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Summary

This research has examined wastewater treatment costs from an operational
perspective. An operational model of the activated sludge treatment process was
developed. The model is used to transform certain specified system parameters of an
existing treatrnent facility into biological and flow output specifications. This results in
a complete description of the operating system. An economic evaluation of this system
is then preformed. This evaluation utilizes traditional engineering economic analysis to
derive the equivalent uniform annual cost of facility operation.

The entire analysis package has been developed on a Radio Shack TRS-30
microcomputer. This was judged to be an important step in enhancing the ultimate

usefulness of this type of analysis.



Introduction

Throughout Oklahoma, and the world, wastewater treatment is an ongoing
exercise. It is a necessary practice in order to protéct our environment from the
undesirable side-effects of untreated wasté. Of major concern is treating the
wastewater in the most economical manner.

Earlier research in this regard resulted in the development of a model to
determine the least-cost design for the activated sludge precess (Kincannon and Koelling, -
No. EN OSZ-R-?S-W). This prior research concerned treatment facility design. However,
many more plants are currently operating -than are being designed. A great savings
potential exists in these operating facilities. The objective of this research was to
develop an operational and economic model of an existing treatment plant as a first step
in optimizing the system subject to environmental shocks.

The activated sludge process, one of the major wastewater treatment processes,
was used as the modeled system. The major components of the activated sludge process
are shown in Figure l. Sludge treatment costs must also be considered. There are

several alternatives in this regard, one of which is presented in Figure 2.

Objectives of Research

The objectives of this research were two-fold. The initial effort centered on the
development of a model of the activated sludge process in the operational mode. This
model should be capable of specifying sludge treatrment operational parameters for any
particular system environment encountered. It is necessary to integrate this model with
the concepts of engineering economic analysis to derive an economic model of treatment
operation, reflecting annual costs ref;‘:tted to operation, maintenance, and energy
consumption.

The second major objective of the research emphasized practicality and

applicability of the model. This objective was to develop the appropriate software to
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allow the model to be implemented on a microcomputer. This software should include
both a stand-alone operational model and the economic model. It should produce a
complete economic analysis and generate operational specifications for the treatment

facility.

Variable Definition

Listed below are the variables which are used throughout this report. Notice that .
they are categorized as either input or output variables. Input variables represent inputs
to the computer program to derive operational specifications (output varaiables). In

essence, they represent current system parameters.

VARIABLE DEFINITIONS

1} INPUT VARIALBES

BN
A. GENERAL

VARIABLE DEFINITION UNITS

BS BOD-5 EFFLUENT STANDARD MG/L

XE SUSPENDED SOLID EFFLUENT STANDARD MG/L

K1 BOD-5 RATIO OF SUSPENDED SOLIDS NONE

SO SOLUBLE INFLUENT BOD-5 MG/L

F FLOW ~ MGD .

APC AREA OF PRIMARY CLARIFIER . SQ. FT.

X0 INFLUENT SUSPENDED SOLIDS MG/L

v VOLUME OF BIOLOGICAL REACTOR MGAL

UM U-MAX BIOKINETIC CONSTANT LB/DAY/LB



- KB
KD
YT

AFC

MXR

K-B  BIOKINETIC CONSTANT
K-D BIOKINETIC CONSTANT
Y-T  BIOKINETIC CONSTANT

A SETTLEABILITY CONSTANT
N  SETTLEABILITY CONSTANT
AREA OF FINAL CLARIFIER
MAXM. POSSIBLE XR

B. MECHANICAL AERATION

NO

Ccw

CL
TW

AW

OXYGEN RATING OF AERATOR

SALINITY-SURFACE TENSION CORRECTION

FACTOR

OXYGEN SATURATION CONCENTRATION
FOR WASTE |

DISSOLVED OXYGEN CONCENTRATION
TEMPERATURE OF WASTE WATER

OXYGEN TRANSFER CORRECTION FACTOR

C. DIFFUSED AERATION

TRANSFER EFFICIENCY OF AERATION
ABSOLUTE INLET PRESSURE
AB3OLUTE OUTLET PRESSURE
TEMPERATURE OF WASTE WATER
COMPRESSOR EFFICIENCY

LB/DAY/LB
pay !
LB/LB
FT/MIN
NONE
SQ.FT

MG/L

LB/HP/HR
NONE

MG/L
MG/L
DEG. C
NONE

NONE
PSIA -
PSIA
DEG. C

NONE



D. PUMPING

Hl PRIMARY CLARIFIER SLUDGE PUMP HEAD-

FT
H2 FINAL CLARIFIER SLUDGE PUMP HEAD FT
H3 RECYCLE PUMP HEAD ' FT
EC ELECTRICAL POWER COST $/KWH
LC LABOR COST $/HR
LO  SOLIDS LOADING TO AIR FLOTATION LB/DAY/SQ.FT
ED EFFICIENCY OF ANAEROBIC DIGESTOR NONE
LD SOLIDS LOADING TO DIGESTORS LB/DAY
FS SOLIDS FRACTION OF PRIMARY SLUDGE NONE
2) OUTPUT VARIABLES
96333 I A3 IE I
VARIABLE DEFINITION UNITS
SE SOLUBLE EFFLUENT BOD-5 MG/L
SI SOLUBLE INFLUENT AFTER PRIMARY
CLARIFIER MG/L
XI INFLUENT S.S. AFTER PRIMARY
CLARIFIER | MG/L
PS SLUDGE PRODUCED FROM PRIMARY
CLARIFIER LB/DAY



X SUSPENDED SOLIDS IN BIOLOGICAL

REACTOR

AP ALPHA-RECYCLE FLOW FRACTION

XR SUSPENDED SOLIDS OF WASTE FLOW

FW WASTE FLOW FROM FINAL CLARIFIER

SFC SLUDGE PRODUCED FROM FINAL CLARIFIER

B. MECHANICAL AERATION

POH POUNDS OF OXYGEN PER HOUR
NI OXYGEN RATING FOR PLANT CONDITIONS
HP HORSE-POWER

C. DIFFUSED AREATION

PCD POUNDS OF OXYGEN PER DAY
PAS POUNDS OF AIR PER SECOND
HP HORSE-POWER

MHP MIXING HORSE-POWER
METHODS

MG/L
NONE
MG/L
MGD
LB/DAY

LB(0,)/HR
MG/L
HP

LB(0,)/DAY
LB/SEC

HP

HP

Two basic components had to be developed for complete system representation.

These were an operational mode! specifying complete system parameters and an

===z moce. used to derive system cost.



OPERATIONAL MODEL

In order to adequately represent the operation of the waste treatment facility it
was necessary to develop a comprehensive model of the- operational activiated sludge
process. This cbnsists of a series of mathematﬁcal equations relating the parameters of
the system. Mathematical models for som'e unit processes have been developed
previously. However, it was necessary in this research to formulate models for

additional unit processes. Figure 3 depicts each process and the mathematical models

utilized in each case.

ECONOMIC MODEL

The economic model utilizes standard engineeing economic analysis _to derive
annual operating and maintenance costs for the system parameters specified in the
operational model. Costs equations were formulated and used for this purpose. The cost
equation:s used are presented in Figure 4. A computer program was written and merged

with the operational mode! program to compute system cost.

COMPUTER PROGRAM
This program computes the total annual cost of operation and maintenance of a
wa.stewater treatment plant. The total consists of the following cost components:
1) Operation and maintenance costs,
2) Maintenance labor costs,
3) Operation labor costs,
4) Electric power costs,
5) Material and Supply costs.
These costs are dependent on sohe system parameters and output variables. The
output variables are again dependent on the system parameters. The program is of the

interactive typé and the input parameters are entered through the Keyboard of the TRS-



Primary Clarifier Specifications

(F)  (s0)

(X0)

SE=BS-(KI)(XE}
XI=X0-X0(0.711- y5=—— )
SI=S0+(KI(X1)

PS=(F)(X0)8.34(0.711 - <55~ )
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FIGURE 3 UNIT PROCESS MODELS
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Final Clarifier Specifications

(AFC}
SETTLEABILITY CONSTANTS

* (A) (V)
(1+AP)F BIOKINETIC CONSTANTS
(KD} (YT)
'R XR
DTy 2 SE
Q
SFC,FW,XR
Y
1
AP"” F(1.0036E-06)"
(Loap)? - 0.01077(AFC) (AT (n-1) (32 ) (solve for AP)
(KD) (X) (V) +(1+AP)X+ (YT)(UM)(sggj
F KB+- =~
XYy
XR= AP
(1+AP) (X) (F) - (AP)(F)(XR) - (F)(XE)
FW= XR-XE

7 SFC=8.34(XR)XFW)

FIGURE 3 (CONT.)
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Activated Sludge Specifications
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FIGURE 3 (CONT.)

10

SI, XI
_""'""—"""F :
k ) SE o
V C.ani
(1+AP)F
XR, SE .
Ao F



CLARIFIERS

DIFFUSED AIR SYSTEM

MECHANICAL AERATION

COST EQUATIONS

OPERATION LABOR

0.577.L

$/YR=#;99(A) o

MAINTENANCE LABOR

0.618 L

$/YR=1.936(A) C

MATERIAL & SUPPLY COSTS

$/YR=4.47(a) 0778

OPERATION LABOR

$/YR=(27.3XLC)(CFM) 0.504

MAINTENANCE LABOR

$/YR=(9.89)LC)CEM) 0227

ELECTRIC POWER

$/YR= HP(24)(.7457)EC(365)

OPERATION LABOR

$/YR=110.8 z-o=="——

COST EQUATIONS
'FIGURE 4
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DISSOLVED AIR FLOTATION

MAINTENANCE LABOR

'§/YR=57.513 L3510 _ Lo

ELECTRIC POWER

$/YR=(24)(365)(.7457)HPXEC)

TOTAL 0 + M
0.54
0.0024(PS+SFC) h
$/YR=2.52 e
LO X 10
LABOR
' 0.40
0.0024{PS+SEC)
$/YR=14.14 SE
LO X 10
POWER
0.40
$/YR=0.0031 °-°°24(PS+5§C) EC
LO X 10 ~
MATERIAL
§/yRogss 0:0024(PS:SES) 0.12

1o X 1o -8

FIGURE 4 (CONT.)
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ANAEROBIC DIGESTER TOTAL O + M

-6

5/YR=?§,5 BS4SFC 1.3
POWER
$/YR=0.16 X 10 -5(EC) _PS+SFC 1.3
L0019
LABOR
§/YR=s7.7 ES+SEC 36
MATERIAL
$/YR=33.4 . ggch .35
SLUDGE DRYING BEDS TOTAL 0sM
$/YR=1.22 -=022 ED EES+5FC) 0.65
LD X 10
LABOR
§/YR-1.85 <022 ED (P5+5F¢) 0.40

ID X 10

FIGURE 4 (CONT.)
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PUMPING

MATERIAL

$/YR=0.37 X 10 =3 —=022_ED_(PS+SFC) 1.06
LD X 10°8
OPERATION LABOR
5 ) 0.636
$/YR=(148.39)(LC) T (F,) °°

i=1

MAINTENANCE LABOR

3
$/YR=(122.45XLC) % (F;) 0.636
i=1

ELECTRIC COSTS

3
$/YR=(0.7454)(24)365)(62.4XEC) Z (Fi X Hi)
i=1

OTHER MATERIAL & SUPPLY

3
$/YR=(900) -z

(F.) 079
i=1 !

FIGURE 4 (CONT.)
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80 computer terminal. Within the program there is a provision for computing and
comparing the total costs for the mechanical aeration and the diffused aeration. The
program is very simple in structure and its flow diagram is shown in Figure 5. The

program listing may be found in the appendix.

Results

The results of this research generally consist of the operational and economic
models, as described earlier, and their representation in the computer progran.n For each
set of system specifications, a total annual operating and maintenance cost can be
derived. This is illustrated in Figure 6 for two different aeration options on otherwise

identical system specification.

Research Benefits

This research has the potential to benefit all local governments which are
currently operating wastewater treatment plants., Providing a way in which to evaluate
(analytically) annual costs, engineers should be able to reduce that cost by altering
system parameters.

This research contributes to the growing field of wastewater treatment cost
examination by providing a viable model of current plant operation and including an

economic evaluation.

Meetings and Publications

Koeiling, C.P. and D.F, Kinncannon, "Cost Minimization of the Wastewater Treatment
Process,”" paper presented at ORSA/TIMS 1982 Joint National Meeting, San Deigo, CA,

Qctober 1982.
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Koelling, C.P. "Wastewater Treatment: Design Optimization and Its Implication for
Federal and Local Governments", Preceedings, Institute of Industrial Engineers, 1983

Annual Industrial Engineers Confernece, May 1983. (reprint attached)
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E. FECHAMICHL HERHDLUM
FuH= 53, F5es LECD2 wHE Hl= 1.41443 Ma-l He= &71.25 He
C. DIFFUSED AERRTIOHN

HOHE
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. WASTEWATER TREATMENT: DESIGN OPTIMIZATION

AND ITS IMPLICATIONS FOR
FEDERAL AND LOCAL GOVERNMENTS

C. Patrick Koelling, Assistant Professor
School of Industrial Engineering and Management
Oklahoma State University
Stillwater, Oklahoma

' Abstract

The wastewater treatment design problem is
addressed with an objective of minimizing costs over the
life of the facility.
treatment desigh equations to generate an annual cost
expression. Through the use of simple nonlinear
optimization techniques, the treatment design which
results in the lowest cost is found. An analysis of the
model's performance reveals its potential impact on
facility costs. Also examined is the impact with respect
to costs at both the federal level and local Jevel.

Introduction

During the past few years, millions of dollars have
been spent in constructing wastewater treatrment plants.
The American taxpayer is faced with additional large
expenditures for wastewater treatment facilities. Infla-
tion will add to the cost of constructing these treatment
plants as well as increasing the operation and
maintenance costs. Even so, very little has been done by
the design engineer in regards to selecting the most cost
effective design. The objective of this research was to
develop an optimization technique for selecting the most
Cost effective design for the activated sludge wastewater
treatment process.

The current design process consists largely of
picking treatment components which result in a desired
effluent quality, For the activated sludge process, one of
the major wastewater treatment processes, the typical
components are illustrated in Figure 1, The design of the
biological reactor, final clarifier, recycle pump, and
recycle pipeline are dependent upon each other. Many
different combinations of these components can result in
the same quality effluent. Thus, a particular effluent
quality can be achieved through a number of designs. It
is desirable to choose that design which meets the
required effluent at the least possible cost.

Additional questions arise regarding the precise
definition of minimum cost. Wastewater treatment costs
are shared by the federal and local government. The
federal government funds a percentage (in general, 75%)
of the construction costs while local governments are
responsible for all operating and maintenance costs,
Since the design chosen dictates construction and

The model developed utilizes the .

operating and maintenance costs, the federal government
l\':;:-ﬂgot:;t::'?tl‘igitegoin selecting a design which results in

sts. Local government would want
low operating and maintenance costs, Thus, finding the
design which presents the least-cost to the federal
government may not be the same design which presents
the least cost to the local government. This issue will be
exarnined further later in this paper.

This paper presents a decision model for choosing
the least-cost wastewater treatment design. This
consists of system equations specifying the relevant
design, an economic model relating each design to an
annual cost, and an optimization model to find the design
yielding the least cost. An analysis of mode! test results
is also included.

Assumptions

" There are several assumptions which were made
during the development of this treatment model. These
relate primarily to the treatment process and the
economic model used,

Of the many different types of wastewater treat-
ment processes, the process modelled is the activated
sludge treatment process which is described in Figure 1.
This is extended in rigure 2 to consider treatment of

- sludge. Further, later on the sludge treatment activity is

Included in the design model, The particular sludge
treatment process considered is presented in Figure 3,

Assumptions were also required for the economic
model. Government specifications were included in the
creation of the model, These included such things as
handling interest charges during construction and special
charges for "yard work" (laying pipelines, other charges
not specifically allocated to other construction). One
specification not rigidly followed was the discount or
interest rate used. An interest rate was chosen to refleét
current financial conditions.

The lives of assets included in the analysis are also
based upon government specifications. In cases where
salvage values were not dictated, expert opinion was used
to determine these values,

Finally, inflation is not explicitly considered in the
analysis, This would also include changes in energy costs
over the years of life of the treatment facility, This
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would be a desired extension of the current model. The
anticipated impact of these considerations will be
addressed later in the paper.

Activated Sludge Model

The activated sludge process is but one of several
wastewater treatment processes in use today. Because it

-is one of the most popular processes, it was chosen for

analysis.
Figure 2,

The activated sludge process is depicted in

In this paper there is no reason to detail the
biological activity of the activated sludge treatment
process. What is of concern are the appropriate treat-
ment chmponents, their relationships, and the resultant
decisior! variables.

The major components of interest, from Figure 2,
are related as follows. The influent, after passing
through any preliminary treatment processes, enters the
primary clarifier. At this point a certain amount is
royted directly to sludge treatment. This amount is
determined by the overflow-rate, Fop. The overflow
rate, in combination with the influent flow rate, F,
dictates the rate of flow into the activated sludge
process.

. The first component of the activated sludge process
Is the bioclogical reactor where the waste is treated
biolegically. An aeration process is also included. The
size of the biological reactor is specified as a volume.

The only cost, other than construction, associated

with the biological reactor, Is related to the aeration
process, Two different aseration processes were
considered: diffused and mechanical.

The second component of the activated siudge
process is the secondary, or final, clarifier. In this
clarifier blological solids settle to the bottom, being
either recycled or sent to sludge treatment. The effluent
is taken from the top of the clarifier. ©Of course the
desire is that the effluent meet quality specifications.
The size of the clarifier is specified as an area.

A prescribed amount of the biological solids are
sent to siudge treatment. A prescribed amount is also
recycled through the activated sludge process. This
recycling is actually the third major component of the
process. The amount of recycling is controllable, and as
will be shown later, has a significant impact on the
overall design of the system, As shown in Figure 2, the
solids are recycled to the biological reactor, The
variable a specifies the fraction of biclogical solids which
are recycled.

The sludge treatment process is depicted in Figure
3. Sludge may arrive from either the primary clarifier or
secondary clarifier. There is a trade-off between treat-
ment within the activated sludge process and sludge
treatment,That Is, more of one implies less of the other.
Sludge treatment represents the last stage of the
treatment process.

The specification of system components must be
made via system design equations, These equations
relate biological constants and input parameters to
system operation, including specification of system



components; volume of the biclogical reactor and area of
the final clarifier, .

Design models are available for the biological
reactor, final clarifier, and recycle flow rates, Appro-

~ priate models from the literature were selected, [3)

There are no models available for the primary clarifier
and sludge treatment processes. For these processes,
data was .taken from the literature and a mathematical
relan?nshxp' was developed. Before presenting the design
equations, it is necessary to present the definition of
symbols used. These definitions are given below.

a-= Sludge settling velocity constant

A= Surface area of a clarifier (square feet)

¢ Fraction of suspended solids removed in the
primary clarifier

F = Was)tewater flow rate (miltion gallons per
day

Fc 2 = Solids flow.rate from air flotation unit
Fop = Overflow rate (gallons per day per £12)
kq=  Decay coefficient {day-1)

kg = Biological constant

Lp =  Solids loading to digester (pounds per day)

L, = Solids jloading to air flotation (pounds per

day ft<)

n= Sludge settling velocity constant

Se = Organic material concentration (effluent,
milligrams per liter}

§; =  Organic material concentration (total from
primary clarifier, miiligrams per liter) '

S; = Soluble organic material  concentration
(influent, milligrams per liter}

V= Volume of the biological reactor {million
gallons)

)%: Biological population {milligrams per liter)

X, = Suspended solids in influent ('milligrams ber
liter) :
XR = Final clarifier underflow solids concen-

tration (milligrams per liter)
Y, =  Sludge yield
a = Recycle flow rate

¥ max = Maximum growth rate {day™ 1)

u, = Net specific growth rate (day‘l)

Based upon these definitions, the pertinent design
equations are presented in Table 1. These are the
relationships used in the system model. Notice that there

Is Interdependence among the components. A
specnﬂcatx'on of the system seems difficult from these
complex Interrefationships.  However, they can be
reduced to a form which allows straightforward
analysis. This is detailed In the pptimization discussion.

-!'Each particular treatment design results in a
specitic treatment cost, consisting of construction and
operation and maintenance costs. The determination, and
corqparis_on, of these costs is accomplished through an
engineering economy model of the system. The develop-
ment and operation ot this model is presented in the next
section.

Economic Modet

The purpose of the research was to determire the
activated sludge treatment design resulting in the
minimum cost. In order to accomplish this it was
necessary to develop a precise definition of cost.

Because the costs of constructing and operating a
waste treatment facility do not all occur at once, it is
important to perform .an analysis which accounts for the

time value of money. In order to compare designs based

upon this, a standard analysis was established. In this
case, due to the unequal lives of the assets, the
comparison was based upon equivalent uniform annual
costs,.

Maintenance and operating cost information was
available on an annual basis. Other costs however, were
available only on a present worth basis. These consisted
of construction and related costs. The related costs were

“"yard work* (site preparation) and interest during

construction. Yard work is assumed to be 14 percent of
the total construction cost. A specific formula is used
for specifying the interest during construction. This
formula is:

Interest during = discount x construction x total capital
construction rate period(yrs) expenditures

In the analysis, a construction period of two years was
used.

The cost equations used were developed from cost
curves available in the literature (1] and [5). They were
revised to reflect current economic conditions, Table 2
presents the cost equations applicable to this study.
Notice that each component has an initial capital cost
plus annual operation and maintenance costs. The
diffused air and mechanical aeration systems are subsets
of the biological reactor system (only one of the two
aeration systems will be used)l. The clarifier cost”
equation is the same regardless of type (primary or final}.

Besides cost, additional data was required
concerning the useful lives of equipment, terminal
salvage values, and the appropriate discount rate. The
Environmental Protection Agency provides a set of
guidelines in [4] which are to be used regarding these
attributes, This information was used as a hase, with a
revislon of the discount rate based upon current levels,
The discount rate used in this case was 12 percent.

Given the appropriate cost Information, each



TABLE 1
DESIGN EQUATIONS

Treatment Process

Design Equation |

Biological Reactor v
Biclogical solids X
!

Growth rate u,
Final clarifier A
Primary clarifier Si

E

A

Air flotation 'Fc]Z

particular treatment structure resulted in a particular
systemacost. This is true not only for designs which
resulted in different effluent quality, but also designs
which resulted in the same effluent. That is, given a set
of treatment parameters and a desired effluent, a number
(essentially infinite) of designs is possible. However,
-each of these designs results in a particular {equivalent
uniform "annual) cost, The system cost equations are
summarized below,

Total cost = cost of construction (A/P) + cost of
operation and maintenance + cost of electric power
supply + cost of material and supply - salvage value
{(A/F)

where,

Total cost of construction = construction cost for plant +
yard work cost + Interest during construction

Y, FISi - (T + a]5.] + aXpF

_ (0 *a)F
kdx kd
Y IS5 - (1 4 a)Se)
1+ kd/un

+ aXR

1+ta

F(1.0036 x J0-5x)" (1 +a)" 105

1.077 x 103 aln-1) (2" ()" ]

Ss + 0.5 Xo (1 - )

0.711 ~-0.000474 FoF

F x 108

I:t:oF

0.02 (X EF + iy, )
L, 1078

—

Cost of operation and maintenance = 0 & M cost for
diffused air sysi<tn {or mechanical aeration) + 0 &
M cost for clarifiers + 0 & M cost for pumping + 0 &
M cost for dissolved air flotation + labor cost for
anaerobic digester + labor cost for sludge drying
beds

Cost of electric power supply = EL. cost for diffused air-

system (or mechanical aeration) + EL. cost for

pumping + EL. cost for dissolved air flotation + EL.

cost for anaerobic digester

Cost of material and supply = material cost for clarifiers
' + material cost for pumping + material cost for
dissolved air flotation + materials cost for
;::erobic digester + material cost for sludge drying

5

This leads to the objective of the research, which
was to develop a model to determine the wastewater



TABLE 2

COMPONENT COST EQUATIONS

Component

Capital Costs

-

0 & M Costs

Activated sludge
aeration basin

Diffused air system

Mechanical aeration

Clarifiers

Pumping

6
¥V x 10
$ = 68.341[ T35

: -673
§ = 1859.3 |:"1‘_‘7250§ox+ L

.753

3

- 0.803
$ = 18.808 v x 10°
: 1000 x 7.48

Operation Labor
. 0.504
$/yr=27.3 (CFM) C,

Maint_nance Labor
0.557
$/yr=9.89 CFM) C,

Electric

: 0.858
$/yr = 4454 .34 C,(F)

Operation Labgr 0518

= ¥ x10
$/yr=110.8 Gocmx 7.48)%!

Maintenance Labor 0.562

-6
- Yx10 G
$/yr= 52-5‘36000 X 7.43)

Electric Power
0.8215

“$/yr= 4020.65 (F) C,

0.739

$ = 446.3 (A)

0.702
$ = 560.305 (F)

QOperation Labor
0.577
$/yr=4.999 (A) Oy

Maintenance Labor
0.618
$/yr'= 1.936 {A) c’

Material & supply costs
0.758

$/yr=4.47 (A)

Operation Labor

0.636
$/yr=148.39(F) Cy

Maintenance Labor
0.56%
$/yr=122.45(F) ¢,

Electric Power
0.837
$/yr=873.49(F) C,

Other Material & Supply
0.791
$/yr = 900(F)



TABLE 2 (cont.)

Component Capital Costs 0 & M Costs
0.57
Anaerobic digester $ = 94_4[?.34(X0EF4-VXUn?] Total 0.35
-6 ’
1900 x 1078
Power
x [8.34(XOEF+VXun) 136
$/yr=0.16x10""C4— 5
1 1900 x 10
Labor -
0.36
$/yr=57.7 & 34(X EF + VXu )
1900 x 107°
Material 4r ~0.35
$/yr=33. 8.34(XOEF+VXun)
. -6
0.56 1900 x 10 .
Sludge drying beds $ =45.9 0.185 Eo(quF*'Uxun;] Total , 0.65
-6 . -
LD x 10 §/yr=1.22 O.IESED(XOEFi-VXun)
-6
1 LD x 10

Dissolved air
flotation

0.02{XE F+VXu)

$ = 18.68 — -
L, X 10 -J

Labor
' 0.40
1.a5| 0-185Ep(X EF + vxprﬂ

0.29

$/yr=
Material , 1.06
0.185E_(X EF+VXu
$/yr=0.37x10'3 D 0-6 n
LD x 10
Total O & M _10'54
$/yr = 2.52 |0- 02 XGEF + Vi)
L, X 10'6 |
Labor 0.4
$/yr= 141 0-02(X0EF+ qun)
-6
Lo x 10
Power .
$/yr = 0.0031 ¢ SO2EXGEF ; quj '
L0 x 10
Material 0.12
$/yr = 85| 0- 02 (XEF + VXu )
L, X 1075



treatment design which results in the lowest annu§l
cost. The optimization model to perform this task is
presented in the next section.

Before discussing the optimization procedure, there
Is an important aspect of the engineering economy model
which must be addressed. The costs can be partitioned
into two types; those incurred by the federal government
and those incurred locally, Under the current funding
structure, the federal government funds 75 percent of all
facility construction costs, with the local government
funding the remainder of the construction cost and all
annual operating and maintenance costs, Therefore, not
only does' each treatment structure result in a particular
level of annual costs, but this cost can also be divided
into federal and local contributions This allows an
examination of each design on three levels: federat,
local, &nd combined. The value of this delineation is
discussed in the optimization section.

Optimization Model

The optimum treatment design is that which results
in the lowest equivalent uniform annual cost of construc-
tion and operation and maintenance. Thus, the
optimization process considers values of decision
variables in the activated sludge process which specify a
treatment design. These decision variables were
presented earlier in Table 1. Each design yields specific
values of the decision variables. These, in turn, result in
a specific equivalent annua! cost,

A function was developed relating the
design/decision variables to equivalent uniform annual
cost. The design-cost relationships in Table 2 constituted
the bulk of the equation. Annual operation and
maintenance costs were included directly, Capital costs,
including such items as yard work and interest during
construction, were converted to equivalent annual costs
using the capital recovery factor. The resulting function
was nenlinear in several variables. This posed problems
In terms of finding a global optimal solution.

The design/decision variables of interest are highly
interdependent. There is literally an infinite number of
combinations of these variables. However, upon close
examination of the existing relationships, it was
determined that a specification of the recycling of
biological solids resulted in a generation of unique values
for the other variables, In this way, a complete
treatment design could be specified entirely by the single
decision variable & , By rearranging the annual cost
function to reflect this, the result was a nonlinear
function of one variable.

Reduction of the multi-variable design problem to a
single-variable problem significantly reduced the effort
involved in optimization. A specification of a yields
particular design variables, which in turn yield an annual
cost figure. Thus, for each o an equivalent uniform
annual cost is found. The problem becomes one of
optimizing a function of one variable.

The total annual cost function in terms of a is highly
nonlinear, which made strajghtforward methods using the
calculus inappropriate. A nonlinear search procedure was
deemed most useful. The problem in using this type of
technique Is the behavior of the objective function. For a
strictly convex objective function an optimal solution is

guaranteed. If the function is not convex, a false
optimum may be found. Therefore, in the initial stages
of this research a quasi-enumerative search procedure
was used. This approach allowed a complete examination
of the behavior of the annual cost function.

Results of this original investigation of the cost
function revealed that it was a well-behaved, convex
function. Computational effort could be significantly
reduced by utilizing an efficient search procedure. In
order to find the optimal solution, the Fibonacci search
procedure was used (see, for example, [3).

The extensive computations involved required the
development of a computer program. The program,
written in FORTRAN, was run on a Hewlett-Packard
Model 3000 minicompiter. This use of the small
Ccomputer was initiated as a steppingstone process leading
to a microcomputer application in the future.

For analysis purposes, the computer program
displayed many design and cost characteristics for each
of many values of a ., An example of the analysis output
is given in Table 3,

By examining one variable at a time, the level
of a that resulted in the "best" value for that variable
could be determined. For example, the value of a could
be found that yielded the lowest total annual costs. The
result was the major objective of the research {although
more easily found via the Fibonacci search).

The mode! to this point only considered the
activated sludge process. The inclusion of sludge treat-
ment in the model resulted in additional considerations,
This required the addition of the sludge treatment
process (Figure 2) and the primary clarifier to the
actjvated sludge process. Their design variables and cost
specifications are presented in Tables | and 2,
respectively.

The cost of sludge treatment, and the activated
sludge process as well, is dependent on the siudge
removed at the primary clarifier. This is determined by
the overflow rate, Fog.  Therefore, an additional
decision variable was neetfed for the annual cost function,

With this extension, the cost function became
nonlinear in two variables. Optimization of this type of
model was somewhat more complex than the single-
variable case. For analysis purposes, a quasi-enumerative
approach was taken. For a minimum-cost determination
only, a combination quasi-enumerative and Fibonacci
search process was used. For a particular overflow rate,
a Fibonacci search was used to determine the minjmum-
cost value of a, This was repeated for eight values of the
overflow rate, covering the entire range of possible
values, The eight costs found were then campared to
obtain the overa!l minimum-cost system design,

Analysis of Test Results -

Several tests were conducted to assess the impact
of on the design specifications and annual cost of the
system. The joint impact of a and Fop was also
examined.

Figure & expresses the effect of o on clarifier area,
aeration tank volume (biological reactor), and annual
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TABLE 3

SAMPLE PROGRAM OUTPUT

CLAR. REACTOR TOTAL
ALPHA AREA VOLUME COST

CONST.
COST

LABOR S  MAT

POWER + LOCAL FEDERAL SLUDGE

GOVT. GOVT. COST

0 4902,58  7.634% 919974.63 529167.25

.30 13868.74 3.0945 683493.13 325386.00
W30 22838.93  2.1444 653107.50 293411.25

J0 31809.64 1.7307 656904.88 290352.31

3 2.5

VOLUME

|7
=]
=

Clarifier Area, 1000ft2
N nN
N (=2}
L} k)
Volume Aeration Tank, Million Gallons

[
o
1

26005.66
21122,03
21286.88
22259.88

A |

6321.18 187390.19 465190.06 266378.38
14876.90 131347.69 286046.25 265991.25

22280.49 129546.48 257937.34 265603,50
29103.57 136446.22 255248.25 265215.3!

- 66.4

66.1

o
Ln
[+ -]

o
wn
¥ ]

Annual Cost, $10000

65.2

! |

0.4 0.5

0.6 0.7

Recycle Flow Rate, a

Figure 4. Generat Cost Minimization

cost. It was found that there was a direct linear relation-
ship between a and the area of the clarifier. Volume of
the aeration tank decreases at a decreasing rate as «a
increases. Finally, Figure &4 illustrates that there Is
indeed a particular recycle flow rate, a, that results in
the lowest annual cost. This same pattern was evident in
all situations examined.,

An analysis of the impact of the overflow rate,
Fops on sludge treatment cost and total annual cost is
presented in Figure 5. This also measures the impact
of a, since for each overflow rate the costs shown are the
minimum possibles found by optimizing with respect
to a , Notice that there is indeed an overfiow rate that
yieids a minimum cost for sludge treatment. However,
an overflow rate that yields a minimum total cost is not
shown on the graph, It is evident from the cost curves
that this will not continue much below Fop = 500, as the
sludge treatment cost Increases dramatically. The

precise minimum value has not been investigated at this
stage.

The effect of the overflow rate on other treatment
variables s illustrated in Table 4 for both the diffused air
aeration system and mechanical aerators, For the same
overflow rate, the optimal a is lower, as is the total
annual cost for mechanical aerators, Sludge treatment
costs are only slightly higher, due to increased sludge
from the activated sludge process.

Finally, within each decision variable, the cost-
range does not appear very large. For instance, for the
overflow range in Table 4, the total cost differs by only
five percent for diffused air and four percent for
mechanical aerators. Figure % shows a range of total
cost of only about five percent {and this does not reflect
the total possible range of a), These indeed reflect tens
of thousands of dollars per year, but the impact is not
fully represented,

Most important Is the joint impact of a and Fqp on
total annual cost. When considered in unison, the impact
is significantly increased. For instance, a poor (non-



optimal) choice of « for a poor (non-optimal) choice of
Fop can result in costs that are twenty percent or more

above minimum annual costs. In this light, the value of
the optimization approach is apparent.

The analysis could also be performed for any subset
of the total annual costs. This led to an evaluation at
both the federal and local government levels. The results
of this analysis are presented in the next section.

Impact on Federal and local Governments

i By partitioning the total annual cost into that
portion for which the federal government is responsible
(75% of construction costs) and that portion for which the
local government is responsible, an analysis was
performed to determine the least-cost system design for
each. For the federal government, this Is essentially
minimizing capital costs, while for the local government
this is a trade-off between construction cost and annual

operation and maintenance costs.,

Figure &
dilemma.

illustrates

the

cost-minimization
The federal government naturally wants to

spend less money, and there is a recycle flow rate which

minimizes the federal governments annual cost.

same is true for local governments,
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TABLE 4

Overflow Rate

1
500 600 700 800 900 1000 1100 1200

Figure 5. Effect of Overflow Rate
on Treatment Costs

EFFECT OF OVERFLOW RATE ON
TREATMENT VARIABLES

4 o A v FOF
1 0,54 24,618,4 1.9647 500
2 0,55  25,081,54 2.0133 -600
3 0,56  25,544,79 2,061 700
4 0.57  26,007,96 2.108 800
5 0.58 26,471.16 '2,1544 900
6 0.59 26,934 .4 2.1999 1000
7 0.59 26,948.94 2.2687 1100
8- 0.60 27,412.21 2.3128 1200
Mechanical Aerators
1 0.37 16,993,5 2.5535 500
2 0.38  17,456.68 2,5967 600
3 0.39  17,919.86 2.639 700
4 0.39 17,934.6 2.7923 800
§ 0.40  18,397.77 2,769 900
6 0.41  18,861.0 2,8081 1000
7 0.1 18,875.72 2.8952 1100
8 0.42  19,338.92 2,932 1200

10

E $1
0,474 165, 750
0.4266 171,675
0.3792  177.600
0.3318  183.525
0.2844  189.450
0.23700 195,375
0.189%60  201.3
0.1422  207.225
0,476 165,750
0.4266  171.675
0.3792 177.60
0,3318 183,525
0,2844 189,45
0.23700 195,375
0.18960  201.3
0.1422 207,225

Sludge Cost

269,026,19
265,506, 44
263,325,25
262,041,91
261,384, 88
261,183, 25+

. 261.381,75

261,744.38

269,378.4
265,836.19
263,652.25
262,385,
61,720, 4
261,521.06*
261,677.03
262.077.0

Total Cost
'TCOST!
649,731,13+%
652,287.25
656,094,75

660,699.0

© 665,834.00

671,335.00
677,087.38
683,015.50

534,998, 13*
535,612.13
§37,520.63
540,252.75
943,538,63
547,229.0
551,181.25
555,350, 75



The problem is that neither recycle flow rate "best"
for federal or local governments corresponds to the
recycle flow rate that yieids the minimum annual cost for
the entire system. In general, the minimum-cost point
for the federal government will be at a higher recycle
flow rate, since this represents lower capital cost
requirements, :

Thus, minimization of wastewater treatment costs
may be dependent upon whose view is taken, It also
means that each funding level must be willing to given a
little in order to achive the minimum system cost,

At the present time, wastewater treatment cost
may not be at a minimum level from any viewpoint. A

Iedfaral funding policy, recognizing that a minimum cost
design can indeed by specified, should be considered.

280+

FEDERAL

2400 1\

200

Costs, $10000

(‘l

120

Figure 6. Comparison of Federal and Local Costs

Summary

This paper has presented a general procedure for
developing the least-cost wastewater treatment design
for the activated sludge process and the sludge treatment
process suggested. The system was represented as a
group of treatment designh variables. Based upon the cost
of each particular design component, an economic model
was developed which specified an equivalent uniform
annual cost for each particular design. In this manner,
the specification of design variables resulted in a specific
annual cost.

The equivalent uniform annual cost function was
used as the objective function in a cost minimization
model. This function was reduced to a function of one
variable, the recycle flow rate . It was determined that
a single-varlable search technique could be used to find
the minimum-cost design. When sludge treatment was

n

added to the activated sludge process, the function
be_camg one consisting of two variables. For
minimization a c¢ombined quasi-enumerative, single-
variable search was used, '

Analysis of test results revealed the
appropriateness of this approach. Savings of from five to
twenty percent, maybe more, are evident in the use of
the model. It was alsa shown that relationhips existed
between the overflow rate and the optimal value of the
recycle flow rate, and the optimal recycle flow rate and
the type of aeration utilized. These relationships, and
others, should prove valuable to design engineers.

Finally, it was shown that the minimum-cost system
design does not correspond to the federal governments
minimum-cost design or the local governments minimum-
cost design. It was suggested that the current federal
funding policy be examined with the minimization of tax-
payer cost in mind.

~ References

L Banker, R.F. and W.L. Patterson, "Estimating Costs
and Manpower Requirements for Conven-
tional Wastewater Treatment Facilities,"
prepared for the Environmental Protection
Agency, October 1971,

2, Himmelblau, D. M., Applied Nonlinear Program-
ming, McGraw-Hill Book Company, New
York, 1972,

3.  Kincannon, Don F, and A.F. Gaudy, "Comparison of
Design Models for Activated Sludge, "

Water and Sewage Works, Vol. 124,
February, 1977.
4.  "Preparing a Facility Plan," Appendix A: Cost

Effectiveness and Analysis Guidelines,
Environmental Protection Agency, May
1975.

5. "Wastewater Treatment Processes and Systems,
Performance, and Cost," Weston Environ-
menta!l Consultants-Designers, West
Chester, Pennsylvania, October 1977.

ABOUT THE AUTHOR

C. Patrick Koeiling is currently an Assistant
Professor In the School of Industrial Engineering and
Management at Oklahoma State University. Dr. Koelling
received his B.S.LE., M.S.LE., and MBA degrees from the
University of Missouri and Ph.D. from Arizona State
University. His interests are in applied operations
research and multi-criteria analysis. He is a member of
the Institute of Industrial Engineers, Operations Research
Society of America, and The Institute of Management
Sciences. Dr. Koelling is currently co-authoring a book
entitled IBM Personal Computer: Basic Programs for
Engineers and Scientists,




33
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AND ITS IMPLICATIONS FOR
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« Abstract

The wastewater treatment design problem is
addressed with an objective of minimizing costs over the

life of the facility, The model developed utilizes the .

treatment design equations to generate an annual cost
expression. Through the use of simple nonlinear
optimization techniques, the treatment design which
results in the lowest cost is found. An analysis of the
model's performance reveals its potential impact on
facility costs. Also examined is the impact with respect
to costs at both the federal level and local level.

Introduction

During the past few years, millions of dollars have
been spent in constructing wastewater treatment plants,
The American taxpayer Is faced with additional large
expenditures for wastewater treatment facilities. Infla-
tion will add to the cost of constructing these treatment
plants as weil as increasing the operation and
maintenance costs. Even so, very little has been done by
the design engineer in regards to selecting the most cost
effective design. The objective of this research was to
develop an optimization technique for selecting the most
cost effective design for the activated sludge wastewater
treatment process.

The current design process consists largely of
picking treatment components which result in a desired
effluent quality. For the activated sludge process, one of
the major wastewater treatment processes, the typica!l
components are illustrated in Figure 1. The design of the
biological reactor, final clarifier, recycle pump, and
recycle pipeline are dependent upon each other. Many
different combinations of these components can result in
the same quality effluent. Thus, a particular effluent
quality can be achieved through a number of designs. It
is desirable to choose that design which meets the
required effluent at the least possible cost.

Additional questions arise regarding the precise
definition of minimum cost. Wastewater treatment costs
are shared by the federal and local government. The
federal government funds a percentage (in general, 75%)
of the construction costs while local governments are

" ‘responsible for all cperating and maintenance costs.

Since the design chosen dictates construction and

‘Included in the design model.

operating and maintenance costs, the federal government
would be interested in selecting a design which results in
low construction costs. local government would want
tow operating and maintenance costs. Thus, finding the
design which presents the least-cost to the federal
government may not be the same design which presents
the least cost to the local government. This issue will be
examined further later in this paper.

This paper presents a decision mode! for choosing
the least-cost wastewater treatment design.  This
consists of system equations specifying the relevant
design, an economic model relating each design to an
annual cost, and an optimization model to find the design
yielding the least cost. An analysis of model test results
is also included.

Assumptions

* There are several assumptions which were made
during the development of this treatment model. These
relate primarily to the treatment process and the
economic mode! used.

Of the many different types of wastewater treat-
ment processes, the process modelled is the activated
sludge treatment process which is described in Figure 1.
This is extended in rigure 2 to consider treatment of
sludge. Further, later on the sludge treatment activity is
The particular sludge
treatment process considered is presented in Figure 3.

Assumptions were also required for the econemic
model. Government specifications were included in the
creation of the model. These included such things as
handling interest charges during construction and special
charges for "yard work" (laying pipelines, other charges
not specifically allocated to other construction). One
specification not rigidly followed was the discount or
interest rate used. An interest rate was chosen to reflect
current financial conditions.

‘The lives of assets included in the analysis are also
based upon government specifications. In cases where
salvage values were not dictated, expert opinion was used
to determine these values,

Finally, inflation is not explicitly considered in the
analysis. This would also include changes in energy costs
over the years of life of the treatment facility. This

INSTITUTE OF INDUSTRIAL ENGINEERS
1983 ANNUAL SPRING CONFERENCE
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would be a desired extension of the current model. The
anticipated impact of these considerations will be
addressed later in the paper.

Activated Sludge Model

The activated sludge process is bt one of several
wastewater treatment processes in use today. Because it
-is one of the most popular processes, it was chosen for
.analysis. The activated sludge process is depicted in
Figure 2,

In this paper thers is no reason to detail the
biological activity of the activated sludge treatment
process. What is of concern are the appropriate treat-
ment components, their relationships, and the resultant
decisior? variables.

The major components of interest, from Figure 2,
are related as follows, The influent, after passing
through any preliminary treatment processes, enters the
primary clarifier. At this point a certain amount is
routed directly to sludge treatment. This amount is
determined by the overflow-rate, Fop. The overflow
rate, in combination with the influent flow rate, F,
dictates the rate of flow into the activated sludge
process,

. The first component of the activated sludge process
Is the biclogical reactor where the waste is treated
biologically. An aeration process is also included. The
size of the biological reactor is specified as a volume.

The only cost, other than censtruction, associated

with the biological reactor, is related to the aeration
process. Two different aeration processes were
considered: diffused and mechanical.

The second component of the activated sludge
process is the secondary, or final, clarifier. In this
clarifier biological solids settle to the bottom, being
either recycled or sent to sludge treatment. The effluent
is taken from the top of the clarifier, Of course the
desire is that the effluent meet quality specifications.
The size of the clarifier is specified as an area.

A prescribed amount of the biologica! solids are
sent to sludge treatment. A prescribed amount is also
recycled through the activated sludge process. This
recycling is actually the third major component of the
process. The amount of recycling is controllable, and as
will be shown [ater, has a significant impact on the
overall design of the system. As shown in Figure 2, the
solids are recycled to the biological reactor. The
variable x specifies the fraction of biological solids which
are recycled. )

The sludge treatment process is depicted in Figure
3. Sludge may arrive from either the primary clarifier or
secondary clarifier. There is a trade-off between treat-
ment within the activated sludge process and sludge
treatment.That is, more of one implies less of the other,
Sludge treatment represents the last stage of the
treatment process,

The specification of system components must be
made via system design equations. These equations
relate biological constants and input parameters to
system operation, Including specification of system



components; volume of the biological reactor and area of
the final clarifier,

Design models are available for the biological
reactor, final clarifier, and recycle flow rates. Appro-
priate models from the literature were selected, [3]
There are no models available for the primary clarifier
and sludge treatment processes. For these processes,
data_was taken from the literature and a mathematical
relatzpnship was developed. Before presenting the design
equations, it is necessary to present the definition of
symbols used. These definitions are given below.

axz Sludge settling velocity constant
A= Surface area of a clarifier (square feet)

E': Fraction of suspended solids removed in the
primary clarifier

F =  Wastewater flow rate {million gallons per
day)

F 9 = Solids flow.rate from air flotation unit
Fop = Overtflow rate (gallons per day per 1t2)
kg =  Decay coefficient (day™])

k.=  Biological constant

LD =  Solids loading to digester (pounds per day)

L, = Solids_loading to air flotation (pounds per
° " day 1) P
n= Sludge settling velocity constant

Se = Organic material concentration (eftluent,
milligrams per liter)

5 = Organic material concentration (total from
primary clarifier, milligrams per liter) )

Ss = Soluble organic material concentration
(influent, milligrams per liter)

V= Volume of the biological reactor (miltion
gallons)

X.= Biological population (milligrams per liter)

X, = Suspended solids in influent {milligrams per
liter) :

Xg = Final clarifier underflow solids concen-
tration (milligrams per liter}

Y, = Sludge yield

o« = Recycle flow rate

¥ max = Maximum growth rate (day'l)

bp= Net specific growth rate (day™])

Based upon these definitlons, the pertinent design
equations are presented in Table I. These are the
relationships used in the system model. Notice that there

is gn_terdependence among the comp'onents. A
spccmcati_on of the system seems difficult from these
complex interrelationships.  However, they can be
reduced to a form which allows straightforward
analysis, This is detailed in the optimization discussion.

.I_Each particular treatment design results in a
specific treatment cost, consisting of construction and
operation and maintenance costs. The determination, and
comparison, of these costs is accomplished through an
engineering economy model of the system. The develop-
ment and operation oz this model is presented in the next
section.

Economic Model

The purpose of the research was to determine the
activated sludge treatment design resulting in the
minimum cost. In order to accomplish this it was
necessary to develop a precise definition of cost.

Because the costs of constructing and operating a
waste treatment facility do not all occur at once, it is
important to perform an analysis which accounts for the

.time value of money. In order to compare designs based

upon this, a standard analysis was established. In this
case, due to the unequal lives of the assets, the
comparison was based upon equivalent uniform annual
costs,,

Maintenance and operating cost information was
avajlable on an annual basis. Other costs however, were
avaijlable only on a present worth basis. These consisted
of construction and related costs. The related costs were

‘"yard work" (site preparation) and interest during

construction. Yard work is assumed to be 14 percent of
the total construction cost. A specific formula is used
for specifying the interest during construction. This
formula is:

Interest during = discount x construction x total capital
construction rate period(yrs) expenditures

In the analysis, a construction period of two years was
used,

The cost equations used were developed from cost
curves available in the literature (({] and 5). They were
revised to reflect current economic conditions. Table 2
presents the cost equations applicable to this study.
Notice that each component has an initial capital cost
plus annual operation and maintenance costs. The
diffused air and mechanical aeration systems are subsets
of the biological reactor system (only one of the two
aeration systems will be used). The clarifier cost”
equation Is the same regardless of type (primary or final).

Besides cost, additional data was required
concerning the useful lives of equipment, terminal
sajvage values, and the appropriate discount rate. The
Environmenta! Protection Agency provides a set of
guidelines in [#] which are to be used regarding these
attributes, This information was used as a base, with a
revision of the discount rate based upon current levels.
The discount rate used in this case was 12 percent.

Given the appropriate cost information, each



TABLE !
DESIGN EQUATIONS

Treatment Process

Design Equation |

Biological Reactor v
Biological solids X
'

Growth rate |
Final clarifier A
Primary clarifier S'i

E

A

Air flotation Fc-la

particular treatment structure resulted in a particular
systemgcost. This is true not only for designs which
resulted in different effluent quality, but also designs
which resulted in the same effluent. That is, given a set
of treatment parameters and a desired effluent, a number
(essentially infinite) of designs is possible. However,
each of these designs results in a particular (equivalent
uniform "annual} cost, The system cost equations are
summarized below.

Total cost = cost of construction (A/P) + cost of
operation and maintenance + cost of electric power
supply + cost of material and supply - salvage value

(A/F)
where,

Total cost of construction = construction cost for plant +
yard work cost + interest during construction

Y, FUSy - (T 4 e]5.T + okF

AREL
kX Ky
YIS - (1 +a)sg]

+
1+ kd/un

uXR

'Fbe

1+a

%
max

F(1.0036 x 70°8x)" (1+q)" 10

1.077x 10 atn-1 (2" (@™ -

Ss + 0.5 XD (1 -€)

6.711 - 0.000474 FoF

6

FoF

0.02. (X EF + VXu )
L, x 107°

Cost of operation and maintenance = 0 & M cost for
diffused air sysicm (or mechanical aeration) + 0 &
M cost for clarifiers + 0 & M cost for pumping + 0 &
M cost for dissolved air flotation + labor cost for
:naerobic digester + labor cost for sludge drying
eds

Cost of electric power supply = EL. cost for diffused air-
system {(or mechanical aeration) + EL. cost for
pumping + EL. cost for dissolved air flotation + EL.
cost for anaerobic digester

Cost of material and supply = material cost for clarifiers
+ material cost for pumping + material cost for
dissolved air flotation + materials cost for
gncalerobic digester + material cost for sludge drying

eds

This leads to the objective of the research, which
was to develop a model to determine the wastewater



TABLE 2
COMPONENT COST EQUATIONS

Component

Capital Costs

0 & M Costs

Activated sludge
aeration basin

Diffused air system

Mechanical aeration

Clarifiers

Pumping

o
]

. : g .753
- vx10
= £8.341 48

. 610-673
25 ¥ x 10
= 1859.3 [—1———-7000+ %

»

X 106

- 0.803
- v
$ = 18.808 ]10'00__T_x .48]

.$/yr= 4020.65 (F) C.

0.739

$ = 446.3 (A)

0. 702
$ = 560.305 (F)

Operation Labor
. 0.504
$/yr=27.3 (CFM) C;

Maint_nance Labor
. 0.557
$/yr=9.89 CFM) C,

Electric
. 0.868
$/yr = 4454_34 C,{F)

Operation Labqr ; 0.518

B Vv x10
$/yr=110.8 60’00_““:: 7.48)(:'

Maintenance Labor 0.562

-6
] v x 108 ¢,
$/yr=52.513( 500 7.43)

Electric Power
0.8215

Operation Labor
0.577
$/yr=4.999 (A} C

Maintenance lLabor
0.618
$/yr=1.936 (A} C,

Material & supply costs
0.758
$/yr= 4,47 (A)

Operation Labor -
0.635
$/yr=148.39(F) &

Maintenance Labor
0.569
$/yr=122.45(F) C,

Electric Power
0.837
$/yr=873.48{(F) ¢,

Other Material & Supply
0.791

$/yr=900{F)



TABLE 2 (cont.)

Component Capital Costs 0 & M Costs

0.57
Anaercbic digester $ = 94.4l?‘34(xo”+vxunﬂ Total 0.35
1900 x 10-6 §/yr = 966 |8 IHXEF + VX )

1900 x 1070

Power
138
5 8. 34(XOEF+VXunj]

$/yr=0.16x10""C4— &
1900 x 10

Labor

$/yr=57.7

J 0.3
8. 34(X°EF+ vxpn)

| 1900 x 107°

Material

-~ 0.35

8.34(X°EF + VXun)

1900 x 10°° J

$/yr=33.4

0.56
§ = 45.9/0-185 Eo(on“”x”n;l Total

-6 - ' Y
Lp x 10 __' §/yr = 1.22| 0- 1856 (X ,EF + VXu )
6

Sludge drying beds 0.65

L, x 107

D

b
—

Labor
' Th .
§/yr=1.85 0.185Ep(X EF + vxur:ﬂ

&

Ly x 10

Material 1.06
3 0.185ED( XOEF+VXpn

$/yr=0.37x10" s
Ly x 10

0.02(x £ F+vxu)| 0% ‘
Dissolved air $ = 18.68 — T 0 Total 0 & M 0.54
flotatio X _J
otation o s/W=2.52[(-).02()(05:+“.')(l.|")

-6
L Lo x 10

Labor

| 0.40
§/yr=14.1 D.UZ(XOEF+VXUJ

5
L, % 10 J
Power

. Q4¢
§/yr =0.0031 ¢4 LOZEXGEF + VX
L, X 10°°

Material 0.12

§/yr = 855 0- 02 (X EF +5VXun)

Lo x 10



t.eatment design which results in the lowest annual
cost. The optimization model to perform this task is
- presented in the next section,

Before discussing the optimization procedure, there
Is an important aspect of the engineering economy model
which must be addressed. The costs can be partitioned
into two types; those incurred by the federal government
and those incurred locally, Under the current funding
structure, the federal government funds 75 percent of all
facility construction costs, with the local government
funding the remainder of the construction cost and all
annual operating and maintenance costs. Therefore, not
only does each treatment structure result in a particular
level of annual costs, but this cost can also be divided
into federal and local contributions This allows an
examination of each design on three levels: federal,
local, #d combined. The value of this delineation is
discussed in the optimization section.

Optimization Mode!

The optimum treatment design is that which results
in the lowest equivalent uniform annual cost of construc-
tion and operation and maintenance, Thus, the
optimization process considers values of decision
variables in the activated sludge process which specify a
treatment design, These decision wariables were
presented earlier in Table |, Each design yields specitic
values of the decision variables. These, in turn, result in
a specific equivalent annual cost.

i

A  function was developed relating the
design/decision variables to equivaient uniform annual
cost. The design-cost relationships in Table 2 constituted
the bulk of the equation. Annual operation and
maintenance costs were included directly. Capital costs,
including such jtems as yard work and interest during
construction, were converted to equivalemt annual costs
using the capital recovery factor. The resulting function
was nonlinear in several variables. This posed problems
fn terms of finding a global optimal solution.

The design/decision variables of interest are highly
interdependent. There is literally an infinite number of
combinations of these variables. However, upon close
examination of the existing relationships, it was
determined that a specification of the recycling of
biological solids resulted in a generation of unique values
for the other variables. In this way, a complete
treatment design could be specified entirely by the single
decision variable a . By rearranging the annual cost
function to reflect this, the result was a nonlinear
function of one variable.

Reduction of the multi-variable design problem to a
single-variable problem significantly reduced the effort
involved In optimization. A specification of a yields
particular design variables, which in turn yield an annual

cost figure. Thus, for each & an equivalent uniform

annual cost is found. The problem becomes one of
optimizing a function of one variable,

The total annual cost function in terms ofa is highly
nonlinear, which made straightforward methods using the
calculus inappropriate. A nonlinear search procedure was
deemed most useful. The problem in using this type of
technique ls the behavlor of the objective function. For a
strictly convex objective function an optimal solution is

guaranteed. I the function is not convex, a false
optimum may be found, Therefore, In the initial stages
of this research a quasi-enumerative search procedure
was used. This approach allowed a complete examination
of the behavior of the annual cost function.

Results of this original investigation of the cost
function revealed that it was a well-behaved, convex
function. Computational effort could be significantly
reduced by utilizing an efficient search procedure. In
order to find the optimal solution, the Fibonacci search
procedure was used (see, for example, [3).

The extensive computations involved required the
development of a computer program. The program,
written in FORTRAN, was run on a Hewlett-Packard
Mocdel 3000 minicomputer. This use of the small
computer was initiated as a steppingstone process leading
to a microcomputer application in the future.

For analysis purposes, the computer program
displayed many design and cost characteristics for each
of many values of @, An example of the analysis output
is given in Table 3,

By examining one variable at a time, the leve!
of < that resulted in the "best" value for that variable
could be determined. For example, the value of a could
be found that yielded the lowest total annual costs. The
result was the major objective of the research (although
more easily found via the Fibenacci search).

The model te this point only considered the
activated sludge process. The inclusion of sludge treat-
ment in the model resulted in additional considerations.
This required the addition of the sludge treatment
process’ (Figure 2) and the primary clarifier to the
activated sludge process. Their design variables and cost
specifications are presented in Tables | and 2,
respectively. :

The cost of sludge treatment, and the activated
sludge process as well, is dependent on the sludge
removed at the primary clarifier. This is determined by
the overflow rate, Fop- Therefore, an additional
decision variable was neecred for the annual cost function.

With this extension, the cost function became
nonlinear in two variables. Optimization of this type of
mode! was somewhat more complex than the single-
variable case. For analysis purposes, a quasi-enumerative
approach was taken. For a minimum-cost determination
only, a combination quasi-enumerative and Fibonacci
search process was used. For a particular overflow rate,
a Fibonacci search was used to determine the minimum-
cost value of a. This was repeated for eight values of the
overflow rate, covering the entire range of possible
values, The eight costs found were then compared to-
obtain the overall minimum-cost system design.

Analysis of Test Results

Several tests were conducted to assess the impact
of on the design specifications and annual cost of the
system. The joint impact of a and Fnup was also
examined.

Flgure & expresses the effect of a on clarifier area,
aeration tank volume (biological reactor), and annual



TABLE 3

SAMPLE PROGRAM OUTPUT

CLAR. REACTOR TOTAL CONST.
ALPHA AREA VOLUME COST COsST

LABOR § MAT

POWER + LOCAL FEDERAL SLUDGE
GOVT. GOVT. COST

0 4902,58  7.6344 919974.63 529167.25
.30 13368.74 3.0945 683493,13 325386.00
«J0  22838,93 21444 653107.50 293411.25
JO 31809.64 1.7307 656904.88 290352,31

34 2.50
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Figure 4, General Cost Minimization

cost. It was found that there was a direct linear relation-
ship batween a and the area of the clarifier. Volume of
the aeration tank decreases at a decreasing rate as a
increases. Finally, Figure & illustrates that there is
indeed a particular recycle flow rate, a , that results [n
the lowest annual cost. This same pattern was evident in
all situations examined.

An analysis of the impact of the overflow rate,
Fop» on sludge treatment cost and total annual cost is
presented in Figure 5, This also measures the impact
of a, since for each overflow rate the costs shown are the
minimum possible; found by optimizing with respect
to a . Notice that there is indeed an overflow rate that
yields a minimum cost for sludge treatment. However,
an overflow rate that yields a minimum total cost is not
shown on the graph. It is evident from the cost curves
that this will not continue much below Fop » 500, as the
sludge treatment cost increases dramatically. The
precise minimum value has not been investigated at this
stage,

The effect of the overflow rate on other treatment
variables is illustrated in Table 4 for both the diffused air
aeration system and mechanical aerators. For the same
overflow rate, the optimal « is lower, as is the total
annual cost for mechanical aerators. Sludge treatment
costs are only slightly higher, due to increased sludge
from the activated sludge process.

Finally, within each decision variable, the cost-
range does not appear very large. For instance, for the
overflow range in Table &, the total! cost differs by only
five percent for diffused air and four percent for
mechanical aerators. Figure 4 shows a range of total
cost of only about five percent (and this does not reflect
the total possible range of a). These indeed reflect tens
of thousands of dollars per year, but the impact is not
fully represented.

Most important is the joint impact of a and FOF on
total annual cost. When considered in unison, the impact
js significantly increased, For instance, a poor {non-



optimal) choice of & for a poor (non-optimal) choice of 2600
FoF €an result in costs that are twenty percent or more 684
above minimum annual costs. In this light, the value of S.T
the optimization approach is apparent. g 268~ $ COsT 680
[ ]
The analysis could also be performed for any subset § 267 1= TOT. COsT 676
of the total annual costs. This led to an evaluation at Mg
both _the federal and local government levels. The results o 266
of this analysis are presented in the next section. o 672 §
8 265)- 668 =
&F -
g h
Impact on Federal and Local Governments B 2641~ 664 E
. o [
) By partit_Ioning the total annual cost into that E 261 o
portion for which the federal government is responsible o 660 3
(75% of construction costs) and that portion for which the 2 262 £
local government is responsible, an analysis was A = 656
performed to determine the least-cost system design for W )
each. For the federal government, this is essentially 2611~ 652
minimizing capital costs, while for the local government
this is a trade-off between construction cost and annual 260 } | 1 ] i ] 1 J 648
operation and maintenance Ccosts. . 500 600 700 800 900 1000 1100 1200
Figure 6 illustrates the cost-minimization Overflow Rate
dilerzn;a. The federal government naturally wants to
spend less money, and there is a recycie flow rate which :
minimizes the f::deral governmentsy annual cost. The Figure 5. Effect of Overflow Rate
same is true for local governments. on Treaitment Costs
TABLE 4
EFFECT OF OVERFLOW RATE ON
TREATMENT VARIABLES
Diffused Alr
Total Cost
# o A \j FOF E SI Sludge Cost 'T CosT!
1 0.54 24,618,41 1.9647 500 0,474 165, 750 269,026.19 649,731,13+*
2 0.55 25,081,54 2.0133 600 0.4268 171,675 265,506, 44 652,287.25
3 0,56 25,544.,79 2,0611 700 0.3792 177,600 263,325.25 656,094,75
4 0.57 26,007,96 2.1081 800 .0.3ns8 183.525 262,081.9 660,699.0
5 0.58 26,471 .16 "2,1544 900 0.2844 189,450 261,384,88 665,834,00
6 0.59 26,934.4 2.1999 1000 0.23700 195, 375 261,183, 25% 671,335.00
7 0.59 26,948,94 2.2687 1100 0.1890 201.3 . 261,341,75 677,087,38
8 0.60 27,412.21 2.3128 1200 0.1422 207,225 261,744, 38 6683,015,50
Mechanical Aerators ' )
1 0.37 16,993,5 2.5535 500 0.474 165,750 269,378.4 534,998.13~
2 0.38 17,456.68 2,5967 600 0.4266 171,675 265,836.19 535,612.12
3 0.39 17,919, 86 2,639 jo0 0.3792 177.60 263,652,258 537,520.63
4 0.39 17,9346 2.7923 800 0,3318 183,525 262,385, 540,252,75
5 0.40 18,397,77 2.7691 300 0.7844 189,45 261,725, 4 543,538,63
‘ 6 0.4 18,861.0 2.8081 1000 0.23700 195,375 261,521, 06* 547,229.0
7 0.4 18,875,72 2.8952 1100 0.18960 201.3 261,677.03 551,181.25
8 0.42 19,338,92 2.9321 1200 0.1422 262.0772.0 §55,350.75
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The problem is that neither recycle flow rate "best"
for federal or local governments corresponds to the
recycle.ﬁow rate that yields the minimum annual cost for
the entire system. In general, the minimum-cost point
for the federal government will be at a higher recycle

flow rate, since this represents lower capital cost
requirements.

Thus, minimization of wastewater treatment costs
may be dependent upon whose view is taken. It also
means that each funding level must be willing to given a
little in order to achive the minimum system cost.

At the present time, wastewater treatment cost
may not be at a minimum level from any viewpoint. A

fedf:ral funding policy, recognizing that a minimum cost
- design can indeed by specified, should be considered.
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Figure 6. Comparison of Federal and Local Costs

Summary

This paper has presented a general procedure for
developing the least-cost wastewater treatment design
for the activated sludge process and the siudge treatment
process suggested, The system was represented as a
group of treatment design variables, Based upon the cost
of each particular design component, an economic model
was developed which specified an equivalent uniform
annual cost for each particular design. In this manner,
the specification of design variables resulted in a specific
annual cost.

The equivalent uniform annual cost function was
used as the objective function in a cost minimization
meodel. This function was reduced to a function of one
variable, the recycle flow rate . It was determined that
a single-variable search technique could be used to find
the minimum-cost design. When sludge treatment was

1

t

added to the activated sludge process, the function
became one consisting of two variables. For
minimization a combined quasi-enumerative, single-
variable search was used, '

Analysis of test results revealed the
appropriateness of this approach. Savings of from five to
twenty percent, maybe more, are evident in the use of
the model. It was also shown that relationhips existed
between the overflow rate and the optimal value of the
recycle flow rate, and the optimal recycle flow rate and
the type of aeration utilized. These relationships, and
others, should prove valuable to design engineers.

Finally, it was shown that the minimum-cost system
design does not correspond to the federal governments
minimum-cost design or the local governments minimum-
cost design. It was suggested that the current federal
funding policy be examined with the minimization of tax-
payer cost in mind.
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