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ABSTRACT

This report develops and demonstrates a quantitative method for the
preliminary design of effluent standard surveillance systems. The
principal output of the report is a procedure to be used in the state
or EPA water quality programs to determine the frequency of effluent
compliance monitoring visits. The procedure allocates compliance
monitoring budgetary resources so as to minimize environmental
damage. It utilizes a statistical model of the effluents that is
obtained from self-monitoring and compliance monitoring data. The
procedure is demonstrated on an example river basin using data

supplied by the State of Michigan.

This report is submitted in fulfillment of Contract Number 68-01-2232,
by Systems Control, Inc., under the sponsorship of the Office of
Research and Development, Environmental Protection Agency. Work was

completed as of January 1975.
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SECTION 1
CONCLUSIONS

A procedure has been developed which determines how often to sample
effluent sources in a compliance monitoring program. The sampling
frequencies depend on the probability each source will be in violation
of its standards, as well as the environmental damage each source is

expected to cause to the receiving waters.

The potential utility of the procedure was demonstrated using data from
30 industries and municipal treatment plants. The sources chosen by the
procedure for monitoring with highest priority were shown to be those

sources most likely to violate a standard and cause environmental damage.

The information produced by the priority setting procedure is applicable to
many types of water quality studies. The statistical descriptions of the
effluents can be used as inputs to water quality models. The environ-
mental damage expected from a source and the probability that a source will
be in violation of a standard can be useful in the setting of effluent
standards in "water quality limited" reaches of a river basin. The
examination of these quantities quickly tells the user which sources are
expected to have a major effect on water quality. The sensitivity of

these quantities to changes in the standards or loadings can also be
quickly determined.



SECTION II
RECOMMENDATIONS

The priority setting procedure developed in this report should be

implemented as a user-oriented computer program. Such a program

would be of great benefit to the monitoring agencies in the setting

of sampling frequencies. A handbook should also be developed to

describe the procedure to non-statistically trained personnel.

Notwithstanding the above recommendation, there are certain studies

that can serve to increase the procedure's usefulness:

1))

2)

3)

Geographical Considerations. In a river basin, there will exist

groups of effluent sources located in close proximity to each other.
When monitoring one source of the group, it may be beneficial to
monitor another, since the cost of monitoring the sources concur-
rently will be less than the cost of monitoring them at different
times. It is suggested that the priority procedure be augmented

to account for such geographical considerations.

Scheduling of Monitoring Visits. Given the sampling frequencies,

the compliance ﬁonitor must schedule his inspection crews over
the monitoring period. This can be a difficult and time consuming
job, especially in large regions. It is suggested that a com-
puter program be developed that schedules the monitoring visits

taking into account manpower, equipment and geographical factors.

Statistical Analysis. The procedure developed in this report

allows the user to choose between two statistical distributions
to describe each constituent of each source. The user also
can specify whether the constituents of a source are statistically

correlated or uncorrelated. The sampling priorities established



4)

by the procedure are sensitive to both of these choices. There
has been, however, little study on an industry by industry
basis as to either the distribution of or correlation between
constituents. It is suggested that there be further study

into these statistical considerations.

Allocation Criteria. In this report, two allocation criteria are

specified: (A) "cost" of undetected violations and (B) number

of undetected violators. Additional useful criteria can be specified
within the framework of the present procedure. As examples, consider
the following two criteria: (A') violation "cost" of undetected
violators and (B') degree of violation due to undetected violators.
(A) and (A') both attach a cost, as measured by a damage functionm,

to the effect due to an effluent source's load on pollutant concen-
tration in a stream. Criteria (A) attaches a "cost" to a pollutant
even if it is not violating an effluent standard while (A') only
considers "violation cost" (i.e., it is assumed that no damage is
done to the environment if the standard is not violated). The
rational for using (A') over (A) is that the monitor may only be
interested in damage due to standard viclations and not in damage

per se.

(B') is a measure of the degree of violation expected from the

sources in the monitoring region. Thus, under (B'), those sources
who have highest probability of being violators and which are expected
to have loads most over their standard will be sampled with highest
priority while under (B) only the former condition is considered.

Since these criteria may be useful to the ﬁonitoring,agency, it is
suggested that the priority procedure should be extended to include

these additional allocation criteria.



SECTION III
INTRODUCTION

The Federal Water Pollution Control Act Amendments of 1972 (PL 92-500)
requires the establishment of effluent limitations for all point sources
by July 1, 1977. The effluent limitations* are stated as conditions on
discharge permits issued to all point sources under the National Pollution
Discharge Elimination System (NPDES). The Environmental Protection
Agency or the state is required to establish monitoring programs to

ensure that the effluent sources are in compliance with the standards.
There are three ways the monitoring agency obtains information concerning

the compliance of the dischargers:

(1) Self-Monitoring. The source is required to monitor its effluent

levels and periodically transmit these records to the monitoring

agency.

(2) Compliance Monitoring. The monitoring agency visits the

source to ensure that the self-monitoring is being properly

executed and reported.

| (3) Ambient Monitoring. The water quality monitoring of the receiv-

ing waters.

*A distinction is often made between effluent limitation and effluent
standard. In this report these words shall be used interchangeably
to denote a restriction established by the appropriate regulatory
authority on the quantities and/or concentrations of chemical or
biological constituents of point source wastewater.




The self-monitoring reports are the principal source of compliance
information used by monitoring agencies since the agency expense to
acquire these data is minimal. Some check is, however, needed on the
reliability of the self-monitoring data. The compliance monitoring
program is set up to provide that check. The compliance program also

has other purposes associated with the permit program, such as verifying
that the plant processes described in the permit are correct, evaluating
new waste removal equipment, reviewing progress toward scheduled pollution
control activities, and monitoring' to aid in preparing enforcement
actions. The ambient monitoring is primarily used to determine water
quality, discern trends in water quality, and evaluate the overall
effectiveness of pollution control in a region. Under certain conditions,
however, ambient monitoring may flag effluent irregularities unmeasured
by other means. Through knowledge of the effluent sources that could
contribute to the decline in ambient quality, action can be initiated

against possible violators.

This report is concerned with that part of the compliance monitoring
program that determines whether the sources are in compliance with the
effluent standards. Since the monitoring agency has limited resources
available for compliance monitoring, it is important that these
resources be used in an efficient manner. In this report, a procedure
is developed which determines how often to monitor each source in a
region to obtain maximum benefit from the compliance monitoring program.
The procedure utilizes information from self-monitoring, ambient

monitoring, and past compliance monitoring reports.

There are two types of effluent standards that have been established

under NPDES: (i) a monthly average and (ii) a daily maximum. A source 1is

in violation if either the value of a daily composite measurement exceeds the
maximum standard or the average of the daily composites, over the month,

exceeds the average standard. In order to determine whether an effluent



source is in violation of the average standard, it is necessary to make
measurements over a large percentage of the month; while to determine if
the maximum standard is violated, it is only necessary to determine if
the standard was exceeded over a single day. Since compliance monitoring
is costly to the monitoring agency and since most regions will contain
many effluent sources, it is not expected, in general, that compliance
monitoring resources will be available to determine whether the average
standard is violated. Therefore, in this report compliance monitoring

is limited to determining whether the maximum standard is violated.

The remainder of this report is organized as follows: Section IV

contains a summary of the priority setting procedure developed in this

report. Its purpose'is to introduce the procedure to potential users.

Section V develops a statistical characterization of effluent source
constituents and discusses how to obtain the statistical description of

the effluents that is required to initialize the priority procedure. A method
is also presented which specifies how the effluent statistics can be updated
as additional data become available. Section VI formulates the criterion

to be optimized in the priority setting procedure, denoted the "cost" of

undetected violations. Also presented in this section is a discussion

of the relationship between ambient quality and effluent load. Section VII
restates the priority setting problem in terms of an optimization problem
and describes the method used to solve it. Section VIII gives an overall
description of how all the components needed to obtain the monitoring
frequencies interact and presents a simplified example showing the
procedure's operation. Section IX demonstrates the priority procedure

on a detailed example utilizing data supplied by the State of Michigan.



SECTION IV

SUMMARY

The purpose of this summary is to introduce the procedure developed in
this report to potential users, that is, the compliance monitoring
staff of the state or EPA effluent monitoring programs. This summary
also describes the basic considerations used in the development of

this procedure.

The procedure developed in this report sets priorities as to which
sources should be monitored and with what frequency. The procedure
determines the sampling frequencies so that those sources that have

a high probability of violating their standards and that can be expected
to cause large environmental damage will be sampled with high priority.
The objective in allocating the monitoring resources then is to minimize
the "cost" of undetected violations, or equivalently, the expected
environmental damage that would result from undetected violations. The

"cost" of undetected violations for an effluent source depends on

(1) The expected frequency of a standard violation

(2) The expected magnitude of the violation

(3) The toxicity of the pollutants

(4) The assimilative capacity of the receiving waters at the
discharge points.



These quantities are determined from past compliance and self-monitoring
reports, effluent standards, and knowledge of the receiving water

characteristics and the nature of the pollutants.

The user, at his option, can specify another allocation criterion, namely,
the number of undetected violators. This criterion depends on the

expected frequency of a standard violation.

Both, the "cost" of undetected violations and number of undetected
Qiolators assume that if the monitoring agency catches a violator once in
the monitoring period, this component of compliance monitoring has done
its job. At this point, it is up to the user to specify any follow-up
actions (e.g., the monitor could elect to stay at the violator's site for

a longer period or specify a given number of further visits during the

monitoring period).

RESOURCE ALLOCATION PROGRAM

The basic flow of the procedure, denoted the Resource Allocation Program,

is given in Figure 4.1. The various components are briefly described below

(1) Initialize Statistical Description

Combine the self-monitoring and compliance monitoring data to
obtain an initial statistical description for each pollutant

of each source.

(2) Calculate Expected Damage and Probability of Violation

Use the statistical description of the effluent léads, the
effluent standards, and the stream parameters to obtain, for
each source, its expected environmental damage and its pro-

bability of violation of the standards.



INITIALIZE
STATISTICAL
DESCRIPTION

CALCULATE

EXPECTED DAMAGE AND
PROBABILITY OF

VIOLATION

DETERMINE UPDATE
PRIORITIES STATISTICS

L '

1

MONITORING MONITORING | _ __}

SCHEDULE B PERIOD
Figure 4.1 Resource Allocation Program.




-(3) Determine Priorities

Allocate the monitoring resources to minimize the "cost" of

undetected violations.

(4) Monitoring Schedule

Take the sampling frequencies obtained in the previous com-
ponent and determine which day of the monitoring period to

sample which sources.

(5) Monitoring Period

This component represents the actual time spent monitoring the

sources.

(6) Update Statistics

Combine new self-monitoring and compliance data with the
initial statistics to obtain an updated statistical description
of the effluents for use in the next monitoring period

allocation.

This procedure has been implemented as a computer program to minimize
the need for data handling and hand calculations. In the remainder of
this section, several of the components of the Resource Allocation Program

are described in more detail.*

Initialize Statistical Description

The daily composite value of each constituent of each source for which there
is a standard is modeled by a probability density function or frequency
distribution. The area under the density function between any two values of
effluent specifies the fraction of the time the output of the source is
between those two values. The érea under the density funétioﬁ from zero to
infinity is, clearly, always one. By allowing two types of'deﬁsity functions,
normal and lognormal, a wide range of effluent loadings can be modeled

with sufficient accuracy for determining sampling priorities. The normal

*For a description of the theoretical foundations of this procedure,
refer to Sections V through VIII.

10



density function is the standard "bell-shaped" frequency distribution. An
effluent load is distributed with a lognormal distribution if the logs

of the effluent values have a normal density function. Examples of a
normal and lognormal density functions are shown in Figures 4.2a and

4.2b, Both the normal and lognormal density functions are parameterized
by two parameters, a mean and a standard deviation. (For the lognormal
case the mean and standard deviation are of the logs of the effluent
values.) These parameters are obtained for each constituent of each
source from the self-monitoring and compliance monitoring data. The

parameters are then fed into the next stage of the Resource Allocation
Program.

Calculate Expected Damage and Probability of Violation

The monitoring frequencies depend on the environmental damage each source

is expected to cause and the probability that each source is in violation

of its standards. The environmental damage is related to the concentration
of the water quality indicators in the receiving waters corresponding to

the constitutents of the effluent. A value from 0 to 10 is given to each
value of concentration depending on the degree of damage to the environment;
this relationship is subjective and can be changed to meet the requirements
of the user. The expected damage due to the constituents is then found

by calculating the concentration of the pollutants in the receiving waters
due to the source load, and then determining the environmental damage.

The probability of violation of the daily standard for each constituent is
simply the area under the constituent's density function to the right of the
effluent standard. The environmental damage due to all the constituents from
a source is the maximum of the damages due to each of the constituents,
since water quality is typically limited by the pollutant causing the

most damage. The probability of any of the constituents in the effluent
exceeding its standard is a simple function of the probabilities that

each individual constituent exceeds its standard. The expected damage

and probability of violation of each source is fed into the next stage

of the Resource Allocation Program.

11
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Figure 4.2a Example of normal density function.
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DENSITY FUNCTION (x 10‘3)

0 20 40 60 80 100
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Figure 4.2b Example of lognormal density
function. '
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Determine Priorities

The criterion for the priority setting procedure, the '"cost" of undetected

violations, is defined as the expected damage that would occur due to
undetected violations. This function depends on the expected damage and
probability of violation of each source. As a source is sampled more
times, the "cost" of undetected violations for that source decreases
since the probability decreases that the source will not be found in
violation on any one of the visits. The priority procedure then allocates
the monitoring resources to visit those sources where the mﬁrginal return
(i.e. the decrease in "cost" per dollar spent) is greatest. Therefore,
given a monitoring budget or a maximum allowed "cost" of undetected
violations, the priority procedure specifies the frequency with which
each source should be sampled in the monitoring period. It should be
noted that the criterien can be easily altered to represent only

the number of undetected violators. This is done by setting

all the expected damages to one. In this case, the monitoring resources
will be allocated to those sources whose decrease in the probability of

not detecting a violation, per unit dollar, is greatest.

Examples of the output of this stage of the Resource Allocation Program,
for a hypothetical example, are given in Figures 4.3, 4.4, and 4.5.
Figure 4.3 gives the initial allocation of resources along with the
resources used and the "cost" of undetected violations after allocating
the samples. Tﬂe initial allocation is based on subjective factors such
as a desire to monitor sources of a certain size at least once, or a desire
to monitor certain sources in a region where water quality is known to
be bad. Figure 4.4 shows the marginal return and the decrease in

"cost" of undetected violations as the resources are increased. The
1ist is ordered by the marginal return, or equivalently by the priority
of monitoring the sources. The first source on the list should be
monitored with highest priority, the second source with next highest
priority, etc. Thus, given a limit on total resources or a maximum
allowed cost of undetected violations, Figure 4.4 contains all the
information needed to obtain the priorities. Figures 4.5a and 4.5b show
the "Final Allocation" table for this example. In Figure 4.5a a budget
limit is given, while in Figure 4.5b a maximum "cost" of undetected
violation is specified.

14



!

INITIAL ALLOCATION
SOURCE TIMES SAMPLED RESOQURCES USED

1= JONES HANUFACTUR 1 §35,50
2==SAFE CHE“INAL CO 1 S4g,.00
J«nSELAGE TRFATMENT 1 560,00
due=MUMBERWUN CO, 1 555.00

TOTAL RESQURCES USED 2198,50
COST OF UNDETECTED VIOLATIONS 4,27171

Figure 4.3 1Initial Allocation Table



PRIORITY LIST OF SAMPLES.

COST OF
MARGINAL UMPETECTED RESOURCES
ERIORITY SOURCE SAMPLED RETHURM X100 VIOLATIONS REGUIKED

1 {e=JCNFS MANUFACTUR  ,107744%¢ S.,0757¢ 635,50
2 JumSEuAGE TREATHENT  L,09326524 U,583u2 1095,50
3 JmmSEWALF TPEATHEMT ,079809130 8,10603 1655,.50
4 fewJOMFS MANUFACTHR 00869248 3,738658 2191,00
5 JumSECLGE TREATMENT L,00843515% 3,35334 2751,00
6 BawSEWAGE YREATHENT 05862177 3,02506 3311.00
7 ImaSENAGE TREATHENT ,L,05021689 P TU3ES 871,00
8 GmaNiJtRER AN CO, k526206 2.,U92564 LiépPe.000
9 (e JOMFES #ANUFACTUR  ,Nuli7806 2.25607 49564 .50
10 Je=SFECAGE TREATHMENT ,043014RG 2.01519 5521.5%0
1 ZwaSEwAGE TREATMEMT ,03684645 1.,80885 60BL,50
12 JuemSEAGE TRELATHMENT ,L,031%56298 1,6%5209 LY PY-Y)
13 =N FS MANUFACTUR 02828861 1.,U8061 7417700
14 RewlEr AGE TREATHENT  ,02703m93 1432920 7737.C0
15 IuwSERAGE TREATHEMT ,0231%5992 t,199%51 Be97,00
16 1= JNE8 MANDFACTYUR ,01811408 1,10251 BRIP 5N
17 1e=JOMES “ANUFACTUR ,01159602 1,008039 93kE.0Q0
18 1== JONES MANUFACTUR 400742722 1.00086° 00n3.50
19 dmantiFRERAUN CG, « 00590254 o 76786 jouhe S
20 PemB8AFE CHAEMICAL CN  ,005%6719 0937358 1100e,.5C
H 1me JONES MANUFACTUR L00U75SAR 91 1LB 115088 ,60
22 Pe=SAFE CHEMICAL CC ,00412025 86931 12096,00
23 ?==SAFE CHEMTCAL CO ,00304938 287260 12638400
24 twm JOMES MANUFACTUR  ,L,00304S%4L «85429 13173,50
25 2e=SAFE CHREMICAL CN  ,L,00225683 84362 13721.5%0
26 fen JONES MANUFACTUR  L006195003 L8332u8 JU257,00
27 P=wSAFE CHEMICAL CO ,00167027 JR2032 JEENS 00
28 2==SAFE CREMICAL CO L,20123616 281755 19353,00
29. 2==SAFE CHEMICAL CO L000934RA H1254 15ve1,.00
1) LeaXUmRERAUN €O, 200076974 R0OB26 164560,00
31 2e=SAFFE CHEMICAL CD  ,00067710 WBCASS 17004,00
32 f=e3AFFE CHENICAL CO  ,00050112 LB01EY 1758%2,00
33 2maSAFE CHEMIEAL CO ,00037GAT 275978 18100,00
34 UueHUYMRKRERNYWLN €O, +00030038 e 79922 1R65%,00
35 CQmenUERERYN CO, 00001309 79915 19210,0¢
36 GuaMUHBERKLIN GO, 00000171 e 7901 L 19765%,00
37 beeNUMRERWUN CO, WN00CON22 75014 20320.00
34 GemNUMEERwLN CH, 2000560003 79914 AOETS,0¢C
39 HewdUPRERHUN CN, 00090000 79914 21630,00
49 Lwa NUMRERYWUN €O, «00080G60 019614 21985,00

Figure 4.4 Priority List of Samples
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FINAL ALLNCATION
BUDGET 10000,00

MIN NO. OF MAX NO. OF COST OF

SAMPLES SAMPLES TIMES RESOURCES UNDETECTED
SOURCE REQUIRED ALLOWED SAMPLED LUSED VIOLATIONS
1= JONES MAMUFACTUR 1 10 6 3213.00 .11058
2==SAFE CHEMICAL CO 1 10 | 548,00 Z0BABT
‘3==SEWAGF TREATMENT 1 10 10 56N0,00 CLT7876
deaNUMBERWUM CO, - 1 10 1 555,00 03767

L L LY L P e iy Y Y I R R L P P T Y P LY Y R Y Y L LY 2 LT LA R L L A b o ol h ol okl ol ol ]

TOTAL RESOURCES USED  9916.00
FIMAL COST OF UNDETECTED VIOLATIONS  1,00988

Figure 4.5a Final Allocation Given Monetary Budget
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SOURCE

{==JONES MANLUFACTUR
2==SAFE CHEAICAL GO
3==SEWAGE TREATHUENT

FINAL ALLOCATION

MAXIMUM ALLOWED COST OF UNDETECTED VIOLATIONS  {,00000

MIN NG, OF MAX NO. OF CuSY OF

SAMPLES SAMPLES TIMES RESUIRCES UNDETECTED

REQUIKRED ALLOwED SAMPLED USED VIOLATIONS
i 10 7 3748.50 07081
i 10 i S4R.00 08687
i 10 10 5600.00 W 77476
H 10 -1 555.00 + 03767

f=aNUMBERWUN O,

L 2 P X L2 X r Yy Yy Xy Y Xyt Ry X L X Xy £y 2 L Xy g 2 FR d P2 XX P X X 2 4 £ J X 2 B A 2 & L X 2 2 F 1 ¥ 2 L X ¥ I J F
M -

TOTAL RESOURCES USED 10451,50
FIMAL COST OF UNDETECTEC VIOLATIONS .97011

Figure 4.5b Final Allocation Given Maximum
Allowed "Cost" of Undetected Violations



Update Statistics

After monitoring the sources over the monitoring period, new compliance
monitoring and self-monitoring data become available. These data are then

used in determining the priorities for the next monitoring period. The
statistical descriptions (i.e. mean and standard deviation) of the effluent

constituents can be updated to include this new information. Upon updating
the statistics, the compliance monitor is ready to repeat the priority
setting procedure so as to obtain the sampling frequencies for the next

monitoring period.

Detailed examples are presented in Sections VIII.2 and IX illustrating

the use of the Resource Allocation Program.
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SECTION V
STATISTICAL CHARACTERISTICS OF EFFLUENT STREAMS

The priority setting procedure for compliance monitoring requires that the
daily composite effluent loads, due to their inherent variability, be modeled
statistically. Among the questions that must be addressed in developing

a statistical model are:

) What probability distributions adequately model the effluent

data?

® What is the statistical correlation between the various

constituents of the effluent from a source?
° What is the time-varying nature of the statistics?

Section V.1l shows, for several example sets of data, that the normal and
lognormal distributions adequately model the statistics of the daily composite
effluent loadings. In order to decide whether to model a particular consti-
tuent by a normal or lognormal distribution, it is necessary to process

a large amount of daily data. It is not expected that the individual monitor-
ing agency will have the resoufces tb.analyze the daily aata of each source

in its jurisdiction. It is only postulated that the monitoring agency will
have a monthly mean and maximum for each constituent of each source in its
Jurisdiction. It 1s only postulated that the monitoring which distribution
can be associated with a given industrial process. Since this information is
unavailable at the publication of this report, several guidelines are specified

on how to choose between the normal and lognormal cases.

The normal and lognormal distributions are parameterized by a mean and

a standard deviation. (For the lognormal distribution, the mean and
standard deviation are of the iogs of the data.) Since it is only assumed
that the monthly mean and maximum, and not the sample standard deviation,

are available to the monitor, the standard deviation of the normal

20



process has to be estimated using nonstandard estimation procedures.

The situation is more complicated for the lognérmal case, since neither

the sample mean of the logs of the data nor the sample standard deviation

of the logs of the data are available. Appendix A develops approximate _
maximum likelihood estimates of the mean and standard deviation from the
sample mean and maximum of the data for both the normal and lognormal cases.
These estimates are tested on real data in Section V.1 to show that they,
coupled with the associated distributions, adequately describe the statistical
variations. The case is slightly more complicated for pH. The data for pH
available to the monitor will include a maximum and a minimum monthly value
and possibly a mean monthly value. If a mean value is given, the pH can be
modeled by a mean and two standard deviations - one based on the mean and the
maximum, the other based on the mean and the minimum. The estimates of the
standard deviations are based on the procedures just discussed. The resulting
density function has a shape showﬁ in Figure 5.1. If a mean is not given,

the mean and a single standard deviation can be estimated from the minimum

and the maximum. This estimation procedure is also given in Appendix A.

There has been little study into the statistical correlation of the
constituents of an effluent. As with the problem of determining the
appropriate distributions, it is not expected that the monitoring agency
would be able to determine the correlation of the constituents of the
sources in its jurisdiction. It is therefore necessary that the correl-
ation coefficients be obtained from industry-wide studies. Since these
are unavailable at the present time, it is assumed, unless other know-
ledge is available, that the constituents from a source are uncorrelated.
The priority setting procedure also allows for the case where the
constituents are completely correlated. In Appendix B, a correlation
study fbr a single municipal treatment plant is carried out. It is clear
that no genéfal conclusions can be reached from the analysis of one water
treatment plant. The analysis has shown the variability in the correla-

tion parameters from month to month and the problems inherent in choosing
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‘ DENSITY FUNCTION

——

pH MIN MEAN pH MAX

Figure 5.1 Example of probability density function of pH.
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between the hypotheses of uncorrelated constituents and correlated
constituents.

The time-varying nature of the statistics comes from two sources: (1)
periodic variations due to weekly, monthly, or seasonal variations and
(2) trends due to changes in the plant processes. The weekly and monthly
variations are averaged out in the input data (i.e., monthly mean and
maximum) . Tpese variations, if known, should be taken into account

when determining when, in a monitoring period, to monitor a particular
source. The seasonal variations and trends are taken into account in

the statistical characterization by discounting past information and

updating the statistics as new data become available.

The specific procedures used in the Resource Allocation Program to
obtain the initial statistical description of the effluent sources and
to update the statistics as new information becomes available are

discussed in Sections V.2 and V.3 respectively.
V.1 CHOICE OF DISTRIBUTION

Testing for Distribution Acceptability

This subsection addresses the problem of what probability distribution or
diétributions are appropriate to describe the inherent variability of
effluent constituents. Based upon previous studies [1], [2] as well as
operational considerations (i.e., implementation feasibility), the normal
and lognormal distributions have been chosen as candidates. A statistical
testing procedure [3], namely the Kolmogorov-Smirnov (K-S) test, is used
to test whether it is "acceptable" to consider the effluent data as being
described by a certain probability distributionm.

The statistical test whether to accept the "null hypothesis" (Ho)’ that
the distribution is normal (or lognormal), is subject to a given proba-
bility of error of rejecting Ho when it is true. This probability of

error, denoted a, is called the "level of significance"” of the test.
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1f Ho is accepted when o, the allowed probability of incorrectly reject-
ing Ho’ is large, then the probability that Ho is true is high. The
Kolmogorov-Smirnov test compares the deviations of the empirical prob-
ability distribution from the assumed distribution. The smaller the
largest observed deviation, the higher is the "significance" of the null
hypothesis, i.e., that the observed variables come from the assumed dis-

tribution.

The Kolmogorov-Smirnov test will now be applied to Palo Alto Municipal
Waste Treatment Plant data® to determine whether the normality or log-
normality assumption can be accepted, and at what level of significance.

The test is done on BOD, suspended solids, and coliform data.

The BOD data for July 1973 are considered first. A plot of the observed
cumulative distribution and the normal distribution with the sample mean
and sample variance appears in Figure 5.2, The distributions are plotted
versus
E = X~y
o]

the deviation of the loading, x, from the mean, u, normalized by the
standard deviation, o. In this case the sample mean and standard devia+
tion are used. The solid line is the standard normal distribution, with
zero mean and unit standard deviation. The points denoted by "A" in the
figure are the normalized deviations of the measurements from their mean
and this is used to test the normality assumption. The lognormality
assumption is tested by plotting the normalized deviations of the logs of

the measurements from the mean of the logs (denoted "e" on Figure 5.2).

The K-S test determines whether the maximum deviation between the sample
distribution and the assumed distribution exceeds the critical value for
a given level of significance. The critical values, i.é., the maximum

* Data obtained from Palo Alto Wastewater Treatment Plant Automation
Project [4]. :

24



L 74

PROBABILITY DISTRIBUTION

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

A

MAXIMUM DEVIATION

NORMAL ASSUMPTION

A

dm = 0.09

LOGNORMAL ASSUMPTION

J

A}// " 4y =011
' '

1/

-3 -2 -1

0 1 2 .

BOII_MLIZ VALUE OF DISCHARGE

Figure 5.2 Kolmogorov-Smirnov test
' for BOD data.
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Figure 5.3 Kolmogorov=-Smirnov test for
suspended solids (dry month).



allowable deviation for a given level of significance for the Kolmogorov-
Smirnov test, are shown in Table 5.1, The number of data points used for
the plot of Figure 5.2 was 29 and, as can be seen, the maximum deviatioms
are about 0.1 for both normal and lognormal assumptions. This shows that
either of the hypotheses is acceptable at a level of significance over
20%, which is quite high.* In the statistical literature it has become
customary to use 5% level of significance; thus in the present case the
results are more significant than the customary required level for accept-

ance of Ho'

Table 5.1 CRITICAL VALUES, d,(N), OF THE MAXIMUM ABSOLUTE
DIFFERENCE BETWEEN SAMPLE AND POPULATION
CUMULATIVE DISTRIBUTIONS [3].

Sample Level of significance ()
size
(N) 0.20 0.15 0.10 0.05 0.01
5 0.446 0.474 0.510 0.565 0.669
10 0.322 0.342 0.368 0.410 0.400
15 0.266 0.283 0.304 0.338 0.404
20 0.231 0.246 0.264 0.294 0.356
25 0.21 0.22 0.24 0.27 0.32
30 0.19 0.20 0.22 0.24 0.29
35 0.18 0.19 0.21 0.23 0.27
over 35 1.07 1.14 1.22 1.36 1.63
vy VN /N VN VN

*Since the empirical distribution is compared here to an assumed distri-
bution with estimated rather than true parameters, the actual level of

significance is somewhat lower (see Kendall and Stuart [31).
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In the case of the suspended sclids data from a dry month presented in
Figure 5.3, the largest deviation for both normal and lognormal assump-
tions are below 0.1. Therefore one can accept either of these assump-
tions at 20% level of confidence. For a wet month, the suspended solids
data, as shown in Figure 5.4, exhibit a large deviation under the normal
assumption, but this hypothesis is still acceptable at 15% level of signi-
ficance; the lognormal assumption is accebted at a level of significance
larger than 20%.

A set of 28 coliform measurements (Jan. 1974) are plotted in Figure 5.5
to test their distribution via the Kolmogorov-Smirnov method. Using
Table 5.1 it can be seen that the normal assumption is rejected even at
a low level of significance of 1%, while the lognormal assumption is
accepted at a 15% level.

The conclusion is that, except for coliforms, the normal and lognormal
hypotheses are both acceptable. For the coliform data the normal
assumption is not adequate because of its rather large range of variabil-

ity and the skewness of the frequency histogram.

Fitting of Distributions to Real Data

This subsection compares how well the following statistical assumptions
fit the data.

(1) Normal distribution - mean equals sample mean and standard

deviation equals sample standard deviation.

(2) Normal distribution - mean equals sample mean and standard
" deviation estimated from mean and maximum value (obtained with

the procedure of Appendix A).

(3) Lognormal distribution - mean of logs equals sample mean of logs,
standard deviation of logs equals sample standard deviation of

logs.
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(4) Lognormal distribution -~ mean of logé equals sample mean of
logs, standard deviation of logs estimated from mean and
maximum value of logs (obtained with the procedure of
Appendix A).

To determine which distribution fits the data best, the data are plotted
on normal probability paper. The normal distribution then appears as a
straight line. The lognormal assumption is also a straight line if the
distribution of the logs of the data is plotted. This technique was
used, as opposed to the more sophisticated tests such as the K-S test,

for the following reasons:

® It gives a simple visual test of the various assumptions.

. It can be easily used to determine if the data agree with
the assumed distribution for large values of the consti-
tuent (i.e., at values where a violation or damage will

occur).

This procedure is demonstrated on daily data of both effluent concentra-
tion and effluent loadings over either a six-month or twelve-month period
for the non-fertilizer. phosphorus chemicals industry and the inorganic
‘chemicals, alkali, and chlorine industries [5], [6]. Table 5.2 describes
the various cases and includes the sample mean, sample standard devia-
tion, maximum and estimated standard deviation (ffom mean and maximum),
(For the lognormal cases, the statistics are of the logs of the data.)
The figures are distributions plotted on normal probability paper so

that a normal process will lie close to a straight line. The data are
normalized so that the sample mean equals zero and the éample standard
deviation equals one. For each case, the following two normal distribu-
tions are compared: the means are equal to the sample mean for both
cases; the standard deviation for one case is equal to the sample standard
deviation, and for the other case, is equal to the estimated standard

deviation from the sample mean and maximum. Figures 5.6a through 5.12a
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Table 5.2

DESCRIPTION OF

EXAMPLE CASES.

~

Time i g

period E &

Figure |[Plant #| Constituent (moriths) Sf & Meari |Stan. 8ev. | Max Est. Etan. dev.

5.6¢c 1 X 1.38- .063 1.54 0.56
.7c X 2.36 .110 2,57 .077
~o¢ x| 3.46 | 2.21 3.81 2,14
g;gb 144 Hg (10-3 ppm) 6 X 3.78 2.05 10.5 2.55
I x| .51 . 249 1.02 .194
g.}g: 144 Hg (10-3 kg/day) 6 X 17.6 10.5 47.0 11.1
¢ X 1.16 .306 167 .193
Helle | x | .544 | .529 1.47 .352
5.126 1§34 | c1-ten 10’kg/day)| 6 X 3.26 | 3.47 16.5 5.00
3.12¢ | x| .267 | .49 1.22 .360




show the corresponding histograms. From these histograms, we see that
the density functions in Figures 5.6a, 5.7a, and 5.8a are of the normal
shape, the density function is Figures 5.9a and 5.10a are somewhat of a
normal shape, and the density functions in Figures 5.,11a and 5.12a are

far from normal. Examining the figures, the following conclusions can

be drawn:

™ The data in Figures 5.6, 5.7, and 5.8 fall closer to the
normal (as opposed to lognormal) distribution. Good fit to
the data is obtained, under the normal assumption, by using
either estimate of the standard deviation.

° The data in Figures 5.9 and 5.10 are fit equally well by the
normal or lognormal distributions. The fit to the data using
the estimated standard deviation (from mean and maximum) is
better for large values.of the constituent than the fit
obtained using the sample standard deviaticn.

® The data in Figures 5.11 and 5.12 fit the lognormal distribution
better.

From these few examples, it is not possible to make any general state-
ments assigning either normal or lognormal distributions to an industry

or a constituent. However, the following tentative conclusions can be

made:

(] The normal and lognormal distributions with the standard
deviation estimated from the mean and maximum give a good fit

to the data for many cases.

® A better fit for large values of constituent 1s.obtained when
the standard deviation 1s estimated from the mean and maximum

as opposed to using the sample standard deviation.
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Figure 5.6a Histogram of phosphate concentration data at plant 144,
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Figure

WORMALIZED VALUE OF DISCHARCE

WORMALIZED VALUE OF DISCHARGE
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Effect of Seasonal Variations on Distribution

Next an investigation of distribution properties of effluent pollutants,
with emphasis on the possible effect of seasonality, is presented. The
data used in this study were obtained from the Palo Alto Municipal Waste
Treatment Plant [4]. '

A plot of the empirical distribution of the samples of BOD loadings from
a dry month (July 1973) is presented in Figure 5.13. For convenience,
they have been normalized, that is, their mean is zero and standard
deviation is unity. The solid line represents the standard normal
distribution and it appears (visually) to fit well. The normal distri-
bution, using an estimate of the standard deviation from the maximum
observed value (see Appendix A for the estimation procedure), is plotted
with a broken line. The maximum likelihood estimate o based on the
largest observation (1.88 in this case) is

~ _1.88 _ 1.88 _
0‘-—2— = .01 " 0.935

where the value of f was obtained from Figure A,1.1 of Appendix A,
corresponding to the number of measurements n = 29. The two distribu-
tions are almost identical, and this illustrates the effectiveness of

the estimation procedure developed in Appendix A.

The plot of the logs of the BOD loadings from the same dry month, also
normalized as before appears in Figure 5.14. The fit to a normal distri-
bution in the figure, which corresponds to the loadings being lognormally
distributed, is not as good as in Figure 5.13; however, ag discussed
earlier, it is acceptable according to the Kolmogorov-Smirnov test. The
broken line corresponds to the distribution with the standard deviation

estimated according to the same method as above.

Plots of daily samples of BOD loadings for a wet month (November 1973)

are given in Figures 5.15 and 5.16 under the normal and lognormal
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assumptions, respectively. While both these assumptions are acceptable,
the tail-fit of the distributions that use the maximum likelihood esti~

mate of o based upon the largest observation (dashed line) is better.

The dry month samples exhibit_ a more regular behavior than the wet month
samples -~ the straight line fit is better for the former. Nevertheless
the BOD data from both seasons can be accepted as either normal or
lognormal. Thus it can be seen that the distributional properties of

the BOD samples from a wet month are similar to those from a dry month.

Measurements of suspended solids (dry and wet month) are plotted in
Figures 5.17 - 5.18 under the normal and lognormal assumption. A more
irregular behavior is observed again during a wet month but the normal

or lognormal distribution 1s still acceptable to describe the variability

regardless of season.

A set of 28 coliform measurements (January 1974) are plotted in Figure
5.21 under the lognormal assumption, and again a good fit is observed
in the upper tail., This set of data was accepted at 15% significance

level as lognormal, but rejected even at a = 17 as being normal.

The distribution studies perfbrmed on the main constituents of a waste
treatment plant, (BOD, SS) show that both the normal and the lognormal
assumptions can be accepted at a high level of significance. The distri-
bution estimation method based upon monthly mean and monthly maximum
developed in Appendix A has been illustrated and shown to give very good
fit for the tail of the distribution. A study on coliform data showed
that it 1is best modeled by a lognormal model, From the seasonality
study it appears that there can be noticeable changes from season to
season of a constituent's.statistical description. For the purpose of
obtaining the expected damage and the probability of violation, the
"adaptive'" feature of the Bayesian updating method described in Section
V.2 becomes important. This property of the updating procedure will
ensure acceptable performance of the priority procedure déspite the

seasonal variability.
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V.2 INITIAL STATISTICAL DESCRIPTION

The monitoring agency will have two types of data available from which
it can initially determine the statistical characteristics of the effluent

discharges:
) Self-monitoring data
° Compliance data

The self-monitoring reports will typically be sent to the appropriate
regulatory agency on a quarterly basis. The reports will, at a minimum,
contain the monthly maximum and monthly sample mean of the daily measure-
ments (usually composite) of those constituents for which standards have
been set. The report will also state the number of samples which were
used to obtain the sample mean and maximum. Compliance data will also
be available on the sources the monitoring agency has inspected as part

of its compliance monitoring program.

When using the Resource Allocation Program for the first time, it is
necessary to obtain an initial statistical description of all the ef-
fluent source constituents. This statistical description will be a
function of self-monitoring data and compliance monitoring data gathered
over many months. The procedure required to obtain the initial statis-
tical description is shown in Figure 5.22. The various components of

this procedure will now be discussed.

Aggregate Self-Monitoring Data

The procedure to obtain estimates of the mean and standard deviation
from the sample mean and the maximum (given in Appendix A) requires that
the number of measurements used to obtain the sample mean and the maxi-
mum be greater than three. If the number of measurements is three or

less, the data over several months can be aggregated to obtain a
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MONTHLY DATA
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START OF MONITORING
PERTOD

Figure 5.22 Initial statistical description procedure
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sample mean and maximum based on more than three measurements. In this
way the estimation procedures of Appendix B, which have been shown in
Section V.1 to be applicable to describing the effluent statistics, can
still be used. The aggregation procedure is straightforward. Let m.,
Ve and n., t=1, 2,..., T, be respectively the sample mean, maximum and
number of measurements in month t. Define the index sets Tl, TZ""’ T8
as follows: T, = {1, 2,..., tl}, T, = {t1+1,..., tz},..., T, =
{ts—l""’ T} so that

n, = E nt >3

teTi

The data can therefore be treated as just coming from months tl’ t2,...,
T - these shall be called aggregated months. The means of the aggre-
gated months are simply

and the maxima are

y; = max y
i teii t
The number of measurements, ;i’ in the aggregated months is greater than
three and therefore the standard estimating procedures can be used to
obtain estimates of the mean and maximum. Table 5.3 gives an example of

the formation of the mean and maxima of the aggregated months.

Obtain Estimates of Mean and Standard Deviation From Monthly
Self-Monitoring Data

The estimation procedures to obtain estimates of the mean and standard
deviation for normal and lognormal processes are given in Appendix A,

aﬁd their use was demonstrated in Section V.1.
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Table 5.3. EXAMPLE OF AGGREGATIbN OF DATA

Original data

Aggregated data

Month | Number of Sample Maximum | Month{ Number of Sample | Max.
t measurements| mean Ye i measurements| mean 9
n m fi t 1
t t i i
1 1 4 8
2 2 5 7 ‘
3 1 4 9 1 4 4.5 9
4 1 4 8
S 1 4 7
6 1 3 6
7 2 4 8 2 5 3.8 8
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Combine Self Monitoring and Compliance Monitoring Data

At this point in the procedure, estimates of the mean and standard
deviation, based on self-monitoring data, are available for each month
or aggregated month. These will be combined with the compliance
monitoring data to btain new improved estimates. Since the monitoring
agency will be collecting the compliance monitoring data, this data
will be more reliable than the self-monitoring data. This should be

taken into consideration in the method of combination.

The combination proceeds as follows: let Zys Zgseees 2, be c daily
composite values obtained in the compliance monitoring program for a
month. Let m and v be the estimated mean and variance for that month

. based on the self-monitoring data. Let n and v be the parameters which
express the confidence in the mean and variance respectively. n and v
are constants representing the equivalent number of measurements used to
estimate m and v.* The values of n and v are set proportionally to the

number of measuremenis, N, used to calculate the monthly mean and maxi-

mum, that is
and

v = hv (N_l) (5. 2)

where h, and h,, are design parameters.

* .
A discussion of these confidence parameters is given at the end of
this section. They are also discussed in Appendix E. For further
information see [7].
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The compliance data and the monthly estimates are combined sequentially,
using the updating formula described in Appendix E. First, the compliance
data zy, are combined with the self-monitoring estimates (m, n, v, V)
using the update formula (E.3), yielding the posterior estimates (ml,

Ny, Vi, vl). The second compliance data z, are then combined with this
estimate to yield a new estimate (mz, n,, V,, vz). The process is
repeated, until all the compliance data are used, to obtain a final
monthly estimate. In order to give the compliance monitoring data more
weight (since they will, in general, be more reliable) the values of v
and n used in (E.3a) and (E.3b) should be reduced by some constant, say
v; that is, v and n should be replaced in the formula (E.3a) and (E.3c)
by v/y and n/y where y>1 is a design constant.

As an example, consider the case where the estimate of the mean, from
self-monitoring data, is m = 100 and the estimate of the standard devia-
tion is ¢ = 25. The confidence parameters are assumed to be n = 15 and
v = 10, Suppose compliance data for the month are also available with
values zl = 115 and 2z, = 145. Let y be equal 2. Using (E.3), z, can
be combined with the estimates (m, n, v, v) to yield (recall n' = 1 and

\)':0)

(/y)m + 2z, .

W = “fy) F 1 101.8
n, =n +1=16
[(/Y)v + (/fn’] + 25 - (@/y) + )al
v, = o) + 1 = 543.7
v, =V +1=11

The new estimate of the standard deviation is 9 -\/Vl = 23.3. The
process is then repeated with (ml, Ny, Vy» vl) replacing (m, n, v, v) and
z, replacing z, to yield
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m, = 106.6

n, = 17

715.27

<
1

v, = 12

The new estimate of the standard deviation is g, = 26.7. Figure 5.23

shows how the assumed density function would change for this example.

Combine Estimates from Several Months

The final step in obtaining an initial statistical description is to
combine the estimates from several months to obtain an estimate of the
mean and standard deviation at the start of the monitoring period. The
estimates are combined by sequentially using the Bayesian update formula
given in Appendix E. If the mean m, and the variance Ve

along with the confidence parameters ntland V,» are available for months
t=1, 2,..., T, the final estimates would be obtained by first combining
(m;, 0y, v4, v;) and (m,, “2; V,s V,) using (E.3) yielding (mé, ni,

vi, vé). Then (mé, né, vé, vé) would be combined with (m3, ng, Vi, v3)
to yield (mé, né, vé, vé). This process would be repeated until the
estimate (m%, né, vi, vé) is obtained, which is the estimate to use in

the priority setting procedure.

Confidence Parameters

In order to use the Bayesian update formula, it is necessary to specify
the confidence parameters n and v. These parameters describe one's
confidence in the estimates of the mean and standard deviation. For the
case when the statistics of the process are normal or lognormal and

stationary, and the estimates used are the sample mean and sample
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standard deviation of N data points, n would be set equal to N and v

equal to N-1. In the present case, the statistics are not exactly

normal or lognormal, the process is not, in general, stationary, and the

estimate of the standard deviation is not the sample standard deviation.

For these reasons the specification of n and v must be based on the

following subjective factors:

1)

(2)

(3)

In order to take trends into account and to discount past

information, the value of n and v in the updating formula must
not be allowed to get too large. This can be accomplished by
requiring n < khn' and v < kA v' in (E.3) where k and k are
given constants. Therefore, if the update formula results in

> ' N 1 ' : ',
n khn or v kv v' then set n = knn and v = kv v

For the normal case, the estimate of the mean is the sample
mean and so a reasonable value for hn in (5.1) is 1 for this
case. The estimate of the mean for the lognormal case should
also be very efficient, and so again a value of hn = ] is

suggested.

The efficiency of the estimates of the standard deviation
obtained from the sample mean and maximum is unknown. They
should, however, be on the same order as the estimates of the
standard deviation that can be obtained from the range (the
range is the difference between the largest and smallest
values from a sample). It is shown in Appendix A that the
relating efficiency of this estimate varied from 1.0 when
there were two samples to 0.49 when there were 50 samples (see
Table A.3.3). It is suggested thathv be set equal to the
value of relative efficlency indicated in Table A.3.3.
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V.3 UPDATE OF STATISTICS

In the previous section, a procedure was given to obtain the statistical
characteristics of the effluent sources at the commencement of the use

of the Resource Allocation Program. The Resource Allocation Program
will be used on a periodic basis to obtain the sampling fréquencies for
each following monitoring period. At the same time the monitoring agency
will continue to recelve self-monitoring and compliance data. The
purpose of this section i1s to describe how this data should be used to
obtain an updated statistical description.

The update procedure 1s identical to the procedure described in Section V.2
with the small exception that the old statistical characterization is

used as a starting point in the procedure. To be precise, the statistical
update procedure follows the Initial Statistical Description procedure
(see Figure 5.22) in that first the new monthly data are aggregated, if
necessary, to obtain sample sizes greater than 3; estimates of the mean
and standard deviation based on the self-monitoring data are then obtained.
The Bayesian update formulas (Appendix E) are then used to combine the
compliance monitoring data and the monthly statistics based on self-
monitoring. At this point the original statistical description of the
effluent and the new monthly statistical description based on the new
data are available. These are combined sequentially, starting with the
original statistics, using the Bayesian update formula, thereby obtaining
an updated statistical description. '
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SECTION VI
"COST" OF UNDETECTED VIOLATIONS

The purpose of compliance monitoring is to ascertain whether pollutant
loads in permitted discharges are in compliance with the limits
specified in the permits. In determining how often to sample a
particular effluent source in a monitoring period, several factors

should be taken into account, including

How often a violation is expected
The expected magnitude of the violation
The toxicity of the pollutants

The assimilative capacity of the receiving waters at the
discharge point.

A performance index called the '"cost" of undetected violations, which
depends on these factors, is derived in this section. The decision
variable is the number of times each source is to be monitored in a
monitoring period (i.e. the sampling frequencies). The "cost" is
defined as the expected value of the daﬁage caused by the pollutants

of sources not found in violation of their standards. 'Costs'" are only
assoclated with undetected violations, because if a source is monitored
and found in violation of a standard, then the monitoring agency has
done its job and no "costs" should therefore be associated with that
visit.
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The performance index depends on (i) the statistical descriptions of the
pollutant loadings, (ii) the damage functions, (iii) the relationship
between the pollutant loading and the concentration of the corresponding
water quality indicator in the stream, and (iv) the effluent standards.
The "costs" discussed here are environmental costs and not monetary
c;sts. The value of the performance index will not correspond to a
dollar amount. This is the reason that the word "cost" is being set off

in quotation marks.

The "cost" of undetected violations for a given source can be written as

the product of two terms. The first term is the expected damage caused

by the pollutants of the source. This damage is defined as the environmental
damage to the receiving waters caused by the effluent source's constituents.
Since the environmental damage due to a specific concentration of pollutant
in the stream varies greatly with the nature of the pollutant, it is
necessary to define a damage function. This damage function assigns a

value to a given concentration of pollutant in the receiving waters. In
this way, for example, a small concentration of mercury and a relatively
large concentration of suspended solids can give the same value of
damage. The second term in the "cost" of undetected violations is the
probability that no violation is detected at the source. This term
reflects the fact that as a source is sampled with.increasing frequency,
the probability that a violation will go undetected will decrease. To

recapitulate, the "cost" of undetected violations from a source is the

product of two terms:

® The expected damage from the source
® The probability that the source will not be in violation

The remainder of this section will (i) investigate the effect on the
receiving waters of the effluent load, (ii) define damage functions for
various pollutants, and (iii) derive in detail the "cost" of undetected

violations.
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VI.1 EFFECT ON AMBIENT QUALITY DUE TO EFFLUENT LOADS

Receiving water damages are assumed to be a direct function of the
constituent concentrations. The method of estimating receiving water
concentrations resulting from various types of effluent discharges is

described below.

In the computation of receiving water concentrations, "far-field" spatial
and temporal scales are used [8]. 1In practice, the far-field concept
restricts the spatial scales of interest. Streams and vertically well
mixed estuaries and reservoirs can be treated as one dimensional flows
with only longitudinal variations in concentration. Effluent discharges
located in very close proximity may be ''clustered" and treated as dis-

charges entering a single point.

The far-field concept also permits the use of net flows and velocities
in estuaries. In the short term, estuarine flows primarily fluctuate in a
cyclic manner related to tidal heights; but the long term trend is for the
estuarine waters to flow toward the sea at a magnitude approximately equal
to the river flow into the estuary. Using this concept, the advective
nature of estuaries is related only to the net seaward flow, which can be

estimated using the sum of incoming river flows.

The far-field approach enables usage of simple water quality modeling
techniques presented in [9]. Models which describe the three dimensional
aspects of mixing in the near field with temporal variations are not
needed. Since Water Quality Standards are given for areas outside of
some mixing zone, the use of the far-field concept fits well with the
law, permits the development of tractible procedures for Heriving con-

centration, and enables subsequent damage function predictions.
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Constituent Selection

Table 6.1 lists the water constituents which have been considered in
this study. The different types of constituent behavior are discussed
in the following subsection. These constituents were selected on the
basis of their presence in the existing Federal Effluent Guidelines [10-
26], and their probable presence in various industrial and domestic
effluent discharges. Except for dissolved oxygen, receiving water
concentrations of each of the listed constituents are directly propor-
tional to the magnitudes of their respective effluent loadings. Adverse
effects of effluents upon dissolved oxygen are indirectly caused by
loadings of biochemical oxygen demand (BOD) and chemical oxygen demand
(COD). The impact upon dissolved oxygen due to a BOD or COD load can be
expressed in terms of a simple transfer coefficient multiplied by the
TYeceiving water concentration of BOD or COD caused by the load. Therefore,
the damages due to loadings of BOD and COD, as well as all the other
pertinent constituents, can be found directly through their predicted

Concentrations along the stream.

Stream Impact Characterization

For purposes of this study, rivers, estuaries and reservoirs are treated
as one-dimensional systems with only net downstream velocities. 1In this
context, all of these receiving waters are treated as streams. The
mathematical models used to describe the impact of the waste constituents
in streams are classified as either conservative, or non-conservative
nOn-couﬁled. The analysis of the coupled constituent, dissolved oxygen,
18 performed through modeling of the non-conservative, non-coupled
constituents, BOD and COD.

Conservative constituents are those which do not decay in the stream
with time. The constituent concentration is reduced only by dilution.
Figure 6.1 illustrates the spatial characteristics of a conservative
constituent with a single waste source entering the stream. The only

factors affecting the stream concentration of the jth conservative
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4307

Zinc (total)

Table 6.1. BEHAVIOR OF WATER CONSTITUENTS
Constituent Name Behavior * Constituent Name Behavior
Aluminum (total) C Lead (total) NN
Ammonia NN Manganese (total) NN
- Dissolved Oxygen NC Mercury NN
Total Inorganic Carbon C Nickel (total) NN
Chloride c Nitrogen NN
Chloroform Extract NN 0il-Grease NN
(manonse of taste & m
Chromium (total) NN pH-MAX NN
Coliforms-Total NN Phenol NN
Coliforms-Fecal NN Phosphorus NN
Copper (total) NN Solids-Dissolved c
Cyanide NN Solids-Suspended NN
Fluoride (total) C Temp. Diff. NN
Iron (total) NN Tin (total) NN
NN

*C - conservative

NN - non-conservative,
non-coupled

NC - non-conservative coupled
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' th
constituent due to the 1~ effluent source are the upstream flow in the

*
stream QUi’ the net effluent mass load M,,, mean effluent flow rate

13

QSi, and the upstream concentration CUi The flow in the stream below

discharge i may be written as )
QXi = QUi + QSi (6.1)
The concentration in the stream immediately downstream from the ith
source 1is
o i} Mij + CUij QUi 6.2
ij QXi

For conservative constituents this stream concentration persists down-

stream until new effluent or water sources either dilute or add to it.

Non-conservative, non-coupled mathematical models are used to char-
acterize water quality constituents whose concentrations vary with both
time and dilution. For these constituents first-order kinetics are
assumed and a decay rate coefficient assigned for each parameter.

Figure 6.2 illustrates the case of a non-conservative, non-coupled
constituent. It assumes that the physical characteristics of the stream
are uniform over the distance shown so that the decay coefficient (k)
and the stream velocity (v) are constant. The equation describing the
steady-state spatial characteristics.of a non-conservative, non-coupled

constituent below a single source (downstream of Xy in Figure 6.1) is

M,, +CU,, QU
714 i “ij ) -K@x-x,)/v (6.3)
Cxij = ( Qxi ) e 1

*

The word "net" is used to account for industries that withdraw polluted
water from a stream and then discharge it in somewhat changed form.
Those industries should not be penalized for their polluted intake water.

+Care must be taken in maintaining proper units in this equation. In this
regard the following suggestions are made. For temperature the consti-
tutent mass (M1 ) should be expressed in terms of heat (temp x flow), for
pH the mass ter& should be expressed as the net effluent ion concentratios
multiplied by its flow (see Appendix C for more details on pH), and for
coliforms the net effluent coliform concentration (MPN/100ml) should be
multiplied by its flow.
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An effluent damage is considered to be a function of its maximum impact
at any point of the stream. From Figures 6.1 and 6.2 it can be seen
that the maximum concentration impact due to discharge of a non-coupled
constituent occurs at the discharge point. Therefore, the damage func-
tions can be related to the initial diluted stream concentration of

constituents:

Mij + CUi_'I QU

13 QU +Qs;

Damage < CO EN (6.4)
The input mean stream flows and discharge flows are usually available
from historical data. The varying mass loads are input in statistical
form as shown in Section V. A discussion concerning the value of upstream

concentration to use in (6.4) is given in Section VI.2

Dissolved Oxygen Damages

The presence of BOD or COD in receiving waters induces a two step reac-
tion in which BOD (or COD) decays, in the process depleting the available
dissolved oxygen, and the oxygen replenishes itself through natural air-
water interaction. The difference between the saturated level of dis-
solved oxygen (DOSAT) and the actual level is called the dissolved

~ oxygen deficit (D). The maximum dissolved oxygen deficit due to BOD

load from effluent i (Di,BOD
coefficient (KBOD-DO) multiplied by the initial stream BOD concentration
91, i.e.,

) can be approximated in terms of a transfer

M +CU

QU |
1,BOD ~"1,BOD*"4
&, :I (6.5)

D )(co

1,800 = ®sop-po’ °°s,5op’ = Xzop-po

Similarly for COD

) - 1,000 * Yy,c00Ws) oo
1,c00’ = ¥cop-po |- o, .

Dy cop = cop-po? (€O
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A simple method for obtaining the transfer coefficients, KBOD—DO and
KCOD-Do’ is presented in Appendix F.

The damage due to a BOD or COD load is related to the minimum expected
level of dissolved oxygen due to the load. This minimum DO level is
computed as

DOMIN; 5op = { ©1,p07P1,800° 1 €1 50 2 Py pop 6.7)
0 » otherwise
for BOD and
DOMIN; cop = 194,007 1,cop® £ €O po > Py cop (6.8)
0 » otherwise

for cop. co 0’ the dissolved oxygen concentration at the point of discharge,

i,D
is
o = 1,00 Sy + €Uy po Wy 6.9)
i,b0 QXi e
wh ' -
ere CS:L’Do and CUi,DO are respectively, the concentration of DO in

the source effluent and in the receiving waters upstream from the

Source. (6.7) and (6.8) are conservative (i.e. low) estimates of DOMIN.
The transfer coefficient, K20D-D0 in (6.5) is derived assuming the DO

is at saturation at the point of BOD discharge. If DO is not in saturationm,

then the decrease in DO will be somewhat less then the value given in
(6'5)-(60 6).
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VI.2 DAMAGE FUNCTIONS

The damage function relates environmental damage to a given concentration
of various pollutants in a stream. There have been two basic approaches
to characterizing damage functions: (1) a subjective definition [27],
[28], [29] where the shape of damage function curve was related to, for
example, the effect on fish, fitness to drink, fitness for recreation,
etc.; or (2) an economic definition [30], [31] where the damage is
related, for example, to the cost of returning the water to a point
where pollutant levels are below some standard. Both of these types of
damage functions have drawbacks. The "subjective" damage function is
hard to quantify into a single function. Most bodies of water have
varied uses and a particular pollutant will affect the various uses to
different degrees. Even if only a single water use is affected, there
is disagreement for most pollutants as to what level of pollutant causes
the water to be of acceptable quality or to be polluted. The "economic"
damage function, on the other hand, can yield costs which are related to
attributes other than environmental damage. If, for example, the damage
is related to the cost of restoring the quality of the stream then a
pollutant which is more difficult to remove or dilute but does little
environmental harm will cause more 'damage" than one which is easier to
remove but causes greater environmental damage. The economic approach
also has the problem that it may be difficult to obtain the data needed

to define the damage function.

The "subjective" damage function has been chosen for this study. It has
the advantage of reflecting environmental damage without bringing into
consideration unimportant factors such as cost of water for dilution.
Also, for the purposes of the priority procedure, the damage'functions
are only used so that concentrations of various pollutants can be com-
pared with respect to environmental damagg. The actual values given to
the damage functions and the decision as to when a concentration of a
pollutant causes the waters to be "polluted" are not that important as

long as the rules for defining the damage functions are consistent.
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The damage function is defined as a plecewise linear function where a
numerical value is given to each 'Level of Damage" - the values 0, 2, 4,
6, 8 and 10 correspond to '"none", "excellent", "acceptable", "slightly
polluted", "polluted", and "heavily polluted", respectively. This type
of damage function closely follows the approaches used by Prati [27],
Horten [28], and McClelland [29]. Using [28] - [29] and [32] - [34].
damage functions were defined for 26 water quality indicators. These
damage functions are given in Table 6.2. Figure 6.3 gives an example,
in graphical form, of a damage function; the indicator considered is

suspended solids.
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Table 6.2

DAMAGE FUNCTIONS

Level of damage

Constituent : Slightly Heavily
name Units None | Excellent | Acceptable | polluted | Polluted | polluted | Reference#*
0 2 4 6 8 10
Aluminum mg/1 0 0.01 0.05 0.10 .50 1.00 34
Ammonia mg/1 0 0.1 0.3 0.9 2.7 3.0 27
Dissolved oxygen mg/1 >9 8.0 6.8 4.5 1.8 0.9 32
Inorganic carbon mg/1 <50 70 90 110 130 150 32,
Chloride mg/1 0 25 175 200 240 250 28
Chloroform extract | mg/1 0 0.04 0.15 0.25 0.35 0.40 28
Chromium mg/l 0 0.02 0.05 1.0 10.0 50.0 33,34
Coliforms-total MPN/100m1 0 100 2000 7500 15,000 150, 000 28,33
Coliforms-fecal MPN/100m1 0 20 200 800 3,000 50,000 29,32
Copper mg/1 0 0.02 0.10 1.00 5.00 10.00 33,34
Cyanide mg/1 0 0.01 0.02 0.05 0.10 0.50 33,34
Fluoride mg/1 <0.7 0.8 0.9 1.2 3.0 8.0 34
Iron mg/1 0 0.1 0.3 0.9 2.7 3.0 27
Lead ug/l 0 5. 50 100 250 350 33,34
Manganese mg/1 0 0.05 0.17 0.50 1.00 1.50 27
Mercury ug/l 0 1 5 10 20 50 34
Nickel mg/1 0 0.01 1.0 3.0 9.0 20.0 34
Inorganic nitrogen | mg/1 <0.6 0.9 3.0 4.5 7.0 10.0 32
Oil-grease mg/1 0 0.01 0.10 5 30 50 34
pH-MIN 7 6.5 6.0 5.0 4.0 3.9 27
pH-MAX 7 8.0 8.4 9.0 10.0 10.1 27
Phenol ug/l 0 0.5 1.0 20 100 200 33,34
Phosphates mg/1 0 0.1 0.2 0.5 1.6 10 29
Solids-dissolved | mg/1 <100 200 500 1000 1500 2300 32
Solids-suspended | mg/1 0 20. 40 100 280 300 217
Temp. diff. °C 0 1.0 2.5 3.0 4.0 10.0 29
Tin mg/1 0 10 40 100 300 1000 33,34
Zinc mg/1 0 0.1 1 5 15 40 34

*The references shown are those used to develop the damage function for each constituent.
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Figure 6.3 Example damage function
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It should be noted that the damage functions given in Table 6.2 exhibit
just one of many possible choices for damage functions definitions. A
monitoring agency should feel free to modify or change the damage func-
tions as it sees fit, especlally as more detailed and extensive reports
relating damages to water quality become available. Also, the damage
functions could be completely eliminated, if desired, by setting them
equal to one for all values of the water quality indicators. This would
eliminate damage in the resource allocation criterion, the choice of

sampling frequency would then just depend on the probability of violation.

VI.3 FORMULATION OF "COST" OF UNDETECTED VIOLATIONS

The "cost" of undetected violations will now be derived. For the present
it will be assumed that only one set of effluent standards is given for
each source. This corresponds to the case in which there is a single
outfall or the permits are written for the combined discharge from
several outfalls. The case where there are several sets of standards

for several outfalls will be treated at the end of this section.

Let M be the mass loading of the jth constituent from the ith

1]

source. is modeled as either a normal or lognormal random variable

M
13
with known mean and.standard deviation. Let ‘¢1j be the density func-

tion of M The concentration of the corresponding stream parameter

ij'
below the source is

co (6.10)

13 = aijMij + bij
where aij and bij depend on the effluent and upstream flow, the

assumed upstream concentration, and, where needed, other stream parameters*

(see Section VI.1 and Appendix C). All the quantities needed to calcu-

13 in (6.10) are readily available to the monitoring

late a11 énd b

*If the effluent standard is written in terms of the concentration of
pollutant, the formula for CO i is in the same form as (6.10) with M
replaced by CSi QSi where C§ j is the concentration of pollutant
3 1in the effluént a&d QSij is™“the source flow.

1]

70



agency except for the concentration of the water quality indicators
upstream from the source (denoted CUij)' Even if knowledge of CUij were
available, it does not make sense to use an actual value of upstream
concentration in the priority procedure. This can be seen by considering
the case of two similar plants, one slightly upstream from the other on
the same river. If the actual upstream concentration were used, the

Plant further downstream would always be causing more damage (as measured
by the downstream concentration of pollutants); this clearly is not
equitable. If only the change in damage were considered, then the plant
upstream would typically be penalized, since the change in damage for a
given increase in pollutant concentration typically gets smaller as the
concentration of pollutant increases. In other words, most of the

damage functions are concave in shape. Instead of using an actual value
of upstream concentration, it is suggested that the upstream concentration
of all the pollutants in the basin be set so as to cause the same level

of damage immediately upstream from each source. Clearly, the concentrations
could be set to cause no damage upstream; this corresponds to setting

the upstream concentration to zero for most water quality indicators.
Nonzero initial damages might be desired in order to eliminate the
Ssensitivity of the priority procedure to the damage function definitions

for small values of damage. This method of setting CU is equitable

1]

and is consistent with the priority procedure.

The damage due to the jth constituent from the ith source is

Dj(coij), where Dj is the damage function for the jth constituent.
Note that Dj(COij) "is a random variable with statistics depending on
the statistics of Mij' The expected damage due to the jth constituent
of th

the 1 source is then

D = E{Dj(qoij)}

ij (6.11)

or (using (6.10)) |
D, =f D (4 + by ) b, GAN (6.12)
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The calculation of Dij is carried out in detail in Appendix C. The
expected damage from all the constituents of the .ith source (if

unmonitored) is

= max Dij (6.13)

since the pollutant that causes the most damage is the one that limits
the water quality. Note that (6.13) assumes that there is no synergistic
or antagonistic interaction among the pollutants. This assumption is
valid in general. For the purposes of this report, the extra complexity
needed if this assumption were to be dropped is not warranted. The

total damage that can be expected from all the sources, n_, in the

region is then

c.. (6.14)
1 i

T [Me”

Taking the damage as additive corresponds to assuming noninteraction

between the various sources.

The derivation leading to (6.14) did not take into account the fact that
we are only interested in undetected violatiohs. The effect of the
monitoring on the "cost" will be accounted for as follows: it is

assumed that if, during the period of consideration, one of the constitu-

ents of a given source is found to exceed its standard, say T the

ij°
purpose of the monitoring has been achieved and the "cost" due to that
source will be considered zero. Consequently, a violation is declared

if at least one constituent is found to exceed its specified standard.

Let pij be the probability that no violation will be observed in one

sample of M i.e.,

ij°
T

ij '
Py ={ JHOL - (6.15)

In view of the above discussion, the expected ''cost" of undetected viola-

tipns is obtained as follows. Assume that the ith effluent is sampled
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84 times during the period consisting of N intervals (e.g., days).

Denote by V., the event that a violation is observed when sampling the

1 th

effluent. Then, the total "cost" incurred due to the 1 effluent

when it is sampled s, times is, using the total probability law, the

i
expected damage given that the standard violation was not detected times
the probability that the violation was not observed plus the expected

damage given that a violation was detected times the probability that a

violation will be observed. Mathematically this can be written

N
1 — —
C,(s)) =% E {kz=:l d; (k) |Vi} P {vilsi}

N
1
+ S E {2 di(k)lvi} P {vilsi} (6.16)
k=1
where di(k) is the damage incurred due to the ith source during the
kth interval and where Vi denotes the event that no violation is
observed when sampling the source. The division by N, the number of

intervals in the monitoring period, is just a normalization factor so
that the damage is averaged over the monitoring period. If a violation
is detected, the cost is zero, i.e., the second term on the right hand
side above is zero. This follows from the fact that we are dealing with
the cost of undetected violations and a detected violation should not

enter in this cost. Therefore (6.16) becomes

N .
1 v v v
C;(8,) =% E{k§=1; di(k)lvi} P{Vilsi} (6.17)
Dropping the time dependence (variable k), one has

Ci(si) =c, P(Vilsi) (6.18)
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where Cys the expected damage due to source i, is given in (6.13).
The probability that no violation is observed when the source is sampled
84 times is (assuming independence between the concentrations at various

sampling times)
— _ .8
PV, |s;} = pji (6.19)

Substituting this into (6.18) one obtains

Ci(si) =cy pii (6.20)
The calculation of Pys the probability that source i will not be in
violation in one sampling, depends on the probability each constituent of
source 1 will ngt be in volation, pij’ and on the statistical dependence
between the various constituents. The probability that no violation is
observed in one sampling of source 1, assuming independence between the

various constituents, is

Py = [;I Pyy | (6.21)

If the constituents are completely correlated, then

Py = min pij (6.22)
i
Since data are not readily available to ascertain the exact correlation
between the various constituents of a source, either complete dependence

or independence must be assumed.

The "cost" of undetected violation is, therefore,

g
c = > c,(s,)
{=1 141

n
8
= 3 e.pii (6.23)
i=1 1%1
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where, for the ith source, s, is the number of times the source is

monitored, ¢, 1is the expected damage, and Py is the probability the

i
source will not be found in violation if it is monitored once.

It remains to consider the case where there are several outfalls, each
with its own set of standards. The outfalls can flow into one stream or
into different streams. First consider the case where the outfalls flow
into a single stream. The damage depends on the total mass load of
pollutants. Assuming the outfalls lie close to each other, the expected
damage can then be calculated in the usual way, using a combined mass
load and flow rate. This is discussed further in Appendix C. Let Dij£
be the expected damage due to the jth constituent from source 1 into
stream L. The expected damage due to the 1th source from all the

constituents into all streams is then (analogous to (6.13))

c, = max D (6.24)

W)

The calculation of the probability of no violation is straightforward

138

since, assuming that the effluents from the various outfalls are indepen-
dent, the probability of no violation from all the outfalls is the
product of the probability of no violation in each of the outfalls. To

be precise, let

pijk = probability of no violation due to pollutant j, outfall

k, source 1.

pijk is calculated analogously to (6.15). Using (6.21) and (6.22), the
Probability of no violation of any standard from outfall k, source i is

Il pijk ;s uncorrelated constituents
Py © ,
min pijk 3 correlated constituents (6.25)

The probability of no violation from any pollutant of any outfall for

the source 1 1s'then
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p; = ]1: Pix (6.26)
where we have assumed that the pollutant loadings in the outfalls are
independent. Expected damage and probability of violation have been
calculated for a source having many outfalls. The "cost" of undetected

violations for this source .can then be calculated using (6.20).

- Example

In this subsection the "cost" of undetected violations is calculated for
a simple case. Consider a single source having two constituents: sus-
pended solids and BODS. The various parameters needed to calculate the
"costf are given in Table 6.3. Figures 6.4 and 6.5 give, respectively,
the density functions for suspended solids and BODS. The probability of
violating the effluent standard is the area under the density curve in
the region to the right of the effluent standard. This area is shaded
in the figures. For this example, the probability of violating the
standards for suspended solids is 26Z and for BOD, 127.

The relation between the downstream concentration CO (in mg/l) and the
example parameters is of the form |

COo=aM+ b (6.27)

where M is the mass loading. The formulas for a and b are given in
Appendix C. For suspended solids

and

and for dissolved oxygen

a == KBOD—DO/(QU + QS) = ~-0.42
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Table 6.3 EXAMPLE PARAMETERS

Parameter Suspended BOD5
solids

Upstream flow - QU 1.0 Ml/day 1.0 M1l/day
Effluent flow - QS 0.2 Ml/day 0.2 M1/day
Distribution Lognormal Normal
Mean of Loading - U 1.5 log kg 1.5 kg
Stan. Dev. of

Loading - © 0.3 log kg 0.5 kg
Effluent Standard

-T 50 kg 2.5 kg
DO concentration of

effluent - CS - 4 mg/l
BOD.-DO transfer

coefficient -

XBop-po - 0.3
Assumed upstream

concentration ~ CU 0 0
Assumed upstream

concentration of DO - 9 mg/l
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Figure 6.4 Example of density function for

suspended solids
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Figure 6.5 Example of density function for BODS.
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and

-3 -
b= QU + QS (C8poQ8 + CULGA0) - Kyop no CUgop

= 8.2

Figure 6.6 shows the density function for CO, the concentration of
suspended solids downstream from the source. Also shown is the damage
function for suspended solids (note that the ordinate of the density
function is not shown). The expected damage is just the area under the
product of the density and damage function curves ( see (6.12)). For
this case the expected damage is 2.86. Figure 6.7 similarly shows the
density and damage functions for dissolved oxygen. The expected damage
resulting is 1.33. Therefore, we have the expected damage and proba-
bility of violation for these two parameters. Assume that the daily
variations of the parameters are independent; then the probability, Pys
that the source will not be in violation is the product of the probabili-
ties that each parameter will not be in violation (see (6.21)), or

Py = (1-0.26) x (1~0.88)
= 0.65 ‘
The expected damage from the source, cys is the maximum of the damages
due to the individual constituents (6.13), so
max {2.86,1.33}

¢y

= 2.86

The "cost" of undetected violations for source i, given that the source

was sampled s, times, is

1
s
ci(si) = cipii (6.28)

Table 6.4 shows how the "cost" decreases, for this example, as the

number of visits, 8y» increases.
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Figure 6.6 Density function and damage function
for concentration of suspended solids
in stream.
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Figure 6.7 Density function and damage function
for concentration of dissolved oxygen
in stream.
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Table 6.4 "COST" VERSUS NUMBER OF SAMPLES FOR EXAMPLE

"Cost'" of undetected violations

"]
[y

L= O
-
L]
N
w
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SECTION VII
RESOURCE ALLOCATION PROBLEM

In the previous section, a performance criterion for the procedure of
allocating monitoring resources was defined. This section defines the
complete resource allocation problem and describes a method of solution -

maximum marginal return.

VII.1 FORMULATION OF PROBLEM

There are three resource allocation problems that the monitoring agency

might want solved:

1) Given a certain amount of resources (i.e. budget), determine
how the monitoring resources should be allocated to minimize

the "cost" of undetected violations.

2) In setting up a monitoring program, determine what level of
resources is needed to insure that the "cost' of undetected

violations is below a given level.

3) Given an increment of resources, determine how to allocate
these additional resources and the resulting improvement in

the monitoring system performance.

In the remainder of this subsection, these problems are formulated

mathematically.

The' "cost" of undetected violations (from Section VI.3) is
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n

8
C(s) = C,(s;) (7.1)
where s = (s, 32,...,8ns),
cy(s)) = cipii (7.2)

i

c, 1s the expected damage for the ith source, p, is the probabiliity no
t
violation is observed at the 1 h source, n_ i1s the number of sources,

and si is the number of times the ith source is monitored. The
total cost to monitor all the sources where the ith source is monitored
si times is

n
8

R(8) = - r,s (7.3)
2 Ti%

where r, is the cost of monitoring source i once. r, is made up of
manpower, transportation, equipment and laboratory costs. The actual
values of these costs will vary from agency to agency and as a function
of time; they are therefore not specified in this report. Ty» however,

is calculated for the demonstration case; see Section IX and Appendix D.
Upper and lower bounds on 8; may also be given, i.e.
2. 8,5 L (7.4)

To gsee where a monitor may desire to do this, consider the case where,
from ambient monitoring, it has been observed that in a certain reach

the lével of a particular constituent is higher than usual. Then, one
might want to check at least once during the next period all the effluent
Sources that might have caused this. In this case a lower bound of

unity is set on the corresponding sampling rates. Also, consider the
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case of an effluent having a small expected violation cost. Based upon
the existing information, it will have a low priority for being monitored.
In order to prevent information from becoming obsolete, one can stipulate
that it has to be monitored at least once during a certain period of
time. An upper bound might be desired if the monitor does not want to
sample any source more than a given number of times. This would be

true, for example, if the monitor were required to visit a certain

number of sources. Another situation can occur when there is a known
polluter (e.g., one against which there are sufficient data to initiate
legal action or one which is improving its treatment according to an
approved long-~term plan); the monitor may then decide not to survey this
source frequently because the result is predictable. In this case, the

upper bound for s, would be set to some specified value.

i

The three optimization problems.can now be specified. Problem 1 is
minimize C(s)
subject to R(s)< B (P1)
2sssL

where B is the monitoring agency's budget and & = (21,...,2n ) and L =

(L L ) are upper and lower bounds. Problem 2 is S

5

1’. . .’
minimize R(s)
subject to C(s) <A ®r2)

2<8<L

"cost" of undetected violations allowed. Probiem

where A is the maximum
3 is of the same form as Problem 1, except B includes the additional
resources and £ specifies the sampling frequencies under the original
allocation. The decrease in "cost'" between when the original budget is
used and the new budget is used is the system improvement. The addi-

tional samples specify where to use the additional resources.
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VII.2 METHOD OF MAXIMUM MARGINAL RETURN

The optimization method used to solve the resource allocation problems
is the method of maximum marginal return. It is particularly suited for

these problems since it solves all three problems in the same manner.
The features of the method of maximum marginal return are:

(1) It is very fast on the computer. The computation time grows
only proportionally with the size of the problem.

(2) If the function to be minimized is convex, this method will
yield the absolute minimum when the cost of resource quanta is

equal.

The cost C(s) can be easily shown to be convex--its second derivative is

strictly positive for s, < N (which is always the case) and Py < 1

i
(this is also satisfied, since Py is a probability). The only condi-
tion that is not satisfied for Problem 1 is the requirement that cost of
the quanta, res be equal. However, the method will yield nearly the

optimum allocation if

max r, << B (7.5)

i

i.e., the largest cost of a sample is much smaller than the total budget
B. Then the difference between the solution obtained by this method and
the absolute minimum is negligible. Since (7.5) will be satisfied for

the monitoring resource allocation problem, the maximum marginal return

method is well suited for determining the sampling rates.
The method of maximum marginal return is basically a steepest descent

algorithm. It is based on the following intuitive idea: the best place

to allocate one unit of resource is where the marginal return (the
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decrease in cost - in our case undetected violation "cost" - accrued by
using that unit of resource) is greatest. Therefore, by ordering the
marginal returns in descending order, one obtains a priority list with
the items having highest priority on top.

To be precise, the marginal return accrued when the sampling time on

the ith source is8 increased from si-l to si is

Ci(si—l) - Ci(si)

- (7.6)

“1(81) = :

In view of the convexity of Ci’ these marginal returns are monotonically

decreasing with 8ys i.e.,

The priorities of allocation are obtained by simply ordering these
marginal returns. If the ordering obtained is, for example,

Uy (1) > u (1) > p,(2) > uy (1) ... (7.8)
2 1 2 3

then effluent 2 is sampled with highest priority, then effluent 1, then
again effluent 2, then effluent 3, etc. Following this, a relation
between the minimized "cost" of undetected violations and the corresponding
resource cost is obtained. Therefore, this method solves simultaneously
the problem of minimizing the undetected violation "cost" subject to the
total budget and the minimization of the budget subject to a given

"cost" of undetectéd violations.

The problem of allocating an increment of resources to maximize the

improvement in an existing monitoring system is solved as follows: Set
up the priority list as described above, and remove from the list those
samples that have been allocated. The remaining items on the list are,
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in descending priority, the ones that should be monitored with an increase

in resources.

The above method will be illustrated via a simple numerical example.
Assume there are ns=3 pollutant sources with "costs" of undetected
violation (for the period in consideration) as given in Table 7.1. It
is assumed, for the purpose of this example, that costs of monitoring

each of these effluents are the same (equal to one).

The "costs" Cy of undetected violations are given in these tables as
functions of the corresponding number of samples. The maximum number of
samples per source 1is taken as 5. Also the marginal returns as defined
in (7.6) and the priority ordering according to (7.8) appear next to

each sample.

The priority list of the sources sampled appears in Table 7.2 together
with the "cost" of undetected violations as a function of the available
resources. This table shows immediately the necessary resources to

achieve a given "cost" of undetected violations and also the achievable
minimum "cost" of undetected violations for a given amount of resources

(number of samples).

As an example of Problem 1, consider the problem of finding the best
allocation of 6 samples. From column 2 of Table 7.2, one sees that the

6 samples should be taken from sources 3, 2, 1, 3, 1, and 2. The sampling
frequencies are then 8 = 2, 8, = 2, s, = 2, From column 3 of Table

3
7.2, the "cost" corresponding to these frequencies is 1.16.

As an example of Problem 2, consider the problem of finding the minimum
amount of resources required to bring the "cost" of undetected viola~
tions to 1.00 or less. From column 3 of Table 7.2, one sees that the
first time that the "cost" drops below 1.00 occurs for 7 samples, for
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Table 7.1 "COST" OF UNDETECTED VIOLATIONS AND PRIORITY ORDERING

Number "Cost"
of undetected Marginal Priority

samples violations return order
8 €1 My
0 1.00
1 0.70 0.30 3
2 0.45 0.25 5
3 0.25 0.20 7
4 0.08 0.17 8
5 0.02 0.06 14
52 Cy H2
0 1.00
1 0.65 0.35
2 0.42 0.23
3 0.27 0.15
4 0.15 0.12 11
5 0.08 0.07 13
83 €3 M3
0 1.00
1 0.55 0.45
2 0.29 0.26 4
3 0.15 0.14 10
4 0.05 0.10 12
5 0.01 0.04 15
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Table 7.2 PRIORITY LIST OF SOURCES SAMPLED AND PERFORMANCE
AS FUNCTION OF TOTAL RESOURCES

Source ‘Total "cost"
Resources number of
accrued sampled undetected
violations
0 none 3.00
1 3 2.55
2 2 2.20
3 1 1.90
4 3 1.64
5 1 1.39
6 2 1.16
7 1 0.96
8 1 0.79
9 2 0.64
10 3 0.50
11 2 0.38
12 3 0.28
13 2 0.21
14 1 0.15
15 3 0.11
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which the cost is 0.96. From column 2 of this table one sees that the

7 samples should be taken, in order, from sources 3, 2, 1, 3, 1, 2, and 1.
The corresponding sampling frequencies are thus 8y = 3 (three samples at
source 1), s, = 2 (two samples at source 2), and 8y = 2 (two samples at

source 3).

As an illustration of how to use the information to allocate additional
resources to improve an existing monitoring system (Problem 3), assume

that the preassigned sampling frequencies are

=2, 8, =1

=1, 8 3

s

1 2

Consider the problem of optimally allocating four more samples. This is
solved as follows: Take the priority list and omit the first 8y
samples on source i, as illustrated in Table 7.3. Then it is seen that
the priorities for the additional four samples are: first source #3,
then #1, again #1, and again #1. The resulting overall sampling fre-

quencies are

=2, 8, =2,

=4, 8 3

8 2
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Table 7.3 ALLOCATION OF ADDITIONAL INCREMENTS OF
RESOURCES TO A GIVEN MONITORING SYSTEM

Original Priority list of sources
priority list *  given the preassigned
of sources samples

3

2

1

3 3

1 1

2

1 1

1 1

2 2

3 3

2 2

3 3

2 2

1 1

3 3
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SECTION VIII
RESOURCE ALLOCATION PROGRAM

Components of the allocation procedure were described in the previous
three sections. This section discusses how these components fit together

to form the Resource Allocation Program. Examples are also given showing

the operation of the Program.

VIII.1 GENERAL PROGRAM DESCRIPTION

A flowchart of the Resource Allocation Program is shown in Figure 8.1.
The following is a brief description of the function on the various

components.

(1) Initialize Statistical Description

Combine the raw self-monitoring and compliance monitoring data
to obtain an initial statistical description (distribution,

mean and standard deviation) for each pollutant of each source.

(2) Calculate Expected Damage and Probability of Violation

Use the statistical description of the effluent loads, the
effluent standards, and the stream parameters to obtain the

expected damage and probability of violation for each source.

(3) Determine Priorities

Use the method of maximum marginal return to obtain the

monitoring frequencies.
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(4) Monitoring Schedule

Take the sampling frequencies obtained in the previous component

and determine which day to sample which sources.

(5) Monitoring Period

This box represents the actual time spent monitoring the sources.

(6) Update Statistics

Combine new self-monitoring and compliance data with the initial

statistics to obtain an updated statistical description of the

effluents.

All the components except the "Monitoring Schedule" have been described
in detail in Sections V, VI, and VII. The scheduling of the sampling
depends on a number of factors which are difficult to quantify in an
optimization framework, such as: the spatial location of the various
effluent sources, the size of the monitoring agency's jurisdiction,

and the availability of personnel. This scheduling is beyond the scope
of this report.

Figure 8.2 gives a more detailed description of the Resource Allocation
Program. It describes in detail what data are needed by each component
of the Program. The basic output of the Program is the priorities and

the monitoring frequencies.

VIII.2 SIMPLIFIED EXAMPLE

The performance of the Resource Ailocation Program is demonstrated in
this section, using a simplified example. Initially, it is assumed that
there are four sources to be monitored, each having four months of

self-monitoring data available from which to obtain the initial statistics.
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INITIAL MONITORING PERIOD
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Figure 8.2 Resource allocation program.
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The initial self monitoring data assumed are shown in Tables 8. 3a through
8.3e. The data have been abstracted from real data that were used for
the demonstration case (Section IX). Using the procedure outlined in
Section V.3, Tables 8.4a through 8.4e present the initial statistics
obtained from the data. The estimated mean and estimated standard
deviation are the monthly estimates using the techniques developed in
Appendix A. For Source 4, the sample size of the effluent constituents
for a single month is 2; therefore, the data in months 1 and 2 and

months 3 and 4 have to be aggregated, as discussed in Section V.2.

Thus, only two estimates of the mean and two of the variance are given

in Table 8.4d and 8.4e. Tables 8.4a through 8.4e also show how the
estimates of the mean and standard deviation are sequentially updated as
the monthly estimates are combined to obtain the estimates to be used in
the Resource Allocation Program. For this case the design parameters kn
and kv’ which determine the degree of the discounting of past information,
have been set to 3% The updated mean and variance for month 2 are
therefore the combined estimates derived from the 1st and 2nd monthly
estimates. The updated mean and variance for month 3 are the combination
of the updated estimates for month 2 and monthly estimate for month 3.

The same process is repeated for month 4, yielding the initial statistical

description to be used in the program.

The expected damage and probability of violation obtained from the data

are shown in Table 8.5, along with the estimated source flow and the

stream flow. For this case, the upstream concentration was assumed to

be at a level causing zero damage, and the distributions of the various
parameters were assumed uncorrelated. Certain of the entries deserve‘

some comment. Source 3 is a large sewage treatment plant. From the

table, the impact of B0D5 and phosphates is large; however, the standards
are also large and therefore the probability of violation for the parameter?
is small. Source 4 has a relatively small impact on the stream (i.e.,
small expected damage); however, the standards have been set so that the

probability of violation is very large. The resources required

*1&1 and kv are discussed in Section V.2. The effect of changing kn
and kv is shown in VIII.3.
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Table 8.3a SELF MONITORING DATA FOR SOURCE 1

Parameter: pH Max Parameter: pH Min Parameter; Lead
Eff. standard: 9 Eff. standard: 6 Eff. standard:2 kg
Mean Distribution: Normal Distribution: Normal Distridution: Normal
Month source -
tlow, : M Ma Sample
Ml/day ' Mean | Max s:ﬂ,}. Mean | Min sﬂ'ﬁ' :;n- k:’ size
1 0.90 8.5 |10.6 20 8.5 6.0 20 0.41 | 1.0 20
2 1.10 7.6 9.0 22 7.6 5.4 22 1.08 | 1.7 22
3 1.20 8.3 9.8 22 8.3 6.4 22 1.09 | 6.3 22
4 0.85 8.1 9.5 20 8.1 6.4 20 0.52 1.8 22
Table 8.3b SELF MONITORING DATA FOR SOURCE 2
Parameter: Chronfum Parameter: Copper Parameter: Fluoride
Eff. standard: 0.45 kg Eff. standard: 1.5 kg Eff. standard: 30 kg
Mean Distribution: Normal Distribution: Lognormal] Distribution: RKormal
Month source
tlow Mean,| Ma Mean Max " Msan | Max Sample
Ml/day ] Ner| Samele ke ' | wg'| SSIRl kg | ks’ e
1 0.80 0.216 | 0.808 18 0.524 | 1.89 18 24.4 |31.4 18
2 0.78 0.313 0.067!' 19 0.374 | 1.87 19 25.4 {31.9 19
.3 0.87 0.214 | 0.620] 21 0.364 | 1.25 22 24.7 }31.0 22
4 0.85 0.132 0-255] 14 0.110 | 0.42 14 14.0 §31.0 1
Table 8.3c SELF MONITORING DATA FOR SOURCE 3
Parametex: BODsg Parameter: Phosphate Parameter: Sus. Solids | Parameter:
Eff. standard: 3500 kg Eff. standard: 300 kg Eff. standard: 4050 kg Dissolved
Mean Distribution: Normal Distribution: Lognormal | DPistribution: Lognormal  oxygen
Month source .
tlow, Mean s | Max» Sample Mean, | Max, Sample Mean , | Max, Sanple Kean .| Sample
Ml/day. kg kg i kg kg alte kg kg size xg/l | size
1 105 1165 [2115 30 178 638 30 24630 | 6030 30 3.9 3
2 110 900 12118 31 171 338 k) § 1665 | 5130 N 3.8 a
3 109 1395 }2880 30 171 500 30 3240 [20935 30 4.2 30
4 108 1080 2385 n 88 275 k) | 2160 | 4390 k) 4.1 1
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Table 8.3d SELF MONITORING DATA FOR SOURCE 4, PIPE 1

Parameter: Phosphates Parameter: Sus. Solids
Eff. standard: 0.6 kg Eff. standard: 25 kg
Mean Distribution: Normal Pistribution: Normal
Month sources
tlow Mean, | Max, 1 Mean Max )
Ml/day kg kg . e’ kg ' 4;!' .!.'3‘
1 0.33 0.15 |0.24 2 12.0 18.9 2
2 0.26 0.20 |0.36 2 14.6 18.9 2
3 0.29 0.31 [0.36 2 16.4 18.0 2
4 0.30 1.20 |2.56 2 11.0 15.3 2

Table 8.3e SELF MONITORING DATA FOR SOURCE 4, PIPE 2

Parameter: Phosphates Parameter: Sus. Solids
Eff. standard: 3.3 kg Eff. stendard: 80 kg
Mean Distribution: Normal Distribution: MNormal
Month source —
flow Mes Mean ole
M/day kgn' "k':' i ks | ks T
1 0.90 2.9 3.2 2 138 296 2
2 1.01 3.s 1.9 2 18 26 2
3 1.09 2.9 3.1 2 993 143 2
4 1.00 8.8 9.8 2 )8 » 2
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Table 8.4a INITIAL STATISTICS FOR SOURCE 1

—
Parameter: pH Max Parameter: pH Min Parameter: Lead
. Distribution: Normal Distribution: Normal Distribution: Normal
onth
Est. Est. Updated | Updated | Est. Est. Updated | Updated Est., Est, st. | Updated | Updated
mean | st. dev,] mean st, dev.| mean | st. dev. | mean st. dev. |mean,kg [dev,,kg mean, kg | at. dev, kg
8.5 1.12 - - 8.5 1.33 - - 0.41 0.31 - -
7.6 0.73 8.03 1.06 7.6 1.15 8.03 1.33 1,08 0.32 0.76 0.51
8.3 0.78 8.12 0.%8 8.3 0.99 8.12 1.22 1.09 2,72 0.87 1.62
8.1 0.74 8.12 0.92 8.1 0.90 8.12 1.14 0.515 0.67 0.78 1.45
——————
Table 8.4b INITIAL STATISTICS FOR SOURCE 2
Plnmeter:. Chromium Parameter: Copper Parameter: Fluoride
Diatribution: Normal Distribution: Lognormal Distribution: Normal
Month
Est. Est. Updated | Updated | Est. Est. Updated | Updated | Est. Est. Updated | Updated
mean ,| st. dev.,| mean, st. dev,,| mean, {st.dev., mean, st. dev,,| mean, | st.dev,,| mean, st. dev.,
kg kg kg kg log kg | log kg | log kg | log kg kg kg
1 0.216 0.321 - - -0.437 | 0.369 - - 24.4 3.79 - -
2 0.313 0,297 0.266 0.308 -0.685 | 0.474 «0.565 0.443 25.4 .49 24.9 3.62
3 0.214 0.214 0.247 0.277 -0,570 | 0.337 -0.567 0.403 24.7 3.29 24.8 3.46
4 0.132 0.070 0.218 0.246 -1.146 | 0.404 -0.711 0.502 2.0 4.17 24.6 3.61
Table 8.4c INITIAL STATISTICS FOR SOURCE 3
Pnrnmeten' BODS Parameter: Phosphate Parameter: Suspended Solids ;;rnm;te;x
e
Distribution: Normal Distribution: Lognormal Distribution: Lognormal ox;;:nv
Yonep |
Eac, Est. Updated |Updated Est. Est. Updated JUpdated Est. Est. Updated|Updated |Est. ]Updated
mean, |st.dev., | mean, |[st.dev,, |mean, |st.dev,, | mean, |st.dev.,, |mean, |[st.dev., | mean, |st.dev.,|mean,| mean,
kg kg kg kg log kg | log kg |[log kg log kg {log kg | log kg [log kg | log kg [mg/l | =g/l
1 1163 470 — — 2.12 0,339 — — 3.33 0.218 — — 3.90 —
2 900 598 1030 555 2.20 0.157 2.16 0.265 3.13 0.282 3.23 0.277 |3.80 3.85
3 1395 734 1150 648 2.12 0,268 2,16’ 0.264 3.40 0,312 3,29 0.302 14,20 3.96
4 1080 642 1133 643 1.85 0,286 2.08 0,313 3.30 0,175 3.29 0.274 [4.10 4.00
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Table 8.4d INITIAL STATISTICS

FOR SOURCE 4, PIPE 1

Parameter: Phosphates

Parameter: Suspended Solidse

Distribution: Normal Distribution: Normal
Honth Est. Est. Updated | Updated | Est. Est. Updated | Updated
. mean,| st.dev.,] mean, st.dev,,| mean,] st.dev., nean, st. dev.,
kg kg kg kg kg kg kg
1 - - - - - - - -
2 0,228 0.101 - - 13.3 4.21 - -
3 - - - - - - - -
4 0.755 1.356 0.490 0.925 13.7 3.23 13.5 3.38

Table 8.4e INITIAL STATISTICS

FOR SOURCE 4, PIPE 2

Parameter: Phosphates

Parameter: Suspended Solids

Distribution: Normal Distribution: Normal
Month -
Est. Est. Updated | Updated | Est. Est. Updated | Updated
mean,| st.dev., mean , st.dev,,| mean, | st.dev., wean, | st.dev.,
kg kg kg kg

1 - - - - - - - -

2 3.20 0.526 - - 88.0 | 156.3 - -

3 - - - - - - - -

4 4.3% 4.096 3.78 2.719 62.0 62.3 75.0 108.2
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Table 8.5

EXPECTED DAMAGE AND PROBABILITY OF VIOLATION

Probability of
Est. source Stream Expected | Probability Expected no violation
flow, flow, damage, | of no viola- | - damage for for source,

Source Pipe Ml/day Ml/day Parameter Dij tion, pij,z source, C1 pi,z
1 1 0.961 100 pH 0.29 80.0

Lead 1.60 80.0 1.60 64.0
2 1 0.845 320 | Chromium 0.08 82.6
‘| Copper 0.12 96.1

Fluoride 0.00 93.1 0.12 74.0
3 1 108 525 BOD; 3.22 100.0
Phosphate 3.64 97.6

Suspended Solids 0.37 87.8 3.64 85.6
&4 1 0.297 300 Phosphates - 100.0
Suspended Solids - 51.8
2 1.016 Phosphates 0.29 54.4

Suspended Solids 0.03 46.0 0.29 13.0




to sample the sources are given in Table 8.6, and the priority list is
given in Table 8.7. For the purposes of this example, it was assumed
that the sources could be sampled between 0 and 10 times. From the
table, one sees that Sources 1 and 3 should be sampled with higher
priority than Sources 2 and 4. This is due to the much larger expected
damage from the former sources. Source 4 appears relatively early in
the list, but most of the samples have low priority. This 1s because
the probability of violation is very large and therefore the chances are
that the source will be caught in violation after one or two visits.
Further sampling is therefore not necessary. Source 2 has a small
expected damage and a fairly large probability of no violation resulting
in a low sampling priority. Table 8.7 also gives the marginal return,
"cost" of undetected violations and resources used. The marginal
returns are decreasing (the list has been ordered in just this manner).
The "cost" of undetected violations is decreasing, and the resources

required are increasing as more sources are sampled.

If only, say, $10,000 were available for monitoring, then only the
sources with priority 1 through 18 would be monitored. The sampling
frequencies for this case are shown in Table 8.8, If, on the other

hand, a maximum allowed '"cost" of undetected violations of, say, 1.0
were specified, then sources with priorities 1 through 19 would be
sampled. The sampling frequencies for this case are shown in Table 8.9.
The priority list in Table 8.7 also shows when the return from monitoring
(i.e. the marginal return) starts becoming negligible; the return, in

this case, for monitoring more than, say, 25 sources is very small.

VIII.3 SENSITIVITY STUDIES

This subsection investigates the effect of various changes in the inputs

and design parameters of the example just discussed.
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Table 8.6. RESOURCES NEEDED TO SAMPLE

Field and Laboratory Total Cost
Source office costs costs T,
1 $525 $10.50 $535.50
2 $525 $23.00 $548.00
3 $525 $38.00 $563.00
4 $525 $30.00 $555.00
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Table 8.7 PRIORITY LIST OF SAMPLES FOR SIMPLIFIED EXAMPLE

. €0ST OF .
SOURCE MARGINAL UMDETECTED RESCURCES

PRIORITY SAMPLED  RETURN X100 VIOLATIONS  REQUIRED
{ { W 10778492 5.07571 535,50
2 3 ¢ 09326524 4,55342 1095,50
3 3 07989130 4,10603 1655 ,50
4 1 06899248 3,73658 2191,00
5 3 C06RA3515 3,35334 2751.00
6 3 05862177 3,025064 3311,00
7 3 « 05021559 2,74%8S R8T 400
8 4 104526206 2ed9264 Lu2e,00
9 { LOUULTBOS 2.25607 4Gh1,50
10 3 CNU3014RY 2.01519 56521 ,50
11 3 0 0368U6AS 1 ,80R85 6081,.50
12 3 W 03156296 1,53209 6681 ,50
{3 | e 02B2RHAY 1,480861 7177.,00
Lo 3 «02703693 1.32920 7737.00
15 3 002315992 1,19951 8297490
16 ! «01811409 1,10251 BR32,50
17 | W 01159902 1,04039 9368,00
18 { W 00742722 1,00062 9903,50
19 ] « 00590254 296786 10453,50
20 2 000556719 .93735 11006450
21 { «004755R8 91488 11582,00
22 2 200412025 ,88931 12090,00
23 2 +00304938 WB87260 12638,09
24 1 « 00304534 85629 13173,50
25 2 200225693 WBU392 $13721,50
26 { 200155003 83348 14257,.,00
27 2 «00167027 WB2432 164805,00
28 2 000123516 ,B1758 15353,09
29 2 (00091488 81254 15901,00
30 4 200076974 «B0R2E - 16USK,00
31 2 e 00067710 . 8045S 17004,09
32 2 000050112 80141 17552,00
33 2 W 00037087 .79978 18100400
34 u 200010038 79922 18655,00
35 4 200001309 .79915 1921000
36 4 «00000171 079914 19765409
37 4 000000022 ,79914 20320,00
38 4 00000003 079914 20875,00
39 4 000000000 «79914  21430,00
40 4 000000000 «79914 21985,00

(L A L 2 3 Yl P R R Xy R R B X Pl FX O X X3 ALY L L L X 1 X 1 1 £]

106



' Table 8.8 FINAL ALLOCATION GIVEN MONETARY BUDGET

FIMAL ALLOCATION
BUDGET 10000,00

MIN NO, MAX NND, CCST OF
SAMPLES  SAMPLES  TIMES RESOURCES UNDETECTED
SOURCE REAUIRED ALLOWED  SAMPLED USED VIOLATIONS
..-..------..-.--...-----.-.-..-------..ﬂ-'----'-.---.-..--
! 0 10 7 3748,50 ,07081¢
2 0 10 0 <00 .11738
3 0 10 10 5600,00 L77476
4 0 10 ! 555,00 03767

TOTAL RESOURCES USED 9903,.50
FINAL COST OF UNDETECTED VIOLATIONS 1,00062

Table 8.9 FINAL ALLOCATION GIVEN MAXTMUM ALLOWED COST OF
UNDETECTED VIOLATIONS

FINAL ALLOCATION
MAXIMUM ALLOWED COST OF UNPETECTED VIOLATIONS  1,00000

MIN NG, MAX NO, COST OF
SAMPLES SAMPLES TIMES RESQURCES UNDETECTED
SOURCE REQUIRED ALLOWED SAMPLED USED VIOLATIONS
1 0 10 7 3748,50 207081
2 0 10 0 00 11738
3 0 10 . 5600,00 277476
Y 0 10 2 1110,00 00049}

--t--..--.----.ﬂ‘.—--.--.--ﬂ.--..-.--.-------------..--.--- .

TQTAL RESOURCES USED 10458,50
FINAL COST OF UNDETECTED VIOLATIONS 96786
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Distribution

In order to check the sensitivity of the normal assumption versus log-
normal assumption in the distribution of pollutants, the loadings

of phosphate and suspended solids in Source 3 are now assumed normally
distributed. (The self monitoring data are given in Table 8.3c. They

are identical to the previous example.) The expected damage and probability
of no violation for phosphates are now 3.53 and 98.5% respectively, and

the expected damage and probability of no violation for suspended

solids are 0.41 and 76.07%7 respectively. These numbers can be compared
with the analagous values in Table 8.5. The major difference is in the
suspended solids where both the expected damage and probability of
violation changed by about 10%Z. The expected damage for the source is

now 3.54 (compared to 3.64), and the probability of no violation for the
source is 74.9% (compared to 85.6%). Table 8.10 gives the priority list
for this case. The priority ordering is slightly changed. It is therefore
seen that changing the distributional form will affect the sampling
frequencies by a small, but not negligible, amount.

Correlation

The effect of assuming that the constituents of a source were correlated
versus uncorrelated is investigated by first assuming that the constituents
of Source 2 are completely correlated. The constituents of the other
sources are assumed uncorrelated, as in the original example. The pro-
bability of no violation for source 2 is 82.6% as opposed to 74% for the
original example. The priority list for this case is given in Table

8.11. Comparing this table with Table 8.7 shows little change - the

priorities for source 2 have increased slightly.
Now assume that the constituents for all the sources are completely

correlated. The probabilities of no violation for sources 1,2,3 and 4
are 80.07%, 82.6%Z, 87.8Z and 28.9% respectively.
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Table 8.10 PRIORITY LIST, CONSTITUENTS IN SOURCE 3
ALL NORMALLY DISTRIBUTED

PRINKITY

PRIORITY LIST OF SAMPLES

SOURCE
SAMPLED

MARGINAL

FRETURN X100

CNST OF

UNDETECTED
VIOLATIONS

RESOURCES
REGUIKEY

.-.------.n----h---ﬂ-.-n-h---.------.----------.---‘---q-~

OOV E WM -

TEELPPRPEESNNNENIONGII SN NS e ce U e o ) e Ll ee £ Ll U == Ul e U2 W

« 15868572
« 11880537
10774492
« 08894782
«0V5B9G208
e NBASATANY

404985753

2104526204
«0U4U17B06
W N3732751
«0282RR4¢
27548849
02092307
«NIBI1409
+ 01566476
«21172795
0011459902
00742722
£ 00590254
«00854719
sD0UTH5A8
LGULE2025
«ODIDUGIR
0030453y
e 00225683
« 00195003
«001KA7027

200123646
«00091488

W O0D76974
« 020867740
«0C0501t2
+00037087
«N0010038
200001309
«0000017)
«00000022
«000000063
000000090

«00060G0O0

4,65774
3.99243
3.015u6
2,917138
2.54740
217497
1.89577
1,64L56
1.,40799
1.196G6
1.06747
AGNGT7
« 77380
207680
e 38968
«52340
hb129
U215
+IHBETH
« 39825
« 33278
31020
»29349
+ 27748
v 26482
«25U37
24522
+23RUS
«23343
22916
022848
+222790
» 22067
22012
022004
222003
o 22003
22003
22003
22003

560400
1120,0¢
165,50
2215.50
2751.00
31311.900
3871.00
4ugh,00
d961.59
§521.50
6257,00
be17,00
71770ﬁ°
7712.50
B272.450
BE32,50
5368.00
903,50

fouse,59
11006,50
11542,50
12090,00
i263k,00
13173.50
13721.,590
14257,00
§0805,00
£9353,.00
15801,00
16688, 00
17004,00
175%2,00
1R100,00
186%%,00
192104690
19765,600
c0320,00
c0675,00
21430,00
21985,00
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Table 8,11 PRIORITY LIST, SOURCE 2 CONSTITUENTS CORRELATED

PRIORITY

PRIORITY LIST OF SAMPLES

SOURCE
SAMPLED

MARGINAL

cosY oOF

UNPETECTED
RETURM X100 VIOLATIGNS

RESQURCES
REGUIRED

-.-.--é---..-------.---.ﬁ-----------a..------------0.---.-

BNV E W

EELREBELOLENENNNMNMN NN NN e et et e Ul ol o Wl Wl s Wl == e

e107744092
« 09326524
0« 07989130
« 06899248
+068B43515
« 05862177
05021559
04526206
uuy7806
«Nu3014BY
«036846KS
003156296
«0282R361
2+ 02703693
e 02315992
«01811409
«01159G9n2

200742722

200590254
«004755R8
e00371715
«N03072%¢C
000304534
000253898
000209838
«00195003
000173423
«00143328
00118456
e00097899
« 000801910
200076974
« 00006870
+00019038

$00001309

«0000017¢

400000022

« 00809003
000000000
«00000000

B.0757¢%
u4,55342
4,10603
3.73A58
3.35%34
3.025%064
e TL3IESR
2slO2R4U
225607
2.,01519
1.808E5
163206
1,46061
132929
119951
110254
1,06039
1.00062
96TRSE
294239
92202
096519
+B8BRBA
B8TU97
«86347
« 85303
«34752
«83567
«82918
0823584
«8193R
81510
81144
+81088
«8108¢
«81080
«81080
«B81080
«81080
281080

535,590
1005,50
16655,590
2191400
2751.60
3511400
3871,00
426,00
L49h1,50
5521.50
£C81,50
6641 ,50
7177.C0
7737,.,060
8297.00
Bule .50
9368,00
9963,50

10458.,50
10990.00
11542.,00
12090,00
12625.%0
§13173,50
13721451
14257.00
14E05,00
15353,00
15921.060
16449,00
16997,09
17552,00
181H00,00
184655,010
19210400
19765,00
20320,00
20875,00
2143%0,00
€198%,00
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There is little change between the priority list for this case (Table 8.12)
and the original priority list (Table 8.7).

No strong conclusions can be drawn from these examples. Cases can
clearly be devised where the priority list will be very sensitive to the
correlation assumption. However, from these examples it is seen that

In many cases the priorities will be insensitive to this assumption.

Minimizing Number of Undetected Violators

The objective of the Resource Allocation Problem can be changed to

Rinimize the number of undetected violators (no "cost' due to envirommental
damage ) by setting all the expected damages in the priority procedure to
One. The statistics and the probability of not violating will be the

Same as for the original problem. The new priority list is given in

Table 8.13. As would be expected, the priority list is very different

from that for the case which considered damages.

Ql&ggunting_Past Data

Past data are discounted by ensuring that the confidence parameters n

and v in the Bayesian update formula do not get too large. This'is
3ccomplished by specifying that n < k v' and v < k v' where n' and v'
9Te the confidence parameters for the month being used to update the
Statistics. 1In the original example kn =k, = 3.0. Let us now assume
that kn = kv = 1.5. The initial statistical description will therefore
depend more strongly on the data in the months closer to the start of the
Donitoring period.

Table 8.14 compares the initial statistical description, at the start of
m°nitoring, for the cases when kn = kv = 3,0 and kn = kv = 1.5. By
Comparing this table with the initial data (Tables 8.3a through 8.3e) it
is evident that the data for month 4 are more strongly felt for the

Case where k = k = 1.5 than for the case where k_ = k = 3.0.
n Vv n v
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Table 8.12 PRIORITY LIST, SOURCES' CONSTITUENTS ALL
CORRELATED

PRIORITY

PRIORITY LIST OF SAMPLES

SOURCE
SANDLED

MARGINAL

RETURN %100

COST OF

UNDETECTED
YIOLATIGHS

RESQURCES
REQUIRED

OPNTNLE LN

ELEESLEENUVNNNNNENION = e e en b s d o = 08 b = & W1 bl 4l & W W

079610628
e 069ET7035
06131743
05966603
05381148
204769870
004722435
o 0U144355
103895274

-~ «03832754

W N3637039
e03191424
o 03N6A384
«02R01109
02458222
«02454d08%
001963582
« 01571296
001257317
+01006078
« 00980149
« 00805042
00371715
+ 00307210
¢ 00253898
200246630
g°0309833
«00173423
«00143328
« 00118486
«00007899
« 00080910

020086870 .

«00762058
000015615
00003929

" 200000989

+ 00300249
« 00000063
«00000016

5.2068%
4,8155%
4,07218

d4,15163 .

3.85028
3,59379
3.3293%
3,09728
2,8R106
2.67581
2.,47214
2.29340
2.12917
1.,97230
1.83464
1,706323
1,59807
1,5139%
1.44660
1,39273
1,33833
1.,29522
1.,27485
1,25801
1,24440
1.23041
121891
1.,20941
1.201558
119506
1.18970
1.158626
1s181060
1.,17816
1.171729
1417707
117702
117700
1.17700
1.17700

560,00
1120,00
{080,00
2215,50
2775,50
3311,00
3871.00
4431,00
4986.,00
5521.50
6081,50
6641 ,50
71774090

'7737000
8297.00
8832.%90
9368,00
9903,50

10439,00

10974,50

11%929.,50

120465,00

12613,00

13161.,00

13709,00

14264,00

14812400

15460.00

15908,00

16456,00

17004,00

17552,090

181300.C90
1A655,.,00

19210400

19765,00

20320,00

20875,00

21430,00

.21985,00
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Table 8,13 PRIORITY LIST, MINIMIZE NUMBER OR UNDETECTED VIOLATORS

PRIORITY LIST OF SAMPLES

COST OF
SOURCE MARGTINAL UNDETECTED RESJURCES
PRIORTTY SAMPLED  KETURN %100 VIOULATTONS  REGUIRED
{ 4 «15668323 3,13041 555,00
2 | 0 06714Au07 2,77074 196,50
3 2 0UTLURTRY 2.51084 16%35,50
a { 04300785 2.26053 2174400
5 2 003510111 2.06617 2722400
6 | 002753929 1,94070 325750
7 2 02597818 {, 79830 3865.50
8 3 202560657 1,65494 4365,50
9 3 021934647 1.,52211 4525,50
10 4 202043276 1,41871 QuEn 50
11 ] 01922634 131335 £G28,50
12 3 01878931 1.20813 6538,50
13 { 001763427 1.11370 T124.00
14 3 01609498 1,02356 7684,00
15 2 01822633 094559 232,00
16 3 001378701 CBEHIB R792.00
17 3 201181400 80224 9352,00
18 ) 001129178 74178 9¢ 87,50
19 2 -¢01053106 68407 10435,50
20 3 s01011648 62741 10995,50
21 3 00866581 57889 11555450
22 2 200776399 053617 12103.50
23 3 200782316 Y T2 1Y 12663,50
24 | 00723049 15589 13199,00
25 3 «00535870 JAU2028 13759,00
26 2 00576630 38867 14307,00
27 | W0GUE299] 36387 18542450
28 2 000426909 3048 15390,50
29 2 00315654 + 32316 15636,50
30 { 000296468 30729 16674,00
1 4 00266460 29250 17629,00
32 | 200189838 28233 17544,50
33 g 00121559 027583 18100,00
34 4 200034748 e 27340 1£655,00
35 4 00004531 27364 19210400
36 4 000000591 2736% 19765.00
7 4 00000077 27361 20320,00
38 /] «00000010 o2736¢ 20875,00
39 I 200000001} 273614 21430,00
40 4 «00000000 27361 21965,00
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Table 8.14 EFFECT OF DISCOUNTING PAST DATA

k =k =3 k =k =1.5
n v n v
Updated | Updated | Updated | Updated
Source | Pipe Parameter mean st. dev | mean st. dev
1 1 | pH - Max 8.12 0.92 8.12 0.87
Lead 0.78 1.45 0.74 1.42
2 1 | Chromium 0.218 0.246 0.200 0.221
Copper -0.711 0.502 | -0.798 0.522
Fluoride 24.6 3.61 24,5 3.68
3 1 | BODg 1133 643 1138 651
Phosphate 2.08 0.313 2.03 0.325
Suspended Solids 3.29 0.274 3.30 0.259
4 1 { Phosphate 0.490] 0.925 0.490 0.925
Suspended Solids | 13.5 3.38 13.5 3.38
2 | Phosphate 3.78 2,72 3.78 2.72
Suspended Solids | 75.0 108 75.0 108




_ Compliance Data

The effect of compliance data (effluent data obtained by the monitoring
agency) on the initial statistical descriptions of the source effluents

is investigated in this subsection. Suppose that Source 2 is monitored
twice in month 3. The compliance data for the two visits are given in
Table 8.15. Comparison of these data with the self-monitoring data for
Source 2, month 3 (Table 8.3b) shows that the compliance data for chromium
and copper are near the monthly maximum self-monitoring value. For

fluoride, one compliance value 1s near the maximum, the other is below
the mean.

Tabie 8.15 COMPLIANCE DATA - SOURCE 2, MONTH 3

Data Point | Data Point
Parameter | No. 1, kg. | No.2, kg

Chromium 0.53 0.70
Copper 1.80 2.00
Fluordide 28.0 16.0

In the pfocedure that combines the self-monitoring and compliance monitor-
ing data, there is a design parameter, Y, that specifies the relative
confidence one has in the gself-monitoring as compared to the compliance
monitoring data. For example, a value of vy = 2 implies that one has

twice as much confidence in the compliance monitoring data as in the self-

monitoring data. In the examples that follow, Yy will take on values 2 and 4.

Pables 8.l6a and 8.16b show the effect of the compliance data on the initial
statistical description, these tables are analogous to Table 8. 4b. The

row opposite month 3 is the estimated mean and standard deviation for month
3 without the compliance data. The row opposite 3* includes the compliance
data. The tables show that the estimated mean and standard deviation for
the month is substantially increased for chromium and copper. For fluoride,
the mean is slightly decreased while the standard deviation is increased.
The effect of the compliance data on the estimates is clearly much greater
for v = 4 than for v = 2. By comparing the values of the updated mean and
standard deviation at the end of month 4 in Tables 8.4b, 8.16a, and 8. 16b,
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Table 8.16a INITIAL STATISTICS FOR SOURCE 2 WITH COMPLIANCE

MONITORING DATA: vy = 2
Parameter: Chromium Parameter: Copper Parameter; Fluoride
Distribution: Normal Distribution: Lognormal Distribution: Normal
Month —
Est. Est. Updated |Updated Est. Est. Updated |Updated Est. Est. Updated |Updated
mean, |st.dev., mean, st.dev., |mean, gt.dev., | mean, st.dev,, |wmean, st.dev., | mean, st.dev.,
kg kg kg kg log kg | log kg {log kg log kg kg kg kg kg
1 0.216 | 0.321 — —— j-0.437 | 0.367 -— 24.4 3.79 —— —
0.313 | 0.297 0.266 0.308 ~0.685 | 0.474 =0.565 | 0.443 25.4 3.49 24.9 3.62
3 0.214 | 0.214 — — -0.570 | 0.337 —— 24.7 3.29 - ——
3* 10.280 | 0.261 0.271 0.287 =0.437 | 0.471 =0.514 | 0.455 24.3 4.23 24.7 3,84
4 0.132 | 0.070 0.236 0.259 -1.146 | 0.404 -0.672 | 0,551 24.0 4,17 24.5 3.88

% Includes compliance monitoring data

Table 8.16b INITIAL STATISTICS FOR SOURCE 2 WITH COMPLIANCE

MONITORING DATA: ¥y = 4
Parameter: Chromium Paramatert Copper Paramater: Fluoride
Distribution: Normal Distribution: Lognormal Distribution: Normal
Month .
Est. Est. Updated JUpdated Est. Est. Updated |Updated Est. Est., Updated |Updated
wean, |st.dev., | mean, |st.dev., |mean, st.dev., | mean, |et.dev., {mean, |[st.dev., |mean, st.dev,,
kg kg kg kg log kg | log kg |[log kg log kg kg kg kg kg
1 0.216 | 0,321 — —— ~0.437 0.369 —— ——— 24.4 3.79 — —
0.313 | 0.297 0.266 0.308 -0.685 0.474 |-0.565 0.443 25.4 3.49 24.9 3.62
3 0.214 | 0.214 —— —— -0.570 0.337 -— —— 24,7 3.29 — —
3» |0.332 ) 0,277 0.291 0.295 ~0.333 0.515 |-0.47) 0.486 23.8 4,80 24.5 4.12
4 0.132 | 0.070 0,251 0.268 ~1.146 | =0.672 ]-0.642 0.583 24,0 4.17 *24.4 4.07

* Inclydes complisnce monitoring data

116



LIT

Table 8.17

EXPECTED DAMAGE AND PROBABILITY OF NO VIOLATION FOR SOURCE 2

Parameter Expected Probability of Expected damage Probability of no violation

Y damage no violation, X for source for source, %
NCD* Chromium 0.08 82.6

Copper 0.12 96.1

Fluoride 0.00 93.1 0.12 74.0
2 Chromium 0.08 79.5

Copper 0.14 93.8

Fluoride 0.00 92.2 0.14 68.0
4 Chromium 0.08 77.1

Copper 0.17 92.0

Fluoride 0.00 91.7 0.17 65.0

* Ro compliance data



one can see the effect of the compliance monitoring data on the initial
statistical description. Again, the effect is substantial. Table 8.17

compares the value of the expected damage and probability of no violation

for source 2 for the three cases: no compliance data and compliance data
for Yy = 2 and vy = 4. The compliance data, for this case, have increased

the expected damage and decreased the probability of no violatiom.

Upstream Concentration

The previous examples in this section have assumed that the concentra-
tion of each constituent, upstream from each source, has caused zero
environmental damage. In this subsection, we will investigate the

effect of changing the assumed upstream concentrations.

Five cases will be considered. Case I, for comparison purposes, cor-

responds to the zero upstream damage case described in Section VIII.2.
For Cases II and III the upstream concentration is set to cause damage
levels of 2 and 4 in the receiving waters (recall that "2" corresponds
to "excellent" water quality and "4" corresponds to "acceptable" water
quality). In Cases IV and V the upstream concentration is also set to
cause damages of 2 and 4; however, in this case, the expected damage

for each constituent that is calculated is the incremental damage, that

is, the expected damage due to the source's constituent minus the dam-
age in the receiving waters that exists if that constituent were not
present in the effluent. For reference, the five cases are described

in Table 8.18. Table 8.19 compares the expected damage for the five
cases. The table shows how the damage increases as the assumed upstream
concentration increases (Cases I, II and III)., The incremental damage,
however, actually decreases for most cases (Cases I, IV and V). This

is because the damage functions are, for the most part, concave in shape.
The one exception, in this example, is the fluoride in Source 2. The
presence of fluoride in a stream does not cause any damage (it 1is actu-
ally beneficial) below a certain threshold. Above that threshold dam-

age increases rapidly. Thus, for fluoride, the incremental damage is
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zero under zero upstream concentration; it increases greatly for an up-
stream concentration causing a damage of 2; and it decreases for an
upstream concentration causing a damage of 4 (the damage curve is con-

cave for large values of concentration).

The priority lists for the five cases are compared in Table 8.20.
Comparing Cases II and III with Case I, it is seen that Sources 2 and 4

appear much higher on the list. Source 2 appears higher because of

the above large increase in expected damage due to fluoride. Source 4
appears earlier because it now has an expected damage comparable with
the other sources;. its expected damage in Case I was much smaller than
the expected damage for Sources 1 and 3. Comparing Cases IV and V

with the other cases, it is seen that Source 1 has lower sampling prior-
ity. Source 4 also appears lower on the lists. These phenomena both
reflect the lower expected incremental damage of Sources 1 and 4 as

compared to Sources 2 and 3.

Table 8.20 shows the large sensitivity of the priorities to changes in
assumed upstream concentration., It is preferable to use the incre-
mental expected damage over the "regular' expected damage since one 1is
bagically interested in the damage caused by a source and not just by
the expected damage in the river (which will also depend on the up-
stream concentration). The value of assumed upstream concentration
used should reflect the average condition of the stream in a region

containing the source.
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Table 8,18 CASES CONSIDERED FOR SENSITIVITY STUDY
OF UPSTREAM CONCENTRATION

Assumed I tal

Case upstream level ncrementa
of damage damage

I 0 ——

II 2 No

I11 4 No

Iv 2 Yes

v 4 Yes

Table 8.19 COMPARISON OF EXPECTED DAMAGE FOR VARIOUS
ASSUMED UPSTREAM CONCENTRATIONS

4’
Expected Damage
Source Constituent —
Case I Case II Case III Case IV Case V
™
1 pH 0.29 2.13 4,02 0.14 0.05
Lead 1.60 2.45 4,40 0.47 0.42
2 | Chromium 0.08 2,05 4.00 0.05 0.01
Copper 0.12 2.03 4.00 0.03 0.01
Fluoride 0.00 T 3.49 4.49 1.53 0.54
Phosphates 3.64 4,59 5.19 2.93 1.88
Suspended 0.37 2.03 3.67 0.37 0.36
Solids
Suspended 0. 03 2 . 02 bo 00 00 03 0. 02
Solids -
/
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Table 8.20 PRIORITY LISTS, VARIOUS ASSUMED UPSTREAM
CONCENTRATTIONS

Source Sampled

Case V

Case IV

Case III

Case 11

Case I

Priority

10

11
12

13

14

15

16

17

18

19

20
21
22
23
24
25
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SECTION IX

DEMONSTRATION PROJECT

The priority procedure will be demonstrated, in this section, using
data supplied by the State of Michigan, Department of Natural Resources.
The data, taken over a two year period, is from 30 industries and muni-
cipal treatment plants. Table 9.1 gives a brief description of the
various sources. As can be seen, a variety of pollutants and types of

plants have been included.

The purpose of the demonstration project is two-fold. First, it will
demonstrate the procedure on the types of data bases that will be avail-
able to the monitoring agencies. Second, it will compare the perform—

ance of the procedure with another, simpler, priority setting procedure.
IX.1 DESCRIPTION OF DATA AND ASSUMPTIONS

The quality of the data varied greatly from source to source. For
several sources, there were twenty four months of data; for others,
there was as little as six. Some sources sampled their effluent daily,
others weekly, and others monthly. Standards were not set for approxi-
matley 20% of the constituents reported. In order to test the priority
procedure with as many constituents as possible, reasonable hypotheti-
cal standards were established for these constituents., Also, most of
the standards were on the concentration of the constituent in the efflu—
ent. Since, in the future, standards will typically be on the mass
loading, it was decided to transform the given standards into mass
loading standards by multiplying them by the daily effluent flow of the

gource, given on the permits.
The value of the upstream flow of the receiving waters was taken to be

the seven-day, ten-year low flow. This value will give a much smaller

flow than would be encountered in a typical month (it was used because

122



1 XA

Table 9.1 DESCRIPTION OF EFFLUENT SOURCES

_ T ox
Source | Pipe | Avg. daily | Type of Type of waste, Z C i
tiumber |Humber| flow, MGD slant onstituents
’ p Proc | Cool | San
1 1 0.07 Chem 100 === | =—— | pH, chromium, nickel, chloroform extract
0.0035 — 2 98 | BOD, suspended solids, chloride
2 1 0.106 Porcelain 90 10 | —-- | Phosphorus, pH, suspended solids, chloro-
man. form extract
2 0.124 25 75 | =--- | Phosphorus, pH, suspended solids, chloro-
form extract
3 1 0.085 Porcelain 40 40 20 | pH, suspended solids, phosphorus
man.
4 1 0.2 Auto parts 1 99 | =——- | pH, suspended solids, chloroform extract
0.08 — 100 | --- | pH, suspended solids, chloroform extract
5 -1 720. Power 1 98 1 | pH, chloride
6 1 4.436 Chem 1 99 | —- | pH, oil-grease, phenol, COD
2 8.07 : 1 99 | ——— | pH, oil-grease, phenol, COD
7 1 0.75 Chem 46 54 | —— | pH, suspended solids, phosphorus,
fluoride, copper, lead
8 1 0.14 Chen 70 30 | —- pH, suspended solids, phosphorus, cyanide,
fluoride, chromium, copper, lead, chloro-
form extract

* "Proc", "Cool" and "San" denote processing, cooling and sanitary waste, respectively.



ye1

Table 9.1 DESCRIPTION OF EFFLUENT SOURCES (Cont'd)

*
Source | Pipe | Avg. daily | Type of Type of waste, % Constituents
rnumber | number | flow, MGD plant Proc | cool | san
9 1 5. Auto 40 60 | --— | BOD, pH, suspended solids, chromium,
' nickel, chloroform extract
10 1 0.35 Auto 100 === | === | pH, suspended solids, phosphorus, chloro-
: form extract, oil-grease
11 1 0.69 Auto body 100 === | === | pH, cyanide, chromium, copper, nickel
12 1 1.1 Auto 24 76 { --- | BOD, pH, suspended solids, chloroform
extract
13 1 0.129 Auto parts 14 86 | =—— | BOD, pH
14 1 0.38 Auto 57 43 | --- | pH, suspended solids, cyanide, chromium,
’ ' copper, chloroform extract
15 1 0.223 100 - | === | pH, lead
16 1 0.184 Electronics| 20 80 | = | pH, suspended solids, oil-grease, mercury
17 1 0.53 Metal — 100 | == | Chloroform extract
2 0.123 — 100 | =—— | Chloroform extract
3 0.137 — 100 | ==— | Chloroform extract
4 0.828 100 === | === | pH, suspended solids, phosphorus,
aluminum, chloroform extract
* "Proc", "Cool" and "San" denote processing, cooling. and-ganitary.waste, respectively.



YA |

Table 9.1 DESCRIPTION OF EFFLUENT SOURCES (Cont'd)

*
Source | Pipe |Avg. daily | Type of Type of waste, % Constituents
number |number | flow, MGD plant
Proc | Cool | San
18 1 10. Chem: BOD, suspended solids, ammonia, dissolved
solids
19 1 1.3 Glass —— 100 | ~-- | Suspended solids, chloroform extract
20 1 0.527 Refrig. 86 14 --- | pH, suspended solids, phosphorus
mn.
21 1 Unknown Power —— 100 | --- |pH, chloride
2 - 100 --- |BOD
3 -— 100 | --- | Suspended solids
4 —_— 100 | -— | Suspended solids, BOD
22 1 10. stet -— ---{ 100 |DO, BOD, suspended solids, phosphorus
23 1 0:114 STP — -—— 1 100 |BOD, suspended solids, phosphorus
24 1 0.718 STP — --= | 100 |BOD, suspended solids
25 1 43.6 STP — -—— | 100 |BOD, suspended solids
26 1 1.91 STP -— —— | 100 |DO, BOD, suspended solids, phosphorus
27 1 1.54 STP _— -— | 100 |BOD, suspended solids, phosphorus

* "Proc", "Cool" and '"San" denote processing, codling-and sanitary waste, respectively.

1t Sewage treatment plant.
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Table 9.1 DESCRIPTION OF EFFLUENT SOURCES (Cont'd)

*
Source | Pipe |Avg. daily | Type of Type of waste, %
number |number |flow, MGD plant Proc | Cool | san Constituents
28 1 28.0 STPt — -——— | 100 | DO, BOD, suspended solids, phosphorus
29 1 0.960 STP — —_— 100 { BOD, suspended solids
30 1 9.3 STP -— --— {1 100 | BOD, suspended solids

* "proc", "Cool" and "San" denote processing,

+ Sewage treatment plant.

cooling and sanitary waste, respectively.,



it was readily available). In order to obtain better estimates of
the environmental damage that is likely to occur, it is suggested that
One use the minimum average monthly flow where the minimum is taken

Over the months in the monitoring period.

The distributions used for the various constituents were obtained as
follows: The mean and standard deviation were first estimated for all
Constituents under the normal distribution assumption. For those con-
8tituents whose standard deviation was greater than the mean, it was
Inferred that the normal distribution did not give a good fit to the
data, The distribution assumption for these constituents was changed
to lognormal. This method of assigning distributions is based on the
f°llowing considerations. Under the normal assumption,there is a fin-
ite prbbability of having a negative discharge. Since this is almost
Always impossible, this probability 1is interpreted as being the prob-
ability of having a zero discharge (i.e. the normal density function

ls changed so that all the area to the left of zero is put at zero).
ThUS, the above method of assigning distributions, though somewhat
arb1trary; is based on the fact that 1f, under the normal distribution
asSUmption, the standard deviation is greater than the mean, then there
s o large probability that the source will not produce that consti-
Yent, Since, typically, the constituent will be produced, a lognormal

diBtribution is judged more appropriate.
Other assumptions made were:

(1) The BOD-DO transfer coefficient, , was assumed to be 0.5

for all sources.*

KBOD—-DO

(2) The saturation level of DO, DOSAT, was assumed to be 9 mg/l for

all sources.¥*

——
KBOD—DO and DOSAT are defined in Section VI.1
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(3) The concentration of dissolved oxygen in an effluent was assumed
to be 0 mg/l in the sources for which there was a standard for
BOD and which did not report their DO discharge.

(4) The design parameters kn and kv, which determine the degree of

discounting of past data, were set to 3. ¥
(5) The constituents of a source are assumed uncorrelated.

(6) The concentration of the pollutants upstream from the source (CU)

were assumed to be at a level to cause zero damage.

Table 9.2 lists the assumed monetary resources required to sample the
sources. The amounts are a function of two quantities: the number of
outfalls of the source and the number and types of pollutants sampled.

The exact method used to determine the resources is given in Appendix D.

* kh and kv are defined in Section V.2.
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Table 9.2 RESOURCES REQUIRED TO MONITOR

THE SOURCES
Source Required Resources
1 $ 588.00
2 591.00
3 543,00
4 571.00
6 576.00
7 566.00
8 603.50
9 583.00
10 568.00
11 565.50
12 568,00
13 548,00
14 578.00
15 535.00
16 558.00
17 943.50
18 . 565.00
19 545.00
20 543,00
22 563.00
23 560.00
24 550.00
25 550.00
26 563.00
27 560,00 -
28 563.00
29 : 550.00
30 550.00
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IX.2 PERFORMANCE OF PROCEDURE

In this subsection the Resource Allocation Program is used to obtain
sampling frequencies based on the demonstration case data. Three
examples are considered. For each of the examples, the monitoring period

(i.e., the time period for which the allocation is based) is assumed to be

six months. The examples are:

Case 1. Use the first twelve months of data to obtain the initial
source statistical descriptions. Determine the sampling

frequencies for the following monitoring period (i.e.,

months 13 through 18).

Case II. Use the data from months 13 through 18 to update the
statistical description of the sources used in Case I.
Determine the sampling frequencies for the following

monitoring period (i.e., months 19 through 24).

Case TII. Obtain a revision of the sampling frequencies obtained in
Case II,under the assumption that the sampling has to be
interrupted in the middle of a sampling period due to a

measurement of very poor water quality in a given river
segment. (It is desired to sample two sources, which are

expected to cause the poor quality, twice in the remainder

of the monitoring period.)

This subsection is concluded with a comparison of the performance of
the priority procedure developed in this report with a procedure that

assigns sampling frequency on the basis of source flow.
Case I
The source expected damage and probability of no violation obtained

from the first 12 months of self-monitoring data is given in Table 9.3.*

The statistical description of the sources' constituents, and the

* gources 5 and 21 are not included in this example due to insufficient
ata.
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Table 9.3 DATA FOR CASE 1

SOURCE PNV* EXP, DAMAGE
LA A Rl L L L L L L N 2 N Y ¥ J Y T gy

1 600361 f.R2U476
2 366900 1.355373
3 «971105 2000615
4 434765 3.U28362
b 0966816 Be0y7932
7 111617 3.517227
a 2006504 fe.4nA2A3
9 20896583 T.781987
{0 072174 4,48971414
11 8148714 2749460
12 0138667 5:.660459
13 921435 3340154
{4 «964880 2.432983
1S 0000060 2.813442
{6 981822 4,072095
17 0316116 4,01R275
18 0034052 8,942007
19 809288 S5.787722
20 0696925 388792
e2 117219 5.959835
23 e T16378 4,220618
ed 0992393 1.09R906
2% 0050330 J.744962
2éh 1388621 «h01895
27 0000000 6,574204
28 1663566 6b.318164
29 +BAZLTS 6.091859
30 «258403% 1.000917

* Probability of no violation.
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expected damage and probability of no violation for each constituent
used to obtain the information in Table 9.3, is given in full in
Appendix G.1l.

In this example, the upper and lower bounds on the sampling frequencies
are 0 and 3 respectively and the monitoring agency's budget is $25,000.
Table 9.4 gives the resulting priority list and Table 9.5 gives the
sampling frequencies. Comparing these tables with Table 9.3, it is
seen that those sources sampled most often aﬁd/or with highest priority

have high expected damage and low probability of no violation.
Case I1

The assumptions and constraints for Case II are identical with those
for Case I. The new expected damage and probability of wviolation
for each source, based on the updated statistics is given in Table 9.6.

The large effect of the update procedure on this data can be determined

by comparing this table with Table 9.3. For example, the probability of no
violation for source 20 went from 69.7% for Case I to 33.3% for Case II
while the expected damage went from 0.387 to 0.737. The updated statistical
description, the expected damage and the probability of no violation, for
each constituent, is given in Appendix G.2.

Table 9.7 gives the priority list for this example, and Table 9.8 gives
the sampling frequencies. There are large differences in some of the
sampling frequencies for Cases I and II. For example, Source 6 was not
sampled in Case I (Table 9.5) but was sampled two times in Case II
(Table 9.8). Conversely, Source 1l was sampled three times in Case I
but was not sampled in Case II. These changes are due to changes in

the expected damage and probability of no violation for the sources.
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Table 9.4 PRIORITY LIST:

PRIORITY

SOURCE
SAMPLED

MARGINAL

RETURN X300

CNST OF

UNDETECTED
VINLATTIONS

DEMONSTRATION PROJECT, CASE I

RESQURCES
REQUIRED

DEIPFPAEHN -

18

9
27
2?
12
1o
2%

7
15
28

4
17
28

1,52876276
1.21510726
1,173964099

2 93UUFE9
+858370621
73339251
bULOTTISS
+« 55208745
e52535468%
v 37755728
o 33937UR0
0291259714
025053408
23183490
221376098
2025294840
o 16A24879
016390498
«15313359
e 14754831
o 18709458
«14519234
« 132645635
012939626
11902722
211427958
211159047
e10970148
+ 10954407
210897437
1009289
109207877
« 08902778
o 07254682
207145823
«0653A18A
D6UIUARS
N61618A8
05911570
« 05327107
« 05293204
20520518
o 04T8BRK92
«0d575914 0
NHULZU6S
e 04065799
« 03800978
e 03256254
02910533
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95,09519
8R,01112
81,43692
T6,17569
74300484
6T,13447
63,57A40
60,451458
57.63818

55,51253

53.57470
50,82667
49,41616
48,01704
4h,81998
4s5,71619
44,78023
U3, RB494
43,02940
42,18690
41,37788
40,51979
39,79487
319,086549
3R, 400911
37,78058
37.12442
36,51010
315,89338
35,25806
34,7029%
33.,R3425%
3%.33080
32.92055%
32.,50038
32.,13240
31,7661
31 ,41734
31,N8304
30,76R21%
30,467%6
30.,17343
29.,91101
29,64195
29,40014
29,17734
2R,96828
28.78919
28,51458

565,00
1148,00
1708,00
2271,00
2839,00
307,00
3957,.,00
4523,00
50%58,%0
5621450
ALD2,450
7136,00
7699,00
R302,50
88462,.,50
9407 ,50
9970.50

10515,50
11075,50
11646,50
1P196,50
12787,50
13332,5¢0
{138R2,50
14450,50
15000,50
155R8,50
{6148,50
16711,50
17294,50
17844,50
18788,00
19353,50
19919,00
20507,00
21070,00
21641,00
e2207,00
22772.5n
233463,50
23931,50
2U096,50
2%044.50
25632,50
eh180,50
26728,50
27278,50
27828,5¢0
28772.,00



Table 9.5 SAMPLING FREQUENCIES:

CASE I
BUDRET 25000,00
MIN NO, MAX NO,
SAMPLES SAMPLES TIMES
SOURCE REQUIRED ALLOWED SAMPLED

DEMONSTRATION PROJECT,

OB ;B

e
-
(V. RP N7 RV NP R RV RV RV RV AT RV RV RE NV RV RV RV RV RV RV RV RV RV RV RV RV RF |

ralldides o O LIMNMOULIMVNOD L OONWNNVNVO WO VN

C0SY OF
RESOURCES UNDETECTED
USED VIOLATIONS
1176,00 0748145
1182,00 18245
_ «00 oN0064
1713,00 28174
00 4,0479%
1132,00 oN4382
603,50 oN0914A
1166,00 06259
1136,00 02339
1696,50 1.47146
1136,00 010884
000 3.340145
000 2.,03298
535.50 00017
000 4,07209
1887,00 40154
1130,00 001037
1635,00 3,06773
00 ¢ 38AT9
1126,00 08189
1680,00 1.55168
, 200 1,0989%
550,00 +18859
563,00 023391
560,00 00000
1689,00 1,84608
1650,00 4,19653
550,00 028190

TOTAL RESOURCES USED 24496,50

FINAL COST OF UNDETECTED VIOLATIONS 30,17343
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Table 9.6 DATA FOR CASE II

SOURCE PNV®  EXP, DAMAGE
(L XL I I A A2 A XTI L XY I I Y I P Y P YIS
i 0696278 2.747735
2 0447692 1701061
3 0979586 000607
4 0531608 3.106736
é 0308329 3.762632
7 oi116146 3.517227
8 00019 1.51385¢
9 0032648 B.720413
{0 0075379 5.62%020
" 0938505 2e099448
12 0172521 5.397685
13 743805 1,535545
14 0994440 24267273%
15 2000857 2375780
16 0994912 4.120321
17 2316189 3,986394
18 0024793 9.,106810
19 0974799 3.R22610
20 0333279 0736836
2 0232609 5389093
23 0394030 4,628968
24 0922821 0927437
es -~ e107414 3.571862
26 o 484105 475020
27 0000000 6,675322
28 0615132 6.,203027
29 2792984 6,596327
30 0163917 {419133%

* Probability of no violation.
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Table 9.7 PRIORITY LIST:

PRIORITY

SOURCE
SaMPLED

MARGINAL

RETURN Y100

COST of

UNDETERTED
VIOLATIONS

DEMONSTRATION PROJECT, CASE II

RESOURCES
REQUIRED

T I T I AR LT I LY P YL Y Y Y P Y LR L L AL LA ]

DO N N>

-
-

18

9
e7
10
i2
22
es

7
23

4
15
28
17
28

)

a
9

2
c3
29
30
22
13
o8
29

f

6
12
4
13
1
13
17
el
23
8
10
{
25
7
9
26
6
ee
4
18
20
3¢
17

1576649894
1407612558
1,19202175

e 2§15%4548
o TBA3INOUT
« 7348 UMY
87967 NP
155205748
50080504
45182335
JAU327629
B240U060
oPB89t8604
2b0BUCR2
25480597
«250709741
+ 24823044
024531773
« 19736782
019688254
o JB1L0070
017085395
« 16528967
s 16045145
15612484
014192987
«13931040
e 13546206
13547814
012294334
«09ER224K4
009144594
209135289
000047219
«07776874
07202126
«068997838
+D6BBNANTS
o N6226493
+06161870
«0UT26118
04352768
«04295348
«03974448
« 03623144
+03U35129
+ 03015250
202968543
002888445
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94,89202
86,45244
79,7771°2
T4,577%6
70,1114
6597595
62,78717%
59,6031
56.“58“9
54,25%49
51.58t84
49.,49449
Ub,THRES
45,30002

43, B44ss

42,33¢29
40,96574
39,5459
3B, 41066
37.32780
345,3317%
315.36979
Id., 46400
33,5606A
32,70197
31,86742
31,06500
30,29444
29,52064
28,84747%
28,2660%
27.76493
26,90301
26,U1478
25.07625
25,56500
29,1731%0
24,7685
el 42605
24,07729
23,80176
23,55669
23,309248
2%,08552
22,B7139
22.6772S
22,51352
22.,35026
22.,07773

565,00
1148,00
1708,00
2276400
28484,00
3407.00
3957,00
4523,00
5083.00
5659,00
6194,50
6757,50
7701,00
8264,00
8835,00
9428,50
9988 ,50

10579,546
11439,50
11689,50
12236,50
12802,59
13350,.50
13913,.5¢0
14463,50
15051,.,50
15627450
16195,50
16766,50
17314,590
17902.590
184%50,590
193%394,00
$19937,00
20497,00
21068,00
216%6,00
22224,00
22774,00
2%340,00
23923,00
2luBé6,00
25062,00
2%5625,00
26216,00
26781,00
273234,00

- 27874,00

28817,50



Table 9.8 SAMPLING FREQUENCIES: DEMONSTRATION PROJECT, CASE II

BUDGET 25000,00

RESOURCES

USED

764,00
591,00
000
1713,00
1152,00
1132,00
603,50
1166,00
1136,00
000
1136,00
1644,00
000
535,50
000
1887,00
565,00
«00
543,00
126,00

1680,00

00
1100,00
563,00
560,00
1689,00
1650,00

COST OF
UNDETECTED
VIOLATIONS

e 92752
25123
+ 000614
246674
35770
N4382
00029
+00930
203195
2,09945%
« 16068
1.,45490
2,26727
«00204
4,12032
« 39854
« 19847
3.82261
«24557
029159
«28319
92744
NGl
022996
« 00000
1.,44380
3.28924

MIN NO, MAX NO,
SAMPLES SAMPLES TIMES
SOURCE REQUIRED ALLOWED  SAMPLED

™~ TrTrxrx x>y xry2xJxr2x 7222 3 3 R 1 0 XA XK YIRS Y X RN R N X N

{ 0 3 3

2 0 3 |

3 0 3 0

] 0 3 3

6 0 3 -

7 0 3 2

a 0 3 |

9 0 3 2

10 0 3 2

11 0 3 0

{2 0 3 2

13 0 3 3

14 0 3 0

15 0 -3 1

16 0 3 0

17 0 3 2

18 0 3 {

19 n 3 0

en 0 3 |

ee 0 3 -

23 0 3 3

2u 0 3 0

es 0 3 e

26 0 3 1

27 0 3 {

28 0 3 X

29 0 3 3

30 0 3 1

550,00

019528

---.--------.--.---ﬂ.---dﬂ?-..--.O-.---.-.---.--q.---.---I

TOTAL RESOURCES USED 24486,00

FINAL COSY OF UNDFTECTED VIOLATIONS
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Case III

For Case III, it is assumed that sampling from Case II has been inter-
rupted in the middle of a monitoring period. It is expected that Sourze
14 or Source 19 is contributing to poor water quality. From Table 9.8,
it is seen that neither of these sources would normally be sampled
during this monitoring period.

Table 9.9 shows the number of times the sources were assumed
sampled before the interrupt and the optimal sampling frequencies after
‘the interrupt. Case III has shown how the priority procedure can be

used to respond to ambient monitoring reports.

Preliminary Performance Comparison

The performance of the Resource Allocation Program will be compared
with a simpler procedure that assigns sampling frequencies on the basis

of flow. The latter procedure, called the Allocation by Flow procedure,

assigns one sample to all the soﬁrces and then assigns the remaining samples,

within the budget, to the sources with largest flow.

The monitoring period used for this comparison will be the one corres-
ponding to Case II, (i.e., months 19 through 24) where the sampling

frequencies were based on data from months 1 through 18.

The performance criteria are (i) the observed "cost" of undetected
violations and (ii) the observed number of violators. These criteria
are observed values calculated for 14 sources for a month picked at

random from the monitoring period.*

*The number of sources considered for this comparison were reduced to 14
to reduce the amount of data handling required.
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Table 9.9 SAMPLING FREQUENCIES BEFORE AND AFTER INTERRUPT:
DEMONSTRATION PROJECT, CASE III

Times sampled Times sampled
Source before interrupt after integrupt
1 2 0
2 1l 0
3 0 0
4 1 1l
6 1l 0
7 2 0
8 0 1
9 0 2
10 1l 0
11 0 k£
12 1 1l
13 2 0
14 0 2
15 0 1l
16 0 0
17 0 2
18 0 1
19 0 3
20 1l 0
22 1 1
23 2 1l
24 0 0
25 0 1
26 1 0
27 0 1
28 1 2
29 2 1
30 1 0
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The observed "cost" of wundetected violations for ome month is

— 1
<= z €1 Py (9.1)
sources
where
Ei = average damage due to source i
M
= 1 22 (observed damage on day k)
M
k=1
1- ;; = observed frequency of violation of source 1

= (number of days in violation) * M

s, = sampling frequency for source i.

and where M 1is the number of observed values of the effluent in the month-

The observed damage on day k is

max {dj ('c';Eij (k))} (9.2)
constituents
h|

where dj is the damage function for constituent j and Eaij(k) is the
concentration of constituent Jj downstream from source 1 based on the
observed effluent value for constituent j on day k, (Note that the
assumed upstream concentration and stream parameters are the same as were
used in the priority procedure to determine the sampling frequencies.)

The observed number of violators in a month is simply
8

vV = E a-p,H | (9.3)

Sources
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Table 9.10 shows the observed frequency of violation, 1-5;, and the

average damage, Ci s for the various sources along with the source flow.

These values were used to calculate the observed "cost" of undetected
violations and observed number of violators. Table 9.11 compares the
sampling frequencies obtained by the Allocation by Flow method and the
Resource Allocation Program (two lower bounds on sampling frequency were
chosen for the Resource Allocation Program: zero and one.) as well as
Comparing the performance criteria. The budget was assumed to be $15,000.
From Table 9.11 it is seen that the Resource Allocation Program produces a
betier allocation for this example than the Allocation by flow method.

The improvement is greater for the observed "cost" of undetected viola-
tions than for the observed number of violators.

It is recommended that more comparison studies be done in the future using
larger data bagses. This study was hampered by the fact tha; only one month

of data was used. Since samples are highly correlated, day-to-day, for

many industries, a amall number of independent samples went into the calculation
of the observed damage and the observed frequency of violation. (Note that

Over half the sources were either always in violation or never in

Violation.) It thereforeé is expected that much better performance of the

Resource Allocation Program would have been shown if more months of

data were used in the comparison.
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Table 9.10 OBSERVED FREQUENCY OF VIOLATION AND AVERAGE DAMAGE

Observed frequency

Source Source of Observed average

flow, Ml/day violation, % damage

3 0.075 0.0 0.00
12 4.92 41.4 5.73
16 0.725 22.2 301
18 35.55 50.0 390
19 0.133 0.0 1.32
22 40.75 100.0 6.85
23 0.425 13.3 4.01
24 3.04 0.0 0.98
25 165.0 100.0 3.70
26 7.15 100.0 0.43
27 5.57 100.0 2.61
28 110.9 100.0 4.15
29 4.11 5.0 5.79
30 -35.0 87.1 1.13
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Table 9.11 PERFORMANCE COMPARISON

Sampling Frequencies

Optimal Optimal
Source Allocation Allocation Allocation
By s, 21 8,20

3 1 1 0

12 1 2 2

16 1 1 0

18 2 1 2

19 1 1 0

22 2 2 3

23 1 2 3

24 1 1 0

25 2 1 2

26 2 1 1

27 2 1 1

28 2 3 3

29 1 3 3

30 2 1 1

Observed "cost" of undetected
violations 19.00 17.97 17.23
Observed number of violators
caught 7.55 7.64 7.77
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SECTION XI

GLOSSARY

TERMINOLOGY

BOD - Biochemical oxygen demand.
COD - Chemical oxygen demand.
DO ~ pissolved oxygen.

Kpop-po ~ BOD-dissolved oxygen transfer coefficient

Damage - A measure of effect of pollutants on water quality.

Effluent Standard - A restriction on the quantities or concentrations of
constituents from an effluent source.

Monitor - The government agency having responsibility for enforcing laws
realting to the abatement of pollution.

Permit - A document or requirement regulating the discharge of pollutants.

Regsources - Money required to obtain and process effluent samples obtained
during compliance monitoring.

Resoyrce Allocation Program - Name given to procedure for setting compliance
Wonitoring priorities.

Source - A discharger or possible discharger of pollutants subject to effluent
S8tandards.

Water Quality Limited Segment - A segment of a river where it is known that
Water quality does not meet applicable water quality standards and which is not
expected to meet water quality standards even after the application of the
effluent limitations required by the Water Pollution Control Act.

MATHEMATICAL NOTATION
A - Maximum allowed cost of undetected violations.
@ - Level of significance of a statistical hypothesis test.

B - Monitoring agency's budget.
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C - Total '"cost" of undetected violatioms.
Ci(si) - "Cost" of undetected violations for source 1i.

¢, - Expected damage from all the constitutents of source i.

i

Coij - Stream concentration at discharge point, constituent j, source 1.

CUij - Upstream concentration, constituent j, source i.

CXij - Downstream concentration, constituent j, source i.

D - Expected damage due to constituent j, source i,

13

Dijz - Expected damage due to constituent j, from source i into

stream 4.

d,(¥) - Damage function for constituent j.

3

- Dissolved oxygen deficit due to BOD, source i.
i,BOD

D

Di cop " Dissolved oxygen deficit due to COD, source i.
H

DOMINi BOD Minimum DO level downstream from source 1i.
]

¢ij(-) ~ Density function of mass loading Mij'

Y - Parameter denoting relative weight given compliance data over self-
monitoring data.

hn - Factor relating confidence in mean to number of measurements.

hv - Factor relating confidence in variance to the number of measurements.

1 - Index denoting source.

j - Index denoting constituent.

w
1

Index denoting outfall.

)
]

Index denoting receiving water.

k - Constant for determining the confidence in mean.

~
1

Constant for determining the confidence in variance.

»
1

Lower bound on sampling frequency for source 1.

Upper bound on the sampling frequency for source i.

[
i
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M - Effluent mass loading, constituent j. source 1.

ij
mg/l - Milligrams per liter.

Ml - Megaliters.

m - Estimate of mean

§ - Mean of a random process.

; - Estimate of mean, u.

ui(') - Marginal return function.

N - Number of sampling days in monitoring period.

n - Number of measurements or confidence in mean.estimate.

ns -~ Number of sources.

p(+) - Probability event occurs,

P; - Probability of no violation for all constituents of source 1i.
pij - Probability of no violation for constituent j, source i.
pijk -~ Probability of no violation due to constituent j, outfall k,

source i.

QS1 - Effluent flow rate, source i.

QUi - Upstream flow rate, source i.

QXi - Downstream flow rate, source i.

R(*) - Resources required to monitor all the sources.

r. - Resources required to monitor source i once.

i

8y - Number of times the ith source is sampléd in monitoring period.

g - Standard deviation of a random process.
o - Estimate of standard deviation, o.
Tij - Standard for constituent j, source 1:

v - Estimate of variance.

'Vi - Event ith source is in violation.
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Vi ~ Event ith source is not in violation.
v - Confidence in variance estimate.
x - Distance downstream from source or a random process.

y - Maximum of a set of data.

z, = Compliance monitoring data.
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APPENDIX A

ESTIMATION OF DISTRIBUTION PARAMETERS

In this Appendix the estimation of the parameters of the normal and log-
normal probability density functions is discussed for the case where

the available data consist of the sample mean and maximum of a set of
observations. These two problems are treated in Sections A.l and A.2.
Section A.3 deals with the examination of the parameters when the avail-
able data consist of the maximum and the minimum value of a set of

observations.

A.1 THE NORMAL CASE

In this case the process xAis assumed normally distributed with mean u
and variance 02. The available data to estimate ﬂ-and o 1is

z = [mE] (A.1.1)
where m is the sample mean and

E = max'{xl,...ggi} . (A.1.2)

Approximate maximum likelihood estimates of u and 0° will now be
obtained.

The calculation of the likelihood function
p(m,&[u,0%) (A.1.3)

requireb the joint probability density'function for m and §. This
density is not obtainable in closed form. Approximate maximum like-

1ihood estimates can be obtained by estimating u by m, the sample mean.
3, the estimate of 0, is then that value of ¢ that maximizes

p(E|n - m,02) (A.1.4)
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The above density is obtained as follows:

Prob {max(xy, +spx;) < Eluso} = F° (e

)

where

o
F(a) a [ (2“)-1/2 e—xz /2 dx

"0
Therefore,

p(Elu,0) = 2 (S

For convenience denote

then
E' = max{xi,...,x;} =£ -
and, hence

pE'|0) = g PO

Let
d 1 -y2/2
f(y) = -&-;F(y) - Jom e
2T
Denoting

AN
g (0]

(A.1.10) becomes

p(E Jo) = P 1(D) £(p) %
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- M) £(0) 3

The likelihood equation is therefore

3 3p 3 3p E'
el = BE - 2 -0 (A.1.14)
ag

which is equivalent to

3p

5 = ©° (A.1.15)
Note that
g__ﬁélg = ZE(7) (A.1.16)

Thus (A.1.15) can be written as follows

a-DF (@) 2L - FH@E@e? + FI@EE) = 0
(A.1.17)
or

. 2
(5—;—?;‘452— = n-1 | (A.1.18)
£ (L

The left hand side of (A.1.18) is plotted in Figure A.l.l. Using
this figure, it is easy to determine 8, the estimate of g, given
£, 1 and n. This is done by obtaining E for the given n from

Figure A.1.1, then

g = 5—;-}1 | (A.1.19)

For example, suppose n = 31, p = 5 and £ = 10. From the figure, (n-1)
= 30 implies ¢ ¥ 2.035. Thus
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Figure A.1.1 Plot of equation (A.1.18).

156

2,5



A.2 THE LOGNORMAL CASE

In the lognormal case®, if X, are the measurements, then

Yy < fn x, ~ '/V(;H,Oa ) (A.2.1)

i
and' © = [p,0] is the unknown parameter. Note that y and O are the
mean and standard deviation of the logs of the measurements rather than
of the measurements as in the normal case, Assume that the statistic

is, as before
z = [m, §] A (A.2.2)
i.e., the sample mean of the measurements, m, and the largest measure-

ment
E = max{xl,...,xn} (A.2.3)

The estimate of the mean of x, is taken to be the sample mean m,

therefore
m=E{x} = exp Ju+ (A.2,4)
or
2
~ (0]
U+ 5 = in m (A.2.5)

The maximum likelihood estimate of O is obtained by maximizing

p(ilii = (’Ln m = %‘2') ’ °) » (A.2.6)

*Natural logarithms are used throughout the derivation. The final

results are given in terms of common logrithms.
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with respect to 0. First, the distribution of £ is

P{max(xl,...,xn).i gl = P{max(yl,..;,yn)ls fn &}

(A.2.7)

where F 1s the standard Gaussian distribution (A.1.6). Therefore,

denoting

©
>
=R}

A tnE-u

fn £ - fn m + (6%/2)

n g o)

fn p +(c%/2)
g

the density of & 1is

p(E|u,0) = {j—g F*(n)

P ) fm)g-g

From (A.2.8b) one has

Combining (A.2.9) and (A.2.10) yields

p(Elu,0) = n F" ) £m) (oe)™t
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The likelihood equation is, therefore

d

£ » Eluo = [ae-1rm £2(n) (o)™t

-n Fn_l(n)n f(n)(OE)_l] %g (A.2,12)

-n P im) fm) o2 el a0

where use has been made of (A.1.16). Also

d o> - [4n p + (6*/2)1 _ ., _n
_d-g- = 02 1l- -0— (A.2013)

Inserting (A.2.13) into (A.2.12) yields the following equation for o

[(n-1) £(M) = F(In}l (6 -n) - FM) =0 (A.2.14)
where 1 = n(o) according to (A.2.8b).

The solution 0 of (A.2.14) for common logarithms is presented graphic-
ally in Figure A.2.1 as a function of the number of measurements n and

the ratio p between the maximum and the mean. For example, assume m =
10, £ = 30 and n = 30. Then p =3 and G = 0.27. The estimate. W is
obtained using (A.2.5):

N

A 2
Il = log m - 2nl0 %— = 1 -(2.3)(0.0365) = 0.916
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Figure A.2.1 Maximum likelihood estimate of standard deviation from mean
and maximum in lognormal case.
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A.3 ESTIMATE OF MEAN AND STANDARD DEVIATION FROM MAXIMUM AND MINIMUM

Let X;,.04,Xy be independent samples from a normale/V(u,oz) distribution
and let ¥, = min(xl,...,xn) and Yy = max(xl,...,xN). Then simple
estimates of Y and O can be obtained from the midrange m = (y1 + yN)/Z
and the range R = YN~ Vg

Estimate of Mean

The obvious estimate of the mean is the midrange. Kendall and Stuart
[Al] gives the relative efficiency of this estimate as compared
to the efficlency of the sample mean for several values of N-(see

Table A.3.1).

Table A.3.1 RELATIVE EFFICIENCY OF MIDRANGE
' AS AN ESTIMATE OF -u

N ' Relative efficiency N : Relative effiqiency
1.000 10 .734
.915 20 . 501
.840 . o 0

Estimate of Standard Deviation

The estimate of the standard deviation from Y1 and N has historically
[A2], [A3] been in the form

g = R/CN (A.3.1)

where R is the range and CN = E(K) where R is the range of N samples for
a ¥ (0,1) distribution. G is therefore an unbiased estimate of o, A

table of CN versus N is given in Table A.3.2 [A3].
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Table A.3.2. CN VERSUS N

N C N C

N N
0 - 21 3.778
1 - 22 3.819
2 1.128 23 3.858
3 1.693 24 3.895
4 2.059 25 3.930
5 2.326 26 3.964
6 2.534 27 3.997
7 2.704 28 4.027
8 2,847 29 4.057
9 2.970 30 4.086
10 3.078 31 4.113
11 3.173 32 4.139
12 3.258 ' 33 4,165
13 3.336 34 4.189
14 3.407 35 4.213
15 3.472 36 4.236
16 3.532 37 4,259
17 3.588 38 4.280
18- 3.640 39 4.301
19 3.689 40 4.322
20 3.735

In [A4], the relative efficiency of this estimate is given as compared
to the efficiency of the sample standard deviation. Several values
are shown in Table A.3.3. h
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Al.
A2,

A3.

A4,

TABLE A.3.3 RELATIVE EFFICIENCY
OF THE ESTIMATE o

N - Relative efficiency N Relative efficiency
1.000 10 0.850
0.975 20 0.700
0.933 50 0.490
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APPENDIX B

INVESTIGATION OF THE CORRELATION
BETWEEN EFFLUENT CONSTITUENTS

In this appendix a procedure is presented to test for the uncorrelatedness
of normal random variables with unknown mean and unknown variance. Sub-
sequently, it is applied to data from the Palo Alto Municipal Waste Treat-

ment Plant.

B.1 THE UNCORRELATEDNESS TEST

Consider two normal random variables x, and y, from which n independent
samples X5 i=1, ..., n and Yys i=1, ..., n are available. The
true means and variances are unknown and can be estimated by the well-

known equations

- 1 - 1
R=g 2 X DR
. (B.lol)
2 .1 - 72 2 1 - 52
8x n2 (xi %)%, sy nz (yi )
We want to test whether their correlation
o 4 E[Gx-E0) (v - Ey)] |
2 2.1/2 1.2
[E (x - Ex)> E(y - Ey)21Y/ (B.1.2)
is zero or not, i.e.,
Ho : p=0 (B.1.3)
VS,
B s ¥ 0 (B.1.4)
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Define the sample correlation as

A 1 - -

rf =2y (x - B 7 - 9 (B.1.5)
Xy

It has been pointed out in Kendall and Stuart [Bl] that the distribution

of this sample correlation converges very slowly to the normal and thus

a test based on the normality assumption is not accurate. The exact

test 1s presented next. As shown in [B1]

e

1-x (8.1.6)

has.a t-distribution with V = n-2 degrees of freedom. Thus the above
simple transformation enables one to test H° against H, using readily
available tables.

To illustrate the procedure, consider for example n = 30, The t

values corresponding to various values of the sample correlation r are
presented in Table B.1l.1l. Also, the significance levels above which

Ho would be rejected (and H, accepted) for these values of r are given.

Table B.1.1 UNCORRELATEDNESS TEST FOR N=30 SAMPLES

r t . 73
0.5 3,06 <l
0.4 2.31 '
0.35 1.99
0.3 1.66 11
0.25 1.37 18
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If the observed value is r = 0735, then at 5% level of significance
(probability of error of type I) Ho would be accepted.

B.2 EXAMPLE OF UNCORRELATEDNESS TESTS FOR EFFLUENT CONSTITUENTS

Tests were run on a number of constituents from the Palo Alto
Municipal Waste Treatment Plant. The data consisted of daily composite
samples of the following

. Flow

. Suspended Solids

BOD (Biological Oxygen Demand)
. TOC (Total Organic Carbon)

COD (Chemical Oxygen Demand)

v &~ W N

Data was obtained from a dry month (July 1973) and a wet month

(November 1973) each-with 30 samples. 'The correlation coefficients were

computed for the actual measurements, under the ‘néormal assumption and for
the logarithms of the measurements, under the-logmormal assumption. (The

goodness of these assumptions was examined in Section V.1).

The resulting correlation coefficients are presented in Tables B.2.1
and B.2.2, An examination of these tables reveals that the sample
correlations are such that only at relatively low significance levels
(@ * 1%) would the hypothesis of uncorrelatedness be accepted in some
cases. This can be seen from the uncorrelatedness test illustrated in
Table B.2.1. However, the variation of the correlation coefficients
seems to be large from season to season and no clear pattern seems to
53 term (SS vs. BOD) is positive in a dry
month while in a wet month it can become negative. Also notice that

emerge. For example, the r

there is no appreciable difference in the correlation tests when done
under normal or lognormal assumption. The hypothesis that the effluent
constituents are highly (near unity) correlated is even less likely than
their being uncorrelated. |
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Table B.2.1 SAMPLE CORRELATIONS OF THE MEASUREMENTS

"Variable _ :

Month sampled 2 3 4 5
1 0.28 | 0.33 0.55 |0.58
2 0.46 0.39 |0.62

Dry 3

0.43 | 0.50

. .
0.47
1 —0'24 0045 0.29 0.22
2 ~0.19 0.27 | 0.25
Wet > 0.35 |0.13
b 0.51

Table B.2.2 SAMPLE CORRELATIONS OF LOGS OF THE MEASUREMENTS

. Variable :
. Month. sampled 2 3 4 5

1 0.30 | 0.32 | 0.58 |0.60
2 0.45 0.40 | 0.58

Dry 3 : —
0.51 | 0.45
4 0.49
1 -0.24 | 0.50 0.28 | 0.23
2 -0.18 0.37 | 0.33

Wet 3 N .

0.30 | 0.10
4 0.59
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APPENDIX C.

EXPECTED DAMAGE AND PROBABILITY OF VIOLATION CALCULATIONS

C.1 INTRODUCTION

The sampling frequencies to choose, in determining whom:to monitor, mini-

mize the "cost'" of undetected violations. This "cost" was derived in

Section VI to be:
2: 8
= c.1l.1
C ¢, Py ( )

sources
i

where cy is the expected damage caused by the 1th gource, p, is the

probability that the ith source will not violate any effluent standard,

and s is the number Of<times the ith source is to be monitored. ¢

i i
equals the maximum of the expected damages due to the various constituents

of the ith source, Or

c, = max Dij . (C.1.2)
3
th th
where D 13 is the expected damage due to the j constituent of the i
source. Py, assuming independence between the various constituents, is
h|

where pij is the probability'the gstandard on the jth constituent is not

violated. If the constituents are completely correlated, then
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p, = min p (C.1.4)
i 3 13

This appendix describes in detail both the calculation of the ex-

pécted damage, due to constituent j from source i and pij’

D,.»
the probability tigt constituent j, source i, does not violate its
standard. It is organized as follows: Section C.2 calculates Dij and
pij_ under the assumption that only one set of effluent standards is
given for the source. This corresponds to the case where there is only
one outfall or the permits are written for the combined discharge from
several outfalls. Section C.3 describes how these calculations are
generalized to the case when standards are set for many outfalls from a
single industry or municipal treatment plant. Section C.4 evaluates
certain integrals that arise often in the expected damage and probability

of violation calculation.

C.2 EXPECTED DAMAGE AND PROBABILITY OF VIOLATION DERIVATION:
ONE SET OF STANDARDS

This section describes the derivation of the expected damage from a
source and the probability of violation when there is either a single
outfall from the source or there are several outfalls, all to the same
river, and there is one set of standards for the total discharge from the
source. When there are several outfalls but only one set of standards
fdr.tﬁe total effluent, the monthly self-monitoring reports are on the

total effluent, and so the several outfalls can be treated as one.

The section is divided into four subsections. The first subsection con-
siders the majority of constituents. All the calculations needed to
determine the ekpected damage and probability of violation for this set
of constituents are the same. pH, BOD, and temperature require slightly
different calculations, and they will be treated separately in the re-

maining subsections.
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C.2.1 Noncoupled Constituents

This subsection derives expected damage and probability of violation
for all the indicators listed in Table 6.1 except pH, temperature, and

dissolved oxygen.

Inputs

The data needed to calculate expected damage and probability of violation

are:

For source 1:

P. = index set of pollutants

i
uij = mean of mass loading of jth pollutant (kg)
°1j = standard deviation of mass loading of jth pollutant (kg)
Yij = distribution of jth pollutant--normal or lognormal

Qu, = flow of stream above source (Ml/day)
Qs; = effluent flow (Ml/day)
CU.. = concentration of the pollutant upstream from source (mg/1)

EFSTij = effluent standard for jth pollutant (kg)

For each pollutant j:

(k) = concentration of pollutant when damage equals 2(k-1),
k=1, 2, «ss, 6.

d

dj(k) is the value of the abscissa of the damage function at the kth

breakpoint. The damage function breakpoints for the constituents of
interest were given in Table 6.1. The damage function of the jth pollutant
is then
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5

2(a - dj(k))

DJ(G) - o (k+1) -dj
k=1
+ 10 ¢ (d(6), =, o) (C.2.1)

where 0« 1is the concentration of pollutant and ¢ 1s the characteris-
tic function:
1 : X <acy
d(x,y,0) = (C.2.2)
0 H otherwise.

Maximum Downstream Concentration

The maximum downstream concentration for the jth pollutant - ith source

is given by the conservation law:

Mij + CUij QUi

13 - G, + 05, (c.2.3)

Cco

where Mij is the mass loading of the Jth ‘pollutant - 1th source
(Mij‘ is a random variable with mean "ij’ standard deviation cij and
distributional fomm Yij) and CUiJ is the concentration of the jﬁh
pollutant upstream from the ith gource. (C.2.3) can be rewritten to
yield

oy = aM, +by, (C.2.4a)
where

a, = 1/(qu, +Qs,) (C.2.4b)

and
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QUi
bij - CUij -QF1+_QS-I (C.2.,4¢)

Expected Damage

The expected damage due to pollutant j from the ith gsource 1is
then

E(D, (CO

D 5 1_-]))

13

= ij(Coij) ¢ij(M) dM (C.2.5)

where E(+) 1s the expectation operator and ¢ij is the probability

density function of the mass loading M Using (C.2.4),

1ij°
Dij = fnj(aim+ bij) ¢ij(M) dM (C.2.6)

Combining (C.2.1) and (C.2.6),

6 Biik
D, - Z / {eijkM+fijk} 6,400) (C.2.7a)
k=1
%13k
where
d,(k) - b
% 5k - Py e k=1, 2, ..., 6 (C.2.7b)
i
d . (k+l) - b
= J j:j : -
Bijk ai 3 k 1’ 2, eeey 5 (C0207c>
% : k=6
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Zai/(dj(k+l) - dj(k)) ; k=1,2,...,5
eijk = (C.2.7d)
0 3 k=6
2(bij - dj(k))
fijk = (dj(k+1) - dj(k)) + 2(k-1) ; k=1,...,5
(C.2.7e)
10 ;s k=6
If aijk or Bijk are less than 0, set them to 0. (C.2.7) can be re-
written
6
Dij = Z IYij(eijk’ fijk’ aijk’ Bijk’ uij, oij) (C.2.8)
k=1
where
B
Iy(e, f, ay By Uy, 0) = J/F (ex + £) ¢Y(x) dx (C.2.9)

a
and where ¢ is the normal density function with mean u and variance
02 if vy = gormal,and is lognorﬁal, with mean and variance of corres-
ponding normal distribution being u and 02, respéctively, if
Yy = Lognormal. (C.2.9) is evaluated in Section C.4 for the normal and

lognormal cases,

Probability of a Violation

%he probability that a standard for the jth pollutant ith gource

is not violated is

EFSTij

- I (0' 1’ -m’ EFST (C.Z.].O)

s Hoyus Ogu)
i i3° 437 43
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where IY is defined in (€.2.9)

C.2.2 5-Day Biochemical Oxygen Demand - BOD5

The presence of BODg in the water causes a depletion in the dissolved
oxygen (DO). The difference between the saturated level of dissolved
oxygen, DOSAT, in the water and the actual level is called the dis-
solved oxygen deficit or DO-deficit. The degree of depletion caused
by a given amount of BOD5 from a source depends on several stream para-

‘meters such as stream depth, flow rate, temperature, and the distance

downstream from the source. The relationship between BODS and DO-defi-
cit can be expressed (see Section VI.1) in the form
Dpax = Xpop-po®° | (C.2.11)

where CO 1is the concentration of BOD5 at the source, Dmax is the
maximum DO deficit downstream from the source, and KBOD-DO is the

BODS-DO transfer coefficient.

Inputs

The data needed to calculate the expected damage and probability of vio-
lation due to BOD 1is: ’ '

For source 1i:

Yy, gop - Team of mass loading of BOD. (kg)
o4 BOD = standard deviation of mass loading of BOD, (kg)
Yi,BOD = distribution of mass loading of BOD5
CS, po = mean of DO concentration of the source (mg/l1)
9
KBOD—DOi - BODS-DO transfer coefficient

175



Qu, = flow of stream above source (Ml/day)

QS, = effluent flow (Ml/day)

DOSA.Ti = saturation level of DO in the stream (mg/l)
EFSTi,BOD = effluent standard for BOD5 (kg)

CUi,BOD upstream concentration of BOD5 (mg/1).

Maximum Downstream Concentration

The concentration of BOD at the point where the outfall empties into
the stream is given by

co _ M op * Yy mop Yy ©.2.12)
i,BOD Qu, + Qs Lo
The concentration of DO is similarly
o - €S4,p0 1 * €Uy o Wy ©.2.13)
1,D0 QU, + QS o
: i i
CUi,BOD and CUi,DO are unknown and must be chosen in a way that is

consistent with determining the sampling frequencies. It was suggested
in Section VI that they be chosen so that a given level of damage will

occur when the loading M is zero and the concentration of DO in

i,BOD
the source, CS

1.00° is equal to DOSAIi. Since there are two unknowns
L]
and only one requirement, the upstream DO concentration, CUi DO’ shall
. ]
be arbitrarily set equal to DOSATi. The value of CUi BOD will be set
’ 4

to give the desired downstream DO concentration under zero load.

The minimum concentration of DO downstream from the source can be ap-
proximated by (see Section VI.1l):

®1,p0mmn = 41,00 ~ “sop-no, 4,50p (C.2.14)
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Using (C.2.12) and (C.2.13) and noting that CUi Do ™ DOSA.Ti we obtain
]

€04 , pomIN
©84,p0 @y + (POSATy = Kgop.po, 4,800’ 1 ~ Xpop-no, M1,B0D
- qU, + G5,
(C.2.15)
or
C0y pomry = 21,800 M1,m0p * P1,m0D (C.2.16a)
where
“%3,800 = ~ ¥pop-vo,/(%y * By (C.2.16b)
and
b - n CS, oS, + | DOsAT, - CU ) qu
1,800 -~ (QUy + QS | °1,0071 1"*Bop,n0, *1,80p | W1
(C.2.16¢)

Probability of Violation

The probability that the BOD5 effluent standard will not be violated is
given by (C.2.10) with j = BOD. '

C.2.3 pH

PH is a measure of the acidity (alkalinity) of a solution. It is
defined as the negative of the log of the concentra;ion+‘of H+ ions.

POH is defined.to be the negative of the log of the concentration of OH
ions. pOH and pH are related by the equation |

+ The concentration is in moles/liter.
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pOH + pH = 14 (C.2.17)

For pure water (HZO)’ pOH = pH =7, pH < 7 implies an acidic solu-
tion and pH > 7 implies a basic or alkaline solution. If two acidic -
solutions are combined, then the number of H+ ions is equal to the sum of
the H+ ions from the two original solutions.* Similarly, if two basic
solutions are combined, the number of OH ions add. Therefore, if, for
example, we combine X 1liters of an acid with pH = Py and Y liters
of an acid with pH = Py» then the concentration of H+ ions is

P
X 10 2

. _
livyio
XY

(C.2.18)

and the pH of the resulting solution is the negative log of this quantity.
So, as long as both the effluent and the receiving waters are both acidic
or both basic, the concentration of ions can be considered as a conserva-

tive constituent.

The standards for pH require that pH lie between two values: one above
7, the other below. The damage as measured by pH and the distri-
butions of effluent pH can also be divided into two parts: one for

pH > 7, the other for pH <7, Similarly, to consider the worse case
problem, the receiving waters will be assumed to have the same quality
(acidic or basic) as the effluent.

The self-monitoring data for pH will either be (1) a monthly maximum and
minimum or (2) a monthly maximum, minimum, and mean. If the data are the
former, then the mean and standard deviation can be estimated using the
midrange and the range respectively. If they are the latter, then two sta~
tistical descriptions can be obtained, one using the mean and maximum, the

other the mean and minimum. Two standard deviations would be estimated

* We are assuming that no chemical reaction or buffering takes place.
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using the estimation technique described in Appendix A.1. The proba-
bility density function for pH would have the shape shown in Figure C.2.1.

+ DENSITY FUNCTION

l—'\
|
|
|
I [
| 1
\ i 1 —
T J T T T T pH
4 5 1 6 r 7 8 T 9 10
pH MIN  MEAN pH MAX

Figure C.2.1 Example of probability density function of pH.

Inguts

The data needed to calculate the expected damage and probability of vio-
lation are given below. The subscript J denotes either H or OH.
The distribution of pH or pOH is assumed normal.

For source 1:

My g = mean of pJ(piOH = 14 - ﬁiH)

045 = gtandard deviation of pJ

Cuy 5 = uypstream concentration of J ions (Moles/l1)
EFST:LJ = effluent standard for pJ

QUi = flow of stream upstream from source (Ml/day)

QS = effluent flow (Ml/day).

The damage function for pH was given in Table 6.1. It is much

easier to obtain expressions for the expected damage if the damage
function is given in units of concentration of ions. The damage
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function is therefore redefined as shown in Table C.2.1 (the damage
function is assumed linear, in concentration, between the given values)
and it is plotted in Figure C.2.2. Therefore, for J = H or OH, the
following is defined:

dJ(k) = concentration of J ions when damage equals k-1
where k=1, 2, ..., 11.

The damage function DJ(a)

10
> (a = d (k)
DJ(a) = @ FD) = d &) + (k-1); o(d(k), d(k+l), «)
k=1 J J
(c.2.19)
+ 10 o(d(11), =, a)
where ¢ 1is defined in (C.2.2).
Maximum Downstream Concentration
The maximum downstream concentration of H or OH ions is
CS +
o o 13 By Uy Wy (C.2.20)
iJ Qs; + QU te
i
where CSiJ is the concentration of J ions in the effluent. Note
that
- 107 -
CSiJ 10 (C.2.21)

where pJ 1is the pH or pOH of the effluent and is a normal random
variable. The upstream concentration is set to give the desired level

of damage under zero source load.
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TABLE C.2.1

DAMAGE FUNCTION BREAKPOINTS

Damage o' ions OH ions
function
value pH "Conc pOH Conc
0 7.00 1.00 x 10~/ 7.00 1.00 x 10”7
1 6.75 1.78 x 10~/ 6. 50 3.16 x 107/
2 6.50 3,16 x 107/ 6.00 1.00 x 107°
3 6.25 5.62 x 107/ 5.80 1.58 x 107°
4 6.00 1.00 x 1078 5.60 2.51 x 1078
5 5.50 3.16 x 10°° 5.30 5.01 x 1078
6 5.00 1.00 x 1072 5.00 1.00 x 107>
7 4.50 3,16 x 107> 4.50 3.16 x 10™°
8 4.00 1.00 x 1074 4.00 1.00 x 1072
9 3.95 1,12 x 1074 3.95 1.12 x 1074
10 3.90 1.26 x 1074 3.90 1.26 x 10~

181



VALUE OF DAMAGE FUNCTION

10

" | 1 i I l 1 1
1007 31077 10 3x107°  107°  3x107%  107*  3x107
CONC. OF IONS HY OR OH

| 1 1 i | 1 L1 1 L | 1 !
7 6.5 6 5.5 5 4.5 4 3.5
pH OR pOH
Figure C.2.2 Damage function for pH and pOH
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Therefore

- -pJ
Coyy = a;5 107" + byy (C.2.22a)
where
a,;; = Q54/(QUy + Q) (C.2.22b)
Qu,
byy = uy \TO + 05, (C.2.22¢)

Expected Damage

The expected damage can be separated into two parts--the damage due to H+

ions and the damage due to OH ions. Let q; be the density function

for pH for the ith source. Define

q () ; x<7
4’1}1(") =
0 : x> 7
(C.2,.23)
é300 )
0 H x>7
Then the damage due to J ions (where J = OH or ﬁ+) is
7
D, 5 -/ DJ(coﬂ) ¢, 5(PI)dpJ (C.2.24)

0

and the total damage associated with pH is D, + D, on*

As discussed earlier, the density function can, depending on the in~

put data, be described by a mean value and either one or two values
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of standard deviation (see Figure C.2.l1 for an example of the latter
distribution). First consider the case when the distribution is des-
cribed by a single standard deviation. Using (C.2.22a), (C.2.24)

becomes

7
- -pJ
D, J/. DJ(a:I_J 10 + biJ) ¢1J(pJ) dpJ (c.2.25)
0

where ¢;; 18 a normal random density function with mean w; and
standard deviation Osy+ Making a change of variables, let w = 1o'pJ;
then

1
D:LJ - / DJ(a:LJ w+ biJ) giJ(w) dw (C.2.26)
10-7

where 843 is a lognormal density function with corresponding normal
distribution having mean ~¥y3 and standard deviation Oy Analogous
to the derivation of (C.2.7) we obtain

11 BiJk
D:I.J - E | {eiJk W+ fm}gu(w) dw (C.2.27)
k=l oy
where
d.(k) - b
 J J iJ . -
a7k y : k=1, 2, ..., 11
(C.2.27a)
(d;(ktl) - b,,)/a, : k=1, 2, ..., 10
BiJk - |
*® H k=11 (C.2.27b)
-7 -7

If Oy gp < 10-7, then reset oy~ 10

and Byyqy =10 If

BiJk > 1, then reset .BiJk = 1 and aiJ(k+l) =1, _Also
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k-l, 2. sesey 10

we

a,/(d;(k+1) - d ()

ok |
0 5 kell (C.2.27¢)
(b, ., - d (k)
13~ 9%
(@ (tD) - d (k) + (k=1) ; kel, 2, ..., 10
£k "
10 3 kell (C.2,27d)
(C.2.27) can be rewritten
11
k=1

where IL is defined in Section C.4.

Now consider the case when the density function is of the form

shown in Figure C.2.1 (i.e., the density is defined in terms of a

mean M, and two standard deviations OiH and oiOH)' Then the
density function for pH can be written
q;®) = qyx) b=, P, x) + q(x) O(uyps 0 X)
= qu® + q5,® (C.2.29)
where ¢ 41s the characteristic function defined in (C.2.2). qu(x) is

the result when a normal density function with mean Wig and gtandard
deviation O;y 18 restricted to the range x < Wy and set to zero for
x> Wige  Y40m is similarly defined.

There are two cases to consider: Wiy <7 or Wy > 7. First sup-
pose W, > 7, then using (C.2.23)
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ogpx) = (C.2.30a)
0 ; x> 7
and
bjop™® =4 44 - ® ; Byog S X 27 (C.2.30b)
0 H x > 7

For this case, the formula for DiH is given by (C.2.27). DiOH’

however, is now (analogous to (C.2.25))

u
10H o
Diow ~ Dy(ayopl0 7 + bygy) 94014 - PIdApI
0

7
_pJ _
+ [ DJ(aiOHIO + biOH) qu(llb pJ)dpJ'

Yy0m |
[ 10~ Hi0H (c.2.31)

Dy(ajop¥ + bygy) ¥ip(Wdw
10”7

1
+ / o Dylay v + byog) Vi WAV
10"“10H

where wiH and inH are lognormal density functions whose corresponding
normal distributions have mean ~¥ 01 and standard deviations o i} and
respectively. Using (C.2.19), (C.2.31) becomes ' ' '

"%30m
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25~ ~Biomk
Diow = Z { souk” * b:lOHk} Yy (W) dw
k=1 " oy omk
“Yyom

[10
+ | {e w+b } Py (W) dw
aiOHRi iOHR,i iOHLi iH

[ Bioms |
+ _ {e w+b } Y, . (W)dw
o Vaom \ 1082, 102, f V101

BiOHk
f 10ka * b, onk } Yyop (W) v

k=g +1 %4 0HK

-1
= Z I.(eome* fiome’ ®some’ Bromk® ~Viom* %im’
k=1

~u
10H )

10 > “Wion* %im

+1 (eiOHL :LOHR,i’ “10u2, *

“Hiom

fiomi' 10 ’_BiOHR,i’ “Hyon* %108

+ I (eiOHRJ ’

11
+ 2 I.(es0me f10mk® %some® Promk® ~Mion* 10w’
km® +1 |
1
(C.2.32)
“Hion

where R,i € {1, 2, eeoy ll} is defined so that a’iOHZi _<_ 10 < BiOHRoi.

Analogously 1f ﬁiH < 7, then the equation for DiOH is given by (C.2.27),

and D:lH becomes
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21-1

Dig = Z I Ceome fome %me Bimee ~Mine Oiow)
k=1

-U
10 Hs

+ IL(eiHR,:l’ fiHR.i’ °‘1Hzi' 11° %108’

-
10 i

+ LL(eiH».Q'i’ fini’ 3 Biﬂli’ -um, UiH)

11

+ E Ioeyme Fome %ymer Bamer “Mime Ogw)
k=241

U

where zi e {1, 2, ..., 11} satisfies %ug < 10

10
< B N
1 —= T1HL,

Probability of Violation

The probability that the standard for either pH or pOH, for the ith

source, is violated is

EFST, ,
Pyy = [ ¢1J(pJ)dpJ (C.2.34)

-=00

where ¢1J is given by (C.2.23).

For the case where the probability distribution is defined by a mean
uiﬂ(uiOH =14 - “13) and a single standard deviation Oy ™ ciOH’,
Pyy is given by

= 1,00, 1, - =, EFST (€.2.35)

Py3 13° Wyg» 945)

where IN is defined in Section C.4. The probability of no violation
+ -
due to both H' and OH dons 1s 1 - (pyy + Pyn)-
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Now consider the case where the density function is defined in terms
of a mean and two standard deviations ciH and oiOH (see Figure
C.2,1). Suppose uiH > 7, then piH is given by (C.2.34). If

uiOH > EFSTiOH then piOH is also given by (C.2.35), otherwise

H10m EFST on
Piog ™ ¢1OH(x)dx + ¢1H(x)dx
-0

108
Similarly, if W, < 7, then Psoy 18 siven by (C.2.36). 1If
Wy > EFSTiH’ then Pix is also given by (C.2.35), otherwise

The probability of no violation is then 1 - (piH + piOH)'

C.2,4 Temperature

The damage due to heat from an effluent is a function of the change in

temperature from its ambient value.

Inguts

The data needed to calculate expected damage and the probability4of a

violation are:
For the ith gource:

Wyp = mean temperature change (°C)
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o] = gtandard deviation of the temperature change (OC)

iT
QUi = flow of stream above source (Ml/day)

QSi = effluent flow (Ml/day)
The damage function which is a function of the temperature change from
ambient is of the same form as (C.2.1) with the breakpoints dT(k)

given.in Table 6.1.

Temperature Change

The temperature change or temperature difference between the influent
and effluent 1s measured for various industries. This section speci-
fies the calculations needed to determine expected damage and probabil-

ity of a violation.

The temperature downstream from the source is

0 = TUi QUi + TSi QSi : (. 2.38)
i QUi + QSi *er

where TSi is the temperature of the effluent and 'I'Ui is the upstream

temperature. The change in the temperature of the river, ATi, is

(TS, - TU,) QS
AT, = TO, - TU 1 1~ "1

- TU = TG, (C.2.39)

Letting ATSi - TSi - TUi be the change between the influent and

effluent temperature, we have

AT %y
i = ATSi aﬁzfrji{: (C.2.40a)

= a., ATSi

where
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Qs,

ap = aﬁ;f;—agz (C.2.40Db)
Expected Damage
The expected damage due to temperature change is
Dyp = E(D(AT)))
- f Dy (AT, )6, (ATS)d (ATS) (C.2.41)

where ¢1T is the probability density function of the change in effluent
temperature. Combining (C.2.40) and (C.2.41)

Dyp = / D, (a, ATS) ¢, (ATS)d (ATS) (C.2.42)

Since the damage function is in the same form as in Section C.2.1 (with
by = 0), the expression for D,. is the same as given by (c.2.7),
(C.2.8) with j = T,

Probability of a Violation

The probability that the standard for temperature is not violated for
source i 1s given by (C.2.10) with j = T.

C.3 EXPECTED DAMAGE AND PROBABILITY OF VIOLATION DERIVATION
-~-SEVERAL SETS OF STANDARDS

This section describes the derivation of the expected damage from a
source and the probability of violation when there are several out-
falls, each with its own effluent standards.‘ The most complicated

case treated occurs when thé outfalls flow into different bodies of

water.
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C.3.1 Inputs

The data needed to calculate expected damage and probability of viola-

tion are:
For source 1:

Rig

index set of outfalls flowing into stream X%.

For source i, stream £:

QU12 = flow of stream above source (Ml/day)

DOSATiz

KBOD-Do12

saturation level of DO in stream (mg/l)

BOD5 - DO transfer coefficient

For source i, outfall k:

ik
M1k
%13k
Y15k
Bix
EFST, )

CUijk

HygK

(o]

EFST:LJ

13k

index set of pollutants

mean of mass loading of jth pollutant (kg)

standard deviation of mass loading of jth pollutant (kg)
distribution of jth pollutant

effluent flow (Ml/day)

effluent standard for jth pollutant (kg)

upstream concentration of jth pollutant (mg/l1)

mean of pJ, J = ﬁ or OH (pH or pOH)

standard deviation of pJ, J = H or OH (pH or pOH)

effluent standard of pJ, J = H or OH (pH or pOH)
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C.3.2 Expected Damage

Expected Damage on Stream & — All Variables Except pH

The expected damage to a single stream depends on the total mass load -
of pollutants flowing into it. It is assumed here that the outfalls
are located close enough together, as far as damage is concerned, for
the effluents to be considered as coming from a single outfall. The
following development is for all constituents except pH (pH will be
treated later). It is assumed that the distribution of the jth pollu-
tant is the same for all the pipes, that is,

ke Riz’ The effluent flows add, therefore

Yijk = constant for

QS;R = total effluent flow from source i into stream £

= E QS (c.3.1)

keRy o

Normal Case - For the case where the probability distribution of the

mass loadings is normal, the distribution of the total loading into
stream 2 is normal with mean and variance equal to the sum of the indivi-
dual means and variances. (This is true under the assumﬁtion that the
loadings are independent, which will most likely be the case, since dif-
ferent outfalls are almost always connected to different processes.) '

Therefore, for source i, stream &:

u;jk = mean of mass loading of jth pollutant
- E u (c.3.2)
KeR 1ik
L
L2 th
(oijl) = varjance of mass loading of "~ pollutant

.Y e, Cs.»

kERiz
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vognormal Case - In the lognormal case, the sum of lognormal random

variables is no longer lognormal. In fact, the distribution is, in
general, very complicated, and to use it would be untractable for our
purposes. Since the mean and variance of the distribution of the total
mass loading are equal to the sum of the means and variances, respective-
ly, of the individual loadings, an approximation of the distribution can
be obtained by assuming that the resulting distribution is lognormal with
mean and variance equal to the sum of the means an& variances respective-

ly. This will be a very good approximation for the cases of interest.

Recalling that uijk and Oijk are the mean and variance of the corres-
ponding normal distribution, the mean, mijk‘ and variance, vijk’ of the

lognormal distribution are

P2
= oyam (g, B2 Yol o)
myyg - 10 ik 13k (C.3.4)
and yaz
L .2 1k _
vijk mijk 10 1 (C.3.5)

where vy = 1ln 10. The mean and variance of the total mass loading are

then
m; = Z m (C.3.6)
ij2 ijk
kERiZ
v’ = 2 : v (C.3.7)
132 1jk
kERil

Assuming that the resulting distribution is lognormal, the corresponding
normal distribution has variance and mean

(o]

vy o
1 Log [ i+ (C.3.8)

)2 =
¥ Y (m;jz)
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u;jz log m;jz -1/2 Y(0£32)2 ' (C.3.9)

Expected Damage on Stream % - pH

Since the distribution of pH (or pOH) is normal, the distribution of H+
(or OH ) ions is lognormal. Since the loadings of ions add, the dis-
tribution of pH for the total effluent into stream £ is very similar

to the lognormal case just discussed. The major difference arises from
the fact that pH is defined as the negative of the log of the concentra-
tion of ions. Thus, equations (C.3.4) through (C.3.9) hold with

uiJk F—— uiJk obtaining “1Jz’ then uiJL - - uiJl'

Total Expected Damage

All the data have now been combined in terms of the total loading due to
gource 1 in stream £. The formulas of Section C.2 can now be used to
obtain the expected damage where all the variables have an extra subscript
denoting the stream into which the outfall flows. So letting Dij£ be"
the expected damage due to the flow of the jth constituent from source i

into stream %, the expected damage due to the 1*® gource can then be

written (analogous to (C.1.2))

[
)

C.3.3 Probability of Violation

The calculation of the probability of violation 1s not complicated

since, if we assume that the effluents from the various outfalls are in-
dependent, the probability of no violation from all the outfalls is the

product of the probability of no violation in each of the outfalls. To

be precise, let

pijk = probability of no violation due to pollutant j,

outfall k, source 1.
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The calculation of pijk 1s discussed in Section C.2. Using (C.1.3)
and (C.l1l.4), the probability of no violation of any standard from out-
fall k, source i is

I Pyik 3 uncorrelated constituents
jEP 3
ik
Pik ©
min p H correlated constituents
ijk
jsPik

(C.3.11)

The probability of no violation from any pollutant of any outfall for

the source 1 1is then

pi = .g pik (003012)

where we have assumed that the pollutant loadings in the outfalls are
independent.

C.4 CALCULATION OF IMPORTANT INTEGRALS

C.4.1 Normal Case

B
IN = IN(a’ b, ¢, B, U, 0) = [ (ax + b) ?(x)dx (C.4.1)
(03

~

where f 1is normal with mean u and variance 02. Therefore

o 32
IN [ ax + b exp { _ LX_-{EL} dx
2no 20
. 2
a(x - W +pa+bd exp | - (x - w) } d
= — P . ax (0.402)
V2noz { '202 '

[0 )
Let x= (x- /o, a=(u=-yp)/o and 8 = (B - u)/o, then
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a2
I, = : ( +“a'c';b) e* 12 4z
= ao [£@) - £(B)] + (ya + b) [F(B) - F(®)] (C.4.3)

where F and f are, respectively, the standard normal distribution and

density function with mean 0 and standard deviation 1.

C.4.2 Lognormal Case

B
L = IL(a’ b, a, By, U, 0) = / (ay + b) g(y)dy
o
where g i1s a lognormal density function* whose corresponding normal
density function has mean U and variance 02. Let a = log a,

B = log B and x = log y, then

B
L = / (aeb‘ + b) f(x)dx (C.4.4)

where f 1s normal with mean y, variance 02 , and where we used the
identity y = 10° = ekx , k=1n 10. Thus

B kx .
2
1 - [ ae  + b) exp {_2‘_;2}.1.)_}‘1,{ (C.4.5)
v = 2no 20
o
Now
x-w? _ -l .2 2.0 . 2
kx - = (%% - 2+ 070 + 2
2 2
20 20
, 2,412 2 2
_ (x - (U -;- g k)) + (2ku +20 k™) (C.4.6)
20
So
%#g(y) =0 fory <0, soif a or B is less tham o,

set t:hem equal to zero for remaining calculations.

197



B8
o%K? ‘ o ) 2
- _.a ok -
14 [_ — exp {-k}l'l"—z—}exp{-(x ;1012+0k)) ldx

¢ ]

B 2

b x = 1)
+ ex - d
[- Voor 2 d { 202 } *

o 2TQ

' 2,2
o'k
a exp {ku +—- } (reep - F(ay))

+ b (F(Bl) - F(al)) (€.4.7)
where
| B -y
By = ==
- 2
- B (U+ok
Bz o ) - Bl - O'k
a - ; u
v = 3=+
2 5 0y = ok

and F 18 defined in Section C.4.1.

198



APPENDIX D
RESOURCES REQUIRED TO MONITOR A SOURCE

The monitoring resources, I, required to monitor source i include
field, laboratory, office, and transportation costs. The field and
laboratory costs contain costs due to manpower and equipment. Each
monitoring agency should examine its costs to determine Tys since these
costs will vary due to differences in agency structure, size of regions
that are in agencies' jurisdiction, etc. The purpose of this Appendix
is to develop reasonable values for r, to be used in the demonstration
part of the project. The transportation costs to travel to the various

gites are assumed small and will be neglected.

D.1 FIELD AND OFFICE COSTS

Estimates of manpower requirements for compliance monitoring are given
in [D1]. It is estimated that it will take 8 man-days to travel to

plant, set up equipment, take measurements, remove equipment, and return
to point of origin. If more than 5 outfalls are to be sampled, the
manpower requirements must be increased. Also, there may be some savings
if additional surveys are conducted in the same vicinity. Mr. R. Christianson
of the Michigan Water Resources Commission* estimated that a two man
crew can make one 24-hour composite measurement in two days (including
set-up and removal) and that the crew can handle four closely spaced
outfalls in this period. Combining these estimates, we shall assume

that it takes 2 men 2-1/2 days (or 5 man-days) to monitor 4 outfalls.

We shall assume that the two man team can be divided between two sources

*
Private communication.
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if, at most, two outfalls are located at each source. The office cost
to process the compliance monitoring data is estimated, in [1], to be 3
man-days. In addition, Mr. Christianson, estimated the equipment costs
to monitor the sources at about $2,500/year. Based on these assumptions,
Table D.1 gives the total cost of monitoring a source (not including

laboratory costs) based on a man day costing $64.

Table D.1 TOTAL FIELD AND OFFICE COSTS

No. of Manpower Manpower Equipment Total
outfalls field costs office costs costs cost
1lor 2 $320 $192 $13 $ 525
Jor 4 $640 $192 $25 $ 857
5o0r 6 , $960 $192 $38 $1190

. . * - .

D.2 LABORATORY COST

The laboratory costs must include both the cost of making the analyses

and the costs of report writing. If a private laboratory is used, then
overhead costs will also be included. If the analyses are done by the
monitoring agency or another government agency, then the capital equipment
costs need not be included, since costs will exist regardless of the
analyses made. For this project, a price list from a private laboratory

was used to estimate the laboratory costs (see Table D.2).

REFERENCE
D1. "Model Water Monitoring Program"”, Environmental Protection Agency,

Office of Water Enforcement, 1974.

200



Table D.2  LABORATORY COSTS

Analysis Cost Analysis Cost

Aluminum $ 8.50 Iron $ 7.50
Ammonia 10.00 Lead 7.50
BODs 20.00 Manganese 7.50
Carbon 10.00 Mercury 15.00
CcoD 10.00 Nickel 7.50
Chloride 5.00 Nitrogen 10.00
Chloroform Extract 15.00 Oil1-Grease 10.00
Chromium 7.50 PH 3.00
Coliforms-Total 15.00 Phenol 12.50
Coliforms-Fecal 15.00 Phosphorus 10.00
Copper 7.50 Dissolved Solids 10.00
Cyanide 15.00 Suspended Solids 5.00
Dissolved Oxygen 3.00 Tin 8.50
Fluoride 8.00 Zinc - 7.50
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APPENDIX E
BAYESIAN UPDATE FORMULA

Consider the case when both parameters of an independent normal process
are estimated. Using the Bayesian approach, the parameters of the

process, the mean U and precision h, (the precision is equal 1/02

where 0 is the standard deviation) are themselves treated as random
variables. The most convenient [E1l] joint distribution of the parameters -

called the natural conjugate prior - is defined by

fNY(ushlm:nyvs V)

« exp {- %hn(u—m)z} pl/2 (E.1)

X exp {- % vvh}h\’lz'l

This distribution is known as the normal-gamma distribution and is

uniquely defined by the parameters m,n,v, and V. m is the estimated mean of
the process, v is the estimated variance of the process, n 18 a constant
expressing the confidence (or uncertainty) in the estimated mean, and Vv

is a constant expressing the confidence in the estimated variance. For

the case where the estimated mean, m, and variance, v, were obtained from

N identically distributed, independent, normal random variables,{xi},

using the sample mean and sample variance, that is

m ~-% :E: X

i=1
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and (E.2)

2

v =

1
N-1

M=

(xi-m)

i=1

then n is equal N and v is equal N-1. Thus n and v express the degrees

of freedom used to obtain the estimates m and v.

Suppose that estimates of the mean and variance, m and v, of a random
process are availlable with confidence parameters n and v respectively.
The prior distribution is normal-gamma with parameters (m,n,v,v). If a
new sample from the random process is made (independent from the process
which ylelded m and v) yielding a sufficient statistic (m', n', v', v'),

then the posterior distribution is again normal-gamma with parameters [El]

ot = Dm * nm | (E. 3a)
n' +n
n" =n' +n (E.3b)
2 2 2
V" = [v'v' + n'm' ];* [YV +on"] - (n' + n)m" (E. 3¢)
vi+v+1
VW = y' +v+1 ' (E.3d)

m" and v" are Bayesian posterior estimates of the mean and the variance
and n" and V" areAthe corresponding confidence parameters. The formulas
in (E.3) describe how to update old estimates (m,n,v,v) as new estimates
(m', n', v', v') become available. If the new estimates are from a

single data point z, then m' = z, n' = 1 and v' = v' = 0.
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APPENDIX F
ESTIMATION OF THE BOD-DO AND COD-DO TRANSFER COEFFICIENTS
AND THE SATURATION LEVEL OF DO*

On streams, rivers, and vertically well-mixed reservoirs the maximum

dissolved oxygen deficit (Di BOD) due to a BOD effluent is related to
. L

i,BOD)’ the BOD

decay rate (Kd)’ the stream reaeration rate (Ka)’ and the waste dispersion

the BOD stream concentration at the effluent source (CO

rate. The initial BOD stream concentration is given by

o =o1,800 " Y gop Wy F.1)
1,B0D Qu, ¥ s, :

The relationship between D, g and Ci,BOD can be estimated using a transfer

coefficient as

Dy sop = gop-po’ (€04 pop) (F.2)

Kgop_go G20 be obtained using Figure F.1 along with Figure F.2.
Figure F.1 shows that in streams, K., .. varies primarily with Ka/Kd'
Also, as rivers become more tidally influenced and broad, KBOD~D0

increases. Values of Ka/Kd can be found for various applications using

Figure F.2.

The damage due to COD loadings is difficult to quantify since there are
many different kinds of chemicals, each with their own reaction

*Information derived from Simplified Mathematical Modeling of Water Quality [F1]
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characteristics, which may demand oxygen. Furthermore, the lab tests

for COD are performed by heating the sample, which probably would not
indicate actual stream damages. For these reasons COD is generally not

a modeled constituent and little is known about its stream characteristics.
However, Prati et al. [F2] found that the damages due to COD are proportional
to those from an equivalent concentration of BOD. The maximum DO uptake

due to COD is related to the initial stream COD concentration (Co)

through a transfer function (l(.c ), which can be estimated as

OD-DO

Roop-po * 0-15 (Kgop o) (F.3)

Therefore the COD transfer coefficient can be estimated using Figures
F.1 and F.2 along with equation (F.3).

DOSAT, the saturation level of dissolved oxygen in the stream, can be
found for various temperatures and salinities using Figure F.3.

REFERENCES

Fl. Hydroscience, Inc., Simplified Mathematical Modeling of Water Quality,
Environmental Protection Agency, Washington, D.C., March 1971.

F2. Prati, L., et al., "Assessment of Surface Water Quality by a
Single Index of Pollution", Water Research (GB), Vol. 5, pp. 741-751, 1971.
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APPENDIX G

DATA FOR DEMONSTRATION PROJECT

This appendix contains the statistical description, expected damage and
probability of no violation for each constituent of each source for Case 1

and Case II of the demonstration project. The following notation is used:

DIST - Distribution
N - Normal
L - Lognormal
EST. MEAN - Estimated Mean
EST. SIGMA - Estimated Standard Deviation

The units for the standards for the various constituents are in kilograms,
except for pH where the units are in pH. The units for estimated mean and
estimated standard deviations are in kilograms, if the distribution is
normal, and log kilograms if the distribution is lognormal (recall, in the
lognormal case, the mean and standard deviation are of the logs of the data).

For pH the units are in pH.

In the case of pH-max and pH-min only one value of expected damage and
probability of violation is given since only one value is calculated (see
Appendix C). Also note that the expected damage only appears once for
each constituent of a source for the cases where there are two or more

pipes from the source flowing into the stream.

G.1 DATA FOR CASE I
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CHLOROFORM EXTRACT 41,6380 N 61,098%

BREFAREEREEFNREERAREEREEE SR ERRRER AR R REERERI KRR ARRE
SOURCE EXPECTED DAMAGF 5.6605
SOURCE PROBABTLITY OF NO VIOLATION . #1387
FRRAGEARSARNBURRRIERERER SR SRFRARETA RS AR RE R AR RN S

UPSTREAM FLOW (ML/DAY)s=

EST. SIGMA
«6907
6776
3946
+3222
3078
+35054

UPSTREAM FLOW (ML/DAY)s

EST. SIGMA
Pecesessaces
52,8607
«2R84

- 22910
od168
140,8109

EXPECTED
DAMAGE
FERERE KR
9760
t.1404
« 38683
27195
1,169

EXPECTED
DAMAGE
(2 I I 1 X 1 J]

8089
LTI
0452
00304
5.6605

26,1180

PROR, OF NO
VIOLATION
EBARRERERRE
+ 9931
9723
1.,0000
+8470
« 9964

183.5200

PROR, OF NO
VIOLATION
« 3604
L3232 123 3220
1,0000
«8646

« 2450



61?

TIITIIIIIT

SOURLCE 13

FEENEFREREX
PIPE= { MEAN DISCHARGE (ML/DAY)s «44a4aa

CONSTITUENT STANDARD pIsY ESTY, MEAN
PPOSEESOINEORYvaSeawe®e L2 L L L L 1 L X & 1 2 2 ] L L X ) L L L 1 4 1 L b Ak 2 1 ]
BODS 4,8830 N 2.4000
PHaMAX 10,5000 N T.8927
PHeMIN 6,0000 N T.8927

FRREEEREEREREL SR RS ERAEEFRRFRER RN A RARERRERRREEEE Y
SOURCE EXPECTED DAMAGE 3,3402
SOURCE PROBABILITY OF NO VIOLATION 9214

ERRSEERSEABERRRP RN EARRNSRRXNEFEBIERFESRREERI KRR SRS

12322322233

SOURCE 14
SRERERENRES

PIPEs 1§ MEAN DISCHARGE (ML/DAY)s 01518

CONSTITUENT STANDARD DISY ESY. MEAN
Lt A r et Ly ryryrry] 1 A L. U L 0 X L 1 J L XL 1 1 ] L 2 2 1 I X 1 K1 7 3 719
PHeMAX ' 9,5000 N 7.8002
PHeMIN 6,5000 N 7.8002
SUSPENDED SOLIDS 50,3430 N 2.8662
CYANIDE 03596 N .0180
CHROMIUM 84,3152 L =2,2698
COPPER 2.8768 L -1,0677
CHLOROFORM EXTRACT 21,5760 N 1,3944

SERFERRRNARENES RN ERERIRRNRRRRS R RERERERREERE N0 S
SOURCF FEXPECTED DAMAGE 2.4330
SOURCE PROBABYILITY OF NO VIOLATION +9649

SESFEFRRERRSEERERREE RS UE RN IR ERR AR R RN I RN S AR ERE SRS RN

UPSTREAM FLOW (ML/DAY)=

EST, SIGMAV
T L L L 0L LYy 7]
1,7550

03508

02699

UPSTREAM FLOW

EST, SIGMA
+«4984s
o 4487
1.4728
s02414
1.,5801
22796
07672

EXPECTED
DAMAGE
3,3402
SERURERE
+6080

{ML/DAY) =

EXPECTED
DAMAGE
FERREENE
20398
0126
1842
06237
«5301

2,0468

PROR, DF NO
VINLATTON
9214
KEEERRRPRER
1,0000

19,5750

PROB, OF NO
VIOLATION
PREUERENEEN
«9978
1.0000
t.0000
«9670
1.,0000
$1.0000



0ce

EEERREREREE

SOURCE i8S
REEEIVERRSES
PlPEs ¢ MEAN DISCHARGE (ML/DAY)= ~ a9024 UPSTREAM FLON (ML/DAY)®m 66.0650
_ EXPECTED PROR, OF NO
CONSTITUENT . STANDARD DIsY EST. MEAN EST, SIGMA DAMAGE VIDLATION
L A2 4 L 4 2 1 L L1 1 27Ty 1 1] 1t L L L L 1 X 1 13 L L1 1 ] L 1 2 1 13 L X211 ] L A L1 1 L 1L K X 1 T ] POOWwmwS W L L L X I X 1 B 1 1]
PHeMAX 9.0000 N 7.3853 {.,445¢ AXERERRE EEEREEERLESR
PHeMIN 6,0000 N 73853 1.,7557 « 7313 06530
LEAD «0084 L =e0143 25467 2,0134 «2001

ERERBERXBAXXEESEASRERERERLCEER SRR RE BRI ARSI ER LR
SOURCE EXPECTFED DAMAGE 2,834
SOURCE PRCOBABILITY OF NO VIOLATION 00001

BEREEBEERENEERREAG SR FASERE IR X LR AR RRESAFITRAE R4S

FEEREERT RS

SOURCE 146

RERPERARRS
PIPEs , MEAN DISCHARGE (ML/DAY)s 07253 UPSTREAM FLOW (ML/DAY)s 65,9649
EXPECTED PROR, OF NOD
CONSTITUENT STANDARD DIST EST. MEAN EST. SIGMA DAMAGE VIOLATION
(2 L1 2 2 Lt X 1 1 11 7F1Yyl]} Lt 1 1 L I 131 1 2 L 7 1 1 ] L 3 1.7 ] POEPTaEIS® e an r 11 1 1 1 1 32 1 1 X 1] (I 2 X 1 21 2 ] (1 2 T Xr X1 3 73X 1]
PHeMAX 9.5000 N T7.9301% T o698  EEEEFEXE . FERSEREFRES
PH=MIN 6,5000 N 7.9394 1738 +3645 1,0000
SUSPENDED SOLIDS ' 28,3778 N 8.8520 2.6634 «0636 1.0000
OIL~GREASE 10,4473 N 48,9186 2.6288 28,0724 o9823
MERCURY +0035 L =3,1545 2107 « 2040 9995

BECRSESESEEN NN R SRR AR ERRNRERISREERRRERAEFEE RN R ANS
SOURCE EXPECTED DAMAGE 43,0721
SOURCE PROBASILITY OF NO VIOLATION « 9818

SESEERFRNSRFCARSRERRERNE SRR ER AR IR A S LS ERIERA K E ¥ K



Tee

PEESESRES NS

SOURCE 17
CEXEREEREEN

PlPE= ¢ HEAN DISCHARGE (ML/DAY)® 1.8632 UPSTREAM FLOW (ML/DAY)x 293,6200
- ’ EXPECTED PROB,.OF NO
CONSTITUENTY STANDARD DIST EST,, MEAN EST, SIGMA DAMAGE VIOLATION
.-.-..--....‘-...-.. 1L I I I I T I YTITr) rx r 1 J (2 X I X2 1 X 11T 77T ) LI X I X T 17 77 X L J I T ¥ X I ) LI XY XTY XY I}
CHLOROFORM EXTRACT 40,1240 L 28648%¢ 5312 4,0183 + 9180
PIPEx 2 MEAN DISCHARGE (ML/DAY)s=m «4707 UPSTREAM FLOW (ML/DAY)= 293.6200
EXPECTED PROR, OF NO

CONSTITUENT 8TANDARD DISY EST. MEAN EST, SIGMA -DAMAGE VIOLATION.
.-.-.--.-..-..--.... PSP wHatewedla [ 1 1 1 ] POPRWOOOED N Ll 1 1 1 1 131 2 77 LI I T XTI YY) LA 2 T 1 X L 1 J}
CHLORCFORM EXTRACLT 9,3418 L + 3052 31085 RAEERSRE +9837
PIPE= 3 MEAN DISCHARGE (ML/DAY)m «6279 UPSTREAM FLOW (ML/DAY)= 293,6200
EXPECTED ~ PROR, OF NO

CONSTITUENT STANDARD pDIST EST. MEAN EST., SIGMA DAMAGE VIOLATTION
...-.---------.-...- .Q..-.-‘.--.. [ 2 1 1 J L L T 111 21 1 1 ¥ -.---.-..--- [ T 2 L X XX 7] LAl T T I I X1 T 1]
CHLOROFORM EXTRACT 10,3718 L «1147 o631 EREREREN 09742
PIPEx a MEAN DISCHARGE (ML/DAY)=n « 0035 UPSTREAM FLOW (ML/DAY)E 293,6200
EXPECTFD PROR, OF NO

CONSTITUENT STANDARD DISY £8T, MEAN EST, SIGMA DAMAGE VIOLATION
.----.---..-.-...--- 1 Il I P I T T TYXTYTYTY ) L L X 1 ) J T T T I P Y Y ) [ 1 1 X 2 X 1 L X 1 JF 7] L 2 L 2 7 1 X F ) (J I T T T YT rY X
PHeMAX 9,5000 N 6,R343 7875 ApRpeEky EEREARERRER
PHaMIN 6,5000 N 6.,8343 «9770 01516 +6335
SUSPENDED SOL1DS 156,7100 L 1.0723 «5123 « 0080 « 9858
PHOSPHORUS 31,3420 N 25.65S% 14,5367 1.7431% 06522
ALUMINUM 62,6840 N 2,0418 1.,2657 1,3103 1,0000
CHLOROFORM EXTRACT 62,6840 L 1.1427 »5517 SEEEREEN «8822

“‘t##tl.*l#‘#‘il#ttt#!#*l#t#t‘*l*#“tt*l#‘#*#t#‘#

8DURCE EXPECTED DAMAGE §.0183
SOURCE PROBABTLTTY OF NO VIOLATION 31681
SEXSEIFESERNRR AR RN ERNRAS RO RN R RABERSER RN S AR KA A S



(444

EERERERREEK

SOURCE 18
EEEREERRE R

PIPE= ¢ MEAN DISCHARGE (ML/DAY)= 35,5519

CONSTITUENT STANDARD DIST EST, MEAN

T3 rrrry L 2 rry 1 1 1] -.--.---..-.- X 1 ] X yry rr 1 1 2 2 7 ]
BODS 3000,0000 N 38032,0937
SUSPENNED SOLIDS 44845,2015 N 69360,8340
AMMONIA ) 272,.15582 N S4,6614
DISSOLVED SOLIDS 213188,2343 N 126617.5869

L AT e R PR A R LS T R R S A SR T L2
SOURCE EXPECTED DAMAGE ' 8.9429
SOURCF PROBABILITY OF NO VIOLATION - +0341

e e A TP D T A 22 T 1

EXEXFERKERE
SOURCE 19
ERKEEEXEREE
PIPEs 1{ MEAN DISCHARGE (ML/DAY)= «1330
CONSTITUENT STANDARD DIST EST. MEAN
L L L L 2 2 2 L E A L L A2 XL L2 1) C L L L0 X L 0 L & 2 L2 (1 X 1 J (YT r 1t L1 7Y}
SUSPENDED SOLIDS 123,0225 L «4533

CHLOROFORM EXTRaACT 73,8135 L 0076

FERERFENREREREARRERRRRE SRR E R R ER SRR RRER R R RN KK
SOURCE EXPECTED DAMAGE S.7877
SOURCE PROBABILITY OF NO VIOLATION «8093

SESAFSRRSESRREREERSERINRER TR RRRRRRERKERERRRREERERE

UPSTREAM FLOW (ML/DAY)®

EXPECTED
EST, SIGMA  DAMAGE

Sl 0 W W GF 4 4R O = W L A b L A L 1 J
37557.3940 8,9420
76030.0332 7.3710
61,2355 3,3255
38748.3101 8,9732

UPSTREAM FLOW (ML/DAY)s®

EXPECTED

EST. SIGMA DAMAGE
1.8676 15105
5512 5.,7877

132,1300

PROB, ,OF NO
VIOLATION
orPaeveeTyen
+1755
« 1966
« 9998
« 9873

4,8937

PROR, OF NO
VIDLATION
¢9996



XA

KEREFERBERE

SOQURCE 20
, EEBAREFAENMY

PIPEz 1 MEAN DISCHARGE (ML/NAY)s 08176

CONSTITUENT STANDARD DIST EST. MEAN

PHaMAX 9.5000 N 6.,7000
PHaMIN 6,5000 N 6.7000
. SUSPENDED SOLIDS 49,8725 N 28,1263
PHOSPHORUS 9.9745 N 3,532%

i ddd bt bntbttbbiiidai i Ri L2 L2 2 L2222 R A2 LL 22 2
SOURCE EXPECTED DAMAGE + 3884
SOURCE PROBABILITY OF NO VIOLATION® 06969

BREEBERREEAFTERERRRENNNRERERREBERRNRAERNNUERERR XS

BERREFERNEE
S8OURCE 22
FEEEER RN O

PIPE= MEAN DISCHARGE (ML /DAY)s 40,7535

MEAN DO CONCENTRATION (MG/L)= 4.3879
CONSTITUENT STANDARD DISTY E8T. MEAN

LA Ll Ll YT L 21 rYY Ty LA LD L L L L 2 1 2 ) L 4.1 1 J LA L L L LT T ¥ ]
80DS 1360,7760 N 1876,9772
SUSPENDED 80LIDS 907.1840 L 3.1263
PHOSPHORUS 378,5300 L 2.,0386

il S bttt bbttbidtiasdd AITII T LT 2T TEEE FTHT FREE
SOURCE EXPECTED DAMAGE ‘ 5.9598
SOURCE PROBABYLITY OF NB VIOLATION 01172

ERREFERRERREIRNERRERR AR B AR A RN EREREER RN RS ER SRS S

UPSTREAM FLOW (ML/DAY)sm

EST, SIGMA
(T T T T Y L YT T
«3809
« 2437
16,.,383¢
3.5105

UPSTREAM FLOW (ML/DAY)=

EST. SIGMA
1364,5886
23946

+2929

EXPECTED
OAMAGE
EEREEREE
«0073
«0148
3888

EXPECTED
DAMAGE
5,9598
8111
5.4719

195.7500

PROR, OF NO
VIOLATTION
SEERERRBSED
o 794¢
s 9078
« 9668

203,0900

PROR, OF NO
VIOLATION
3622
#3345
9673



yee

FREERSERG R

SOURCE 23

FEEERERREAS

PIPE= 1 MFAN DISCHARGE (ML/DAY)= «4251
CONSTITUENT STANDARD DIsSY EST, MEAN

rryy 2T Y YL R Yy oL g d ) L 2 r 1 1 3 1 1 1 1 1| 1 I 1] PUSPRNENEROED
8ODS 184,1583 N 39.9745
SUSPENDED SQLIDS 104,7798 N 30,4148
PHOSPHORUS 84,3152 N 3.7928

SETEEXRERAXAERREREAEERRREERRER RN RERSASF AR AR SR EFES
SOURCE EXPECTED DAMAGE 4,2206
SOURCE PROBABILITY OF NO VIOLATION 7164

EEEEEFFRFENARERERABEEIRERERRNERRARRAKEXEERRER RS F S

SERRRTERNEEY
SOURCE 24
_ SEEEEREREER
PIPER 1 MEAN DISCHARGE (ML/DAY)= 3,0892
CONSTITUENT STANDARD DIST  EST. MEAN
- BODS 208,2328 N 206,2649
SUSPENDED 80LI0S 272.1552 N 186,0120

BEESFESIREERERERRNEREAREAYEERREEFENRBIERRFEEARRKRNE
SOURCE EXPECTED DAMAGE 1.,0989
SOURCE PROBABILITY OF NO VIOLATION 09928

BEEREREFRESEERRERENRRNEBEAREEREEEEAERRAFERXEF SR AN Y

UPSTREAM FLOW (ML/DAY)=

EST, SIGMA.
17.9516
28,3043

«8987

UPSTREAM FLOW (ML/DAY)=

EST. SIGMA
mesoessAngew
67.0962
37.1962

EXPECTED
DAMAGE
[ 2 X T 1 1 L X J
2.,8746

2114
4,2206

EXPECTED
DAMAGE

1.,0989

«0536

14,9260

PROR, OF NO
VIOLATIDN
1,0000
29957
#7195

269,1600

PROR, OF NO
VIOLATIQON
(I FY T I b 7 1]
+ 9927
29997



62T

(222232 1211

SOURCE 2§
‘ EEBERRERKEY
PIPE= § MEAN DISCHARGE (ML/DAY)m 164,972¢
CONSTITUENY STANDARD DIsY EST, MEAN
LD L LY T T YOF LTy g LI LT T T T Y T scas oesssseavsss
8ans 4535,9200 N S622,2911
SUSPENDED SOLIDS 3628,7360 L 3.7094

ttttttl‘tt#tttttttttttt#t#tt‘#tlt#t#tt#ttttttt#ttt
SOURCE EXPECTED DAMAGE 3.7470
SOURCF PROBABTLITY OF NO VIOLATION «0503

M dASd Al S LA S A2 L T DT ST LT 2 PTTps T2

(112232323 %]
SOURCE 26
SRR EPE RN
PIPEs MEAN DISCHARGE (ML/DAY)a 7.1535
MEAN DO CONCENTYRATION (MG/L)s S.7838
CONSTITUENT STANDARD DISY EST, MEAN
-...-.-.--.-.----... (1 1 I 1171 rYTryYr] aESe - '.-‘-0.-0---
BODS 278,959 L 2.0125
SUSPENDED sOL!Ds 302,0923 L 242752
PHOSPHORUS 72.2990 N 83,2767

L bbb bbdbbbbtbtdtbibotttiadss 21T 2L ITITTT LT FELS TS
SOURCE EXPECTED DAMAGE v6019
SOURCE PROBABTLITY OF NO VIOLATION 3884

FRESESEREERSRS KA NELRERISESERRSERTRNEENEB ISR EES

UPSTREAM FLOW (ML/DAY)=

EST, SIGMA
2494,1224
«1844

UPSTREAM FLOW (ML/DAY)Sm

ESY, SIGMA
04327

03726
74,5506

EXPECTED
DAMAGE
3.7470

« 3084

EXPECTED
DAMAGE
«1150
«0146
«6019

1827,8000

PROR, “OF NO
VIOLATTON
03316
*1518

1862,1000

PROB, OF NOD
VIODLATION
(2 I T 1 1T X1 1Y £J]
oB41t6
#7088
«651S



9¢t

SEXRXERNRER

SOURCE 27
REBEETEREES
PIPEs | MEAN DISCHARGE (ML/DAY)s 545699
CONSTITUENT STANDARD CIsY EST, MEAN
Fosocoseopesessaneuny CLL LI L T LY 1 L) L1 1) (I T YT T YT T T
BODS 272,15%52 N 3543,7104
SUSPENDED SOL1DS 272,1552 N 2791,1689
PHOSPHORUS £8,2940 N 291,9943
ttttttittttvttttittttttvtttit:ttttttt:#ttt#tt#t#tt
SOURCE EXPECTED DAMAGE 6.5742
SOURCE PROBABILITY OF NO VIOLATION «0000
ERRERERRESPEBRR R EREFA RN AR N A R RN R RS RN ARG RN L
EXREEARRERY
SOURCE 28
EEREXERRENE
P1PEs 1 MEAN DISCHARGE (ML/DAY)= 110,8503
MEAN DO CONCENTRATION (MG/L)= 4,8750
CONSTITUENT STANDARD DIST EST, MEAN
LA AL AL DL Ly Py Y] (L A L L2 LY 1 LK) L 2 L ) LA L L L 4 L X 1)
80DS '4989,5120 N 1228,5462
SUSPENDED SOLIDS _ 4082,32R0 N 2549,2877
PHOSPHORUS 529,9500 N 333,7107

ERERRERERRRFIRABRREREABRERLRRREERARBERI KRR EE KRR AR
SOURCE EXPECTED DAMAGE 6.3182
SOURCE PROBABILITY OF NO VIOLATION 06636

EFRREERRNFERREBERE L TR RRNRRR SRR B E SRR ERERRERSFE RS

UPSTREAM FLOW (ML/DAY)wm

EST. SIGMA
1179.1592
1131.8056

64,2854

UPSTREAM FLOW (ML/DAY)=m

EST. SIGMA
1460.,4089
2072.,4834

177.2988

EXPECTED
DAMAGE
rToseaess
66,4625

+ 7859
6,5742

EXPECTED
DAMAGE
4,5018

o 704%
86,3182

349,9000

PROB, OF NO
VIOLATTON
LA X 1 11 13 1 X 1]
«0028
o 0130
« 0001

266.7100

PRQR, OF NO
VIOLATION
9950
7703
+8658



Lee

EEEPEIEEEER

SOURCE 29
) 222222222 2]
PIPEx { MEAN DISCHARGE (ML/DAY)=m a4,1106
_ CONSTITUENT STANDARD - DIST EST, MEAN
LLIL LY DT T Y Y T sy sconsessnsens ween Prusneevesvesa
80D0s 170,0970 N 73.5866
SUSPENDED S0L1IDS 170,0970 L 1.6048

S ddvhtpbidibbbbbidtitdbitiss LI IT P2 LT PT L PTFPLT T
SOURCE EXPECTED DAMAGE 6.0919
SOURCE PROBABILTTY OF NO VIOLATION _ 18832

A A A et s I A A e Ty L P T T Lt

FEEENEEREEY
SOURCE 30
¥EFEERRESER

PIPEs 1 MEAN DISCHARGE (ML/DAY)=x 35.0425

CONSTITUENT S8TANDARD D1sTY EST, MEAN

LA L L L L L1 T T 1 T 7 FF Peysarprysy (12 1 T 1T TrT YT XY LY YY) (LT T XL 2T 1 T
8005 1587,.5720 N 1437,.8229
SUSPENDED 8OL1IDS 1360,7760 N 1460,9078

it bhbb bbb ttbtittthtthidddds 2L T TR I EPT T
SOURCE EXPECTED DAMAGE ) 1.0900
SOURCE PROBABILITY OF NN VIOLATION 2582

BERRARERIERIERISRERENSREABRERSARA SRR S RN SR EE N

UPSTREAM FLOW (ML/DAY)=

EXPECTFO

EST. SIGMA DAMAGE
LA L L L L L 1 1 T ) L L X B 1 1 13
67.2152 6,0919

o 36484 «3525

UPSTREAM FLOW (ML/DAY)s

EXPECTED

EST. SIGMA DAMAGE
oPoseasscecsn [T 2 1 X T T
$70.2724 1.0909
55247678 00770

12,2340

PROB, "0OF NO
VIOLATION
PO wew
#9245
09553

1862,1000

PROR, OF NO
VIOLATION
(L X 1 11 Y 27 1)
+6036
4284



8¢¢

PIPE= { MEAN DISCHARGE (ML/DAY)=
CONSTITUENT STANDARD
--.-.--...-.-q-Q..--. 3 2 rx L2 1 & 2 1 2J
PH'M‘X 9.5000
PHeMIN 6,5000
CHROMIUM «5299
NICKEL 2.6497
CHLOROFORM EXTRACT 3.,9746

PIPE= 2 MEAN DISCHARGE (ML/DAY)=
CONSTITUENT STANDARD
PoaevrossneRtagyeswas L L LA L A L L L A}
BoDS ‘ «1987
SUSPENDED SOLIDS +2650
CHLORIDE 2,6500

DIST

rrrzz

DIST
L X 1 1 |
N
N
N

SERERRERAER
SOURCE
AREREERRREN

«3407

EST. MEAN
L L L L 2L L L L Ll )
T.5679
7.5Ths
«{,8839
=1,5674
31,0848

20151

EST, MEAN
« 13784
«1914
+ 0287

T L I I I T LI I T T T LT IR R L 2

SOURCE EXPECTED DAMAGE
SOURCE PROBABILITY OF NO VIOLATIONM

2.T477
26963
EERERAREERRES AR I BN SRR SRS R RS A SRR R LS ERRIER R IR A&

UPSTREAM FLOW (ML/DAY)=

EST, SIGMA
YT Y LI LT Y
06912

« 3141

08766

o141

1.4238

UPSTREAM FLOW

EST, SIGMA
(1 A L LR L A4 1}
20447
«0646
0032

EXPECTED
DAMAGE

EXEREREK
228914

« 6285
1.1398
27477

(ML/DAY)=

EXPECTED
DAMAGE
seseswues
1,2462

«0036
0004

4,8937

PROBR, OF NO
VIOLATION
1111111312
<9974
29913
«9994
«8816

4.,8937

PROR, OF NO
VIOLATION
9141
8727
1.0000



62¢

KERREERREEE

SOURCE 2
Y1111 21211)
PIPEs: 1 MEAN DISCHARGE (ML/DAY)= «3779
CONSTITUENTY STANDARD DIST EST, MEAN
L L L A P Lt 2 0t FrY 3 Xl ) 2 2 17T X1 1 &7 1) - N w L I 1 1 LI ¥ Xy vy ¥}
PHOSPHORLS «8025 L =,8619
PHaMAY 9.5000 N Te1062
PHeMIN 6,5000 N T.1062
SUSPENDED SOLIDS 28,9476 L « 8869
CHLOROFORM EXTRACT 6,0186 L 01969
PIPE= 2 MEAN DISCHARGE (ML/DAY)= | e7TH21
CONSTITUENT STANDARD D1ST EST. MEAN
LA ALY LY L DL Yy Y] LI LI LY LY L] (L L1 ] PHORGaPagenw
PHOSPHNRUS 29388 L =,1358
PHeMAX 9.5000 N 7.8937
PHaMIN 46,5000 N 7.8862
SUSPENDED SOLIDS 58,9670 L 1.7498
CHLOROFORM EXTRACT 7.0407 L «6289

EERRERRRERRERN RN RRR RN RS RN SRR AR AR LR RN S
SOURCE EXPECTED DAMAGE 1.70¢1
SOURCE PROBABILITY OF NO VIOLATION 21477

EEBERERIEE IR RRAAFEEE AR E S A SRR RN AR R AR ER RS XS

UPSTREAM FLOW (ML/DAY)=

EST. SIGMA
(L L L L L LY 2 X1
o T768
{.0058
«6984
e 3668
03496

UPSTREAM FLOW

EST, SIGMA
+4328
12363
4998
5023
2428

EXPECTED
DAMAGE
LT T

+1993
EEXEREEE
« 0530
«N64S
1.7011

(ML /DAY)S

EXPECTED
DAMAGE
- S0P & M W W N
FEREKERE
KREERRER
' T1I3I1L,
EEXEKEES
RARERRER

185,9500

PROR, OF NG
VIOLATION
« 8384

EXERERBERER

« 7987

9179

9522

185.9600

PROR, OF NO
VIDLATION
«5989
BEEREKEFRNE
1,0000
«5165

B161



0€T

PIPEs | MEAN DISCHARGE (ML/DAY)®m
CONSTITUENTY STANDARD oISy
PHeMAX 9.,5000 N
PHeMIN 46,5000 N
SUSPENDED SOLIDS 16,0875 N
PROSPHORUS 3.,2175 N

EEFRRESRNEX

SOURCE 3
EEEEEERERER

20750

EST. MEAN
LI T X L1 2 2 1 B I J
7.7486
 TeT486
6242
00486

P L L I T I e e e P e Y

SOURCE EXPECTED DAMAGE +0006
SOURCE PROBABILITY 0OF NO VIOLATION «9796

BSERERLERAR XA PR EREEEER RN EREFEE RS RAR R AR SRR AR N

UPSTREAM FLOW (ML/DAY)s

EST, SIGMA

(X L2 2 L 4 L XX}
e6625
«5844
«6757
« 0661

EXPECTED
DAMAGE
L X L 2 L 2 2 ]
HEEREXES
«0003
« 0006

18691,4000

PROR, OF NO
VIOLATION
AEEURRSES RS
9796
1,0000
1.,0000



1€¢

PIPEs | MEAN DISCHARGE (ML/DAY)=m
CONSTITUENT - STANDARD DIsSTY
Yeoveaseerneosrdnesewrn LI LD LT DL Y ] Ll Ll ]
PHeMAX 9,0000 N
PHeMIN _ 66,0000 N
SUSPENDED SOLIDS 18.9265 L
CHLOROFPORM EXTRALTY ‘T«ST06 L

PIPEs 2 MEAN DISCHARGE (ML/DAY)=
CONSTITUENT. STANDARD 0187
toseoesneeswtevesawaan weaGavEsRenaen Ree
PHeHAX 9.0000 N
PHaMIN 6.0000 N
SUSPENDED 80L1DS 7.5705 L
CHLOROFORM EXTRACT 3,022 L

SREREEENKES
SOURCE . &
SEURRFANREE

28026

EST, MEAN
. 8,0437
8,04837
26157

»3023

3762

EST, MEAN
L 3 2 1 T 2 1 A 2 2 7 ]
7.8273
77,9273
«6035
«0320

PEEEXRRERARER R RIRRNR RS RPN R R RN RO R R R R AN AR R

SQURCE EXPECTED DAMAGE 3.1087
SOURCE PROBABILITY OF NO VIOLATION +5316

i Tt

UPSTREAM FLON (ML/DAY)=

EXPECTED
EST. SIGMA DAMAGE
«3003 CEEFRPER
«1087% «0400
«2950 0222
«5248 3,1067

UPSTREAM FLOW (ML/DAY)m

EXPECTED

EST, SIGMA DAMAGE
2 2 2.1 2. 3 1 L 1 1 7 PubPwRsaD
02018 EXREEREE
02991  EEEFEEEE

08231 (2212222

«a540 SEREESES

51.3840

PROB, OF NO
VIOLATION °
LA L N L X 1 4 J
SEERFRREERY
1.,0000
29875

+ 8643

51,3860

PROR, OF NO
VIOLATION
FEERATFELES
1.0000
« 7826
«8388



TeT

EEREEFRERES

SOURCE
SEESERE SR LY
PIPEs 1§ MEAN DISCHARGE (ML/DAY)=m 18,7919
CONSTITUENT STANDARD DIST  EST, MEAN
L1 T 1) L J L1 1 L 1] T It rr X i rt 1 L1 J 31 1 1] Ly ry Jrr rr 17 119
PHeMAX 10,3000 N 7.689%
PHeMIN 5.8000 N 7.689¢
OIL~GREASE 251,8800 N 95,7457
PHENOL 9072 L 0200
PIPES 2 MEAN DISCHARGE (ML/DAY)®m 34,2089
CONSTITUENT STANDARD DIST  EST, MEAN
(L J 1 14 b 1 7 01 1 1 0 F 731 71 11 ] 1T rirJrirri1zr.;14.] 2 1 71 J rrr1 ryr 1 rtri1rj
PHeMAX 10,3000 N 7.7908
PHeMIN 5.8000 N 7.7908
OIL=GREASE 458,2050 N 137,195¢
PHENOL 1,3608 L «e0998

T e L T R R A R P L A T T R L
SOURCE EXPECTED DAMAGE 3.7626

~ SOURCE PROBABILITY OF NO VIOLATION «3083

SELRNENBEEREERRERSSANESERERERREIBR NSRS SRR ERS RS EN

UPSTREAM FLOMW

EST, SIGMA
3804

3377
100,3298
06685

UPSTREAM FLOW

EST, SIGMA
1 L L LT 1 11 ] ]
« 3885
23283
63,3132
05186

(ML/DAY)m

EXPECTED
DAMAGE
PERXREEY

« 0378
Y.7626
3.,48322

(ML/DAY)m

EXPECTED
DAMAGE
L L L1 2 1 2 J
FEEEERES
EEEREERE
FEEREEER
22122 21

13568,0000

PROB, OF NO
VIOLATION
seepeceosman
SEEERETERER
1.0000
9402
8867

1358,0000

PROR, OF NOD
VINLATION
(233322 221
1.0000
1,0000
<6738



X X4

PIPEs 1§ MEAN DISCHARGE (ML/DAY)s
CONSTITUENT STANDARD DIST

PHeMAX 9,5000 N
PHeMIN 6,5000 N
SUSPENDED SOLIDS 42,5835 N
PHOSPHORUS 5,6778 N
FLUORIDE 2.8389 N
COPPER 1,819 N
LEAD 8517 L

FIFERRENRER
SOURCE 7
EFFEEBENEAY

248958

EST, MEAN
6,9933
6,9933

1245510
1,4573
5.66748

2224
»,0866

*#***t!#t*#ti#ttt*tt*ttv#sttttt:ttt:#t##tttt#ttttt

SOURCE EXPECTED DAMAGE
8CURCE PROBABILITY OF NO VIOLATION

3.5172
o118

.l‘itt‘ll"#'#i#lt#####'*#Cl***#*#'**t**####‘tt“t

PIPEs 1 MEAN DISCHARGE (ML/DAY)=s
CONSTITUENT STANDARD
---'.-----'...-.-..- [ 1 2 1 T 1 X 1T Iyt Y 77
PHeMAX 9.5000
PHeMIN 6,5000
SUSPENDED SOLIDS 15,8982
PHOSPHORUS 14,0599
CYANIDE A <1325
FLUORIDE 9.5389
CHROMIUN 2650
COPPER. 5299
LEAD «0530
7.9491

CHLOROFORM EXTRACT

DISY

ZErerzrrrzzz

SEEERIEIERS
SOURCE &
KEEXEREER SR

00008

EST, MEAN

8,655¢8

8,6556

3.6418

".69‘0'

".2287
23,5479
.'6769
-.7528
-mg$yTh
2652

"'#tll*t##*;$ttttt¥.#t###‘¥i#‘¥####lttl‘tlt#t‘t'!

SOURCE EXPECTED DAMAGE
SOURCE PROBABILITY OF NO VIOLATION

1.5139
00002

.“#"‘ttt!t't*t‘#.#lt‘#*#‘#tt##“tt'tlll!.*‘l!*‘t

UPSTREAM FLOW (ML/DAY)=

EST, SIGMA
04946

06821
6,673
« 4256

44,9540

o116
08972

UPSTREAM FLOW (ML/DAY)s

E8T, SIGMA
rowonasascen
«3378

«3978
205472
08735

01800
12.2286

« 4964

+5214

o263

o2454

EXPECTED

DAMAGE
EFEXEEEER
02903
« 0404
«9317
« 0004

o 7134
3,5172

EXPECTED
DAMAGE

oo ewen
1 3182311
0001

« 0019
«0037

« 0658
«0000
02042
+1812
1,5139
20722

28,3690

PROB, QF NO
VIOLATION
Ld b L L 1 1 2 3 1
KEERBEXEREN
WT6S2
1.0000
1,0000
+ 2840
1,0000
9136

§195.7400

PROB, OF ND
VIOLATION
EERRRNE KR
9938
{.0000
+9999
9744
01260
5799
0033
1,0000



vee

XU RERARR

SOURCE 9
EERRERETERY

PIPEm | MEAN DISCHARGE (ML/DAY)= Se5546

CONSTITUENT . STANDARD DIST  EST. MEAN

T2 2 rr Ll ALyl Xy R L L ErFr Y LR YRR ) -Een 2 LY L LR XY
BoDS 189,2700 N 426,1681
PHeMAX 9,5500 N 83,9937
PH'MIN 6.5000 N 8.9931
SUSPENDED SOLIDS 473.,1750 L 1,275%50
CHROMIUM S.6781 L 1.3116
NICKEL 5.6784 L wl,6607
CHLOROFORM EXTRACYT 283,9050 N 83,8446

CEENERRARE RS R RA R SRR EN AN E RSB E RN R SRR R E TR B RN E K
SOURCE EXPECTED DAMAGE 8.7244
SOURCE PRDBABILITY OF NO VIOLATION . +0326

R I PRt I P I A E B S e LA A P

EEPEERREEER

SOURCE 19
REREEREDEER

PIPE= | : MEAN DISCHARGE (ML/0AY)=: 1.2848

CONSTITUENY STANDARD DIsTy EST, MEAN
PRGOSV THSEONSSSDeWe L L L L L L ] L1 £ J LA L L L A L LA L L X}
PHeMAX 10,5000 N 8,233%
PHeMIN 6,5000 N 8,.,2339
SUSPENDED SOLJOS 46,3715 L 1.,8912
PHOSPHDRUS ) 1.3249 L 0772
CHLDROFORM EXTRACY 19,8735 L 1.3489
OIL=GREASE 19,8735 L 1,35%9

L T T e T et T R A I PR T
SOURCE EXPECTED DAMAGE 5.6230
SQURCE PROBABILYITY OF NO VIOLATION 207548
BRAAERARAURER AR RS RR R RRE AR R RA SRR RN RN RGOS RS

UPSTREAM FLOW (ML/DAY)=

EST., SIGMA
269.,2156
141545
1.,1431
3221

«8830

08699
58,0347

UPSTREAM FLOW (ML/DAY)=

€8T, SIGMA
e7128
« 8945
22836
«2934
«3418
03183

EXPECTED
DAMAGE
PEGneenS

4.,6290
EXNEEXREE
2.,7035
0296
4,5256

« 2358
8,7244

EXPECTED

DAMAGE
BERERERK
«2517

« 0337
02637
5.6230
1.,9552

78,2990

PROR, OF NO
VIOLATION
«1894
FREREEREE AR
6549
1,0000
«2639
9972
2 9997

112,5600

PROB, OF NO
VIOLATION
RESRRNSERNK
«9730
£ 7314
+5609
JHG11
28282



See

KESEXEEEFERL

SOURCE 1t

EEEERIEERER
PIPEx { MEAN DISCWARGE (ML/DAY)= . 22869009

CONSTITUENT STANDARD DIST EST, MEAN
.------.-------..-.- L3 L L LY 31 X ] aewe L L L 1 L Bk 1 1 ¥ ¢ %
PHeMAX 10.5000 N 8.0380
PHeoMIN 6,5000 N 8,4630
CYANIDE «6530 L =1,6157
CHROMIYM S.2238 L =1,2009
COPPER 2,619 L =, 1407
NICKEL 13,0595 L w5753

L R e e L Tttt
SOURCE EXPECTED DAMAGE : 2,099
SQURCE PROBABILITY OF NO VIOLATIQN «9385

FESEBERESIRREFRERARE RS KRR EARRRRCU S EERERRRE S KR

EXBEEFERERE
SOURCE 12
EEERENRERF K

PIPEm MEAN DISCHARGE (ML/DAY)= 64,9209

CONSTITUENT STANDARD DIST EST, MEAN

PN SToOseRtotaegneBn LA L L L L T ) LY L L 2 B J LA 2 2 & L L2 2 X1 ¥ ]
8005 41,6380 N 49,8479
PHeaMAX 9,0000 N 7.4458
PHsMIN 64,0000 N T.4458
SUSPENDED SOLIDS 104,0950 L 1.48247
CHLOROFO®RM EXTRACT 41,6380 N 45,7137

e T Lt e
SOURCE EXPECTED DAMAGE 53977
SOURCE PROBABILITY OF NO VIOLATION «1728

Ly T I L I

UPSTREAM FLOW (ML/DAY)=

EST. SIGMaA
f 2 2. X2 3 1 L 3 1 X% 79
o5413
6752
05629
2271
«3479
03998

UPSTREA# FLOW (ML/DAY)s=

EST, SIGMA
41,6894

« 4488

« 6880
5307
80,2100

EXPECTED
DAMAGE
TERFXXSEE

1,2346
3756
22506

2,0994

1.5146

EXPECTED
DAMAGE
L A A L X X 1 J

« 7471
11121
« 0699

« 0298
53977

Zb.}180

PROR, -OF NO
VIOLATION
rTeseoevTeoRaew
EEKEGER RN EK
29981
+ 9945
1.0000
29455
1.0000

183.5200

PROR, OF NQ
VIOLATION .
4219
2322122333
9819

+8680

WB797



9¢?

PIPES MEAN DISCHARGE (ML/DAY)=
CONSTITUENT STANDARD
PopruonnsveRcaraNGS M IITTI T Y Y Y T
800S 4.8830
PHeMAX 16,5000
PHeMIN 6,0000

DI18Y

N
N
N

FERFEXEERRES

SOURCE {3
EEEREEESREY

Ty

EST,. MEAN
3,185
TaT968
Te7968

EFESEXERSRBERERER R R AL R RN B ERREREREPER AR AR SRR ERL

SOURCE EXPECTED DAMAGE
S8OURCE PROBABILITY OF NN VIOLATION

3,53588
«T434

lt‘#t‘*‘#“#t#ttli“t*lt*‘.$'¥Clltli¥¥¥#ltt¥##‘¥‘l

PIPE= | MEAN DISCHARGE (ML/DAY)m
CONSTITUENT STANDARD
PHeMAX 9,5000
PHeMIN 6,5000
SUSPENDED SOLIDS 50,3440
CYANIDE : «3596
CHROMIUM 84,3152
COPPER 28768
CHLOROFORM EXTRACY 21.5760

DISY

Z2rr2TZZ

AEBRERRNERE
SOURCE 14
ENERNEREENE

1518

EST. MEAN
T.8169
T.8169
2,4780

00177
=1,9036
.‘0036!

1,2122

FEXERE R KRR RE SRR KR ER KRR AR ERNES AR REER RN LR EE KSR

SOURCE EXPECTED DAMAGE
SOURCE PROBABILITY NF NO VIOLATION

2.2673
«9914

SEREFEREBERRELARRER KL RN G REEA SR RRER SR C RS R XA SRR R

UPSTREAM FLOW (ML/DAY)=

EST, SIGMA
25917
+2909

02994

UPSTREAM FLOW

ES8T, SIGMA
e 3460
«3183
1.5581
00284
10644
« 2758
29944

EXPECTED
DAMAGE
3,5355
BEEEEEXE
« 4554

(ML/DAY) S

EXPECYED
DAMAGE
122222

«0287
20127
02265
8666
25661
22673

2,4468

PROB, OF NO
VIOLATION
« 7438
EREEEE SRS EX
1.,0000

19,5756

PROR, OF NO
VIOLATION
CERESRRREEE
1,0000
1.0000
1.0000
«9915
1,0000
1.0000



LeT

SEEEEREENER

SOURCE 1S
¥REEENBEREY
PIPE= MEAN DISCHARGE (ML/DAY)= T «9028 UPSTREAM FLOW (ML/DAY)= 66,0650
' EXPECTED PROR,  OF. NO
CONSTITUENT STANDARD DIST EST. MEAN EST, SIGMA DAMAGE VIOLATION
SededaedesSeofYvYwrenede oSS BhPaRas L L I 1) (2 2 I r T L L.EY T ) oeseooonadSasss L L L LA L 1 4 LA L L XX 1 2 4 X ]
PHaMAX ) 9,0000 N 8,4552 18041 SEEFEIEE  EFESEEEIENS
PHeMIN 6,0000 N 8,4552 16307 1,5457 5526
LEAD #0084 L ,2234 6257 2,3758 +0016

SESERSRRFSRSLSSSEARIFTERERSSFBEEFREBREREERS 4250
SOURCE EXPECTED DAMAGE 2.3758
SOURCE PROBABILITY OF NO VIOLATION 00009

SESBERASN SRS LERIRREERRLEIEHEUERIIEREERNRIOLFE0S

FEETSEENR TS
SOURCE 6
*PESEREEE LR
PIPEs | : MEAN DISCHARGE (ML/DAVY)s= «725% UPSTREAM FLONW (ML/DAY)s 6.9649
] . A ) EXPECTED PROB, OF NO
CONSTTTUENT STANDARD pIST EST, MEAN EST, SIGMA DAMAGE VIALSTION
PHaMAX 9.5000 N 7.9801 V2005  SESREEEE SUEBAIEISEE
PHeMIN 64,5000 N T7.9801 02307 8328 1.0000
SUSPENDED SOLIDS 24:3774 N a4,6849 2.8447 00617 1.0000
OIL-GREASE 10,8473 N 84,3342 1.9318 84,1203 «9992
MERCURY «003S L «3,0012 «2810 « 2459 + 9957

SESENERFERERERRURRREBIENIERRAIEIRERREREN IR XA ERER 0N
SOURCE EXPECTED DAMAGE 4.1203
SOURCE PROBABILITY OF NO VIOLATION  «9940

CEESFERTRAESERER DR RS KA TR RR RS EER R SRR RERR SR ER IS



8¢C

PIPE=® § MEAN DISCHARGE (ML/DAY)=

STANDARD DISY

40,1240 L

CONSTITUENT

CHLOROFORM EXTRACTY

PIPE= 2 MEAN DISCHARGE (ML/DAY)=
CONSTITUENT STANDARD DIST

DONOOPHIERCRAERNTTen eSS 1 43 YL X XY 1 71] r 2111 ]

CHLOROFORM EXTRACT 9,.3118 L

PIPEs 3 MEAN DISCHARGE (ML/DAY)=
CONSTITUENT STANDARD DISY

LI DL Y T Y LY T T Ty I eTOSeesesveen mpue

CHLOROFORM EXTRACT 10,3718 L

PIPE= 4 MEAN DISCHARGE (ML/DAY)s
CONSTITUENT STANDARD DISY
‘--w-.n--..--.-.----c oS eoyesewsSn mee®
PHeMAX 9,5000 N
PH=MIN 6,5000 N
SUSPENDED SOLIDS 156.,7100 L
PHASPHORUS 31,3420 N
ALUMINUM 62,6840 N
CHLOROFORM EXTRACT 62,6840 L

EEERENENEND
SOURCE 37
KEEXEEEFE XK

1.,8632

EST, MEAN

1.0787

28707

EST, MEAN.

3197

«6279

EST. MEAN

LD L L L L2 1 X 1 73

«2606

« 0035

EST, MEAN

[ L r L L LT L2 1)
T.1147
T.1147
1.1375
33,4686
1.4133
141260

T s T I T Tt Tl

SOURCE EXPECTED DAMAGE 3.9864
SOURCE PRORABILITY OF NO VIOLATION 3162

BERNERARERUEREU RS ER SRR ARG N AR ENNN KR AR RS GRS

UPSTREAM FLOW (ML/DAY)s

EXPECTED
EST, SIGMA DAMAGE
«3438 3.9864

UPSTREAM FLOW (ML/DAY)=

EXPECTED
EST. SIGMA DAMAGE

+2984 (222222 2]

UPSTREAM FLOW (ML/DAY)a

EXPECTED
DAMAGE

« 3847 1233233331

EST, SIGMA

UPSTREAM FLOW (ML/DAY)=

_ EXPECTED

EST, SIGMaA DAMAGE .
(32 1 T3 X1 1 L KX 1] T I rrrriyy
8849  BE¥ERERX

+6790 «0573

#3960 +0070
23,3815 2.2395
2.3068 1,0358

3872  wER¥AENS

293,6200

PROR, OF NO
VIOLATION

«9365

293.6200

PROR, OF NO
VIOLATION
(LA 3 DL L1 1 1 ]

+9852

293,6200

PROB, OF NO
VINLATION

9752

293,6200

PROB, OF NQ
VIOLATION
AL R 22 2L L
9150
09962
04638
1.0000
« 9333



6E¢C

ARERRERERES

SOURCE 18

1323222223 ¢
PIPEm 1 MEAN DISCHARGE (ML/DAY)=z 35,5519

CONSTITUENT STANDARD DIST EST, MEAN
soeomerTanserevowane®w T Y Y T T YT T L2 2.1} (X r Y r Y L 1 7 1 3]
8ODS : 3000,0000 N 29419,.5886
SUSPENDED SOLIDS a44%,2015 N £9835,1699
AMMONIA 272.1552 N 98,9812
DISSOLVED sOL1DS 213168,2383 N 111935,8613

BEFERERRBESABERARERRRERRBERF AR A RRRES SRR AR X R
SOURCE EXPECTED DAMAGE 9.1068
SOURCE PROBABILITY OF NO VIOLATION 0218

ERSEXEREERRRFTERRLRNNBRE RS ESR RS ERERERERFRRE R RS S 6%

P
SOURCE 9
SEERESRRANE

PIPEs § MEAN DISCHRARGE (ML/DAY)= +1330

CONSTITUENTY STANDARD DIST EST, MEAN

L L L LT Y LRy rx .t} Y2 A XL L rl Xl 1 J ry 1 1 J L I I r T L X1 3
SUSPENDED SOLIDS 123.0225% L <2028
CHLOROFORM EXTRACT 73,8435 L 2913

T P T T P I TP P AT TP T T LT
SOURCE EXPECTED DAMAGE 3.8226
SOURCE PROBABILYTY OF NO VIOLATION . - (9748

CEEBEBRREAENBERRERSEFLEERSERERERE ISR SEE AR ERRE S

UPSTREAM FLOW (ML/DAY)=

EXPECTED

EST, SIGMA DAMAGE
- G0 &P R 4P G UR aF T @ 8 W [ L L L L &L L 2 J
25906,2375 9,1068
61766,1953 7.8145
82,4698 4,3696
39127.6113 84,5693

UPSTREAM FLOW (ML/DAY)s=s

EXPECTED

ESY, SIGMA DAMAGE
+8625 22858

«3790 3.B226

132,1300

PROR, OF NO
VIOLATION
+1539

o449

+9821

09952

448937

PROR, OF NO
VIOLATION
9748
1.0000



oye

EEEREEXERER

" SOURCE 20
SEEXFEFERKY
PIPEs | MEAN DISCHARGE (ML/DAY)= 8176
CONSTITUENT STANDARD DIST  EST. MEAN
L2 2 3 L1 Fr i 1 4131 frYJrl.) MW EE P G we Rs L 2 2 1 J TooCeowveovTees
PHaMAX 9,5000 N 6,6901
SUSPENDED SOLIDS 49,8725 N 13,5698
PHOSPHORUS 9.9745 N 6,4118

PEEEBERERABRURRERERERRREEFERRRERERRXRRERRRERRERRRS
SOURCE EXPECTED DAMAGE «7368
SBOURCE PROBABILITY OF NO VIOLATION 03333

EREBRRBRRERARER R RN KRR F RN ER R R RO RERNRRRE RN R R RS RN A EE

FEFERRREEES
SOURCE 22
$EBREEEREREK
PIPE= | MEAN DISCHARGE (ML/DAY)= 40,7535
MEAN DO CONCENTRATION (MG/L)s 4,3690
CONSTITUENT STANDARD DISY EST, MEAN
LA A LA LI T LI LIy Y ] Ll L L2 L2 X 2 X X L L1 L LA L L L L L1 I }]
BODS 1360,7760 N 1537.6694
SUSPENDED SOLIDS 907.1840 L 2.9206
PHOSPHORUS 378,5300 L 1.6472

FERFREBERRRSEE R EFEREERRRUR TSR R RN RN RN R SRR ER SR ERK
S8OURCE EXPECTED DAMAGE 5.3891
SOURCE PROBABILITY OF NO VIOLATION 2326

BEREERRERAEE R RS SR EXERNRBRF AR RN R R RN R ERRF AR ERK

"UPSTREAM FLOW (ML/DAY)=z

EST, SIGMA
25338
e 455%
22.4706
T.5453

UPSTREAM FLOW (ML/DAY)m

EST, SIGHA
CI I T LT Y X
1462.6501
05022
24858

EXPECTED
DAMAGE
132212321
00161
0174
« 7368

EXPECTED
DAMAGE
5,389
6357
3.,6289

195,7500

PROB, OF NO
VIOLATION
EERFEERERKE
6384
+ 7659
26816

203,0900

VIOLATION
«4519
5298
9723



18 {4

BEERERERERY

SOURCE 23
EEERRRETERY
PiPEs MEAN DISCMARGE (ML/DAY)s= «4251
CONSTITUENT STANDARD DIST EST, MEAN
VOURROOENAGRNRETn GNP ryJ I r1 L ryryyy) L L L 1 ] PEFESSe NS ew
BODS 184,1583 N 64,2895
SUSPENDED SOLIDS 104,7798 N 42,5845
PHOSPHORUS 84,3152 N 8,6613

EXERREERE IR X F AR R TR R KRR RO R ¥
SOURCE EXPECTED DAMAGE 4,6290
SOURCE PROBABILITY DF NO VIOLATION + 3940

BEERERERELSRNERRAFERRRERRSERRERERE X KBS EFER XL KR EES

L2222 2 2232 1]
SOURCE 24 -
SEEXEXEHRES

PIPEs § MEAN DISCHARGE (ML/DAY)s 3,0492

CONSTITUENT STANDARD DIST EST, MEAN

LA A L L L L L LYY Y Y ]} LA LY 3 A 2] ) -wen PEUSROER DS wE e
8005 408,2328 N 196,4388
SUSPENDED SOL10S 272,1552 N 13943360

LR Y e T TP Y a1 2ttty
SOURCE EXPECTED DAMAGE «9234
SOURCE PROBABILITY AF NO VIOLATION 09228

FRREEERERAEFUEARRRBAE AN RS SBEIENES AR RN ERERENL KRN

UPSTREAM FLOW (ML/DAY)s

EST., SIGMa
i1 2 . F 3 2 4 1 X 7 3
29,6657
225484
13021

UPSTREAM FLONW (ML/DAY)Z

EST, SIGMA
(T X L2 4 L L X K 1}
68,8322
928147

EXPECTED
DAMAGE
3.8687
202794
4,6290

EXPECTED
DAMAGE
L2 1 LAl 22 4
19234
0522

14,9260

PROR, OF NO
VIOLATION
1.,0000
99714

+ 389582

269,1600

PROR, OF NO
VIOLATION
(2 2 7 X kX2 2 4 2 |
.9990
19238



we

EXREEFAFRER

SOURCE 25
ERRRERERERRS
PIPEs MEAN DISCHARGE (ML/DAV)= 164,972
CONSTITUENT STANDARD DISY EST. MEAN
[ T 3 Y LT L L L L B 1 1 B B J L L L JEN L L L L L L L L L 1} L X X 1] AT 2L L L 4 b 2 1 1 J
BODS 4535,9200 N 5085,65684
SUSPENDED 30LIDS 3628,7360 L 3.7497

CRRSERRRREREEER B RERERE R RS RREEERRA BB AAEERI TSR EN
SOURCE EXPECTED DAMAGE 3,5719
SOURCE PROBABILITY OF NO VIOLATION 1074

ESSUERABFENERRAEREESPEREAYRERERRRREERAXFEFFE RS R KEY

RS ERNRRE
SOURCE 26
SRESERENEER

PIPE= § : MEAN DISCHARGE (ML/DAY)=® T.1535

MEAN DO CONCENTRATION (MG/L)s 5.9653
- CONSTITUENTY STANDARD DISY EST. MEAN

et deeewreaelaeonw B evesseesenesen L 1 1] PEsGcasVweYsea
8005 - 278.9591 L 2,0957
SUSPENDED SOLIDS 302,0923 L 2423686
PHOSPHORUS 72,2990 N 43,0084

EERFRERNBARE AR AR EURF RN AR RF RN RS KRN SRS
SOURCE EXPECTED DAMAGE 2 4750
SOURCE PROBABILITY OF NO VIDLATION 248414

SESEEERERFURERAGEFPEREESRREXRRAR KRR RNREEERERE KN KA K

UPSTREAM FLOW (ML/DAY)=

EST. SIGMA

2481,.,7704
02959

UPSTREAM FLOW (ML/DAY)s=

EST, SIGMA
+4399

23561
32,3824

EXPECTED
DAMAGE
B.5719

« 3556

EXPECTED
DAMAGE
o 4345
20129
4750

1827.8000

PROR, OF NO
VIOLATION
4123
«2605

1862,1000

PROR, OF NO
VIOLATION
(X 2 T X L L 2 0 ]
27868
« 7530
81718



1% 14

EEFEEFXIRER

SOURCE 27

¥R ERE XK
PIPE= t MEAN DISCHARGE (ML/DAY)» 5.5699

CONSTITUENT STANDARD 0I8T ESY. MEAN
L DL LEL YT Y] L L LYYl ) UGN eESN S wme e P T T XY 1 77 ¥
BODS 272.1552 N 3603,6948
SUSPENDED SOLIDS 272,1552 N 3382,8377
PHOSPHORUS 58,2940 N 311,0573

SEREREREAAERBERKRRFEFEERFARR IR ERFERARERRRARFRLERAR
SOURCE EXPECTED DAMAGE 6.,6753
SOURCE PROBABILITY OF NO VIOLATION «0000

FEEERAEERKURRRBZERERARERERASNRF RN RRE R R R KRR ER RS AR

L2222 222222
SOURCE 28
FEFEENENELE

PIPE= 1§ MEAN DISCHARGE (ML/DAY)s= 110,8503

MEAN DO CONCENTRATION (MG/L)>® 4,8551
CONSTITUENTY STANDARD DIST EST, MEAN

LA 2 A2 D1 Ty 1 3 L Xrrr7yq7T) 1 LD B2 L 2 L 2 X J -pow L 2 L X I ¥ 1 I J
BODS 4989,5120 N 1413.0749
SUSPENDED SOLIDS 4082,3280 N 3151,0186
PHOSPHORUS 529,9500 N 301,2218
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