUT ZXCFPT OM TH: OPTTAUM ...

e TF(IFRINT(S)) 2754575,571
€7 TRINT G671y MOCALLCIR M, KK, WTDT
5/1 I"ﬂ.?‘i:"xT(‘s,Y,I.7,!—'1‘7.3,17'?15.?,/)
575 TRANOWGO)ZL 453 5,547

Lag TE(I2TINTA(RYY 230,590,585

¢
L35 TRINT S
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2850 SHe FOPMATILX¥OPTIMUMY)
2860 C......GP\;’XVIT‘! - DU“S}-U f)i“‘-ISIONoonono

2870 5493 TF{HTOY=-STGMNT (NS G422)) €00,7003,730
2880 C FTILL SEGHNT WITH PUPED O8TA eeswe TISZLACT GRAVITY DATA
2890 600 SFOGMNTINSEG,1)=CNTYFRE (KK)
2900 SEGUANT(RSIG,2) =DIaM*12,

2910 CSEGSMMTIMNCEG ) 3Y =NUMSTA

29240 SEGMNT(MNSEG, L) =PUMILE

2920 SEGMNTINSER &) =HPSTAT

2940 SEGANT(HSER,E) =REYNOT

295p SEGUMNTIRCEG,7) =FLTYPE(ITANT)
2960 T=1.989¢74L/NIAHY¥2

2970 SEGUNT(MIES ,8) =0DCTH*T

293¢ SEGNT(MSEG,0) =FRHNOT

2990 TEGUMT(NSLG,10) =RFY

3000 SEGAMTINSFG,,11) =FLTYRT(TTYR)
3010 CEOGUNTINSEG,12)=0PAR*]

3020 SEGUNT(HSEG,12) =FRUYPA®

3030 SEGMNTOISEG,14) =VLINE

2040 TEGHMUT(MSFG,15) =vPUMP

3050 VIOT=VLINME+VEUHUP

3060 SUGNT(NSEEG,L,1n) =VTOT

3070 CEGHMT(NSEG,17) =WOOKERL

3080 SEGHNTIVEEG, 14) =WLOMR

3030 CEGNTIMSEG,19) =HCCKHPU

3100 SEGMNTINSEGR,23) =HLSTA

3110 SFGUNTINTEG,20) =HFOMR

3126 TEGUNT(NSEG,21) =HENRY

3130 SEGUMT(ISEG 3 22)=HTOT

3140 STGMNT(NSE G, 25)=PRCLMX

3150 TF(HO3TMe10,8618 ,70

3160 6L “RINT 61

317¢ €20 FORMAT(* HDSTA AFFPROLCHING N.¥,/,% HOPIF FOWEY ANSITRARILY 52T
31480 +10C 2, FOP 9UMP TNVYESTHMIONT®)
31990 CN T 7F¢(

3200 CFILL "EGATNT RITH GRAVITY QATA

3210 730 PTAAM=STOMMNT(RSTG,2) /712,

3220 T=1,6853C7L/NTA %D

3230 SEGUYNT(ISFR,R) =QDNGT¥T

324t STOUMTINSIG,12) =QRAR*T

2250 CALL WGLFY(QPJT’JIﬁqu;Y,FNHOﬂ,I1Yf”)

3260 REGINTMNSU G, 173 =T1 R, L TLEFF MAND¥QRLFF/NTANNRS
3270 CEOUNT(YSTG, 10 =RTY

32890 SREGANT(HSEG, 11 =FLTYR" (TTYRY)

3290 SEGHHTINSIR,15) =14,

3300 SEGANTIMSES10) =R GMNT{NSY G, 14)

3310 cf?'\'ﬁ‘,"{'.!'(’S'?G,l";?)=C.

37226 TELGMAT(NSLG,70) =0,

33240 TEGHITINSL G,210 71,

3240 SEGUMNTLIST 5,3) =143,

33510 CEGMNT(HSIRg Q) ==SLNEF

3360 TTGHUNTILSER,25) =1,

3370 780 COMT LRUF

3380 IF (I-RIMT{4)) V55,75%,2179

3290 Coevee s TOTAL CECHMENTSE, oo TLE, A
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3690 725 UTOT = pPUNMSIGet

3610 N0 "2y T=14,22

34210 noA2Y Jzm1,MUMS-G

3430 870 TEGINTANINT , T =Se GMNT(MTOT, I) +S7GMNT (J, 1)
3uu0 PLMTLT (1 T0T) =0

3450 D0 ATS Tz, NUMTEG

3660 273°¢ PLMTL INTOT) =0 “TLONTOT) 7 LMTLE(T)

3470 N 365 T1=14,15

3480 Bal oL (T) 2 (SFGYMTANTNT 1) /SrGUMT (TR T, 14) ) #1090,
2400 TIHVPUZLFGINTINT AT LA8) /PLUILE(NTCT)

3500 TOP ATz SEEANTINTOT,19) 4 SEGYNTINTOT425) +S2GMETINTINT,,21)
25190 TOARCT=TINECST/SLGEITUINTAT, 22 ) ¥4 0,

3520 0825 1717, 21

3530 AKsL POCIY=SFCEYNTINTOT & T) FSEGMNT(NTOT,,?2) %100,
34 ARDAI(L)=rN0T*L -4

3550 TOORAT T=i4,14

3560 CALL COSTFASFLMITINTAT, T) JA%RAY)

3570 845 GPAN(IN=ARRPLY (7))

3580 CTRLL COLTICTINYT M ATRAY)

35ag TOONC=ATELY ()

3&08 LRPAY (1) =081 T,

3610 500395 TE14,154

3620 TRLL UOSTRUSESYNT(MNTAT,T),ARREY)

3630 935 GOIN (L) =p 22 AY (4)

3640 CALL COSTEALTINYOM,ARIAY)

250 TRONP AT RAY (k)

3660 ARPAY(R)=CAAF*LTX

3670 N5 1=17,22

3680 TALL COSTE(SERUNT(JATNAT,T) s ATRAY)

36QC 945 GPOC(I)=EFRLY(S)

370¢ CKGPUEGELOA(P2Y /TLMTLT(NTOT)

371¢ CALL GOSTE(TCROST,ARPRAY)

3720 TNPCKG=FRFAY (S)

3730 1525 FORHAT(AFEL 9 /7 425X ¥00STS BRCAKLOWN® 3/ 315X ¥ TNV STAENT*,/)
3740 15390 FORMAT (I2X g *Ci2CEHNT* g 7X3 ¥ SONTS/GFO*® X, ¥CEN TS/GRD*,

3750 +/3 10X* DOLLAGS*,6X,¥0F TOTAL* X, ¥CAPABILINY*,uX,¥FPROLUCTT AN, /)
3760 1535 FORPMAT (1Y ¥ P10 CLINE* Xy Flde29F Xy FRl. 47X Fla147X,FB,3)
3770 1840 FORHAT(I Xy ¥ PUACSTATTONSY g F 12,24t Xy F RT3 7 X4FF o 347X,F2,3)
3780 1545 FORMAT (X ¥ TUT ALY Xy F 12 e 2y P X g ¥ Al T a® g1 X aF 397X 4F2,2,47)
37910 1653 FOYAATUAX G ¥ P MIL % 38X Fld42921X3FR,397XgF8472)

3800 1555 FORMAT(// 3 LEX*ERIANUCTION®, /) -

3810 1560 FOSMAT (70X 4 FANNURAL ¥, 14 Y, FUNTT C(S5TS¥,/,31X,¥K NoLLA=S®,
3820 +0 Xy ¥CUNTS/KGALF 4 IXL¥PEFCENT OF TOTAL*®, /)

3T 15A3 FOMAT (1X, %042 ON PIPELINC*,14X,FiN,2,0¥,F3,3,8X,F3.7)
3840 1571 FOPHAT (1X, #CMR ON PUMPSTATTIONSH 410X ,F 17,247 X,F2,2,8X,FR,3)
3850 1575 FORHRAT (1Y ¥ENCRGY* 422X, FIN 290X 3FA5,3X,F02,3) :

3860 15880 FORMAT (IX s *TOTAL NPTLATING COSTS® 38X sF1de298X 9P B3 38XsFR,47347)
3870 158% FORMAT (11X, ¥CAPITAL CHEPGE ON PIPELINI¥,3X3F10.0,8X4F8.2,
3880 +aAXLF3,X)

3890 1597 FOSMAT(IX, *CAPITAL CHG NOH SUMFSTATIONS *,F11,2,5X,F3,7,
3900 +3X3F3.3,7)

3910 159> FOJAAT (AX,,*TOTAL 2P0DUCTION COSTS*¥,7X,F10.2,5X,F1,7,

3azp +AX 105, %)

393¢ 1600 FORAAT(/ 41X 4 ¥PU2 HILTF¥ 427X 4FR.3)

391"0 C”'...l.g;{INTlOICOC
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3950 C-=----- PRINT FAPAMETE S IMPOSED --=--

3960 TECIPRINT(1))174U0,1 74,1502

2970 1607 PQIMT 1801

3980 POINT 1605,IYFAR

3990 oRTIHT 1810, NHITAT

4000 PRINT LE18,NRIG

4010 PRINT 182G

40290 FOINT 1828, ((PLMILS(NSLEER)) ZyNS=G=14RNU1SEG)
4030 PRINT 1830, ((TERPFATINSER)) yNS-L=1,,NUMSED)
4040 ORINT 1837, ((CHSFLIINSTR)) ZJNSEG= 1 ,NUNMSTG)
4050 POTINT 1538, L(X2GMNT(NSEG,24) ) 4 NSEG=1,3UMSTE)
4060 ERINT 1&LC, GONT

4070 OCRINT 184E, 03ARY

4080 PRPINT 1850, ORLRA

4090 TRINT 1E&5%, C4AX

4100 PRINT 1860, OMIN

4,110 PRINT L&f%, FLLF

4120 SRINT 1667, FULF

4130 ERINT 1°78, KIT

4140 FRINT 1880, XINS

4150 PRIMT 18R, TX

4160 PPINT 1rOC, FILIH

5170 PRINT 1FPQ5, DEGN

4180 SRINT 1enf, FALAD

4190 FRINT 120%, GVOKWH

4200 FRINT 1C1(, PY~X

4240 GC-=-m=-- ERINT FAPAMETIERS OF THF OFTINIZEL SESIGN ----

4220 1742 IFCIPRTINT(2))1390,2990,1745
4230 1745 PRINT 1920

4240 PRINT 1¢2%

4250 POINT 1C?G,((»r7MNT(NQ£G,’)),NQFC: s HUMSEG)

4260 PRINT 1635, ({STGMRTINSEG,2)) 4NSTG=1,NUASIG)

4270 ORTINT 16327, ( (S GUNT(NT1G,25)) ¢ NSEGC1,8U45:G)
4280 FRINT 1S40, ((S:GMNTINSIG,32)) 4NSFG=148UMSIG)

429Q0 CRINT 1944, ({STGMNTINSEG,23)) ¢NSTG=1,NUXSER)
4200 TPRINT 1045, ((STGAMT (HSFEG,4) ) g NSF 61,8182 6)

4310 ERINT 1GE0, ((SEGANT(NSF  Gy45)) 5NSHE= 1,wu** 6

4320 PRINT 1GE8, ((SIGMNTINSTE,H)) ¢NSH Gzl ,5UMSIR)

4330 PRIMT 1G€R, ((STHRANT (NST J,7)),x< G= 1, NUMSER)

4340 FTINT 1565, ((SEOMRT(ISTRy14)) yNS{6=1,9UnSE6)
4350 POINT 1C70, ((SEGMMT(HMSTG,8) ) 4NTEGS 1.<J SERY
43260 PRINT 1°”‘,((§tGﬂNT(MSTC,1 1) G NSEO=t ,NUFMSTE)
43270 DPINT 1987, ({3I6MITINSIG,G))4,MT=Gz1,NUYSEG)
4380 DRINT 1965, ((STGANT(NIEG 1")),\< G=1,NUSSFER)
4390 DRINT 1088, ((HWCK(HNSER) Y yNSr 621, NUYITG)

L4000 14908 FOIMAT(AHD 4 /777 420X, FBARAMETIS VALUTS THFCCID®,//)
4410 1305 FORMAT (1B 32Xy *YEAF OF TSTIMATF*,aX4e14%)

4420 1817 FORMAT (X, *STATZ¥,7X,2A7)

L4430 1815 FOPMAT (1HU , 2X 4 ¥REGTION NUMBIR¥,0X,17)

4440 1826 FOQWAT(lPC,lQK,*SEGVﬁNT‘1‘56X,*SEG¥ENT CF G EX FRELM N
4450 1825 FORMATIAIHC, FFTLZAGEI* 12X, F1iea47(5X3F1G.%))

44605 1830 FORMAT(IX,*TERRAIN FACTOR*® 2 (5XyFluek))

4479 1823 FORUVAT(IXL,*CONSTRUCTINN FACTORF,F17.492(5XsF12,4))
4480 1035 FORMAT{IX,®SLOPE, FT/HILT#,5X,F10,4432(5X,Fllaa)4//7)
L4690 13475 FORMART (///7 33X 4 *IESIGN FARPASTLITY¥ 12X ,Fllely5X,
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4500 +% AILLICN SALLONS/ZOIAY#)
4510 1R85 FOSHAT(IXGSEXP 3T AVERAGS FROTUCTTION® ,2X,F10.4,%X,

4520 +% MTLLICN GALLOMS/ZGAY*)
4530 1’%n FOCSAT (FX, FACTUAL 2VTRAGE CR0OUCTINNF UK oF1),445X,
4540 +¥ ATLLICN GALLOGNS/ZNDAYY)
4556 18355 FOUAAT (PX o * AXIMUN DAILY PROINCTICHY 45X ,F 144 43X,
4560 +% ATLLICN GALLONS/DAY®)
4576 1869 FO2MAT (23X, ¥FINTAUY NAILY P-OTULTIONTZLY 510 0,7 X,
4580 +% MTLLICN GALLONS/ZLAY®)

45990 125 FORAAT(2X,y® CTOELTNT LIFE¥ 313X, F2.0,10X,¥Y  A2SH)

466C 1807 CORMILIX,FOUICSTATTION LIF % 15X ,F 2,0, 11X 4¥YEARTH)

4e10 137 EORMAT (TX ¥ INTEREST PATER J1OXGF LG, 0, ,BX,*FFLLTTON/Y RS 7%)

4620 1840 FORMAT (IXy *INSURANCE RATEF 310X F 10049 SXy¥F7asTINN/ YR AR %)

4630 1R85 FOOMAT (IX, *TAX PATI®,21X,F10.4,5X,*FRACTINE/YEARK)

4640 18”3, FORMET (X *LTHTITING HEAD PUME CSTATIONS*® ,2X,F13.4,5X,

4650 +*FT. CF FLUID®)

4660 1805 FOMMAT (Y, BTV MPIRATURE OF WABTEF®*, 1A ZFG 2,7 X, ¥NIGPEES N, ¥)

Le70 19875 FOMMAT(ZY 3 ¥LABRDR OCTCE*, 20X 4 FR 2,7 X FANLL AT S/HOYER)

4eB80 t14Qiy FORAAT (2F,% GTVIN FHNTECY PUTOF® 314X gF R, 34FX ¥ CINTS/KidE*)

4600 1940 FORMAT (TX, ¥*FAYROLL ZXTOAS FACTOR® j3X FLilab 5X, ¥FPACTINNY)

4700 13235 FAVIAT (IHL 47/ 9 LOX W ¥RPAREMITE 23S OF TH- ATTTIFIZED DL CSTIGHF,7)

4710 1978 FOPMAT(/ /5 37Xy ¥SCOMFNT 1%, 14X, ¥CIGHEHT 2%, 11X, ¥SEGHMENT 3%,/)

4720 19350 FORMATCIHG 2 X, ¥*CONVEYANGE TYPSI ¥,2GX,A10,2(10X,610))

4770 1935 FORAAT(ILT 4 2Ya ¥OPTTHUM PTIPY DIAMET R Telia¥ ot Xy FINCHIS* 316X, F1d,4,
474¢ +PCLIX,FIC0,5))

47580 1037 FORMATUIHE,,2X,y ¥HAXIHUNY PRESTURT CLASS* 10X ¥P3T%,19X,F15.L,0 (1Y%,
L7€8 +F12.4))

4770 194N FORMATOIRE a2 X FNUMAEFR OF PUNP STATTONS®,IXY Z¥STATTUNS®,1AX,F7, 0,
4780 +20L7X,Fl.T))

4790 16y FORMATCLHE,2X, ¥HIAD,, PUMD STATICKT z14X,*FT, OF FLUTS*,40X,F 1%,
4800 +2U10X,F10.4))

4810 1945 FOAMAT(IHE s 22X, FINTZFSTATION DISTANNER y LIX ¥ ILIS* L 17X, F10,4,2 (17X,
4820 +F1%.4))

4830 19%4U FORMAT(IHL 32X, ¥DESIGN INSTALLED HP¥, 13X, ¥HP/STATIONY¥, 12X, F1 44,
4840 +2(LIXF1%:4))

4858 195S FORHNATIIHD y2X,*¥JESIGN RIYNGLDS MUMGHR¥ 332X F1d,4,42(123X9213,4))
4860 1960 FORMATOAIHTI,2X,*FLCW TYPT, NESIGH*, 37X 3ALT,2(10X,A15))

48719 1855 TORMATCIHC 22Xy *FLOW TYPT, AVERACGT¥,75X,A10,2(10¥%,410))

L4880 1970 FORPMATCIHL 32X, ¥NPTIMUKM VILNCITY, DUSIGN¥ gAX#F T /SrCa® 410X F1, Ly,
4890 +2(1X,Fin,4))

49060 1975 FORMATCAHL o PXy ¥VELOCITY,, AVIRAGE ¥ {TX G ¥ F T,/ FECa¥ g luXyF10,0,2(1uX,
4910 +F13.6))

4920 1040 FORMAT(IFC,,ZXy¥N:SIGN FRICTION PEADF 12X ¥F 1 /HATL #4314 X,F170, 44,2011
4931 +X,F1a,4))

4940 1985 FORMAT(AIHD 42X, *AVERAGT FRICTTINON HUANF, LIXG¥FT o /MTLEF 156X ,F10 by
4960 1938 FORMATC(LHD 32X ¥ "NERCY ERICEF 2N 3 ¥ T 7NTS/KWHY g 13X, FL i, by

4a7¢C +2 (10X ,Fifisu))

4980 (C------ PRINT (0OFT 20FAKNOHM-==-a

49eg0 199) IF(IPPINT(R))21E,P218C0,1091

5000 1991 00 1997 I=14,2?2 .

5010 1@c? STOMNT INTOT L, I)=SE GMNTANMTOT,IY /1008,

5020 TINYPE=TTNY M/ 2300,
5030 1AFNET="0Y 5T/ 6.
5040 SRTAT 1hPE

217



5g5C
5r60
5070
S0RG
509¢
5100
5110
51240
5130
5140
5151
51640
5170
51ap
5190
5200
521¢
522¢
5238
572490
525¢C
5760
5270
5280
5290
5200
5210
5220
5230
5340
5350
53¢l
5270
5280
539¢
5400
5410
5420
5430
5440
5450
5460
5479
5480
5490
5500
5510
56210
5530
5540
5650
S5¢0
5570
5580
5596

TLINT 12320 .
“TTAT 1070y STRANTUINTOT.14) ,20 (2 6) 46RP0C(1L) 4G2DE(14)
CETHT 1P afyTFLUTGITINT 4 15) , 0 (1%) 4,590 (15) ,( PP (1L5)

TRTINT TTLEZSESINTINTNT 3 10) KPR (16) ,020N0 (1)
FRINT LEEP, TINVE A, TEPRL,TGROP
FRTHT LE5S
FRINT 1260
SPINT 1165,SFGNT(HTAT,18) ,6PRC(1€),2C(18)
CRINT 1070,3F68MT(NTOT,20) ,6PEN(26) ,PC(20)
SRINT LE7F, SeGMRTINTOT,21),67N0 (21),°C(21)
ERLNT 1780, TORGST,TCPLKG,POLPCT
FRIUT 1085,SECHNTINTOT,17) ,GPRC(LI7) PR (L7)
PRINT 1800, SEGYNTINTOT,19) ,3PEC(1%) ,FL(19)
APTHT 1FOF, SEGANT (NTOT,22) ,500C(22)
SEIHT LEQF,nKGON
R PRINT SHC?T PRINTOUT --=--

21°0 IF (IFPINT(4)) 7280,3009,P128

2120 TF(NSET-1)2135,2127,7150

217§ SRINT 2140 :

2440 FORUAT( F/75TXQ*ODOTH 12X G S AEAR ¥ 412Xy % [TAM¥ 312X, *SLOFE¥ 42X,

FICONVeYANCE TYT ¥ LY GYCRNTS/GED I ¥, 04X, ¥ 30 LLARS/MG M FROJUCTTIUN*
+,7)

2150 °GPDM = SEGMENT(1,16)%100,/7030T/1ER/0MILT
NMGAT=SECMAT (1,22) 7 (QRAT¥THE , 2425%PMTILE)
TRINMT 21€C,0DNT4088FE ,SEGHNT (142) 3 52GMNT(31,048) 3 S GHNT (1,41) 4 (GFO,
+OMGMILNEET
21660 FOUMATO/ 90X gF1 1oty R(DX3FL1eb)y3X 815, 2(2X,3F1T,4) 4% CAZE MOe ¥,
+13) ‘
Coeeee AP ROTUFMS .4, 0
3GS0 CTONTINUY
MNSET=NSET41
IN20 TFA(L) 22804+22u5,53025
TEEE L0 TQ (TU30422624,37125,30423,3048,2200,2%350) L
ACTIL FFAN (5,00) STATT yMMSTLET,MRIG,IYELER
SYUNI = (CSTN(Z29,0,TYCA™)
TRPINT G fSTRTL JNUSTATLNPIGL,TY: A%
0 TQ 331&0
26365 00 2256 T=1,MUHSTE
SEAD(H,111) FLATLI(T) ,TLIVS(IY o L Vi (L), TYRFAC(T) ,CASFAC(T)
TRIMT 111 ,PLFTLY (1) o SLFYR(T) el VE (T) o TIRFAC(T) ,ONSFAS(T)
303€ CONTINUT :
~Q T4 T
LG TLAN(G,111) CHMEX,0 AU GRAPA, OV N
TRETANT 111, OMAXGQRALT,00A2A,0MTM
GO TG T1EG
LS TFAN(S,111) FLLF,FULE,PASCL,RTT
PRIYT 111,00LLF s PULFZBASTL,RET
50 70 215C
TR0 READ (5,111) GVOKWHGDEGC,HOLTI#,F FF,2PS
CRPINT 171, GVCKWHGNFGO JHOL IMGEFF 485
IF (£0F ,F) 2250,4,1%
=107
FMD : .
SURACUTINEG OFTTIY(THISX VAL U: y XLO 3 XHIZCOMVX I ONVVZNCALL ZNCHGD)
TECOTHISX=-XHI)UY3,93,533

i W

NI
o an
Ty o
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S600 93 IF(THISX-XL0)500,89,99

5610 99 IF (NCALL) 10,10,11

5620 10 BUMP=(XHI-XL0)/3

5630 M=N=0

5640 K=ILO=IHI=1

5650 PX=PV=0,0

5660 NOWGO=~1

5670 12 ANSMN=VALUE

5680 26 XMIN=THISX

5690 28 = THISX=XMIN+BUMP

5700 27 IF (THISX-XL0)190,15,15

5710 16 BUMP=BUMP* (-0 ,25)

5720 GO TO 28

5730 ‘15 IF(THISX-XHI) 17,17,200

5740 11 IF (ABS(VALUE-ANSMN) ~ANSMN¥CONVV) 50,51,51
5750 50 IF (ABS(THISX-XMIN)-XMIN*CONVX) 52,51,51
5760 52 IF (ABS(BUMP) -CONVX*THISX)53,51,51
5770 51 IF (VALUE-ANSMN) 60,90,70
5780 Qo0 THISX = (THISX+XMIN)/2

5790 IF (THISX-XMIN) 148,55,140

5800 70 IF (M) 71,71,180

5810 71 N=N+1

5820 K=0

5830 IF(N-1) 100,100,110

5840 18 BUMP=(~1.,0) *BUMP

5850 N=0

5860 GO TO 28

5870 100 PX=THISX

5880 PY=VALUE

5890 60 TO 16

5900 110 IF(PV-VALUE) 18,120,18

5910 120  THISX= (THISX+PX)/2

5920 GO TO 130

5930 130 N=0

5940 150 K=PV=PX=0

5950 GO TO 27

5960 53 IF (VALUE-ANSMN) 56,55,56
5970 60 K=K+1

5980 PX=PV=0.0

5990 IF (K-3)12,12,80.

6000 80 BUMP=2 , 0¥BUMP

6010 K=0

6020 - GO TO 12

6030 140 BUMP=BUMP*0,25

6060 N=M=1

6050 GO TO 150

6060 55 NOWGO=1

6070 210 IF(IL0)229,220,230

6080 220 IF(IHI)17,17,250

6090 230 PRINT 240,IL0 _
6100 240 FORMAT (1X,*THERE WERE,*I3,* ATTEMPTS TO GO BEYOND
6110 +LOWER CONSTRAINT.*®)

6120 GO TO 17

6130 250 PRINT 260, IHI

6140 260 FORMAT(1X,*THERE WERE,*,I3,* ATTEMPTS TO GO BEYONU HIGHER CUNSTRAI
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6150 +1T o %)

6160 17 NCALL=tCALL 41

617G TETURN

6180 55 NOWRI= L

6190 . VALYS =4+ S

6200 THISX=XMIN

62140 GO Tn 215

6220 140 PX=THITX

6230 Y=VALLY:

6240 TUMDz (=1, 0) FRMD

€250 i=K=0

6260 50 TQ 2¢

6270 130 ILI=ILC+1

6280 IF(TUMP) 16,345, ~t6

6290 265 AYMP= (-1, ¥) F3UA

6300 50 TO 1¢

6310 230 THT=THT+2

6320 TE(MP) TET 427,10

6330 613 “RINT 5.1y THISK,YLO,XHT,NCAMLL .

6240 SLE1 FORHAT(S THISX =%,512,.6,% XLO =¥,012.,6,% YHID =%,612,c,% hOACL
6350 +£2,12)

6260 TRINT =2

6270 £02 FARYATIY THISX CUTSTINT YYT-XMLO L IMITS#,/,% TUN SBC2TIO I OFTIM¥)
6380 STAR

6398 SN

6400 TUNCTICOE [XHE(YSKPYH a5V OKAH ZSTRTT 4 TYTAR)

6u410 ~OMPUTIS CART OF TLIS. THIPGY YIL STATT, YOIP, BN ANNULAL ¥WH USE

6420 INTZGeR STATE
6430 PTG MET 0N TNST (49)

6440 C NOTT *C2DE FOE STAT=S TS -

6450 C (1) ALASASA (2) PR2I70KA (3) ARKAINYRS () CALIFOFHIA (%) CSOLI=ADC
ELEC O (o) COPEECTIAUT (7Y NLLIHARS (2) FLORITX (3) GE(RG5TA (L13) 19440

BLTD (1) ILLIKROIC (12) TNARTANAY (L3) ITwE (15) KANSED (1) N IMTULOKY

BLAE C (1&) LOYUTSIANE (47) HRTMDT (18) MARYLAMT (1) “”'"QCHUS;TTS

6LQ0 © (2f) ISHTIGLM (21) MTENFSOTA (22) MISSISSIF (27) DISEGUNT
6500 C (24) WDVT'WF (75) WAL CKE (2R) NSVWeDd {D27) NP W H\H“SHI;t

6510 € (2%n) MW S TSty (2n) Moy o ¥XICE {783) NIih YOO (F1) m0°TH GR2A0LTHD
§520 € 22) ORNTH QZKCTSE (77) YWHTD (T4) OKLEHCT A (35) CFI50N (ZB)E D r\YlV Wb
6520 C (7)) ©CHDY IS AME LTBY SAUTH CAEDITMNA (72) SOLTE DAYNTA (4I)}T 7 O5qg
6540 £ (=1) Trxas {(L2) UTAd (22) yYIoIM(uY L) YIGTMIA (LT) HASHIAGTON

5650 C (4h) WI3IT VIEGT? IA (47) WISOONTTN {(L8) WydHING (w9) HLATIONGL,

6560 GAETA THNUT/Y ok 1.590,1.5F241.230,1.070441,.846,1.709,1.F51,
6570 +1 61,1 .76 041, "),t-(Tq‘*,lc{‘,1'6779101ﬁ-§?,l.[l“",l.-?‘_"?“.,l." T y1.CL7,
6680 +1.937,

©591 B 7T T a1 0141, 79741.29% 414 270,18, E0s 57 3 N0, iR, 1h,,27
6600 +..730 ’1 7~ '-‘,1--!‘u’ct’#dylo.'h?q.c!‘\-,‘Lo?‘)"ﬁqlc?cl*’n{i;)q:.os—'g;.’:oc‘”?,
6611 FlenM841,670, .07, Th5,1,0671,1,0,1,7%/

K20 TE(SVOKHHYT Sgn 2y 7L

5631 TS GO KA

664" (RIS

hH5( AD 7Y NIS1TL N, T I58PFLTYFAT-1G7 )

6661 TELYD N =17 40) Af, 00,0t

BRT7N G TRWAz NMST(TTRT ) * DR /QRECY INT /106, 2

66810 S B ¥ A :

6€9C 8¢ TF (7KKt =-1" ")Y27,90,02
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h70C
671G
h720
6730
67161
6750
BTFED
6770
6780
679r
6800
HRLG
6820
BAR3C
ER4DN
6850
686t
6870
6req
6891
600¢
6Q1¢C
6928
6G20
6oL
6950
hA60
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SUBROUTINE MOODY (Q, DIAM, REY, F, ITYPE)
C DARCY FRICTION FACTOR BY MOODY CHART AND COLEBROOK AND
C AND WHITE FORMULA, ALSO REYNOLDS NUMBER AND FLOW TYPE.
COMMON/MOOD1/VIS, EPS
REY=Q/(.50762082*DIAM*VIS)
R=REY '
IF(R-2000,) 9,9, 351
9 F=64,/R
ITYPE=1
RETURN
351 R OUGH=EPS/DIAM
- RUFF=ROUGH/3.7
GO=-2,*ALOG10(RUFF)
IF(R -4000,) 9, 10, 10 -

9 RN=,0006275
GO TO 100
10 RN=2.51/R
100 GN=-2,*ALOG10(RUFF+RN*GO)
IF(ABS((GO-GN)/(GN) -,0001) 170, 170, 150
150 GO=GN
GO TO 100
170 GN=(GN+GO0)/2.

F=(1./GN)**2
IF(R-4000.) 11, 20, 20

11 R=ALO0G(4000,)
REYLG=ALOG(REY)
F=ALOG(F)
R2=AL0G(2000,)
F2=ALO0G(,0317)
FL=(REYLG~R2)*(F2-F)/(R2~R)+F2
F=EXP(FL) '
ITYPE=2
RETURN

20 TURBF=(200,/(R*ROUGH))**2,
IF(F - TURBF) 29, 30, 30

29 ITYPE=3
RETURN

30 - ITYPE=4
RETURN
END

7390 CYRICYTINT COSTO(val ') g ARPAY)

7400 SIMIRSIor ARRAY ()

74190 APRAY {4 VAL /Lyl t,

7L20 APEAY(SYS ((YALUTRE T O/ (AFRAY (R *EE5,2475))
74320 LRPRAY(R)=(YALY-*1L7,) /7A72LY (1)

7440 PET RN

74850 TN
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8530
8540
8550
8560
8570
8580
8590
8600
8610
8620
8630
8640
8650
8660
8670
8680
8690
8700
871¢
8720
8730
8740
8750
8760
8770
8780
8790
8800
8810
8820
8830
8840
8850
8860
8R70
8880
8890

8900
8910
83820
8930
8940
8950
8960
8970
8980
8990
9000
9010
9020
9030

c

FUNCTION COSTNIITYP ZNREG,TIY{AR)
THESE COST INDICES ARF LKP PROJCCTYICONS FOR YERt GT 1ensg,

CeaeoFOR ITYP GT, 12, NCOT REGTONALIZZD, N2IG = Laess

c
c
c
c
C
C

NREG COLES: 1=ATLANTA, 2=RALTIMOFE ,2=312MINGHAH4, 4TRUSTON
5=CHICAGO, 6=CTIMCIMNATI, 7=CLEVELAMD, B=DALLAS, 9=0ENVER, 1e=De T7QIT,
11=KANSAS (TITY, 12=L0S ANGFLFS, 13=MINNTAPOLIS, 14LINLW OrLzANS,
15=NEW YORK, 16H=PHTLEAOFLFHIA, 17=PITTS0URGH, 1E=3T, LOUIS,192=98N
FRANCISCO, 20=SEATTLE, AND 21=NATICNAL,

ITYP CONEStL=DPCT, 2=CCI, 3=STP, 4=S, S=FIPZLINFE AONJUSTHMINT

CeeeoSTP AND S NOT IN YET. TITYP 6 TO 10 LFFT FCP LATER ADDITIONS
CoeeeoOF REGIOMALTZED INDICFS,.0a0e

s NoNoReNoRaNe!

11=AVG. HOUPLY EARNINGS MFG i/HR., 12=CHIM, FNC, PLANT 0,7,,

13=MS CHEMICEL PRCCESS EQUIPMEONT INDEX, 14=WPTI FOR

INORGANIC CHUMICALS, 15=0OMPOSTTY PIFPTLTINE CCST INPEX, 16z0L70T2I0AL
ENERGY CI, 17=CONZRETY DAM, 18=EAPTH NAM, 13=PUMPING PLENT,
2C=MONZRN MFG MATNTENANCI INDEYX,

EXAMPLES (142451369) = ARCIL3ALTIMCFE,1889, (11, L,1973)=8vG6, HRLY,
CARNINGS, NCT REGIONALIZFD,1973,

OIMEMSTION SLCPE (115),06PT(115)

NATA SLOPE/1E,.7665,15,400,1¢6,6R9,1E4709,21,3L2,17.750,423.127,17,265
+,14.Gg2,21.282,14.qq3,17-072;1#.Qh7,13.0)6,‘1 77 J,lh ;?7,19.?7b9
+29,687902e¢7968517 530, 17.6830,266190,25,308y2L4862,203.542,36.,507,
030.962;39.716'21.9?ﬁ,25.000,39.1Gf,27.6R8,77.75F,32.627,?&.766,
+47 112927 eBU7933.395,37,548,39,2064533.430477.187,03%0,2,0,0777,
+2.898,6.56541,207,2 .969,.7L:88h,1 S,.9,;-30’ 2477

DATA CEFT/360.343he s 230 sltP2645u00,50482, 34784937 009650.4489,,47%3,,
+418,. 340009 b1be 147004530 09li38eylibes 357 ¢5404.5485,,618.,40%,,475,,
+567.,651.,800.,775.qahk..5ﬂ4.y6°0..591.,536.,61‘.9510.,61?.,Eﬁa.,
+771 0367 Le925bay 711,40 0549b2%04091407023F9 00383 91,07591778,0,8L0,;,0¢
+290e88851100490¢775439.781,0.9N0,0.320,0.987, 1 175,1.13c41.3,1.47223,
+1.0,0. 8?P Na843y1.0,1, 3’3? B54268L4y137,28,80.349,32.,44,83,370L,21,7.
+101.52 f9.39=7,53.1/

NO = 5

IF (NREG) 998,150,177

150 IF (ITYP.LT11.0RTITYP,6T.23) 62 TH 337

IND = NC¥P1+(ITYP-11)

GO TO 1&a¢

1706 IF (NREG.GT.21) GO 70 210
IF (ITYPLF,0.0RITYPLGTLS) GC TO 953
IND = 21*(ITYP-1)4NREG
180 COSTH = CEPT(INO)4SLOPE(IMD)* (TYEAR=~194L1)
PETURN
998 PRINT 21D,NRFG
PETURN
930 PRINT 9C1,TTYP,NREG
PETURN
910 PRINT 210,4NREG
RE TURN
9331 FORMAT (JLHDINVALID TYPE ,13,12F FOR REGION ,I2)
210 FORMAT (1HO,20HINVALID REGION COCE ,I3)
END
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ARRAY(7)
AVFAC
BASCL
CGPDM
CKGPM
COSTN

CNSFAC())

CNTYPE(QD)

CONSF
CPMI

CYENI
CYMNI

D,DOLD
DEGC
DENS
DIAM
DIAMHI
DIAMLO
DITPL

DITPU

DMGMI
EFF
ELEVB()

NAMES OF VARIABLES

Array used in cost compufations
‘Average of pressure factor (PRESFAC) over llength of line
Base pressure class to which the pipeline costs are assigned, psi

Unit investment per mile, ¢/gpd mile

Unit production cost,_¢/:Kgal per mile

LK-R library function subprogram for cost indexes (variables
unique to this program are not contained in this list)

Construction factor for segment I (applicable to pipeline invest-
ment cost)

Name for conveYance type. 1 = graVii:y,‘ 2 = boosted, 3 = assisted
pump, 4 =pumped =

Construction factor for pipeline in segment being computed
Current year unit investment in pipeline, $/mile
Current year electric energy cost index

Current year Marshal and Stevens Cost Index for Chemical
Process Industries Equipment

Initializing values of diameter for iterative search
Expected average water temperature, degree C

Density of water at expected temperature, gm/ml

Current inside diameter pipeline, féet |

tjpper constraint oh diameter for OPTIM optimization, feet
Lower constraint on diameter for OPTIM optimization, feet

Amortization factor for pipeline,’ taxes, insurance, plus capital

recovery, fraction/year

Amortization factor for pump stations, taxes, insurance, plus
capital recovery, fraction/ye¢ r

Unit conveyance cost, $/mg mile
Wire -to-water efficiency for pump stations, fraction

Elevation of beginning point, segment I, feet, msl (mean sea level)
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ELEVE(D)
EPS
FIRM

FLTYPE(D

FMOOD
FMT
FRACPR

FRHBAR
FRHDOT
GPDC(D)
GPDP ()
GVCKWH

HDLIM
HDSTA
HPSTAF
HPSTAI
HWCK (@)
IPRES

IPRINT (6)
ITDOT
ITYPE
IYEAR
11}

KK

LLL

LOOP

Elevation ending point, segment I, feet, msl
Pipe roughness, feet

Firming factor, ratio of installed capability to firm capability
for pump stations, fraction

Name of flow type. 1 =laminar, 2 = critical, 3 = transition,
4 = turbulent

MOQODY friction factor
Format number

Fraction for second order adjustment of pipeline cost at other
than base pressure class

Friction head at QBARE conditions, feet/mile
Friction head under design conditions, feet/mile
Unit investment, ¢/gpd, for investment component I
¢/Kgal cost for component I

Current year energy price imposed as an input parameter for
state and consumption quantity, ¢/Kwh

Limiting head on pump stations, feet of fluid
Total dynamic head on pump stations, feet of fluid
Firm station horsepower, HP/station

Installed étation horsepower, HP/station

Energy price, ¢/Kwh, for segment I

Index for pipe pressure class, 1 = 100 psi, 2 = 100 psi, 3 = 150 psi,

4 = 200 psi, etc,

Printout instructions as in program description
Holding variable for ITYPE

Index for flow type

Year of estimate, called current year, four digits

Indicator for whether gravity versus pumped comparison is to be made

Index for conveyance type

Index for number of comparisons, pumped line costs against gravity

line costs

Data card on which loop is to be made
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MOODY LK-R library subroutine for MOODY friction factor (variables
unique to this subroutine are not contained in this list)

NCALL Number of calls to OPTIM

NMSTAT(2) State name (two seven-character words allowable)

NOWGO Indicator in OPTIM, -1 = optimum not yet reached, 0 or +1 = opti-

, mum reached

NPCLS Number of pressure classes of pipe used in line

NREG Region number according to code in Function Subroutine COSTN

NRUN Number of runs to be made

NSEG Segment number

NSET Case number

NTOT Column of SEGMNT array for summing values of segments

NUMSEG Number of segments in the line

NUMSTA Number of pump stations

OPTIM LK-R library subroutine for one-dimensional optimization (vari-
ables within this subroutine are not contained in this list)

PC (D) Percent contribution of cost component I |

PCOPCT Operating cost as percent of total cost

PLLF Pipeline life, years

PLMILE()) Pipeline length, horizontal projection in segment I, miles

PMILE Length of segment being computed, miles

PRCL Pressure class pipe, psi

PRCLMX Highest pressure class used, psi

PRLAB Labor price in 1968, $/hr

PRLOMR Current year price of OMR on pipeline, $/year per mile

PRPUMP Current year price of pump stations, $/station

PULF Pump station life, years

PUMILE Interstation distance, pipeline miles per station

PUOMR Current year price of OMR on pwnp stations, $/year per station

PYEX Payroll extras factor, fxaction of payroll

QBAR Value of QBARE or QBARA currently being used in computations, mgd

QBARA Average amount actually conveyed, mgd (not used in present version)
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QBARE

QDOT
QMAX
QMIN

RET
REY
REYDOT
RTLAB

SEGMNT(I, ])
SLOPE
STATE

T

TER
TERFAC(D)

TGPDC
TGPDP
TINVPM

TOPCKG
TOPCST
TX

VIS
VLINE
VPUMP"
VTOT

Expected average conveyance over the project life, mgd (total
mgd conveyed in project life, divided by total number of days
in project life)

Design capability of pipeline system, mgd
Maximum day conveyance, mgd

Minimum day of conveyance in project period (not used in present
version)

Interest rate, fraction/year
Reynolds number
Value of Reynolds number under design conditions

Current year labor rate including payroll extras, $/hour

Array to hold data concerning segment I, J is the type of data
Average slope of pipeline in segment being computed, feet/mile
Numerical code for state, as found in Function Subroutine CKWH
Internal diameter in inches |

Terrain factor for pipeline in segment being computed, fraction

Terrain factor for segment I (applicable to pipeline maintenance),
fraction

Unit investment, ¢/gpd of capability per mile
Unit investment, ¢/gpd of average production pef mile
Total investment per mile, $/mile

Operating costs, ¢/Kgal

Total operating cost, $/year

Tax rate, fraction/year

Viscosity of fluid at expected temperature, feet2/ second
Line investment, $ ,

Investment in pump stations, $

Total investment, K$
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WCCHPL Annual capital charge for pipeline, $/year

WCCHPU Annual capital charge on pump stations, $/year
WENGY Annual cost of energy, $/year

WLOMR Annual cost of OMR on pipeline, $/year
WPOMR Annual cost of OMR on pump stations, $/year
WTOT Total annual production cost, $/year

XINS Insurance rate, fraction/year

YRKWH Annual electric energy consumption, Kwh/year
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CHAPTER 5

COMPUTER PROGRAM FOR PRELIMINARY DESIGN
AND COSTING FOR ACTIVATED SLUDGE TREATMENT

MOCIFICATIONS MADE TO THE GOLD PROGRAM

There exists a computer program for design and costing of
activated sludge plants, termed the GOLD Program (52). The
original GOLD Program was modified, the ultimate modification
being named GOLD2. GOLDl was an intermediate stage (53). The
flow chart of GOLD2 is shown on the next page.

A driver program was added at the beginning consisting of a
DO loop to repeat the program with several different data decks.

The modified program is executed twice for each case, once at
0(20)=QDOT, the design capability, and again at Q(20)=QBARE,
the expected average production. The first execution with
QDOT sets the equipment sizes required to achieve the speci-
fications at a maximum production rate QDOT. Then the stream
characteristics are determined for a flow rate of QBARE through
a plant whose equipment sizes have been fixed by QDOT. The
excess capacity factors of the original -GOLD Program which are
intended for a similar purpose are eliminated. The MLSS at
OBARE is set back to the level corresponding to the increased
detention time, approximately UBAR times the MLSS at QDOT.
(UBAR=QBARE/QDOT). No attempt was made to analyze transients
while flow rate is changing. Both QBARE and QDOT are steady
state flow rates.

The GOLD Program sizes the blowers large enough to supply the
oxygen needed if nitrification occurs, and nitrification does
occur if the calculated time required to achieve nitrification
(TAN) is less than the detention time in the aerator. In
GOLD2 it is possible for the aerator detention time to be short
enough to avoid nitrification at production rate QDOT yet be
long enough to have nitrification at the lower flow rate,
QBARE. In this case the program determines the production
rate QNIT, the largest production rate at which nitrification
still occurs, determines the size of blowers required at that
production rate and compares this blower size with that pre-
viously calculated at a production rate QDOT. The blower size
is set at the larger of these two, and a message is printed
below the cost information stating that the blowers were sized
by nitrification at QNIT.

GOLD2 uses the Engineering News Record Building Cost Index for
temporal adjustments of costs. The base period is January 1960
(BCI National = 554.4), which is the GOLD report basis. GOLD2
provides for any other BCI value and runs were made with
BCI=732, for San Antonio 1969.
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The GOLD report basis for operating costs is a study dated
1966, costs presumably as of 1965. GOLD2 assumes that this
is the base (BCI National=634.4), and adjusts operating costs
with the current year BCI mentioned in the previous paragraph.

The GOLD Program places no constraints on the size of equip-
ment. GOLD2 provides for replication when a maximum limiting
size of equipment is reached, and also for at least two units
if the sizes are above a certain minimum. The constraint
values are as follows:

Use at Least Two

Equipment Maximum Size Above This Size
Settlers 30,000 sf (square feet) 2,000 sf
Aeration Tanks 1 mg up to QDOT=200
Then linear to 6 mg over

QDOT=1,200 5,000 cf
Thickeners 50,000 sf 200 sf
Vacuum Filter 800 sf 20 sf
Digesters 200,000 c¢f (cubic feet) 10,000 cf
Incinerator 600,000 lbs/day (pounds

per day)

In addition, for incinerators, there is a constraint of a
minimum sized unit of 8,000 lbs/day, via Subroutine UNITEX.
It is intended that this minimum concept and this subroutine
will later be applied to all equipment.

GOLD incinerator operating costs go through a maximum at high
lbs/day. GOLD2 uses the unit cost at this maximum for costs
above this lbs/day at the maximum.

The GOLD Program provides a fixed input for the fraction of the
time during which vacuum filters are operated. According to
Sewage Treatment Plant Design Manual of Practice #8 (54) small
plants operate with as little as 30 hours/week, large plants
require up to 20 hours/day. The fraction of time for the
vacuum filters (TVF) is made a computed parameter, 0.2 below
QDOT = 1,0.8 above QDOT = 100,and TVF = 0.2*QDOT**0.30103, in
between. '

One of the input parameters NFORK(5) = 1 is used to eliminate

the primary settler and its attendant costs. NFORK(6) is used
to suppress a printout of certain selected parameters.
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If the GOLD Program is run with typical sewage to produce an
effluent BOD which is rather high, say 30 mgpl or more, the
resultant BOD loadings, lbs BOD/day per 100 1b MLSS (mixed
liquor suspended solids), become very high. This is generally
considered undesirable as a reasonable sludge volume index
cannot be maintained at such high loadings. The sludge volume
index (SVI) passes through a minimum at some intermediate
value of BOD loading (see for example 55). The GOLD Program
and GOLD2 provide a fixed SVI value and thus the model is not
sensitive to the real relation between BOD loading and SVI.

To at least eliminate excessive BOD loadings GOLDZ2 contains a
message and a constraint which aborts the run if the BOD
loading is greater than 70.

The vacuum filter loading (VFL), the solids concentration ratio
in the final settler (URSS) and the temperature (DEGC) are
added to the variables which can be changed from case-to-case
within the DO loops.

GOLD does not provide for ultimate disposal of the sludge residue.
GOLD2 uses a cost for disposal of incinerator ash of 1.5 §$/ton
of ash. (This is not in the program listing herein.)

Instructions for running GOLD2 and a sample printout are found
beyond.
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GOLD2 RESULTS FOR SAN ANTONIO EXEMPLARY CASES

The GOLD2 Program was used to develop design and costs for
activated sludge treatment for the plants involved in the San
Antonio studv which were:

Capital

Name of Plant QnoT, QBARE, Cost Annual Cost, KS$
mgd mgd m$ Op. + Op.

Amort.* Only
A new plant 234 118 38.48 4721 -
Existing Rilling Plant 80 40.7 - - 704.
U.C. Salado Plant 24 12.2 - - 244.
Existing Leon Creek 12 6.1 - - 138.

* Operation plus amortization

The information used in the present project, so far as it has
gone, is the investment and annual cost (operation plus amorti-
cation), in the new plant, and the costs of operation only in

the Rilling, Salado, and Leon Creek plants (all San Antonio,
1969). The concept is that the investment in the existing and
under construction plants is already sunk and does not enter into
the comparison with advanced waste treatment and reuse. The con-
tinuing costs in the three plants are only the operation costs.
It would have been possible to obtain actual operation costs for
the two existing plants from the actual records and for the under
construction plant from the engineers' design. However, to handle
the general case it is necessary to have a program which will
generate such costs, and it was so used here. It is gratifying
to note, however, how closely these computed operating costs
compare with the experienced costs. The operating costs
indicated for the Rilling and Leon Creek plants sum to

842 K$/year. The program is such that the operating costs

are entirely a function of equipment size, i.e. of capability,
and not dependent upon actual throughput. The City Finance
Department's projection of the 1968-1969 fiscal year costs for
"direct cost plus administration" (equivalent to operating cost
here) was 795 K$. Thus, the computer program figure is within

6% of the actual experienced figure.
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Those familiar with the San Antonio situation will recognize that
the capability given for the Rilling Plant is not that normally
associated with that plant. The QDOT used is 80 which is actually
close to the average production of the Rilling Plant as now
operated. The capability of 80 mgd is an estimate from the
treatment plant management of the capability when operated to
reliably produce an effluent of 18 BOD, 18 TSS. The values of
OBARE for the plants are those which would be achieved in plants
-of the capability given operating under the seasonal fluctuation
for San Antonio as described in Chapter 3.

The raw sewage was taken as average San Antonio sewage, com-
position shown in Table 28. The amortization factor used was
0.07783 comprising 30 years « at 4% plus 1% taxes plus 1% insur-
ance, (and is very close to 20 years at 4.5% without insurance
and taxes or 25 years at 4.5% with 1% for both).
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Name

s0C

SNBC

SON

SOP

SFM

DOC

DNBC

DN

DP

DFM

DEGC

ALK

TSS

AVERAGE COMPOSITION SAN ANTONIO

TABLE 28

SEWAGE USED IN GOLD2 RUNS

Description

Solid organic carbon

Solid non—biodegradabie carbon

Solid organic nitrogen

Solid organic phosphorus

Solid fixed matter

Dissolved
Dissolved
Dissolved
Dissolved

Dissolved

organic carbon
non-biodegradable carbon
nitrogen (organic + NH3)
phosphorus

fixed matter

Temperature degree C

Alkalinity as CaCO3

Total suspended solids

Total BOD

NH3 nitrogen

PO4
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Value
124
30

12.4

35
51
11

20.3

628
25
282
220
250
15.2

24.9



INSTRUCTIONS FOR RUNNING GOLD2

This program is set up to run in Fortran IV on a CDC 6400
computer. There are about 1050 cards. The compile time is
about 25 CPU seconds and six peripheral seconds, the execute
time about two and four resp. About 15 of the 25 compile
seconds accrue from the extensive PRINT and FORMAT statements.
The program will compile with a core memory of 100,000 60-bit
words. It will execute from a compiled program or binary
deck with 23,600 core words.

The following data cards are needed.

Format No.

First Card: ' Number of runs to be made 809

Next Cards: Numbers to beé assigned to the
various runs being made, one card ,
for each number 809

The RUN Loops re-enter at this point.

Next Card: NFORK instructions 114

NFORK (1) = 1, provides sludge '
drving beds instead of vacuum
filters; zero provides vacuum

- filters. (Note: Neither Ref. 52
nor GOLD2 actually provide the
sludge drying bed option, so zero
‘must be specified.)

NKORK (2) = 1, bypasses printout of
stream parameters; = zero prints
these parameters.

NFORK (3) = 1, bypasses printout of
other plant parameters; = zero
prints these parameters.

NFORK (4) = 1, bypasses printout of
individual component costs and
prints only total costs; = zero
allows all costs to be printed.

NFORK(5) = 1, eliminates primary
settler; = zero incorporates
primary settler.

NFORK (6) = 1, suppresses printout of:
certain selected parameters; = zero
prints these.

Two Cards, Sewage

Parameters (11):
SOC, SNBC, SON, SOP, SFM, DOC, DNBC, 101
DN, DP, DFM, ALK
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Six CArds, Plant

Parameters (24)
URPS, XRSS, CAER 20, AEFF 20, DO CKWH, 102
AF¥, GSS, TRR, TSS(lZ), GTH, GSTH, - ERR,
TSS(l15), WRE, GE, GES, TDIG, TD,
TSS(16), SBL
BCI, SVI 801

The NCASE entry is at this point, the various cases within
each RUN being made up from combinations of the succeeding
data cards. But each RUN has the NFORK instructions and

sewage and plant parameters from the preceding nine cards.

2-11 Cards: URSS data; the first of these cards 107
gives the number of URSS values to be
explored, the remaining cards the
individual values, one per card.

2-11 Cards: DEGC data; the first of these cards 107
gives the number of DEGC values to be
explored, the remaining cards the
individual values, one per card.

2-11 Cards: MLSS data; the first of these cards 107
gives the number of MLSS values to be
explored, the remaining cards the
individual values, one per card.

2-11 Cards: DEMBOD data; the first card giving 107
the number of data items, the remaining
cards the individual DEMBOD data.

2-11 Cards: QDOT and QBARE data; the first card 802
gives the number of pairs of values
the remaining cards the actual pairs
of values, one pair per card.

2-11 Cards: FRPS data, same general style as the 107
preceding.
2-11 Cards: VFL data, same as preceding. 107

When the data deck is set up in this way the program will produce
the number of runs specified on the first card, each run according
to its own set of NFORK instructions and sewage and plant para-
meters. Within each run the program will produce one case for
each combination of the data on URSS, DEGC, MLSS, DEMBOD, QDOT

and QBARE, FRPS, VFL, a total number of cases in each run equal

to the product of the number of data items in the seven classes.
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Any of the sewage or plant parameters or any other suitable
parameters could be brought out into the NCASE loops by so
modifying the program or the parameters brought out could be
returned to the sewage parameters set or plant parameters set
by a reversing modification.

A sample printout follows.
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ssees INPUT DATA, RUN 76

0000000000

124.0000 30.0000 12.4000 2.7209 35.9C00 51,0600 31,0900 20.3730  §.4u00
282.0000

400.0000 «0200 1t.000°C

«05000 1.90000 .0160¢ «07783 2000.9J6CC
.9500 60060.U300 750.0000 9,000 JTECE
60000,0000 2.000¢0 ROG.UDIC 29,0000 33,3600
15,0000 200.0000 4.40730
732,00 100,00
1
3.00
1
25.00
1
6000,00
1
18,00
1
234,00 118,090
1 .
.50
1
4.90
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UNITS

MG/L OXYGEN
TERCENT
L3/3AY RBCD
HOURS
(1=YZS, [=NO)
MG/L NITECGEN
MG/LU NITRQOGEN
MG/L MASE
MG/L MASES

PER 133 LE

F2ACTION
“ILLION GAL/DAY
GAL /HR=-SF
TAN/DAY
ACH UNITS
X<F
MTLLTCN GAL
KSF
KSF
KCF
KSF
SF
TCN/DAY

AMIRT, PLUS OPERATING COSTS

XK=-31/YEMFP

en0T = 22 60" MILLICN GALLONS/ZORY
QRAPE = 112,000 MILLTCMN GALLONS/NAY
UBAR = .504
v CONDITIONS AT
PARAMETEP ooy NRARY
EFFLUENT 300D 18.0( 17.9¢
800 RFMOVAL Q2,87 02,37
BOD LOADING Al.1g 51.1F
AER. DETEN, TIME 1.67 2.19
NITRIFICATION o C
EFFLUENT NITPATE f.0C 2,00
EFFLUENT NHZ=N 20,88 20,44
EFFLUENT TSS 15,71 20,42
MIXED LIQUOR SS 6h 00 218
SLUDGE RETUPN .97 .ay
DISCHARGF 222,05 117.97
VAC,., FILT., LOADING 4,90 4,90
INCTNERATOR ASH 71,68 15,57
BUILOING COST INREX = 732.9
AMORTIZATION FACTOR = .G7783
NUMBER OF S1Zf OF F
PRIMAPY SETTLERS 6 210,176
AERATORS 10 1.07¢
FINAL SETTLERS H 23.h17
THICKENERS 2 72,777
DIGESTERS 1?2 197,405
ELUTRIATION TANKS 1 26,756
VACUUM FILTERS ' 5 666,863
INCINERATORS 2 91.278
COMPONENT OR ITEM CLPITAL COSTS
K~OCLLAPS PFERCENT
PPELTM. TREATMENT 776,01 .01
PPIMARY SETTLE® L160,043 10,81
AERATOR 2302.22°? 10.44
AIR BLOWERS 1262,538 3,28
FINAL SETTLER 5247,719 12,64
SLUDGE RET. PUMPR Q2[.0Lq 2.36G
CONTROL HQUSE 3177.535 a,?2¢
SLUDGE THICKFNER 223 ,L82 5,81
DIGESTER 4675,017 12.15
SLUNGE ELUTRIATION 90t ,24/7 2.38
VACUUM FILTRATION 2271.4%4 5,96
SLUDGE INCIN, 784E.,277 20,320
ASH DISPOSAL L.can 9,30
CHLORINATION 257.428 .53
SITE DEVELOPMENT 323€ .592, 2.3F
TCT. CAPITAL COST 3348R3.,772
AS CENTS/GPD 0F
2poeT 1t L4H
QRART 22,613

TOTAL AMORTIZATION A%ND CFERATION
COST ONLY
OF 3070 SEMOVED
TEMOVEN

OPERATING
CENTS PER POUND
CENTS PER PCUND OF

1SS

£nsT

= £.65
= L,72
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1424847 , « 3317
563.%07 1.%ycs
481,32 t.11617
328,584 7520
L13,3¢ce «BQyR2
71.077 .lbok
2u5,c18 5772
173.61° «43238
507.00L 1.,1772
71,379 18674
630.26¢0 1.3928
7Hi,2EC 1.7747
3. 847 S022¢
2R0.E24 «R51¢
73.56°0 «1528
4721342 13.952¢C
17?6.15¢ 4.0378
78
13

CENTS/KCGAL ., PERCENT

3.072
11.85
10.21

6.96

B.€5

1.52

5.23

3.53
13.74

1.43
12.71
15,183

ot
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100
110
120
130
148
15¢
1e0
1740
180
192
200

210

220
230
240
250
260
2790
280
290
300
310
320
33¢0
340
350
360
370
380
390
400
410
4290
430
440
450
460
470
480
499
500
510
520
530
£40
550
560
570
580
590
€00
610
€20
€30
end

300

400

PROGRAM GOLD(INPUT,CUTPUT, TARPFS=INFUT, TAPER=QUTEUT)

PTMENSTOM N2UN (10)

DIMENSTCN NDCT (10) ,NAARE(1N) ,CFCCT (15) 4 AOCFCT(1E)
‘DIMENSICN SRCN(2),TPNNRE(2) ,BCOLD(2),NTEN(2) ,NTT(2),
1TOTSS (2) ,XNOZ(2) , XNHT (2), TASH(2)

DIMENSICN 1(20) 4SCC(20),SN3C(27) ,SCN(20),SOAF(20),SFN(20),FN0(21]),
1 DNAC(20) ,ON(P0) , 0P (20) yOFM(20) 5 SROC (200, CRED(27) ,0COST15) 5
2 COQTO(js),APOST(lq),AOCn¢(15),\FOpK(lu),A<<(12),C*EOP(lﬂ),
T VSS(20),TSS(P5),ALK(20) ,NPERK(15) ,E0F (15) ,020(17),SPSIN(1N),
4 QOUT(2) ,VFLD(19) ,SEET (27, XML (2) 4D7G(10) ,URS(10)

KTYPE=6

LIST=¢

KARN=5

PEAD(KARN,A09) KRUNS, (NPUM (J) 5J= 1, KRUNS)

DO 25 TRFUN=1,KRUNS

N0 300 T=1,20

NEIY=0.¢

SOC(I)I=C.0

SNBM{T) =0,

SON(I)=0.0

SOP(IN=0.0

SFM(I)=C0.C

POC(IN=0,0

NNBC(I)=0.0

ON(I)=0.,0

NP(I)=0.0

DFM(TII=C.0

SRON(II=0,0

D30N(I)=0.0

VSS{I)=0.0

TSS(I)=0,¢

ALK(I)=C,0

nNo 400 T=1,15

CCOST(IN=0.1

COSTO(I)=0,1

AGOST(IY=0.0

AOCOS(I)=0,0

CCPCT(I)=C.0

AOCPCT(I)=0,0

CPERK(IN=0,0

ASB=0.0

Coeses e READ AND PRINT INPUT NDATA FOF FUN.ecessssoa

WRITEA(LIST,849) NRUN(IRUN)

PEAD(KAFD,114) (NFORK(TI),1=1,10)

WRITE(LIST,AR70) (NFORK(T),T=1,10)

REAND(KARD,101) SOoC(20), QNRC(ZQ) SON(20),S0F(20), SFM(?Q) 0002,
1DN8F(2?),DN(2n),DP(?G),0FM(90) ALKI(ZD)

WRITF(LTST, A71) SDP(ZD)gSNpC(Zn),SCA(ZG),SCF(ZO),SF?(ZO),FO((?ﬂ),
1ONBC(20) ,DN(20) ,DP(20) ,DFML2N) ,ALKI(2D)

VSS({29)=S0C({20)*¥2.12

TSS(20) =VSS(23) +SFM(20)

SRON(Z20)Y=ASOC{20)-SNAC(23)) *1,A87
DBON(ZN)=(NOC(22)=DMHRC (20) )%, A7

T80020=<A0N(P0) +3200(20) .

PEAD(KAFD,102) UFFS, XFPSSyCREF2,ACFF2,00C,OKWH,AF,6SS,
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650 1TRR,TSS(12) ,6GTH,GSTH,FRR,TSS({15) 4WRE ,GE,GES,TDIG,TD,
660 2TSS1e) ,SBL

670 WRITE(LIST,872) URPS, XRSS,CAERZ,AEFF2,D0,CKWH, AF,GSS,
680 1TRR,TSS (12) y6TH,GSTH,ERR, TSS115) ,HRE,GE,GFS,TNIG, 1D,
690 27SS(16) ,SBL '
7080 REAQ(KARD,801) RCI,SVI
710 WRITEA(LIST,R73) BCI,SVI
720 CIFC = BCI/S55L.4
730 CIF0 = BCI/62.4
740 CCL2=.78
750 ncL2=8.
760 CoeessesoeREAD AND PRINT INFUT DATA FCR CASESeesvescnce
770 READ(KAPD,107) NUR, (URS(TI) I=1,MUR)
780 WRITE(LIST,874) NURy (URS(I),I=1,NUR)
790 PFADIKAPD,107) NTMPL(DEG(I) 4 I=1,NTM;F)
8090 HWRITE(LIST,874) NTMP, (DEG(T) ,I=1,NTMP)
810 READ(KARD,107) NAS, (ASS(I) 4I=1,MAS)
820 WRITE(LIST,B874) NAS,(ASS(I),I=1,NAS)
830 READ(KARD,107) NB0D, (EMROD(J) ,J=1,NR0OD)
840 WRITE(LIST, 874) NROD, (EM30D(J) ,J=1,NBOD)
850 READ(KAPDS802) NQ, (ADOT(J) yQBARF (J) yJ=14N0Q)
860 HRITEILIST,,B75INN, (ODOT(J) ,QBARE (J) »J=1,N0)
870 READ(KARD,107) NFR, (PPSIN{J) ,J=1,NFR)
8ap WRITE(LISTY,R74) NFR,(RPSIN(J) ,J=1,NFR)
890 REAND (KARPD,107) NVFL, (VFLD(J),J=1,NVFL)
940 WRITE (LIST,874) NVFL, (VFLDU(J),J=1,NVFL)
giu C...'.IOCOCSTART 790 LOOPS.'...D....
920 NCASE=1
q3a 00 25 LF=1,NFfR
aue FRPS=RPSIN(LF)
- a5¢ D0 25 NU=1,NUR
960 URSS=URS (NU)
Q7o 00 25 NTM=1,NTMP
o800 DEGC=DECGINTM)
ag¢p 80-00251I=1,NAS
1000 XMLSS=ASS(I)
1010 D025K=1 ,NEDD
1020 RONS=EMPOD(K)
1030 N0 25 NV=1,NVFL
1040 VFL=VFLD(NV)
10580 NO 25 LO=1,NQ
1060 IFLOWH=1
1070 NIT({1)=0
1080 NIT{2)=0
1090 NBFLAG=TD

1100 c......‘...REFNTQY FOR OBAQE.I.Q..O.’.
1119 901 IF(IFLOW-1) S82,902,93D02

1129 942 Q(29)=0DOT(LD)

1130 60 70 904

1140 803 Q(28)=QBARF (LQ)

1150 904 URAR=CBARE(LG) /QDOT(LQO)

1160 908 LO0OPS=6

1170 C MIX STREAMS NINF AND THENTY
1180 67 IF(LOOPS-€) 66,65,56¢
1190 65 0(9)=0.10
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1200 BE TEMPL=N(20) /7 (I(20)+0(9Q))

1210 TEMP2=0(0) /(G (20)+0(2))

1220 SNC(1)=TEFPL¥SNC(20) +TEMP2%SOC ()
1230 SON(1)=TEMP1¥SONM(27) +TEMP2%SON (Q)
1260 SOFP(1)=TEMPL¥SOP (27)+TEMP2¥SOC (Q)
1250 SMBC (1) =TEMP1*SNAC(20) 4 TEMPPXSNPC ()
1260 SFM(1)=TFMD1¥SEM(20) 4 TEMPI¥SFN (0)
1270 DOC(L)=TEMPL¥NAC(20)+TEMP2¥DOC (©)
1280 NNAC (1) =TEMP1¥NNBR(20) + TEME2¥LNRC ()
1290 ON(1) =TEMFL%CN(20) + TEMPP¥ON(Q)
1200 NP{1) =TEMPL¥DP (20) + TEME2¥NE (9)
1310 AFM(1)=TEMPL*¥NFM (20) +TEMP2XNFM (Q)
1320 ALK(1)=TFMPL*¥ALK(20) +TEMP2*¥ALK (O)
1330 N(1)=0(2M +n(Q)

1340 USS(1)=S0C(1)1%2 .13

1250 TSS(1)=VSS(1)+SEM(1)

1260 SBON(1) = (SOC (1) ~=SHRC (1)) *1 .87
1370 NDRON(1)=(DAC (1) -DNBC (1)) *1,87
1780 C PRIMARY SFTTLER PERFORMANCE

1390 IF (NFOFK(5)) 1791,1091,1092

1400 1092 Q(8)=0.

1410 Q(21=001)

1420 TEMP1=1,

1430 G0 TO 1093

1440 1091 N(8)=FRPS*Q (1) /URPS

1450 0(2)=0(1)-n(8)

1460 TEMP1=(1,-FRFS) *Q(1) /N (?)

1470 1093 SOC(2)=TEFMP1¥SOC(1)

1480 SNBG(2) =TEMP1%SNSC (1)

1490 SON(2)=TFMP1*SON (1)

1500 SOP(2)=TEMP1*SOF (1)

1510 SFM(2)=TEMP1¥SFM (1)

1520 NOC (2)=n0C (1)

1530 ONABC (2) =DNBC (1)

1540 NDN(2)=DN(1)

1550 NP (2)=0pP(1)

1560 NFM(2)=DFM (1)

1570 VSS(2)=500(2)*%2,13

1580 TSS(2)=VSS(2)+SFM(?)

1590 SBON(2) =(SNC(2)-SNRC(2))*%1 .87
1600 PROD(2) = (DOC (2) =ONSC (2)) %1, 87
1610 2002=S800(2) +0BON(?)

1€20 DRON2=0PON(2)

1630 IF (NFOPK(5)) 1094,10094,1000

1640 1094 TEMP1=FPPS*Q(1)/0(3)

1650 SON(B)=TEMP1%S0r (1)

1660 SNBGC (8) =TFMP1¥SNBC (1)

1670 SON(8)=TEMPL*SOM(1)

1€80 QOP(8)=TEMP1¥SOP (1)

1630 SEM(B8)=TFMP1*SFM (1)

1700 NOC(#8)=D0C(2)

1710 DNBC (8) =DNBC (2)

1720 NN (8) =NN(2)

1739 NP (2) =DP (2)

1740 DEM(B)=DFM(2)
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1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1”50
1860
18790
1880
1890
1c00
1910
1920
193¢
1940
1950
1960
1¢70
1980
19990
2000
2010
2020
2030
2040
2050
2060
20790
z208¢
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290

1000

35
86

915

1091

1002
1003

1096
1607
1098
1004
1005

916

907

70
S0

20

yYSS(8)=50C(8)*¥2,12
TSS(8)=VSS(RI+SFM(8)

SBOD(3) =(S0C(8)~-SNBM(8))*1,87
DBOD(8) =(DOC(8)-DNBLC(8))*1 .87
AERATOR PERFORMANCE
CENR=,1P¥1,.0L7¥*(DEGN-28,)
CAER=CAERP2*1 .,047%* (NFGC=20,)
SMAX=1200000./SVI

TF (URSS*YMLSS-SMAX) B6,86,48%
UPSS=SMAX/XMLSS

SA=XML<S/1N00.

JF(IFLNK=-1) ©SN5,905,906
TA=(BON2-BNONE) / (BONG¥CAER¥SA¥2L,)
VAFR=Q(2)*TA

IF (VAFPR-,0372) 1001,1001,1002
NAFR=1

50 Tn a7

IF (0(2nM)-200.) 1003,1003,100¢
VAMAX = 1,

GO TQ 1008

VAMAX = Q(20)/218.

IF (VAMAX=-5,) 1108,1Nn08,10Nn7
VAMAX = R,

IF (VAEP-VAMAX) 10]4,1004,1705
NAFR=2

GO TO arv
HNAER=TIFIX(VAER/VAMAX+D ,39932CQ)
G0 TQ an7

TA=VAER/Q(?)
XMLSS=1000.*(3002-80D5) /(RCDS*(CAFFR*¥24,%*TA)
CONTINUE
XRSS=556,1¥GSS*¥¥  LAL2 /XMLSS**1,R165/ (TA®2L4L,)** 4386
ASMAX=BCDE/XRSS/.h85

ASMIN=N,0
IF(ASMAX=-XMLES)G0,50,70
ASMAX=XMLSS
XMLAS=(ASMAX+ASMIN) /2,0
FOOQ=SBCOD(?) +DR002

FMAX=F30D

N=1

G0 T0 B

FPRAR=FMAY~FMIN

TOoL=.10

IF(ERROF=-TOL)21,21,18
FOOD=(FMIN+FMAX)/2."
IF(FOCD-DBND(2))5,5,6

NROND (L) =DRNN(2)~-FOOD

SBON(4) =SEQD(?)

G0 7O 8

SBOD(L) =(SAON(2)+DROD(2)-FOOD) *, 70
NeND(L) =,233%¥S300( )
TEMCL=(,65%FCNN/XMLAS) =XR<S
Q7)== (N(2)*TFMP1~-CFrOR¥VAER) / (URSS=-XRSS)
N{5Y=0(2)-0(7)

N=N+1
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2300
22140
2220
2330
2240
2350
2360
2370
2280
22a9
2400
2410
2420
2430
2440
2450
2460
2470
24890
2490
2500
25186
2520
2530
254
2550
2560
25710
2580
25910
2600
2610
2820
263D
2e40
2650
26680
?f70
2680
26990
2roon
2710
27240
2730
2740
2750
2760
2770
2780
2790
2800
28140
2820
2830
2840

22

2z
24
10
11

12
x17

13

15
16
306

17
18
21

IF (N=2) P23423,P?
TEMP2=XFST%Q(5) +UPSS*Q (7)
XMLBS=0(2) *SEAD (4} /TEMER/ 81

SAONIR) = (XMLAS* ,6R54XMLRS Y ,R) ¥XPST
NRAN(5) =NEOD (4)

TPNNE=SFOP () +NBOD(F)

GO 10 24

TPANS=XM ASFXPSS*,AE5

TF(TRCNG-E0NE) 10,19,15

TFIN-3)11,17,1%

EMIN= (CTNEXYAED/Q(?) +XPSS) ¥XMLAS/ 65
FOONZFMTH

0 TO &

WRITE(KTYPS, 307) NCASE

FOPMAT(/% DENMAND MLASS CANNOT BF HELN, CASF *,12)
60 To 9fw

EMAX=FOCD

0 YO 7

IFIN=-3016,18,17

WRITF(KTYPE,206/) NCASE

£NEMAT(/* 3005 DEMANN CANMOT BE ACHIEVED, CASE *,13)
GO TO 98t

FMIN=FOCD

6o To 7

CONTINUE

XLNRBS=SNPC (2) ¥ (2) *2, 12 /TEMP2
XMLTS=0(2) £SFM(2) /TEMP2
YMLNS=(.12%N(2) ¥FOND/TrEMP2) = (1 RE XX MLAS
TEMOL=YMLAS +XMLAS+XLNAS+XMEDS+XMLTS
TEMP2=TTMP1 - XMLSS

TOL=5.0

TF(ABS(TEMP?)=TOL) 41,41,51

IF (TEMP2)E?,57,53

ASMIN=XMLAS

60 TO 50

ASMAX=XNMLAS

GO TO 50

CONTINUE

SAC (5= (XYMLNS+XMLAS) *XPSS/ 2. 46+ (XMLES+XLNRS) ¥XRSS/2.33
SOG(7)=SOC(5) *URSS/XRSS

SNBL(5) = XLNRS¥XOSS/2, I3+ (XMLNS+,185FXMLAS) ¥XRSS/2 . 4€
SNBC (7) =SNRC (5) *URSS/XFSS
TEMP2=XFSS¥XMLAS/2.46
SONC5)=,22L*TEMP24 (SOC(5) =TEMP2) /110,
TEMDP=TFMFP¥URSS/XRSS

SON(7)= 234 ¥TEMD24 (SON(7)-TEME2) /10,
<OP(5)=SCO(5) ¥, N1

SOP(7)=SCC(7)*,01

SFM(5)=XMLTS¥XRSS

SEM(7)=XMLTS*URSS
NOGE5)=NNRE (2) +0B0N (L) /1,87

ONRS (5) =DNREC(2)

N0C(7)=10C(5)

DNAT(7) =ONRT (5)

NN (S)=(0(2) *(SON(2) +IN(2)) = (SCN(5) ¥C(5) +SON(T) ¥Q(7))) / (Q(E) +N (7))
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2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2966
2970
2980
2990
3000
3010
3n2o
2n30
300
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
317¢
3180
3190
3200
3210
3220
3230
3240
3256
3260
32790
3280
3290
3300
3310
3320
3230
3340
3350
3260
3370
3380
33990

c

C

D

1070
1071

1075

917

916

914

910
26
27

911
913

918

DN(7)=DN(5)

DP(5) =(Q(2) ¥(SOP(2)+DP(?}) =(SCF(S) *G(5)+SCF(7)*CI(7I )Y/ LQ (Y +Q (7))
DP(7)=DF(5)

DFM(5)=0FM(2)

NFH(7)Y = NFM(2)

SBOD(7) =(SOC(7)-SNRC(7))*1.87

NBOD(7) =(DOC(7)-DNBC(7))*1,.87
VSS(5)=S0C(5)*%1,90

TSS{5)=VSS(5)+SFM(5)

VSS(7)=S0C(7)*1,9C

TSS(7)=VSS(7YI+SFM(7)

TBON2=SFON(2)+DROD(2)

AODLD(TFLOW) =Q{2)*TROD2*100/ (VAER¥XMLSS)

IS 800 LCADING GREATER THAN 70

IF (RCOLD-70.) 1N75,1075,1070

PRINT 1071,8CN5,NCASE

FORMAT (1HN1,¥300 LOADING ARQVE 70 AT THIS FFFLUENT EOD NF*,F7.2,
+1Xy¥AT CASE NUMBER*,TIJ)

GO T0 984

CONDITIONS FCR NITRIFICATICN
A(H)=(QA(2)I*¥(1,-.65¥FO0OC/XMLAS) +CEDR¥VAER) / (URSS~1,)
Q(L)=002)+0(€)

RETUR=0(5)/70(2)

X4X3= (1. +RETUR) /RETUR/URSS

DN(3) =0ON(2) /(1. +RETUR)

X3Y=0N{3)*.9S/ (X4X3=-1,)
CNIT=.18%EXP(.,116*(NEGC~-15,))
TAM=(1.+RETUR) * (ALOGIXULX3I) +4,EQ5/(CN (2} +X3Y)) /CNIT
VNIT=Q(2)*TAN

ONIT=QC2C) *(TA/TAN)

IF(TAN-TAYOG17,917,9186

NIT{(IFLOW)=1

XNH3I(IFLOW)=0,0

XNOZ(IFLOW) =0.77*DN(5)

G0 TO 914

XNH3(IFLOW) =0,77%DN(5)

XNO3(IFLOW)=0.0

CONTINUE

BTR REQUIPFEMENTS

NOSA=14 1F~, 394 3¥DFEGC+,007714¥DEGC**¥2~ ., 000064L6*¥DEGC**3
NOSA=N0CSA*1,.221

AEFF=AFFF2 *(DOSA -D0)*¥1,N2%¥¥(NFGC-20.)/D0SA
HF00D=Q (2) *FCOD*3,33

WAS=XMLAS*VAER*3,33
ATRCF=(.577*HFO0ON+1.16%¥CEDR*WAS) FAEFF/,232/.075
WON=(Q(S)*IN(5)+0(7)* DN(7))*8,23
IF(IFLOK-1)915,¢10,211

IF(NTITCIFLONW))27,27,26
ATRCF=ATPCF+L.6*WDMN/AEFF/,232/.075
RSIZE=AIRPCF/1iL4n, ’

GO 70 912

IF(NIT(2))912,912,913
ATRCF=ATRCF+L.6*NON/AFFF/.232/.075
TIF(NIT(2)-NTIT(1))918,912,918
IF(BRSIZF=ATRCF*(AQNIT/N(20))/1440.)215,915,C12
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2uqn
410
20
420
ILyn
L50
IL60
2470
3480
TuaqQ
IR0
2510
ez
€70
3E4LD
S50
256N
IET7N
RN
2590
Teqt
3640
3620
K3
3640
3650
3eR0
3670
2680
2¢9ap
3700
3710
2720
3730
2740
3750
3760
3770
3740
37acf
xgan
3e10
3IA20
3830
2840
3459
2agD
870
3aan
3eag
zagn
34140
g2
2930
3940

Q15

917

g2g
921

“‘\FLAP‘1
RETTI=RTICCFR® (ONTT/N(20) ) /1440,
CEPRA=SATICF /1300007, /0(1)
CRLCULATr. STRZ LM THTD THICKINEE
LMY =N(T) +3(R)
SOOI M =(SON(Z)I¥NTILSOC () ¥ (2 ) /70 {19}
SHEL LI = (ONRC(7)#M(7) 4RO (DI *C L)Y /Q (L)
SONMMN m(FAN(TI#R(7I+SCN(R)*J(2)) /0 (1 0)
CAP(LM T (SOAFUTIEN(7)+SOD(BY D)) /T (1D)
SEM(IMN =

(CFM(7)¥N(7) £SFHIR) ¥ ()Y /C(17)
NEC I (M AC (7)) *Q(7Y +O7°C(AY*0(R)) /0L D)
ANFS (1O = (PMPC(Z)FD (74PN LAY ¥ (PY) /70 (1 0)
PN = (PHZYXR(?) +7N(8)*0 ()Y /70 (1 D)
AP (L) =(NT (7)*¥Q(7)+DD(R)¥N () ) /0 {15)
FFM(17)=(f'"‘(7)‘0(7)*WF“(°)*“(“))/”(’ )
VSS{1M =S (19) %2,
TS¢(13)’V7¢(1T)+SFW(1Q)
CALCULATD STROAMS 00OM THTAKONTD
NEI2)=TERFNLIG)¥TSSIN) /TS (1 )
2= UIN) -C01L7)
TSR = (1, =TRPY¥QAUANM TSN /N1 Y)
TEMOL=TCCS{11)}/T5S(LN)
SAC(11) =TEMDLEINO(10)
yssS(i1y=<son(11y*2,n
SMAC(11)=TEMPLIONRT (1 0)
SON(11) =TFMSL*SON(1 D)
SNP{11)=TFMPL*SINP (1)
SFAL11Y=TEHRL¥SEMN(IR)
noneity=rec1n)
ANRC (A1) =DNACILYD)
ON(11)=CHM (1 0)
NE(11)=C(F(1 M)
DE¥(1L) =DFM(1D)
TEMEZ=TOS(1I?2) /TSSO
ATHZ?=QUIM *TSS (1N ¥R/, 23T /GSTH
SOC(1?) =TEMEERANC (1)
SNBF (12) =TOMPIXCNRE (4119)
SON(12) =TEHMPIXSOM{LN)
NP(1?2) =TEMBRXSOP (1)
SFM(12) =

TEMEZEIFV(10)
00 (12) =nea(1n)
OMBC(12)=GNACLN)
AN 12)Y={N(L)
ne (12)=pr (1N}
OFM(12) =DFM (1)
VSt 12y=s0a 122, n
ATHL=N(AD) #10070DF, /GTH
TF(IFLOW=-1)Q21,22C,0921
ATHY=AVLEXE (ATHE L ATHD)
COMTINUY
CALAYLATE NICESTER FIDFORMANCE
CINTG=, 2P/ XTI (L N26*(3€,-TNIG))
C2D0TG=7 0, ¥F XP({.12*(35,-TNIG))
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3a5g NIGLI2=SCC(12)Y-SMRC(12)Y4N0C(12)-NNRC(12)
Q60 TOM=2,5/71D76

3a7d TOOPT={1,.,~-(C2NTG/(N2NTGHNTGL2) *X ,R) ) /CLDIG
2g3n TOMIN=AMAXI(TOM, TRNERTY

zaqn TRITG-TRMTYY 63, 42,44

4Lon0 LT TD=TOMIM

40410 G4 DIGLZ=C2PTN/(CINIG*TN-1,)

4020 TEMOL=(NTC12-DTG12) /(SCC(L2)+0CC(12))
4030 COF=P00 ¥EXC{,1P2%(3C,-TNIG))
4O4D DF=CAF/ (L13T6*TN-1,)

4050 SOC (4 3)=SMAC(12) +DT G4 T-NF

40690 nec(13) =030 (12) +0F

4n7o FRNIG={SCCLL2)=SAN(17)Y /SN (12)
40890 SNRC {(13)=SMBC(12)

4090 SON(L3) = (1 ,«TEADL) *CON(12)

4109 SOP(13) =(1.-TEMDL) *¥CAT (12)

4110 SFM{13) =SF1(12)

412¢ CNRAC (1Y) =PMTC (1 2)

4120 ON(L)=0M(12)+ ,55FSONCL12)FTIMDY
4140 DE{L)=PE(12) +SOO (1L 2)*TFHTL

4150 NFEM(13)=NFM(12)

4160 TF(IFLQk=1) C2R,027,Q2Y

4470 Q22 VDIG=Q{1P)*TC*17200. /7 .48

41810 Q24 COMTTINUEL

41a¢ CHLIF=162,A5%(NIG12-NIG1L3) ¥0(12)
4200 CA2CF=24L6C 2% (NIG12-NTGIY *Q(12)~CHulF
4210 YSS{1D =S0T(13)*2,1

4220 TSS(L12)=VES (131 +4SFM(17)

L2720 N{13Y=0¢(12)

424D € CALCULATE STEFAMS FPNM SLUDGF WASH
4250 IF(NFCR¥(4YIL5,45,920

42610 45 N(17)=HRF¥g (1)

4270 NAUT(IFLOKI=2C{SY=-D(17)

4280 TEMPI=0(1=) %1020 00 ,/GF

4290 TeMEZ2=N(12YV¥TSS(12)Y¥8,22/GFS
L90 TF{IFLOW-1)976,07F, 026

4210 g25 A= AMAX1(TVMPL,TCEHDD)

4320 Q2¢ CNANTINUT .
4220 DUIB)=FPFN(L12) ¥ TSS(1FY/TSS(15)
43240 NI =0 (17401 =3(15)

4259 TSI =QUL NI * ({1, =EP0 ) *TSS (L) +URT¥TISH(SINI /N1 L)
4260 YSS(17)=vsSS (%)

437N TSS{17)=7TSS(R)

43280 TEMOL=TSS(45) /TS ™)

L7200 SCC{AG) =TIMPI¥SAN (L T)

L4400 SNAT(IG)=T=MEL¥SNET (1 T)

LLiQD SON{AD)Y =TEMPLI#SCH(1LZE)

Lu?2n TNC(15)=TFr AP1¥ QP (1 7?)

LLZO SFM{1SY=TEMPL¥SEM{17)

L4440 yYsSS{1e)y=Snr (15y*2 .1

4480 TEMED=TCS(1LL)Y/TSS(L?)

LL4R0 CNC L L) =TEHER AN (L ?)

LL7n VSS{14)=SCL (1) *3, 0

L4LBD SHNBC(14)=TEMEIRINPA(17)

Luag TON(LY) =TFHADRZEISON(1 )
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450N
4510
462¢
4N
LELD
4Le84g
4560
45710
LEAN
4cag
4600
LE1 0
4620
Le2n
LELD
LEKD
LERQ
LeTC
LFBD
4fap
L7oe
L7490
4720
4730
L7417
4750
47610
4770
47810
4790
4RDQ
4R10
4820
LAzp
LALD
Legnn
LB8eD
Le7n
L8RD
4grag
4onn
4a1¢
Lo2n
4930
4oL
sacn
LCRY
4270
4280
4c9n
5000
5010
5020
5020
5040

SCELWY =TI PEEonE (1T7)

f:r"A(il‘) :T; 74(‘,?4”5’:-1(177)

TEMEA O (1Z)y /(N (12)+0(1L7))
TTHS220(17) /7 (N(12) +0 (1 7))

AMNO(ILY = TEURARIAN (1 Z) 4 TrUD2¥ D01 8)
IMAT(14) =T OMELRNET (1) +TEMO2EI MR ()
PNLA)=TEY DL RN (1 7) 4T MDD (F)
I'!r’(1_71.;):7'!'«'»’%’-“-1_"‘03(1"7).;Tf:;Mr“'J*F]D(E)
DEMLLL) STEEAXDLC (12 4 TEUPPEDFV(F)
SOOI =0OrT (1L

TMAN(15)=PMNRC (1 4)

TN1R)YT DN L)

NP (15)=P (1 4L)

PEMISY=DFE¥ {40
TE(UMIT=VASPYRT 61,61
ALKAS)IZLLK (1)« 3,87 ¥ (ON(S) =DN(2))
ne 10 /P

AL¥ARY= MLV (1)

ALK (12) =pLY (&)

ALK (M) =L (12 + (DN (A7) =DM (42)Y )57 87
LM LGy =TEYEAR ALK (12)4TOMO2RA k(L)
ALKUABY =ML K14

Y1403, %ALK{1E) /TS (17)
Y?2=VUSSOIE) /7 {(TST{1GY=VYSS(15))
FETLR=1,NeRY142,%Y?

CEECL3=C.0R

CALCULATFP =720 ©menM YAGUUM FTLYO2
W= QR /(TES(15) /10000,y %% 123
TEMCALZI0T0DOP, * (LT 2 ~HE) /HT

{12 =R (1E) ¥ (TP TS (1%) ) /(TSrE1=-TSS(146))
TRS{13) =8, T2¥ (N{1C)¥TRS(1B) =N{1CI*TS(LR))
[FNME22TCS(1R)/TSS (L)

SOC {12 =TEMPRESAC(4R)
VES(1R)Y =SSN0 (181 %2,17
SHAN(1L8)=TIMERRINDO (1)

SAM(1 ) =STEMEPETAN(1E)

SOP{1°9) =TFEMEDPXSDP (1 F)
VES(1EY =SSN (1R) ¥2,

NOS(LR) =NRCC{1F)

AMBT (AR -PRMRC(1R)

NN IEY)=IN(LF)

NP {15)=0F(15)
TEMER=A 22X (C{15)=1(1R))

DEFHM(13) =NFH(I5) *FI 07
NE(18)=TP(LS)*TTMP?
AMLR)=TN (I BY*TIMR?

NMMRC (1R =DMAC (L R)®TEMD T
DNC(18Y=DRC (AD) *¥TFMET
TEMER2STES(18)/TSS{1R)

A (LE) =SCR(15) ¥ TOVE2
CMREG(1R)=SNBC(1R)*TIMED

SON(LR)Y =SON(15) ¥TFME?

SOF(1E) =SOP(15)*TFME?
CEM{LEY=SFM{L5)Yy*TCUDD
NEM(16Y=CFM(15)
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SPSN
S0R0
sSN70
5080
sgag
5100
5110
5120
5174
5141
5150
5160
5170
5180
5100
5200
5210
5220
5230
s240
5250
5260
5270
52810
5290
5209
5210
5220
532
5340
5280
5360
S270
5380
5391
S400
s41g
5420
54320
sS40
S450
5460
S4L70
5480
S54aq
5560
5510
5620
5620
S540
5883
5560
5878
Gean
s5ag

a

o

1¢
in

10
10

10

kS
Q

29

a0
81

82
43

B4

27
28

46

azg

1@

26

95

IF (IFLCW-1) 108°0,10R0,222
VARY VYF TIA WITH PLAMT STIZC
IF (Q(20)~1,) 1181,1081,1082
TVF=,2
Lo 10 927
IF (((21)-160.) 1034,10R%,108%
TVF=.8
GO TO 927
TVF=0,2*%0(20)*¥0,70107
AVF=C{1F)*19C0030/VFL/TVF /2?4,
CONTINUF
QU =011V +Q (1L L) +Q (15)
TEMEL1=0(11)/7Q()
TEME2=0(14) /(D)
TEMRZ=0 (1€6) 7Q(9)
SOC(A)=TEMPI*SOC (11 +TEMP2*#SOC (14) +TEHPZ*SOC(16)
SNAC () =TEMPI*SNBC(11) 4+ TIMP2¥SNPC(14) +TIMPIFSNRO(16)
SON(S)I=TEMPI¥SON(I1) +TEMP2XSON(L1 L) 4 TEMPI¥SON(LE)
SOP(B)I=TEMPLI¥*SOP (L1 I+ TEMPZ¥SOP (14) + TEMPIESCE (1)
SFM(A)=TEMBL*SFM (1) +TEMPI¥SFNM (1 4) +TAMPTXSFM(16)
DOC(AI=TEMDL¥OAC(LLI+TENP2¥BOC L4 4) +TEURI*DOC(LFR)
DN2C(Q) =TEMPI¥ONARC (11) A TEME2¥DRAC(14) +TEMPR¥NINLL (106)
ON(9) =TIMFL®ON (I 1) +TFMPO®*ON(1L) +TEMPZ#ON(1E)
NP (Q)=TEMELI*¥DP (1) + TEME2¥NP{L1L)+TEMFIE]ND(1£)
DEM(Q)=TEMPI¥DEM{L1)+TEMI2*OFM (14) +TEARREDEM(16)
SROD(C) =(SNC(T)~-SNAC(TF))1*1 .87
020D (e) = (POC{Q) -DNRC(9)I*¥1 .87
SARADN() = (SO () -SNAF(Q))*1 ,87
VSs(a)=cec(a)*2,0
TSS{Y)=VETL) +SFM(Q)
LO0PS = LCOAPS-1
TF{LONPC) LA UG, 57
STORC PAREMETI PR FNOP DRINT-0UT
CONTINYF
TOC?2=59C(2) +00C(2)
TOCS5=SOC (5) +PNC(5)
TOL7=SNC({7) +L0OC(7)
TRQO2=SECD(2) 40900 (?)
TRANG=SROD(5Y+N300(T)
TRONUIFLOW)Y =TINDS
TBOCRI(IFLOWIZ (1, ~-TPNDS/TRON26)* 10D
NTENC(IFLCWY =TA®74,9
TOTSSIIFLOW) =TSS(R)
SPET(TIFLOW) sROTUR
XML (IFLOCW)Y =XML SS
TF(IFLOk~1} 928,937,441
CALCULRTF CAPTTAL COSTS
CCNST(1I=14709,.¥0(20)*¥¥0,625
IF (NFORK(5)) 1795,199c,10%«
APS=0.0
CCOST(ZI=0.1D
NpS=h
0 TO 1607
CPS={=278L ¥ LLOG(FRET) «”51.,7)
APS=Q(1)%1990,/69T
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5€080 TF (APS-7,) ©7272,972,a%14

5&10 931 TF (ABR=7(,) £51,632,A00

5f20 601 MPS=?

Se3n G0 Tn 372

5E40 €0c NMPS=IFIXIAPS/?R,40 ,QA00Q17)
S€50 G0 T Q=R

SERD a32 NMPS=1

5670 932 SFS = aAps/Mec

5680 UCOST2=12,44E ,7¥SPR¥ X (-0 ,9)
5€90 CONST(2)y=zUrescyorapssyiann,
5700 1007 S8FR = VAPT/NASTR

5711 UCNST3=178000,+ 24800, ¥SAFD¥% (-0, 819)
5720 CCOST (M) =unpsST2¥yp~w

57320 CCAST(A)=10570 45,457 %*0SI7F
S740 AFS=Q(L)*17100,/6G5¢

5750 IF {(AFS-2.,) Q9Zr,0%r,924
5760 Q34 IF (AFS-3.) R17,F17,61°0
57710 610 NFS=2

5780 50 TC aFe

57990 €15 MFS=IFIX{LFS/30,40,00900)
5800 GO TO 976

5810 QIe NMFS=1

5820 a%p SFS = AFS/MFS

5820 HENSTS=12,A+5, IE¥CFO¥¥ (-1, 128)
5840 CCOST(S)Y=UCOSTE*¥ARS*iNCD,
5850 CCOST(R)=TER0, 47257 ,%0(%)
SAED FCNSTA7)I=L2GRG ¥Q(20) *¥¥ 7
5870 IF (ATHN’?P}F’.) 97-‘3,9’Rgn77
5880 Q37 TF (ATYM=FG0RT,) E20,620,625
5r90 20 MTH=2

5¢00 G0 TH 9~a

5910 £25 MTH=IFIY(ATHM/5IDN],+N,03007)
5020 G0 10 arfa

59320 Q3R MTH=1

59490 929 STHM = ATHM/NTH

5950 UCOSTB= (12,849,177 YR(STHM/LR20C ) 1)
5ag60 CCAST (R)=USNSTA*ATHY

570 IF (vOTC-10,) F18,510,505
59ap 596 IF (VDTC=-270.) AL, E4T,A45
59990 e4t MDIG=2

60040 G0 T0 RAE

6010 B4F MNIA=TFIX(YNTG/200,40,839340)
6020 60 TN 518

6030 510 MDTG=1

6040 515 SDIN = VYRIG/NATS

6050 UCOSTE=0 ,GN/V3T 41,0341 0,7%SNICR¥(~-",372)
6060 CCOST()=UNNSTOXYDPTIG*109,
6170 2% MAS=1

ange 530 SAEL = Af/NAS

g09n YCOSTG= (18,3452 ,0/F¥YP(SAZ/60080,))
5100 CoOST(LO)SYCCSTI*AE

6119 TF {AVYF=20.) 5LE,5u4l,547

65120 540 TF (AYF-BLY ) 26T,6F0,665
6130 660 MVF=2

6140 G0 70 &880
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6150 655 MVF=IFTY(AVF/800,40,93929)

6160 GO TN 5Eq

6170 545 NYF=1

6180 650 SVYF = AVF/MVF

6190 UCNS11=128790,/SVF+372,

6200 £CAST(11)=UNCSL1*AVF

6210 CALL UNITFX(TSS(18) ,A00000,,8000,,1.,NTNC,STNC)
6220 COOST(12) = (1570,*STNC **#,6) *NINC
6230 CONST(14)=2000,*(Q(5)~-0(17)) ** LeQ
6240 LCOST(1LE) =440 ,%0(20) *%,87¢E

6250 54 CTPC=0,10

6260 rTGO=.1¢

6270 CLAND=,N?

6280 TF(NFCRK (1) LR, LR, 47

6290 47 ASR=TSS(12)*¥Q{12)*3,33%30,/90L

6300 CCNST(LM)=N.C

6310 CCOST(11)=0,¢

6220 CCOST(13)Y=P2.P3¥A3R

6330 48 GO TN &F

6340 C CALCULATF ODPFRATTING £0STS

6350 aup rOSTO(LY=E9N,%¥0(20)+2460,#0(2) % %0 27
6360 NOSTO(P)=1000,¥APSHPEN0 FAESHY &

6270 FOSTA(T)=100NN ¥ YRTPL{LE0N ¥ VACE¥*  ©
6380 PATSP=ATPOE ¥T/C ,¥NWWH/1830, b
6390 COSTO(4)=CATFD

5400 TF (NSFLAG)Y ©47,947,a47

6110 a4?2 CCOST(4)=1057G .+5,A57%PSI7F

6420 942 NONTINUF

6430 COSTO(LA)=TSS(15)¥FECLZ¥O(15)* 7 ,LO¥CEEALT
6440 COSTO(L1)=rOSTO(11) 41500, ¥C(20) 48450, ¥0(20) %%, 27
LSO YTONS=,1R25% T3S (18)

6460 IF (YTONS=ROLLL,) OLL,T44,0L5

6470 944 COSTO(12) = B.ASFYTONS

6480 GO TO Q4R

6490 945 LOSTO(12)=16,15YTNNS-, 000X YTCNS¥*D,
6500 946 COSTO(LL)=NCL2*¥(N(S)=-N(17))*8,77*CCL2*¥7:5,
6510 IF(NFCRK(1))CL S, 48,347 ,

6520 Q47 FOSTO(9)I=RN ,FYNTGEAND , FYDTGES  bL

6530 50 TO 3o :

6540 948 COSTO(O)I=LA , ¥YNTG+SLA, *YITG**, L

6550 94Q N0 941 J=1,1¢%

6560 gn1 FNRSTO(I)=CNSTIN(J) /100N *¥0TFD

6570 C CALCHLATF TOTAL COSTS

6580 49 NO3InJd=1,1°

6590 20 CrOST(JY=CROST(JY*CTIFC /71000,

6€D0 no31J=1,1%

6610 31 GCOST(JI=0ANST (J) *AF

6€20 TOTCR=1,0

6630 PN32J=1,1¢

BELD 2 TOTCO=TOTON4CLOST (D)

BRE0 CENG=0, ¥ (1009, /TNTAC) ¥*0 1 LF

6660 CCR=1,+CEMR+CTAR+CTAOCOLAND

6670 TATCC=TCTON* NS

6680 nNO9GJ=1,41%

6690 ACAST(JI=ACAST(J) *OCR
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f7100 QP COPST (Y=o NST ()R

A718 TLOnS=R .0

f72C ToNSTo=0,0

65730 TATAQ= N

674N nn 2T og=1,4.

A7ED TANQR=TLCCT4 L0 NS T ()

£7ARMN POCAS(UYSACAST () 00T (D)

6779 OP=RUAJ)I=LINCS AN /NI2F) /3,70

£720 TOTAO=TCTAO+LACCS (N

67410 TR TCASTC=TOLSTC+0ASTALS)Y

rang CAOKG=TROCT/0(27) /2,67

6R1D FNOYGETOCSTA/N(I]) /7 A8

HP20 TCAST = TCTAC/N(2PY /7,60

6R2L 0 G55 g=1,1F

ARLT NE2CT LYY = SCAST(H) F100 /770100

RREC Q55 ADCTAT(UY) = A0S 1) F10C,/TATAY

ARAQ S OHPANSTS (M(2R)ETNORPT-(C(R) =5 (Y7))¥TEANS) #2572

6R7D HTSSn e (N2 ) ¥ TSS(20) = (B(H)=0(17))FTSG(E) ) %E 22

A8A0 CUP=O(7)*TN07/0(2) /TAR?

£Ran PETH = 1 aTRCTEQ(D) /002 /T2

rCNQ NPT =1 =TACPE RN (L) /0(2) /T 0Np

fQ4n [ e ey o Y gl MY o K 3] ‘

Rro2n CEMNTY, = (SOM(G)¢PM(E)YEN(R) /N(2) /(SON(P) 7N (2))

rOZQ PEMTE=1,=(TAF(5)+D7(F))¥N (=) /0(2) /7 (SOD(2) 400 (2))

6040 TE (ITFLOW-1) 58,6°,°4 o

6950 R CPRONzTOTLA/WRANDL /6, 70705

goap COTSSETATEN/WTCSRE /0 0P 24T

ge7n AR CONMTTINUE

6arQ TECIFLOV=-1) Cen,apn,nedy o

raan QARG METTT (L TST  ThL NP (TRUN) G MRS .

700“ C‘l.'!ll‘llp:‘,T$'T ;|F{\:“((:’) QTY;TQ‘Q QA?A"’FT::{"’QGIOQ...QIO

7010 061 TFINFCPY¥(2)) ART,CH7,0FF .

7020 afrg TF(IFLNW=1) C&32,9307,a54

7nzn 0fT HWRITE(LTST, /(7)) P (27)

7040 fo TN ags

7159 QAL MRITEALIST,262)17(2D)

7060 ORG MPTTI(LTST,11%)

70710 WITTE(LTICT, 2r?)

7080 veTA=

7neg WRITT(LIST,717) MNSTALO(L) SO0 (1) ,SR00(1),SMIC(L),SCN(1),S07 (1),
71090 LSF¥(1),VSS(1),TaS ) ‘ ‘ .
7110 WRTTE(LTST,704) N00(1Y,0200 (1), "NTC (1) ,0N (1) ,0P (1), 080 (1)
71290 MeTA=? ' S .
7120 URTTTALTIST, 213) HSTEGN(7) ,SONL2) ,SECT(2), NP0 (2) , SCN(2) ,Sr 0 (2),
7140 1SEM(2),4,¥SS(2), TSS(?) , C

7150 WOTTI(LTST, X0u) D00(?) ,NR0T(2) ,PNEC(?) ,NN(7),0N7(2), L5 (?)
71510 MSTA= 8

7170 HOTTE(LTST,313) META,N(9) ,S00(2), 30N (R) 4SNRAT(R) ,SON(F), SR (P),
7180 LSFM{R), VES(R), TST(D) _

7190 WRTTE (LTST,T04)C0C(R) ,0R0ON(R) ,"MNAEC(A),0N(A) 40P (R) yDFM (&)
7200 MSTASS

7240 WETTE(LTST,242) NSTH,0(5),S00(7), SE00(5),SHan (7)) ,CN(5),SNF (%),
7220 1CFM(5),VES(5), TS5(7) r

7210 WRITE(LTST,T04) OFC(R) ,DRAN(B) DN (R) ,PN(F) DR (5) , TFV (5)
724L0 MSTA=7 o
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7250
7260
7270
7289
729
7200
7310
7320
7330
7240
7250
7260
73790
7380
72990
7400
7410
7420
74328
7440
7459
7460
7470
7680
7420
7500
7<1¢
7520
7520
7540
7850
75€0
7670
7580
75990
7€00
7€1¢
7R20
7EX0
7R40
7680
760
7670
TERD
7Rag
77480
7710
7720
7730
7740
775¢C
776C
777¢
7780
7790

Cl.‘l
ane
as7

WRTITCA(LIST,313)

NSTRAS D7), C0CLT7) yS9CLT7) 4 SNFCUT Y4 SON(7) 4SCPR (7)Y,

1SEM(7) 4 VSS(7),TSS(7)

HRITF(LTIST, 204)
NSTAa=10
WPITZ(LIST, 213)
1SNP(LNY ,SFU(10),
WRPITC(LTISTY, T04)
NSTA=11
WRITE(LIST, ?1?)
1€0P(11) ,SFM(11),
WRITE(LIST, *0u)
NSTAz=L?
WRITE(LIST,?13)
1SeM(12) ,8r2(12),
2SFM{1?) 4VSS(12),
WPITF(LT<T,304)
HSETA=1Y
WPTTF(LIST,713)

G2 (7)) 4 D300(7),ONECAT) 4 DON(7) ,OF (7)) , LFEM(?)
NSTALQ(19) 4S0C10) ,S200(L0) ,SNRT(10),SCN(LT),
VST (12),7SS (1)

OOC(LM) 4NBON(10) 4TONRC(10) ,CM (1), DP(L]) ,DEM (1 D)
NSTASN(11) ,SNC(11),S709(11) ,SNPE(11),SCN(LL),
VSS(11) 7S (1)
POC(11),N30N(11) ,ONAC(11) ,THN(11),NP (13) ,NFM(11)
NSTA,O(12),S00(12),3300(12),SNRC(12),

TSS(1?)
DOC(12) ,08CN(12) 4ONEC(L2) ,CM (12),DP(12) ,DFM(17)

HETAZN(LT) 4SNC{13) 5, SA0T{1T) JSNIC (1) ,SON(1TY,

1S0D(13) ,SFMIL3),VYSSIL3) L,TST(LT)

WRTTE(LTST, 304)
MSTA=14
WRITE(LIST, 1)

ACC(IR) L,IAPCD(17) ,NNES(13) ,OM(13),PP (1) ,0FM (1)

NSTA,0(14) 507 (14),S70N(14) ,SNAC(14L),SCN(T1L),

1SORP(L14) 4 SFM{LL) ZUSS{LL) ,TTS(14)

WPTTT(LIST, 304)
NSTA=15
HRTITO(LIST,313)

DOCLLL)Y GORCA(IL) ZONET(14) yTH(LL) 4R (1L L) yNFM (1)

NETAL,Q(15) ,SON(IE) ,SROD(LF) ,SNEC(L15),SON(IR),

1SOP(15) 4 SFM(15) ,VSS(15) 4TSS (1%)

WP TTS(LTST, 304)
MSTAT16
KRITF(LTST,717)

1S0°(18) ,SFY(1F),
WSITT(LTST, 304)
MSTA=G
HRPTTF(LTIST, 1)

ACC(LR) 4DIPCO (L) JONAC{LR) 400 (15) 4 IR {1.9) 4OFM(1F)
NETR4O(16) ,SOC(1£) ,STON(LE) ,SNAT(1EY,STN(LR),
YES(LE) 4 TSS(15) ’ .

ANCCLR) $OFCN(1R) ZONEC(L1R) 4OM(18) ,NP(18) ,DF(1¢)

METRLD(G) g SCCACY 4SICN(QA),SNFC(Q),SON(Q) ,SrP(9),

1SFM(9),¥ST (), T<S(Q)

WRTTE (LIST,3204)
MRTA=29
URPTTO(LTST,,3173)
1508 (272) ,SFM(?20),
WEITE(LICT, 304)
WOTITE(LTIST,115)
UPTTO(LTST,702)
NMSTA=1R

WRTTE (LIST,217)
1SEM13),VES(18),
WRTITE(LITT,2ry)
WRITF(LIST,R71)

DOGC () , 50N () JTNEC(Q) 4DN(C) 4IF(?) yLFV (C)

NSTRAGN(20) ,SOC(P0) 4STAN(20) ¢ SMAC(25), SCN(2M),
VET(70) ,TSS(2")
DNA(23),N0N(20) yDNRS{2N) 4N (D7) ,1F (20) ,0FM(27)

NETAZWO,SAT(L1RYLSROD(18) ,SFIC(1L2) ,SCN(18) ,SCF (1),
TSS {1 2) .
AON(18) 43720N(18) JUNTC(18), N (18),7P (18) 4DFM (1 9)

cesee o FRINT NEODK(Z) OTHFD CLANT FRASAMETERS s ueovans e
TEANECPK(2)) Q57,08G7,0R9

CeMTTINGT
WRTITE(LIST,165)

XML RS, XMLT S YLRT € XVLNS, XMLTS, XHLSS,VAFS,

LUNTT,RETUR,CH? 02T M, A0NET , ROMN 500 S EFF

WRTITE(LICST, 111

1TR2,GE, CFC, AE,5T

WRITF(LTCT,,112)

Frog, IR0, RS, VPSS A0S ANS €SS, AFS,GTH,55TH, ATkY,
DLUFT
TRTC, TR, YNTG,E7NTC,f1nTa, FOT TG, CHYOF, CORNF, vEL,
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7800
7810
7820
7820
7840
7850
7860
7870
7880
7890
7900
7910
7920
793¢0
7040
7050
7960
7970
7980
7990
3000
8010
8020
8030
8040
8050
80€0
RO70
8080
anan
8100
81190
8120
8130
8140
8150
8160
8170
8180
8190
8200
8210
8220
a230
R240
8250
82€0
8270
8280
8290
8300
8310
8320
8220
8340

1

TUE, AVF ,FONN
WRITE(LTSY,113)

N Sl g Oy NAT DR CAC L JATEED JPOFF, AT T, (0P T,

1AIRCF ,AFFPCA,BST7

1842

1043
958
as

951

Cnlc-oc

C..l'l

98 &

Co.lo!

C..c e

age
g/ 0

WRTTE(LIST,,11%)

FETLT0LK(1) 4 8LV (12) g ALK {12), ALK (17)

HRTTE(LTISTLRR7)TA,TAN,PANL N (TF NK) , SV, AST
HRITE(LTIST 4 ar2) wonnNre , WTSSPF 4 ONTT

IF (IFLCH=1) 1743T,16062,1042
WOTTF(LTIST, 702 ENG TR, CTRC,TLAND,,COR
WRITF(LICST,701)AF

WeTTE(LIST, 821)

TF(IFLOV~-1) c61,

TFLCW=P
50 70 ari
CONTINUS

es s s s FRINT ALQCT,

951,061

’J["’:‘c‘t’l«i?Ac...l......

WRITE(LTIST, fF0)aNOT(LN)

WETTE(LIST, fE1)0BARF (LAY

NMEITE(LTIST,262)URM?

IF {NFOFK (7)) R85,7Pr5,0P%

te e s PRPTINT NFOTK(R) NESTAIN SELFCTIN BAPAMETEDRS (i a0 vrenvns

WETITE(LIST, 8 7)
HRTITE(L IST, a84)

WRTTF(LTST,REG)TRON(L) ,FR0T(2)
MPTTE(LTST, GE) TPANRT(1),TO0NET (2)

WPTITT(LICST,RE7)

ARTIN(1)Y ,ROOLP (2)

WRPITE(LTST, 288)0TIN(L) ,DTEM(?)
WRITF(LISTLRE2)NIT(1),NIT(2)
WRTITI(LTST, REN) XNOT (1) ,¥NOT(2)
WRITE(LIST, 2RL)YNHT (1) 4 XNH2(2)
WRITE(LTST, Re2)TOTST(L) ,TNTSS(?)

WRTITF (LTST,RET)
WRITE(LTST, 2RR)
WRITF(LTST,RER)
HRTTF(LTST, 887)

XML (1) 4 ¥ML (2)
SETT (1) ,SOFT(?)
AGUT (1) ,20UT (2)
VFL,IFL

WRITE(LIST,AZ?2) 0T
WRITE(LIST,82%)AF
cs s s o FRIMT NFOSK(R) NUMEBTRS NF TQUTSHENT UNTTS s eesonnes

WRITE(LTST, 27%)
WRITC(LTIST, A7C)
WRITS(LICST, RET)
WETTE (LITT,R31)
WRPITE(LIST, RE2)
HPTTT(LTST,R87)
WRTITE(LIST, 884)
WPITF (LTST,P3%)

NPS,<PS
NAZP,SAF2
NFG,QFC
NTH, STH"
NDTG,SNTH
NAT,SAS
MVF o SYF
NING, STHE

eves s PRINT MNFOPK(L) INOIVIDUAL CCOMECNENT CCSTSeenecesasns
TE(NFCRK (L)) 981,480,082

WRITZ({LTST, a810)
WRITEC(LICT,211)
WRITF(LIST,812)
WRITF(LTST,821%)
WRITS(LIST,814)
WRIFTE(LTST, A1%)
HRTTE(LIST, 81%)
WRITE(LIST, 217)

CONCST(1),CNPCT(1),8CT0S (1) 4(PEFK(1) 4ACLFCT L)
CONST(2) 40rPOTI2),ACT0S(2) 4 (PIRK(2) LJACCECT(2)
CCNST(I) JCrECT(R)Y ZACONS(3Y ,TPERK(Z) LACCECT(D)
CCASTLL) JCNPLT L)y ACROS(4)Y ,CPERK (L) JACCECT (L)
CCNST(R) 4CrPCTIR) JACTOS{B) o PERK(S) LAOCFECT(R)
CCNSTUR) SAOPCT (F) 4 ACROS(5) ,TOFEPK(E) LACCEOT L)
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8350 . WRITE(LISY,R1R) CCASTU7IHZO0PCTU7 ) 4ACOAS(7) ,(PERK(7) ,ACCPCT(7)

8360 CWPITE(LIST,B81°) crﬁ<T(n),crbrT(ﬂ),ArrﬂS(a),rrgqy(v), grenT(e)

83270 WPITE(LIST,A21) CCAST1M),00PCT(10) ,ARNNS(L0),CRTSK (10) ,ACRFCT(10)
8280 HRITE(LTST,R22) CCAST(11),C0PCT(11),800N0S(11),CPTRK(11) ,ACRFCT(11)
83aQ WOTTE(LTIST,822) CCOST(12),CCPCTI12),A0005(12),0PERK (12) ,ACCPCT(12)
36010 WPITE(LTIST,824) QCAST(LR),CCPOTI1T) ,A0005(17),AFE0K(12) ,ACCFOT(17)
8u1n WRITE(LTIST,AZ5) CLOST(14),OOPCT(14) A0S (1L) ,NTEEK (14) JACAICT (14)
au2o WRITF(LISY,’7) uc1°T(1:),chrT(1 ) y20C0S(15), Pcr&K(1=),arPrrT(1s)
8430 WRTTE(LISY,R823) SCOSTIG),CCPCT(C) ,BANNS(A) 4 EERK(Q) JACCENT(C)
BULD Ceveveveoss®RINT TOTAL £OST CUMMALY ., e tvv oo

8450 a82 WRPTTF (LIST,P”7) TATNN

BLED URDCT=TCTOC/ (10,0%0PNT (L))

BL70 UORARE=TOTCC/ (11, C*¥NBARF (LO)Y

8480 TOTECT=1P0, 0

8uag TOCPCT=TCNSTC/TOTAN®1IND N

8sn0 WRITE(LTISY,R275) UQINT,UDRARE

R510 WRITE (LIST,R28) TATAQG, TOOST,TOTFCT

8520 : HRTITE(LIST,R77) TCASTN,MOPKG,TCCECT

8530 WRTTE (LTST,R?C) Copnn ‘

8540 WPITE (LIST,87N) CPTSS

8550 TF(NBFLIG) O8L, 984, 943

8560 A8 WRITF(LIST, 0™ )OMIT

R570 QRY NOCASE = NOASF+1

RE80 ¥MLSS=ASS(T)

gsap 2% CONTIANUF

8&00 STOP

8610 101 FORMAT(ICFR,L/PF3,4)

3620 102 FARMAT(IFRLL/5F13,5/5F 1N L/SFLL 4/ SFLT Jh)

8630 103 FORMAT(FR,?)

8640 105 FORMAT( 7X, RHMLASS = FAN, L 4X,AKML 2SS = Fin, 4, 3Y,

8F50 .1 GHMLNRSS = F17,4,4X,RHMLOSS = S10,4,4%X,349%] ISS = 717,47

B8E60 2 BXGTHMLTS = SN L ,EX G THYAET = FAC . 4e5X,7HYMIT = Fi044,

BETO 3 IULAHPETURN = TN L, BY,AHCHR = F175 ,4/ ’

8680 4 BX,IHDLPPEM = T40,L, X, AHIONICH = T4 L, 2Y AHNTYTREN = ~10, 4,

8€9p S PXZ10GHFHOSEEM = EAP, L ,FX,EHEFE = ©11, L)

8700 197 FORMAT(IZ/Z(FR,2)) ‘

87110 111 FOPMAT(RY,7HFR™T = E{n .4,5% THLUEES = 40, Ly X, 7HYSSS = Tl

8729 15X, 7HXPSS = F17M,L/O¥,6HN0T = T8 L EX,AHAFPS = S10 .4,

8730 2 RAX,FHGSS = FIA L GX,RHAFS = ~10 ,L/CX,64GTH = T1G .4,

8740 3 SY,THESTH = Z10,L,8Y,7HATHN = F10,4,6Y46HTFR = £41,4/

8750 L IDX,BHAFR = S{A,4,8%,3HATS = Z10 4,7¥,6HAF = T10,4,

8760 T BX,6HEFD = CAN, 4 AY,AHU2F = F40 4)

8770 112 FORMATLPY,7HTNTIS = FA0,L,7X,8HTD = S10,4L,FX,7HYNIG = =13,4,

8780 1 4X,2HFINIG = '1n.4/7x,nnrrwrn = F1M Uy X4 PEC2OTIG = T17 .4,

87990 2 AXGOHCELCTN = S10,L, 7X,MHEN2CENR = £40 470X, RHYFL = £17.,4,

8R00 T AYLEHTVE = F10.G44RX,5HAYF = F4P J4,5X,7HEQNT = 40, 4)

BRAN 113 Fopvaf(fx,vun;cé T FAT 447X THIC = €179 ,4, ‘

8820 1 X, 3IUCAEPON = giﬂ.t,:x,7ucnrc = 4,4/

8r32Q 2 PBY,TYZQHACFEDPN = F10 ,L,5X,7HATFF = 712,4

8ann 32BY,5X, PHONTTY = T1°,4,5X,7HOECC = 12,4/

3850 L X O9HATFCFD = FAD 442X, QHCFELEAL = TAD Uy LY, RHRSTTE = £ %)

sesl 114 FORMAT(IOTL) '

8870 115 FOPUAT{PEX 4HMG /L, AX,y 4HY S/ L, AY L EFE /1, 8Y, awrr/L AX,y

BRRO 1 GHMO/L 4 BY 3 4E1G/L WY, LHMG /L, 8Y , LHMG /L)

884an 116 FOPMATIACX, 1IHPERCTINT H2A I, ERLE/ DAY, SY, fHL /DAY, 7Y,
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senn
RG10
8czn
892¢
fcyg
g8osn
8Ce0
3270
aagn
aeqp
2000
anin
angn
90210
9oun
arsg
anen
qe7n
9n0A0
afag
Q100
2116
912¢
9130
aiuQ
150
aisn
Q170
ai8¢e
Q190
9200
azio
az20
92710
aAa?4Lg
C
asRQ
927¢0
9780
apap
93g00
9210
azpq
922n
a4 n
935Q
ERAS]
az7g
933¢
azqn
ST
9410
au2h
auzg
quLQ

1 AHLR/DAY yAX  mHL A/NLY g mY g EHLR/TAY CX B HLR/TAY,, TY,, CHLE/TAY,
2EN GZRHLRY/TEYY
118 FOPMATITX,8HFICLT = 40,4, 3X,0H LK (1) = cllf.b,2Y,
1 1THALK(L7) = 210454, 2X 3 10HALK(1T) = F10,4,2¥,10HALK(L5) = 710 ,4)
301 FOPHMAT(AH4/% DUy NN, 2,T2,%, CBSE NO, *yI13411%,
1¥LKE=GOLD2 ACTTYATED SLUNGE PEORFSS CALGULATION®,17X ,¥REr, 1C70%,
2/7)
02 FOOMAT(AX, 7HSTATIN 16X, THHBT, 7YX RHCADDAN 7Y ZHOOD, A X,
1 L HNBRICCARACON, X, AHNTTONGEMy I I NKFHOSOHOFUS,, 1 X 1 2FFTIX D “UATTER,
2 55Xy THYSS ,AX,THTST /)
AN FNAMATCIXLHSOL,TL,7542.4)
I FORUMAT (AN G ZHNT T, 16X 057 12,L/)
3NQ FORMATERY L 2KCU AR TERT NN, 14N, T 0,4, 8X, 710, 4,7%,710 ,4,
16X 4817, U, 7Y F10,6/ Y, 1EUSTTF NEVELCFMENT 40Y D40, 4, EX,T10 .k,
27X g AN Ly RN G FL Y 4, 7Y, TN, 4 /)
13 FODRPAT(AXGIHENL 4 TL a7 12 ,4)
TOL FORAAT(EXGTHOTNE = D40, 4y 2X,PHOTRE = FA0,L,2X,7HOTGS = =17,4,
12X, 2HOLEMD = SR 642X, FHONR = F10,.4)
731 FOPMATLEY,SHAE = 7410,1L)
831 FOPAAT (2F2,?)
B2 FORMAT(IZ/(2FR,2))
ANZ FORMAT(/¥ NLCHF= ST7C SET ay MITRETIFICATIOM ET QMIT = ¥FR,7¥ MGO¥/)
80F FORMAT(® CANCITTOMS AT DESTGN FLCW RATTS, OPCT = #,Fe,3,
1¥ MILLICN GALLONMNS/ZDAY*®,//)
B0 FARVAT( ¥ COMRITIAMS AT EXFFCTFT AVERAGE FLOW, QEARE = *,Fa,2,
1% MTLLTCN GALLONS/ONAY*,/7)
807 FOPMATUICK 3 %¥T8 = ¥, P10, 4,BY,¥THN = ¥,590 L, LX,*RONLE = #,340,L,€6X,
1¥<y7TY = #,clp.q’g\(,s-;\gn = *1?1{‘9.“‘)
808 FORMAT{EX, CHHUENNTT = FA10,L,3X,0HKTCSSRE = F10,4L.5X,7HONIT = £13,4)
879 FORIMAT(I™)
R1D EORMAT(1HF, X7CUPANENT AD TTENM FADTITAL CnSTE EVORT, SLUS
10FZSATINC fQSTSx)
811 FOPMAT(Z20X,*K=-37LLARS PERCINT K=37Y2AR CENTS/KGAL FCERCENT®,/)
B12 FORMAT(® FRFLTY, TUEATMOMT # P40 Z,FR,2,F12,3,511,4,F2,2)

R1T FOPMAT(® ©OTMASY SETTLED % F{0 .7 ,Fa,2,F17,3,F11,4,FC,2)
AL4 FORMAT(X prepTnon ¥ FA0 T, FR, 2, F12,7,F11,4,F2,2)
815 EOCNMAT(® AT® aLoumae F A0, T, D, F12,3,F11,4,FG,2)
R1F CADMAT(Y FINMAL SETTLED B EA0,T,58,2,F12.2,F11.,4,5G,7)
RL7 FORMAT(® SLUCSE FET, OUMDS ,610,3,58,7,F12,2,F11,4,F¢,2)
A18 FORVAT(Y CONTROL HAUSE FyEAC T FA D, F12,T,F 11 4,FC,2)
81Q FOPMAT(H SLUNGT THTPKTNED ¥ F40,7 F3,0,F12,2,F11,4,F2,2
R20 FO2MAT(* CIRESTCR F L ELR, T E, 0 F7,7,F11,4,5C,7)

821 FORPMAT(® SLULRT TLUTRTATTION®,FID ,F,08,2,F12,7,511,L,F3,7)
R2Z ENOMAT(® VACUUM FILTPATTON 2 ,F10 3 ,F3,2,F12.2,F11,6,4,FG,2)

822 FORMAT(® SLUNGE TNOTN, FyFPAr  2,F8,2,F122,F11,L,FC,2)
824 FOPMAT(® SLULGE DRYTNG AINCHF P10 T,59,2,F17,3,F11,.4L,F3,2)
82F FNOMAT(* CHLCRINATINN T yF 10 G FR 2 F17,3,F11,4,7C,2)

R26 FODMAT{® STTE DOYLLODMIMT X 10 s R e 2,23, F 12,3, F11.4,FC,2/)

R27 FOOMAT(® TINT, CARTTLEL N3IT ¥, F{0,7)

828 FORUATI¥ TOATAL AMCOTIZATINN AND COFFRATION COST*,F11,.73,F11,.4L4,F2,2)
829 FOPMAT(Y CTNTS BIR CQUND OF BND EFvCy=r = ¥,F3,1)

RZQ0 FORMAT(X CraTS SR 2ayN) OF TSS BLM¥OYER = *¥,F3,4)

P21 FOPMAT (1H1)

£I2 FADMAT{/,% 2UTLDTMG COQST TNOEX = *,65,1)

AR FOPMAT(F JUCSTIZATTIOM FACTCS = ¥,F7,5)
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aus50 AL TOAPMAT(IFL ¥ ,000e THPUT NATA, SUM %,T7/)
9460 85N FASMAT (* QAQQT = *,50,7,% ATLLTCN CALLONS/IAY®)

aL70o 851 FORMAT (¥ nops=s FeFB 4Ty ¥ TLLTCY GALLONS/TAYY)

4840 RE? FORPMAT(*® UREP = ¥,FL4,3)

490 853 FORMAT(TZX,,*(ONDTTICNS ATH®)

9500 BEL FOPMAT(® PAQAMTTER¥ 17Y, *0NOT CRACE UNTTC*®,/)

9c10 855 FOPMAT(*® FFFLUFRNT NCN¥,F14,7,510,2,% MG/L NXYRENT)

3520 856 FOPMAT(® FON 2FVOVAL¥,F165,2,F12,0,% FEICENT*)

Q530 RG7 FORMET(* FOR LOANTNG® ,F15,2,F17,2,% LT/7RY 200 PTET 40R 10 )59
9540 RER FORUAT(¥ AE™, NETEMN, TTMNF®,F40,72,F10,2,% HOURS*)

9cs5Nn 870 FORMAT(Y NTTCIFICATTION*TLL,T17,% (1-YF<, 2=am¥¥)

acen RE0 FOOMAT(Y® FCFLUCNT NMTTOATT® ,F17,2,F17,2,* MG/ZL NTIRQCREN®)
ac70 861 FORUAT(Y¥ FFFLUFNT MHZ-ME F12 ,2,F10.2,*% ME/L NTTOGLTNY)

acap REP FORMAT(® EFFLUTNT TSS¥,FLL,2,F10,2,% MG/L MASE*)

Qtap 862 FORMAT(® “TXED LTAUC? SS¥,FA,M,F10,.0,*% PL/L MASSE)

Qe00 870 FOCPMA((1XY,10T71)

9610 871 FORYAT (1Y ,0FR 444X ,FR L/1X,2FQ L)

Qf20 B77 FORMAT (1X,3FR.L/1X,FFLP,5/2(1Y,EF12,4L/))

9636 B72 FOPYAT(1Y¥,72F¢,?)

AeL0 874 FOPVAT(IX,TZ2/701X,F2,2))

9850 875 FOPYAT(1X4,T3/7(1¥42F2,?))

aeesd 876 FORMATI( X% AT CTNTS/GPO OF ¥, /,1F J13X,¥000T *,F10,3,/,1H ,12Y,
9670 +¥QRARE ¥,F10.7)

Q680 877 FORMAT(IY *OFT2ATING CCST rMLY¥,16X,Fi1.3,F11,.4,F0,?)

3690 B78 FORMATLIHD, *NUMAER OF ¥, 20X, ¥CT7F OF CACH¥ GEX,#UMNTTS¥, /04
9700 +¥PRTMARY SETTLFOS¥ 33X, TLU X F17,3,7X,%5F %)

9710 879 FO2IVAT (1P H*¥ACIATORS¥ S iIX,Th, X, F10.,3,7X,¥FILLINY GAL®)

9729 880 FORMAT (1H H¥FINAL STTTLIZSR 30X TU,EX3F1,3,7X,¥SF¥)

9730 881 FOPMAY (1H FTHTCKTNEOS¥,OX,TUFXaF17,3,7Y,%¥CF%)

9740 882 FORMAT (1H L ¥CTGESTTIS* (INX,TL,FXY,F13.3,7X,¥CE*)

750 AB3 FORMAT (1K HL¥TLUTPILTTICN TAMKS* 42X, ThyeXFIM 347Xy 05F¥)

a760 884 FORMAT (1H H,¥VACUUM FILTIPS¥,EX,TL,FX,T11,7,7X, ¥SF¥)

9770 885 FORMAT (1H ,L,¥CLUNGR RITURN¥ F12,2,F17,2,3Y,¥FRACTICAY)

9789 886 FCRMAT (1H ZFLTISCHARAE X (GXZF12,2,F10,2,7X,¥TLLION CAL/CAY®)
9790 RB7 FCRMAT (IH L*¥VAC, FILT, LOANTIMEY (FE .2 F1M1,7,7Xy*GAL/HR=SF¥)
9800 888 FORMAT (1H ,*TNCTNECATOPSH¥ ;7X,Th £ X,T10,3,7X,¥ "S/NAY¥)

9819 NN

9820 FUNSTIOF £MAXL (h,3)

9830 EMAX1=A NOTE: Some minor changes have been subsequently
9840 IF (& - Py 10,293,2" made to format specifications between
9850 10 AMAX1=R 879 and 888.

9Rr6N 20 PFTUPN

aer790 FND

988n SUBSQUTINE UNITEX(INNTULDMAY OV TN F NUNTTS,,CUNTT)

ELATUNEN o LED L LD E R b FATL=-SAFS DFCIAN WTTH FXTPMFTIAN-ccc e ceecwe

8egn C SI7E ANND LFAST NUMR™T OF UNTTS T€ FFCGNUCE AT L7AST QUOTU 77 F¥COCTU
9¢1g C WITH ONT UNTT QUT, AT LFAST TWC UMTTS, FXCFFT IF TWO CF “TA,
9820 C AVATLAL = STZ7E GTVS MORT THANM TRTCL S Q90TH, THIN ONT UNIT, AeC
ge3n ¢ NFSTIGM TE MAT FATL-SAFE,

9eu0 C

9¢50 QUMIT = CFIN

9969 IF (3*¥q0CTY-2%9MIN) 57,70,70

9a71 S0 MUNTIYS = 14

9989 WRITE (6£,75)

9qg¢p S FORMAT (#-==-=1FSTGY MNAT FATL~CAFT, VYTA EXTMITICM,-==-=¥)
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10000 COTHIDN

1on10 70 MUNTTR = MAXL(TUT(TEANCTUZR ABY 42 ,=1E=7) s INT(ROOTU/AMAX 41 =17 =%))
10020 TE (NUMTITS-?2) 20,00,0n :
10020 RO DYNTTS = 2

1004 AN AURNTT = AEAYXA(FENLATU/ (MIMTTS=1) ,ORCTY/NYNTTS)

17050 TE (AUVIT=24TN) 157,110,110

10060 100 "UNIT = QOMIN

10070 110 ~ETUON

16080 TN
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NAMES OF VARIABLES

In the original GOLD Report (52)the variables are listed and defined, and

in addition there are some variables in the program listing which are not listed

and defined., The following listing of additional variables does not include those

occurring in the list of variables or in the program listing in Reference 52. In

other words, it includes only those variables which were added during the GOLD1

and GOLD2 modifications,

AOCPCT(i)

BCI
BODLD())

CCPCT()
CIFC
CIFO
CPBOD
CPTSS
DEG
DTEN(@)
EBOD(i)
IFLOW

Percentage of the total amortization and operating cost attributable
to the ith process,

Building Cost Index.

BOD loading for IFLOW = i, 1b/day of BOD in Stream 2 per 100 lb
MLSS in Aerator,

Percentage of the total capital cost attributable to the ith process.
Cost index factor for capital costs,

Cost index factor for operating costs,

Cents/1b of BOD removed, amort, +op. cost,

Cents/1b of TSS removed, amort, + op, cost.

Array to hold DEGC values,

Value of TA when IFLOW = i (hours) (Aerator detention time),
Effluent BOD concentration for IFLOW =i, mg/] oxygen,

Flow index, IFLOW = 1 when Q(20) = QDOT, IFLOW = 2 when Q(20) =
QBARE, .

DO loop index for runs,

Logical unit designator for card reader,(S) in system used.
Number of runs to be made,

Logical unit designator for printer, (6) in system used.

DO loop index for FRPS loop.
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CHAPTER 6

CONVENTIONAL OR REUSE?
A COST COMPARISON FOR MUNICIPAL REUSE
IN SAN ANTONIO IN THE YEAR 2000

COST OF INDIVIDUAL COMPONENTS OF THE SYSTEM

Note: The comparative costs developed in this chapter are for
facilities and operations to meet the 2000 capability and
average production, but installed and operated at 1969 cost
levels. It is obvious that if a complete system were installed
in 1969 not all the separate facilities would have a 2000 target
year. Some might be built for 2020. Others might be built for
1980 with a plan for supplementing them in 1980. This would
bring about differences in cost which might affect the compar-
ative costs. However, to explore staging of this complex system
is far beyond the resources of this project, which seeks pre-
liminary comparisons.

Surface Water Reservoirs

It had been the decision of the AACOG Steering Committee to
allocate to water supply the costs of owning and operating
reservoirs in proportion as the conservation storage is to the
total storage. It was understood that this gives about the
same results as the incremental cost method. This policy was
used in costing on this project although we did not find the
time to explore the quantitative validity of it.

Previous studies have developed methods for generalizing on
required reservoir sizes and costs in various regions of the
country and for various yields as expressed as fractions of
average stream flow (40, 41, 43). Application of this general
estimating method gives costs of owning and operating reser-
voirs in Texas, 1969, in the range of about 0.6 to 2.5¢/Kgal
of yield when this is at a 100 mgd level, and 1-5¢/Kgal at a
10 mgd level, the range in the figures being the range between
vields of 5% and 80% of average stream flow.

. Information was obtained on the estimated costs and yields of
the three specific reservoirs involved in the Cuero scheme
(37, 56, 57, 58). The data and computations are presented in

Table 29. The table shows storage volumes necessary to allocate
costs in the above policy. The percent allocated to water
supply is based on the . conservation and flood con-

trol storages. This has the effect of proportioning the sediment
storage among the two actual water uses. The percent allocated
to water supply for Cibolo is the average for two sets of storage
figures for Cibolo which differed slightly. The investment was
adjusted to 1969 by the USBR Earth Dam Index. The withdrawals
for this project were those developed in Chapter 3, and shown

is the percentage of the yield which this represents. The OMR
costs shown are taken from the generalized costs developed in
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RESERVOIR COSTS

Capacity, Kaf
Sediment
Conservation
Flood control
Sub-total C + FC
Total
% allocated to W.S.

Yield 2020, mgd
Investment, 1969, m$
Withdrawal this project
% of yield

OMR, 1969 K$/yr
Capital recovery, K$/yr
Total annual cost

Allocated to W.S.
Cost, ¢/Kgal

Annual cost, S.A. supply K$/yr

S.A, share of investment, m$

TABLE 29

Cuero I +1I

50
2,816
843
3,659
3,709
76.7

216.8

150

127.7
58.8

150
6, 840

6, 990

5, 360
6.75

3, 150
67.7
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Cibolo Goliad
28 42
172 958
218 702
39 1, 660
418 1,702
45.6 57.7
21.3 102.1
34.2 61
21.3 113.1
100. 100. +
70 111
1,560 2, 780
1,630 2, 890
744 1,670
9.55 4,49
744 1,670
15.6 35.2



References 40 and 43. OMR costs for Cibolo are found in
Reference 58 in magnitude of about three times the generalized
OMR cost. However, the generalized costs are retained because
they come from actual or estimated OMR costs on a reasonably
large number of reservoirs. The capital recovery is based on
100 years life, 4.5% interest, no taxes and no insurance. The
total annual cost was allocated to water supply in proportion
as the percent of storage allocated to water supply. The
costs allocated to water supply were allocated to the San
Antonio supply in proportion as the withdrawal for the San
Antonio supply was to the total yield.

It is seen that the costs so allocated and based on actual con-
struction cost estimates are about twice those which would have
been obtained from the generalized study. Of course, a high
accuracy cannot be expected from a generalized prediction of
reservoir size for a given firm yield and reservoir costs as a
function of size considering the topographical and hydrological
variability over the nation. Thus, it is preferable to use
actual cost estimates for actual reservoirs at known sites, as
is done here, if these are available.

Pipeline Conveyance

Chapter 4 presents a computer program for costing conveyance by
pipeline. This was used to compute the cost for the following
lines under flow conditions as given in Table 33, beyond:

Cuero-Cibolo-Hildebrand
Goliad to Victoria
Rilling to Hildebrand

Hildebrand refers to the distribution storage tank on Hildebrand
Avenue in San Antonio which is the terminus of other conveyance
systems that have been investigated. Rilling is the site of

the Rilling Road sewage treatment plant.

The parameter values used were as follows:

Elevations

Cuero 242 .5 ft msl (mean sea level)
Cibolo 400.1

Hildebrand 830.0

Goliad 200.0

Victoria 50.0

High point between
Goliad and Victoria 220.0
Rilling 579.75
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Distances

Cuero to Cibolo 34.2 miles
Cibolo to Hildebrand 38.3
Goliad to Victoria 28.35

Rilling to Hildebrand 10.0

Construction and Terrain Factors

Cibolo to Hildebrand 1.05
Rilling to Hildebrand 1.2
Others 1.0
Pipeline life 75 years
Pump station life 25 years
Interest rate 4.5%
Tax rate 1%
Insurance 1% :
Labor price 3.00 $/hr
Payroll extras factor .45
Temperature 21.56cC
Head limit on pump

station 300 ft (feet)
Wire-to-water efficiency .75
Pipe roughness 0.0003 ft

For most of these pump station systems the energy price became
approximately 1¢/Kwh; except for the pumped-assisted segment
into Victoria where because of the low energy consumption the
price became about 4¢/Kwh. However, the effect on conveyance
cost is minimal because the actual energy consumption is so
small. The complete printout for the Cuero-Cibolo-Hildebrand
line has been shown in Chapter 4. ‘

Comparison of Conveyance Costs with Previous Engineering Study

For Texas Water Development Board (TWDB) there had been prepared
a preliminary engineering study (36) which included the Cuero-
Cibolo-Hildebrand pipeline conveyance system. The engineering
report, which also covered the Lake Austin to San Antonio
conveyance system, largely canal, produced costs which are much
lower than those used in the present study, in ¢/Kgal 6.15,
4,92, and 4.34 for 100, 200, and 300 thousand acre feet per year
(Rafy) respectively, with electricity at 3 mils, 200 Kafy is
approximately 179 mgd and may be compared with the Cuero-
Cibolo-Hildebrand costs in this study for 149 mgd of 13.4¢/Kgal.

The ground rules given by TWDB for their study were quite

different from those judged realistic for the present study.
Some of them were as follows:

266



TWDB This Study

Utilization factor 1.0 Ca .5
Pipeline life 50 years 75

Pump station life 50 years 25
Interest rate 3.5% 4.5
Insurance 0 1.0

In lieu of taxes 0 1.0
Energy price 3 mils Ca 10 mils
Pump efficiency .85 (.75)

Also, TWDB took slightly different elevations for the pipeline
termini as follows:

Cuero 230 242 .5
Cibolo 390 401

In addition, of course, the TWDB year is 1966 or 1967, the
present study year 1969. The present case contains the gener-
alized pump station and pipeline costs for Texas while the TWDB
study used their own set of costs, some of which were specified
to them by TWDB. Taken together. with the fact that the present
study OBARE is 149 compared to the TWDB 179 most of these
differences in ground rules act to make the TWDB unit cost

less than the present study cost.

To check the two systems under conditions as nearly identical
as.possible the program was run with data corresponding to the
TWDB cases for 100, 200, and 300 Kafy. That is, changes in

the data were made for elevations, QDOT and QBARE, equipment
life, interest rate, taxes and insurance, energy price and pump
efficiency (wire-to-water efficiency taken as .806). All other
data were left the same as they had been in the Cuero-Cibolo-
Hildebrand case including the terrain factors and construction
factors, the water temperature and the year, 1969. 1t was not
possible to use the TWDB year 1967 because the cost index
projections used are not valid prior to 1968. The comparison
is shown in Table 30.

While it was not possible to compute the case for 1967 it is
possible to roughly adjust the TWDB data to 1969 by utilizing
the Building Cost Index for San Antonio in the two years, 732
and 629. The TWDB figures adjusted in this rough manner are
shown in the corresponding columns in the table in parentheses.

It is seen that thus adjusted the TWDB and present study costs
agree within a maximum difference of about 7%. The present
study is about 6.5% low at 100 Kafy (thousand acre feet per
year), about 7.3% high at 300 Kafy and within about .35% at
200 Kafy. It happens that 200 Kafy is the case closest to the
real case studied in this project. TWDB has 5.72¢/Kgal and
the present study has 5.70.
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TABLE 30

COMPARISON TWDB (1967) VS. PRESENT STUDY (1969)
CUERO-CIBOLO~-HILDEBRAND
Segment 1 Segment 2
Cuero-Cibolo Cibolo-Hildebrand
Present Present
TWDB Study TWDB Study
100 Kafy
Pipe diam, in. (inches) 66 58.3 66 58.3
Maximum pressure class 250 150 200 150
Number pump stations 1 2 2 3
Head, pump station 383 266 352,348 285
Total Costs
Investment, m$ 1967 37.5 -
Investment, m$ 1969 (43.6) 32.0
Total production cost,
R$/yr 1,912 2,190
Total production cost,
¢/Kgal 1967 6.15 -
Total production cost,
¢/Kgal 1969 (7.15)y 6.72
200 Kafy .
Pipe diam, in. 84 77.0 84 76.5
Maximum pressure class 250 150 200 150
Number pump stations 1 2 2 3
Head, pump station 434 257 360,365 283
Total Costs
Investment, m$ 1967 56.5 -
Investment, m$ 1969 (77.4) 54.2
Total production cost,
K$/yr 3,371 3,719
Total production cost,
¢/Kgal 1967 4.92 -
Total production cost,
¢/Kgal 1969 (5.72) 5.70
300 Kafy
Pipe diam, in. 102 93.7 102 89.5
Maximum pressure class 250 150 200 150

Number pump stations 1 2 2 3

Head, pump station 399 212 335,335 271
Total Costs
Investment, m$ 1967 73.7 -
Investment, m$ 1969 (85.7) 75.1
Total production cost,
KS/vr 4,565 5,138
Total production cost,
¢/Kgal 1967 4.34 -
Total production cost,
¢/Kgal 1969 (5.05) 5.45
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The TWDB pipe sizes are somewhat larger than those of the
present study and the total horsepower of the pump stations
somewhat less. The TWDB total investment is greater than in
the present studyv and the operating cost less. Part of the
difference in operating cost comes about because the TWDB
costs for OMR on pipeline and OMR on pump station are con-
siderably lower than the present study costs. For both of
these the TWDB study used the ground rules laid down by TWDB.
We believe the present study costs for these are nearer to the
experienced costs. TWDB is able to use a smaller number of
pump stations because it allows a pump station head higher
than the present study constraint. If the present study con-
straint for limiting head on pump station had been 430 feet
instead of 300 feet the number of pump stations would have
been the same as the TWDB number. However, a limiting head
of 400 feet would not have changed the present study. The
higher limiting head allowed by TWDB in part explains the
higher maximum pressure class which they use, but some of this
also could be engineering judgment on the service required
regarding backfill conditions, water hammer, etc. which are
not plugged into the present study computer program (and which
are probably beyond the capabilities of a computer program).

Ground Water Withdrawal

Table 31 shows the investment cost experience on four San
Antonio well stations constructed between 1959 and 1968. Two
of the stations are secondary stations not having high service
pumps or reservoirs, and two are primary stations for which it
is seen the unit investment in reservoirs and building make a
large contribution to the total investment. The primary and
the secondary stations do not lie on the same unit investment
curve. The investment relation for the primary station is:

Investment, $ = 237,281* (mgd well pump capability)**.55984
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TABLE 31

INVESTMENT IN RECENT SAN ANTONIO WELL STATIONS

Maltz- 34th
Station berger Wur zbach Street Basin

Installed, capability, mgd

Well pumps 10 20 30 75
High service pumps 0 0 33 90
Number of wells 2 4 3 7
Number of high service
pumps 0 0 4 6
Number of reservoirs 0 0 1 1
1968 investment, K$ 222.6 210.1 1,593 2,660
Unit investments, ¢/gpd
Reservoirs 0 0 1.05 .42
HS pumps 0 0 .42 .43
Wells and well pumps 1.98 .81 .67 .75
Site preparation, bldg,*
general .00 .02 2.56 1.71
Total including land 2.23 1.05 5.30 3.56

*building

The 1968 costs for the entire City Water Board system shows a
unit energy consumption of 1,44 Kwh/Kgal for the well stations,
an OMR cost for these of .248¢/Kgal and an energy price of
.802¢/Kwh. :

The computations for costs were made with a small computer
program (GWBXR, not listed) using the above investment relation,
a firming factor (installed capability/firm capability) of 1.4,
energy use of 1.44 Kwh/Kgal, energy price of 0.8¢/Kgal, OMR
cost of 0.25¢/Kgal, and with the maximum size pump station of

75 mgd installed capability. The well station life was taken
as 50 years, interest 4.5%, taxes and insurance 2%.

Under these conditions and at a 40% utilization factor the cost
of ground water produced in San Antonio is about 3.8¢/Kgal in
the mains. The availability of ground water delivered at this
low price, of course, is unfavorable for the economics of reuse
in San Antonio.
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References 40 and 43 present a generalized method for estimating
the costs of ground water production. The costs there are 1962
National and include in the investment only the well and the
pump, not the high service pumps, building and land. The cost
there given for a ten well station with an installed capability
of 75 mgd is 2¢/Kgal, but if the investment used there is
adjusted to 1968 San Antonio and adjusted for the investment
increase attendant upon land, building and high service pumps,

a factor as shown in Table 31 of about 4.8, then the so adjusted
generalized costs for the comparable San Antonio station come
out to 3.5¢/Kgal. Those wishing to use the reference for a
general prediction should multiply the capital recovery costs
there given by about fivefold to get correct costs for well
stations with buildings and high service pumps.

Water Treatment

If surface water were used it would be necessary to treat it in
a conventional water treatment plant by coagulation, sedimenta-
tion and rapid sand filtration. Reference 59 presents results
of a comparative cost engineering audit on treatment plants

of this type in sizes of about .5 and 8 mgd. Some additional
data on costs in large size plants was used to interpolate the
costs in a 230 mgd plant operated at 149 mgd average produc-
tion. Adjusted to San Antonio 1969 by the Building Cost Index
these project an investment of 18.55m$ and an annual production
cost of 3,240 K$/yr, about 6¢/Kgal.

Activated Sludge Sewage Treatment

Chapter 5 presents a computer program for costing activated
sludge treatment. The exemplary cases run in that chapter are
those for the plants actually used in the cost study and the
parameter values used will be found in that chapter.

The investment in the existing and under construction plants
is already sunk and does not enter into the comparison with
advanced waste treatment and reuse. The continuing costs in
the three plants if they are used are only the operation costs.
The sample printout given in Chapter 5 is that for the new
conventional treatment plant which would be required.

The sizes and costs are contained in Table 33, beyond.

Advanced Waste Treatment

Chapter 2 provides a computer program for design and costing
of advanced waste treatment by the lime-clinoptilolite-carbon
process. The sample printout of the exemplary case given in
that chapter are those for the San Antonio 2000 requirements
considered as a single central plant. The costs are shown in

Table 33, beyond.
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Balancing Storage

The monthly average curves of water distributed and sewage
collected such as presented in Chapter 3 show no average month
in which the water used is less than the sewage collected. - If
this were also the day-to-day situation the advanced waste
treatment plant could operate on the sewage collected and the
difference could be made up by a fluctuating ground water
pumpage.

However, if there occur individual days on which the sewage
collected is greater than the water used then something must

be done with that day's excess "raw material." If the system
comprises an advanced waste treatment reuse portion in parallel
with a conventional treatment discharge portion then presumably
the day'e excess could be shunted to the conventional treatment
plant and discharged. However, if the system is a complete
recycle-no discharge one then a place must be found for the
day's excess. Not only must a place be found because of the

no discharge-no pollution requirement, but also if any
appreciable number of days' excesses are wasted, additional
input from ground water must be supplied. Thus, the total
system would have to be enlarged to produce this excess which
is wasted. To avoid these consequences requires a balancing
storage of some sort and of some magnitude.

It is very possible, of course, that in :San Antonio this balanc-
ing storage could be accomplished by reinjection of the AWT
plant product back into the aquifer. San Antonio is sitting

on top of a tremendous no-cost storage reservoir.

But most cities are not so fortunately situated as to have a
convenient and readily accessible underground storage reservoir
at hand. Note that it is not necessary that the city obtain

its major supply from ground water. An aquifer storage arrange-
ment could be worked out if the aquifer is available even though
the city has a surface water supply.

The alternative to aquifer storage would be a- surface reservoir
for storage. In any event there would be some cost involved
for this balancing storage.

This project has not attempted the assessment of that balancing
storage cost primarily because it has not been found possible

to work up the extensive data which would be required to deter-
mine the magnitude of the balancing storage. Involved is a
study similar to a reservoir sizing study, for which the
techniques are known. However, the fluctuating input comprises,
instead of the data on day-by-day stream flow, the data on day-
by-day excess of sewage collected over water used. This, of
course, will have many zero days or negative days which count
as zero days in the input regime.
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This project collected day-by-day data on sewage flows and
water flows for a number of corresponding years for San Antonio.
The sewage flow data were used in a number of statistical
studies including consecutive days of low flow and consecutive
days of high flow such as are involved here. The water data
were not used because the investigation promised to be a rather
major one. :

If the quantities involved in each excess event are small the
balancing storage could possible be of the order of distri-
bution storage, some of which is normally available on an
existing system. The expected frequency of excess events

would be greater in the wintertime than in the summertime since
in the summer the water use is some three times the sewage
collected. It is quite likely, however, that the maximum
storage required for an event, which determines the cost, will
occur in the springtime months since these are the months of
highest rainfall in San Antonio.

Regardless of these speculations this project has not included
the cost of balancing storage because it has not determined
the magnitude of the storage requirement. It is left as an
unknown cost element which is applicable in the reuse scheme,
but not in the conventional scheme. '

Demineralization and Disposal

As has been described in Chapter 3, the solution to the recycle
problem is not yet completely worked out and therefore a com-
plete material balance on the reuse scheme cannot be worked
"out. It was shown in Chapter 3 that the blend would meet the
500 ppm TDI specification during only two months of the year

if there were no demineralization and no discharge.

With a given system any ion might be subject to buildup in the
recycling water, that is, in the blend. The RECYCLE Program
will provide for computations on about 50 of these and any one
of them may prove to be the controlling ion. For illustration
let attention be directed to TDI as a controlling parameter.
To reduce the TDI to 500 mgpl from the monthly level shown in
Chapter 3 it would be necessary to either discharge some water,
that is to increase the makeup, or to demineralize some of

the return. Our aim in this section will be to make some very
rouch approximations to the cost of achieving 500 mgpl in the
blend under the San Antonio monthly average conditicns given
in Chapter 3.
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If the blend is lowered to 500 mgpl by increasing the discharge
that is by increasing the makeup over the levels given in
Chapter 3, which will generate a discharge, major changes will
have to occur in the system. The amount of increase in the
makeup would be quite high because the makeup in the example
taken is already at 437 mgpl and therefore not very useful as

a diluting water. Also, the ground water supply is not far
from its limiting constraints. As will be shown the need for
discharge fortunately happens to be the least in those months
where the ground water withdrawal is the highest. Neverthe-
less, if the makeup has to be increased very much it will soon
come up against the ground water constraint and thereafter will
require a surface water supplement. This, of course, would
considerably change the entire picture with respect to reuse.
Demineralization seems the preferable alternative if it does
not prove too expensive.

It is not possible to arrive at the steady state figures for
demineralization without going through the recycle program.
However, as a simple approximation Table 32 shows the quantity
which would have to be demineralized, by electrodialysis, in
order that the blend of Chapter 3 meet the 500 mgpl TDI
specification in each month. This has been calculated by
simply computing the fraction of the return that would have

to be demineralized at 45% removal per stage in order that the
blend become 500 mgpl (but not taking into account that the
next return would then have a different composition).

TABLE 32

QUANTITIES TO BE DEMINERALIZED (45% REMOVAL)
FOR 500 mgpl IN BLEND

mgd

Month 1st Stage 2nd Stage Total Return
1 177 : 46 177
2 162 0 171
3 144 0 172
4 76 0 164
5 96 0 186
6 44 0 180
7 0 0 168
8 0 0 183
9 82 0 189
10 119 0 - 178
11 176 24 - 176
12 175 86 175
QDOT 327 159 350
Annual amount 104 13 177

processed < 12
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During two months it would not be necessary to demineralize
at all since the blend is already below 500 mgpl. During
three months a 45% removal from the return flow would not be
adequate and it would be necessary to demineralize all of the
return in a first stage and some of the return in addition in
a second stage. This, of course, could actually be done by
arranging some of the stacks in series to double-stage the
demineralization. The cost computation here, however, com-
putes the costs as if the operation were carried out in two
one-stage plants. The design capability for the ED (electro-
dialysis) plant is taken as 1.85 times the highest monthly
average flow. This is actually not correct. The 1.85 factor
gives the maximum day in ratio to the maximum month at the 90
percentile level for the total sewage flow. The correct pro-
cedure would involve determining this ratio for each month and
taking that month giving the highest product of ratio times
amount demineralized. This would give a lower QDOT and a
lower cost.

The table is to be read as follows: Using January as an
illustration, the average total return is 177 mgd. All of
this would have to be demineralized in the first stage and
46 mgd would require demineralization in a second stage,
leaving 131 mgd to by-pass .the second stage. In May, the
fifth month, out of 186 mgd average return only 96 mgd would
have to be demineralized in the first stage leaving 70 mgd
to by-pass demineralization entirely.

Previous work on electrodialysis costs has developed the invest-
ment and operating costs for one stage (also for up to six
stages) working on water of average ease for demineralization

by electrodialysis and in a warm climate such as at San Antonio.
The data and costs are from Ionics, Inc. installations and
experience and the one stage cost actually applies to demin-
eralization from 900 mgpl to 500 mgpl TDI. The costs for the
equivalent 45% removal become slightly higher as the starting
TDI becomes lower, considerably higher as it becomes as low

as 300 mgpl, and become lower as the concentration becomes
higher than 900. However, the cost changes in the starting
concentration ranges concerned here are negligible compared to
the approximateness of the plant to which the costing is applied.

For a single stage the cost relations are well represented by:

Unit investment, ¢/gpd,
(year, region)

CYCEI ., CYBCIREG EXP 1 1
109.7 CYBCINAT [.259739+.0356967*LN(QDOT) (1)

Unit operating cost, C/Kgal
(year, region) at UBAR = .9
CYBCIREG * EXP 1
687 [ 742406+.0277584*LN (.9*QDOT) | (2)

current year Chemical Engineering Chemical Plant
Cost Index
CYBCI = current year BCI, regional and national

where CYCEI
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The operating cost equation correlates the operating cost in
plants of different capabilities in which QBARE is 90% of
ODOT. It is not correct to simply apply this relation to
situations in which QBARE is the variable in a plant of fixed
ODOT capability. In a plant of fixed capability some of the
operating costs at UBAR = .9 are fixed and independent of the
OBARE and of those that are dependent some are dependent
linearly, others not. Cost studies on electrodialysis (e.g. 60)
indicate that of the operating costs, for a 10 mgd plant for
example, about 10% are fixed and independent of throughput in
a given size plant such as labor, lighting, heating, etc. and
90% are independent upon throughput roughly linearly such as
energy, membrane replacement, etc. A small computer program
was written which would take the production schedule in

Table 32and compute investment and operating costs in which
the operating costs according to equation 2 were aportioned
as 90% fixed and 10% proportional to QBARE. The resulting
investment, 1969 San Antonio, is 42.8 m$ and the annual pro-
duction cost 7,072 K$/yr. This amounts to 18.6¢/Kgal of feed
to the first stage.

When the RECYCLE Program is put to work on demineralization it
will be found that the quantities to be demineralized become
less than indicated here which has simply taken the required
demineralization for one pass to lower the concentration of
the return coming from a blend such that it will give 500

mgpl in the blend. However, the blend from which this return
came had a concentration greater than 500 mgpl. Not so much
demineralization will be required on the return that it is
generated from a blend already at 500 mgpl.

In the other direction the cost will be greater by virtue of
the limited recovery in demineralization by electrodialysis.
Electrodialysis, and also reverse osmosis, are limited in the
recovery which can be achieved which is controlled by the
concentration built up in the reject liquors. Recoveries of
95% are projected for the San Antonio water. At this rate an
additional amount of makeup equalling about 1/20th of the
quantity demineralized would be required. This makeup increase
would amount to about seven mgd average over the year with 14
mgd being required in the winter months. The production costs
of this extra water would have to be added to those shown in
Table 33 beyond, but would not increase the total very much.
The 14 mgd requirement in the winter months fortunately comes
when the makeup demand is low and the total will not exceed
the ground water constraint.

Some means of disposal will have to be found for the reject
liquor which will have a concentration of the order of 10,000
mgpl in the winter. A pipeline to dispose of this to the Gulf
of Mexico would cost about 19 million dollars and the annual
disposal costs in it would be of the order of 1,100 KS.
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The reader can clearly see that the figures and costs given
for demineralization and disposal are of the very roughest
sort and only included to give an idea of their general magni-
tude. A number of alternative demineralization and disposal
methods could be considered.

Sewage Conveyance

Early in the project AACOG (Alamo Area Council of Governments)
had a need for costs of sewers. Neither the AACOG need nor
this project involved the small sizes of sewers in the collec-
tion system, since for this project the collection system would
be required for either the conventional system or the reuse
system. Accordingly, it was decided that the cut-off point for
the study would be a 12 inch sewer, which has a capability of
about two mgd. Sewer costs as a function of depth and diameter
were worked out as described beyond for those purposes. The
sewer costs were not actually used in the project because at
the present stage we have only compared a single AWT plant
with a single conventional plant both tentatively at the Rilling
site. Accordingly, the conveyance system, i.e. the trunk and
interceptor lines, would be the same for both alternatives.

There was prepared (61) a correlation of bid tabulations from
about 20 bids throughout the nation on concrete reinforced
sewers all deregionalized and adjusted to a WPC-S National
Cost Index of a 127.04 corresponding to March 1968. The bid
items correlated were simply those items giving per linear
foot costs for various sizes of sewer pipe. In addition to
these items the total bid normally contains also such addi-
tional items as paving, structures, rock excavation, highway
crossing, engineering, etc.

The data, supplied as curves for 15, 21, 27, 33, 48 and 60
inch sewers and various depths of cut, were correlated by
multiple regression analysis on the Cartesian equations, the
best resulting predictive equations being as follows:

for 12' to less than 30":

In ($/foot) 1.48019+0.0412173*ID+0.0268722* ‘DEPTH

o= 1.05
for 30" and up:
In ($/foot) = 2.28733+0.0227985*ID+0.0134408*DEPTH

o= 1.028
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The o ratios shown above are not the true o ratios for the
original data points. Rather they are the o ratios for the
selected points of the curve used in generating the multi-
variate regression. They thus indicate how closely the pre-
dictive equations reproduce the curves rather than how closely
they reproduce the original point data. (The o ratio is the
anti-log of the standard deviation in log units and corresponds
to the ratio of the 84th percentile point to the 50th per-
centile point.)

Obviously the total cost of an installed sewer per linear foot
must be obtained from the above predictive equations by multi-
plying the predicted $/foot cost by some factor which incor-
porates the other bid items. To develop such a factor, data
were obtained on recent bids for sewers in San Antonio,
specifically the Alpha, Beta, Gamma and Delta segments of

the Olmos outfall and two versions of the Salado outfall with
different joint types, the average of the two lowest bids being
used in each case. The ratios of the local bids to the pre-
dictive equation (for San Antonio area in the year of bidding)
fell'in two groups, one group around 2.0 and the other around
1.5 (actually 1.98, 2.33, 2.18, 1.44, 1.48, 1.49).

Various manipulations were made in the attempt to correlate
these ratios. The conclusion was that the ratio was not
correlated with the amount of rock excavation and not with the
average depth of cut but it did follow a measure "degree of
city streets" measured by the square yard of base supplied for
pavement per linear foot of sewer. The ratios around 1.5
occurred when this measure was less than 0.2; those around 2.0
when this measure was above 0.6. Further exploration indicated
that it was not the cost of the pavement itself or the culture
involved which brought about the difference in the ratios.
Rather the bidders had increased the per linear foot items on
their bids to bring about the difference.

It was concluded that sewer costing for the project, for San

Antonio, would be accomplished by multiplying the predictive

equation by 2.0 or 1.5 depending on the qualitative judgement
of the terrain as being largely in city streets or largely in
open country, respectively.

The final results for San Antonio sewer costs are accordingly
expressed as follows:
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if ID 12" to less than 30":
unit cost S/l.f. =
STREET* [ EXP(1.48019+0.0412173*ID+0.0268722*Depth) ]

+ WPC-S(Yr, Region)
127.04

if ID 30" and up:
unit cost, $/1.f. =
STREET* [ EXP(2.28733+0.0227985*1ID+0.0134408*Depth) ]

* WPC-S(Yr, Region)

127.04
STREET = 2.0 if largely through city streets,
1.5 if largely in open country.
EXP = e raised to the power indicated in parentheses.
ID = nominal inside diameter of pipe, inches.
DEPTH = average depth of cut below surface, feet.

WPC-S (Yr, Region) = EPA sewer cost indexes for the indicated
year and indicated region.

YR = year of prediction

REGION = the one of the 20-Cities regions surrounding the
ENR (Engineering News Record) 20 cities cost
indexes which has been set out by U.S. Public
Health Service for regionalizing cost indexes.

127.04 = the WPC-S national index for March 1968. Basis

of the original correlation.

It will readily be recognized that this correlation of sewer
costs, based on only 20 bids, must be purely provisional.
Through the Construction Grants activity EPA must have much
more data on individual sewer installations which could be
used for an analysis which would give much more secure pre-
dictive equations, of the same stature as those developed for
pipelines and mentioned in Chapter 4.
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COMPLETE SYSTEM COSTS

Table 33 shows the summary of the components for the conventional
and the reuse systems, the quantities as developed in Chapter 3
and the costs as developed in the immediately preceding sections.

The costs for the Cuero to San Antonio conveyance are a little
high since they have been computed for conveyance of the whole
149 mgd from Cuero. Actually 127.7 is conveyed from Cuero to
Cibolo, and 149 from Cibolo to San Antonio. The total cost
for the 149 mgd of surface water delivered is 25.7¢/Kgal and
delivered and treated 31.6¢/Kgal.

The cost of the new ground water supply is 3.4¢/Kgal, and
3.8¢/Kgal for the slightly smaller quantity involved in the
reuse scheme. For production from the existing ground water
facilities only the operating costs are shown, 1.4¢/Kgal,

since the capital investment is already sunk and must be borne
with either scheme. On this basis, i.e. eliminating the amorti-
zation on the existing ground water facilities, the total make-
up water delivered and treated is 341 mgd for the conventional
case at about 15¢/Kgal and 164 mgd for the reuse case at about
2¢/Kgal. The differential between the conventional and the
reuse schemes amounts to 17.4 m$/yr.

For conventional sewage treatment in the existing or under con-
struction plants again only the operating cost is shown since
the capital cost must be borne by both schemes. The so computed
cost for conventional sewage treatment is 5.8 m$/yr.

Advanced waste treatment is applied to 177 mgd at the unit cost
of 23.8¢/Kgal, total cost 15.3 m$/yr in a plant which requires
a capital investment of 86 m$S. The return conveyance for this
water is accomplished for 3.3¢/Kgal.

The very rough figures on demineralization by electrodialysis
show a cost of about 18¢/Kgal. The relatively small fraction
of reject from electrodialysis, still amounting to seven mgd,
adds 1.1 m$/yr for conveyance to the Gulf for disposal.

The balancing storage which may be required in the reuse scheme
is not accounted for.

In total, the items accounted for involve an investment of about
264 m$ for the conventional scheme at an over-all 19.5¢/Kgal for
a total annual cost of 24.4 m$. The corresponding investment
for the reuse scheme is considerably less, only 169 m$ but the
annual cost is greater, 26.8 m$/yr at 21.6¢/Kgal.
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TABLE 33
COST SUMMARY

Conventional AWT Reuse
New Annual New  Annual
QDOT QBARE  Capital Cost QDOT QBARE Capital Cost
mgd mgd ‘m$ K% ¢/Kgal  mgd ‘mgd m$ K$ ¢/Kgal
Share of reservoir cost Cuero 127.7 67.7 3, 150 6,8 - - 0 0
Cibolo 230 21.3 15,6 744 9.5
Surface water conveyance
Cuero and Cibolo to S A, 230 149 67.7 7, 268 13,4 - - 0 0
Surface water Goliad to Victoria 141.4 113.1 15,1 1, 157 2.8 - - 0 0
Share of reservoir cost Goliad 113.1 35,2 1,670 4.0
Total surface water, delivered 149 201.,3 13,989 25,7
Water treatment 230 149 18,6 3, 240 6,1 - - 0 0
Total surface water delivered & treated 149 219.,9 17,229 31,6
GW withdrawal, new 107 47 5,7 584 3,4 102 39 5.5 533 3.8
Old, operating only 333 145 0 742 1.4 333 125 0 640 1.4
Total water delivered and treated 341 18,553 (14,9) 164 1,173 (2.0)
Sewage treatment, new 234 118 38,5 4,721 11,0
80 40,7 0 704 4,7 - - 0 4]
Old, operating only 24 12,2 0 244 5.5
12 6,1 0 138 6.2
AWTLCC - - 0 0 350 177 86,1 15,352 23.8
Return conveyance Rilling to Hildebrand - - 0 0 350 177 15.7 2,138 3.3
Balancing storage - - 0 0 required, not considered yet
Demineralization (very rough) 1st stage - - 0 0 327 104 ) 42.8 7.073 /10
2nd stage 159 oy ved) @07 (18.6)
Disposal to Gulf (very rough) (14) ) (19) (1,100)  (44)

Total 341 264,1 24, 362 19.5 341 169.1 26, 836 21.6



Reuse, in these first approximating computations, proves more
expensive than conventional supply for San Antonio, but the
surprising thing is how close it comes to being competitive,
the difference in cost being about 10%. This is so close
that any real economic choice would have to await a more
refined estimate.

Various criticisms, of course, will be directed for or against
one or the other of the alternatives.

Most important the Cuero-Cibolo supply is probably not the
cheapest supplemental supply for San Antonio. Since this
comprises over half the total cost, if the alternatives do
indeed prove to be cheaper then, of course, the substitution
will lower the over-all cost of the conventional system.

Working in the other direction is the very likely possibility
that by the year 2000 a standard conventional treatment plant
will no longer produce an effluent that is allowable for
discharge. This will mean that the sewage treatment process
will have to be carried on a higher level of performance,
possibly involving actually some of the AWT processes in a
tertiary stage. Such extra performance would, of course,
involve additional costs.

Although the conventional sewage treatment plant designed and
costed in this study does have the capability to meet the
maximum dav's demand under steady state conditions, it is

very likely that even so designed the plant cannot be operated
to continuously meet the standards under the fluctuating flow
conditions actually encountered. The AWT counterpart, however,
in the physical-chemical process used, is much more capable

of rapid operating changes to handle fluctuating demands...
which was one of the reasons for choosing it.

One of the reasons for the occasional (and indeed more than
occasional) poor performance of conventional biological treat-
ment plants is the high degree of flow fluctuation resulting
from storm flows in combined sewers. EPA has a whole series

of projects investigating the economics of separating combined
sewers so as to be able to segregate to storm flow portion and
in some cases to store it for bleeding off to the treatment
plant thus evening out the flow and improving the treatment
plant performance. The "uncombining" of combined sewage systems,
the provision of a separate storm sewer system, particularly the
provision of damping storage for storm flows requires a tre-
mendous investment. Work of many years ago in Boston, for
example, came to the conclusion that storm flows could not be
handled even with sewer pipes ten times the normal size. To
make conventional biological sewage treatment achieve 90%
removal 100% of the time would require a very large additional
expenditure for some such scheme, not taken into account here.
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It is quite likely that the cost of the AWT process will be
reduced by further technological development of this relatively
new process. Information on performance of activated carbon
treatment obtained since the design of the AWT process strongly
indicates that the filters may be dispensed with and this will
cut about 1.5¢/Kgal from the cost. If demineralization is to
be required anyway this will achieve removal of inorganic ions
including NH4 and in that case possibly the clinoptilolite

ion exchange stage of AWT could be dispensed with with a
resultant saving of some 7¢/Kgal. However, this is not so
easily accomplished since the month-to-month fraction of the
AWT product demineralized fluctuates from 100% to 0%.

This project studied a reuse system in which the advanced waste
treatment was accomplished in a single plant, thus requiring

a return conveyance expense. This return conveyance expense
could be cut to practically zero and the sewage conveyance

cost reduced by having a number of decentralized AWT plants.
However, the numbers suggest that this probably would not be
economic because the return conveyance cost is only about 14%
of the AWT cost and it is likely that the increase in unit
cost in the smaller size plants would be considerably more

than this difference.

Finally, some will probably wish to look for the recovery of
the "values" from the seven mgd of 10,000 mgpl reject from
the demineralization.

Over the entire scheme, of course, looms the hard fact of the
present day that public acceptance of reuse would ke less than
wholehearted. 1Indeed, although direct reuse is practiced in

one or two places in the world it is very unlikely that direct
reuse with processes at their present performance would be
accepted as safe by the publlc health authorities. This project
has compared the economics in the year 2000 on the assumption
that by that time the processes will have proven their safety
and the product will have achieved public acceptance.
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