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INTRODUCTION (1)INTRODUCTION (1)
Design and operation (control) of activated Design and operation (control) of activated 
sludge (AS) requires knowledge of:sludge (AS) requires knowledge of:

(1) Nature of wastewater(1) Nature of wastewater(1) Nature of wastewater(1) Nature of wastewater
(2) Behaviour of organisms the mediate (2) Behaviour of organisms the mediate 
bioprocesses of importancebioprocesses of importance
(3) Interaction between (1) and (2) (3) Interaction between (1) and (2) 
(4) Impact of (1) and (2) on system sizing,  (4) Impact of (1) and (2) on system sizing,  
performance and control. performance and control. 

This knowledge is codified into modelsThis knowledge is codified into modelsThis knowledge is codified into models This knowledge is codified into models 
(mostly mathematical) that become tools for (mostly mathematical) that become tools for 
understanding, design and operation of the understanding, design and operation of the 
system.   system.   

BASIC APPROACHBASIC APPROACH
Level of organization:Level of organization: Look at generalized, Look at generalized, 
simplified concepts that describe behaviour of simplified concepts that describe behaviour of 
bacteria in WWTPbacteria in WWTP

O iO i ll ti b h i f di till ti b h i f di tiOrganisms Organisms –– collective behaviour of groups mediating a collective behaviour of groups mediating a 
particular bioparticular bio--process of importance (forest not trees). process of importance (forest not trees). 
Chosen interactively depending on objectives.Chosen interactively depending on objectives.

Our concepts are strongly influenced by what Our concepts are strongly influenced by what 
What we can measureWhat we can measure
What is important to us (objectives of model). What is important to us (objectives of model). 

Models have high and low levels of complexity Models have high and low levels of complexity g yg y
depending on objectives. depending on objectives. 

Design Design –– steady state models steady state models –– relatively simple.relatively simple.
Diurnal behaviour Diurnal behaviour –– dynamic simulation dynamic simulation –– complex. complex. 
Research (testing new refinements and extensions)Research (testing new refinements and extensions)
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WASTEWATER WASTEWATER 
COMPOSITION (1)COMPOSITION (1)

Wastewater comprises both organic Wastewater comprises both organic 
(COD BOD) d i i (ISS)(COD BOD) d i i (ISS)(COD, BOD) and inorganic (ISS) (COD, BOD) and inorganic (ISS) 
materials (measured in influent).materials (measured in influent).
These are removed in AS by These are removed in AS by 

Biological oxidation (by heterotrophs) Biological oxidation (by heterotrophs) 
Phase transformations Phase transformations 
(dissolved → solid, dissolved → gas↑)(dissolved → solid, dissolved → gas↑)
(biological and physical)(biological and physical)
SolidSolid--liquid separation (settling tanks)liquid separation (settling tanks)

WASTEWATER WASTEWATER 
COMPOSITION (2)COMPOSITION (2)

Wastewater organic and inorganic Wastewater organic and inorganic 
constituents areconstituents areconstituents are…...constituents are…...

(1) Settleable (settle out < 2hr)(1) Settleable (settle out < 2hr)
(2) Non(2) Non--settleable (colloidal)settleable (colloidal)
(3) Dissolved.(3) Dissolved.

(1) can be settled out in PST (if included).(1) can be settled out in PST (if included).(1) can be settled out in PST (if included).(1) can be settled out in PST (if included).
(2) and (3) are transformed to settleable (2) and (3) are transformed to settleable 
solids (biomass, if biodeg. and enmeshed solids (biomass, if biodeg. and enmeshed 
if unbiodeg.) and settle out in SST. if unbiodeg.) and settle out in SST. 
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SYSTEM DESCRIPTIONSYSTEM DESCRIPTION
Biological & physical transformations Biological & physical transformations –– Dissolved Dissolved 

and nonand non--settleable become settleable.settleable become settleable.

REACTOR PHASE REACTOR PHASE 
TRANSFORMATIONSTRANSFORMATIONS

In reactor, there areIn reactor, there are biologicalbiological reactions:reactions:In reactor, there are In reactor, there are biologicalbiological reactions:reactions:
Transforming biodegradable organics Transforming biodegradable organics 
(settleable, non(settleable, non--settleable and dissolved) settleable and dissolved) 
into biomass which is settleable.into biomass which is settleable.

In reactor, there are In reactor, there are physical physical reactions:reactions:
Enmeshing and entrapping biodegradable Enmeshing and entrapping biodegradable g pp g gg pp g g
and unbiodegradable organics (settleable and unbiodegradable organics (settleable 
and nonand non--settleable) into the sludge mass settleable) into the sludge mass 
making it all settleable.making it all settleable.
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PROCESS REACTIONSPROCESS REACTIONS

WasteWaste--
waterwater
characcharac--
teristicsteristics

PROCESS REACTIONSPROCESS REACTIONS
Process Process 

reactionsreactionsWasteWaste--
waterwater
characcharac--
teristicsteristics

reactionsreactions

Organics are Organics are 
degraded by degraded by 
ordinary ordinary 
heterotrophic heterotrophic 
organisms organisms 
(OHOs) group.(OHOs) group.
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PROCESS REACTIONSPROCESS REACTIONS
Process Process 

reactionsreactionsWasteWaste--
waterwater
characcharac--
teristicsteristics

reactionsreactions

ReactionReactionReaction Reaction 
productsproducts

REACTOR PHASE REACTOR PHASE 
TRANSFORMATIONSTRANSFORMATIONS

So irrespective of treating raw or settled WW:So irrespective of treating raw or settled WW:
All particulates (settleable and nonAll particulates (settleable and non--settleable) settleable) 
become part of the sludge mass in the reactor become part of the sludge mass in the reactor 
whether biologically degraded or not;whether biologically degraded or not;
Dissolved organics that are biodegradable Dissolved organics that are biodegradable 
become settleable biomass, but those that are become settleable biomass, but those that are 

bi d d bl ith ffl tbi d d bl ith ffl tunbiodegradable escape with effluent.unbiodegradable escape with effluent.
Some sludge mass is harvested from reactor Some sludge mass is harvested from reactor 
daily to control mass in reactor. daily to control mass in reactor. 
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COD EXIT ROUTESCOD EXIT ROUTES

EXAMPLE WW: COD EXAMPLE WW: COD -- RAWRAW
750750

146146 5353 199199

Units Units ––
mgCOD/LmgCOD/L

551551438438

146146 5353 199199

113113
0.450.45μμ filtered filtered --

Sol COD =199 Sol COD =199 
ffS’usS’us= S= Susiusi/S/Stiti

= 0.07= 0.07

mgCOD/LmgCOD/L

ffS’upS’up= S= Supiupi/S/Stiti
= 0.15= 0.15
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EXAMPLE WW: COD EXAMPLE WW: COD -- SETTLEDSETTLED
450450

146146 5353 199199

Units Units ––
mgCOD/LmgCOD/L

251251233233

146146 5353 199199

1818
0.450.45μμ filtered filtered --

Sol COD =199 Sol COD =199 
ffS’usS’us= S= Susiusi/S/Stiti

= 0.113= 0.113

mgCOD/LmgCOD/L

ffS’upS’up= S= Supiupi/S/Stiti
= 0.04= 0.04

MODEL REQUIREMENTSMODEL REQUIREMENTS
To model AS system, need to define two To model AS system, need to define two 
things:things:gg
(1) The biological processes, and(1) The biological processes, and
(2) The system constraints (or boundary (2) The system constraints (or boundary 

conditions), i.e. the conditions imposed on conditions), i.e. the conditions imposed on 
the biological (and physical) processes by the biological (and physical) processes by 
the reactor such as mixing conditions (plugthe reactor such as mixing conditions (plugthe reactor such as mixing conditions (plug the reactor such as mixing conditions (plug 
flow or completely mixed), liquid (hydraulic) flow or completely mixed), liquid (hydraulic) 
retention time and solids retention time retention time and solids retention time 
(sludge age).(sludge age).
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SYSTEM CONSTRAINTSSYSTEM CONSTRAINTS

(1) Mixing regimes in reactor and (1) Mixing regimes in reactor and 
t tt treactor geometry reactor geometry 

(2) Liquid retention time or (2) Liquid retention time or 
hydraulic retention timehydraulic retention time

(3) Solids retention time or(3) Solids retention time or
mean cell residence time ormean cell residence time ormean cell residence time, ormean cell residence time, or
sludge age. sludge age. 

(1) MIXING CONDITIONS(1) MIXING CONDITIONS
(1) Mixing regimes (1) Mixing regimes 

–– Two extremesTwo extremes
Plugflow Plugflow ––

concentrations vary concentrations vary 
along length of along length of 
reactor.reactor.

Completely mixed Completely mixed ––
concentrations same concentrations same 
everywhere in reactor.everywhere in reactor.
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(2) RETENTION TIME (HRT)(2) RETENTION TIME (HRT)

(2) Nominal (2) Nominal 
hydraulic hydraulic 
retention time retention time 
(R(Rhnhn) ) –– length of length of 
time liquid stays time liquid stays 
in reactor =in reactor =

VVpp
QQii

in reactor in reactor 
RRhnhn = = VVpp//QQi  i  (day)(day)
L/(L/d=d)L/(L/d=d)

(3) SLUDGE AGE (SRT)(3) SLUDGE AGE (SRT)
If nitrification takes place, its best to control If nitrification takes place, its best to control 
sludge age hydraulically by wasting sludge sludge age hydraulically by wasting sludge 
directly from the reactor rather than fromdirectly from the reactor rather than fromdirectly from the reactor rather than from directly from the reactor rather than from 
the underflow the underflow -- more later.more later.

√

QQss X
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(3) SLUDGE AGE (SRT)(3) SLUDGE AGE (SRT)
(3) Sludge age (3) Sludge age 
(R(R )) –– length oflength of

QQww

(R(Rss) ) length of length of 
time solids stay time solids stay 
in reactor (SRT)in reactor (SRT)

RRss = mass of sludge in system = mass of sludge in system 

VVpp

mass of sludge wasted per daymass of sludge wasted per day
= (= (VVpp XXtt)/()/(QQww XXtt) = ) = VVpp//QQww (days)(days)

So for RSo for Rss=10d, =10d, QQww = = VVpp/R/Rss = = VVpp/10 (m/10 (m33/d)./d).

BIOLOGICAL BEHAVIOURBIOLOGICAL BEHAVIOUR
This involves two bioThis involves two bio--processes processes ––
(1) (1) Organism growthOrganism growth –– utilization of utilization of ( )( ) g gg g

biodegradable organics for metabolism biodegradable organics for metabolism --
Metabolism comprises 2 aspectsMetabolism comprises 2 aspects

Anabolism Anabolism –– material for new cell massmaterial for new cell mass
Catabolism Catabolism –– generation of energy to make new generation of energy to make new 
cell mass.  cell mass.  

(2)(2) O i “D th”O i “D th” l f il f i(2) (2) Organism “Death”Organism “Death” –– loss of organism loss of organism 
mass due to maintenance energy mass due to maintenance energy 
requirements (endogenous respiration).requirements (endogenous respiration).
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BIOLOGICAL BEHAVIOUR (1)BIOLOGICAL BEHAVIOUR (1)
Modelling organism Modelling organism growthgrowth and and 

endogenous respiration endogenous respiration involves two involves two g pg p
aspects: aspects: 
(1) (1) StoichiometryStoichiometry –– quantitative relationship quantitative relationship 

between bioprocess reactants (e.g. between bioprocess reactants (e.g. 
organics) and products (e.g. biomass organics) and products (e.g. biomass 
formed, oxygen consumed).formed, oxygen consumed)., yg ), yg )

(2) (2) KineticsKinetics –– rate at which bioprocesses take rate at which bioprocesses take 
place. place. 

GROWTH STOICHIOMETRYGROWTH STOICHIOMETRY
YYCODCOD = COD of biomass formed/COD utilized = 0.66= COD of biomass formed/COD utilized = 0.66

YYHvHv = Y= YCODCOD/f/fcvcv = 0.66/1.48 = 0.45 mgVSS/mgCOD= 0.66/1.48 = 0.45 mgVSS/mgCOD

Note: Note: COD of COD of 
biomass formedbiomass formed
+ + Oxygen utilizedOxygen utilized
= = COD of COD of e- donated by 

ANABOLISM

CATABOLISM

substrate COD substrate COD 
utilizedutilized..

COD mass balance! COD mass balance! –– fundamental to all modelsfundamental to all models

organics
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ORGANISM “DEATH” ORGANISM “DEATH” –– or or 
ENDOGENOUS RESPIRATIONENDOGENOUS RESPIRATION

Two concepts to model thisTwo concepts to model thisTwo concepts to model this Two concepts to model this 
(1) Death(1) Death--RegenerationRegeneration andand
(2) Endogenous Respiration(2) Endogenous Respiration..

(2) Dynamic simulation models like (2) Dynamic simulation models like 
ASM1 include ASM1 include (1)(1) but but (2)(2) is the simplest.is the simplest.
So use So use (2)(2) in the steady state AS model.in the steady state AS model.
Give similar results for same conditions.  Give similar results for same conditions.  

ORGANISM DEATHORGANISM DEATH
Two approaches Two approaches 

lead to identical lead to identical (1-fCVYHV )fCV (1-f ’ )b’HXBH)

results!results!
YHV fCV(1-f ’ )b’ HXBH)

ER: bER: bHH=0.24/d, f=0.20    D=0.24/d, f=0.20    D--R: bR: bHH=0.62/d, f=0.08=0.62/d, f=0.08
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ENDOGENOUS RESPIRATIONENDOGENOUS RESPIRATION
19.2%19.2%24% lost per d24% lost per d

4.8%4.8%

76% remain76% remain

Note: COD balanced over process: Note: COD balanced over process: 

-- ffcvcvΔΔXXHH + + ffcvcvf bf bHH XXHH + + ffcvcv (1(1--f) bf) bHH XXHH = 0= 0

DEATH REGENERATIONDEATH REGENERATION

100 mg VSS/L100 mg VSS/L

A ti biA ti biActive biomass Active biomass 

(X(XBHBH))
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DEATH REGENERATIONDEATH REGENERATION

Active biomass Active biomass 
lost: b’lost: b’HHXXBHBH = = 

62 mg VSS/L62 mg VSS/L

XXBHBH biomass biomass 
remaining: 38 %remaining: 38 %

62 mg VSS/L 62 mg VSS/L 
(62 %(62 %))

DEATH REGENERATIONDEATH REGENERATION

Biodegradable ofBiodegradable of

Unbiodegradable of Unbiodegradable of 

Biodegradable of Biodegradable of 
XXBHBH: (1: (1--f’)b’f’)b’HHXXBHBH = = 
= 57 mg VSS/L;= 57 mg VSS/L;

Active biomass Active biomass 
lost: b’lost: b’HHXXBHBH = = 

62 mg VSS/L62 mg VSS/L
XXBHBH (end residue):(end residue):
f’b’f’b’HHXXBHBH = = 
5 mg VSS/L (5 %)5 mg VSS/L (5 %)XXBHBH biomass biomass 

remaining: 38 %remaining: 38 %

62 mg VSS/L 62 mg VSS/L 
(62 %(62 %))
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COD : fCOD : fCVCV(1(1--f’)b’f’)b’HHXXBHBH
= = 

= 84 mg COD/L= 84 mg COD/LBiodegradable ofBiodegradable of

DEATH REGENERATIONDEATH REGENERATION

Unbiodegradable of Unbiodegradable of 

ggBiodegradable of Biodegradable of 
XXBHBH: (1: (1--f’)b’f’)b’HHXXBHBH = = 
= 57 mg VSS/L;= 57 mg VSS/L;

Active biomass Active biomass 
lost: b’lost: b’HHXXBHBH = = 

62 mg VSS/L62 mg VSS/L
XXBHBH (end residue):(end residue):
f’b’f’b’HHXXBHBH = = 
5 mg VSS/L (5 %)5 mg VSS/L (5 %)

62 mg VSS/L 62 mg VSS/L 
(62 %(62 %))

XXBHBH biomass biomass 
remaining: 38 %remaining: 38 %

Biodegradable ofBiodegradable of

DEATH REGENERATIONDEATH REGENERATION

COD : fCOD : fCVCV(1(1--f’)b’f’)b’HHXXBHBH
= = 

= 84 mg COD/L= 84 mg COD/LYYHVHV ffCVCV (1(1--f ’) b’f ’) b’HHXXBHBH

New biomass synthesized:New biomass synthesized:

Net biomass lost:Net biomass lost:
24 mg VSS/L24 mg VSS/L

Unbiodegradable of Unbiodegradable of 

= 38 mg VSS/L= 38 mg VSS/L

BiomassBiomass

Biodegradable of Biodegradable of 
XXBHBH: (1: (1--f’)b’f’)b’HHXXBHBH = = 
= 57 mg VSS/L= 57 mg VSS/L

gg

XXBHBH (end residue):(end residue):
f’b’f’b’HHXXBHBH = = 
5 mg VSS/L (5 %)5 mg VSS/L (5 %)

Biomass          Biomass          
rere--grown: 38 % grown: 38 % 
XXBHBH biomass biomass 

remaining: 38 %remaining: 38 %
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DEATH REGENERATIONDEATH REGENERATION

Biodegradable ofBiodegradable of

(1(1--YYHVHV)f)fCVCV (1(1--f ’) b’f ’) b’HHXXBHBH

= 29 mg = 29 mg 
COD/LCOD/L COD : fCOD : fCVCV(1(1--f’)b’f’)b’HHXXBHBH

= = 
= 84 mg COD/L= 84 mg COD/L

(19 mg (19 mg 
VSS/L;     VSS/L;     
19 %)19 %) YYHVHV ffCVCV (1(1--f ’) b’f ’) b’HHXXBHBH

Oxygen consumption:Oxygen consumption:

New biomass synthesized:New biomass synthesized:

Net biomass lost:Net biomass lost:
24 mg VSS/L24 mg VSS/L

Unbiodegradable of Unbiodegradable of BiomassBiomass

Biodegradable of Biodegradable of 
XXBHBH: (1: (1--f’)b’f’)b’HHXXBHBH = = 
= 57 mg VSS/L= 57 mg VSS/L

gg

= 38 mg VSS/L= 38 mg VSS/L

19 %)19 %)

XXBHBH (end residue):(end residue):
f’b’f’b’HHXXBHBH = = 
5 mg VSS/L (5 %)5 mg VSS/L (5 %)

Biomass          Biomass          
rere--grown: 38 % grown: 38 % 
XXBHBH biomass biomass 

remaining: 38 %remaining: 38 %

ENDOGENOUS RESPIRATIONENDOGENOUS RESPIRATION
19.2 %19.2 %24% lost per d24% lost per d

4.8 %4.8 %

76% remain76% remain

Note: COD balanced over process: Note: COD balanced over process: 

-- ffcvcvΔΔXXHH + + ffcvcvf bf bHH XXHH + + ffcvcv (1(1--f) bf) bHH XXHH = 0= 0
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ORGANISM LOSS

Two approaches lead to identical results!Two approaches lead to identical results!

ENDOGENOUS RESPIRATIONENDOGENOUS RESPIRATION
19.2 %19.2 %24% lost per d24% lost per d

4.8 %4.8 %

76% remain76% remain

Note: COD balanced over process: Note: COD balanced over process: 

-- ffcvcvΔΔXXHH + + ffcvcvf bf bHH XXHH + + ffcvcv (1(1--f) bf) bHH XXHH = 0= 0
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BIOLOGICAL BEHAVIOUR (2)BIOLOGICAL BEHAVIOUR (2)
The growth process (metabolism) The growth process (metabolism) 

transforms influent biodegradable transforms influent biodegradable 
i i t OHO bii i t OHO biorganics into OHO biomass organics into OHO biomass --

(1) (1) Anabolism:Anabolism: YYCODCOD (= f(= fcvcvYYHvHv=0.66) of the =0.66) of the 
ee-- (COD) in the influent biodeg. organics (COD) in the influent biodeg. organics 
become biodegradable organics of become biodegradable organics of 
biomass biomass -- 2/32/3rdsrds, and, and

(2) (2) Catabolism:Catabolism: 11--YYCODCOD (= 1(= 1--ffcvcvYYHvHv=0.34) of =0.34) of 
the ethe e-- (COD) in the influent biodeg. (COD) in the influent biodeg. 
organics are passed to oxygen organics are passed to oxygen -- 1/31/3rdrd. . 

BIOLOGICAL BEHAVIOUR (3)BIOLOGICAL BEHAVIOUR (3)
The eThe e-- passed to oxygen represent an passed to oxygen represent an 
energy loss (as heat).energy loss (as heat).
The growth process is rapid resulting in The growth process is rapid resulting in 
virtually complete utilization (usually) of virtually complete utilization (usually) of 
all biodegradable organics  all biodegradable organics  --

Soluble biodegradable organics (SBO) are Soluble biodegradable organics (SBO) are 
readily biodegradable leaving only readily biodegradable leaving only 

bi d d bl l bl i i ffl tbi d d bl l bl i i ffl tunbiodegradable soluble organics in effluent unbiodegradable soluble organics in effluent 
even though the hydraulic retention time is even though the hydraulic retention time is 
relatively short (6relatively short (6--24h). 24h). 
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BIOLOGICAL BEHAVIOUR (4)BIOLOGICAL BEHAVIOUR (4)
Particulate biodegradable organics (PBO) are slowly Particulate biodegradable organics (PBO) are slowly 
biodegradable, but they get enmeshed in the sludge biodegradable, but they get enmeshed in the sludge 

d t i d i th t b th SSTd t i d i th t b th SSTmass and so are retained in the system by the SST mass and so are retained in the system by the SST 
and stay in the system for as long as the sludge age and stay in the system for as long as the sludge age 
(>5d).  This is long enough to allow near complete (>5d).  This is long enough to allow near complete 
utilization also, leaving only the particulate utilization also, leaving only the particulate 
unbiodegradable organics.unbiodegradable organics.

So it can be assumed in the steady state AS So it can be assumed in the steady state AS 
model that all biodegradable organics are model that all biodegradable organics are 
completely utilized completely utilized –– i.e. the growth process is i.e. the growth process is 
complete.complete.

BIOLOGICAL BEHAVIOUR (5)BIOLOGICAL BEHAVIOUR (5)
With the growth process complete, it’s  With the growth process complete, it’s  
kinetics can be ignored !kinetics can be ignored !
So in the steady state model only the  So in the steady state model only the  
stoichiometry of the growth process needs to stoichiometry of the growth process needs to 
be considered. be considered. 
The endogenous process transforms The endogenous process transforms 
biomass biodegradable organics to (1) biomass biodegradable organics to (1) g g ( )g g ( )
unbiodegradable endogenous residue, which unbiodegradable endogenous residue, which 
accumulates in the reactor as VSS, and (2) accumulates in the reactor as VSS, and (2) 
additional oxygen consumption.  additional oxygen consumption.  
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BIOLOGICAL BEHAVIOUR (6)BIOLOGICAL BEHAVIOUR (6)
The endogenous process is very slow The endogenous process is very slow 
and does not reach completion even at and does not reach completion even at 
very long sludge ages. very long sludge ages. 
Its stoichiometry and kinetics therefore Its stoichiometry and kinetics therefore 
have to be retained, but because the have to be retained, but because the 
endogenous model is simple, the steady endogenous model is simple, the steady 
state model including it remains simplestate model including it remains simplestate model including it remains simple. state model including it remains simple. 

REACTOR VSS (ORGANIC)REACTOR VSS (ORGANIC)
The VSS (sludge) mass in the reactor (XThe VSS (sludge) mass in the reactor (Xvv) ) 

comprises 3 components comprises 3 components --p pp p
(1) the unbiodegradable particulate organics (1) the unbiodegradable particulate organics 

(X(XII) which accumulate from the influent ) which accumulate from the influent 
unbio. organics (UPO, Sunbio. organics (UPO, Supiupi),),

(2) the unbiod. endogenous residue (X(2) the unbiod. endogenous residue (XEE) ) 
generated by the biomass (Xgenerated by the biomass (XBHBH), and), and

(3) biomass (X(3) biomass (XBHBH) generated from influent ) generated from influent 
biodeg. organics via the growth process.   biodeg. organics via the growth process.   
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REACTOR VSS (ORGANIC)REACTOR VSS (ORGANIC)
So XSo Xvv = X= XBHBH + X+ XEHEH + X+ XII mgVSS/l.mgVSS/l.
The proportions of these 3 VSS components The proportions of these 3 VSS components 
that make up the measured reactor VSS vary that make up the measured reactor VSS vary 
with sludge age (Rwith sludge age (Rss). ). 
The VSS mass in the reactor (MXThe VSS mass in the reactor (MXvv) is the ) is the 
VSS concentration (XVSS concentration (Xvv) x reactor volume (V) x reactor volume (Vpp), ), 
i e MXi e MX = X= X VV kgVSSkgVSSi.e. MXi.e. MXvv = X= Xvv VVpp kgVSS.kgVSS.
X = Solids conc., XX = Solids conc., Xvv = volatile (organic) solids = volatile (organic) solids 
in mgVSS/l.in mgVSS/l.

(A) UNBIODEGRADABLE (A) UNBIODEGRADABLE 
PARTICULATE ORGANICS (1)PARTICULATE ORGANICS (1)

750750

146146 5353 199199

Units Units ––
mgCOD/LmgCOD/L

551551438438

146146 5353 199199

113113

SSupi upi = f= fS’upS’up SStiti = = 
0.15x750=113 0.15x750=113 
mgCOD/lmgCOD/l

XXIiIi= S= Supiupi/f/fcv cv 
=113/1 48=113/1 48=113/1.48 =113/1.48 
=76mgVSS/l=76mgVSS/l

MXMXIiIi = Q= Qii XXIi Ii 
kgVSS/dkgVSS/d
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(A) UNBIODEGRADABLE (A) UNBIODEGRADABLE 
PARTICULATE ORGANICS, XPARTICULATE ORGANICS, XII (2)(2)

At steady state the mass flow of unbio. At steady state the mass flow of unbio. 
particulate organics (UPO) that exits the particulate organics (UPO) that exits the 
reactor via the waste flow (Qreactor via the waste flow (Qww) equals the ) equals the 
mass of these organics entering the mass of these organics entering the 
reactor via the influent flow, i.e. reactor via the influent flow, i.e. 

XXII QQ = f= fS’S’ SS ii/f/f QQii kgVSS/dkgVSS/d
VSS outVSS out
QQXXII QQww = f= fS’upS’upSStiti/f/fcvcvQQii kgVSS/dkgVSS/d

or Vor VppXXII/R/Rss = Q= QiiXXIi  Ii  

So VSo VppXXII = Q= QiiXXIiIi RRs  s  kgVSSkgVSS
XXIIVSS inVSS in

QQi  i  XXIiIi

QQww

(A) UNBIODEGRADABLE (A) UNBIODEGRADABLE 
PARTICULATE ORGANICS, XPARTICULATE ORGANICS, XII (3) (3) 
From Eq 1:  VFrom Eq 1:  VppXXII = MX= MXII = Q= QiiXXIiIi RRss kgVSSkgVSS

Mass unbiodeg. particulate organics in reactor Mass unbiodeg. particulate organics in reactor 
(MX(MXII = V= VppXXII) = mass flow of these organics into ) = mass flow of these organics into 
reactor (Qreactor (QiiXXIiIi) x sludge age (R) x sludge age (Rss).).

So mass XSo mass XII in reactor at 20d in reactor at 20d 
sludge will be double that at sludge will be double that at gg
10d sludge age10d sludge age

Do not need to know reactor 
volume (Vp) to calculate MXI !

MXI
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At steady state, At steady state, 
mass Xmass XII (MX(MXII) per ) per 

(A) UNBIO. PARTICULATE (A) UNBIO. PARTICULATE 
ORGANICS, XORGANICS, XII (4)(4)

II (( II) p) p
kgCOD/d load kgCOD/d load 
increases linearly increases linearly 
with sludge age with sludge age 
(R(Rss).).

This is a directThis is a directThis is a direct This is a direct 
result of imposing result of imposing 
a sludge age on a sludge age on 
the system.the system.

(B) ACTIVE BIOMASS (1)(B) ACTIVE BIOMASS (1)
750750

146146 5353 199199

Units Units ––
mgCOD/LmgCOD/L

551551438438

146146 5353 199199

113113
SSbi bi = S= Susiusi--SSupiupi

= 750= 750--113113--53=58453=584

Biodegradable Biodegradable 
organics all organics all 
transformed to transformed to 
biomass (OHO)biomass (OHO)

 750 750 113113 53 58453 584

=(1=(1--ffS’upS’up--ffS’usS’us)S)Stiti

=(1=(1--0.150.15--0.07)750 0.07)750 
=584 mgCOD/l=584 mgCOD/l
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(B) ACTIVE BIOMASS (2)(B) ACTIVE BIOMASS (2)
Biomass also accumulates in reactor in Biomass also accumulates in reactor in 
proportion to sludge age, proportion to sludge age, 
i.e. i.e. net “entry rate”net “entry rate” per day x sludge age.  per day x sludge age.  
Its “entry rate” is via the growth process Its “entry rate” is via the growth process ––
ΔΔVVppXXBHBH = +Y= +YHvHv (Q(QiiSSbibi) kgVSS/d) kgVSS/d
(Q(QiiSSbibi) = mass bio COD load /d.) = mass bio COD load /d.
But there is also an “exit (loss) rate” via But there is also an “exit (loss) rate” via 
the endogenous process: 1/(1+bthe endogenous process: 1/(1+bHHRRss), i.e.), i.e.
the longer the Rthe longer the Rss, the greater the loss., the greater the loss.

(B) ACTIVE BIOMASS (3)(B) ACTIVE BIOMASS (3)
The The net entry ratenet entry rate combines the entry combines the entry 
(growth) and exit (loss) rates per day. (growth) and exit (loss) rates per day. 
Multiplying this net rate/d over RMultiplying this net rate/d over Rss days days ––
VVppXXBHBH = = YYHvHv ((QQiiSSbibi) ) RRss kgVSSkgVSS

(1+b(1+bHHRRss))
So mass of OHOs in reactor is proportional So mass of OHOs in reactor is proportional 

tt f bi d COD l df bi d COD l d ttto to mass of biodeg. COD loadmass of biodeg. COD load on reactor on reactor 
per day (all biodeg COD utilized), the per day (all biodeg COD utilized), the net net 
“yield” Y“yield” YHvHv/(1+b/(1+bHHRRss)) and and RRss
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Mass XMass XBHBH in reactor in reactor 
per kgCOD/d on per kgCOD/d on 

(B) ACTIVE BIOMASS (4)(B) ACTIVE BIOMASS (4)

p gp g
reactor increases reactor increases 
with sludge age (Rwith sludge age (Rss) ) 
but increase gets but increase gets 
smaller as sludge smaller as sludge 
age gets longer dueage gets longer dueage gets longer due age gets longer due 
to longer duration of to longer duration of 
endogenous process.endogenous process.

(B) ACTIVE BIOMASS (5)(B) ACTIVE BIOMASS (5)
From unbiodegradable From unbiodegradable 

particulate organics.particulate organics.

From biodegradable From biodegradable 
organics (Yorganics (YHvHv=0.45) =0.45) 
and no endogenous and no endogenous 
respiration (brespiration (bHH=0).=0).

From biodegradableFrom biodegradable

ee-- to Oto O22 in growthin growth

ee-- to Oto O22 in Ein E--RR
From biodegradable From biodegradable 

organics (Yorganics (YHvHv=0.45) =0.45) 
and endogenous and endogenous 
respiration (brespiration (bHH=0.24/d)=0.24/d)
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(C) ENDOGENOUS RESIDUE (1)(C) ENDOGENOUS RESIDUE (1)

also accumulates in the reactor in also accumulates in the reactor in 
proportion to sludge age but its “entryproportion to sludge age but its “entryproportion to sludge age, but its entry proportion to sludge age, but its entry 
rate” from OHOs varies with sludge age.  rate” from OHOs varies with sludge age.  
From endogenous process, the XFrom endogenous process, the XEE mass mass 
production rateproduction rate
VVppXXEE/dt = f b/dt = f bHH (V(Vpp XXBHBH) kgVSS/d) kgVSS/dpp EE H H (( p p BHBH) g) g
So at steady state, mass of XSo at steady state, mass of XEE in reactor =in reactor =
VVppXXEE = f b= f bH H RRs s (V(Vp p XXBHBH) kgVSS) kgVSS

(C) ENDOGENOUS RESIDUE (2)(C) ENDOGENOUS RESIDUE (2)

So at steady state at a sludge age of RSo at steady state at a sludge age of Rss, , 
mass of endogenous residue (Xmass of endogenous residue (XEE) in ) in 
reactor......reactor......
MXMXEE = V= VppXXEE kgVSSkgVSS
= f b= f bH H RRs s x mass of OHOs in reactor x mass of OHOs in reactor 
(MX(MX = V= V XX ) kgVSS) kgVSS(MX(MXBHBH = V= Vp p XXBHBH) kgVSS.) kgVSS.
= f b= f bHH RRss MSMSbibi YYHH RRSS/(1+b/(1+bHHRRss))
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Mass XMass XEHEH in reactor in reactor 
per kgCOD/d on per kgCOD/d on 

(C) ENDOGENOUS RESIDUE (3)(C) ENDOGENOUS RESIDUE (3)

p gp g
reactor increases reactor increases 
with sludge age (Rwith sludge age (Rss) ) 
but increase gets but increase gets 
larger as sludge age larger as sludge age 
gets longer due togets longer due to

0.500.50

1.101.10

gets longer due to gets longer due to 
longer duration of longer duration of 
endogenous process.endogenous process.

MASS VSS IN REACTOR (1)MASS VSS IN REACTOR (1)

Mass VSS (MXMass VSS (MXvv = V= Vpp XXvv) in reactor is ) in reactor is 
sum of unbio particulate endogenoussum of unbio particulate endogenoussum of unbio. particulate, endogenous sum of unbio. particulate, endogenous 
residue and biomass VSS masses, i.e. residue and biomass VSS masses, i.e. 
MXMXVV = MX= MXII + MX+ MXEE + MX+ MXBH   BH   kgVSSkgVSS
or Vor VppXXVV = V= Vpp(X(XII + X+ XEE + X+ XBHBH)     kgVSS)     kgVSS
NOTE: Do not need to know the reactorNOTE: Do not need to know the reactorNOTE:  Do not need to know the reactor NOTE:  Do not need to know the reactor 
volume (Vvolume (Vpp) to calculate the VSS mass in ) to calculate the VSS mass in 
reactor, only the WW chars and Rreactor, only the WW chars and Rss !!
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MASS VSS IN REACTOR (2)MASS VSS IN REACTOR (2)
For raw WW: For raw WW: 
At 10d sludge age,At 10d sludge age,At 10d sludge age, At 10d sludge age, 
VSS mass in VSS mass in 
reactor is ~2.7 reactor is ~2.7 
kgVSS per kgCOD kgVSS per kgCOD 
load in reactor, load in reactor, 
At 20d 4 5At 20d 4 5At 20d, ~4.5 At 20d, ~4.5 
kgVSS/kgCOD kgVSS/kgCOD 
load per day. load per day. 

TSS MASS IN REACTOR (1)TSS MASS IN REACTOR (1)
VSS is organic part of suspended solids in VSS is organic part of suspended solids in 
reactor.reactor.
TSS is total and includes inorganic TSS is total and includes inorganic 
suspended solids (ISS).suspended solids (ISS).
Reactor ISS arises from two sourcesReactor ISS arises from two sources

(1) Influent ISS accumulation(1) Influent ISS accumulation
(2) Biomass OHO “ISS” (2) Biomass OHO “ISS” –– intracellular intracellular 
dissolved solids which precipitate as ISS in dissolved solids which precipitate as ISS in 
the drying step of TSS procedure. the drying step of TSS procedure. 
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TSS MASS IN REACTOR (2)TSS MASS IN REACTOR (2)
(1) influent ISS accumulates in reactor (1) influent ISS accumulates in reactor 

linearly with sludge age just like unbiodeg. linearly with sludge age just like unbiodeg. 
particulate organics i eparticulate organics i eparticulate organics, i.e.particulate organics, i.e.
VVpp XXIoIo = Q= Qii XXIoiIoi RRss kgISS kgISS 
QQii XXIoiIoi = influent ISS load = kgISS/d.= influent ISS load = kgISS/d.

(2) biomass (OHOs) adds about 0.15 (f(2) biomass (OHOs) adds about 0.15 (fiOHOiOHO) ) 
times their mass to measured ISStimes their mass to measured ISStimes their mass to measured ISS.times their mass to measured ISS.

So mass ISS in reactor (VSo mass ISS in reactor (VppXXIoIo) ) 
VVppXXIoIo = Q= Qii XXIoiIoi RRss + f+ fiOHOiOHO MXMXBH  BH  kgISSkgISS

TSS MASS IN REACTOR (3)TSS MASS IN REACTOR (3)
If influent ISS is not known, can choose a If influent ISS is not known, can choose a 
VSS/TSS ratio (fVSS/TSS ratio (fii) for the AS, e.g. ) for the AS, e.g. 
ffii = 0.75= 0.75-- 0.85 for raw wastewater0.85 for raw wastewater
ffii = 0.80= 0.80-- 0.88 for settled wastewater.0.88 for settled wastewater.
ffii does not vary much with sludge age.  does not vary much with sludge age.  

Select from similar wastewater, catchment Select from similar wastewater, catchment 
characteristics and population behaviourcharacteristics and population behaviourcharacteristics and population behaviour.characteristics and population behaviour.

So reactor TSS (MXSo reactor TSS (MXtt) = MX) = MXvv/f/fi   i   kgTSS andkgTSS and
MXMXIoIo = MX= MXtt -- MXMXvv kgISS kgISS 
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TSS MASS IN REACTOR (4)TSS MASS IN REACTOR (4)
For raw WW: For raw WW: 
At 10d sludge age, At 10d sludge age, g gg g
TSS mass in TSS mass in 
reactor is ~3.5 reactor is ~3.5 
kgTSS per kgCOD kgTSS per kgCOD 
load in reactor, load in reactor, 
At 20d 6 0At 20d 6 0At 20d, ~6.0 At 20d, ~6.0 
kgTSS/kgCOD kgTSS/kgCOD 
load per day. load per day. 

OXYGEN DEMAND, OD (1)OXYGEN DEMAND, OD (1)
Recall that oxygen is required for two bioRecall that oxygen is required for two bio--
processes:processes:processes:processes:

(1) Growth and (1) Growth and 
(2) Endogenous Respiration (2) Endogenous Respiration 
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OXYGEN FOR GROWTHOXYGEN FOR GROWTH

Organics eOrganics e thro ghthro gh
ANABOLISM

So OD for growth OSo OD for growth Oss = (1= (1--ffcvcvYYHvHv)xCOD utilized. )xCOD utilized. 

COD utilized = biodeg COD load = QCOD utilized = biodeg COD load = Q SS kgO/dkgO/d

Organics eOrganics e-- through through 
catabolismcatabolism passed passed 
to oxygento oxygen..

e- donated by 
organics

CATABOLISM

COD utilized = biodeg. COD load = QCOD utilized = biodeg. COD load = Qii SSbi bi kgO/dkgO/d

So MOSo MOss = V= VppOOss = = (1(1--ffcvcvYYHvHv) Q) Qii SSbibi kgO/dkgO/d
MOMOss = Oxygen for synthesis of cell mass (growth) kgO/d= Oxygen for synthesis of cell mass (growth) kgO/d

OXYGEN DEMAND FOR OXYGEN DEMAND FOR 
ENDOGENOUS RESPIRATIONENDOGENOUS RESPIRATION

ee-- of of biomass (Xbiomass (XBHBH) ) 

So OD/d for End Resp = COD ofSo OD/d for End Resp = COD of

biodeg. organicsbiodeg. organics
“lost” passed to “lost” passed to 
oxygen oxygen –– catabolic catabolic 
energy generationenergy generation..

So OD/d for End Resp = COD of So OD/d for End Resp = COD of 
biomass biodeg organics lost per daybiomass biodeg organics lost per day

MOMOee = V= VppOOee= f= fcvcv (1(1--f) bf) bHH (V(Vp p XXBHBH)  kgO/d)  kgO/d
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OXYGEN DEMAND, OD (2)OXYGEN DEMAND, OD (2)
Total oxygen demand per day for organics Total oxygen demand per day for organics 
(COD) removal (MO(COD) removal (MOcc = V= VppOOcc) is sum of ) is sum of 
growth (MOgrowth (MOss = V= VppOOss) and endogenous ) and endogenous 
respiration (MOrespiration (MOee = V= VppOOee) oxygen ) oxygen 
demands. So…..demands. So…..
MOMOcc = V= VppOOcc= MO= MOss + MO+ MOee kgO/dkgO/d
VV OO = (1= (1 ff YY ) Q) Q SS + f+ f (1(1 f)bf)b (V(V XX ))VVppOOcc = (1= (1--ffcvcvYYHvHv) Q) Qii SSbibi + f+ fcvcv(1(1--f)bf)bHH(V(VppXXBHBH).).
But VBut VppXXBHBH = Q= QiiSSbi bi YYHvHvRRss/(1+b/(1+bHHRRss)  kgVSS)  kgVSS
Substitute and simplify………Substitute and simplify………

OXYGEN DEMAND, OD (3)OXYGEN DEMAND, OD (3)
MOMOcc = V= VppOOcc = Q= Qii SSbibi xx

{(1{(1--ffcvcvYYHvHv) + f) + fcvcv(1(1--f)bf)bHHYYHvHvRRss/(1+b/(1+bHHRRss)}.)}.{({( cvcv HvHv)) cvcv(( )) HH HvHv ss (( HH ss)})}
{growth    + endogenous respiration}{growth    + endogenous respiration}

kgO/dkgO/d
Note growth part is independent of sludge Note growth part is independent of sludge 
age age –– because growth process is complete!because growth process is complete!
Endog. Resp. part increases with sludge Endog. Resp. part increases with sludge 
age age –– process continues further the longer process continues further the longer 
the sludge age.the sludge age.
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OXYGEN DEMAND, OD (4)OXYGEN DEMAND, OD (4)
Note: Oxygen Note: Oxygen 
demand for organics demand for organics 
removal increases removal increases 
as sludge age as sludge age 
increases because increases because 
endogenous process endogenous process 
continues further the continues further the 
longer the sludgelonger the sludgelonger the sludge longer the sludge 
age.age.

EFFLUENT COD EFFLUENT COD 
Because…. Because…. 
(1) the biodeg. organics are all utilized (1) the biodeg. organics are all utilized ––
th l bl i idl ll ithi thth l bl i idl ll ithi ththe soluble organics rapidly well within the the soluble organics rapidly well within the 
hydraulic retention time, and the particulate hydraulic retention time, and the particulate 
organics well within the sludge age, andorganics well within the sludge age, and
(2) the particulate unbiodeg. organics get (2) the particulate unbiodeg. organics get 
enmeshed with the sludge mass, enmeshed with the sludge mass, 

……the effluent COD is mainly the unbiodeg. ……the effluent COD is mainly the unbiodeg. 
soluble organics: Ssoluble organics: Stete = S= Suseuse= S= Susiusi . . 
(Symbol S denotes COD, mgCOD/l)(Symbol S denotes COD, mgCOD/l)
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AS DESIGN MODEL (1)AS DESIGN MODEL (1)
From  the basic equations, mass VSS From  the basic equations, mass VSS 
(MX(MXvv), TSS (MX), TSS (MXtt) and oxygen demand ) and oxygen demand 
(MO(MO ) d ffl t COD (S) d ffl t COD (S ) ll) ll(MO(MOcc) and effluent COD conc (S) and effluent COD conc (Stete) are all ) are all 
functions of ….functions of ….

(1) WW characteristics [f(1) WW characteristics [fS’upS’up, f, fS’usS’us, X, XIoiIoi/S/Stiti],],
(2) WW COD load [MS(2) WW COD load [MStiti = Q= Qii SSti  ti  kgCOD/d]kgCOD/d]
(3) System sludge age [R(3) System sludge age [Rss, d], d](3) System sludge age [R(3) System sludge age [Rss, d], d]
(4) OHO stoichiometric constants [Y(4) OHO stoichiometric constants [YHvHv, f, fcvcv, f], f]
(5) OHO kinetic constant  [ b(5) OHO kinetic constant  [ bH H ]]

AS DESIGN MODEL (2)AS DESIGN MODEL (2)
Values for stoichiometric and kinetic Values for stoichiometric and kinetic 
constants remain unchanged for different constants remain unchanged for different 
WW S VSS TSS OD d ffl tWW S VSS TSS OD d ffl tWWs.  So VSS, TSS, OD and effluent WWs.  So VSS, TSS, OD and effluent 
COD conc. are functions of WW COD conc. are functions of WW 
characteristics [fcharacteristics [fS’upS’up, f, fS’usS’us, X, XIoiIoi/S/Stiti] and ] and 
COD load [QCOD load [Qii SStiti] and selected system ] and selected system 
sludge age [Rsludge age [Rss, d]., d].
S WW h t i ti d COD l dS WW h t i ti d COD l dSo WW characteristics and COD load So WW characteristics and COD load 
need to be well defined and sludge age need to be well defined and sludge age 
carefully selected!. carefully selected!. 
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VALUES OF CONSTANTSVALUES OF CONSTANTS
Stoichiometric Stoichiometric ––
YY OHO i ld 0 45 VSS/ CODOHO i ld 0 45 VSS/ CODYYHvHv = OHO yield = 0.45 mgVSS/mgCOD= OHO yield = 0.45 mgVSS/mgCOD
ffcvcv = COD/VSS = 1.48 mgCOD/mgVSS= COD/VSS = 1.48 mgCOD/mgVSS
f = OHO unbiodegradable fraction = 0.20f = OHO unbiodegradable fraction = 0.20
Kinetic Kinetic –– only the endogenous rate only the endogenous rate 
bb bb (1 029)(1 029)(T(T 20)20) /d/d bb 0 24/d0 24/dbbHTHT = b= bH20H20(1.029)(1.029)(T(T--20)20) /d/d ; b; bH20H20=0.24/d=0.24/d
(valid between 12 and 30(valid between 12 and 30ooC)C)

THE COD (eTHE COD (e--) BALANCE (1)) BALANCE (1)
Electrons (eElectrons (e--) cannot be created or ) cannot be created or 
destroyed so the edestroyed so the e-- mass (COD) of the mass (COD) of the 
influent must go somewhere!influent must go somewhere!

Exit routes for eExit routes for e--….. ….. 
(1) Effluent COD(1) Effluent COD
(2) COD of waste sludge(2) COD of waste sludge

System boundarySystem boundary

( ) g( ) g
(3) Oxygen utilized(3) Oxygen utilized

4e4e--+4H+4H+++O+O22→2H→2H22OO Think eThink e--, not O!, not O!
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THE COD (eTHE COD (e--) BALANCE (2)) BALANCE (2)

QQww

Water balance Water balance 

QQ
ee

OOccQQii

QQww + Q+ Qee = Q= Qii

THE COD (eTHE COD (e--) BALANCE (3)) BALANCE (3)
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THE COD (eTHE COD (e--) BALANCE (4)) BALANCE (4)
So the longer the sludge age, the greater So the longer the sludge age, the greater 
the mass of VSS (TSS) in the reactor, but the mass of VSS (TSS) in the reactor, but 
the lower the VSS (TSS) mass wasted perthe lower the VSS (TSS) mass wasted perthe lower the VSS (TSS) mass wasted per the lower the VSS (TSS) mass wasted per 
day from the reactor. day from the reactor. 
The longer the sludge age, the longer the The longer the sludge age, the longer the 
sludge stays in the reactor giving the sludge stays in the reactor giving the 
endogenous process longer time to endogenous process longer time to g p gg p g
continue, which causes the oxygen continue, which causes the oxygen 
demand to increase and the VSS mass demand to increase and the VSS mass 
wasted per day to decrease. wasted per day to decrease. 

REACTOR VOLUMEREACTOR VOLUME
Knowing MXKnowing MXtt, the , the 
reactor volume Vreactor volume Vpppp
is calculated from a is calculated from a 
selected reactor selected reactor 
concentration (Xconcentration (Xtt)...)...
VVpp = MX= MXtt / X/ Xtt mm33

N tN t A SRT↑ VA SRT↑ V ↑↑Note:Note: As SRT↑, VAs SRT↑, Vpp ↑↑
As XAs Xtt ↓, V↓, Vpp ↑ ↑ 
VVpp Raw > VRaw > Vpp SettledSettled
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RETENTION TIME (1)RETENTION TIME (1)
With reactor volume (VWith reactor volume (Vpp) known, nominal ) known, nominal 
hydraulic retention time (Rhydraulic retention time (Rhnhn) is…) is…
RRhnhn = V= Vpp/Q/Qii = MX= MXtt /(X/(Xtt QQii) (d)) (d)
MXMXtt is a function of the COD load (MSis a function of the COD load (MStiti), ), 
WW chars and RWW chars and Rss. . 
Note: If COD load comes from high QNote: If COD load comes from high Qii
and low Sand low Stiti or low Qor low Qii and high Sand high Stiti thetheand low Sand low Stiti or low Qor low Qii and high Sand high Stiti, the , the 
reactor volume will be the same!reactor volume will be the same!
But the RBut the Rhnhn will be different! will be different! 

RETENTION TIME (2)RETENTION TIME (2)
For the same COD load (and sludge age) For the same COD load (and sludge age) 
retention time will be short for the high retention time will be short for the high gg
flow case and long for the low flow case.flow case and long for the low flow case.
Hydraulic retention time is incidental to Hydraulic retention time is incidental to 
design, it serves no basic function!design, it serves no basic function!
Beware of design criteria based on Beware of design criteria based on 
hydraulic retention time hydraulic retention time –– do not use do not use 
them them –– they can lead to serious error in they can lead to serious error in 
reactor volume estimates.reactor volume estimates.
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SELECTING REACTOR XSELECTING REACTOR Xt t (1) (1) 

Done with a reactor volume (VDone with a reactor volume (Vpp) ) –– 22aryary

ttli t k (Attli t k (A ) t ti i ti) t ti i tisettling tank area (Asettling tank area (ASTST) cost optimization: ) cost optimization: 
TSS mass in reactor is fixed by WW and TSS mass in reactor is fixed by WW and 
sludge age, so selecting …sludge age, so selecting …
XXtt high makes Vhigh makes Vpp small but Asmall but ASTST large, or large, or 
XX l k Vl k V l b t Al b t A llllXXtt low makes Vlow makes Vpp large but Alarge but ASTST small. small. 
Plot reactor and SST costs versus XPlot reactor and SST costs versus Xtt

SELECTING REACTOR XSELECTING REACTOR Xt t (2) (2) 
For fixed sludge TSS mass in reactor, increasing XFor fixed sludge TSS mass in reactor, increasing Xtt

makes reactor volume smaller: Vmakes reactor volume smaller: Vpp = MX= MXtt / X/ Xtt mm33

For fixed sludge For fixed sludge 
settleability, increasing settleability, increasing 
XXtt (or X(or XFF) makes SST ) makes SST 
surface area larger.surface area larger.

ff QQii/A/ASTST<V<V at Xat Xtt m/hm/hffqqQQii/A/ASTST<V<Vss at Xat Xtt m/hm/h

VVss = V= V00ee((--nXt)nXt) m/hm/h

As XAs Xtt↑, V↑, Vss↓, A↓, ASTST↑↑
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SELECTING REACTORXSELECTING REACTORXtt (3) (3) 

Generally as SGenerally as S ↓ R↓ R ↓ PWWF/ADWF↑ and↓ PWWF/ADWF↑ andGenerally, as SGenerally, as Stiti↓, R↓, Rs s ↓, PWWF/ADWF↑ and ↓, PWWF/ADWF↑ and 
SVI↑, XSVI↑, Xtt for minimum cost decreases. for minimum cost decreases. 
Reactor VReactor Vpp is governed by organic load.   is governed by organic load.   
SST area is governed by hydraulic load.SST area is governed by hydraulic load.

ACTIVE FRACTION (1)ACTIVE FRACTION (1)
As biomass is only VSS component to As biomass is only VSS component to 
contain biodegradable organics, the activecontain biodegradable organics, the activecontain biodegradable organics, the active contain biodegradable organics, the active 
fraction (ffraction (faa) is an indicator of WAS stability, ) is an indicator of WAS stability, 
i.e. residual biodegradable organics.i.e. residual biodegradable organics.
ffavav (with respect to VSS) = X(with respect to VSS) = XBHBH/X/Xvv
ffatat (with respect to TSS) = X(with respect to TSS) = XBHBH/X/Xtt
H ti XH ti X XX d Xd XHave equations XHave equations XBHBH, X, Xvv and Xand Xt  t  
Plot fPlot favav and fand fatat versus Rversus Rss …………
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ACTIVE FRACTION (2)ACTIVE FRACTION (2)
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settled WW (settled WW (Raw SRaw Supiupi = 113, Settled S= 113, Settled Supiupi = 18= 18). ). 
decreases with sludge age because endogenous decreases with sludge age because endogenous 
process continues for longer.process continues for longer.

SLUDGE PRODUCTIONSLUDGE PRODUCTION
Secondary sludge Secondary sludge 
(WAS) production to (WAS) production to 

i t i l d ii t i l d imaintain sludge age is maintain sludge age is 
MMΔΔXXtt = MX= MXtt /R/Rss oror

= Q= QwwXXtt kgTSS/d.kgTSS/d.
Note: kgTSS/d WAS…Note: kgTSS/d WAS…
…decreases as R…decreases as Rss ↑↑s s ↑↑
…higher for raw WW …higher for raw WW 
than for settled (but than for settled (but 
raw is lower overall).raw is lower overall).
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N &P REQUIREMENTS FOR N &P REQUIREMENTS FOR 
SLUDGE GROWTH (1)SLUDGE GROWTH (1)
(1)(1)Recall mass VSS wasted/d = Recall mass VSS wasted/d = MMΔΔXXvv = = 

MXMX /R/R = Q= Q XX kgVSS/dkgVSS/dMXMXvv /R/Rss = Q= QwwXXvv kgVSS/d. kgVSS/d. 
(2)(2)N and P content of VSS fN and P content of VSS fnn = 0.10 = 0.10 

gN/gVSS and fgN/gVSS and fpp = 0.025 gP/gVSS= 0.025 gP/gVSS
(3)(3)So NSo Nss = f= fnn MXMXvv /(R/(Rss QQii) mgN/l influent   ) mgN/l influent   
(4)(4)NN = TKN conc in influent to meet sludge= TKN conc in influent to meet sludge(4)(4)NNss = TKN conc in influent to meet sludge = TKN conc in influent to meet sludge 

production N reqmts (more in Chap 5). production N reqmts (more in Chap 5). 
(5)(5)Similarly PSimilarly Pss = f= fpp MXMXvv /(R/(Rss QQii) mgP/l infl. ) mgP/l infl. 

N & P REQUIREMENTS FOR N & P REQUIREMENTS FOR 
SLUDGE GROWTH (2)SLUDGE GROWTH (2)
(1)(1)N and P content of N and P content of 

AS ~0 10 gN/gVSSAS ~0 10 gN/gVSS 0 14

N removal via WASN removal via WAS
AS ~0.10 gN/gVSS, AS ~0.10 gN/gVSS, 
~0.025 gP/gVSS~0.025 gP/gVSS

(2)(2) Some N (& P) is part Some N (& P) is part 
of daily WAS.  of daily WAS.  

(3)(3)N & P removal via  N & P removal via  0.04 
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DESIGN PROCEDURE (1)DESIGN PROCEDURE (1)
(1) Select WW characteristics (raw or settled)(1) Select WW characteristics (raw or settled)

USO (fUSO (fS’usS’us), UPO (f), UPO (fS’upS’up), ), USO (fUSO (fS usS us), UPO (f), UPO (fS upS up), ), 
Influent ISS (XInfluent ISS (XIoiIoi) or AS VSS/TSS ratio (f) or AS VSS/TSS ratio (fii))
Establish COD load from flow weighted ave. Establish COD load from flow weighted ave. 

(2) Calculate influent COD components(2) Calculate influent COD components
SSusiusi=f=fS’usS’usSStiti, S, Supiupi=f=fS’upS’upSStiti, S, Sbibi = (1= (1--ffS’usS’us--ffS’upS’up)S)Sti aveti ave. . 

(3) Calculate COD mass fluxes into reactor(3) Calculate COD mass fluxes into reactor(3) Calculate COD mass fluxes into reactor (3) Calculate COD mass fluxes into reactor ––
COD mass/d = conc x QCOD mass/d = conc x Qii kgCOD/d kgCOD/d 

(4) Select sludge age (R(4) Select sludge age (Rss) for system.) for system.

CHARACTERIZE WWCHARACTERIZE WW
750750

146146 5353 199199

Units Units ––
mgCOD/LmgCOD/L

551551438438

146146 5353 199199

113113
0.450.45μμ filtered filtered --

Sol COD =199 Sol COD =199 
ffS’usS’us= S= Susiusi/S/Stiti

= 0.07= 0.07

mgCOD/LmgCOD/L

ffS’upS’up= S= Supiupi/S/Stiti
= 0.15= 0.15
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CALCULATE REACTOR CALCULATE REACTOR 
MASSES FROM WW LOADSMASSES FROM WW LOADS
Unknowns Unknowns –– MXMXBHBH, MX, MXEE, MX, MXII, MX, MXvv, , 

MXMX MXMX MOMO (k )(k )MXMXIoIo, MX, MXtt, MO, MOc c (kg)(kg)

Knowns Knowns –– QQii, , 
MSMStiti, MS, MSbibi, , 
MSMSupiupi (MX(MXIiIi), ), 
(kg COD/d)(kg COD/d)

RRss

(kg COD/d) (kg COD/d) 
SSusiusi mgCOD/lmgCOD/l

DESIGN PROCEDURE (2)DESIGN PROCEDURE (2)
(5) Calculate solids masses in reactor (5) Calculate solids masses in reactor ––

MXMXBHBH, MX, MXEE, MX, MXII, MX, MXv v (kgVSS) and MX(kgVSS) and MXtt kgTSS.kgTSS.
(6) Calculate Oxygen Demand MO(6) Calculate Oxygen Demand MOcc (kgO/d).(kgO/d).
(7) Select reactor TSS conc (X(7) Select reactor TSS conc (Xtt). ). 
(8) Calculate reactor volume (V(8) Calculate reactor volume (Vpp).).
(9) Calculate hyd. retention time (R(9) Calculate hyd. retention time (Rhnhn).).( ) y (( ) y ( hnhn))
(10) Calculate reactor solids concs & OUR(10) Calculate reactor solids concs & OUR

XXBHBH, X, XEE, X, XII, X, Xv v (gVSS/l), X(gVSS/l), Xtt gTSS/l, OgTSS/l, Occ mgO/(l.h)mgO/(l.h)
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DESIGN PROCEDURE (3)DESIGN PROCEDURE (3)
(11) Calculate active fractions of solids (11) Calculate active fractions of solids ––

ffavav = X= XBHBH/X/Xvv, f, fatat = X= XBH BH // XXtt ..
(12) Calculate waste flow rate Q(12) Calculate waste flow rate Qww (m(m33/d) and /d) and 

sludge production (Msludge production (MΔΔXXtt, kgTSS/d)., kgTSS/d).
(13) Calculate nutrient reqmts (13) Calculate nutrient reqmts -- NNss, P, Pss

(14) Check COD balance ! (14) Check COD balance ! 
MSMStete + MO+ MOcc + f+ fcvcv MXMXvv/R/Rss = MS= MStiti ??
If not 100If not 100±±0.10.1% Check calculations! % Check calculations! 

SYSTEM CONTROL (1)SYSTEM CONTROL (1)
It is common practice to waste sludge from the It is common practice to waste sludge from the 
SST underflowSST underflow..
This is onerous and complex for operator This is onerous and complex for operator ––
requires much reactor and underflow MLSS requires much reactor and underflow MLSS 
measurement to establish approx. sludge age. measurement to establish approx. sludge age. 

Is done to benefit Is done to benefit 
from thickening infrom thickening in Xfrom thickening in from thickening in 
SST when SST when sludge 
recycle (Qs) is low is low 
(0.25(0.25--0.33:1)0.33:1)

QQss

X
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SYSTEM CONTROL (2)SYSTEM CONTROL (2)
If nitrification takes place, cannot have low If nitrification takes place, cannot have low 
recycle flow (Qrecycle flow (Qss) due to rising sludge problems in ) due to rising sludge problems in 
SST SST –– sludge flotation with Nsludge flotation with N22 gas from gas from 
denitrification in SST (especially at high temp).denitrification in SST (especially at high temp).
QQss must be high (>0.75Qmust be high (>0.75Qii) to minimize this. ) to minimize this. 
With high QWith high Qss, WAS does not thickening in SST., WAS does not thickening in SST.

Its best to waste from Its best to waste from 
reactor andreactor and

√
reactor and reactor and 
establish sludge establish sludge 
age hydraulically!age hydraulically! QQs s =1xQ=1xQii X

QQii

HYDRAULIC CONTROL (1)HYDRAULIC CONTROL (1)
With hydraulic control of sludge age, With hydraulic control of sludge age, QQww is set to  is set to  
required flow rate  required flow rate  QQww = V= Vpp/R/Rss mm33/d ! /d ! 
Operator only checks that flume is not blockedOperator only checks that flume is not blockedOperator only checks that flume is not blocked.Operator only checks that flume is not blocked.
No reactor or underflow MLSS tests required.No reactor or underflow MLSS tests required.
Hydraulic control establishes sludge age Hydraulic control establishes sludge age –– it is not it is not 
sludge mass control!  sludge mass control!  

QQwwWasting from Wasting from 
d fl i l dd fl i l d

QQss X

underflow is sludge underflow is sludge 
mass control, not mass control, not 
sludge age control sludge age control 
–– very different !.very different !.
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HYDRAULIC CONTROL (2)HYDRAULIC CONTROL (2)
Hydraulic control Hydraulic control 
works because works because 
reactor conc doesreactor conc doesreactor conc. does reactor conc. does 
not change much in not change much in 
response to diurnal response to diurnal 
influent flow. influent flow. 
Underflow conc. Underflow conc. 
varies widely invaries widely invaries widely in varies widely in 
response to diurnal response to diurnal 
influent flow.influent flow.

HYDRAULIC CONTROL (3)HYDRAULIC CONTROL (3)
With hydraulic control, increase in With hydraulic control, increase in 
reactor MLSS means increase in reactor MLSS means increase in 

i l d d ii l d d iorganic load or decrease in organic load or decrease in 
temperature, temperature, but sludge age stays but sludge age stays 
fixedfixed.  This is important when .  This is important when 
nitrification is required with increasing nitrification is required with increasing 
connections to WWTP.  connections to WWTP.  
With reactor MLSS control, sludge age With reactor MLSS control, sludge age , g g, g g
decreases with increase in organic load decreases with increase in organic load 
and decrease in temperature, and can and decrease in temperature, and can 
fall below minimum for nitrification. fall below minimum for nitrification. 
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HYDRAULIC CONTROL (4)HYDRAULIC CONTROL (4)
Reactor MLSS control, low SST recycles and Reactor MLSS control, low SST recycles and 
wasting from underflow is OK for AS systems in wasting from underflow is OK for AS systems in 
developed countriesdeveloped countries competent operation andcompetent operation anddeveloped countries developed countries –– competent operation and competent operation and 
few new connections, cold WW temperature.few new connections, cold WW temperature.
but not good for AS systems in developing but not good for AS systems in developing 
countries countries –– low operator skills, high WW low operator skills, high WW 
temperature (nitrification unavoidable) and temperature (nitrification unavoidable) and 
increasing organics loadsincreasing organics loads -- for these situationsfor these situationsincreasing organics loads increasing organics loads -- for these situations, for these situations, 
hydraulic control of sludge age is essential hydraulic control of sludge age is essential --

Little operator intervention and low MLSS testing Little operator intervention and low MLSS testing 
High SST recycle minimizing rising sludge in SSTs.   High SST recycle minimizing rising sludge in SSTs.   

SELECTION OF SLUDGE AGE (1)SELECTION OF SLUDGE AGE (1)
Selection of sludge age (RSelection of sludge age (Rss) is THE most ) is THE most 
important decision in design.important decision in design.
It depends on WW temperature, effluent quality It depends on WW temperature, effluent quality 
and sludge stability requirements.and sludge stability requirements.
Broadly there are two types of WWTP Broadly there are two types of WWTP --
(1) WWT and sludge treatment in separate units (1) WWT and sludge treatment in separate units --

Short RShort Rss for AS unit (<20d), digestion of PS and WASfor AS unit (<20d), digestion of PS and WAS
(2) WWT and sludge treatment in same AS unit(2) WWT and sludge treatment in same AS unit

very long Rvery long Rss for AS unit (>25d) for AS unit (>25d) –– called extended called extended 
aeration aeration –– Treat raw WW and WAS stable. Treat raw WW and WAS stable. 
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SELECTION OF SLUDGE AGE (2)SELECTION OF SLUDGE AGE (2)
TYPE 1: Short RTYPE 1: Short Rss

TYPE 2 : Long RTYPE 2 : Long Rs s 
Extended AerationExtended Aeration

Energy recovery, small reactor,Energy recovery, small reactor,
high operator skills.high operator skills.

High energy input, High energy input, 
Large reactor, Low Large reactor, Low 
operator skillsoperator skills

SELECTION OF SLUDGE AGE (3)SELECTION OF SLUDGE AGE (3)
Selection of sludge age (RSelection of sludge age (Rss) is THE most ) is THE most 
important decision in design.important decision in design.
For WW temperature ~14For WW temperature ~14ooCCFor WW temperature ~14For WW temperature ~14ooC….C….

Organics removal……..Organics removal…….. RRs s 22--5d.5d.
+ Nitrification …….+ Nitrification ……. RRss 55--10d10d
+ N removal (Nit & Denit)….+ N removal (Nit & Denit)…. RRss 1010--15d15d
+ Bio P removal ………+ Bio P removal ……… RRss 88--12d12d
+ Bi P d N l+ Bi P d N l RR >12d>12d+ Bio P and N removal……  + Bio P and N removal……  RRss >12d>12d
+ N removal & stable WAS..+ N removal & stable WAS.. RRss > 25d > 25d 

(extended aeration) (extended aeration) 
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EFFECT OF SLUDGE AGE EFFECT OF SLUDGE AGE 
ON AS SYSTEMON AS SYSTEM

Selection of sludge age (RSelection of sludge age (Rss) is THE most ) is THE most 
important decision in design.important decision in design.
As sludge age gets longer so….. As sludge age gets longer so….. 

Mass TSS (MXMass TSS (MXtt) in reactor increases) in reactor increases
Reactor volume (VReactor volume (Vpp) increases) increases
Mass oxygen demand (MOMass oxygen demand (MOcc) increases ) increases 
Sludge production (MSludge production (MΔΔXXtt) decreases) decreases
Active fraction (fActive fraction (favav) decreases) decreases
N & P in WAS (NN & P in WAS (Nss and Pand Pss) decrease. ) decrease. 

EFFECT OF INCLUDING EFFECT OF INCLUDING 
PRIMARY SETTLINGPRIMARY SETTLING

Reduces organic load (MSReduces organic load (MStiti) on AS system) on AS system
Reduces mass TSS (MXReduces mass TSS (MX ) in reactor) in reactorReduces mass TSS (MXReduces mass TSS (MXtt) in reactor) in reactor
Reduces optimum reactor MLSS conc (XReduces optimum reactor MLSS conc (Xtt) ) 
Reduces reactor volume (VReduces reactor volume (Vpp))
Reduces mass oxygen demand (MOReduces mass oxygen demand (MOcc))
Reduces WAS sludge production (MReduces WAS sludge production (MΔΔXXtt))Reduces WAS sludge production (MReduces WAS sludge production (MΔΔXXtt))
Increases total sludge productionIncreases total sludge production
Includes PST and 1Includes PST and 1aryary sludge treatment.  sludge treatment.  



54

CLOSURECLOSURE
Selection of sludge age is the most Selection of sludge age is the most 
important design decision.important design decision.
Mass of sludge in reactor and reactor Mass of sludge in reactor and reactor 
volume are function of organic load, volume are function of organic load, 
sludge age, WW characteristics and sludge age, WW characteristics and 
selected reactor TSS concentration.selected reactor TSS concentration.
Hydraulic control of sludge age is best for Hydraulic control of sludge age is best for y g gy g g
situations where operator skills are low, situations where operator skills are low, 
nitrification is unavoidable, and organic nitrification is unavoidable, and organic 
load increases over time.  load increases over time.  
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