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1. Introduction

This document presents the process modelling of the 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). 

For all processes, we consider stirred tank reactors (STR) and use an aerobic digestion.

2. Reaction scheme

The aerobic phase is related to the reactions representing the nitrifying activity:

Reaction (2-1)
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Reaction (2-2)
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The anoxic phase involves the denitrification. The corresponding scheme is:
Reaction (2-3)
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Taking into account the ammonification, we have also:
Reaction (2-4)
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where N = TKN – NH4+, is the soluble organic nitrogen, and the reaction rate: r = k0 SN.

The endogenous respiration, with a reaction rate re, is related to the following reaction:

Reaction (2-5)
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The biomass mortality is represented by the following scheme:

Reaction (2-6)
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where Xtotal is the total biomass (X3 and X4), and Xd is the dead biomass. CX is the organic carbon issued from dead biomass. The previous reaction includes the mortality due to the presence of acute toxicant.

3. Modelling and notation

Let us denote SC, SNH, SNO, SO, X3 and X4, the biodegradable substrate concentration (carbon, mg COD/L), the ammonia nitrogen concentration (mg N/L), the nitrate (+nitrite) nitrogen concentration (mg N/L), the concentration of the dissolved oxygen (DO) in the water (mg/L) and the concentration of the digester biomasses (heterotrophs and autotrophs), respectively. 

Remark.– Only the batch reactor configuration is considered here.

3.1. Anoxic Phase

The involved reactions in this phase are Reaction (2-3), Reaction (2-4) and Reaction (2-6), respectively:
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3.1.1. Mass balance of the substrates SC, SNH, SNO and SN
A mass balance on this phase leads to the following expressions: the time evolutions of the carbon, denoted SC, and the ammonia, denoted SNH, due to the ammonification, respectively are related to:
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(2-1)
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where kSX1 is the yield coefficient for the degradation of SC by X3 according to Reaction (2-3) with the reaction rate µ32X3, kSN1 is the yield coefficient of the SNH production by the ammonification in the anoxic phase and k0 SN is its reaction rate. The ammonification is associated to the following equation:
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(2-3)

The nitrate time evolution corresponds to:
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where kSX2 is the yield coefficient for the degradation of SNO by X3 according to Reaction (2-3).

3.1.2. Mass balance of the biomasses:

The biomasses growths are as follows:
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(2-5)
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where kd1 and kd2 are the yield coefficients of the dead biomass Xd, from X3 and X4, respectively (see Reaction (2-6)), and the specific biomasses growth rate µ32 is given by:
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(2-7)
where (NOmax, KNO and KC1 are the maximum specific growth rate of X3 associated with SNO, the saturation constants associated with SNO and SC, respectively.

The time evolution of the dead biomass, denoted Xd, satisfies the following equation:
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(2-8)

with rXC the reaction rate of the Xd /CX transformation. The time variation of the Cx concentration is:
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3.2. Aerobic Phase

This phase involves Reaction (2-1), Reaction (2-2), Reaction (2-4), Reaction (2-5) and Reaction (2-6), respectively:
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3.2.1. Mass balance of SC, SNH, SNO, SO and SN
In this phase, oxygen is needed for the degradation of the substrates SC and SNH. The time evolutions SC and SNH are related to the following expressions:
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(2-11)

where kSX3 and kSX4 are the yield coefficients for the degradation of SC and SNH, respectively, µ31X3 and µ4X4 are the reaction rates of Reaction (2-1) and Reaction (2-2), respectively. kSN2 is the yield coefficient of the S2 production by the ammonification in the aerobic phase.

The ammonification occurs also in this phase:
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The substrate SNO (i.e. NO3) is produced and also used to the endogenous respiration:
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(2-13)

where kSX5 and kr are the yield coefficients of the SNO production and of the SNO consummation for the endogenous respiration, respectively. 

The dissolved oxygen variation in time is given by:
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(2-14)
where kOX1 and kOX2 are the oxygen yield coefficients associated with X3 and X4, respectively; re represents the endogenous respiration rate; Kla and SO,sat are the oxygen mass transfer coefficient and the saturation DO concentration in the liquid medium, respectively. 

Endogenous respiration of the biomasses:

The endogenous respiration needs oxygen. Therefore this only occurs during the aerobic phase. The time variation of the Cx concentration is:
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with re the endogenous respiration rate.

3.2.2. Mass balance of the biomasses:

The biomasses kinetics can be written as follows:
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(2-16)
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where kd1 and kd2 are the yield coefficients of the dead biomass Xd, from X3 and X4, respectively (see Reaction (2-6)), and the specific biomasses growth rates, µ31 and µ4, are given by:
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(2-18)
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(2-19)
where (COmax, (NHmax, KC2, KNH and KO are the maximum specific growth rate of X3 associated with SC and that of X4 associated with SNH, the saturation constants associated with SC, SNH and SO, respectively.

The time evolution of the dead biomass, denoted Xd, satisfies the following equation:
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(2-20)

with rXC the reaction rate of the Xd /CX transformation. 

4. Basic Structural Form of the Dynamical Model

We can consider the general dynamical model form:
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(2-21)
where K, (, Q, (, (in and Fin are the yield coefficients matrix, the reaction rates vector, the gaseous flow rate vector, the state variables vector, the input vector corresponding to the substrate feed rates and the influent flow rate. The term containing Fin is equal to zero in the batch case. 

4.1. Anoxic phase

The involved reactions in this phase are Reaction (2-3), Reaction (2-4) and Reaction (2-6), respectively:
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Therefore, the corresponding model to this phase is given by:
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(2-22)
Now, let us focus on the sub-state variables (sub1 = [S1  S2  S3  N]T corresponding to the measured state variables. We can therefore write the following sub-model:
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(2-23)

Consider the following partition of the model (see [BAS 90]):


(aT = [SNO   SN] and (bT = [SC   SNH]

such as:
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with (T = [µ32 X3   k0SN] and
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There exists a state transformation: 
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where A0 is the unique solution of the matrix equation:



[image: image52.wmf]0

0

=

+

b

a

K

K

A


(2-27)

Here, we have:
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hence, we can write:
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(2-28)

The previous equation gives 2 expressions in the form of linear regression. They will allow the identification of the parameters kSN1​ and kSX1/kSX2. However the knowledge of kSX1 and kSX2, separately, is necessary. Therefore, supplementary equation(s) is (are) needed. Other partitions have been considered, but they all give the identical expressions. 

4.1.1. The IWA Activated Sludge Model No. 1 in Denitrification (anoxic heterotrophic growth)

This model [HEN 87, VAN 99, DOC 01] considers one reaction involving the nitrate (+nitrite) nitrogen as follows:

Reaction (2- 7)
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with the corresponding reaction rate rNO = 
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 and the biomass growth rate is:
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(2-29)
SNH represents the ammonia-nitrogen concentration, which is associated to the yield coefficient iX, the fraction of nitrogen in biomass (g N/g COD).

Taking into account the ammonification (Reaction (2-4)), we can establish the state model:
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(2-30)

If we focus on the sub-state variables (sub2 = [SC  SNH  SNO  SN]T, we will be able to identify Yh by using the following linear regression:
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(2-31)

Also, we will have the following expression:
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(2-32)

From the previous expression, we can identify kSN1 and iX. Note that if there is no nitrogen in the biomass (iX = 0) then we will have the same linear regression as that described in equation (2-28).

4.1.2. Two-step denitrification model

In the literature [BOU 96, DOC 01] we can find a reaction scheme of denitrification in 2 steps:

1. Reaction (2-8): NO3 reduction,
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      where rI is its reaction rate, which is equal to
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(2-33)
2. Reaction (2-9): NO2 reduction,
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      where rII is its reaction rate, equal to
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(2-34)
Note that the values of (1 and (2 are known, equal to 1.17 and 1.71, respectively [BOU 96] while SNO2 and SNO3 are given in mg N/L. From the previous reactions, we can deduce the following model:
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Let us focus on (sub3 = [SC  SNO3  SNO2]T involving the following reaction rates [(NO3 X3, (NO2 X3]:
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(2-36)

If we consider the partition of the model (aT = [SC   SNO3] and (b = [SNO2], then we have:
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and the matrix A0 is therefore given by:
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Applying the state transformation Z = A0 (a + (b, described in (2-26), using the previous matrix, we will able to establish the following equation:
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(2-37)
4.2. Aerobic phase

This phase involves Reaction (2-1), Reaction (2-2), Reaction (2-4), Reaction (2-5) and Reaction (2-6), respectively:
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The above reactions lead to the following model:
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(2-38)
Consider only the sub-state variables: (sub4 = [SC, SNH, SNO, SO, SN]T involving the reaction rates ( = [(31 X3, (4 X4, k0SN, re], such as: 
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(2-39)
Let us consider the following partition of the model:


(aT = [SC   SNH   SNO   SO] and (b = [SN]

corresponding to:
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(2-40)
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where
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Therefore, we can deduce A0 = –Kb Ka-1: 
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After the state transformation Z = A0 (a + (b, we will have:
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(2-42)
Moreover we can write:
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(2-43)

Therefore, we can deduce the following expression:
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(2-44)
By considering the partition: (aT = [SC   SNH   SNO   SN] and (b = [SO], corresponding to:
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where
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Therefore, A0 = –Kb Ka-1 is: 
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After the state transformation in Z, the same expression as previously will be obtained. The application of the other partitions gives always the same expression. 

4.2.1. The IWA ASM1 in Nitrification (aerobic autotrophic growth)

The nitrification model according to [HEN 87, VAN 99, DOC 01] is as follows:

Reaction (2-10)
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with the corresponding reaction rate rAA = 
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 and the biomass growth rate is:
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(2-47)
Simultaneously with this reaction, there exists an aerobic heterotrophic growth, which is related to Reaction (2-1). The IWA ASM1 gives the following expression:
Reaction (2-11)
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with the reaction rate rAH = 
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 and the biomass growth rate is:
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(2-48)
Remark.– The yield coefficient iX is the fraction of nitrogen in biomass (g N/g COD)

Referring to Reaction (2-10) and Reaction (2-11), the model can be established in the following form:
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(2-49)

This model leads to the following regressions:

· By considering (aT = [SC   SNH] and (bT = [SNO   SO],
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· By considering (aT = [SNH   SO] and (bT = [SC   SNO],
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(2-51)

Remark.– If we take into account the ammonification (with the reaction rate: k0SN) according to the IWA ASM1, the model is given by:
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Note that the given model involves identification of the same parameters.

– If iX = 0 (there is no nitrogen in biomass), then we will have the following regressions:
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Therefore, the parameters Ya and Yh are completely identifiable, each one.

4.2.2. Two-step nitrification model

We can find in the literature [PET 00, DOC 01] a two-step nitrification:

3. Reaction (2-12): NH4 oxidation to nitrite (NO2), of which concentration is denoted SNO2 (mg N/L),
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4. Reaction (2-13): NO2 oxidation to nitrate (NO3) with concentration SNO3 (mg N/L),
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where rN1 and rN2 are their respective reaction rates, with Monod or Double Monod kinetics models. In this case the COD degradation is given by: 

Reaction (2-14)
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with µX3 its reaction rate.

By neglecting the ammonification and the endogenous respiration, this two-step model can be rewritten in the form of the following state model:
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(2-54)

If we consider the following model partition:


(aT = [SC   SNH   SNO3] and (bT = [SNO2   SO]

involving:
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therefore, we will obtain:
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After the state transformation, we can obtain:
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(2-55)
If we consider the model partition:


(aT = [SC   SNO2   SO] and (bT = [SNH   SNO3]
which involves
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then, after the state transformation, we will obtain:
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(2-56)
Remark.– If iX = 0, then we will be able to establish the following regressions:
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5. Parameter identification

The parameter identification will be made in two parts: first part will be dedicated to identify the yield coefficients, and the second one deals with the kinetics parameters identification. 

5.1. Yield coefficients identification

As two independents phases are considered, we will carry out the parameter identification for each phase separately. 

5.1.1. Anoxic phase

We have seen in the previous section that in the anoxic phase we have essentially denitrification. In the literature, there exist two ways to consider this process: one-reaction denitrification according to the IWA ASM1 [HEN 87, VAN 99, DOC 01] or two-step denitrification [BOU 96, DOC 01].

5.1.1.1. The IWA Activated Sludge Model No. 1 in Denitrification (anoxic heterotrophic growth)

The first linear regression will allow to determine the parameter Yh:
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(2-58)

The experimental data will be fitted to “y = areg x”. If we consider (SC as y and (SNO as x, therefore we can deduce:
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If we consider (SNO as y and (SC as x, then we will have:
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The second equation is:
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As Yh is already known, we will be able to identify kSN1 and iX3. Let us assume (SNO(0 such as we can write the following regression:
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Using the experimental data we can establish a linear regression “y=areg x+breg”, such as:


kSN1 = –areg  and 
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5.1.1.2. Identified parameters from the experimental data for the one-step model

From the POLIMI experiment carried out on 26th June 2003, which is related to the standard conditions, we have the following data for the anoxic phase:

	Time (min)
	CODs

(mg/L)
	N-NH4 

(mg N/L)
	N-NO3 

(mg N/L)
	N-NO2 

(mg N/L)
	Ns

(mg N/L)

	30
	25
	7.1
	0.52
	0.25
	14.2

	60
	20
	7.7
	0.2
	0.23
	16.1

	90
	17
	8.3
	0.61
	0.21
	15

	120
	17
	8.3
	0.65
	0.26
	11.8

	150
	18
	8.3
	0.99
	0.37
	12.5


The data lead to have the following parameters:

	Yield coefficient
	Value

	Yh
	0.96

	kSN1
	0.2

	iX
	0.006


LBE experiment (on 8th July 2003) related to the standard conditions gives the following data:

	Time 

(min)
	CODs 

(mg/L)
	N-NH4 

(mg N/L)
	N-NO2 

(mg N/L)
	N-NO3 

(mg N/L)
	Ns 

(mg N/L)

	15
	235.81
	-
	0.00
	0.00
	-

	30
	226.49
	16.8
	0.00
	0.00
	14.00

	60
	203.18
	24.64
	0.00
	0.00
	6.72

	120
	205.98
	23.52
	0.00
	0.00
	6.72


The identified yield parameters are as follows:

	Yield coefficient
	Value

	Yh
	0.90

	kSN1
	1.04

	iX
	( 0.0


5.1.1.3. Two-step denitrification model

If we assume that (SNO2 ( 0, then (2-37) can be rewritten, as follows:
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or
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(2-65)
The two previous expressions deal with a linear regression in the form of y = areg x + breg, where areg and breg can be identified from the experimental data. This identification will lead us to deduce the parameters Yh1 and Yh2 from equations (2-64) and (2-65), respectively:
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and
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By assuming that (SNO3 ( 0, (2-37) can be rewritten:
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or
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They lead to have the parameters Yh1 and Yh2, respectively:
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and
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If we assume that (SC ( 0, then (2-37) can be also rewritten, as follows:
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or
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They lead to have the parameters Yh1 and Yh2, respectively:
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5.1.1.4. Identified parameters from the experimental data for the two-step model

From the POLIMI data, the parameters in the two-step models are:

	Yield coefficient
	Value

	Yh1
	0.82

	Yh2
	1.01

	kSN1
	1


LBE experiment does not allow to identify the parameters, because the values of the nitrate and nitrite in anoxic phase are equal to 0.

5.2. Aerobic phase

This phase involves the nitrification process. In the literature there are also two models: one-reaction nitrification according to the IWA ASM1 [HEN 87, VAN 99, DOC 01] or two-step nitrification [BOU 96, DOC 01].

Note here that the oxygen mass transfer coefficient, Kla, has already been identified experimentally. It is a known parameter.

5.2.1. The IWA ASM1 in Nitrification (aerobic autotrophic growth)

Assume that (SO ( 0. According to (2-50), we have the following regressions:
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By considering (2-51),
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If we assume that there is no nitrogen in biomass (iX = 0), then we will have the following regressions:
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Using (2-81) we can identify Yh, then (2-80) will allow to identify Ya.

5.2.2. Two-step nitrification model

We have obtained from different partitions of the model:
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and:
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When iX = 0, the following regressions are obtained:
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Identification of the kinetics parameters

Once all the yield coefficients are known, we can start the identification of the kinetics parameters. In order to have a “better” identification of kinetics parameters, the knowledge of the biomass evolution in time is needed. The best way is then to measure it. Nevertheless, if the biomass measurement is not available, we can estimate it using the model.

Optimization methods in minimizing error such as Levenberg-Marquardt approach can be used to carry out the kinetics parameter identification.
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