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1. Introduction

This document presents the technical results of the CESAME activities in the Work Package 2 – Model selection and parameter identification of the EOLI project during the period November 2003 to May 2004. 

Particularly, the work deals with the process modelling of the aerobic WWT using nitrification and denitrification in the Eoli project (Model 2), after modifications in reaction scheme (proposed at the Mexico meeting, on May 7-9th, 2003). The partners involving in this process are the LBE (France), the UU (Uruguay) and the Polimi (Italy). 

2. Operating conditions

	
	UNAM

(FTC)
	UNAM

(ED-TOC)
	UU
	UU
	LBE
	POLIMI

	Filling/Reaction

Ratio [%]
	6.7

Accli/deacclim
	Aprox. 100


	4.5 
	4.5
	1
	3.3

	Sin [mgCOD/l]

S(t=t1) 
	375 (350)+

214 (50-200)+
	375 (350)+

variable
	3,000  
	1,000 - 1,400
	5,000

   700
	600

(**)

	Type of compounds
	Synthetic WW 4CP
	Synthetic WW 4CP
	Synthetic dairy raw WW
	Output from an anaerobic lagoon(*)
	Diluted whey
	Synthetic urban sewage 

	X(t=t1)  [mg/l]
	2,000 – 3,000
	2,000 – 3,000
	3,000 – 4,500
	3,000 – 4,500
	> 5,000  (15,000)
	>2,000 (***)

	Volume loading rate [gCOD/l-d]
	2.25
	3.6
	0.8
	0.6
	> 1.0
(1.25)
	0.48

	Mass loading rate [gCOD/gVSS-d]
	0.7 – 1.12
	1.8
	0.2 – 0.3
	0.1 – 0.2
	0.1, 0.2
	0.2

	Total N-TKN [mg/l]
	NA
	NA
	150 - 200
	50 – 100
	250
	75

	NH4+ [mg/l]
	NA
	NA
	( 10  
	40 – 80
	Aprox. 0
	0

	COD/N-NTK
	-
	-
	30
	15 – 20
	20
	8

	O2       [l/min.]
	1.5
	1.5
	10
	10
	50 (air)
	4.3 (air)

	pH   
	7
	7
	7 – 7.8
	8 – 8.5
	7 – 8
	7 – 8

	T      [°C]
	20
	20
	20
	20
	18 – 25
	25

	V(t=0)  [l]
	3
	3
	13
	11
	150
	16

	V(t=tfin) [l]
	7
	7
	15
	15
	200
	20

	Total cycle time [h] 
	4
	( 2.5
	12
	12
	2(12
	6

	SRT [days]
	20 

measured
	20 

measured
	20 controlled
	20 controlled
	35 measured
	20

measured


Note:  + as 4CP; 4CP: 4-Chloro-Phenol

NA: not applicable 

The buffer capacity/COD ratio must be defined in the methodology.

t1: the ending time of the filling phase (the initial time of pure Batch phase)

(*)  For UU: 75% output anaerobic lagoon, 25% synthetic dairy raw wastewater.

  (**)  COD concentration in the tank at t= 0 (i.e.: before filling): it is variable from 20 to 30 mg/l and it represents the residual "soluble" COD at the end of the cycle.
(***) Actual biomass concentration after dilution (t=t1): 2,4 gVSS/l (10%. Biomass concentration at t=0 (i.e.: one instant before filling) is 2,4 * 20/16 = 3,0 gVSS/l (10%.
Table 2. Cycle phases

	
	UNAM
	UNAM
	UU
	UU
	LBE
	POLIMI

	Fill
	12 min
	variable
	30 min


	30 min


	10 min
	10 min

	Anoxic
	0
	0
	
	
	3 h 40 min
	2.5 h (****)

	Aerobic
	178 min
	variable
	10.5h/ 22.5h
	10.5 h
	18 h
	2.5 h (****)

	Settling
	30 min
	30 min
	40 min
	40 min
	2 h
	37 min

	Draw
	6 min
	6 min
	20 min
	20 min
	10 min
	23 min

	iddle 
	14 min
	15 min
	0
	0
	0
	1 min

	Total time
	4 h
	variable
	
	
	24 h
	6 h


Note: (****) Starting on October, 8th, the duration of the anoxic phase was reduced to 2 h and the aerobic phase was increased to 3 h; this was due to the fact that nitrifying activity was constantly decreasing.

Remark: nitrifying activity further diminished in the following days, by November 2003 the anoxic phase was reduced to 1,5 h and the aerobic phase was increased to 3,5 h and a new inoculum of nitrifying biomass was added. 

3. EM1 : Carbon Digester (UNAM/Mexico)

The reaction is: 
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where S is Chlorophenol, the toxic compound to be degraded.

Then, the dynamical model can be represented as follows:
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where :

	Fin
:
	Influent flow rate to the reactor (l/min)

	V
:
	Liquid volume in the reactor (l)

	X1
:
	Biomass concentration in the bioreactor (mg VSS/l)

	S
:
	Substrate concentration in the reactor (mg COD/l)

	Sin
:
	Influent substrate concentration (mg COD/l)

	O
:
	DO concentration in the reactor (mg/l)

	Oin
:
	Influent DO concentration (usually it is equal to zero)

	Osat
:
	Saturation DO concentration in the liquid medium (6 ( 0.1 mg/l)

	k1
:
	Substrate/Biomass yield coefficient (3.7 mg COD/ mg VSS) 

	k2
:
	Oxygen/Biomass yield coefficient (5 mg DO/ mg VSS)

	Kl a
:
	Oxygen mass transfer coefficient (0.7 min –1) 

	b
:
	Specific endogenous respiration rate (2(10 -5 min –1) 

	
:
	Specific biomass growth rate, which can be represented by a Haldane model because of the inhibition by the Chlorophenol (min -1)
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 (5)
with (1s, KS and KI corresponding to the maximum specific biomass growth rate (0.53 min-1), the Michaelis-Menten constant (1200 mg COD/l) and the inhibition constant (220 mg² COD/l²) for a Haldane kinetics model, respectively.

As this part is studied by the partner #6 (UNAM), the parameters values indicated above are provided by the UNAM.

4. EM2 : C/N Digester

Only batch reactors are considered in these cases. Let us denote SC, SNH, SNO2, SNO3, O, X3 and X4, the organic carbon concentration (mg COD/l), the ammonia nitrogen concentration (mg N/l), the nitrite nitrogen concentration (mg N/l), the nitrate nitrogen concentration (mg N/l), the concentration of the dissolved oxygen (DO) in the water (mg/l) and the concentration of the heterotrophic and autotrophic biomasses, respectively.

4.1. EM2-a: C/N Digester with 2-step denitrification and nitrification (POLIMI/Italy)

The Polimi data shows that the denitrification occurs in 2 steps (NO3 reduction into NO2, then NO2 reduction into N2). Therefore a 2-step model will be considered for describing the Polimi process [BOU 96, DOC 01].

4.1.1. Anoxic phase

The two-step denitrification in the anoxic phase of the POLIMI process is described by:
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We have also ammonification activities, which can be described as follows:
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where SN = TKN – SNH, is the soluble organic nitrogen concentration. 

The endogenous respiration that takes place in the anoxic phase is related to the following reaction:
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with a reaction rate re1. CX is the organic carbon issued from dead biomass.

The biomass mortality is represented by the following scheme of reactions:
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where Xd is the dead biomass. The organic carbon CX will then hydrolyse into new organic carbon, such as:
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Hence the system dynamics can be represented by the following model:
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where rh1 is the first step denitrification rate, with rh1 =
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(11)

and rh2 is the second step denitrification rate, with rh2 =
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Note that the values of (1 and (2 are equal to 1.17 and 1.71, respectively [BOU 96] while SNO2 and SNO3 are given in mg N/l.
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where the ammonification rate is in the following form:


rN = µ0 SN
 (15)
with µ0 ( constant
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The identification procedure applied to the POLIMI data in the anoxic phase results in the following yield coefficients and kinetics parameters:

	Yield coefficient
	Value
	Confidence
	
	Kinetics parameter
	Value
	Confidence

	Yh1 (mg VSS/mg COD)
	0.782
	( 0.097
	
	µh1 max (min-1)
	6.5517
	( 6.826

	Yh2 (mg VSS/mg COD)
	0.841
	( 0.088
	
	KCh1 (mg COD/l)
	1845.0
	( 1470

	kN (mg N/mg N)
	0.504
	( 0.161
	
	KNO3h (mg N/l)
	660.08
	( 417.2

	
	
	
	
	µh2 max (min-1)
	0.0408
	( 0.041

	
	
	
	
	KCh2 (mg COD/l)
	144519
	( 2.8e5

	
	
	
	
	KNO2h (mg N/l)
	14179.6
	( 2.7e4

	
	
	
	
	µ0 (min-1)
	0.0102
	( 0.008


4.1.2. Aerobic phase

In the aerobic phase, a C-removal process takes place according to:
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and also, nitrifying activities occur in two steps:
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The ammonification continues in aerobic:
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Here, the endogenous respiration is associated to: 
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with a reaction rate of re2. 

The biomass mortality is associated to the following reactions:
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And the organic carbon CX will also hydrolyse into new organic carbon:
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The dynamical model is associated to the following equations:
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with the reaction rate of the C-removal, rh =
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(19)
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where the ammonification rate is in the following form:


rN = µ0 SN
 (22)
with µ0 ( constant
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where ra1 is the first step nitrification rate, with ra1 =
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and ra2 is the second step nitrification rate, with ra2 =
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with Kla = 0.363 ( 0.049 min -1 and Osat = 7.85 ( 0.2 mg/l.
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The parameters identification in the aerobic phase gives the following yield coefficients and kinetics parameters:

	Yield coefficient
	Value
	Confidence
	
	Kinetics parameter
	Value
	Confidence

	Yh (mg VSS/mg COD)
	0.597
	( 0.157
	
	µh max (min-1)
	3.5223
	( 2.282

	Ya1 (mg VSS/mg N)
	2.650
	( 0.183
	
	KCh (mg COD/l)
	1000.1
	( 0.138

	Ya2 (mg VSS/mg N)
	0.741
	( 0.146
	
	KOh (mg DO/l)
	900.03
	( 0.024

	kN2 (mg N/mg N)
	0.504
	( 0.161
	
	µa1 max (min-1)
	6.8161
	( 5.140

	
	
	
	
	KNH (mg N/l)
	800.12
	( 0.220

	
	
	
	
	KOa1 (mg DO/l)
	110.88
	( 1.569

	
	
	
	
	µa2 max (min-1)
	38.937
	( 18.91

	
	
	
	
	KNO2a (mg N/l)
	698.95
	( 0.681

	
	
	
	
	KOa2 (mg DO/l)
	92.914
	( 4.375

	
	
	
	
	µ0 (min-1)
	0.0102
	( 0.008

	
	
	
	
	Kla (min-1)
	0.3630
	( 0.049

	
	
	
	
	Osat (mg DO/l)
	7.8533
	( 0.201


4.1.3. Numerical simulations

Some numerical simulations have been performed to validate the model. The comparison between data and the simulator is illustrated in the next figures.
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4.2. EM2-b: C/N Digester with 1-step denitrification and nitrification (LBE/France)

According to the LBE data and experimental evidence, one-step IWA Activated Sludge Models No. 1 in denitrification and nitrification are applicable here [HEN 87, VAN 99, DOC 01].

Absorption appears to be a major phenomenon in the LBE data during the C/N-removal. It can be noticed in the initial concentrations of CODs and NO3. The measured values are lower then the theoretical ones. Indeed, such a phenomenon is not completely measurable. Therefore some assumptions will be considered to the process modelling.

To check this phenomenon, LBE has performed 4 batch tests by taking some sludge outside the reactor and putting 4 different concentrations of CODs in the beginning. A same sludge volume at the same concentration was considered in the four cases. The water does not contain any nitrate or nitrite. As the sludge is not aerated, biological reactions cannot occur. The diminution of CODs with respect to time is then due to absorption. The results of these experiments are illustrated in the following table and graphs.

Table 1: Data of the COD absorption test

	
	CODs (mg/l)
	COD  eliminated %
	TSS (mg/l)
	CODintial/TSS

	
	Initial
	2 min
	10 min
	30 min
	2 min
	10 min
	30 min
	
	

	Batch 1
	400
	341.35
	278.9
	225.3
	85.34%
	69.73%
	56.33%
	8.54
	46.84

	Batch 2
	700
	582.47
	474.09
	388.25
	83.21%
	67.73%
	55.46%
	8.5
	82.35

	Batch 3
	1200
	987.44
	772.57
	514.26
	82.29%
	64.38%
	42.86%
	8.39
	143.03

	Batch 4
	2000
	1624.6
	1274.12
	1145.91
	81.23%
	63.71%
	57.30%
	8.54
	234.19
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Figure 1. Graphs of the COD absorption test

4.2.1. Anoxic phase

The anoxic phase involving the denitrification corresponds to the following scheme:
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The ammonification satisfies the following reaction:
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where SN = TKN – SNH, is the soluble organic nitrogen, and the reaction rate: rN = (0 SN.

The endogenous respiration existing in the anoxic phase is related to the following reaction:
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with a reaction rate re1. CX is the organic carbon issued from dead biomass.

The biomass mortality is represented by the following scheme of reactions:
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where Xd is the dead biomass. The organic carbon CX will then hydrolyse into new organic carbon, such as:
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Therefore the dynamical model can be related to the following equations:
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where rhN is the denitrification rate, with rhN =
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For the absorption phenomenon, let us make an assumption that the carbon degradation only takes place inside the cell. Now we introduce two new variables in the model above, called Sliq and Sabs, which represent the carbon concentration in the liquid medium (corresponding to the data). Indeed, there is also absorption of nitrate, what makes the denitrification still occurring while apparently the measured nitrate is equal to zero. Nevertheless we can detect according to the data the end of the denitrification, when there is no more C-degradation.

Then, we can state that: SC = Sliq + Sabs. As the reactions occurs inside the cell, we can assume that the specific growth rate of the denitrification is defined by:
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Let ( be the rate of the C absorption. Then we can define the following dynamics:
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Also, we have:
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where the ammonification rate is in the following form:


rN = µ0 SN
 (41)
with µ0 ( constant
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The identification procedure applied to the LBE/INRA data in the anoxic phase results in the following yield coefficients and kinetics parameters:

	Yield coefficient
	Value
	Confidence
	
	Kinetics parameter
	Value
	Confidence

	YhN (mg VSS/mg COD)
	0.944
	( 0.0074
	
	µhN max (min-1)
	0.53661
	( 0.050

	kN (mg N/mg N)
	0.874
	( 0.0787
	
	KC1 (mg COD/l)
	4463.26
	( 1253

	
	
	
	
	KNO (mg N/l)
	68.3727
	( 10.50

	
	
	
	
	µ0 (min-1)
	3.9082
	( 3.681


4.2.2. Aerobic phase

The C-removal process in the aerobic phase is described by:
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and the nitrification is associated to:
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Also, the ammonification is occurring according to: 
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The endogenous respiration in the aerobic phase is associated to: 
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with a reaction rate re2. 

The biomass mortality is associated to the following reactions:
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And the organic carbon CX will also hydrolyse into new organic carbon:
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The dynamical model is associated to the following equations:
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where the reaction rate is rh =
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where ra is the nitrification rate, with ra =
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and the ammonification rate is in the following form:


rN = µ0 SN
 (50)
with µ0 ( constant
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with Kla = 0.3 ( 0.06 min -1 and Osat = 7.94 ( 0.93 mg/l.
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The parameters identification in the aerobic phase gives the following yield coefficients and kinetics parameters:

	Yield coefficient
	Value
	Confidence
	
	Kinetics parameter
	Value
	Confidence

	Yh (mg VSS/mg COD)
	0.148
	( 0.203
	
	µh max (min-1)
	0.114
	( 0.042

	Ya (mg VSS/mg N)
	4.160
	( 0.499
	
	KCh (mg/l)
	3135
	( 1694

	kN2 (mg N/mg N)
	0.874
	( 0.079
	
	KOh (mg/l)
	816.8
	( 169.9

	
	
	
	
	µa max (min-1)
	1.435
	( 1.038

	
	
	
	
	KNha (mg N/l)
	2907
	( 1713

	
	
	
	
	KOa (mg/l)
	2472
	( 1899

	
	
	
	
	µ0 (min-1)
	3.908
	( 3.681

	
	
	
	
	Kla (min-1)
	0.30
	( 0.06

	
	
	
	
	Osat (mg/l)
	7.94
	( 0.93


4.2.3. Numerical simulations

For the model validation, we have performed some numerical simulations. The next figures illustrate the comparison between data and the simulator.
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