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ABSTRACT 

mathematica l  framework is developed for use in the optimal sizing of a wastewater 

treatment ystem compri es an acti ated sludge system preceded by a primary 

c larifier. Mathemat ical models pred ict ing the performance of various unit processes 

are used to con truct the system model. A M3, used in the developed framework, is 

among the most recent and comprehensive models that closely describe the bio logical 

react ions tak ing place in the act ivated sludge system. Cost information funct ions 

inc lud ing capital and o perat ional costs of d ifferent system units are also modeled. An 

optimization problem is formulated with the objective to produce optimal sizes of 

d ifferent units with least cost and meet ing the effluent requirements. The problem is a 

non l inear programm ing problem that is so lved using the General Algebraic Modeling 

Systems software "GAMS".  The optimi zat ion model is appl ied to an i l lustrative 

problem produc ing valuable and pract ical resu lts. The model is also used as an 

analysis tool to reveal the influence o f  various invo lved parameters and inputs upon 

the system performance and relevant results. Uncertainty cons iderat ion is also 

highlighted w ith an example showing an expected-value problem. I mportant insights 

about process design, model ing, and integrat ion were gained by exercising the model. 

Such include the effect iveness o f  each unit operat ion, the importance and effect of 

sludge retent ion t ime, the effect of  temperature on model performance and cost, and 

the effect o f  influent characterist ics variabil ity. Huge cost savings can be achieved by 

contro lling the system at different temperatures. Influent characterist ics variabi l ity is 

of great importance and considering such at the design stage contributes significant ly 

to the designed system optimality and re liabi l ity. 
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CHAPTER! 

INTRODUCTION 

Pollution of water has great implications since water is considered as life for humans. 

Thi p l lution is main ly attributed to domestic and industrial usage. The po l luted 

ater contains among others large quantities of organic and nitrogenous compounds. 

For many reasons ( regulation constraints, health, environment, water reuse, etc.), the 

concentration of these compounds must be reduced. This is achieved by means of  

ph sical, bio logical, and chemical treatment methodologies. Wastewater originated 

from domestic water use is usual ly treated in treatment p lants of various types and 

configurations. The activated sludge process is one of the most widespread bio logical 

wastewater purification techno logies for domestic wastewater treatment purposes. 

Activated sludge wastewater treatment plants are widely used for various treatment 

purposes. 

The activated sludge process as the most widely used bio logical wastewater 

treatment process has gained a great attention from researchers. This is also attributed 

to its complexity as a bio logical operation where it has triggered various efforts to 

understand and model the various biochemical activities form the process. Modeling 

and design of the process have faced several challenges until the current modeling and 

design practice is formulated. Especial ly during the last two decades modeling of  

bio logical degradation processes in  activated sludge plants has been an  important 

research topic. Recent developments in process modeling have resulted in the 

inauguration of  advanced dynamic general-purpose models. The most common recent 

applied activated sludge models are ASM models of  the I nternational Water 

Association (IW A). 

The main objective of present wastewater treatment plan design, in general, is 

to provide a cost effective processing system for a given wastewater. I n  the design of  

activated s ludge wastewater treatment plants, several design decisions are to be 

undertaken. These include for example: selecting the appropriate unit processes 



nfigurat i"n option , and detern1ining operational condit ions of selected 

unit pr ce es. on figuration options may inc lude aspects such as capacity, shape, 

and placement, while operational conditions may include minimum and maximum 

design temperatures, flow rate aeration rate, and quantity of return activated sludge. 

Ideally, the resulting design should consider minimizing costs whi le meeting 

con traints such as treatment capacity and current and expected effluent regulations. 

These considerations are combined to form a complex design problem. Additional ly, 

each of the unit processes is designed to achieve a specific goal, and only limited 

consideration is given during the design procedure to interactions among the unit 

processes. 

I n  practice, the most commonly used resources for making design decisions 

are past experiences, published guidelines, and trial and error. While these procedures 

general ly produce designs of acceptable performance, most often there is remaining 

considerable space for improvement in terrns of performance as wel l  as cost . As an 

alternative, activated sludge models, such as ASM models, are becoming increasingly 

important in assisting design engineers in making good decisions for wastewater 

treatment design and operational conditions. These models a l low for the testing of 

design performance in a virtual environment and for reducing the need for expensive 

pilot studies. In addition, modeling experience increases the engineers' understanding 

of the performance of treatment process options and their confidence that innovative 

designs wil l  reliably meet current and future effluent limits. 

General ly, activated sludge models are used in a trial-and-error fashion. First, 

a designer proposes a tentative design based on treatment objectives and other criteria. 

The design is modeled and effluent characteristics are predicted using simulation. I f  

possible, capital and operations and maintenance costs are also estimated. Based on its 

performance, the design is then iteratively modified and tested until a satisfactory 

design is obtained. This description of the design process does not adequately convey 

the potential difficu lties faced by the design engineer, however. For example, even 

with a small number of design decisions, the problem can be very large. A simple 

example i l lustrates this point. I f  there are 1 0  design decisions and each of these can 

take one of two values, the result is 210, or 1 024, possible design combinations. The 

combinatorial nature of such problems general ly means that not all design possibilities 

can be tested. I nstead, guided by experience, the designer must choose which design 
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difediol1S to pur ue. uch deci-ions ar ,.I maue mor difficult by the campI x 

biokinetic of  treatment operations and by the potential interaction between treatment 

proce e ,  \: hich rna lead in orne cases to counterintuitive performance. The 

"mental model" used by the designer to consider these issues and direct the design 

proces may be very different from reality and may lead to designs that have 

considerable room for improvement, as mentioned earlier. 

An alternative to this design paradigm is one in which the design process, 

e entiall a search through design possibilities, is automated using optimization. I n  

an optimization-driven design context, the designer supplies mathematical 

descriptions of design objectives and constraints (e .g . ,  minimize total cost while 

meeting effluent targets). An optimization algorithm is then used to identify one or 

more design alternatives that best meet these criteria. This paradigm has the advantage 

that it is able to consider design objectives, constraints, and performance 

comprehensively and simultaneously. I n  addition, such an approach can be extended 

to provide system-wide optimization wherein al l  of the plant 's processes are 

optimized together. The literature review in Section 1 . 1  provides an overview of the 

considerable progress that has been made since Lynn et al. reported the first work in 

this area in 1 962. 

This research applies recent developments in modeling and understanding of  

activated sludge process to  optimal ly size units in  a wastewater treatment system. I t  

combines unit processes models within an  overal l  optimization framework as an 

analysis and design tool .  I t  is important to stress that wastewater treatment plant 

design, as mentioned, is a complex process and that good designs cannot be general ly 

achieved using only mathematical computerized model. The best system models are 

designed for use by designers, who u ltimately have the responsibility for taking into 

account factors not considered in the model .  System optimization models, like the one 

developed in this research, can be very useful  design tools. An optimal so lution for a 

given input data and effluent requirements can be obtained based on prescribed 

constraints and assumptions. By varying the specified conditions, the designer can use 

such models to facilitate the evaluation of options and tradeoffs. 

Research in developing a comprehensive design procedure IS important 

because the need for wastewater treatment wil l  c learly  continue to require the 

commitment of significant resources at the national and international level .  I t  is also 
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i mJD rtant to impr vc thc UIldcr t and u· �lg 0 t' V� lrl'O 'U'S t t + h ... ..... rea ... men.. processes so L at 
inno at i e regulatory approaches to water qual ity management can be better 
e aluated. In generaL a more cost effect ive regu latory approaches are developed it 
wil l be even more important to better W1derstand the options and tradeoffs in  
wastewater treatment. Perfect W1derstand ing (e.g. of costs) cannot be expected, but 

relat ive performances, costs, trends, etc. provide fundamental insights. 

In the reminder of this chapter, a thorough l iterature review of past research 

efforts related to opt imizat ion of wastewater treatment fac i l it ies is presented. Sections 

1 .2 and 1 .3 outline research object ives and procedure. Section 1 .4 describes the 

organizat ion of the thesis. 

1 . 1  L i t e ra t u re Review 

A number of studies have been devoted to the cost-effective design "Optimization" of 

wastewater treatment p lants, in general, and activated sludge treatment p lants in 

particular. Three inlportant works are considered the basis for this l iterature review. 

The comprehensive l iterature review given by Tang et a! . ( 1 984), the simi lar l iterature 

review presented by Tyteca ( 1 985) ,  and the series of l iterature review papers 

publ ished in Water Environment Research Journal by different researchers. This 

series covers a lmost all aspects of wastewater treatment in the last decade. 

Mathemat ical models for optimization of wastewater treatment appear in the 

l iterature as early as 1 962 ( Lynn et a! . ,  1 962) and since then various studies have been 

devoted to this problem. Optinllzat ion in  the field of wastewater treatment has been 

uti l ized for more than obtaining the most cost-effective design. Optimizat ion stud ies 

covered almost al l  aspects of wastewater treatment including: opt imal process 

combinat ion. optimal process design and operation, in add it ion to cost-effect ive 

design. This thesis can be considered as of the third category as it is concerned with 

fmding an optimal sizing of act ivated s ludge system that minimizes the total cost and 

fulfil ls the effluent requirement . Hence, only stud ies lying under this category are 

emphasized in this l iterature review. Other studies that cover the aspects of 

optimizat ion of  var ious design parameters for certain purposes are out the scope of 

this work. 
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, mentioned, L un et a1. (1962) pioneered the tudie on co t-effect ive 
wa tewater treatment . I n  their tudy a network l inear progTamming model wa 
formu lated to represent the BOD removal in a treatment plant that consists only of 
l iquid wa t treatment .  The model was so lved for the combination of unit processes 
that v ould remove a gi en amount of BOD at the least treatment cost. 

fier this early inception, in the next twenty years, several studies have been 

devoted to tills field. Among such, the work of Evenson et a1 . ( 1 969), Shih and 

Kri hnan ( 1 969), Naito et aI. ( 1 969), Berthouex and Po lkowski ( 1 970), Schulter and 

Loehr ( 1 97 1 ), M idd leton and Lawrence ( 1 976), Adanls and Panagiotakopoulos 

( 1 977), Rossman ( 1 980) Suidan et a1 . ( 1 983 ), Tang et a1 . ( 1 984), and Tyteca ( 1 985) 

can be noticed. M any other valuable studies also exist but are not mentioned here. 

Most of these studies have considered treatment systems that involve a primary 

settler. bio logical treatment unit mainly an aerator, and a final settler. Few consider 

only the activated s ludge syste� i.e. aerator and final settler, while others consider 

trick ling fi lters and other unit operations. Moreover, only a few studies have 

considered the operat ion costs of p lant beside the capital costs although an optimal 

design in terms of capita l  cost is most likely not optimal when operational costs are 

considered. 

The aforementioned studies have been developed for different purposes and 

util ized various optimization a lgorithms. Tyteca ( 1 985) has l isted and compared al l  

research efforts spent in this  field up to 1 982 inc luding the aforementioned studies and 

others. He differentiated c learly between two research trends. The first trend, willch 

he cal led the 'bio logical - mathematician" trend, is characterized by an attempt to 

describe the operat ion of the p lant using accurate mathematical models. The 

optimization p hase is performed by simplistic techniques, which in some cases are 

even replaced by simple enumerat ion. The second trend, the "Economist - Operation 

Researcher ' trend, is opposite where the main effort is on developing and 

demonstrat ing the use of powerful and/or sophisticated optimization tec1miques, whi le 

the operat ion of  the p lant is modeled through oversimpl i fied relationships. 

This d ist inct ion  remains t rue for only the early studies. Later on ( middle of 

e ight ies and beg inning of  ninet ies), the gap between these two trends was 

progress ively attenuated, by putting more accent on the necessary adjustment between 

an efficient optimizat ion  technique and a sufficient ly real istic mathemat ica l  
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ript ion f th plant . Tw II\.'C stud; s brl'dgm' g +h h h 1 u e gap uetvv'een t. e two trends are 
ment ioned herein. 

uidan et a1. ( 1 983)  developed a comprehensive wastewater treatment plant 
mathemat ica l  model .  The model inc ludes primary sedimentation fo Uowed by a single-
tage act i  ated sludge sy t m for both BOD reduction and nitrificat ion. Primary and 

'waste act ivated s ludges are assumed to be mixed, chemical ly-conditioned prior to 

vacuum fi ltration and cake inc inerat ion. Capital, materials operating and maintenance 

co t are ut i l ized in arriving at a least cost system design. The sensit ivity of the 

optimum design to the values o f  various model constants and effluent constraints is 

evaluated to establi h which variables most s ignificant ly affecting the system design. 

Tang et aI. ( 1 987a) presented a comprehensive model of a typical act ivated 

ludge wastewater system operated in steady state. It inc ludes both the liquid and 

sol ids portions o f  the treatment system and recyc le stream. The biok inet ics was 

modeled accord ing to Lawrence and McCarty ( 1 970) model for activated sludge. 

They used this comprehensive model for analysis and optimizat ion. The same authors 

in another publicat ion in the same year (Tang et aL ,  1 987b) developed an optimization 

technique to opt imize the same comprehensive model they presented. They introduced 

a decomposition approach based on dividing the comprehensive system into a l iquid 

subsystem and a sludge subsystem, optimize each and integrate them together to 

obtain the comprehensive system optimized. This approach reduced the elapsed t ime 

and efforts usua l ly assoc iated with complex integrated optimization models. 

During the last decade several studies treated the problem of wastewater 

systems optim izat ion in a way and another. The fol lowing is a thorough review of  

such studies. 

Fuj iwara ( 1 990) introduced a pre l iminary approach for optimal design of a 

wastewater treatment p lant . For a given influent characteristics and effluent 

requ irements one can fmd a least cost combinat ion of unit processes and a treatment 

e ffic iency o f  each process. The author stated that more elaborate mathemat ical models 

should be used to reach a fmal  decision with regard to the optimal arrangement of the 

p lant. 

Akca et a1 . ( 1 993)  presented an act ivated sludge optimization model that 

addresses primary sett ling, aerat ion, and secondary sett l ing. The model was evaluated 
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with varymg di  Iv d x g � l i d 1 ·  hi 11 cve an re at lons ' ps wer" constructed rclatiIlg 
ludge age and the so l ids flux process to ludge volume index. The model was so lved 

b) u ing the Box-Comple Algorithm. With the addit ion of a pre-aeration and a pre­
prec ipitat ion stage to a convent ional act ivated sludge process, process stabi l ity was 
ob er ed to increase ( Echeverria et aI. ,  1 993 ). 

simple and efficient heuristic screening methodology was presented by 

Voutchkov and Bou los  ( 1 993)  for use in regional wastewater treatment system 

p lanning. Till tool could aid in the decision-making process regard ing optimal 

locat ions of reg ional wastewater col lect ion and treatment facil it ies. The criterion for 

e liminat ing non-optimal p lant s ites is distance as derived from transportation cost and 

regionalizat ion efficiency. The method significant ly reduces the number of candidate 

locat ions o f  shared fac i l it ies for regionalized treatment. The final so lut ion is selected 

using conventional mathemat ica l  programming procedures. 

Optimization of regional wastewater system may be general ly formulated to 

define the t ransport and treatment in a region or water basin so as to assure 

compl iance with g iven pol lut ion  contro l criteria at minimum cost . According to de 

Melo and Camara ( 1 994), the two main problems that make the optimizat ion of this 

solut ion d ifficult are the d imensionality and the concavity of cost funct ions. They 

d iscussed so lution strategies in three major areas: defmition of the object ive function 

and constraints, optimization method, and practical appl icabi l ity of the models. 

Tench ( 1 994) reported on  an equation l inking the activity of a s ludge with its 

concentration. I t  was shown that the fraction of active mass decreased as sludge 

concentration increased. This approach was extended to develop equations that defme 

an optimum s ludge concentration as a function of the square root of the load to the 

p lant, thereby g iving desired effluent q ual ity with minimum power consumpt ion. The 

effects of changing act ive biomass, d isso lved oxygen, and loading were studied, and 

evidence was presented to show that, as predicted by a second-order reaction rate 

hypothesis, the oxygen concentration necessary to maintain effluent quality increased 

as the aeration period decreased . 

Columbo and Nelson ( 1 994) suggested that strategies and process 

management techniques used in manufacturing can be appl ied at treatment plants to 

improve bio-so l ids qua l ity and operational cost-effectiveness. Strategies were 
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rcvi\..w d with I gard t • . . .  h '  fi pdITlizmg or n. anCIng eedstock and product quality. 
production, monitoring, energy and chemical usage, effect ive maintenance, and 

perat ional flexib i l ity. 

An act ivated sludge secondary clarifier inlet design for improving sett l ing 

effic iency was based on two-dimensional numerical mode ling (Krebs et aI . ,  1 995) .  

Pincince et  al .  ( 1 995) presented analyt ical relationships and sensit ivity 

anal sis d iagrams to aid in the select ion of minimum-cost steady-state act ivated 

ludge designs. 

Kurata et a1. ( 1 996) used ASM2 to simulate and optimize a ful l-scale 

anaerobic/aerobic bio logical phosphorus removal process with low influent carbon 

and fou nd that injection o f  primary sludge and shortening of the anaerobic mean 

sludge retention t ime wou ld improve total-P removal efficiency to 90%. Full-scale 

implementat io n  resulted in 95% P removal .  B ischof et a1. ( 1 996) presented design 

guidel ines that fac i l itated t he minimizat ion of activated sludge p lant (ASP) aerat ion 

operat ional cost .  

Another type of research studies investigate and verify the models used in 

s imulat ing various processing units using p i lot -scale and ful l  scale measurements. 

Some of these studies are presented below. 

P incince et a1. ( 1 997) argued that activated sludge p lant-aerated biomass 

affected t he MLSS concentration that minimized aerat ion and c larificat ion 

concentration cost, those plants with higher biomass should have higher design 

MLSS, and p lants ant ic ipat ing poor sett l ing shou ld have lower design MLSS. 

Construction cost sensit ivity increased with increasing mean sol ids retention t ime 

(MSRT) and sludge vo lume index (SVI )  values. 

Ueber! and Hager ( 1 997) presented a series of ASP rectangular secondary 

c larifier design recommendations based on ful l -scale testing results. Rensink and 

Ru lkens ( 1 997) reported that sludge production in a p i lot-scale ASP treating settled 

domestic wastewater was reduced from 0.40 to 0. 1 5  g MLSS/g COD removed when 

metazoa were added to the system. Novak ( 1 997) demonstrated by inhib it ing 

nitrificat ion in bench-scale ASP that increased ammonium ion concentrat ion results i n  

deteriorat ing so lids set t li ng and dewatering characterist ics. 
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Potter et al. ( 1 998)  u etl A ". 1 
. 

l '  l Iilu .at IOllS to compare a partial 
nitrificat ion/complete denitrificat ion ( PN/CD) process to the Lutzack-Ettinger 
proce s. They concluded that the PN/CD process required 26 to 44% lower total 
reactor olume and con umed 1 5  to 1 8% less energy, mainly due to reduced aerat ion 
requirement .  Hermanowicz ( 1 998) presented act ivated-sludge c larificat ion d iagrams 

based on the so lid flux theory that related the MLSS and RAS concentrations with 

the recycle ratio and hydraul ic load ing rate. Yuan et a1. ( 1 998) used steady-state 

anal si and dynamic imu lat ion to demonstrate that includ ing an online settled 

sludge storage t ank in a nitrifying ASP, from where sludge can be occasional ly  

returned to  the aerat ion tank to  counter nitrogen shock loads wi l l  typically reduce 

tankage by 20% while maintaining the same nitrificat ion capacity. 

Petrides et al. ( 1 998) have d iscussed the role of process s imulat ion in 

designing, evaluat ing, and opt imizing wastewater treatment faci l it ies. They have 

uti l ized the commerc ial program E nviroPro Designer to track the fate of VOCs and 

other che micals. 

Ayesa et al. ( 1 998) have presented a new optimization algorithm for the 

selection o f  design and operation parameters in  a complex activated sludge process 

t hat is t he A lpha process. The a lgorithm est imates automatically the d imensions and 

operating point o f  the plant that minimize a g lobal  penalty function combining 

e ffluent requirements and costs. They have i l lustrated some examples concerning the 

design and operation of the Alpha process. Results obtained generate useful 

guidel ines for t he design and operat ion and suggest a great potential in the appl icat ion 

of optimizat ion models. 

Chachuat et al. (200 1 ) studied the dynamic opt imizat ion of smal l  SIZe 

wastewater treatment p lants. An optimal aerat ion pol icy which m inimizes the energy 

consumption and sat isfies e ffluent and technical constraints was found. The model 

considered consists o f  smal l  sing le p lug flow aerat ion tank with mechanical aerators 

and rectangular settler. 

Scuras et a1. ( 200 1 ) have presented a procedure to determine the optimum 

reactor configurat ion for a range of influent and e ffluent substrate concentrations, half 

saturation coefficients, and number of tanks in series for both inhibitory and non­

inhibitory substrates. They have deve loped d imensionless p lots that show the 
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m i n i mum b ioIllas l eq u i l e m  nt o f  the -er ies relat ive to that for a single roSTR and the 

optimal relative size of th tanks. The plots may be used direct ly for staged system 

de ign. They conc luded that three tanks in series is generally best, high influent 

ubstrate concentrations and stringent discharge requirements increase the benefit of  

staging, and optimal tank sizing i s  signi ficant ly better than using equal sized tanks. 

Recent ! , Rivas et a!. (200 1 )  presented a mathemat ical formulation for the 

opt imum design o f  a new act ivated sludge wastewater treatment plant. The optimum 

design problem has been formulated as a mathematical programm ing problem, which 

is solved through a nonl inear optimizat ion method. The plant model has been based 

on ASM I .  The minimum vo lume of the bio logical reactors and the min imum total 

cost ( including construction and operation costs) has been considered as optimization 

criteria. Some practical results are also included, using as a case study the design of 

the second stage of the Galindo-Bi lbao wastewater treatment plant . 

Doby et a1 .  (2002) have described a framework in which a genetic algorithm 

and a static act ivated sludge treatment plant design model (WRC model) are used to 

ident ify low-cost activated sludge designs that meet specified effluent l imits (e.g.,  for 

BOD, N,  and P) .  The performance of genetic algorithms has compared to that of 

c lassical non- l inear optimizat ion approach. The results suggest that the approach is  

computational ly practical for use in act ivated sludge system design, and that it 

outperforms a c lassical nonlinear programming routine, both with respect to solution 

quality and robustness of the search process. However, ability of such framework to 

accommodate advance dynamic models such as ASM models is st i l l  under quest ion. 

As shown in the l iterature review, the state of the art bas evo lved considerably 

over the last twenty years in the appl icat ion of optimization concepts to wastewater 

treatment systems analysis and design. There are st i l l, however, areas where 

addit ional improvements can be made (e .g . ,  uncertainty based optimal design). The 

fo l lowing summary o f  guidel ines is from the aforementioned d iscussion of l iterature. 

These guide l ines serve as the init iative for the development of the optimization mode l 

described in this thesis. 

1 - Exploring the aforementioned l iterature shows that severa] studies are of the 

same type of this thesis (optimizat ion of activated sludge process). Some are 

as o ld as 1 983 (Suidan et a! . ,  1 983) and some are very recent as Rivas et a1. 
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( 200 1 ). Howe er, the e mdie differ ignificam ly in many aspects. One main 

is ue is the mathematical perfonnance models ut il ized to describe the behavior 

of s stem unit . ld tud ies ut il ized simple approximate models which are 

now dominated by advanced detai led models reflect ing better understanding of 

the activated ludge process. Although some recent studies consider these 

advanced mode ls. They inc lude many part icularit ies which make them suitable 

for a situat ion and not another. Moreover, performance models of units 

accompanied to bioreactor usual ly in activated s ludge processes ( primary 

c larifier and econdary c larifier) are considered with less concern. I n  some 

studies, performance o f  such is approximated with rough assumptions. 

2- Two obvious direct ions are c lear in l iterature when dealing with wastewater 

systems optimization. Early studies inc lude comprehensive systems while 

recent ones tend towards more specialt ies and ignore comprehensive systems. 

Comprehensive systems, even though desired, usually have rough assumptions 

that reduce the value of the optimum so lut ion obtained, whi le more specific 

models are more detai led and more practical .  For example, studies l ike Suidan 

et a1. ( 1 983) and Tang et al. ( 1 987) cons idered with many assumptions a 

comprehensive system whi le the recent study o f  Rivas et aI. (200 1 )  considered 

one activated s ludge system. 

3- Costs are of major concern in optimization stud ies. However, such costs are a 

major source of uncertaint ies. An agreement between most of the studies that 

construction, operation and maintenance costs should be inc luded is c lear. 

This is reasonable s ince a construction cost-effective design wil l  not 

necessarily be an operation cost-effect ive design. 

4- Efficient optimization techniq ues are important issues ill optimization 

problems. Many optimizat ion methods used previously can be appl ied only to 

a special and l imited process scheme or only when simpl ifying assumptions 

about process design are made. Moreover, o ld studies have been considering 

low robust optimizat ion algorithms that are highly affected by initial and 

boundary condit ions. The use of an effic ient state of the art technique is a 

crucial option in producing robust optimal designs. 
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A maj r c ntr ibut ion o f  this thesi is to mak addit ional progre toward 
de e loping an effie ient optimizat ion method for u e in sizing an act ivated sludge 

treatment tem. Attempts are made to incorporate recent mathematical performance 

m del wit h an effic ient optim izat ion technique considering reasonable practical 

a umpt ions and constraints. 

A treatment plant optimizat ion model has been perceived by a number of 

re earcher as a mean to obtain the least cost system design. This role of an 

optimizat ion model is suggested by the very nature of the optimization concept. The 

planning and design of wastewater treatment systems, however, is a complex 

problem. M any important issues such as energy requirements and real efficiency of  

mechanical units may not be captured in  a cost optimization model .  As a result, the 

opt imal design obtained from so lving such a model may only be meaningfu l  

mathematical ly .  However, with engineering intuit ion, it can become a valuable design 

tool. Another view suggests that the most appropriate role of this type of optimization 

models is as a dec ision-making aid. This ro le is more appropriate because of the 

importance issues and the uncertainties associated with planning a wastewater 

treatment system. The other major role is the use of this type of models for the 

analysis of process performance. An optimization model can lead to the examination 

of the validity of  process models form the cost-effective point of view. Useful insights 

about process performance, integration, or limitations are gained as valuable by­

products from exercising an optimization model. Examining such issues beside other 

design issues form the main objective of this thesis. 

It might be noticed that the literature review presented above discussed only 

the research efforts related to applying optimization techniques in designing the 

activated sludge system or the entire bio log ical wastewater treatment plants. Other 

l iterature wil l  be c ited with respect to each individual model ing component presented 

in fo l lowing chapters. Research related to modeling of primary c larifiers, secondary 

c larifiers, and act ivated s ludge processes is covered in Chapters 2, 3, and 4. Studies 

addressing the cost funct ions that can be used in optimal mathemat ical formulat ions 

are elaborated on in Chapter 5. 



1 3  

1 . 2 Resea rc h O bj ect ive  

The overall object ive f this thesis is to imp lement the recent advanced models o f  

arious unit proce se in act ivated sludge wastewater treatment plant along with cost 

information funct ions in a comprehensive opt imization framework that can be used to 

in e t igate the problem of sizing various units optimal ly. Such optimization 

framework i upposed to serve new and exist ing treatment plants by incorporat ing 

perat ional cond it ions along with other design parameters. I t  is also supposed to take 

into considerat ion many sources o f  uncertainty that affect the final sought optimal 

design. Consequently, this thesis seeks the development of a rational optimization 

model for sizing various units in act ivated sludge wastewater treatment plants. This 

overall  objective comprises several sub-object ives inc lude: 

1 - I ntroduce latest advanced model ing techniques o f  the act ivated sludge process 

and their use in design and analysis. 

2- I ntroduce a method of building a comprehensive overall  mathematical model 

of act ivated sludge wastewater treatment plant by incorporating various 

performance models and mass balance concepts. 

3- D iscuss the method of formulating an optimization problem ill terms o f  

governing equations, constraints, bounds and objective function. 

4- Evaluate the introduced optimization model for various operating condit ions to 

bui ld a better understanding of activated sludge process behavior. 

Such objectives are sought for the purpose of introducing a rat ional tool for 

designers to help them in taking correct decisions when designing or upgrading 

act ivated sludge wastewater treatment p lants. The specific steps taken to achieve the 

ment ioned object ives are discussed in the fol lowing section. 

1 .3 M et h od o logy 

It is wel l  known that activated sludge systems involve two processes: bio logical 

treatment of organics in an aeration tank, and separation of so l ids in a sedimentation 

tank. Whether to consider optimizing the system alone or incorporating it in a 

comprehensive treatment system is a controversial research issue (as mentioned 

earlier). Every research direct ion has its supporters. Researchers defend the first 
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d irect ion bd ie e t ha l  as sma l ler t he o pt imizat ion pr blem, more details an be 

incorporated and Ie as umptions and uncertaint ies are invo lved . I n  addit ion , 

optimized individual y tern un it can be coupled to other optimized system unit s to 

produce a comprehen ive optimized system by means of mathemat ical formulation. 

uch has the ad antage of reducing the problem mathemat ical ly which resu lts in a 

more robu t solut ion. On the other hand, supporters of the second direction c laim that 

without the interaction between various unit processes incorporated in one 

comprehensi e model, no one can dec lare an optimum design of individual unit 

proces . 

In  fact, no one can deny that the two directions have their own advantages and 

d isadvantages. However, it has been noticed as obvious in the aforement ioned 

l iterature review, that recent ly researchers tend to prefer the ftrst approach. 

Optimization o f  individual unit processes for various design purposes (not only 

economical purposes) is obvious in recent research efforts. This can be attributed to 

two main reasons; focusing on a unit process al lows researchers to incorporate more 

detailed design variables as we l l  as reduces approximat ion assumptions and so lution 

uncertainty. In add it io n, several researchers have pointed out the possibi l ity o f  

combining optimized individual unit processes t o  produce a n  optimal comprehensive 

system (e.g. Tang et aI . ,  1 984). Those researches c laimed several advantages of this 

approach over the approach of optimizing the comprehensive system model in one 

shot.  As an example, Tang et a1. ( 1 984) have introduced a decomposit ion approach 

that divides the wastewater treatment system into liquid treatment train and sludge 

treatment train. The liquid train is optimized ftrst then by means of mass balance is 

coupled to the sludge train to produce an overa l l  comprehensive optimal system. Such 

approach compared to a comprehensive approach yielded same results but with less 

computational effort and more robust solution. 

Moreover, Tang et a1 .  ( 1 984) have proved that the effect of sludge train 

optimization on the liquid train can be considered minor. They showed that the cost of 

the liquid subsystem is not very sensitive to  the recyc le flowrates from the sludge 

subsystem, and it is the design of the sludge subsystem that determines the most cost­

effective overal l  system design. Moreover, the design of the l iquid subsystem when 

optimized as a part of the comprehensive subsystem was very similar to the design 

when optimized alone in the decomposition approach. 
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a result, thi the i con iders optimizing the acti ated sludge ystem 

(aerati n tank and econdary settler) without coupling it to other unit processes that 

usual J  appear in  treatment plants except for the primary clarifier. This is  because an 

activated sludge treatment y tern without a primary c larifier is rare ly found. 

M reo er, it performance affects d irectly the performance of activated sludge 

tern. Hence it is meant b the system in this study a treatment system comprises 

primar c larifier, aeration tank, and secondary sett l ing tank. 

Any cost-effect ive optimizat ion study invo lves three main parts� mathemat ical 

performance model , co t information models, and an optimizat ion technique ( see 

Figure 1 . 1 ) . Hence the main tasks taken to achieve the object ives mentioned in the 

previous section and fulfi l l  the main three portion of an optimization model are as 

fo llows: 

1 - Evaluate current unit process performance models to determine their 

suitabi l ity for use in a system model and design procedure, and construct a 

conventional activated sludge wastewater treatment system model that can be 

used to describe the performance of the system with given influent and 

effluent condit ions. 

Mathematical model 

Flow and mass balances 
Treatment process relationships 

Energy requirements 
Process and effluent constraints 

Treatment plant model 

Process cost functions 
Cost -effective 

I---� design/operation of a 
treatment plant 

Optimization techniques 

Figure 1 . 1 :  M a i n  portions of a n y  cost-effective w astewa ter t reat m e n t  study (Tyteca et a I., 1 985) 
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2- t.vaiuate avai lable cost informat ion models that reiate the cost of various 
components of act ivated sludge plant to design and operat ion cond itions. This 
inc lude capital and operat ionaVmaintenance costs. 

3- Combine the de eloped system model in ( 1 )  and the cost informat ion 

equat ions chosen in (2) in one comprehensive optimizat ion problem with the 

total system cost as the object ive fu nct ion. 

4- Uti l ize wel l  known optimizat ion software that is General Algebraic Modeling 

ystem software (GAMS) to so lve the optimizat ion problem developed in ( 3 ) . 

5- I l lustrate the use of  the developed optimizat ion model as a tool for opt imum 

sizing of various act ivated sludge system units. The developed model is a lso 

used as a too l for the analysis of  performance, integrat ion, l imitation of  unit 

processes considered in the study. Analyze several variat ions of the base 

treatment system to veri fy  insights obtained from the design optimization o f  

the base system. 

1 .4 T hesis O u t l i n e  

An optimizat ion act ivated sludge model development is the main object ive of this 

thesis. As shown in F igure 1 . 1 ,  any cost-effect ive opt imizat ion model development 

invo lves three main portions. Chapters of this thesis cover these port ions 

systematical ly. Starti ng with the treatment plant model deve lopment, Chapters 2, 3 ,  

and 4 are devoted t o  present the model ing o f  the three main operat ions i n  the system 

considered. Chapters 2 and 4 introduce t he modeling of primary sed imentation and 

secondary sedimentation, respect ively. They discuss many perfo rmance models  

developed to describe t he different aspects o f  these units behavior. In  contrast, 

Chapter 3 is devoted to the activated sludge process in details. I n  this chapter a 

historical overview is  presented with more emphasis on model ing issues of the 

process. S impl ified as wel l  as advanced models are highl ighted. The basic design 

methods are a lso presented. 

The second port ion of F igure 1 . 1  i s  covered in Chapter 5 .  Cost funct ions are 

d iscussed in this chapter comprehensively .  The third part is presented in Chapter 6 

along wit h  a ful l  formulat ion of the model combining the models presented i n  

Chapters 2 ,  3 ,  4 ,  and 5 .  The model formulat ion inc lude in details a l l  the models, 



1 7  

ariabie , and parameter mc rporated in the model with an opt imization problem 

tatem nt l ist ing the objective funct ion along with appl ied constraints. At the end of 

hapter 6, the opt imization so ftware used to so lve the formulated optimizat ion mode l 

g i  en a prescribed data et is introduced with emphasis on the avai lable so lving 

a lgorithm. 

This completes the three pre l iminary tasks required to develop an optimization 

model to produce a cost effect i  e design of act ivated sludge process. The use of this 

model is i l lustrated through the so lving of an i l lustrative problem in Chapter 7 .  I n  

Chapter 8 ,  the performance of  the developed model for various design scenarios is 

invest igated. Several design insights can be drawn from the invest igations in this 

chapter. Chapter 9 highl ights the uncertainty i nvolved in the system model .  A 

comprehensive review of dealing with uncertainty in such type of models is presented 

there. A simple uncertainty study is presented along with sensit ivity analysis of 

arious parameters. The last chapter, Chapter 1 0, i s  devoted to the discussion of 

conc lusio ns and future research. 



CHAPTER 2 
PRIMARY SEDIMENTATION 

The primary c larifier is the first main unit operation in most wastewater treatment 

ystems. I n  general, sed imentation is the separat ion from water, by gravitat ional 

settling of  suspended part ic les that are heavier than water. I t  is used for grit removal,  

part iculate matter removal in  the primary sed imentat ion basin, bio logical-floc removal 

in  the act ivated sludge sett l ing basin ( secondary settl ing basin), and chemical-floc 

removal when the chemical coagulation process is used. I t  is also used for sol ids 

concentration in s ludge thickeners. 

Primary sedimentat ion tanks in the act ivated s ludge process are used before 

aerat ion t anks with the main objective to remove particulate matter from the influent 

raw sewage. These tanks are designed to reduce the velocity of the wastewater flow 

for so lids (cal led raw sewage) to settle. The purpose is to produce a c larified effluent, 

but it is also necessary to produce sludge with a sol ids concentration that can be easi ly 

handled and treated. In designing primary c larifiers, considerations must be given to 

both funct ions the production of both clarified effluent (c larificat ion) and 

concentrated sludge ( thickening) ( Metcalf and Eddy, 1 99 1 ) . 

Primary sedimentat ion is an important part of a treatment p lant where primary 

sett ling tanks in the act ivated s ludge process are used to reduce the load on the 

subsequent bio logical treatment units. E fficient ly designed and operated primary 

sedimentation tanks shou ld remove from 50 to 70 percent of the suspended so lids and 

from 25 to 40 percent of the BODs (Metcalf and Eddy, 1 99 1 ) . Primary sedimentation 

has many advantages, includ ing: ( 1 )  minimizing operat ional problems in subsequent 

biological treatment processes; (2) Lowering the demand for oxygen, result ing in a 

reduct ion of  the rate of energy consumption in the oxidat ion of particulate matter; (3 )  

promoting a high rate of soluble substrate removal dur ing aeration; and (4)  reducing 

the vo Lume of waste activated s ludge ( Lessard and Beck, 1 988) .  All these advantages 

and others make the primary sedimentat ion a crucial unit operat ion in any treatment 

1 8  
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plam where it efficien i '  d irect ly l inked to the e ffic ient  operatioJl of the secondary 
treatment units and to the performance of sludge treatment. It has been shown that 
operat ing a treatment plant without primary sedimentation units might resu lt in a total 
treatment cost increase of about 30 percent (Suidan et ai, 1 983) .  

I ndeed the understanding of the primary c larifiers operat ion is important to 

the overa l l  effect iveness o f  the treatment plant .  everal researchers have recognized 

this fact and long efforts ha e been spent in developing models describing the 

behavior of primary c larifiers. Modeling the behavior of primary c larifier invo lves 

model ing the main two funct ions it fu lfi l ls, namely, c larification and thickening. 

2. 1 M od e l i n g  of P ri m a ry Sed i m e n ta t i o n  

Broadly, there are three types of  models that have been proposed for the 

descript ion of primary c larifier behavior ( Lessard and Beck, 1 988) :  

1 - S imple, steady-state relat ionships derived from the stat ist ical analysis of field 

data, quantifying removal efficiencies, and used largely for the purpose of 

design. These models  kno wn widely as empirical models, usual ly correlate 

removal efficiency with the overflow rate and/or the influent SS concentration, 

and have found some appl icat ions in simulat ion stud ies. 

2- Relatively simple, lumped-parameter, dynamic models, expressing component 

mass balances across a constant-volume continuously stirred tank reactor 

(CSTR) approximat ion of the c larifier. 

3- More complex, d istributed-parameter models, based on the convectional 

assumptions for advection and dispersion of materials passing through the 

c larifier. These models have also been used most ly for design purposes, with 

spec ial reference to the descript ion of the fluid velocity field and so lids 

concentration within the c larifier. 

Many models of the three types have been proposed to describe the behavior 

of primary c larifiers which is o ften considered as being not "very sensitive", result ing 

in the use of s impl ified models ( i .e . ,  type one) to represent its behavior (Gemaey et 

aI., 200 1 ) . Furthermore, its performance has usually being assessed from a steady 

state point of view ( Lessard and Beck, 1 988) .  Consequently, models of the first type 
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will be considered i n  t h is researc h as the other t o t pes are more tai lored to dYl1ami 
analy is and online contro l  operation. 

The overflow rate and in fluent suspended so lids concentration have been 
ident i fied as two important parameters that affect the performance of primary 
sedimentation tanks and appear in almost a l l  types of  primary c larifiers' performance 
models. The overflow rate can be defmed as fo l lows' 

q = QIAp (2 . 1 )  

Where q is the overflow rate, Q is the effluent flow rate, and Ap is the surface area of 

the c larifier. The temperature also was found to be an important factor that affects 

settling velocit ies as we l l  as the velocity grad ients in the l iquid that in tum affect 

floccu lation (Christoulas et aI . ,  1 998). 

2. 1 . 1  Clari fication Bebavior M odeling 

Considering the c larification function of the primary c larifier, several theoretical and 

empirical models have been proposed over the last two decades. The theoretical 

mathemat ical models, though helpful to the understanding of the sedimentation 

process, are st i l l  far from being rel iable and effective design tools. They have fai led 

unt i l  now to predict the behavior o f  sed imentation tanks under actual operating 

condit ions due to the difficult ies in s imulat ing the effect of  the density currents and 

the complex phenomenon of flocculation (Christoulas et aI, 1 998). I n  the absence of  

more valid theoretical mode ls, empirical models, somet imes cal led "regression 

models", are more suitable for the design of primary sedimentation tanks, either 

d irect ly or after calibrat ion with p i lot p lant performance data. They are deve loped by 

gathering sets of experimenta l  data and identifying the l inear relat ionships between 

process variables by regression analysis. Then, empir ical constants can be determined 

by dimensional analysis. 

Empirical models  have general ly been restricted to relate the suspended solids 

removal efficiency to overflow rate and influent suspended so l ids. An excel lent 

review of the historical development of such models for the clarification function of 

primary clari fiers is given in Tang et  a1. ( 1 984) and in Christoulas et  a 1 .  ( 1 998), a 

short summary of  which is presented below. 
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I n  1 954, Fair and Geyer proposed a graph r lat ing the r moval effic i ncy to 
retention time and influent uspended o l ids concentration. A simi lar d iagram was 
propo ed by teel ( 1 960). mith ( 1 968) proposed that so lids removal efficiency is a 
function of the urface overflow rate. He developed a model using data from the 
WP F Manual of  Practice ( 1 959) .  Voshe l and Sak ( 1 968) developed two models 
relat ing the sol id removal effic iency to both the influent solids concentration and the 
overflow rate based on their plant-scale study performed in M ichigan. Berthouex and 

Po lkowski ( 1 970) developed a l inear model with respect to the overflow rate based on 

the same data of Smith ( 1 968) .  This model is mathemat ical ly simple, but it is not an 

adequate representat ion of the observed data. 

Based on data from a number of ful l-scale p lants, Escritt ( 1 972) derived a 

relat ionship that relates the effluent suspended so lids to influent suspended solids and 

retention t ime. The C rR IA ( 1 973) model used retent ion t ime instead of overflow rate 

to represent the hydraul ic features of the sett l ing tank. This mode l was developed 

from the analysis of data obtained from a number of large sewage works in London 

area. 

Tebbutt and Christoulas ( 1 975) proposed another empirical relation relates the 

removal efficiency to overflow rate and influent suspended solids. They developed 

that relat ion based on data from a p i lot-plant of the university of B irmingham, U.K. 

and it was shown to describe p lant operating data adequately with correlation 

coefficient r=0.94.  Later on, Tebbutt ( 1 979) observed that the same model provided a 

good descript ion  (r=0.95) of the fu l l-scale data of White and Al Ios ( 1 976). D ick et al. 

( 1 978) fitted the WPCF ( 1 959) data to a model of the form proposed by Tebbutt and 

Chr istoulas. Annesnni et al. ( 1 979) proposed a regression model based on published 

performance data from various p i lot and ful l-scale primary sedimentation tanks. 

Anderson and Mun ( 1 98 1 )  studied the performance data of several primary sett l ing 

t anks and concluded that the suspended solids removal was proportional to the 

concentrat ion of the so-cal led "sett leable" so lids. 

Christoulas et al. ( 1 985) carried out a p i lot-plant study of the treatabil ity of 

Athens sewage. Regression analysis of the data obtained gave a relat ionship with 

r=0.98 .  One of the conc lusions is that temperature and suspended solids concentration 

are possibly the only sewage parameters that can cause s ignificant variations in the 

average performance of sed imentat ion tanks treat ing municipal wastewater. I n  1 998, 
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hri t ula t al .  de" loped m d 1 ba d on the ill del pres nted by Tebbutt and 
hri toula ( 1 975) .  The stud ied the effect of  temperature on sett leabi l ity, along with 

the other typ ical sewage characterist ics. A new relat ion that comprises the effect of 
temperature was introduced . It has been shown that all the correlat ion coefficients are 
s ignificant at probabi l ity leve l higher than 99%. Table 2 . 1 summarizes the 

aforement ioned models. 

Tang et al . ( 1 987a) uti l ized the model of Voshel and Sak ( 1 968) to model the 

su pended so l id removal of  the primary c larifier in a comprehensive model of 

act i  ated s ludge wastewater system. The same model has been introduced by Tyteca 

( 1 985) to predict the suspended so l ids removal as a measure for the primary c larifier 

performance. 

In the present study, the model of  Christoulas et aI .  ( 1 998) has been chosen to 

describe the c larificat ion process in the primary c larifier since it is recent in add it ion 

to i ts capability of  showing good performance in fitting the observed data. 

Table 2. 1 :  M odels for suspended sol ids remova l (clarification) in  primary set t l ing tanks 

Authors Models Source of  Data Remarks 

mith ( 1 968) 

Voshel and ale 
( 1 968) 

Berthouex & 
Polkowski 
( 1 970) 

Escrin (1 972) 

CIRlA ( 1 973)  

Tebbutt & 
Christoulas 
(1 975) 

Dick et al. 
( 1 978) 

Annesnni et al 
( 1 979) 

Christoulas et al. 
( 1 985) 

Christoulas et al. 
( 1 998) 

Es = 0.82 exp( -.2 1 1 2q )  

0.27 Se = I _ 0 1 39� . 0 22 S, q 

Es = 0.82 - 0. 1 42q 

S, = S, . n = l I C2 Iog S, C,O" logS, 

E, = [0.00043S, + 0.5 \ ] [ 1 - exp( -0.70) ] 

E, = 1 . l 2exp( -358 / S, - 0.0020q) 

E, = 0.84 exp( -40 1 S, - O. I 77q) 

� = O.4q -009 S,-O 042 ( D 1 H)-O 26 

S, 

E, = B exp(-3 5 2 1 S, ), 
B = a exp(-cq) = 1 . 1 4 1  

Es = a exp(-b I S, - cq)  
b = 683.6 - 2 1 . 1 3T 

a - 1 .7 1 - 0.03T, c = 0.0035m-'d 

WPCF ( 1959) 0.42<q<3.75 m hr-' 

Voshel and Sale 70<S,< 1 60 mg L-' 
( 1 968) 1 .7 I <q< I .  88 m hr-' 

WPCF ( 1 959) 0.42<q<3.75 m hr-' 

Escrin ( 1 972) C,= l . l . C]= I O  

CIRlA ( 1 973) 6<q<33 m d" 

Tebbutt & S,>200 mg L-1 Christoulas 25<q< 1 50 m d" 
( 1 975) 

WPCF ( 1 959) 0.42<q<3.75 m hr- ' 
S,=230 mg L-' 

Annesnni et al 
( 1 979) 

Christoulas et al. 
( 1 985)  

Christoulas et  al. Effect o[ temperature 
( 1 998) considered 

Note: E,: olids removal efficiency, q: overflow rate (m.d-L) .or as mentioned, �,: influent sOli
.
ds concentration (mg 

L-1), S.: effluent solids concentration (mg L-' ), fJ: retentIOn tJme (h), D: tank diameter (m), T. Temperature 



I t  i w rth-m otioni.J.lg that most o[ thc models indicatc that the so l ids rcmo' al 
efficienc increa e wit h decrea ing overflow rate and with increa ing influent so l ids 
concentration. Parameters in the models represent the degree of dependence of the 

so l ids remo al on influent solids concentration and overflow rate. These parameters 

are related to the characteri t ics  of the influent to the primary settling tank. Therefore, 

the are to be determined for the wastewater treatment plant under consideration 

considering the characterist ics of the influent and the ambient environmental 

condit ions (e .g .  temperature). I n  this research, ideal ( typical)  parameters values have 

been used for generality purposes. 

2. 1 .2 Th icken ing Behavior M odeling 

Primary sludge concentrat ion ( i .e .  thickening behavior) has been modeled by two 

approaches (Tang et a1. 1 984). The fIrst approach assumes that this concentration is 

contro l led by the hydraulic l imitations of the s ludge withdrawal mechanisms. As a 

result, a constant concentrat ion is assigned to the primary sludge. The second 

approach uses the deferential thickening technique which is based on the l imit ing flux 

theory to calculate the primary s ludge concentration. The l imit ing flux theory depends 

on modeling the sett l ing velocity of which several mode ls have been proposed. 

Exp lanat ion of such theory and the sett l ing velocity models is given in Chapter 4. 

Altho ugh most of the researchers have used the sol ids flux theory to model the 

thickening funct ion of secondary sett l ing tanks, some have also used it to explain the 

same process in primary sett l ing tanks (e .g . ,  Tang et aI . ,  1 987a) . They proposed that 

the primary s ludge concentration can be calculated as: ( J l l n XII = [k(n - l )] l l n ( n: l ) � (2 .2)  

in which k and n are sett l ing constants of the primary sludge. Qu is  the underflow rate 

(m3fh) and A is the surface area of the c larifIer (m2) .  

Cho et a1. ( 1 996) showed the derivat ion of Equation (2.2) from the so l ids flux 

theory considering the power model to describe the sett l ing velocity as a function of 

solids concentration. They used the same equation to describe the thickening function 

of the secondary sett ler, but with d ifferent secondary s ludge settl ing  constants (n = 2.3  

and k = 375 mid when the velocity is represented in  mid and the concentrat ion in gIL) .  
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This mode l is widely accepted and i '  u ed herein to de cribe t he t hickening func t ion 

of the primary c larifier. ett l ing constant are the most important part when using this 
type of models. They hould be determined for the sludge under considerat ion 

pec ifical ly. Cho et a1. ( 1 996) mentioned that in a measurement conducted in a 

wastewater treatment plant, k values were between 65 and 460 mid while the index n 
was between 1 and 5 .  

There ex ist also some attempts to model the two functions, clarificat ion and 

thickening, together in one model .  Lessard and Beck ( 1 988)  developed a relat ively 

simp le, lumped parameter model of primary sedimentation dynarrilcs. The model 

quant ifies successful ly the interactions among essentially five state variables: total 

suspended sol ids, vo lat i le suspended sol ids (VSS), total chemical oxygen demand 

(COD), soluble chemical oxygen demand, and ammonium-N concentrat ions, This 

model is a dynamic model and can be better ut i l ized in onl ine operat ion and control .  

Gemaey et a1 .  (200 1 )  uti l ized the so lids flux theory and the Takacs et a ! .  ( 1 99 1 ) model 

of sett l ing velocity to develop a react ive primary c larifier model that can be used in a 

wastewater treatment p lant simulator ( WEST). The model s imulates in addit ion to 

c larification and thickening, COD behavior. The model was tested with ful l  scale data 

where part iculate COD was wel l  described. However, problems occurred in predicting 

the underflow suspended sol ids concentrat ion (Gemaey et aI . ,  200 1 ). 

Although, most o f  the primary c lari fier models do not consider any bio logical 

reactions and simulat ing only the suspended solids behavior, there exist in the 

l iterature some empirical models predict ing the removal of organic matter. Tang et a!. 

( 1 984) l ist samples of such models .  A common feature of these models is the lack of  

fi t  of the data to  the proposed model, genera l ly with R2 less than 0.6 (Tang e t  al . ,  

1 984). As a result, Tang et a1. ( 1 987a) have not recommended the use of such models 

and instead assumed that the species d istribution of the suspended so lids in the 

primary effluent is the same as in the primary influent .  The so luble organic matter 

was assumed to be unaffected by primary sedimentat ion. 

I n  contrast, Christoulas et a1. ( 1 998) developed a regresslOn relat ionship 

relat ing the removal efficiency of suspended sol ids and COD removal efficiency. 

They proposed t hat the fo l lowing relation provides a good estimate. 



Ec = 0 .73" E, - 0.0 (2 .3 )  

in  which Ec i s  the COD remo al efficiency and Es i s  the suspended so lids removal 

fficiency. 

In this study, no certain model is considered to predict the removal of organic 

matter. I nstead, the pec ies distribution of the suspended solids in the primary effluent 

is assumed to be the same as in the primary influent. 

I n  ummar , the Christoulas et al. ( 1 998) model (Table 2. 1 )  is ut i l ized to 

imu late the c larificat ion process and the Cho et al. ( 1 996) model (Equation 2 .2)  to 

simulate the thickening funct ion of the primary c larifier. The next chapter describes 

the activated sludge process in more detai l .  Model ing and design are highlighted. 



CHAPTER 3 

ACTIVATED S LUDGE PROCESS 

Act ivated s ludge proce ses are among the most widespread biological wastewater 

treatment techniques. It is an aerobic suspended growth process in which 

microorganisms are grown in a variety of bioreactor configurat ions. L ike a l l  

bio logical treatment processes for wastewater, the major objective is the removal of  

pol lutants. Besides removal o f  organic carbon substances, an  act ivated sludge 

wastewater treatment p lant can achieve biological nitrogen removal and bio logical 

phosphorus removal .  It is a flexible, re l iable process capable of producing a high 

qual ity effluent . 

The basic idea of  the process is that a mass of "activated sludge" is kept in 

suspension by st irring or aerat ion. Operat ional ly bio logical waste treatment with the 

activated s ludge process is typical ly accomplished using two dist inct operations 

u ual ly  performed in two separate basins: aerat ion and sett l ing. A typ ical  flow 

d iagram of the process is shown in Figure 3 . 1 .  Organic waste is introduced into a 

reactor where aerobic bacterial cu lture is maintained in suspension. The suspension 

contains not on ly l iv ing biomass, but also inorganic and organic partic les. The reactor 

contents are referred to as the "mixed l iquor suspended so lids' ( MLSS). In the 

reactor, the biomass metabo l izes the eas i ly biodegradable organic material (substrate) 

in the presence o f  oxygen and nutrients, that is, the organic material wi l l  be removed 

from the wastewater while more biomass and other end products are produced. This is 

often called bacterial growth and it is associated with substrate ut i l ization. At the 

same t ime, decay o f  biomass exists because of endogenous respiration to produce 

inert material. Some of the organic partic les in the suspension are s lowly 

biodegradable and may be broken down into simpler components (eas i ly 

biodegradable) by a process known as hydro lysis, while other organic part icles are not 

affected ( inert material) .  As the case in a l l  bio logical wastewater treatment processes, 

three main bio logical processes exist in the activated sludge process: growth, 

26 
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hydr Iy i , and de a).  ew m d Is in lude otb r pro es es, for example, storage of 
internal product in microorgani m ( Henze et aI . ,  2002) .  Modeling of such biological 

es forms the ba e of act i ated sludge process modeling and is go ing to be 

d i cu sed hereafter. 

The aerobic en ironment required for the process is achieved by means of 

diffu ed or mechanical aerat ion, which also serves to maintain the act ivated s ludge in 

suspen ion. After a p c ified period of t ime, the mixed l iquor passed into the second 

reactor in the process; the secondary sett l ing tank.. In this tank., so l ids inc lud ing 

biomass and inorganic part icles are separated from the treated wastewater (secondary 

ettl ing is discussed in Chapter 4). A portion of the settled biomass (activated sludge) 

is recycled to the aeration reactor to maintain the desired concentration of organisms 

in the reactor, and the other port ion is wasted. 

I nfluent 
Water 

Aerat ion Tank 

o u 0 0 u 
o 0 

o 0 
o 

u 

Recirculated S ludge 

Settler 
Effluent Water 

Excess Sludge 

Figu re 3. 1 :  A typica l activated s ludge process 

The above descript ion introduces the activated sludge process in its basic 

form. However. what real ly happens in an operating act ivated sludge p lant is far more 

comp l icated. Furthermore, s ince its inception in 1 9 1 4, the process has gone through 

several modi ficat ions and variat ions to improve its performance and widen its 

applicat ion. Such variations are briefly discussed hereafter after a short historical 

overvIew. 

3. 1 H istorica l Ove rview : 

The concept of  using aerat ion, as a mean of sewage purificat ion, dates back to the 

beginning of  t he last century. Before the inception of the activated s ludge process, the 
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fi J l-and-draw appr ach was the corrUTI n treatment technique. That is, a wastewater 
was put into a reactor and a rated, after a period of tim e  the wastewater was released, 
the depo it of so lid was removed and the process was repeated. 

In I 9 1 4, Arden and Lockett in England ( Metcalf and Eddy, 1 99 1 )  studied the 

effect of aving the floccu lent so lid and using them repeated ly. They proved an 

increase in the purificat ion capacity o f  sim p le aerat ion. The first uses were on a batch 

ba i . At the end o f  each aeration period, suspended solids ( referred to as sludge) were 

present and they were left in the bioreactor when the c lear wastewater was withdrawn 

after settling. As this batch procedure was repeated the quantity of suspended so lids 

increased, giving more complete removal of organic matter within the allocated t ime. 

Although this increase in suspended so l ids with the associated improvement in 

removal act ivity was due to the growth of  a viable microbial culture, the reason was 

unknown to the early researchers, who characterized the s ludge as being "activated", 

thereby giv ing the process its name (Grady et aI. ,  1 999). During the same year, simi lar 

studies were undertaken at the University o f  I l l inois in the United States, leading to 

the same conclusions (Jeppsson, 1 996) . 

Efforts were then directed towards the adaptation o f  the process to operate 

under continuous-flow condit ions as the need to treat larger flows increased. 

Continuous flow reactors were designed shortly thereafter and regularly used because 

of problems in contro l ling a number o f  batch reactors throughout fiJl-react-settle-draw 

cycles with variable influent flow rates. By 1 9 1 7  two smal l-scale continuous-flow 

p lants in England and a larger p lant in Houston, Texas, were put into operation. 

Successful  experience with these p lants and the establishment of the diffused air 

process as a feasible means of air provision encouraged the construction o f  other 

major p lants that were soon p laced in operation. Al l  were based on the continuous­

flow princ iple, which had proven itse lf  as the major practical method for activated 

s ludge operation. Although batch treatment was ignored for over 50 years, 

interest ingly, batch treatment systems have been reestablished as a viable treatment 

alternative in modern times ( Droste, 1 997). 

The early success of the activated s ludge process d id not persist for long. 

Rapid population expansion and industrial development great ly altered the magnitude 

and nature of sewage loads to exist ing wastewater treatment p lants, and the effect of 

flow and organic load variat ions became more pronounced. Serious problems, as 
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ludge bulk ing and hortag of xygen tarted to anne in th 1 930s. which 
encouraged exten ive tud ies and tr iggered the development of modified proces es 
that would permit treating larger flows and greater loads while maintaining high 
e ill uent quality. 

3 . 2  P rocess Va riat ions  

For arious appl icat ions, eight d ifferent variat ions (types) of  activated sludge process 

exi t nowadays. The common characterist ic of al l  of them, however, is that they use a 

flocculent suspended growth cu lture of microorganisms in an aerobic bioreactor and 

emp loy some means of biomass recyc le. Furthermore, the primary object ive is the 

removal of so luble organic matter and oxidat ion of the carbon contained in it. Under 

appropriate cond it ions, n itrification might a lso occur, and thus it is l isted as an 

object ive for those systems in which it is most l ikely. 

The eight wel l  known process variations include conventional act ivated s ludge 

process step feed, completely mixed contact stabi l izat ion, extended aerat ion, high­

purity oxygen, selector act ivated sludge process, and sequencing batch reactor 

processes. Ful l  comparison among these variations of act ivated sludge process can be 

found in Grady et a1. ( 1 999). Advantages and d isadvantages in addition to flow 

d iagrams are presented there. L isting them is beyond the scope of this brief review. 

The history of the act ivated sludge process is very interesting and the reader is 

encouraged to learn more about it by referring to Jeppsson ( 1 996), Grady et a1. 

( 1 999) Henze et a1. (2002),  and Metcalf  and Eddy ( 1 99 1 ) . 

During the last thirty years nutrient removal has become a very important 

factor in wastewater treatment due to restrict disposal and use regulat ions. 

Consequent ly, new systems, biological nutrient removal systems, were derived from 

the ordinary act ivated s ludge system. Unl ike the aforementioned systems, which were 

developed primar i ly for the removal of the organic material, bio logical nutrient 

removal systems consider the removal of nitrogen and phosphorus as wel l .  Like the 

activated sludge systems, they also come in a number of  configurat ions. One basic 

characterist ic is that the microorganisms performing n itrificat ion, denitrification and 

enhanced biological phosphorus removal require very d ifferent environments to 

function effect ively, that is, a combination of aerobic, anoxic and anaerobic 

condit ions. The term anoxic is frequent ly used to defme a condition when oxygen is 
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ab nt and nitrat or nitrite is  pr sent. More detai ls about various act ivated sludge 

process type can be found in Grady et a1. ( 1 999), Droste ( 1 997), Henze et at (2002 ), 

and Metcalf and Eddy ( 1 99 1 ) .  

3.3 M od e l i n g  of Activa ted S l u d ge Syste m s  

Mode ling i a n  intrinsic element for the design and understanding of biological 

wastewater treatment sy tern . I ts use has proven to be invaluable in the design, 

ana Jysi , and opt imizat ion of activated sludge wastewater treatment plants (Yuan et 

a l . ,  1 997). Although the act ivated sludge process was developed in the early 1 900s 

there has been a long transit ion between its development and the establishment of a 

theoret ical framework that describes the process and provides a basis for its design 

and control .  Reasons behind that s low evo lut ion are the confl ict ing nature of the 

mechanistic explanat ion hypotheses of the process, the d ifficulty of expressing them 

in precise mathematical models and the contrived nature of the systems on which the 

models were developed. From the 1 920s to 1 960s d ifferent hypotheses explaining 

mechanisms of organic matter removal by activated sludge, were proposed. After the 

1 960s models started to jump from hypotheses to pract ically appl icable models 

(Jeppsson, 1 996). 

Princ ipal ly model ing of any system is usually commenced by a conceptual 

model, which is reducing the complex system to a conceptual image of how it 

funct ions. Usual ly such a model does not provide sufficient informat ion alone.  So 

accompanied with a p hysical model such as lab-scale or pi lot p lant, upon which 

different design ideas can be tested. However, t ime and money consuming is a main 

d isadvantage of such models. The solut ion is often a mathemat ical model. The 

primary funct ion of a mathemat ical model is to reduce a complex system to t he 

minimum terms essent ial  for its descript ion so that those terms can be manipulated. 

Thereby helping in understanding how t he system wi l l  respond under a variety of 

condit ions. The modeling of biological wastewater treatment systems has passed 

through the above sequence ( Henze et at,  2000). 

Mathemat ical models have numerous advantages over conceptual and physical 

models. In general, mathemat ical model ing is a useful and powerful tool for optimum 

design and control of any process, main ly because the effects of adjust ing operating 

variables can be studied far more quickly on a computer than by do ing experiments. 
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1 hi is parti ulaf! t rue .D r a pro ess like act ivated � ludge biologi al wastewater 
treatment , which may take da s to reach a new steady-state condit ion after one of the 

proce s ariable i altered ( Padukone and Andrews, 1 989). I n  addit ion, designers o f  

bio logicaJ a t e  ater treatment systems can investigate easi ly, using mathemat ical 

mod Is, the perfo rmance of a number of possible systems under a variety of 

cond it ion ( Henze et aI. , 1 987) .  

An act ivated sludge system mathemat ical model is usual ly composed of two 

main part ( see F igure 3 .2 )  ( Dunn et aI., 1 992). The first is a bio logical process model, 

which i the k inet ic model ing of the main bio logical events ident ilied the system 

under considerat ion. This part consists of three main components: a descript ion of 

biological "structure", t hat is the components into which substrate and biomass are to 

be divided; a set of rate equations describing how rapid ly one component is converted 

into another by various physical and bio logical processes; and final ly a description of 

the sto ichiometry showing how much of a component is consumed or generated by a 

process. 

Physical Aspects 
(Reactor type, flow patterns, 
residence time, mass transfer) 

Bioreactor Model 

Production rate 
Selectivity 

Control 

Biokinetics 
(Biochemical operations, 
constituents, environmental 
conditions, stoichiometry) 

Figure 3.2 : I n format ion for bioreactor model ing (Dunn  et a I. ,  1 992) 

The second part is the "physical" modeling of the system, and this is 

concerned with t he type of reactor used, flow pattern considered, and mass balance 

equations ut i lized. It consists o f  a set of conservation equations describing t he mass 

balance of each component in t he part icular type of reactor c hosen. Both parts when 
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concern, in fact, is the fir t part; the model ing of the process from the bio logical point 

of  i w. Howe er, we wi l l  show how this bio logical model can be imbedded ill a 

"ph ical" model to produce a bioreactor modeL 

The starting po int in modeling the act ivated sludge process, from the 

bio logical model ing point of view, is to understand the bio logical operat ions that 

occur during the process. As ment ioned briefly earl ier, the main objective of the 

proce s, a with al l  other bio logical wastewater treatment processes, is to remove 

orgaruc matter (soluble or inso luble) t hrough biochemical operations 

( transformations) and produce an effluent with acceptable characterist ics. Regard less 

of the nature and comp lexity of the system invo lved, there are certain fundamental 

processes that occur universa l ly in biochemical operations. I n  their barest essent ial, 

biological treatment systems are systems in which microorganisms are al lowed to 

grow by using pollutants as their carbon and/or energy source, thereby removing the 

pol lutants from the wastewater and convert ing them to new biomass and carbon 

dioxide, or other innocuous forms. Bacteria, which are the most important 

microorganisms in t he act ivated sludge process, constantly need energy in order to 

grow. Growing cells ut i l ize substrate and nutrients for growth and energy in a process, 

which can be described in a simplified form as: 

Substrate + Nutrients + Oxygen ---t B io mass + Energy ( 3 . 1 )  

The major type o f  bacteria in act ivated sludge (cal led heterotrophic bacteria) 

use organic carbon i n  the form of smal l  organic molecules as substrate, and some 

bacteria (cal led autotroph ic bacteria, nitrifying bacteria, or nitrifiers), which are 

essent ial to bio logical nutrient removal, use inorganic carbon as substrate. This 

biochemical operation is cal led microbial growth. 

At the same t ime b iomass degradation ( decay) occurs, coupled to oxidation of 

part of the organic matter in the biomass. Another process, which is hydrolysis, takes 

care of inso luble ( particulate) and soluble large molecules occur. Hydrolysis converts 

larger mo lecules into small, direct ly degradable molecules. Other processes are 

so luble m icrobial product formation, ammonificat ion, and phosphorus uptake and 

release. The later t hree processes are o f  less appl icabil ity and increase significant ly 
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the comple i ty o f  th model � hen incorporated. Thus, they are not detailed ill the 

fo l lo i.ng di cu ion. 

Models range from imple to complex based on considering some or al l  of the 

aforementioned proces es. The most basic model considers only the removal o f  

o luble organic matter in which only biomass growth and decay i s  considered with the 

substrate as soluble organic matter. Whi le more general models consider in more 

detail most of the above mentioned processes. The fo l lowing is a discussion of the 

model ing o f  th most common bio logical operations ( i.e. bio logical growth, 

hydro ly i , and decay). 

3.3. 1 M icrobial  G rowth 

I t  is  the main process through which the organic matter is  removed. I t  is  usual ly 

coupled with the substrate util ization ( if growth is  balanced). As a consequence the 

removal of one u nit o f  substrate results in the production of Y units of biomass, where 

Y is cal led the growth yield, or simply the yield. Because of the coupl ing between 

biomass growth and substrate uti l ization, the rates of the two activities are 

proportional, with Y as t he proportionality factor. Thus, selecting one as the primary 

event (or cause) and the other as the secondary event (or effect) is arbitrary. Both 

select ions are equal ly correct and benchmark papers have been publ ished using both 

substrate ut i l izat ion and biomass growth as the primary event .  

The process of bacterial growth can be modeled usmg the fo llowing 

expresslO n: 

(3 .2) 

rXB is the biomass growth rate (also, dXs/dt), ( ML-3r' ) .  

f.1 is the specific growth rate, (rl) .  

XB is the concentrat ion of biomass, (ML-3) .  

The specific growth is referred to as a specific rate coefficient because it defmes the 

rate of biomass growth in terms of the concentration of active biomass present, i .e . ,  

the mass of b iomass COD formed per unit t ime per unit o f  act ive biomass COD 

present. Equation (3 .2 )  holds for any type of bacterial growth. 



maj r concern wa 1 how to mathemat ica l l y  de cribe t he spec ifi growth rate. 

The most commonl recognized rate expression with historical precedence and wide 

acceptance i the h perbo l ic e pre ion proposed by Monod : 

JIma, i the maximum spec i fic growth rate, (T 1 ) .  

S is the concentration of substrate, (ML-3 ) .  

Ks i the half  saturat ion coefficient, ( ML-3 ) .  

( 3 . 3 )  

Although Monod 's  original work was done in  batch reactors and was developed 

basically for pure cultures of microorganisms growing on single organic substrates, 

many researchers have shown that this equat ion is appl icable for continuous cultures, 

and can be used to express removal of substrate that is real ly a mixture of hundreds o f  

organic compounds, and can describe the growth of the heterogeneous assemblage o f  

many bacterial species by simply "biomass" (Grady e t  al. , 1 999). 

Examinat ion of Equat ion ( 3 . 3 )  reveals that two simpl ificat ions can be made, 

and this is often done in the model ing of wastewater treatment systems. First, if S is 

much larger than Ks, then the equation may be approximated as: 

JI � JImax ( 3 .4) 

This is cal led the zero-order approximat ion. Second, if S is much smal ler than Ks, the 

term in the denominator may be approximated as Ks and the equation becomes: 

( 3 . 5 )  

This i s  cal led the first-order approximation. 

Besides the common Monod expression, there exist other expressions that 

describe the specific growth rate. However compared to Monod they are of less 

appl icabi l ity. These models include the fo l lowing (a l l  K and B coefficients represent 

different model parameters) ( Dunn et al . ,  1 992 and Jeppsson, 1 996): 

- The Tiessier model (Tiessier, 1 936) :  

(3 . 6) 
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Ji = K 8  

Jimax 

if S < K 8  
i f  S � K 8  

- The onto is mode l :  

Ji = Jirnax 
KcX + S  

- The Powel l  model ( Powell ,  1 967) :  

- The Haldane model for inhibit ion k inetics: 
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( 3 .7 )  

( 3 . 8 )  

( 3 .9) 

( 3 . 1 0) 

Substrate uti l izat ion, which is coupled to microbial growth, as mentioned, can 

be related to microbial growth through process stoichiometry. I ts rate can be given as : 

r = -Y · r  X13 s 

rs is the substrate uti lizat ion rate (a lso, dSldt), (ML-3rl ). 

( 3 . 1 1 )  

As mentioned earlier, many investigators have selected substrate ut i l izat ion 

rather than microbial growth, as their basic event and have written their rate equation 

accordingly. Several investigators have used the Monod expression to derive design 

equations for the activated sludge process. Lawrence and McCarty ( 1 970) and the 

recent I nternational Water Association models ( Activated Sludge Models No. 1 ,  No . 

2, and No. 3 )  are good examples ( Reyno lds and Richards, 1 996, and Henze et at, 

2000). 

Beside the above ment ioned Monod approach in describing the biological 

growth k inet ics, there exist other approaches. However, these approaches have less 

applicabi l ity in research and design. Among such approaches is the one that uses a 

modification o f  chemical k inetics and considers the substrate removal as the basic 
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v nt. l t  quations a r  ba d n the Mi h e l is- vfenten equat ion in enzyme kinet ics. 
This approach ugge t the fo l lowing relat ionship for ubstrate removal rate: 

_1 dl. ' _ k ( ) X dt - .\ Km + S ( 3 . 1 2) 

(11X)(a� Idt) i the speci fic rate of ubstrate ut il izat ion, (M .M- 1 (microbes) .T\ 

dSldt is the rate of substrate ut i l izat ion, ( ML-3r1 ) 

ks is the maximum rate of subst rate ut il izat ion, (M .M- 1 (microbes).T1 ) .  

Km i the substrate concentration when the rate of util ization is hal f  the 

maximum rate, (ML-3) 

is the substrate concentration, ( ML-3) 

This approach has been used by Professor W. W. Eckenfelder, Jr. ( 1 966, 1 970, 1 980, 

1 989) for the design of various bio logical treatment processes ( Reyno lds and 

R ichards, 1 996). 

Because of the similarity of Equation ( 3 . l 2) to Equation ( 3 . 3 ), many people 

have erroneously conc luded that Monod proposed his equation (Equation ( 3 . 3 »  on 

mechanistic grounds. Whi le the M ichael is-Menten equat ion can be derived from 

considerat ion of  the rates of chemical react ions catalyzed by enzymes, and has a 

mechanist ic basis, the Monod equation is strict ly empirical (Grady et aI . ,  1 999). 

Another approach is the one that has been used by Grady and Wil l iams ( 1 975) .  

They have presented data, which suggest that neither Monod nor M ichael is-Menten 

approaches adequately describe the effects of a varying influent substrate 

concentrat ion  on the substrate ut i l ization rate. For such a situat ion, the relat ionship 

proposed by Grau et a1. ( 1 975)  appears to more accurately describe the rate of 

substrate ut il izat ion (Benefield and Randal l ,  1 980) .  They proposed that : 

dS = K  x(�Jn 
dt I S o 

n is the reaction order and is general ly assumed to have a value of 1 

So is the init ial substrate concentration, ( ML -3) 

(3 . 1 3) 

S is the substrate concentration surrounding the biomass at any t ime, ( M L-3) 



KJ the p c ific ub trate ut i l izat i n rate onstant, (Tl ) 
X the bioma s concentrat ion, ( ML-3) 
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Eckenfelder (2000) use the same equat ion but suggests usmg the 

concentrat ion of act ive biomas instead of the concentrat ion of biomass in general 

(Eckenfelder 2000). 

The aforementioned expressions to model the kinet ics of biological growth are 

presented in their implest form. There exist more advanced expressions to model 

more compl icated phenom non happen in bio logical systems. As an example, the 

expression to describe the speci fic growth rate in the presence of inhibitory substrates 

will not be as simple as Equation (3 . 3 ) .  A modified Monod relation is used instead: 

( 3 . 1 4) 

Another worthy note, is that the abovementioned expreSSlOns apply in a 

situation where only the substrate, S, is a l imit ing factor for growth. Alternat ively, 

JLrnax can be seen as the maximum specific growth rate under given environmental 

cond it ions (temperature, pH, oxygen, nutrients, and toxic substances) . For example, in 

the case of o xygen, the spec ific growth rate can be in the form of double Monod 

expresslOn:  

( S J( S02 ) JL = JLmax Ks + S K02 + S02 
( 3 . 1 5 ) 

Adding another environmental condition wil l  add another Monod form term in the 

expression .  Most of the common design models consider only one l imit ing factor of 

growth that is substrate (example is Lawrence and McCarty, 1 970) ( Metcalf and 

Eddy, 1 99 1 ) . Whereas, these extended rate expressions are common for dynamic 

analysis and operation and common in recent advanced general models (examples are 

Activated S ludge Mode ls 1 , 2, and 3) .  

3.3.2 Biomass Decay 

There are two approaches to describe the reduction in y ield and viabil ity in bio logical 

wastewater treatment systems: traditional approach, that has been in use for many 

years and has found many app licat ions, and is cal led lysis-regrowth approach, which 
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is an  ad anced approa h u t i l  iz d in mo t of the latcst d lopcd models for act i  ated 

Judge s stems. 

sl ight d ifference between the two approaches can be noticed. I n  the 

traditional approach, loss of biomass happens as a resu lt of decay, which produces 

biomass debris, which is considered inert to further bio logical attack. I n  the lysis­

regrowth approach, the loss of biomass happens through a death and lysis process 

which produces in addition to biomass debris a particulate substrate. This produced 

part iculate sub trate is hydro lyzed to soluble substrate, which is then oxidized to 

produce a new b iomass. 

In both approaches, the rate expressions have the same form except that for the 

lysis-regrowth approach a rate for the product ion of part iculate substrate is added. 

Moreover, the rate coefficients are conceptually and numerical ly d ifferent . The rate 

expression  for decay of bioma s is first order with respect to b iomass concentration: 

r,\'B = -b . X B 
b is the decay coefficient (r1 ) .  

The rate of production of biomass debris can be seen t o  be: 

JD is the fraction of act ive biomass contributing to b iomass debris, XD. 

( 3 . 1 6) 

(3 . 1 7) 

and for the lysis-regrowth approach, the rate of production of part iculate substrate 

(Xs) is : 

(3 . 1 8) 

This particulate substrate is converted to soluble substrate, ready for uptake by 

b iomass, through the hydro lysis process. 

3.3.3 Hydro lysis 

The conversion of part icu late and high molecu lar weight organic matter into forms 

smal l  eno ugh for bacteria to take up and degrade is an important step in biochemical 

operations for wastewater treatment because such materials are commonly present in 

wastewater and a lso arise from lysis react ions as discussed previously. In sp ite of that, 
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r lat i ely f w tudie have foc u  ed on those react i  n and few researcher� ha e 
con ide red them in their mode l . 

The toichiometry of  hydroly is is as simple as: 

Particu late sub trate COD � o luble ubstrate COD 

Thi means that the rate of format ion of so luble substrate COD is equal to the rate of 

los of part icu late sub trate OD. It is common for engineers to choose the simplest 

po ible reaction rate, and that is what a number of invest igators have done, assuming 

that hydro lysis is a ftrst-order with respect to the concentration of part iculate 

sub trate, Xs (Grady et aI . ,  1 999). However, in advanced models a more complex 

reaction rate expression is introduced. The fo l lowing k inetic expression has been 

adopted by the I WA group in the model ASM No. 1 ( Henze et al., 2000). 

_ k [ Xs / XB ] rxs - - h Kx + (Xs / X B ) X B 

kh is the hydro lysis coefficient (h- I ) .  

( 3 . 1 9) 

Kx is the half saturat ion coeffic ient ( mg part iculate substrate COD/mg active 

biomass COD) 

H ydro lysis as a phenomenon is not common in simple models, and appears 

only in advanced general models. 

This is only a brief descript ion of the three main biochemical transformations 

happening in a l l  bio logical wastewater treatment systems. Once these biochemical 

transformations are defmed and the models describing them are identified, the 

biological model is formed. The next step now is to form the physical information. As 

mentioned previously, the physical information comprises the reactor type and the 

flow pattern considered. From such information, mass balance equations can be 

derived, in which bio logical models can be imbedded to form the full  model of an 

activated sludge system. I n  the fo llowing section, a basic model is deve loped to show 

how the biokinetic information is integrated with the physical information. It should 

be noted from the beginning t hat the developed model is the simplest possible mode l 

for activated sludge process and there exist more advanced models that account for 

most of bio logical events. These advanced models sti l l  simpler than what is there in 

reality although they provide good approximation of real systems. 



3.3.4 Ba ic  n odei  

The ba ic  expression of a mas balance of a given constituent takes the form: 

ccumulation = input - output + generation (3 .20) 

-lO 

Ea h term in the rna balance equat ion has the units of mass/t ime. The generat ion 

term repre ents the sum o f  al l  reactions in which the constituent of interest 

participates, and incorporates the reaction rate tenns mentioned above [e.g. ,  Equation 

(3 .2 )  of bioma s growth rate] . If it is positive, the constituent is being produced; if it is 

negative the constituent i being de troyed. Mass balance equations depend on the 

reactor (contro l vo lume) considered. Act ivated sludge processes employ a number of  

d ifferent types o f  reactors. Most of  them are cont inuous flow, which means that the 

l iquid flows through them cont inuously, bringing in reactants and carrying away 

products. Batch reactors, which have no flow through them whi le react ion is 

occurring, are also employed. The single cont inuous stirred tank reactor (CSTR) is the 

simplest reactor configuration used in bio logical treatment, finding applicat ion in 

activated sludge, aerated lagoons, aerobic digestion, anaerobic digestion, and 

bio logical nutrient removal .  

For the sake of i l lustration, a basic CSTR (shown in F igure 3.3) with the very 

basic and simple assumptions is considered hereafter. A bioreactor with vo lume V 

receives a flow at rate Q containing only so luble, non-inhibitory, biodegradable 

organic substrate at concentrat ion SSo and sufficient organic nutrients to make the 

organic substrate the growth l imit ing material. The influent flow and concentrat ions 

are constant. as per pH,  temperature, and other environmental conditions. Within the 

bioreactor, the biomass (assumed only heterotrophic biomass) uses the substrate as its 

food source, thereby growing to concentration XB whi le reducing the substrate 

concentration to Ss. Biomass decay accompanies the growth so that microbial debris 

at concentration XD is also present. 

Two essential terms are important to the performance of CSTRs. That is the 

hydraul ic residence t ime ( H RT) and sol ids retention t ime (SRT). A residence t ime 

defines the average amount of t ime a constituent stays in a system. Two types of 

constituents are present in the CSTR in Figure 3 . 3 : ( 1 )  soluble denoted by the symbol 

S, and (2)  part iculate, denoted by the symbol X. Consequently, two residence t imes 

can be defmed. Disso lved constituents are int imately assoc iated with the fluid and 
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cannot be eas i l  �eparattJ from it . Thus, their re iden e t ime i n  a reactor i equal to 

the HR T, whi h is defined by : 

HR T = TT Q ( 3 .2 1 )  

The econd residence time, cal led the SRT, represents the average length of 

time a part icu late constituent stays in  a bioreactor. The SR T i s  defmed as the mass of 

part icu late const ituent contained in the bioreactor divided by the mass discharged 

from the bioreactor per unit time: 

( 3 .22) 

Q, So 

Q+ aQ 

Q,=aQ 

Figu re 3.3 : Schemat ic  diagram of  CSTR wi th  biomass recycle from sedimentat ion 

For the situation depicted in Figure 3 .3, mass balance equations must be 

written for at least three constituents: Ss, XB, and XD. Table 3 . 1 gives the biological 

transformations incorporated into this model.  

Ta ble 3. 1 :  Process k inetics and stoichiometry for s impl ified model 

Component � i I 2 3 

Process ,j, Xn Xn Ss 

Aerobic growth of heterotrophs y 

2 " Decay" of heterotrophs - \  fD 

Process rate, rio ML') T I  ( Ss Jx f.1max Ks + Ss B 

b · X B 

As an example, referring to Figure 3 . 3 ,  a mass balance for the biomass in the 

entire system can be written as: 
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, ccumulal ion � I n flow - Out flow + 1 et growth ( 3 .23 ) 

(ciJ{s' cit) V = Q. XBo -[ QII XBII + Qe XBe }+ rXB V (3 .24) 

ing Table 3 . 1 to subst itute for the rate of growth of biomass and assuming that the 

cell concentration in the in fluent is zero and steady-state cond it ions prevail (dXsldt = 
0) ; ield : 

(3 .25) 

The left-hand side of Equat ion ( 3 .25)  represents the inverse of the SR T as defmed in 

Equation (3 .22) .  Knowing that the tenn rs is the rate of substrate ut i l izat ion which 

equal : 

Q r, = - - (S . - S ) , V 0 S 

ub t itut ing Equation (3 .26) into Equation (3 .25) and so lving for XB: 

x - SRT Y(Sso - Ss ) 
B 

- HRT ( 1  + bSR T) 

(3 .26) 

(3 .27) 

Performing a substrate balance, the effiuent substrate concentrat ion is found to be 

equal to : 

S 
s = K 5 ( 1  + SRT . b)  

SRT(Jimax - b) - l  
(3 .28)  

I n  simi lar manner, a l l  models describing activated sludge systems in  d ifferent 

reactor configurat ions are formulated. Whether ut i l izing a simplified bio logical model 

or advanced, using a CSTR reactor or a plug flow one, the procedure is the same. 

The model shown is a very basic model.  It considers a system receiving only 

so luble substrate, although, most of wastewater contain soluble organic matter that is 

non-biodegradable. Furthermore, a l l  domest ic and many industrial wastewaters 

contain suspended matter that escapes removal by sedimentation prior to entrance of 

the wastewater into the biochemical operat ion. Hence, advanced models were also 

developed and wi l l  be discussed in the corning section. Most common simplified 

models include Lawrence and McCarty ( 1 970), Eckenfelder ( 1 966), Goodman and 

Englande ( 1 974), Gaudy and Kincannon ( 1 977), and Chen and Hashimoto ( 1 980) 

( Padukone and Andrews, 1 989; and Eckenfelder, 2000). The Lawrence and McCarty 

( 1 970) model has found a wide acceptance and has been the base for many design 
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equ t i01r and procedur . 1 t alf and I:ddy ( 1 99 1 )  u ed uch a mod I to ionnulat 
de ign equat ion for the act ivated sludge process. Other appl icat ions of this model 

wi I J  be Ii ted later when talking about applicat ions of activated sludge mode ls. 

o er th past two decades, the re earch group at the University of Cape Town, 

South Africa, has deve loped steady state design models based on a simpl ified 

conceptual izat ion of the behavior of the activated sludge system. These models have 

progressi ely inc luded aerobic COD removal and nitrification, anoxic denitrificat ion, 

and anerobic-anoxic-aerobic bio logical excess phosphorus removal ( Wentzel and 

Ekama, 1 997). orne o f  these models have provided the basis for most of the 

ad anced mode ls developed later, for example, for the I WA Activated S ludge Model 

o. 1 .  Advanced models are d iscussed in the next section. 

3.3.5 Advanced M odels 

implified models in general have two characteristics that restrict their appl icabi l ity in  

many wastewater treatment situations. One is that they are l imited to so luble, readily 

biodegradable substrates, whereas most wastewaters contain part iculate contaminants 

and soluble const ituents o f  large molecular weight that must be reduced in size before 

they can be taken into bacteria for degradation. I f  a model is to depict accurately the 

response of bioreactors receiving such wastewaters, it must inc lude hydrolysis 

reactions. The other restrict ion is  that the biomass is assumed to be in a constant 

biochemical environment with no l imitat ions whi le in real situat ions many 

environmental and nutrient l imitations occur. 

Advanced models or sometimes called general mode ls for activated sludge 

systems are developed including most of the possible biochemical transformations 

d iscussed previously w ith taking environmental cond it ions into considerat ion 

(temperature, pH, oxygen, nutrients). Recent advanced models include the family 

Activated S ludge Model No. 1 ,  ASM No. 2 and ASM No. 3, which have been 

developed by the I W  A task group on mathemat ical model ing for design and operat ion 

of bio logical wastewater t reatment ( Henze et a1. 1 987, 1 995, and Gujer et a1. 1 999) in 

addition to other models l ike Barker and Dold models ( 1 997a and 1 997b). However, 

ASM models are considered the most famous and recent general models. ASM 

models, l ike al l  advanced models, have the capabi l ity to depict the performance of 



4-+ 

wa tewater t reatment ystems receiving both oluble and part iculate substrate ' ill  
which organ ic ubstrate removal, nitrificat ion, and denitrificat ion are all occurring. 

M l  wa published in 1 987 inc luding nitrogen removal processes. I n  1 995, 

bio logical pho phorus removal has been added to nitrogen removal to form a new 

model cal led ASM2. I n  1 998, the task group decided to develop a new model ing 

plat form, the ASM3 in order to create a tool for use in the next generation of  

activated sludge models. ASM3,  since it i s  the recent, is considered in  this work and 

wil l  be discus ed in detai l  hereafter. However, we wil l  start by introducing ASM 1  

becau e it is the base for most advanced models including ASM3 . 

Activated S ludge M odel No. 1 (ASM l )  

The I WA task group has introduced ASM I  in a matrix format as shown in Table 3 . 2  

where i t  can be seen to incorporate 8 processes and ] 3 components. The matrix 

representation was in it iated to overcome the difficult ies in representing more complex 

systems incorporat ing mult ip le parallel react ions act ing on several components. 

Definit ions of each component along with the units are given in Table 3 . 3 .  Detailed 

description of the model components and the main processes considered can be found 

in Henze et al. (2000), Grady et al. ( 1 999), and Jeppsson ( 1 996). Kinet ic and 

stoichiometric parameters incorporated, typical ranges of  such parameters, and 

assumptions, restrict ions, and constraints can also be found in the same references. 

L ist ing such is beyond the scope of this work and the reader is encouraged to read 

about it in the ment ioned references. However, it is essential to give a brief 

descript ion o f  the processes in the model before showing how the model is integrated 

with the physical information to formulate the ful l  model .  

The fundamental processes incorporated into the model are l isted in the 

leftmost column of Table 3 .2,  while their rate expressions are listed in the rightmost 

co lumn. Basically, four processes are considered : growth of biomass, decay of 

biomass, ammonificat ion of organic n itrogen, and hydrolysis of particulate organics. 

Both common types of biomass in act ivated sludge systems are considered: 

heterotrophs and autotrophs. The model depicts the performance of act ivated sludge 

systems under aerobic and anoxic conditions. Decay of  the same two biomass groups 

is modeled fol lowing the lysis-regrowth approach. I n  the basic model presented 

earlier only growth and decay of heterotrophs were considered. The fo l lowing is a 



Table 3.2 : Process k inet ics and stoicbiometrx for ASM l (H enze et a l., 2000 and G radx et a I., 1 999}. 

Component -+ i J 2 3 4 5 6 7 8 9 1 0  

Process .j. � Xs XB.H YB.A XD S/ Ss So SNO SN/! 
Aerobic growth of 

_ I - YH -i r8 
heterotrophs YH YH 

2 Anoxic growth of 
_ I - YH -iXB 

heterotrophs y 2.86YH H 

3 Aerobic growth of 
_ 4.57- >-:, 1 - i . - -

autotrophs � YA 
.\8 r A 

-I " Deca)" of heterotrophs 1 - f� - I  f� 
5 "Decay" of autotrophs 1 - f� - 1  f� 

6 Ammoni lication of 
soluble organic nitrogen 

'7 " l lydrolysis" of - I 
particulate organics 

" J  Jydro\ysis" of 
3 particulate organic 

ni trogen 

Observed conversion II 

rates, ML-3 Tl rl = LV/lJp) 
)=1 

I I  1 2  1 3  

SNS XNS SAl.K 

_ iXB 
1 4  

l - l� 
1 4( 2 .86Y11 ) 

iu 
1 4  

_ iI'8 _ _  
1 4  7 > ". 

i I's - f�i \8 
i tS - f�i \8 

- I  1 4  

- [  

Process rate, PI' ML-3 Tl 

• ( Ss J( So Jx J.lH --- 8.H 
Ks + Ss KO.JJ + So 

• ( S5 J( KO
.H J J.lH 

Ks + Ss KO.H + So 

• 
NO 77 X ( s  J 

KNO + S,.() • 8.H 

• ( SWI J( So Jx J.l
A K NII + S 'II KO,A + So 

B .A 

bll Xn.H 
b" XS,., 

kn S'·S XB.H 

k X, / XB .11 [( So J h 
K r + ( Xs I X8.1I ) Ko.1I + So ( Ko.1f J( S"O J] + 7h Xa H  

KO
.H + So K NO + S"o ' 

r7 (X ,s I X s )  
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robic growth of heterotrophs: E aminat ion of row 1 in Table 3.2 shows that 

growth ccur at the expense of o luble substrate and results in the production of  

heterotrophic bio mass. Associated with this i s  the util ization of oxygen. Ammonia 

nitrogen will be rem ved from the so lution and incorporated into cell mass. The 

kinetics are as umed to be subject to double nutrient limitat ion, with the 

concentrat ions of s and So being rate determining. The primary purpose of the 

oxygen term is as a switching function, which stops aerobic growth at low DO 

concentrat ions. The growth is modeled using Monod kinet ics. This process is 

generally the main contributor to the production of new biomass and removal of 

COD. I t  is also associated with an alkalinity change. 

- Anoxic growth of heterotrophs: I n  the absence of oxygen, the heterotrophic 

organisms are capable of using nitrate as the terminal electron (row 2 in Table 3 .2) .  

L ike aerobic growth it occurs at the expense of  read ily biodegradable substrate and 

results in heterotrophic biomass. The process wi l l  lead to a production of  

heterotroph ic b iomass and nitrogen gas (denitrificat ion). The nitrogen gas i s  a result 

of the reduction of nit rate with an associated alkalinity change. The same Monod 

k inetics as used for the aerobic growth is applied except that the k inet ic rate 

expression is multipl ied by a factor 17g « 1 ) . Ammonia serves as the nitrogen source 

for cel l  synthesis, which in tum changes the a lkalinity. 

Table 3.3: Definitions of components in ASM 1 model (Symbols in  Table 3.2) 

Component Component 
number symbol Definition 

1 X, Inert particulate organic matter, mg/L as COD 
2 Xs Slowly biodegradable substrate, mg/L as COD 
3 XB.H Active heterotrophic biomass. mg/L as COD 
4 XB.A Active autotrophic biomass, mg/L as COD 
5 XD Debris from biomass death and lysis. mg/L as COD 

6 S, Inert soluble organic matter, mg/ L as COD 

7 Ss Readily biodegradable substrate, mg/L as COD 

8 So Oxygen, mgIL as COD 
9 SNO Nitrate nitrogen mgIL as N 
1 0  SNH Ammonia nitrogen, mgIL as N 
1 1  SNS Soluble biodegradable organic nitrogen, mgIL as N 

1 2  XNS Particulate biodegradable organic nitrogen, mgIL as N 

1 3  SALK Alkal inity molar units 
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erobi growth of autotr phs: As shown �1 row 3 in Tabl 3 .2. soluble ai1lLllonia is 
oxidized to nitrate via a ingle-step process ( nitrificat ion) resu lt ing in production of 

autotrophic biomass. Ammonia is also used as the nitrogen source for synthesis and 

incorporated into the cell mass. Once again the growth rate is modeled using Monod 

kinetic . A double saturation funct ion is used to express the dependency upon the 

soluble concentration of both ammonia and oxygen, with the latter serving as a 

itching funct ion. 

- Decay of  heterotrophs: The process is modeled according to the death regenerat ion 

hypo the is as depicted in row 4. The adopted rate expression is first-order with 

respect to heterotrophic biomass concentration. However, the rate coefficient is 

d ifferent from the traditional decay coefficient . In this case, decay converts biomass to 

part icu late products and slowly biodegradable substrate. No loss of COD is involved 

and no electron acceptor is uti lized. The process is assumed to continue with the same 

rate under aerobic, anoxic and anaerobic conditions. 

- Decay of  autotrophs: The process, given in row 5, is modeled in the same way as 

used to describe decay of heterotrophs. 

- Ammonificat ion of soluble organic nitrogen: Biodegradable soluble organic n itrogen 

is converted to ammonia nitrogen in a first-order process. The reaction is depicted in 
row 6 of Table 3 .2 .  

- H ydro lysis o f  entrapped organics: S lowly biodegradable substrate enmeshed in the 

sludge mass is broken down, producing read i ly biodegradable substrate available to 

the organisms for growth. The process is modeled on the basis of  surface react ion 

kinetics and occurs only under aerobic and anoxic condit ions. The rate of hydrolysis 

is reduced under anoxic conditions compared with aerobic condit ions by a factor 17h 

« 1 .0). The rate is also first-order with respect to the heterotrophic biomass present 

but saturates as the amount of entrapped substrate becomes large in proport ion to the 

biomass. Row 7 depicts the process. 

_ Hydrolysis of entrapped organic nitrogen: Biodegradable particulate orgaruc 

nitrogen is broken down to soluble organic nitrogen at a rate defined by the hydro lysis 

reaction for entrapped organics described above . Row 8 in Table 3 .2  shows this 

process. 
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Ba- d on th abov descript ion and Table 3 .2, one can formulate the 
different ial equat ion of rate expre ions. As an example, if heterotrophic biomass 
concentration is considered, r3 should be found as fo llows: 

s 
r3 = L}fl3} P} = l x p, + l x p2 + O X P3 + l x p4 + O x Ps + . . .  + O x Ps 

}�, 

then, 

dXB•H 
dt 

- [ � ( S s J{( SO J - JiH K� + \ KO.H + So 
+ 

O.H .vo - b X 
( K J( S J} 1 

TJ g KO .H + 0 K NO + S NO 
H B.H 

( 3 .29) 

(3 .30) 

In the same manner, the same can be developed for all the 1 3  components 

incorporated in the model .  Equation ( 3 .30) shows the rate of react ion of XB,H and can 

be subst ituted in Equation (3 .24) ( replaces rXB) to formulate the mass balance 

equation of XB.H . I t  is obvious that the result ing mass balance equation wi l l  be much 

more compl icated than the one for the basic model. S im ilarly, the mass balance 

equation for Ss wil l  also be much more complicated. This, in fact, shows how the 

advanced act ivated sludge models produce complex mathematical models. This 

complexity affects the appl icat ion of such models in design and operation and in 

many cases l im its their appl icat ions to research and analysis. Moreover, it is c lear that 

analytical so lut ions to fmd the concentration of any component cannot be obtained as 

shown for the simpl ified model. I nstead, numerical techniques and computer 

programs are being used to solve systems with such complex models 

Among the six common bio logical transformations mentioned previously, two 

were not considered in ASM 1 :  ( 1 )  so luble microbial product format ion, and (2) 

phosphorus uptake and release. This is because of the minor impact of soluble 

m icrobial product format ion on the process (Grady et aI., 1 999). The phosphorus 

uptake and release wi l l  occur only when anaerobic zones are included in the system. 

This process was incorporated in the model ASM2 of the same task group of I W  A. 

ASM2 is beyond the scope of this work since only aerobic systems are considered. As 

mentioned earl ier, the third mode l in the fami ly of ASM models is ASM3, which wil l  

be discussed in the fo l lowing sect ion. 
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A t i  ated Ju dge M odel  No. 3 (A M3,  
A M wa developed to correct for some defects noticed in A M I  and to incorporate 

late t ad ances in the mode ling of act ivated sludge systems. Figure 3 .4  shows a 

comparison between A M l  and ASM3.  In  A M I ,  the flow of COD is rather 

comple . The major difference between ASM 1 and ASM3 models is that the latter 

recognizes the importance of storage polymers in the heterotrophic conversions in the 

act ivated ludge proces es. In ASM3 model, it is assumed that all readi ly 

bi degradable ubstrate (Ss) is ftrst taken up and stored in an internal cel l component 

(Xsro) prior to growth. The biomass is thus modeled with an .internal cel l  structure. 

The internal component Xsro is subsequent ly used for biomass growth in ASM3 

model .  B iomass growth directly on external substrate as described in ASM I  is not 

considered in ASM3 .  Furthermore, the death regeneration concept of ASM I is 

replaced in ASM3 by endogenous respirat ion, which is bel ieved to be c loser to the 

phenomena observed in real ity. As a result, the conversion processes of both groups 

of organisms (autotrophs and heterotrophs) are c learly separated in ASM3, whereas 

the decay regenerat ion cyc les of the autotrophs and heterotrophs are strongly 

interrelated in ASM l .  Final ly, ASM3 al lows a differentiation between aerobic and 

anoxic biomass decay whereas ASM I  does not . 

ASM I ASM3 

I Nitrifters I 
I Heterotrophs I 

� .... IIXI I  
Growth Endogenous 

respiration 

Figure 3 .4 :  F low of COD i n  ASM I and ASM3 (H enze et aI., 2000) 
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A M3 inc lude 1 2  pr c and 1 3  compon nt . ew components haye been 

introduced while others were in A M l  had been disregarded. Table 3 .4 shows the 

main proce e incorporated in A M3 and their assoc iated rate expressions. Table 3 . 5  

ho s a toichiometric matrix for A M3  based on  typical stoichiometric parameters 

value uggested in Henze et al. (2000). Table 3 .6  defmes the components considered 

in the model. For defin it ions and typical values of the parameters appear in Table 3 .4, 

the reader hould refer to Henze et al. ( 2000).  

Table 3.4:  Proce es incorporated in A S M 3  and  the ir  k inetic expressions (Henze et aI. , 2000) 
) Process Proces rate equation Pl' al l Pl � O. 

k XS/XH v Hydrolysis H '  .J ' H 
Kx + Xs XH 

Heterotrophic organisms, aerobic and denitrifying activity 

Aerobic 2 storage of s 
k . SOz Ss \.' STO· K + S  K , + SS ·f H 

O2 O2 .J 

Anoxic torage Ko, S;vox Ss ,XH 3 kSro·'7NOX · , - . -,---'--'-"=:-- ---"--of Ss KOz + SOz K NOX + SNOX KS + SS 

XSTO xH X . H 

K Anoxic growth J1 n O2 
5 (d " fi  . ) H ",NOX ' K S erutn cahon O2 + O2 

Aerobic 
6 endogenous 

respiration 
Anoxic 

7 endogenous 
respiration 
Aerobic 

8 re piration of 
XSTO 
Anoxic 

9 respiration of 
XSTO 

A utotrophic organisms, nitrifying activity 

K STO + X STO / X H 

S NOX S NH 4 . SALK . X STO X H .x H 
K NOX + SNOX K NH4 + SNfI4 K ALK + SALK KSTO + Xsro XH 

Aerobic growth So, S NH 4 SALK 
1 0 ofXA, J1A - - ,XA 

KA,Oz + S02 KA.NH4 + SNH4 KA,ALK + SALK nitrification 
Aerobic 

I I endogenous 
respiration 
Anoxic 

1 2  endogenous 
respirat ion 

Similar to ASM l ,  the rate expressions can be incorporated into mass balance 

equations to develop the required mathematical model of a certain bioreactor. Again, 
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t he re 'u lt i ng mathemat ica l mouel wou ld be comp lex and h igh ly mechani t ic 

compared to the basic model deve loped previously. As a consequence, for such 

comple models, it i impo ible to attain analytical solutions for the concentrations 

of the various con tituents in a bioreactor. as was done in Equations ( 3 .27) and ( 3 .28) 

for the concentration of  act ive heterotrophic biomass XB,H- Rather, matrix solut ions 

and numerical techniques must be used depending on the complexity of the system 

under consideration. uch complexity and the need for numerical methods have 

triggered two re earch directions: ( 1 )  Development of computer programs to hand le 

uch complex models, and (2)  The revelat ion of the concept of reduced order models. 

This concept wil l be discussed later on. 

Ta ble 3.5:  Stoichiometric m atr ix  of ASM3 based on �a rameters suggested in Henze et at. {2000) 

Component � i I 2 3 4 5 

J Process SOl S, Ss SNH4 SN2 
-!. Expressed as � O2 COD COD N N 

H)droI)sis 0 0.0 1 

Heterotrophic organisms, aerobic and denitrifying activity 

2 Aerobic storage of Ss -0. 1 5  

3 Anox ic storage of Ss 
4 Aerobic growth ofXH -0.60 

5 
Anoxic growth 
(denitrific.) 

6 
Aerobic en dog. 

-0.80 
respiration 

7 
Anoxic endog. 
respiration 

8 
Aerobic respiration of - I  
Xsm 

9 
Anoxic respiration of 
Xsm 

Autotrophic organisms, I1Itrifying activity 

] 
0 

A
.
er

.
obic growth of XA• 

nItn fic. 

1 1  
Aer�bi� en dog. 
resplfatlOn 

1 2  
Ano�ic

.
endog. 

respIratIOn 

- 1 8.04 

-0.80 

- I  0.03 

- I  0.03 0.07 

-0.07 

-0.07 0.30 

0.066 

0.066 0.28 

0.35 

-4.24 

0.066 

0.066 0.28 

6 7 8 9 1 0  I I  1 2  

SNOX SALK XI Xs XH XSTO XA 
N Mole 00 COD COD COD COD 

0.00 ] - I  

0.002 0.85 

-0.07 0.007 0.80 

-0.005 - 1 .60 

-0.30 0.0 1 6  - 1 .85 

0.005 0.2 - I  

-0.28 0.025 0.2 - I  

- I  

-0.35 0.025 - I  

4. 1 7  -0.600 

0.005 0.2 - 1  

-0.28 0.025 0.2 - I  

1 3  

Xss 
ss 

-0.75 

0.5 1 

0.48 

-0.06 

-0.2 1 

-0.75 

-0.75 

-0.60 

-0.60 

0.90 

-0.75 

-0.75 

Many organizations have developed computer codes for so lving the 

simultaneous mass balance equations for the constituents in the models. This al lows 

many researches and organizations to apply such advanced models to a variety of 

bioreactor configuration. Table 3 . 7  l ists several computer codes that are available for 

using and implement ing ASM models. As an example, the SSSP code, which was 

developed for implementation of ASM I on microcomputers, has been util ized 
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effect i e ly by Grady et a J .  ( 1 999 to perform simulal ions [or singie �nTRs and for 

mUlt iple bioreactor ystems. I t  is menu dri en and may be used for both steady state 

and dynamic simu lat ion . 

Table 3 .6 :  Defi n it ion of component incorporated i n  ASM3 
Component Component 

number s) mbol 

x, 

2 XI' 
3 XH 
� .\�� 
5 XSTO 
6 ·\ss 
7 S, 

8 Ss 
9 Sv 
1 0  SNOX 
I I  S"'H4 
1 2  S",� 

1 3  SALK 

Definition 

Inert particulate organic matter. [ M(COD) L·l ) 
lowly biodegradable substrate. [ M(COD) L·l) 

Heter trophic organi sms, [M(COD) L·l ) 

itri f)ing organisms. [ M(COD) L·l) 

A cel l  internal storage product of heterotrophic organism. [M(COD) el ] 

uspended solids, [MC ) L·l ) 

Inert soluble organic matter, [M(COD) L·l ) 

Readi ly biodegradable substrate, [M(COD) L·l] 

Dissolved oxygen, [M(02) L·l) 

N itrate plus nitrite nitrogen, [M(N) L·l ) 

Ammoni um plus Ammonia nitrogen, [M(N) L·l ) 

Dinitrogen, [M(N) L·l ) 

Alkal in ity of the wastewater [mole(HCOl) L·l ) 

Table 3.7 :  Computer codes implement ing I W A  Activa ted Sludge M odels 
Code name Features Contact infonnation 

S P 

EFOR 

Implements Model No. I 

Implements A M I ,  ASM2, and ASM3 
plus settler models 

c. P. Lesl ie Grady Jr., Environmental System 
Engineering, Rich Environmental Research Lab. 
Clemson University, Clemson, SC 29634·091 9  USA 

Jan Peterson, I .  Kruger AS, Gladsaxevej 363. DK-
2860 Soborg, Denmark 

A IM A flexible model i ng tool that implements Wi l l i  Gujer. EA WAG, Swiss Federal Institute for 
both Model No. I and No. 2, as wel l as Environ. Science and Technology, CH-8600 
several others DUbendorf, Switzerland 

GPS-X A general purpose simulator that 
i mplements A M I ,  ASM2, and ASM3 
plus other unit operations 

TOAT A model i ng tool incorporates A M I ,  
ASM2. ASM3, as wel l as other models 
l ike A AL models 

!MBA A WWTP simulator that implements 
A M I ,  ASM2. ASMJ, as wel l as 
modified versions of them. 

Hydromantis, Inc., 1 685 Main St. West. Suite 302, 
Ham i lton. Ontario L8S I G5 Canada 

WRc pIc, Frankland Road. Blagrove, Swindon, UK 

i fak system GmbH, Schleinufer I I . 0-391 1 04  
Magdeburg, Gennany (www.ifak-system.com) 

BR IM Implements Model No. 1 for a sequencing JOrgen Oles, Technical University Hamburg-

batch reactor Hamburg, E issendorfer Strasse 42, 2 1 00 Hamburg 90, 
Gennany 

Samuelsson et al. (200 1 )  have developed a JAVA based simulator for 

activated sludge processes. The simulator has a user-friendly graphical interface and 

can be reached over I nternet and operated from a web browser. The simulator has 
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n u ed for educat ional pUl pU es bot h  for lln i  e l s i t  :.tudents and persunne l frum 

wa tewater treatment plant . A demo version o f  the simulator is located at the URL 
addre : www. yscon.uu. e/JA I. ASM I model is implemented to model the 

acti ated sludge proce s with a settler modeled as a traditional one-dimensional layer 

model ( Samuelsson et al. 200 1 ) . 

3.3.6 Red uced Order M odel 

The highly complex mechanist ic models presented previously ( i.e . ,  ASM models) 

ha e init iated research to deve lop simpler, reduced order models for act ivated sludge 

proce e ,  more suited for de ign and operation. The main issue in developing 

reduced order mode ls is to fmd a compromise between model simplic ity and 

accuracy. This requires basical ly a wel l  understanding of the physical and biological 

concepts behind the o riginal model .  One of the main difficult ies when developing a 

model is often to determine which react ions are the most significant ones and to 

describe these in a simple, yet comprehensive manner. A good physical model should 

realist ica l ly mimic the true dynamics of the process in quest ion but sti l l  contain a 

minimum number o f  variables and parameters while maintaining the physical 

interpretation o f  those. As shown previously for example, ASM models contain 

thirteen state variables and more than twenty parameters, result ing in a highly 

complex representation. Researchers' efforts concentrated on reducing the number o f  

such var iables and parameters to a minimum number based o n  reasonable simplifying 

assumptions. 

S implification assumptions are usual ly based on how disso lved oxygen, 

organic matter, nitrogen, and microorganisms are treated in the model (Jeppsson, 

1 996). I t  is common to assume that the dissolved oxygen ( DO) is contro l led 

separately. Hence the corresponding growth expressions become independent of DO 

variat ions and the oxygen concentration can be excluded as a state variable. 

Descript ion of the organic matter is a significant reduction factor as well .  Excluding 

one or more variables (e .g . ,  particulate organic matter) can reduce the number of state 

var iables describing the organic matter. The same can be appl ied on nitrogen and 

. . 
microorgarusms. 

Researchers have recognized early the importance of reduction of complex 

models based on  physical intuition and several have been given to reduce wastewater 
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m del compiexil om z- umtero et ai .  ( 1 999) and Lee et al .  (200 j )  list orne 

recent efforts in thi regard . One of the early attempts is the model of Zhao et al .  

( 1 994 , who propo ed a reduced order model de cribing only the nitrogen dynamics 

(ammoni ficat ion and nitrate concentrations) of the alternating sludge process. 

Jeppsson ( 1 996) has deve loped a reduced order model based on assumpt ions and 

implificat ions appl ied to ASM 1 .  He reduced the 1 3  state variables to only 5 

variable : heterotrophic and autotrophic biomasses, biodegradable organic substrate, 

ammonia nitrogen and nitrate nitrogen. DO concentration was assumed to be 2 mg/L. 

He sho ed that the reduced order model was able to mimic the behavior of the 

original model (ASM 1 )  with reasonable accuracy. Steffens et al. ( 1 997) have 

proposed an algorithm for el iminat ing state variables from model based on variables 

affection over the process depending of the t ime scales dynamics of interest; oxygen 

dynamics were not taken into account. Gomez-Quintero et al. ( 1 999) proposed a 

reduced nonl inear model based on ASM 1 .  Their reduction was based on a certain 

number of considerations about t ime scales process dynamics, simpl ification of  

biomass dynamics, and ut i lization of  avai lable on- l ine measurements. Process 

be havior was evaluated with respect to both experimental data and computer 

s imulat ions of the reference model. The proposed model has shown good 

representation of nitrogen dynamics and does take into account the d isso lved oxygen 

(unl ike most of reduced order models). Recently, Jannssen et al. (2000) developed 

simi lar assumption-based reduced-order model  for control ler tuning which resulted in 

a decreased simulat ion t ime by a factor of three. 

Exploring the aforementioned efforts reveals the fol lowing common reduction 

assumpt ions : 

DO is contro l led (considered > 2 mg/L), hence DO concentrat ion is excluded 

as a state variable and any anoxic (anaerobic )  reaction is omitted. 

Neglecting a lkal inity dynamics resulting in reducing number of state variables. 

Grouping o f  state variables describing organic matter (and/or nitrogen) into 

one state variable. 

I n  recent work, Koch et al. (200 1 )  have ut il ized reduction assumptions to 

reduce the highly comp lex model ASM3 to a steady state model .  They proposed the 

fo l lowing assumpt ions (Koch et al . , 200 1 ) : 
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uO i n  the aerated vo lume i aiway > 2 g O2 m-3 and simu ltaneou 

denitrification therefore neglected . 

I nternal storage products are negligible because al l  part iculate orgar.Jc 

sub trate from the influent is hydro lyzed. 

A l l  the read i ly degradable substrate from the influent IS used for pre­

denitrificat ion. 

utotrophic biomass i negligible (only 2-3% of the total activated s ludge 

mass for municipal wastewater). 

Another common reduction approach lS to use zero-order or first-order 

k inet ics instead of using Monod kinetics in describing the growth kinet ics. Henze et 

al. (2000) in their report about their ASM I model they assumed for modeling a 

steady state single CSTR using ASM I that al l  processes may be described by first­

order k inet ics instead of Monod k inet ics. This assumption besides the assumption of 

setting the DO concentration at a desired positive value so that denitrificat ion is 

el iminated has y ielded a simple l inear mode l .  

In this work, a reduced order version of ASM3, based on the assumptions 

mentioned earlier wi l l  be developed and ut i lized in the analysis. Development of the 

reduced order ASM3 based model is explained in the Chapter 6. 

3.3.7 Application o f  Activated S ludge M odels 

I n  previous sections, several models have been discussed ranging form simple models 

util ized in design to advanced highly complex models ut i l ized in dynamic analysis 

and control. The concept of reduced order mode ls was also explained in the previous 

sect ion. Most of these models have found appl ications in research and industry. 

Researchers, engineers, and operators now are ut i l izing models for design and 

operations including on-l ine measurements and control. The fo l lowing is a l iterature 

survey of some of the recent research applying activated sludge models for different 

purposes. Works l isted in the l iterature review given in Chapter 1 are not repeated 

here although they are good examples of act ivated s ludge models appl ication. 

In 1 993, Kao et aI . ,  based on the model of Tang et al. ( 1 987) have developed 

a prototype computer based design environment for wastewater treatment p lant 

design. Such a system can be expected to shorten the t ime for producing a feasible 
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de ign and to provide funcTion 1O a iST in The explorat ion of better designs. A design 

engineer could read ily perform sensit i ity anal s is. 

teady- tate model for activated sludge with or without nitrogen control is 

prop ed in Argaman ( 1 995) .  The model addresses both soluble and particulate 

rganics in the influent beside dist ingu i h between various fractions of the M LSS.  

Th p eudo first-order k inetic law is  used for soluble BOD removal and first-order 

kinet ic for the hydro lysis of part icu late organics. Monod is used for nitrification while 

denitrificat ion is contro l led by BOD removal under anoxic conditions. An iterative 

procedure was de e lop d to so lve the model equations. The proposed model is most 

applicable in the pre l iminary phases of a system design, when various process 

alternatives are evaluated. Compared to dynamic models l ike ASM l ,  the model 

contains a smaller number of parameters and coefficients. Although most of the recent 

models are based on COD, this model uses BOD because, as the author stated, it is 

st i l l  the main parameter used by authorit ies. I n  Argaman and Papkov ( 1 995), the 

proposed model has been appl ied. Bench scale experiments using domestic 

wastewater were carried out under a constant flowrate. A good agreement between the 

experimental  results and the predict ions of the proposed model  were noticed. The 

authors carried a sensit ivity analysis that indicated a high sensit ivity of the system's 

size to the nitrifiers growth and decay rates and the denitrification nitrate util izat ion 

rate. 

Koch et al. (200 J )  appl ied a steady state model to the stoichiometry and 

k inet ics of ASM3 for the pred ict ion of denitrification efficiency and sludge 

production. The model is calibrated and val idated with data from long-term ful l-scale 

and p ilot-plant experiments for Swiss municipal wastewater. They concluded from 

sensit ivity analyses that the total COD and suspended sol ids from the primary effluent 

are the most sensit ive parameters for predicting both the sludge production and the 

denitrificat ion efficiency. They app l ied also Monte-Carlo simulat ions and they 

showed that with increasing to n itrogen rat ios, the uncertainty of the predicted 

denitrificat ion rate decreases significant ly ( 58%) whi le the predict ion is more 

uncertain (about 20%) for substrate- l imited condit ions, which are often found in  

denitrifying plants. 

In another work, Koch et al. (200 1 )  developed an ASM3-based steady-state 

model which can be used for est imating the average nitrogen removal, sludge-
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I t · I ,  h 1 prouue Jon ana pnosp orus-remo al  rate of d ifferent bio logicai phosphorus-

rem vmg terns. It consider the wastewater composition, the oxygen and nitrate 

input in the anaerobic compartment and the interaction between bio logical phosphorus 

removal and denitrificat ion for different operat ing condit ions. The model is cal ibrated 

and al idated with data from a number of  long-term pi lot and full-scale experiments 

for wi s municipal wa tewater. They conc luded from a sensit ivity analysis that the 

COD, the suspended so l ids and the nitrogen load from the primary effluent are the 

mo t sen itive parameters for pred ict ing the sludge production, the denitirificat ion 

eftlc iency as wel l  as for the phosphorus removal. 

I n  a very recent work, Amano et a1. (2002) proposed an automatic cal ibration 

method of bio logical react ion model constants by applying the optimal regulator 

method in modern contro l theory. The I WA ASM No. 2 was appl ied as the bio logical 

reaction model. It is expected to overcome the problems that arise when cal ibrating 

these constants by experiments. This method was verified using measured values of a 

mal l  sewage treatment test ing faci l ity. Resu lts show that calculated values of 

component concentrations approach measured values and the method is useful for 

actual p lants. 

The author has reviewed p lenty of interest ing works in  this regard; however, it 

is out of the scope of this thesis to l ist all such works. Those listed above are good 

examples of appl ication of act ivated sludge models for various purposes. 

3.4 Design a nd A n a lysis  of Activa ted S l u dge System s  

The term "design" refers to the process o f  determining the size and configuration of 

new faci l it ies needed to provide suffic ient treatment capabi l ity. I n  other instances, a 

fac i l ity may a lready operate, but its performance may not be satisfying. I n  such case, 

analysis is the act ion. The term "analysis" refers to the process of determining the 

behavior o f  an ex ist ing system or a trial system that is being designed in order to find 

possibi l it ies of improving or "optimizing" the performance. 

The design o f  bio logical  wastewater treatment systerns is typically an iterative 

process where several levels of refmement are required. The design process usual ly 

starts w ith a pre l iminary assessment of avai lable data about wastewater 

characterist ics. This assessment in some instances inc ludes treatabil ity studies to 
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de fine stoichiometric and kinetic parameters while in  other instances such parameters 

can be obtained from literature or experience with the wastewater to be treated . The 

de ign can be more or Ie detailed. The level o f  details to be chosen depends on the 

design purpo e. The current design practice inc ludes different approaches ( levels). 

uch range from simple, less detai led, and less accurate design approaches suitable 

for smal l  wastewater treatment plants to more detailed and more accurate design 

approaches developed original ly for complex systems. The fo l lowing section 

emphasizes the current design practice briefly. 

3.4. 1 Cu rrent  Design P ractice 

The most common design approach is based on a simple stoichiometric model 

incorporating broadening assumptions, such as considering the oxidation of so luble 

biodegradable substrate and ignoring other forms of substrate. Such design approach 

is introduced by Metcalf and Eddy ( 1 99 1 ) . Several examples are a lso presented there. 

This approach is based on the very simple model of the process which was explained 

ear lier in this chapter. 

Henze et a1 .  (2002) have dist inguished three design methods ( levels). The 

design by means of volumetric loading, by means of sludge age, and the computer 

aided process design. Reasonable result s can be obtained from the first simple method 

if the p lant considered is smal l  p lant receiving a uniform wastewater composit ion. 

The second approach is somewhat more advanced . However, the sludge loading can 

be used for BOD/COD remova l  only whereas the sludge age should be used in 

connection with other processes ut i l izing s lowly growing bacteria l ike nitrification 

processes. With  the introduction of processes such as biological phosphorus removal, 

nitrification and denitrificat ion it wi l l  be in many cases dangerous, difficult or 

impossible to use the abovement ioned two approaches as the design basis. I nstead the 

computer aided design based on more advanced descript ion of the process ( l ike ASM 

models) should be considered. 

Grady et a1. ( 1 999) introduced a sl ight ly different three levels of design and 

evaluation. The first one is cal led a prel iminary design approach based on basic 

princ iples o f  the process. Such design approach provides an initial assessment of the 

capacity and capabil ity of a new p lant. It also al lows development of preliminary 

scope and cost estimate for the project of concern. The equations used in this design 
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pr c dure arc appr x imatc and incorporatc v ral a umptlOns. I""'onsequently, ii 

doe not al low preci e e timate of process effluent quality. The second approach is 

toichiometric based which incorporates more precise est imates of design parameters. 

Thi approach requires determining values [or the kinetic and stoichiometric 

parameter that are spec ific to a part icular wastewater. This approach actual ly is an 

extension of the common approach presented by Metcalf  and Eddy ( 1 99 1 )  where 

more detai led descript ion of  the process components is considered. L ike, for example, 

con ider part icu late substrate (Xs) and soluble substrate (Ss) separately as wel l  as 

account for in rt part iculate substrate (XI) which is not shown in the simple design 

approach of Metcalf and Eddy ( 1 99 1 ) . The third approach is more complex than the 

other two .  What is cal led simulat ion based design is considered when complex 

biochemical operation such as nitrification and denitrification is considered. In such 

cases the use of stoichiometric based design is not adequate, except as a starting po int . 

This approach is computer aided, as cal led by Henze et a1. (2002), because it is 

usually ut i l izes advanced models such as ASM I ,  ASM2, and ASM3.  Through this 

approach, the most feasible design can be achieved with much less uncertainty 

associated with it . Several commercial programs have been developed incorporating 

advanced models. They are being used in simulation based design level (see Table 

3 . 7) .  

Although the approaches presented by Grady et  a 1 .  ( 1 999) might produce a 

more accurate design, the design procedure of Metcalf and Eddy ( 1 99 1 )  is st i l l  widely 

accepted and almost all of the conventional act ivated sludge plants are being designed 

based on it I . 

The reader is referred to the above references for more detai ls about the 

abovementioned design approaches, the proposed procedure, and design equations 

implemented. It is not the scope of this work to list such information. However, main 

principles are e laborated hereafter which are applicable to all design approaches. 

I t  is wel l  known that the SRT is the most important design and control 

parameter. Several important characterist ics of  bioreactors can be determined from 

process sto ichiometry once the SRT has been chosen, regardless of the bioreactor 

I Personal com m un ication with a design engineer working with M et i to, 2002. 
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l:onfigurat ion. The e are the 111a of bioma s in th Y tern., the rna s rate of l ids 

wa tage, the quantity of oxygen that must be supplied, and the amount of nutrients 

needed. 

onsequent Iy, most of design approaches start the design by assuming a 

de ired SRT. Such SR T must a lways exceed the minimum SR T which below it a 

particu lar group of microorganism is unable to grow. The range of typical SR T values 

is already known for many appl ications. Design approaches consider choosing the 

RT from the e ranges according to the appl icat ion sought . For systems considering 

nitrification as we l l  as organic carbon oxidation, SRT must be long enough to al low 

nitrifying bacteria "autotrophic" to grow. Metcalf and Eddy ( 1 99 1 )  suggest a typical 

range of 1 to 1 5  days for complete mix act ivated sludge systems. 

Beside the SR T, another parameter is commonly used in practice as a design 

and contro l  parameter. That is the food-to-microorganisms ratio ( FIM) which is 

defmed as fo l lows: 

F / J..f = 
So 

HR T · X 
( 3 . 3 1 )  

Where So is the influent substrate concentration and X is the microorganisms 

concentration while HRT stands for the hydraulic retention t ime. The FIM ratio ranges 

from 0.2 to 1 .0 d-I for complete mix act ivated sludge systems ( Metcalf and Eddy, 

1 99 1 ) . 

Another important design parameter is the MLSS concentrat ion. In  fact, two 

factors l imit the bioreactor MLSS.  ( 1 ) Sol ids thickening which l imits maximum 

economica l  MLSS concentration to about 5000 mglL as TSS. And (2) bioflocculat ion., 

which is typ ically, req uires a minimum M LSS concentration of 500 to 1 000 mglL as 

TSS ( Grady et a1. 1 999). Metcalf and Eddy ( 1 99 1 )  suggest a typical range of 1 000 to 

6500 mg/L for complete mix act ivated sludge systems. 

From the SRT and MLSS, vo lume ( V)  of bioreactor can be determined. 

According to t he procedure presented by Metcalf and Eddy ( 1 99 1 ), where a simple 

model is considered to represent the process, volume can be calculated from the 

fo l lowing equat ion:  



v · X = ,  R T  0 re S, - S )  
� ( 1 + b · SR T ) 

( 3 . 32 )  

6 1  

Where X i the mixed l iquor suspended so lids, Q is the flow rate, Y is the y ield 

coeffic ient (defmed as the mass of cells formed to the mass of substrate consumed 

mea ur d dur ing any finite period of logarithmic growth), b is the endogenous decay 

coeffic ient ( t ime- I ) ,  0 is the ubstrate concentration in influent, and S is the substrate 

concentrat ion in effluent . It is obvious that a main assumption in Equat ion ( 3 .32)  is 

the grouping o f  sub trates in one parameter (S) expressed as BOD or COD and 

ignoring any inert part icu late substrate. 

On the other hand, considering the stoichio metric based design approach 

presented i n  Grady et al .  ( 1 999) where a more extended model is considered to 

represent the process, the vo lume can be determined as fo llows: 

T ' - X = SRT Q [X/ + ( 1 + fD · b · SR T) Y(Sso + Xso - S5 )] 
1 + b  · SRT 

( 3 . 33 )  

It is c lear that Equations ( 3 .32)  and ( 3 . 33 )  are s imi lar but the latter considers i n  more 

detail and prec is ion the components of the act ivated sludge. I n  other words, it is c lear 

that inert particu late and part iculate substrate are not included in Equation (3 .32)  

whi le they appear in the other equat ion. From the above informat ion (SRT, MLSS, V) 

other design c haracterist ics can be determined. This includes the solids wastage rate 

and oxygen requ irement . 

However, specifying such informat ion is not the end of the design cycle. 

Designers shou ld consider interactions among design parameters. Examples include 

the relat ion between vo lume of bioreactor and the air flow rate. S ince the oxygen 

transfer equipment is used usual ly both to transfer oxygen and to maintain sol ids in 

suspension, the volume of bioreactor is constrained between minimum and maximum 

values. Consequent ly a designer shou ld refme his/her pre l iminary selections to fulfi l l  

constraints and e ffluent requ irements. Such, is an  example of the iterat ive nature of 

the design process as ment ioned earl ier. 

Another worthy point is that the design considering simple model of act ivated 

sludge process impl ies huge approximations that might not be an efficient option 

when complex systems are being designed. When an activated sludge system is to 

operate in a fluctuating environment, more chal lenge is expected in obtaining a 
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r J iabJ d· ign bas d on imp\ models. In such cases e' en a small degree of 

uncertainty can result in large con equences in terms of effluent quality or system 

cost. 

The iterative nature of the design process and the approximations implied in 

the system design model make it extremely difficult to obtain a claimed optimal 

de ign. Moreover, the uncertainty associated with some of the design parameters adds 

another chal lenge in the way of  obtaining an optimal design. 

In this study, the simulat ion based design or a computer aided design approach 

onsid red here an optimal izing of a typical complete mix activated sludge 

system is introduced based on more detailed description of the process and less 

dangerous approximation. However, it worthy ment ioning that this type of approaches 

could not e liminate the ro le of  tradit ional design approaches. Such approaches could 

be the prel iminary step before proceeding to the use of the new approach. A designer 

could start with the simple model based design to obtain an init ia l  estimation of the 

de ign parameters. Then implement such ini t ial design into the new model to obtain 

an optimal solution. 



CHAPTER 4 

S ECONDARY S EDIM ENTAION 

The separat ion and concentrat ion of act ive biomass in an act ivated sludge process is 

performed in a ett l ing basin referred to as the secondary c lari fier, the secondary 

ettler or the secondary thickener. Secondary clarifier plays a crucial rule in bio logical 

wa tewater treatment processes where act ivated sludge is used. From the bioreactor, 

the mixed l iquor enters the secondary c lar ifier where it should be sufficient ly c larified 

in  order to produce an effluent of acceptable qual ity. S ludge should also be adequately 

th ickened to maintain the desired so lids level in the bioreactor through sludge 

rec irculation and to ach ieve an e ffect ive treatment of the wasted activated s ludge. This 

means that t he sett ler combines the funct ions of c lari fication and thickening into one 

unit . Should the sett l ing tank fai l  with respect to either of these functions, the result 

wou ld be a rapid increase of suspended so lids in the effluent or a deterioration of the 

activated sludge process. Pract ical experience has shown that the secondary c larifier is  

often the main bott leneck of t he ent ire act ivated sludge process (Jeppsson, 1 996 and 

Carlsson, 1 998) .  

The complex behavior o f  the secondary c lari fier and its great importance for 

the successfu l  operation of t he act ivated sludge process have made the sett l ing process 

a major issue for researchers working within the field of design, operation, and 

mathemat ical model ing. 

Depending on  the nature and tendency of so l id partic les to interact, four modes 

of set t l ing are normal ly encountered in a wastewater treatment plant ; discrete part icle, 

floccu lant, h indered, and compression. D iscrete particle sett ling takes p lace at low 

concentrations and characterized by sol ids which settle as individual ent it ies with l it t le 

or no interac t ion with other particles. This behavior is  predominant for grit removal 

and in t he upper regions of primary sedimentation tanks. F locculant particle sett l ing 

is the typical type o f  sett l in g  found in primary c lar ifiers, and the upper layers of a 

secondary sett ler. I t  is characterized by the flocculation of so lid partic les as they 

63 



64 

ettle through the water co lumn. In  hindered sett l ing, the inter-part ic le forces h inder 
the sett ling proce and the mas o f  pali ic les sett les as a unit . This type o f  ett l ing is 

typical in secondary ed imentation tanks used in conjunction with bio logical 

treatment faci l  it ie . Compression ettl ing refers to sett l ing in which part ic les are o f  

such concentrat ion that a structure i s  formed, and further sett l ing can occur only by 

compression o f  the structure. This type occurs at the lower layers of secondary settlers 

where su pended so lids concentration exceeds 3000 mgIL. A secondary settler used to 

separate flocculent ,  compressible part ic les, is usual ly d ivided into four zones 

represent ing the four types o f  sett l ing. Figure 4. 1 shows such zones. 

floccu lent zone 
h ll1dered set t l i ng zon e  

Figure 4. 1 :  Sett l ing zones for secondary clarifier 

Design of sett l ing tanks is normally based on the surface overflow rate (which 

can be defined as t he primary c larifier overflow rate, see Equat ion 2 . 1 ) . For each type 

of sett l ing, a usual procedure can be fo ! lowed to design the sett l ing basin ( Metcalf and 

E ddy, 1 99 1 ) . I n  discrete type of sett l ing, for example, the usual procedure is to select 

a terminal veloc it y  and design the sett l ing basin so that all part ic les that have a 

terminal veloc ity equal to or greater than the selected terminal  velocity are removed. 

4. 1 Seco n d a ry S ed i m e ntat ion M odels 

Researchers working in  the field o f  mathemat ical model ing have real ized s ince early 

t imes t he need to model the complex behavior of secondary settl ing tanks. Models 

developed range from simple empirical models to sophist icated computational fluid 

dynamics (CFD) models. One can d ist inguish between three main model ing schemes; 

( 1 )  empirical models, (2)  so lids mass flux models, and (3) computat ional fluid 
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dynamics ( FD) model . Empirical model are st i l l  widely used today to predict 

mainly the characterist ics of effluent and return sludge but cannot model the flow 

pattern or so lids distribut ion within the taru e The solids mass flux model is used to 

perform rna balance on secondary sed imentation tanks for new designs or for the 

aud it of a poor process and to determine the return sludge characterist ics. I t  can also 

b used to predict the height of the sludge blanket . CFD models are used to predict the 

flow pattern and uspended so lids distribut ion within the tank and are normal ly 

appl ied in research to fmd the relationship between the tank hydraul ics and process 

performance. Model ing using CFD in water industry has not been widespread because 

of the assoc iated high costs and the unfami l iarity of  designer with mathematical 

model (Matko et aI., 1 996b). 

Empirical models are usual ly developed by gathering sets of ful l-scale, pi lot­

scale, or  experimental data and find the relationship that best fits these data by 

regression analysis. Empirical constants can then be found by dimensional ana lysis. 

Empirical models are most ly developed to describe the clarification behavior rather 

than the thickening behavior, a lthough there exist some models describing the 

thickening. 

4. 1 . 1  Empirical M odels for Clarification and Th icken ing 

Tang et  al .  ( 1 984) g ive an excel lent review of a number of empirical models that 

predict the clari fication performance of secondary sedimentation tanks. Among such, 

is the model developed by Chapman ( 1 983) and ut i l ized by Tang et al. ( 1 987a). 

Chapman' s  model relates c larification efficiency to influent flow rate, MLSS 

concentration, and side water depth (Tang et aI . ,  1 987a) . Except the efforts of 

Voutchkov ( 1 992) a shortage in empirical c larification models since the middle of 

e ight ies can c learly be noticed. Voutchkov ( 1 992) developed a regression based 

model describing the c larification effic iency of  c ircular act ivated s ludge secondary 

c larifiers. The developed model correlated the surface overflow rate to MLSS, sludge 

vo lume index, s ide water depth and effluent suspended sol ids. The model was 

developed based on data col lected from 3 different activated sludge plants. The 

accuracy o f  t he model was tested where predicted effluent suspended sol ids 

concentration deviated only within 1 5% of their actual values. The val id ity was 

confirmed at other three treatment plants. The data of the three plants scattered within 
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1 8% from the model est imate . abl 4 . 1 summarizes the models reviewed by Tang et 

al .  ( 1 984) and the model pre ented by Voutchkov ( 1 992) .  

Tab�e 4 . 1 :  E mpi rica l model predicti ng tota l uspended o l ids  concent ration in 
c lar ifier effluent  (fang et a I . ,  1 984 and Voutchkov, 1 992) 

econdary 

Model EfIluent T Concentration (mg/l) 

Takamatsu and Naito 
( 1 967) 

Agnew ( 1 972) 

Lech ( 1 973) 

Bu by and Andrew 
( \ 975) 

Keinath et al. ( 1 977) 

Tuntoolaye t et al. 
( 1 980) 

Dietz and Keinath 
( 1 982) 

Chapman ( 1 983) 

Cashion and Keinath 
( 1 983 ) 

Voutchkov ( 1 992) 

4 5(Q f rI ) 4q 1/ 82 - 4)q 
4 f " 3  Is 

63 .2MtJ 
5 e p(-.741, ) 

I) 1 8.2 + 8 .0 I(Q. f A  f )  - 3 .3 .\113 

2) 73.2(Q4 ! A r )  1 2  FA! 27 M'3 351, 1 03 

1 .4( 1 7.6 - .739T)(Q. / A f )MtJ 

1 0.88(Q3 f A  f )AI,) 

4.5 + 7.48(Q. f A  f )Ut) 

- 7.83 + 468Qar - 701'2 + 1 4 .59 Af tJ + 1 3rM,J 
- 82.8QaM,J - 2.481.·,\113 + . 1 62M'3 (Q. ! A f )  
5.34 1 + .506A! d - 1 .40611 

- 1 80.6 + 4 .03Mt) + 1 3 3 .24(QJ I A f )  
+ [90 1 6  - 62.54(QJ f A  f )]H 
48.2 - 4.3 38c + 3 .988 - .3 528; 

- 24882 + 28.68<8 

6.2 1 · In (ML . SYJ ) 
- 26.43 

0.67 · 1n (H) - In (SR )  

ource of Data 

Vi l l ier ( 1 967) 

Takamatsu and Naito 
( 1 967) 

Agnew ( 1 972) 

Pflanz ( 1 969) 

Pflanz ( 1 969) 

Pflanz ( 1 969) 

Tuntoolavest et at. 
( 1 980) 

Dietz and Keinath 
( 1 982) 

Chapman ( 1 983) 

Cashion and Keinath 
( 1 983) 

Voutchkov ( J  992) 

ote: Aj surface area of secondary clarifier (m2) 
FM= food to microorganism ratio in the activated sludge system (g BOD/g MLSSfd) 
H= side water depth (m) 
Qa= air flow rate to aeration tank. (ml/min) 
QF efl1uent flow rate from econdary clari fier (m3Jh) 
Qj= efl1uent flow rate to secondary clarifier (m3/h) 
r = sludge recycle ratio to aeration tank 
T= temperature of mixed l iquor (0C) 
ts= hydraul ic detention time in secondary clarifier (hours) 
IF detention time in clear zone (hours) 
(f= hydraulic retention time in aeration basin (d) 
8c= sludge age of the activated sludge system Cd) 
M'3= m ixed liquor suspended sol ids (MLSS) concentration (kg/ml) also MLS 
M,t= dilute blanket solids concentration (kg/ml) 

R= surface overflow rate 

The author did not recogmze any recent published research addressing the 

c larification behavior of secondary settlers empirically. This is in spite of the fact that 

it has been c learly stated in several recent publ ications that the best way to predict the 

effluent concentrat ion is the empirical approaches (Wett, 2002). This may be 

attributed to the wide use of  the so l id flux theory (to be d iscussed later) in model ing 
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th the effluent as we l l  as the underflow concentrations (e.g. ,  D iehl and Jeppssou. 

1 998 and ho et a I . ,  1 996). 

Empirical models for act ivated sludge thickening in secondary clarifiers are 

also a ai lable in the literature although they are less common than models for 

c larificat ion. Roche et aJ. ( 1 995) developed a semi-empirical model to predict the 

behavior of econdary sed imentation tank thickening. The introduced equation was 

determined from 23 different experiments from industrial, municipal, and laboratory 

pi lot p lants. I t  shows that different activated sludges have simi lar thickening behavior. 

The developed model shows a good agreement with measured data from a full-scale 

dynamic secondary c larifier. The model is described by the general equat ion: 

(4 . 1 )  

where Xr is the underflow sol ids concentrat ion (gIL), a, b, and Lit are empirical 

parameters described by exponent ia l  expression of X (MLSS) or SVI (sludge volume 

index), in  the form: 

a = 2 .065 X>.382 

Lit = 0.086 X2.234 

b = 0.545 Svt> 152 

(4 .2)  

(4 . 3 )  

(4 .4)  

t i n  Equation (4. 1 )  represents the H RT (ho urs) in the bottom sect ion of the c larifiers, 

l .e . ,  

t = ( VslQr)n = [A (SBH)/ Qr]n, (4 . 5 )  

Where A is t he surface area of c lari fier ( m2), SBH i s  the sludge blanket height ( m), Qr 

is the total return sludge flow rate ( m3/h) and n is the number of c larifiers invo lved i n  

the process. 

P ipes and Kim ( 1 996) highl ighted some advantages and defects of this model .  

They argued that Lit has litt le influence on the predicted Xr value because it i s  smal l  in  

comparison wi th  t .  I n  add it ion they proposed a new equat ion to account for the actual 

t ime that the s ludge so l ids spend in t he sett ling tanks on each pass. G iokas et al .  

(2002) considered the discussion of P ipes and Kim ( 1 996). By excluding Lit from the 

equation of Roche et al. ( 1 995) and replac ing the expression of t by the one proposed 
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by Pipe and Kim ( 1 996) .  The result ing empirical model integrates the previous 

model and empha ized the phenomenon of di lution of the incoming activated sludge . 

Te ting with data from ful l-scale plant proves that it describes fairly wel l  the return 

ludge concentration, the diluted ludge blanket concentration, the sludge blanket 

o l ids concentration. and the sludge blanket height. 

Rather than using empirical models, most of the researchers in the field of 

secondary c lari fiers model ing prefer to consider the mode ls developed based on the 

concept of o l id flux theory. 

4. 1 .2 Solids M ass Flu x M odels 

The origin of the so lids flux theory dates back to the beginning of last century when 

Coe and C levenger ( 1 9 1 6) suggested that i f  a layer in a suspension has a lower total 

sol ids-handling capac ity than the overlaying layer, it wi l l  be unable to discharge so lids 

as rapid ly as they are received and wi l l  therefore grow in thickness. I f  a g iven layer 

has a higher total so l ids-handl ing capacity than the layer above, its thickness wi l l  

decrease o r  remain infmitesimai. The layer with the lowest total so l ids-hand l ing 

capacity therefore l imits the throughput of the thickener. I f  the thickener is  

overloaded. this layer (which contains the l imiting so l ids concentration) wi l l  

u lt imately reach the l iquid surface ( Watts et aI. ,  1 996) . Although the work o f  Hazen 

( 1 904) ,  Camp ( 1 936), and Dobbins ( 1 944) was also p ioneering and forms the 

foundat ion of the sedimentation theory, it Ignores the thickening phenomenon 

prevalent in the act ivated sludge systems (Jepsson, 1 996). Nowadays nearly a l l  

commonly appl ied hindered sett l ing models are based on the theory proposed by 

Kynch ( 1 952) ( Wett, 2002). I n  a fundamental work based on the theory of Coe and 

Clevenger ( 1 9 1 6), Kynch considered several main assumptions. Besides constant 

horizontal density layer Kynch assumed another fundamental principle: He declared 

that the settl ing velocity of  part icle depends only on the local concentrat ion of the 

particles. 

In general, the total flux [mass/(area x t ime)] of sol ids is obtained by: 

j = Xv (4.6) 

where X is the so lid (sludge) concentrat ion and v is the settl ing velocity which in  

general depends on X. In  a continuous flow settler, the downward so l ids flux is the 
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sum of the gravity sett l ing flu (1s) and the so lids flux due to the bu lk movement of 

the liquid (111) ,  namely the underflow flux : 

J = J  + Ju (4 .7)  

The gra ity settl ing flux i the product of the average so lids concentration, X, 
and the hindered sett l ing velocity, 1's. The underflow flux is the product of the so lids 

concentration, X and the downward veloc ity, Vu, defmed as the downward flowrate 

di ided b the sett l ing area, A .  

J = X vs + X VII (4. 8 )  

As  ment ioned earl ier, the hindered settling veloc ity only depends on  the local  

concentrat ion of the so lids; hence the total flux can be written as: 

J = X Vs(X) + X VII (4 .9) 

The hindered settl ing veloc ity is the most important parameter in the solids 

flux theory. There exist in the l iterature a number of different models for the sett ling 

velocity as a function of the suspended solids concentration. The Vesi l ind ( 1 974) 

exponential model is widely accepted as the best model of the settl ing velocity of the 

mixed l iquor for high suspended so lids concentrations but does not consider low 

solids concentrat ions such as in the upper region of secondary c larifiers. Vesi l ind's 

model states that : 

V = ke-nX 
s ( 4 . 1 0) 

where k is the maximum sett l ing veloc ity and n gives a measure on how fast the 

settl ing velocity decreases with increasing concentration of partic les. In pract ice, these 

parameters can be found by mult iple batch settl ing experiments where log Vs is 

measured for different sludge concentrations. Then, k and n can be found by a simple 

least squares fit to the data ( l inear regression). 

I nsert ing Vesil ind fonnula in the total flux yields 

J = (ke-nX + vJX (4. 1 1 )  

An i l lustrat ion of this relat ion is given in Figure 4 .2 .  

Notice that the flux curve has a local minimum denoted J-lim. This flux is  the 

maximum al lowable flux load ing if the settling is to be successful. I f  the influent flux 
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to the ett ler is larger than l- l im, the sludge blanket wil l  increase, re ult ing in so l ids 

( ludg ) in the effluent . 

For a general total flux model J(X), the l imit ing flux can be obtained by 

olving J(.J{)/dx = O. To find the minimum we have to check which of the extreme 

points that fulfil l  f (X)/dx2 > O. These calcu lat ions may have to be so lved numerically. 

ho et a i .  ( 1 996) show a ample of such calcu lat ion. Obviously, graphical so lutions 

are also possible. Yoshioka et al. ( 1 957) presented a simple geometric technique to 

find the l imit ing values from so Lids flux curves (Watts et aI . ,  1 996). Other methods 

also have been developed to determine the steady-state behavior of the secondary 

c larifier which could be used for design purposes (Jeppsson, 1 996). 
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Figure 4 .2 :  Tota l fl u x  a s  a function of t b e  solids concentration 

1 6  

The determination o f  an  appropriate sett ling veloc ity model i s  indispensable 

for mode ling the secondary c larifier using the so l ids flux theory. Therefore, a number 

of empirical funct ions of the settling velocity have been proposed. The majority of the 
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funct ions are based either on the e ponential funct ion ( Equat ion 4. 1 0) or the power 
funct ion: 

\' = kX -n s ( 4 . 1 2) 

U ual ly, the exponent ial funct ion is considered to be more accurate but is 

o met ime con ide red to require more complex numerical procedures for the 

mathemat ical analysis (Cho et aI. , 1 996). A few examples of different sett ling veloc ity 

funct ions found in the l iterature are g iven in Jeppsson ( 1 996). Recent examples of  

such model inc lude Taka s model (Takacs et a I . ,  1 99 1 ) and Cho model (Cho et al. ,  

1 996), described as fo l lows, respective ly :  

e-1L¥ v = k -­s X 

(4 . 1 3) 

(4. 1 4) 

with Xmm the minimum attainable suspended solids concentration corresponding to the 

non-sett leable suspended so lids concentration, rh and rp are the hindered sett l ing zone 

parameter and the flocculent sett ling zone parameter, respect ively. Also, several 

empirical relat ions exist relat ing parameters like SVI to k and n. 

I t  is wide ly accepted that the design and operation of secondary sett l ing tanks 

is based on t he so lids flux theory ( Vanderhasselt and Vantol leghem, 1 999). Fami lies 

of one-dimensional models for secondary c larifiers are avai lable in l iterature. 

Examples are Vaccar i  and Uchrin ( 1 989), V itasovic ( 1 989) Takacs et al. ( 1 99 1 ), 

Dupont and Henze ( 1 992), Hartel and Popel ( 1 992), Otterpohl and Freund ( 1 992) and 

Dupont and Dahl ( 1 995)  ( D iehl and Jeppsson, 1 998).  A common approach for them is 

to divide the settler into a fixed number of  layers, within which the concentration is 

assumed to be constant. Mass balance is  appl ied to each layer. As the number of 

layers increases, better approximations of  the physical ly  correct solut ion, are obtained. 

The sett l ing mass flow from one layer to the other is l imited by the minimum flux of 

both the considered interface and the interface below. The predict ions of the effluent 

and underflow concentration are often made by assu ming that these concentrations are 

the same as t he boundary concentrations at the top and bottom within the sett ler. 
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Recently se eral publ ications di cuss the so lids flux theory in one way or 

another. the fo llowing i a pre entation of orne of these recent publ icat ions. Takacs et 

al .  ( 1 99 1 )  sugge ted a double exponent ial expression represent ing the sett l ing 

funct ion, i .e . ,  the relat ion between sett l ing velocity and part icle concentrat ion. He 

adopted a 1 0- layer model presented by Vitasovic ( 1 989) that considered a reduced 

sett leabi l ity of  the micorfloc fract ion of  act ivated sludge and therefore improved the 

model valid ity for low-so lid concentrations. Grijspeerdt et al. ( 1 995) compared and 

e aluated complexity and data fit of six d ifferent layer mode ls where Takacs mode l 

achieved the top score in the final rat ing. 

Watts et al. ( 1 996) developed a one-dimensional model of activated sludge 

econdary c larifiers with a dispersion term dependent on concentration and feed 

velocity. They ut i l ized Takacs et al. ( 1 99 1 )  model .  Data col lected from a full-scale 

c larifier were used to evaluate the mode l .  Better matches were achieved than with the 

gravity-flux-constraining model. Chatel l ier and Audic (2000) studied also Takacs et 

al .  ( 1 99 1 )  model .  They c laimed that the hypothesis of such a model induces a strong 

underest imation o f  the sludge blanket level .  This underest imation is explained 

because the sedimentat ion velocity does not take into account all the physics and 

hydraul ics of  the c larifier. They added a complementary hypothesis that the sum o f  

convection flux and sed imentation flux remains constant through al l  the depth o f  the 

clarifier. This hypothesis leads to a new expression of the sedimentation veloc ity. The 

use of this expression  in the s imulation gave better estin1at ions of the sludge blanket 

level dynamics. One drawback noticed is when the changes in the c larifier hydraulics 

are too sharp, this results in a slight ly overest imated sludge blanket level .  

Queinnec and Dochain (200 1 )  emphasized the l imitat ions of the sol ids flux  

theory basic models in representing steady-state operating condit ions of  secondary 

c larifiers. They introduced a more sophist icated unidimensional model .  The mode l 

has been calibrated using lab-sca le experimental data. I t  also reflects the d iffusivity 

phenomena of thickening suspended so l ids without increasing the complexity of the 

model .  Wett (2002) presented a model different from the common 1 0  layers models. 

H is model consists only of three layers with variable vo lume, clarification, hindered 

settl ing, and compression zone, that are not derived from numerical requirements but 

from the basic princ iples of so lids flux theory for batch sedimentation. I n  the mode l 
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de e lopment, simpl ic ity for on- l ine control purpose and for coupling with a biokinet ic 

m del ha been considered . The model has been evaluated against the analyt ical 

o lution of the flux function and against data from full-scale SBR experiments and 

from a econdary c larifier under hydrau lic overload. 

orne re earches have not iced a major problem when evaluating the 

performance of the act ivated sludge process assoc iated with the difficulty of  

eparat ing the dynamics o f  the biological reactor from the dynamics of  the sett ler. 

Therefore, it is c learly stated that of major importance is to develop models that can 

hand le the reactor-settler interaction (DiehJ and Jeppsson, 1 998).  Watts et al. ( 1 996) 

conc luded that the c larifier model should be integrated with a model of the activated 

sludge process under invest igat ion, using, for example the ASM I (Henze et a1. 1 987) .  

I n  this way, the integrated model can be employed to s imulate the impacts of varying 

flow rates and feed concentration on both biochemical  and sludge thickening 

performance. Early attempts have been noticed to model the coupling of the aerator 

with the c larifier in the act ivated sludge system. Cho et a1 .  ( 1 996) have l isted 

examples of these attempts. 

Cho et al. ( 1 996) carried out a steady state analysis of coupling the function of 

aerator and secondary settling tank in an act ivated sludge process to obtain 

appropriate response of output variables and to decide optimum operating parameters. 

They ut i J jzed the La'Nrence and McCarty ( 1 979) model of biokinet ics and the so lids 

flux theory to model thickening and c larification of the secondary c larifier. They 

incorporated the velocity function developed by Cho et al. ( 1 993) to find the effluent 

and underflow concentrat ions of the clarifier. D iehl and Jeppsson ( 1 998) presented a 

dynamic s imu lation model of  the ent ire act ivated sludge process. For the bio logical 

reactor the standard model by I W  A, ASM l ,  was used, and for the continuous 

sedimentat ion in the secondary c larifier a new one-dimensional model based on the 

theory of non- l inear partial d ifferential equations was introduced. 

Dupont and Henze ( 1 992) described a development of a model for the 

secondary c larifier based on the general flux theory for zone settl ing, which can be 

used in combination with ASM 1 for form a dynamic computer model/program for 

wastewater treatment p lant. I n  addition to the flux model, the developed mode l 

includes a simple model for predict ing the contents of particulate components in the 
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emu nt . This latter model i a purely empirical model, which connects the effluent 

quality with the h drau lic load, suspended so l ids load and the nitrate load. 

Most of th aforement ioned models are suitable for the use in dynamic 

imu lat ion and on-l ine control purposes. In  this study, for the thickening performance 

of the secondary c larifier, the model ut i l ized by Cho et al. ( 1 996) to model the 

coupling o f  the reactor and the c lari fier is considered. Cho et al .  ( 1 996) have ut i l ized 

the o l ids flux theory in a coupled model. They ut i l ized the Cho et al. ( 1 993) velocity 

model which is considered one of the recent models representing settl ing ve loc ity as a 

funct ion of the so lids concentration. A simi lar approach was considered by Tang et al .  

( 1 984) but with the o ld Vesi l ind's velocity model. For c larification performance, 

general ly, a so lids flux based model is not the appropriate tool to calculate the so l ids 

effluent concentrat ion (Wert , 2002). I nstead, empirical approaches are usual ly 

uti l ized. The model of  Voutcbkov ( 1 992) is considered to model the c lari ficat ion 

funct ion of the secondary c larifier. It is worthy to mention that several researchers 

have assumed a perfect performance of  the secondary c larifier i .e .  the effluent 

concentrat ion is set equal to zero and no c larificat ion model is considered. One 

example is Wett (2002). 



CHAPTER S 

COS T  FUNCTIONS 

I n  the pre ious chapters mathemat ical mode ls for the considered unit operations ( i .e. 

primary c larifier and activated sludge) were introduced. Beside these mathematical 

mode ls, as ment ioned in Chapter 1 ,  another two mathemat ical tools are requ ired for 

performing an optimizat ion study for the activated sludge process. Cost functions, 

which are considered in this chapter, and mathemat ical programming (optimization) 

techniques are those two mathemat ical tools. The latter is considered in the coming 

chapters. Cost funct ions are those funct ions describing the cost of a process unit as a 

function of design andlor operat ion parameters. 

Recent developments in wastewater treatment techniques have compl icated 

and widened the options a ai lable to treat a given wastewater. In today's  p lants, a vast 

number of  p lant configurations and operation schemes can be found. When designing 

a new wastewater treatment plant or when upgrading an exist ing one, different 

treatment alternatives and operating strategies may be evaluated. However, what is 

the base of  such evaluation? Commonly such an evaluat ion is made based on fmding 

the most economical a lternative that fulfil ls the effluent requirements. Nowadays 

wastewater treatment is able to cope with almost any effluent quality object ive. The 

problem is that cost of  such treatment becomes prohibit ively large since costs increase 

rapidly with the effluent requirements. Therefore, objective methods for evaluating 

the overal l  design and operat ion of wastewater treatment plants are of importance, for 

both economical and environmental reasons (Vanrol leghem et aI . ,  1 996). 

There is no doubt that rel iable methods for wastewater treatment p lant cost 

estimat ion are needed to guide us in the process design and development activit ies; to 

aid in the d iscussion of operation schemes; and to fac i l itate the process of upgrading 

exist ing p lants. I n  general, design and cost ing are interlinked (Wright and Woods, 

1 993) .  Some technically feasible design options become non-options when they are 

evaluated against cost . Thus cost ing is a crucial and ongoing considerat ion during the 

75 
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p lanning pha f n w wa t wat r tr atm nt plants and for the e aluation of nev,,' 

operational strategie versu trad it ional expansions of plants already in operation. 

This importance of cost ing has been early recognized and several efforts were 

made to deri e co t function for different unit processes in wastewater treatment .  

5. 1 W a stewater T rea t m e n t  P l a n t  Costs 

In general wastewater treatment plant costs  are subdivided into investment (also 

capital or construct ion) costs and operation and maintenance costs. The latter may be 

f ed ( nor mal operation and maintenance, fIxed power, etc . )  or variabl (power and 

chemical consumpt ion, and effluent levies) .  

Construction costs include expenditures for labor and materials to bui ld 

fac i l it ies of a wastewater treatment plant . These include piping, steel, concrete, 

excavat ion, buildings e lectrical work, heat ing and venti lat ion, instrumentation, etc. 

Operat ing costs can be split into fIxed operating costs and variable operating 

costs. Only the latter can be control led in current operat ion of a previously designed 

treatment p lant .  The fIxed operating costs comprise normal maintenance and repair 

costs, inc luding material and supply, and are usual ly a function of the s ize of the 

treatment units. Once the p lant has been designed, these costs are a fIxed part of the 

annual operat ion and maintenance costs. On the other hand, the variable operating 

costs originate from expenses, which d irect ly depend on the rate at which the units are 

operated. They inc lude wages for operating labor, and more importantly energy and 

chemical costs .  

Variable operating costs also include effluent taxes or levies. Such costs 

started to gain increasing importance in the last decade. It is believed that in the 

coming years, the focal po int in wastewater treatment wi l l  be the receiving water. The 

wastewater treatment of  the future is expected to be dependent on the requirements 

from the local recipient and not some common effluent standards (Vanro l leghem et 

aI . ,  1 996). 

A number of  cost ing factors are st i l l  under research and are of spec ial 

importance. These are costs associated to rel iable design, as more complex treatment 

systems may result in better performance at reduced costs, but may be prone to 

increased risk of fai lure. Another issue is the plant flexibility, which may increase the 
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op ration co 'ls but at the c.tme t ime may pro' e aJ1 advantage at later phase wh n 

pan ion are thought ( Vanro l leghem et a1 . ,  1 996) . Reliabi l ity and flexibi l ity are of 

growing importan e in  \ ast water design and operat ion. 

A c lear from the above, wastewater treatment costs have many origins and 

depend highly on the system of treatment and the unit processes incorporated. 

Quant ification, formulat ion, and analysis of  such costs have attracted many 

researchers over the last decades. Such efforts produced different ways of  expressing 

wastewater treatment plants costs. The fo l lowing is a l iterature review of the main 

efforts in this regard. 

5.2  L i te ra t u re Review 

A number of stud ies were publ ished on the development of cost estimation techniques 

for d ifferent wastewater treatment processes. The earliest study goes back to 1 968.  

Tang et al. ( 1 984) presented the early efforts of researchers in this regard; the 

fo l lowing is a brief overview of their presentat ion. 

In 1 968, Smith est imated the cost of wastewater treatment fac i l it ies from cost 

data col lected by other researchers in 1 962. In 1 97 1 ,  Patterson and Banker presented 

the capital, operat ion and maintenance costs in graphical forms with respect to the 

sizes of the unit processes. Cost functions have been developed from such graphical 

informat ion, as mentioned by Tang et a1. ( 1 984), Middleton and Lawrence ( 1 975), the 

U .S. Army Corps of Engineers ( 1 978), and Rossman (1 979). In 1 978, Dick et a1. also 

developed a set of  cost functions based on data presented by Patterson and Banker, 

Metcalf and Eddy, I nc .  (1 975), and Ett l ich ( 1 977). Tang et a1. ( 1 984) compared these 

cost funct ions and came up with new funct ions (Table 5 . 1 )  describing the cost of the 

most common unit processes considered in a wastewater treatment p lant . 

Tyteca ( 1 985) also addressed the mentioned "Patterson and Banker" study. He 

considered it as one of the most authoritative studies in this regard. He used the cost 

informat ion provided by them to derive cost functions as shown in Table 5 .2 .  In this 

table the operating cost has been spl it into two categories, namely, the fixed operating 

costs and the variable operating costs. 

In  1 980, EPA published a report about construct ion cost estimat ion of 

munic ipal wastewater treatment plants. I t  can be used for preliminary estimation of 
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c nstruct i f r ind i  idual pr es cs and/or compl t laci l i t i  s .  In  such a report 

c nstruct ion cost have been analyzed and reported by three leve ls of details; for 

complete treatment plants of  various types, [or speci fic unit processes such as 

c lari fier , aerators etc .  and for the costs of various components required : excavat ion, 

e lectrical ,  etc. The cost relat ionships are shown in the report as design flow versus 

cost. which makes them unsuitable for optimizat ion studies where a cost relat ion need 

to relate the cost to a sizing or operat ion parameter. Another report was published in 

the fo l lowing year to include the operat ion and maintenance costs. 

Table 5. 1 :  Summar� of cost functions derived b� Tang et a l .  ( 1 984) 
Process apilal Operation Maintenance Malerial and Supply Power 
Unit ( 1 97 1  $) (manhours/yr) (manhours/yr) ( 1 97 1  $/yr) (k W hrlyr) 

Primary 824A 77 
1 7. 1 5A 6 (A � 279) 9.23A 6 (A � 279) 8.62A 76 Clari fier 92.45A) (A < 279) I 06A 1 4 (A < 279) 

Primar), 1 6042Q·53 374Q4 1 1 66Q43 385Q 64 23.85QH / £p ludge 
Pumping 

Aeralion 46 J T "  7 1 Tank 

Di ffused 8533Q:6 1 870'048 74.40'15 
Aeration 

econdary 824A 77 
1 7. 1 5A 6 (A � 279) 9.23A 6 (A � 279) 8.62A 76 Clari fler 92.45A 3 (A < 279) 1 06A 1 4 (A < 279) 

300(Q < 63.2) 
Return & 40.57Q 52 (Q < 252) 
Waste 2779Q 53 . 333Q + 3 90 . 2375Q + 370 23.85QH / £ p 

ludge 5.97Q 87 (Q < 632) 
Pumping 

2 .54Q(Q > 632) 

A i s  th e surface area in m2, Q is the flow in mJ/hr, V i s  the vol ume in mJ, Qa is the air flow rate in 

m 3/m in,  H is the pumping h ead in m eters, and £p is the pum ping efficiency. 

A group of researchers started in 1 975 to publish a series of papers to develop 

capital cost correlat ions for different treatment faci l i t ies. Their research covers most 

t reatment fac i l it ies. I n  Part 7 of this series, Wright and Woods ( 1 993) introduced 

capital cost correlations for physical treatment fac i l it ies while biological treatment 

fac i l it ies were addressed in Part 8 (Wright and Woods, 1 994). These studies, l ike EPA 

studies, are good for the prel iminary est imat ion of capital costs of individual process 

fac i l it ies. 



Table 5.2 : 
Proccss unit 

Acti vatcd 
sl udge 

46 1i V 7 1  + 6530iG } 1 53 9\\1 G 6 , . rna S 
'culers and 

thickener 
824iA 77 

l udgc pump 98 70iQ 53 
Water pump J 7 1  OiQ 53 

9.32wmu A  6 + 8 .62iA 76 

.095 h�'ma Q + 6. 1 1 iQ 8 

Variable operating costs 
( I)-car) 
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A is 
.
the u�face area in m1 Q is the flow in ml/s, V is the volume in ml

, Gs is th e air flow rate in ml/s, HP IS 
'
the IIlst�l I ed power for aeration in k W ,  Wmu and wop are wage parameters for maintenance and 

oper�t lon, p( IS the cost of energy cents/k W h ,  W is the instal led power for pumping in k W ,  and i is a 
co t IIldex.  

Pinc ince et a1. ( 1 997) studied the effect of MLSS on total capital cost of 

act ivated sludge processes. They developed a capital cost equations for aeration tank 

as a funct ion of its vo lume and for secondary clarifier as a function of its surface area. 

I n  the same year, Fels et a1. ( 1 997) studied the design optimization of wastewater 

treatment systems for the mechanical pulp and paper mil l  industry. They developed 

cost relat ions based on data obtained from the industry. As a consequence, their cost 

relat ions are appl icable to the pulp and paper mil l  industry and general izing them 

invo lves considerable errors. 

Asfari (2000) l isted cost functions of most of treatment unit operations. He 

acquired them from a study conducted by the Department of the Army, Corps of 

Engineers U S A  in 1 97 1 .  He modified the costs to 1 995 costs assuming a 5% increase 

in cost. 

Vanrolleghem et a1. ( 1 996) d iscussed a general framework for the formulation 

and analysis o f  an overal l  decision support performance index (cost function) to aid in 

evaluating d ifferent design alternatives and operation schemes. This issue was first 

addressed by COST682 Working Group in 1 994 when they introduced for the first 

t ime an overal l  dec ision support index based on economic cost functions for different 

aspects of treatment p lant construction, maintenance and operat ion, and includ ing 

internal izat ion of the value of a r iver's quality. They also mentioned the importance 

of including more elaborate aspects of wastewater treatment such as plant flexibi lity 

and robustness against fai lure. The latter aspects play a special role as the t ime 
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horizon ver - hi h th co t valuat ion is made incrcases toward the l ifc span of a 

treatment works. The objective performance index (1) is described as 

J = Input - Output + Conver ion ( 5 . 1 ) 

Where the I nput term is the qual ity/value associated with incoming wastewater, the 

output term is the qual ity/value of the effluent wastewater, so lids, gases, and energy 

produced at the wastewater treatment plant, and the conversion term takes the applied 

efforts (investment and operational costs) into account. This approach is an innovative 

approach and researchers are requested to focus on it . 

I n  summary, three main streams regarding the costing of wastewater treatment 

p lants can be dist inguished in the l iterature. The first is efforts to deve lop capital cost 

relat ions and can be used in the pre l iminary cost estimat ion of new wastewater 

treatment p lants (e.g.  the E PA report). The second is the development of cost 

relat ionships ( funct ions) relat ing the cost ( investment and operation) to a 

s izing/operation parameter. Such cost relations were used primarily for optimizat ion 

studies. The third is the innovat ive development of a new performance index that 

incorporates in add it ion to trad it ional investment and operation criteria aspects such 

as flexibi lity and rel iabi l ity. Lack of studies in this stream can be noticed although it is 

very important and could replace tradit ional cost functions in optimizat ion studies. As 

a consequence, in the coming discussion the focus wi l l  be on the second stream s ince 

such is the one related to optimizat ion studies. 

5.3 Cost F u n c t i o n s  a n d Cost I nd ices 

Different ways of  expressing costs of treatment p lants are found in l iterature. The 

general form of cost functions is (Tyteca, 1 985) :  

II 

C = " a Xb, � I I 
(5 .2 )  

1=1 

in which C = the total capital or operation and maintenance cost of a given treatment 

unit ( in $ or $ per year), X, = the design and/or operating parameters of that unit which 

most significantly influence the cost (e.g. Volume, area, etc.), al and bl "" est imated 

parameters, and n = number of terms in the sum. 
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· quat ion ( 5 .2 )  can be xpr�s cd in another simpler way (Vanro l leghem et a I . ,  

1 996) :  

COST = e (Prace ize)" 
( 5 . 3 )  

The proces size I S  typical ly chosen to  be relevant and easy to measure p lant 

characteri t ics uch a vo lume or area of a process unit, the design flow rate, installed 

mechanical power or pumping capacity. The constant n depends on the process unit 

and ranges between 0.25 and 1 (Wright and Woods, 1 993 and 1 994). 

A cruc ial po int in developing cost [unctions is data co l lection. Two 

po ibi l it ies are noticed in l iterature; data col lected based on certain type of treatment 

at a given location; and data col lected to repre ent as much as possible the cost of a 

treatment unit in a l l  treatment configurat ions. The first is more accurate although it is 

applicable for the situation it is developed for and extending its use to other 

applicat ions results in high level of errors. The second is more general with less 

accuracy and can be appl ied successfully for preliminary estimates. Example of the 

fIrst type is the work of Fels et a1 . ( 1 997) where they developed cost relat ionships for 

wastewater treatment systems in the mechanical pulp and paper industry. 

After col lecting a set of cost data, the development of a cost function as 

Equation ( 5 .2 )  invo lves determining the design or operat ing parameter of the unit 

considered (X) and the estimat ion of the parameters (ai and b,) through regression 

analysis. 

S ince the second approach is genera] it can be used after years of its 

development and in p laces other than the place it is developed in. This usual ly 

accomplished with  the aid of  cost indices. Cost ind ices relate costs at one t ime and 

p lace to costs at any other t ime and/or place. For example, if a project were estimated 

to cost $ 1 00,000 in 1 982 using an index o f  2233,  that same project would cost 

6580/2233 mult ip l ied by $ 1 00,000 in 2002 when the cost index rises to 6580. 

Geographical adjustments may also be necessary. 

Commonly used indices in the US are the U .S .  Environmental Protection 

Agency ( EPA) Sewage Treatment P lant (EPA-STP) Cost Index and the Engineering 

News Record (ENR) Indices (Corps of Engineers, 1 987). Other indices include the 

Marshal l  and Swift cost index (used primari ly in the process industry), Southam 

Construction Cost I ndex (developed for Canadian construction condit ions), and 
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hemi a1 ngineering plant cost i ild x (used primarily ill the process industry) 

( Wright and Woods, \ 993 ) .  

The overal l  cost of a treatment configuration wi ll be; the summation of  the 

costs of d ifferent unit operations considered. The total cost could be expressed either 

using the present worth method (NPV) or the equivalent annual worth (A W). Using 

the fir t, a l l  annual operating costs for each process are converted into their 

corre pond ing present value and added to the investment cost of each process to yield 

the net present value. While the A W impl ies discounting the investment cost over the 

l ife span of the treatment plant and add it to the annual operating cost . Formulat ion of 

cost functions as an object ive function in the optimizat ion model is g iven in the 

subsequent chapter, Chapter 6.  

In  conc lusion, cons iderable variations in  unit process costs were observed 

among different sources of data. Costs of wastewater treatment systems vary local ly 

and depend on many factors (Tang et aI. ,  1 984). Cost funct ions are indeed developed 

at a given t ime for a spec ific purpose, region, or country and any extrapolat ion is not 

without risk. Moreover it is difficult to compare various relationships extracted from 

different sources, as the descript ion of the components taken into account in the 

relat ionships o ften differs from a relat ionship to another. Therefore the cost funct ions 

considered in this study are only meaningful in the sense that they represent typical 

relat ive costs among unit processes. This is just ified s ince the main purpose of the 

study is not cost est imation but optimizat ion of a typical treatment system where 

relative costs of d ifferent incorporated units is the important not the cost itself as a 

figure. Most of  the opt imizat ion studies developed cost functions based on Patterson 

and Banker ( 1 97 1 )  cost est imat ions by correcting them using the appropriate cost 

index. The cost functions uti l ized in this study are derived from the cost functions of  

Tang e t  a1. ( 1 984) and the cost functions of Tyteca ( 1 985) (Table 5 . 1 and Table 5 .2)  

after being corrected using the Engineering News Record construction cost index of 

2003 . Such are l isted in the subsequent chapter, Chapter 6. 

Obviously, the selected cost functions are not representing the costs of  the 

treatment units in the United Arab Emirates. Such costs can be obtained by 

developing specific cost functions for the UAB or at least a Cost I ndex that can relate 

other costs to costs in the U AB. 



CHAPTER 6 

MODE L DEVELOPEMENT 

ctivated ludg sy terns, as ment ioned in previous chapters, constitute two main 

units, one for bio logical treatment and the other for sed imentation, namely aerat ion 

tank and the secondary ( fmal) settling tank . In most activated sludge treatment p lants, 

especial l convent ional and complete mix act ivated sludge plants a primary 

sedimentat ion unit is instal led before the act ivated sludge system. I t  is mentioned 

previously that primary sedimentation is of spec ial importance and contribute 

s ignificant ly in the determinat ion of the total cost of a treatment plant . The use of  

primary c larifiers i s  an  economic issue, not a process issue (Grady e t  aI . ,  1 999). As a 

consequence it is considered along with the act ivated s ludge system in this study. The 

proposed optimal design approach considers the interact ion among primary 

sed imentat ion, bio logical treatment, and fmal sedimentation in terms of process 

cont inuity and costs. Such interaction is crucial to obtain an optimal design. 

I n  this chapter, the proposed optimal design approach is introduced 

mathemat ica l ly and the problem of optim izat ion is formulated in terms of constraints 

and the object ive cost funct ion. 

6. 1 System Layo u t  

F igure 6. 1 shows a typical layout o f  an activated sludge system. I t  includes a primary 

c larifier and a complete mix activated sludge system, which constitutes an aerat ion 

tank and a final settler. Al l  the streams are numbered to fac i l itate the descript ion of  

the model .  Stream 1 represents the influent while 4 i s  the effluent. Streams 2 and 3 

connect primary c larifier to aerat ion tank and aeration tank to secondary settler, 

respectively. Stream 5 is the underflow from the secondary sett ler which is divided 

into stream 6 ( rec irculat ion of sludge from fmal settler to aerat ion tank) and stream 7 

83 
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wh i  h rep e'ents along w ith  t cam 8 the wastage ludge streaJllS that Hught be �ubject 

for further sludge treatment or di posal according to app licable legis lat ion. 

6.2  System C o m pone nts 

The complete descript ion of the system requires the spec ificat ion of two groups of 

mbol : 

1 )  Parameter : those quant ities that remain constant in the design. Examples are 

the k inet ic and stoichiometric parameters in the activated s ludge process, the 

cost index value, sed imentat ion constants, etc. A complete list of the 

parameters used in the system design and optimization is provided in Table 

6 .8 .  The stoichiometric and k inetic parameters considered in ASM3 model are 

shown alone in Table 6.3  and Table 6.5 ,  respectively, and not shown in Table 

6 .8 .  

Aeration 

L-_____ _\,, 6 }--------..!.----;� 

Figure 6. 1 :  System Layout 

2) Var iables: those quantit ies which are determined during the design and 

optim ization. They spec ify the dimensions or the design condition of a unit 

process or a stream in the model. They represent the wastewater characterist ics 

at a particu lar stage during the treatment process, and they are defined at the 

e ight contro l points shown in Figure 6. 1 .  Later on, when we get to solve the 

model, these variables are separated into decision variables and state variables. 

Decision variables are needed to be defined to solve the system. Table 6. 1 lists 

state variables that are defmed at every stream along with their units. Table 6.9 

l ists a l l  other variables. 
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6.3 M ode l  For m u la t i o n  
ment ioned in the previous chapters. everal model exist to describe the operation 

of primar c lari fier, aerat ion tank, and secondary c lari fier. In Chapters 2, 3, and 4 

such models were di cus ed and one of them that best fits the problem under 

consideration was chosen to be used in this study. 

Table 6. 1 :  M odel state var iables 
haraclcrizalion 

FIO\\ rate. [LJ Ti l 
Sf) Inert oluble organic matter. [ M( OD) Lol ] 

Sj Readi l) biodegradable substrate, [M(COD) L'JI 

Nm) Ammonium plus Ammonia nitrogen, [M(N) L" l 

S,,-ox) i trate plu nitrite nitrogen, [M(N) L" l 

}Y) Inert particulate organic matter, [ M(COD) el l 

AS) lowly biodegradable substrate. [M(COD) L" l 

XH) Heterotrophic organisms, [M(COD) L'l] 

X nJ) A cel l  internal storage product of heterotrophic 
rganism, [M(COD) L'JI 

XA) Nitri tying organisms, [M(COD) L'J] 

XSS; uspended solids, [M( S) LOl] 
j - 1 .  2 . . . '. 8 "control point" 

Selected models cannot be c laimed to be the best representation of the real ity 

because every model has its part icu larit ies and restrict ions. This is especial ly true for 

empirical models. Such models are developed for certain situat ions and using them 

impl ies a certain level of error. Using them for a particular treatment p lant of 

wastewater requires cal ibrating their parameters to represent the wastewater/plant 

under study. 

The main objective of this study is to explore the problem of opt imizing 

activated sludge process and not to treat a special case for a certain wastewater at a 

certain treatment plant. The models chosen are only examples of how the models can 

be incorporated in such type of problems. They were chosen to best suit the problem 

and they are recent, s imple, and understandable. To use the optimizat ion framework 

introduced in this study for certain plant or design, models then should be chosen 

based on the best representat ion of the wastewater/plant in question. Somet imes 

developing a specific mode l would be an option. 
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I n  this hapter the omprehen.siv yst m m d I i introduced. This i.Jlc ludc 

defining the tate variable in every stream and the relations variables that defme the 

tem ( i .e . ,  mathemat ical models describing the operat ions). 

tream 1 i the influent to the system. The first unit operat ion is the primary 

c lari fier. treams 2 and 8 are the primary e ffluent and the primary sludge streams, 

re p ct i e ly. Values o f  state variables in those two streams depend on the 

performance of the primary c lari fier, which is described by two mathemat ical models 

as fo 110\ S. 

6.3. 1 P rimary C ia rifler 

The primary effluent suspended so l ids concentration (XSS2) is modeled according to 

the Christoulas et al . ( 1 998) model for c larificat ion in primary clarifiers (see Chapter 

2).  

Xss' - b --- = I - [a exp( - - cq)] 
XSS1 XSS1 

(6 . 1 )  

Where a, b (mg/L), and c (dim) are positive parameters. The value of a and b are 

found to be related to temperature whi le c is assumed a constant value. q ( rn/d) is the 

overflow rate which is defmed as: 

(6 .2) 

Where Ap is the surface area of primary c larifier (m2) and Q2 is primary effluent flow 

rate ( m3/d). 

The concentration of individual so l ids components is calculated based on the 

assumption that the port ion o f  each solid component in the primary effluent 

suspended so lids concentration (XSS2) is the same as the portion that component 

occupies in the influent suspended so l ids concentration (XSS1) .  i .e. ,  the solids 

d istr ibution remains the same as the influent while the quantit ies become less due to 

primary sedimentation: 

j = 1, S, H, STD, A (6 .3)  

The soluble components are assumed unaffected by primary sedimentation: 
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The underflow so lid concentrat ion is calcu lated according to the so lids flux 

theory a given by Cho et al .  ( 1 996): 

x,., (g f L) = [ k(n - l ) J ' t=JCi J" (6 .5)  

Where k (m/d) and n are settl ing constants of primary sludge and their ranges are (65 

- 460 m/d) and ( 1  - 5 ), respect ively. Ap and Q8 are in m2 and mJ/d, respect ive ly. The 

concentrations of the solids and so luble components in the underflow are calculated as 

the ol ids and so luble components have been calcu lated in the primary effluent. x = X  
XSS8 

}s J l X SS l 

'J 

.i = 1, S, H, STO, A (6.6) 

.i = 1, S, NH4, NOX (6 .7) 

The flow and mass balance re lationships around the primary c larifier are 

6.3.2 Activated Sludge 

(6.8) 

(6.9) 

The activated sludge process comprises several operations: aerobic waste stabil izat ion 

in the aerat ion tank, c larificat ion of the aeration tank effluent and sludge concentration 

in the secondary c larifier, and recycle of the thickened sludge to the aerat ion tank to 

maintain the microbial popu lation ( Figure 6. 1 ) . 

I n  Chapter 3 ,  a review of various k inetic models for the design of act ivated 

s ludge bio logical process is given. Among the introduced models, ASM3 model has 

been chosen as the basis for the design of act ivated sludge process in the introduced 

opt imal approach. ASM3 is the latest advanced model developed by the I W  A where it 

corrects for many defects noticed in the widely acceptable model, ASM 1 .  However, it 

is noticed in the l iterature that because of its complexity, ASM3 is rarely ut i l ized in its 

full  version and in most cases a reduced version is developed and adopted. In this 

study, a reduced ASM3 based model is considered. Such model considers the ASM3 

model after applying the fo l lowing restrict ions: 



88 

( i )  I ht:: reac tor is con idered totall aerobi bior actor v here oxygen is control led al l  

the t ime to be � 2 mg/L. Consequently, a l l  anoxic react ions are neglected and the 

o ygen dynamics are not taken into account ( Koch et a1., 200 1 and Steffens et a1 . ,  

1 997).  

(2) Alkal inity dynamics is neglected and hence the state variable describing the total 

alkal in it i exc luded ( Jeppsson, 1 996 and Chachuat et al. 200 1 ) . This assumpt ion 

is rea onable since the effect of alkal in ity on other react ions in the process is 

minor (see toichiometric coefficients in Table 3 . 5 )  

The r su iting model consists of 1 0  state variables. Table 6 . 2  shows the 

processes incorporated in the reduced model along with their k inet ic relations. As 

d iscussed in previous chapters, ASM3 is introduced originally in the form of a 

stoich io metric and composition matrix, which is reduced to stoichiometric matrix 

based on suggested values for the stoichiometric and composit ion parameters 

appearing in the original matr ix .  The original stoichiometric and composit ion matrix 

is not presented here. Table 6.3 shows the typical values for the stoichiometric and 

composit ion parameters as suggested by Henze et a1. (2000) to produce the 

stoichiometric matrix o f  the ASM 3  model, which is shown in Table 6 .4 .  Table 6.2 

and Table 6.4 are only shown for the reduced model .  

Table  6.2 : Processes i n  the  developed reduced ASM3 based model and their k inetic expressions 

j Process Process rate equation Pl, al l PJ � O. 

l lydrolys is  kH . XS/XH ,XH Kx + Xs XH 
Heterotrophic organisms. aerabic and denitrifying activity 

2 Aerobic storage of Ss 

3 Aerobic growth 

4 Aer�bi� endogenous 
respiratIOn 

5 Aerobic respiration of 

XSTO 

Ss kSTO ' .x H 
Ks + Ss 

SNH4 X STO X H 
flH ' . .xH 

K NH 4 + S NH 4 K STO + X STO X H 

bSTO,oz 'X  STO 
Autotrophic organisms, nitrifying activity 

6 Aerobic growth of XA, 
rutri fication 

7 Aer�bi� endogenous 
respiration 
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erobic yield of stored product per Ss 

Anoxic yield of stored product per Ss 

Aerobic yield of heterotrophic biomass 

Anoxic yield of heterotrophic biomass 

Y ield of autotr phic biomass per NOr'\' 
Produ<-'lion ofXj in en dog. Respiration 

N content of S, 

content of s 

content ofXj 

N content ofXs 

N content of biomas , X". A;' 

to COD ratio for X, 

to OD ratio for Xs 

to COD ratio for biomass, X". X,j 

Units 

o g 0.17 (g ODd" 
0.85 g COD,crro (g o Dssr , 
0.80 g CODX'>'7o (g ODssrl 
0.63 g COD\J{ (g COD\:.l'lvrl 
0.54 g CODXH (g COD,crrorl 
0.24 g COD,u (g Ns,voxrl 
0.20 g CODX1 (g CODX11Alrl 
0.0 1 g N (g CODSlrl 
0.03 g N (g CODssrl 
0.02 g N (g COD.url 
0.04 g N (g CODtlr l 
0.07 g N (g CODXllMy l 
0.75 g S (g CODX1),1 
0.75 g SS (g CODxs)' I 
0.90 g S (g CODXllMrl 
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Comparing the reduced model tables to the original fu l l  model tables (Tables 

3 .4 and 3 . 5) show obviously the fo l lowing: the anoxic processes are e l iminated, the 

tenns describing the dynamics of o xygen and alka l inity are exc luded from al l  

react ions, and s ince no denitrificat ion (anoxic process) occurs the state variables 

describing t he nitrogen concentration are also exc luded. 

Finding the conversion rate of a component depends on Tables 6.2 and 6.4 .  As 

d iscussed previously, t he conversion rate of a component can be written as fo l lows: 

7 
r, = L Vllj Pj 

j=1 
(6. 1 0) 

Where r, IS the converSIOn rate expreSSIon for the component i I.f/lj IS the 

stoichiometric coefficient as shown in Table 6.4, and Pi is t he k inet ic expression for 

the process} as shown in Table 6 .2 .  

As an example, t he rate conversion expression of the Ss can be written as: 

(6. 1 1 )  

I n  s imi lar way the rate expressions for al l  the components can be written. One major 

issue is characterizing of wastewater by defining the kinet ic parameters appearing in  

Table 6 .2 .  Such values should be defined for the wastewater under considerat ion 

through standard methods g iven in l iterature considering environmental condit io ns 
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uch as t mperatur ai1d pJ I .  Th oret ical ly, kin t ic parfuueters ar d terrnirl d at 

neutral pH while temperature effect can be approximated . 

Table 6 .4 :  toichiomet ric matr i x  of the developed reduced A M 3  based model 
Component I 1 2 3 4 5 6 7 8 9 1 0  

j Proce s S, Ss SNH4 SNOX ,� 

J. Expressed as � C 0 COD N N COD 
I lydrolysis 0 0.0 1 

Heterotrophic organisms. aerobic and denitrifying activity 

2 Aerobic storage of S5 - I  0.03 

3 Aerobic growth of Xfj -0.07 

4 Aerobic endog. 
0.066 0.2 Respiration 

5 Aerobic respiration of 
Xsm 

Autotrophic organisms. nitrifying activity 

6 Aerobic growth of X , 
-4.24 4. 1 7  nitrific. 

7 
erobic endog. 

0.066 0.2 Respiration 

Xs 

COD 

- I  

XH 

C 0 
Xsro '\A Xss 
COD COD SS 

-0.75 

0.85 0.5 1 

- 1 .60 -0.06 

- 1  -0.75 

- I  -0.60 

0.90 

- I  -0.75 

A common temperature adjustment techn ique for k inetic parameters 

characterizing t he act ivated s ludge is the fol lowing equation (Grady et aI . ,  1 999) :  

(6 . 1 2 )  

Where k represents any k inet ic parameter. General ly, the reference temperature, T2, is 

20°C . B is the temperature coefficient and its value depends on the k inet ic parameter 

being adjusted. 

Henze et aI .  ( 2000) recommended interpolat ing k inet ic parameters k to 

different temperatures T ( in  DC) with the fo l lowing temperature equat ion: 

where Or ( in DC) may be obtained from:  

(6. 1 3 )  

(6 . 1 4) 
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Table 6 . 5  how typi a 1  valu o f  k inet ic parameter f A M3 at 1 0  fuld 20°r­
( Henze et a l . ,  2000) .  It is obvious fro m  the table that orne parameters are unaffected 
by temperature change. ing the approach of Henze et a1 .  (2000) that was ment ioned 

above. va lu s at d ifferent temperatures have been derived as shown in Table 6.6.  

Ob iou ly the e ffect of temperature change differs from one parameter to another. It 

is vident in o rne parameter more than others and maximum for J.1A and bA,02. 

Table 6 .5 :  T�eica l va lue of k i netic earameters of A M3 a given b� H enze et a l .  (2000) 
Temperature 

}mbol Characterization J OoC 20°C Units 
kH Hydrolysis rale constanl 2 3 g ODA:)' �g CODXHrld'1 
K\ Hydrolysis saturation constant I I g CODx.> (g CODXHrl 
kSTO torage rate constant 2.5 5 g CODss (g CODXHrld,1 
K s aturation constant for substrate Ss 2 2 g CODss m,J 

KSTO Saluration constant for XSTO I g COD�7V (g CODXHrl 
JlH Heterotrophic max. growth rate of XH 2 d·1 

K.\Hl aturation constant for ammoni um, SNHl 0.0 1 0.0 1 g N  m,J 
bH.Ol Aerobic endogenous respiration rate ofXH 0. 1 0.2 d'i 

bSm.02 Aerobic respiration rate for XSTO 0. 1 0.2 d'i 

1-'4 Autotrophic max. growth rate of XA 0.35 d'i 

KAftH4 Ammonium substrate saturation for XA I I g N  m'l 

bA.m Aerobic endogenous respiration rate of XA 0.05 0. 1 5  d'i 

Ta ble 6.6 :  Values of Idnetic ea ra meters at d i fferen t  temeeratures 
Temperature 

)mbol Characterization 30°C 40°C 50° Units 

kH Hydrolysis rate constant 4.50 6.75 1 0. 1 3  g CODA:)' (g CODXHrl d'1 

Kx Hydrolysis saturation constant 1 .00 1 .00 1 .00 g CODA:)' (g CODXHrl 

ksro Storage rate constant 1 0.00 20.00 40.00 g CODss (g CODXHrld,1 

Ks aturation constant for substrate Ss 2.00 2.00 2.00 g CODSS m·3 

KSTO aturation constant for Xsro 1 .00 1 .00 1 .00 g COD.t,ro (g CODXHrl 

I-'H Heterotrophic max. growth rate of XH 4.00 8.00 1 6.00 d'i 

KNH4 aturation constant [or ammonium, SNHl 0.01  0 .01  0.0 1 g N  m'l 

bH.02 Aerobic endogenous respiration rate of XH 0.40 0.80 1 .60 d'i 

bSTO.OZ Aerobic respiration rate for XSTO 0.40 0.80 1 .60 d'i 

I-'A Autotrophic max. growth rate of XA 2.86 8. 1 6  23.32 d'i 

KA]'Hl Ammoni um substrate saturation for XA 1 .00 1 .00 1 .00 g N  m'] 

bA•01 Aerobic endogenous respiration rate of XA 0.45 1 .35  4.05 d'i 

To calculate the state variables around the aeration tank, steady state mass 

balances o f  a l l  state variables should be considered. The mass balance o f  state 

variables around t he aeration tank and secondary sett l ing tank can be written as 

fol lows (see F igure 6. 1 ) : 
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(6 . 1 5 ) 

Where X, i a ector that component are the tate variable [S S S S X v /, S, NHof, \'OX, /, A S. 
XII, Xsro. X4, Xss] .  rXI is the conversion rate of the component x, and can be calcu lated 

a hown previously (see Equat ions 6. 1 0  and 6. 1 1 ) . 

The 'RT is the most important variable in the system. By defmit ion, it is the 

rna of organisms in the reactor divided by the mass of organisms removed from the 

system each day ( M etcalf and Eddy, 1 99 1 ) .  Commonly the mass of organisms is 

appro. imated to the concentrat ion of the VSS.  A sl ight modificat ion is suggested on 

this common defmit ion that is to relate the sludge age to the concentrat ion of 

heterotrophic biomass instead of the VSS.  This is because there is no variable in the 

model to quanti fy  the VSS while there is one to quant ify the heterotrophic biomass 

(XH). Then the SRT is defined in the model as: 

RT = V XH3/[Q-. XHl + Q4. XH4J (6. 1 6) 

Other important variables are defined as fo l lows. The HR T is defmed as: 

(6 . 1 7) 

t he recycle ratio r as: 

(6. 1 8) 

and the wast i ng ratio as : 

(6 . 1 9) 

The total oxygen requirement is the sum of the oxygen requirement for the 

removal of organic matter plus the oxygen requirement assoc iated with nitrification. 

The oxygen requ irement for removal of organic matter can be calculated with the 

fo l lowing equation ( see Table 6.8 and Table 6.9 for defm it ion of parameters and 

variables) : 

(6.20) 
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Whi It: t he 0 g 11 requirement as oc iated with n itr ificat ion IS glVen through the 

fo l lowing equat ion: 

(6 .2 1 )  

For d iffused air systems, the process air requirement can be calculated from 

the fo l lowing d imensional expression (Grady et ai, 1 999) :  

(6 .22)  

where AFR is the air flow rate in m3/min, (ROH + ROA) is the total oxygen 

requirement in kg/h, and ne is the fie ld oxygen transfer efficiency expressed as the 

percent of the o xygen in  the air actually transferred to the l iquid. The value of ne 
depends on t he nature of the d iffuser and the depth at which the a ir is released. I t  

typically l ies in t he range o f  6 to  1 5% with 1 0% as  an  average value. 

I n  act ivated s ludge systems, for economic reasons, t he equipment used to 

transfer oxygen also provides the turbulence necessary to maintain so lids in 

suspension. This results in constraints on process design and operat ion. The upper 

feasib le b ioreactor volume ( in m3) can be related to a ir flow rate and the m in imum air 

input rate (AIR)  as fo l lows: 

v � I OOOAFR 

A IRL 
(6 .23)  

where A IRL value depends on the type o f  diffusers used. The value of 20 

m3 /(  min· I 000 m3) is generally appl ied. 

The lower feasible bioreactor vo lume can be given as: 

v � 1 000AFR 

A JRc 
(6.24) 

where for d iffused aerat ion systems A JRu can be approximated to 90 m3/(min · l OOO 

m\ For the types o f  oxygen transfer systems typical ly used today, the maximum 

vo lumetric o xygen transfer rate that can be ach ieved economically on a sustainable 

basis is around 0 . 1 0  kg 02/(m3 .h). This i mposes another constraint on the volume o f  
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t he bioreactoI . The 10 er l i 1l1 i t  o n  bioreactol  v o l u me b(U)ed on 0 ygen transfer can be 

expre sed a fo l low : 

J ' � (ROH + RO , )  

0. 1 0  [ kg 02 f(m] . h)] 
(6 .25) 

The abovement ioned de ign factors are the main design elements that affect 

the cost of an act ivated ludge system. There is other design details should be 

considered when designing a full  system. The purpose of this formulation is to find an 

optimal izing of the plant , so that only e lements contribute to cost and related to 

sizing are considered. 

The next and final unit operation in the system cons idered is the secondary 

edimentation tank: which wil l  be the subject of the subsequent section. 

6.3.3 Secondary Sed imentation 

I nfluent of the secondary sedimentation tank ( as shown in F igure 6. 1 )  is the effluent 

of the aerat ion tank ( stream 3 )  whi le its effluent is composed of two streams ( streams 

4 and 5) .  Stream 4 represents the c larified effluent while stream 5 is the thickened 

s ludge to be c ircu lated to the aerat ion tank after wasting a portion of it. As mentioned 

previously, the secondary sedimentation tank performs two functions, c lari ficat ion  

and thickening. C larification is modeled according to  Voutchkov ( 1 992) where the 

effluent suspended sol id concentration (XSS4) is g iven as fo l lows (see Chapter 4) :  

X (m  f L) 
= 6 .2 1 · In( MLSS · SVI )  

- 26.43 SS4 g 
0.67 . In( H )  - In( SR) 

(6.26) 

Where MLSS is equal to XSS3 (gIL), SVI is in ( rnL/g), H is the side water depth in the 

settl ing tank ( m), and SR is the surface overflow rate ( m/h) which is equal to Q,IAf 

According to Metcalf and Eddy (1 99 1 ), an SVI greater than 200 mlIg indicates poor 

sett l ing. For the s ide water depth, current practice favors a minimum side-water depth 

of 3 . 7  m and depths ranging up to 6. 1 m have been used. It should be noted, however, 

that in some cases tanks with relat ively shal low side-water depths have been used 

successfu lly. For the overflow rate, the typical range is 1 6  - 32 rn3fm2
.d ( Metcalf and 

Eddy, 1 99 1 ). 
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On the other hand, lhickening function is modeled according to the so lids flu 

theory as gi en by ho et a t .  ( 1 996).  Cho et al .  ( 1 996 suggested that the underflow 

s lid con entration can be calcu lated as fo l lows: ( J( A J I ". X.\'S5 (g / L )  = [ k w  (n", - 1 ) ] 1 ", 

n
:w_ l ds 

(6 .27) 

Where kw ( m/d) and nit are constants representing thickening properties of the waste 

acti ated sludge. They are analogous to the settling constants shown in Equat ion (6 .5)  

and the ranges shown there are appl icable here. Aj (surface area of fmal sett ler) and Q5 

are in m2 and m3/d, respect ive ly. 

The rat ios between individual sol ids component and the TSS are assumed to 

be unaffected by secondary sed imentat ion. In  other words, 

x = X  
XSSk 

)k )3 X S 3 
j= /, S, H, STD, A and k= .f, 5, 6, 7 (6 .28) 

The soluble components are also assumed to be unchanged through 

sed imentation and sludge separat ion. I n  other words, 

j = 1, S, NH4, NDX and k= 4, 5, 6, 7 (6 .29) 

The flow and mass balance relat ionships around the secondary c larifier are, 

Q�SS3 = Q.J[SS4 + QsXSS5 

(6 .30) 

(6 .3 1 )  

Stream 4 is the effluent from the system and several components are of 

concern. Total COD, TSS, and ammonia nitrogen are the most important pollutants 

monitored in the effluent of wastewater treatment p lants. Consequently, effluent 

constraints are appl ied on these components and they are d iscussed in more detai l  in  

the fo l lowing chapter. 

6.3.4 Cost Functions 

The total cost o f  the wastewater treatment system is the sum o f  the costs of a l l  unit 

processes plus t he costs associated with pumping flow between these units. As 

mentioned previously in Chapter 5, the cost functions uti l ized in this study are derived 

from the functions deve loped by Tang et al. ( 1 984) and the ones introduced by Tyteca 

( 1 985) .  Table 6 . 7  summarizes these cost funct ions. As an example, the cost of the 
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pc unar), e lar i fier i - the ul1unat ion of its apital 0 t operation cost , maintenance 
co t . and material and suppl costs.  

The total annual cost in 2003 do l lars is used to express the total system cost. 

ince the cap ita l cost is expressed as a lump sum, a design l i fe and a discount rate are 

to be assumed to amo rt ize the capita l costs. The Engineering News Record 

on truct ion cost inde o f  2003 can be used to update the capital costs and the costs 

for material and upp ly from the base year they developed in to the year of study. 

Annual operat ion and maintenance costs are calculated by multiplying the man-hour 

requ irement by the hourly wage rates. The cost for pumping is the product of the 

power requirement and the unit power cost. 

Table 6.7: Sum m a r� of cost funct ions ut i l ized in  the  stud� 
Process Unit Capital Operation Maintenance Material and Supply Power 

( 1 97 1 $) (manhours/yr) (manhours/yr) ( 1 97 1  $/yr) (k H hI' YI') 

Primllf) 824A 77 J 7. I Ao 6  9.23Ao.6 8 .62A 76 
Clari fiert 

Pri mary ludge 
987og53 257(l l  1 1 2Q.43 2 1 4Q'64 23. 85QIf IE; p 

Pumpingt 

Aeration TanJ<tt 46 W 7 1 

Di ffused 85330 66 1 87(2'048 74.4Q';5 
Aerationtt _ 0 

econdar) 
Clari fiert 

824A 77 1 7. 1 Ao 6  9.23A0 6  8 .62A 76 

Return & Waste 
ludge 987og53 257(2'4 1  1 1 2(2'43 2 1 4Q64 23.85QH I &p 

Pumpingi' 

A is the surface area in ml, Q is the flow in m3!hr, V i s  the vol ume in m), Qa is the air flow rate in  

m 3/m in H i s  th e pumping head in m eters, and &p i s  the pumping efficiency. 

t Tyteca ( 1 985). 

tt Tang et a l .  ( 1 984). 

As can be not iced from the above, several constants appear in the models 

chosen to represent a unit process or another. The reader is reminded that the values 

shown are just chosen for the purpose of i l lustration and should he/she use such 

models, these constants shou ld be determined for the specific situat ion under study. 

This is appl icable to all parameters shown above which are summarized in Tables 6 .3 ,  

6 .5  and 6 .8 .  These t hree tables show a l l  the parameters in the system. In  contrast, 

Table 6. 1 along with Table 6 .9  summarize the variables in the above descript ion. The 

fo l lowing sect ion presents the model in the form of an opt imizat ion problem, while 
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the next introduces an oplimiL.al iull a lgol ithm that is u ed to sol- ·e tl-Lis optimization 

problem. 

Table 6.8: u m m a ry of parameter in the model other than  ASM3 k i netic and 
stoich iomet ric parameters 

b 
c 
k 

II 
,(:w 
In\" 
SV I 
H 
ne 

CRF 
BCI 
CI 
OMW 
EC 
PH 
PE 

Constant in Chri toulas model Ii r primary clari fication 
Constant in Chri toulas model for primary clarification 
Sett l ing constant of primary sludge 

ett l ing constant of prima!) sludge 
'elUing constant of wasting sludge 
ett l ing con tant of wasting sludge 
ludge Volume Index of sludge 
ide water depth of final clarifier 

Efficiency depends on diffuser and depth at which air 
pumped 
Maximum air input rate 

M inimum air input rate 

Capital Recovery factor 

Base ( 1 97 1 )  Cost Index 

Cost Index for 2003 

Operating Maintenance Wages 
Electricity Cost 

Pumping Head 

Pumping Efficiency 

Value/range Units 

l . 7 1 -0.03 T 

683.6-2 1 . 1 3  T mgIL 
0.0035 dim 
65-460 mid 
1 -5 

65-460 mid 
1 -5 

<200 ml/g 
>3. 1 m 
6- 1 5% 

90 mJ/(min. I 000 
m3) 

20 mJ/(min. J OOO 
ml) 

0.0944 

1 58 1  $ 

658 1  $ 

8.3 $ per hour 

0.05 $ per kWh 

1 0.0 meters 

0.6 

Ta ble 6 .9 :  Sum mary of variables i n  the model other  than  state va riab les 
ymbol Characterization Units 

q 
rIp 
SRT 
HRT 
r 
r 

w 

SR 
AI 
ROH 

ROA 

A FR 

overflow rate of primary sett l ing tank 

surface area of the primary clarifier 

sludge retention t ime 

hydraul ic retention time 

volume of the aeration tank 

sludge recycle ratio 

wastage ratio 
overflow rate of final clarifier 

surface area of the final clarifier 
Oxygen Requirement for removal of 
organic matter 
Oxygen Requirement associated with 
nitri fication 

Air flow rate 

mid 

d 

d 

kgld 

kgld 
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6.4  Opti m iza t i o n  P ro b l e m  

I t  i we l l  known that an opt imizat ion problem i s  composed of objective funct ion, 

constraint , and bound on ariables. The fo l lowing is a mathematical formulat ion o f  

the opt imizat ion problem i n  thi study. 

bject i e funct ion:  

mmUTIlze rlOlal co I 

subject to 

( 1 )  Primary clarifier 

X - b  � = l - [a exp( -- - cq) ]  XSS 1 XSS1 

(2)  Act ivated Sludge 

Q2. X,2 - [Q4- X,4 + Q7. X, 7] + rXI V = 0 
XSTO. XA• Xss} 

(6 .32) 

(6 .33)  

(6 .34) 

(6 .35)  

(6 . 36) 

(6 .37)  

(6 .38) 

(6 .39) 

for x ,  E {SI. Ss, S, H4, SNOX, XL Xs. XH, 
( 6.40) 

(6 .4 1 )  

( 6.42) 

(6.43) 



( 3 ) 'ec ndary c lari fi r 

\T ( I L ) 
6.2 1 · In( ML 'S .  SVJ)  

• \ I  mg = - 26 43 
0.67 · In( H)  - In( R) . 

( J( A J "II. X'S5 ( g  I L )  = [ k" ( n" _ ] ) ] 1 n. � _1 
n,. I Q5 

Q 3'Y,,)S3 = Q"J( 4 + Q.Y(SS5 

(4 )  Design con traints 

v � 1 000A FR 

A IRL 

v � I OOOA FR 

AIR(I 

v � (ROH + ROA ) 

0. 1 0 [ kg 02 l(rn3 . h)]  

(5) Effluent quality constraints 

CODeffluent � S14 + SS4 + X/4 + XS4 + XH4 + XST04 + )(44 

TS effluent � XSS4 

(6.44)  

(6 .45)  

(6.46) 

(6 .47) 

(6.48) 

(6.49)  

(6 .50) 

(6 .5 1 )  

Heftluent � SNH4 + O.O l S/4 + 0.03Ss4 + 0.02X/4 + 0.04Xs4 + O.07(XH4 + XA4)  (6 .52)  

(6 )  Bounds ( pract ical  l imits ) 

X/o � X, � xup XI E a l l  variables X/o and xup are the lower and upper l im its 

respectively. 

6.5 O pt i m iza ti o n  U s i n g  G A M S  

99 

The system model  developed earlier is highly nonl inear; the object ive funct ion and 

the majority o f  the constraints are nonl inear. Most constraints are equat ions with more 

than one variable; except for the ones spec ifying effluent water quality and the 

bioreactor volume s izing l imits.  Moreover, the probJem is poorly sca led, usual Jy with 

overflow and underflow rates (expressed in the same units) from a separation unit 

(primary or secondary c larifier) d iffering in magnitude by several orders of ten. 
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G M'" ( ener I Ig braic ¥fod ling yst m) has be n ut i l ized by many 

reference a the ba e to introduce opt imizat ion problems. One example is Mays and 

Tung ( 1 992) who used AM for so lving opt imizat ion problems in the field of  

hydro ystems engineering and management . Plenty of other references can be noticed 

in literature. It is a high- level modeling system for mathemat ical prograrnm-ing 

problems. It consist of a language compi ler and a stable of integrated high­

performance so lvers. It is spec ifical ly designed for modeling l inear, nonlinear and 

mi ed integer optim izat ion problems. GAMS is tai lored for complex, large scale 

model ing appl icat ions and al lows one to build large maintainable mode ls that can be 

adapted quick ly to new situations. The user can change the formulation quickly and 

easi ly, change from one so lver to another, and can even convert from linear to 

nonl inear with l it t le troub le. 

A major advantage o f  GAMS is that it lets the user concentrate on modeling 

and forget purely technical machine problems such as address calculat ions, storage 

assignments, subrouti ne l inkage, and input-output and flow control .  Moreover, 

GAMS language is formal ly simi lar to commonly used programming languages. I n  

addit ion  t o  that GAMS i s  available for use o n  personal computers, workstations, 

mainframes and supercomputers. 

The way that GAMS deals  with a model is quit efficient. The model is 

formulated with GAMS language that is genera l ly easy for anyone with programming 

experience. Then a so lver suitable for the t ype of problem is cal led. A GAMS 

program is contained in a d isk file,  which is normal ly  constructed with a text editor. 

When GAMS is run, the file containing the program (the input fi le) is submitted to be 

processed using a suitable so lver. After this processing, the results, which are stored 

in an output file, can be i nspected with a text ed itor. For more details about the 

structure of the GAMS input and output fi les, the reader is encouraged to consult 

GAMS references l ike Brooke et a1. ( 1 998). 

I n  GAMS there is more than one solver avai lable for different types of 

problems. Obviously, the problem under consideration is  a nonlinear problem. 

Nonlinear models  must be solved with a nonl inear programming (NLP) algorithm. 

Current ly, there are three standard NLP algorithms avai lable for use with GAMS; 

CONOPT, MINOS and SNOPT. CONOPT is  avai lable in two versions, the o ld 
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PT and th n w ""'O OP 1 2. 0 OPT2 is the m st ad' anced one so it has 

been con idered as the base so lver although other solvers are tested too . 

OAM ICO OPT2 is we ll suited for models with very nonlinear constraints. I f  

one experience that M I NO has problems maintaining feasibi l ity during the 

opt im izat ion, he should try CONOPT2 . It has a fast method for fmding a fIrst feasible 

so lut ion that is part icu lar ly wel l  suited for models with few degrees of freedom. 

GAM ICO OPT i a O RO-based (General ized Reduced Grad ient ) algorithm 

pec ifical Jy  designed for large nonl inear programm ing problems expressed in the 

fo l lowing form: 

mm or max f(x) 

ubject to g(x) = b 

fo < x < up 

(6 .53)  

(6 .54) 

(6 .55)  

Where x i s  the vector o f  optimization variables, f o  and up are vectors of lower and 

upper bounds, some of which  may be minus or plus infmity, b is a vector of right hand 

sides, and f and g are different iable nonl inear funct ions that define the model. The 

solution process by G RG may terminate to a local opt imum, a feasible so lut ion, or to 

an infeasible so lut ion. 

Several factors affect ing the so lut ion process, this includes in it ial values, 

bounds, and scal ing of variables. More e laboration on these factors is given in the 

corning chapters since they are p laying an important role in finding a so lution for an 

opt imizat ion problem. Good init ial values are important for many reasons. I nit ial 

values that sat isfy or c losely sat isfy the constraints reduces the work invo lved in 

fmd ing a flISt feasible solut ion. I nit ial values that in addition are c lose to the opt imal 

ones a lso reduce the distance to the final point and therefore indirectly the 

computat ional effort .  The init ial values used by CON OPT are al l  coming from 

OAMS. The init ial values used by GAMS are by default the zero values projected on 

the bounds. For example, if  a variable is free or has a lower bound o f  zero, then its 

default in it ia l  value is zero . Unfortunately, zero is in many cases a poor in it ial value 

for a nonl inear var iable. An in it ial value of zero is espec ia l ly bad i f  the variable 

appears in a product term s ince the init ial derivat ive becomes zero, and it appears as i f  

the funct ion does not depend o n  the variable. Therefore, as many sensible in it ial 

values as possible shou ld be suppl ied. An easy possibi l ity is to init ial ize al l  variables 
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to 1 .  A better alternat i i to el ct rea onable valu for some variable that from th 

context are known to be important, and then use some of the equat ions of  the model to 

derive alues for other ariables. Mathemat ical programs might help in solving the 

equat ion and find ing values for all the variables. 

The second factor is the bounds on the variables. Bounds have two purposes in 

nonl inear models. ome bounds represent constraints on the real ity and pract icality 

that is being modeled, e.g. a variable must be posit ive. These bounds are cal led model 

bounds. Other bound he lp the algorithm by prevent ing it from mov ing away from an 

opt imal so lution. These bounds are cal led algorithmic bounds. Variables usual ly can 

not be left free and pract ical (model bounds) or algorithmic bounds shou ld be appl ied 

on aU variables. 

The th ird factor is scal ing of variables. It is known that nonlinear as wel l  as 

l inear programming algorithms use the derivat ives of the object ive function and the 

constraints to determine good search d irect ions, and they use funct ion values to 

determine if t he constraints are sat isfied or not .  The scal ing of the variables and 

constraints, i.e. the units of measurement used for the variables and constraints, 

determine t he relat ive s ize of the derivatives and of the function values and thereby 

also t he search path taken by the algorithm. I f  the variables are not properly scaled the 

algorithm might ignore smal ler values considering it as zero tolerances. Variables 

become wel l  sca led if they are measured in appropriate units. 

The above was only a brief descript ion of the basic princip les of GAMS and 

t he solver CONOPT. The reader may seek more information about opt imization 

procedure fol lowed by GAMS/CONOPT in GAMS references. The next chapter 

i l lustrates uti l iz ing GAMS in so lving the aforementioned optimizat ion model to find 

t he optimum size of an act ivated sludge system. 



CH APTER 7 

IL LUSTRATIVE PROBLEM 

This chapter is devoted to i l lustrate the use of the optimization model, introduced in 

the previou chapter. to obtain an optimal design of a typical complete mix act ivated 

s ludge system. Normal ly, the information avai lable at the beginning of the design 

process is the influent wastewater characterist ics as wel l  as the required effluent 

quality. From such characterist ics, stoichiometric and k inet ic parameters should be 

est imated. I n  add it ion capital cost and a possible operat ing cost might be also stated at 

the beginning where such informat ion usual ly l imits to some extents the design 

options. 

7 . 1 I nfl ue n t  C h a ra c t e ristics 

I nfl uent characterist ics comprised of two parts, speCles concentrations including 

organics, ammonia/ammonium, and suspended solids which are the subject of  

treatment and influent flow rate which i s  the quantity of  wastewater to  be treated that 

highly affects the sizes of the treatment units. 

I n  this appl ication the influent wastewater IS assumed to have the 

characterist ics of medium strength wastewater as g iven by Metcalf and Eddy ( 1 99 1 ) . 

The typ ical composition shown in Table 7. 1 is intended to serve as an example and 

not to indicate the wastewater characterist ics at any locat ion. For design purposes, 

wastewater composition should be determined through specified standard methods 

and tests. Then design should proceed based on the composit ion found. 

Wastewaters are normal ly characterized in terms of concentrations of  TSS, 

VSS, BOD5, Ammonia-N, and Total Kje ldahl N it rogen (TKN) (as shown in Table 

7 . 1 ) . Total COD is also common ly measured, but i ts frequency is usual ly less than 

that of the other characterist ics, although it is increasing. 

1 03 
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The comp it ion hOw11 in Tabl 7. 1 an be u d d irectly when considering 

simple de ign models l ike the one presented by Metcalf and Eddy ( 1 99 1 ) as the basis 

for de ign wh re BODs or D will be represent ing the concentration of the substrate 

(8) in the model ( Equations 3 .27  and 3 .28) .  I n  contrast, when considering extended 

and mor detai led models l ike the model of Grady et a1. ( 1 999), which is based on 

A M I ,  or any other model l ike ASM3 as the basis for design, the influent 

composition should be translated into the variables of the model considered. Henze et 

al .  ( 1 987) introduced in detail a procedure to characterize wastewater experimental ly 

and analyt ical ly in terms of ASM I model components. A similar procedure can be 

fo l lowed when characterizing a wastewater in tenns of ASM3 model components. On 

the other hand Grady et a1. ( 1 999) proposed a procedure to translate the influent 

composition as the one shown in Table 7 . 1 ut i l izing a few simpl ifying assumpt ions. 

The fo l lowing is an explanat ion of this procedure. 

Table 7. 1 :  Typica l composit ion of un treated medium domestic 
wastewater (Metcalf and Eddy, 1 99 1 )  
Contaminants Unit 
ol ids, Total (TS) mgfL 

Dissolved, total (TD ) mgfL 
Fixed mgfL 
Volat i le mgfL 

uspended olids (SS) mgfL 
Fixed mgfL 
Volati le mgfL 

BOD, 5-day, 20°C ( BODs) mgfL 
Total Organic  Carbon (TOC) mgfL 
Chemical Oxygen Demand (COD) mgfL 
Nitrogen (total as N) mgfL 

Organic  mgfL 
Free ammonia mgfL 
Nitrites mgfL 
Nitrates mgfL 

Concentration 
720 
500 
300 
200 
220 
55  
1 65 
220 
1 60 
500 
40 
1 5  
25 
o 
o 

As indicated in Chapter 3, ASM I  and ASM3 are based on COD rather than 

BOD. I n  both mode ls, the total COD in an influent wastewater is made up of four 

components :  ( 1 )  particulate biodegradable COD (Xs), (2) soluble biodegradable COD 

(Ss), ( 3 )  inert particulate COD (XI), and (4) inert soluble COD (Sf). I n  most act ivated 

sludge model ing, it is assumed that the concentration of biomass in the influent is  

negl igible compared to the amount fonned within the process. That assumption i s  

considered here too, primari ly because more research is needed regarding the impact 

of biomass in the influent ( Henze et aI . ,  2000). I f  no COD data are avai lable, the total 
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o of d m t i  wa t wat r fuj be approximat d as (M tcalf and ddy, 1 99 1  and 
Water En ironment Federat ion, 1 992) :  

COD,otal � (2 . 1 )  ( BODs) ( 7 . 1 )  

The biodegradable COD can be approximated as fol lows (Grady et aI . ,  1 999) 

( 7 .2 ) 

Then the inert COD IS the difference between the total COD and the 

biodegradable COD: 

CODmen = CODtotal - CODblOdcg (7 . 3 )  

This inert COD must be part itioned into soluble S1 and particulate J0 forms .  

Experience suggests that 3 5  to  40 percent of the part iculate organic matter in  domest ic 

wastewater is non-biodegradable ( Henze et al . ,  2000). Part iculate organic matter is 

represented by the V S .  If one assumes that the composition of  the inert particulate 

organic matter is l ike that of protein, which has a COD equivalent of 1 . 5 g COD/g 

protein, and that protein is totally vo Lat i le in a VSS test, then: 

X1 � (0.375)( 1 . 50)(VSS) = 0.56(VSS) ( 7 .4) 

The soluble inert COD can be calculated by d ifference: 

(7 .5 )  

Part it ioning o f the biodegradable COD into s lowly and read ily (part icu late and 

soluble) biodegradable fract ions requires some knowledge of the nature of the 

wastewater. Addit ional informat ion suggests that 43% of the biodegradable COD is 

read ily biodegradable (Grady et ai . ,  1 999). Consequent ly, 

Ss = (0.43)( CODb,odeg) ( 7 .6) 

And 

Xs = CODbiodeg -
Ss ( 7.7)  

For nitrogen components, the descript ion in ASM I i s  much di fferent than that 

ill ASM3 . The reader shou ld refer to Chapter 3 to learn about such differences. 

However, ASM3 description is the recent and the c laimed more accurate one. I n  

ASM3, the nitrogen components are o f  three types: ammonium p lus ammonia 

nitrogen (SNH4), dinitrogen (SN2) , and n itrate p lus nitrite nitrogen (SNOX) . The 
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d initr gen ntairled in th influ nt an be negl ct d ( I I nz t aL ,  2000). Al 0, ill st 
dome tic wastewater contain no nitrate nitrogen in the influent (Grady et aL 1 999). 
H nce SV2 and .. \'0.1 are et to zero in the in.fluent. I n  contrast, because ASM3 assumed 
that organic compounds ( I Ss, XI, Xs) contain a fixed fraction of organic nitrogen, the 
in fluent SMf.I cannot be ob erv d d irect ly from analyt ical measurements but should be 

computed from wastewater composition: Kje ldahl nitrogen - organic nitrogen, i .e. 

( Henze et a1. 2000) :  

( 7 . 8 )  

Where i v i the nitrogen content of I which is  the concentration of SI, Ss, )G, and As. 
IN alues are g iven in Table 6 .3 .  

This procedure i s  an  approximate procedure and there i s  a high degree of  

uncertainty associated with i t .  Rather, in practical s ituations i t  is recommended to  use 

an experimental procedure as explained in Henze et al .  (2000) which would produce 

more accurate measures of ASM I  or ASM3 components. 

Using the abovement ioned procedure the typical composit ion shown in Table 

7. 1 can be translated to the form of ASM3 components which is considered here as 

the base for the opt imizat ion model .  Table 7 .2  shows the data of Table 7 . 1 translated 

into ASM3 components. I t  is obvious that alkal in ity is ignored here because its 

k inet ics are ignored in the model as d iscussed in Chapter 6. The effect of alkalinity on 

the dynamics of  the process is minor as can be noticed from the stoichiometric 

parameters associated with alkal inity shown in Henze et al. (2000). Moreover, the 

composit ion shown in Table 7 .2  is for the ful l  ASM3 model while the optimizat ion 

model is based on an ASM3 reduced model as discussed in Chapter 6. 

However, a simpler procedure can be fol lowed and has been uti l ized by some 

other researchers. Rousseau et a1. (200 1 )  have ut i l ized, as they c laimed, a pract ical 

fractionation of COD and TKN to the specific components of AS M I .  These fractions 

are indicated in Table 7 . 3 .  They have ment ioned that a common practice dictates that 

heterotrophic and autotrophic biomass and DO in the influent are set to zero. It is 

obvious that this translation is consistent with the model ASM l ;  however, it agrees 

noticeably with the method i l lustrated above. Fractioning of  total COD in the two 

procedures is very simi lar where Xs forrns the largest fract ion fo l lowed by Ss, XI, and 



1 07 

, I re pe ti I .  I n  ntrast d ript i n o f  TKN itl ASM I is differ nt than () �,,13 
where in M3 nitrogen is de cribed only in two variables S V11.f and S vox. 

Table 7.2 : Typical compo ition of medium wa tewater as trans lated to A M3 form 

Compounds 
Dis olved compounds 
)02 Dissolved oxygen 
S, oluble inert organics 
Ss Readily biodegradable sub trates 
S"H4 Ammonium 
Sv! Dinitrogen. released by denitri fication 

\'0.1' Nitrite plus ni trate 
Particulate compounds 
.\', Inert particulate organics 
\�, lowly biodegradable substrate!' 
XH l leterotrophic biomass 
.\'sro Organics stored by heterotrophs 
X4 Autotrophic. ni.tritying biomass 
X:5S Total suspended 

oncen-
traUon Units 

0 g O2 m·J 
32 g COD m-J 
162 g COD m-J 
25 g N  m-J 
0 g N  m-J 
0 g N  m-J 

92 g COD m-J 
2 1 4  g COD m-J 

0 g COD m-J 
0 g COD m-J 
0 g COD m-J 

230 g SS m-J 

Table 7 .3 :  Fract ionation of COD and TKN to the specific com ponents 
of AS M J (Roussea u et aI . ,  200 1) 

S, Inert soluble organic matter, mgIL as COD 8 

Ss Readily biodegradable substrate, mgIL as COD 2 1  

X, Inert particulate organic matter, mgIL as COD 1 4  

Xs lowly biodegradable substrate, mgIL as COD 57 

S"'H Ammonia nitrogen, mgIL as N 64 

SND Soluble biodegradable organic nitrogen. mgfL as N 1 6  

X ND Particulate biodegradable organic nitrogen, mgIL as N 20 

Beside the above discussed influent characterist ics, the influent flow rate is the 

other characterist ic that needs to be defined. According to Metcalf and Eddy ( 1 99 1 )  

the average flowrate occurring over a 24-hour period based on total annual flowrate 

data is the flowrate used in evaluating treatment p lant capacity and in developing 

fiowrate ratios used in design. Such flowrate varies from one p lace to another 

according to the size of  the area the treatment plant is going to serve. There exist 

treatment p lants treat ing a flowrate of 1 00 m3/d and there are others treating 500,000 

m3/d. Details of dealing with wastewater flowrates can be found in Metcalf and Eddy 

( 1 99 1 ). As an average flowrate, the fiowrate considered in this appl icat ion is 36,000 

m3/d ( 1 500 m3(h) .  Table 7 .4  summarizes the influent characterist ics considered in this 

i l lustrative problem. 

Before proceeding to the design process, one more step is to be considered. That 

IS the characterizat ion of the wastewater in terms of stoichiometric and k inetic 

parameters as wel l  as the defmit ion  of effluent characterist ics required, 
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I n  order for a model to have uti l ity in the design and operation of  wastewater 

treatment systems, its parameters values which are wastewater specific must be 

evaluated. I n  the case of  AS M3 model, this is not an easy job since the model contains 

original ly 2 1  k inet ic parameters and 1 5  stoichiometric parameters. Even when the 

reduced order model (developed in Chapter 6) is considered the number of k inet ic 

parameters is 1 2  and stoichiometric parameters are 1 5 . I n  contrast, the number of 

parameters for simple mode ls l ike the one presented in  Metcalf and Eddy ( 1 99 1 )  is 

much less which makes the job easier. Only five parameters appear in the simple 

model discussed in Chapter 3 ( see Table 3 . 1 ) . 

Genera l ly, parameters must be evaluated experimentally during treatabi l ity  

studies. Henze e t  a 1 .  (2000) introduced a detai led experimental and analyt ical 

procedure to estimate the parameters values of ASM I model which are appl icable to 

ASM3 k inet ic and stoichiometric parameters. However, values of some k inetic and 

stoichiometric parameters may be obtained from l iterature or from experience with the 

wastewater to be treated. In addition some other parameters show l it t le variat ion from 

one wastewater to another and can be considered constant . These parameters appear to 

be about the same for a l l  systems, and fixed values can be assumed. They are l isted in  

Table 7 .5  along with their values which are considered satisfactory for most purposes 

( Henze et aI . ,  1 987 and Grady et aI. , 1 999). 

Kinet ic and stoichiometric parameters are affected by a number of 

environmental factors. Three are of more importance and deserve mentioning. These 
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ar pcc i fi factor ( l ikc inh ibitors) in th wast wat r, pH, and temperature. Typical 

alues are u ual ly given at neutral pH and 20°C. However, such can be adjusted to 

other t mperatures u ing di fferent approaches, among which is the one proposed by 

Henze et al. ( 2000) and discussed before in Chapter 6. 

Table 7 .5 :  Para meter wh ich may be assumed 
ymbol Characterization 

1,v.BM 

erobic endogenou respiration rate ofXA 

Yield of autotrophic biomass per NO,N 
Product ion of '\1 in endog. Respiration 

N content of X, 

N content of biomass, XH, '\A 

Value Units 

0. 1 5  d" 

0.24 g CODXA (g NSNOX)" 
0.20 g CODXl (g CODXBMr' 

0.02 g N (g COD»), ' 

0.07 g N (g CODXB.\.f)" 

For the purpose of i l lustration, the typical values of k inet ic and stoichiometric 

parameters g iven at neutral pH and 20°C and shown in Table 6 .3 and Table 6.5 are 

considered in this study. H owever, the performance of the model is tested at various 

temperatures. 

7.3 O t h e r  P a ra m eters 

Other than the stoichiometric and k inet ic parameters, other parameters related to 

primary sed imentat ion model, secondary sedimentat ion model, and cost calculations 

appear in the proposed modeL 

Values of primary sett l ing constants a and b appearmg in the c larificat ion 

model of primary c larifier are found to be related to temperature. Their values found 

at 20°C as 1 . 1 1 and 26 1  mg/L, respect ively. I n  contrast, c value is g iven a constant 

value in the original model equal to 0.0035 dim (Christoulas et al . ,  1 998). 

For thickening of  primary and secondary sludge, the model of Cho et aL 

( 1 996) is ut i l ized. Two sett l ing constants characterize this model. For primary sludge, 

k and n are assumed to be 400 mJd and 2 .3 ,  respect ively. While for secondary sludge, 

kw and nw are assumed 385 mJd and 1 . 8, respect ively. Such values have been chosen 

according to recommendations in l iterature (Cho et aL, 1 996 and Tang et aL, 1 984). 

For the c larificat ion funct ion of secondary sett ler, the model of Voutchkov 

( 1 992) is ut i l ized. In this model, S VI and H need to be assumed. SVI is assumed to be 

1 50 mL/g whi le H is assumed the minimum value of 3 .7  m as recommended by 

Metcalf and Eddy ( 1 99 1 ). 
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I t  'h uid be noted that the above sett l ing onstants p lay a cruc ial ro l l D  
contro l l ing the performance o f  the model as  they determine the remo al effic ienc of  

u pended so l id . Much care should be considered when determining such constants 

ia e 'ten Ive measurements. orne of the parameters are determined from data 

col lect ion and regression analysis l ike primary sett l ing constants. I n  contrast, SVI 
should be determined through a standard spec i fied experiment. 

I n  calcu lat ing the air flow rate, the typical value of field oxygen transfer 

efficiency ( 1 0%) is considered in this i l lustrat ion. 

Final ly, the parameters associated with total cost calculat ions are to be 

assumed. Such values have a special in1portance and can be determined from 

economic studies. The first parameter is the capital recovery factor. Assuming a 

twenty year design l ife and a 7% d iscount rate, using the interest and annuity tables 

for discrete compounding (Degarmo et al . ,  1 997), the capital recovery factor equals 

0.0944 . Since the cost funct ions are developed in the year 1 97 1 ,  they need to be 

updated to the year of  the study. Using Engineering News Record construct ion cost 

index. the cost of 1 97 1  ( index = 1 58 1 )  is updated to the cost of 2003 ( index = 658 1 )  

as fo l lows: 

Cost (2003) = Cost ( 1 97 1 ) 
Index(2003) 

Index (1 97 1 )  
(7 .9) 

Operation and maintenance wages and e lectric ity costs are to be defined 

according to local costs. I n  this study they are assumed to be 8.3 and 0.05 dol lars, 

respectively. Final ly,  the pumping head and the pumping efficiency are needed to 

calculate the power cost of pumping. They are assumed to be 1 0 m and 60%, 

respect ively. Table 7 .6  summarizes the values of al l  parameters mentioned above. 

7 .4  E ffl u e n t  C h a racteristics 

Three main species are of interest in the effluent. They are organic content, TSS, and 

ammonia/ammonium nitrogen. Effluent characteristics are to be set according to local 

regulat ions. I n  this study, the effluent characterist ics are assumed as recommended in 

the l iterature as explained below. 

The organic content of effluent from biological treatment processes is usual ly 

composed of so luble biodegradable organics, suspended organic material ,  and non-
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bi degradable organi ( luble ) .  ccord ing to M tcalf  and Eddy ( 1 99 1 ) iIl a w 11-

operat ing activated ludge plant that is treating domestic wastewater, the so luble 
carbonaccou BODs in the effluent wi l l  usual ly ary from 2 to 1 0  mgfL. Suspended 
organic material wi l l  range from 5 to 1 5  mg/L and non-biodegradable organics wi l l  
range from 2 to 5 mgIL. This yields a total organic content range from 9 to 3 0  mgfL as 
B Ds . Accord ing to the same reference the BODs/COD ratio for typical untreated 

dome t ic wastewater varies from 0.4 to 0.8 .  As a consequence, the effluent total 

organic content as OD ( CODto! = S, + Ss + Xl + Xs + XH + XA + Xsro) is assumed to 

be l imited by 50 mgIL in this i l lustrat ion. However, recal l ing that the inert soluble 

organics ( I) in  the influent equals 32 mg/L (Table 7 .4), these organics are expected to 

escape a l l  treatment units and appear in the effluent without change. Thus the 

remaining so luble biodegradable and part iculate biodegradable organics should form 

on ly 1 8  mgfL in the effluent . Since the effluent TSS is constrained and since the 

part iculate COD is part of this TSS, there is no need to constrain the part iculate COD. 

Thus a constraint is only required on the soluble part of COD which is formed of inert 

soluble organics (SI) and readi ly biodegradable substrate (Ss). Moreover, it is obvious 

that SI is high enough so that efforts must be spent in reducing Ss as much as possible. 

Hence Ss is on ly constrained and is set to be less than or equal 2 mgfL. 

Table 7.6:  SummarI of ea rameter values u t i l ized i n  the oet im ization model 
ymbol Characterization Value Units 

A Constant in Christoulas model for primary clari fication l . l l 

b Constant in Christoulas model for primary clarification 26 J mgIL 

C Constant in Christoulas model for primary clari fication 0.0035 dim 

k ettl ing constant of primary sl udge 400 mid 

n Sett l ing constant of primary sludge 2.3 

A'-w Sett l ing constant of wasting sludge 385 mid 

nw ettl ing constant of wasting sludge 1 . 8 

SVI l udge Volume Index of s ludge 1 50 mUg 

H ide water depth of final clari fier 3 .7  m 

ne Efficiency depends on d iffuser and depth at which air 1 0% 
pumped 

A1Ru Maximum air input rate 90 m3/(min. 1 000 m3) 

AIRL M inimum air input rate 20 m3/(min. 1 000 m3) 

CRF Capital Recovery factor 0.0944 

BCI Base ( 1 97 1 )  Cost Index 1 58 1  $ 
Cf Cost Index for 2003 658 1 $ 
OMW Operating Maintenance Wages 8.3 $ per h 

EC E lectricity Cost 0.05 $ per kWh 

PH Pumping Head 1 0.0 m 

PE Pumping Efficienc) 0.6 
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The econd characterist ic of interest is t he TS. . ccordLng to th 

aforement ioned reference. the act ivated sludge process can achieve as low as 1 0  mg/L 

of T in the e ffluent. Hence, the T in the effluent is constrained to be less than or 

equal 1 0  mg/L 

Regard ing the ammonia/ammonium nitrogen, the system is assumed to achi­

eve comp lete nitrification.  This means metabo lizing a l l  the quant ity of ammonia/am­

monium nitrogen. From the influent characterist ics, the ammonia/ammonium nitrogen 

in the in fluent is not high and hence there is no concern of having a high level of 

nitrate in the effluent. This is one of the reasons that usual ly encourage the designer to 

di regard denitrification in the system. Complete nitrification means very low 

concentrat ion of ammonia/ammonium nitrogen in the effluent. I n  this i l lustration, 

S.VH4 is set to be less than 1 .0 mg/L in the effluent . 

7 . S  B o u n d s  o n  Va ria bles 

As mentioned in Chapter 3, pract ical l imit s on design variables are recommended for 

more than one reason. They are also somet imes necessary to drive the so lution  

process to  terminate a t  a pract ica l  feasible po int . 

I t  is recommended according to Metcalf and Eddy ( 1 99 1 )  to set the overflow 

rate of primary c lari fier low enough to ensure sat isfactory performance at peak: rates 

of  flow. Typ ical design values for primary c larifiers show that the overflow rate could 

range between 30  - 1 20 m3/m2.d (800 and 3000 gallft2 .d) .  Simi larly, the d iameter 

typ ical range of c ircular primary c larifiers is 1 2  - 46 m (40 - 1 50 ft.) which yields a 

typical range of surface area equals ( 1 1 5  - 1 600 m2) (see also Droste, 1 997). Only the 

lower l imit on area is considered, the upper is not considered. I f  the area obtained is 

above the pract ical upper l imit, the user may consider using more than one reactor 

according to the area found. 

In the act ivated s ludge process, contro l led variables include SR T, HRT, and r. 
The SR T typ ica l ly ranges between 1 and 1 5  days for complete mix act ivated s ludge 

systems. However, when nitrification is considered the typical SR T may reach 20 

days. In contrast, the HRT might range between 3 and 1 5  hours (0. 1 25 and 0.625 d) 

for complete mix activated sludge systems considering nitrification. For the recycle 
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rat io, the range i berween 0.25 and 1 .0 [or complete m i x  act ivated ludge y t ms. 
For single tage nitrificat ion the rec cle ratio might reach 1 . 5 .  

I t  has been mentioned previous ly that MLSS might range between 500 and 

6500 mglL. Value above 6500 mg/L are not recommended because this wil l  increase 

the co t of secondary sed imentat ion. This l imit is not applicable here since the cost of 

econdary edimentation is implemented in the model and the so lved value for MLSS 

considers that cost .  However, the lower l imit is sti l l  considered s ince values below 

500 mg/L are not pract ical and cannot be accepted in an operating activated sludge 

system. 

Regard ing the econdary c larifier, the typical design information g iven by 

Metcalf and Eddy ( 1 99 1 )  suggests that the overflow rate (SR) could range between 1 6  

- 32  m m3/m2 .d (400 - 800 gallft2 .d). The lower l imit is very important because it 

l imits the remo al effic iency that can be achieved practical ly.  Otherwise the system 

wi l l  assume impract ical perfect c larificat ion. The l imit of area of primary c larifier is 

a lso applicabJe for secondary c larifier. 

The aforement ioned J imits on q, SR T, HRT, r, MLSS, and SR are considered in  

the model .  However, the appl icabi l ity of these bounds and their effect on the so lut ion 

wi l l  be further invest igated. New bounds are proposed in this applicat ion and they are 

thereafter considered in the rest of the analysis. As a rule of thumb, if the [mal optimal 

solution suggests some variables at the ir imposed bounds, then the roles of these 

bounds should be examined in details . Table 7 .7  summarizes a l l  bounds appl ied in the 

model .  

7 . 6  O p t i m iza ti o n  P roced u re 

To opt imize a problem using GAMS, a fi le contains the parameters, variables, and 

equations forming the model should be bui lt using the GAMS programming language. 

Such a fi le has been prepared for the problem under consideration based on the 

formulation given ear l ier (Chapter 6). The user is asked to provide four types of  

informat ion as  an  input to  the model :  the influent wastewater characterist ics, the 

model parameters including kinetic and stoichiometric parameters and effluent 

characterist ics, the imposed bounds on variables, and the initial solution that is 

required to start the opt imizat ion. 
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LO\� er bound Upper bound 

0\ erno\\ rate or pri mary settl i ng tank mid 30 1 20 
.Jp urface area of Lhe primaI) clari fier , 1 1 5 m-

SRT sl udge retention t ime d 20 
HRT hydra u l i c  n.:tent ion t ime d 0. 1 25 0.625 
r s ludge recycle ratio 0.25 1 . 5 
XSSJ ML g/ml 500 
SR o\ crno\\ rate of final elari fier mid 1 6  32 

Li t ing of the prepared GAMS fi le is glven ill Appendix A. Parameters, 

variables bounds, and in itial values are shown in the list ing c learly along with their 

unit . The model contains 29 variables, 25 equat ions ( four degrees of freedom), and 

ix inequalit ies constraints. The cost equation is broken down into individual 

equations for simplicity which add another 22 variables and equat ions. 

As mentioned in the previous chapter, several factors affect the solut ion process 

and much care should be considered at the beginning before a solut ion is started. 

Scal ing of variables can be noticed obviously in the formulat ion. Some variables are 

exaggerated and others are compressed to overcome large d ifference in values. For 

example, vo lume of bioreactor is expected to be of thousands of cubic meters whi le 

the wastage ratio w is expected to be a fraction of thousand which means a d i fference 

might reach 1 07. As a consequence, the vo lume is expressed as 1 000 m3 whi le w is  

expressed as 1 00 w which reduces the difference to tens only. 

In terms of bounds, as can be noticed form the list ing, a l l  variables are bounded. 

This is essent ial to obtain a so lut ion. However, it is recommended as much as possible 

to widen the upper and lower l imits except when a practical l imit exists. Hence, 

variables that have pract ical upper and lower bounds, as d iscussed in sect ion 7.5 are 

assigned such bounds. Other variables are arbitrari ly bounded between 1 0-6 and 1 06 . 

I nit ial values are the most crit ical preparation step before processing the 

problem. The best option is to use mathemat ical software for generat ing system 

designs that can be used as starting solut ions in optim izat ion. As ment ioned, the 

problem has four degrees of freedom. This requires defming four decision variables to 

make the so lving process possible . One might choose q, r, SRT, and HR T as decision 

variables, pick a value for them so lve the model to find other variables, and then use 

all as an init ial po int to initial ize the optimization. This will assure obtaining a feasible 

opt imal po int . Since the model is highly nonl inear model mult iple local opt ima are 
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t: pected to be pr ent . noth r init ial po int might converge to another local optimal .  
A a con eguence everal initial po ints might be needed ( see the next section). 
E amples a r mathemat ical o ftware that can be used inc lude MatLab. Maple. 

Mathemat ica, TK so lver . . .  etc. 

The author has used Microsoft Excel with the aid of a so lver function to obtain 

a so lution for the stem of equations and start the optimization with that solution. 

The 'o lut ion obtained is not necessari ly a feasible so lution since it did not consider 

the imple bound on variable . The idea was just to fmd a feasible or close to feasible 

values for all the variables. The Excel fi le was designed to work in the fo l lowing 

procedur (refer to GAMS l ist ing for variables definit ions ) :  

( 1 )  Fir t ,  primary c larifier is designed ( i .e . ,  variables X l ,  Q2, Q8,  XSS8, and Ap 

are defmed) for a g iven q. This port ion o f  the fi le gives an exact design of the 

primary c larifier for a given va lue of q. 

(2 )  The second port ion of the fi le uses the Solver function in Excel to find values 

for all state variables in stream 3 (which are the same in the aerat ion tank) for 

a g iven value o f  S RT and H RT and depending on the design of  primary 

c larifier given in ( 1 ). 

( 3 )  The third port ion is to design the secondary c larifier, g Iven r and the 

informat ion gained in ( 1 )  and (2),  using the so lver function also w, X2, X3, 

and Af are calcu lated. 

(4) Other variables are calcu lated based on the information gained in ( 1 ), (2) ,  and 

(3 ) .  

Based on the above, there is no  need to  mention a l l  the variables when 

point ing so lut ions either initial or final. Only decision variables g, S RT, H RT, r and 

design variables Ap, V, AFR, M LSS, Af, SR, w, total cost, and effluent characterist ics 

are going to be l isted. The reader is expected to calculate other variables easi ly. 

Another opt ion is to choose arbitrary init ial values (c lose to what is expected). 

I f  the so lution is infeasible or nonoptimal, another so lution can be in it iated from the 

previous one but with applying slight mod ification on the variables considering their 

predictable values. The procedure can be repeated unt il an optimal po int is found. 

This procedure is t ime consuming and no guarantee that a feasible solut ion can be 

achieved. 
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Providing the four typ s of informat ion ment ioned above: the influent 
characteri t ics, m del parameter , bound , and initial so lut ion we are ready to start the 
o lut i n proce s to obtain an optima l design of this i l lustrative problem. 

7.7 Res u l t  a n d D isc uss ion 

oluti n of  the i l lustrative problem, performance and qual ity of such so lution are 
di cu ed in this ection. First an initial run is executed to explore the solution. The 
result of  thi run are di cu ed in detai l . Such results lead to some modificat ions in 

t he initial run. final run to obtain the most reasonable opt imal design is then 

presented. It is recommended to read th is section in part icular concurrently wit h 

Chapter 6 "Mode l Deve lopment ' . 

7.7. 1 I n it ia l  R u n  

Using Microsoft Excel and considering the dec ision variables as q, SRT, HRT, and r 
with values 3 0  mid, 1 0  d, 0.2 d, and 0.4, respectively, other state variables were 

calculated by so lving the nonlinear system of constraint equations. The values 

obtained were ut i l ized as an init ial solut ion. A sample GAMS output for this run is 

g iven in Appendix B .  The reader is referred to GAMS User's Guide for interpretat ion 

of the output file terms and sect ions. Table 7.8 shows the fmal so lut ion obtained along 

with the used init ia l  so lution. The fmal so lut ion is depicted in a representative way in 

F igure 7. 1 .  

Table 7.8: I n it ia l  and fina l  sol ut ion for the  in it ia l  run 

ymbol Characterization Units Init ial solution olution 

q overflow rate of primary sett l ing tank m/d 30 1 20 

urface area of the primary clarifier 
? 

1 1 99.5 299.8 Ap m-

SRT sludge retention t ime d 1 0  3 .479 

HRT bydraul ic retention t ime h 4.8 3 

r Volume of the aeration tank m ) 7 1 97 4497 

AFR Air flow rate in aerat ion tank m)/mi n  293.6 264.5 

XSS3 M i xed l iquor suspended sol ids glm) as S 5844 4628 

r sludge recycle rat io 0.4 0.25 

IV I 00* wastage ratio (Q7/Q2) 0.559 0.696 

SR overflow rate of final clari fier m/d 1 4 .58 1 8.90 

..If urface area of the final clarifier m2 2454 1 890 

SS3 E ffl uent readi ly biodegradable substrates glm) as COD 0.288 0.568 

SNH3 E ffl uent Ammonium/ammonia nitrogen glm) as N 0.333 0.778 

XSS4 Effl uent suspended solids glmJ as S 4. 1 5  1 0  

Cost total system cost $/year 780258 598 1 38 
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Figure 7. 1 :  J Il ustrat ive problem fina l  solution a fter the initial run 
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• he alg rithm needed 24 iterat ion to reach t he opt ima l o lution using 
C OPT2 . The comput ing t ime i negligible on a computer with Pent ium 4 at 1 . 8 
GHz peed, umber of iterations and comput ing t ime general ly depends on the 

tart ing o lut ion. the model settings in hand, and the algorithm used. 

I t  ha been shown in previous studies (e .g . ,  Tang et ai. , 1 984) that the fInal 

o lut ion depend on starting so lution, bounds and algoritlun used . However, idea l ly, 

the opt imal so lut ion should not depend heavi ly on bounds specified for the variables 

(which are not l imit ing the so lut ion) or on the algoritlun used . I f  such happens then it 

is attributed to olut ion algorithm weakness. This has been exp lored as fo l lows. 

Two optimizat ion runs starting from the same so lut ion (starting po int No . 1 in  

Table 7 .9)  were made with sl ightly d ifferent bounds on the decision variables. Of 

cour e none of  the variables for which the bounds were mod ified is at i ts bound in the 

original [mal  so lution. The first run was made using the default bound set summarized 

in Table 7 .7 .  I n  the second run, the lower and upper bounds of SR T were changed 

from the default values of  1 and 20 to 0 .5 and 40, respect ively, and the lower and 

upper bounds of  SR were changed from the default values of 1 6  and 32 to 5 and 80, 

respectively. These values have no physical or practical meaning and were used only 

for this experiment . I t  has been noticed that the bounds did not affect the [mal  so lution 

and the same design and cost shown in Table 7.9 were obtained. However. the bounds 

affect the so lution process where it needs a d ifferent number of iterat ions to reach the 

optimal so lut ion. The effect of bounds on number of iterat ions is i l lustrated in Table 

7 . 1 0 .  

Concerning the so lut ion algorithm, i t  has been ment ioned that there are three 

standard NLP a lgorithms avai lable for the use with GAMS, CONOPT, MINOS and 

SNOPT. I n  the above analysis CONOPT2 is ut i l ized. MINOS and SNOPT are tested 

hereafter. 

Three so lut ions were tested using M INOS so lver for the three mentioned 

starting so lut ions (Table 7 .9) .  The three solut ions converged to the same po int shown 

in Table 7 .9 with negl igible difference in object ive funct ion value .  The same reached 

when SNOPT so lver was uti l ized. I n  terms of  number of iterat ions, the so lver type 

affects highly the so lut ion process. This effect is i l lustrated in Table 7 . 1 0. 
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Thi pr ob- iOllsJy thc tr l1gth of G ","M so l ers where neither the 

nonl imiting bound nor the algorithm have affected the fInal so lut ion. I n  contrast. the 

effect of tarr ing o lution on [mal so lut ion is expected. Thus it is explored in the 

coming ect ion. 

7.7.2 Effect of Sta rting Point 

I t  has b en ment ioned that the mode l is  highly nonlinear and multiple local optima are 

expected to be present. To examine this issue, different starting solut ions were used 

and found using the same approach uti l ized in the init ial run. Namely Microsoft Excel 

wa u ed to soIv the system equations after spec ifying the four decision variables (q, 

SR T, HR T, and r). Three starting po ints other than the one shown in Table 7.8 were 

tested. Table 7 .9 summarizes the results o f  the three runs numbered as 2, 3 ,  and 4 as 

the init ial so lution shown in Table 7 .8  is considered as number 1 .  Table 7.9 shows that 

widely different initial so lut ions converged to essential ly the same so lution. Although 

the starting so lutions were totally different, the [mal so lut ion was the same for the 

three in terms of decision variables, design variables, effluent characteristics, and total 

cost. A situat ion l ike this indicates c learly a robust so lution process and the flatness o f  

the object ive funct ion. This i s  compat ible with other researchers work. Tang e t  al .  

( 1 984) conc luded the same when they optimized the l iquid subsystem which is  

ident ical to the system considered in this study. 

However, this completely does not mean that the starting so lut ion does not 

affect the solution. I n  fact the start ing so lut ion affected the so lution process but not 

the [mal so lut ion. E ffect of starting so lution on so lution process is obvious when 

number o f  iterat ions and comput ing time are compared. In terms o f  number o f  

iterat ions, i t  d iffers with different starting so lutions. Table 7. 1 0  shows the number of 

iterat ions for the different starting so lut ions presented in Table 7.9 .  It  is obvious from 

the table that as the init ial value of q is c loser to the final value, the number of 

iterat ions is less which means less effort to reach the [mal so lution. 

In summary, theoret ical ly starting so lut ion always affects the quality of final 

so lut ion and the so lut ion process when OR02 is  used. However, in this part icular 

example the effect on [mal so lution does not exist although it is obvious on the 

so lut ion process. This indicates that the so lution obtained in the initial run 
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( ummariz d in Table 7 .8 )  seems to  be a robust global opt imal so lut ion. This o lution 
con idered the basis for the fo llowing anal,  sis 

Table 7 .9 :  

2 3 4 
q. o � erno\\ rate of primary settling tank ( mid) initial 60 90 1 20 

final 1 20 1 20 1 20 
. Ip. urfacc area of the primary clarifier (012) i n itial 599.7 399.7 299.8 

linal 299.8 299.8 299.8 
RT. sludge retention time (d) i n itial 7 2 20 

final 3 .479 3 .479 3 .479 
HRT. hydraul ic retention time (h) in itial 3 .6  3 9.6 

final 3 3 3 
V. Volume of the aeration tank ( m3) i n itial 5397 4497 1 4390 

tinal 4497 4497 4497 
AFR, Air flow rate in aeration tank ( m3/min) in it ial 285.3 23 8.6 326.0 

final 264.5 264.5 264.5 
X S3. M ixed l iquor slIspended solids (g/mJ as S) i nitial 6 1 89 2932 5377 

final 4628 4628 4628 

r, sludge recycle ratio i nitial 0.25 0.5 

final 0.25 0.25 0.25 

w. 1 00*wa tage rat io (Q7/Q2) i nitial 1 .05 1 0.367 0.6 1 9  

final 0.696 0.696 0.696 

SR, overflow rate of final clarifier (mid) initial 1 4 .29 45.47 1 7. 87 

final 1 8.9 1 8.9 1 8.9 

Af, Surface area of the final clari fier (m2) i nitial 249 1 788 2000 

final 1 890 1 890 1 890 

SS3, Effluent readi ly biodegradable i nitial 0.343 1 .09 1 0.229 

substrates (g/mJ as COD) fi nal 0.568 0.568 0.568 

SNH3, Effluent Ammonium/ammonia nitrogen ( g/mJas N) i nitial 0.4 1 4  1 .857 0.250 

final 0. 778 0.778 0.778 

XSSI, Effl uent suspended solids (g/mJ as S ) in itial 3.96 1 32 .7 9.03 

final 1 0  1 0  1 0  

COSI, Total system cost ($/year) i nitial 875205 528086 799653 

final 598 1 38 598 1 38 598 1 38 

Table 7. 1 0 : N u m ber  of iterations for d i fferent sol utions 

Case 
tarting point 

I 2 3 4 

Default bounds 24 30 20 1 5  

Modi fied bounds 27 25 25 1 5  

Using M INOS solver 37 22 4 8 1  1 7  

Using NOPT solver 39 40 54 38 

7.7.3 Fu rther Ana lysis 

everal comments can be withdrawn by exploring the solut ion i l lustrated in Table 7. 8 :  
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( 1 )  Primary c lari fier 0 erl10w rate (q) is at its upper l imit ( 1 20 mid) and as a result 

removal effic iency of this unit is low (23 .4%) if compared to removal efficiencies 

of e ffect ive units stated in the literature as (40 - 60%). This indicates l itt le 

igni ficance of the primary clarifier in the system. The importance of this unit in 

the ystem can be further e amined by re laxing the upper l imit of q ( Section 

7. 7 .4). 

( 2 )  I n  contra t, the HRT and the recyc le ratio (r) are at their lower l imits. This 

ind icate that the sludge age is overest imated and more savings can be achieved 

without altering the required effluent quality by reduc ing the sludge age via 

releasing the lower l im it of HRT and r. This is true s ince the effluent soluble COD 

(Ss) and the effluent ammonium (SNH.f) are far less than their l imits (0.568 < 2.0 
g/m3 for Ss and 0 . 778 < 1 .0 g!m3 for S H.f) . Thus an acceptable effluent can be 

produced with less cost by reducing HRT and/or r. This is further explored in  

ection 7.7 .5 .  

( 3 )  According to Grady et  a 1 .  ( 1 999), pract ical ly, select ion of SRT for domest ic 

wastewaters is a lmost always contro l led by factors other than so luble substrate 

removal. This is c lear in the solution. Other than the effluent so luble COD (Ss) 

and the effluent ammonium (SNH4), t he third effluent constraint, the suspended 

sol ids (Xss) , is found to be at its l im it 1 0  g/m3 which means that this constraint 

contro l led the solut ion whi le the other two are relaxed. 

(4) The total effluent COD which equals the so luble COD p lus part iculate COD 

equals in the effluent 45.2 g/m3and the total nitrogen which is t he ammonium p lus 

the nitrate/nitrite equals 30.4 g/m3 . Such values fal l  within the acceptable pract ical 

ranges and t hey were both achieved without being explicit ly constrained. This 

proves t he correctness of the assumption made earl ier stat ing that constraining the 

TSS is adequate and should impl icit ly constrain the total COD. This is due to the 

fact that a major portion of tot a! COD is the part iculate COD which is constrained 

by the TSS.  S imi larly, the amount of total nitrogen is not high which is attributed 

to low level of ammonia in the influent. 

( 5 )  The major portion of the MLSS is heterotrophic biomass (43 .37%) while the inert 

particulate organics comprises 3 7%. The rest is s lowly b iodegradable substrate 

(7 .69%), autotrophic biomass (2 . 54%), and organics stored by heterotrophs 
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(9.48%). This is comp:J.tible with pract ical expectations, the two main portion� 

constituting the ML are inert organics and act ive biomass. 

Based on the comments ( J )  and (2)  mentioned above further analysis is 

required. The impl icat ions assoc iated with a ariable being at its specified bound in 

the final o lution may provide useful insights. Relaxing such a bound may imply that 

the t tal stem cost could b reduced. However, addit ional research may be needed 

to ju t ify such relaxat ion if bounds imposed on the decision  variables represent ranges 

recommended for de ign or l imit within which the process performance model is 

developed .  On the other hand, if the bounds represent the l imits outside which process 

fai lure wi l l  occur, then extrapo lation of a process model is inappropriate. For 

example, it is impractical to have an act ivated s ludge system with very low recyc le 

ratio ( less than 25% although the optimizat ion solut ion suggests the recyc le ratio at 

its lower bound and relaxing this bound might produce lower cost. I n  contrast, if an 

upper bound on a loading rate ( like primary c larifier overflow rate) is approached in  

the optimization so lut ion, then the desirable action is to el iminate that unit not to 

consider implement ing a higher practical upper bound. Such issues are explored 

hereafter in more details. 

7.7.4 P rimary Cla rifier Overflow Rate 

I t  has been ment ioned previously that typical design guidel ines for primary sett ling 

tank general ly call for the overflow rate to be less than or equal to 1 20 m1day under 

peak flow condit ions. As a result, an upper bound was imposed on the overflow rate 

in the system model .  However, the final design showed that the overflow rate is at this 

upper bound. This so lut ion suggests that the total system cost may be further reduced 

by relaxing the upper bound because of  a negat ive marginal cost associated with this 

variable in the final so lution. This is more obv ious when the upper bound is set to 240 

mid and a run is executed. The so lut ion yie lded a total system cost of 585474 

dol lars/year which is 2 . 1 % less and again the overflow rate is at its new upper bound 

which means further reduct ion can be achieved. All other design variables were also 

affected. 

This raises a major quest ion. Is the primary c larifier a cost-effective unit in the 

assumed system? To address this quest ion, the primary sett l ing tank was el iminated 

from the system. The modified system is shown in Figure 7 .2 .  Considering the initial 
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run tart ing s lut i  n, D. run v as ecuted. Table 7. 1 1  summarizes the result . Re u lts 

obtained for the s stem with primary c larifier are also l isted for the sake o f  

comparison. Figure 7 . 3  depict the final design. The effect of the starting o lut ion on 

th new system design was a) 0 stud ied simi lar to the base system and the start ing 

o lution was found to have no effect on the final solut ion. 

Aeration 

L---___ --\ 6 }--_____ ..1..-__ � 

Figure 7 .2 : System layout wi thout  a pr imary c larifier 

Ta ble 7. 1 1 :  S�stem design o�t im ization w ithout  a �rimary cla rifier 
Symbol Characterization Units [nit ial Solution without Solution with 

solution Primary clari fier Primary c1ari fier 

q overflow rate of primary senl ing tank mid 0 NA 1 20 

Ap urface area of the primary clari fier m2 0 0 299.8 

SRT sludge retention t ime d 1 0  2.898 3.479 

HRT hydraul ic retention time h 4.8 3. 1 3 

V Volume of the aeration tank m3 7 1 97 4705 4497 

A FR Air flow rate in aerat ion tank m3/mi n  293.6 282.3 264.5 

XSS3 M ixed l iquor suspended sol i ds glm3 as SS 5844 4640 4628 

r sl udge recycle ratio 0.4 0.25 0.25 

w I 00* wastage ratio (Q7/Q2) 0.559 0. 892 0.696 

SR overflow rate of final clari fier m/day 1 4.58 1 8.90 1 8.90 

AI Surface area of the fi nal clari fier 
? 

2454.3 1 888 1 890 m-

SS3 E ffl uent readil) biodegradable substrates glm3 as COD 0.288 0.68 1 0.568 

S.\,H3 Effluent Ammoni um/ammonia nitrogen glm3 as N 0.333 0.98 1 0.778 

XSS4 Effluent suspended sol ids glm3 as SS 4. 1 5  1 0  1 0  

Cost total system cost $/year 67485 1 564740 598 1 38 

Results indicate a total system cost without the pnmary c larifier equal to 

564740 do l lars/year of 5 .6% less than the [mal design cost with the primary c larifier. 

A comparison between this design and the one with the primary c larifier in the system 

yielded the fo l lowing in addit ion to the reduct io n  in t he system cost mentioned above: 
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Figure 7.3:  Final design for the system without a primary clarifier 
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( !  \Vithout the primary clar i fier, a larger aeration tank is needed to accommodate the 

increa e in the in fluent Dowrate and so lids due to the absence of primary clarifier. 

I Ience a larger HRT i a l  0 required. 

( 2 )  The 'R T is reduced to l imit the increase in aerat ion tank: volume that signi ficant l  

contributes to the total sy tern cost . This reduction i s  accompl ished by increasing 

the wastage rat io . 

( 3 )  Due to the reduct ion in the SR T, the qual ity of so luble components in the effluent 

i altered. Wor t quality in terms of o luble COD and ammonium/ammonia IS 
noticed although it is st i l l  within the acceptable l imits. 

(4 )  Although the concentrat ions of so luble COD and ammonium/ammonia i ll the 

effluent of the system without primary c larifier are higher than those in the system 

with a primary c larifier. A sl ight ly higher A FR is noticed, this is attributed to the 

increase in flowrate and the reduction in SR T. 

( 5 )  The aforementioned adjustments in the design of the aeration tank:, i .e . ,  the 

increase in vo lume and reduct ion in SR T have reduced the sludge product ion to 

the level as if the primary c larifier is present. 

(6)  The MLSS (XSS3) remains a lmost the same with and without the primary c larifier. 

However, the composit ion o f the M L SS has changed. H igher inert and degradable 

solids concentrat ions and lower biomass concentrations are noticed. This is  

reasonable since h igher inert and degradable so lids present in the influent with the 

absence o f  the primary c lari fier. At the same t ime less level of treatment ( lower 

SR I) occur which reduce the production of biomass. 

(7 )  The adjustments mentioned in number 5 caused the design of the secondary 

c larifier to remain unchanged. 

( 8 )  The absence o f  primary c larifier obviously increased sl ightly the cost of biological 

treatment in the aerat ion tank and kept the cost of secondary sedimentation at the 

same level .  However, the total system cost becomes less than when the primary 

c larifier exists. 

(9)  The recycle ratio is at its lower bound for both systems with and without the 

primary c larifier. Thus needs further e laboration as explained below. 



1 26 

7.75 Judge Recyc le Ratio 

[ t  ha been not iced that the sludge recycle ratio is  at its lower bound for the systems 

with and without a primary c larifier. Two runs were done for the system with a 

primary c lari fier and without a primary c larifier after releasing the lower bound on the 

r cycle rati . The same init ial so lut ions considered in the initial run were used in these 

te t . Table 7. 1 2  ummarizes the re u lts of the two runs. 

For the two systems, the recycle ratio has decreased to a very low value 

compared to the lower pract ical bound, resu lt ing in a huge reduction in cost ( 1 5 . 5% 

and 1 3 .6% less cost for the system with and without primary clar i fier, respect ively). 

The d irect influence of the recyc le ratio to the cost is obvious. Low r means low 

recyc le pumping cost which is one of the main contributors to the cost .  

Table 7. 1 2 :  S�stem design o�t imization a fter releasing the lower bound on r 
ymbol Characterization Units Solution without Solution with 

Primary clarifier Primary clarifier 

q overflow rate of pri mary sett l ing tank mJd NA 1 20 

Ap urface area of the primary clarifier m2 0 299.8 

RT sl udge retention t ime d 2.857 2.857 

HRT hydraul ic retention time h 4.9 5 .8  

J '  Vol ume of the aeration tank m3 7378 8730 

AFR Air flow rate in aeration tank m3/min  28 1 .7 256.5 

XSS3 M ixed l iquor suspended sol ids glm3 as SS 2926 2048 

r sludge recycle rat io 0.066 0.029 

w 1 00 * wastage ratio (Q7/Q2) 0.4 5 1  0.243 

SR overflow rate of final clari fier mJd 20.4 2 1 .72 

AI urface area of the final clari fier m2 1 753 1 652 

SS3 E ffl uent readily biodegradable substrates glm3 as COD 0.69 1 0.69 1 

ssm E ffl uent Ammonium/ammonia nitrogen glm3 as N I 
XSS.f. E ffl uent suspended sol ids glm3 as SS 1 0  1 0  

Cost total system cost $/year 45 1 7 1 5  505201 

From Table 7 . 1 2, it is c lear that the effect of releasing the lower bound of r is 

almost t he same with the presence and absence of the primary c larifier. Even for the 

system with primary c lari fier, design of this unit was not affected at all by the change 

of r. Hence the performance of the two models can be assumed to be ident ical .  This 

performance can be explained as fo l lows. Decreasing r is favored because it wi l l  

reduce the cost associated with recycle pumping and the cost of the secondary 

c larifier. The two costs are main contributors to total system cost . However this wi l l  

a lter the treatment in  the aeration tank since SRT wil l  decrease. To maintain the leve l 

of treatment to an acceptable level, SRT should be maintained at its minimum value. 
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Thi i ae ompl i  h d by iner a ing HR. T which re ulted in h'1CreaSe h'1 the aerat ion 
tank vo lume. This is correct since for the first t ime the effluent ammonium/ammonia 

nitrogen is l imit ing the olution besides the TSS. 

This performance looks reasonable. However, this design is considered 

impract ical since the lowest experienced recyc le ratio in pract ice is not less than 25%. 

s a consequence, engineering intuit ion always should be considered in such cases. 

Alt hough the design obtained is less in cost, it is impractical and inappl icable. I f  the 

act ivated s ludge process is to be used as the treatment opt ion, the recycle ratio should 

be kept at i ts  lower bound. 

As ment ioned above, the low r is preferred because the recyc le pumping is a 

main contributor to the total system cost . This can be further invest igated by imposing 

another recycle pump ing cost functions. In this invest igat ion, the cost funct ions 

coeffic ients for the return sludge pumping shown in Table 6 .7  are reduced by 50%. 

For example, in  the mentioned table the coefficient for return sludge pumping cap ita l  

cost is 9870. This is reduced to 4935.  Other coefficients are reduced simi larly. Results 

( Table 7 . 1 3 ) show higher recycle-rat ios for the system with and without a primary 

c larifier. F urther reduction could raise the recycle ratio to the level of the practical 

l imit . 

Table 7. 1 3 :  S�stem design oQtim ization after changing rec�c1e QumQing cost function 
ymbol Characterization Units Solution without Solution with 

Primary clarifier Primary clarifier 

q overflow rate of primary sett l ing tank: mid NA 1 20 

Ap Surface area of the primary clarifier m2 0 299.8 

SRT sludge retention t ime d 2.857 2.857 

HRT hydraul ic  retention time h 7. 1 4 .4 

I '  Volume of the aeration tank mJ 1 0705 6538.7 

AFR Air flo\\ rate i n  aeration tank mJ/min 388.2 256.5 

XSS3 Mixed l iquor suspended solids glmJ as SS 3500 2734 

r sludge recycle  rat io 0.099 0.056 

w 1 00* wastage ratio (Q7 IQ2) 1 .0 0.340 

SR overflow rate of fi nal clarifier mid 1 9.8  20. 7 

AI Surface area of the final clarifier m2 1 798 1 734 

SS3 Effluent readi ly biodegradable substrates glmJ as COD 0.69 \ 0.691 

SNH3 Effluent Ammoniumlammonia nitrogen glml as N I I 
XSS4 Effluent suspended sol ids glmJ as S 1 0  1 0  

Cost total system cost $/year 45 1 7 1 5 472222 
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This indicates a very important issue associated with optimization problems 

that is the accuracy o f  cost functions. Cost functions should be chosen to reflect the 

actual costs in practice and at the same time much care should be devoted to the 

accuracy o f  relative costs of various units. In other words, the relation between the 

capital and operation/maintenance costs for a certain unit and the relation between 

total cost of a unit and another should be defined c learly. This is a prerequisite to 

obtain accurate results from optimization studies. 

7.7.6 Final Run 
From the above analysis, the best economical design would be the system without 

primary c larifier keeping the recycle ratio at its lower practical bound. However, this 

is mathematically true while practicaJly it needs further investigation. Much care 

should be considered when a decision o f  a treatment plant without a primary clarifier 

is chosen. Primary clarifier has a crucial role in reducing inert solids corning with the 

influent which if presented in huge amounts could deteriorate the biological treatment 

in aeration tanks. Otherwise, the final solution shown in Table 7. 1 1  is the most 

economical practical solution. 



CHAPTER 8 

MODEL PERFORMANCE 

An optimizat ion model can be used to obtain cost effective designs of an activated 

s ludge system defmed by the selected process performance models and parameters. 

Using an optimizat ion model also enables the designer to analyze process 

performances systematica l ly  and effective ly. Detai led design can then be performed 

fo l lowing the guidel ines or trends suggested from the optimization study. 

I n  tills c hapter, the ro le of the opt imization model is explored, and it is shown 

t hat such a model may be used for more than j ust ident ifying a least-cost system 

design. Expressly, such a model can be used as a tool for the analysis o f  treatment 

process perfo rmance and of alternative treatment plant configurat ions. Potent ially 

important research areas and/or design guidel ines can also be ident ified from these 

insights. 

The typical activated sludge system depicted in Figure 6. 1 was designed using 

GAMS/CONOPT2 solver for the design conditions described in Chapter 7. The [mal 

design obtained is summarized in Table 7 . 1 1 . Such a design was analyzed for various 

conditio ns to reach a final design c la imed to be more representat ive and cost effect ive. 

For the sake of analysis and since it contains primary c larifier, aerat ion tank, and 

secondary c lari fier, the init ial design summarized in Table 7.8 was chosen to provide 

the basis for t he fo l lowing discussion. A lt hough the cost of the system is 

overest imated due to the presence of the primary c larifier, it was mentioned that it is 

st i l l  needed for efficient metabo l ism in the aerat ion tank and to avoid inh.ibition effect 

and bacteria inact ivat ion. Thus, the initial design summarized in Table 7 .8  is noted 

during this chapter as the base design. 

It has been mentioned frequently m l iterature that many factors affect the 

design and operation of act ivated sludge systems. These inc lude, SR T, MLSS 

concentration, temperature DO, oxygen transfer and mixing, and nutrients. Among 
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them, 'R T and temperature are of pec ial importa'1ce. Thus, their impacts are 

d iscu ed in this chapter. 

One of the main factors to be considered during design is the effect of 

tran ient loadings. Their effect is obvious on sizing of various units as we l l  as on the 

design o f  the oxygen transfer system. Thus, the effect of different influent 

characteri t ics i also invest igated in this chapter. 

The aim o f  this chapter is to present the observat ions and discussions drawn 

from examinat ions of the solut ion obtained under diverse condit ions. Such analysis is  

i mportant tor understand ing and verify ing the system response to various cond it ions. 

8. 1 E ffec t  of Sol ids Rete n t ion T i m e  

I t  has been ment ioned that SRT i s  a primary factor determining the performance of 

act ivated sludge system. Sufficient SR T is required for treatment and for floccu lat ion 

of suspended so lids for proper sedimentat ion in the fmal c lari fier. In the base design, 

SRT was chosen to be around 3 . 5  days. Below this value the qua l ity  of effluent is not 

acceptable. It has been noted in l iterature that the selection of SRT is usual ly 

contro l led by the floccu lation requirement not the removal o f  soluble substrate. Such 

means that increasing SR T above the required value would not affect the effluent 

quality significantly. 

To demonstrate this, several runs have been conducted by fixing SRT at 

gradually increasing value. The first run started with 3 . 5  days whi le the last one at 1 6  

days. F igure 8 . 1 shows the effect of SRT on the effluent biodegradable substrate (SS3)  

and ammonium/ammonia nitrogen (SNH3) .  The effect on total COD is also shown. 

Soluble COD decreased rapidly as the SRT was increased from 3 . 5  to 8 days. After 

SR T of 8 days, the decrease in effluent soluble substrate is very low. The same trend is 

noticed for the ammonium/ammonia nitrogen. This ind icates c learly that after a 

certain point any addition to the SR T wil l  not result in significant enhancements in the 

effluent quality. Tills is consistent with pract ical expectat ions and l i terature 

statements. Grady et a1 .  ( 1 999) have stated c learly that once the SRT was enough for 

effect ive flocculat ion and treatment to occur, further increases had only m inor effects 

on soluble substrate removal . Consequent ly, for domestic wastewaters that contains 

easi ly biodegradable substrates, select ion of SRT is almost always contro l led by 
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factors other than o luble sub trate removal. h I ' uc. was c .ear ill the analys is of t he 
previou chapter (see ection 7 .7 .3 ). 
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Figure 8. 1 :  E ffect of SRT on effluent  soluble biodegrada ble COD, ammon i um/a mmonia n i t rogen, 

a nd tota l CO D 

I n  contrary to the above, the total COD in the effluent shows a completely 

d i fferent effect (as shown in Figure 8 . 1 ) . The COD decreased rapidly as the SR T was 

increased from 3 . 5  to 8 days. At an SR T of 8 days, the COD reached a minimum 

value. Beyond 8 days the COD increased again. Although such decrease and increase 

happened only within a range less than 0 .5  mg/L, it is st i l l  worthy to be noticed. 

Mathemat ica l ly, this is attributed to the low decrease in so luble COD after 8 days 

whi le the production of biomass and inert part icu lates which contribute to total COD 

cont inue to occur. However, this phenomenon has been noticed in pract ice and 

ment ioned in l iterature. Grady et al .  ( 1 999) have attributed the increase in effluent 

COD not iced in systems when the SRT increased above a certain value to the 

production of so luble microbial products. 
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Effect of  increasing RT was obvious n total s stem co t .  Although after 8 
da s the change in e ffluent quality was ery low, the cost continues to increase with 
the same rate. I ncrea e in co t is mainly due to the increase in aerat ion tank vo lume 
and ox g n requirement . Both increases are an expected result of higher SRT values. 
Th i i shown in Figure 8 .2 .  
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Figure 8.2: Effect of i ncreasing SRT on tota l  system cost 
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Wastewater treatment systems are expected to operate i n  a wide range of  ambient 

temperature. The range varies from less than 1 0°C to about 50°C .  It has been 

apparent ly noted in l iterature that temperature significant ly affects d ifferent treatment 

processes. H owever, th is effect varies from one treatment process to another. The 

effect of temperature on sedimentat ion processes is st i l l  considered a hot spot of  

research as  several researchers have pointed i t  in  one way or another (example is  

Christoulas et  a I . ,  1 998) .  More work is to be done in quantifying the temperature 

effect on sedi mentat ion processes. I n  contrast, such effect is obvious on bio logical 

t reatment. B io logical treatment in general and act ivated sludge in  part icular is based 

on bio logical growth of  d ifferent species o f  biomass to remove po l lutants from the 
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\,: a tev-ater. .1 rnp raturc aff cts th� p rn rmance of activated sludge sy tems as a 

re ult of its impact on the rates of bio logical react ions. 

More technical ly pecking, temperature can exert an e ffect on biological 

reaction in two ways: by influencing the rates of reactions and by affect ing the rate 

o f  d iffu ion of sub trate to the ce l ls. Such an effect is quant i fied by a change in 

k i netic and sto ichiometric parameters governing the rates of react ions mentioned. I t  

ha been pointed out in Chapter 3 that environmental condit ions influence k inet ic 

parameters signi ficantly. For a model l ike ASM3 which is the basis for the 

o ptimizat ion model developed, k inet ic parameters are given at d ifferent temperatures. 

I n  addit ion, a method is suggested to interpolate k inet ic parameters at various 

temperatures. Such was d iscussed in Chapter 6 and values of k inet ic parameters at 

various temperatures are summarized in Tables 6 .5  and 6.6.  

Although microorganisms have been found in  extreme environments that can 

grow at temperatures approaching either the freezing point or the bo i l ing point of 

water, most microorganisms reveal a relat ively narrow temperature range over which 

they can function wel l .  Within that range, most react ion rate coefficients increase as 

t he temperature increases, and then eventual ly decrease as the heat begins to 

inact ivate cel lu lar enzymes. The equation (Equat ion 6. 1 3 ) discussed in  Chapter 6 to 

calculate the k inet ic parameters at d ifferent temperatures as we l l  as other equations 

found in l iterature are only appl icable over the range where the coefficient increases 

with increasing temperature. M icroorganisms are grouped into three categories 

depending on that temperature range. Of great concern in biochemical operations are 

mesophi l ic  organisms, which grow wel l  over the range of 1 0-35°C .  The two other 

groups psychophi l ic and thermoph i l ic,  have ranges on either side and fmd use only 

under spec ial condit ions. 

A M3 (and AS M l ) has been developed based on experIence m the 

temperature range 8 - 23°C .  Outside of this range model appl ication may lead to very 

significant errors and even model structure may become unsat isfactory. 

I n  this section, the model performance under d ifferent temperatures IS  

examined. This is done by optimizing the base model at different temperatures by 

considering the val ues of k inet ic parameters at these temperatures. I n  the previous 

chapter the base model was designed for a set of k inet ic parameters at 20°C .  For each 
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et of  k inet ic parameter depicted in Tables 6 .S  and 6.6 at temperatures 1 0, 20, 30, 40, 

and SO°C, a run of the ba e model was executed. Resu lts are summarized in Table 8 . 1 .  

teml!era t ure 
Temperature, OC 

ymbol Units 1 0  20 30 40 50 
q mJd 1 20 1 20 1 20 1 20 1 20 

�f1 m2 299.797 299.8 299.797 299.797 299.797 
SRT J 8 3.479 5 . 1 92 7.083 8.298 
flRT h 6.6 3 3 .4  3 .7 3 .8  
/ '  m3 9924.6 ../497 5 1 1 9.2 5569.5 577 1 .6 
IFR m3/min 268.4 264.5 307.2 334.2 346.3 

X 83 g/m3 as 4626.2 4628.0 46 1 7.2 46 1 0.3 4607. 1 

r 0.25 0.25 0.25 0.25 0.25 

II' 0.665 0.696 0.5 1 6  0.401 0.349 

R mJd 1 8.905 1 8.90 1 8.91 1 1 8 .9 1 6  1 8.9 1 8  

AI m2 1 890 1 890 1 893 1 894 1 895 

SS3 g/mJ as COD 0.502 0.568 0.284 0.2 1 3  0. 1 9 1  

SNH3 g/m3 as N 1 .0 0.778 0.290 0.224 0.2 1 8  

XSS4 g/mJ as S 1 0  1 0  1 0  1 0  1 0  

Cost $/year 653223 598 1 38 62 1 080 635637 642033 

Percent change in cost 9.2% 3.8% 6.3% 7.3% 

Reference to design at 20°C 

Obviously, the temperature change d id not affect the optimal design of  the 

primary c larifier or the secondary c larifier. Design of both unit operations remains 

unchanged for the various temperatures examined. Moreover the primary c larifier 

overflow rate st i l l  at its pract ical upper bound which indicates that this unit is not 

effect ively participat ing in the treatment process and economical ly a reduction in the 

total cost can be achieved by considering a system without this unit . 

Total system cost increased at low temperatures and high temperatures and 

lowest cost is the cost of  a system operating at 20°C. However, the increase in cost at 

low temperatures d iffers from the increase at high temperatures due to different 

reasons. 

At low temperatures, the rate of react ion for al l  the processes is slow. 

Espec ially for the autotrophic biomass which is known to have lower react ion rate 

than heterotrophic biomass. Such low react ion rates of autotrophic biomass affects the 

treatment process significant ly. This type o f  biomass is responsible for the removal of  

ammonium/ammonia nitrogen (SNH4)' This is at its effluent requ irement l imit in  the 

design. This indicates that this component has dictated the system to operate at higher 
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sludge age and higher JIR T  to a i low enough t ime for the autotrophic biomass to 

remove 8\11. •. HR T is direct ly related to olume of the aerat ion tank. And this ha 

increa ed the s tem cost. 

This becomes clear if we compare the design at 1 0  and 50°C where the design 

... RT i almo t the same whi le the HR T at l OoC is higher and effluent SNff4 is at its 

l imit .  Henc the vo lume of aerat ion tank is higher and so is the cost. At low 

temperature, the rate is low so the HR T increased to the time required to c lear the 

wa tewater. I n  contrast at high temperature, although the HR T is much less, the very 

high growth rate produced better effluent quality of Ss and SNiN. 

On the other hand, the cond it ion is more compl icated at high temperatures. I t  

is expected that as  the temperature increases the rate of reaction increases and shorter 

sludge age is required .  This is not the situat ion at al l  as shown in Table 8 . 1 .  This is 

attributed main ly to the bound on the recycle rat io. It is obvious from the table that r 
is the same (at its lower bound) at all temperatures. At low temperatures, as 

ment ioned, reactions rates are low so higher s ludge age is required and hence higher 

recyc le ratio too. At high temperatures, reactions rates are faster such less SRT is 

required which means less recirculat ion. However, since the recirculat ion is at its 

lower bound the value remains the same (0.25) which in turns increases SRT above 

the required level .  Hence, treatment more than the required level is noticed which in  

t urns increased the vo lume of aerat ion tank and the APR required. Both have caused 

the increase in cost shown. 

Comparing the situat ion at low and high temperatures, it seems that 

recirculation controls  the bio logical process and requ ires longer sludge age at h igh 

temperatures. I n  contrast, at low temperatures soluble substrates rule the situation. 

This appears c learly if one compares the so luble effluent characterist ics at both 

situations. At low temperatures, soluble components are at  their effluent l imit whi le 

t hese components at high temperatures are at very low leve ls. 

The effect of the lower bound of r on t he results obtained can be proved by 

removing such bound and repeat ing the same runs shown in Table 8 . 1 .  Results are 

shown Table 8 .2 .  Obviously, completely different designs are obtained at all the 

temperatures. I n  contrast, the design at 1 0°C is very simi lar to previous design when 

the lower bound exists except that the recycle rat io is now less and hence cost is less. 



This pro es the conc iu  ' ion slated abo e that at low temperature the effluent 

requirement of S\lf./ control led the design. Also it proves that at high temperatures 

overe t imat ion of SR T and hence co t occur because of this bound . I t  is worthy to 

ment ion that at 40 and 50° the SR T reaches it minimum value ( 1  day) and hence the 

co t increase at those two temperatures more than the cost at 30°C. I t  is important to 

recal l  that it is impractical to have act ivated sludge systems with recycle rat ios less 

than 25%. 

Table 8.2 : y tern de ign a t  va rious tempera tu res a fter releasing 
t h e  lower bou n d  on r 

Temperature, °C 
Symbol Units 1 0  20 30 40 50 

q mJd 1 20 1 20 1 20 1 20 1 20 

Ap m2 299.797 299.8 299.797 299.797 299.797 

SRT d 8 2.857 1 .02 1 

HRT h 9 5.8 3 .4 3 . 1 3 .3  

/ "  mJ 1 3422 8730 5055 4628 4980 

AFR ml/min 268.4 256.5 245.5 272.0 298.8 

XSS3 g/mJ as 3420.6 2047.7 1 384. 1 1 287.8 1 007.9 

r 0. 1 0  0.029 0.0 1 2  0.0 1 0.006 

11' 0.4 1 2  0.243 0. 1 74 0. 1 39 0.089 

SR mJd 1 9.903 2 1 . 722 23.222 23.509 24.5 1 2  

Af m2 1 800 1 652 1 546 1 528 1 466 

SS3 g/m) as COD 0.502 0.69 1 1 .06 1 0.504 0.32 

SXH3 glm) as N 1 I 0.404 0.276 

XSS4 g/mJ as S 1 0  1 0  1 0  1 0  1 0  

Cost $/year 609445 50520 1 438045 440254 443 1 9 1  

Percent change in cost 20.6% - 1 3.3% - 1 2.9% - 1 2.3% 

• Reference to design at 20°C 

I n  summary, temperature affects the act ivated sludge process design 

significant ly. However, the above d iscussion is based on the assumption that the 

k inet ic parameters fo llow in nature the equat ion mentioned in Chapter 6 for 

calculating such parameters at different temperatures. For more precise study, such 

kinet ic parameters should be determined at lab using specified experiments at 

d ifferent temperatures. However, this work has a great value in ind icat ing the 

importance of considering k inet ic parameters precisely in the design of act ivated 

sludge process. 
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I n fluent characteri t ics comprise the wastewater influent flow rate and the 

concentrat ion of  organ ics contributes to the treatment. uch organics are either 

so luble or part icu late, biodegradable or inert, bioma s or substrate. I n  the base model 

i l lu  trated in the previous chapter, the influent characterist ics were assumed to be for 

med ium flow and trength wastewater. These characterist ics are shown in Table 7.4. 

Obviou from the table the influent characterist ics have no biomass at all .  In this 

sect ion, the model perfo rmance is examined for various scenarios of influent 

characterist ics. 

8.3. 1 I n fluent  Flow Rate 

In  the base so lution the influent flow rate was 40,000 m3/d ( 1 500 m3/h) which is 

considered an average for a domest ic wastewater treatment. Considering the base 

solution, performance is examined for other flowrates keeping the concentrations of  

spec ies the same. Resu lts are summarized in Table 8 . 3 .  

Table 8 . 3 :  S�stem design at differen t  i nnuent flow rates 
Infl uent ilow rate. m3/hour 

}mbol Units 1 000 1 500 2000 

q mid 1 20 1 20 1 20 

Ap m2 1 99.9 299.8 399.7 

SRT d 3.479 3.479 3 .479 

HRT h 3 3 3 

r m3 2998 4497 5996 

AFR m3/min 1 76.3 264.5 352.7 

XSS3 glm3 as SS 4628.0 4628.0 4628.0 

r 0.25 0.25 0.25 

w 0.696 0.696 0.696 

SR mid 1 8.90 1 8.90 1 8.90 

AI m2 1 260 1 890 2520 

SS3 gim3 as COD 0.568 0.568 0. 568 

SNH3 gim) as N 0.778 0.778 0.778 

XSS4 glm3 as SS 1 0  1 0  1 0  

Cost $/year 460567 598 1 38 720932 

Percent change in cost -23% 20.5% 

• Reference to design at 20°C 

C lear ly, a c hange i n  the flow rate affects the system cost but has no effect on 

the system design. The sizes of  various units are changed to accommodate t he 

increase in the amount o f  wastewater, while bio logical treatment and their associated 

variables remain unchanged since the concentrations of influent organics were 
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un hanged. uch performance is exp cred and e pi icable although it i very 

important. izing o f  units i u ual ly done on the basis of average loads; however, 

tran ient cond it ions should be taken into consid ration through a reasonable safety 

factor to avo id capac ity fai lure. 

8.3.2 Strength of Wa tewater 

It has b en mentioned that the base design is assumed a med ium strength wastewater 

in the influent. What wi l l  be the performance of the model if the influent was o f  

trong trength wastewater? This i s  explored in this subsection. 

The influent characterist ics were varied one at a time to observe the e ffect of 

each condition on the system design. As ment ioned previously, the influent 

characterist ics comprise soluble or part icu late, inert or biodegradable components, 

and biomas or substrate. Table 8.4 summarizes the system design opt imizat ion for 

various influent condit ions along with the influent condit ions appl ied. 

I n  case 1 ,  only readi ly  biodegradable substrate (Ss) is changed to 324 mglL as 

COD. Other characterist ics are kept unchanged. This resulted in a more expensive 

system (7 . 8% increase in cost) .  The increase in cost is attributed mainly to the 

increase in aerat ion tank vo lume and air flow rate. The vo lume increase is due to t he 

h igher HR T required for the metabo l ism of  the extra Ss concentration. And of  course 

more APR is needed for this metabo lism. However it is noted that the SR T is sl ightly 

decreased from the base design (sl ight increase in w). This is because a higher 

concentrat ion of heterotrophic biomass is maintained in the aeration tank. 

I n  case 2, only ammonium p lus ammonia nitrogen (SNH4) concentration 1S 

changed to 50 mg/L as N. Again other characteristics are kept as the base design. This 

resulted in significant increase in the total system cost ( 1 0.6% increase) .  This is 

attributed to t he significant increase again in the aeration tank vo lume and the AFR. 

In contrast to case 1 ,  the APR increase here is due to the increase in t he oxygen 

requirement of autotrophic biomass whi le it was there due to the increase in the 

oxygen requ irement of  heterotrophic biomass. I n  this case, SRT suffers significant 

increase. This is again because of the lower bound imposed on the recycle rat io . 

However, better quality is noticed in the effluent . 

I n  case 3 ,  both so luble components in case 1 and 2 (Ss and SNH4) are changed 

together to examine their combined effect . The increase in cost is significant due to 
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thi change ( 1 8 . 1  %).  Again it is du to the increase in V and AFR '" hich is now at 
high value due to the increase in the 0 ygen requirement for both heterotrophic and 
autotrophic bioma s. More in rease in HRT is noticed due to the combined increase. 

Ta ble 8.4:  S;rslem design o�t i m izatjon fo r d i ffere n t  i n n uent  con d i t i on 

Case 

base 2 3 4 5 6 7 8 
Influent ConditiOlls 

Q mJth 1 500 1 500 1 500 1 500 1 500 1 500 1 500 1 500 1 500 
mg/L as OD 32 32 32 32 32 32 32 64 32 

Ss mg/L as COD 1 62 324 1 62 324 1 62 1 62 1 62 324 1 62 
S,\H4 mg/I as N 25 25 50 50 25 25 25 50 25 
S,vm mglL as N 0 U 0 0 0 0 0 0 0 
X, mg/L as COD 92 92 92 92 1 84 92 1 84 1 84 92 
Xs mgfl as COD 2 1 4  2 1 4  2 1 4  2 1 4  2 1 4  428 428 428 2 1 4  
XH mgfL as COD 0 0 0 0 0 0 0 0 t o  
Xsro mgfL as COD 0 0 0 0 0 0 0 0 0 
X� mgiL as COD 0 0 0 0 0 0 0 0 0 

-\'� mgfL as S 230 230 230 230 299 390 460 460 239 

Final Solutions 

q mid 1 20 1 20 1 20 1 20 1 20 1 20 1 1 3 .2 1 20 1 20 
Ap m2 299.8 299.8 299.8 299.8 299.5 298.8 3 1 5 .9 298. 1 299.8 
SRT d 3 .479 3 .444 5.328 5.048 2 .857 3.534 2 . 857 4 3 .36 1  
HRT h 3 3 .9 4.2 5 .2  3 . 1 2  3 .6 3 .5  5 .6  3 
/ '  mJ 4497 5799.2 6348.6 7825.2 4672.5 5306.4 5 1 35 .5 8322.9 4497 
AFR mJ/min 264.5 348.0 380.92 469.5 1 248.76 3 1 8.38 296.07 499.38 263 . 1  

XSS3 g/m3 as S 4628.0 464 1 . 8  4624.4 4637.0 4640. 1 4635.5 4646. 1 4656.2 4629.6 

r 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

w 0.696 0.928 0.636 0.848 0.9 0.822 1 .003 I . J 76 0.722 

SR mid 1 8. 90  1 8. 894 1 8.906 1 8. 897 1 8. 895 1 8. 898 1 8.89 1 1 8. 884 1 8.90 

AI 0 
1 889.9 1 886.4 1 890.8 m- 1 887.6 1 884.9 1 88 1 .8 1 874.6 1 872.0 1 889.5 

SS3 g/m3 as COD 0.568 0. 573 0.405 0.42 0.691 0.56 0.69 1 0. 502 0. 544 

S H3 g/m3 as N 0.778 0.787 0.5 1 0.534 1 0.764 0.667 0 .8 1  

XSS4 g/m3 as S 1 0  1 0  1 0  1 0  1 0  1 0  1 0  1 0  1 0  

Cost 1 000$/year 598. 1 644.6 66 1 .2 706.2 598.8 638.9 635.4 737.0 597.7 

Percent change in cost 7.7% 1 0.5% 1 8% 0. 1 %  6.8% 6.2% 23.2% -6.7% 
'

Reference to base design 

Comparing the above three cases ind icates that the SNH4 exerts more influence 

on the system than Ss. This is common since the reaction rate of autotrophic biomass 

is much less than that for heterotrophic biomass which means more required t ime for 

fulfi l l ing the required treatment. Moreover, reasonably the treatment of SNH4 is more 

expensive than the treatment of Ss. All  the above three cases have undergone change 

in the so luble components. The next cases deal with the particulate ones. 
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I n  case 4, only the inert particu late organic matter concentrat ion (XI) has 

changed to 1 84 mglL a OD. This component does not undergo any treatment 

during the proce s but it is produced through the aerobic endogenous respirat ion 

proce ses o f  heterotrophic and autotrophic organisms. So, the amount of X/ increases 

d uring the bio logical treatment and then sett les in the [mal sedimentation tank. The 

co t of the y tern after increa ing X/ in the influent is not that much different from the 

ba e model cost. However, such increase has altered the effluent qual ity (SNH4 at its 

effluent l imit) .  This i attributed to the fo llowing. An increase in X/ in the aerat ion 

tank cau ed a decrease in XH and X.,j to keep the MLSS at its level and hence the 

o lume of the tank at its minimum possible value because it affects the cost 

significant ly. I n  addit ion an extra wastage is requ ired to remove the extra amount of 

XI. These act ions result in decreasing the SR T significant ly and hence altering the 

effluent quality. I ncreasing the Xl further in the influent has shown an increase in the 

ystem cost due to the increase in cost associated with wastage sludge pumping. The 

biological treatment remains unaltered. This trend remains valid unt i l  the system starts 

to reach its capacity o f  removing so lids in the primary clarifier and secondary 

c larifier. Before reaching such l imit, the extra amount of XI added every t ime is 

wa ted with the wa tage sludge out of the system. 

The situat ion is completely d ifferent in case 5 when the slowly biodegradable 

substrate (Xs) is increased to 428 mg/L as COD. Xs is consumed in the hydrolysis 

process to produce Ss and small amount of SNH4. There is no other reaction that Xs 

partic ipates in. This is why the influence o f  increasing Xs is very similar to the 

influence of increasing Ss. Comparing the system design at the two situations proves 

th is. The only d ifference comes from the smal l  amount of SNH4 produced during 

hydro lysis. This smal l  amount has required a smal l  increase in the SRT and the HR T. 

However, it should be ment ioned that some amount of  Xs has been removed in the 

primary c larifier and hence not converted to Ss and/or SNH4. Thus, it makes the total 

amount o f  Ss and Xs less than the total in case 1 .  This exp lains the reduct ion  in APR 

required in this case. 

I n  case 6, the influence o f  combining cases 4 and 5 is explored. The result is a 

combinat ion o f  the resu lts o f  the two cases. The only worthy point to be mentioned is 

the effect ive contribut ion of the primary c larifier. The large increase in influent TSS 

due to t he increase in Xl and Xs has forced the system to rely more on the primary 
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c larifier to a hieve the required treatmem.  The overflow rate of primary clari fier is not 
at it upper practical l imit which ind icates the effectiveness of this unit .  

I n  order to shol,;\ the economic importance of primary c larifiers in situat ions 

l ike ca e 6. the arne in fluent characterist ics have been appl ied to a system without a 

primary clarifier. Resu lts show more load on the secondary c larifier and more total 

sy tem co t (0 .63% increase in cost). I n  other situat ions the treatment plant might fai l  

to  operate without a primary clarifier. 

Ca e 7 combines all the above ment ioned cases. It is analogous to applying a 

strong strength 'N<lstewater instead of the medium strength wastewater considered in 

the base de ign. Results show an increase in V, APR, SR T, HRT, and total system 

cost. This is expected since the strength of the influent wastewater is higher. 

However, it is not iced that the design o f  primary c larifier and secondary c larifier have 

been unaffected by this change in the strength of influent wastewater. This indicates 

that the bio logical treatment alone was able to absorb the increase more economical ly 

t han the two sedimentat ion processes. 

The last case shown in Table 8.4 (case 8) exammes the presence of 

heterotrophic biomass in  influent. The presence of autotrophic biomass in influent is 

not tested because it is unl ikely to happen. Results of case 8 show an identical design 

to the base one with litt le d i fference. The presence of biomass in the influent has 

helped the system ach ieve better quality of Ss at lower SRT which at the same t i me 

altered the effluent SNH.f but it is st i l l  at an acceptable l imit.  The lower SRT has 

lowered the APR which in turns cause a decrease in the total system cost. Other than 

th is the system design is s imi lar to the base system design. 

I n  summary, the system opt imizat ion has shown reasonable response to various 

influent conditions. This response d iffers according to the type and amount of influent 

characterist ics. So luble po l lutants exert different influence than part iculate ones. This 

in conclusion indicates the importance of quantifying influent wastewater 

characteris t ics with more care. Uncertaint ies and shock changes in such 

characterist ics should be taken into considerat ion when a rel iable and robust design is 

sought . 

However, it is worthy of ment ioning that incorporated cost functions p lay a vital 

role in driving the response of opt imizat ion model to different condit ions. This is 
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becaus an opt im izat ion modei is always trying to produce the mo t COst effect i  e 

de ign fu lfi l l ing the con traint . Therefore, incorporat ing cost funct ions more c lose to 

rea lit i a cruc ial po int in de e loping optimizat ion models. At least relations between 

d i fferent units' co t hould reflect the actual re lations to assure a reasonable model 

re ponse. 

8.4 E ffect of E ffl u e n t  C h a racte ristics 

The e ffluent requ irements appl ied on the base design are derived from the pract ical 

l i mit recommended in l iterature. Tightening such l imits wi l l  indicat the ystem 

capac ity. Such is discussed briefly in this sect ion. 

The system reaches its ful l  capac ity when the effluent suspended so l ids is set 

to 6 mg/L as SS .  S l ight ly lower than this l imit the primary c larifier reaches its ful l  

capac ity, so i s  the secondary c larifier and the bio log ical treatment system. This 

indicates that for the condit ions appl ied on the base design, the system can not 

achieve lower concentration t han this in t he effluent . 



CHAPTER 9 

CONSIDER I NG UNCERTAINTY 

For the la t decades there has been a growing awareness of the existence of random 

propertie "uncertaint ies" in environmental systems. In general, uncertainty is an 

inherent property o f  model ing.  I t  is not realist ic to expect that a model of any type 

performs perfect ly. This is espec ial ly true when deal ing with bio logical systems 

which are u ual ly subject to natural var iat ions. Act ivated sludge process models, as 

bio logical ystems. are subject to several sources of uncertaint ies. 

U p  to now, within the design o f  wastewater treatment plants, determinist ic 

models were used to evaluate d ifferent scenarios on their merits of effluent 

compl iance. One of t he remaining important issues when deal ing with these 

determinist ic models is the degree of uncertainty l inked to the ir predictions. I n  other 

words, to what extent can t he predict ions o f  the model be taken for real ity? The 

considerat ion of uncertainty in the design process could provide the answer for such a 

question. Design under uncerta inty as wel l  as reliabi l ity and risk assessment are 

gaining a great attention from researchers in almost a l l  fields o f  engineering design 

and analysis. 

The goal of  this chapter is to evaluate uncertainties associated with parameters 

of the opt imizat ion mode l developed in the previous chapters. Formerly, the 

opt imizat ion model has been ut i lized in an i l lust rat ive problem where a l l  parameters 

were assumed to be deterministic and assigned certain values. However, such 

parameters, in real ity, invo lve significant variabi l ity. 

9. 1 S o u rces of U nc e rta i n ty 

Uncertainties usual ly arise from several components contribut ing important ly to the 

design process. These inc lude mainly t he predict ion of influent characterist ics where 

the input into the p lants is always variable ( not only the amount of input but also its 
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characteri t ic ), the parameter e t imat ion ( including kinetic and toichiometric), cost 

information, po sible changes in water qual ity regulat ions, and the lack of knowledge 

about the performance of some unit processes. Moreover, design is usual ly carried out 

by a uming teady-state cond it ions, while an operating wastewater treatment plant is 

more l ikel to recei e in fluent varying with t ime in terms of quantity as wel l  as 

quality. 

Three main sources of  uncertainty can be ident i fied : uncertainty in the model 

structure itse l f, variabil ity in influent wastewater characterist ics considered, and 

uncertainty in the performance models parameters. 

By uncertainty in model structure is meant the uncertainty caused by 

everything that is not modeled, in other words, the uncertainty caused by al l  processes 

which are not inc luded in the model. I n  the opt imizat ion model, several performance 

models as we l l  as cost informat ion equat ions are implemented. Each invo lves a 

degree o f  uncertainty. For example, the c larificat ion model o f  primary clarifier was 

developed to best describe the process of c larification in primary clarifiers. However, 

verification o f this model shows some variabi l ity of its results from the real situat ions 

even after a proper calibrat ion is done. Another example is the cost informat ion 

equations. These equations were developed based on observat ions from different 

developed wastewater treatment p lants and corrected to match the current market 

value using a cost index. Both the developed equations and the cost index are not 

determinist ic measures and they invo lve high level of variabil ity. 

The other two uncertaint ies are obvious in the design of  act ivated sludge 

systems. F luctuat ions in flow and characteristics are always expected in the inflow of 

t reatment p lants. I nfluent characterist ics were assumed to be determinist ic and of 

medium strength in  the i l lustrative problem in Chapter 7, however in reality this is not 

the case. I nfluent flow rate can be contro l led and fluctuations can be min imized 

through the use o f  pumping or equalization tanks. This is preferred and hence appl ied 

in most wastewater treatment p lants. I n  contrast, influent characterist ics are greatly 

fluctuat ing and d ifficult to contro l .  As an example, the total COD in the influent to 

Mafraq wastewater treatment plant has ranged between 265 and 540 mgIL as COD 

and the TSS has ranged between 1 24 and 270 mglL as TSS during the month of 
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neptember, 200 i I .  Thi ra i es a fundamental que l ion: which concentration hould be 

considered as the base for design? Designers used to design for the worst case which 

may happ n once during the l ifetime and hence invest extra unnecessary cost. Design 

under uncertainty should give a more comprehensive and economical answer to the 

ment ioned quest ion.  I n  such design the fluctuations in influent characteristics are 

considered ba ed on their probabi l ity to occur and influence on design. 

Uncertainty in parameters arises from parameter measurements and 

est imat ion.  Performance models parameters include parameters of clarificat ion model 

of primary c larifier, sett l ing constants of primary and secondary c larifiers, parameters 

in secondary c larifier c larification model and k inetic and stoichiometric parameters 

o f  ASM3.  I n  the presented i l lustrative problem these parameters were assigned values 

based on l iterature recommendat ions. However, a l l  these parameters are subjected to 

variabi l ity.  Such variab i l ity may be attributed to experimental methods uncertainty 

orland temperature dependency. For example, k inet ic parameters are characterized 

through specified experimental methods and at the same time they are temperature 

dependent. 

I n  more detai l s, t he empirical c larificat ion model of pnmary c larifier 

(Christoulas et aI., 1 998) inc ludes t hree positive parameters a, b ( mg/L),  and c (dim). 

The parameters a and b were found related to temperature and using a l inear 

regression procedure these relat ions were formulated with r=0. 76 significant at 93% 

probabi l ity  level and r=0.99 significant at 99% probability level, respectively (see 

Chapter 2). However, it  has been stated that such relat ions are val id only for a 

temperature range 1 5-26°C. Empirically also, c was determined to be 0.0035. 

The t hickening performance of primary c larifier is modeled according to the 

sol ids flux theory as g iven by Cho et a1. ( 1 996) (see Equat ion 6 .5 ) .  Two parameters 

appear in this model (k and n). These parameters came from the empirical mode l 

describing t he relat ion between sett l ing velocity and sludge concentration. There are 

several models used to describe such a relat ion l ike the power model as an example. 

The model is used on t he basis of best fitt ing the re lat ion ment ioned. Hence, the 

parameters ment ioned are determined through a regression analysis depending on the 

empirical model ut i l ized to describe t he settl ing veloc ity (see Chapter 2). Like the 

J Personal com m un ication with Mafraq wastewater treatment plant management .  
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param t r of th primary c lar i ficat ion mode l, the uncertainty of these parameters is 

taken into cons iderat ion when their va lue is to be determined and there is no need 

again to consider them as uncertain. Cho et a1. 's ( 1 996) model is also ut i l ized to 

d cribe the thickening performance of the secondary c larifier with model constants 

k" and n" . The di cussion above is appl icable on these parameters. 

The c lari ficat ion behavior of the econdary c lari fier is modeled with the 

empirical relat ion of Voutchkov ( 1 992) (Equat ion 6.26) .  In this relat ion the effluent 

suspended so l ids is related to MLSS, surface overflow rate, SVI, and sidewater depth 

in the tank . M LS and t he surface overflow rate are variables in the model whi le SVI 

and sidewater depth (H) are considered as parameters. SVI is determined according to 

standard tests for the wastewater under considerat ion whi le H ranges according to 

pract ical recommendat ions between certain values. In t he i l lustrative problem SVI is 

assigned a value of 1 50 mUg while H is assumed as the minimum possible depth 

which is 3 . 7  m. SVI of course invo lves variabi l ity while H here assumes t he worst 

case. Obviously, H is a determi nistic parameter whi le SVI, due to errors associated 

usual ly with experimental work and site condit ions affect i ng its value, is not a 

determinist ic parameter and shou ld be dealt as uncertain parameter. 

The core of t he introduced opt imizat ion model is the act ivated sludge model 

ASM3 . This model comprises major number of model parameters. I t  inc ludes, as a l l  

act ivated sludge models, sto ichio metric parameters and k inet ic parameters ( see Tables 

6 .3  and 6 .5) .  Both types of parameters are determined pract ical ly using experimental 

procedures. Due to experimental errors both invo lve a certain level of uncert ainty. I n  

addi t ion to  t his, as ment ioned previously, most k inet ic parameters are temperature 

dependent. Even if t he experimental quality control was at its best level and t he values 

obtained for k inet ic parameters were of minimum uncertainty, temperature 

fluctuat ions in rea l ity  add another dimension o f  variabi l ity .  

In t he introduced model, the stoichiometric and k inet ic parameters are 

assumed values as recommended by the ASM3 developers at 20°C. ASM3 is 

introduced original ly in t he form of a stoichiometric and composit ion matrix, which is 

reduced to stoichiometric matrix based on suggested values for the stoichiometric and 

composit ion parameters appear in t he original matrix. I n  the introduced opt imizat ion 

model, t he stoichiometric and composit ion parameters values suggested by Henze et 

a1. (2000) were used to produce a stoichiometric matr ix of ASM3 considered as the 
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ba i � r d scribing aet i at d sludge process in the mode ! ' see Chapters 3 and 6). 

J lenee, in this formulat ion, sto ichiometric and composition parameters are imbedded 

in the mode l .  Thus, kinet ic parameters, only, remain as th parameters associated with 

M3 mode l and the are a major source of uncertainty. 

The remain ing parameters in the model are divided into two groups. The fIrst 

parameters associated with constraints on aerat ion tank vo lume. These invo lve 

uneertaint , l ike the parameter describing effIc iency of diffuser, which depends on 

d iffuser type, and depth at which air pumped this uncertainty has a minor effect on 

model behavior since it does not contribute in the calculat ions directly. The second 

group is parameters assoc iated with object ive funct ion calcu lat ion. Capital recovery 

factor, cost index, base cost index, operating and maintenance wages, and electricity 

cost, all cannot be considered as uncertain parameters s ince designer chose these 

parameters based on current situation and if changed their rate of change is very low 

which a l lows another analysis to be conducted with the new parameters values. I n  

contrast, the other two parameters associated with the calculation o f  power 

consumption cost of pumping, i .e . ,  pumping head and pumping efficiency, are 

uncertain parameters. They are subjected to variabi l ity during operation and hence 

affect the cost of pumping signifIcant ly. 

Summarizing the above d iscussion, uncertainty in the introduced optimization 

model is attributed to several sources. The main source is the infl uent wastewater 

characterist ics including flowrate, pollutant concentrations, and k inet ic parameters. 

There are other parameters which invo lve a level of uncertainty but they are of less 

importance. These are SVI, pumping head and pumping efficiency o f  primary sludge 

pumps and secondary sludge pumps. 

9.2 Se nsit iv ity A n a lysis 

As mentioned previously, sources of uncertainty in the developed model are attributed 

to influent wastewater characterist ics inc luding flowrate, po l lutant concentrations, and 

k inetic parameters. Other minor parameters are ignored in this analysis. Sensit ivity of 

influent flow rate and pollutant concentrations were assessed in Chapter 8 when the 

model performance was monitored for different condit ions. I n  that analysis it has been 

concluded that influent flow rate only affects the sizes of different treatment units 

while bio logical state variables remain unchanged . Such uncertainty effect can be 
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c nquered by either con idering the peak flo rate a the design flo rate or applying 

a prop r afety factor to the in fluent flowrate. This wil l  account for the variabi l ity and 

wi l l  produce a rel iable de ign in terms of influent flowrate. 

In contra t to influ nt flowrate, influent po llutant concentration shows an 

-ob iou effi ct on model performance. Di fferent designs and effluent condit ions were 

obtained with d ifferent combinat ions of influent characterist ics. Design and effluent 

were obviously altered even when onJy one in fluent characterist ic was changed. The 

best way in dea l ing with variabi l ity of influent characterist ics is finding a probabil ity 

di tribut ion that best describes their  viabi l it ies. Such an approach was fo l lowed by 

Rou seau et a1. (200 1 ), as mentioned previously. I n  that study for every component of 

influent a triangular distribution was imposed between minimum and maximum 

alues calculated according to extensive measurements conducted on several 

wastewater treatment plants. Then Monte Carlo simulat ion was used to conduct the 

uncertainty analysis ( Rousseau et aI . ,  200 1 ) . 

The remaining random parameters are the k inet ic parameters. I t  has been 

ment ioned that these parameters are random due to est imation and due to their 

temperature dependency. I n  Chapter 8, the model performance for different sets of 

k i netic parameters at various temperatures was assessed. In generaL temperature 

variat ion affects k inet ic parameters which in turn affect the model performance 

significant ly. I n  t hat analysis, k inetic parameters were al l  changed according to a 

method discussed in Chapter 6 to show the values at certain temperatures. However, 

this is a rare situat ion which does not happen in real l i fe. Convent ional ly, a certain 

parameter might assume a value above or lower than the expected value.  I n  such a 

situation the model response is questioned. The answer wou ld provide an insight 

about the value ( importance) of k inet ic parameters uncertainty. I n  this sect io n, 

sensit iv ity o f  a model to kinetic parameters variat ions at low and high temperatures is 

explored. 

At low temperature, 20°C, the k inet ic parameters are assigned values 

suggested by Henze et a1. (2000) and shown on Table 6 .5 .  H igh temperature is 

considered at 40°C and the corresponding k inetic parameters are given in Table 6 .6 .  

For every parameter, at  20 and 40°C , three runs were conducted, one at  the suggested 

parameter value, another at 50% of this suggested value, and the third at 1 50% of it .  

At each run other values were kept at their original values. The base model i l lustrated 
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1 11 hapter 7 was considered the base [or aU conducted runs. Table 9. 1 shows the 
percentage change in object ive funct ion ( total cost) due to ±50% change in parameter 

alue. A minu sign ind icate a reduction in cost while posit ive one ind icates an 
mcrea , r  ferred to values obtained ( Table 8 . 1 )  at zero variabil ity of each relevant 

temperature. 

Table 9. 1 :  Percentage c h a n ge in opt i m a l  tota l  
co t due to va riat ions i n  k i netic Ea ra m eters 

Kinetic Al 20°C At 40°C 
Parameters -50% +50% -50% +50% 

kH -0. 1 5 1 1 0.0469 -0.06 1 5  0.0 1 64 

K\ 0.0630 -0.056 1  0.0222 -0.0222 

ksro 0.0296 -0.0065 -0.0 1 68 0.0048 

K s 0.0083 -0.0083 0.0068 -0.0068 

Ksro -0.0006 -0.0002 -0.0 1 39 0.0 1 28 

J.iH -0.0047 -0.0004 0.03 1 8  -0.0099 

KNHI 0.0000 0.0000 -0.0006 0.0007 

bH.01 - 1 .5 1 46 1 .8623 -2.0542 0.6479 

bSro.01 -0.060 1 0.057 1 -0.0285 0.0263 

J.iA 1 ] .338 0.0959 -0. 1 320 0.0323 

KA.NHI 0. 1 0 1 9  1 .2096 0.0428 -0.0420 

bA.OJ 0.0042 0.3355 0.0030 -0.0368 

I t  is obvious from the table that variab i l ity of k inetic parameters has d ifferent 

effect on the model optimum solution. Even for the same parameter, effect at low 

temperatures d iffers from the effect at high temperatures. There is no general trend 

that can be drawn. Moreover, all the changes are negl ig ible except the ones imposed 

by the variabil ity of bH JiA, and KA. The effect of changes imposed by bH and KA are 

st i l l  smal l  ( less than 2%) and can be neg lected. The most apparent effect is due to a 

reduction in  JiA assumed value by 50% at 20°C. The assumed value at this temperature 

is 1 .0, which means if JiA becomes for a reason or another 0.5 then a system with 

1 1 .3% h igher cost is required to achieve the same treatment requirements. This 

indicates that the system is very sensit ive to this parameter and any weak est imat ion 

of it wou ld lead to system fai lure. 

Sensit ivity of the model to JiA makes sense. JiA is the autotrophic maximum 

growth rate which is responsible for nitrification in  the act ivated sludge process. The 

developed model has been assumed to perform complete nitrificat ion that lowers the 

concentration o f  ammonium/ammonia nitrogen i n  the effluent to less than or equal to 

1 .0.  It is wel l  known that the growth rate of autotrophic biomass is natural ly very 
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low. hen any alterat ion in thi growth rate ( ariabi l ity of )1 1) would affect 

ign ificant Iy the n itrification process which in many cases l imits the solut ion.. 

espec iall at low temperatures as has been indicated before. I n  the case shown, the 

decrease in the growth rate required the system to increase the SR T to allow more 

t ime for nitrificat ion. Hence the system cost increased significantly. 

I t  sh u ld be noted that the d iscussed sensitivity analysis above was conducted 

b varying one parameter at a t ime. However in real ity al l  parameters might show 

d i fferent alue at the same t ime. And hence the combined effect on system 

performance wi l l  be totall d ifferent. The aim of the above sensit ivity analysis was 

only to compare the impact of variabi l ity of various individual parameters. 

I n  summary, the system is most sensit ive to variabi l ity o f  influent 

characterist ics and maximum growth rate of autotrophic biomass (;.LA).  Variabi l ity of 

these parameters should be considered in the design of activated sludge plants. 

I gnoring such variabi l ity would imply a serious risk and possibil ity of fai lure is 

expected. Hence such variabi l ity is considered in the coming example of uncertainty 

based design. I n  contrast, variab i l ity of other parameters also exists, however their 

influence compared to influent characterist ics and )1A influence is minor. I n  a 

comprehensive analysis, a l l  random parameters should be considered because a 

combined effect can be expected. 

9.3 U n ce rta i n ty Based O pt i m a l  Design 

I t  has been shown i n  the previous sect ion that a group of parameters are random 

parameters and their variab i l ity influence great ly the performance of the modeL I n  

general a random parameter i s  a real valued funct ion that is defmed o n  the sample 

space which is the total possible outcomes of the process of observat ions. A random 

parameter can be d iscrete or cont inuous. Statistical propert ies of a random parameter 

can be categorized into three types: ( 1 )  descriptors showing the central tendency; (2) 

descriptors showing the dispersion about a central  value (variabi l ity) ; and (3 )  

descriptors showing the asymmetry of a d istribut ion. The commonly used statistical 

propert ies are the arithmetic mean and median for the first type, variance and standard 

deviat ion for the second type, and coefficient of skewness for the third type. Variance 

and standard deviat ion which are often used as the measure of the degree of 
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uncertaint as oc iated with a rando rn parameter are the most ommon ( via and 

Tung, 1 992). 

In uncertainty analysis random parameters can be described by probabi l ity 

distribut ion where several distribut ions are frequently used . Based on the nature of 

t he random parameter, probabi l ity distribut ions can be c lassified into discrete 

di tribut ions and cont inuou d istribut ions. Continuous distribut ions can be 

approximated to discrete d istribution . The most common distribut ion is the normal 

d i tribution. 

Tn the design and an.a lysis of systems invo lving random parameter , the e ffort 

concentrated on approximating the predict ion uncertainty. Several techniques can 

be imp lemented which all approximate the mean and variance of a model given the 

variance of a parameter set . The mean is the expected output of the model and t he 

variance is a measure for the uncertainty. One wel l  known and frequent ly used 

technique is t he Monte Carlo S imulat ion technique. I n  this technique, a deterministic 

model is run repeatedly with every run a d ifferent set of parameter values. These 

parameter values are determined at t he beginning of every run form spec ific 

probabi lity d istribut ions. Monte Carlo simulation is frequent ly used since it is 

conceptual ly very simp le and easy to use g iven some previously developed random 

number generators. A common appl ication is the approximat ion of the predict ion 

uncertainty of the model given known probabi l ity  d istribut ions for the parameters. 

I n  GAMS, t he implemented optimization software in this study, there is an 

imbedded so lver to deal with uncertainty. DECIS  is a system for solving large-scale 

stochast ic programs, programs, which include parameters (coefficients and right -hand 

sides) that are not known with certainty, but assumed to be known by their probabi lity 

d istribut ion.  It employs Benders decomposit ion and al lows using advanced Monte 

Carlo sampling techniques. DEC I S  inc ludes a variety of solution strategies 

( techniques), such as so lving t he u niverse problem, t he expected value problem, 

Monte Carlo sampl ing within Benders decomposit ion algorithm, and Monte Carlo 

pre-sampl ing .  For detai ls about t he DEC I S  system consult t he DECIS  User's Guide, 

see lnfanger ( 1 997).  A lt hough DEC I S  is a powerful tool to assess uncertaint ies o f  

mode ls, it i s  quite d i fficul t  i n  model formulat ion. I t  deals only with coefficients and 

right-hand sides which makes it d ifficult to defme random parameters espec ial ly when 

complex models are considered. I n  the model under study, very complicated rate 
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equat ion f po l lutant appear. uefining random parameter within these equat ions i s  

a complex proce and further analy is is required to overcome this problem. Because 

o f  the aforement ioned difficult ies assoc iated with applying GAMSIDECI S  on the 

model under study, the uncertain model design is generated using the expected value 

problem. The e pected value problem results from replac ing the stochastic parameters 

b their expectat i llS. Ithough it can be so lved using GAMS/DECI , it is easier to be 

o h ed b emplo ing a so lver direct ly (CONOPT2 or M INOS). Solving the expected 

value problem may be usefu l by itself, and it also may yield a good starting so lut ion 

for olving the stocha t ic problem. 

The random parameters defmed in  the previous section are assumed a discrete 

probabi l ity d istribution shown in Table 9.2 .  The table shows part of influent 

characterist ics, characterist ics not shown are considered as determinist ic parameters. 

From such a d istribut ion, the expected value of each parameter is found, which is in  

turn implemented in  the opt imizat ion model.  

Table 9.2 : Discrete probabi l i ty distribution of random 
earameters in the  oet imization model 

Outcome 
ymbol (probabi l ity) 

1 000 1 200 1 500 1 700 2000 Q (0.04) (0.06) (0.8) (0.06) (0.04) 

29 30 32 3 5  36 
SI (0.05) (0.075) (0.75) (0.075) (0.05) 

1 00 1 30 1 62 1 70 1 90 
Ss (0.05) (0. 1 5) (0.6) (0. 1 5) (0.05) 

1 9  20 25 40 SO 
s.\H4 (0.0 I )  (0.04) (0.9) (0.04) (0.0 I )  

85 90 92 1 00 1 1 0 
XI (0.04) (0.06) (0.8) (0.06) (0.04) 

1 95 200 2 1 4  220 230 
Xs (0.04) (0.06) (0.8) (0.06) (0.04) 

2 1 0  2 1 7  230 240 255 
Xss (0.04) (0.06) (0.8) (0.06) (0.04) 

0.5 0.7 I 1 . 1  1 .2 
f-LA (0.02) (0.08) (0.8) (0.08) (0.02) 

The expected value for a discrete distribut ion is calculated as fo l lows. I f  X is a 

d iscrete random parameter and f(x) is the value of its probability distribut ion at x, the 

expected value o f  X is ( M i l ler and M i l ler, 1 999) : 

E(X) = LX .  f(x) (9. 1 )  

x 
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s the e pected alue ' 0 [ the random parameter cal ulat d c ording to 
quation ( 9. ) )  and compared to assumed determini t ic values. Table 9.4 shows results 

o f  uncertain ba ed de ign mode l compared to the determinist ic model so lved as an 
i l lu  trati e problem in Chapter 7. 

Table 9.3:  Dete rm i n istic va lue ver us 
exeected va l ue fo r random ea ra m eters 

ymbol Detenninistic Expected 
value val ue Q 1 500 1 494 

Sf 32  32. 1 25 
Ss 1 62 1 56.7 
SNH4 25 25.6 
X, 92 92.8 
x:� 2 1 4  2 1 3 .4 
Xss 230 230.02 
J.iA 0.978 

Table 9.4: U ncerta i n ty based design compa red to determ i n istic 
design of tbe i l l ustrat ive eroblem d iscussed in Chaeter 7 

)mboJ Units Detenn inist ic Uncertainty based 

q mid 1 20 1 20 
Ap m2 299.8 298.6 
SRT d 3 .479 3 . 5 1 3  
HRT d 0. 1 25 0. 1 25 
V m3 4497 4479 
AFR m3/m in 264.5 263 . 1  
XSSJ gjm) as S 4628.0 4627.5 
r 0.25 0.25 
w 0.696 0.688 
SR mid 1 8.90 1 8.9 

AI m1 1 890 1 882 
SSJ glm) as COD 0.568 0.563 
SNHJ glm) as N 0.778 0.8 
XSS4 glm] as SS 1 0  1 0  
Cost $/year 598 1 38 596428 

It is noticeable from the new design that more capacity has been added to the 

system in terms of  size to account for uncertaint ies in influent flowrate. I n  add it ion, 

other design parameters were adjusted to fulfil l  the treatment requirements of the 

random influent characterist ics. I n  terms of nitrification, it is obvious that the perfect 

case of  assuming the maximum growth rate (;..LA) as 1 .0 is no longer existent and a 

higher concentration of  ammonium/ammonia nitrogen (SNH3) appears in the effluent. 
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CONCLUSIONS AND FUTURE RESEARCH 

The act ivated sludge proce s is the most widespread biolog ical treatment technique 

that ha attracted for the last forty years the concern of researchers from d ifferent 

fie lds. De ign 0 f the process to meet treatment requirements with min imum costs  has 

always been a chal lenge. Trad it ional design methods are based on simple 

understanding ( low accuracy) of the process and hence may ignore crit ical 

considerat ions or invo lve a large number of sources of uncertaint ies. Mathemat ica l 

model ing of the process is a crucial requ irement for design and analysis. Models of 

act ivated sludge process have ranged from simple to advanced over the last four 

decades. everal not iceable advancements have occurred in the understanding and 

model ing of the process. Such models have played a valuable role in introducing the 

process to the design engineers in more expl icable manner. Moreover, they have 

become the base for new design approaches of higher accuracy that are c learly more 

rel iable than o ld approaches. 

I n  contrary even with the very advanced models as the base for design and 

analysis, t here are st i l l  remaining issues that need to be considered for a 

comprehensive design. The main issue is the need for a cost-effect ive design. Such 

have triggered the research about developing cost-effect ive "optimizat ion" models to 

be used for design and analysis. Such incorporate mathemat ical performance models 

with cost information functions. S ince 1 962, when the first known study in this field 

was publ ished, several effo rts have been devoted to develop models t hat opt imize 

d ifferent wastewater treatment systems includ ing the common act ivated sludge 

systems. A l iterature review of such efforts is g iven in Chapter 1 with more emphasis 

on recent studies. Explorat ion of such l iterature reveals that various studies d iffer in 

many aspects and several improvements and contribut ions can be done. 
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This the i is an attempt to comribute to the formulation of a model that fInd 

the opt imum sizing of an act ivated sludge sy tern taking into considerat ion the latest 

progre sion in activated sludge proce s understanding and modeling. 

In this thesis, an optim izat ion model for use in the design of act ivated sludge 

wa tewater treatment ysterns is developed. The model incorporates in add it ion to 

act i  ated ludge ystem, a primary ed imentation unit operat ion. State-of-the-art 

proce design mathematical models to predict the performance of various unit 

operations are considered. A typical act ivated sludge system layout (F igure 6. 1 )  is 

considered in  the system development . Such layout is appl icable to  most operated 

act ivated sludge wastewater treatment plants and with few modificat ions it can be 

appl ied also to various reactor types, flow regimes, and act ivated sludge process 

variat ions. 

I n  the developed model, the object ive function is the total cost (capital and 

operat ion) of the considered system. The governing equat ions are the performance 

models describing the behavior of d ifferent unit operat ions in the system Constraints 

invo lve practical l imits on design variables and of course effluent constraints. The 

overal l  object ive of the modeJ is to size the various unit operat ions fu lfi l l ing the 

effluent requ irements with m in imum total system cost .  The first unit in the system, 

t he primary c larifier is modeled considering its two funct ions, c larificat ion and 

th ickening. C lari fIcat ion is modeled according to a recent study by Christoulas et al .  

( 1 998) while thickening is modeled according to the so lids flux theory as g iven by 

Cho et al. ( 1 996). S imi larly, the last unit, the secondary c larifier, is modeled 

cons idering its two functions. C larificat ion performance is assumed to fo l low the 

model o f Voutchkov ( 1 992) whi le thickening is modeled as in the primary c larifier, 

according to Cho et al. ( 1 996). Unl ike other simi lar stud ies in l iterature, no 

assumpt ions are implemented in model ing the behavior of these two units. Many o ld 

studies assumed perfect purificat ion in the secondary clarifier which is impractica l .  I n  

this study, a model describing this process i s  implemented with pract ical l imitat ions 

on design parameters and variables. I ndeed, a l l  behaviors that affect the design are 

modeled according to recent verifIed and tested models. 

The core part of activated sludge systems IS the biological t reatment 

accompl ished in aerat ion tanks. This is modeled according to the recent model ASM3 

of the I W  A. A S M3 was developed in 1 999 in order to create a tool for use in the next 
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generat ion of act i  ated ludge models. A M3 incorporates the lat st developments in 
understand ing act ivated ludge s stem behavior. It has the abi l ity  to simulate organic 

carbon removal, nitri fication, and denitri fication. In this study, it has been considered 

that the sy tern inc lude only aerobic aerat ion tanks. Hence the denitrificat ion 

performance depicted in ASM3 is omitted. This ha been done through a systematic 

approach to derive a new reduced order model. 

The reduced order A M3 based model developed in  this study is based on 

rea onable assumpt ions such a neg lecting the alkalin ity that has minor effect on other 

processes in the modeL Such a model can be used for other purposes other than this 

tudy and a good idea wou ld be to test it and compare it to other models inc luding the 

full ASM3 model. 

Performance models of the three unit operat ions were put together to form a 

sy tern mode l with mass balance equat ions. I t  is worth mentioning that the selected 

performance models cannot be declared as the best models represent ing the rea l ity 

because every model has its part icularit ie and restrictions. This is espec ial ly t rue for 

empirical models. Such models are deve loped for certain situat ions and using them in  

other situations may be associated with a certain level of error. Using them for a 

particu lar treatment p lant for a certain type o f  wastewater requires cal ibrat ing their 

parameters to represent the wastewater/plant under study. The models chosen, 

a ltho ugh recent and advanced, are only examples of how the models can be 

incorporated in such type of problems. 

To use the opt imizat ion framework introduced in this study for certain plant or 

design, models then should be chosen based on the best represent ing the 

wastewater/plant i n  quest ion. Sometimes developing a specific model would be a 

better opt ion. 

I t  has been mentioned that optimizat ion problems have three main portions 

(see F igure 1 . 1 ) . The aforement ioned system model forms the ftrst pot ion which is 

mathematical models governing the system. The second port ion is the object ive 

funct ion that i s  the total system cost .  Due to the absence o f  cost funct ions describing 

the cost informat ion for wastewater t reatment p lants in  the UAE, it has been decided 

to use cost informat ion introduced in l iterature and developed for other regions. The 

cost funct ions ut i l ized in this study are derived from the functions developed by Tang 



1 57 

et a1. ( 1 984) and the one introduced by Tyteca ( 1 985)  and al d to 2003 y ar co t 

using the Eng ineering ews Record construction cost index of 2003 . Therefore, the 

co t funct ions considered in this study are only meaningful in the sense that they 

repre ent typical r lat i e costs among unit processes. This is just ified since the main 

purpos of the tudy is not co t est imat ion but opt imizat ion of a typical treatment 

sy tern where relat ive co ts of d ifferent incorporated units is the most important not 

the cost itse lf as a figure. 

Third portion i the optimizat ion technique. The optim izat ion so ftware GAMS 

ha been used in this study to  perform opt imizat ion runs. GAMS i s  a powerful too l 

that inc ludes various so lvers suit a wide variety of problems. The developed model 

was programmed in  GAMS language considering governing equat ions, object ive 

funct ion, and constraints. List ing of the program is given in Appendix A. GAMS 

so lvers was found to be robust in deal ing with various condit ions affect ing, usual ly, 

any opt imizat ion problem. 

The use of the developed model was demonstrated through an i l lustrative 

problem ( Chapter 7). I n  this problem, typ ical influent wastewater characterist ics as 

wel l  as typical parameters values were considered. Results were discussed 

considering several aspects. Robustness of so lut ion has been noticed since several 

starting so lut ions did not affect the final solut ion ind icat ing that the obtained solut ions 

are possibly g lobal  optimal solut ions. D iscussion of the results shows the importance 

o f  engineering intu it ion and percept ion in designing act ivated sludge systems. 

Although the results obtained were reasonable and showed good agreement with 

pract ical expectations, further analysis was required to refine the obtained design and 

explore other possibil it ies. Furthermore, performance of the developed model under 

various condit ions was explored. Effect of SRT, temperature, influent characterist ics, 

as wel l  as effl uent requ irements were invest igated via many optimizat ion runs. 

Results were reasonable and expl icable. Valuable information was obtained from such 

analysis. This indicates obviously that the developed model can be used as an analysis 

tool in addit ion to design tool .  Moreover, performance ana lysis could answer several 

questions raised about the performance of operated act ivated sludge plants. 

The fo l lowing is a l ist of speci fic findings obtained while test ing the model 

performance (Chapters 7 sand 8) :  
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Object i e funct ion which i based on co t informat ion ut il ized affect 

igni ficantly the re ult . l Ienee, choosing the most represent ing cost funct ions 

c pec ial Jy in terms of relat i e costs of various units is a crucial requirement to 

obtain rea onabJe re uIts. 

One of the main advantages of the model shown in this study is the coupling 

of three important unit operat ions in one model accounting for the interact ions 

between the three units. Considering such interaction is very important . A 

designer ould determine whether a primary clarifier is required or a system 

without it is more economical .  I n  additio n, the interact ion between the 

biological treatment in the aerat ion tank and the sedimentation in the final 

sett ling tanks is a lso modeled. Such interaction remains a big chal lenge when 

designing a wastewater treatment system. By using a model l ike the one 

proposed in this study, the interact ions can be invest igated eas i ly and no 

worries from bio log ical treatment that cause failure in the subsequent settl ing. 

It has been shown in most of the runs for the system considered that the 

primary c larifier is not an effect ive unit and cost savings can be accomp lished 

by considering a system without a primary c larifier. I ndeed, this is 

mathemat ical ly true; however, other factors should be taken into 

consideration. The first is the accuracy of the cost information used. The 

second is the role o f  the primary c larifier in reducing the inert solids entering 

with the influent . Such solids have serious effect on t he subsequent bio logical 

t reatment . I t  might exert an inhibit ion effect and alter the act ivity of t he 

biomass. Such effect is not modeled and hence resu lts should be judged 

against it. More improvements in results can be achieved by model ing such 

effects. 

E ffect of temperature on model performance is obvious. H uge cost savings can 

be achieved by contro l l ing the process at d ifferent temperatures. It has been 

shown, at h igh temperatures, operating at low sludge age by contro l l ing the 

recyc le flow wou ld cause remarkable reduct ion in cost. 

The last chapter in this study explores the issue of considering uncertainty in  

design of act ivated sludge systems. Sensit ivity analysis was accompl ished to find out 

the most impressive design parameters that affect the design significant ly. F inal ly, an 
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example of implement ing uncertainty in de ign wa gi en through <I n e pected-value 

problem that was then compared to determin ist ic design. As expected, considering the 

parameter uncerta in t ies in design produced completely different result of higher costs 

than the determini t ic de ign re ults. 

In conclusion, the developed opt imum s izing approach is a good aid for design 

engineers. An impoltant advantage of such is the combinat ion of simu lat ion and 

optimizat ion in one formu lat ion that enables users to use it for design and analysis 

purpo e . Future research depend ing on th is work is d iscussed in the next section. 

1 0. 1  F u t u re Resea rch 

everal potent ial research areas in process model ing and design were invest igated 

during the development and ut i l izat ion the opt imizat ion model. However, there are 

other areas that deserve future invest igat ion. Two main direct ions can be identi fied. 

The first is related to model development and the second is about ut i l izing the model 

for various purposes. 

Concerning the first direct ion, several areas need further invest igat ions. These 

include: 

1 - Perfo rmance models of various unit operat ions st i l l  need more refinements. 

Models that describe c larificat ion/thickening behavior of set t l ing tanks are 

very important while more invest igations st i l l  required. Development of 

mode ls that account for more design conditions and real ist ically describe such 

performance is a crucial requirement. The best option ·would be to develop 

speci fic purpose models when a certain problem is being addressed. 

2- Cost funct ions are great sources of uncertainty in such type of problems. 

Deve lopment of cost funct ions for UAE would reduce such uncertainty 

significant ly. 

3- The developed model can be extended to include other types of reactors, flow 

regim es, and act ivated sludge process variat ions. Reactors with mechanical 

aerat ion and p lug flow pattern can be imbedded in  the model with minimum 

modificat ions. 
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4- i mpiementing denitrificat ion, which is mitted in this study, is also a possible 

extension. In this regard, anoxic conditions should be assumed in the aerat ion 

tank. Phosphoru removal also can be added. A M2 mode l incorporates 

den itrificat i n and phosphorus r mo al and can be used for such a purpose. 

Concerning the second d irect ion, several studies and research can be 

conducted ut i l izing the deve loped model. These inc lude: 

1 - L ensit i ity analysis where informat ion on the effect of a particular parameter 

in the model on the overall  system design is useful for system design and 

an.alysis. Example o f  such stud ies are given in thjs work that can be extended 

to cover al l  parameters in the model .  Potential research areas can be ident ified 

where the system is very sensit ive to a particular parameter. 

2- Rel iabi l ity and uncertainty analysis using the system developed can be 

evaluated. Valuable informat ion can be obtained when uncertainty of 

parameters is  imp lemented. This information helps to  establish guidel ines for 

pract ical system design. A simple example o f  imp lement ing parameters 

uncertainty is given in this study. Such can be extended to couple a more 

comprehensive uncertainty analysis tool l ike Monte Carlo simulat ion to the 

developed model .  Results of such coupling should produce a design that is 

more reliable. 

The developed model can be appl ied on real ist ic situations. These include 

newly designed and operated wastewater treatment systems. A possible option is to 

apply the model on o ne o f  the treatment p lants operating in the UAE. I n  such a case, 

performance models should be verified and design parameters should be determined 

through experimental procedures and field measurements. Such a study could reach a 

valuable design and operation recommendations. 
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AP PENDIX A 

L ist  of GAMS I n p u t  F i le 

$ T �  le Opt �m� z a t i o n  of Ac � v a t e d  S l udge Model ( AS M , SEQ= 6 B ) 

S O n t e x t  

2 4 / 4 / 2 0 0 3  
up1: im i z i ng a s y :; tem � Il c l udes p r i rr,a r y  c l a r i f i e r  and act i va te d  
s l udge p roce s s . T h e  a c t i v a t e d  s l udge i s  mod e l e d  ba s e d  o n  the 
a mode l de r i ve d  f rom t he recent ASM 3 model which w a s  p roposed 
b y  I WA � n  1 9 9 9  
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C 2 5  . .  
T S S  =g= l e 3 * XS S 3 * ( 1 e - Z " X2 ) ; 
C Z 6  . .  
S N H  =g= S NH J ;  



• M l  l n g  and o x ygen t ra ns f e r  Reoui remen s 1n Aera t I on T a n k  
C �  I .  . . 

1 0 0 0 ' V =g= « ROH + ROA ) / 2 4 ) / 0 . 1 0 ;  
C 2 8  . .  
l O O O ' V cg= 1 0 0 0 ' A FR / A I R U ;  
C 2 9  . .  
1 0 0 0 * V 1 =  1 0 0 0 *AFR/AI R L ;  

, Cos t Func t i o n s  
, P r im a r y  c l a r i f i e r  
C 3 0  . .  
C C PST =e- 8 2 4 * ( l e 2 ' Ap ) " . 7 7 ; 
C 3 1  . .  
CO PST -e= 1 7 . l * ( l e2 * A p ) ' * . 6 ; 
C 3 2  . .  
CMPST =e- 9 . 2 3 ' ( 1 e 2 * Ap ) • • .  6 ; 
C 3 3  . .  
C S PST =e= 8 . 62 *  ( l e 2 * Ap )  * * . 7 6 ;  

• P r Ima r y  S ludge pump ing 
C 3 4  . .  
C C P S P  = e =  9 8 7 0 * Q8 * * . 5 3 ;  
C 3 5  . .  
COPS P =e= 2 5 7 * QB * · . 4 1 ;  
C 3 6  . .  
C M P S P  =e =  1 1 2 * Q8 * * . 4 3 ;  
C 3 7  . .  
C S P S P  = e =  2 1 4 * QB * * . 6 4 ;  
C 3 B  . .  
C PP S P  = e =  Q8 ; 

* A e r a t Ion t a n k  
C 3 9  . .  
CCAT =e= 4 6 1 * ( le 3 * V ) * * . 7 l ;  
C 4 0  . .  
C C DAA =e= 8 5 3 3 *AFR* * . 6 6 ;  
C 4 l  . .  
CODAA =e= l 8 7 * AF R * * . 4 8 ;  
C 4 2  . .  
CMDAA =e= 7 4 . 4 *AFR * ' . 5 5 ;  

* F i n a l  C l a r i f I e r  
C 4 3  . .  
C C F S T  =e= 8 2 4 * ( l e 2 * Af ) * * . 7 7 ;  
C 4 4  . .  
COFST =e= 1 7 . l * ( l e 2 *A f ) * * . 6 ; 
C 4 5  . .  
CMFST =e= 9 . 2 3 * ( l e 2 * A f ) * * . 6 ; 
C 4 6  . .  
C S FS T  = e =  8 . 62 * ( l e 2 * Af ) * * . 7 6 ;  

* R e t u r n  a n d  w a s t e  S l udge 
C 4 7  . .  

5 =e= ( r + ( l e - 2 * w ) * Q2 ;  
C 4 8  . .  
C C R S P  =e= 9 8 7 0 * Q5 * * . 5 3 ;  
C 4 9  . .  
CORSP =e= 2 5 7 * Q5 * * . 4 1 ;  
C 5 0  . .  
CMRSP =e= 1 1 2 * Q5 * * . 4 3 ;  
C S 1  . .  
C S R S P  =e= 2 1 4 * Q 5 * * . 6 4 ;  
C 5 2  . .  
C P R S P  =e= Q 5 ; 

o b j f un . .  
c o s t  =e= O l * ( C C P S T + C C P S P + C C AT + CCDAA +CCFST+CCRS P )  

+ OMW * ( COPST+CMPST +COPSP + C M P S P+ CODAA+CM DAA+COFST+CMFST+CORS P +CMRS P )  
+ 0 2 * ( C S PS T + C S P S P + C S FST+CSRS P )  
+ 0 3 * ( CP P S P + C P R SP ) ; 

bounds 

q . lo = 3 0 ;  
Ap . l o = 1 . 1 5 ;  
S RT . lo 1 ;  
HRT . lo = . 1 2 5 ;  

q . up= 1 2 0 ;  
Ap . up= l e 6 ;  
S RT . up 2 0 ;  
HRT . up = . 62 5 ;  
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r . l o '" . 2 S ;  
X SS L l o 0 . ') ; 
S R . lo = 1 6 ;  

J2 . 1 0 - 1e � 6 ;  
8 . 10L l e � 6 ;  

X l . lo = l e � 6 ;  
S S 3 . 1 0 = l e � 6 ;  
S N H 3 . 10 = l e - 6 ;  
S N 0 3 . 1 0- l e - 6 ; 
X I 3 .  1 0 = l e � 6 ;  
XS 3 . 1 0 = l e - 6 ;  
X H 3 . 1 0 = l e - 6 ;  
XA3 . 10= l e - 6 ;  
X S S 8 . 1 0= l e- 6 ;  
X ST03 . 1 0 = l e - 6 ;  
V . l 0 = I e - 6 ;  
ROH . 1 0 l e- 6 ;  
ROA . l o - I e - 6 ;  
AFR . 1 0 = l e - 6 ;  
0 5 . 1 0 =  l e - 6 ;  
w . l o = l e - 6 ;  
A r  . 1 0 l e - 6 ;  
X 2 . I o I e- 6 ;  
x 3 . 1 0 I e- 6 ;  

.l n i t .l a 1  va l ue s  
q . l = 3 0 . 0 0 0  
Ap . 1 = 1 1 . 9 9 5  
X 1 . 1 = 0 . 67 9  

2 . 1  = 1 4 9 9 . 3 9 2  
08 . 1 = 0 . 60 8  

r .  u p  - 1 .  S ;  
X S S 3 . up= l e 6 ;  
S R . up = 3 2 ;  

02 . up � l e 6 ;  
08 . up= l e 6 ;  
X l . up= l e 6 ;  
S S 3 . up= l e 6 ;  
S N H 3 . up= I e 6 ;  
S N0 3 . up= I e 6 ;  
X I 3 . up= l e 6 ;  
XS 3 . up= 1 e 6 ;  
X H 3 . up=l e 6 ;  
XA3 . up= 1 e 6 ;  
X S S 8 . up= l e 6 ;  
XST03 . lIp= 1 e 6 ;  
V . up = 1 e 6 ;  
ROH . Up l e 6 ;  
ROA . up = l e 6 ;  
AFR . up = l e 6 ;  
0 5 . up= 1 e 6 ;  
w . up= l e 6 ;  
A f . up= l e 6 ;  
X2 . up= 1 e 6 ;  
X 3 . up= l e 6 ;  

X S S B . l = 1 8 2 . 4 9 3  

S R T  . 1 = 1 0 . 0 0 0  
H RT . 1 = 0 . 2 0 0  
V . l = 7 . 1 9 7  
r . l = 0 . 4 0 0  

w . 1 = 0 . 5 5 9  
X 2 . 1= 0 . 07 1  
x 3 . 1 = 3 . 4 5 0  
A f  . 1 = 2 4 . 5 4 3  

S S 3 . 1= 0 . 2 8 8  
S N H 3 . 1 = 0 . 3 3 3  
SN03 . 1 = 3 1 . 1 5 3  
X ! 3  . 1 = 4 . 1 2 6  
X S 3 . 1 = 0 . 2 5 9  
X H 3 . 1= 2 . 3 9 6  
XA3 . 1 = 0 . 1 4 9 
XST03 . 1 = 4 3 8 . 2 2 1  

X S S 3 . 1 = 5 . 8 4 4  

ROH . l = 7 7 9 8 . 4 5 3  
ROA . l = 3 9 4 5 . 7 3 8  
A FR . I = 2 9 3 . 6 0 5  

Q 5 . 1 = 6 0 8 . 1 4 0  
S R . l = 1 4 . 5 8 0  

M o de l ASM3 MODEL / a l l / ;  
Op t ion NLP

-
= CONOPT2 

S o l ve ASM 3_MODEL us �ng nIp m i nimi z i ng cos t ;  
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A P PENDIX B 

L ist  of C AMS O u tp u t  F i le  

GAMS Rev 1 1 9  W l ndows N T /  5 / 9 8  
Opt lmi z a t l 0 n  o f  Act i va t ed S l udge Mode l 

2 
2 4 / 4 / 2 0 0 3  

0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 
(ASM , SEO= 6 8 ) 

Opt lmi z l ng a s y s tem l n c l udes p r lma r y  c l a r l f i e r  a nd a c t i v a t e d  
s l udge p roces s . T h e  ac i va t ed s ludge i s  mode led b a s e d  on t he 
a mode l de r i ved f rom t he recent ASM3 mode l which was proposed 
b y  I WA i n  1 9 9 9  

COM P I LATI O N  T I M E  0 . 0 1 0  S ECONDS 0 . 7  Mb W I N 1 9 7 - 1 l 9  

1 

GAMS Rev 1 1 9  Wi ndows NT / 9 5 / 9 8  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 2 
Opt imi z a t i o n  o f  Ac t iv a t ed S l udge Mode l ( ASM , SEO= 6 8 )  
Equa t l on L i s t i ng SOLVE ASM3 MODEL US I NG N L P  FROM L I N E  3 5 7  

C l  =E= 

C 1 . .  - ( O . O O l l ) * q + Xl =E = 1 ( LHS 1 . 0 0 0 3 ,  I N FES 0 . 0 0 0 3  * * * )  

C 2  = E =  

C2 . .  - ( 0 . 02 ) *02 + q +  ( 2 . 5 0 1 1 ) * Ap =E= 0 

C 3  =E= 

C 3 . .  - 02 - 08 = E =  - 1 5 0 0  

C 4  =E= 

( LHS - 1 5 0 0 )  

( LHS 

C4 . .  ( l JO . 4 9 1 7 ) *08 + X S S 8  - ( 6 . 6 1 4 J ) * Ap =E= 0 
( LHS = 0 . 0 1 3 4 ,  I N FES 0 . 0 1 3 4  * * * )  

C 5  = E= 

- 0 . 0 0 0 3 ,  I N FES O . O O O J  * * * )  

c s  . . - ( 1 5 6 . 1 7 ) * Q2 - ( 1 8 2 4 9 3 ) * Q 8  - ( 60 8 ) * X S S 8  - ( 3 4 4 8 60 . 1 6 ) * X l  = E =  - J 4 5 0 0 0  

( LH S  = - 3 4 5 1 1 5 . 7 9 2 6 ,  I NFES = 1 1 5 . 7 9 2 6  * * * )  

C 6  =E =  

C 6  . .  ( 0 . 0 0 0 1 ) *02 t HRT - ( 0 . 0 2 7 8 ) * V  = E= 0 ; 
( LHS = 2 . 2 6 7 5 8 5 8 E - 6 ,  I N FES = 2 . 2 67 5 8 5 8 E - 6 * * * )  

C 7  = E =  

C 7  . .  S RT - ( 5 0 . 0 2 1 2 ) * HRT t ( l 7 . 2 6 1 l ) * w  + ( 4 . 9 7 6 J ) * X 2  + ( 2 . 7 9 7 4 ) * X J  =E= 0 

( LHS = - 0 . 0 0 4 2 ,  I N FES = 0 . 0 0 4 2  * * * )  

GAMS Rev 1 1 9  W i ndOWS N T / 9 5 / 9 8  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 3 

Opt lm l z a t ion o f  Ac t i va t ed S l udge Mode l ( ASM , S EO= 6 8 ) 

Equa t lo n  L i s t i ng SOLVE ASM3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

C 8  =E= 

C 8  . .  ( 9 1 7 . 1 5 1 2 ) * S S 3  - ( 4 8 8 . 7 2 7 2 ) * X S 3  + ( 1 2 0 . 1 7 2 9 ) * X H 3  t ( 8 0 7 . 9 7 1 5 ) * HRT =E= 

1 6 1 ; ( LHS = 1 6 1 . 8 8 2 3 ,  I N FES = 0 . 8 8 2 3  * * * )  

C 9  =E= 

C9 . .  - ( 2 7 . 4 8 4 5 ) * S S 3  t ( 7 2 . 9 9 0 4 ) * SN H 3  - ( 4 . 8 8 7 3 ) * X S J  - ( 5 . 8 2 4 J ) * XH 3  

t ( 2 0 9 . 8 6 1 ) *XA3 + ( 0 . 0 1 9 4 ) * XST03 + ( 1 2 2 . 7 6 2 7 ) * HRT = E =  2 5  ; 

( LHS = 2 4 . 8 8 5 5 ,  I N FES = 0 . 1 1 4 5  * * * )  

1 74 



(" 1 1  F. 
C l O  . •  - ( 69 . 9 3 4 6 ) * S NH3 + S N 0 3  - ( 2 0 B . 3 4 3 6 ) * XA 3  - ( 1 5 5 . 2 1 6 ) * HRT �E� 0 

( LHS = 0 . 1 0 9 B , I N FES = 0 . 1 0 9 B  . . .  ) 

C l l  -E= 

C l l  . .  ( 2 0 ) * X I 3  ( B ) * X H 3  - ( 6 ) ' XA3 - 9 2 * X l  - ( B . 2 5 2 ) * SRT + ( 3 1 2 . 2 1 ) * HRT �E� 0 
; ( LHS � - 0 . 0 2 6 ,  I NFES - 0 . 0 2 6  U k ) 

e l 2  =E� 

e 1 2  . .  ( 5 0 8 . 7 2 7 2 ) * X S 3 " ( 5 . 7 0 1 2 ) * XH3 - 2 1 4 * X 1  - ( 0 . 5 1 B ) * S RT + ( 7 2 7 . 1 5 9 3 ) * HRT 
=E= 0 ;  ( LHS = 0 . 1 2 5 9 ,  I N FES = 0 . 1 2 5 9  * * * )  

C 1 3  = E �  

C l 3  . .  - ( 1 2 . 5 Q 7 2 ) * SN H 3  + ( 5 0 . 7 2 9 2 ) * X H 3  - ( 0 . 2 7 7 6 ) * XST03 - ( 4 . 7 9 6 ) * SRT 
- ( 0 . 0 1 9 8 ) * HRT E= 0 ; ( LHS = - 0 . 0 0 4 ,  I N FES = 0 . 0 0 4  * * * )  

CJlMS Rev 1 1 9  w i r.dows NT / 9 5 / 9 8  0 6/ 0 4 / 0 1  0 0 : 5 1 : 2 7 PAGE 4 
Opt imi z a t i o n  o f  Act 1 vated S ludge Model ( ASM , SEQ� 6 8 ) 
E q u a t 1 0 n  L i s t i ng SOLVE ASM 3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

- - - - C 1 4  = E �  

C 1 4  . .  - ( 7 7 8 . 7 2 8 5 ) * S S 3  + ( 2 0 . 1 5 5 5 ) * SN H 3  - ( 9 2 . 1 5 9 8 ) * X H 3  + ( 0 . 5 0 4 2 ) * XST03 
- ( 0 . 8 7 6 4 ) * SRT - ( 0 . 3 0 8 1 ) * HRT �E= 0 ; ( LHS = - 0 . 0 6 1 6 ,  I N FE S  � 0 . 0 6 1 6  * * * )  

C 1 5  =E= 

C I S  . .  - ( 1 6 . 7 7 0 9 ) * SN H 3  + ( 0 . 0 3 7 5 ) *XA3 - ( 0 . 2 9 8 ) * S RT + ( 0 . 0 2 7 9 ) * HRT =E= 0 
( LHS � 0 . 0 0 5 6 ,  I N FES = 0 . 0 0 5 6  * * * )  

C 1 6  � E =  

C 1 6  . .  - 0 . 7 5 * X I 3  - 0 . 7 5 * X S 3  - 0 . 9 * XH 3  - 0 . 9 * XA 3  + X S S 3  - 0 . 0 0 0 6 * XST03 �E� 0 
( LHS = 1 . 7 4 0 0 0 0 0 E - 5 ,  I N FES = 1 . 7 4 0 0 0 0 0 E - 5  * * * )  

C 1 7  =E= 

C l 7  . .  - ( 2 . 4 5 ) * r  - ( 0 . 0 3 4 5 ) * w - ( 0 . 0 0 9 9 ) * X 2  - ( O . 4 0 5 6 ) * X 3  = E = - 1  
( LH S  � - 1 ,  I N FES � 8 . 4 6 8 9 0 0 0 E - 6  * * * )  

C 1 8  = E =  

C 1 B  . .  - ( 5 . 1 B 5 2 ) *Q2 + ( 2 5 . 4 0 5 7 ) * S S 3  - ( 5 4 3 6 . 8 1 9 4 ) * X 1  - ( 12 3 . 3 3 6 4 ) * SRT + ROH 
� E =  0 ; ( LHS = 2 3 . 8 5 2 1 , I N FE S  = 2 3 . 8 5 2 1  * * * )  

C 1 9  =E� 

C I 9 . . ( 2 . 6 3 1 6 ) * Q 2  + ( 1 5 9 . 9 6 2 3 ) * S N H 3  - ( 4 . 0 9 0 3 ) * SRT + ROA �E� 0 

C 2 0  . .  

( LHS = - 0 . 0 5 2 9 ,  I N FE S  = 0 . 0 5 2 9  * * " )  

C 2 0  = E �  

0 . 0 2 5 * ROH - 0 . 0 2 5 * ROA + A F R  =E� 0 ( LHS = 0 . 0 0 0 2 ,  I NFES = 0 . 0 0 0 2  * * * )  

GJlMS Rev 1 1 9  W indows NT/ 9 5 / 9 8  0 6 / 0 4 / 0 3 0 0 : 5 1 : 2 7 PAGE 5 
Opt imi z a t ion o f  Act i vated s l udge Mode l ( ASM , SEQ� 6 8 ) 
E quat 1 0 n  L i s t i ng SOLVE ASM3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

- - - - C 2 1  �E= 

C 2 l . . ( 0 . 0 0 9 7 ) * Q2 + ( 0 . 1 4 6 6 ) * w  + ( 0 . 5 9 4 l ) * A f  + SR �E� 0 
( LHS � 1 . 4 1 9 8 ,  I N F E S  � 1 . 4 1 9 8 * * * )  

C 2 2  �E� 

C 2 2 . . ( 0 . l 1 B 9 ) * X S S 3  - ( 1 . 6 0 0 1 ) * S R  + ( 5 8 . 4 4 ) * X 2  � E �  - 2 6 . 4 3 
( LHS = - 2 8 . 6 7 2 7 , I N FES � 2 . 2 4 2 7  * * k )  

C2 3 �E� 

C 2 3  . .  ( 0 . 0 0 7 5 ) * Q 2  + ( 3 . 4 S ) * X S S 3  + ( 2 7 . 6 1 8 ) * r  + ( 0 . 2 7 6 2 ) * w  - ( 0 . 4 5 6 4 ) * A f  

+ ( S . 8 4 4 ) * X 3  �E� 0 ; ( LHS � - 0 . 0 0 1 ,  I N F E S  = 0 . 0 0 1  * * * )  
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- - (" 2 4  G 

C 2 4  . .  - S S 3  G- - 2  

C 2 5  G= 

( LHS - - 0 . 2 8 8 )  

C 2 5  . .  - ( O . 7 1 ) * X S S "l  - ( S 8 . 4 4 ) * X2 G - 1 0 

- - - - C 2 6  =G= 

- - - - C 2 7  G= 

( LHS - 0 . 3 3 3 )  

( LHS 

C27 . .  1 0 0 0 · v - 0 . 4 l 6 7 ' ROH - 0 . 4 1 6 7 " ROA =G= 0 

- - - - C 2 8  G= 

- 4 . 1 4 9 2 )  

( LHS 2 3 0 3 . 5 8 7 1 )  

C 2 8  . .  1 0 0 0  V - 1 1 . l l l l * AFR =G� 0 ( LHS 3 9 3 4 . 7 2 2 2 )  

GAMS Rev 1 1 9  W i ndows NT / 9 5 / 9 8  0 6 / 0 4 / 0 3 0 0 : 5 1 : 2 7 PAGE 6 
Opt i m i z a t i on of Act i va t ed S l udge Model ( ASM , S EQ= 6 8 ) 
Equa t � on L i s t i ng SOLVE ASM3 MODEL a S I NG N L P  FROM L I N E  3 5 7  

- - - - C 2 9  =L= 

C 2 9 . . 1 00 0 * V  - 5 0 " AFR =L= 0 

- - - - C 3 0  =E= 

( LHS - 7 4 8 3 . 2 5 )  

C 3 0  . .  - ( l 2 4 2 3 . 6 l 2 ) * A p  + CCPST =E= 0 ; 

( LH S  = - 1 9 3 5 3 4 . 0 5 9 3 ,  I N FES = 1 9 3 5 3 4 . 0 5 9 3  . * * )  

C 3 1  =E= 

C 3 1  . .  - ( 6 0 . 1 9 3 2 ) * Ap + COPST =E= 0 

- - - - C 3 2  = E =  

C 3 2  . .  - ( 32 . 4 9 0 2 ) * Ap + CMPST = E =  0 

- - - - C 3 3  =E= 

C 3 3  . .  - ( 1 1 9 . 4 9 8 ) * Ap + C S PS T  = E =  0 

- - - - C 3 4  = E =  

C 3 4  . .  - ( 6 6 0 9 . 3 4 3 8 ) * Q 8  + C C P S P  = E =  0 

- - - - C 3 5  = E =  

C 3 5  . .  ( 1 4 1 . 32 3 3 ) * Q 8  + COPSP =E= 0 

- - - - C 3 6  =E= 

( LAS - 1 2 0 3 . 3 6 1 9 , I N FES 

( LAS - 6 4 9 . 5 3 3 9 ,  I N FES 

( LAS - 1 8 8 6 . 0 2 5 1 ,  I N FES 

( LHS - 7 5 8 2 . 0 3 9 6 ,  I N FES 

( LAS - 2 0 9 . 5 7 2 2 ,  I N FES 

1 2 0 3 . 3 6 1 9  * * * )  

6 4 9 . 5 3 3 9  * * * )  

1 8 8 6 . 0 2 5 1  * * * )  

7 5 8 2 . 0 3 9 6  . .  * )  

2 0 9 . 5 7 2 2  * * * )  

C 3 6  . .  ( 6 3 . 9 5 3 1 ) * 8 + C M P S P  =E= 0 ( LHS - 9 0 . 4 2 6 7 , INFES = 9 0 . 4 2 6 7  • •  * )  
GAMS Rev 1 1 9  w i ndows NT/ 9 5 / 9 8 0 6 / 0 4 / 0 3 0 0 : 5 1 : 2 7 PAGE 7 
Opt imi z a t i o n  o f  Act i va t ed S l udge Mode l ( ASM , SEQ= 6 8 ) 
E q ua t i o n  L i s t i n g  SOLVE ASM3 MODEL aS I NG NLP FROM L I N E  3 5 7  

- - - - C 3 7  = E =  

C 3 7  . .  ( 1 6 3 . 8 2 8 1 ) * Q8 + C S P S P  =E= 0 ( LHS - 1 5 5 . 6 3 67 , I NF E S  

- - - - C 3 8  =E= 

C 3 8  . .  Q 8  + C P P S P  =E= 0 ( LHS - 0 . 6 0 8 , I N FES 

- - - - C39 =E= 

C 3 9  . .  - ( 2 4 9 1 0 . 6 6 6 ) * V  + CCAT = E =  0 ; 
( LHS = - 2 5 2 5 0 9 . 9 4 7 9 ,  INFES = 2 5 2 5 0 9 . 9 4 7 9  * * * )  

C 4 0  =E= 

0 . 60 8  * * * )  

1 5 5 . 6 3 6 7  * * * )  
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C 4 0  . .  - ( 8 1 5 . 8 4 2 1 )  ' A FR + CCDAA 
( LH S  � - 3 62 9 3 2 . 2 9 9 9 ,  I N FES 

E= 0 ; 

C 4 1  -E= 

C 4 1 . .  - ( 4 . 67 5 7 ) ' AFR + CODAI'. =E= 0 

- - - - C 4 2  E= 

C 4 2  . .  - ( 3 . 1 7 2 8 ) ' A FR + C M DAA =E= 0 

- - - - C 4 1  E� 

3 6 2 9 3 2 . 2 9 9 9  * * * )  

( LHS - - 2 B 60 . 0 1 3 4 ,  I N FES 

( LHS - 1 6 9 3 . 7 2 4 7 ,  I N FES 

C 4 3  . .  - ( 1 0 5 3 7 . 4 2 7 ) " Af f CCFST =E= 0 ; 
( LHS - - 3 3 5 8 7 0 . 2 2 1 1 ,  I N FES - 3 3 5 8 7 0 . 2 2 1 1  " ' * )  

C 4 4  =E= 

2 8 6 0 . 0 1 3 4  * H )  

1 6 9 3 . 7 2 4 7  H * )  

C 4 4  . .  - ( 4 5 . 2 0 3 9 ) � A f  + COFST =E= 0 ( LHS - 1 8 4 9 . 0 6 7 2 , I NFES = 1 8 4 9 . 0 6 7 2  " ' * )  

GAMS Rev 1 1 9  W � ndows NT/ 9 5 / 9 8  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 8 
Opt i m i z a t � o n  of Ac t i v a t ed S l udge Model ( ASM , SEQ= 6 8 ) 
Equa t � on L i s t i ng SOLVE ASM3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

- - - - C 4 5  =E= 

C 4 5 . .  - ( 2 4 . 3 9 9 6 )  * A f  + CMFS T  =E= 0 

- - - - C 4 6  =E-

C 4 6  . .  - ( 1 0 0 . 6 3 2 5 ) " A f  + CSFST = E= 0 

- - - - C 4 7  =E= 

( LHS - 9 9 8 . 0 6 3 8 ,  I N FES 

( LHS - 32 4 9 . 7 67 4 ,  I N FES 

C 4 7  . .  - ( 0 . 4 0 5 6 ) *Q2 + Q5 - ( 1 4 9 9 . 3 92 ) * r  - ( 1 4 . 99 3 9 ) * w  =E= 0 
( LHS = 0 . 0 0 1 6 ,  I N FES = 0 . 0 0 1 6  . * " )  

C 4 8  =E= 

C 4 8  . .  - ( 2 5 7 . 1 0 5 5 ) * Q 5  + C C R S P  =E= 0 ; 
( LH S  = - 2 9 5 0 1 1 . 5 6 7 2 ,  I N FES = 2 9 5 0 1 1 . 5 67 2  " * * )  

C 4 9  =E= 

C 4 9  . .  - ( 2 . 3 9 9 7 ) * Q 5  + CORS P = E =  0 

- - - - C 5 0  =E= 

C 5 0  . .  - ( 1 . 2 4 6 8 ) * Q5 + CMRSP =E= 0 

- - - - C 5 1  =E= 

C 5 1  . .  ( 1 3 . 62 5 5 ) * Q 5  + C S R S P  =E= 0 

- - - - C 5 2  =E= 

C 5 2  . .  Q 5  + C PR S P  =E= 0 ; ( LHS 

( LHS - 3 5 5 9 . 3 8 1 9 ,  I N FES 

( LHS - 1 7 6 3 . 3 5 4 2 ,  I N FES 

( LHS - 1 2 9 4 7 . 2 0 6 ,  I N FES 

- 60 8 . 1 4 ,  I N FES = 6 0 B . 1 4 ' H ) 

9 9 8 . 0 6 3 8  H * )  

3 2 4 9 . 7 6 7 4  * * " )  

3 5 5 9 . 38 1 9  * * 0 )  

1 7 6 3 . 3 5 4 2  « * ) 

1 2 9 4 7 . 2 0 6  * < * )  

GAMS Rev 1 1 9  W i ndows N T / 9 5 / 9 8  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 9 

Opt imi z a t � o n  o f  Act iv a t e d  S l udge Mode l ( ASM , SEQ= 6 8 ) 

Equ a t i on L i s t i ng SOLVE ASM3 MODEL U S I N G  N L P  FROM L I N E  3 5 7  

- - - - obj f u n  = E =  ob J ec t i v e  f u n c t �on 

obj f u n  . .  - 0 . 3 9 2 9 * CC P S T  - B . 3 ' COPST - B . 3 * CMPST - 4 . 1 62 6 " C S PST - 0 . 3 92 9 * CC P S P  

8 . 3 * COPSP - B . 3 * CM P S P  - 4 . 1 62 6 * CS PS P  - 1 9 . 8 7 5 * CPPSP - 0 . 3 92 9 * CCAT 

- 0 . 3 9 2 9 * CC DAA - 8 . 3 * CODAA - B . 3 * CM DAA - 0 . 3 92 9 * CC FST - B . 3 " COFST 

- 8 . 3 * CM FST - 4 . 1 6 2 6 * C S FS T  - 0 . 3 92 9 * CC R S P  - 8 . 3 * CORSP - B . 3 * CMRSP 

- 4 . 1 6 2 6 * CS R S P  - 1 9 .  B 7 5 * CP R S P  + cos t  =E= 0 ; ( LHS = 0 )  
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Opt im i z a t i o n  o f  Ac t i va t e d  S l udge Mode l ( ASM , SEQ= 6 B ) 

C o l umn L i s t � n g  SOLVE ASM 3 MODEL O S I NG N L P  FROM L I NE 3 5 7  

2 m3 p e r  hour 

1 77 



1 78 

Q 
( .  LO , . L , . U P 1 . 0 0 0 0 0 0 0 E - 6 , 1 4 9 9 . 3 9 2 , 1 0 0 0 0 0 0 )  

( - 0 . 0 2 )  C 2  
1 C 3  

( - 1 5 6 . 1 7 )  C 5  
( 0 . 0 0 0 1 )  C 6  

( - 5 . 1 8 5 2 )  C 1 8  
( 2 .  6 3 J  6 )  C 1 9  
( - 0 . 0 0 97 ) C2 1 

( 0 . 0 0 7 5 )  C 2 3  
( - 0 . 4 0 5 6 )  C 4 7  

5 m3 per hour 

5 
( . LO ,  . L , . U P 1 . 0 0 0 0 0 0 0 E- 6 ,  6 0 8 . 1 4 ,  1 0 0 0 0 0 0 )  

1 C 4 7  
( - 2 5 7 . 1 0 5 5 )  C 4 8  

( - 2 . 3 q 9 7 )  C 4 9  
( - l . 2 4 6 8 )  C 5 0  

( - 1 3 . 62 5 5 )  C 5 1  
- 1  C 5 2  

8 m 3  per hour 

Q8 
( . LO ,  . L ,  . UP 1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 6 0 8 , 1 0 0 0 0 0 0 )  

- 1  C 3  
( 1 3 0 . 4 9 l 7 )  C 4  

( - 1 8 2 4 9 3 )  C 5  
( - 6 6 0 9 . 3 4 3 8 )  C 3 4  

( - 1 4 1 . 3 2 3 3 )  C 3 5  
( - 6 3 . 9 5 3 1 )  C 3 6  

( - 1 6 3 . 8 2 8 1 )  C 3 7  
- 1  C 3 8  

S S 3  g p e r  m 3  

S S 3  
( . LO ,  . L , . U P 1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 2 8 8 ,  1 0 0 0 0 0 0 )  

( 9 1 7 . 1 5 1 2 )  C 8  
( - 2 7 . 4 8 4 5 )  C 9  

( - 7 7 8 . 7 2 8 5 )  C 1 4  
( 2 5 . 4 0 5 7 )  C 1 8  

- 1  C 2 4  
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Op t 1m 1 z a t i on o f  Act i v a t ed S l udge Mode l (ASM , SEQ� 6 8 ) 
C o l umn L i s t 1 n g  SOLVE ASM 3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

S N H 3  g p e r  m 3  

S N H 3  
( . LO ,  . L , . O P 1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 3 3 3 ,  l O O O O O O ) 

( 7 2 . 9 9 0 4 ) C 9  
( - 6 9 . 9 3 4 6 )  C I O  
( - 1 2 . 5 9 7 2 )  C 1 3  

( 2 0 . 1 5 5 5 )  C 1 4  
( - 1 6 . 7 7 0 9 )  C 1 5  
( 1 5 9 . 9 62 3 )  C 1 9  

- 1  C 2 6  

S N 0 3  g p e r  m 3  

S N 0 3  
( . LO,  . L , . UP 1 . 0 0 0 0 0 0 0E - 6 ,  3 l . 1 5 3 ,  1 0 0 0 0 0 0 )  

1 C 1 0  

X I 3  kg p e r  m3 

X I 3  
( . LO ,  . L , . UP 1 . 0 0 0 0 0 0 0 E - 6 ,  4 . 1 2 6 ,  1 0 0 0 0 0 0 )  

( 2 0 )  C 1 1  
- 0 . 7 5 C 1 6  

X S 3  k g  p e r  rn 3  



X S 3  
( . LO ,  . L , . UP 1 . 0 0 0 0 0 0 0E - 6 , 0 . 2 5 9 , 1 0 0 0 0 0 0 ) 

( - 4 8 B . 7 2 7 2 )  C B  
( 4 .  B 8 7 3 )  C 9  

( 5 0 8 . 7 2 7 2 )  C 1 2  
0 . 7 5  C 1 6  

X H 3  kg p e r  m3 

XH3 
( .  LO , . L , . U P 1 .  0 0 0 0 0 0 0 E - 6 ,  2 .  3 9 B ,  1 0 0 0 0 0 0 )  

( 1 2 0 . 1 7 2 9 )  C 8  
( · 5 .  B 2 4 3 )  c q  
( - 8 )  C 1 1  

( 5 . 7 0 1 2 )  C 1 2  
( 5 0 . 7 2 92 ) C l 3  

( - 9 2  . 1 5 9 B )  C l 4  
- 0 . 9  C 1 6  
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Opt ImI z a t ion o f  Act I v a t e d  S l udge Mode l ( ASM , S EQ= 6 8 ) 
C o l umn L i s t ing SOLVE ASM 3 MODEL U S I N G  NLP FROM L I N E  3 5 7  

XII3 

X S S 3  

X S S B  

XA3 kg p e r  m 3  

( . LO,  . L , . UP 
( 2 0 9 . 8 6 1 )  C 9  

( - 2 0 B . 3 4 3 6 )  C l O  
( - 6 )  C l l  

( 0 . 0 3 7 5 )  C 1 5  
- 0 . 9  C l 6  

X S S 3  kg per m3 

( .  LO , . L , . UP 
1 C 1 6  

( - 0 . 1 1 8 9 )  C 2 2  
( 3 . 4 5 )  C 2 3  

( - 0 . 7 1 )  C 2 5  

X S S B  kg p e r  m 3  

1 
( - 60 B )  

{ . LO ,  . L , . UP 
C 4  
C 5  

- - - - XST03 g p e r  m 3  

XST03 
( . LO ,  . L ,  . UP 

( 0 . 0 1 9 4 )  C 9  
( - 0 . 2 7 7 6 )  C l 3  

( 0 . 5 0 4 2 )  C 1 4  
- 0 . 0 0 0 6  C 1 6  

1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 1 4 9 ,  1 0 0 0 0 0 0 )  

0 . 5 , 5 . 8 4 4 ,  1 0 0 0 0 0 0 ) 

1 . 0 0 0 0 0 0 0 E - 6 ,  1 B 2 . 4 9 3 ,  1 0 0 0 0 0 0 )  

1 . 0 0 0 0 0 0 0 E - 6 ,  4 3 B . 2 2 1 ,  1 0 0 0 0 0 0 ) 

q o v e r f l ow r a t e  of p r Im a r y  s e t t l ing t a n k  (m p e r  da y )  

q 
( . LO , . L ,  . U P  

( - 0 . 0 0 1 1 )  C l  
1 C 2  

3 0 ,  3 0 ,  1 2 0 )  
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Op t im i z a t i on o f  Act Iv a t e d  S ludge Mode l (ASM , S EQ= 6 8 ) 
C o l umn L I s t i ng SOLVE ASM 3 MODEL U S I NG NLP FROM L I N E  3 5 7  

Ap 

Ap s u r f a c e  a r e a  of the p r ima r y  c l a r i f i e r  ( 1 0 0m " 2 )  

( . LO,  . L , . U P 
( 2 . 5 0 l l )  C2 

( - 6 . 6 1 4 3 )  C4  
( - 1 2 4 2 3 . 6 1 2 )  C 3 0  

( - 60 . 1 9 3 2 )  c 3 1  

1 . 1 5 ,  1 1 . 9 9 5 ,  1 0 0 0 0 0 0 )  
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X l  

( - 12 . 4 90 2 1  C 3 2  
( - 1 1 9 . 4 9 8 )  C 3 3  

X l  X S S 2  divided b y  X S S I  

( . LO ,  . L , . UP 
1 C 1  

1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 67 9 ,  1 0 0 0 0 0 0 ) 

( - 3 4 4 8  0 . 1 6 )  C 5  

S R T  

H R T  

9 2  C l l  
- 2 1 4  C l 2  

( - 5 4 3 6 . 8 1 9 4 )  C l S  

SRT s l udge r e t e n t i o n  t i me ( d a y s )  

( . L O ,  . L ,  . U P  
1 C 7  

( - 8 . 2 5 2 )  C l l  
( - 0 . 5 1 8 )  C l 2  
( - 4 . 7 % )  C 1 3  
( - 0 . 8 7 6 4 )  C 1 4 
( - 0 . 2 9 8 )  C 1 5  

( - 1 2 3 . 3 3 6 4 ) C 1 8  
( - 4 . 0 9 0 3 )  C 1 9 

1 ,  1 0 ,  2 0 )  

HRT h y d r au l i c  r e t e n t i o n  t ime ( da ys )  

( . LO ,  . L , . UP 
1 C 6  

( - 5 0 . 0 2 1 2 )  C 7  
( 8 07 . 97 1 5 )  C 8  
( 1 2 2 . 7 6 2 7 )  C 9  

( - 1 5 5 . 2 1 6 )  C I 0  
( 3 1 2 . 2 1 )  C l l  
( 7 2 7 . 1 5 9 3 )  C 1 2  

( - 0 . 0 1 9 8 )  C l 3  
( - 0 . 3 0 8 1 )  C 1 4  

( 0 . 0 2 7 9 )  C 1 5  

0 . 1 2 5 ,  0 . 2 , 0 . 6 2 5 )  
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Opt im1 z a t i o n  o f  Ac t iv a t e d  S ludge Model ( ASM , SEQ� 6 8 1  
C o l umn L i s t i ng SOLVE ASM 3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

- - - - V v o l ume o f  t h e  a e r a t i o n  t a n k  ( 1 0 0 0m * * 3 )  

V 

r 

( . LO ,  . L , . U P 
( - 0 . 0 2 7 8 )  C 6  

1 0 0 0  C 2 7  
1 0 0 0  C 2 8  
1 0 0 0  C 2 9  

( - 2 4 9 1 0 . 6 6 6 1  C 3 9  

1 . 0 0 0 0 0 0 0 E - 6 ,  7 . 1 9 7 ,  1 0 0 0 0 0 0 ) 

r s l udge r e c y c l e  r a t i o  which is the r a t 1 0  o f  Q6 to Q2 

( - 2 . 4 5 )  
( 2 7 . 6 1 8 )  

( - 1 4 9 9 . 3 92 1  

( . LO , . L ,  . U P  
C 1 7  
C 2 3  
C 4 7  

0 . 2 5 ,  0 . 4 ,  1 . 5 ) 

_ _ _ _  w 1 0 0 * w a s t ag e  r a t i o  which i s  t he r a t i o  o f  Q7 to Q2 

w 
( . LO , . L ,  . UP 1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 5 5 9 , 1 0 0 0 0 0 0 ) 

( 1 7 . 2 6 1 1 )  C 7  
( - 0 . 0 3 4 5 )  C 1 7 

( 0 . 1 4 6 6 1  C2 1 
( 0 . 2 7 6 2 )  C 2 3  

( - 1 4 . 9 9 3 9 )  C 4 7  

A f  s u r f ace a re a  o f  the f in a l  c l a r i f i e r  ( 1 00m* * 2 )  

A f  
( . LO ,  . L , . U P 1 . 0 0 0 0 0 0 0 E - 6 ,  2 4 . 5 4 3 ,  1 0 0 0 0 0 0 )  
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( 0 . 5 9 4 1 )  C 2 1  
( - 0 . 4 5 6 4 )  C 2 3  

( - 1 0 5 l 7 . 4 2 7 )  C 4 3  
( - 4 5 . 2 0 1 Q )  C 4 4  
( - 2 4 . 3 9 9 6 )  C 4 5  

( 1 0 0 . 6 32 5 )  C 4 6  

S R  ove r f low r a t e  o f  f l n a l  c l a r i f ie r  (m p e r  d a y )  

S R  
( . LO ,  . L , . UP 

1 C 2 1  
( - 1 . 6 0 0 1 ) C 2 2  

1 6 ,  1 6 , 32 ) 
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Opt lml z a t i o n  o f  Ac t i va t e d  S l udge Mode l ( ASM , SEQ= 6 8 ) 
C o l umn L i s t ing SOLVE ASM 3_MODEL U S I N G  N L P  FROM L I N E  3 5 7  

ROH 

ROA 

AFR 

X2 

X 3  

ROH Oxygen Requi reme n t  for remova l o f  o r g a n i c  ma t t e r  ( kg per d a y )  

1 
- 0 . 0 2 5  
- 0 . 4 1 6 7  

( . LO , . L ,  . U P  
C 1 8  
C 2 0  
C 2 7  

1 . 0 0 0 0 0 0 0 E - 6 ,  7 7 9 8 . 4 5 3 ,  1 0 0 0 0 0 0 )  

ROA Oxygen Requi rement a s s o c l a ted w l t h  n i t r l f ic a t ion ( kg p e r  d a y )  

1 
- 0 . 0 2 5  
- 0 . 4 1 6 7 

( . LO , . L ,  . U P  
C l 9  
C 2 0  
C 2 7  

1 . 0 0 0 0 0 0 0 E - 6 ,  3 9 4 5 . 7 3 8 , 1 0 0 0 0 0 0 )  

AFR A i r  f l ow r a t e  ( m " 3 a i r  p e r  ml n )  

( . LO ,  . L , . U P 1 . 0 0 0 0 0 0 0 E - 6 ,  2 9 3 . 6 0 5 ,  1 0 0 0 0 0 0 ) 
1 C 2 0  

- 1 1 . 1 1 1 1  C 2 8  
- 5 0  C 2 9  

( - 8 1 5 . 8 4 2 1 )  C 4 0  
( - 4 . 67 5 7 )  C 4 1  
( - 3 . 1 7 2 8 ) c 4 2  

X2 1 0 0 ' XS S 4  d i v l de d  b y  X S S 3  

( . LO ,  . L , . UP 
( 4 . 9 7 6 3 )  C 7  

{ - 0 . 0 0 9 9 1  C 1 7  
( 5 8 . 4 4 )  C 2 2  

( - 5 8 . 4 4 )  C 2 5  

x 3  X S S 5  d i v l de d  by X S S 3  

( . LO ,  . L , . UP 
( 2 . 7 97 4 )  C 7  

( - 0 . 4 0 5 6 )  C 1 7  
( 5 . 8 4 4 )  C 2 3  

1 . 0 0 0 0 0 0 0 E - 6 ,  0 . 0 7 1 ,  1 0 0 0 0 0 0 ) 

1 . 0 0 0 0 0 0 0 E - 6 , 3 . 4 5 ,  1 0 0 0 0 0 0 )  
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Opt lm l z a t i o n  o f  Act l v a t e d  S ludge Model ( ASM , SEQ= 6 8 ) 
C o l umn L i s t i ng SOLVE ASM3 MODEL U S I N G  NLP FROM L I N E  3 5 7  

- - - - C C P S T  

C C PST 

COPST 

( . LO ,  . L ,  . UP 
1 c 3 0  

- 0 . 3 9 2 9  obj fun 

COPST 

( . LO , . L,  . U P  

- T N F ,  0 ,  + I N F )  

- I N F ,  0 ,  + I N F )  

1 8 1 



CMPST 

C S PST 

C C P S P  

cOPSP 

1 c r  
8 . 3  o b J fun 

CM PST 

( . LO ,  . L , . U P = - I N F ,  0, + I N F )  
1 C 3 2  

- 8 . 3  obj fun 

C S PS T  

( . LO,  
1 C 3 3  

- 4 . 1 62 6  o b j fun 

C C P S P  

( . LO ,  
1 C 3 4  

- 0 . 3 9 2 9  o b ] f un 

COPS P 

( . LO, 
1 C 3 5  

- 8 . 3  obj fun 

. L , . UP - I N F ,  0 ,  + I N F )  

. 1. ,  . U P - T N F ,  0 ,  + I N F )  

. L , . UP - I N F ,  0 ,  + I N F )  

GAM S  R e v  1 1 9  W l ndows NT / 9 5 / 9 8  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 

Opt imi zat ion of Act i va t e d  S ludge Model ( AS M ,  SEQ= 6 B ) 

C o l umn L i s t i ng SOLVE ASM 3 MODEL OS I NG NLP FROM L I N E  3 5 7  

- - - - CMP S P  

C M P S P  
( . LO ,  . L , . O P - I N F ,  0 , + IN F )  

1 C 3 6  
- B . 3  o b ] fun 

CSPSP 

C S P S P  
( .  LO , . L ,  . O P - I N F ,  0 ,  + I N F )  

1 C 3 7  
- 4 . 1 6 2 6  obj fun 

C P P S P  

C P P S P  
( . LO ,  . L ,  . O P - I N F ,  0 ,  + I N F )  

1 C 3 B  
- 1 9 . 8 7 5  obj fun 

CCAT 

CCAT 
( . LO ,  . L , . O P - I N F ,  0 ,  + I N F )  

1 C 3 9  
- 0 . 3 9 2 9  obj fun 

CCDAA 

C C DM 
( . LO,  . L,  . OP - I N F ,  0 ,  + I N F )  

1 C 4 0  
- 0 . 3 9 2 9  o b j fun 

CODAA 

CODAA 
( . LO ,  . L , . UP - I N F ,  0 ,  + I N F )  

1 C 4 1  
- 8 . 3  obj fun 

1 82 
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Op imi z d t i o n  o f  Act i va ted S l udge Model ( ASM , SEQ� 6 B ) 

C o l umn L i S t l.ng SOLVE ASM ,_MODEL US I NG NLP FROM L I N E  3 ') 7  

- - - - CMDAA 

CMDAA 
( . LO ,  . L ,  . U P - I N F ,  0 ,  + I N F )  

C 4 2  
- B . 3  obj fun 

CCFST 

C C FST 
( . LO,  . L,  . UP - I N F ,  0 ,  + I N F )  

1 C 4 3  
- 0 . 3 9 2 9  ob J fun 

COFST 

COFST 
( . LO ,  . L , . U P - I N F ,  0 ,  + IN F )  

1 C 4 4  
- B . 3  ob J fun 

CMFST 

CMFST 
( . LO ,  . L , . UP - I N F ,  0 ,  + I N F )  

1 C 4 5  
- B . 3  o b J fun 

C S FST 

C S FST 
( . LO ,  . L ,  . UP - I N F ,  0 ,  + I NF )  

1 C 4 6  
- 4 . 1 6 2 6  obj fun 

CCRSP 

CCRSP 
( . LO ,  . L , . U P - I N F ,  0 ,  + I N F )  

1 C 4 B  
- 0 . 3 9 2 9  O b J fun 
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Opt �m� z a t i o n  o f  Act � vated S l udge Model ( ASM , SEQ=6B ) 

C o l umn L i s t i ng SOLVE ASM3 MODEL U S I N G  N L P  FROM L I NE 3 5 7  

- - - - CORSP 

COR S P  
( . LO, . L, . UP - I N F ,  0 ,  + I N F )  

1 C 4 9  
- B . 3  obj fun 

CMRS P 

CMRSP 
( .  LO,  . L ,  . UP - I N F ,  0 ,  + I N F )  

1 C 5 0  
- 8 . 3  obj fun 

CSRSP 

C S R S P  
( . LO ,  . L ,  . U P - I N F ,  0 ,  + I N F )  

1 C 5 1  
- 4 . 1 6 2 6  obj fu n  

C P R S P  

C P R S P  
( . LO ,  . L , . U P - I N F ,  0 ,  + I N F )  

1 C 5 2  
- 1 9 . B 7 5  obj fun 



cost 

('ost cost funct l o n  ( do l l a rs )  

( . LO, . L ,  . U P  c - I N  F , 0 ,  + I N F )  
obj fun 
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Opt lml z a t ion o f  Act i vated S l udge Mode l ( ASM , SEQ� 6 B l  
Model S t a t i s t i c s  SOLVE ASM3 MODEL U S I NG N L P  FROM L I N E  3 5 7  

MODEL STAT I ST I C S  

BLOCKS OF EQUAT IONS 
BLOCKS OF VAR IABLES 
NON ZERO ELEMENTS 
D E R I VAT I VE POOL 
CODE LENGTH 

GENERAT I ON T I M E  

EXECUT I ON T I ME 

5 3  
5 1  

1 B O  
1 3  

2 2 B 1  

S I NGLE EQUAT IONS 
S I NGLE VAR I ABLES 
NON L I NEAR N - Z  
CONSTANT POOL 

0 . 0 5 0  SECONDS 1 . 9  Mb 

0 . 05 0  S ECONDS 1 . 9  Mb 

5 3  
5 1  

1 0 1  
7 7  

W I N 1 9 7 - l l 9  

W I N 1 97 - 1 1 9  
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Opt imi z a t ion o f  Ac t ivated S l udge Mode l ( ASM , S EQ=6B l 

MODEL 
T Y PE 
SOLVER 

S O L  V E 

ASM 3 MODEL 
NLP 
CONOPT2 

S U M M A R  Y 

OBJECT I V E  c o s t  
DI RECTION M I N I M I Z E  
FROM L I N E  3 5 7  

* * * *  

* * * *  

* * _ -A:  

SOLVER STATUS 
MODEL STATUS 
OBJEC T I V E  VALUE 

1 NORMAL COM P L E T I ON 
2 LOCALLY O P T I MAL 

5 9 7 9 6 3 . 4 4 B 2  

RESOURCE USAGE , L I M I T  
I TERAT ION COUNT , L I M I T  
EVALUAT I ON ERRORS 

o . l l O  
2 4  

o 
1 0 0 0 . 0 0 0  

1 0 0 0 0  
o 

C O N  0 P T 2 
Cop y r i gh t  ( C l  

W i ndows NT / 9 5 / 9 B vers i o n  2 . 0 7 l F- 0 0 7 - 0 4 2  
ARKI Consu l t i n g  a n d  Deve l opme n t  A / S  
Bagsvae rdvej 2 4 6  A 
DK-2 B B O  Bagsva e r d ,  Denma r k  

U s i ng d e f a u l t  cont r o l  p ro g r am . 

• •  Opt imal s o l u  lon . There a r e  no supe rba s i c  v a r i a b l e s . 

CONOPT t ime T o t a l 
o f  whi ch : Func t i on e va l u a t ions 

Der i va t i ve eva l ua t i o n s  

W o r k  l ength 
E s t lma t e  
M a x  used 

EQU C l  
EQU C2 
EQU C3 
EQU C 4  
EQU C 5  
EQU C 6  
EQU C7 
EQU C B  
EQU C 9  
EQO C l O  
EQU C l l  
EQU C 1 2  
EQU C 1 3  
EQU C 1 4  
EQU C 1 5  
EQU C 1 6  
EQU C 1 7  
E U C 1 B  

0 . 1 3 Mbytes 
0 . 1 3 Mbyt e s  
0 . 0 7 Mbytes 

LOWER 

1 .  0 0 0  

- 1 5 0 0 . 0 0 0  

- 3 . 4 5 0 E + 5  

1 6 1 . 0 0 0  
2 5 . 0 0 0  

- 1 . 0 0 0  

LEVEL 

1 .  0 0 0  

- 1 5 0 0 . 0 0 0  

- 3 . 4 5 0 E + 5  

1 6 1 . 0 0 0  
2 5 . 0 0 0  

- 1 . 0 00 

O . O B O  s e co nds 
0 . 0 0 0  0 . 0 % 
0 . 0 0 0  0 . 0 %  

U P PER MARGI NAL 

1 .  0 0 0  7 2 9 . 0 5 3  
1 9 4 . B 2 3  

- 1 5 0 0 . 0 0 0  - 2 3 9 . 4 1 2 
- B l . 9 9 1  

- 3 . 4 5 0 E + 5  - 0 . O B 1  
- 4 . 0 3 6 E + 5  

6 9 3 . 5 0 5  
1 6 1 . 0 0 0  - 3 3 . 4 B 7  

2 5 . 00 0  - 1 6 . 4 9 B 
E PS 

- B 1 . 2 3 0 
- 3 9 . 5 2 1  
- 62 . 4 9 9 
- 3 B . 3 2 B  
2 4 3 . 1 2 0  

- 3 B B 2 . 4 59 
- 1 .  000 3 3 4 3 2 . 3 4 3  

1 0 . 0 2 4  

1 8.+ 
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EQ!) r l Q  1 0 . 02 4  
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Opt lffi l Z d  J. on of Ac J. va t ed S l udge Model ( ASM , S E  = 6 8 ) 

LOWER LEVEL UPPER MARGI NAL 

E U C 2 0  4 0 0 . 9 7 6  
EQU C 2 1  6 6 4 2 . 5 8 3  

EQU C 2 2  - 2 6 . 4 30 - 2 6 . 4 3 0  - 2 6 . 4 3 0  3 8 4 4 . 2 1 2  
EQU C 2 3  1 7 5 5 . 0 0 7  
EQU C 2 4  - 2 . 0 0 0  - 0 . 5 6 7  + I NF 

EQU C 2 5  - 1 0 . 0 0 0  - 1 0 . 0 0 0  + I N F  3 8 5 1 . 5 1 4  

E U C 2 6  - 1 . 0 0 0  - 0 . 7 7 5  + I N F  

E U C 2 7  9 5 . 7 7 5  + I N F  
E U C 2 8  1 5 62 . 8 3 6 + I NF 

EQU C 2 9  - I N F  - 8 7 0 6 . 5 9 0  
EQU C 3 0  0 . 3 9 3  

E U C 3 1  8 . 3 0 0  

EQU C 3 2  8 . 3 0 0  

EQU C 3 3  4 . 1 6 3 

EQU C 3 4  0 . 3 9 3  

EQU C 3 5  8 . 3 0 0  
EQU C 3 6  8 . 3 0 0  

EQU C 3 7  4 . 1 6 3  

E U C 3 8  1 9 . 8 7 5  

E U C 3 9  0 . 3 9 3  

EQU C 4 0  0 . 3 9 3  

EQO C 4 1  8 . 3 0 0  

E U C 4 2  8 . 3 0 0  

EQU C 4 3  0 . 3 9 3  

E U C 4 4  8 . 3 0 0  
EQU C 4 5  8 . 3 0 0  

EQO C 4 6  4 . 1 6 3  

EQU C 4 7  2 5 1 . 4 5 5 

EQO C 4 8  0 . 3 9 3  
EQO C 4 9  8 . 3 0 0  

EQU C 5 0  8 . 3 0 0  

EQU C 5 1  4 . 1 6 3  

EQU C 5 2  1 9 . 8 7 5  
EQU obJ fun 1 .  0 0 0  

C 1  
C 2  
C 3  
C 4  
C 5  
C 6  
C 7  
C 8  
C 9  
C I 0  
C l l  
C 1 2  
c 1 3  
C 1 4  
C I 5  
C I 6  
C 1 7  
C 1 8  
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Opt imi z a t ion o f  Act i v a t ed S l udge Mode l ( ASM , SEQ= 6 8 ) 

C 1 9  
C 2 0  
C 2 1  
C 2 2  
C 2 3  
C 2 4  
C 2 5  
C 2 6  
C 2 7  
C 2 8  
C 2 9  
C 3 0  
c n  
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(' ,2 
C 1 1  
C 3 4  
C 3 5  
C 3 6  
C 3 7  
0 8  
C 1 G  
C 4 0  
C 4 1  
C 4 2  
e n  
C 4 4  
C 4 5  
C 4 6  
C 4 7  
C 4 8  
C 4 G  
e s o  
C 5 1  
(") 2  
ob j tun o b J ect � ve funct �on 

LOWE R  LEVEL U P PE R  MARG I NAL 

VAR Q2 1 . 0 0 0 0 E - 6  1 4 9 8 . 9 8 6  1 . 0 0 0 0 E + 6  
VAR Q5 1 . 0 0 0 0 E - 6  3 8 5 . 1 4 8  1 . 0 0 0 0 E + 6  
VAR Q8 1 . 0 0 0 0 E - 6  1 . 0 1 4  1 . 0 0 0 0 E + 6  
VAR S S 3  1 . 0 0 0 0 E - 6  0 . 5 6 7  1 . 0 0 0 0 E + 6  
VAR S N H 3  1 . 0 0 0 0 E - 6  0 . 7 7 5  1 . 0 0 0 0 E + 6  
VAR SN03 1 . 0 0 0 0 E - 6  2 8 . 7 7 2  1 . 0 0 0 0 E + 6  
VAR X ! 3  1 .  0 0 0 0 E - 6  2 . 2 8 9  1 .  0 0 0 0 E + 6  
VAR X S 3  1 . 0 0 0 0 E - 6  0 . 4 7 5  1 . 0 0 0 0 E + 6  
VAR X H 3  1 . 0 0 0 0 E - 6  2 . 2 2 7  1 . 0 0 0 0 E + 6  
VAR XA3 1 . 0 0 0 0 E - 6  0 . 1 2 6  1 . 0 0 0 0 E + 6  
VAR X S S 3  0 . 5 0 0  4 . 62 8  1 . 0 0 0 0 E + 6  
VAR x s S 8  1 . 0 0 0 0 E - 6  7 9 . 9 4 9 1 . 0 0 0 0 E + 6  
VAR XST03 1 . 0 0 0 0 E - 6  7 2 8 . 6 4 7  1 .  0 0 0 0 E + 6  
VAR q 3 0 . 0 0 0  1 2 0 . 0 0 0  1 2 0 . 0 0 0  - 1 9 4 . 2 2 5  
VAR Ap 1 . 1 5 0  2 . 9 9 8  1 . 0 0 0 0 E + 6  
VAR X l  1 . 0 0 0 0 E - 6  0 . 7 6 6 1 . 0 0 0 0 E + 6  
VAR SRT 1 .  0 0 0  3 . 4 8 7  2 0 . 0 0 0  

GAMS Rev 1 1 9  W i ndows NT / 9 5 / 9 8  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 2 4  
Opt �mi z a t i o n  o f  Act � v a t e d  S l udge Model ( ASM , SEQ= 6 8 ) 

LOWER LEVEL U P PE R  MARGI NAL 

VAR HRT 0 . 1 2 5  0 . 1 2 5 0 . 62 5  5 . 6 6 6 9 E + 5  
VAR V 1 . 0 0 0 0 E - 6  4 . 4 9 7 1 . 0 0 0 0 E + 6  
VAR r 0 . 2 5 0  0 . 2 5 0  1 .  5 0 0  4 . 2 0 5 7 E + 5  
VAR w 1 . 0 0 0 0 E - 6  0 . 6 9 4  1 . 0 0 0 0 E + 6  
VAR Af 1 . 0 0 0 0 E - 6  1 8 . 8 9 9  1 . 0 0 0 0 E + 6  
VAR S R  1 6 . 0 0 0  1 8 . 9 0 3  3 2 . 0 0 0  
VAR ROH 1 . 0 0 0 0 E - 6  6 7 3 1 . 8 1 0  1 . 0 0 0 0 E + 6  
VAR ROA 1 . 00 0 0 E - 6  3 8 3 1 . 0 2 9  1 . 0 0 0 0 E + 6  
VAR AFR 1 . 0 0 0 0 E - 6  2 6 4 . 0 7 1  1 . 0 0 0 0 E + 6  
VAR X2 1 . 0 0 0 0 E - 6  0 . 2 1 6  1 . 0 0 0 0 E + 6 
VAR X 3  1 . 0 0 0 0 E - 6  4 . 8 5 7  1 . 0 0 0 0 E + 6  
VAR CCPST - I N F  6 6 5 4 0 . 2 5 1  + I N F  
VAR COPST - I N F  5 2 3 . 7 1 2 + I N F  
VAF CMPST - I N F  2 8 2 . 6 8 2  + I N F  
VAR CSPST - I N F  6 5 7 . 5 0 1  + I NF 
VAR C C P S P  - I N F  9 9 4 3 . 1 7 0  + I N F  
VAR COPSP - I N F  2 5 8 . 4 7 3  + I N F  
VAR CMPSP - I N F  1 1 2 . 6 7 3  + I NF 
VAR C S P S P  - I N F  2 1 5 . 9 1 7  + I NF 
VAP, C P P S P  - I N F  1 . 0 1 4  + I N F  
VAR CCAT - I N F  1 . 8 0 8 3E + 5  + I N F  
VAR CC OAA - I N F  3 . 3 8 4 1 E+ 5  + I N F  
VAR COOAA - I N F  2 7 1 8 . 1 1 3  + I N F  
VAR CMOAA - IN F  1 5 97 . 7 8 9  + I N F  
VAR CCFST - I N F  2 . 7 4 6 6 E + 5  + I N F  
VAR COFST - I N F  1 5 8 0 , 7 5 4  + I NF 
VAR CMFST - I N F  8 5 3 . 2 3 7  + IN F  
VAR CS FST - I N F  2 6 6 4 . 4 4 5  + I N F  
VAR CCRSP - I N F  2 . 3 1 5 8 E + 5  + I N F  



VAR CORS P 
VAR CMR S P  

VAR C S R S P  
VAR C P R S P  

VAR co s t  

Q2 m3 p e r  hour 

Q5 m3 per hour 

Q8 m3 per hour 

SS3 g per m3 

S N H 3  g per m3 
S N03 g per m3 

x I 3  kg per m3 

XS3 kg per m3 

X H 3  kg per m3 
XA3 kg per m3 

XSS3 kg per m3 

X S S 8  kg per m3 

X S T03 g per m3 

- I N F  2 9 5 1 . 4 8 5  + I N F 
- I N F 1 4 4 8 . 8 9 9  + I NF 
- I N F  9 6 6 5 . 3 0 7  + I N F  
- I N F  3 8 5 . 1 4 8  + I N F  
- I N F  5 . 97 9 6 E + 5  + I N F  

q ove r f l ow r a t e  o f  p r i ma r y  s e t t l i ng t a n k  ( rn  per da y )  

A p  s u r f a ce a rea o f  t h e  p r imary c l a r i f i e r  ( l O Om * * 2 )  

X l  X S S 2  divided b y  X S S l  

SRT s l udge retent ion t i me ( da y s ) 

HRT hydrau l i c  retention t ime ( da ys ) 

GAMS Rev 1 1 9  W i ndows N T / 9 5 / 9 B  0 6 / 0 4 / 0 3  0 0 : 5 1 : 2 7 PAGE 2 5  
Optimi z a t ion o f  Act ivated S l udge Hodel ( ASH , SEQ= 6 8 ) 

V vol ume of t he a e r a t i o n  t a n k  ( l O O Om* * 3 )  

r s l udge recycle r a t i o  Which i s  t he r a t i o  o f  Q 6  t o  Q2 

w 1 0 0 * wa s t age ratio which i s  t he r a t i o  o f  Q7 t o  Q2 

Af s u r f ace a rea o f  t he f i n a l  c l a r i f i e r  ( 1 00m* * 2 )  

S R  ove r f low r a t e  o f  f i na l  c l a r i f i e r  ( m  per da y )  

ROH Oxygen Requirement f o r  remova l o f  organic mat t e r  ( kg per d a y )  

ROA Oxygen Requirement a s s o c i a ted w i t h  ni t r i f i c a t i o n  ( kg per da y )  

AFR A i r  f l ow rate ( m * * 3  a i r  per m i n )  
X 2  1 0 0 * XS S 4  di v i ded by X S S 3  

X 3  X S S 5  divi ded by X S S 3  

C C PS T  

COPST 
CHPST 

C S PST 

C C P S P  

COP S P  

CMPS P 

C S P S P  

C P PS P  

CCAT 

C C DAA 

CODAA 

CHDAA 

C C FST 

COFST 

CMFST 

C S FS T  

C C RS P 

CORS P 
CMRSP 

C S RS P 

C P R S P  

c o s t  c o s t  func t i o n  

. * * *  R E PORT S UMMARY : 

EXECUTION T I M E  

( do l l a r s ) 

o NONOPT 

o I N FEAS I BLE 

o UNBOUNDED 

o ERRORS 

0 . 0 0 0  SECONDS 

USER : C o n t r a c t  & Purch a s i ng Dept . 

U n i t e d  Arab Emi r a t e s  U n i ve r s i t y  

* * * *  F I LE SUMMARY 

0 . 7  Mb W I N 1 9 7 - l l 9  

G 0 1 0 l 2 2 : l 1 3 lAE- W I N  

DC 3 l 9 0 

I N PUT C : \ DOC OMENTS AND S E T T I NGS \ABDULHAMEED\MY DOCUMEN T S \ M Y  DOCS \ GAMS F I LES 

\ A P PEND I XA . GMS 

OUT PUT C : \ W I NDOWS\GAMS D I R \AP PEN D I XA . LST 
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