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Abbreviations or notations:

NHs : ammonia (gaseous or solvated)
NO, : nitrite ion

NO; : nitrateion

S04 : sulphate ion

PO4 : phosphate ion

Ns : Nitrosomonas strain

N, : Nitrobacter strain

solv. : solvated = molecular form (not total form)
PC : Personal Computer

PLC : Programmable Logical Computer
CST : Completely Stirred Tank
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1. INTRODUCTION

In a previous study (TN 48.1), the nitrifying column was reduced to its fixed bed alone in
order to simplify the internal model of the control. The advantage of this approach was that
the state of the internal model was composed of the concentrations in the output flow (Oo,
CO2, NHsz, NOy, NOs, SO4 and PO4). Except NO, that was estimated, all the other
concentrations can be measured. So the state was known at each sampling period of the
control in a very smple way. But tests on simulator proved this model was too far from the
process and cannot be used for the scenario on the forecast horizon of the control.

The approach is now to consider the column with its 3 parts A, B and C as described in the
First Principles model built by LGCB. Then the state becomes much bigger (its size is
multiplied by factor 3) : concentrations of O,, CO,, NH3, NOs, SO, and PO, at column output
only (part C) can be measured and the other coefficients of the state corresponding to the part
A and B have to be estimated.

Although the fixed bed of the column of the process is better represented with 2 CST's (TN
63.1 p.20 by LGCB), the fixed bed of the model is treated as only one CST (Completely
Stirred Tank). The justification of this choice is given in annex 1.

So this study introduces 2 components of the estimator :
1. acomponent for estimation of NO2 in the part C and of biomass in the fixed bed;
2. another one for estimation of the state system for the control.

2. DESCRIPTION OF THE ESTIMATOR

2.1. Estimation of NO2 and biomass

The column can be represented by a series of 3 tanks ideally stirred where dynamic behaviour
is described by afirst order transfer (figure 1).

di dA \Vj dB V dC V
»O < A —p B —p C >
q T ba bs be
R.q
Figure 1: Scheme of the column
A,B,C : indicesof the 3 parts
d : concentration of a compound at input of a tank
d; : concentration of a compound at input of the column
b : concentration of a compound at output of a tank
g : liquid flow rate
R : re-circulating ratio
V : volume
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, \% : :
Given t = W the time constant of a tank of volume V where theflow is (1+R)xq .
+R)X

Given r the variation rate of a compound produced or consumed in atank (in fact, only in tank

B where the bacteria are fixed).
Using the Laplace transforms (variable p), the behaviour of any compound of the liquid phase
is described by the following set of equations :

b= 1 xd+tx (noindices,evolutioninatank A, B or C)

1+t
1 R
= d + o)
A 1+R i 1+R C (1)
d, =b,
d. =b,

Solving the system (1) leads to compute the roots X, ,X, and X, of athird order polynomial
whose coefficients are :

p, =1

Lo R, k)

’ D

p1:(1+R)>(tE)+tB+tC) (2)
-1

Po=-5

with D =(1+R)A{t, %, % )

Thenthe output bc can be expressed from the inputsd; and r :
+
b. :inji +1t—Apr(]_+ R)>¢ g X
H H 3
with  H =(1+x,p){L+Xx, Xp) {1+ X, *p)

. 1+t . . o
As shown in annex 2, the transfer TAX{J can be approximated to a first order with time

constant g whose value has been identified such that g>q=356 |, which is dlightly lower

than the total volume of liquid of the column.
So, expression (3) becomes :

1 1
bc = >di +
H 1+qg>p
This expression (4) is applied successively to NHz and NOgs in order to estimate their variation
rate from the measurements of their concentration at input and output of the column :

{1+R)xt, % @

1 1 .0

= P - — =
r=(1+qp) b - =, 3 5)

M+R)x, €° H 'g
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In the case of NHs, a corrective term is added to the measurement at column output, kx, to
take into account the gaseous NHs outgoing in the air flux and that is not measured. This
corrective term comes from the First Principles model of the column.
Given g and p, the variation rates of NH; and NOs respectively estimated by (5), the
variation rate of NO- is given by the following relation previoudly established ((A.13) in TN
48.1) :
r,=b,x +b,x, ©
whereb, and b, arefunction of the stoechiometry and limiting conc.

Then NO; concentration at column output, bes, can be estimated by 2 equivalent ways :
with relation (4) where the input concentration d is zero (no NO, assumed at column
input) :
1

bes = g T R %, ™
or from relation (6) :
1 .
bcs = bl ><b<:1 +b2 ><bcz - ﬁ>(bl >dil +b2 >di2) (7bis)

whereindicesl,2 and 3areaffectedto NH,, NO, and NO,
For each strain k (k=1,2 for Nitrosomonas and Nitrobacter respectively), the biomass
concentration Gy in the fixed bed is given by the following relation already established
((A.14) in TN 48.1) :

CXk = dkl >1‘1 + C|k2 >1‘2 (8)

whered,, and d, , arefunction of the stoechiometry and limiting factors

2.2. Estimation of the complete state of the internal model of the control

The estimation of the state of the internal model is based on the hypothesis that the

concentration of al the compounds (except NO,) in the incoming gas and liquid and in the

outgoing liquid can be measured. However concerning compounds (such as SO4 and PO4)

that are not limiting substrates and whose measurement could be difficult, it could be possible

to replace their measure by a constant.

The estimation in part A is obtained by means of the measurements at input and output of the

column and by means of the dilution model in this part A considered as aidedlly stirred tank.

Two ways are possible for part B :

1. Starting from measurements at column output and using dilution model of part C to rebuilt
the signals at input of C (which are the same as inside B);

2. Starting from estimations of part A and using dilution and chemical models of part B.

The first is the smplest and most robust.

So from system (1), the concentrations of a mono-phasis compound (NO2, NOs, SO,4, and

POg) in the parts A and B are given by :

1 ae1>d+R 0

A = >({‘ ) >¢)C - (9)
1+t, 9 é1+R ' 1+R g
b, =(1+t, %), (9bis)
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For the bi-phasis compounds (O2, CO, and NHs) :
the variable d; of (9) has to be replaced by the following expression established in TN44.2,

(A2.7)

Gl >(‘jLi + GZ >dGi

whered, and d , areconcentrationsin Gas and Liquid input flow

(10)

where G, and G, arefunction of dissociation and Gas/Liquid equilibrium

(9bis) should be replaced by a more complex relation where the concentration in the gas

at input of B should be estimated. Now this estimation is not done to minimize the size of
the estimated state vector. So the concentration is assumed zero. This assumption will
over-estimate the concentration of O, mainly because it is the most important compound
of the gas. Consequently it will affect the biomass estimation. Considering that O, is about
10" mol/l (instead of 2 10* mol/l, according to the estimation) and that the half saturation
constants are 5.05 10°® and 1.7 10°° mol/I, this assumption implies an underestimation of
about 3 and 8 % for the biomasses Ns and Nb respectively.

3. ROBUSTNESS

3.1. Introduction

The stability of the estimator has to be studied according to the noise on main measurements

(O2, NH3, and NO3) and to the parameters of the mode (dissociation constant, limiting
concentrations, specific growth and maintenance rates, gas/liquid transfer Kla, gag/liquid
equilibrium).

Genera description of the figures for each simulation:

Each simulation of the robustness study produces a group of 4 figures whose size has been

reduced to save room. As some data overlap one another, here is a general description of the
figures. All the abscissa represent the variation of the time from 0 to 20 h with an interval of 5

h

1. Thefirst of the 4 figures contains 5 graphs :
3 graphs for NH3, NO3 and NO2 variation rates whose ranges are generally [8

4]*10° ,[4 8]*10° and[0 1]*10° mol/l/h, respectively.

2 graphs for the concentration of Ns and Nb biomass whose ranges are generaly [1 2]
and [0.4 0.8] g/l, respectively.
On this figure, from top to bottom :
NH3 and NOj rates are deduced from their measurement with (5);
estimation rate of NO, at column output with (7);

estimation of biomass concentration with (8).

2. The 3 following figures are for concentration of some components (O2 solvated, CO2
solvated, NH3 solvated, NO2, NO3 and PO4) of parts A, B and C of the column,

respectively. All these concentrations are expressed in mol/l and their general ranges are

gathered in the table hereafter :

02 solv CO2 solv NH3 solv NO2 NO3 PO4
part A| 19910° | [1 14]10° |[28 32]10°| [0 410" |[19 21]107| 156107
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part B

[1 2107

[T 14] 10°

[0 1 10°

[0 5] 10°

[2.2 2.6] 107

156 10°

part C

[1.851.95] 107

1210°

[0 1 10

[0 5] 10°

[22 26] 107

156 10°

On these figures, the blue and red lines represent the process and the filtered
estimation, respectively. The dephasing is precisely due to the low pass filter.

To illustrate numerically the study, a typical process, close to the pilot one, is chosen for
simulation :
input air flow : G, = 60 I/h;
input liquid flow F, =04 1/h;
gas re-circulating ratio Rs = 0;

liquid re-circulating ratio R_ = 6;

2 CST’sfor the fixed bed of the process . The value of 2 CST’s, that comes from TN 63.1,
p.20 by LGCB, corresponds in the best way to G, = 60 I/h and (1+ R )* F, = 2.8I/h.

high load of ammonia (10 mol/h) to have to most difficult condition for estimation;

50 % increase step of flow at time t=0.2 h;
all the other specifications of the ssimulation (pH, temperature, concentrations ...) are
defined in theinitializing files‘i_sm.m’ and ‘i_sim_3.m’ of annex 3of TN 73.1.

The figure 2 shows that for the reference smulation with no noise and no parameter
mismatch, NO; is correctly estimated but the biomass is under-estimated : a bias of about 6 %

for Nsand 30 % for Nb.
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Figure 2 : Comparison estimation ver sus process
Top graphs: NH3 and NO3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)
Process : continuous blue line- Estimation : dotted red line
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Figure 3: Comparison of the estimated state ver sus the process one for part A
Process : continuous blue line. Estimation : dotted red line

MELISSA - Technical Note 73.2
ESA-ESTEC " Release of the Nitriteestimator” June 2003

ADERSA 10, rue de la Croix Martre Tel :(33)160135353 Fax: (33) 169200563

91873 PALAISEAU Cedex E-Mail : adersa@adersa.com Page 9




w10 02 soly » w10 CO2 soly
S 15k----- R A T . - SR [
Ey S
= ! ! i — ! !
o 10" 5 MHIgok. 45 20 5&10 g MNEZ 5 20
[ [ [ [ [ [
R e - J{M
0 ! ! ! i) E— ! !
0 5 M3 15 20 o 10”5 HE4 15 20
0.026 : : : 1555 /,__5_4__*___;____
S un24%;---1 ----- 1o S S 155?5J;----E ----- i S
0.022 ' : : 1.557 : : :
0 g 10 15 20 0 5 10 15 20

Figure4 : Comparison of the estimated state ver sus the process one for part B
Process : continuous blue line. Estimation : dotted red line
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Figure5: Comparison of the estimated state ver susthe process onefor part C
Process : continuous blue line. Estimation : dotted red line
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3.2. Noise on NH3 and NO3z measurements

The measurements are filtered with alow passfilter asit is explained in TN 73.1.

In the simulation of figure 6 to 9, a white noise has been added on NH; and NOs
measurements at column output with a standard deviation of 10* mol/l (about 0.5 % of the
mean signal). As foreseen by relations (6) and (7bis), the noise on NO; estimation is high : on
NO, concentration at column output it is about 5 10° mol/l (10 % of the mean vaue).

Simulations show that a noise ten times as high on NHz and NOz measurements is
unacceptable.

w10 MH3 rate w10 MO3 rate
- g T T T
= = i i
E S B I T
= = ]
4

a 5 10 14 20

rmolflfh

Time (k)

Figure 6 : Comparison estimation ver sus process (noise on NH3 and NO3)
Top graphs: NH3 and NO3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)
Process : continuous blue line- Estimation : dotted red line
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Figure 7 : Comparison estimation versus process (noise on NH3 and NO3) for part A
Process : continuous blue line. Estimation : dotted red line
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Figure 8 : Comparison estimation versus process (noise on NH3 and NO3) for part B
Process : continuous blue line. Estimation : dotted red line
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Figure9: Comparison estimation versus process (noise on NH3 and NO3) for part C
Process : continuous blue line. Estimation : dotted red line
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3.3. Noise on O, measurement

The results of figure 10 to 13 show that a noise whose relative standard deviation is about 5 %
(% compared to the mean signal) on O, in the liquid at column output is quite bearable.
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Figure 10 : Comparison estimation ver sus process (noise on O2)
Top graphs: NH3 and NO3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)
Process : continuous blue line- Estimation : dotted red line
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Figure 11 : Comparison estimation versus process (noise on O2) for part A
Process : continuous blue line. Estimation : dotted red line
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Figure 12 : Comparison estimation ver sus process (noise on O2) for part B
Process : continuous blue line. Estimation : dotted red line
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Figure 13 : Comparison estimation ver sus process (noise on O2) for part C

Process: continuous blueline. Estimation : dotted red line

3.4. Mismatch on dissociation constant of NH3

As the concentration of NH3 in the output gas flow islow, it is not measured and the quantity

of this compound that is extracted from the column by this way is sSsmply approximated by the
formula (relation (A2.10) in TN 44.2) :

db, = b, x

a XK

G, 1

in o

G
K+ax—&
C

F 1+k

in

(11)

with db_ :quantity of NH3 extractedinthe gas expressedin mol/lin the liquid
b. :conc.inthe liquidoutput stream

a :liquid/gas thermodynamical equilibrium constant of NH3

K :liquid/gas transfer parameter (KLa)
G,, rinput gas flowrate

F., :input liquid flow rate

k :dissociation constant

The sensitivity of the NO, and biomass estimations versus the dissociation constant k are
given by (A3.18) and (A3.20) recalled hereafter :

db dk
huta = I g Prad (12)
b, k
and
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dc,, dk
— 2t = X— 13
C 3 (13)

a, £0.04 fork =1(Nitrosomonas)

=0 for k =2 (Nitrobacter):d,, =0
These relations show that the estimations are very little sensitive to the dissociation constant

k. Thisisillustrated on the figure 14 to 17 where the dissociation constant of the estimator is
10 % higher than the dissociation constant of the process.
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Figure 14 : Comparison estimation ver sus process (mismatch on dissociation)
Top graphs: NH3 and NOS3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)
Process : continuous blue line- Estimation : dotted red line
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Process : continuous blue line. Estimation : dotted red line
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Figure 16 : Comparison estimation versus process (mismatch on dissociation) for part B
Process : continuous blue line. Estimation : dotted red line
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Figure 17 : Comparison estimation versus process (mismatch on dissociation) for part C
Process : continuous blue line. Estimation : dotted red line

3.5. Mismatch on limiting concentrations

The sengitivity of the active biomass regarding the limiting concentrations is given by (A3.28)
recalled hereafter :

dCXk ] KSki vdK Ski

ka i KSki + Si KSki
In the following simulation, the Nitrosomonas limiting concentrations of the internal model
are 50 % higher than those of the process.

(14)

. K N
The numerica values of the terms —Si' for the limiting substrates O, and NH3 are 0.02
Ski i

and 0.67

dC i ) . )
o} C—X" = 0.34, which means that the Ns biomass estimation is increased of 34 %. This can

Xk
be observed in fig.18 compared to fig.2.
It can be noted that the limiting concentrations have no influence on the estimation of NO-
(fig. 21).
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Figure 18 : Comparison estimation ver sus process (mismatch on limiting conc.)
Top graphs: NH3 and NO3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)
Process : continuous blue line- Estimation : dotted red line
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Figure 19 : Comparison estimation ver sus process (mismatch on limiting conc.) part A
Process : continuous blue line. Estimation : dotted red line
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Figure 21 : Comparison estimation ver sus process (mismatch on limiting conc.) part C
Process : continuous blue line. Estimation : dotted red line

3.5. Mismatch on specific growth and maintenance rates

At steady state, the sensitivity of NO, estimation, dbs (otherwise dbc) , versus the specific
growth and maintenance rates is expressed in (A3.11) of annex 3 and recalled hereafter :
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& zd dm. o ol dm, 60
db, =, gs - T Tuses, TR T
m m g m, M, gy
with
_ ai Yx1(3,1) m __ Ym1(3 1) m,
Sl - el >g == el x
Su (%) Su
e = Yxl(3,l) +Yx1(4,1))>ﬂ1 (15)
=
Su
&Y Y o g Y 0
s, =e, xg (32 ' xs, 2) ez)g m@E2)  'mys2) Txmz
S, S S 4]
e, S,
Sy

where:m isthe specificgrowth rateof Ns
m, isthe specificgrowth rateof Nb
m, isthe specificmaintenancerate of Ns
m, isthe specificmaintenanc erateof Nb
d,,: NH, concentration at column input
S..,S.5,,S,, expressedin (A.11) of TN 48.1
Y, .Y, :stoechiometricratios

x1?
In the present example where di1=0.025 mol/l of total ammonia and according to this relation
(15), a 10 % increase on specific gowth rates m and m» implies an underestimation of NO-
of 0.210* mol/l . Thisis confirmed in fig. 25 compared to fig.5 .
It could be checked by simulation that a 10 % increase on specific growth and maintenance
ratesm and my simultaneously has no effect on NO, estimation as given by (15).

The sensitivity of cs and g, can is expressed in (A3.15) and is recalled hereafter :
%, - 08dM . g2,8M

Cs m m,

d d d (16)
i: -O.7xﬂ- 03&

Cy m, m,

It can be checked in fig.22 (compared to fig.2) that a 10 % increase on specific growth rates
m and m implies an underestimation of ¢s and ¢y, of about 8 %.
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Figure 22 : Comparison estimation versus process (mismatch on growth)
Top graphs: NH3 and NOS3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)
Process : continuous blue line- Estimation : dotted red line
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Figure 23 : Comparison estimation ver sus process (mismatch on growth) part A
Process : continuous blueline. Estimation : dotted red line
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Figure 24 : Comparison estimation ver sus process (mismatch on growth) part B
Process : continuous blue line. Estimation : dotted red line
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Figure 25 : Comparison estimation ver sus process (mismatch on growth) part C
Process : continuous blue line. Estimation : dotted red line

3.5. Mismatch on the gas/liquid transfer Kla

The sensitivity of the NO, and biomass estimations versus K are given by (A3.22) and
(A3.23) recalled heredfter :

do dK
—C =103 — (17)
bes K
ad
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dc,, dK
=a X 18
P (18)

Xk

- 340" £a, £0 fork =1(Nitrosomonas)

a =0 for k =2 (Nitrobacter):d,, =0
These relations show that the estimations are very little sensitive to the gag/liquid transfer K.
This is illustrated on the figure 26 to 29 where a reduction by half of the value of KLa in the
estimator has a small consequence on the NO, and biomass estimations.
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Figure 26 : Comparison estimation ver sus process (mismatch on KL a)
Top graphs: NH3 and NO3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)
Bottom graphs: Nitrosomonas and Nitrobacter biomasswith (8)
Process : continuous blue line- Estimation : dotted red line
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Figure 27 : Comparison estimation versus process (mismatch on KLa) part A
Process : continuous blue line. Estimation : dotted red line
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Figure 29 : Comparison estimation versus process (mismatch on KLa) part C
Process : continuous blue line. Estimation : dotted red line

3.6. Growth and maintenance limiting concentrations of the process

Maintenance limiting concentrations have been introduced in TN 48.1 in the same way as
growth limiting concentrations have been defined in TN 27.1 by LGCB.

As no vaues are known for these maintenance limiting concentration, an hypothesis (named
H1in TN 48.1 p.14) was made that maintenance and growth are identical. This hypothesis is
not necessary for the estimator. But if it is not made, then the maintenance limiting
concentrations have to be determined by experimentation.

The following simulation tries to define the validity range of maintenance limiting
concentrations such that the hypothesis may be kept while ignoring their values.

Figures 30 to 33 show the case where maintenance limiting concentrations are double the
growth ones. Figures 34 to 37 show the inverse case where the maintenance ones are the half
of the growth ones.

S0 it seems that estimations of NO, and biomass are acceptable (fig 30, 33, 34 and 37) when
the maintenance ones are between the half and the double of the growth ones.
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Figure 30 : Comparison estimation versus process (double)
Top graphs: NH3 and NO3 variation rates estimated with relation (5)
Middlegraph : NO2 variation rate estimated with relation (7)

Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)

Process : continuous blue line- Estimation : dotted red line
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Figure 31 : Comparison estimation versus process (double) part A
Process : continuous blue line. Estimation : dotted red line
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Figure 32 : Comparison estimation ver sus process (double) part B
Process : continuous blue line. Estimation : dotted red line
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Figure 33 : Comparison estimation versus process (double) part C
Process : continuous blue line. Estimation : dotted red line
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Figure 34 : Comparison estimation ver sus process (half)
Top graphs: NH3 and NOS3 variation rates estimated with relation (5)
Middle graph : NO2 variation rate estimated with relation (7)

Bottom graphs: Nitrosomonas and Nitrobacter biomass with (8)

Process : continuous blue line- Estimation : dotted red line
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Figure 37 : Comparison estimation ver sus process (half) part C
Process : continuous blue line. Estimation : dotted red line
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3.7. Bias of sensors

Relation (7bis) above shows immediately that a bias of a sensor can be corrected with a
compensation term added to the estimation of NO2. This compensation term is an input of the
software and has to be set by the operator.

4. CONCLUSION

The study of sensitivity shows that the parameters mand m are the most influent. Nevertheless
no parameter has such high an influence that it should be identified with a high accuracy.

On the contrary, the estimator is very sensitive to the noise on the NH; and NO3
measurements that has to be very low : 0.5 % of the mean value of the input concentration of
ammonia.

The estimator has now to be validated on the pilot plant at UAB.
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6. ANNEX 1: JUSTIFICATION OF THE MODEL

The TN 63.1 p.20 by LGCB has identified the number of CST’s equa to 2 for agas flow of
60 I/h and a liquid flow of 2.5 I/h, which is the functioning domain of the column of the pilot
a UAB.
In order to minimize the size of the state vector to be estimated, the fixed bed of the model is
treated as only one CST.
To justify this choice, the process is compared to the model in 2 cases : low and high
ammonia load, 10 and 102 mol/h of NHs.
The conditions of the simulations are close to the ones of the pilot :

input air flow : G, =60 I/h

input ligiid flow F, = 0.4 1/h

gas re-circulating ratio Rs=0

liquid re-circulating ratio R. = 6

50 % increase step of flow at timet=0.2 h

2 CST’sfor the fixed bed of the process

1 CST for the fixed bed of the model

The comparison is done for each compounds in liquid phase (O2, CO,, NH3, NO2, NO3 and
PO4) and for each part A, B and C of the column. For the fixed bed of the process, the plotted
value is the mean of the 2 tanks. The biomasses are compared too.
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The first group of figures (A1.1 to A1.3) is for the low load and the second one (fig Al1.4 to
A1.6) isfor high load.

It can be seen that for low load, process and model are identical.

For high load, the concentration of NO2 particularly is athird lower with the model.

Despite this discrepancy, the fixed bed of the model is considered asonly one CST in order to
minimize the size of the state to be estimated.
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Figure A1l.1l: Low load. Comparison estimation versus process: part A of column
Process : continuous blue line- Estimation : dotted red line
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Figure A1.2 : Low load. Comparison estimation versus process: part B of column
Process : continuous blueline- Estimation : dotted red line
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Figure A1.3: Low load. Comparison estimation versus process: part C of column
Process : continuous blue line- Estimation : dotted red line
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Figure A1.4: High load. Comparison estimation versus process: part A of column
Process : continuous blueline- Estimation : dotted red line
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Figure A1.5: High load. Comparison estimation versus process : part B of column
Process : continuous blue line - Estimation : dotted red line
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Figure A1.6 : High load. Comparison estimation versus process : part C of column
Process : continuous blue line- Estimation : dotted red line

MELISSA - Technical Note 73.2
ESA-ESTEC " Release of the Nitriteestimator” June 2003

ADERSA 10, rue de la Croix Martre Tel :(33)160135353 Fax: (33) 169200563

91873 PALAISEAU Cedex E-Mail : adersa@adersa.com Page 36




7. ANNEX 2 : SIMPLIFICATION OF TRANSFER

As said in section 2 above, the column can be represented by a series of 3 tanks ideally stirred
(CST) for which dynamic behaviour is described by afirst order transfer (figure A2.1).

dB dC

d da
q bA bB bC

R.g

Figure A2.1: Scheme of the column
A,B,C : indicesof the 3 parts
d : concentration of a compound at input of a tank
d; : concentration of a compound at input of the column
b : concentration of a compound at output of a tank
g : liquid flow rate (any value non zero)
R : re-circulating ratio
V : volume
As shown by relation (3) above, the output bc can be expressed from the inputsd; and r :

1 1+t, %
b, =—xd +—2 —X1+R)x

with  H =(1+x,%p){1+x, %) {1+ X, *p)

Thanks to simulator of the hydraulic behaviour of the column (fig. A2.2), it has been checked

1+t,

that the transfer can be approximated to a first order with time constant q whose

value has been identified such that q>q =3.56 |. It is equivalent to say that for this transfer
the column is equa to only one CST with a volume of 3.56 I. This volume is invariant,
indeperdent of g non zero.

The top graphs of figures A2.3 to A2.5 show the step response of the equivalent transfer

1+ . . . e
1L (blue line) and of the first order (red dotted line) used for smplification, for 3
values of g (0.2, 0.4 and 0.6 I/h). The bottom graphs show the absolute gap (independent of g
non zero) between the 2 curves : its maximum vaue is + 6 1073, which justifies the
approximation.

So the expression of the output bc versus the inputs di and r becomes:
1

1
b, =—=>xd, + {1+R) %, x (A2.2)
H 1+ 9>
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with  H = (L+x, %)L+ x, ) {1+ x, )

:% g =flow rateexpressedin I/h

Init Mitrifying column (Internal model of the control)
g Equivalent and Aprroximate rate transfers
Claock

Equivalent transfer of rate

1 1 taul1)=s+1
kil 1.5+ 1 hsicZ)=+ 1 kil =41 simulated
Step of Transfer Fend Transfer Fend0 Transfer Fonl process output
rate

Approximate
process output

Figure A2.2: Simulink® simulator of the hydraulic behaviour of the column

Rate transfer : Equivalent(b-); First order(r--)
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Figure A2.3 : Comparison Equivalent / First Order transfer for g=0.2 I/h
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Rate transfer : Equivalent(b-; First arder(r--)
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Figure A2.4 : Comparison Equivalent / First Order transfer for q=0.4 I/h
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Figure A2.5: Comparison Equivalent / First Order transfer for g=0.6 I/h
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8. ANNEX 3 : SENSITIVITY OF ESTIMATIONS TO THE PARAMETERS

8.1. Sensitivity to specific growth and maintenance rates

8.1.1. Sensitivity of nitrite estimation

The relation (7bis) of section 2 that gives the expression of NO, concentration at column
output is re-written hereafter (with obvious new names of variables) :

1
b, =b, %, +b, %, - (b, >d,, +b, ><di2)><ﬁ (A3.1)
with b,,b,, b, :NH,, NO, and NO, concentrations at column output
d,,, d,: NH,, NO, concentrations at column input
In order to simplify the expression of senditivity, it is considered at steady state only. So
(A3.1) becomes::

b, =b, b, +b, *b, - (b,>d,, +b, >d,,) (A3.2)
and the sensitivity of bz is:
db, = (b, - d, )xdb, + (b, - d,,)xdb, (A3.3)

Now with the following simplifications (only in this paragraph) :
b; negligible versus di;
di> negligible versus b,
bz » di
then
db, =d,, {db, - db,) (A3.4)
Expression of db; :
From (A.13) in TN 48.1 and taking into account that S ,, =0 :

S
=3l =_1+e
1 1
S 11
_ (Vo0 * Yarian )
with e = x1(3,1) x1(4,1) m (A35)
S 11
where m isthe specificgrowth rateof Ns
So the sengitivity of b is:
db, = de,
., de d ds
with =2 =M %y
el m S 11
d dm
P —=a, Sl a, x—=
1 rr]. ml
Y Y XM
with al —1- x1(3,1) )ﬂ]l and 82 — _ m(31) 1
11 S 11
Now
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Yx1(3,1) am o+ Ym1(3,1) m, - Yxl(s,l) m

a, = =a
1 Sll 2
Then
m, O
dbl :Sl aj_rq_ dmlz
m 1o (A3.6)
with S — e >§1_ x1(31) xnl 0 el Ym1(3,1) ml
Si ﬂ Su
Remark 1 : as the stoechiometric ratios Yx1(31) and Yx1(4,1) are nearly opposite, so the
YX +Yx1(4 I
term e, = ( 131 S X ,1))’”1 =0.035, whichiissmall versus 1.
11
Expression of db :
From (A.13) in TN 48.1 and taking into account that s ,, =0 :
b :511>S32-812>G31:S’o’2_ S12 ){SSI (A37)
) :
Sll>622 S22 S22 Sll

S, _ Yx1(4,2) m, + Ym1(4,2) “m

S 22 qus,z) >1le +Ym](5,2) sz
it can be noted that these stoechiometric ratios represent the transformation of NO into NOs:

Considering the term

Yx1(4,2) =" Yx1(5,2)

Ym1(4,2) =" le(5,2)
b Si =-1

S 22
L S, .S S
Considering now the term —2 x—3L where ==X » - 1(from remark 1) and —2»10°?
S 22 S 11 Sll S 22

itsvalue is smal (but not neglected) versus 1.
Then

b,=-1+e,

. S (A3.8)
with e, =—&
22

So the sengitivity of by is:

db, =de, (A3.9)

with de, ds12 _ds,,

eZ S 12 S 22
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de, drrg dm,

eZ ITL m2
with 31 :ge x13,2) Yx1(5 2) Em and a _g ml(3 2 _ ml(5 2) 0
S S 4} S S
Now
a + a, = Yx1(3,2) m + Ym1(3,2) xmz _ Y><1(5,2) xrnz +Ym1(5,2) xm
1
S12 S 22
Then
ol dm, 06
db2 = 52 _I’T‘E - 2 :
m, m, g
_ Y Y 0
with S - e )g x1(3 2 _ x1(5, 2) ez >§ mi3,2) _ m1(5 2) =
S S 4]
Recapitulation :
At steady state, the sensitivity of b3 iS:
e ol dm, 60
db, =d., s, E —+52 el
m, m, 29
with :
ﬁ x1(31) ’”l le(3 1) xml
s, =€ xg — iz X
S 11
e = (Yxl(3,1) + Yx1(4,1) )>1’T]
=
Sll
_ é(xl(3,2) Yx1(5 2) 0 é(ml(B 2) _ le(5 2) 0
S, =€, xg - - €, >g T>¢n2
S S» S %]
ez - Sp
S22

where:m isthe specificgrowth rateof Ns
m, isthe specificgrowth rateof Nb
m, isthe specificmaintenancerate of Ns
m, isthe specificmaintenanc erateof Nb
d,,: NH, concentration at column input
S..,S.5,,S,, expressedin (A.11) of TN 48.1
Y, .Y, :stoechiometricratios

x1?

(A3.10)

(A3.11)

In normal condition of functioni ng and at steady state, bz is independent of di; and depends
quasi only on the half saturation constant of NO, (3.6 10 mol/l) : b » 1.4 10* mol/l .
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Assuming that the maximum concentration of input anmoniais 4 102 mol/l, the range of the

terms di S, and digsz can be approached numerically :
3 3
0£%®es gy .08 digg
b3 b3

3

function of dm’dml dm, dm,

b, m m m m,

8.1.2. Sensitivity of biomass estimation

The relation (8) of section 2 that gives the expressions of Ns and Nb biomass concentration is
re-written hereafter (with obvious new names of variables) :

CS = dll >q’1 +d12 >q’2 (NS)
C, =d,, x, +d,, %, (Nb) (A3.12)
with r, and r, : variation ratesof NH, and NO,

From (A.14) in TN 48.1 and taking into account that s ,, =0 :

which gives the range of

g, =—>2 =2
Sll>622 Sll

d, =- S - 1 12
Sll>€22 Sll S22

d,, =0

g - Su _1

S
Now —2 » 10 ? can be neglected versus 1

S 22
and r, »-1, (ssmplification and assumption for this section only).
Then
1
C,=—NX;
Sll
) (A3.13)
C,=—NX
S 22 i
The sersitivity of ¢s and g, can be deduced :
dc, _ ds, _ YxI(3D)xm dm Yml3)>m, dm,
Cs S 11 S 11 m S 11 ml
dc, _ ds,, _ X 152)>m, dm, Yml(31)>m, >(dmz (A3.14)
Cb S 22 S 11 n‘L S 11 m2
where Yxland Yml arestoechiometricratios
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With the numerical values of the parameters, the sensitivity of csand ¢, is given by :
9 _ ggdM oo, dm

C m
ds ;nl dl (A3.15)
o~ 07x% . g3
Cb m, m,

Remark 2 :according to the above approximate expression (in the case of c¢s only), the
concentration of Ns is connected to the consumption rate of ammonia only and that the
concentration of Nb is connected to the production rate of nitrate only (i.e. the matrix of
correlation is diagonal).

8.2. Sensitivity to the dissociation constant
As the concentration of NH3 in the output gas flow islow, it is not measured and the quantity
of this compound that is extracted from the column by this way is ssimply approximated by the

formula (relation (A2.10) in TN 44.2) :
db. =b 2K  OBn, 1 (A3.16)

K+a& I:in 1+k

C

with :

db. :quantity of NH3 extractedin the gas expressedin mol/linthe liquid
b. :conc.intheliquid output stream
a :liquid/gas thermodynamical equilibrium constant of NH3

K :liquid/gas transfer parameter (KLa)

. tinput gas flow rate
F, :input liquid flow rate
k :dissociation constant

8.2.1. Sensitivity of nitrite estimation
With the numerical values of the problem, relation (A3.16) becomes
do. =0.1xb, (A3.16his)
Now Kk is about 10.
Then the relative variation of dbc versus the relative variation on the dissociation constant k is

db dk
d( o), o1&

b k
Moreover :
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db, = b, >db,  (from (7his))
db,, = d(db.) (A3.17)

Then
@ea _ g 1,3K (A3.18)
b, k

8.2.2. Senditivity of biomass
Concerning biomass, the following relations can be written :

dc, =d,>dr, (from(8))

dr, _db. _d(cb,) (A3.19)
rl bC bC
r, » 37
Ve
Then
e =a, x%
Cyx k
with a, =-0.1xd,, x 391 (A3.20)
Xk ><\/B

a, £0.04 for k =1(Nitrosomo nas)
=0 for k = 2 (Nitrobacter) :d,, =0

8.3. Sensitivity to the gas/liquid transfer Kla
8.3.1. Sensitivity of nitrite estimation

Starting from (A3.16) and taking into account (A3.16bis) and (A3.17) the following relation
can be established :

b b, K

€ =0.1x (A3.21)
bes 1+ KxV, K
a >(Bin
Now with the numerical data of the problem
Ko » 140
then
d)CCa‘ - _ 103 xd_K (A322)
bes K

8.3.2. Sengitivity of biomass
Starting from (A3.19) and taking into account (A3.21) the following relation can be
established :
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dc dkK

XK — ;s A3.23
C & ( )
: _ g>d;, 1
with =0.1xd,, * %
a, kL C,, X\/B 1+ KxV.
a >(’;in

-340*£a £0 fork =1(Nitrosomonas)
a =0 for k = 2 (Nitrobacter):d,, =0

8.4. Sensitivity to the gas/liquid equilibrium
8.4.1. Sensitivity of nitrite estimation
Relation (A3.16) implies

ddb.) _da

A3.24
db. a ( )

in

as a is negligible compared to 1.

C
So, taking into account (A3.17), it comes::

b, =- 0.1><d—a (A3.25)
b, a
8.4.2. Senditivity of biomass
In the same way as previoudly :

dcy, _

C

a, Vi (A3.26)

Xk a

with a, =0.1>d,, xﬂ

Xk B

- 0.04£a, £0 fork=1(Nitrosomonas)
a, =0 fork =2 (Nitrobacter):d,, =0

8.5. Sensitivity to the half saturation constant

The half saturation constants appear in the calculation of the active biomass Cxy from the
‘productive’ biomass cx, according to the relation (A.11) of TN 48.1 recalled hereafter :

1
CXk :_>((;Xk (A3.27)
r]k
. ~ S
with n =(0)——
‘ 'O KSki +Si

k =1and 2 for Nitrosomonasand Nitrobacter
K 4 :saturation constant for strain k and substrate S
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So, for al the substrates S; of astrain k,
dCXk ] KSki vdK Ski

= ¢ (A3.28)
CXk i K Ski + Si K Ski
Koo .
Now the term —S:_' is lower than 1.
Ski (1
Then for a given substrate S
K.
& < d_Sk' (A3.29)
CXk K Ski

8.6. Recapitulation

The sensitivity of an estimation e (NO, or biomass) to a parameter P of the model
(dissociation constant, limiting concentrations, specific growth and maintenance rates,
gas/liquid transfer Kla, gag/liquid equilibrium, half saturation constant) is evaluated by the
function s:

de
s=-& (A3.30)
@
P
The numerical values of the senditivity ‘s are gathered in the table that follows.
Parameter m m k KLa a Ks
S(NO») <2 <2 0.1 10°° 0.1 0
s(biomass) 0.8 0.3 < 0.04 310° < 0.04 <1

Table A3.1: sengitivity of the estimationsto the parameters
m: specific growth rate
m : specific maintenance rate
k : dissociation constant
Kla: gagliquid transfer constant
a : gagdliquid equilibrium constant
Ks : half saturation constant
The parameters mand m are the most influent : the value of 2 is reached for concentration of
input ammonia of 4 10> mol/I, which is assumed to be the maximum.
Nevertheless no parameter has such high an influence that it should be identified with a high
accuracy.
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