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Preface

odelling of activated sludge processes has

become a common part of the design and
operation of wastewater treatment plants.
Today models are being used in design, control,
teaching and research.

History

In 1982 the International Association on Water
Pollution Research and Control (IAWPRC), as
it was then called, established a Task Group on
Mathematical Modelling for Design and Oper-
ation of Activated Sludge Processes. At that
time modelling of activated sludge processes
had been a discipline for about 15 years, most
noticeably and reaching the most advanced level
at the University of Cape Town, South Africa,
by the research group headed by Professor
G.v.R. Marais. The various models developed at
that time had only little use, owing partly to
lack of trust in the models, partly to the
limitations in computer power and partly to the
complicated way in which these models had to
be presented in written form.

The first task

The aim for the Task Group was to create a
common platform that could be used for future
development of models for nitrogen-removal
activated sludge processes. It was the aim to
develop a model with a minimum of complex-
ity. The result was the Activated Sludge Model
No. 1, today known under manynames: IAWPRC
model, ASM1, IAWQ model, and so on.

The model outline was discussed at an
IAWPRC Specialised Seminar at Kollekolle,
Denmark, in 1985, and was published in 1987
in its final form in the IAWPRC Scientific and
Technical Report Series as STR No. 1. The five
years used for developing the model was spent
in discussing with many researchers and prac-
titioners in order to get a solid platform for the
work and only to include details that could
stand the test of time. What was presented was
not only a model, but also a guideline for
wastewater characterization and development
of computer codes, plus a set of default values
that since then has proved to give realistic
model results with only minor changes in the
parameters.
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The ASM1 was well received and has been
widely used as a basis for further model devel-
opment. The direct use of the ASMI1 for
modelling has been almost nil, but ASM1 has
been the core of numerous models with a
number of supplementary details added in
almost every case.

It was especially the matrix notation, which
was introduced together with ASM1, that facili-
tated the communication of complex models
and allowed the concentration of discussions on
essential aspects of biokinetic modelling.

Biological phosphorus removal

At the time of publication of the ASM1, bio-
logical phosphorus removal was already being
used in a (limited number) of full-scale
treatment plants. The theoretical status of the
processes was such that the Task Group at that
time did not enter into the modelling of it. But
from the mid-1980s to the mid-1990s the
biological phosphorus removal processes grew
very popular and at the same time the under-
standing of the basic phenomena of the process
was increasing. Thus in 1995 the Activated
Sludge Model no. 2 was published. This model
included nitrogen removal and biological phos-
phorus removal. In 1994, when the ASM2 was
finished, the role of denitrification in relation to
biological phosphorus removal was still unclear,
so it was decided not to include that element.
However, the development in research was fast,
and denitrifying PAOs (phosphorus-accumu-
lating organisms) were needed for simulation of
many results from research and practice. Be-
cause of this, the ASM2 model was expanded in
1999 into the ASM2d model, where denitrify-
ing PAOs were included.

Although the models might not have been
heavily needed for nitrogen removal processes,
the complexity of the combined nitrogen and
phosphorus removal processes makes the models
important for design and control purposes.

New platform

The models have grown more complex over the
years, from ASMI, including nitrogen removal
processes, to ASM2, including biological phos-
phorus removal processes and to ASM2d
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including denitrifying PAOs. In 1998 the Task
Group decided to develop a new modelling
platform, the ASM3, in order to create a tool
for use in the next generation of activated
sludge models. The ASM3 is based on recent
developments in the understanding of the acti-
vated sludge processes, among which are the
possibilities of following internal storage com-
pounds, which have an important role in the
metabolism of the organisms.

Benefit from the models

The major impact of the ASM model family has
been based upon three facts. The first is the
common language that modellers speak when
using the concepts, the nomenclature and the
matrix notation of the ASMs. This has created a
strong model development over the past 15
years, which would probably not have been the
case if all the modellers had used their own
concepts, notation and platforms.

The second is the organizing effect of wor-
king with a model. This has helped researchers
to achieve more efficient experimental designs
and helped treatment plant operators to better
understand and organize the information avail-
able at their plants — and in many cases to spot
errors in available information. The third is that
the models have served as guidance for
research. By demonstrating where research was
needed, focus has been put on certain details,
for example wastewater characterization, out of
which much interesting research has grown.

Simulation programs
The ASM1 and ASM2 models, or ASM-based

models, are included in most of today’s com-
mercial and non-commercial simulation pro-
grams. Thus it is easy to get access to, and use
the models for various purposes.

Future

This report has been produced to give a total
overview of the ASM model family status at the
start of 2000 and to give to the reader easy
access to the different models in their original
versions. It is the hope of the present Task
Group that this may facilitate the use of the
models and their future development.

During the years the members of the Task
Group have changed. This reflects the devel-
opment in research over the years and the wish
to develop the models further. The ASM3 is
not the final or ‘general model’ for activated
sludge. Like ASM1, it is a structure and a plat-
form for further development. Many modellers
are looking for the “ultimate general model” for
activated sludge systems. Experience over the
past 15 years shows that new development
comes fast and the ‘general models’ have a
short half-life. Thus for the future development
of ASMs, suggestions, experience and discus-
sion points will be well received if the readers
and users wish to share their ups and downs in
modelling with members of the Task Group.

Mogens Henze

Willi Gujer

Mark van Loosdrecht
Takashi Mino
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sleated |.r1_,' |.'1r1|.md.-urm|§ the drc;_'_.' proceac.
[2] Rul.'a.lll'l:lg' theat URYAED ™ negabive UL s chae
] itz cuclRewnt muel b multlplizd hy -1, all
OO Jost Trino the bioicoass because W decay
a1 e balinced By vargen  otilization,
Zamlarly . for the geewth proces:, te sukenra e
LD Twesd Frone polotminy dae 1 growele aisos
the amount converted mto new cella ol
equal the axygen wsed for cell synchesia,

Fuor saample the cote of reaciea, o fur bis-
masa, Mg, al a pound e Lhe apreny would be:

K5y
Fy

=——X,—h¥
Ty n B
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Model incorporating carbon
oxidation, nitrification and

denitrification

ECALSE of the long selds 1cleolion
Btlmes- [SRT5] and lew specefic prowals

Titles incar parated mbn the desaen ol nanst
biclugival  wastewacer  ireaiment
diferences 1w eHu=n: snlnble hirclegradahle
quleitrate cunceotratun bevaween delerent svs-
Lot il iguratiens are generally snaall. Lons
versely, Jargy Jiflerenees o wctivated sludype
sanceniatwns ind elecirms acoepar (eitler
S EECT I iEFATE] SEOUIrETIC RS ATE COITTen.,
Furthermore, good design pracnce requices
that @ sudfivividl yuenniey of clecieoms decepoo
L sapplicd i reepaiat oo bondle real 1200 and
spacc—time (lecanen] dependent chanpes s
demand, and that final seetlers and sludpe
reticn svstems he i.'.a'pnhlr ol ha r|.|,1'ir|.[_|; all
Aol pated crerecmiratioos ul ey, Uhe g
gess thar madels depiconyg subsirane remdal
AT imprLa e tusere Eoc 1heic oot wpn aeti-
valed  alugdge comgentcatiooe and  cloetion
ac e plar gegliiveirenis than far thvir alndice 1o
predict el uene agbsteare cendcenoatiog, Con-
seqquenlle, primary considerannn was given by
the tazk Eron tn pn:n.‘liql;ir-n of acrivares 5'|1||:|g|:
camcenlratins dorineg selertinm Al progess
stptchmedry amel b estiinakspn oF alegtron
accepler coquirements dicnng develapment a
the prucess rite exaressusns.

The wlevelnpunent of & matlematical nuadel
ievolvcs campeornete: Wy balanee coaenng
nterdn, Dl tlee oo hu.lld. d roodel mosl oo
pocare the majur coenls vecucoing witlae @
SeEEm Mo maensr WEich Lz eonsistenr @ith
established Enoveeledpe abian that seetem 40
the athzr hangd, the mncle] i_-qu:'-lrimn. miuiag he
sdvable with a rersnnahle Segree of eHor.
Infficulty of sulution increases markedlv as the
renther of priresses increases. beoachdiuom, 1he
muare closely the process rate expressions
reflect reality. “he mere complicated they are
Likelv v ke A msdieller shauld dswlwde onl ¢
Lhiage prucesses whoch are essenal 10 realiane
stlution aod nausl seleet rale I.'A.P:I'l:'b'&i.l\'.l'll.h- [
thvns thar alliw the wge &l stwoplified <olunion
cechrigueg  withowt  denacting brom he
applicabulity nk tae esalie, In mpny pazes, 1his
rnay rfqu.irr. the z=leriinn nf greathy s.lmplifir.d
rate  expressioms.  Althanrh
¢ EPTESEILAS T it dlepact pe rdard Iy Vhe uctual
cwenbs proncricg withon o aystem, ey can he
uzed satislfacionily an loog as 1they mimae well
the ooteonme of these csuenes. Inoselecting 1he
procesey and Tale ospeessions Lo beoecloded
at the medde] prezeomed here, che wa=b geoup
Tercmed wn the I'mlim ceente disd selvened Lhe
anwplesr cate 8 pessaona consastent will the.

Yahin thas contesc it shewld be poted 1ha

€UREAME,

surh  rate

Lhie 1ask KIuu l.'1r||:l|.-'_r:.'-:1.:| the cansepel of wwteli-
g Funcnions botwrn prosess ra e cgualian = on
and e envirommental  condilicne  are
chanped. "I'his wae parnicularly weceszary Sor
proceseer {hat gde pend npon che cype o elecoronm
arcepdir present. [ar exampls 1the bacrenia
wloch are resparesille for ninnbicamon arc vap-
ahlz ol grivath anly wnder aerehor cond iteans
and 1hear rate of growth aall Eoll to zern 2z tha
dhssolved pxypen concentrdicn appeoraches
SECID, rug’urd|uﬁx o 1he concerdtatiomn 4 1heir
epcrygy yieldooyg substrate. Tlos con he inoclel -
Ted b:r tcluding & disauly ed B N3 L) awitel’
e pracess vate cyudtaony, The uxygeon swilcle-
mg fection sdopied by the task group wae:

Sy "
e e i
where =, s the comeenoration of Jdigzolved

uRypLn.
Tlae aelecnion nt 2 small value dor Ko means
a1 the value of gl switchipg wne o s neac
Jl:.i.l:- [oor aremlerale damscrlyv e o f.-grll.-:l_:lll Moo -
vermraticae: Bol decraases 10 zern as 1he MR
cofcncanion apprvaches rera. The fact thot
the hagenon i macheraically  contiousus
bl pue. ek eliminane problens of pamesal o,
Enlily which ran cocur during simulanons wul
mindels whirl snelwde rate cgudtiong Ut ane
switched on and aff discontinuo asTe, Similaly,
processes which aceur anly whem dizsolsed
e s alisent may be daened nn by a swinch-
ing Eiactiom ol the farm:
K.,
HII i ::'\.I )

I will be recalled that prediciens o ach-
vated shiodge cuncentraton, cather than 1the
concenthiiwns ul suuble coastiluents m 1he
sesgrly, dnd clection faueepler r1.'|.|ui:rt|:|1-.'r|l'=-
woerd The poirnary focus of the tash gooop n
the develapraent 3l 1he weed el Sevenlclese,
i1 wapparent 1hat dhe values of e nching con-
stants hik= R, il infoenees (hiree pra:u:lin:ﬁnn-a
rven thieagh lunctions (6} and {71 were choeen
rror e [ cleeie anatheraaticat coowveniance chan
caofwrmisy tio any fondamental rate Inws. (Ton.
seyqucntly, cace shauld be laken i the selectinn
ul the values Ter switchiog canstants b spsore
char merdel predictiozes are nol Tiwaed.

7

Conceptual model

A matter thad has heen che cnnse &0 conlusion
and 1w a cemam extent has wnhibued 1he




Model incorporating carbon oxidation, nitrification and denitrification

developroeot of activaged sluclme rthesry o the
lach of & cersignent measure o the concentra-
tign af arganic metecial in wastewater. Three
measurer have paned acceplance and are
widiely nsedds bocherncal wsygen denand
[(FCHD, wdal organae cacboun {TOC) and
clhenucal pryjgen demaond {COD]. OF vhaese we
he leve that CODF 0 wndaatedly thi aupsrion
muasuce becauze 0 alond provides 2 link
belween eleciron eqmvalents o (he organer
subenrate. the binmnaas and the asymen utifred
(Zaudy and Sawdy. L97T1). Furthermare. mass
B lanices vath be weade i cermz af GO Cenn
sequently, the concentratwans of all nrgamc
matenialz, inclwding Binmass, are on GO0 onids
en the talliowsng medel.

The Organic matler 0 2 waslewaler may Lo
fhdywided s 2 momher  of ua.lEgr.lriu'i
[.‘l.'h,:]":mne}' ardd Ulntena, 1969; Dwedd £ Qi
19800, The hrat nopertaot subdicisicn @ baeod
an boxdegradalaaliey.

Svn-biodegeadable grgaawe matee i hin-
Jugicallv ety annd pazses chroogh an activated
aludpe avirem unchanged in form, Twe Frac
Liaees, depetading s their phyvsical shade, can
be identified: seluble and particslate. Inert
soluble arganic macler, 5,, leaves che system
at the same cancentcation 1hat i entecs, Inert
suspenatled vrgarme matter, X, becomes en-
meshied i the activared sludge and is removed
Friom  Lhe SRyl lhruu;.;]l. :lll.ld.ﬂ,l' wd Sl
PBecause tlhe wasle slodge flaw care oz sraalles
than the syvateen wfow zac. a ags brlancs
cequires Clee concentoaton of 5 in the spstem
tu bt hugher vhan e vthe infuen,

Buxlegradabde  crgumie  amatrer  aay he
chwnded crivg Lwor Eracioens ceadily biodeprad-
able and :-|uw|:.' hiLH]u;.;l'aJ:‘lbll:. Eur PruT putE
ub  meodellirgg. 1l eeadily baedegradable
witerial, S,, i treated p2oof o were soluble,
wlheeeas che slowly higwlegradeble matenal,
N treaned as b o were |'I=TII|.'1I|.I|:E. It shendded
he rffngm?r-r'l_ hrvarver, thal aome 5|-:rw|3.' lawc-
draradable macarial may actnally be naduble.
The readily bindepgraduble muaterial conaets of
relatecely aimple mclecules thal nuay be taben
in dir=ctly by heteranroplie bacrera and uacd
Bor goath of mew bicnass, A portisn of the
enargy (CO0) assocated wirh the malecules
i menrporabed e the Boodes, whereas o
balanes s cxpendod oo provids the snergy
negded For whe synthesis. Ihe gloctrans anseci-
ated wath that poconn are transfzrred 1a the
(e o LT elerernn ReCeTibnrs [nx:r';g'en T
ratcad=). b conicase. the <lowly bisdegradahle
material, coreissing nf o orelatvely  comples
rnolec ules, wwst he aceed upon extracellulacly
and converted mte readily badegradable sub-
strate before 3t can be waed. 1L is azsumeed 1
comeersing l aluwly biodegeadable aubetrare
aree Lthe readily bnodegradable foemn (hedroly-
gind ettt enctgy wtilizarier and thos
here o ww wblizaeon of leciron acieptnr
arsocaated with i,

The specific rate of hedrolysie of slowly
bi-:pdfgrar;lal;l'lr suhscrate 1s u=|.|.:.||1_,' romsader
ahly [rwer tham the specitsr rate b ubihralion

af readily bwdegradalele subetrale. sa that o
buecomes the rate-Lamtaog lastoe o the gooseth
ul biocoays whenn X, alence = presoar as sob-
strate. Furthemnure, the rare of hydenlysis e
Juwer under anoxk conditione {only nitrace
avaclable as e werming] eleciron  aceepHer)
than  widec  géwobur  conditions  and s
apparenely eompletely  stopped  under
anaerphic conditians [Aecther netrale moar oy
gen AT present] (Yan blaandel & wf., 198L).
The dwisinn af suhstrite it v larms pro-
wicles a bunltan lag vr wpake of eleciroan acee p-
tor wlich allrss apace—thae dependeal «ar-
ataens i axygen and aitrae wiiheation e be
rmirdelled.

Hererorrophie  baomags  is eenerated by
growch on eechly indegradahle sybstrme
under eather asrokic or ancxe canditions. hut
= g0 ed B0 STOP wreder S nHerglie coredition:,
Biomass s Tost by dacay, whoch ncrrpmrates
a Ierge Aomber of mechanesms ancluding
] dngtnn-':ln metrbnliam, cleath. T:-'ri.-lfllhl:'rl and
|:|=‘lll|, F'rr reaznns 10 hbe ::-:|1|.:|.nu;| lateT, IJE!I'."H_'.‘
iz agsnmed doresult an the convcecsaon of bao-
wrazs andor slow |y Biudegradable subeirate aad
partisulate prsduct:, Xy, whecl are el 1w
Turther baolgmeal arunch {Dkeld & al, LG,
The Tawer are zaculae v conecp g 1he
eadagenons mass nf MeEmney and Cloden
(1969) and act o cedwee the <iabilivy af the
suspetided solids 1 & beoreactor, The lass o
biomaga by decwy 15 assumed g pLour ad o rate
which is inu:lt.pnndi.-nl af the nelwre ar cnn.
c-erdratuen nf e & lectrnn arcsptar preseal, i
the conversian ol the resoltanul slaly lio-
degrucahle sahstrate Lo g Jaro at can be aed
Nar reprawil ub wew cells 13 flucoced By the
ot ol the slectran aveeprar s dizdugzed in
the preceding paragraph.

SUrEgenoUs MWAETE in & waslewacer, ike
cachaoweeaws matter, can be divided imte 1w
catepmiries: nina-biodegradable and biodegrad-
'-I.I.IIE.. each wills Turther solwdeviEicns. ¥idl
rerpeel e Lhe on-bisdegead able Travonn, The
particwlate pucticn 16 tlaal sasecwaned with the
nuo-bivdegradable  pariculane  Of1E  ths
saluble portien iz wdually negligibly smalk and
19 rl incar peraced i the mndel. The hi-
degradable pitropenous matter may be sul-
divided iwto; “ammmeonia' (hith the oee cione-
pound and its salts], S.q; soluble orgunee
morsn, S and  parbiculate orgme
nitrogen, Wy, Particulate srganic nirogen iz
hyclralvsed na soluble orgame miceogen in
paraliel wale bydrodysia of slowly biodegrad-
alale prgmnae matter. The soluble organic
nitrugen 19 gctod o by Lot aphiee hackeria
and cunverted @ ammenia nitragen. The
GNLmEnLa Wilragen 9crLes ap the nitengen
supply Tor aynehesis af heterngrophic husmass
and as ihe cneroy =|||'|F|I'_|.' Fiar g'rl:lwlll af
aunncrophiz nitrilving hactersa. Fur zanphieary.
ithe  amintrophic  conversicae of  anoenonia
pitrogen ta matraie nitregen s cansdered Lo
ke 2 single step process which reyuires vkl gen
I'he matrate formed way eree axnerminal clec-
trizn wceeptar [oe heterotraphic bacteria under
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anckee Condition:, yvelhdbiog ritregen gas, Cell
decav of cather awtorrogdee ur leterotroplus
b ass Teads e release of parncolaee arganic
nutrepen which cam re-crmet the cycle,

Lkt b hecerod ro phie aisd aunAroplis bronaes
may he preseng in the wastewater  ibself,
therehy having & slromng cffecc apen eyerem
performance, |Toaever, the pravilence and
inten=ity o this nccwrrenze i5 56l wnhnown
and thug L was ot consdersd by the task
KTudp m -:ll.'\'-:|-:|'|1-i|1g the madel. 1t shopld be
nl.llud.. hqu'.'t'r. that the |:||.'||3.I i:h:.ng;: r:~.'|mrr-.‘|
lior i1s imelusion wold be e adehtaon of mput
st Lthe appenpoiate mass halanee
CIuALI I,

Componants in
mathamatsal models

e cnmgem en ks 0 Ele naaded are showo aereas
thie bape and buoctemo of Talale 2. Saduble el
and pcliculale el organds soaller. 5, wnd
X, acc won inrdtlyed i any converzinng proces-
s fend tloos Llaeae columee 2= 0and 3, respec-
el 1 costan o 2mchiemenne cocfficicmes,
Mocecethelegs, they are ineladed beraase Shey
aic imipot et Lo e perborrmance of 1he pro-
cesa Maluble anert orpanee macter enninibuates
iy The etHuent (CEFL] Pathic nlate inert mrgAnr
mAlteT hecnme: a pard at the wolatile snsper.ded
sificls in 1he jctivatesd ::'Il.l-:lg;r. =ysbein. An el
cuszed eachiar, all preare constibuants, 1pelud-
I.I'IE FIﬂ:I"I'iEIII.ﬂti' CPTLLS, it ﬂxFITL'HSL'd n f_l:l'l:l'
unily and That ta reBected in Talle 2,

oo chivwn the =2 culuta, wocan be
seew Clat Teadile londegradable sobetrae. 5,
L= acmagred by growith of enerarerplaie bacteiaa
urdet cithor aerobie or arokiv sonditione aed
& bormed by bwdadveis of particalate orpane
mateer entrapped in the bafoc, The =1
celumn reveals 1het slawly hindegradable suhb-
strile Xy, iz remaved by hydrolysis bal s
Tagmed h:,' dﬂhn}' al haath h::rrnlfnphir and
ﬂurn:[nphio hampmase. In ather wnrds, -.'||-.|.'=.:|'
tedult= an the transtacmabion ol cell materal
witar shwly Tiondegradabile sulsiraee, Tlas wall
e chigcwwzed Tureher Jatec,

The culuanns wheee 1= 8 and & repreaem
Lthe Ditnwass an Lhe Sy=tedn, winle X, dendatine
the  heceratraphic bomass and  Xg.  Lhe
dutusrupie bomagza. dlocig diwn the 1=5%
olurwrrercals et botecotoophic biamass can
b Termcd by groweh ueder cicher agiobic o
anoxic conditinns s destroved by decar. Ag
wepen n fhe (=6 colump, grnw:'h of 1he
anteiraphs nnly necurs wnder aersbic cnndi-
e Uy, 1ney are Jdestenyed by decay,

Tl'IE il EDIIII‘I‘IH can tains tI'IE EIET‘IIC“I.I.E
|'|r-|:4:|ur|:5. .IFIF1I'Ig JTI’ITI'I hil'lm'-l.SH I.‘IE\'.'I}'. .‘I:lu
LRauntz ard Formney. 19549 3 cRarmer and
Clutcna, 190%) As Tar ax the prowess binoelis
ands sLonchieiwetry are corcerned, iy Torred
by devaw ol both leteratroplne andounaraplie
b aas, Bt i9 nor destboyed Tooactualicor. this

tractian ol hiamoss is prakably not completely
trerd da bl al atbzok {0 Fhawasdn uazd Ciaod v,
L1973 Howmmver. ils rale of destrwctum v 90
Wxw Lhal Far all practical prrpiesss of sppears
tert withun the BRTa vocrmalls covoonmered
i activaled slodpe syeeenes, ncerporanion of
tlhig eomponent in the madel @ sae way of
aceoun g foe the facr chan not all bikmass in
ale avtivdled sludee sveaom i acties [Weddle
and Jemkins, 1371}

The wirlatile solids concentraion {in CO0
wnitda] acn Lher ac ivated dudge avaeenn 18 the aum
# the Ave paeseulaoe 1werms Xe, Ao, Aea.
Mp,and XL An appropfians copvession sacar
vdin be applisd w conven Frone CUHD wnits 1o
vilatile swspendod solide nnits,

The 1= Eonlumn enpdains the poncend rabanen
nt Tk, ."'|'._:,. wn the reactnr. The [rrrexses
imcTucleed in {he magmex only act e reEninye
pygen Trem salutinn snd none are grven Sar
it additiom: e, the matrix ncludes anly baos
|.-ug'.||.'u| 4 g I In vrder ¢ simulate vur-
aviuns i DY comueentralion, appceprile pr-
vess Cale eapressanas Lo axygen transler woeuld
biare 1 be ucluded witle tse Leaospart Lenins
when writing Lthe joaae balanee cquatien for
ot Even oF ahiese terng abe non vheluded,
the infrerrnatien in vhe o= & enume can still
be weed toocalculate the quanmey o oivpen
wholeminst he suppliead Heoneen the metal=elic
needs nf the hactera. Mpving dawn dhus
collumn reveals whar Y EET, wtthzalian 1=
uskieiatal anly with aecnbw growth il 1he
aeletutrupelic and autelraphic oanas. 2oone
La assorsialed with muicrelial decay. This dilec:
frucn e aecere traditiomal approasch (Geady
ard Lara, 19800, Decay 9 aszumed Lo reaull m
the release al slowly biodegeadable sukstiace
which iz reeyclod bdck we o bl suketra i dimd
aged boromeons Cell groesth, Thos the ngviren
utifezation normally gpseecianed dirccily anrh
-.'lH:::.l 1€ calenlated me il [ Arcwre |ru.'|1re|.'rI!r'
imnm growth of new hismass on released snh
strate (Dinld ee ad., LYe)). "The net loss od
birimiazs wxencinied with -:Irr.a.:.-' results ftnm 1he
{ace thet the h:l:rntmphlc :.'1=|c| i less than
wmty, e that the amaoant nt rew hiimass
Zrivwn [reme Teleasecl sulistrate md always be
less e Lhie wnauout of beeneass Lest, The 4037
e iz Ve stucchavoeeiric coeHicaeanl M aer-
Lic yrowth of autenropls e e theoeetical
DaYEETI demand assocaated witla e o dation
ol amznoaid oitrugen 00 aitrdle icogen.

The wtlier clec i deocpson ncluded i the
madel s mitiace omoogen, S, ow el w g
ancgd by arenbie mowth of the qutomrophic
Fecteriz and removed dunng anoxic grawth ol
1he heternttaphic hinmacs, a5 can he =ren 'h;.'
My INg nwn the i=9 onlumn. .‘Llrhrll.lj:_rh
nirits mcrage n s an inte pinedace tncmed dur.
g witnheation, for simplicity in medellig it
lats g wsunnued iat mitcate 1 0 e -:r1||3.' e
120d Furim of e present. The factor 2,80
i ale stoichiomelne cuclficiens for anexic
growth ol che hewgorirepho: o o5 the
anvpen coqotalenee Tor cowvereion of neate
piteepen to aiteaaen gas (Mgl and % neloded
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W cpdintain consiEtent wnitse Adithough net
expressed eaplicitly in 1he masbel, nitrace
nifrager will Alse he removed by hioraess
-rlen:.:r'. |alce My TN remaval, this 5 accam.
phshed by the recyelmp ol nrganic matder dure
ng dermay. mal:lng i1 avalahie frr anoas
g'rrlwl:'h ik 'I'iulr.ru,:-il'vl,l-]'lhl.-l,: bicrmmnass,.

The 1—=L0 column  contams  sulul:le
ammama etcogen, Spy. which s assameed Lo
be 1the sum aof the wrized (amnwniom] aod
an-iomiaed amneorma} Formes, Hiwever, the
wn-ionized farmoas aagiboan a1 pH o ovalwes
near newitalicy s i1 i satisfacoo y annply w
write fnodels Fog “anmomnia’ usidation us Lecoua
of the 1l aritdniwr nloogen vancenlration.
Euarnimanon of the swachimerrie coefficienns
in ke 1= L% columin eeveals char ammones
nirogen s Formed by ammoreficaion of
eolublc Dicdearedalele organie nitrogen and is
cemoved by erow th of the Biomasza. The rvagor
gink 1ar the amrioniR nicropen is w5 the enermy
epurce 10 atrobye growth of ghe Rutatrophic
Biomess (=17 ¥.] | [naewver, nitmg‘rn is. alrpn
imcarpeicaled intie binmass |.11|ri11.|_:' cell spnlhesiz
wnd o term s incluced (=2, g b o7 the nutrogen
el durinu; gnrwlh all huth I'IEtEI.'I:-I:ﬂ:-rII'IH and
autntrophs.

The v=11 columo cuntans e soluble
frgawis ratragen, F.op, which s foceed by
hydrolyss of parieulate ocganic witragen and
convied o dmmonia oiregen by
animoaifation.  Parteulare Biodegradable
arodnig mirogedn, Ny, 16 given in the 1=12
colernn, 1t is generated from deeay of bath
heteratenphic and autodrnphic hismass, .
minuy the amount associaled with the jnert
particulase produess, [uage, and e Tost by
ammanification.  Althnugh  1thas crgarec
mitrugeo 35 particulate, it 15 oot added G the
vthier pacticulate Torins o obeaoe the volanle
sislads ennecentcation. This & becawse o &+ a
EIJI.'FH-EL l'.l[ I'Ju.ls-: III.H[ET:iH]H il:ld II.HH H.ITEH'J}' I.'lE'\l'I:I
wicluded un thoir conccalralioas.

Thret otbier formg of trganie atragen will
b pregent o vlae averedn: char aseccuated wih
che Biorna2e, Xend thar ageoremed with vhe
particulate pracucts, X. g0 and that assnceated
with 1he iner particulens organic mateer. &, .
T'he comce prration al ¢ach of chese comproegnds
can he aalcnlaled snmp’l:l.' 'I'.-:,' m|.|'ll1|1'l_'!.'mg; .\'H
Eev g A by asgp, daud X by, Lhe respective
Sractens of mitengen present. Uhese com.
poenLa ace wiat coccenlly needed on nle s
Decawse Lhe wyvodulion ut aalcipren e [:"‘;.'.l'
slurigg dentrilsation s not eluded aad thus
asortinmily chivek on oitreges: cawnue ke per-
tormed.  Conaequently, colamos  ame 0
wmcluded [oe thevn, However, the noode] could
easily be exrended (o incorpocae nilrEcn Bac
prodaction, Lhercby allowing evaloamon of
potential peoblema in setcling, IF chat were
Aane. it woold be necessacy toinelude columns
1pr these terms.

These 12 components discurssd are ron-
sidered 10 be che rinimum requiced so miode
adequaely o gcrivaned zlusdge zvstem per.
Sorimng carban oxidelion, nitrificatian, and

deniteification. Conseguently, the cenplee
aoodel must inchude | 2 mass halunce eguateme,
O cvurse, i 8 avstem o bong desigred 16
pertorm anly ane or twn of these abjectives,
shen appropriate components can be elini-
natad thareby decreasiae the oooaker of mass
balancg siquatung requared v o roedel.

The 1 — LY codunun represcnta wlal alkaln-
iy, 5.0 [Invocporanion of alkaliwily wnto the
maidel 1s noL essen e, boe s anelusion s desir-
ahle lecause 11 poos s information whetehy
wndoe tlanges ua pH can e prediesed Al
reactivoy thal imradve e 9ddition or remoeeal
of sproacs with 8 paonen pccepting capacity
and/or the addiion or remaval of pratans wall
AL |3'|'|:]|'|E("5 in aikAlinstr I'Zurn.plus iF the
Farmer are nnt yncluded in the mncel Tecanse
they are osually ook sienificand i actrvated
~_:.||,|_|j|{|; syl M upder commderatien. Several
LXNM pl-r:s. i the Latter ace imcuded o e meode]
and orz shewn an Takle T Oae =2 the coqeeer-
gion al ammama nilrgen to arang acid s Jdur-
inp svathess of beterotruplic and awrotrophic
bnmass and the reversal of the process during
ammma Aealong [ Seeaces &l af_, l']'ﬂﬂ]'. Anether
RLCINCS du.rill.g rmtribcatitns. When Amrnonium
(MH b e uxdieed for eneegy by aotutrophs,
wight #lecitans and ton protons are releassd,
oxveen aceepts aight electrons and might proe
s 50 that there i net release of =wo prouans
thereby devredsing the aTka hmty (Downing £
., 19441, The laac  accars doring
deaitrificaiinn, becanse when nitrate [HO73
#rr: ag 1he eleciran accepiuc, 1lere s oa ner
spiake of @ proton, ncreasmy wlkalioay, Of
the prisesses wliich add or reows e protng,
pilrifecatiom has the largestimapact on alkalinaey
and var cawsr excessve  decreaeca. Feomn
equilibriuan chewnstey &l 1he carbonmie sv6-
tem, il ol atkalimy falls helow kit
i e as caleiom carbonare (CaCoy) (1 mol
tutal sl "), then the pH beromes wnssahle
and can (&)l 1o valoes well below 6 (WER,
L9Ed). Low pH deereases 1he nicrsficatine rate
and causea onher problems sueh as coTrpsive
arnd 3_;@;1':—_:5'.'.-1- efHiaents and h1:|lki11.|_.r. [oc| wsicm
af the PIAPEr N[5 LET 1N 2 s Lia lanaices
equs_l:im'. {or alkalimty perirnty 3 w=er evali-
dte wheiher the procesws -:.'l:-nﬁ.;.;urll:ll.ﬂ:. wider
consideratinn  allews  sufhcieot rocowvccy of
alkalmuy during denitmfcation wrinanian the
H in the provper rangs regacdless ol the protoer,
release dunng wccfcacien. 1B oo, then
AT Iale wchormeals, auch s lime, ma e
zlided o wmintain the poepee pll,

Frocasses in tha Modal

The furdamentol precesses Ln.:-l:l-rp-:l-ruind inta
ihe mudel ace listed in the l=btmast column ol
Tahle £, while thew rate expressanns are listed
ta Lher rglstrcen calummn. Hasically, foar pra.
cesses are  congidered: ;g'rn;lwfh af  hiomaes,
decay of biennass, ammenificatwn ol prganic
niteegen.  and  Chydralysis' of  parbieulote




Model incorporating carbon oxidation, nitrification and denitrification

argaanics whacle are eotrapped iz the bl
T Tacilita e sooedelhag, readily Tiadepraduble
materidl v cansisdered 1 e e andy sshbateale
Fur growal of the helerotrophic bitmdss:,
Al v hirdegradable rmatcrsl s oorsidered w
be removed Erom suspension instanznoously
by crdrapmer o 1he Biofed, Unee Lhere, o iz
acted wpon by ceartons which consere ot i
reacliiy Bindegradable sabstrate, Thess peac-
ticins  are ::.lrnpl'l.r rRillrd 'hf-r!rnl'!;sli.' in the
aweded. althouglon reahty they ate hkely tnhe
mucls more cuznplex. The net result of ther
mclugioae L L ibrodace 4 bime dula'g.' wnta che
utilization ul vxygen s ok Eply wasocated
witle the growth of the vcgamsmes ot the
expwis al readily bissdegradable aubeirdce,
Decay e peswened o eezult o the ransfwrd a-
fiom o avtive liomazs inle men pactivolale
preducts and i slowly hisdegradable suh-
srate which re-znters the cvebe of hvdoolbyss,
growth, ele. This allows mere <traghtbnrwand
exprrensiont E decas under the varis snviren-
mental cowditong encownmde=red mow single
Elu-ﬂp: aystein. Tt alaer gy several InaprIrkint
i calwens with sespeet e the values of ¢l
paraeera, a3 will ke Jiscwszed Laer.

Eira: consader process |, serobac growtle of
hewerooophic bioomass, Exanunation ol row 1
in Table & show: (han gresih ascears ar e
expense o aeluble tabenate amd cesoles w1l
priductipn ob hetepntpnphic hiemaes  Asaoci-
atedd wrth dhos s the pzilizadinn cd HEVECR. Yinee
L0 amiks are aseed for hoth sohetrate and
bisrmass, snd since psygen may b ronsade red
e b negative CCHD, contimty cequires thae
the waygen Teyuiremenl equal the net CORDr
retas dl (sululble sulasirate resnuved nuonos
celie Tormed). Anaonie wtcopen will e
et vd [oorn oo and aweor porated e
vell mass, The hioerees of aer obee Hrﬁwlh ul
the herer-diwphie Bormass aee assumed o be
cuh]rﬂ Ao pnkle mdrent limitabnre, with che
rnncermirabinns nf kb rfa.dilg.r 'I'uiudfgr.au:la_h'u:
ahstrateand LY being rake determineng The
eHecl wl euch consbiluend js poadeTesd willy 7
suturatiom fwoctuan, b= recngrozed 1hat a
suluralioar Functwm = mat the deal zarm Ter
madelling substcate renueval wnder dynamc
erneditivie; laever, Lhe error ausoceat=d wiLh
i1# applivation w trangien s ke duwe aaeoun-
Beged o Wwaslewaler  Lecalinenl L RlOrnL are
hkely o be small, As discwssed carhee, the
primary purpoes | the osygen teHm oy a: a
s cchine Twnctivon waich REOTs arenbare Bl th
at [gw LAY concendratinns And thes vhe values
ol e suluratoen coedfie e, o 05 amall,
REemaval of readily hicdegzadable suhsteaie 1=
copgidercd 4o he propofiional e grroath. e
provizinn iz maade der the starage of snlable
alib=irate Fecanxe 1hai phﬂnrlmrnun 15 JormnLecl
browply 3 Tew subetrates sucl as soloble
mngsaceharides aned acetule. |lowever, ot s
widely reropmized ithat =substrates can ke
remaowad withpor assnciated biomass geowth.
I'his event 15 hanclled 0 1he auadel tiuph
the wmnedwie eutropoent ol skowly  bau-
depradabile sulwairute.

Buw 2 1eprescine amotic growsle of alic
le Lecoteophic bionass with rotrane aivrogen as
the cermiral ¢lecirgn acceprar. Lahe acrobae
grwnhy i1 acrirs ff dhe ey penes o Teadily bio-
drg:rﬁdnl‘\-lﬁ aifhetrage and resclls e
heterntrophic binmass. Mitrate pobregen se pees
ay The detmonal leciron accepaar andl s
remaval a5 an properbon do the amount af
readily  biadegradable  substcats  Temwved
minux the cprantity of cells Focrmed. 810 aerae
Le gruwldy, wnasoucia acopen 15 conyverted
inafu g ratrogen i D baoways. Tle race
|.'.a-:'|.'-:ri::-ui1.'-|| Tar amumic ,H'-I"-'W'Ih i analug-:ms i
thie woe fur acrobae groacl, Do fac, 1he Qe
uf 2eadiy badegradable substiate a0 the rate
5 adenncal, tnolwding the walue ol she =atur-
grion coeffienent, A, It is knoan, hewesver,
that ahe maxinium e of sulsirace remaewal
under arnxic canditwms 15 pftan lzss than it s
under aerakbic condituens. This could either be
Bervamst g, 02 Dower under awesic cosidocnes
pr becawse ool o fracon ol the heerorrophic
h‘i'.IIII:IHHrH i.":- i].lJIl‘.' Lo rullﬂl]ull “'“]'I IIII|.I: A AL LI‘I'«T
terminal wlectraa afeprur. (L I tuututl'_t'
umprizibile o differentiane benwcen  thess
possibilainee Thuas, Erom 7 rodelling seand-
pend, the easaess way 10 incarparate the efec
15 tnoadd ap empinical enefficiend. w,, tr the
THle r:-;|_'|r+:s'=.ir|r|| wlhirre na 1.0 MEaichelar,
14521 Anasic grawih depends wpan the can-
ceniratwsm of Tbrate milregen IMod mOAnner
amidipeaes b Lhe way inowloch aeoobis gruawels
clegrendy repran Lhe dizgsalved oavgen emacentra-
110 . Fllrl.]L‘El.'I.I:ll.Il.'I'.'.. UCIHRIL ;.;rl.lu.'lill 19 13 habaced
wlhen  uxvpen @ present wnd e wrm
FoaME at+ 8] @ omceoeporatied o retect
1han Tact. "The cncfficient £, has the same
value as in the £xpression for asrobic growth
<0 that a» derthic erewth declices. annais
growth increasss. Like the acher similar termes,
ns prirn::l.r:.' use 1= a5 3 switching Yunclian.

Avceoboe growtn of antetrophee huwom ass 1
d.tpiﬂi:d an o 3o akl= 2 Snlihle acaenuoia
ni"r_.gn;"n servesas the LOEFEY HUTOR L g:rl.lwli]l.
of Lhe airritiers resulmg ano autotraplie coll
mass ard nitrace ntrogen as end predusts, b
addijmvan, 2 small amswodt off gwnneaia @ oeor -
prrated min the boocnoss, Do 9 used in
e ivm b the azoawatof aminoma niregen
uardiced, A Joatde savaretion funclion iz uzed
W express the deperadency af 1he auietraphe
sprcific proweh e wpon the saluble con
centeatyans of boh ammaonia mtragen 3o axys
BETL with cthe |atker FTVIND &% i s.wll.-i.'hln;.;
Tupeoion Donhy che saturatinm coefhoenls, HxH
and foyp . are small. .-".|1.|'||:|u;.:'|| aecnliw HI.'LI'u'l-'l.II
ol autoteophic biomass 19 kowwn s e influ-
enced by the pld ol 1he wosiewarer an whicl
the urpanians are prowing. ths dependoncy
wiad ot inclusled o che race equanion because
ol the defflculie ofF actwslbs predicong the pll
ir o bitrcactin . Rather, any patential problama
with pH should be cheched fhrongh nse of the
alkahnity 1erm, as ducussed earher.

[n 2 well established that 1he nhrerved yield
lcom the growth af hewrotrophic Binmass
devicescs s Lhe SRT of B rewschor is ane reasecl.
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Activated Sludge Model No.1

"Thue phiemorneson i cheaaghn i ke doe o many
mecharerns, ingluding predation, Pesasz, and
the need tnr mmintenance snergy. Alchoagh it
can be madelled tn many @avs, the mes com-
man techmigue under aerobic condigions i Lo
ancorporate all nf the mechaniers into a single
rute expresann which is fmse arder wath respeet
Tit lIIE I.":III.L'ETI:I'-Iti':Iﬂ I:ll: achive l'IIEII'I'IuIEF- and tn
1e1 each unit nf beanass COHE st resadlt sn the
utilizations ol az egquevalent smant of eevgen
a= durnie g Lhe st ple aoodel sin Talile 1 (Goady
and Lium, 1930). Even thuugh this appriach
haz wocked well Tor the wodelling of activaled
aludge avarera prer feomnn g only carbon uxida-
gion and nilrifcenion. many quesliong ariae
whan (e wie of & terminal eleenron acecprul
ncher than nxyvgen b censidered, Fol example
mest sendies supgesi char decpr cpntipnes
sncler anise pomaditions, at least for the Trae-
11an iaf thia lamases 1hat cap u=a nitrate nitrooen
as the lersmnal elactran acceptar. But what
happeny v the wther betecostrophic iamasa?
Likewise, whut happens te the denutofying
biormasa when newler ok ygen nor nitrate ane
presenk and anderobic cenditieng preval? D
st cedsdmable that, Tor e organisos,
decay continues i g feomeniative wele, oy
with o loss of COE becauae all grgame oxi-da-
vinps wauld be cpupled (e arganic Teduclions
withwn {he orll. Allof This suggests that (£ doeay
were cnupled direccly oo the ucilization of 1he
electron accepiar an 1he roodel, #1 Teast [owr
suparate Tite csIressinna wauld ke rJ:qnir-m:.l:
d‘t'l.'i].!f LIII.IJET H.El.'l:ll:li.‘l.' I:Dl.'ld.i'lililiﬂii d.EI:ﬂ".' u11.|:|er
awrmae coodilions ol den:!rlﬁcrﬂ; I.‘ll:i:i!‘ unider
anuomic conditivoy ol Beterotraglue e
incApable of denatribeandn; and Jocay wnder
anacrokac conditona, Twa problomes arige et
this ppprcach. Firad, the cquaron: would be
ramplex, wah a laree nurmber of aaitehing
Eunctiong, [This would increese che complexity
nf Lhe mass balance #quations. Zecoend, 1here
are Few bendamental data upen which to hase
the equatins ar wilh which tr evalwate their
parametecs. Hath of these suggest that a more
[ L TEE R u.|:||:-T-:|uc|‘| 1 witrranled.

The apprigech adapted lur medelling decay
ol the heterotraphic baonaass s hasscally the
death-regenerutionn comeept sl Ikeld e wl.
1Y, Aand s depicted i oraw 4 of Table 2
There it can be seen that the adnpred raie
E:l.||ru:|.=:i-:|:||. iy L|I.I.i.|.‘E :|i1:||.l|.1-.'. i-k. fizsl wrder with
respecl W Bl hetecotcoplne baormess  Cone-
contcation. The rate cocfficien, however, ja
difecent in boch conce pr and magniegde fram
the wenal decay enefciene. In chia caac, decay
B0ts to Ccanviern bidmass o 8 combination of
particmlage prasducts And slowly higcdesradulle
suberrate. Mo loss of COHLE is involved imahis
split apd np sleetran acceptar s utilzed. For-
thermars, decay contimnes at a vansland Tate
regatdless nf the pnvirnnmental conditions {Le.
by i ort a Tunctum ol e Lepe ol elecoron
accaptar ar s cuncentrataanp, T he slewly bis-
degradable substrate focnaed o then Iiydeo-
lvsed, as depicted by orow 7, releasing an
egmivalent ammounal of readily bodegradahle

COL 10 conditions are werobac, thar subacrate
will b wsged 0o bapm pew r=lls with roncamand
OXNEEn uplakr 1t condibinns are annxic, cel!
grivwth anll oeeur @ ihe wzpeise ol wilrats
nitragen. [Mnecther axygea wor uilrate niHTugen
arc available, no coovernen veoue: and Aol
Diodeyraduble subserate will aceoromulare, Omly
wlien werobe or awes e cond oo are resnmed
will 11 b coaceecoad and wacd.

The rnaguitode of e deeay cvefickenl used
Teceeao will Do daffcacac EBronn 1hat of the more
wiwally encownteeed rate condtan berawes of
the cecvgling of substrars which peeurs 1o the
wsial teehnique. 1he lose of ene wrak Al pel]
mags 00 lepds tn the ufilization of one it
o Ly DEn mimys 1he L al the inerc particits
late progduges formed. Tnodhia madel, the Lo
ol mne wnee o kel mase 44310 resales in the
ulbmade Tarmatinn nf ere aret el £ doe
reachly  hwadegrodalble wnbstrale nanus the
L0 uE the vnert grertulate proslocts for med.
When the readily busdegradable COD 19 wead
lur cell synnleeaiz, anly & Eractnn of & unin of
frayye will b regquived becawse of the cncrgy
incaeprorated ineo The ¢oil masa. That eell mass
rbmEr Ly o underggr deeay eng, before 1he
unit of ocxvgen e fically removed, Cone
ﬁ-r.qu:ntlg.'. ko giw.-. th= rame omnmand al OX¥EEn
utibzatinn per time dus 1o decay, the decay
cae Hisient must he Targer. This hax 1he resold
nf ncressing the toroever tate uf cell owaus,
pherelxy makiog the actual wacrubsoal geowih
cate hagher Jar a gerco sulids relontion Lne,

It elaould be esnphasized char the 1nadelling
appridel described above was adopred For
prdpitidiie Feasone. While 1the resulis Toom
usiag such oooeede] can oomame w0l the loss of
bavniags, coagun plien of cleciran agee pror £,
thiar ccewr i wetivated sludee sy=ters (Hald
et al., L%k Leild and Marpis, [S4]. theee =
na evadence thar the model accuranely reflece
tha avtudl meec haikismes tnvolved, T s koo,
thet 'he quegiions surraunding the eifects of
eovitonmental ennditions upen decay are
hd]}' an need of adidibienal Tessarch.

The decay ik autnteipls, g‘i-.'en oo 5, s
handled in exactly the swie npamacr as cthe
cdecay ol hetaracruphs, The yustifoaas for
ibix s the helitbowd thar the decay obecrved
i earie larend calhoces of aueorophic bacderia
1% actwalls doe o peedaion and Twvais, wich
gubsoqaent groweh of achoemiifinug beders
traphis bactena wpon the Iyvsis  products.
While it & Tikely (het che magouwnde of the
d{'(‘ﬂ}l Loefficisid tar .:.ul!n1r\-:|'|'.hh|.-r. bactecia wall
he l=s5 1han that for I1¢-.I:r1'\-c|11'\-:|'|'.-|'.n.-;.' |aac lecia,
Fven more quesiinng can b rumsed alwenl Lhis
PTice=s.

Anather mpact of broowass decay s o
recyele nitrogen through Lie systein. The con-
vergwaz: ui baormaes e wlowly biodegreadahle
suletrate and then o ceadily biodegradeble
sulwirate has azsociaced winh ic 2 parallel
canversinn of argane nitrpEen W amnonia
nutagen. These reactions coear in the rame
way that bindsgradahle nrpame ndragen {fram
Lhe Teed o comvected anin aommona ni1rngrn.




Model incorporating carbon oxidation, nitrification and denitrification

Soluble iyanme  oirogen 3 converted o
emmsnia nieogen thrawgh the ceaction depu.
red wn raw & of Takle 2. Tlay -:|||:|:||.'-]e brst erder
equatian is empirical wn nature bul has heen
Eerwtnd net b pdequate Bue mode T Lhe conaver.
sian when coypled with whe process rate
equation for hydraolyze of cntrepped vegaoa:
mirogen ikl and Marasg, 1485],

Rown T and 30 Tahle 2 show the models
that Tiave been aclopred for hydrolysse o slowlr
hiudeg‘.ru.lhhl: rrgerig ragiter ard hiod:gmd-
able wrgumic natcigen. The degradpdion of
slowty biusdegrudabls argorun maiter 6 very
i poCLan 1i realistie r.|||:-|:|:|'||ng il artivated
sludge avsteans because ot s pronarily respon-
sibble fur the apwinment of realiatie space -time
and real ome dependent electron acceptor
profiles. Congequently, a greal deal nf «fori
wab devared to thas topee by the task group.
Wilhin Lhe past fvw vy, the ooajor changes:
apdl innovetions i activated dlodge aoodelliong
have been dirceted 1oward the develipnient uf
equacnans depyeting 1he Tae of encrapped par-
ticulate or ostoresl soluble subetranes. Carcnl
caaicmnalvn of all afb the avajlahle lileraiuce
revealed Lhatl very lokede cxperimendal work haz
ten tunducted specifically an 1he Kinetics and
meclacnsrns o clegradation ot particulate
l.lrp;allil: niclerral.  RMowt stocli=s  in ghe

wuscewater trealme it fielil have he=n clyne a5
part of complex medel systema, therehy mak.
i.|:||q 1t dathewll 1w 'I-'I:I'iE}' an ﬂup-endl:nth‘ th= g
nond dealing with hydeolyses aod depradanon
of paruculawes. Mevertheless, 11 was evident
than ecvtein [calures were cequored in ucder
for 1he overall syatem ceodels o give realiate
cleciron aeceplor profles. Dae was that the
rale was first ardec with resgect o 1he active
heteromrophic biomass present. Aootler was
than che rarc appuaced Wess lorate as the aouwnd
of entrapped subwrace becane: large in prapor-
ninn b the boreaza, Fiaally, because ol the
nard tnr enzeme senthosia inowas regaoned
the Tate wauld be depeodent wpon he con-
cercration o  elecuon Accepion  prescnl.
Fecause nothing was knswn about “hydeplyais®
under anaerobie condinoes cacepl for e
amieedd mEarmetion an decry preaonted eaclier,
it was deeadedd 4o assume (hat the race goca w
eoro o Lhe alisence af hntl) Ly e amd itrane.
Exwnuination of cew 7 in Tahle I ahawa char
all nof 1hese features were inearporated, The
CTZALIE 0 Lrigpen was assaumed to he yeifarm|y
dazti ibured l||:rl.|l.|._ﬂ.;'||.|.-ur. the 5='||1'.=.'|:|' I'_|1|,'||_']i,-g|'p-:|-
abde aoulslcate s Lhat Lhe rate al h:,-clru,l-'l}':.is nf
endrapped organic oirogen wauld amply ke
proportional 1o che rate of edoolyss of slowdy
humbegradakrle subsirace.
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Characterization of
wastewater and estimation
of parameter values

1he dﬂ.ign arad VIpH ratisem < wRsrewakber

Ireadment syskems, iF ragsl e |1n:a=|h'|r i
rea'nalr parameter cdloe: whech o oare
wastrwaier EpLC he and wn esryTa1e comeentra-
Lt 1l AN COn e ks Fhie indliLent.
Exurcnoatuen of Taboe 2 reveuls 1hat the cmndel
bas L3 conmponients and. w il the e seeption of
i ald ol ther oay agepear oo the anfocer, b
the revnzinended aetaton Dor vhe wede liozg
af Declogeal waslewater [ceaDimcil &4 80cns
{GIH.I.I af |..'|'.. IEX. twnnerieal .-u|.'l-*:l.1:||.'lt*: dis
weid o depoe the comecnations ol com-
pranzely a0 spwcific locatans, Awoannpg 1hat
srmme skl [T rea b A, <pch A codimurnta-
hae, |'|F|_'|_'t|‘|i,"¢\. the hlnl-.'l-gu;al treairenl Rystene,
the subseripd fap ynflwent copcerrratinns 49 1he
hopvstem weoaled e 1. I:'g:-ns.l_'qm-"llll.'. 1he rame
cenlcacmin o readily homdegzuddakele sulbalrace
s 1he Eced aill he wndicated 42 3. |, 1he cono-
centracman oE shealy Biowlepradable sobyiraee
as ey, e Lable 2 alao contains 19 para-
meeders, Bre ol el are stowchivenerie. Lhe
pthier 14 are kimete. Fucl aoately, seone ol thes
sl Citle 4 acinzon Troom waste W owdsle 2nd
iy L comzadered o b constan s, Tecavae nf
the catire af she romopenents Loy necessacy
oo characreniae the mAuept norerms atb thern
a1l =ame oinne That the sloc hiaem2erse it
raeters are being evaluangsd. Coneeueotly, we
will Arst deserile o ierl:mmg e Lo ey LhiaL
ind then we il annzmaries echolgues lor
cvaluating the kinetne parameciors.

I.‘-’ ORDER o a4 fnode] 18 mav e uility

Characterization of
wasteweter and estmatien
ot stoighigmetric
aoafficiants

Tl tnw=t i puicei Ao Ty owlach aoneodel
van be judied iw itz ahility Ly predaet seal e
ared spaco-tame  depeadent changes o 1he
reguarement bar the electoon woceproe, To wag
Bueosaar 4l shie that sulistrans was parritianed
it dwa bractens: readily wnd skowdr hio-
d::gq':-l-chble. These are l.I].'l'l'I:ﬂ'.il.lI'IHI]:l-' delined
Priec Linms w bet di pol oeceszandy corresponi
o readily Ligtanguigtable physacal characeeris
nez such wn saluble and partuulute. Cone
secuenthy cluanacterszation of tha inHient oot
b avemuplched  cxpenmentaliy omeoa wis
which erauies that the el can adeguatels
predict e clecipa acceptac reguireneeL.

Anmdher 14 land lacry flu|'i||p deaigen i€ pro-
dicomn af vhe activabeed shud g poaduction rane
hiecause ik determings 1he size nf elodge haml-
lingfuciliriezand the corcgenaratinn el aclivated
sTdme azsencialed winh a miven 'h:.ﬂr:l.l'l'.l_' T len
han ime. The elbect ol wed speclr prowil
rLfe o Ele clectern aceeyler sequorernenl snd
the sludes prodoction raee cin b+ detecieied
rr=1 casaly Byoaperatime, steddy s com-
plecely mised avs aned sladge reactors inoan
actobae mod e a1 2 number of 3RTs. The dais
ahigingd van be uzed 0 wanerl wath orher
1egts 1o charactereze the wastewater aml evala-
aree the sbonchmm@iric voe Farsnds.

I'he Al OO inche inHwenl wasiewaler
i made npank:;

A T (&)
whicre:
=y s readily Biadegraclable substrace:
Moy e slowly Wirlepracdable subatrate;
Xy izt suaperded orparne maiLer; and
S ezt sululle vrgande iwatier.

The concentatwon ol et selobile [ELFHEET TS
atiel may e detoeviped  casile, Sioply
rermy i alig g al rle fedens v ten s F2om
a wonpletely mixed cearor ireating rhe
wanlewaler bl an SET an poweess ol 11 davs anal
acrale tbowroa Latedr reacar. [E sam ples are
rrnas el prcistivally wnd weabysed bor solulle
L0I0, the eoneentratiers will cithier zeman
copatanl e Wil decreage seith time, The Tue-
race o I esecom f b coreentr o of readily
hirdegrpclable COLY n the ieacres momgelgible
whrteas the [ageer w. |l ovcwr if it ez . The
Firval reswd sl s o bfa 0300 s el el €1 ane g I,
swhich s caual tache enreencration in rhe beed.
L

Belure the cooceotration of readils b
dewradable subzirate van e abtawnel, the
hcrerotrapbie vield, . zowst B koown, T o
wan T estinwaled by ebececing the oeass ol cell
raanerial loeied during cemoesl ol aluble
sibstzmea An ahgquot o wastewarer shoubd Te
settleil anch hltered toorerge e The pagbeulae
maderial. The hlirate, whirh snndain: only
silulale vrparme matter, semld he ceeded
lightly wih acelimated Baoriss i ane it
L wornplelely  mused  reactocs. Alwpuoods
slould b comrved peroedically ard brith the
=Huhle 0L anad ehe renal OO dete roaned
The herersdrepbne wicld cen e deternmned
From:

Coell COHD — Toca | G410 = =nlyble O
1]
dcell GO )

- 1142
S oanlulle CHHD L




Characterization of wastewater and estimaton of parameter values

 this o= doner several Lhmes, au u.|.||.|-:ru:l|.i.1||a|!e'
Vir vdluc way be deverinooed. Ay orrors i
thes cetimate wall be i pensiied Tor w the
Jdeter remation of uther paramceers o ikfuent
cnncenitatiens.

nee ¥, ia bnown, 1the roncencration af
readily brodemradable subairale inohe e ne.
%, can be estimated by mcrsuring the changs
in axygen wbligaoen rate JOLREY 02 single
-r.nmplﬂrl:,' mixed reRctnr ﬂp-r[ili.':l'] gl Aam AH|
near £ days wniber a daly ryclr eqoare save
I:rr.lilng patiern |_li h wih leed; 12 I witboat
leed] dEkana er ., TRA0]. Awalarwn in Figare
I, there im a capad drop m axvgen opake cate
following Eeec teeminatiom. This s becouse
any accumnlated readily buadegradabile sols
strare 3 rapidle waed. The HOR willl wet deiop
Lo edrds, Taowei ve T berwuse b avcuiomlared
slowly baodegradable eubsicane will candioue
ro ke wacd at the sae ranc Eor & Lo peraod.
Thus the imrediare dreepoin DR 9 aasecianed
nnby with the readily bisdegradable matenal
andd can be paed o find its conceniranizng

_AQURK Y
Q{l- Ty

-
l

Pl

whete:

ADLUR aa the -:.'|:|u.|:||.-_|-.' i|:|_ QLR ru1]u'ﬂ-'il!||.t
fred teripaation (ML T ')

Vo the reactar coluine [|'_.1:|;

i che Deed flovw vatle prior o tetmnacizn
T )

Ha'l.'i.l:q.-_ determined the cunecolrativns i
the wastowaler of the towal COD, readily ban-
dopradable COHD, and thi iaeer solwble UL
el ol meeessary ae derevmoind either che
LXEY af the inem suspended nrgamic matter,
X.ooor the CODrof the slowly hinderradahle
sulssirare. 2.y, because the ather can he deter.
raned by difference using Formola (3] Dt is
reckmmended that the coneentraiinn nf COHD
cantribided by nert nis.p:mil:-:l IrERLAaL
matrrial b evalunted 25 o parameter or Aitog
ihe mixalel b slaia HIl-:m':ll:lg Lhe efect of ST
on the sholge producheo.

The sludge i the actevared sludpe provezs
comes brom Teor najur svurces: grewh o7
leperorrophic benmazs on biodegiadahle sab-
arratd (3. and S prodweiion of inect pariicu-
Tate producta by decwy of the bivmas:; aceunio-
Tatiom of et suspended organic matser 1rom
the fecd; and accamulation of undegraded
show |y Rindegradable substrade. Buwtatrizphic
hickmaes wall alan s present, bul i cantrilag,
{ion is 5o small Enr most wastesaders 1lan 1
may b neglected in dlsis analyas Gravls of
hederrraphic busmas: 2 proportwsal o the
degradation of suletrate witl the prapartonal-
iy canstand bewyy the keeteromeophae vicld, 1,
{Table 2. Decay of hewsotvophise bromess
wvorurd wilth & zdie constan, Bie, wibd reeules in
a (raction of i bewmass, fe, Beang transforred
info buert particulase products. If mass balance
cquations are wiiben which allaw predictien
nf the eAect o 3BT o the slodee |'|r-l:-l'!lli.'|‘iﬂ-1".
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Ekwmu or af, 1988).
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Activated Sludge Model No.1

tiele i a coampilenely omaaed acoreated sludyge
svslean at steady slate, W will be scen that e
wnkndwns are X, Ao, . byl Sy, &y, and
K. The valuc ol g oot likely w vary greatly
Tt o walsbewdter o anoiher becaoss b s
a cha sevicisue of the boornass. For the trpe
of rwde] propeesed herc, in which delaye resuli=
in the recycling of substrate, i bas a value af
.11 e il (g’{f{:!ll:l © [Linld and Blaras,
I"El-.qh]. The vwalwe at the decay rate consiant,
k. can be  evaloated ndependently. as
describizd bader. I completely mnxed acthivated
aludge ceacturs are operat=d al steady stale
under  comdibens el curdleol wass awd
hwdraulic loadiwgz a1 SRETe in caeces of 5 day -
the concentrations of readily, 5., and slowly,
A, hisdegradahle substrace in the teacong wall
cenerally b negliasble peail compared 19 1he
garcunt i dhe beed (Fkamo e al. 193, Re.
vogriatuxs of chis ablows e hydrolvais para.
meters [B, and K] and S, tnhe driopped from
th= equations, theceby allawing them tn h=
simplifiecl. The cancentratinn ol slowly bus.
depradubble sulastrate m the snfluent, Yo, , can
b colc mlated STonn the watal Baed OO 0 1erms
wf dee ineart prertcolawe CO0F, Y umng For
muln [B). Conseguently, enly 5. needs to he
evaluated since Y, fu and &, ace indepen-
dently koawn, 'This can be dune by wsing o
pre chmensional seaceh rontee aboeleelnees
Xy v o ae erecer aoa il shquares when
prediveed sludpy productiva ratc: are cun -
parsd to rwcasuced re1ca a5 a fuocisn ol SAT.
I'his. AMting aces to cane the maedel 1 the
particular wastewates wnder stads and com-
pensales far any ereor made in ¥y oand By
duwring theit sstimacion, Dnee N 15 krown.,
X5 can b calowlaked Tronm Formula (33, For
vuriable asirengih infusots, o can penerafly e
gusmaned thuat the varanns [ractions sEa 41 LAn-
slynl prapariion ta ane anoither.

L mewt activatedd slodge mosdelling, s
wasumed that the concentravnn of lmmnass m
e awllueit 1y oeplygible conpared o e
aintunl fucied  withan  Lhe Py, Thial
upprual.'h iz Naken Teere, |.'|-:i|1:.3r|.|:.' Tt camsd b
research iz needed repading the impac of
hinmaces im the nfioent Nooprecedure is 1ee-
ammanded bar measuring che infliert con-
ceniratopng. H o there were 3 desite oo ineocde
them 1t dhe mdel, appropriate macrabaelogas
cal methads wiold have wa be employed.

Eaarranatuzn of Table 1 ceveals thal the
meedel eeludey ehe wolibde conseentrationg ol
Crovpen, rubrale plug wilrite milregeen, wuren
miteog o wad alkalioiny . Tle coaccentratioos of
sll ol e cunstitoents e the feed Fldy Lo
meastred by appropriawe chewicsl ooame,

Sinece vhe pucpose <l the moedel s predue
the pertormance of 2 single aludee svsiem per-
Inrmieg carbon caidacion, pitrifizaion, gl
dermilriticntion, i s importanc thar che netrogen
e seeavunead tar. Dxigdizahle Hilriyren mnay he
presunt i five forms: ammana ncragen, Sy,
saluble. mect arganic rsteogen, Sy;,5 particu.
lule, merl crgume nidregen. X.; reichily Lo
dugradable urpamic raerogen, 5., and sy

bivadegradatls  wrgenie nmrogen, Xop- s
slated ahgve, the eoncentranon of amrmonis
ratrapsen in the {red may ke Adetermined h*_,-'
appropriate anwlwss of o Alared sample. T'he
cuocen Lratman ik sishiie, ne Hrganic merngen
e Elee enfMuent oy b deterinmed |y perlarim.
tag Bgcldahl rotrogen tests oo aliquols of the
gamnple: wsrd w0 deteerwine the solubde, tnert
CO0 The Kjeldab] wesr may alaw be waed 1o
derersnine 1he woral concentration of aolukle
aorgane: rnisogen o the feed, Sabdracown o
the snert soluble organic oivrogen Erom that
value approximeice the readily bodegradable
nrgaree nrogen, Sppp- §F 1he repdile bia-
de[_l;rs.dnl‘.-l.: ond slawlw hindrgrn.dn'l}le mgnniq-
ouragen wn the {ra:l are assumed th Be [IPnTIRr-
tnedl 1 the sam+# way as the teadly b
depradulble wiad ahwely bewlegralakle 04307 in
the Teed, thew e comcentratuen of slow iy b
degradable urganic wicogen i 1he f=ed way
ke dJeterinmiowd [raao Lthe concentration of
readily beodegradable argonie witrigew i the
Tewd:

Saar Sy
Xt S, Xats,

L)

The onlv wrknown is Xy, [er which
Erquatsn [1Z]) ran be splved "Fhare i moopred
1 deternm e The FIITI;|I'|I.|.II:|."| WA ElrEEen Lh
the [ned since mitrngen znrlmisty cannol be
cheched hecanse of the loss of olragen gas.

Uhree acldstnznal stow iomosteic pazam et
must have values assgned 1o them, Becanse
of the restrecied nature of tle mtnleig s
labior wn avtivatesl sluclge, the wawtiirephoc
vield, ¥., 1 noc bkels to vary anuch froon
sysbem bo svsten. Consequantly, il should be
adeguate L uwer values abramed o 1he
lmeralore, An opprrugmate valoe appears 1o be
.24 a0 cell SO0 mg 5 oxidized, « hich {al-
Ltz B ceve arbaervation 1hat 432 o oxveen
are wsd Foc cach a0 metrane nicropgen
Eowrned (Cigrdy and Lim, T4}, “[he mass af
MIEOEEn et rasg nf cell CUFL, 1y, ran he
npprm:lrnﬂrr-:l |:'Ins.r|:.-'-r.nn'||.|:_l;h by :-l.*:sllmmg1h:|1
rell mass o5 representedd by O HACHN The
resuloune value o DORG g ™ (g COTH'. The
moss ol owrager per mass of COT o the anert
pacr Liculane produces, po canalao be approa-
maated Eroen Incrandre wilucs, An approprials
walue i3 D006 g W og iy '

Estimation of
kingtic paramatars

The porpase nf the  twe  hallsacirabson
ceeettacients, &y und Koy, 15 da cerve as
swilchimg [unctions e shot aff asreher
JL‘E!EHHHI]JI‘IIL‘ wrwLh and slati anoe gErirwih
az e Jisselved vaypen comce ntration dragaa.
Lihewisc. the pur puec of the uxygeo Lalf-gatoc-
anicen cocfBiceenr for the aweonrogples, K, .. i
9 Reve as o swilehing  funaction 2weppeng
nifrificarion when the digzelved oxvgen level




Characterization of wastewater and estimaton of parameter values

gety b Lw, Consegquently, the actoal values
ceaed are nut critical as Leog as tleey ace of 1he
approprate srder ol awagotode sed are sanall
i Lokl ATt fu upcra.li.llp; cundenLrdlitas.,
Thne supgeeats than Lm0 negeasary w evaluane
vheee pararneters og A caec by case bacis, Bathe
the use of defaull values, o he given Taier,
would be prisfactory,

I'he mosr critical parameter for cheragcke riz-
ing the prowth of the autorrophic hupmase o
A, the manimum specifie prowth rote. This
15 becruse 11 sk minre tenstive to 1he con.
sobuenis mothe wastewater than 1w 1he Lall.
s luratie comestanl & and Breca wse 11 deter.
:IIIi:II.‘E5 |.|:IE' CIMLTINCITLINL EH.T IJEIEI'W W]Li'.'ll “'HHI:I'
vul ol e wiriher:  weuld oecur. Con-
sequently, every eHuorl should ke made 10
rgastre 1L accirately The recodnmended pro-
cedure is 10 edtore gy, during 2 dynamic rest
e o0 uf e vonepletcls nixed reaceors being
e &0 dereimine whe hereronrophic prra-
raLeera. providing it s barely aitrilvng and
hes 7 high L3 concentration. By 0 deing, ar
arcirale measite will he shtained wl 11_-._ min the
actwal wastewates cncirononent. A1 the aan of
the 1zet the sludge wastage cane from the cim-
plenely miged reargor is decreased o make the
R greacer than chan reguieed to achieve a
hagh -.'Ir.grrr ot nitrificatinn, The canaentrabion
il Tairate niirogen. m dhe reactor shiould ke
r|:||:u.:-1.|.rE|J veT lirne ax 1l inLreusesy I!]1n:|1|.|_5h
||;r-:|wl||| il adldataanal |:|il.r1h'|ng bracteria. Since
Ll cunicenLrataun of nikcal= mrogueo 15 propuc-
mirsal na the eass ol auloroplie baclecia o
che sludge, e cluange i Che mimate concenitL-
Do cAn be waed 10 estonate . (Hall, 19741,
I b vatoral bosgaoithon of the ninidie aivayen
comcentratcn i€ plodled versua e 15 slepe
will he g, — 1% — &% where Py g5 b qew
SKET and &% 1= the tradwinnal sdecay mate
caefireent tor the ratrihers. Since tFy 1a Rnoiwn
Aand b"_,_ maw bex assymed, ;.'i._,‘ 15 kncswn.

Unhke the siduatign Bor hﬂterilhﬂ:_}hin.’. el
mans, the specific decay rate cnefficient far
autotcophic hactema in this maedel, b, s
numersally equevalent ta 1he iradetuimal decay
rane crstant. &y Thns fallows frem 1he
thaar the recyelingg ol wrgunw matler tlat eeso 1y
[ruci J.tl.'a.:.- LU lhruugll thi= al.'lil.':il:}' il e
bieterutzuplie Biucnuss and non Lthe au lotoephace
biornass. Thers are d numbeer af questioos caa-
ceraing 1he mechansms by wheeh auoicophae
baciersa wndergo decay. Consogquentlt, these
wis general agreerent among 1he ask goeop
mernbers thae it would e dafficwlt e rocasoe:
by with any real meaning. Examination of 1he
research [teratere pevealed that by should e
bemtween LAYS and 6.1 3 |.‘|.I._'_-' "far mrs] aenwaied
slucge crmadatwpns. Consequentiy, it is recom-
mend=d that a valwe wilhap that rAnge he
aasume=d.

The lull-vaiuration ceethcient bor 1he
nitrifxing baciecia, K., cao be determmned
by e proceduce of Williwmesnn sod MeCariy
(19951, Sacnples ol marnlving actevated sludge
T a l.""{llll'l.|.'l|l.'l'|:|.:r actined ceaclur are reowoned
and placed wate fed-barch reactor: wlhich

recerie runilinacu s mase adoagr of aoereora
witragen  Delow  che maxcowom ailrificato
peacimial of 1he bavmass. By wsiny ax Cesd
wasiewarel tpiked with additiondl awronn
nitropen, 1 i3 pessible oo make 1he volwriveime
tw fate vere sl 1hereby @lloeeing cach
reapgnr 14 reach q peeudn-steady state This
pravides  infocmetion on the  relaionship
Becwesn the spevific rotriBcativn raie and 1he
Feeuda.sizady stale ammania pebroEen Qon.
centratinn which pan ke aprlyeed by apy ol
several li.'.l:h.l'lll'|1I.E5 [fr) Fll'ﬂ\'1|.'|i.'. i valwe btar 1bhe
halk sataration coetbicent, K-,

Hecanrs nf the wfluences ol envirnnmenya|
Tacdurs suclv as pH, tesnperatre asd P con.
cuentration oo the rte of orrbeation, speaal
care shoald bt tuken 1o the preceding tests 1
wiimEan Chrse Badturs @t currstant, appropiciale
values, v oia capecially smportdnr bon the Dl
cumcenmralicn o Lo maimcanmed high cooogh
to mahe 1he e SeflR e L+ B2 appoaach
Whace.

I'he decay coediviend, by, is very impariand
to prechinns of sludge prosductign and nxygen
Teqquirgmends, 50 it musl be determined for the
miticle in se. E‘-'Imigr s Termpved Stom s conn-
pletely omacd reacier and put mte s batch
reactar where the OUB can be messured many
Lrnes e o petaad of sevecal dass (Ekama el
atl., 198 The slope ol a plot of the auamural
lugaribinee of the ssvgen uplabe rate wec: o
L will Lo whe craditional ﬂut‘a}' vocthemenl.
ty. Xaembcation should be oadabaed docing
he o=t by tlee addatosn af 20mg ¥ of thinureg
and the pH shooald Te soacntained at a snstar
value ogar neatrality. The moedel  decay
cacAicient, by, cam by valealated [ron:

b

- 1:
]_rﬂll-'.lrl-] (e

"
il ¥ oand Jp oarc already known,

Two imparsarn parametets for 1he preaic-
tion of depitrifcation are ngp and gy, The dirsd
is 7 2orr=chinn Factnr which n.d:u:l:: far =ither
the chanps un f y essnciaied with anosc cendi-
tinns, ar fac the Bact that only & portian of 1he
kumars can dematridy. 'The seconsd is a correc.
in dactor which arl|l:|=t1=l. lor Uee phsecyatiun
that by reelysia o slowly odegradahle oran
matter uecuss muce slowly under anexic comdi-
Liuns Lan uwder aerobie conditions, The 1w
vorreclien Bactors agpear 10 have diflerem
nuroer ical values, wich 1y, beng the smallee of
1ht 1w (Dold aid Maraws, P986G) Several fae-
tirs are Tihely 0o oaf wenee the 5 valoes, owlod-
g the Fractios of Bacweria m 1he mdfl acm vhid
arecapable af depitrificartion and the freacmen
system  ennfipucacion.  Alfhnagh Ahenrencal
calculatione pug@ess 1het che Tatker is Likely 1o
be lezw wmpenant than the Earmer (llenzs,
T8h1- A5 & Firse Approimatn, 7, cauld be
asesumed to he equal tn 1he ratia of the nitrate
remnval rate t the axymen removak rats caleus
lakrel riman NEFEEn t'|:||:|I'|".i|HI1|: basis Lisinge lacas
mass harvested from the anfloent (Hecse.
1"-]'EI'.'|:|. Elawewer, aller Jab or 'pi]ul: ura e sludies
are wnder wav, Lowill be possible @ omcasare
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Activated Sludge Model No.1

by y values daccetly weing butanass Trean an
Cxprimental oo,

The wsrs o mieagare f and 9y, are perbor-
red at che same time by cvaluabing naypen
and naeats conaumpoion cass in oy bech
rercknrs which Are squivalent in every respect
excepe For el termgnal elee tren Lovepror (Oxy-
gen nonoe [nernbun] and nidrate in the sher
(annxicl]. The rateenale far ihe bests 15 chat
smmediately aiter bnnmog bumass wela cians
tat wach wasterwiler in a haich reacdor. dhe
activmy m tlee teactor wall I cneateck by
preasLh ol the letecourephs ma e resdily bau-
Uegrada ble sulairate wherzas later activiey all
he predomanandly due tewse ol substrate oTis-
ing [rvm hedrolysis of the slewly biedegrad-
alsls subsirate. YWhen runTmLRy the bests ot s
mupurtan L Lhae Uee ratio ol 5ol maee o larnauws
LF ) bt ota el Jarupesr rargze as allustraed
i Figuce 2 {Ekauaa e wf,, 1986 IF E7AD 18
e lew the vine Juring whicle the readily
brodegradable aubstrace i3 revmeeed will be oo
ehnrt 4 wlloes gn wecufate measgrement of che
IR and rotrate utihzatien race %L K},
whereas oF i1 1= tnn high the difference hetaeen
the tRles during the teo pheses will b i low
b bes r'Ir.'-|.r|1_.' ditdingrmizlvatzle. 1 1he |'".-"-1-F is
carrect, the ban zones od activaty wall b clearly
|.'|1:1|:|.ng;ms.|'|a|'||r: and «f suHicieni duration ta
allew aecocate Jelsrinioaticn of the (FCR in
thi aeeobee reacoor and the BLE i 1se anoxe
reactol. P OUR, repoesents e OUR during
thic firsn petiod dd SUR, coprcsonty the one-

spramslingg U, 1,

LB RNLER,

14
MR, [+

4™
Vikewige, 3f OUR, copresents 1he OUR dusing
Cle 3xcwad pecunl, and NUER,, the corersponad-
g WUE, 1hen.

_ 1.36 % 5UR,

()
(R, 2

I8

Th= parameteTs cll!s.rrlhing Ty goivacth,
Jiyand fe . are chiaoudt tnevalmate accuratel §,
bt ahad iy et crmcal because the onudel iy
nat wery acnsitive ta their values, The nain
Eanction uf ;.EH 25 Lo atluew Ul medconauan CHUERL
tu L |.'A:I'-:'I.:|II.'1t'lJ. T luy suRpesty thal meaaure
ul gy shauld be based upsn nxypen oprabe
nucaswcenen s rather chan coll groweh or sub-
atrate remvval, Bevauss the consonleacion of
ceadily baodegiadable substrate in the ¢ffoern
from man Achivaced :.Il,n‘lgr £YSIEM is E:m-.r.ally
qniﬂ.- lawe, 1t i mol critecal 3 the Frzdn:tmns.
nf hiamass enocentratuzn ancd 1L 1L that i he
mcclel =il with h||_-_l;h LCLCINCALY; |5, AN EFCIF
Tavnor of 2az 1 willl have Licle soagsct on oosde|
predictuens. Cunsequendly . e anain buncio
abf Wo o as a swttehing Tuncten between fira
wrder aodd weee wrder hinctics Ear h{'[trl:ltrl.'ll.'r]'lin."
biomnass giewh aad substead femeaval, Loch
Floml 1PHEY and Chwdesha e al, (19E5) hpve
deseribed a respiromenric proecdurs bor its
michslremierl, U'hos &b seeanz appropriaie tn
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Characterization of wastewater and estimaton of parameter values

uae rezpitermelnic Wehoagues woestoodie the
value ol Bath poyy aned K.

Ly the provecdure of Chioduba @ al. 01945}
Biomaze 13 retdoved Troon a lboraniry-ace-
valed sbudgs ecactoe and aceated For LR ow
allrew f copstant Rackpround respiration Tate
vk be achiewed, Appropriaee alilurions of 1he
biomazs are then contacted with dilutions: of
the waziswates chosen boallne vafanws specific
respiretion rales up ha the maxonum 44 he
achueved. Liumng the test 1he 13 roncentra-
tn shienld  he ket ik s che Aerm
H.;f'[H.,H+ﬁ,1] 1T the cate ecpuation 1% noacle
LLd u.|1|:||.'|:-a|:|'| wnaky. Lue ol the stmchusnisine
and kanetic parameters, o cembimation with
the kooewn characterisries al the oaytawater,
allons esirmabiiae of che Tretersel raphae bivoenua =2
womcealcativat, A, m Che actvaved sludge
from the lale-srale reactor, The mesauned ree-
piration rates can chen he divaded by ahe
hetepncrophie Rinmnass conpertynlions in the
respirpmeder 10 abtan 1he specdic respiratinn
rates, Suhtractian of the barkprinmad raie fram
the mezsored rate pves the specific rate of
sulastrate  psiclabion, rfo_apy. The specbe
growth rate, gy, can then he culentated us:

= (L‘}, (16
1 [-% rrana

H-

Becawse  aof e ||i.y'|| [WF conieniruliion
naainlained doruog e e, wy 1w oa Twnction
ul anly the seadaly bnodegrandulile sabsteate
cozwentration, S, The data v ey a5 a Juns-
v ol e vy b analvacd Byoany of acveral
rechmigques o ubtam ey and &, This pro-
cedune i PN 40 Srniwilive Lo siall l.|]aj||u.':'- w T,
and 1hiny allyes sedzangble estimane: of K.
cren when it = small,

Anm prartant lazgnr which has nnl:.' r-d_"l_'i."l'll:]:'.'
keem rﬁngm?:d 1, that hinmesz:s growr in
diferent  reacaar  configuraticrs exhibat
icferenr values ol gy, and K even ihnugh the
reacters are wpecaied atthe same SRT, lnading,
et Cech et ., 1985; Dhsldd and Blarais, 1986).
Cieoerally, the values of gy aod Ay tend us be
Dvweer Do lawcoacass groewe e a congeleLely oised
ceaclor witl cunstaot Jeed i:|||:r'JL Lhii lllt':i-' iarc
Euc broniass goewn ena reactor whach mor poc-
ales cither piene or spacy Jepodent chages
i sulbelrate  comcentration.  Althoogls b
cradence i@ Limided. this s peehably due m
predoninance differences winthin the baornaszs
bBroupht on by Sifforent eelecriee pressaies in

the vwed ovpes of reactor, This suxmmests thal
care it Do owsed inothe codlectivn and wacer -
perctatme ol kinenc dara. Addiiesal veecanch
ia aeeded on this phenowenon, partcularly
with regard 1g vhe question of the best reacoor
cnnfipuracinn inowhich oo groe kinmass during
patameter evaluatizn studics, Inthe meantime.
prelimicary evidenee swgeesns 1het it would be
acceplable ta use a cnm plc:rl:.' rrxal reactar
recerving 3 daly cyche square wave input of
feedd. I'has o5 the same reactnr cantgurahan
recreminendvd toc cdelernunation nt the ones
cewtratinn of reacily baoclepradable sulsiraes
i Ll Jevd aind tloos ot ape[rEATy e he a waelul
Lowl Tor wastesater characterizatuen studies.
The final purameters tu be evaluated are the
vivadara speecafie bedrolyars racoe kg, ehe hall-
sargiarion cocfficient, R, for hydrolyse of
sluwly Doadegradable oreanie maer aiod the
afnranifeatinn cate, &, Unbike pi, and K.,
theer  pararneters appear 6o be relakivels
incependend (4 1he reacder confguraticn {13a1d
and Marms, 198RL In frder tn measare kg,
the Binmass muopst b= satural=] with sliesly
hilnlirg:':l-:Ll'ble: suhsiraze. has, Tedy, is st
caanly accnmplished hy aperacing a cpmpleisly
mixed activated shudpe ceactar at 2 short ST
with Teed comforomung 10 o duily cyche square
wuve pallecn |Fhkama er of., 1980) Fipore |
alurmn Lue Ho 1L 1l onn yRET u|ruk|: mer Lhe
24 b preriod apd 6 owill b orecalled that the
i nediate drep upan Teed cossalian wds esed
tu determe the concenr aeaon of ceadily Bia-
degradable sobstrate, in adduaan, the planean
in the OUR afwer feed cessauon s doc
dugradation of uigdimea Ivleased |.'l'_-' I::r’ljl"ﬂl:-‘tli:'r-
of  slowdy baodemadable  subzuate. The
cxistenee of A ausaained placey 0p owidenes
that 1he beomass i6 spiurpied gnad 1hat hoedri-
|!,IFI:. L] rringal; EMa ME S Immo rake, I;'hfrrh-:.l
allvwnng evalvatin o By, Furhermare, the
puitern al which ihe CILME FRls nH with bime
ix determined hy K. Consequanily, the hest
way fo estimate &, and K., is by corve fitong
techongnes we cnuteh the respomst nf the micdel
Lz dlee wexvgen upake pattern an Fygo 1 Dold
arecd Maraw, L9 Sence all uther FlaTuamELETY
hiawe Yaten selecrzd. ele valy unknowas [or Lhe
curve-At are the 1wa bvdeolysiz parameters,
and the techuigue hus been found W be quite
wermmi v B Lheir values, A sumilar cvehe synace
wive el 'E:l._ﬂ-t'ri:ll:ltl'll whete mitnheation iy
inlmbated  alivws (oe detersoinatoms ol the

Tﬂhlﬂ 3 Famametork and charactarttics whic ity B -ttt rened

Zvmhel XName
Ty Vield for awatraphic biomans
b, Thcay vovllicoenl lor aulnbraphe Hoanees
It Fractiou of boomaes leadimge o peechie Lats: il
lyw Sazs W progen pre nazs al L i bideas-
[ M ol nelmeegen oL LR of LVAH T an Peandiers Ensrnn bnaimnzse
Fon Cagvgunt Pals-s tumatimn vog Nawes Fug beeie paraphic bivias
.F':.ul h|1r;|-|_' ||:1||'-'\;-:-|I_|_|r:1||-q,|.'. 1_'{||_'ﬂ-||.'lr|:l Tar -:||.'|'|il1if'g'i|'||_- l|'||':I:t|i.'ll.rl'.l|1|'|ii: heioiass:
Fy: Cigveen hall-cap-niman creFewenc For anrraph: bocmas:
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Activated Sludge Model No.1

amranrsficalinn rate, baned sn the celvuass of
ammnrg fram saluble srganme onrogen ducing
ihe nnn-feed pericad.

Twn i pirlant pownd acids feom the pre-
ricrnz alicusion, Fioan, some parataeloes need
nol b necasueed Brcduee geeumed values are
galiafaemogy. These are surndnanized o Table
3, Becond, evaluatior. of the remaining para-
megers 26 well a3 certain azpects of the wagte
rharameristirs mugk pr-'u:r.r-rl L] Tﬂrtl.r.l.lln.r

nrder herniese the valaes of come are peeded
befrre nthers can be obtaned . There are hsted
in "I'ahle 410 the arcler o thear detemmoatun.
While every etfort has hesn made 1 nve the
mast reasanabyle procedwre bue evaluating para-
mneters and  wastewster  characteristes, al
shauld bie rucq:-;,;'ni.zud thiat s lE\'.'I'IIqu_IJEH- are
].'-:ru‘t'l:-'il.lrlul. Berter l.culn'ftquf‘& arc |'i|:|.l.'|}' o b
developed as roure expeoence 1@ gaunsd in mse
ub Lthe rmaod=l.

Tabla 4 Pararvswers and charactenistics which muyt ba svalusted end irormation faaded

Prear inlucmatic

S Ll MNume needed

B Enluhle ontrace nitengen cencenccaiinn o wastewater

o Yuluhle "amnmiania’ nicropen cancentraiwn in oastewaler

5 Zulubile wiere SN concenlratsun wn waskewaker

L. Siluble snert organic nilropen concemiTALIGT 1 wAiE@AIT

S Anluble headegradahle arganic niirngen concendtalnmn m My
WIS[EWELEr

Y Vield lar heterolraphie Trumiais

= Cuncentrason of readuly Wadegradalile V10 o waarcwartr i

[ hazamum specifw growth rale ot aarkrapl e brones b.

[, Amminna sl -sataration cocficwn fue autalepkie binmnae

by Crecay cocficee n for bolereimeplis Lucnsas Fu.Fe

X Ined susperded oG ATLET LomsoIrd Tt ol W AECEwALET Tpa e Sy, S

X Slouly badepeadable arganic maner canceniracian in RTINS . A
wprfrwalsn

L. 2wl hamdrpreda ble mganie nitrigesn canceniration n VTIPS N
WRELEWARET

0, Cwerrecricnn Tezwar dor py ander aiase candindns

1 Coervectenn Tactar dor hydoalvses under anxic comd:Lisns

Hye hlaximum specific groweh rate dor heterotropliss s T W RN PR

K. Tl l.sawnracion coefmciant for heterolmirpbic Teuness Tu. YVero M X, S

B, Aaxionum apecibic bydralyviia mie

. Elali-eaturabiun coefavcient Fur leedrolvaic 9 glowl

buedegradaltle subsirale
k, Arinuennfecanaan rate




Typical parameter ranges, default values, and effects of environmental factors

Typical parameter ranges,

default values,

and effects

of environmental factors

Typical peremeter vaiuas

chardvneriztes  whaose  values IR T
gesurned carber vhan cvaluiied for each
auanen hey are hsted 1o Tuble 3.

The avtetrephe veiehd, Vi, o2 2 gompnsiee
valne Nor the connbined grasih of Silmsamenas
spoand rfrobaefer sp. b ovalge 8 iues as
heen ceperried e Wl Liveratere, althnogh oo
this mstance the Tange 05 more Wkely b hive
heest Lhe resuloof different enviranmenial coin-
dirwing than pf  dfferent nreapesme wnh
differang welalaelic elficiene i=s. Tepnict=d
valuvs range Dam 007 o Q2 pecll OO
formed (g e ociedized) ' The chenretocal value
ansucialed with the abssrsaten that $.33 ¢ ol
axypen e requiced per grimme ol ootrace
rutreen Tormed s 124 g eel COHD Tonied
he X esinlized) '

An Jiscugsed eathier, there wde gl
apreerent withun tae Lask group thoo i wondl
he dishenle e owmgasure e cpecific Jecay
cre Ricient dor autetrepline boowess wah ey
real meearong. Althoogh calues o0 1he ranpe
tebwcen 05 and 0015 dus ™' hace bren repir
wd, relativels e i actually bonesen ahaot s
value.

The ceelflicicon, fi. represeals 1he draclun
al the Lwrnas= 1that ewls Jppac inere |:-I|rll-=.'l.l|u.ll.'
praducls Tellowsng derav. Tepically, atieut
20-% af the Binmass larmed 35 considersd o
gapiribate sa che mert residue and chas fos
ustidlly given a vulue el O.&5F i b ldarsnal
rraadels 11 shomlad b recogenzed . hawoes g, 1had
ir. rthiz randel docay cesuly inoale ey <o, <
hwraass theougl the seathesi—roubuhilizaiem
renes. Uhuas, s prder 0 Late 1he ohae-ved
Fracu: ol naert poeduers Bormed per pet nmid
nl wxed-licoor voldide zwspended zalidy
(ALY SS) equal 1ooabumr 200%. the Fraction ol
thewn aetwally Tooped dopng each pa:sape
arawinl e evele m==1 he less than 11 PR B TP
Fisl oo 2 Traomn Bl Pt thad 1he abserved fractonm

eyl 2

C'I:IH.‘:}]TI'[';H Brat -l pard s aand

A

Yl v}

I 1l sabsewced dpamtinn = 200%, Vhen tha valee
of i Tor thes madel shewlel b arneal 8005

L nbhee stame hanetcis vecfowents whose

Lalues mav be sasnmied wre the fass of nuregen

pur iass ol cellolac COTE i the Binmass and

i, the nert particukate produces. Eor o svpical

cell Fermulutiom (8 H; 0, the valus ok g

(L7)

waull T 0080 2 B el COHDY LI is kel
ihat che moert particulaty priducts well corain
Ress ennrupens and thos an aperopmate « alue boc
o tewttld B i dhee pogeon o uf DG Y
rg S0 ",

A disowseen] vailive, the pur pase ol the hall-
sAtuwatio Coclficionts Bon The lectinn aceep-
tors b G0 Seres 2 Swarching lanehens taobrn
ar=nhw Al arnxwic F__r'rn'.'.'lh an ar rH at chr
axyEe and rucrate concenitation: vary. e
Ealbasotiorution coefficiend Dar disolyed oae-
2o b han ren been well characterized but
it known b vary considerably Tram argacso
Lz prganaana. Eor exiouple Lau er gl [149%4)
reparted @ value ol 1A p U ' far o flec-
Murm: g bacteraoan bor vads 0201 g 0 o
Lther Julaoweazbua s Bzeteriurm S_r--ﬁ-:-l-rru:'r'l'm st
Ao oresule of s wwceaTlance W o eoziplele
deacrapmion ol derane feation kaectics, K-, bas
teveivesd mnne =ady Al hgve Tooand o oo be
quite  lrw. =0 thar [ mst purpases
denint fivation: heldves e torearder neadiner
with respeect rooniile crpcsnratioe. Typaal
values o n: ipam 6] -I].E.j_:' Mlb=Sm r The
R -catyratenn Fraeticenl bar the eHeed ol clis-
elved axvoen an ghe petrilviee Baceers o
mepierlanl lor eeorporiioee che e lardane
etfuecl <han liw THY levels have heen abeerved
bz huve. YValaes reported o the lderatars Lave
ranged fruzn 3 na 20 U ' Barker vr .
P97 used wovalue sl LI p U0nd” erallnzira-
Lt B |IURpIUsEY.

The parameier valoes which most Te o alu-
aled Tue cach wastewator are lsted i Table 4,
The crder s hich 1hey maet be evaluassd e
pl=n iradwcatesd.

The Asrniropliy vield, Fppocegernds wgu
tht: nacwre al Fhae subsberade o= well as ehe [
lasion pf mucrn-nrgarisms ratrving oul the
cemradntiomn, For varas e coloires grow
Inpg N o rumther ml single suhstrates, b, Das
breern aalservedd za rape Trean DL L D00 g el
COHD Juramed T sulbatrace COHD reasved) ™"
Yield valoc: Bar omised calloces groeaing an
mialticmnponent cobestrales have becn fownd
tn the sate raogge. BT 1hw oflcenl wasiewater
cunlams  appaceidble  guantitues of  moicn-
urizai iz e back are wol caplicicly eoomaatet
durimg charcierzaton of the wasiewater.
thoeu  proseace iy nfuenee che oheereed
value o Vi Tadane, rejaticely linde eacageh
has hesn done on their impacl.

Tlhe pacaiister oy iz oo of The miofe grinicsl
pararmeirs in 1he rrde] Becanse b derermijnes
the 5ET a1 whoh washaat od the n:l:rl.l':.-'mg
Barieria nconts. Heranse matriheaticoen as 2eing
mitclelledd uz a siwple sien preeess an:d hecanss
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Activated Sludge Model No.1

Sibrmacter RQp- ire genetally cunsidered Lo
have a higher maxsmum ypreific growlh cane
ihan Mafrosomenas spp., L3S AppROprLalE [0 05
the g, value assecated with the rerncvgl of
Arrmanma ratrupe (e, w il SirFseHends Spp.
grwtliin the madel, ¥ alues bave been repor-
ted w thee linerature whael ange Diam 024 o
6% day’ ' [oc wiked  culierse  axidizing
Arranomia oirrgen anded spineal arndiinne
im the laboraniy, Because mitnfring hacteria
are influenced h:l.' many rrvitriamenial Factirs,
such as pI-I and CEMpPeTARUTS, Lk 13 Liepuclant
that acaual values he mgasured lor the quacs
Lieulaf washe in qresmnn.

The decay rate castheent, by, s imporeat
Focauer il has a larpe efect o the prediced
coll mass a1 any mven SBT. In radueosal
'|1'|l',||:|{||i|'|:|:_|', 1her= 1= mn rEI:\'L'I“If ol anlistrate
Trenn dﬁ_.a'. an clese 12 1 thes coodel. Cane-
s:'qurnl:h. W s shifficule 4o LLOpace v aluce ul
ihe tradmional decoy rutes. b, with valaes of
ihe muehhed paromweler, by, oused oz,
Mepocted calues of &y vary wudely, ranging
froan Dewey ool 10605 day™  far damosic sewage
o the USA w boghy of Lfedas™" Tor some
lord-prowcian g wastes. 1o s this wele range
that Ted 1t recommcndation char the decay
rare  coctficiemt e meRsured  tor cath
wastekdater tregbmernt scnabinn unider oons
<ideranion,

The dewilpiAcalionn correcoan Eachiar, -
nags| he incloded 12 acerunt for the Bact whal
cacher the maxemum cade af readily Tiodepgrod-
able subslcate reevil e unll of boomass s
Lvwer under arwoae covndeenna than under
aerdlay, wr that non all heceronrophic baceeria
catin s o A ds 1he el nwnal elecrren age e -
s Althoagh eclateely {fow measirerne nes
bive been tmade of 1his paganister il appears
w Eall in the rapge I =1 The lower vilue

wppeEare L b wescne jaled weitl wustow sle s Eooen
wngeritlie wewers wherces the higher value
Seerns (0 b agecwkaned wath waste wakers Erom
avenhes qewers,

Tvex pther pararmeeers listed im Table 4 are
g ol A wlich dexcrits the zrowih at
hereretrephs o Ahe readily depradable suh-
sirate. Th CV AFE CETY -.'Iz'p-en-.'lznt an the natore
M the wastewater heing Ireated and thus larpe
ranges nf vilues have heen teperied an de
Mterature. Furthernore, as descossed  pre-
viely, thew zppear 10 be nfloesced by e
cl:-nﬁfl.iral:n.ll:l il the ceactor watlun whicle he
buanas: @ grown. Cwcseguentls, even Tor
durnesti sewaps, value: of . have been
repurted wlueh sary from 280 1212 day !
whilz K. walues from 10 o 180 g m™" of bio-
degra-del-le OO hdve been piven.

The eakimutn £pecibic hrdralysis rate, &,
the ha|F-zpiarmtian raeffirsent {ar hedrnl paue nf
r.In'.l.'l:.' hipdrarrdable sohsitate, K5, and the
ammaniferation rade, k, are telahvely new
paramerters bt whwh htdls m Farmatmn exusls.
Tluas i1 i med puzscabile at elay 1ne Le gave tle
rariges: willuin which the valoes are I.”:tl':-' Lz he.

The parawcter 7, acl: tw ceercase ihe
maximum hydralyvsis rate under aaesw condi-
tmng.  Altheragly mlucrmatiom o 8 1= alao

Runtedd, 18 aprppears 10 bave a vitloe i@ the ceginn
1 ik fDuld o Moicas, ]*}EI‘_’-]-_

Deafaull valuas

The parameler vabies wied b the Lask g T4
im the medelhing stodies repocted Jweee ace
lanteck im Table & Tiar 10 °C apd 20°C. Likew sy,

Prpcal wastewaler chariclemslies de liaed m

Tabla 5 Typlcal persmatsr vsluss &t nautral pH

Valoue wn Walue &
Syinlnd L nu D Lh "
SurnhiArHE IRATEER
Y, g el COEF larmed g K osnlized) ! n2q o214
LYY 2l COD formed {5 COL vandizcd! ! If7 Cav
It dinansonlass | I (KN IE
g 7 Mlg L0 ' in bivinas 1.1y L.LEdD
(. L NI COL)T i endugenous ruar Lk Ik ALY
Liunlic paramererd
e IO 0.1 AR
K. gD ! L 214
LT gtm? b2t (I
Fon R -"‘r-'1':“'. m ! .= f1.500
b, day”! Il .20
T U usar S £E I.I-EI ns
En M d K|
R, e elewly B depredable €00 [geell COL l.h.'.'] 1w 1.0
b, g ilr WII. Bwnlepradalisle COMD g cell C400] - T AFT .01
i dag™! N80 1.3
ey EXIL AmT 1. .
Ko gilm A 0.4
B, m' LD day) ! 18, iks 1.4




Typical parameter ranges, default values, and effects of environmental factors

Table & Typlosl charactarintics of yattiad domestic aowape

ven Lol Lhin [henmark Swinzecland Hungary

c, g OO ! 125 A 1Kl
L g CoTim! 401 25 H
R £ O ! 250 IHI | &)
X, 2 (W 11 5 T
% g 5 i 0
Xan gNm 1 1 13
Lo NI Km '’ i m E
A g s & 5
Eeat EHl-5m ! . I L

T'akle & nr srveral countries, he valpesz 10
Table 5 are considered tn be typacal {a7
neilral pE§and dnmesiic wastewates. 1 shuatd
be emphasized, hiwever, 1hat many parameter
vilues are srengly dnfuenced by eowscon-
wental conditions, as discussed 0 the nexe
aeelivny. Thia, althawgh the values o the 1ikles
e B wsaed a9 delaoh values o the abweoce
of apecifAc deana, 1l Jango i diang au sheald
b recoginzed

Environmental effacts

Althaugh 2 nomher of =nvirenmental Bactoes
can wnluence the purarneier values, three,
|1a:rl:||.'1|.|.:.|:. deswzrve metion. Thews are apﬂtuﬁ-.-
lactiors o the wastewater, pl, aid  1em-
prraluse,

tl ol peoragoerer salucs can be moeeced e
specifie cormerands i The wasiewaler, whach
max 4ct m cathee @ s lanory or poiabobskary
raanner. Thes is panicularly true ol ghoes
whach descrile mtrification. Because of tha
many Saciars which can poieotally have an
elfect. e is dificalt to genermlice aboot theen.
Tl walese Jpproach i@ 1 evalusre the para-
miclics e Che pecifie Waamewates ui Jaesnh.
which s why thar procedore was recer-
fretded.

The clecrs f pl an anrificpion bhave heen
well drcwrmencedd rnd :quﬂ.ti{ma hnve kren [rn-
pased in the literature whoeh mrorperate them.
The pH  alsa inHusnoes 1he  kinebis  of
lietereiraphoe goowth, Bt deser gruarddalee
e latwialips bave been develuprd. dloal esta-
aakey of parweter values lave been anade wl
anvatral pl and tlhas i implicily aazumed

trn the moad=l Elat 1he pH 15 near wentrdlivy aod
ceigtively constanl, Because Taah ootrilealien
anmd  demaniboaton  weolve changes o Ui
hvdrogen o caacentcation ey are Likely o
alwer the pld il cthe buferng capasity o the
wasiewaner 15 oot suficient Banes dthe major
CrETilueng connriburing 18 bufiering 2apacity
o alkalinily, the maade] wez iraemred s that
alkalinicy changes £an be calewmlated, Thia
Allrye. the waer 40 check tn be sure that
the mssumphinn ol nearly comstant pll ook oot
vaslatel.

Within 2 marras Leso PErdLUre canye [puy-
chruptnlie, meswpkolic, or Cenmophilic) au
sncrease i Lean peraioce geoveally reaults woan
mncrease b bl valoe ol & e coeficiem like
g, 4 ar b L roawner that can he desephed
Ty & wodilied Archeaios equatinn, Beraose
half-satoeation  opefficients  are gt mite
cocfeears,  lut are  parameters  which
inluerce the shape of a p-5 {ar ammones
rilrager, nxveen edc.) corve it i reere dificuT
tix generalize dhoul e elfects of wempeeatoe:
an Lhem, Bnrme aoereade, Soime dc::-‘-:a*s::. and
sonrie are unchanged. The wagaetdng poidt 1o
recoginiae, lusacver. 13 than all Rincnc paca-
meter: are mfuenced Gy osemipergture. 'hes
wupgests than cheir values shoyld he deter.
ined a0 dhe demnperature whirk wibl mpese
the rrel epitierl condstinn wn The Euall scals
Faziluey, 1l that capnet he dnine, thew a cucrec-
toon Fachor i cemperdbure neust e applicd.
Altvguph a number of temperature corceelisn
tantars hare heen repucted o the Liccantace.
minst have heen deseliped Do osalaed paoces-
ek, Sence i .-:ill.ght' :-Lud.:r haz dewrrnined che
effeces ol teauperatoce oo all o Wlee precesses
arcurprraled jato Az odel, the tesh provap
wis eluetant o mis coreenion factars from
acverdl studies,
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Assumptions, restrictions
and constraints

HEM A wastewater tovalment 4520

E'II ‘,n' o Lo b modelled, 4 eeetain nuarmbeer of
sirmplificarons amd assarnpinons s

he ricle i arcer 4o rake 1he naodel teae wlele,
oo nf Lhiese are waoesated with A pliveical
systemn el whercas ethers ooogern 1l
nathematical  owdel. fren these sam-
plilcatins and  &ezwnp@ion: are implicn,
whoeh wwy cause the user moaverlonk 1hem,
W hen iha happens thers is a streny likelhond
thar they wll b wigelated, ssbow T coonled cleslpas
the wriliny of the yesali= To prevenc that {fram
ha pp:'-r.inﬁ 1he ﬁ'-llnullng sectinrns nxplll.'l.l:l'.'
CNLmnerabe Phe Matnr ansum piusns, reslric b
and panscraints assaceerest wid by the el and
the physical weternLwas desyroed estnwlane,

Assumptions and
restnctions assocated
with the model

L. The swstuem pretales al coacsiaot lewe-
perabura, Hecinse many of (e coeffioenes
ate senctuens of Wwrnzerature, Tlher Swo-
tumalty would  bave o b oespheidy
pxpresd inothe sale expressiones. p, i
urder fuc Hne-varand 1o At Aucng-
alivrrz Lu bt copsidened

o The pld oie constanr and rear neutrality .
As deecris=ed carlier, althoapk oows knivsn
thim the pll o anfuenres many ol the
bl v, bew expireaaans ane v lalle
1arr |:=:-:|'|rr'ﬁs.ir|.E' lhat  wnduence.  Con-
zaquerd v, comstant pH has bewn waaumed.
The nclsom ol Lhe alkabinty o the
wikcel allorwen the sraer 1 et peavcomial
preelalezos wiel pH concrel,

1 X coosaderanon e Deen given e
cligmges i the natuae of The oeganic frETer
witlinn awt gmev fraction [0.e. the readidy
I_'uimj‘u_-g-'a.f‘ahlc araanic mairer] In nther
warnds, rthe eaeflivienic sn the rate
tapressiane hpee heen assamed b lave
vuli=ftdr vdlwes. I 0= skl ]I-CIH!.I|:-|t',
hoa e, for the canrenirabian anzc i bed
wisk ary infwent Eraction da vary wih
bme. Thuw while varable wpa loadings
wite be liandled, clanege sz nowiswe charLceer
wanol,

4 The efect= ol Limitatons of nilegen.
|.|||-:|t||.|-|'|l.lrl.|=l. and ulfer e g-all'lil. nuttecn ks
v the semeeal sl orgaome sohatrate an.d
o el prosth hovee pon Been eongdered
115 el knnwn 1hat inadeguate narpanic

I

rutrimits can lead 1w pr-:r].'-lerl':s i ﬁ|ud;ur:'
selthealabioe, Thus, vare s be 1iken o
be sare 1hatl sofficicrn guimtees of -
wiganic natinly g il e allies
balanced prowrls,

3. The correction Tacters Ter deninnibication,
e and A, are OXed aod cnostane laroa
piven wditewarer 1o is prssible vhan 1heir
valug:  may b influensed by eyseem
configuration B Ths i ol cansadereal.

6. The eocffigienss dor  minleaton  ace
asaymed b by cpnstact and tnoncoTparate
any in'hil‘.-ll:nr:. eflecis chat ather wasle
cansdifnents are hkely B have an chen.

e heterairpbne I s [
lmerenenos and  dies nel winder go
changes i species diveraaty s il 1ime,
Thas  assumption e cherene ie 1he
axsurmplion of  Sonstann Rere para.
meteis, 1 oalers peeans rhatl 1he #Hects al
suhscrate copeencraiinn gradeenis, e bnr
gonfipuratinon. #1040 shdge seillzalnlly
Arc 1.ab gonsidered

f. The Lrtcupment ut par!:l.'1.||u.l|.' u:l{all.i-u.'
meates im0 Ahe Dicass s aasomied we b
Imalanlane.

W Hedrilysis ol vogaane matier dmd fraanic
mitzogen are coupled aod aceur sinul-
Capeowsly witl cyual 1ancs,

100 The oype of election ace epinr presend adnes
ool alleer 1he loss oF artive bBiomass by
Jevay,

Constraints
upon the application
of the mode|

The fallpwing represent sonae ol e con-
steazrds wlich most nel e vialated A sunoda-
tren resuls are 0 have prvetical auhey, *hce
are necessary Secause Congs which are possizie
g Ll maaracally oway oL be possable i che ezl
weun .

E. Tlhe s greewih rate or SET of the bisimass
rast b owatlon thee range thar alTows o
oo ent bivanasa odeveliop, Far exanile
il the ERT falls below 3 davs ihese are
Ihely o b crvere pooblenns wicl sludpe
sftleabiliny wnoan activared sludpe spegerm.
Swwer the model doee oo ernsader shodpe
eehling, the nser maet pm=ure that sl cnncdi-
FIRnS £ m pl-n-g.'rrl well reewlbinr sh |-.'|1:_n.= whwh




Al prnp-rr'l'!.' T'he npner limat on SHT
Fer validite of the madel o single shidge
sysrems is non well esablished, but appears
Lo by atooun M dnys.

|'rn|:|rr sludge seriliong is al=a Jlupend.-unt
WpHIn the concemiration ab =nlidx :n11.'ri.n|§
ihe Anul setiler. Thus, while 0 & posslls
matlemnatically  w aoake 1he  ceacluc
lwdranlic retention e ol by wakieg
the acovated sludwe comcentcation weey
lurge, soch o twde-ofd may wor work in
praciwe becaoae o reay e diffcall woget
the Tughly coneeotrated aludge e wenls
sulficicwily 10 abrain a clear fAvens, Lion-
virerly b che Rlwdge concentrabnn entering
the s=eHl=r 15 fiue loowr, 3 propet sll.n:lg-.-.
hlunkel may nat he established aned a 1404
eff.ent mav resole. As a roaph guideline,
the uctivated :ilud.p.' comcenbratliun l:i:ll. can
units) sheuld generally Tall between TE0and
YEM g, depending upon Lhe e of
prretreatmeen D, I i dess o the s the peacios

Assumptions, restrictions and constraints

saze, shrild be adgosted 80 inctease ur
decrease it i needed.

Iae unaecated [cactsee of the reactor
'|-1:l|1LI'II|! .'-I'Jlluld il E."h'.'EE'lj 5':"':{'! I:"L"‘l:'ﬁl]fl'f'
.-.|1.|.|Jgu M'I:I:]'ll:l;.; characteriatits naay Jererior-
ale af 3r does.

Tlee awixarg mrensary i a0 aefated reacinr
will b pragwertiondl ta the power evpended
pet unit volume far osygen transler, H (had
imensity excerds 240 ', exreswove Aoc
shear iz Tikelv to cauge paor ludge settlg,
IE the chnsen reartar sizes canse ithe mix:ing
nicnaity inoany sinple ceactor to be e
great, 1hen the cesign 1% wol practicsl and
new reactsr res wliould be chozen. 1L
should be noted that the chaxe of new
teachir  sioer wikl change the aoivatlcd
slodye cowentangn f the BRT a5 hepr
comstant . ConeequentTy. the canstrrintg an
miking ntensity and petivated slndge con.
renteation sheonld be annsudered simul
tanenusly,
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Implementation of the
activated sludge model

T N FULL peenial of 3 conplex
seheme ol CrcerLan PIOCe A B8 s
il b the activared <ludge ses1en in
Tahlv 2 canw iy be redlized of egual cere 1=
deeued wowards Lhe physwal svnen i aloch
theze procezses will e active, Tl wendelling
ol connpled cotivated alndyge reacter scelenes
snder wnr-s{eai slabe coendn nns s b uln-
mate miwl il 1his rean, 3las balances. which
relite che vy nl alace 3l 2 BEEIE L 1AL -
i amd ennversinn proresses, are che mgss
coeceenent tanl 4o mpdel sestem Flu:r:l-:l:rrnJ nce.
ot atedl sludee R setieomes are moddellecd
a2 @ voralination ul contnzoues stered taok
reaeturs (ST e mans balaoces may be
sontrey ae g oael al contpled ordiosan v dillerciial
enuationa, whioh oy the kiceics wraduced
huce [able 21 ar* non-linear Boomea-eal
nirrakinn |-I'|'hf|||'||lr'5 will ||:-;|,|.1II1.' I |'4,'|:||rir¢|,|
B scillve The s LI IFLEH B

T'he Eallwing seemans are provuded W Tye'g
Eloc Zese cxpecienced process ecpmiecr davelap
saltwure based wm the proposed  actecated
sludbe: kizetics, A personad cornpiter wich
pAs cpnngler oosaMcient o inpleres o
prowen ful ugram, Full felings of conggoker
PRI A waT '|:lurpl.15l.'ru||:. mul pravided n
thi= pepsat, B rigquiming cacl user o develop
Ris o snfre a-c the cash o hoped tooanake
cach w=cr Tully awar: of the detal= iz the
e,

Modellmg of
complax flow schemas

The gencral Ava scheme indicated o Fag. 3
ey b sk D onnadel o vaciety of contmens

Howe activated .ﬂ\-|1|.dg|.' Trocessrs. IZah reacpwr
e paThime L L, = assoted 1 he cpm Fll{'ﬂ'"l!.‘
nhsed And must be detined wud regand 1n:

Verlume., Vidk

Butlaent Hooy race, £, 0 A4 (81— €2k

Walme b the mass transtar costhoent, &) a,
uf e aeraten ecapmend  under the
uprordliog  condilaas wnpHsed. Altetna.
vivcly, e D) concentratun 2o gae o ceacs
tuz opuld By fiacd ata specilied value e
be rmaintained b a B coniealler which
wrnld aleer the Ky a4 value as needed.

Figie 4 presents sume  pressdalabes s
el e tvpreal  actrvared  slodpe Huw
geliomsz, The right-hand celwen of Fig. 4
idivates Juvw these resctor scheanes may =
chacactecized o namerwal erins.

Oefinition of
milial gonditions

Thr activared $||I,:||.|]:_|'\'E- rande] nelades 1)
nudeprndene state wateazlee dar earh reactor
cumpartrne k. Ths reepares 1he defnmitinn aof
a large coarnlees ol iritial valmes bedare megra-
Ly iy slarl, Szoce good sslinades Der real
taf Alaese el valies ace ot ur;uu”:.' available.
e Leclmgue would be o star the deronie
sivvnn it foonee w 21casly stale ciamnm as
derived T a mean lead conditize, The sieady
wlate iy b oolwamed By oavlasaiioo won
sveral By ol all comgeomenls OF ke
alternacively a micire Jdirect prmudur'f mas b
nseel as dhi=cnssed lazer.

k4

Fip. J. Conliguration and somanclature of gamarslzed activoled shalgs sygiem.




EWLLBLSE Aoy GEpoys s e SR SRRl O) PEEh 89 ARL D[y SUSITAR 0 Bepdwewy b by

Al Le 1=y C+h Aol LTS 17
e 1=11 1 LHAM T4

‘1w e 1ant < jvmd

i 1o e’ 12 w7

BT [ N R T )
TN B PREAF B TR FUA I ) YR EH I 11 B Y T o E ]
LY B r I

(ML B 0 I

1 'kl (= 11 I8

cAIW HOJLTwEA LvAe dRD TEed TdlA SidGtSA
S o= 0Tl T e add An 139 Ak

Implementation of the activated sludge model

29

{18

10N
)

dr

Factors gowarning
| integrati
i [d{

Nmeriga
uacd mcthod Af numerscal

stop sizes doring

Cire AL

r J= r=n reH L I [ PR T ey | .
L) r=c reH 113 1741
ER ! 1w3d
10 .- H g ] L
| = B2 % I ESA ACTAGTInllhal il
I "&l orF L
L= I [ B 18
vas SodicwAd BHLrldi ] TR THS ARTEN
Lol 0T L L SHELTIHA AN AN AR _ﬁ_ _:_.u_-ﬂ_"__.__ux-m ._.._-.n_E_._....l.-
-
COL lu Tl Tad HExL A1 SHT 3d T
ol 2w Teal Tad L4311k L m
1

[ Rl T T I Y L ot B M b I B [y R L R L]

T oam [ =R L b a e
oim T LR E] b tﬂ.vq

[ LY 1} |:||.|.'pr||1.'

erterials ave needed, I'he pregrawnner should
sepcve 10 choose the Inngest perivd oonsasoe s
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Considaration of
yvariable [oad conditions

with Sofie pancess Ei.'II'I.HEI.IT:lI:I.imb. shorl Loe

2 perved of approximately 2 hoand then o sweg
e few walues for e pest 2h, e, Eluwecvdr,

Thuraal or raodorn varigtion of wastewater
Feedd concentraone e typical Ene mnet troead-

ment plants. For domestie wastewater treul-
wfLlen sqfficenc ro pseL™e & ransiant oot fer

inent aid Tor many ndustTel siwatons o
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where © repruesents a guneralized state varaable
such gy a comcentzution and 3F s the 9lep sice
e pleged e the sregraton. Uhe appraoch o9
wmasl avcutale when A0 - very siall buot the
o e ol cernpotativos reguicesd [aod hence
e vocnpuater Lians we prerforie ) o caets
wmveracly with 1he arac of &0, Converaely, wice
sl be taken amol vazake &40 0 e gge, berause
ww clir snn wall cesult an Jarge errogs and osher
wuiresrcal probleony, Far caample. of 20 iz 20
lurge thuat — (O Sl & = £040, chen O0F + A8
will he negative, wlich 15 phyaically imgeas-
ikle. Thue, v criverion Tar an apper Limin on
At s

dd "
== e  14F
34— m{ =) (1)

Fua rthe generalized reactnr system lhas-
rated in Fig. 3 @ mass balence far state vun-

able 1 in Teacigr cam narcmeni k mav he written
as:

L E_ Fb|_Dj| +-Ph'_£l|
':-rl,, dr |r'|"-|'_:'~

{211}

MR NTS I

F and ¢8 are anpue [leedd] and cotpot trans.
Pt ters {MT E

Poand A are prodociom aad consuinpian
tecoas (AT ™',

¥ 15 volume (L),

|:-1.|-||||.'li.|||||;.: Coneditioe (195 aind E-{|l.|a.lim|. L2,
ant ovgleenng the porar e wenes oo e wdss
balawes [F, P, vesales unoan cquacn Tor the
Masirur skep siec

A e

AN
The werm ¥y, ie the mean resilence e b
component Fin reactur compariment & oay
<1¢ady £lage, [he impacty nee 1l Cowdatos (21}
= that it demqonstrates that the maxonon
allewahble Alpp fize tar =ach v el ndy
he diflerent, drp:ndlng upan 1he woean rezi-
denrce 1ime ol that LI =HLEILL Fl.ec-:-g:nitim of
this 1ar1 allisas the wiaarerical it acicoo wech-
roque to ke srganized 1o g way which peoviden
ndequate accuracy for each component without
wasiiny computalinal time.

Torllistrute 1he snporiance of ad usting che
step swes (or ideeidual componencs, Lonnde
tiun (21] was uecd 16 caleulate mean remdence
Ume:  wsing typicdl bemd,  hydraulic,
sichivmeteie. and kindlic parameters with
reatlin conceatrasions i dhe Tange wiich
plaved all =aturatien kingoe espresnns in Lhe
ficst cadew 1egion, U'his revealed that 8, wus
af the grder o JUmm far Xy, 0 Xe o, X,
M., and X, whereas o was ok Lhe drder of
I man dest 5.\,. S:‘\-L'\" :'-."h\_'“ . A -Sq,r_|.; . Further-
more, for S, By, was of the nrder of 15 The
fact whan the wnean resdenee windes vary over
a range of 14V means that much com pucationsl
efficiensy ran he mained by using different step
sapes Far the vamos differenial equplinnzs in
1he mndel, Loneequently, the equations were
p.lrrlri-:mf-:I irtln -] JHT L dnpﬂ:u.‘l'in;z Lo dlae
siep simes apprepciate for the compnnents in

-4, (214

ilem. For each group, the size of the step rvay
b caloulated Baerd pn L lonaditien (197 with che
falloaing legic; for all enmpanents wno dhe
group and Al reacter comparkmenes, (C fde s
valeulated apd then 2 maxinom value of:

Al | T C AT (22

ran ke nxed 10 fix the mime of the nest ime
.ﬂsh:p. !"_illﬂ"ll."irnl: TOLLITRY 1% IJHEI:”'!,' ixlitaed
whern For mach pronp the e siep s chusen
incthe zange of 5 1 20% of the above nweotiooed
maximain value. This eethed of clivice of 1the
ke step hos the advaniage 1har norercal
|:|r|:||.||u1||=l- dur sl uulu.all:.' Aprpear, chen 1I'|-.'-I.|gl'|
ot Loate slep g cunlisocasly bepl L an wppsi
Liarn.

A simpla
integration reyling

Figure 5 illusarates an imtegration routine
Firzed upen Equatinn (18 and the partteening
of the diferrnlial epatnns al.tl'.lrlﬂ'll:lg tu the
allowahle siop sazes. The rulioe elegrdley
Eorsvard in fime o slarwn.

The mear remadence Lmws, &, . atrod weed
in che preceding scction are alse wseful for
wsnchizating the lewgth of vane regquied for cach
renmuziel L ceach u p*::rudu-é-tuad:'.' wlale
prven a bxed woput. Tl cclenation Time is
direcily propurtivasl o @, and thus the oxs-
gen coneentralion approaches sfeady prate
cuch Tester than the Foluble cnmponents,
whicl reach sready stae faswer than 1he par.
meulate eompanents [n fact, the partirulate
camponcuta may 1ike several SRTs oo reach
steddy atare. Theer facls mey b oused i
deve lupean cicient rowlne boe findenp a skeacl
stane. The vae inpdermid e (eever e, and
atyl should b deacisvated while nuntsiong
S and &, . 'Uhis wauld prevent the inlego-
ann reunns frem mtegrating lerwaed o ceal
simeg, bt wnnld alha ok e relax wiward EIE'ld[.'
state mure rapiclv.

Structure of a
possible program

FI“IJ:I’E O acndecates the soruerdre of s |_'u:|$5i'|_'||_-¢
sinalation progeain. e co-o1 dination with (he
propoecd mlcgration routing, stele variahles
should be prouped i a v dimensignal argay
el reachor comartmenks and Lnmp<ments
such 1hal one index hrings wegsther all com.
prnencs whach are avhject tn equal imtegration
strpe [ partucalate, solable, nxvgen). This facile-
tR1rs |-:|d:|11- cordTal b e gdvantageens 1 inLriz-
dure a strichinmetos maimx. F, (aocurdang
Tuhle 2) and L3 apply matnx algebrs Sor e
datersranabinn of the abeerved ceactionn rates,
rv,- a5 a funclien of process caws oy, and
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Fig- 6. Flow disagram ol integration rouling {F «ingul; £ 8 ootput. 7' e seectlon).

stucchiiomc ey, Thas approach allows o casy
adjustroent af process ket exprestinns ancd
apechiometrv—a necd whaek will ypespehly
appear.

Exannaten ol Figa 1 and 4 veveals dha
camnponenc2 ate fransterred frorm the Ir=1 (=)
TeAc compatiment t0 1the first (1) by the
recycls Bowr, B Uhas retoen of materad Aeost
b= hamadledd imoa snanmer wloch dues nol vioslale
u mnasd halance i the secomedary clarfer. The
madel us preseoted does ool include any pra-
cesaes during clariication cnd thoe the segun-
Jarw elacifer vyoeraasidered v be siiply & 4epar-
alin: |.l|:li.1|.L. Ay balanee aboon tlea |2rr.|'i||l
Ter all suluble conwponerns, ucluding oavgen
reveals fhag rlie beed rate of & =oluble come.
ponent, e fram {he la<] conmpartment i 1he
firss compartment 1s:

R 5., 2y

I'he mass halance 1or p.irl:wulah.- Sempondnts
ek 1ra lude sllli.".gn wRElAr and che inadver-
ger [ass nf solids im the averfina Brom (he final
vlarstiar. Far the purpaee o thes Wlustrition,
the fical clarther has been aasumed te he et
Eect (k. oo partcolates are lost]. IF shedges
wastape 1w Tronn e teevele Lue and ol all
prerliculate comrpanents seitle tgether, then

the fead rate nf 2 pardicnlate compenent, T
§trim thet last compartment o the firstcenepar.

menl ix:
, Vo

E lII.l.'-!|:-lu_||| (E

|
'
PR WL

[ |+F-‘;-._ -
L e

124}

Steady state solution for
a singla CSTR

As sheanom Fip. b, the imitial values Jor use
in che rumenical otegratinon routine can he
ribtained form bl steady stale solotion (or o
single  coanpledaly  mised  rewcter. Thiay
phyviusly requires sumplilcatan of the model
bacawse beath nitrfcation snd Jeccrification
canaiwl pewr sioolianeonsly iea gl reicior
upwerLled under conagane candwnns The aug-
prated approach i ese e DE coneent ation
al 4 deared posinive value s 1ha Beth ca b
oxtdation and aitnifeation will seewr, This
their, el dernmificatinn 1wt <im-
plificanens raay he mage by arswmeng thae all
pracesses. may be descpbnd be brat order
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Input nf Expetic and stnechiometric pacameters lor heterclrogdue and eelotrophs: Urgamnisis,

hydralyaa

Inpun of mean snfluent concentratsan

Cretimiin ol ot sclding 2R, Sy, erc.

!

Prediction al ateady Hade for angle CS5R aetativn 1ank with wolunie T =3 ¥
[

UUTPLUT MEAN VALLIES

Tuitiahizacion of enonples Bow schemy b v gieads aoe

|

Torward niegratean o real Lpne e &6 = K fg 10 approach paemdi-seady slale lor anlnihle

compHnds

Rt lamutwnn [nm in real cime] sovgr J1=n * SHET i resch 1|:EII1':|' sfate Lus |.'l7c|TrI|:"'i.I|-I'|E
Cunhk il

i—) BT STEANY ATATLE

Adqunr willi o eandiceins secnrding o diwrnal varainn

!

Lbegrade [wpwnr<d aoocal e

k—» OUTPUT IMMEDIATE STATE

Fiy. & Steucture o 8 pogsille simulstion program.

kineticy io the Tollowing fanm: Wil these losarizatioms, the mass balane= far

oy k5 4250 all GO [ONE TS i a wngle -.:mnple:el_g.- cruned

o acration rank viclds the raatix shown ow Table
PTERERTLL RIS (T [ 126] ¥ The symbaol, £F, whieho iz called the Jdilotioon
racg, appeats in the sable For ahe fosc boe.

- ‘:\. II A4 - . . .

17 Ry T P dilutior. rate is aimply 1he inverse of the
it = o n 124} eraidence time and owa dilwtion tate; may he
o= b lflq'} defined af 1he 'h.f-rlr.au.lir (eluahle] dilution rate:

8T Fa by s
o = By S 30k =01 t33]
pr= b X l (311 aizd the particialate diduticm rate:

. .ﬂ-': with k“=ﬁ7 ) e
=t X (42} Ih = (5K T} (34}
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Yinree the oxvgen concernration in the asretion
fank must be predelined with this approach.
1he required Ko e value o 1he agranon squip-
menl Becnmen the |r.dnprr.dnnl varable wah
suhseript 9. Irteal values dar all stare vamables
may ninw he nbtainsd by matnx insersion an:l
srilluticm o 1he srpuaiinnx N Takle 7. Such a
aclution mav he whiwned independency of the
campeaitinn of the Bzed. This e especially valu.
able of wecobie stabilizavtion of e slodge = 1
b deseribed. "The mateic e Talle Y coz L
gel up very sy o a program, wnce all emngly
clenuends have corrcipoadag 0. valoes ol wera.
Column 2 owould g3 wn E:I.-II:'I'IPIC rl.'r.'|_ui.r|: Lhe
Tollowiag HASIC satements Tur sor-up:

Ford =110 13 marus (2. 1)
=wow 3, IR L mse |
MaTrek (2, 2= mare i (2. N - Dl

Even W the steichwmetric matrix, », 15
chungecl, this prscedoce wanld sedl fod alu.
alle mntial condeesons, The acorvaned shudgs
venopusitnn enay Do be obaatoed by cnatees
coversaon ©f Tuble 30 Tlhix hay the ads drilage
that 2 change i e higanetry reul: anly i
a change i the numcoeal valuca i the mairis
to b invsrted 2eommagor changes in snfivare
ATE Cequired.

Tatie B

If the apsumpton of fret order Kinelics
eestlis in imidial estimies with so mush soror
that 1he nurnerical integoatinn ws harnpered,
then ot will e necessary 1p ose saoradion
kimetes. "U'he museest way 4o diz this s 10 leave
the thatmy as Sluasm an Taldle T, ot we recog-
txe Eledr:

it (151

where If?f 15 the limmng compaund Ear process
I. I'his means that the matris must be solwed
Heralively, Farst, a reastinable estimate o moasle
) HJ and whe epmations ace aolved by matnx
imcrersicae. The ruuu|'|.i:||.|; slute variables are
ther weed Lo vbMaie o new estirmae of K, and
the process 19 repeited wonl o convergea,

Sample tutput

Tuble ¥ centaing 1the shmple swtpat from a
program of 1he model The aciivaied Aurdge
senern eondans three reariars ol equel rze 0
ceries with the leed divided rvenly hebwesn
the firsl pwn. Mo DEYETN 15 KLI"IFI'i-l_'!iI tia the Grat

Sarnpds oulpul ivorm activabed Sedge rricdel
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reacivc S0 Jdeoatricatinm weeary ihere, The
Oxp et Comee RO Lo jy faed at 2.0 0m " s
the seonnd reactir and i supplicd oo the thard
at n Aved rate, The sntivent conngin: |6 g m™’
nE s'ln'.i_.'lg.' hmrlfgr:: dahle  suyhetraee  and
fad gFm "ot rl-.n-rlih_.' hindi.-.[__l;r.id.l.hle siubtrate ar
well as the nther constitine nts Listed. The mitial

Implementation of the activated sludge model

colditingz £ale ulated by matnx myversan are
shown in the rght coluse while the steady
£lare ot i showrr. i the Inwer pHIrtLIEn il
the samea calumn. Eximmmanno ol Talble § will
reveal 1hat an engineer cauld rapadly evaliote
sweveral all=rpative resclior wcheies uﬁinﬁ Lhe
PTUran.
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Conclusion

FILE™ (1% ¢ riswder= i = ystame as coan-
‘;‘ i.’ pl-:;?.; as A single.slape achiatd Hludgﬂ.
£ystem cap:hle W ocurbe pridation.
mitrticating, anc dendrifiortinn ok s AppHrend
rhal 4 tremendnn: myvestmenr 2 Time ancl
My wor g e T:'qll'irrn:l Ll CIpaTale |'|||-:|1.
plant ag 4all al the |'||:-.-=s'h'|:' curelidian: wliel
mught be consdered Juring desgen. Tl
meac dlid pur experense will alwavs he
lmted, The ay ailkabiling of & wesde] Wk 1he
e preseoled Lere, boweser, e swhel e
L witlichi =i |.ll.'l.'hl.'l'.|.l.'ll lar 1w AL Ty vl
wveil, wllows the cogioeer o ekploee. threcgh
simulation, @ wery broad racge o avstem
configuratiens,  wpui, and  operabinnal
suareges, By soodong. bes base el experiency
i= @ ey expanded and b inloiee e decasion -
raking abkilby iz ipereased. Knginesringr Sesugen
has Hl'-'-.i}'E- |.|-|_'p{'|'|-:||_'|.| LIty Reurisree rpfes
brynded upon 2spenence. By inereasang 1heir
experiensin] buse, che walidity ob those role:
will e streppribiened anad 1he engineer= alaley
will he |rn'|'.-r-'|1.'er|. .-"||r-!"-.=i.'|:.'. I:]1r-:|1|.g;|'| the nne At
such madels, & has been posible e develop
general desarn piaude lines Tor wngle slodge sy
teare wloch pve the sngumer guadwnee bl
yueh  Tactoes as e maznuom allowasle
TESN/COD rabw: Tuz emcploe deantridica-
L, Lhe nzastriurn econonne el recicle
ralurs, and the maxieon awexic Tideton 1 che
reactor [Woarer Kescarch Comanssion, LWE4].
Tleough wortinued applicetion s e mds]
ir 3l b possgbkle Ancdeting the teasible design
WpeLne hetter, th-rn:h-'!.' rechueing the alternatives
which must ke ronsoedered hy 3 designer.
Chrce the parimeter raluss have leen caln
Laratedd 4o o parbiendar waslewaler, a wiedel iy
ke wred by the engureer o climanate mefoien
cdesigmes and ko chioose theese alternotive seslen
vunhguration= which ace nwsr hhely e he
gvonudiat. Fuoc i gaven syarem fees sheet, there
= owore Than une choiee of uiic siges which
will resnlt o0 8 desieed Jdepree of oreat-ncni.

{hne aahnb Lhe ecpozeer s e clioase thuse s1ce
which will de the desired -aboan Zeast voel
Uhnce Erons if Teasible dvesymis has been
zepaned  dronm the otlwer, less ecunoric
denord, Sl vrgmnece fndst chomse berwegn
thesn wsing sotdbie deci=oon womeria,. The
a'.'a.i|aLli.|'iE_'.' ol 4 wzable malhernatical model
ks 0 paseible tooresr a large numher né
prteptia]l designs onoan Coonaipnc maRngr,
thereby  ensurieg Lhal chosc chosen [or
awlugivz in e inal growp ars insdsed soued,

Adler woplan hde been bl 2 rde] Dk
the pre:s.l-.n'n:d nere can be wered b evalnate
the ermpart nb new waste |omiks and tnotry new
vpcratimal strategees, BT management wishes
v conseder addang new discharess i the pland
wiHueie. the rewdel moy Do waed a0 preduc
heir imipast apon plan perdarmance and 1o
rhgluae aleernslise |1pn:r.4|i-ur:a| Riratemie= 141
minigare 1hat impact, I3 planc iz nnk pecann.
ing amwell as -e:-:rll.'i:LL'd., dllernative I.l|.IE:I'H.|.i.IJI'|il|
venuditzing can he toed wills 4l mesde] oy s
wihich aze snast Likely 1o has e a positiee ofsen,
lo addition, alerrictive apetaticnal sratcpics
comld T erueed 14 sec which gave the greatesy
eneTy A ings, which prodaeced the leasa
:‘:ludp_q.'. cle. Too utlecs wooda, e endel al'.".:li"l
allows e crgnete b2 capand ls experence
bics# woathoeur vk cooahe plant irselt.

]-'i-nal_lg,-_ i1 zhonilld ke rerapnireid that
micedelling is am =serndial part nbresearch wloch
chpatds nogr kg [odiee hase, The verv exer-
cine o creaging a rnde | reguices the miedeller
16 ask =riical questiens abeac 1he systen being
madelled. (0en, a2 was the cose bere, the
answers br dhnse cpueslnn are less Lhian gati-
tasenry. T oz, then, paopeinls the aesd T
maze renearch, whoe will o toen lvad 104
new generation anodel EBased opon sounde
prmwiples. Hapefolly, the malel presented
hece wild Ly thal inpact while alao scimulac-
g wrealer wse ol siolation by e copnineer-
g prolcasio,
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2. The Activated Sludge Model No.2
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3. Typical wastewater characteristics, kinetic and stoichiometric constants for ASM2
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3. Typical wastewater characteristics, kinetic and stoichiometric constants for ASM2
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1. Introduction

his report presents a mathematical model

which allows for dynamic simulation of
combined biological processes for chemical
oxygen demand (COD), nitrogen and phospho-
rus removal in activated sludge systems. The
model as presented here is a tool for:

* Research (testing results, selecting and
optimizing experiments)

* Process optimization and troubleshooting
at full-scale treatment plants

e Teaching

* Design assistance (for optimization of
details, not for full design)

The model presented below is not the final
answer to biological phosphorus removal mod-
els. Rather it is a compromise between com-
plexity and simplicity, and between the many
viewpoints on what the correct model would
be. It is intended to be a conceptual platform
and reference for further model development.

ASM2d is an extension of the Activated
Sludge Model No. 2 (Henze et al., 1995) and

1. Introduction

the Activated Sludge Model No. 1 (ASM1)
(Henze et al., 1987), and uses the concepts
incorporated in these models. ASM1 has since
long proved to be an excellent tool for
modelling nitrification-denitrification processes
and has initiated further research in modelling
and wastewater characterization. It is hoped
that ASM2d will serve a similar function.
ASM2d may be applied as presented, but based
on experience, it will most likely be used as a
platform for future model development. As this
is the basic idea behind presenting the model,
this is highly encouraged.

In ASM2 an unresolved part was the
denitrification related to PAOs. Since the
publication of ASM2 it has been demonstrated
clearly (Mino et al., 1995, Meinhold et al.,
1999, Kerrn-Jespersen and Henze, 1993) that
PAOs in a modelling context can be considered
to consist of two fractions, one of which can
denitrify. This has created a need for an
extension of ASM2, the result being presented
here as ASM2d.
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2. Conceptual approach

Al attempt has been made to limit the
number of processes used in the model.
The aim has, however, been to produce a
model that can reasonably describe the many
different activated sludge system configurations
which are used for biological phosphorus
removal. This has resulted in the present level
of complexity. In specific cases, it will be
possible to reduce the complexity of the model
by omitting processes that do not play a
significant role, without interfering with the
predictive power of the model.

The kinetics and stoichiometry used to de-
scribe the processes have been chosen as sim-

ply as possible, mainly based on Monod kinetics
for all components that can influence the reac-
tion rates. Monod kinetics allows for smooth
transitions of the processes, as experience has
shown. Kinetics and stoichiometry are presen-
ted using the matrix notation, which has been
introduced together with ASM1 and appears at
this moment to be the most efficient method to
overview the complex transformations among
the components. The matrix notation also all-
ows control of the conservation of components
in the stoichiometric coefficients and thus
ensures that mass balances in the calculations
are correctly maintained.
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3. The Activated Sludge Model

No. 2d

he Activated Sludge Model No. 2 (ASM2)

is an extension of the Activated Sludge
Model No. 1 (ASM1). ASM2 is more complex
and includes many more components which are
required in order to characterize the waste-
water as well as the activated sludge. Additional
biological processes are included, primarily in
order to deal with biological phosphorus re-
moval. The most significant change from ASM1
to ASM2 is the fact that the biomass now has
cell internal structure, and therefore its con-
centration cannot simply be described with the
distributed parameter Xgy;. This is a prerequi-
site in order to include biological phosphorus
removal in the model.

The Activated Sludge Model No. 2d is a
minor extension of ASM2. It includes two
additional processes to account for the fact that
phosphorus accumulating organisms (PAOs)
can use cell internal organic storage products
for denitrification. Whereas ASM2 assumes
PAOs to grow only under aerobic conditions,
ASM2d includes denitrifying PAOs. This report
is based on the previous report which intro-
duced ASM2. All remarks made relative to
ASM2 are equally valid for ASM2d. If infor-
mation is given which relates specifically to
ASM2d then reference will be made to this
extended model.

In addition to the biological processes,
ASM2 includes two ‘chemical processes’, which
may be used to model chemical precipitation of
phosphorus.

Whereas ASM1 was based entirely on COD
for all particulate organic material, as well as
the total concentration of the activated sludge,
ASM2 includes poly-phosphates, a fraction of
the activated sludge which is of prime impor-
tance for the performance of the activated
sludge system, but which does not exert any
COD. For this reason, the possibility of inclu-
ding total suspended solids (TSS) in the model
is introduced. TSS also allow for inclusion of
mineral particulate solids in the influent to
treatment plants, as well as generation of such
solids in the context of precipitation of phos-

phorus.

ASM2 is introduced here in a form which is
more complex than a basic version, which could
still predict many of the phenomena within a
biological nutrient removal plant. The complex
model as presented may easily be simplified by
eliminating those components which do not
have a dominant effect upon the kinetics of the
processes, or the aspects of performance of the
plant which are of interest.

ASM2 does not distinguish between the
composition  (cell internal structure) of
individual cells but considers only the average
composition of the biomass. Since each cell has
a different history, its composition will typically
deviate from the population average (e.g. it
may not contain storage products whereas the
average cell still has storage products available).
This is of importance because kinetic expres-
sions used in ASM2 are non-linear, and there-
fore average behaviour may not necessarily be
predicted from average properties. In view of
the additional problems that population models
would introduce, the Task Group took the prag-
matic decision to accept these problems and to
propose ASM2 based on average properties of
the population.

3.1 Components in the model

All symbols for model components distinguish
between soluble °Sy” and particulate Xy". Within
the activated sludge systems, particulate com-
ponents, X, are assumed to be associated with
the activated sludge (flocculated onto the acti-
vated sludge). They can be concentrated by
sedimentation/thickening in clarifiers whereas
soluble components, S, will only be trans-
ported with the water.

All particulate model components, X5, must
be electrically neutral (no ionic charges),
soluble components, Sy, may carry ionic charge.

Soluble and particulate components may not
necessarily be differentiated by filtration
through 0.45 pm membrane filters as is
frequently assumed in the technical literature.
Some of these components are defined by their
interaction with the biomass and require
bioassays for their analysis (see Chapter 4 of
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the original report on ASM2 (Henze et al.,
1995))

All components are assumed to be homo-
geneous and distributed throughout the sys-
tems of interest.

3.1.1 Definition of soluble components,
‘S?’
S, [M(COD) L-3]: Fermentation products,
considered to be acetate. Since fermentation
is included in the biological processes, the fer-
mentation products must be modelled sep-
arately from other soluble organic materials.
They are endproducts of fermentation. For all
stoichiometric computations, it is assumed that
S, is equal to acetate, in reality a whole range
of other fermentation products dominated by
acetate is possible.
Satx [mol(HCO3) L-3]: Alkalinity of the
wastewater. Alkalinity is used to approximate
the conservation of electrical charges in bio-
logical reactions. Alkalinity is introduced in
order to obtain an early indication of possible
low pH conditions, which might inhibit some
biological processes. For all stoichiometric
computations, Say is assumed to be bicarbon-
ate, HCO3 only.
Sy [M(COD) L-3]: Fermentable, readily bio-
degradable organic substrates. This fraction of
the soluble COD is directly available for bio-
degradation by heterotrophic organisms. It is
assumed that Sp may serve as a substrate for
fermentation, therefore it does not include
fermentation products.

S; [M(COD) L-3]: Imert soluble organic
material. The prime characteristic of Sj is that
these organics cannot be further degraded in
the treatment plants dealt with in this report.
This material is assumed to be part of the
influent and it is also assumed to be produced
in the context of hydrolysis of particulate sub-
strates Xg.

Sy, [M(N) L-3]: Dinitrogen, N,. Sy, is
assumed to be the only nitrogenous product of
denitrification. Sy, may be subject to gas
exchange, parallel with oxygen, Sg,.

Sxu, [M(N) L-3]: Ammonium plus ammonia
nitrogen. For the balance of the electrical
charges, Syyy, is assumed to be all NHj.

Sno, [M(N) L-3]: Nitrate plus nitrite
nitrogen (NO3 + NO3-N). Sy, is assumed to
include nitrate as well as nitrite nitrogen, since
nitrite is not included as a separate model
component. For all stoichiometric computa-
tions (COD conservation), Sy, is considered
to be NO3-N only.

So, [M(Oy) L-3]: Dissolved oxygen. Dissolved
oxygen may be subject to gas exchange.

Spo, [M(P) L-3]: Inorganic soluble
phosphorus, primarily ortho-phosphates. For
the balance of electrical charges, it is assumed
that Spg, consists of 50% HyPOy and 50%
HPO?", independent of pH.

S [M(COD) L-3]: Readily biodegradable
substrate. This component was introduced in
ASML1. In ASM2, it is replaced by the sum of
S+ Sy

3.1.2 Definition of particulate
components, Xy’

X,ur [M(COD) L-3]: Nitrifying organisms.
Nitrifying organisms are responsible for nitrifi-
cation; they are obligate aerobic, chemo-litho-
autotrophic. It is assumed that nitrifiers oxidize
ammonium Syy, directly to nitrate Sy, (nitri-
fiers include both ammonium and nitrite oxi-
dizers).

Xy [M(COD) L-3]: Heterotrophic organisms.
These organisms are assumed to be the ‘all-
rounder’ heterotrophic organisms, they may
grow aerobically and anoxically (denitrification)
and be active anaerobically (fermentation). They
are responsible for hydrolysis of particulate
substrates Xg and can use all degradable organ-
ic substrates under all relevant environmental
conditions.

X; [M(COD) L-3]: Inert particulate organic
material. This material is not degraded within
the systems of interest. It is flocculated onto
the activated sludge. X; may be a fraction of the
influent or may be produced in the context of
biomass decay.

Xymeon [M(TSS) L-3]: Metal-hydroxides. This
component stands for the phosphorus-binding
capacity of possible metal-hydroxides, which
may be in the wastewater or may be added to
the system. For all stoichiometric computa-
tions, it is assumed that this component is
composed of Fe(OH)s. It is possible to ‘replace’
this component with other reactants; this would
require adaptation of the stoichiometric and
kinetic information.

Xyep IM(TSS) L-3]: Metal-phosphate, MePO,.
This component results from binding phosphorus
to the metal-hydroxides. For all stoichiometric
computations, it is assumed that this compo-
nent is composed of FePO,. It is possible to
‘replace’ this component with other precipi-
tation products; this would require adaptation
of the stoichiometric and kinetic information.
Xpao [M(COD) L-3]: Phosphate-accumu-
lating organisms: PAO. These organisms are




assumed to be representative for all types of
poly-phosphate-accumulating  organism. The
concentration of Xps does not include the cell
internal storage products Xpp and Xpy,, but
only the ‘true’ biomass. In ASM2d it is
assumed that these organisms may grow in an
anoxic as well as an aerobic environment
whereas in ASM2 only aerobic growth is
considered.

Xpua [M(COD) L-3]: A cell internal storage
product of phosphorus-accumulating organ-
isms, PAO. It includes primarily poly-hydroxy-
alkanoates(PHA). It occurs only associated with
Xpao; it is, however, not included in the mass of
Xpao- Xpua cannot be directly compared with
analytically measured PHA concentrations; Xp o
is only a functional component required for
modelling but not directly identifiable chemi-
cally. Xpppo may, however, be recovered in COD
analysis, where it must satisfy COD conserva-
tion. For stoichiometric considerations, PHA is
assumed to have the chemical composition of
poly-B-hydroxy-butyrate (C,HgO5),,.

Xpp [M(P) L-3]: Poly-phosphate. Poly-phos-
phate is a cell internal inorganic storage
product of PAO. It occurs only associated with
Xppo; it is, however, not included in the mass of
Xpao- It is part of the particulate phosphorus
and may be analytically observed. For
stoichiometric considerations, poly-phosphates
are assumed to have the composition of
(Ko.33Mg0.33P03),,-

Xs [M(COD) L-3]: Slowly biodegradable
substrates. Slowly biodegradable substrates are
high molecular weight, colloidal and particulate
organic substrates which must undergo cell
external hydrolysis before they are available for
degradation. It is assumed that the products of
hydrolysis (Sy) may be fermented.

Xrgs [M(TSS) L-3]: Total suspended solids,
TSS. Total suspended solids are introduced
into the biokinetic models in order to compute
their concentration via stoichiometry. Since
phosphorus removal and precipitation intro-
duce mineral fractions into the activated
sludge, prediction of TSS is important.

3.2 Basis for the introduction of ASM2
3.2.1 Matrix notation

The Task Group introduced matrix notation for
the presentation of biokinetic models in its
report on the ASM1. The same concept will be
used for the introduction of ASM2. It is
assumed that the reader is familiar with this
way of presenting biokinetics.

As a short summary: the components which

3. The Activated Sludge Model No. 2d

are considered in the model and the
transformation processes are characterized with
the indices i and j respectively. Stoichiometric
coefficients are presented in the form of a
stoichiometric matrix v;;. The process rate
equations form a vector p;. The rate of
production of the component 4, r; [M; L=3 T-1],
in all parallel processes may then be computed
from the sum:

r; = sz,i-Pj over all processes j. (3.1)

Within the stoichiometric matrix one stoi-
chiometric coefficient, Viks of each process j
may be chosen as dimensionless with the value
of 41 or -1. For all other stoichiometric
coefficients algebraic equations may be given,
which introduce conservation principles into
the determination of stoichiometric coeffici-
ents. Alternatively v;; may be given in the form
of absolute values with the dimension M; M!,
where My, is the unit mass of the component k
upon which stoichiometry is based (the compo-
nent which has ;. = +1 or -1).

3.2.2 Conservation equations

Conservation equations are the mathematical
equivalent of the principle that in chemical
reactions, elements, electrons (or COD) and
net electrical charges may neither be formed
nor destroyed.

The stoichiometry of ASM1 is implicitly
based on three conservation considerations for
COD, electrical charges and nitrogen. ASM2
adds phosphorus conservation to these three.
Further, an equation is introduced which
converts the different solid components X
from their unit of measurement, to total sus-
pended solids, Xtgg.

A conservation equation, which is valid for all
processes j and all materials ¢ subject to con-
servation, may be written as:

Zvj,i.ic,i = 0 over all components i, (3.2)

where

v;; = stoichiometric coefficient for compo-
nent i in process j [M; Mj!],

i.; = conversion factor to convert the units
of component i to the units of the
material ¢, to which conservation is to
be applied [M, M;!].

Each conservation equation contains a priori
information and may be applied to each
process. Each conservation equation allows the
prediction of one stoichiometric coefficient
without performing an experiment, provided
the other coefficients are known.

In ASM2, these equations are used to
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Table 3.1. Conversion factors i.; to be applied in the conservation equation of ASM2. Missing values are equal to 0.
The units of i; are Mo Mi, e.g. ins = insp @ N g1 COD or icharge,s = —1/64 moles* g1 COD.

Index c: Conservation for COD N P Charge  Mass

Factor icop, iN ip iCharge.i iTss,i
indexi:  Component Units gCOD ¢gN gP mole* g TSS

1 S()2 g Oq -1

2 SF g COD 1 iN,SF iP,SF

3 Sa g COD 1 -1/64

4 Snit, ¢ N 1 +1/14

5 SNo, gN -64/14 1 -1/14

6 Sro, o P 1 -1531

7 S[ g COD 1 iN,Sl llp,sl

8 SALK mole HCO(_; -1

9 SN, gN -24/14 1

10 X; ¢ COD 1 R itssx,

11 XS g COD 1 iN,Xs iP,Xs iTSS,Xs

12 Xy g COD 1 inBM  iPBM iTSS,BM

13 Xpao g COD 1 inBM  ipBM iTSS.BM

14 Xpp gP 1 -1/312 3.23

15 Xpra ¢ COD 1 0.60

16 Xaur g COD 1 iNBM  ipBM iTSs.BM

17 XTSS g TSS —lb)

18 XMeOH g TSS 1

19 XMeP g TSS 0.205 1

All absolute numbers are obtained based on the chemical composition of the component (see definition of
component). All factors i,; are model parameters and must be obtained from experiments (See also Table 9).

a) Since ASM2 does not account for K* and Mg2+ this factor must compensate for their charge.

b) Since TSS are counted twice, this factor must be negative.

estimate the stoichiometric coefficients of Sq,
(Sno, and Sy, in denitrification) from COD,
Syp, from nitrogen, Spo, from phosphorus,
Sarx from charge and Xpgg from total solids
conservation. Table 3.1 is a summary of the
conversion factors i, ; which must be applied in
Equation 3.2. These conversion factors are,
wherever possible, obtained from chemical
stoichiometry. ‘COD’ as a conservative property
is defined as closely as possible to the
analytically obtained COD. Examples are:

icops = —64g0y/14 g NO3-N from:

NO;3 + HyO + 2 H* - NHj + 2 Oy
Or, one mole of nitrate (14 g N) has a negative
oxygen demand (liberates oxygen’) of two
moles of oxygen (64 g O,). Similar arguments
lead to:

icopg = —24 g 0y/14 g Ny from:

2Ny +6 HyO + 4 H* 5> 4 NH] + 30y

All conversion factors given with absolute
numbers in Table 3.1 may be obtained from
chemical stoichiometry, based on the definition
of the compounds. All factors identified with a
symbol i.; must be obtained from chemical
analysis. Since ASM2 does not account for
potassium (K+) and magnesium ions (Mg>*)

Xpp must include these counterions. This is
taken care of by the conversion factor icyqrge,14
= -1/31.

As an example, the stoichiometric coefficient
for component 2 (i = 2) in the third process
(j = 3) may be obtained from the conservation
equation for COD based on Equation 3.2
according to:

v3e = —(v31.icopy + V33 .icops t+ ...
+ V3, -icopn)/ icop,2
or

V3o = —[2 (Vs,z’ . icom) — V3. icoD,z] / icop,2-

1

The introduction of the conservation equa-
tions in an abstract form may at first appear to
be complicated. However, the concept is
directed towards its application in computer
programs and helps to simplify the develop-
ment of program code.

3.3 Biological processes, stoichiometry
and kinetics

The biological processes of ASM2 are intro-
duced here. A full stoichiometric matrix using

typical stoichiometric coefficients is presented
in Table 4.4.
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Table 3.2. Stoichiometry of hydrolysis processes. The stoichiometric parameters are defined in Table 4.2.

Process Sk NN Spo, St Sark Xs Xrss
1 Aerobic hydrolysis 1 - fs V1NH, viro, [ V1ALK -1 V1TSS
2 Anoxic hydrolysis 1 —fs Vo, Voro, [ V2 ALK -1 V2.TSs
3 Anaerobic hydrolysis 1 - fs VaNm, Vsro,  fs V3 ALK -1 V3 TSS

The stoichiometric coefficients for Syn,, Spo,, Sarx and Xrgs may be computed from Conservation Equation 3.2

with the aid of Table 3.1. As an example v} po, = —[(1 = f5) -

3.3.1 Biological processes, general
remarks

Microorganisms have a complex cell internal
structure and respond to different environmen-
tal conditions with adjustment of this structure.
A frequently observed phenomenon is unbal-
anced growth, a situation where not all frac-
tions of the cells are reproduced at an equal
rate. Modelling such shifts of cell internal
structure would require modelling of the
different fractions of the biomass, a task which
would be most fruitful if the behaviour of
axenic cultures were described. Here, only
three groups of microorganisms represent a
vast variety of unknown species; each biological
process described in ASM2 represents a large
number of processes which act upon a variety
of substances, which in the model are summa-
rized in terms of COD.

Process descriptions in ASM2 are therefore
based on the average behaviour of these differ-
ent microorganisms, and are described in the
way balanced growth processes would be

modelled.

3.3.2 Hydrolysis processes

Many high molecular weight, colloidal or par-
ticulate organic substrates cannot be utilized
directly by microorganisms. These substrates
must be made available by cell external enzym-
atic reactions which are called hydrolysis
processes. It is unclear whether the products of
hydrolysis ever exist in true solution or whether
they are taken up directly by the organisms
which catalyse hydrolysis. Typically hydrolysis
processes are considered to be surface reac-
tions, which occur in close contact between the
organisms which provide the hydrolytic enzymes
and the slowly biodegradable substrates them-
selves.

Parallel with hydrolysis the activity of proto-
zoa contribute to phenomena which are ass-
igned to hydrolysis. Whereas it is difficult to
distinguish between true hydrolysis and proto-
zoan activity it is becoming more and more
evident that the effect of electron acceptor
upon the ‘hydrolysis’ process may actually be
due to the inactivity of protozoa under anoxic

inF +f51 . ips‘ -1 lPXS]/l

and anaerobic conditions. Experimental evi-
dence that ‘hydrolysis’ reactions depend on the
available electron acceptors, leeds to the
differentiation of three hydrolysis processes in
ASM2. Tt is, however, a difficult task to esti-
mate hydrolysis rate constants under different
electron acceptor conditions.

1. Aerobic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under
aerobic conditions (Sq, > 0).

2. Anoxic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under
anoxic conditions (Sq, = 0, Syp, > 0). This
process is typically slower than aerobic
hydrolysis.

3. Anaerobic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under
anaerobic conditions (Sp, = 0, Syo, = 0).
This process is not well characterized and is
probably slower than aerobic hydrolysis. Its
rate remains to be studied.

Table 3.2 summarizes the stoichiometry of the
hydrolysis processes. It is assumed that slowly
biodegradable substrate Xg is degraded to readily
degradable substrate Sy whereby a small fraction
fs, of inert organic material Sy is released. The
stoichiometric coefficients for Syy,, Spo, and
Sxix may be computed from Conservation
Equation 3.2. These three coefficients are typi-
cally positive.

The proposed rate equations for the hydro-
lysis processes 1-3 are presented in Table 3.7.
They are similar to those of ASM1: hyperbolic
switching functions for S, and Syo, consider
the environmental conditions; a surface-limited
reaction (X¢/Xpp)/(Kx + X¢/Xy) is assumed for
the hydrolysis process itself. It is proposed that
only heterotrophic organisms may catalyse
hydrolysis. Typically hydrolysis is slower under
denitrifying or anaerobic (fermentation) than
under aerobic conditions. The rate for anoxic
and anaerobic hydrolysis is therefore reduced
by the factors 7y, and 7;, respectively.

The hydrolysis of particulate, biodegradable
organic nitrogen is included as a separate
process in ASM1 but not in ASM2. This
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Table 3.3. Stoichiometry of the facultative heterotrophic organisms Xu. The stoichiometric parameters are defined
in Table 4.2. Stoichiometry for So,, Svu, Spo, SaLk and Xrss may be computed from conservation.

Process SO2 SF SA SNOS SN2 XI Xs XH
4 Aerobic growth 1 1
1-— —-— 1
on Sy Yy Yy
5 Aerobic growth 1 - 1 B 1 1
on Sx Yy Yy
6 Anoxic growth _L B 1-Yy 1-Yy )
on Su Yy 2.86- Yy 2.86- Yy
7 Anoxic gI‘OW’[h 1 1 -Y, 1-Y
on Sy, —— - SR 1 1
Denitrification Yu 2.86-Yn 2.86- Y
Fermentation -1 1
Lysis fx, 1-fx -1

process is necessary if the nitrogen content of
Xg is variable. In order to simplify ASM2, it is
assumed that Xg contains a constant fraction of
nitrogen iy x, and phosphorus ipy. Without
this simplifying assumption, six more hydrolysis
processes and two more particulate compo-
nents would be required.

The process of ammonification is included in
ASM1 in order to describe the release of
ammonium, Syyy,, from soluble, biodegradable
organic nitrogen. In ASM2 it is assumed that
the fermentable substrates, S, contain a con-
stant fraction of nitrogen and phosphorus, iy g,
and ipg, respectively. This allows the process of
ammonification to be ignored. Without this
simplifying assumption, two more processes
(ammonification as well as phosphatification,
the release of phosphate Spq, from an organic
fraction), and two more components (soluble,
degradable organic nitrogen and phosphorus)
would have to be introduced.

3.3.3 Processes of facultative
heterotrophic organisms

The heterotrophic organisms Xy are respon-
sible for the hydrolysis of slowly biodegradable
substrate Xg (see above), the aerobic degra-
dation of fermentable organic substrates Sp and
of fermentation products S, (aerobic growth),
anoxic oxidation of Sy and S, and reduction of
nitrate  Syq, (denitrification), and anaerobic
fermentation of Sy to S,. In addition these
organisms are subject to decay and lysis. The
stoichiometry and the kinetics of the processes
described below are presented in Tables 3.3
and 3.7 respectively.

4 and 5. Aerobic growth of heterotrophic org-
anisms on fermentable substrates Sy and on
fermentation products S,. These processes

are modelled as two parallel processes, which
consume the two degradable organic sub-
strates Sy and S,. For both processes iden-
tical growth rates u,, and yield coefficients
Yy are assumed. The rate equations are
designed such that the maximum specific
growth rate of the heterotrophic organisms
does not increase above u,,, even if both sub-
strates, Sp and S, are present in high concen-
trations. These processes require oxygen,
So,, nutrients, Syy, and Spp,, and possibly
alkalinity, S, ., and they produce suspended
solids, Xrgg.

6 and 7. Anoxic growth of heterotrophic org-
anisms on fermentable substrates, Sp, and on
fermentation products, S,; denitrification.
These two processes are similar to the
aerobic growth processes, but they require
nitrate, Sy, as the electron acceptor rather
than oxygen. The stoichiometry for nitrate is
computed based on the assumption that all
nitrate, Sy, is reduced to dinitrogen, Sy,.
Denitrification releases alkalinity, the stoi-
chiometry of which is predicted from charge
conservation. Denitrification is assumed to
be inhibited by oxygen Sp, and the maxi-
mum growth rate u,, is reduced relative to
its value under aerobic conditions, by the
factor nyq, This accounts for the fact that
not all heterotrophic organisms Xy may be
capable of denitrification or that denitrifi-
cation may only proceed at a reduced rate.

8. Fermentation. Under anaerobic conditions
(So,=0, Syo, = 0) it is assumed that hetero-
trophic organisms are capable of fermenta-
tion, wherebyreadilybiodegradable substrates
Sg are transformed into fermentation pro-
ducts S,. Although this process may possibly
cause growth of heterotrophic organisms, it
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Table 3.4. Stoichiometry of the phosphorus-accumulating organisms, PAO, for ASM2d. The stoichiometric
parameters are defined in Table 4.2. Stoichiometry for So,, Snu, SN, SN0y Spo, Sark and Xrss may be
computed from conservation. ASM2 does not include processes 12 and 14.

Process SO2 SA SN2 SNO;; SPO4 XI XS XPAO XPP XPHA

10 Storage of Xpua -1 Yro, —Yro, 1

11 Aerobic storage —YpHa -1 1 —YpHa
Of XPP

12 Anoxic storage —V1aN0; Viznos -1 1 —YpHa
Of XPP

13 Aerobic growth  vi30, —ipBM 1 -1/Yn
of Xpao

14 Anoxic growth —V14NO; V14NO;  —IPBM 1 -1/Yu
of Xpao

15 Lysis of Xpao vispo, fx, 1-fx -1

16 Liysis of Xpp 1 -1

17 LySiS of Xpma 1 -1

is introduced here as a simple transformation
process. A growth process would require
more complex kinetics, more kinetic and
stoichiometric parameters which are difficult
to obtain, and possibly different yield
coefficients for Sy and S, in processes 4 to 7.
Fermentation releases negatively charged
fermentation products, S,, and therefore has
a requirement for alkalinity, S,;x. This is
predicted from charge conservation.

Fermentation is a process which, up to now,
has not been well characterized. Little is known
about the kinetics of this process, which may
lead to a large range of kinetic parameters for
modelling experimental results. Reliable appli-
cation of ASM2 requires that research is direc-
ted towards characterizing what is described
here with the process of fermentation.

9. Lysis of heterotrophic organisms. This pro-
cess represents the sum of all decay and loss
processes of the heterotrophic organisms:
endogenous respiration, lysis, predation etc.
It is modelled in analogy to ASM1; its rate is
independent of environmental conditions.

3.3.4 Processes of phosphorus-
accumulating organisms

Some organisms, Xpyo, are known for their
potential to accumulate phosphorus in the form
of poly-phosphate Xpp. Currently these organ-
isms are not well characterized; historically it
was assumed that they would all be part of the
Acinetobacter genus. However, today it is clear
that Acinetobacter may contribute to, but do by
far not dominate, biological phosphorus removal.
Initially it was assumed that phosphorus-accu-
mulating organisms, PAO, could not denitrify;
now evidence has become available that some

of them can denitrify. Phosphate release is
sometimes slower in the presence of nitrate;
this observation is not predicted with ASM2
but is included in ASM2d. Glycogen is found to
be an important carbon storage material of
PAO but is not considered in ASM2 in order to
reduce model complexity. This restriction leads
to limitations of the applicability of ASM2d
which will be discussed later.

The greater the attempts to characterize PAO,
the more complex this group of organisms
becomes. The Task Group is well aware that
the time has come when biological phosphorus
removal is being designed and used in actual
plants. The introduction of a very detailed mech-
anistic model for the processes responsible for
biological phosphorus removal is, however,
premature. The Task Group therefore has cho-
sen to suggest a simple model, which allows pre-
diction of biological phosphorus removal, but
does not yet include all observed phenomena.
The model proposed may be the base for
further development. With the introduction of
ASM2d the most important criticism that PAO
contribute significantly to denitrification which
is not described in ASM2 is taken care of.

The following model for the behaviour of
phosphorus-accumulating organisms, Xppq, is
valid for ASM2d only, it assumes that these
organisms can grow under aerobic (Sq, > 0) as
well as anoxic (So,~0, Sye,>0) conditions.
They can only grow on cell internal stored
organic materials, Xpp,. This assumption is a
severe restriction of ASM2d and may lead to
further extensions. The stoichiometry and the
kinetics of the processes described below are
presented in Tables 3.4 and 3.7 respectively.

10. Storage of Xpy,. It is assumed that PAO may
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release phosphate, Spe, from poly-phosphate,
Xpp, and utilize the energy which becomes
available from the hydrolysis of Xpp, in order
to store cell external fermentation products
S, in the form of cell internal organic
storage material Xpy,. The process is pri-
marily observed under anaerobic conditions.
However, since the process has also been
reported to occur under aerobic and anoxic
conditions, the kinetic expression does not
include inhibition terms for So, and Sy,
Experimental observation of this process is
easy if the release of phosphorus is observed
rather than the organics which are stored.
Experience indicates, however, that the rate
of storage of organics is relatively constant,
whereas the release of phosphorus varies,
indicating a variable stoichiometric relation-
ship. The base for the stoichiometry of this
process was therefore chosen to be the
organics which are taken up, S, and Xpy,.
Reliable estimation of the rate constant,
gpua. and the stoichiometric parameter,
Ypo,, requires independent measurement of
both S, removal and Sp release. Tt has been
shown that Yp(, depends on pH.

11 and 12. Aerobic and anoxic storage of poly-
phosphate. Storage of ortho-phosphate, Spq,
in the form of cell internal poly-phosphates,
Xpp, requires the PAO to obtain energy,
which may be gained from the aerobic or
anoxic respiration of Xpg,. The regeneration
of poly-phosphates is a requirement for the
growth of PAO, because the organic sub-
strates, Sy, are stored only upon the release
of poly-phosphate. Storage of Xpp is
observed to stop if the phosphorus content
of the PAO becomes too high. This obser-
vation leads to an inhibition term of Xpp
storage, which becomes active as the ratio
Xpp/Xpao approaches the maximum allow-
able value of Kyjax. Under anoxic conditions
the maximum rate of storage of poly-phos-
phate gpp is reduced relative to its value
under aerobic conditions, by the factor 17y,
This accounts for the fact that not all PAO
(Xpao) may be capable of denitrification or
that denitrification may only proceed at a
reduced rate. Process 12 is contained in
ASM2d but not in ASM2.

13 and 14. Aerobic and anoxic growth of phos-
phorus-accumulating organisms. These org-
anisms are assumed to grow only at the
expense of cell internal organic storage pro-
ducts Xppa. As phosphorus is continuously
released by the lysis of Xpp, it is possible to
assume that the organisms consume ortho-

phosphate, Spp,, as a nutrient for the
production of biomass. It is known that PAO
may grow at the expense of soluble sub-
strates (e.g. S,), but it is unlikely that such
substrates ever become available under aero-
bic or anoxic conditions in a biological nutri-
ent removal plant. The Task Group therefore
suggests this possibility to be ignored at this
time. Under anoxic conditions the maximum
growth rate of PAO up,( is reduced relative
to its value under aerobic conditions, by the
factor nyq, This accounts for the fact that
not all PAO (Xpyo) may be capable of
denitrification or that denitrification may
only proceed at a reduced rate. Process 13 is
contained in ASM2d but not in ASM2.

15, 16 and 17. Lysis of phosphorus-accumu-
lating organisms and their storage products.
Death, endogenous respiration and mainten-
ance all result in a loss or decay of all
fractions of PAO. Since the storage products
Xpp and Xppy are accounted for separately
from the biomass Xp,q, all three compo-
nents must be subject to separate decay pro-
cesses. ASM2 includes three lysis processes
which are all first-order relative to the
component which is lost. If all three rate
constants are equal, the composition of the
organisms does not change due to decay.
There is experimental evidence that Xpp
decays faster than Xpyo and Xpps. This
additional loss of poly-phosphates may be
modelled by the choice of an increased rate,
bpp, for the lysis of this component. The
products of lysis are chosen in analogy to the
lysis of heterotrophic organisms; storage pro-
ducts are assumed to decay to ortho-phos-
phate Spg, and fermentation products S ,.

3.3.5 Nitrification processes

Nitrification is assumed to be a one-step pro-
cess, from ammonium Syyy, directly to nitrate
Sno, The intermediate component, nitrite, is
not included as a model component. In the
context of nitrification, modelling nitrite pro-
duction and consumption would be relatively
easy. However, nitrite is also produced and
consumed in the context of denitrification where
the Task Group felt that the required addition
to the model complexity does not warrant its
inclusion at the present time. Modelling nitrite
in nitrification but not in denitrification would,
however, not be consistent and could lead to
erroneous model predictions.

The stoichiometry and the kinetics of the
processes described below, are presented in
Tables 3.5 and 3.7 respectively.
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Table 3.5. Stoichiometry of the growth and decay processes of nitrifying organisms Xauvr. The stoichiometric
parameters are defined in Table 4.2. Stoichiometry for So,, Svu, Sro, SaLk and Xrss may be computed

from conservation.

Process So, Sxia,  Svo; Sro,  Xi Xs Xaut
457 - Y, 1
18 Aerobic growth of Xyyr - Y—A VISNH, A —ip BM 1
A a
19 Lysis V19,NH, V19,P0, f x 1= f X -1

Table 3.6. Stoichiometry of the processes describing simultaneous precipitation of phosphorus. The absolute values
of stoichiometry (and kinetics in Table 4.3) are based on the assumption that Fe(OH )3 is used to
precipitate Spo, in the form of FePOy + Fe(OH )s. Stoichiometry for Sarx and Xrss may be computed

from conservation.

Process Sro, Sarx Xyeon Xytep Xrtss
20 Precipitation -1 V90, ALK -3.45 4.87 1.42
21 Redissolution 1 Va1, ALK 3.45 -4.87 -1.42

18. Growth of nitrifying organisms. Nitrifying
organisms are obligate aerobic, they consume
ammonium as a substrate and a nutrient, and
produce nitrate. Nitrification reduces alkalin-
ity. The process is modelled as proposed in
ASM1 with the exception of a phosphorus
uptake into the biomass.

19. Lysis of nitrifying organisms. The process of
lysis of nitrifiers is modelled in analogy to
ASM1 and to the process of lysis of hetero-
trophic organisms. Since the decay products
of lysis (Xg and ultimately Sy) are available
substrates for heterotrophic organisms only,
endogenous respiration of nitrifiers becomes
manifest as an increased growth and oxygen
consumption of heterotrophs. This is in
analogy to ASM1.

3.4 Chemical precipitation of phosphates

In biological nutrient removal systems, metals,
which are naturally present in the wastewater
(e.g. Ca2+), together with the high concentra-
tion of released soluble ortho-phosphate, Sp,,
may result in chemical precipitation of phos-
phorus (e.g. in the form of apatite or calcium
phosphate).

Further, simultaneous precipitation of phos-
phorus via the addition of iron or aluminium
salts is a very common process for phosphorus
removal worldwide. Simultaneous precipitation
may be used in combination with biological
phosphorus removal if the carbon to phos-
phorus ratio is unfavourably small.

In order to model the low effluent concen-
trations of ortho-phosphate, Sp,, which are
observed in practice and which are partly due to
chemical precipitation, the Task Group suggests
a very simple precipitation model, which may
be calibrated for a variety of situations. For this

purpose, two processes (precipitation and re-
dissolution) and two more components (Xyj.on
and Xy.p) are added to ASM2. If chemical
precipitation is not of any interest, these addi-
tions may be deleted from the model.

20 and 21. Precipitation and redissolution of
phosphate Spq,. The precipitation model is
based on the assumption that precipitation
and redissolution are reverse processes, which
at steady state would be in equilibrium
according to:

Xymeon + Spo, € Xyep

Precipitation and redissolution may be
modelled with the following process rates
respectively:

P20 = kprg - Spo, - Xyeon

Pa1 = krep - Xyiep

If both processes are in equilibrium (v ; - pag
= V91, - Po1) then an equilibrium constant may
be derived as:

_ Vari- keep _ Sro, - Xmeon
eq - -

V20, kpr Xner

Processes 20 and 21 are introduced here based
on the assumption that Xy, and Xy;.p are com-
posed of ferric-hydroxide, Fe(OH)s, and ferric-
phosphate, FePO,, respectively. This leads to the
stoichiometry indicated in Table 3.6. The indi-
cated rates of the processes result in residual
ortho-phosphate concentrations, Sp, which at
steady state are typical for simultaneous preci-
pitation with the addition of FeClj. In this case,
the addition of Fe3+ to the influent of a
treatment plant may be modelled by the choice
of Xyieon in the influent recognizing that 1 g
Fe3+ m=3 leads to 1.91 g Fe(OH); m3 =191 ¢
MeOH m-3 (which also increases influent Xygg
and decreases influent alkalinity S, k).
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Table 3.7. Process rate equations for ASM2d. The kinetic parameters are defined in Table 4.3.

j Process Process rate equation pj, pj20  [MiL3T]
Hydrolysis processes:
1 Aerobic K So, Xg/Xy
hydrolysis b Ko, +So, Kx+Xs/Xy t
2 Anoxic Ko, SNOs Xs/ Xy
. Ky, - 7nos T : T AH
hydrolysis Ko, +So0, Kxo,+Sno, Kx+Xs/Xy
3 Anaerobic Ko, Kyo, X/ Xy
. Ky - me - : : “Ap
hydrolysis Ko,+So, Kyo,+Sno; Kx+Xs/Xu
H eterotrophic organisms: Xy
4 h
Growth on So, Sg S Snmy Sro, SaLk
fermentable M T e Kor s Soas. K S Tois— K S - Xu
substrates, Sy 0, T 50, Kp+Or OSF+5a Knu,+9ONH, Kp+Opo, KaLK T+ DALK
5 Growth OI.l S 0, Sa Sa S NH, S PO, SaLk
fermentation e . . . . . Xy
products, Sy Ko, + 80, Ky+5Sy Sp+Ss Knp,+Snu, Kp+Spo, Kapx+ Sack
6 D.ilm;nﬁcatlfr[l)] ; Ko, Kyo, Sp Sy S, Spo, SALK
with fermentable uy - 7n0, - . — . - . - —
substrates, SF H ’ K02+S()2 KNO_;"'SNO; KF+S|: SF+SA KNH4+S\H4 KP+SPO4 KAI;K"'SAI,K H
7 Dfenltnflcatlon. Ko, Kxo, s, S, Sxi, Sro, Saik
with fermentation g - no, - . . . . . . - Xy
products, S, Ko, +So, Knoy,+Svo; Ka+Sy Sp+Sy Kyu,+Sxu, Kp+Spo, Kark+ Sarx
Ko. Kyo Sg SaLk
8 Fermentation fo - . = . . — - Xy
T Kou+ S0, Knout Sxo, Kr+Sr Kaix + Saix
9 Lysis by - Xy
Phosphorus-accumulating organisms (PAO): Xppo
10 Storage of Sa Sarx Xpp/Xpao
grHA * : . * APAO
Xpra Ky +Ss Kark +Sarx  Kpp + Xpp/ Xpao
11 Aerobi
o _So. Seo, Swk Xem/Xeo K= Xee/Xpao
ofX:;i qee Ko, +So, Kps+Spro, Karx +Sack Kpna + Xpua/Xpao  Kpp + Kyax — Xep/ Xpao o
12 Anoxic
tnox;c ) Ko, Sxos
storage P12= PLL NGy o
Oprp ’ S()2 KNO‘; + SNO-;
13 Aerobic
erobie So, SNH, Sro, Sarx Xpna/Xpao
growth UpPAO - . . . . - Xpao
on X Ko, + So, Knn,+Sxn, Kp+Spo, Karx+ Sarxk Kpaa + Xpua/Xpao
PHA
14 Anoxic K()z SNO;
growth Pl4= P13°NNO; " 5 " o
on Xpp So, Kno, + Sno,
15 Lysis of Xpro0 bpao - Xpao - Sarx/ (Kark + Sark)
16 Lysis of Xpp bpp - Xpp - Sark/ (KaLk + SaLk)

17 Lysis of Xpua Dena - Xpua - Sarx/(Katk + Sar)
Nitrifying organisms (autotrophic organisms): Xaut

18 Aer(jt)}ilc So, Sxi, Spo, SaLk
rov Haut - ~ : : — - X,
gf AT Ko,+So, Knp,+Sxi, Kp+Spo, Karx+ Sak T
of Xyur

19 Lysis of Xaur byur - Xaur
Simultaneous precipitation of phosphorus with ferric hydroxide Fe(OH)3
20 Precipitation kprg - Spo, - Xmeon

21 Redissolution kRED . XMeP . SALK/ (KALK + SALK)




4. Typical wastewater characteristics and kinetic and stoichiometric constants

4. Typical wastewater characteristics
and kinetic and stoichiometric

constants

t is the responsibility of the user of the

Activated Sludge Model No. 2 (ASM2 and
ASM2d) to determine the concentrations of
relevant components in the wastewater, as well
as the stoichiometric and kinetic parameters
which apply to the specific case to be dealt
with. Absolute numbers of these parameters
are neither part of ASM2 nor of ASM2d, but
are necessary for the application of the model
to a specific case.

In this section, the Task Group suggests a list
of typical concentrations of model components
in a primary effluent as well as a set of model
parameters. This neither indicates that ASM2
or ASM2d is meant to be reliable with these

parameters in any case, nor that these para-
meters are the state of the art. They are merely
presented as a reference for testing computer
code and a first estimate for the design of
possible experiments which are proposed to
determine these parameters more accurately.
Table 4.1 contains a list of all model compo-
nents and typical concentrations in a primary
effluent. This wastewater contains a total COD
of 260 ¢ COD m-3, a total nitrogen content of
25 ¢ N m=3 and approximately 140 g TSS m-3.
The analytically measured TSS are lower than
the value of Xpqg = 180 g TSS m-3, since a frac-
tion of Xg in the influent would pass through
membrane filters but must be included in the

Table 4.1 Short definition of model components and typical wastewater composition (primary effluent),
considering the composition of the different model components as indicated in Table 4.2.

CODiot =260 g CODm™3, TKN =25¢ Nm=>, TP =6 gP m>

Dissolved components:

So, Dissolved oxygen 0 g0y m™

Sk Readily biodegradable substrate 30 g COD m-3

Sa Fermentation products (acetate) 20 g COD m-3
S\n, Ammonium 16 gNm™

Sxnos Nitrate (plus nitrite) 0 gNm-3

Sro, Phosphate 3.6 gPm3

St Inert, bon-biodegradable organics 30 g COD m™
SALk Bicarbonate alkalinity 5 mole HCO3 m~3
Particulate components:

X1 Inert, non-biodegradable organics 25 g COD m-3

Xs Slowly biodegradable substrate 125 g COD m—3
Xu Heterotrophic biomass 30 g COD m3
Xpao Phosphorus-accumulating organisms, PAO 0 g COD m-3
Xep Stored poly-phosphate of PAO 0 gPm3

Xpra Organic storage products of PAO 0 g COD m-3
XavuT Autotrophic, nitrifying biomass 0 g COD m-3
XmeoH ‘Ferric-hydroxide’, Fe(OH)3 0 g Fe(OH); m~3
XMep ‘Ferric-phosphate’, FePO4 0 g FePO4m™3
Xrss Particulate material as model component® 1802 g TSS m-3

a) This value is larger than TSS which may be measured analytically, since it includes the fraction of Xg, which
would pass the filter in the TSS analysis. Xrss may also include some inert mineral material, which is contained in
the influent but not accounted for by other components. If this is the case, then Xrss in the influent will be larger
than predicted from the conservation equation, which for the above values and based on the conversion factors
given in Table 4.2 would result in 140 g TSS m-3. Analytically measured TSS (0.45 pm) would be approximately

120 g TSS m>,
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Table 4.2. Definition and typical values for the stoichiometric coefficients of ASM2.

Typical conversion factors for conservation equation

Nitrogen:
Soluble material:
iN,s N content of inert soluble COD Si 0.01 g N (g COD)-!
iN.sp N content of fermentable substrates Sr 0.03 gN(gCOD)-!
Particulate material:
inx N content of inert particulate COD X; 0.02 gN(gCOD)-!
iN,X¢ N content of slowly biodegradable substrate Xs 0.04 g N (g COD)-!
iN.BM N content of biomass, Xy, Xpao, XavT 0.07 g N (g COD)-!
Phosphorus:
Soluble material:
ips, P content of inert soluble COD Sy 0.00 g P (gCOD)!
ipsp P content of fermentable substrates Sg 0.01 g P (gCOD)!
Particulate material:
ipx, P content of inert particulate COD X; 0.01 g P (gCOD)!
ip Xy P content of slowly biodegradable substrate Xs 0.01 gP(gCOD)!
ip BM P content of biomass, X, Xpao, XauT 0.02 g P (g COD)-!
Total suspended solids: TSS
iTss.x; TSS to COD ratio for X; 0.75 g TSS (g COD)-!
e TSS to COD ratio for Xs 0.75 g TSS (g COD)-!
iTss.BM TSS to COD ratio for biomass, Xu, Xpao, Xa 0.90 g TSS (g COD)-!
Typical stoichiometric parameters
Hydrolysis:
fs Production of Siin hydrolysis 0 g COD (g COD)!
Heterotrophic biomass: Xu
Yu Yield coefficient 0.625 g COD (g COD)-!
fx Fraction of inert COD generated in biomass lysis ~ 0.10 g COD (g COD)!
Phosphorus-accumulating organisms: Xpao
Yra0 Yield coefficient (biomass/PHA) 0.625 ¢ COD (g COD)-!
Yro, PP requirement (POy release) per PHA stored 0.40 g P (g COD)!
YpHA PHA requirement for PP storage 020 gCOD (gP)!
Ix Fraction of inert COD generated in biomass lysis ~ 0.10 g COD (g COD)!
Nitrifying organisms: Xaut
Ya Yield of autotrophic biomass per NO;-N 0.24 g COD (g N)-!
fx Fraction of inert COD generated in biomass lysis  0.10 ¢ COD (g COD)!

model component Xtgg since it will later adsorb
onto the activated sludge. The total nitrogen
(and phosphorus) in the influent may be com-
puted with the aid of all influent concentrations
multiplied with the relevant conversion factors
from Tables 3.1 and 4.2.

Table 4.2 is a list of typical stoichiometric
coefficients of ASM2 and ASM2d and includes
the factors which are required for the use of
the conservation equations (see also Table 3.1).
Many of the conversion factors have been esti-
mated without performing specific experiments
for their determination. These values indicate
an order of magnitude. The stoichiometric
coefficients are either based on previous exper-
ience with ASM1 or they are derived from

verification trials of ASM2 relative to full-scale
experience. Experience with the three yield
coefficients, Yps0, Ypo, and Ypy, of the PAO
are still scarce.

Table 4.3 is a summary of the definitions and
typical values of all kinetic parameters of the
models ASM2 and ASM2d. Again, some kinetic
parameters were estimated based on the
experience with ASMI, those relating to
biological phosphorus removal are estimated
based on laboratory experience and full-scale
verification trials of ASM2. Note that saturation
coefficients K; for any specific compound may
be different for different organisms (e.g. Ko,
may have four different values, depending on
the process and organism to which it relates).




4. Typical wastewater characteristics and kinetic and stoichiometric constants

Table 4.3. Definition and typical values for the kinetic parameters of ASM2d.

Temperature:

20 °C 10 °C Units

Hydprolysis of particulate substrate: X

Ky
/N[

Nte
Ko,

KN03
Kx

= Hydrolysis rate constant

= Anoxic hydrolysis reduction factor

= Anaerobic hydrolysis reduction factor

= Saturation/inhibition coefficient for oxygen
= Saturation/inhibition coefficient for nitrate
= Saturation coefficient for particulate COD

Heterotrophic organisms: Xu

MH
gte
1No;,
by
Ky
Kfe
Ky
Ko,
Ky,
Kp

KALK

= Maximum growth rate on substrate

= Maximum rate for fermentation

= Reduction factor for denitrification

= Rate constant for lysis and decay

= Saturation/inhibition coefficient for oxygen

= Saturation coefficient for growth on Sr

= Saturation coefficient for fermentation of Sy

= Saturation coefficient for growth on acetate S
= Saturation/inhibition coefficient for nitrate

= Saturation coefficient for ammonium (nutrient)
= Saturation coefficient for phosphate (nutrient)

= Saturation coefficient for alkalinity (HCOs)

Phosphorus-accumulating organisms: Xpao

{JpPHA
qrp

HUPAO
1INO;
beao

bPP

bPHA

KMAX
KIPP

K PHA

= Rate constant for storage of Xpma (base Xpp)

= Rate constant for storage of Xpp

= Maximum growth rate of PAO

= Reduction factor for anoxic activity

= Rate for lysis of Xpao

= Rate for lysis of Xpp

= Rate for lysis of Xpra

= Saturation/inhibition coefficient for oxygen

= Saturation coefficient for nitrate, Sxo,

= Saturation coefficient for acetate, Sa

= Saturation coefficient for ammonium (nutrient)
= Saturation coefficient for phosphorus in storage of PP
= Saturation coefficient for phosphate (nutrient)
= Saturation coefficient for alkalinity (HCO3)

= Saturation coefficient for poly-phosphate

= Maximum ratio of Xpp/Xpa0

= Inhibition coefficient for PP storage

= Saturation coefficient for PHA

Nitrifying organisms (autotrophic organisms): Xut

taur = Maximum growth rate of Xyur

byur = Decay rate of Xaur

Ko, = Saturation coefficient for oxygen

Kyy, = Saturation coefficient for ammonium (substrate)
K, x = Saturation coefficient for alkalinity (HCOs)

Kp = Saturation coefficient for phosphorus (nutrient)
Precipitation:

kprr = Rate constant for P precipitaion

krep = Rate constant for redissolution

Karx = Saturation coefficient for alkalinity

3.00
0.60
0.40
0.20
0.50
0.10

6.00
3.00
0.80
0.40
0.20
4.00
4.00
4.00
0.50
0.05
0.01

0.10

3.00
1.50
1.00
0.60
0.20
0.20
0.20
0.20
0.50
4.00
0.05
0.20
0.01
0.10
0.01
0.34
0.02
0.01

1.00
0.15
0.50
1.00
0.50
0.01

1.00
0.60

0.50

2.00
0.60
0.40
0.20
0.50
0.10

3.00
1.50
0.80
0.20
0.20
4.00
4.00
4.00
0.50
0.05
0.01

0.10

2.00
1.00
0.67
0.60
0.10
0.10
0.10
0.20
0.50
4.00
0.05
0.20
0.01
0.10
0.01
0.34
0.02
0.01

0.35
0.05
0.50
1.00
0.50
0.01

1.00
0.60

0.50

g Xs (g Xu)~' d-!
g Sr (g Xu)~1d!

d-1
g 02 1‘[]_3

¢ COD m-

g COD m™

¢ COD m->

g N mf:B
gNm3

gPm™

mole HCO; m-3

g Xpna (g Xpao) ™! d!
g Xpp (g Xpao)t d-!
d-1

d-1

d-1

d-1

g Oy m-3

g N mf:B

g COD m™3

g N m73

gPm3

gPm3

mole HCO3 m=3
g Xpp (g Xpao)™
g Xpp (g Xpao)™
g Xpp (g Xpao)~!
g Xpua (g Xpao)™

d-!

d-!

g 0y m?

g Nm-3

mole HCO; m-3
gPm3

m? (g Fe(OH)3)"! d-!
d-1
mole HCO; m—3
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Table 4.4. An example of a stoichiometric matrix for ASM2d for soluble and particulate components and for
precipitation processes. The absolute values of the stoichiometric coefficients are based on the typical
stoichiometric parameters introduced in Table 4.2. These values are not the ASM2d but rather a typical
application of the model.

Stoichiometric matrix for soluble components

Process component So, Sy Sa St S, Sn, Sno, Spo, SALK
expressed as — (o)) COD COD COD N N N P mole
1 Aerobic hydrolysis 1.00 0.01 0.001
2 Anoxic hydrolysis 1.00 0.01 0.001
3 Anaerobic hydrolysis 1.00 0.01 0.001
Hetemtmphic organisms: Xu
4 Growth on Sy -0.60 -1.60 -0.022 -0.004 -0.001
5 Growth on Sy -0.60 -1.60 -0.07 -0.02 0.021
6 Denitrification with Sy -1.60 -0.022 021 -0.21 -0.004 0.014
7 Denitrification with Sa -1.60 -0.07 021 -021 -0.02 0.036
8  Fermentation of S -1 1 0.03 0.01 -0.014
9 Lysis 0.031 0.01 0.002
Phosphorus-accumulating organisms (PAO): Xpao
10  Storage of PHA -1 0.40 0.009
11  Aerobic storage of PP -0.20 -1 0.016
12 Anoxic storage of PP 0.07 -0.07 -1 0.021
13 Aerobic growth -0.60 -0.07 -0.02 -0.004
14  Anoxic growth -0.07 021 -0.21 -0.02 0.011
15 Lysis of PAO 0.031 0.01 0.002
16 Lysis of PP 1 -0.016
17  Lysis of PHA 1 -0.016
Nitrifying organisms (autotrophic organisms): Xaut
18 Aerobic growth -18.0 -4.24 417 -0.02 -0.60
19  Lysis 0.031 0.01 0.002
Simultaneous precipitation of phosphorus with ferric hydroxide (Fe(OH3)):
20  Precipitation -1 0.048
21  Redissolution 1 -0.048

Stoichiometric matrix for particulate components

Process component X Xs Xu Xeao Xer Xema  Xa Xrss Xmeon  Xwer
expressed as — COD CODb COD COD P COD COD TSS TSS TSS

1 Aerobic hydrolysis -1 -0.75

2 Anoxic hydrolysis -1 -0.75

3 Anaerobic hydrolysis -1 -0.75

Hetemtmphic organisms: Xu

4  Growth on Ss 1 0.90

5  Growth on Sy 1 0.90

6  Denitrification with Sg 1 0.90

7  Denitrification with Sa 1 0.90

8§  Fermentation

9  Lysis 0.10 0.9 -1 -0.15

Phosphorus-accumulating organisms (PAO): Xpao

10 Storage of PHA -040 1 -0.69

11  Aerobic storage of PP 1 -0.20 3.11

12 Anoxic storage of PP 1 -0.20 3.11

13 Aerobic growth 1 -1.60 -0.06

14 Anoxic growth 1 -1.60 -0.06

15 Lysis of PAO 0.10 0.90 -1 -0.15

16  Lysis of PP -1 -3.23

17 Lysis of PHA -1 -0.60

Nitrifying organisms (autotrophic organisms): Xaut

18  Aerobic growth 1 0.90

19  Liysis 0.10 0.90 -1 -0.15

Simultaneous precipitation of phosphorus with ferric hydroxide (Fe(OH3)):

20 Precipitation 142 -3.45 4.87

21 Redissolution -142 345 -4.87




4. Typical wastewater characteristics and kinetic and stoichiometric constants

Future experience may well lead to different
‘good estimates” of the parameters of the
model. Since experimental results of many pilot
studies have been performed without consider-
ing the requirements of model calibration, we do
not currently have a sufficient basis to calibrate
ASM2 or ASM2d to a ‘typical wastewater’.

Finally a full stoichiometric matrix for
ASM2d, based on the proposed stoichiometric

parameters in Table 4.2 is presented in Table
4.4. Table 4.4 is not meant to be a part of
ASM2d but rather it should indicate approxi-
mate values of stoichiometric coefficients v ;.
Table 4.4 may be used to test computer code,
which might be developed to predict stoi-
chiometric coefficients v;; based on conversion
factors and stoichiometric constants as intro-
duced in Table 4.2.
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5. Limitations

A-ll models have limitations. For ASM2d

among the more important ones are:

 the model is valid for municipal waste-
water only

* processes with overflow of S, to the aera-
tion tank cannot be modelled

e the wastewater must contain sufficient
Mg2+ and K+

* pH should be near neutral

* temperature is expected to be in the range
of 10-25 °C

Use of the model outside of these limitations
is not recommended.

6. Conclusion

SM2d should be used as a basis for
modelling of simultaneous biological phos-
phorus uptake and nitrification—denitrification.
As compared with ASM2 it will improve the
accuracy when modelling nitrate and phos-
phate dynamics. ASM2d is considered to be a
platform and a reference for further research
and development of kinetic models for
biological nutrient removal in activated sludge
systems.
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1. Introduction

ith the introduction of the Activated
Sludge Model No. 1 (ASM1) the IAWPRC
(later JAWQ and now IWA) Task Group on
Mathematical Modelling for Design and Oper-
ation of Biological Wastewater Treatment
Processes introduced a new paradigm for the
mathematical modelling of activated sludge
systems. ASM1 as it was introduced in 1987
(Henze et al., 1987) has become a major
reference for many scientific an practical
projects. Today, mathematical models related to
ASM1 are implemented in various computer
codes for the simulation of the behaviour of
activated sludge systems treating municipal
wastewater of mainly domestic origin.
With over ten years of experience with the
application of ASMI1, some defects of this
model have become apparent, including:

e ASM1 does not include kinetic expressions
that can deal with nitrogen and alkalinity
limitations of heterotrophic organisms. The
result is that computer code cannot be
based on the original form of ASMI,
where under some circumstances negative
concentrations of, for example, ammonium
may occur. This led to the development of
computer codes based on different ver-
sions of ASM1, which can hardly be differ-
entiated any more.

e ASMI includes biodegradable soluble and
particulate organic nitrogen as model com-
pounds. These cannot easily be measured
and made the use of ASM1 unnecessarily
complicated. Therefore this distinction of
nitrogen compounds has in the meantime
been eliminated in many models based on
ASMI.

e The kinetics of ammonification in ASM1
cannot easily be quantified, moreover the
process is fast and therefore hardly affects
model predictions. Again in many versions
of ASM1 assuming a constant composition
of all organic compounds (constant N to
COD ratio) has eliminated this process.

e ASM1 differentiates inert particulate org-
anic material depending on its origin, influ-
ent or biomass decay, but it is impossible
to differentiate these two fractions in reality.

1. Introduction

e In the structure of ASM1, the process of
hydrolysis has a dominating effect upon
the predictions of oxygen consumption and
denitrification by heterotrophic organisms.
In reality this process stands for some
coupled processes such as hydrolysis, lysis
of organisms and storage of substrates.
Therefore the identification of the kinetic
parameters for this combined process is
difficult.

e Lysis combined with hydrolysis and growth
is used to describe the lumped effects of
endogenous respiration of, for example,
storage compounds, death, predation and
lysis of the biomass. This leads to further
difficulties in the evaluation of kinetic
parameters.

e With elevated concentrations of readily
biodegradable organic substrates, storage
of poly-hydroxy-alkanoates and sometimes
lipids or glycogen is observed under aero-

ic and anoxic conditions in activated
sludge plants. This process is not included
in ASM1.

* ASM1 does not include the possibility to
differentiate decay rates of nitrifiers under
aerobic and anoxic conditions. At high
solids retention times (SRT) and high frac-
tions of anoxic reactor volumes this leads
to problems with the prediction of maxi-
mum nitrification rates.

e ASM1 does not directly predict the fre-
quently measured mixed liquor suspended
solids concentration.

* In respiration tests frequently high bio-
mass yield coefficients are obtained. Even
if only soluble, readily biodegradable sub-
strates such as acetate are added, it
appears from respiration tests that this
substrate includes a slowly biodegradable
fraction.

Considering all these defects and the ad-
vance in experimental evidence on storage of
organic compounds, the Task Group has
proposed the Activated Sludge Model No. 3
(ASM3) (Gujer et al., 1999) which should cor-
rect for these defects and which could become
a new standard for future modelling. ASM3
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relates to the same dominating phenomena as
does ASM1: oxygen consumption, sludge pro-
duction, nitrification and denitrification in
activated sludge systems treating wastewater of
primarily domestic origin.

ASM3 is designed to be the core of many
different models. Modules for biological pho-
sphorus removal (as contained in the Activated
Sludge Model No. 2 (ASM2 and ASM2d)
(Henze et al., 1995, 1999), chemical precipi-
tation, growth of filamentous organisms or pH
calculations are not part of ASM3 but can easily
be connected as add on modules. With increa-
sing experience with ASM3 the Task Group may
well suggest such modules which would serve
many purposes in practical simulation work.

Introduction of ASMI1 has spurred and
focused research internationally. Based on a
common platform it became possible to discuss
rather complex results of careful research.
Today interest is with topics such as modelling

population dynamics, biological phosphorus

removal and structured biomass (storage
products). ASM3 may provide the backbone,
which describes the processes of minor interest
in research, such that we can concentrate on
new frontiers again. In this we should realize
that scientific research and model application
in engineering practice have different goals.
Whereas the detailed structure of the models is
used to convey the message on new mecha-
nisms which have been identified in our ad-
vanced research projects, model application in
engineering must rely on manageable models
with a moderate number of parameters but a
high potential to predict system behaviour.
ASM3 is designed to satisfy primarily the
requirements of model application. Neverthe-
less, the Task Group has tried to fulfil the
didactic requirement to keep as many details as
are necessary to obtain some insight into the
interconnected processes. ASM3 may well
become a basis for teaching advanced biological
wastewater treatment courses.




2. Comparison of ASM1 and ASM3

2. Comparison of ASM1 and ASM3

In ASM1 a single decay process (lysis) was
introduced to describe the sum of all decay
processes under all environmental conditions
(aerobic, anoxic). The reason was that in 1985,
when ASMI1 was first published, computing
power was still scarce. The simplest description
possible saved computation time. Today, as com-
putation is not limiting simulation to the same
extent, a more realistic description of decay pro-
cesses is introduced in ASM3: endogenous res-
piration is close to the phenomena observed (we
typically measure a respiration rate) and the
relevant rate constants can be obtained directly
and independent of stoichiometric parameters
(from the slope of In(rg, ¢y,dog) Versus time).

The flow of COD in ASMI1 is rather
complex. The death (decay) regeneration cycle
of the heterotrophs and the decay process of
nitrifiers are strongly interrelated (Figure 2.1).
The two decay processes differ significantly in
their details. This results in differing and
confusing meanings of the two decay rates in
ASM1. In ASM3 all the conversion processes of
the two groups of organisms are clearly separ-
ated and decay processes are described with
identical models (Figure 2.1).

Hydrolysis

Hydrolysis

The complexity of ASM3 is comparable to
ASM1. There is a shift of emphasis from
hydrolysis to storage of organic substrates, a
process, which has been postulated and
observed by many researchers. Characteri-
zation of wastewater must consider this change.
Readily available organic substrates (Sg) must
now be estimated based on the storage rather
than the growth process. Differentiation of
soluble and particulate substrates (Sg and Xg)
remains somewhat arbitrary as in ASM1 and is
mainly based on time constants for degrada-
tion. Correct characterization of wastewater for
the use of ASM3 might still rely on bioassays,
which relate to respiration.

Similarly to ASM2 (Henze et al. 1995) ASM3
includes cell internal storage compounds. This
requires the biomass to be modelled with cell
internal structure. Decay processes (which
include predation) must include both fractions
of the biomass, hence four decay processes are
required (aerobic and anoxic loss of Xy as well
as Xgro) and the kinetics of the growth
processes (aerobic and anoxic) must relate to
the ratio of Xgpo/Xpr.

ASM3

Heterotrophs

Growth  Endogenous

respiration

Endogenous
respiration

Figure 2.1. Flow of COD in ASM1 and ASM3. In ASM1 (left) heterotrophic organisms use COD in a cyclic
reaction scheme: Decay feeds into hydrolysis and triggers additional growth. Nitrifiers decay and
thereby enhance heterotrophic growth. Autotrophic and heterotrophic organisms cannot be entirely
separated. Only two entry points for oxygen exist. In ASM3 (right) nitrifiers and heterotrophs are
clearly separated, no COD flows from one group to the other. Many entry points for oxygen exist. For

definitions of state variables see later.
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3. ASMS3: definition of compounds in

the model

he following compounds are used in ASM3.
Concentrations of soluble compounds are
characterized by S and particulate compounds
by X. Within the activated sludge systems the
particulate compounds are assumed to be asso-
ciated with the activated sludge (flocculated
onto the activated sludge or contained within
the active biomass). Particulate compounds can
be concentrated by sedimentation/thickening in
clarifiers whereas soluble compounds can only
be transported with the water. Only soluble com-
pounds may carry ionic charge. As in ASM1
and ASM2 filtration over 0.45 pm membrane
filters cannot be used to differentiate model
soluble from model particulate compounds in
the influent (typically primary effluent): parti-
culate, slowly biodegradable substrates (X, see
later) will partially not be retained on the filter
membrane. In the activated sludge reactors,
where large amounts of surfaces exist, these
substrates will rapidly adsorb to the suspended
solids, resulting in a better differentiation of
soluble and particulate compounds.
Conservation of Theoretical Oxygen De-
mand (ThOD) will be used extensively in the
development of process stoichiometry. For org-
anic materials COD may analytically approxi-
mate this ThOD. For some inorganic materials
ThOD must be calculated based on redox
equations relative to the redox reference of
H,0, CO,, NH}, PO}~, SO3~. NH, rather than
NOj3 is chosen as reference for nitrogen be-
cause the standard COD analysis with chro-
mate does not oxidize the reduced nitrogen
compounds present in wastewater. An example
of calculation of ThOD is given in Table 3.1.

3.1. Definition of soluble compounds, S,

S0, [M(O,) L-3]: Dissolved oxygen, O,. Dis-
solved oxygen can directly be measured and is
subject to gas exchange. In stoichiometric com-
putations S, is introduced as negative ThOD.

S; [M(COD) L-3]: Inert soluble organic
material. The prime characteristic of Sj is that
these organics cannot be further degraded in
the treatment plants dealt with in this report.
This material is assumed to be part of the
influent and may be produced in the context of
hydrolysis of particulate substrates Xg. It can

readily be estimated from the residual soluble
COD in the effluent of a low loaded activated
sludge plant.

Ss [M(COD) L-3]: Readily biodegradable
organic substrates (COD). This fraction of
the soluble COD is directly available for con-
sumption by heterotrophic organisms. In
ASM3, for simplification, it is assumed that all
these substrates are first taken up by heterotro-
phic organisms and stored in the form of Xgrq.
Sg is preferentially determined with the aid of a
bioassay (respiration test). Measuring the sum
of S; + Sg in the form of the total soluble COD
in wastewater as determined with 0.45 pm
membrane filtration may lead to gross errors.
This is due to the fact that some Xg (see later)
in wastewater (e.g. starch) cannot adsorb to the
small amount of biomass present in the influent
and therefore contributes to the analytically
determined soluble material.

Sxu, [M(N) L-3]: Ammonium plus ammo-
nia nitrogen (NHj}-N + NH3-N). For the
balance of the ionic charges, Syyy, is assumed to
be all NHj. Because ASM3 assumes that org-
anic compounds contain a fixed fraction of org-
anic nitrogen (ty;, see Table 8.2), the influent
SN, 0 cannot be observed directly (measured
analytlcally) but should be computed from
wastewater composition: Kjeldahl nitrogen -
organic nitrogen (S, 0= Crrno - v - Cio
+Sx,0 + Snoxo)- In the activated sludge reac-
tors and in the effluent Syy, is equivalent to
observed concentrations. With the redox refer-
ence level chosen, Sy, does not have a ThOD.

Sn, [M(N) L-3]: Dinitrogen (Np). Sy, is
assumed to be the only product of denitrifica-
tion. Sy, may be subject to gas exchange, paral-
lel with oxygen, Sp,. It can then be used to
predict problems due to supersaturation with
Ny in secondary clarifiers. Alternatively the N,
contained in the influent and gas exchange can
be neglected. Sy, may then be used to calculate
the amount of nitrogen lost due to denitrifi-
cation. Sy, has a negative ThOD.

Snox [M(N) L-3]: Nitrate plus nitrite nitro-
gen (NO3-N + NO3-N). Syox is assumed to
include nitrate as well as nitrite nitrogen, since
nitrite is not included as a separate model




3. ASM3: definition of compounds in the model

Table 3.1. Computation of Theoretical Oxygen Demand ThOD. Each reactive electron is equivalent to a ThOD of 8
g mole~1. Therefore each element can be associated with a ThOD which relates to the redox reference of
ThOD (H,0, COs, NH{, SO;~, PO;~). ThOD may then be computed by adding the individual

contributions to each molecule.

Element Equivalent ThOD Examples

Carbon C  +32gThOD (mol C)-!  What is the ThOD of 1 mole of NO3?

Nitrogen N  -24¢ThOD (mol N)-! N: - 24 g mole~!

Hydrogen H + 8gThOD (mol H)! 30: -48

Oxygen O  -16 g ThOD (mol O)-! — + 8gmole! Total: -64 ¢ ThOD (mole NO3)-!
Sulphur S +48gThOD (mol S)-!  What is the ThOD of 1 mole of SO7 P

Phosphorus P +40gThOD (mol P)- S: + 48 g mole!

Negative charge -+ 8gThOD (mol (-))-! 40: -64gmole!

Positive charge + = 8gThOD (mol (+))t 2-: + 16 gmole-!  Total: 0 g ThOD (mole SO3)-!

compound. For all stoichiometric computations
(ThOD conservation), Sxox is considered to be
NO3-N only. Syox has a negative ThOD.

Sark [mole(HCO3) L-3]: Alkalinity of the
wastewater. Alkalinityis used toapproximate the
conservation of ionic charge in biological reac-
tions. Alkalinity is introduced in order to obtain
an early indication of possible low pH condi-
tions, which might inhibit some biological proces-
ses. For all stoichiometric computations, S,y x
is assumed to be bicarbonate, HCOj, only.

3.2. Definition of particulate compounds,

Xz
X; [M(COD) L-3]: Inert particulate organic
material (COD). This material is not

degraded in the activated sludge systems for
which ASM3 has been developed. It is
flocculated onto the activated sludge. Xy may
be a fraction of the influent and is produced in
the context of biomass decay.

Xg [M(COD) L-3]: Slowly biodegradable
substrates (COD). Slowly biodegradable sub-
strates are high molecular weight, soluble, coll-
oidal and particulate organic substrates which
must undergo cell external hydrolysis before
they are available for degradation. It is assumed
that the products of hydrolysis of Xg are either
readily biodegradable (Sg) or inert (S;) soluble
organics. As compared to ASM1 thlS fraction
has a different origin. In ASM3 all Xg is con-
tained in the influent and none is generated in
decay processes. In ASM1 a large fraction of Xg
is assumed to originate from decay processes.

Xy [M(COD) L-3]: Heterotrophic organ-
isms (COD). These organisms are assumed to
be the ‘allrounder’ heterotrophic organisms,
they can grow aerobically and many of them
also anoxically (denitrification). These organ-
isms are responsible for hydrolysis of particulate
substrates Xg and can metabolize all degradable
organic substrates. They can form organic stor-
age products in the form of poly-hydroxy-
alkanoates or glycogen. Xy are assumed to have
no anaerobic activity except cell external hyd-

rolysis, which is the only anaerobic process in
ASMS3.

Xs10 [M(COD) L-3]: A cell internal storage
product of heterotrophic organisms
(COD). 1t includes poly-hydroxy-alkanoates
(PHA), glycogen, etc. It occurs only associated
with Xjy; it is, however, not included in the mass
of Xyg. Xgto cannot be directly compared with
analytically measured PHA or glycogen concen-
trations; Xgqrq is only a functional compound
required for modelling but not directly identifi-
able chemically. Xg1 may, however, be recovered
in COD analysis and must satisfy ThOD con-
servation. For stoichiometric considerations,
Xgto is assumed to have the chemical com-
position of poly-hydroxy-butyrate (C,HgO,),,.

X, [M(COD) L-3]: Nitrifying organisms
(COD). Nitrifying organisms are responsible
for nitrification; they are obligate aerobic,
chemo-litho-autotrophic. It is assumed that
nitrifiers oxidize ammonium, Syy,, directly to
nitrate, Syox. Nitrite as an intermediate com-

pound of nitrification is not considered in
ASMS3.

Xgs [M(SS) L-3]: Suspended solids (SS).
Suspended solids are introduced into the bio-
kinetic models in order to compute their con-
centration via stoichiometry. Treatment plant
operators typically follow SS in day to day
analysis. In the influent, SS (Xsg,) include an
inorganic fraction of SS and the ‘soluble’ frac-
tion of Xg o, which passes membrane filters. SS
measured in the influent are therefore smaller
than Xgg ) used to describe the influent in the
terms of the model compounds. Describing
influent SS correctly should allow predicting
MLSS as observed in the activated sludge reac-
tors. If chemicals are added in order to precipi-
tate phosphorus, the precipitates formed must
in ASM3 be added to the concentration of SS
computed in the influent (Xgg ). Alternatively
Xgg may be used to model volatile suspended
Solids (VSS). This requires the relevant choice
of absolute numbers for the composition
parameters for SS (igg » in Table 8.2).
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4. ASMS3: definition of processes in

the model

SM3 includes only the microbiological trans-
formation processes. Chemical precipita-
tion processes are not included, but may easily
be added based on the information provided
for ASM2 (Henze et al., 1995). ASM3 considers
the following transformation processes:

1. Hydrolysis. This process makes available all
slowly biodegradable substrates Xg contained
in the influent to an activated sludge system.
Hydrolysis is assumed to be active indepen-
dently of the electron donor. This process is
different from the hydrolysis process in
ASM1; it is of less dominating importance
for the rates of oxygen consumption and
denitrification.

2. Aerobic storage of readily biodegradable
substrate. This process describes the storage
of readily biodegradable substrate Sq in the
form of cell internal storage products Xgrq.
This process requires energy, which is
obtained from aerobic respiration. It is
assumed that all substrates first become stored
material and later are assimilated to biomass.
This is definitely not observed in reality,
however at this moment no reliable model is
available which can predict the substrate flux
into storage, assimilation and dissimilation
respectively. Therefore the Task Group sug-
gests for the time being this simplest assum-
ption. However using a low yield coefficient
for storage (Ygtp) and a higher one for sub-
sequent growth (Yg) allows to approximate
the consequences of direct growth rather
than storage followed by growth.

3. Anoxic storage of readily biodegradable sub-
strate. This process is identical to aerobic
storage, but denitrification rather than aero-
bic respiration provides the energy required.
Only a fraction of the heterotrophic organ-
isms Xg in activated sludge is capable of
denitrification. ASM3 considers this by
reducing the anoxic heterotrophic storage
rate as compared to the aerobic rate.

4. Aerobic growth of heterotrophs. The sub-
strate for the growth of heterotrophic organ-
isms is assumed to consist entirely of stored
organics Xgrg. This assumption simplifies
ASMS3 considerably.

5. Anoxic growth of heterotrophs. This process
is similar to aerobic growth but respiration is
based on denitrification. Only a fraction of
the heterotrophic organisms Xj; in activated
sludge is capable of denitrification. ASM3
considers this by reducing the anoxic hetero-
trophic storage rate as compared to the
aerobic rate.

6. Aerobic endogenous respiration. This pro-
cess describes all forms of biomass loss and
energy requirements not associated with
growth by considering related respiration
under aerobic conditions: decay, (mainten-
ance), endogenous respiration, lysis, preda-
tion, motility, death, and so on. The model of
this process is significantly different from the
decay (lysis) process introduced in ASM1.

7. Anoxic endogenous respiration. This process
is similar to aerobic endogenous respiration
but typically slower. Especially protozoa (pre-
dation) are considerably less active under
denitrifying than under aerobic conditions.

8. Aerobic respiration of storage products. This
process is analogous to endogenous respir-
ation. It assures that storage products, Xqro,
decay together with biomass.

9. Anoxic respiration of storage products. This
process is analogous to the aerobic process
but under denitrifying conditions.

As compared with ASM1, ASM3 includes a
more detailed description of cell internal pro-
cesses (storage) and allows for better adjust-
ment of decay processes to environmental
conditions. The importance of hydrolysis has
been reduced and degradation of soluble and
particulate organic nitrogen have been integ-
rated into the hydrolysis, decay and growth
process.
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5. ASMa3: stoichiometry

able 5.1 introduces the stoichiometric

matrix v; ; of ASM3 together with the com-
position matrix t; as proposed by Gujer and
Larsen (1995). Whereas the stoichiometric
matrix v;; is well known since the introduction
of ASMl the composition matrix is less well
known. Relating to Table 5.1 the composition
matrix may be read as follows: ¢, 5 is filled with
the symbol iy ¢ and indicates that any g COD
in the form of Sg contains ings g of N. The
index k = 2 relates to the second conservative
which is nitrogen, the index i = 3 relates to the
third compound which is Sq. Sg is measured in
terms of g COD (as indicated below the symbol
Ss) and the conservative ‘nitrogen’ is expressed
in g N (as indicated to the right of nitrogen in
the composition matrix). iy g5 therefore indi-
cates the composition of Sg relative to nitrogen,
hence ¢ ; is called the composition matrix.

All empty elements of v;; or ¢ ; indicate
values of 0. All values of X, y] and z zj can be
obtained from the conservation Equation 5.1
for the three conservatives k: ThOD, nitrogen
and ionic charge:

sz,i ;=0 fori=1to12 (5.1)

As introduced earlier, ThOD stands for
Theoretical Oxygen Demand and is the conser-
vative form of COD. In most cases ThOD of
organic compounds may analytically be approxi-
mated by standard dichromate COD analysis.
ThOD is a conservative quantity since it effec-
tively accounts for the electrons involved in the
biological redox processes.

The stoichiometric coefficient for Sy, in any
denitrification process is the negative of the co-
efficient for Syox. The composition coefficients
for ThOD for Sy, (-1.71 g ThOD (g Ny)-1) and
Snox (-4.57 ¢ ThOD (g NO3-N)-1) as well as
So, (-1 g ThOD (g O,)-1) are negative for elec-
tron donors relative to the redox reference for
ThOD.

The stoichiometric coefficients for the obser-

vable Xgg can be obtained from the Compo-
sition Equation 5.2:

Vis = X Vi - ta; fori = 8to12  (5.2)

It is known that the biochemical energy
(ATP) yield of anoxic respiration is smaller than
in aerobic respiration. This leads to the fact
that aerobic yield coefficients (Ygro o, and
Y0, exceed the anoxic yield coefficients
(Ystonox and Yy nox). Assuming the anoxic
energy vield to be 7,,,4. = 0.70 of the aerobic
energy yield the following energy relationship
(Equation 5.3) applies:

1 - Ys10,0, Hanoxic * (1 = YsroNox)
= and
Ys10,0, Yst10,N0X
1 -7 9 anoxic 1 -
0: _ Mano ( NOX) 5.3)
Yo, Ynox

It is suggested that Equation 5.3 is used to
relate anoxic and aerobic yields in ASM3.

The net (true) yield of heterotrophic biomass
Xy produced per unit of substrate Sq removed
in ASM3 is obtained from:

Ynet,()g = YST(),()Q : YH,OQ and

Yietnox = YstoNnox © YHNOX (5.4)

All stoichiometric parameters are defined
together with their units and a typical value in
Table 8.2. A numeric example of all
stoichiometric coefficients is given in Table 8.4.

In the composition matrix ¢ ; of Table 5.1 the
composition of all organic fractions relative to
ThOD is assumed to be unity. These values
have units however (ip,ops, = 1 g ThOD
(g COD)-1, ..) and it should be realized that
these values are actually model parameters
which here have been assumed to be unity
whereas in reality COD analysis recovers only a
fraction of ThOD, typically 95% in domestic
wastewater.

109



Activated Sludge Model No. 3

Table 5.1. Stoichiometric matrix v;; and composition matrix w; of ASM3. The values of x;, v, zj and t; can be
obtained in this sequence from mass and charge conservation (Equation 5.1) and composition

(Equation 5.2).
Compound i— 1 2 3 4 5 6 7 8 9 10 11 12 13
J Process So, Si Ss Snu, Sy, Swox Sak X1 Xs Xy Xsto Xy Xss
d Expressed as — O, COD COD N N N Mole COD COD COD COD COD SS
1 Hydrolysis fs, X U1 z -1 —ixq
Heterotrophic organisms, aerobic and denitrifying activity
2 Aerobic storage of Sg X9 -1y 29 Ys10,0, to
3 Anoxic storage of Ss -1 ys —x oas 23 Ysro,Nox t3
4 Aerobic growth of Xu X4 Y4 z4 1 -1/Yuo, ty
5 Anoxic growth (denitrific.) ys -5 Xs zs5 1 -1/YuNox ts
6 Aerobic endog. respiration  x6 ye i -1 t6
7 Anoxic endog. respiration y7 -7 X7 z7 fi -1 ts
8 Aerobic respiration of Xsto s -1 ts
9 Anoxic respiration of Xsro —Xg X9 Zo -1 to
Autotrophic organisms, nitrifying activity
10 Aerobic gI'OWth Of XA X10 Y10 I/YA 210 1 t10
11 Aerobic endog. respiration 11 yn 21 i -1 tu
12 Anoxic endog. respiration Y12 X1z Xz 21 fi -1t

Composition matrix k1
k Conservatives

1 ThOD gThOD -1 1 1 -1.71 -4.57 1 1 1 1 1
2 Nitrogen g N i\',sl l'\',ss 1 1 1 l'\')(l iN»Xs i,\I,BM i.\I,BM
3 Ionic charge Mole + 1/14 -1/14 -1
Observables
4 SS g SS iSS,Xl iSS,Xs iSS,BM 0.60 iSS,BM

110




6. ASMS3: kinetics

he kinetic expressions of ASM3 are based

on switching functions (hyperbolic or satur-
ation terms, Monod equations, S/(K+8S)) for all
soluble compounds consumed. This form of
kinetic expression is chosen not because of
experimental evidence but rather for mathem-
atical convenience: these switching functions
stop all biological activity as educts of a process
approach zero concentrations, an important
difference between ASM1 and ASM3. Similarly
for particulate educts the switching functions
relate to the ratio of Xgpo/Xy resp. X¢/Xpy.
Inhibition is modelled with 1 - S/(K + S) =
K/(K + S).

Table 6.1 is a summary of all kinetic expres-
sions of ASM3. The kinetic parameters are
defined in Table 8.1 together with their units
and a typical value at 10 °C and 20 °C. It is
recommended to interpolate kinetic paramet-

Table 6.1. Kinetic rate expressions pj for ASM3. All p; > 0.

6. ASM3: kinetics

ers k to different temperatures T (in °C) with
the following temperature equation:

k(T) = k(20 °C) - exp(Or - (T — 20 °C)) (6.1)
where 67 (in °C) may be obtained from

_ In(k(Ty)/k(Ty)
B t — Ty

(6.2)

T

6.1 Estimation of readily biodegradable
substrate Sg

As indicated earlier, readily biodegradable sub-
strate Sg in wastewater is best determined from
a bioassay. Kinetics of the storage and growth
processes are such that the storage process in
ASM3 will be related to the additional rapid
uptake of oxygen after addition of wastewater
to biomass. Therefore the yield of the storage

j Process Process rate equation p;, all p; > 0.
Xs/ Xy
1 Hydrolysis = X
yArolysts H KX + Xs/XH E
Heterotrophic organisms, aerobic and denitrifying activity
So, Ss
2 Aerobic storage of S kgro - o, S-SOZ . X _: s - Xi
Ko, Sxox Ss
3 Anoxic storage of S5 ksto - fxox - S : : X
noxic storage ot 5s Ksto * 7Nox Ko, + So, Kxox *+ Sxox Ks + Ss o
So, NINTH Sark Xsto/ Xu

4 Aerobic growth i

Ko, + So, Kym, + Snuy, Kawk + Saik Ksto + Xsro/ Xu
5 Anoxic growth Ko, Snox

H

NN SaLk Xsto/ Xu

(denitrification) i INox - Ko, + So, " Knox + Sxox Kyu, + Snn, " Kk + Sax  Ksto + Xsro/Xu 1
6 Aerobic endogen- bio, - So, Xy
ous respiration " Ko, + So,
7 Anoxic endogen- Do - Ko, SNox X
ous respiration ’ Ko, + So, Knox + Snox
8 Aerobic respiration be ) So, X
of Xsro STO,0, Kioz + So, STO
9 Anoxic respiration be ) Ko, ] Sxox X
of Xsro STO,NOX Ko, + So.  Knox + Sxox STO
Autotrophic organisms, nitrifying activity
10 Aerobic growth of So, Sni, Sarx

Xy, nitrification i Kyo, + So,  Kanmg + Sniy - Kaank + Saik
11  Aerobic endogen- So,
R bADg . XA
ous respiration Kio, + So,
12 Anoxic endogen- b Ko, Sxox
ANOX

ous respiration

Kro0, + So,  Kanox + Snox
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process must be used in order to relate oxygen
uptake to substrate consumption:

Vs.
Ss (batch) = [Arg, - dt = VSS [Argo, - dt
S0,
J.ATSOZ . dt
Y . Bt 6.3)
1 - Yo,s10

It is recommended to simulate the batch
experiment, which is used to identify Sg with
the aid of ASM3. This allows the identification
of possible errors that could be introduced by
this simple procedure.




7. Limitations of ASM3

7. Limitations of ASM3

SM3 (and ASM1) was developed for the
simulation of the aerobic and anoxic treat-
ment of domestic wastewater in activated
sludge systems. It is not advised to apply it to
situations where industrial contributions domi-
nate the characteristics of the wastewater.
ASM3 (and ASM1) has been developed based
on experience in the temperature range of
8-23 °C. Outside of this range model applica-
tion may lead to very significant errors and even
model structure may become unsatisfactory.
ASM3 (and ASM1) does not include any pro-
cesses that describe biomass behaviour in an
anaerobic environment. Simulation of systems
with large fractions of anaerobic reactor volume
may therefore lead to gross errors.
Development of ASM3 is based on experi-
ence in the range of pH values from 6.5 to 7.5.
The concentration of bicarbonate alkalinity
(Sarx) is supplied to give early warnings when
pH values below this range are to be expected.

Alkalinity must be dominated by bicarbonate.

ASM3 cannot deal with elevated concentra-
tions of nitrite.

ASM3 (and ASM1) is not designed to deal
with activated sludge systems with very high
load or small SRT (<1 day) where flocculation/
adsorption of Xg and storage may become
limiting.

ASMS3 provides the structure of a model but
not absolute values of model parameters. It is
the responsibility of the user of this model to
identify the applicable parameters and the rel-
evant characterization of the wastewater.

Neither the Task Group nor IWA can under
any circumstances accept any liability for dama-
ges of any sort that may result from the applica-
tion of this model. It is provided here as a service
for the scientific and practical engineering
community and it is hoped to serve as a
reference for future scientific work.
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8. Aspects of application of ASM3

t is the responsibility of the user of ASM3 to

determine the concentrations of relevant
compounds in the wastewater, as well as the stoi-
chiometric and kinetic parameters, which apply
to the specific case to be dealt with. Absolute
values of these parameters are not part of
ASM3. They are necessary, however, if ASM3
is to be applied to any specific case.

In Tables 8.1-8.4 a set of typical model para-
meters and concentrations of model com-
pounds in a primary effluent is provided for
convenience. This neither indicates that ASM3
is meant to be reliable with these parameters in

any case, nor that these parameters are the
state of the art. They are merely presented here
as a reference for testing computer code and as
a first estimate for the design of possible
experiments that may be used to identify these
parameters more accurately.

Table 8.1 contains a list of typical kinetic
parameters; Table 8.2 suggests some typical
stoichiometric parameters. Table 8.3 indicates
the composition of a typical primary effluent
and finally Table 8.4 is a stoichiometric matrix,
based on Table 5.1 and the specific values
introduced in Table 8.2.

Table 8.1. Typical values of kinetic parameters for ASM3. These values are provided as examples and are not

part of ASM3.
Temperature
Symbol Characterization 10°C 20°C Units
ky Hydrolysis rate constant 2 3 g CODy, (g CODy,)"td!
Kx Hydrolysis saturation constant 1 1 g CODy, (g CODy,)!

Heterotrophic organisms Xu, aerobic and denitrifying activity

ksto Storage rate constant 2.5 5 g CODyg, (g CODy,, )1 d!
1INOX Anoxic reduction factor 0.6 06 —

Ko, Saturation constant for Sxo, 0.2 0.2 g Oq m-3

Kxox Saturation constant for Sxox 05 05 gNO3;-Nm3

Ks Saturation constant for substrate Sg 2 2 g CODg, m-3

Ksto Saturation constant for Xsto 1 1 g CODyy,, (g CODy,,)™!
un Heterotrophic max. growth rate of X 1 2 d-!

Kxp, Saturation constant for ammonium, Sy, 0.0l 0.0l ¢gNm™3

Kaix Saturation constant for alkalinity for Xy 0.1 0.1 mole HCO3 m~3

by o, Aerobic endogenous respiration rate of Xu 0.1 02 d!

byxox  Anoxic endogenous respiration rate of Xy~ 0.05 0.1 d-!

bsto0,  Aerobic respiration rate for Xsro 0.1 02 d!

bstonox Anoxic respiration rate for Xsro 005 01 d!

Autotrophic organisms X, nitrifying activity

Ua Autotrophic max. growth rate of Xy 035 10 d!

Kaxu, Ammonium substrate saturation for Xy 1 1 gNm3

Kao, Oxygen saturation for nitrifiers 05 05 gOsm™

Ksark  Bicarbonate saturation for nitrifiers 0.5 0.5 mole HCO3 m3

b0, Aerobic endogenous respiration rate of X, 0.05  0.15 d-!

baxox  Anoxic endogenous respiration rate of Xa  0.02  0.05 d-!
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Table 8.2. Typical stoichiometric and composition parameters for ASM3. These values are given as examples and

are not part of ASM3.

Symbol Characterization Value Units

fs, Production of Sy in hydrolysis 0 g CODyg, (g CODy,)!

Ys70,0, Aerobic yield of stored product per Sg 0.85 gCODy, (g CODg )

Ystonox  Anoxic yield of stored product per Ss 0.80 gCODy, (g CODg,)! Equation 5.3

Yi 0, Aerobic yield of heterotrophic biomass 0.63 gCODx, (g CODXSTO)’1

Yh.Nox Anoxic yield of heterotrophic biomass 0.54 gCODy, (g CODy ) Equation 5.3

Ya Yield of autotrophic biomass per NO3-N 024 g CODy, (g Ny, )™

Ix Production of X in endog, respiration 0.20 g CODy, (g CODy,,)!

ing N content of S; 001 gN (gCODg,)™*

in.sq N content of Sg 0.03  gN (gCODy,)

inx, N content of X; 0.02  gN (g CODy,)* The values below are

iN X N content of Xs 0.04 gN (g CODy,)! suggested if Xss is used to
INBM N content of biomass, Xu, Xa 0.07  gN (gCODy,,)! model VSS rather than SS:
iss x, SS to COD ratio for X; 075 gSS(g CODXI)‘l 0.75 g VSS (g CODXI)‘1
iss X SS to COD ratio for Xs 0.75  gSS (g CODy,)! 0.75 g VSS (g CODy,)!
iss.BM SS to COD ratio for biomass, Xy, X 0.90  gSS (g CODy,,) ! 0.75 g VSS (g CODx,, o x,) !

Table 8.3. Short definition of model compounds and typical wastewater composition (primary effluent) for ASM3.
The value of TKN considers the composition of the different model compounds as indicated in Table 8.2:
TKN = 3C; - 1y over all compounds i — Sxox — Sy, CODyot = 260 g COD m=3, TKN = 25 g N m~3.

Concen-
Compounds tration Units
Dissolved compounds
So, Dissolved oxygen 0 gOym™
St Soluble inert organics 30 ¢gCOD m™
Ss Readily biodegradable substrates 60 gCOD m-3
S, Ammonium 16 gNm™
SN, Dinitrogen, released by denitrification 0 g N m=3
Sxox Nitrite plus nitrate 0 gNm3
SALk Alkalinity, bicarbonate 5 mole HCO3 m=3
Particulate compounds
X1 Inert particulate organics 25 ¢ COD m-3
Xs Slowly biodegradable substrates 115 gCOD m™
Xu Heterotrophic biomass 30 ¢gCOD m™ The value below is
Xsto Organics stored by heterotrophs 0 gCODm™3  suggested if Xss is used to
Xa Autotrophic, nitrifying biomass >0 gCOD m=3  model VSS rather than SS:
Xss Total suspended solids 125 gSSm™ 100 g VSS m=3

Table 8.4. Stoichiometric matrix of ASM3 based on the stoichiometric parameters in Table 8.2. This matrix is a
typical application of ASM3 but it is not suggested as a reliable form of ASM3.

Compound i — 1 2 3 4 5 6 7 8 9 10 11 12 13
j Process So, Sy S Sxi, Sn: Snox  Saix Xi X Xy Xsro  Xi X
xL Expressed as — Oy COD COD N N N Mole COD COD COD COD COD SS
1 Hydrolysis 0 1 001 0.001 -1 -0.75
Heterotrophic organisms, aerobic and denitrifying activity
2 Aerobic storage of Sg -0.15 -1 003 0.002 0.85 0.51
3 Anoxic storage of Sg -1 003 0.07 -0.07 0.007 0.80 0.48
4 Aerobic growth of Xy -0.60 -0.07 -0.005 1 -1.60 -0.06
5 Anoxic growth (denitrific.) -0.07 0.30 -0.30 0.016 1 -1.85 -0.21
6 Aerobic endog. respiration  -0.80 0.066 0.005 0.20 -1 -0.75
7 Anoxic endog. respiration 0.066 0.28 -0.28 0.025 0.20 -1 -0.75
8 Aerobic respiration of X¢ro -1 -1 -0.60
9 Anoxic respiration of Xsro 0.35 -0.35 0.025 -1 -0.60
Autotmphic organisms, m‘tn‘fyi ng activity
10 Aerobic growth of X, -18.04 -4.24 4.17 -0.600 1 090
11 Aerobic endog. respiration ~ -0.80 0.066 0.005 0.20 -1 -0.75
12 Anoxic endog,. respiration 0.066 0.28 -0.28 0 .025 0.20 -1 -0.75
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9. ASMS3C: a carbon-based model

In some countries the chemical determina-
tion of COD-Cr in routine analysis is not
possible because of the heavy metals (Hg, Cr
and Ag) involved in the analytical procedures.
The alternative COD-Mn is not very valuable
in the context of ASM3 since it greatly under-
estimates ThOD. This is a severe limitation for
the application of models such as ASM3. In
order to facilitate the application of ASM3, the
Task Group proposes ASM3C as an adapted
version of ASM3, where organic state variables
are expressed in terms of organic carbon rather
than COD. This allows the use of TOC instead
of COD-Cr measurements in order to charac-
terize wastewater and activated sludge. Since
experience with TOC is rather limited at this
time, ASM3C should be used with great care.

9.1 Definition and measurement of
fractions of organic carbon

TOC [M(C) L-3] stands for Total Organic Car-
bon and is analytically available in wastewater.
For samples with suspended solids, careful
homogenization of the samples is important.
Care has to be taken that sedimentation of
coagulating solids does not lead to erroneous
results. This is especially relevant if auto-
samplers are used where the sample is not stirred
before it is injected into the TOC analyser.

Depending on the pretreatment of the sam-
ple, the TOC analysis can be used to character-
ize different fractions of wastewater. In relation
to TOC the terms DOC (Dissolved Organic
Carbon) and POC (Particulate Organic carbon)
are sometimes used. By definition TOC =
DOC + POC. DOC is measured after filtration
of the samples. All soluble organic model com-
pounds (Sy, Sg) may be expressed in terms of
DOC.

POC is available from the difference TOC -
DOC. POC may be used to characterize some
of the particulate organic model compounds in
the influent (X}, Xy, Xgro, X4) but not for
others (not Xg, since a fraction of Xg passes
through the membrane filters).

For the characterization of activated sludge
as a whole, standard estimation of TOC may
easily lead to gross analytical errors. Here
elementary analysis of a dry washed sample or

the use of specialized TOC equipment may be
the methods of choice.

Since the fractionation of TOC in DOC and
POC is not entirely compatible with the defin-
ition of the model compounds (Xg being the
problem), this report will use TOC only, in
order to express that a compound is measured
in terms of organic carbon.

9.2 Transition from ASM3 to ASM3C

Deriving ASM3C from ASMS3 is an easy task if
the composition of the organic compounds is
redefined (COD is replaced by TOC). Introdu-
cing new units (g ThOD (g TOC)-! rather than
g ThOD (g COD)-1) and accordingly new ab-
solute values for the composition parameters
trhop,; for all organic compounds in the com-
position matrix yields the basis for estimating
the unknown stoichiometric coefficients X, Y, 3
and t; with the aid of Equations 5.1 and 5.2.

Realizing that the values of ip,opo =
1 g ThOD (g COD)-! are actually model para-
meters chosen to be unity in ASM3 (which is
based on the assumption that ThOD is identi-
cal to the measured COD), the transition of
ASM3 to ASM3C is a rather minor one.

Table 9.1 includes the stoichiometric matrix
for ASM3C, revised from Table 5.1. Changes
include transition from COD to TOC for ex-
pressing the organic state variables, introduc-
tion of the ty,0p p» values in the first row of the
composition matrix and adjusting the fixed
values for storage compounds (Xgpp) in the
composition matrix.

9.3 Adjusting kinetic and stoichiometric
parameters for ASM3C

With the introduction of TOC based
compounds in ASM3C the absolute values and
the units of some kinetic and stoichiometric
parameters must be adjusted. As an example
the aerobic yield of autotrophic biomass Y, in
ASM3C may be obtained from:
Y, (ASM3) has the units
[g CODy, (g NO3-N)-1]
Y ,(ASM3C) has the units
[g TOCy, (g NO3-N)-1]
ithop,M(ASM3) has the units
[g ThODgy; (g CODgy1)]




9. ASM3C: a carbon-based model

Table 9.1. Stoichiometric matrix vj; and composition matrix u.; of ASM3C. The values of xj, yj, zj and tj can be
obtained in this sequence from mass and charge conservation (Equation 5.1) and composition
(Equation 5.2). The stoichiometric coefficients (fs,, f1, Ysto and Yu) must be based on organic carbon

(Table 9.3).
Compound i — 1 2 3 4 5 6 7 8 9 10 11 12 13

J Process So, S1 Ss Sxm, Snx, Swox Sark  Xi Xs Xu Xsto Xa Xss

d Expressed as — O TOC TOC N N N Mole TOC TOC TOC TOC TOC SS

1 Hydrolysis fs x) 0 2 -1 —ix
Heterotrophic organisms, aerobic and denitrifying activity

2 Aerobic storage of Ss X -1 Us Z Ys10,0, ty

3 Anoxic storage of Ss -1 ys —x3 a3z YsroNox t3

4 Aerobic growth of Xu x4 Ua z4 1 -1/Yno, t4

5 Anoxic growth (denitrific.) Yy X5 X5 Zs5 1 —1/YhNox ts

6 Aerobic endog. respiration x5 s i -1 ts

7 Anoxic endog. respiration yr X7 X7 z7 fi -1 tr

8§ Aerobic respiration of Xsto xs -1 ts

9 Anoxic respiration of Xsro X9 X9 Z9 -1 tg
Autotrophic organisms, nitrifying activity
10 Aerobic growth of XA X10 Y10 1/YA Z10 1 t10
11 Aerobic endog. respiration x11 Y1 2 i -1 tn
12 Anoxic endog. respiration Y12 X2 X2 12 i -1t
Composition matrix tk 1

k Conservatives

1 ThOD g ThOD -1 ityop,s; iThop,ss -1.71-4.57 ithop.x; iThoDXs iThoDBM  3-00  iThoDBM

2 Nitrogen g N iN,S[ iN,55 1 1 1 iN.X[ iN,X,g l’]\];M iN,BM

3 Ionic charge Mole + 1/14 -1/14 -1

Observables
4SS gSS issx, fssxg  issBM 1.80 iss.BM

ithop,sM(ASM3C) has the units
[g ThODBM (g TOCBM_1>]
From this we obtain (with absolute values
from Tables 8.2 and 9.3):

ithon,sm (ASM3)
ithon,sm (ASM3C)

1
0.24 5 CODpyi (g NOFN) ™ - o

(ASM3C) = Y, (ASM3) -

0.09 g TOCgwm (g NO3-N)-!

Adjustments are best based on careful ana-
lysis of the units of the parameter to be adjusted.
Even the magnitude of seemingly dimension-
less coefficients such as Yy must be adjusted.

9.4 Typical kinetic and stoichiometric
parameters for ASM3C

Again the following remarks apply to ASM3C
as well.

It is the responsibility of the user of ASM3C
to determine the concentrations of relevant
compounds in the wastewater, as well as the
stoichiometric and kinetic parameters, which
apply to the specific case to be dealt with.
Absolute values of these parameters are
not part of ASM3C. They are necessary, how-
ever, if ASM3C is to be applied to any specific
case.

In Tables 9.2-9.5 a set of typical kinetic and
stoichiometric parameters and concentrations

of model compounds in a primary effluent is
provided for convenience. This indicates
neither that ASM3C is meant to be reliable
with these parameters in any case, nor that
these parameters are the state of the art. They
are merely presented here as a reference for
testing computer code and as a first estimate
for the design of possible experiments that may
be used to identify these parameters more
accurately. In comparison to the values given in
Tables 8.1-8.4 these values have been adjusted
to TOC units based on typical composition
parameters in Table 9.4. There may be some
rounding errors resulting in slight deviations in
model predictions between ASM3 and ASM3C.
The extra decimal is not provided because it is
thought to be accurate but rather in order to
result in better comparison of predictions rela-
tive to ASM3.

Table 9.2 provides a list of typical kinetic
parameters, Table 9.3 suggests some typical
stoichiometric parameters, Table 9.4 indicates
the composition of a typical primary effluent
and finally Table 9.5 is a stoichiometric matrix,
based on Table 9.1 and the specific values
introduced in Table 9.3.

9.5 Modelling pH with ASM3C

Including organic carbon in ASM3C allows
modelling the pH value in the different reactor
compartments. If bicarbonate is assumed to be
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Table 9.2. Typical values of kinetic parameters for ASM3C. These values are provided as examples and are not

part of ASM3. In comparison to the values given in Table 8.1 these values have been adjusted to TOC
units based on typical composition parameters in Tables 8.2 and 9.3. There may be some rounding
errors resulting in slight deviations in model predictions between ASM3 and ASM3C. The extra decimal
is provided not because it is thought to be accurate but rather in order to result in better comparison of
predictions relative to ASM3.

Temperature
Symbol Characterization 10°C 20°C Units
ku Hydrolysis rate constant 2.3 34 g TOCxy, (g TOCy,) ! d!
Kx Hydrolysis saturation constant 1 1 g TOCy, (g TOCy,,)™!
Heterotrophic organisms Xy, aerobic and denitrifying activity
ksto Storage rate constant 29 57 gTOCg, (g TOCy, )t d!
7INOX Anoxic reduction factor 0.6 06 -
Ko, Saturation constant for Syo, 0.2 02 gOzm™
Knox Saturation constant for Snox 0.5 0.5 g NO3-N m-3
Ks Saturation constant for substrate Ss 06 06 gTOCg m™>
Ksto Saturation constant for Xsto 1.1 1.1 g TOCxy,, (g TOCy,,)™!
un Heterotrophic max. growth rate 1 2 d-!
Ky, Saturation constant for ammonium, Sy, 0.0l 001 gNm3
Kark Saturation constant for alkalinity for Xu 0.1 0.1 mole HCO3 m™3
by, Aerobic endogenous respiration rate of Xg 0.1 02 d!
bynox  Anoxic endogenous respiration rate of Xy~ 0.05 0.1 d-!
bsroo,  Aerobic respiration rate for Xsro 0.1 02 d!
bstonox  Anoxic respiration rate for Xsto 0.05 0.1 d-!
Autotrophic organisms Xa, nitrifying activity
Ua Autotrophic max. growth rate of Xy 035 1.0 d-!
Kanxn, Ammonium substrate saturation for X 1 1 gNm3
K0, Oxygen saturation for nitrifiers 0.5 05 gO2m™
Kaarx  Bicarbonate saturation for nitrifiers 0.5 0.5 mole HCO3 m3
bao, Aerobic endogenous respiration rate of X, 0.05  0.15 d-!
bixox  Anoxic endogenous respiration rate of Xa ~ 0.02  0.05 d-!
Table 9.3. Typical stoichiometric and composition parameters for ASM3C. These values are given as examples and
are not part of ASM3.
Symbol Characterization Value Units
fs, Production of St in hydrolysis 0 g TOCg, (g TOCx,)™
Ys70.0, Aerobic yield of stored product per Sg 091  gTOCy, (g TOCg,)!
Ystonox  Anoxic yield of stored product per Ss 0.85  gTOCy,, (g TOCs,)! Equation 5.3
Yi0, Aerobic yield of heterotrophic biomass 0.67 g TOCxy, (g TOCxy,)™!
Yh.Nox Anoxic yield of heterotrophic biomass 0.58  gTOCy, (g TOCx,)! Equation 5.3
Ya Yield of autotrophic biomass per NO3-N  0.09 g TOCy, (g Ng )"
fx Production of X; in endog. respiration 0.20 g TOCy, (g TOCyx,,)*
iThoD.$, ThOD content of S; 2.8 g ThOD (g TOCg,)!
IThOD.S¢ ThOD content of Sg 3.2 g ThOD (g TOCg,)!
IThop Xy ThOD content of X; 2.8 g ThOD (g TOCy,)!
IThOD X ThOD content of Xs 3.2 g ThOD (g TOCx,)!
ithopsv  ThOD content of biomass, Xir, Xa 2.8 g ThOD (g TOCy,,,)!
iN.s; N content of S; 0.03 g N (g TOCg,)!
iN,5 N content of Sg 0.10 N (g TOCs,)!
iN X, N content of X; 0.06 N (g TOCy,)! The values below are
iN X N content of Xs 0.13 N (g TOCy,)™? suggested if Xss is used to
iNBM N content of biomass, Xjy, Xy 0.20 N (g TOCy,,,)! model VSS rather than SS:
iss.x, SS to TOC ratio for Xi 2.1 g SS (g TOCx,) ! 2.1 g VSS (g Xp)-!
55X SS to TOC ratio for Xs 2.4 g SS (g TOCy,)! 2.4 g VSS (g Xg)!
iss.pm SS to TOC ratio for biomass, Xz, Xa 2.5 g SS (g TOCx,,,) 2.4 g VSS (g Xy or X)™!




9. ASM3C: a carbon-based model

Table 9.4. Short definition of model compounds and typical wastewater composition (primary effluent) for
ASM3C. The value of TKN considers the composition of the different model compounds as indicated in
Table 9.3: TKN = X.S; - 13; over all compounds i — Syox — Sx,- CODyo = 260 ¢ COD m=3, TKN = 25 g N

m3.
Concen-

Compounds tration Units
Dissolved compounds
So, Dissolved oxygen 0 gOym™
S Soluble inert organics 11 gTOCm™
Ss Readily biodegradable substrates 19 gTOCm=
S\m, Ammonium 154 ¢ Nm3
SN, Dinitrogen, released by denitrification 0 ¢gN m™3
SNox Nitrite plus nitrate 0 gNm3
SaLk Alkalinity, bicarbonate 5 mole HCO3 m=

Particulate compounds

X1 Inert particulate organics

Xs Slowly biodegradable substrates
Xu Heterotrophic biomass

Xst0 Organics stored by heterotrophs
Xa Autotrophic, nitrifying biomass
Xss Total suspended solids

9 ¢TOCm>
36 ¢TOCm-3
11 gTOCm= The value below is
0 ¢gTOCm™3  suggested if Xss is used to
>0 gTOCm=  model VSS rather than SS:
125 ¢SS m-3 100 ¢ VSS m-3

Table 9.5. Stoichiometric matrix of ASM3C based on the stoichiometric parameters in Tables 9.1 and 9.3. This
matrix is a typical application of ASM3C but it is not suggested as a reliable form of ASM3C.

Compound i — 1 2 3 4 5 6 7 8 9 10 11 12 13
j Process So, Sy S Sviy - Sny Swox  Sark X X Xy Xsro  Xa X
d Expressed as — 0O, TOC TOC N N N Mole TOC TOC TOC TOC TOC SS
1 Hydrolysis 0 1 0.03 0.002 -1 -2.40
Heterotrophic organisms, aerobic and denitrifying activity
2 Aerobic storage of Ss -0.47 -1 0.10 0.007 091 1.64
3 Anoxic storage of Ss -1 0.10 0.23 -0.23 0.023 0.85 1.53
4 Aerobic growth of X -1.61 -0.20 -0.014 1 -147 -0.15
5 Anoxic growth (denitrific.) -0.20 0.83 -0.83 0.045 1 -172 -0.60
6 Aerobic endog. respiration  -2.24 0.19 0.013  0.20 -1 -2.08
7 Anoxic endog. respiration 0.19 0.78 -0.78 0.069 0.20 -1 -2.08
8 Aerobic respiration of Xsto -3 -1 -1.80
9 Anoxic respiration of Xsto 1.05 -1.05 0.075 -1 -1.80
Autotrophic organisms, nitrifying activity
10 Aerobic growth of Xy -48.0 -11.3 11.1 -1.60 1 2.50
11 Aerobic endog. respiration -2.24 0.19 0.013 0.20 -1 -2.08
12 Anoxic endog. respiration 0.19 0.78 -0.78 0.069 0.20 -1 -2.08

the dominating buffer system, pH can be mod-
elled by adding dissolved carbon dioxide (CO,,
Sco,) and the proton (H, Sy+) as additional
state variables and two processes describing the
equilibrium (forward and backward reaction) of
bicarbonate dissociation, with fast reaction
rates (the ratio of these reaction rates is given
by the equilibrium constant). Further the addi-
tional stoichiometric coefficients for S, can
be obtained from conservation of carbon (a
fourth conservative). Stripping of S¢, must be
related to aeration, considering the correct
Henry coefficients and possible saturation of
rising air bubbles with CO,.

It is recommended to derive stoichiometric

coefficients z; from a charge balance over bicar-
bonate rather than the proton. This typically all-
ows for faster numeric integration because the
turnover of large amount of charge is modelled
via the large pool of S, rather than the very
small pool of H.

Accurate modelling of pH may require expan-
sion of the model to include carbonate, nitrite,
ammonium and phosphate buffers as well.

9.6 Limitations of ASM3C

The limitations introduced above for ASM3
apply equally to ASM3C. Since experience with
TOC is still rather scarce, extra care should be
taken in analytical procedures.
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10. Conclusion

SM3 and ASM3C correct for most of the

defects identified in ASM1. The ASMS3
models provide a common base for the simu-
lation of nitrogen removing activated sludge
systems for chemical oxygen demand as well as
organic carbon based characterization of waste-
water and biomass. These two characterization
possibilities can analytically be approximated by
COD and TOC analysis. The structure of the
ASM3 models provides sufficient details such
that they may be used in an advanced course on
biological wastewater treatment as a didactic
tool. These models are designed as the core for
further development and inclusion of addi-
tional processes and states as may become
necessary when biological phosphorus removal,
chemical phosphorus precipitation, growth of
filaments etc. ought to be included.

The systematic notation, based on an array of
state variables, a stoichiometric matrix, a com-
position matrix, an array of process rates and
conservation equations made it especially easy
to introduce these models and indicate how a

COD based model may be transformed into
another base (here organic carbon, TOC).

Neither ASM3 nor ASM3C has yet been
tested against a large variety of experimental
data. It is expected that future improvements of
model structure may still be required, espec-
ially for the description of the storage pheno-
mena. It is obvious that in the beginning
experience with ASM3 might be inferior to
experience with ASM1. But as our experience
will improve the two models might well prove
to be equivalent. ASM3 has the advantage that
its structure does not have to be adjusted in
order to be applicable even if ammonium or
bicarbonate limits microbial activity. Therefore
if we report in a publication that a simulation
was performed with ASM3 or ASM3C, it may
be assumed that the model structures introduced
in this report have been applied unchanged.

It is good practice to indicate if model
structure has been changed: This would
then be a dialect of ASM3 but not ASM3
itself.
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