A new Schematic representation of ASM models for concepts
comparison

A new schematic representation of the model processes is proposed to facilitate model
concept comparison in a systematic and transparent way. For each process type, the standard
processes that use the same modelling concept are represented on a single figure, and the
standard processes that are different in terms of modelling concept are represented on
separate figures. Different concepts are given different numbers (concept 1, concept 2...),
whereas variations within the same concept are pointed out using letters (concept 1a, 1b...).
The process is represented as a reaction with consumed components on the left of the figure
and produced components on the right. Figure I shows the symbols used for the schematic
representation:

— Models that consider the process are given by a letter (a to g).

— The electron acceptor condition of the process is indicated by a square (Ox: aerobic;
Ax: anoxic; An: anaerobic), close to the corresponding model name.

— The included state variables are represented through both a shape and a background:
the shape indicates whether the variable is particulate or colloidal, soluble or refers to
an organism and internal storage, and the background indicates its composition in
terms of ThOD (theoretical oxygen demand) (C), nitrogen (N) or phosphorus (P). The
state variable name is indicated inside the shape, using the standardised notation from
Corominas et al. (2010).

— The electron acceptor consumed in the process is represented by a square. For
instance, depending on its usage, nitrate can be represented by a circle-square

(electron acceptor) or by a circle only (substrate).
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Figure 1. Symbols used for the schematic representation




To simplify the graphs, alkalinity and total suspended solids are not represented. Only
important stoichiometric coefficients (especially yields) are specified, as others can be

calculated through conservation of ThOD, nitrogen and phosphorus (Hauduc et al. 2010).

In this process representation, the consumed and produced components of the reaction are
linked by black arrows. In case state variables are not considered by all models or under all

conditions, the models or conditions concerned are specified on the arrow.

The kinetic expression for the rate of reaction is also part of the concept and is therefore
represented. This is also done in a condensed way by a standardised compact notation. Table

I illustrates the different symbols used to keep the expression readable.

Table I. Symbols used for kinetic expressions: examples

Description Notation Symbol
Kinetic coefficients: maximum
specific growth rate HoHo HOHO
Concentration of Snox SNox SNox
S
Monod function with Sg as substrate — M(SB)
K +S,

Inhibition Monod function with Ko

IM(Snox)
Snox as electron acceptor Ko +Svox

Monod function with Spos as S
substrate, only used in models ﬁ <M (S PO4 )>
considering phosphorus removal po4 — mPo4

Electron acceptor conditions (ex: M(s
OHO growth) (aerobic or anoxic “
w X
conditions) nyOHO,AxM(SNOx ) ]M(Sozx)

N.B.: The symbol ( ) is used to indicate optional or alternative terms, one or none of the lines apply for the given
condition.

The saturation functions and inhibition functions, which have the form of a Monod
expression, are expressed M() or IM(), with the component concerned in parenthesis. The

symbol < > is used to indicate optional or alternative terms depending on the model or the

environmental condition (see Table I for examples).

Nine standard processes have been identified and are listed below. These "standard
processes" involve mechanisms that only differ by the environmental conditions under which
they take place. For instance, aerobic and anoxic OHO growth processes are combined as one

OHO standard growth process. This work is limited to biological processes, and therefore



chemical phosphorus precipitation is not discussed. Besides, as OHO- and ANO-related
processes of ASM2d+TUD are exactly the same as ASM2d, ASM2d+TUD will be studied

only for BioP-related processes.

The nine standard processes considered are:
— Hydrolysis of particulate substrate: Table II
— Fermentation: Table III
— OHO growth: Table IV
— ANO growth: Table V
— OHO & ANO decay: Table VI
— PHA storage: Table VII
— PolyP storage: Table VIII
— PAO growth: Table IX
— PAO decay: Table X and Table XI (PAO storage pools release/consumption)



Table II. Hydrolysis of particulate substrate

Concept 1a: One step hydrolysis with
organic N and C considered separately

Concept 1b: One step hydrolysis with N and
P linked to organic matter

oA 2. ASM1 lOx/Ax|An|c. ASM2d
lox|Ax|An|b. Barker & Dold [OxAxlAn/d. ASM3 150 xcanya
b Yare  |OX/AX|Anje. ASM3 + BioP
@ | Yhyd’An f
SU_XCB hyd
6
Organics:
a 9xcB_sB.hyd M{ XCB J M(SOZ) 'Xouo
- KXowo ) \Tahyd, 15 'M(SNOX)'IM(Soz)
M(S,)
b, ¢: XcC
) € 9 xcB_sBhyd M[X £ J Mgy, x .M(SNOX).IM(SOZ) 'XOHO
oo qhyd, An '[M(SNOX)' ]M(Soz)
. XC
d, e: 9 xcB sy M[ £ J'XOHO
OHO
Particulate nitrogen hydrolysis:
M(S,,)

a, b: XCy y

9 xcB_sBhyd M(

OHO

Ammonification:
a q,, 'SB,N X oo
b: Gum ~Sen '(XOHO + XPAO)

e .M(SNUX). [M(Soz) “Xowo
N ahyd, an 'IM(SN()V»)' IM(S()

D
~—

N.B.: in UCTPHO+, hydrolysis is considered simultaneously with growth. ASM2d+TUD is identical to

ASM2d.

The symbol « > is used to indicate optional or alternative terms, one or none of the lines should be chosen.

Table I1I. Fermentation process

Concept 1: Transformation

Concept 2: Anaerobic growth process

@c. ASM2d

g. UCTPHO+

c: dsr vraMax 'M(SF)' IM(Soz)' ]M(SNOX)' X oro

g: A5k vraMax ‘SF 'IM(Soz)‘IM(SNOX)‘XOHo

[An]b. Barker & Dold

@ @ (1-YOHO,An) *Yfe

4sF vFAMax 'M(SF).M(SNH.V)'M(SPO4)' IM(SOZ)' IM(SNOx)' XOHO

YOHO,An

N.B.: ASM2d+TUD is identical to ASM2d.




Table IV. OHO growth process concepts

Concept 1: direct growth

Concept 2: storage - growth

Concept 1a: Snux as only nitrogen source

Concept 1b: Snux or Snox as nitrogen source
Adsorption

[0x|Ax]An]g. UCTPHO+ @

a. ASM1 Growth Storage
MY omo c. ASM2d 0x|Ax| b. Barker & Dold
OxAx| g. UCTPHO+ Growth
o 1Y gro.0x Ox|Ax| d. ASM3
1Y gy10 @ Ox|AX| e. ASM3 + BioP
(1 'YOHo,Ax)/
iNOX,NZ*YOHO,AX
_(1'Y0Ho)/ p @
inoxnz2 " Y oHo ' @ S
(1 'YOHO)/ with Xono,ads *
Youo as substrate @
. (1-Youo), @ .
inoxn2 " Y oHO (1-Y orio,0%)
OHO,0X|
. (1 -YOHO,AX)/
inoxnz ™Y oHo A
Storage:

Adsorption: dxcB_ads * XCy (.fAdv_OHO,Max -
Xono

X
Ads j'XOHO

Growth: With Ssy, the considered substrate (Sg, Sk or Svra)

SSx:b

Z S Sub,i <

X S
Huds  0HO Max M[ Ad ]

XOIIO

ﬂUH(), Max M (SSub )
M(Syz.)

SSuh

z SSub,i
i

M(Syy,)
77,10110,AXM(SNOX ) IM(SOZX )> . <M(SPO4 )> . <M(SNOX ) . IM(SNHx )> ono

M(SOZX)

M(S,): X
qSB_Stm ( s ) <77yOHO,AxM(SNOx). IM(SOZX )> e

Growth:

M(Soz, ) >

p . M(XOHos,J . :
OHO,Max XOHO n/,OHO,AxM(SNOX ) IM(Sozx)

<M(SPO4 )> : M(SNHX ) XOHO




Table V. ANO

growth process

a. ASM1

b. Barker & Dold
c. ASM2d

d. ASM3

e. ASM3 + BioP

Ox
Ox
Ox
Ox
Ox
Ox
Ox

g. UCTPHO+

f. ASM2d + TUD (icop_nox Yano)

)

SOZ

ANO

Hano, Max 'M(SNHX)' <M(SPO4)> ) M(So ) X 4no

Table VI. OHO and ANO decay process concepts

Concept 1: Death-Regeneration concept

Concept 2: Endogenous respiration concept

Concept la: nutrients considered separately
from substrate

l0x/Ax]An| a. ASM1
l0x|Ax|An| b. Barker & Dold

c. ASM2d
g. UCTPHO+

OXx
OXx

AX
AX

An
An

fXU_OHO,Iys

Heterotrophs:

bOHO - X, OHO

Autotrophs:

bANO X ANO

Ox|Ax|d. ASM3
Ox|Ax|e. ASM3 + BioP

(1 _fXU_OHO,Iys)

—h

XU_OHO,lys
(1-fxu_oroyys)
linoxnz

(1'fxu_OH0,|ys
INox,N2

Storage lysis (OHOs only)

Ox[Ax
Ox[Ax

d. ASM3
e. ASM3 + BioP

@ 1/iNOX,N2

1/iNOx,NZ

Heterotrophs:

< Momo,0x 'M(Soz) >X
Moko, 4x 'M(SNOx)' IM(Soz) one

Storage lysis (OHOs only)

< mStor,Ox : M(SOZ) > . X
Mior, ax 'M(SNOx)' [M(Soz) oHo Ster
Autotrophs:

M 4n0,0x 'M(Soz)
M 4no,4x 'M(SNOx)' M

(sm>>'XANO

N.B.: ASM2d+TUD is identical to ASM2d.

The symbol < » is used to indicate optional or alternative terms, one or none of the lines

should be chosen.




Table VII. PHA storage process concept

Concept 1:
Energy from polyP, reducing power
neglected

Concept 2: Energy from polyP, reducing
power from glycogen

Ox|Ax|An|b. Barker & Dold
Ox|Ax]An|c. ASM2d
Ox/Ax|An|e. ASM3 + BioP
Ox|Ax|An|g. UCTPHO+

PP_Stor,PAO

YPP_Stor,PAO

[Ax]An]f. ASM2d + TUD

YPPiPHA, PAO, AX
YPP_PHA, PAO, Al

(YVFA_PHA.PAO.An_ 1 )

(Y\/FA_FHA‘PAO,Ax_'] )
INox.N2

Y bp_PHAPAO, Ax

Y,

PP_PHA,PAO, An

VFA_PHA,PAO,AX
Y VEA_PHAPAOC AN

(YVFA_I_’HA.PAO,AX'1 )/
INox,N2

b, g: 9 p10.vFa_Stor 'M(SVFA ) M(XPAO,PP ) Xpio
c, e

M(SVFA)

9 p40vFa_Stor < M(SB ) > 'M(XPAO,PP /XPAO)' X0

<qPAO,VFA_PHA,An ’ IM(SOZ ) IM(SNOx ) M(XPAO,Gly)
9 p40yFA_PHA 4x 'IM(SOZ ).M(SNOX)

'M(SVFA)'M(XPAO,PP)'XPAO




Table VIII. PolyP storage process concept

Concept 1: Uncoupled processes

Concept 2: Coupled processes (metabolic model)

Ox|Ax|c. ASM2d

Ox|Ax|e. ASM3 + BioP

YStoLPP,/ INOx,N2

YStor_P P

YStor_PP

PP storage:

1 /YPAOJ’P,OX
1 /YPAOJ’P,AX

lox]Ax]f. AsM2d + TUD

in_xgio’ Y PAC_PP,Ox

in_xgio’ Y PAC_PP.AX
1Y pp0_pp.ox

. . Hinoxnz"YPao_pp.ax)
Winoxnz YPAO_PP,Ax)

Glycogen storage:
lox[Axf. ASM2d + TUD

Y ppo ciyox
1Y -
PRo-Oh !PﬁXBiolY PAO,PAC_Gly.0x
ip xpiof Y PAO PAO_GiyAx
1-17Y PAO_Gly,0x
in_xaio’Y PrO_Gly,0x
(11 IY PAC_Gly, Ax] snoj i xBi’Y PAO_Glyax
I oxne ( }

(_1'1“’ PAO_GlyaxY
INOx N2

49 pa0.p04_pPp° <

M(XPAO,PHA )

M(Soz )
M4pao,ax [M(Soz ) ’ M(SNOx )> . M(SPO4 )

M(fPP_PA(),Max X pi0.pp /XPAo)' X oo

) M(Soz) [X /X ]
PP storage: rio.ros_rr Moprons 'IM(Soz)'M(SNo.x) pao’ X pao,pp

: M(SP(M)' M(XPAO,PHA)' M( PP _PAO,Max XPAO,PP /XPAO)' XPAO
M(Soz) [X /X ]
Glycogen storage: 100"y, 111(5,,)-11(5,,,)] ¥ o/ Krioer )

M(XPAO,PHA ) M(fGly _PAO,Max — XPAO,Gly / XPAO)' XPAO

NB: PolyP storage in the Barker & Dold and UCTPHO+ models are considered simultaneously with growth.
The symbol « > is used to indicate optional or alternative terms, one or none of the lines should be chosen.




Table IX. PAO growth

Concept 1: PAO growth

Concept 2: Simultaneous growth and polyP storage

c. ASM2d
e. ASM3 + BioP
f. ASM2d + TUD

lox|Ax

|0xAx

A

C. 1/ YStor_PAO

B

1-1/ YStor_PAO 1

1/yStorfPAO,Ox 1'1/ySlor_PAO,Ox

) 1/YStv:)r_PAO,Ax 1 '1/(iNOx,N2* YStor_PAO,Ax)

1-1/YSt0I'7PA0,OX 1/YStorfPAO,Ox

f. 1

1 _1/(iNOx,N2* YStor_PAO,Ax) 1/YStor_PAO,Ax

Concept 2a: Two polyP storage pools

X PAO,Sto

W oo m b. Barker & Dold

(1_1 /YPAO,)/iNOx,NZ

*% *
fop.Lo pp"A
i fop Lo pp B

If
SusKou ¥ (1-fop Lo_pp) A
1-1Y ppo ") (-fop o pp)B

(1-11Y o0

INox,N2

A=YStor_PP‘Ox/ Yrno
B=Y

StorﬁPP,Ax/ YPAO

- - —
if Spos<< Kpos pao.upe UNder aerobic condition

k.
if Spos>> Koospao.ut

Concept 2b: Single polyP storage pools

1Y ep0,0x g. UCTPHO+
1Y ppo.ax

A_i.PixBlo

B-ip xgio

linoxnz
If
Si <<Kyond
A
11/ ppo,0x Xenorpr | B

(1-1Y ppo

A | If Spos >> Koospaoust |
INox. N2

A=Y g0 pp.oxl YPao
B=Ystor pp.ax Yrao

M(SOZ) (XPAOS ]
c, e: . M| —=2 |
’ Hpao ax <77on : [M(Soz)' M(SNOx) Xpio

M(SNHx)' M(SP(M)' XPAO

M(S,,) X
N | 02 ‘ M[ Arao.pi ]
Ao pio <’7/1PAO IM(Sy3)- M (S ) Xrao

M(SNHX). M(Sp04)' XPAO

M(S,,)

H P40, Max

</uPAO,Max,P1im

> <77,UPAO

M(S )

M (Spe)- M(S 0, >>'M(X“°’S‘”’ /X"w)'<zM<sm>-M(sm )>'<1M<SPO4>-M<XPA0,PP >>'XPA0




Table X: PAO decay process concepts

Concept 1: Death- Concept 2: Endogenous respiration
regeneration concept

OxAxAn| b. Barker & Dold
Ox|Ax| e.ASM3 + BioP
AX
AX

Ox f. ASM2d + TUD
0x/Ax|An|g. UCTPHO+

Ax: (1-1 PAO )
( 1 'fXU7PAO,Iys-fsuiPAO,Iys)
An: 1-f paoiysTsu paciys

f

XU_PAO,lys

f

SU_PAOlys

An: 1-f,

SU_PAOlys

c. ASM2d

.
fsu_paoyys IN_su
An: (1-

.
fsu_paoyys)in_su

A
1
@ A

b Ox: 1-fxy_paoiyssu_paoiys

Ax: (1-fy pacyysTsu_paoiys) inoxne
fxu .
e. 0% -y paoiys

Ax:(1 'fxu_PAo,lys)/ InoxN2
£ Ox: 1
AX: 1 iyoxne

g. Ox: 1-fXU_EAO,Iys-fSU_PAO,Iys ]
AX: M pao (1 'fxu_PAo,lys'fsU_PAo,lys)/ INox N2

Maintenance:

Ax|An|b. Barker & Dold
XPAO_PPI
Ax|An|f. ASM2d + TUD X
PAO_PP,Lo

An|g. UCTPHO+

bPAO 'XPAO M(Soz
b, 8 mpp - IM(Soz)'M

)
(

Decav:

f: Mpy0, 4n '[M(Soz ) IM(SNOx)' M(XPAO,PP ) X pi0

g

b _ (l_nyPAO)'IM(SO2)'M(SNOX
rrros IM(Soz ) IM(SNOx)

Maintenance:

)>~M(X piorr) X pio




Table XI: PAO storage pools release/consumption during lysis

Concept 1:
Stored compounds are released

Concept 2:
Stored compounds are consumed

PolyP lysis:
Ox|Ax|An| b. Barker & Dold
XPAO_PP,Lo

Ox|Ax|An|c. ASM2d
xPAO_Sto

OxAx| e. ASM3 + BioP
Ox|Ax|An| g. UCTPHO+

PHA lysis:

l0x]Ax]/An]g. UCTPHO+

b

b g

e. ASM3 + BioP

Ax )
inoxnz

1/iNOx,N2
Ox|Ax/An|b. Barker & Dold
Ox|Ax|An(c. ASM2d PAO_Sto
PolyP lysis: Moo sor
b, g:

M(S,,)
Mpyo IM(Soz )‘M(SNOX)
IM(Soz)' IM(SNOx)

X PAO,PP,Lo /X PAO
' < X PAO

X pao.eri ! X pao

>.

c: bPPfPAO ’XPAO,PP

e bPPﬁPAO ’ .
Nvpp Pao

PHA lysis:

M(S,)
[M(Soz )

M(S,,)

b: Mpyo IM(Soz)‘M(SNOX) )
]M(Soz)'lM(SNOx)

X

S

PAO,Stor X
"2 pao

X PAO

c: b

g

Stor _PAO "<} PAO,Stor

M(S,)
Mpyo - [M(Soz)'M(SNOx) 'M(SNHX)'M(SPM)'
IM(SOZ)'IM(SNOX)

XPAO,Stur

X

'XPAO

PAO

<

M(S,,)

Npaosior M (S 02 ) . M( S vor )> PAO,Sior
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