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Application of Combined Model of Activated Sludge Model and

Anaerobic Digestion Model to Wastewater Treatment Plant

Eun Ju Hwang

Department of Environmental Engineering, Graduate School,

LPukyvong National University

Abstract

For a design of wastewater treatment plant, it is required to estimate the
change of water quality for 20 years or so hereafter. Also, when the problems
were found in treatment plants, we must quickly search for causes and efficient
resolutions, and need practical tools for a management of plant and operator’'s
training. It is a way to find suitable models for settling these necessities.

Effluent standard of nitrogen and phosphorus concentration is expected to be
reinforced by 20, 2mg/L from 2008. However, most wastewater treatment plants
are now in operation by standard activated sludge method without consideration of
nutrient, and due to low efficiency of elimination rate of mitrogen, it is true that it
needs to establish an additional process for a nitrogen removal.

In the case of new construction of sewage treatment plant, the process of BNR
i1s expected to be established, but more than 75% of the existing wastewater
treatment plant are now in operation by standard activated sludge method, and
since it takes too much time and financial resources to change existing processes
into BNR processing methods, it is recommended to examine the structure of
existing wastewater treatment works, and heighten the efficiency of removal rate
of nitrogen and phosphorus. It is of importance to search for the most suitable
operating conditions through estimation for existing wastewater treatment plant

and before change attempt for operating, it is essential to design a modelling for

- Vil -



process.

However, existing modelling of wastewater treatment plant mainly has
constituted sewerage treatment process modelling. Under these modelling, there
were a great gap between the results of modelling and real operation due to
considering the same amount of side stream flow that is exhausted anaerobic
digestion processing of wastewater sludge and dehydration process etc. Therefore,
for easy-application of the field, it is desirable to develop optimal model which
added anaerobic digestion model in the basis of design of wastewater process and
operating data.

Besides, it is estimated that it may reduce time and expense through
forecasting various results by using modelling rather than using know-how or
various kinds experiment results obtained from the persons who experienced in
wastewater treatment plants for .estimation of wastewater treatment plant and
operating condition change.

This research decides connecting factor for combined model of wastewater
treatment plant which associated with examined activated sludge model and
anaerobic digestion sludge model and presumes sensitivity analysis and parameter
estimation and calibration as well as compares with real operation and then
forecasts layout of whole sewage treatment plant and operating management
involved activated sludge process and. anaerobic digestion sludge process. The
following i1s the conclusion of combined model of sewage treatment plant that
mixes activated sludge model with anaerobic digestion sludge model.

To combinate activated sludge model with anaerobic digestion sludge model,
we converted state variable of activated sludge model to variable of anaerobic
digestion sludge model and in reserve anaerobic digestion sludge model to state
variable of activated sludge model , and simulated and confirmed that there was
consistence between COD and TKN’s material balance before and after conversion.

The result of sensitivity analysis of combined model of wastewater treatment

plant of mixed activated sludge model and anaerobic digestion sludge model

,iX,



showed the order of pKa nz, Kam co2, Yn, ba, bm.

As a result of examining wastewater treatment plant operation data in 2006
after estimating the parameter of wastewater treatment plant operation data in
2005, we found that similar tendency in operating results of wastewater treatment
plant was shown in both data and could apply to forecasting layout of the whole
wastewater treatment plants included activated sludge process as well as digestion
sludge process.

Use of combined model of activated sludge model and anaerobic digestion
sludge model alters the operation of existing treatment plants with ease, and
through simulation of MLE process focusing on removal of nitrogen out of
nutrient, it can be possible to calculate the quality of dispesal flow water of each
process and the variations of gas production, and indeed it is considered to be
utilized in the case of constructing additional plants or changing of operation
method of existing wastewater treatment plants.

This study is the first attempt that applies the combined model with activated
sludge model and anaerobic digestion model to wastewater treatment plant in

Korea.

Key word : Activated Sludge Model, Anaerobic Digestion Model, Combined Model,

Nutrient Removal, Wastewater Treatment Plant.
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b) two step growth model

Fig. 2.1 Schematic evaluations of a) death-regeneration model and

b) two step growth model (Orhon and Artan, 1994).
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Fig. 2.2.COD fraction in*"ASM1 (figure modified from Peterson 2000).




i
4
>
i)
N
o,
rlr
o2
r\j
i
2
rot
i)
k£

N

N
o
_orL
g
kg

e

o
ML
2
[

3 71 E 2 (S

B e

rlr
=)
o
i
o,
2,
3
2,

o,
2
i)

>.
(o
o
fu
>,
ofo
i,
Aui
=
=
g
4

@) wgow s} e,
ASMI 344 5 8 & F(Nw) S B8 4 22)91 o3 4950 Fig. 2.3
B el ¥AZ 5 Ak

Niotar = Snr T Sy + Syvo+ Xyp Fixp X (Xpg+tXpy) Hixp < Xp (2.2)

otal



Total Nitrogen

v

y

Total Kjeldahl N

v

v

A

Nitrite & Nitrate
N, Sxro

Free & Saline
ammonia N, S

Organically
bound N

v

Soluble

v

organic N, Snp

Particulate

organic N, Xxp

Fig. 2.3 Nitrogen fractions in ASM1 (figure modified from Jeppsson, 1996).



ASMol = Peterson matrices@h= EA B A Esto], = HE F
7hd, B2 o] AAE &olstA il gt

Te FEFE AU HEEEATFE ATAE ALEEH, AAR o] &tE
e AbgAbe] o s upbH

54 o] Matrixi= Table 2.1 e At}

_10_



Table 2.1 Matrix representation of ASM1 showing the processes, components, process rate equations, and stoichiometry

(Henze et al., 1987)

Component 1 2 3 4 5 6 7 8 9 10 11 12 13
i Process Rate, pj
process | Si Ss Xi Xs | Xen | Xea | Xo So Sno | Sne | Swo XND SaLk
’ Aerobic growth of Sy ’ =(1-Yn) 4 /14 U* (Ss/ (Ks+8s)) * (So/ (Kowt+So0)) *Xan
heterotrophs " /Yy x® e *(Snpa/(0.01+Snn4)) *(Sak/(0.01+Sak))
2 Anoxic growth of 1y, 1 —(1-Yg) - (1=Y)/(14%2.86Y4) [up*(Ss/(Ks+Ss)) * (Kon/ (Kort+So)) * (Sno/ (Kor+Sno))
heterotrophs " /2.86Yy g ~ixa/14 *Ng*XpH* (Snra/ (0.01+Snha))
3 Aerobic growth of » —(4.57- 1y ~ixg —ixa/14 a* (Snk/ (Knh+Snm)) * (So/ (KoatSo)) *Xea
autotrophs Ya)/Ya A =1/Ya —1/(7%Ya) *(Sak/(0.01+Sax))
Decay of _ ') -, .
4 heterotrophs e ! fo e B X
5 Ejtco?/og;s 1=fo F fo ixa—fo*ixp ba*Xga
Ammonification of
6 [soluble organic i = 1/14 ka*Snp*Xer
nitrogen
7 Sriltdr;myzlg o 1 - Kn* (Xs/ (Kx*XartXs)) * [ ((So/ (KortSo))+1n
p_p *(Kon/ (Koh+S0))*(Sno/ (Kno+Sno)) 1 *Xan
organics
8 :r)]/tcrI;OIySelz 2: anic , 1 Kn* (Xno/ (Kx*Xart X)) * [ ((So/ (KortSo))+nn
. PP g *(Kon/ (KortSo)) * (Sno/ (Kno+Sno)) ] *Xan
nitrogen

_11_
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Fig. 2.4 Conversion processes in anaerobic digestion as used in the model. Biochemical
while
implemented as reversible. Abbreviations include MS(monosaccharides); AA (amino acids)ﬁ;
LCFA (long chain fatty acids); LCFA (LCFA base equivalent); HVa(valeric acid); Va

reactions are implemented as irreversible,

(valerate); HBu(butyric acid ); Bu (butyrate);

HAc(acetic acid); Ac (acetate) (Batstone et al.,

,13,

physic-chemical reactions are

HPr(propionic acid); Pr (propionate);
2002).
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Fig. 2.5 COD flux for a particulate composite composed of 10% inerts, and 30% each of
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(12%) and valeric acid (7%) are grouped in the figure for simplicity. Abbreviations are
as for Fig. 2.4 (Batstone et al., 2002).

,15,



222 ADMI9| A48 W

1 &4

Table 2.2°] YEelH ZHZ

kgCOD/m'& AF-&3F At

Table 2.2 Units

ASMI1oll A&7 &9 (gCOD/m')9F+=

g2 COD+=

Measure Units

Concentration ke COD/m’

Concentraton (non-COD) kmol C/m'

Concentraton (Nitrogen non-COD) kmol N/m'

Pressure bar

Temperature K

Distance m

Volume m’

Energy J

Time d(day)

2) W&

ADMI12 YEAF< HIFASF, 5 Ay, &4 o5 "y 471/ =2 A v
™ Table 2.3~2.6°] YE At}
Table 2.3 Stoichiometric coefficients
Symbol Description Units

G Carbon content of component 1 kmol C/kgCOD

Ni Nitrogen content of component I kmol N/kgCOD

Vij Rate coefficients for component I on process j | nominal keCOD/m’

fproduct, substrate Yield(catabolism only) of product on substrate | keCOD/kgCOD

,16,



Table 2.4 Equilibrium coefficients and constants

Symbol Description Units

Higas Gas law constant (equal to 1/Ku) bar/M(bar m'/kmole)

K., acid Acid-base equilibrium coefficient M (kmol/m’)

Knu Henry's law coefficient M/bar (kmol/m'/bar)

pKa -logio[Ka]

R Gas law constant (8314 x 107) bar/M/K(bar m'/kmol /K)

AG Free energy J/mol
' A value R equal to 8314 J/mol/K should be used in the van’t Hoff equation(ln%:ATH(ifi)) for
consistency of units. 1 1 ’
Table 2.5 Kinetic parameters and rates

Symbol Description Units

ka/Bi Acid base kinetic parameter /M/d

Kdec First-order decay rate /d

Tinhibitor, process Inhibitor function (see Ki)

Kprocess First order parameter (normally for| /d

hydrolysis)

kra Gas-liquid transfer coefficient /d

K1, inhibit, substrate | D0% inhibitory concentration ke COD/ '

Km, process Monod maximum. specific uptake rate| keCOD S/kgsCOD X/d

(Mmax/Y)

Ks, process Half saturation value kgCOD S/m'

Dj Kinetic rate of process j keCOD S/m'/d

Y substrate Yield of biomass on substrate keCOD X/kgCOD S

Umax Monod maxmum specific growth rate | /d

Table 2.6 Dynamic states and algebraic variables(and derived variable)

Symbol Description Units

pH ~logio[H'] -

Pgasi Pressure of gas i bar

Pgas Total gas pressure bar

Si Soluble component 1 keCOD/m’

tres X Extended retention of solids d

T Temperature K

\Y% Volume m’

X Particulate component 1 kgCOD/m’
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Table 2.7 Biochemical rate

coefficients(v,,) and kinetic rate equations(p,) for

soluble components(/ = 1~6, /= 1~19)

14 Decay of Xua

Component i 1 2 3 4 5 6
4 N /m'/
process _j S Sua Sta Sua Su Sro Rate (p;, kgCOD/m'/d)
1 Disintegration KaisXe
2 Hydrolysis Carbohydrates 1 Knyd.cnXeh
3 Hydrolysis of Proteins 1 Khyd prXpr
4 Hydrolysis of Lipids 1= frasi frali KiyaiXn
5 | Uptake of Sugars -1 (1Yo s (1-Y e fyrosu Fop 7 !
Svm
6 Uptake of Amino Acid —1i (1-Yaa)fvama (1-Yaa)fbu,aa (1-Yaa)fproaa Ko Xach
B +8,
, - Sa
7 Uptake of LCFA 1 km;:nm)(m[z
S 1
4 Jaler: - S S
8 | Uptake of Valerate 1 (1-Yer)0.54 ne K rS, e g,/9,
9 | Uptake of Butyrat -1 PR TR N
¢ Iptake of Butyrate TR S, T+ 8,/9,7
S
Ipta - ; - P
10 Uptake of Propionate 1 g, KXo
K, % X, 1,
11 Uptake of Acetate "Wm el
5 Sll
12 Uptake of Hydrogen kmgm&g[x
13 Decay of Xa Kdee xsuXsu
Kdee xaaXaa

19 Decay of Xn

15 Decay of Xp Kdee xraXsa
16 Decay of X KdeexeaXed
17 Decay of Xy Kaee, xproXpro
18 Decay of Xac Kdee xacXac

Kaee xn2Xn2

Monosaccharides
(kgCOD/m’)

Amino acids
(kgCOD/m’)

Long chain fatty acids
(kgCOD/m’)

Total valerate
(kgCOD/m")

Total butyrate
(kgCOD/m")

Total propionate

(kgCOD/m")

Inhibition factors

L = Lilvim, I = Talvmlee, Is = 1

pHIIN imINES X

19 -




Table 2.8 Biochemical rate coefficients(v;,) and kinetic rate equations(p,) for

soluble components(;/ = 7~12, /= 1~19)

Component i 7 8 9 10 11 12
P N /m'/
process_j Suc S0 S Sic Siv s Rate (b, kaCOD/m /)
1 Disintegration fsixe KaisXe
2 Hydrolysis Carbohydrates Knyd.cnXen
3 Hydrolysis of Proteins Khyd prXpr
4 Hydrolysis of Lipids Kiya iXn
5 Tnta Sugar v -y - Cl, (Y. . |
5 Uptake of Sugars (1- Y facso (1-Y efis.u ) (Y su)Nbae Ko I T 5wk
| C S
6 Uptake of Amino Acid (1-Yaa)facan (1-Yaa)fh2aa a7 ii6 Naa=(Yaa)Nbac k,, MmXMI,
- - - 0 - Sha
7 Uptake of LCFA (1-Y1)0.7 (1-Y1)0.3 (Y1a)Nhac k”""“m b
. A o S 1
8 Uptake of Valerate (1-Yc0)0.31 (1-Yc)0.15 (Y1) N k,,mm&mlg
9 Uptake of Butyra (1-Ye1)0.8 (1-Ye)0.2 =(Ye)N, k, l/\’ ;l
¢ Jptake of Butyrate )0.8 0.2 N mA K 49, 1+9,/9, 7
Ji = Gy, 5
10 Uptake of Propionate (1-Y;r0)0.57 (1-Ypro)0.43 T “iYi10 ~(Y pro)Nbac }"m.,yrmelz
11 | Uptake of Acetate 1 (1-Ya) = G C(YLN, X S Y1
pia e % i=1-0.11-24 acfVbag ma g
12 | Uptake of Hydrogen 1 (1-Yi) PINNC N (YN, P B
2 pta g h2 1 B 12)Nbac wi g g, el
13 Decay of Xsu Kec xsuXsu
14 Decay of Xua Kaee xaaXaa
15 Decay of X Kaee xiaXa
16 Decay of Xu KdeexeaXed
17 Decay of Xpro Keee xproXpro
18 Decay of Xac Kaee xacXae
19 Decay of Xi2 Kaee xn2Xn2
Total acetate Hydrogen gas Methane gas Inorganic Carbon Inorganic nitrogen Soluble inert Inhibition factors
(kgCOD/m’) (kgCOD/m’") (kgCOD/m’) (kmoleC/m’) (kmoleN/m') (kgCOD/m') I = Lonlvim, T2 = Tonlvimbng, Is = IonlivimINes,xac
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Table 2.9 Biochemical rate coefficients(v,;,) and kinetic rate equations(p,) for soluble components(s/ = 13~18 /= 1~19)

Component i 13 14 15 16 17 18
2 N /m'/d)
process Xe Xei Xpr Xy X X Rate (p, kgCOD/m'/d
1 Disintegration 1 fehxe forxe fiixe kaisXe
2 Hydrolysis Carbohydrates -1 Knyd.cnXeh
3 Hydrolysis of Proteins 1 Khyd prXpr
4 Hydrolysis of Lipids 1 Kiya iXn
5 Uptake of Sugars Y
6 Uptake of Amino Acid Yaa
_ - Sa
7 Uptake of LCFA k”""“m&“é
8 | Uptake of Valers PR SV N
8 Iptake of Valerate mA R 48, 1+9,/9, 7
9 | Uptake of Butyrat PR ISV N
¢ Iptake of Butyrate mA K4S, 48,/
10 | Uptake of Propionate k”"”m)(’"[z
S
11 Uptake of Acetate kmm)(mg
N %
12 Uptake of Hydrogen k,,,‘,_,m)(,_,{
13 Decay of Xa 1 1 Kaec xsuXsu
14 Decay of Xaa 1 1 Kaee xaaXaa
15 Decay of X 1 Kdee xt
16 Decay of X 1 KaeexctXet
17 Decay of Xpro 1 Kaee xproXpro
18 Decay of Xac 1 Kaee.xacXae
19 Decay of Xn2 1 Kaee xn2Xn2
Composites Carbohydrates Proteins Lipids Sugar degraders Amino acid degraders Inhibition factors
(kgCOD/m') (kgCOD/m') (kgCOD/m’") (kgCOD/m’) (kgCOD/m’) (kgCOD/m’) I = Lulim, I = Ipalivimlne, Is = ToslinimINus xac
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Table 2.10 Biochemical rate coefficients(v;,) and kinetic rate equations(p,) for

soluble components(/ =

19~24, /= 1~19)

Component i 19 20 21 22 23 24 y
2 N )/m'/d)
process _j X Xes Xoro X Xi Xi Rate (p;, kgCOD/m'/d
1 Disintegration fXixe KaisXe
2 Hydrolysis Carbohydrates Knyd.cnXeh
3 Hydrolysis of Proteins Khyd prXpr
4 Hydrolysis of Lipids Kiya iXn
5 Uptake of Sugars
6 Uptake of Amino Acid
Sa
7 | Uptake of LCFA Vi Foso iy g, ek
8 | Uptake of Valera Y PR (S T
8 Jptake of Valerate o TR S, T+ 9,/9, 7
9 | Uptake of Butyrs Y. PR ISV N
¢ Iptake of Butyrate 2 mA K4S, 48,/
. S
10 Uptake of Propionate Vi km_wm)(mlz
S
11 Uptake of Acetate Y.§ kmm)(mg
5 . Se
12 Uptake of Hydrogen Yz krwlﬂm)(/ﬂll
13 Decay of Xa Kdee xsuXsu
14 Decay of Xaa Kaee xaaXaa
15 Decay of X -1 Kdee xt
16 Decay of X -1 KaeexctXet
17 Decay of Xpro 1 Kaee XproXpro
18 Decay of Xac -1 Kaee xacXae
19 Decay of Xn2 -1 Kaee xn2Xn2
LCFA degraders Valerate and butyrate Propionate degraders Acetate degraders Hydrogen degraders Particulate inerts Inhibition factors
(kgCOD/m') degraders (kgCOD/m’) (kgCOD/m’") (kgCOD/m’) (kgCOD/m’) (kgCOD/m’) I = Lulim, I = Ipalivimlne, Is = ToslinimINus xac

_22_




3) Aot =4

Speece (1996)= A= 4 FAA F 71A9 A7t vtz R st
=42 vt glote] Az ALY FAFS A, A= Gt ol YTl A&
= FE Aotk IWA B2 25L& AMES 33 o] Aot

Biocidal inhibition : ®F-3-HQl =A, uv|7194d 4, FAAMA, aldehydes,

flo

nitro-compounds, cyanide, azides, antiotics, electrophiles(Speece 1996),
detergent irreversible # &l

Biostatic inhibition : H|¥F-S  EA, 794 A product, weak
acid/base(VFA, NHs, H>S ¥*3), pH, cation, @44 (homeostasis) 33 =2
(Speece 1996).

Biocidal inhibition F& 7]d¢ 415 ¢}
b st wish ) B AbE SO FFE M T

kAt @7le wElE FHE AEHS FHeta sgstel A7 HY I 3
A4S w3 etk (Henderson 1971). M| A E L2 o]23 pH7F HAo] old 4% &

= A7 At BH B2 duAE LEsA Ha, 72
o MA & mf AR WA= AHEE FasHA @

Beeftink 5 (1990)& & 7F4 A8 7]#%=S 1283 maintenance-
dependent kinetic rates AI¢tstA Y. o] 22 Monod A& 7|xZ s9Y
(Table 2.11). IWA B2 59 Ad &%= a) Lehninger (1975)0 o) s A<t
d A9 FE @ AAAN), b HA= BAEELALE S A AH 9, o) pH
Aol AFEF F 71A A A (Angelidaki et al. 1993 Ramsay 1997), d) 74 A
dAEAN = gloy ddAAAL), e 22 71E Monod? (BA7F A4 4

Z

i vAE AFE] Fa"E)S adste] Algte it

NAE AFERAAE, S,

i

@71 2ol A= teFeta FRdetr] wzel 4@25E YER
o} el QA A wmE PR 248 & A
k,, S
pj:K5+SX.]1.]2...1" (2.5)

o714, A9 A WA RS vAHN Monod HAE
L = f(Sy 1.n) @ A3 &5 (Table 2.7-10)
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WY TR AFgET. pH &4+ Table 2110 YEFW AT Table 2114 A

HA 5 dryoty vE drised ko] dFHJS W AHEs L (GpH

8), ¥ WA FgH e pH A7t dojd u AEgr)

e wAY =S pHolA AsE wE F dod, o Zix9 B
WA ol 9 sle] o7l Hth Boon (1994)2 3 &4 124 &4 23485 &

ste] pH 68914 A 7p¢RadHE Yetdon, pH 65~7504+ 1 ¥

ke S e B e R A R s =

%

R

)

rot
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Table 2.11 Inhibition forms

Description Equation Used for j1
(a) Non-competitive = 1 Free ammonia and |7~12
inhibition L+ 5/K, hydrogen inhibitio
k, XS
g =
Uncompetitive ! K +5(1+§) Not used
7
Competitive ,,l:k’"bi)[(j Not used
7
KS(1+§)+S
(b) Reduction in yield Y = £(Sp Not used
Increased biogoical Kaee = (Sp) Not used
decay rate
(c) Empirical upper il 1+ 2 10" 20— Hn) pH inhibition when |[5~12°
4 - 1+ 10(1)II*PHW,)+ 10(1”’1.{7]”,(,7)
and lower inhibition both high and low
pH inhibition
Empifiogldoyer P i) pH inhibition when |5~ 12°
inhibition only oH—pH,, \? only low. pH
I=exp|=3| ——%— Y 4
pH—pH,, inhibition occurs
pH > pHuL
I=1
(d) Competitive uptake = 1/ Butyrate and valerate| 8 ~9
1+85,/9
4 competition for Cy4
(e) Secondary = 1/ All uptake, to inhibit|5~12
1+ K,/S
substrate e uptake when Siw~O
Nomenclature : K; = inhibition parameter; p; = rate for process j; S = substrate for process j; Si

= inhibitor concentration; X = biomass for process j.

1. Process where inhibition term used.

2. Only one pH inhibition term used, and form 1 (with upper lower inhibition) should not be
used with free ammonia inhibition. For the first pH function, pHyr and pHpp are upper and
lower limits where the group of organisms is 50% inhibited respectively. For example,
acetate—utilising methanogens with a pHur of 7.5 and pHyip of 6.5 have an optimum at pH 7.
For the second function, pHyr and are points at which the organisms are not inhibited, and at
which inhibition is complete respectively. Acetate-utilising methanogens with a pHur of 7 and
pHir of 6 will be completely inhibited below pH 6 and not inhibited above pH 7.
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9aed F4AL B4 BN Uoluh: MARIE F1 gl
A S=He obejel A 7hA Fejolrt

o Liquid-liquid processes(i.e. ion 2% /312 : rapid)
e Liquid-gas processes(i.e. A -7]A A : rapid/medium)
e Liquid-solid processes(i.e. 22 /44 : medium/slow)

Quimow Axe F FAl @A mdel AgHm vk BeseA A

|

1D HA-AA &4
Tt FA] ol &2 dUIE AMYAl *HEE pHell 7bbe @l AT pKa
2 7HXt(Table 2.12). #2714t e) s @Al pK.e= 480 7A74E gk 7HAH,
CO2q/HCO3 AH-9 7148 pK, 6.35, NHy /NH; A-9 7128 pK, 9.25 #2 7}
Atk HCO3; /COs~ <4714 0] pK, 103 &2 712 o COy de wWs He
FEOEE COS & mEA A ATHR98 Kol td =5 pK. 7).
FAHpKa=35) 04 COsaqp¥t HCO3 RESL H.CO32 FyHEAY, a8jm=
[CO2ai/H2C0318 B3 A +==.631 (298 K ; Stumm and Morgan, 1996)0] 1, o]

AL [COziig] > [HaCOsl9 [CO2iil?7t T A9 Ako =z gdvtes & 5 9
o). Agt/al e A (Musvoto et al., 2000a)>1]-¢ wWE=A s & o] A o
zggoz S35 FAOZ YU & QY. Fad d&53 HPAF=

Table 2.120] Yl At
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Table 2.12 Acid-base equilibrium coefficients(pKa)

. . O(=AH%/(RT);
- - . A O

Acid/base pair | pKa(298 K) H"(J/mole) T, = 298 K
CO»/HCO3 6.35  |7646 0.010
NH,'/NH; 9.25'  |51965 0.070
H.S/HS 7.05°  |21670 0.029
H.0/(OH + H') 14.00" 55900 0.076
HAc/Ac 476>  |Maximum of 4.81 at 333K’ n/a
HPr/Pr 4.88°  |Maximum of 4.94 at 333K’ n/a
n-HBu/Bu 4.82° Maximum of 4.92 at 333K’ n/a
i~-HBu/Bu 4.86°  |No other data n/a
n-HVa/Va 4,86 No other data n/a

i-HVa/Va 478 No other data n/a
1. Lide (2001).

2. Sillen and Martel (1964).

K .
3. Does not fit constant enthalpy form of van’t Hoff lnfz:%( ! : )
1

2]
o F O AIHS AeHE Ee EAHoR WARNS A3 @t (More and
Hering, 1993).

IWA B3 252 HZu g4 oldld v+ H3F I
aYeg E=AHE S3F

MAde7] #isto] AbgEn detEd 2 A (26)3% 2ol vEd & Sl

ES(Y+ - ZSA* =0 (2.6)
o] 7)1 A, ML Foko]l2FEks 1 (total cationic equivalents concentration)©] ™,

E3 o ZE L0 L&uEk T (total anionic equivalents concentration)E e T
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i,
2
ol
ol
o,
o
flo
1>
©
3
i)
N

N
vl

SA ¢ SPr - SBU - SV{f
Scur T Sy T Su = Spco; T T T {12 160 208 Jon

o SAIF =0

(2.7)

o371 M, Scat9 San-t Na', CL 9 22 F&oleoz vehln, NHClz
NaHCO:& #7Fl& wf NHy ¢ HCOs; & uebdith. LCFAsE #&h7tel] ol &
COD7F w9 A7 wiio] 2b-A7|w&oll nelatx] @evh 1A, F2 LCFA
o A&7t detyAY, LCFASE7F Tow 3 aA % WH(VFA; volatile fatty
acids)® FrAFeHAl el gk Whs 2 ol Al ofuwmdbel] o F Ab-g 7] kg 1]

vpekan opvl k=gt pK, gtel WMHAvE A7) wEel agekA &gkt (Ramsay,

2

A-g7) BAYe M oR EAY F grhE 4-g% AP

ofr

A 3y MeEs2 5388 ¢ dd. #7188 (C02./HCO; pair)e] Wd =44

Spcor K 002+—SH* =0 (2.9)

KV(L‘ VFASVFA,tot(LI
Ky _
VFA~ o
K, yg,t o

0 (2.10)
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(2.11)

(2.12)

x
2
~
(e
=
=

218 B (Scop) ot ol 23

e A-dr] W s dgia4,
(Sneoz—) e @9 FHFHHEs2 7 FHHste] APt ADMICIA = 4t
T 971 Scox®t SnmzolEh.

2) QA -71A AL

A A Fe PR R T AL B A=A A A 9% e

FrETFW E3Eol ATH@5TolA S &3 %).

Hy - w2 &3 % (0.00078 Miq / bargas)
CH, - 22 35 % (0.0014 My, / bargs)
CO; = =2 &3 % (0.035 M / barg.s)
eFok7] el el A @ e

| AstetAgrg Aol IHHA o3

my ol &85 ARNKy= 50 M.y / bargs Stumm and Morgen 1996) mass
) 8ot

EEE R E:

SREEEREER

7__74]?:'.— = ar
& 7hxe] REYQOR FRE EASGT
KHpqas 1,88 ‘Sliq,i,ss 0 (213)
FTE (M)
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Dgas.iss - id & Oﬂ EH Els Xé )BL)B]‘EH 7] jﬂ A &% (bar)

Ku : Henry9 A4 (M/ bar)

g, Faet 22 &g T Ao AYge F2 A
g adeg FHAAGRAAe A -stA AES Adeted Agdt o
wA el WA A S Whitman  (1923)9]  two-film o] & W&t} Stumm
Morgan (1996)0] ¢ &lo] WA A o] FEEH O™, mass fluxs FHEH7} £E2
o] ZAgtolt}.

Pri= kLa(Sliq,i - KHpgas,i) (2.14)

U @& (/d)
OD/m'/d)

2
N
>
=
o
ol
it
i
of
>
i
X,
b
=
=
(2
i}
g
(@I
o
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Table 2.13 Liquid-gas transfer parameter values

Ky (298 K)' o O(=AH®/(RT"):|Diffusivity” at 298 K
Gas AH™ (J/mole) 0
Mliq/bargas T1 = 298 K ((mz/S)Xlo )
H- 0.00078’ -4,180 -0.00566 4.65
CHy 0.0014 -14,240 -0.01929 1.57
CO2 0.035 -19,410 -0.02629 1.98

1. Lide (2001)
2. Pauss et al. (1990)

3. Multiply by a factor 16(H,) and 64(CH,) to change Ky from M/bar to kgCOD/m'/bar.

S CEL T P EtE

L
rlo
k1
=2
o

4
pAAoz 938 MA Axgdd o o8 Zesea dause us

5}
s Fugge dud Aga Az g Zost 2 vokd FeBth Van't
2)7} &

7 R ?1— ?2) (2.15)

714, aH® @ BEAH Lxs} 7oA uhgg
R : 7144 (8324 ] /mole/K)
K @ 2% TK) ol & 9 F8A5

Ky 0 &% ToK)olAM 9] vA o) A5

ToF Ty x Ty = Ty° &9 T/ 670 AH/RT ol thgste] xskatd 4 (2.15)%
FTEHOZ AIREHE 4 (216) 22 YEE 4 U (Siegrist ef @/, 1993, Angelidaki es
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al, 1999, Vavilin es a/, 1997).

(Tz_ Tl)

K, = K¢’ (2.16)

o

273 K (0C)ellA 333 K (60°C)ell Al 2 (2.15)% Table 2.129} 2,139 U+ & HF
Aol tete] frasht F714b2 Agdt. F714e] i Kagkd of =99 WolA

w$ A7) e dgsithan e,
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2.3 ASMRE237} ADMREE 2 ADMREH ASMED AeHwH- A3
ASMEE 3 ADMEY, ADME 937 ASMEES thA] A4sl7]) Yato] zhzte] A g
T2 dAsto]of st AE W dA4Le ASMI1Y AHWSEES ADMIO A Ag A
W32 ASAA 232 ADMIS XAt ADM19 43t
AES A ASM1Y dejds2 dsksiE Aotk (Fig. 2.6).
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Soluble Organic Nitrogen™—— | Soluble Organic Nitrogen|

7
acetate,
propionate,

NH,*

Particulate COD Particulate COD
\ sugars,

fatty acids
‘ Fermenters
Particulate products "‘ of Pa.rtlculate products

amino anids,

sugars,

‘Particulate Organic Nitrogen Pamculate Organic Nltrogen‘

Anaerobic ’A

Biodegradable
particulates

Soluble Inerts Soluble inerts Soluble Inerts

Fig. 2.6 Direct assignments between model components in the proposed
transformers (Langenhove, 2005).
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231 2254

Copp. 5(2003)& ASM19 AE¥M<Z ADMI1Y AHHWEF2 Hddauy
(Askzh o2 COD TKN A FA S AL&3te] d4Ag 2de 5389t}

2 gz27] " Bd5A FeAL d3A CODS TKN, A4

HEE TdsE Aoy, o]AL mdeo] ZEZA o] wited W F

Gk Zbzhe] mde] o AHMSES Table 2.14(ASMID)3%

2.15(ADM1D)el YElW At} Table 2.143 2152458 ©99 %7132 ASMI1¥}
[e]

Table 2.14 Stable variables in ASM1

State Variable Description State Symbol Units
Soluble inert organic matter Si g COD/m’
Readily biodegradable substrate Ss g COD/m’
Particulate inert organic matter X1 g COD/m’
Slowly biodegradable substrate Xs g COD/m’
Active heterotrophic. biomass Xpn g COD/m’
Active autotrophic biomass XBaA g COD/m’
Particulate products arising. from biomass decay X, g COD/m
Oxygen So g COD/m’
Nitrate and nitrite nitrogen Sxo g N/m’
NH4 + NH3 nitrogen Sxi g N/m’
Soluble biodegradable organic nitrogen S\p g N/m’
Particulate biodegradable organic nitrogen XND g N/m’
Alkalinity SAlk mol /L
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Table 2.15 State variables in ADMI1

State Variable Description State Symbol Units
Soluble inerts S kg COD/m’
Monosaccharides Sau kg COD/m’
Amino acids Saa kg COD/m’
Long chain fatty acids (LCFA) Sta kg COD/m’
Total valerate Sva kg COD/m’
Total butyrate Shu kg COD/m’
Total propionate Spro kg COD/m’
Total acetate Sac kg COD/m’
Hydrogen gas Sh2 kg COD/m’
Methane gas Sent kg COD/m’
Particulate inerts X kg COD/m’
Composites X kg COD/m'
Carbohydrates Xeh kg COD/m'
Proteins Xor kg COD/m’
Lipids Xii kg COD/m’
Sugar degraders Xsu kg COD/m’
Amino acid degraders Xaa kg COD/m'
LCFA degraders Xta kg COD/m'
Valerate and butyrate degraders Xea kg COD/m'
Propionate degraders Xpro kg COD/m’
Acetate degraders Xae kg COD/m’
Hydrogen degraders Xno kg COD/m’
Inorganic nitrogen Sin kmol N/m’
Inorganic carbon Sic kmol C/m'
Anions San kmol /m'
Cations Scat kmol /m'
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7247k e]l Bdo A CODpus F71% AEHWFEY oz Ad FAWMSo]
o TKN2 gmuols £33 71249 gholt
T Edo] tig COD9 TKNE Alxtgh WA A& ofegfe} 2o}
ASM1

COD, = S,+ 8, (2.17)

COD, = X;+ X, + X, + X, + X, (2.18)

COD, = COD, + COD, (2.19)

TEN= S, + 8,4+ X, +i,,(Xy, + X,,) +i,, (X, +X,) (2.20)

o 71 4, CODs : soluble COD
CODy, : particulate COD
CODy_+ total COD
TKN : total Kjeldahl nitrogen
ADM1
COD; = 8+ Sgu + Spa T S0 T Sa T Spu+ Spro T Sac TSha T Sna (2.21)
COD, = X; + X, + Xog + Xpo + X0y £ X000 T X, + Xjpo + X AX, + X, + X,
(2.22)
COD, = COD, + COD, (2.23)
TEN, = Sc + N, X, + Ny(8,+ X;) + Ny (X0 + 8,0) + Ny (X £ X, + Xy + X, + X, 4 X)
(2.24)

FAYASG Aae Zhzke] BE oA Zpol7F 9lTh CODAAS 7tdsr ofe] 7}
A Ao Folm, TKN2 A2 o] f71E48Hse A4
&S Hsto] ALtE

2.3.2 ASMIA X ADMIS 2 ey A%

ADM19] AeEwg HA3te] 7]EAHA HEdS X.(composites), Sa.(amino
acids), Si(soluble inert COD), Xi(particulate inert COD), A}-8 7} r
9} CODE Hulzlst Aolth o] A2 FF[FAE Hsto] e A

EE ASRT AREE 24749 490l o] 9% Ba(AAEL §E) BE

i
olf
‘?E
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T Aa(Ea7E o) AR FxEHW, dar] HFP HAT =
Abg 3 Th, o] Aol A S.(monosaccharides)®t X (carbohydrates), Xi(lipids)E
o] Aulsel Z2FE FA7F flvks ADMIO ZHA Gl AfrEe] w4

HAr}, o9} HAFEAl Sin(inorganic nitrogen)S ZAEgErA7E itk 7}
Aotel Afwe] drdow ARgETh CODS TKN d#e] mA L= Fig. 2.7
ok 28] YetlATh 2del YEd AEHBE T @A Fozxl f g RE

Aes Frlzddez A8E = AfelA 082 7.

,38,



ASMH1 ADMH1
Si Si
> \ / -
Xi kl % Saa
Xe| —> COD —* COD— | X
TN
Xon / \ Xeh
Xba Xi

Fig. 2.7 ASM1 to ADM]1 state variable conversions for COD.
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ASM1

th
Shd \
Xnd x

T 7

Xon| = Ny

Xba /

TKN —> TKN

ADM1

Sln

S N

\

X

Nea™ | Saa

Nxc=>| Xc

Fig. 2.8 ASMI1 to ADM1 state variable conversions for TKN.
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AlxtE RegCODs= AHE 7F5e A ARAEHE
™, Sginol T3] E=AgoH

T HCOD(Ss, i)t Bl fr =

Spa = ReqCODy (2.27)
Zho] Ss(Ssin = ReqCODg)= SauEFH TH AN, wHoF 45w o Ssi
o] ¥E:3riu
Saa = SS,in (228)
a3, o] Sxp(Snp = SawNuw) = 712 A F7HETE o] WA R4
T & Fig. 2.9 Y e Sl et
Ss,m ay |
CODremamA CODm Ssm
8, | Reqcop,=5, /My »<S,, >Req0OD, ves.E y 'Rque?‘go[)
NO‘P‘ ?Sa:uj fsm }(Nremam)\ TKNm Saa Naa thm
Fig. 2.9 Schematie illustration of Snp and Ss mapping.
3) B84 A71EA
e S £ A EZA EAY A5 E Fukgt. o] dA e
A SIASM1)+= Spapn® =43 H 31 ASMIZRH X+ XDE Xpapm &2 &
AstE Y, ASM1olA 9] 584 CODY #&(-fx)2 F7IAZAAE FalEHAZR
tha ZpAs e (agA ol e RE Y EF4 CODE 12 & & Jom,
€714 EZA CODE mpa7bA| o).
B =AY ALE Vs fUdAaE SRS AAU EAFAE
dato] AgRTE AL wFas] sdato] AA g,
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Fig. 2.10 Schematic illustration of soluble inert COD mapping.
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71 A 24 7} ReqOrgNx Ht} =ZthH
Xiapin = Fxr X (Xp+XI) (2.33)
71 A 24 7} ReqOrgNx Ht} #oiH

OrgN,

remain, B

Xiapwn = N, — (2.34)

‘j“j/]‘ﬂv 7‘9——%‘ XI(fXI*(XerXI) " Orgremain,A/NI)’E‘ CODoﬂ _1_7}—5]]_4' 1__\__ ‘IT7]
AaAE X, aup Niol 98to] ZHaso]A. o] @AY =4e Fig. 211
ERU) LT},

\ \
\\ OrgNremain,B \\
CODre'n:nn‘B/) CODremamC = CODmamB'XrADW /’

// i F\\ —‘/
XX, ) [ReqOrgh, = (X + X) N Yosr X, =X+ X)
| 4

IAD ‘4
iy

O[gNramawrj/ No— X/ADM Ong
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remain B

\
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TEMeng IADM1 1/
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=0rgN.
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Fig. 2.11 Schematic illustration of particulate inert COD mapping.
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dueFel g HAF WoAE el A4 CODS TKNS =43tk 2
BHe X,

of 7ol CODY =4S Hu3lst= Aoltk. AMDIAA X Nieol
)

o)
oete] Folx AFAAALL AL Atk 2 ol f 2 Xelo RE ol f
= A

OrgN,,

_ remain, C
ReqCODy, =~ (2.35)
ZFo] COD7F ReqCODx Bt} Z ¥
X, = ReqCODy, (2.36)

agla ko] CODE Xc 3= 93] ADMIol AFg® W&o uet X9

fon x
‘XV(’L = N COD’!'()’ma’iw e ‘XVL) (237)
7 (Fowe + Jiixe) ( i G
fl" Xc
Xi . = CODV‘e’mam o ‘X:) (238)
! (fch,Xc_I_fli,Xc) ( s )

ZFo] COD7} ReqCODx .t} & thd
‘X; = CODrcmam, C (2.39)

Zh7ke] B Sol glo] ADMIS 977144 (S0 okl st o] Aed.

S[N = SNH.[N + (Orgjv'rwn,a,in, c ‘X:: X N)(() <24O)
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Fig. 2.12 Schematic illustration of final COD and TKN mapping.
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2.3.3 ADMIN A ASMIS Z ey A%

ASM1o 29| A& thah tdsith, ddeA Hx= ol § 7Fsd CODS
#AE  Xs(slowly biodegradable substrate)® Ss(readily biodegradable
substrate), Si(soluble inert COD), Xi(particulate inert COD), 2|1 HAA 9} #
A Syplammonia)®t Xwp(particulate organic nitrogen), Snp(soluble organic
nitrogen)2] # disglelt}, Fig. 2.132 COD d&eo RAEE YerWlow, Fig.
214 TKNA S e
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Fig. 2.13 ADMI1 to ASMI1 state variable conversions for COD.
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Fig 2.14 ADMI1 to ASMI1 state variable conversions for TKN.
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1) &7k COD

Fig. 2.13°] ueEtd COD9 EHFAE &E7F(F2Sw) MEH(Sm)) S
o9& sal ASMI7HA A kel FA €Tt o5 7k2=9 Aol o] Ttxe I
714 A SolAwA AAmREH t7] Fom dopitta spAsk v 1
Aol Wolxo] BEH CODHF2 F @714 CODAAM AA o] && 7h29

CODE w& Aol
CODconserved = CODt anaerobic — ShB - Sch4 (243)
St Seu® AFE HAAE 7HAL QA 7] wWEol CODOAA Y] Sha®t Sens

9 ZFAE TKNA b o g

2) COD # %k

L B4 Jdx4 CODE ASMIL e #®gdd we b2 & 233k

St asmMi = Si ADMI (2.44)

(2.45)

X1, asmi = X1 ADMI

284 AEH CODE FA AR = COD(Ss)= TAHH 1 ot ¢
A4 AR CODE oI@A AEHHE CODXe)E EAIEH 1 Folt},

Ss = Ssu ¥ Saa t Sta t Sva t Spu t Spro T Sac (2.46)

XS = Xc + Xch + Xpr + X+ Xsu + Xaa + Xfa

+ Xea + Xpro + Xac + Xpo (2.47)

3) TKN A3

TKN A 3& A Ao m QR U o (S E

&

ols
rr

FU8A AgAn. $4z
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EREES

(2.48)

= Sy

S

A 2~ (Snp) 9+

A

a4

)

¢l

=

ADMI14] ol A ¢}

424 COD(XpH

o] AR L ASM1T ADMIO A Aol 7} vh7] wl& o

2]

B

(2.49)

SND

(SLADMI 5 NI> + <Saa X Naa>

Nbac x (Xsu + Xaa + Xfa + Xc4 + Xpro + Xac + XhB)

+NIXXI+NxcXXC+NaaXXpr_ixeXXI

XNp

(2.50)

4) 4718 %

aile s

3

2

Sic® HFH
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¥
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=
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oX,
M
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flo
my)
i
i)
T
fo
B>
E
fru
i

=
TGS oY FHIY A GdEYMY dirE AL Ad@s=
e

=]
sgolth, Aaste B SHGF AR A BAF AUAE Fru o}

T HA @A= NOZ7F NO; = ##Ho A= Ao

Az MAEL EYHAERZEE 85 =0 Rheiheimer (1988), Stensel@}
Barnard = (1992)% el o] 5} ammonia= XA T = Nitrosomonas,
Nltrosococcus, Nitrosopira 5 °] TolstH FHZF4H 02 NO NS NOsNo =z Ak
3V 7 = Nitrobactor, Nitropira$} Nitrococcuss ©) 9 thi sk=d # g0 A =

NitrobactorSs Nitrosomonas?t -7 dtka @19 ol

Aurd oz Azl BF WS the goldeid & nt
Nitrosomonas
2NH; +30; — 2NO, + 4H' -+ 2H»0 (2.51)
Nitrobacter
2NO; + 02 — 2NO3 (2.52)

Total reaction

NH4+ + 202 — NO3 + 2H+ + H»O (2.53)

A9l e AuA Y WA ol Folde MABEES o]F Wl
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2 F3Es A=

AEE AqiAE 4+ &

AE G g2 gaa 2

r (o3
o2
td
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e
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ke
mN

4C0O,+ HCO,; + NH, + H,0 — C;H,0,N + 50, (2.54)

AR S Y old e 2ol ey & gt

NH, 4+ 1.830, + 1.98 HCO,
— 0.021C;H;0,N + 0.98NO, + 1.041H,0O + 1.88H,CO;) (2.55)
(Metcalf ‘& Eddy Inc. 1991)

22NH, + 370, + 4CO, + HCO; ™

— C;H,;0,N+21NO,; + 20H,0 + 42H " (2.56)

rlo

dmyoelyd AVt HAabd o= AbsiAl HQ 21(2.51), 21(2.52)
A 475 mg Oxmg HEYoMd AL(MEFAE LS LefshA Fhg) A7 &A%
oy, FAgo Bed AL 418 mg Oymg FEYoRAH Aiolth(H %,
1999).

a8z A(256)L R o7t ALslE = EoE WS ok glkalinity 7} 2R
E AL rogFa drh. @Y mg NHy-N o 2kztd of o 7.14 mg/L(as
CaCO03)9] alkalinity7} AR &= 2oz delx vt EAGF YT 8
Yole]l FTE7F 25 mg/L ol RF A3EdH fE49  alkalinityE 80
mg/L(as CaCO3)Z FA3l7] Yl 260 mg/L alkalinity 7} Z &3}t}. ojd
e gele Aaste] Had Add pHE FA38H7]1 93] Lime olu
soda ashE & a7t 9.

RBEstA Asks BA4o 9F S m A= AARE pH, DO, &% Fo] lom
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o A AArst& -2 pH7F 759 60% A % o] tH(Blum, 1991).
4E A= AAE A o A olt}. Downing ¥ Scragg(1995)2 2 A3}
7Fdojyr] H HA: FEE 03 mg/L g HusHY. Schoberl T
Haworth(1964)2] A& A= 1.0mg/L o)A =X Aigrosomonas © 2 &
AArksboll Qddke] gl 20mg/L ol FXRolAME Nirobacter®] A 4k3tol
HdgFSE FA FU. T Img/Le] DO FE9 20~35C9 XZ3}sEoA
Nitrobacter winogradsii ©) 54 & W3 AF = o]Fo] ). 1.0meg/LY ¥
Lol A= 20, 23.7, 29, 35C o sty EolAe F24 &o] 79, 80, 70, 58% A=
o #E Ugudn. g4 YA E o] 8T dPelA= DOZF 1.0 mg/L ool
A AAE &2 A4S wA g Ao 2 yEsti(Downing ef @/, 1964).
Whurman(1963)2]” Aol A= DO §=7F 4004 70 mg/L & ¥T wf =
Abal g WEzh oy 1.0 mg/L oA E oJHT B2 FEo 90% HEe
Aisl&Ss BAY. Negel I Haworth(1969)= DO FE7F 1.0mg/LolA 3.0
o2 FolAE ZHiksl &2 FulE S7stE AoE RS AT fmadt
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F&gdok WAEREE Achromobacter, Acinetobacter, Agrobacterium,
Alcaligenes, Arthrobacter, ZBacillus, Chromobacteriiim, Coryvnebacterium,
Flavobacterium, Hypobacterium, Moraxella, Neisseria, Paracoccus,
LProprontbacterium, Pseudomonas, Khizobium, Fhodopseudomonas, Spirillum,
Vibrio 5°l 929, o] UREL ARG oy} A4% o83 F 9lo

PR Yotk EYYY MABES vl
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o
fr

-,

FaAtaG S o| &3, Paracoccus denitrifier <+
Thiobacillus denitrifications = ZYZt +29% F3}E8S AAFAAZ o] &3,
7] Hado] EATGY o5 B2 FHPYAHoE upE F 9t}
g4 g2 oy A o® e

6NO3 +5CH30H — 5CO2 + 3Nz + 7H2O + 60H (2.57)

NO; + 1.08CH30H + 0.24H2CO3
— 0.056CsHgNO2 + 0.47N2 + 1.68H20 + HCOs3 (2.58)

Ao WA A 1g 9 NO; -N = 24d #Ao A 247¢ o WEL(3.7g 9
COD)E 4M|3te] 04bg o A E7F A= 357g o A= AAHS &

T U B WA ST BSolA AEE BAadoRiste] Bdo] JdHE W
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Fig. 2.15 Basic configuration of biological denitrification process (Barth, 1968).
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Table 3.1 Water quality
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of N-Wastewater Treatment Plant in 2005

Item Value Unit
Influent flow rate 326,000 m'/d
Influent 93.1 mg/L
BOD
Effluent 59 mg/L
Influent 455 mg/L
CODum
Effluent 8.9 mg/L
Influent 95.6 mg/L
SS
Effluent 2.6 mg/L
Influent 26.5 mg/L
T-N
Effluent 15.3 mg/L
Influent 2.7 mg/L
T-P
Effluent 15 mg/L
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W8zl =A7]E Table 3.2 YelUlg o, z71%9 HRTE 6.74%Fo]t}.
a8 20059 = 2§ Hir FrF2 Table 3.39 YER AT

Table 3.2 Operating condition of N-Wastewater Treatment Plant

Reactor HRT(hr) | Volume | Unit Note
Primary 1.7 21,375 m’
Aeration Tank 6.7 86,625 m'
Clarifier 3.4 43,560 m'
Gravity Thickener 800 m'
Centrifuge Thickener 60m’'/hr/unit x 4 unit

Sludge Mixing Tank 16,000 m’
Digestion Tank 14,000 m'
Digestion Gas Tank 6,000 m'

Belt Press 500kgDS/hr/unit x 4 unit
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Table 3.3 Average flow rate of N-Wastewater Treatment Plant

Item HRT (hr) Flow rate(m’/d)
Influent 326,000
Primary 1.7 330,000

Aeration Tank 6.7 406,300
Clarifier 34 2,180
Gravity Thickener 1,800
Centrifuge Thickener 2,180
Digestion Tank 755
Belt Press 645
Waste Cake 76
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A B

physical - chemical biological ASM1 ASM1 physical-chemical
inert T T T
total settleable . total N | Particulate TKN
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coD Xs ND
4 X
slowly ) 4 £
’ biodegradable X Soluble TKN
colloidal BA Swo
inert
T readily s Ammonium
soluble biodegradable | ° Suu
[inert s, Sy ¢ -+
- - i B ae _| Nitrite+Nitrate | S,

Fig. 3.3 ' Characterisation. of ASMI1 wastewater  components by
physical-chemical methods (A: modified from STOWA, 1995, B: modified
from Henze ez a/, 1995).
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Table 3.4 Overview of physical-chemical
wastewater components

(Fields

with

methods for
grey background

physical-chemical method is not applicable)

determination of
indicate that a

Additional
Component Method . . Assumptions References
information
0.45 pym filtration of low loaded system(no
effluent biodegradable substrate|Ekama ez @/, 1986
in effluent)
s 90% of effluent COD Lesouef ez a/, 1992
1
7-8 um filtration after no Si production Lesouef ez a/, 1992
longterm aeration test during degradation Sollfrank ez @/, 1992
~ Hes i wastewater similar to
o Proties n batey Germirli ez af, 1991
ests glucose
. ’ 4 Levine ez a/, 1985
0.1 um filtration Si Particulates do not B
. - o Torrijos et a/, 1994
S ['7-8 yim filtration Si ;?“ddln ;e“blly Lesouef e al, 1992
) r rtt
Zn(OH): flocculation S rocegracabic W Mamais ez al, 1993
7-8 pm filtration after no X production during
X1 . ) Lesouef ef a/, 1992
longterm aeration test degradation
Xs mass balance Ss, Si, X1 | XeH, Xsa negligible Henze es a/, 1987
XBH
XBA
Xp
Standard analysis of
S
© oxygen concentration
SNO Standard analysis Henze es a/, 1987
SNH Standard analysis Henze ef a/, 1987
Standard analysis of o ol 1987
S \ enze et al, 1S
S soluble TKN g
Standard analysis of
XND . Henze es a/, 1987
particulate TKN
Standard analysis of
SALK

alkalinity

- 69



o

N

N

bol mAabe @

)

o] &

ofp

&

}\o]-

o

ruiel

X

ol
B
—_—
o

ol
=
ild
H

}1, Aquasime @ W7t

G|

= AA

°] BOD, COD, SS, T-N¢¥

O =
=T

L
a

bl %43

)

S 7]# 92 AquasimE °o] &

as

o G

s

of

!

o

,70,



A4 Edy A% 2 0@

e A3 5T EAFAY frAolH, ASM1¥ ADMI
of 2442 CODY TKNS E2AFAZ mdd g
ztzko] wmdo] thE AeWSELS Table 2.16(ASM1) ¥ 2.17(ADM1)3} 7+

Mo
[
e
N
[o
fru
aui
il

Z7ke] BN CODuut #71% HHWMFE] F7he] oJste] Aud
olth. TKN® QrEuelst 7l dzsl Folch, ofele] W44 e F wdol
OD¢} TKNE A4td 2L ofg o 2o

1) ASM1 (&9 : g COD/m’, g N/m')

E
o b

CODgy = S5;+ S5
CODy = X+ Xg+ Xpy+ Xpy + X,
CODy= CODg+ CODy
TEN = Sy + Syp + Xyp gy Xpy + Xpy) +i, (X + X))
o] 714, CODs : soluble COD
CODx : particulate COD
CODr : total COD
TKN : total Kjeldahl nitrogen

2) ADM1 (&9 @ kg COD/m’, kmol /m’)

CODg = S+ 8, + 8,0t S0 T 800 T Sy + S0 TS0+ Spa+ Seps

pro

CODy =X+ X, + X,y + Xy + Xy + X, , T X T X + X+ X, + X, + X

aa pro ac pr

COD; = CODg+ CODy,

TKN;= S+ N, X, +N(S,+X)+N, (X +5,)+N,. (X, +X

aa pr aa su aa

+)(fu+X +)((w+)(h2)

pro

,71,



3 BHRAL A LI B9 B
ASM1 CODt = ADMI1 CODr
ASM1 TKN = ADM1 TKN

o 7]el Al ASM1e] CODell #d® A= Ss Xs S XiZ 7453,
TKNel| #dd 452 Sy, Swvp, XapzE T ET ASM13% ADM19] %
¥ 4= A3 A] Langenhove(2005)¢] A Al gk 27 9} Copp(2003), Nopens(2006) 9]
A A& AR A, SsoF Sxp= ADM19] Ssu, Sfa, Saa® A 3% =4, Ssus Ss
o] 038 &= Sfa® Ss9 02#&= i, Xs& XcZ, Spasus 0.058& 2 Ssu
Z YW A= SpapuE AostEL | Xiasve 018 &2 Xc2, YA = Xiapuz
stk Sz Snp, Xap® SwE AEEHE gNO| TEE & WHE vk
ettt 2Ea XpE 01# &2 SsuZ UM AE XcZ, Xat Xc2 73hs}
a, g/me G E kg/m& wiiEo] A 3kel ik

T3 ADM13} ASMI1o = HA3A] o= Ssu, Sfa, Sva, Sbu, Spro, Sac, Saa
E ysle SsE, Xpapme Xpasul Z, Xe, Xch, Xpr, Xli, Xsu, Xaa, Xfa, Xc4,
Xpro, Xac, Xh2%& Xs=2, Spapv< Spapul = AR oW Sy Saast
Stapve B HAAEE Ns 00071 #ake] Adstdv. Xnpe Xsu, Xaa,
Xfa, Xc4, Xpro, Xac, Xh2& Hdta ZAE& 0006258 Fotil =TS gNo
TR upgro] A Shs it

rN

rN
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Fig. 4.1 Results of COD mass balance for ASM1-ADMI.
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Fig. 4.2 Results of TKN mass balance for ASM1-ADMI.
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Fig. 4.3 Results of COD mass balance for ADM1-ASMI1.
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Fig. 4.4 Results of TKN mass balance for ADM1-ASMI1.
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Table 4.1 Results of sensitivity analysis

Ranking of parameter total Error
1 PKa_n2o 6,693,980
2 Ka/B_co2 4,551,789
3 Yu 169,151
4 ba 140,571
5 bu 125,479
6 Kais 45,591
7 X1 xe 35,581
8 fp 31,555
9 for_xe 28,228
10 feh_xe 23,174
11 fli xe 22,489
12 PKi_coo 14,835
13 PKa nh3 11,436
14 Ya 9,950
15 Khyd_pr 8,128
16 Khyd_i 7,914
17 Khyd_ch 3,865
18 - 2,956
19 K fa 2,409
20 fra_ti 2,394
21 fac_su 2,299
22 Jubsi 2,123
23 Ks 2,042
24 K ta 1,927
25 Kdec_xta 1,723
26 fhu_su 1,563
27 Kdec_xac 1,516
28 etag 1,417
29 Kdee xsu 1,388
30 ixB 1,355
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4.3 ARSE FAH A3

Aquasime AFE3  wl/lWg 2 N-s A e 20059 A9 AT
238 %9 GasHd A9 BOD, CODwn, SS, T-N9 Z3E Al&3te] oj7)
& FAs9en, 4437+ Table 4.2¢1 e A}

Table 4.2 Results of parameter estimation.

E of\

Name Unit Default Estimation
ba 1/d 0.15 0.155
bu 1/d 0.62 0.627
Ig - 0.8 0.786
Ny - 0.4 0.393
Ka m'/gCOD/d 0.08 0.084
kp 1/d 3 3.141
K gN/m' 1 1.224
Kno gN/m’ 0.5 0.492
Koa gO/m’ 0.4 0.431
Kon gO/m’ 0.2 0.220
Ks gCOD/m’ 20 21.823
Kx - 0.03 0.031
Ha 1/d 0.8 0.778
U] 1/d 6 6.038
KaB_co2 1/d 1.00E+14 1.860E+18
Kdec_xaa 1/d K v 3.129
Kdec_xac 1/d 0.05 0.075
Kdec_xc4 1/d 0.03 0.046
Kdec_xta 1/d 0.06 0.055
Kdec_xn2 1/d 0.3 0.287
Kdec_xpro 1/d 0.06 0.073
Kdee_xsu 1/d 0.8 0.758
Kais 1/d 0.25 0.569
Knyd_cn 1/d 1.94 0.253
Knyd i 1/d 0.17 0.152
Knhyd_pr 1/d 0.1 4.196
Kkm_aa kgCOD S/kgCOD X/d 107 100.628
Km_ac kgCOD S/kgCOD X/d 13 13.124
Kim_c4 kgCOD S/kgCOD X/d 22 19.645
Km_ta kgCOD S/kgCOD X/d 12 16.382
Km_nz kgCOD S/kgCOD X/d 44 64.688
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Table 4.2 Results of parameter estimation. continued

km,pro

km_su
Ksiaa
Ks_ac
Ks,cél
Ks_fa
Ks,h?
Ks1~
Ks,pro
KS_SU
£

ixB
Ixp
Ya
Y

fac,aa
fac_su
fbu,aa
fbu_su
fch,xc
ffa_li
th,aa
fh2_su
fii_xc
f]JI"()?&lEl
fpro_su
fpr,xc
fS I_xc
fva,aa
X1_xe
Yaa
Y
Yc4
Yfa
Yhe
Ypro
Ysu

kgCOD S/kgCOD X/d
kgCOD S/kgCOD X/d
kgCOD/m’

kgCOD/m’

kgCOD/m’

kgCOD/m’

kgCOD/m’

M

kgCOD/m’

kgCOD/m’

gN/gCOD

gN/gCOD
gcellCOD/gNoxidized
gcellCOD/gCODoxidized

gCOD/gCOD

kgCOD/kgCOD
kgCOD/kgCOD
kgCOD/kgCOD
kgCOD/kgCOD
kgCOD/kgCOD
kgCOD/kgCOD
kgCOD/kgCOD

11

27
0.2
0.04
0.062
1
1.00E-06
0.0001
0.02
0.05
0.08
0.086
0.06
0.24
0.67
0.4
0.41
0.26
0.13
0.5
0.95
0.06
0.19
0.2
0.05
0.27
0.2
0.1
0.23
0.1
0.15
0.03
0.055
0.05
0.05
0.05
0.15

13.036
42.336
0.152
0.036
0.055
1.214
8.930E-07
0.018
0.339
0.045
0.078
0.084
0.057
0.226
0.685
0.434
0473
0.328
0.128
0.458
0.949
0.131
0.181
0.190
0.140
0.271
0.208
0.077
0.312
0.178
0.225
0.116
0.050
0.046
0.134
0.134
0.137
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Fig. 4.7 Influent flow data of N-Wastewater Treatment Plant in 2005
(design flow rate 340,000m'/d).
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Fig. 4.8 Influent concentrations of N-Wastewater Treatment Plant in 2005.
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Fig. 4.9 Temperatures in aeration tank of N-Wastewater Treatment Plant in
2005.
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Fig. 4.10 Comparison of simulated results to productions of gas in 2005.
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Fig. 4.12 Comparison of simulated results to effluent CODwy, in 2005.
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Fig. 4.13 Comparison of simulated results to effluent BOD in 2005.
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Fig. 4.14 Comparison of simulated results to effluent TN in 2005.
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. 4.15 Comparison of simulated results to TS of primary sludge in 2005.
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Fig. 4.16 Comparison of simulated results to TS of gravity thickener in 2005.
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Fig. 4.17 Comparison of simulated results to TS of return sludge in 2005.
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Fig. 4.18 Comparison of simulated results to TS of centrifuge thickener in

2005.

,88,



¢ measured Sludge Mixing Tank TS —— modeling Sludge Mixing Tank TS
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Fig. 419 Comparison of simulated results to TS of sludge mixing tank in

2005.
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Fig. 4.20 Comparison of simulated results to TS of anaerobic digestion tank

in 2005.
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Fig. 4.21 Comparison of simulated results to TS of dehydrator in 2005.
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Fig. 4.23 Influent concentrations of N wastewater treatment plant in 2006.
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Fig. 4.24 Temperatures in aeration tank of N-Wastewater Treatment Plant
in 2006.
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Fig. 4.25 Comparison of simulated results to productions of gas in 2006.

,93,



¢ measured SS —— modeling SS

10
4
O) L
£ 8
5 6
©
% 4
(@]
5 2 Ak
O

0

0 50 100 150 200 250 300
Time (day)

Fig. 4.26 Comparison of simulated results to effluent SS in 2006.
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Fig. 4.27 Comparison of simulated results to effluent CODwm, in 2006.
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Fig. 4.28 Comparison of simulated results to effluent BOD in 2006.
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Fig. 4.29 Comparison of simulated results to effluent TN in 2006.
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Fig. 4.31 Result of a comparison analysis for SS.
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Fig. 4.32 Result of a comparison analysis for CODun,
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Fig. 4.33 Result of a comparison analysis for BOD.
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Fig. 4.34 Result of a comparison analysis for TN.

,98,



gas flow rate (rfyd)

*

20,000

measured gas flow basic modeling value — - =MLE modeling gasflow

18,000
16,000

14,000
12,000
10,000
8,000
6,000
4,000
2,000

*

Fig

Time (day)

. 4.35 Result of a comparison analysis for gas flow rate.

,99,




A6 4

ol

2 A 22 (ADM1)

Ea S

7173

&
o

g E YA LI (ASM)

T

op

ol

T
=
a
ol
iite
o}

X

bn ol

2 A =9 (ADM1) <]

A=

=

2 %X 2 (ADM]1)
23}
2 % L d (ADM]1)
Ka/g_co2, Yh, Da,

PKa h2o,

=

A=

=

2= 3}
2= 3}

-

T

7143
714

2]

o=

2]

h=
o

h=!
2412 %

2 A =9 (ADM1) <]

9,]

2=
=

L
=

ks

23}

]

Any
R

2 X 2 d(ASM1) 3}
94

2 %] 2 (ASM1) 9]
X 7P (ASM1) 3}

\

2=
=

A=

=

A=

=

24
24
24

1.
ol
2.

(ASM1)9]

°

=

X

ol

=R

el
q_m.o
To
o

o

N
ﬁa
=
o

o)
xo

—_—

K
&

o
—_
W
ol

o

X
el

iz

.
3o

A E g WA ¢

°

A

2 A 29 (ADM1) <]

2=

=

&8}

7173

2|

fe=
p=4

Eﬂ o] P

=]

=

242 ¥ 4 B 9 (ASMD3}
F49) A

gl

gt MLE

4.

o7

g
et

—~
HO

3

X
o

=i
=

= Al
o=

7}

=
T

Al o mA A2

- 100 -

AN AHgE 5



—_1
=

AL

¢
i

e

wgol GAHNAA #Y

=

al7

o

=
=

ol
Y
N

ob 91 =

e

o
e

o

Tor

jazel

X

N

ol
Ho

o

Ayt
&
P
i
xr

Nfo

2L

ol

ﬂv.o
4

Ayt
¢
i
v
:AO

N

!
&
I

Nl
Ay
-
el
ad

xr

ol

3

X
ofp
n
Ul

‘_.mo

o

ofpy

ofp
o

B

Mo

)

~
;OO

B A A H A =

=)

ks

Abg 4 o]

1=}
‘él—_l‘

bl

SEL EERE

]
1=t

A

X

al

o
=

IERNEE

x

o

==
=

CEE

F Ak

13
S}
o

F 2l of] A
Hj ol Al =

7

=
=

A F9 of el ol

WA A7 g

al

4%

-
o

aga o

I

=y

.
3o

%!

Py
3o

T

oy
3o

al7

)

ol
i
i

)
N

—=
o

N
~~

.ﬂo

o
e

X
=0

|

=y

=%

.ﬂo

—~~

3
s

ol A E

B

ot A7

ki3

1=}
T

Ho

ré
o
N

-
-

Tw
1Ho

)
il

o

<0

o bz} HojFn Agy

KR
=

ol utvh vt

- 101 -



zow PEEM/ L AW vpso] WEF £ @ 2 T =
sz grow gdUT. T@T ARFYT 25stad gud o of,

ol 4 AA ojAl= drukE AAN F= ofolEe W W dsta tiAGEA
o~
=l

AL UY. AFaed Aot s Go2r =93l

- 102 -



ot
¥
Ao
ror

Angelidaki, 1., Ellegaard, L. and Ahring, B.K. (1993) A mathematical model
for dynamic simulation of anaerobic digestion of complex substrates:
focusing on ammonia inhibition. Zrotech Broerng. 42, 159-166.

Angelidaki, I., Ellegaard, L. and Ahring, B.K. (1999), A comprehensive model
of anaerobic bioconversion of complex substrates to biogas. Frotech Broeng:.
63, 363-372.

Antoniou P. (1990), Effect of temperature and pH on the effective maximum
specific growth rate of nitrifying bacteria, Wart Hes. 24, 97.

Batstone, D.J., Keller, J., Newell, R.B. and Newland, M. (2000), Modelling
anaerobic degradation of complex wastewater. I: Model development. Zrores.
Zech 75, 67-74.

Barth E. F. es «/ (1968), Chemical-biological control of nitrogen in
wastewater effluent. /W PCF 40(12), 2040-2054.

Batstone, D. ]J., Keller J., Angelidaki L, Kalyuzhny S.V. Pavlostathis, S.G,,
Rozzi A., Sanders W.T.M., Siegrist H., and Vavilin V.A. (2001), The IWA
Anaerobic digestion model no 1. (ADMI1). A separate publication from the
"9™ World Congress, Anaerobic digestion 2001 Belgium?25 September.

Batstone, D. J., Keller, J., Angelidaki, I., Kalyuzhnyi, S.V., Pavlostathis, S.G.,
Rozzi, A., Sanders, W.T.M., Siegrist, H. and Vavilin, V.A. (2002), Anaerobic
Digestion Model No.1 (ADM1). /WA Screntific and 7echnical FKeport No. 1.3,
IWA Publishing, London, England.

Batstone D. J., Keller J, Angelidaki I, Kalyuzhnyi S, Pavlostathis S, Rozzi A,
Sanders W, Siegrist H, Vavilin V. (2002a), TheTWA Anaerobic Digestion
Model Nol. Water Secr 7echnol. 45(10), 65-73.

Batstone D. J., Keller J.-(2003), Industrial “applications of the IWA anaerobic
digestion model No. 1 (ADM1). Water Sci. 7echnol., 47(12):199-206.

Batstone D. J., Keller J, Blackall LL. (2004a), The influence of substrate
kinetics on the microbial community structure in granular anaerobic biomass.
Water Fesearch, 38(6), 1390-1404.

Batstone D. J., Torrijos MJ, Ruiz C, Schmidt JE. (2004b), Use of an
anaerobic sequencing batch reactor for parameter estimatiorr in modelling of
anaerobic digestion. Water Sci. 7echnol., 50(10), 295-303.

Batstone D. ]J. (2005), Mathematical Modeling of anaerobic reactors treating
domestic wastewater: rational criteria for reactor projects. Reviews in
Environmental Science and Biotechnology in-press.

Beeftink, H. H., Vanderheijden, R. T. J. M. and Heijnen, J. J. (1990),
Maintenance requirements - energy supply from simultaneous endogenous

- 103 -



respiration and substrate consumption. ZZAMS Microbiol Ecol 73, 203-209.

Barnard, J. L. (1975), Biological Nutrient Removal Without and Addition of
Chemicals, War Fes., 9, 485.

Bernard O. (2005), TELEMAC: An integrated system to remote monitor and
control anaerobic watewater treatment plants through the internet. Warer
Sci. Technol, 52 (1-2), 457-464.

Bjerre H.L., Hvitved-Jacobsen T., Teichgridber B. and te Heesen D. (1995),
Experimental procedures characterizg transformations of wastewater organic
matter in the Emscher river. Germany. Water Sci 7ectnol, 31(7), 201-212.

Blum D. J. W. Speece R. E. (1991), A database of chemical toxicity to
environmental bacteria and its wuse In Interspecies comparisons and
correlations, /. WAPCF. 63, 198.

Blumensaat F, Keller J. (2005), Modelling of two-stage anaerobic digestion
using the IWA Anaerobic Digestion Model No. 1 (ADM1). Water Fesearch,
39(1), 171-183.

Boon, F. (1994), Znfluence of pH, High Volatile Fatty Acid Concentrations
and Partial Hydrogen Pressure on Hydrolvsis. MSc thesis, Wageningen,
The Netherlands. (In Duteh)

Brands E., Liebeskind M. and Dohmann M. (1994), Parameters for dynamic
simulation of wastewater treatment plants with high-rate and low-rate
activated sludge tanks. Water Sci Technol, 30(4), 211-214.

Brouwer H., Klapwijk ‘A. and Keesman J. (1998), Identification of activated
sludge and wastewater characteristics using respirometric batch-experiments.
Water AZesearch, 32, 1240-1254.

Cajsa Hellstedt (2005), Calibration of a dynamicmodel” for the activated
sludge process at henriksdal wastewater treatment plant;, UPTEC W05 037

Cech ].S., Chudoba J.-and Grau P. (1984), Determination of Kkinetic constants
of activated sludge microorganisms. Water Sci. Technol., 17, 259-272.

Chang J., Chudoba P. and Capdeville B. (1993), Determination of the
maintenance requirements of activated sludge. Water Sci. Technol., 28, 139-
142.

Chudoba P., Capdeville B. and Chudoba J. (1992), Explanation of biological
meaning of the So/Xo ratio in lab-scale cultivation. Water Sci. Technol,
26(3-4), 743-751.

Ciaccio L. L. (1992), Instrumental determination of energy oxygen and BOD5.
Water Sci. Technol., 26(5-6), 1345-1353.

Coen F., Petersen B., Vanrolleghem P.A., Vanderhaegen B. and Henze M.
(1998), Model-based characterisation of hydraulic, kinetic and influent
properties of an industrial WWTP. Water Sci. Technol., 39(1), 195-214.

- 104 -



Coen F., Vanderhaegen B., Boonen I, Vanrolleghem P.A. and Van Meenen P.
(1997), Improved design and control of industrial and municipal nutrient
removal plants using dynamic models. Water Sci. Technol., 35(10), 53-61.

Copp J. B. and Dold PL. (1998), Confirming the nitrate-to-oxygen
conversion factor for denitrification. Water Res., 32, 1296-1304.

Copp J. B., Jeppsson U, Rosen C. (2003), Towards an ASMI1-ADMI state
variable interface for plant-wide wastewater treatment modelling. 76th
Annual WEF Conference and Exposition, Oct. 11-15 2003; Los Angeles,
USA.

Copp J.B, Peerbolte A, Snowling S, Schraa O, Froelich D, Belia E. (2004),
Integrating anaerobic digestion into plantwide wastewater treatment
modelling - experience with data from a large treatment plant. In: Guiot S,
Pavlostathis SG, editors. Anaerobic Digestion 2004, 10th World Congress on
Anaerobic Digestion 2004; Montreal, Canada., 1362-1365.

Copp J.B., Belia, E., Peerbolte, A., Snowling, S., Schraa, O. and Froelich, D.
(2004), Integrating Anaerobic Digestion Into Plant-Wide Wastewater
Treatment Modeling. WEFTEC (2004), Oct 3-6, New Orleans, Louisiana,
USA.

Costello DJ, Greenfield PEF, Lee PL. (1991), Dynamic modelling of a
single-stage high-rate anaerobic reactor —-I. Model development. Wat. Res.
25(7), 859-871.

Coulson, J. M. and Richardson, J. F. (1993), Chemical Engineering Volume
17 Fluid Flow, Heat Zransfer and Mass Zransfer, 4th edition. Pergamon,
Oxford.

Daigger G.T. and Grady C.P.L. (1982), The dynamics of microbial growth on
soluble substrates. A unifying theory. Water Res., 16, 365-382.

De Clercq B., Coen F. Vanderhaegen B. and Vanrolleghem P.A. (1999),
Calibrating simple models: for mixing and flow propagation in waste water
treatment plants. Water Sci. Technol., 39(4), 61-69.

de la Sota A., Larrea L. Novak L., Grau P. and Henze M. (1994),
Performance and model calibration of R-DN processes in pilot plant. Water
Sci. Technol., 30(6), 355-364.

Downing A. L. and Painter, H. A. (1964) Nitrification in the activated sludge
process, /. Proc Inst Sew. Purif 64, 130-158.

Dupont R. and Sinkjer O. (1994), Optimisation of wastewater treatment
plants by means of computer models. Water Sci. Technol., 30(4), 181-190.

Eastman, J.A. and Ferguson, J.F. (1981), Solubilization of particulate organic
carbon during the acid phase of anaerobic digestion. / Wat Poll Cont Fed
53, 352-366.

Ekama G.A., Dold P.L. and Marais G.v.R. (1986), Procedures for determining

- 105 -



influent COD fractions and the maximum specific growth rate of
heterotrophs in activated sludge systems. Water Sci. Technol., 18(6), 91-
114.

Ellis T.G.,, Barbeau D.S., Smets B.F. and Grady C.PL. Jr. (1996),
Respirometric techniques for determination of extant Kkinetic parameters
describing biodegradation. Water Environ. Res., 38, 917-926.

Fedorovich V, Lens P, Kalyuzhnyi S. (2003), Extension of Anaerobic
Digestion Model No. 1 with processes of sulfate reduction. Applied
Biochemistry and Biotechnology 109(1-3), 33-45.

Funamizu N. and Takakuwa T. (1994), Simulation of the operating
conditions of the municipal wastewater treatment plant at low temperatures
using a model that includes the IAWPRC activated sludge model. Water Sci.
Technol., 30(4), 150-113.

Germirli F., Orhon D. and Artan N. (1991), Assessment of the initial inert
soluble COD in industrial wastewaters. Water Sci. Technol., 23(4-6), 1077~
1086.

Gernaey K., ‘Bogaert H., Massone A., Vanrollechem P. and Verstraete W.
(1997), On-line nitrification-monitoring in activated sludge with a titrimetric
sensor. Environ. Sci. Technol., 31, 2350-2355.

Gernaey K., Vanrolleghem P.A. and Verstraete W. (1998), On-line estimation
of Nitrosomonas Kkinetic parameters in activated sludge samples using
titration in—sensor—experiments. Water Res., 32, 71-80.

Grady CPL. Smets B.F and Barbeau D.S. (1996), Variability in Kkinetic
parameter = estimates: a review of possible causes and a proposed
terminology. Water Res., 30, 742-748.

Gujer W., Henze M., Mino T. and van Loosdrecht M.C.M. (1999), Activated
sludge model No. 3. Water ‘Sci. Technol., 39(1), 183-193.

Haider S. (2000), CSB-Elimination in A-stufen und ihre Auswirkung auf die
Stickstoffelimination von ABAnlagen unter dem  Gesichtspunkt der
mathematischen Modellierung. PhD. Thesis. TU Wien, Austria. (in
preparation)

Henderson, P.J.F. (1971), Ion transport by energy-conserving biological
membranes. Ann. Rev. Microbiol 25, 393-428.

Heijnen ].J., van Loosdrecht M.C.M. and Tijhuis L. (1992), A black box
mathematical model to calculate auto- and heterotrophic biomass yields
based on Gibbs energy dissipation. Biotechnol. Bioeng., 40, 1139-1154.

Henze, M., Grady ,C.P.L. Jr. Gujer, W. Marais, G. v. R .and Matsuo, T.
(1987), Activated Sludge Model No.l, ITAWPRC Scientific and Technical
Report No.1.IAWPRC Publishing, London, UK.

Henze M., Gujer W., Mino T., and van Loosdrecht M.C.M. (2000), Activated

- 106 -



sludge models: ASMI1, ASM2, ASM2D and ASM3 IWA Scientific and
Technical No.9. IWA Publishing, London, UK

Hoh C, CordRuwisch R. (1996), A practical kinetic model that considers
endproduct inhibition in anaerobic digestion processes by including the
equilibrium constant. Biotech. .Bioeng. 51(5), 597-604.

Jeppsson U. (1996), Modelling aspects of wastewater treatment processes.
Ph.D. thesis: Department of Industrial Electrical Engineering and Automation,
Lund Institute of Technology, Sweden. pp. 428.

Jeppsson U, Rosen C, Alex J, Copp J, Gernaey KV, Pons MN, Vanrolleghem
P. (2005), Towards a benchmark simulation model for plant-wide control
strategy performance evaluation of WWTPs. Water Science and Technology
in—press.

Kappeler J. and Gujer W. (1992), Estimation of Kkinetic parameters of
heterotrophic biomass -under aerobic conditions and characterization of
wastewater for activated sludge modelling. Water Sci. Technol., 25(6),
125-139.

Krishna C. and van Loosdrecht M.C.M. (1999), Substrate flux into storage
and growth in relation to" activated sludge modelling. Water Res., 33,
3149-3161.

Kristensen H.G., Elberg Jorgensen P. and Henze M. (1992), Characterisation
of functional micro-organism groups and substrate in activated sludge and
wastewater by AUR, NUR and OUR. Water Sci. Technol., 25(6), 43-57.

Kristensen H.G., la Cour Janssen J. and Elberg Jorgensen (1998), Batch test
procedures as tools for calibration of the activated sludge model - A pilot
scale demonstration. Water Sei. Technol., 37(4-5), 235-242.

Kujawa K. and Klapwijk B. (1999), A methodto estimate denitrification
potential for predenitrificaiton systems usings NUR batch test. Water Res,,
33(10), 2291-2300.

Larrea L., Garcia-Heras J.L., Ayesa E. and Florez J. (1992), Designing
experiments to determine the coefficients of activated sludge models by
identification algorithms. Water. Sci. Technol., 25(6), 149-165.

Lee S.H.,, Ko JH. Poo KM. Lee T.H., Woo H.J. and Kim C.W. (2006a),
Practical approach to parameter estimation for ASM3+bio—P module applied
to five-stage step—feed EBPR process. Wat.Sci. 7ech, 53(1), 139-148.

Lehninger, A.L. (1975) Zroctemistry, 2nd edition. Worth Publishers, New York.

Lesouef A., Payraudeau M., Rogalla F. and Kleiber B. (1992), Optimizing
nitrogen removal reactor configurations by on-site calibration of the
IAWPRC activated sludge model. Water Sci. Technol., 25(6), 105-123.

Lide, D. (2001), CRC Handbook of Chemistry and Physics, 82nd edition.
CRC Press, Boca Raton, FL.

- 107 -



Majone M., Dircks K. and Beun ].J. (1999), Aerobic storage under dynamic
conditions in activated sludge processes. The state of the art. Water Sci.
Technol., 39(1), 61-73.

Mamais D., Jenkins D. and Pitt P. (1993), A rapid physical-chemical method
for the determination of readily biodegradable soluble COD in municipal
wastewater. Water Res., 27, 195-197.

Marais G.v.R. and Ekama G.A. (1976), The activated sludge process. Part 1
- Steady state behaviour. Water SA, 2, 163-199.

Melcer H. (1999), Full scale experience with biological process models -
calibration issues. Water Sci. Technol., 39(1), 245-252.

Mino T., San Pedro D.C., Yamamoto S. and Matsuo T. (1997), Application of
the TAWQ activated sludge model to nutrient removal process. Water Sci.
Technol., 35(8), 111-118.

Mosche M, Meyer~ U. (2003), Factors affecting constancy of acetate
concentration and correct determination of methanogenic activity in pH-stat
experiments. Water Sci. Technol. 48(6), 111-118.

Mosey FE. (1983), Mathematical modelling of the anaerobic digestion
process: Regulatory mechanisms for the formation of short-chain volatile
acids from glucose. Wat. Sci. Tech. 15, 209-232.

Miinch E.v. and Greenfield P.F. (1998), Estimating VFA concentrations in
prefermenters by measuring pH. Water Res., 32, 2431-2441.

Musvoto, E., Wentzel, M., Loewenthal, R. and Ekama, G. (2000a), Integrated
chemical-physical processes modelling=I. Development of a Kkinetic—based
model for mixed weak acid/base systems. War FZes 34, 1857-1867.

Naidoo V., Urbain V. and Buckley C.A. (1998), Characterisation of
wastewater and  activated sludge from FEuropean municipal wastewater
treatment plants using the-NUR test. Water Sci. Technol., 38(1), 303-310.

Nopens I. (2006), Plant-wide modelling and simulation-The importance of
interfaces, /WA 7G on Benchmarking of Contro/ Strategres jor WW7Ps
IWAZ006 Workshrop.

Novak L. Larrea L. and Wanner J. (1994), Estimation of maximum specific
growth rate of heterotrophic and autotrophic biomass: A combined technique
of mathematical modelling and batch cultivations. Water Sci. Technol.,
30(11), 171-18&0.

Nowak O., Franz A., Svardal K., Muller V. and Kuhn. (1999), Parameter
estimation for activated sludge models with help of mass balances. Water
Sci. Technol., 39(4), 113-120.

Nowak O., Schweighofer P. and Svardal K. (1994), Nitrification inhibition -
A method for the estimation of actual maximum growth rates in activated
sludge systems. Water Sci. Technol., 30(6), 9-19.

- 108 -



Orhon D., Artan N. and Cimsit Y. (1989), The concept of soluble residual
product formation in the modelling of activated sludge. Water Sci. Technol.,
21(4-5), 339-350.

Orhon, D, Artan, N. (1994), Modelling of Activated Sludge Systems,
Lancaster, PA, Technomic Publishing Co. Inc., 589pp.

Orhon D., Soézen S. and Artan N. (1996), The effect of heterotrophic yield on
assessment of the correction factor for the anoxic growth. Water Sci.
Technol., 34 (5-6), 67-74.

Parker W. J. (2005), Application of the ADMI1 model to advanced anaerobic
digestion. Bioresource Technology In Press

Pauss, A., Andre, G., Perrier, M. and Guiot, S.R. (1990), Liquid to gas mass
transfer in anaerobic processes: Inevitable transfer limitations of methane
and hydrogen in the biomethanation process. Hrotech Broeng. 56, 1636-1644.

Pavlostathis, S. G.-and Gossett, J. M. (1988), Preliminary conversion
mechanisms in anaerobic digestion of biological sludges. /. Znviron £Eng.,
ASCE 114, 575-592.

Picioreanu C, Batstone D], .wan Loosdrecht MCM. (2005), Multidimensional
modelling of anaerobic granules. Water Sci. Technol. 52(1-2), 501-507

Petersen B. (2000), Calibration, identifiability and optimal experimental design
of activated sludge models. PhD Thesis. BIOMATH Department, Ghent
University, Belgium.

Pollard P. C., Steffens M. A., Biggs C. A. and Lant P. A. (1998), Bacterial
growth dynamics in activated sludge batch assays. Water Res., 32, 587-596.

Ramsay, 1. R. (1997), Modelling and Contro/ of High Fate Anaerobic
Wastewater Zreatment Systems. PhD thesis, University of Queensland,
Brisbane.

Rodriguez J, Kleerebezem R; Lema JM, wvan Loosdrecht MCM. (2004), A
promising approach for meodelling product formation in mixed culture
fermentations. In: Guiot S, Pavlostathis SG, editors. Anaerobic Digestion
2004, 10th World Congress on Anaerobic Digestion 2004; Montreal, Canada.,
1400-1405.

Rosen C, Jeppsson U. (2002), Anaerobic COST Benchmark Model
Description:  Version 1.2. Lund: Department of Industrial Electrical
Engineering and Automation. 16 p.

Robinson J. A. (1985), Determining microbial parameters using nonlinear
regression analysis: Advantages and limitations in microbial ecology. Adv.
Microb. Ecol, 8, 61-114.

Rozzi A., Massone A. and Alessandrini A. (1997), Measurement of rbCOD as
biological nitrate demand wusing a biosensor: Preliminary results. In:
Proceedings EERO/EFB International Symposium Environmental

- 109 -



Biotechnology ISEB3. April 21-24, Ostend, Belgium.

Schoberl P., Engel H. (1964) Dar verhalten nitrification kakterien gegenuber
gelostem, Arciuv Fin Mikrobiolgie., 393-404.

Shang Y, Johnson BR, Sieger R. (2004), Application of the IWA Anaerobic
Digestion Model (ADM]1) for simulatiing full-scale anaerobic sewage sludge
digestion. In: Guiot S, Pavlostathis SG, editors. Anaerobic Digestion 2004,
10th World Congress on Anaerobic Digestion 2004; Montreal, Canada. p
193-198.

Siegrist H. and Tschui M. (1992), Interpretation of experimental data with
regard to the activated sludge model no. 1 and calibration of the model for
municipal wastewater treatment plants. Water Sci. Technol., 25(6), 167-183.

Siegrist H., Renggli D. and Gujer W. (1993), Mathematical modelling of
anaerobic mesophilic sewage sludge treatment. Wat Sci. 7Tech 27, 25-36.

Siegrist H., Brunner-I., Koch G., Linh Con Phan and Van Chieu Le (1999),
Reduction of biomass decay rate under anoxic and  anaerobic conditions.
Water Sci. Technol.,, 39(1), 129-137.

Siegrist H, 'Vogt D, Garcia=-Heras J,»Gujer W. (2002), Mathematical model
for meso and thermophilic anaerobic sewage sludge digestion. Environmental
Science and Technology 36, 1113-1123.

Sillen, L.G. and Martel, A.E. (1964), Stzbility Constants of Metal lon
Complexes. The Chemical Society, London.

Spanjers H. and Vanrolleghem (1995), Respirometry as a tool for rapid
characterisation of wastewater and activated sludge. Water Sci. Technol.,
31(2), 105-114.

Spanjers H., Olsson. G. and Klapwijk A. (1994), Determining influent
short-term biochemical oxygen demand and respiration rate in an aeration
tank by using respirometry and estimation. Water Res., 28, 1571-1583.

Spanjers H., Takacs I. and Brouwer H. (1999), Direct parameter extraction
from respirograms for wastewater and biomass characterisation. Water
Sci. Technol., 39(4), 137-145.

Speece, R.E., (1996), Anaerobic PBiotechnology for Industrial Wastewaters. Archae
Press, Nashville, TN, 394 p.

Spérandio M., Urbain V. Audic JM. and Paul E. (1999), Use of carbon
dioxide evolution rate for determining heterotrophic yield and characterising
denitrifying biomass. Water Sci. Technol., 39(1), 139-146.

Spérandio M. and Paul E. (2000), Estimation of wastewater biodegradable
COD fractions by combining respirometric experiments in various SO/XO
ratios. Water Res., 34, 1233-1246.

Stokes L., Takéacs I, Watson B. and Watts ]J.B. (1993), Dynamic modelling
of an A.S.P. sewage works - A case study. Water Sci Zechnol, 28(11-12),

- 110 -



151-161.

Stumm, W. and Morgan, J. J. (1996), Aguatic Chemistry. Chermical
Equiltbria and Fates in Natural Waters, 3rd edition. John Wiley & Sons,
New York.

STOWA (1996), Methoden voor influentkarakterisering - Inventarisatie en
richtlijnen. STOWA Report 80-96. STOWA, Utrecht, The Netherlands.

Vavilin V.A., Lokshina L.Y., Rytov S.V., Kotsyurbenko O.R., Nozhevnikova
AN. and Parshina S.N. (1997), Modelling methanogenesis during anaerobic
conversion of complex organic matter at low temperatures. Water Sci.
Zectnol 36, 531-538.

van Loosdrecht M.C.M. and Henze M. (1999), Maintenance, endogenous
respiration, lysis, decay and starvation. Water Sci Zechnol, 39(1), 107-117.

Vanrolleghem P.A. and Verstraete W. (1993), Simultaneous biokinetic
characterization of heterotrophic and nitrifying populations of activated sludge
with an on-line respirographic biosensor. Water Sci. Technol, 28(11-12), 377
-387.

Vanrolleghem P.A., Spanjers H., Petersen B., Ginestet P. and Takéacs L
(1999), Estimating (combinations of) ‘Activated Sludge. Model No.l
parameters and components by respirometry. Water Sci 7Technol, 39(1),
195-215.

Vanrolleghem P, Rosen C, Zaher U, Copp J, Benedetti L, Ayesa E, Jeppsson
U. (2004), Continuity—based interfacing of models for wastewater systems
described by Peterson matrices. In: Guiot S, Pavlostathis SG, editors.
Anaerobic Digestion 2004, 10th World Congress on Anaerobic Digestion 2004,
Montreal, Canada., 187-192.

Vavilin V.A., Lokshina L.Y., Rytov S.V., Kotsyurbenko O.R., Nozhevnikova
AN. and Parshina, S.N. (1997), Modelling methanogenesis during anaerobic
conversion of complex organic matter at low temperatures. Warer Sci.
Zechnol 36, 531-538.

Wenzel M. C.,, Ekama G. A. Dold P. L. and Marais G. v. R. (1990),
Biological Excess Phosphorus Removal Steady State Process Design. Water
SA.. 26, 29-48.

Whitman, W.G. (1923), The two-film theory of absorption. Chem. Met Eng.
29, 147.

Whurman K. (1963) Effect of oxygen tension in biochemical reactions in
sewage purification plants, Zroc JSrd Manhattan Conf, Advances in
Brological Waste Treatment, Mcmillan, N. Y. 694.

Xu S. and Hultman B. (1996), Experiences in wastewater characterisation
and model calibration for the activated sludge process. Water Sci. 7echrnol
33(12), 89-98.

- 111 -



Zheng Y, Bagley DM. (2004), Improved thermodynamic inhibition and
regulatory functions for modeling anaerobic processes. In: Guiot S,
Pavlostathis SG, editors. Anaerobic Digestion 2004, 10th World Congress on
Anaerobic Digestion 2004; Montreal, Canada, 174-179.

RAEAQ984), =AY 7e9 WA, 5% F3 A, 21(245).
o2& (1999), Bstr= 58, HE7t.

o4 (1993), H71= Ak A}, Fezt

- 112 -



2 E

Aba ¢ Coefficient for temperature dependence of ba [1/TC]
Aby : Coefficient for temperature dependence of by [1/TC]
AH%ka o2 Enthalpy of reaction CO>—HCO; [J]

ANk 12 : Enthalpy of reaction H:O—OH+H' []]
AH’a nna © Enthalpy of reaction NHs—NH; [J]

AH’%1 ens ¢ Enthalpy of reaction CHygas—CHuriq [J]
Akt o2 ¢ Enthalpy of reaction COsgas—COqriq [J]
Al 1o © Enthalpy of reaction Hogas—Hoviq [J]

Ak,  Coefficient for temperature dependence of k. [1/TC]
Aky : Coefficient for temperature dependence of ki [1/C]
AKx : Coefficient for temperature dependence of Kx [1/TC]
Ana : Coefficient for temperature dependence of ua [1/C]
Auy - Coefficient for temperature dependence of np [1/C]
ba : Decay coefficient for autotrophic biomass [1/d]

bu : Decay coefficient for heterotrophic biomass [1/d]

Caa : Carbon content of amino acids [molC/gCOD]

Cue : Carbon. content of acetate [molC/gCOD]

Chiom : Carbon " content of biomass [molC/gCOD]

Chu © Carbon content of butyrate [molC/gCOD]

Cena © Carbon content of methane [molC/gCOD]

Cra © Carbon content of long chain fatty acids [molC/gCOD]
Cy : Carbon content of lipids [molC/gCOD]

Cpro © Carbon content of propionate [molC/gCOD]

Cgqr : Carbon content of soluble inert COD [molC/gCOD]
Csu : Carbon content of sugars [molC/gCOD]

Cva @ Carbon content of valerate [molC/gCOD]

Cxe : Carbon content of complex particulate COD [molC/gCOD]

Cxi @ Carbon content of particulate inert [molC/gCOD]

- 113 -



ng : Correction factor for muH under anoxic conditions [-]

nn - Correction factor for hydrolysis under anoxic conditions [-]

fbu_aa .

fbu_su .

fra i ¢

fh2_aa

fh2_su

fli xc °

: Yield of acetate from amino acid degradation [kgCOD/kgCOD]

fac_aa *

© Yield of acetate from sugar degradation [kgCOD/kgCOD]

fac_su N

© Yield of butyrate from acid degradation [kgCOD/kgCOD]
* Yield of butyrate from monosaccharide degradation [kgCOD/kgCOD]

fonxe © Yield of carbohydrates from disintegration of complex particulates

[kgCOD/kgCOD]

Yield of long chain fatty acids(as opposed to glyceroDfrom lipids
[kgCOD/kgCOD]

* Yield of hydrogen from amino acid degradation [kgCOD/kgCOD]

: Yield of hydrogen from monosaccharide degradation [kgCOD/kgCOD]

Yield of lipids from disintegration of complex particulates
[kgCOD/kgCOD]

f, : Fraction of biomass leading to inert particulate products [~]

fpr_x c

fpro_aa M
f[)TO_SU M
fsark

fSI_XC .

fSNII
fva_aa

X1_xe

: Yield of proteins from disintegration of complex particulates

[kgCOD/kgCOD]

: Yield of propionate from amino acid degradation [kgCOD/kgCOD]

: Yield of propionate from monosaccaride degradation [kgCOD/kgCOD]
Factor stopping process for low Can [-]

Yield of soluble inert from disintegration of complex particulates
[kgCOD/kgCOD]

: Factor stopping process for low Cnus [=]

© Yield of valerate from amino acid degradation [kgCOD/kgCOD]

. Yield of particulate inerts from disintegration of complex particulates
[kgCOD/kgCOD]

gasflow : Total gas flow [m'/d]

Ggkra
Gira ¢
Thoca :

Iz 12 © Hydrogen inhibition for LCFA degradation [-]

Ih 2_pro

Apparent mass—flux coefficient [m'/d]
Volume-specific liquid-gas transfer [1/d]

Hydrogen inhibition for C4 degradation [-]

: Hydrogen inhibition for propionate degradation [-]
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Iki h2_c4 © Inhibitory hydrogen concentration for C4 degrading [kgCOD/m’]
Ik n2 ta © Inhibitory hydrogen concentration for LCFA degrading [kgCOD/m']

Ikin2 pro © Inhibitory hydrogen concentration for propionate degrading
[kgCOD/m’]

Ikinh3_ac  Inhibition free ammonia concentration [M]

INH mit - Function to limit growth due to lack of inorganic nitrogen [-]

Ins ac - NH3 inhibition of acetoclastic methanogenesis [-]

Ioh ac : pH inhibition of acetate degrading organisms [-]

Iohacn @ pH leval at where there is full inhibition of acetate degrading
organisms [-]

Iph acwi - PH level at where there is no inhibition of acetic acid degrading
organisms-[-]

Ioh bae - PH inhibition of acetogens and acid organisms (lower inhibition only
used ‘here) [-]

Ioh bacn - PH level at where there is full inhibition [-]
Ioh bacw - PH level at where there is no inhibition [-]
Iphnz - pH inhibition of hydrogen degrading organisms [-]

Iohnon @ pH level at where there is full inhibition of hydrogen degrading
organisms [-]

Iphn2w © pH level at where there is no inhibition of hydrogen degrading
organisms [~]

ixg : Mass of nitrogen per.mass of COD in biomass [gN/gCOD]

ixp - Mass of nitrogen per-mass of COD on products from biomass
[gN/gCOD]

Km_c4: Maximum uptake rate for ¢4 degrading organisms [kgCOD S/kgCOD X
/d]

k. : Ammonification rate at 20 C [1/d]

Kaae  Acetate acidity constant without temperature correction [M]
kaseoz ¢ Kinetic constant for CO;-HCOj3 acid-base reaction [1/d]
Kan, : Butyrate acidity constant without temperature correction [M]
Kacoz @ COs acidity constant with temperature correction [M]

Kanso © Water acidity constant with temperature correction [M*]
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Kanma : NHy. acidity constant with temperature correction [M]

Kapo : Propionate acidity constant without temperature correction [M]
Kaya : Valerate acidity constant without temperature correction [M]
Kdee xaa - Decay rete for amino acid degrading organisms [1/d]

Kaee xac - Decay rate for acetate degrading organisms [1/d]

Kaee xea : Decay rate for butyrate and valerate degrading organisms [1/d]
keee xta - Decay rate for long chain fatty acid degrading organisms [1/d]
Kaee xnz © Decay rate for hydrogen degrading organisms [1/d]

Kdee xpro - Decay rate for propionate degrading organisms [1/d]

Kdeexsu - Decay rate for monosaccaride degrading organisms [1/d]

kais : Complex particulate disintegration first order constant [1/d]

kn : Maximum specific hydrolysis rate [1/d]

Kiens @ Non-dimensional henry’s law constant for CHs with temperature
correction(calculated from original KH in M/bar) [Miq/Mgas]

Kieoz @ Non-dimensional Henry's law constant for CO:; with temperature
correction(calculated from original KH in M/bar) [Miq/Mgas]

Kune @ Non-dimensional henry’'s law constant for H, with temperature
correction(calculated from original KHin  M/bar) [Miio/Mgas]

knya v - Carbohydrate hydrolysis first order constant [1/d]
knya 1 © Lipid hydrolysis first order constant [1/d]
Knya_pr - Protein hydrolysis first order constant [1/d]

Kra : Oxygen mass transfer-coefficient [1/d]

Km_aa © Maximum uptake rate amino acid degrading [kgCOD S/kgCOD X /d]

Km_ac © Maximum uptake rate for acetate degrading organisms [kgCOD S
/kgCOD X /d]

km_ta - Maximum uptake rate for long chain fatty acid degrading organisms

[kg COD S/kgCOD X/d]

Km_n2 @ Maximum uptake rete for hydrogen degrading organisms [kgCOD S

/kgCOD X/d]

Km_pro © Maximum uptake rete for propionate degrading organisms
[kgCOD S/kgCOD X/dl]

Kkm_su © Maximum uptake rete for monosaccharide degrading organisms
[kgCOD S.kgCOD X/d]
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Ky @ Ammonia half-saturation coefficient for autotrophic biomass [gN/m’]

Kno @ Nitrate half-saturation coefficient for denitrifying heterotrophic biomass
[¢N/m’]

Koa : Oxygen half-saturation coefficient for autotrophic biomass [gOs/m']
Koun : Oxygen half-saturation coefficient for heterotrophic biomass [gQO2/m']
Ks @ Half-saturation coefficient for heterotrophic biomass [gCOD/m']

K . : Half saturation constant for amino acid degradation [kgCOD/m’]

K s : Half saturation constant for acetate degradation [kgCOD/m’]

K ¢4 ¢ Half saturation constant for butyrate and valerate degradation
[kgCOD/m’]

Ks ta ¢ Half saturation constant for long chain fatty acid degradation
[kgCOD/m’]

Ks ne @ Half saturation constant for uptake of hydrogen [kgCOD/m']

Ks v Inorganic nitrogen concentration at which growth ceases [M]

Ks oo - Half saturation constant for propionate degradation [kgCOD/m’']
Ks su @ Half saturation constant for monosaccharide degradation [kgCOD/m’]

Kx : Half-saturation coefficient for hydrolysis of slowly biodegradable
substrate [gCOD/g COD]

Ia : Maximum specific growth rate for autotrophic biomass [1/d]
g Maximum specific growth rate for heterotrophic biomass [1/d]

Ix aa - Maximum specific growth rate for amino acid fermentating mixed
acid bacteria [1/d]

Ix ac : Maximum specific growth rate for acetoclastic methanogens [1/d]

Ix 4 - Maximum specific growth rate for butylate and valerate consuming
boligate hydrogen producing acetogens [1/d]

Ix_fa -+ Maximum specific growth rate for LCFA obligate hydrogen
producing aceogens [1/d]

Ix n2 :© Maximum specific growth rate for Hydrogen/Formate consuming
methanogens [1/d]

Ix pro - Maximum specific growth rate for propionate consuming obligate
hydrogen producing acetogens [1/d]

Ix su - Maximum specific growth rate for sugar fermentating mixed acid
bacteria [1/d]
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N.. : Nitrogen content of amino acids [molN/gCOD]
Npiom © Nitrogen content of biomass [molN/gCOD]
Ngr © Nitrogen content of soluble inert COD [molN/gCOD]
Nx1 : Nitrogen content of particulate inert COD [moIN/gCOD]
Ossat © Saturation concentration of oxygen [gOs/m']
Pam © Pressure of atmosphere [bar]

Pena : Partial pressure of CHy [bar]

P.»2 : Partial pressure of CO» [bar]

Piw2 : Partial pressure of H» [bar]

Ppoo © Partial pressure of HsO(empirical formula) [bar]
Pheadspace © Total gas phase pressure [bar]

pKa.. : -logigka acetate at 298K [-]

pKap, © -logiocka butyrate at-298K [-]

pKacz @ ~logioka co2 at 298K [-]

pKan :  —logioka water at 298K [-]

pKams ©  -logioka NHy at 298K [-]

pKayo : -logioka propionate at 298K [-]

pKav. : -logiocka valerate at 298K [—]

Q : Water flow [m'/d]

R : Gas law constant [bar/M/K]

Rec : Recirculation flow ratio [-]

RS : Return sludge ratio [-]

Saa © Amino acid [kgCOD/m']

Sa ¢ Total acetate [kgCOD/m']

Sacion : lonic acetate [kgCOD/m']

Sark : Alkalinity_Molar unit [molHCOs/m']

San © Anions [kmole/m’

Spu © Total butyrate[ kgCOD/m’]

Shuion : lonic butyrate [kgCOD/m']
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Seat © Cations [kmol/m']

Sens @ Methane gas [kgCOD/m']

Sco2 ¢ Inorganic carbon [kmolC/m’]

Sta : Long chain fatty acids [kgCOD/m']

Shion : Hydrogen ion [kmol/m']

S : Hydrogen gas [kgCOD/m']

Sheoszion : Bicarbonate [kmolC/m' Smuzo]

Siapm - Soluble inert in ADM [kgCOD/m’]

Siasm - Soluble inert organic in ASM [gCOD/m']
S Inorganic nitrogen [kmolN/m']

Sn2 ¢ Dinitrogen released by denitrification [gN/m']
Snp © Soluble biodegradable organic nitrogen [gN/m']
Swi ¢ NHs [gN/m']

Snns : Free ammonia [M]

Snhtion  lonic ammonia [M]

Sxo : Nitrate and nitrite [gN/m']

So : Oxygen(negative COD) [¢COD/m']

Son_ion - Hydroxide ion [M]

Syro © Total propionate [kgCOD/m']

Sproion - lonic propionate [kgCOD/m']

Ss @ Readily biodegradable -[gCOD/m']

Ssu * Mono saccharides [kgCOD/m’]

Sva © Total valerate [kgCOD/m']

Svaion : lonic valerate [kgCOD/m']

t @ Time [d]

Tapmi @ Temperature [K]

Tasui : Temperature [C]

tresx - Solid retention time in addition to hydraulic time [d]

V : Reactor volume [m']
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: Active autotrophic biomass [gCOD/m']

: Amino acid degraders [kgCOD/m']

. Acetate degraders [kgCOD/m']

: Composites [kgCOD/m']

: Valerate and butylate degraders [kgCOD/m']
: Carbohydrates [kgCOD/m']

: LCFA degraders [kgCOD/m']

Xy -
X2 -

Active heterotrophic biomass [gCOD/m']
Hydrogen degraders [kgCOD/m']

X1 apm : Particulate inert organic in ADM [kgCOD/m’]

X1 asm - Particulate inert organic in ASM [gCOD/m']

Xy ¢

XND

X,
Xpr -

Xpro

You *

Lipids [kgCOD/m']

. Particulate biodegradable organic nitrogen [gN/m']

Particulate products arising from biomass [gCOD/m']

Proteins [kgCOD/m']

. Propionate dagraders [kgCOD/m']

. Slowly biodegradable substrate [gCOD/m']

: Sugar degraders [kgCOD/m']

: Yield for autotrophic biomass Constant Variable [gcellCOD/gNoxidized]

© Yield of biomass on .uptake of amino acids [kgCOD/kgCOD]

* Yield of biomass on uptake of acetate [kgCOD/kgCOD

© Yield of biomass on uptake of valerate or butyrate [kgCOD/kgCOD]

: Yield of biomass on uptake of long chain fatty acids [kgCOD/kgCOD]

: Yield for heterotrophic biomass Constant Variable

[gcellCOD/gCODoxidized]

2 ¢ Yield of biomass on uptake of elemental hydrogen [kgCOD/kgCOD]
: Yield of biomass on uptake of propionate [kgCOD/kgCOD]

Yield of biomass on uptake of monosaccarides [kgCOD/kgCOD]
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