Qu

Modelling in Sanitary Engineering

Life Sciences, Vienna

Department of
Water, Atmosphere, and Environment

811.360 VU 3.0

Wastewater treatment plant — Part 1

Gunter Langergraber

9 November 2011

Modelling of WWTPs

ie

University of Natural Resources and

Life Sciences, Vienna
Content
Department of
Water, Atmosphere, and Environment
= Theory:

Components of a WWTP model (Flow and transport models, Biokinetic
models, Activated Sludge Models, Settler models)

Control of AS plants (incl. sensor models)
Simulation studies (Unified Protocol data quality, calibration)
Simulation of constructed wetlands for wastewater treatment

* Modelling exercises:

Development of a biokinetic model (nitrification)
Dynamic simulation of a AS plant

Control of a AS plant

Calibration of a WWTP model
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Figure 4.1. Definition of activated sludge process elements.
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* Flow model (hydraulics)
» Model of transport processes
- Settling: Primary and secondary clarifier
- Activated sludge tank
- Distribution and mixing devices
» Biokinetic model (model of the reactions)
= Operation parameters (control, sensors/actuators such as pumps and aeration)
* Input and output models
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Components of a WWTP model

Flow and transport models

= |deal reactors
» Transport processes
= Tracer experiments

An accurate description of the flow and transport processes is at least as important
as the biokinetic model

811.360 Modelling in Sanitary Engineering | Glnter Langergraber




Components of a WWTP model

Flow and transport models

Ideal reactors

Completely stirred tank reactor — CSTR
Cascade of CSTRs

CSTR with variable volume

Plug-flow reactor
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Components of a WWTP model

Flow and transport models - Ideal reactors

Completely stirred tank reactor — CSTR
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Properties of a CSTR: ‘

= Inflow = outflow Fin | ‘ Fout

* Volume = constant iy I | c

= Mixing homogeneous ViC

= No concentration gradients ' ‘

» Effluent concentration = concentration in the reactor OO

»= Usually in steady-state ‘
Massbalance:v-d&:Q-CA. -Q-C,+r1,-V - s ariitis T G shimsdl R Teactor

dt AN FIG. 2.1. Schematic view of a stirred tank reactor.
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Cascade of CSTRs
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CSTR with variable volume
Qin
Properties of CSTRs with variable volume: Cin ;
» Inflow not equal outflow
* Volume variable C
= Mixing homogeneous Qin # Qout
= No concentration gradients
= Effluent concentration = concentration in the reactor

Y -9,-q
» Steady-state corresponds to CSTR dad "

= Open system d(v-C,) :CA.d—V+V(t)- dc, =Qi, Cain —Quu - Catry-V()
dt dt dt ’
dC,
V(t)' dt = Qin '(CA,in _CA)+ I 'V(t)
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Plug-flow reactor

Properties of plug-flow reactors:

* Inflow = outflow

* Volume constant Q
= Homogeneous Mixing only in dx 't_l;:'\
= Concentration gradients along flow direction

= Steady-state is interesting
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Transport processes

" Convection (advection or turbulence)
" Molecular diffusion

" Sedimentation / Floatation

. Dispersion
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Components of a WWTP model

Flow and transport models - Transport processes

Convection

" used synonymously with advection

=  transport of migrants due to bulk flow of a fluid mixed phase
*  ja=V.C,(mass flux density)

. v ... flow velocity (vector)

" in turbulent water no analytical description is possible
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Components of a WWTP model

Flow and transport models - Transport processes

Molecular diffusion

" Primarily due to Brownian motion in solids, liquids, and gases
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=  Transport von molecules driven by concentration gradients (in the direction from

higher concentrations to lower concentrations)
" Fick's 1st law
*  Jax=-D,.dC,/dx (1D mass flux density)
D, ... diffusions coefficient of migrant A in liquid phase
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Sedimentation / Flotation

" Transport due to gravity

*  ja=Vg.C, (mass flux density)
*  Vg... sedimentation velocity

" Flotation: opposite direction
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Hydrodynamic dispersion

. Motion of migrants relative to the convective motion (bulk flow)
" Mathematically described as diffusion

NN ?—\W =

ez =S
2% &%) /@3
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Tracer experiments
" To measure the HRT of systems

Properties of tracer substances

. the same transport properties as water (similar molecular diffusion, no
sedimentation)

" no influence on mixing and flow (temperature, density)
. no reaction and no adsorption

=  cheap, high solubility in water, and easy to analyse

. background concentration low and/or constant
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Possible tracers

= Salts
- NaCl und KCI can be measured with the electrical conductivity
- Li* can be measured with atomic adsorption
- Br-low background concentration
» fluorescent tracers
» radioactive tracers
- very accurate, but radioactive (usually special permission needed)
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Components of a WWTP model

Biokinetic models

describe
= Degradation of organic matter

- Oxygen consumption and sludge production
= Nutrient elimination

- Nitrogen (Nitrification/Denitrification)

- Phosphorus (Bio-P, Precipitation)
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Components of a WWTP model

Biokinetic models

Development of a biokinetic model for nitrification

Nitrification
NH,*+2 O, & NO; + H,0 + 2 H*
14 g NH,-N require 64 g O2
- 4,57 g O,/g NH,-N and +1 g NO3-N/g NH,-N

2-stage process:
NH,* =» NO, (Nitrosomonas spec.) = NO; (Nitrobakter spec.)

In reality much more complicated.
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Numerical integration

y=y()

=y, +
Yo At

Ay(t,)
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yi=y(t) =y, tAy+e

=y, +y(t,) At+¢

At+¢
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Components of a WWTP model

Development of a biokinetic model for nitrification

Model 1 - Reaction with zero-order kinetics

Reaction rate: r = kO

1 g NH,-Nresultin 1 g NO;-N
100 mg XAUT/I

ko=11gy/h

Excel-File: Nitrification.xIs[Model 1]
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Model 2 - Reaction with first-order kinetics

Reaction rate: r = k; . Coypa
k1=0.15gy\/(gy-h)
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Model 3 - Reaction with Monod kinetics

1

_ . 09 {
GI’OWth rate u - Ivlmax fMonod 08 ]
Reaction rate r = . X 0.7
0.6
o _ _ 05 {
Stoichiometric matrix related ,, f .
to biomass 0:3
02 {
Hm = 0.15 gnosn/(9copem-N) 0.1 17

kS =0.20 mgNH4_N/I 0 -

0 1 2 3 4 5 6 7 8 9 10
S/Kg SIK
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Components of a WWTP model

Development of a biokinetic model for nitrification

Model 4 - including bacterial growth
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Autotrophic yield 1-Yield31'\,{ild = —#
*  Yaur = 0.24 9cop em/In Yield Yield
Yield for different biological systems ~ cop ‘

=  Heterotrophic bacteria 0.67 @OE podeaeee Bio,:ass Yield — ield

*  Fish (1yr, 0.5 kg) 0.45 { Production Yield

[] Hen 0.32 snssmmmndnmnn

= Pig (to 65 kg) 0.23

= Human (0-16 yrs) 0.010 [ oD e ot seacite |

=  Human (from 16 yrs) 0.0007? -

(in kg body weight produced per kg food consumed, Henze et al., 2002)
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Components of a WWTP model

Development of a biokinetic model for nitrification
Yield constant

kgSS/kgBOD kgCOD(B)/kg

added COD(S) added
A
1,0 Raw
wastewater
08
01} Sludge load
L Il L 1 1 1 1 1 L L - =
o e s kgBOD/(kgSS-d)
L 1Ll L1 kgCOD(S)/(kgSS-d)
1,0 2,0

Figure 3.5. Observed yield constant as a function of the sludge load in activated sludge
plants.
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Model 4a - including N incorporation (organic N of biomass)

iy =0.08 gy / 9cop am
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Model 5 - including microbial decay (lysis)

Concepts to describe the energy balance of micro-organisms
= Endogenous respiration

- direct respiration (oxygen demand) of micro-organisms (O, or NO; required)
= Death-regeneration (lysis)
- Death = degradation = new substrate is generated that is available for other
micro-organisms [ biomass =» substrate (COD) + nutrients (N + P) ]
- Results in indirect oxygen demand

r=b.X
b =0.025 gcop / (Icop emN)

28
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Components of a WWTP model

Development of a biokinetic model for nitrification

Model 6 - including oxygen consumption

+ 1902/ 9coppm and - 4.57 9o, / Onpan
457/0.24

(902! Inman ) / (9copem ! Innan )
457 457Y

Stoichiometric factor 1—
YAUT YAUT

Growthrate =y - Conna Csos
Ksans +Cous Ks oo +Coos

Ks.02 =1 mge,/l
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Components of a WWTP model

Development of a biokinetic model for nitrification

Model 7 - including aeration

dCSOZ

dt =kLa- (CSOZ,sat _Csoz)

k.,=0.1h-1
Csoz,sat (20°C) = 9.08 mg,/l
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Components of a WWTP model

Development of a biokinetic model for activated sludge plants

describing
= Degradation of organic matter

- Oxygen consumption and sludge production
= Nutrient elimination

- Nitrogen (Nitrification/Denitrification)

- Phosphorus (Bio-P, Precipitation)
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The concept of sum parameters

» Wastewater is a ,raw product* with unknown composition

= Numerous organic substances =» not detectable as single substances
= Behaviour of sum parameters is described with models

= Behaviour of single substances (e.g. ammonia is a special case)

32
811.360 Modelling in Sanitary Engineering | Glnter Langergraber




Components of a WWTP model

Development of a biokinetic model for AS plants

S

\ . sum parameter

\\\\\\\\\ \\\: SUbset

\
 Particulate § Solutes
;;substancesi& o .
' N\ Single
\5 \ substance

Filtration
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Components of a WWTP model

Development of a biokinetic model for AS plants

Example: Aerobic degradation of glucose (1)

in mol:

A\ %

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

CeHp,0p + 2450, + 0.71NH; — 0.71 CH,NO, + 2.45CO, + 4.58 H,0

in mass units :

180g C¢H,,04 + 2.45-:329 O, + 0.71-17g NH; —

0.71-113g CS5H7NO,, + 2.45-44g CO, +4.58-18g H,O
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Components of a WWTP model

Development of a biokinetic model for AS plants

Example: Aerobic degradation of glucose (2)

Stoichiometric factors n based on biomass:

reactants: prOdUCtS:

- 2.24 9cer1206 / 9am + 1 9cshrnoz / 9w
- 0.98 9o,/ Ypm +1.34 gcoo/ Gpm
- 0.15 gz /9em +1.03 94120 /9am

Growth rate p = 1500 gg,,/d
Reaction rates: r(C¢H.,06) = - 2.24 . 1500 g/d
r(CO,) = +1.34.1500 g/d
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Components of a WWTP model

Development of a biokinetic model for AS plants

Pilot plant — characteristics (Ekama and Marais, 1978)

Excess sludge, Dy =

Primary ta”k/QFi /
Effluent >
Y = 6.71
SRT = 25d
Quvg = 181d?
—_— — T = 20°C
0 2 14 24 cob, - 570gm?
Time of Day, hours CODgyonn = 35gm?3
Xcop = 2090 g m3
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Components of a WWTP model

Development of a biokinetic model for AS plants

Pilot plant — Experimental results: (Ekama and Marais, 1978)

1250
5
21000 |
ES
2% 750 [
O «
29 500
2 B
S c
>
g 250 |

0

12

16

20

Time of Day, hours
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Components of a WWTP model

Development of a biokinetic model for AS plants

Aerobic degradation of soluble organic C

Model 0 - Growth of heterotrophic organisms
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Component SO2 | SI SS XH | Process rate r;

Heterotrophic growth l—i _L +1 |y S62 S8 X,
Y, Y, Koo +S02 K +SS

Yy = 0.67 g COD(BM) / g COD(SS) ... Heterotrophic yield factor

My = 4.0 d ... max. heterotrophic growth rate

Kuo2= 0.290,/L ... Half-saturation coefficient for O2

Kuss = 5.0 g COD(SS)/L ... Half-saturation coefficient for substrate

Influent: COD =570 mg/L = SS =540 mg/L; SI = 30 mg/L
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Aerobic degradation of soluble organic C
Model 0 - Growth of heterotrophic organisms

Component SO2 | SI SS XH | Process rate r;
Heterotrophic growth I—L _L +1 | - S0z SS .XH
A\ Yy, Ky, +S02 Ky +SS
dS0O2 1 SO2 SS
=(1-5) My : XH
dt Yy Kio, 502 Ky +SS
dSS 1 SO2 SS
= (=) . -XH
dt Y, Ko, +502 Ky +SS
d XH SO2 SS
———=(1)-py- . .
dt Ko, 502 K4 +SS
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Aerobic degradation of soluble organic C
Model 0 - Growth of heterotrophic organisms

Components
1. Soluble oxygen SO2
2. Soluble biodegradable organic matter SS
3. Soluble inert organic matter Si
4. Heterotrophic biomass XH

Processes
1. Aerobic growths of heterotrophic organisms
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model 0 - Comparison of simulated and measured oxygen consum

Reaction rates O2 of all reactors
1'000

900

800

700

600

500

400

300

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h]

R 1: reactionrates O2
@ Measured O2 consumption

Proj: ASM development, Mod: Model 0, Pl: ASM development, Var: asm development, Run: 02.01.2007 16:01:36

ASIM Teaching and Research License for sig-boku-wien
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Components of a WWTP model

Development of a biokinetic model for AS plants

Aerobic degradation of soluble organic C

Model A - Growth and Lysis of heterotrophic organisms

lysis

aerobic growth
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Components of a WWTP model

Development of a biokinetic model for AS plants

Aerobic degradation of soluble organic C

Model A - Growth and Lysis of heterotrophic organisms

Components

1. Soluble oxygen SO2

Soluble biodegradable organic matter SS

2.
3. Soluble inert organic matter Sl
4.

Heterotrophic biomass XH

Processes

1. Aerobic growths of heterotrophic organisms

2. Lysis of heterotrophic organisms

1]
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Water, Atmosphere, and Environment
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Components of a WWTP model

Development of a biokinetic model for AS plants

Aerobic degradation of soluble organic C

Model A - Growth and Lysis of heterotrophic organisms
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Component SO2 | SI SS XH | Process rate r,
. 1 1
Heterotrophic growth | ;__1_ —— | 1 |y, S0z S8 «q
\ Yy Ky, +S02 Ky +SS
Lysis +1 -1 | by-XH
Yy = 0.67 g COD(BM) / g COD(SS) ... Heterotrophic yield factor
My = 2.5 d1 ... max. heterotrophic growth rate
Kyo2= 0.29O,/L ... Half-saturation coefficient for O2
Kyss= 5.0 g COD(SS)/L ... Half-saturation coefficient for substrate
b, = 0.4 d1 ... Heterotrophic decay constant
Influent: COD =570 mg/L = SS =540 mg/L; SI = 30 mg/L
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Aerobic degradation of soluble organic C
Model A - Growth and Lysis of heterotrophic organisms

Component SO2 | SI SS XH | Process rate r;

Heterotrophic growth I—L _L +1 |- S62 _ SS .XH
Yy Y, K #5022 K +SS

Lysis +1 -1 | b,-XH

dSS 1 SO2 SS
2 )by

dt Y, Ko +S02 K, g5 +SS

-XH +1-b,-XH
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Model A - Comparison of simulated and measured oxygen consumption

Reaction rates O2 of all reactors

R 1: reactionrates O2
@ Measured O2 consumption

1'200
1'100
1'000
900
800
700
600
500
400
300

100

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h]

Proj: ASM development, Mod: Model A, Pl: ASM development, Var: asm development, Run: 02.01.2007 16:00:01
ASIM Teaching and Research License for sig-boku-wien
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Aerobic degradation of soluble organic C
Model A - Growth and Lysis of heterotrophic organisms

Simulation results
» too rapid increase and decrease of oxygen consumption

Extension

» higher molecular particulate organic substances XS that are transformed to low
molecular solute organic substances SS due to hydrolysis
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Model B - Aerobic degradation of soluble and particulate organic C

hydrolysis

lysis

aerobic growth
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model B - Aerobic degradation of soluble and particulate organic C

Components
1. Soluble oxygen SO2
2. Soluble biodegradable organic matter SS
3. Soluble inert organic matter Sl
4. Heterotrophic biomass XH
5. Slowly biodegradable particulate organic matter XS

Processes
1. Aerobic growths of heterotrophic organisms
2.  Lysis of heterotrophic organisms
3. (Aerobic) Hydrolysis (transformation of XS to SS)
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811.360 Modelling in Sanitary Engineering | Glnter Langergraber

49

Components of a WWTP model

Development of a biokinetic model for AS plants

Model B - Aerobic degradation of soluble and particulate organic C

0]
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Component SO2 | Si SS | XH | XS | Processrater,
i 1 1 2
Heterotrophic  |;_ 1 s - SO __SS XH
growth Yy Yy Ko, #502 Koo +SS
Lysis -1 +1 by, - Xy,
Hydrolysis +1 1. XS/XH SO2 XH
H
Ky +XS/XH Kyy0, +502

Ky
KX
Kho2= 0.1g0,/L ... Saturation coefficient for 02

1.6 g COD(SS) / g COD(XS) ... Hydrolysis constant

0.04 g COD(SS) / g COD(BM) ... Saturation coefficient for adsorption

Influent: COD = 570 mg/L = XS =430 mg/L; SS = 110 mg/L; SI = 30 mg/L
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model B - Comparison with measured oxygen consumption

Reaction rates O2 of all reactors

R 1: reactionrates O2
1'000 @ Measured O2 consumption
)
900 /4/
800 o/
e N
700 / \\' XH
600 N
500 \\ XS
\N

Ty ] Total X
300
200 Measured:
100

0

0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]

Proj: ASM development, Mod: Model B, PI: ASM development, Var: asm development, Run: 02.01.2007 16:13:47
ASIM Teaching and Research License for sig-boku-wien
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1592 mg/L

25 mg/L
1617 mg/L
2090 mg/L
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model B - Aerobic degradation of soluble and particulate organic C

Simulation results
e oxygen consumption well modelled
» sludge production underestimated (Experiment 2.1 g COD / L; Simulation 1.6)

Extension

@KU
CE—

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

* inert particulate matter Xl, that is not degradable and accumulates in the sludge
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Development of a biokinetic model for AS plants Llte Sciences, Vienna
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Model C - Non-degradable particulate matter

hydrolysis

Influent

aerobic growth
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Development of a biokinetic model for AS plants Life Sciences, Vienna

Department of
Water, Atmosphere, and Environment

Model C - Non-degradable particulate matter

Components

Soluble oxygen SO2

Soluble biodegradable organic matter SS

Soluble inert organic matter Sl

Heterotrophic biomass XH

Slowly biodegradable particulate organic matter XS
Non-degradable particulate matter Xl

ok whE

Processes
1. Aerobic growths of heterotrophic organisms
2. Lysis of heterotrophic organisms
3. (Aerobic) Hydrolysis (transformation of XS to SS)
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model C - Non-degradable particulate matter

{1 KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

Component SI| SS | XH Process rate
Heterotrophi 1 2
eterotrophic |, _* I - SO ~__SS XH
growth Yy K0 +S02 Ky ¢ +SS
Lysis -1 b, - XH
Hydrolysis +1  XS/XH SO2 XH
" Ky +XS/XH K0, +S02

f, = 0.08 g COD(XI)/g COD(BM) ... Inert matter generation during lysis

Influent: COD =570 mg/L = XI = 100 mg/L; XS = 330 mg/L; SS = 110 mg/L; SI = 30 mg/L
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model C - Comparison of simulated and measured oxygen consumption

Reaction rates O2 of all reactors

{1 KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

1'000 R 1: reactionrates O2
¢ @ Measured O2 consumption
900
800 @
[ ]
700
L~ °

600 //

500 XH 1241 mg/L

400 \

0] %S \\ XS 17 mg/L

XI 742 mgl/L

100

0 Total X 2000 mg/L
0 2 4 6 100 12 14 16 18 20 22 24
Time [h]
Proj: ASM development, Mod: Model C, PI: ASM development, Var: asm development, Run: 02.01.2007 16:25:45
ASIM Teaching and Research License for sig-boku-wien
56
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Development of a biokinetic model for AS plants Llte Sciences, Vienna

Department of
Water, Atmosphere, and Environment

Model C - Non-degradable particulate matter

Simulation results
» sludge concentration fits
e 0xygen consumption too low

Extension
» consideration of oxygen consumption due to nitrification

+ effluent of experimental plant: 20 mgygs.,/! (Mean value) =>» nitrification occurred
although sludge age only 2.5 days
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Model D - Nitrification

Components

Soluble oxygen SO2

Soluble biodegradable organic matter SS

Soluble inert organic matter Sl

Soluble Ammonia SNH4

Soluble Nitrate (and Nitrite) SNO3

Heterotrophic biomass XH

Slowly biodegradable particulate organic matter XS
Non-degradable particulate matter Xl

Autotrophic biomass XA

©CooNoOhWDNE
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Development of a biokinetic model for AS plants Life Sciences, Vienna

Department of
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Model D - Nitrification

Processes
1. Aerobic growths of heterotrophic organisms
. Lysis of heterotrophic organisms
. (Aerobic) Hydrolysis (transformation of XS to SS)
Aerobic growth of autotrophic organisms (Nitrifiers)

2
3
4
5. Lysis of autotrophic organisms
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Model D — Nitrification: Stoichiometry

Process/Component SO2 Sl SS

Heterotrophic 1 1
growth Yy Yy

Heterotrophic lysis

.
.
.

.

.
o
.

. -
]
.

.

.

.
e
.
.
S e
.

=

.
]
-
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model D — Nitrification: Kinetics

Process Process rate
Heterotrophic growth | Hu- = -XH
Ky 7502 Ky +SS
Heterotrophic lysis b, - XH
Hydrolysis Ky - XSXH
K, +XS/XH

| KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model D - Comparison of simulated and measured oxygen consumption

Reaction rates O2 of all reactors

1000 R 1: reactionrates O2
o o @ Measured O2 consumption
90} —— — + | | L
800 @ Py x H
700 / P
600 \ XS
500
400 XI
® ¢ \\ q
300
N AUT

200
100 Total X

0

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h]
Proj: ASM development, Mod: Model D, Pl: ASM development, Var: asm development, Run: 02.01.2007 16:39:02
ASIM Teaching and Research License for sig-boku-wien

i:-:
=

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

1124 mg/L
17 mg/L
769 mg/L
721 mg/L
1931 mg/L
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Model D - Comparison of simulated and measured effluent nitrate concentration

S Nitrate N of all reactors
2 —— R 1: S Nitrate N
é @ Measured NO3-N
24 “\\ s
22 \ /
20 \
18 \\
16
14
12 \\ ’ //
10
~—

8

6

4

2

0

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [h]

Proj: ASM development, Mod: Model D, PI: ASM development, Var: asm development, Run: 02.01.2007 16:37:47
ASIM Teaching and Research License for sig-boku-wien
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Model E — Denitrification

Components

Soluble oxygen SO2

Soluble biodegradable organic matter SS

Soluble inert organic matter Sl

Soluble Ammonia SNH4

Soluble Nitrate (and Nitrite) SNO3

Heterotrophic biomass XH

Slowly biodegradable particulate organic matter XS
Non-degradable particulate matter Xl

Autotrophic biomass XA

©CoNOOA~WNE
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Model E — Denitrification

Processes

Aerobic growths of heterotrophic organisms

Lysis of heterotrophic organisms

(Aerobic) Hydrolysis (transformation of XS to SS)

Aerobic growth of autotrophic organisms (Nitrifiers)

Lysis of autotrophic organisms

Anoxic growths of heterotrophic organisms (denitrification)
(Anoxic) Hydrolysis

NoohkwbhpE
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Development of a biokinetic model for AS plants Life Sciences, Vienna

Department of
Water, Atmosphere, and Environment

Model C - Aerobic growth

hydrolysis

aerobic growth
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Department of
Water, Atmosphere, and Environment

Model E — Denitrification

hydrolysis
(anoxic) lysis

(anoxic)

anoxic growth
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Model E — Denitrification

Stoff Sg St Sno Xy Xg
i 3 4 5 6 7
. . 1-y -1+Y
Heterotrophic anoxic ¢ e aro e +1
growth (denitrification) Yy Yy 1\2 : asS&:H
Anoxic hydrolysis +1 -1
j Prozess Prozessgeschwindigkeit P
: : s S
® Heterotrophic anoxic (B4 - Xon S DO
growth (denitrification) KoutSo KgtSg KnotSwo
7 A Xs/Xg  Kop Swo 2
. . h' ) i T4AH
Anoxic hydrolysis Ky+Xa/Xg FomtSo FnotSno
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model E — Denitrification — Stoichiometry

Denitrification (C-source = CH,O = formaldehyde):
5CH,0+4NO; +4H"—>5CO0O, +2N,(aq) + 7 H,0
(4 x 14) = 569 NO;-N for (5 x 30) = 150g CH,0O — 2.679 9cp20 ! Inosn

Oxidation:
CH,O + O,(ag) -» CO, + H,0O
32g O, for 30g CH,O — 1.06790,/ 9chzo

2.679 x 1.067 = 2.86 g,/ Onosn

1 KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model

Development of a biokinetic model for AS plants

Models for phosphorus removal

1) Biological P-Removal (Bio-P)
= .Luxury Uptake“ (e.g. Acinetobacter)
] XPAOQO = P-accumulating organisms

2) Chemical P-Precipitation
= Me(PO,),(OH);3, ... Me ... metal
= 1/x = b ... Stoichiometric ratio for dosing of Me

1l KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model

University of Natural Resources and
Development of a biokinetic model for AS plants Lfe Sclences, Vienna
epartment of
Water, Atmosphere, and Environment

Model for Bio-P (EBPR — Enhanced Biological Phosphorus Removal) e.g. ASM2

fermentation
(anaerobic)

Acetate

storage of

PP storage of

XPHA

aerobic growth

XPHA ... cell-internal organic storage product of XPAO (Poly-hydroxy-alkanoates)
XPP ... cell-internal inorganic storage product of XPAO (Poly-Phosphat)

71
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Components of a WWTP model

University of Natural Resources and
Development of a biokinetic model for AS plants Lfe Sclences, Vienna

epartment of
Water, Atmosphere, and Environment

Model for chemical P precipitation (chemical equilibrium)

Components

= Soluble phosphorus (orthophosphate) SPO4
. Soluble Iron SFe

= Iron-hydroxide XFeOH

. Iron-phosphate XFeP

Processes
= Oxidation Fe2t = Fe3*
] Precipitation SPO4 = XFeP
= Re-dissolution XFeP = SPO4

72
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Components of a WWTP model

Development of a biokinetic model for AS plants

Model F - Model for chemical P precipitation

soluble P Fe2t Fe(OH)3 | FePo, 0y

Component Sp Sre XrH Xrp So

38 10 11 12 13 1
Oxidation™ -1 1.91 -0.14
Precipitation -1 -3.45 4.87
Re-dissolution 1 3.45 -4.87
J  Processes Process rate Py
8 oOxidation™ Ko - Sme - 503
9  Precipitation Kg - Sp * Xpgy
10 Re-dissolution Kr * Xpp

@KU

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model

IWA Activated Sludge Models

IWA — International Water Association (since 2000)

IAWQ - International Association on Water Quality (1990-2000)

@KU
CE—

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

IAWPRC - International Association on Water Pollution Research and Control (<1990)
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IWA Activated Sludge Model No.1 (ASM1, 1987)

Fundamentals

= 13 components and 8 processes

= Describes oxygen consumption, sludge production and nitrogen elimination
= Mass balances for C and N

= Standard model for numerical simulation of activated sludge plants

References

= Henze, M., et al. (1987): Activated Sludge Model No.1. In: IWA Scientific and Technical Report
No.9 (2000), pp. 5-37.

= Bornemann, C., et al. (1998): Hinweise zur dynamischen Simulation von Belebungsanlagen
mit dem Belebtschlammmodell Nr.1 der IAWQ. Korrespondenz Abwasser 45(3), 455-482.
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IWA Activated Sludge Models Life Sciences, Vienna

Department of
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ASM1 — components

Sl Soluble inert organic matter

SS: Soluble biodegradable organic matter

XS: Slowly biodegradable particulate organic matter
XI: Non-degradable particulate matter

XBH: Heterotrophic biomass

XBA: Autotrophic biomass

XP: Particulate products of decay processes
SO: Soluble oxygen

SNO: Soluble nitrate and nitrite nitrogen

10. SNH: Soluble ammonia nitrogen

11. SND: Soluble organic nitrogen

12. XND: Particulate organic nitrogen

13. SALK: Alkalinity

©CoNohwWDNE
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Components of a WWTP model

IWA Activated Sludge Models
ASM1 — processes

Aerobic growths of heterotrophic organisms

Anoxic growths of heterotrophic organisms (denitrification)
Aerobic growth of autotrophic organisms (nitrification)
Lysis of heterotrophic organisms

Lysis of autotrophic Organisms

Ammonification

Aerobic Hydrolysis

Anoxic Hydrolysis

N AhWNPE

KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model

IWA Activated Sludge Models

ASM1 — measured concentrations vs. model compounds

COD

measured

®

\\Q
_

N
N\

o

z
7
-

c!.‘\‘\
3

RN
R

DDA

™
13 s_\{\< B

L

Model compounds N measured

0.02gN/g Sl s
ha
Pl
Pa TR
\“_L <t i
i I o
& KA
0.03gN/gXs 1
0.086 g N /g XB sﬂ 0
0.03gN/g

Other
measurements

XBA*

E * not relevant in influents

02

of WWTPs (per
SO

[ ska3

definition)
1k
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Components of a WWTP model
IWA Activated Sludge Models

ASM1 - limitations

N S

a constant value of pH,

constant coefficients in the rate equations,
constant stoichiometric factors, and

a limited temperature range from 10°C to 25°C.

@KU
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University of Natural Resources and
Life Sciences, Vienna
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Components of a WWTP model

IWA Activated Sludge Models
IWA Activated Sludge Model No.2 (ASM2, 1995)

= ASM1 (C+N) + Bio-P + chemical P-precipitation
= org. N + org. P modelled as part of COD
= 19 components und 19 processes

IWA Activated Sludge Model No.2d (ASM2d, 1999)

= ASM2 + more accurate Bio-P Model
= 19 components und 21 processes

{1 KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model
IWA Activated Sludge Models

IWA Activated Sludge Model No.3 (ASM3, 1999)

Fundamentals

» new C-degradation in relation to ASM1 (cell-internal storage products)

= without P (extensions for P are existing)
= 13 components and 12 processes

References

{1 KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

= Gujer, W, et al. (1999): Activated Sludge Model No.3. Water Science & Technology 39(1), 183-

193.

= Koch, G., et al. (2000): Calibration and validation of Activated Sludge Model No.3 for Swiss

municipal wastewater. Water Research 34(14), 3580-3590.

= Rieger, L., etal. (2001): The EAWAG Bio-P module for Activated Sludge Model No.3. Water

Research 35(16), 3887-3903.
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Differences ASM1 - ASM3

ASM1

ASM3

: Endbgeﬂous
Heterotrophs . respiration

|

Endogenous
respiration
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Components of a WWTP model

Development of a biokinetic model for AS plants

Activated Sludge Modelling Timeline

S Early Years... > inetics & Stoichiometry B Sil:‘unc;::ed ‘“‘>’ ASM & Simulators \‘\\
S L ek
! 1 | !

| | | | | I
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Growth of Modeling Ideas

Activated Sludge Mitrification Denitrification Anammox
Biological P remaval Whole Plant Modelling (Digesters etc)
Concepts - S
Bacteria Generation Time Kinetic Expressions Substrate Storage Metabolic Pathways I
______ Organic Loading (F:M} _Influent & Mixed Liquor Characterisation
Models

Empirical Models |
Structured Models

Milestone Papers

Penfald and Mormis (1912} Moned (1942) Drowning et al. (1964) Busly and Andrews (1975) Barker and Dald (1997)
Ardern and Locket (1914) Garrett and Sawyer (1952) Diold et al. (1920} Henze et al. (1953}
MecKinney (1962} Gradly et al. (1988) Gujer et al, (1999)
Eckenfalder (1956) Smolders et al. (1955)
Herbert (1958) Takacs et al (1991) MeCorguodale (2005)

© 2010 IWA GMP TG
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Penfold, W. J., and Norris, D. (1912): The Relation of Concentration of Food Supply to the Generation Time of Bacteria. J. Hyg., 12, 527.
Ardern, E. and Lockett W.T. (1914): Experiments on the oxidation of sewage without the aid of filters. J. Soc. Chem. Ind. 33, 523-39.
Monod, J. (1942): Recherches sur la croissance des cultures bactériennes” Librairie scientifique, Paris, 1942 (In French)

Garrett, M.T. Jr. and Sawyer, C.N. (1952): "Kinetics of Removal of Soluble Substrates by Activated Sludge." Proc. 7th Ind. Was. Conf., Purdue University,
Lafayette, Indiana, p 51.

Herbert, D. (1958): Recent progress in microbiology. VIl International Congress for Microbiology. Ed. G Tunevall, Aimquist and Wiksel, Stockholm, 381.
Eckenfelder, W. W. (1956): Studies on the Oxidation Kinetics of Biological Sludges. Sewage and Industrial Wastes 28 (8), 983-990.

McKinney, R. E. (1962): Mathematics of Complete Mixing Activated Sludge. J. Sanit. Eng. Divl, Proc. Am. Soc Civ Eng 88, SA3.

Downing AL, Painter HA and Knowles G (1964): Nitrification in the activated sludge process. J. Proc. Inst. Sewage Purif. 64, 130-153.

Busby, J.B. and Andrews, J.F. (1975): Dynamic modeling and control strategies for the activated sludge process. JWPCFA, 47, 5, p 1055-1080.

Dold, P.L., Ekama, G.A. and Marais, G.v.R. (1980): "A General Model for the Activated Sludge Process." Prog. Wat. Tech., 12, (Toronto) 44-77.

Grady, C.P.L. Jr., Gujer, Willy, Henze, M., Marais, G.v.R., and Matsuo, T. (1986): "A Model for Single Sludge Wastewater Treatment Systems." Water Sci
Technol 18, 47-61
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Smolders, G.J.F., Van-Der-Meij, J., van Loosdrecht, M.C.M. and Heijnen, J.J. (1995): A structured metabolic model for anaerobic and aerobic
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Brief history of AS modelling
Before 1983: different approaches: C and N removal

= Empirical design
= Early models based on BOD, MLSS
= Experiments at University of Capetown (UCT) from 60s

1983 : IWA TG "Mathematical modelling for design and operation of biological
wastewater treatment"

= ASM1 Henze et al., 1986 (Activated sludge Model n°1)
1995/1999: Bio-P removal included in IWA model series ASM2/2d
1997 : C/N/P model (Barker and Dold,1997)
Since then:

= New concepts C and N removal (ASM3), ASM3+Bio-P (EAWAG), metabolic
model (Delft Univ.), UCTPHO+, elemental balances (Takacs et al., 2006), ...
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Components of a WWTP model

Development of a biokinetic model for AS plants

Available biokinetic models
C and N removal
= ASM1
= ASM3, ASM3C
C/N and P removal
= ASM2, ASM2d, ASM3+Bio-P
= Barker & Dold
= UCTPHO+
= ASDM
= TUDelft
many others, modified models...

1 KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Components of a WWTP model

Models for secondary clarifiers

Secondary clarifiers

= Separation activated sludge / effluent

= Settling and thickening of AS

» Sludge storage in the case of rainfall events in mixed systems

1l KU
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University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment
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Complete split of particles

Loss of particles

a) Point settler models

| KU

Effluent Effluent
; (no particles) ; (incl. particles) :
RAS RAS
b) Ideal settler models (with volume)
Volume for sludge storage Effluent Effluent

(no particles)

Non-reactive
sludge
blanket

[

Non-reactive
sludge
blanket

RAS

Volume for sludge storage
and clear water

Effluent
(no particles)

(incl. particles) University of Natural Resources and
Life Sciences, Vienna
Department of

Water, Atmosphere, and Environment

Non-reactive
sludge
blanket

Effluent
(incl. particles)

Non-reactive
sludge

blanket

c) Layered settler models
(1-D or flux models)

Effluent
(incl. particles)

d) CFD models

e) Reactive models

© 2010 IWA GMP TG
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Components of a WWTP model

Models for secondary clarifiers

The Reality....
secondary clarifier

influent T
|

return shdge

welld the model in ASTM
influent

sludge blanket secondary clarifier

clear water

return sludge

1l KU
CH

University of Natural Resources and
Life Sciences, Vienna

Department of

Water, Atmosphere, and Environment

clear water

sludge b lanket

P excess sludge

Secondary clarifier
model in ASIM
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1D layered settler models TQ—e:Q—i'Q—r»

vertical transport due to 0
1. convection (with flowing water) and
2. sedimentation (relative to flowing water)

Qi—» in
Q_i = influent
Q_r = recirculation
Q e=effluent=Q _i—Q_r
seg-1

<+«—Q_r
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1D layered settler models
Settling velocity 8

Most simple:

VS

— -nx
Vs_Vso'en

X < = v, too high

Absetzgeschwindigkeit vs

Double exponential form

- -nX -mX
Vg = Vg €M -y - em

X o/
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Introduction to ASIM

Objectives
1. Implementation of a AS plant into the ASIM simulation software
2. Optimisation on nitrogen elimination
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