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CHAPTER VI.E – Two-step nitrification model calibration and validation

ABSTRACT

In this chapter the two-step nitrification model detailed in Chapter VI.A is calibrated and
validated with different experiments which involved several measurements. Only some of
the forty model parameters are estimated in the calibration process according to the
identifiability analysis developed in Chapter VI.B. Hence, this chapter is particularly
focused in calibrating the model and analysing the importance of the different 
measurement outputs: OUR, HPR, ammonia, nitrite and CO2 by means of numerical tools
such as the Fisher Information Matrix (FIM) or the sensitivity functions. The model used
could describe accurately the experimental data obtained and was successfully calibrated
and validated using two different sets of experiments. The carbon evolution rate (CER)
measurement did not provide any extra information, though CO2 is substrate of the
process. Finally, the evaluation of maximum nitrification rate at different pH values
showed an optimum pH value around 7.6. 

VI.E.1 Estimation of the measurement error weighting 
matrix

The procedure used in this thesis for the parameter estimation error assessment is based 
on the Fisher Information Matrix (FIM), as detailed in Chapter IV. This matrix
summarises the quantity and quality of information obtained in each experiment because
it gathers the output sensitivity functions and the measurement accuracy (Mehra, 1974). 
If QK is the covariance matrix of the measurement noise, the FIM is defined as equation
VI.E1.
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where Yq stands for the so called output sensitivity function, which are a numerical
approach to the derivate of the output variable with respect to one parameter.

Parameter estimation requires the measurement error weighting matrix (QK) assessment 
for the experimental inputs used. Each experimental set-up had its own QK matrix value
and it had to be estimated separately. QK is usually chosen as the inverse of the
measurement error covariance matrix, and it is a square matrix with the same number of 
files and columns as output measurements. 

QK was estimated following the method described in Petersen (2000). The Petersen’s
method used data from a time period where the value of the output variable was 
perfectly known. If possible, a period with constant variables was preferred. For example, 
QOUR was estimated before the pulse of substrate was added (i.e. endogenous respiration
phase) in which OUR was supposed to be constant. The average of the data and the
resulting residuals were calculated in this period of constant OUR. The measurement
error (s2) was calculated as equation VI.E2: 
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where SSE = Sum Squared Errors
N = Number of measurements 
p = Number of parameters 

Figure VI.E1-left and VI.E2-left show the endogenous period used for QOUR estimation in
the LFS respirometer and in the BIOSTAT B fermenter respectively. The calculated s2 [eq.
VI.E2] for OUR in the LFS respirometer was 2.307e-5 and for the BIOSTAT B fermenter
was 8.496e-6. The values obtained were quite different between equipments since s2

depends on a lot of factors from the probe precision to the reactor homogenization
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 VI – Biological nitrogen oxidation

degree. These values were in the range of the literature values. As an example, Petersen 
(2000) obtained a value of 1.385e-5 for the oxygen measurement. 

On the other hand, HPR is only constant for a certain period of time under well-defined
conditions (i.e. high carbon dioxide concentration and low kLaCO2). The experimental data 
used for QHPR estimation was collected just after the addition of Na2CO3 to the system, so 
that the conditions were the closer possible to the mentioned conditions when HPR 
should be constant. Figure VI.E1-right and figure VI.E2-right show the HPR period used 
for QHPR estimation in the LFS respirometer and in the BIOSTAT B fermenter respectively.
The calculated s2 for HPR in the LFS respirometer was 5.778e-6 and 1.712e-4 for the
BIOSTAT B fermenter.
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Figure VI.E1 QOUR and QHPR estimation for the LFS respirometer
(Experimental value- solid line, mean –dashed line)
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Figure VI.E2 QOUR and QHPR estimation for the BIOSTAT fermenter 
(Experimental value- solid line, mean –dashed line)

As can be observed, this method is going to predict too optimistic confidence intervals
since the measurement error is only associated with the probe variability around the
mean value, assuming that this mean value is the correct. However, this value ought to
have an error, which is not considered.
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CHAPTER VI.E – Two-step nitrification model calibration and validation

For example for the LFS respirometer QLFS was calculated considering OUR as the first
measurement and HPR as the second measurement [eq. VI.E3]. This choice of Qk implies
that the more a measurement error is noise corrupted, the less it will count in the FIM.
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VI.E.2 Model calibration with OUR and HPR

VI.E.2.1 EXPERIMENTAL MEASUREMENTS 

Experiment VI.E1 (Table V1.E1) was conducted to calibrate the two-step nitrification
model. This experiment consisted of two sequential pulses of ammonium chloride and
sodium nitrite of 15 mg N each. The monitored variables are depicted on figure VI.E3 and 
the calculated variables (OUR, HP and HPR) are depicted in figure VI.E4. A pulse of 
sodium bicarbonate was added at the start of the experiment to avoid any inorganic 
carbon limitation.

Table VI.E1 Experiment VI.E1 
EXPERIMENT VI.E1 Two-step nitrification model calibration

Equipment LFS respirometer (V0 = 0.8 L) 
pH 7.5

Temperature 25 ºC
Acid used HCl = 0.25 M 
Base used NaOH = 0.25 M 

Pulses 0.6 g NaHCO3 (t = 0 min)
15 mg N-NH4

+ (t = 50 min) -> 18.75 mg N-NH4
+/L

15 mg N-NO2
- (t= 130 min) -> 18.75 mg N-NO2

- /L 
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Figure VI.E3 Monitored variables in the respirometer: DO (dotted), pH (solid), accumulated acid
(dashed) and accumulated base (dash-dotted) of experiment VI.E1.
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The experimental measured DO profile was a classical two-pulse respirogram. The DO 
level reached at maximum OUR was very low and the system became oxygen limited.
The reason was that kLaO2 was forced to a low value for a reliable OUR calculation. In any 
case, this effect could be easily taken into account since the values of both KO for this
system were already properly estimated (Chapter VI.C). The oxygen limitation effect was
clearly seen in the OUR and HPR profiles (Figure VI.E4), since both parameters are 
proportional to the process rate (oxygen is a substrate and OUR indicates the 
consumption rate and H+ is a product and HPR indicates the product formation rate).
Both profiles showed an initial increase and a subsequent rate reduction which derived in
the sharp-pointed peaks experimentally observed. The nitrification process tended to its
maximum rate after the ammonia pulse addition, but as the oxygen was decreasing, both 
the nitritation and nitritation processes became oxygen limited.

HPR measurements started approximately at minute 40 when pH control was turned on 
and it was only proportional to the nitritation rate since no proton is consumed or 
produced in the nitratation process. As can be observed, the HPR was negative under
endogenous conditions since the system was “proton consuming” due to the stripping
process. When the pulse of ammonia was added and the nitritation process started, the 
system became “proton producing” and HPR became positive. The sharp-peak observed
in the HPR indicated the oxygen limitation effect on the nitritation process. Moreover, the
HPR is not constant along the experiment because of the length of the experiment and
the dynamic CO2 system had to be taken into account for a proper modelling of the 
experimental results (see Section V.B.2.5). HP measurement gave similar information to
HPR since it indicated the accumulated proton production /consumption on the system.
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Figure VI.E4 Estimated variables for experiment VI.E1: OUR(solid), HPR(dotted) and HP (dashed).

As described in Chapter VI.B, nine parameters had to be estimated among all the model 
parameters based on identifiability criteria:

¶ mMAXA·fA and mMAXN·fN: The active fraction and the maximum growth rate were
estimated as a unique factor since they could not be reliable estimated separately 
with short-term batch experiments due to correlation.

¶ KNH,A and KNO: half-saturation constants for the substrate of each process.
¶ pK1: bicarbonate-carbonic acid equilibrium constant.
¶ t: The start-up constant for the nitrite pulse.
¶ b and y : ammonium pulse constants, to describe the acceleration phase.
¶ TIC (0): total inorganic carbon concentration at the start of the pulse
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CHAPTER VI.E – Two-step nitrification model calibration and validation

VI.E.2.2 PARAMETER ESTIMATION RESULTS AND DISCUSSION

Figure VI.E5 shows the model fittings versus the experimental OUR and HPR 
measurements. As can be seen, these fittings were reasonably good and describe
accurately the experimental data. Table VI.E2 shows the most significant model 
parameters. Only the parameters which have the parameter estimation error in brackets
were estimated. The cost function (CF) was calculated as indicated in equation VI.E4.
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where y = output measurement 
n = number of output measurements (i)
m = number of samples (j) 
a = weighting correction factor according to the absolute values of each 
measurement.

Table VI.E2 Parameter estimation for experiment VI.E1 
Fitted parameters Value* Other parameters Value

mMAXA·fA  (1/d) 0.27 (0.07 %) KOA (mg O2/L) 0.74
mMAXN·fN  (1/d) 0.082 (0.08 %) KON (mg O2/L) 1.75

KNH,A (mg N-NH4
+/L) 0.92 (0.27%) kLaO2  (1/min) 0.32

KNO (mg N-NO2
-/L) 2.84 (0.27 %) kLaCO2 (1/min) 0.29

t  (min) 1.58 (0.07 %) YA  (g CODX/g N) 0.21
b 60.1 (0.007 %) YN (g CODX/g N) 0.08
y 16.5 ( 0.15 %)  

pK1 5.95 (0.03%)
TIC(0) (mM CO2) 13.2 (0.23 %)

COST FUNCTION 2.10
* Confidence intervals are presented as absolute relative percentage of the parameter estimates,

i.e. (confidence interval/parameter)*100.
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Figure VI.E5 Model fitting (dashed line) versus experimental results (black dotted)
for experiment VI.E1. 
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Although neither HP nor DO profiles provide additional information when compared to
OUR and HPR, it is interesting to realise that these measurements could be accurately
described with the parameter estimation values obtained (Figure VI.E6).
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Figure VI.E6 Model fitting (dashed line) versus experimental results (black dotted)
for experiment VI.E1. 

As described in Chapter VI.B, the values of the maximum growth rate constants could
not be correctly estimated separately from the active fraction value using short-term
batch experiments. Longer experiments where biomass growth and decay is taken into
account are required to estimate the active fractions (Ubisi et al., 1997; Gabriel, 2000).
In this thesis, the active fractions were roughly calculated using the endogenous OUR 
value (equation VI.E5) for mMAXA and mMAXN estimation. This approximation is detailed in
section VI.B.3.4 

NNXIAAXIEND f·X·b)·f1(f·X·b)·f1(OUR -+-= (VI.E5)

where fXI= fraction of inerts of the lysis products (g COD/g COD)
 bi = decay rate (1/d)

X = biomass – VSS (mg CODX/L)
 fi = active fraction 

The ASM2 (Henze et al., 2000) default value for the lysis fraction of inerts was used
(fXI=0.2). The value of the decay rates came from Jubany et al. (2004) calculated for the 
biomass used in this study (bi = 0.14 1/d). The ratio of fA to fN was assumed to be equal 
to the ratio between the two yields (YA/YN) (Gee et al., 1990a). In the experiments of this
thesis, the ratio between yields was 2.62; hence, fA/fN=2.62. The calculated OUREND and
VSS were 0.0372 mg O2/L/min and 1300 mg VSS/L (~1950 mg CODX/L), respectively.
The resulting active fractions are: 

fA = 0.18  and fN = 0.07

If these were the real values, then mA and mN would respectively be: 

mA= 1.52 1/d and  mN = 1.22 1/d

Table VI.E3 compares the maximum growth rate values obtained with some of the values 
in the literature. The existing range in the literature is very broad probably because these
values have been estimated without considering the active fraction value. The
nitrification activity is often measured as the rate of ammonium oxidised per gram of
biomass (as VSS). However, only part of this VSS corresponds to nitrifying biomass.
Hence, these growth rate values are underestimated. 
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CHAPTER VI.E – Two-step nitrification model calibration and validation

Table VI.E3 Comparison of the mMAX values with literature values
Reference T (ºC) mA (1/d) mN (1/d)

Nowak et al. (1995) 25 2.2 2.5
Sheintuch et al. (1995) 25 0.24 0.144
Hellinga et al. (1999) 25 2.1 1.05
Henze et al. (2000) 20 1
Wett et al. (2001) 25 1.55 1.79
Copp et al. (1995) 20 0.33

EPA (1993) 20 0.84-1.62
This work 25 1.52 1.22

The values of the pulse obtained (b and y) could not be compared with other works since
this expression has never been applied before in these systems. The difference between
the time pulse (~50 min) and the value of b corresponded to the duration of the 
acceleration phase. In experiment VI.E1, the difference was around 10 minutes which
indicated that this phenomenon is important enough to be taken into account.

The value of the total inorganic concentration obtained was a bit higher than the amount 
of the initial bicarbonate pulse (9 mM), which was logical since the bicarbonate in the
system can not be totally depleted even with an overnight aeration (see Chapter VI.D). 
The pulse was added only to ensure bicarbonate excess during the whole experiment.

The value of the pK1 obtained is rather lower than the default value for pure water
(6.36). However, as mentioned in Chapter VI.B, this value is highly influenced by the
ionic strength present in the media (particularly because of nitrate, chloride and sodium 
ions). This fact could be negligible with the other equilibrium constants of the model, but
not for pK1 since it was one of the most sensible parameters for HPR measurement. Sin
(2004) already examined the importance and sensitivity of this value and showed its 
effect on parameter estimation when using HPR as a measured value.

The thermodynamic equilibrium constant (KT) is strictly constant and independent of the
activity factors (g) of the present species. However, the equilibrium constant (K) depends 
on these factors and it is linked to KT through the activity factors of the equilibrium
species. For example, a certain reaction such as:

aA + bB ź cC + dD

K and KT are related through expression VI.E6:

K·
·

·
K

b
B

a
A

d
D

c
C

T
gg

gg
=     (VI.E6)

When ionic species are included in the equilibrium this factor may acquire importance
and should be taken into account. The law of Debie-Hückel [eq. VI.E7] quantitatively
links the activity factor with the ion and solution characteristics. This law appeared as a
result of many assumptions (e.g. the ions are punctual masses without size).

m=g- ·z·Alog 2
ii     (VI.E7)

where zi stands for the ion charge 
m for ionic strength of the solution 
A gathers some constants taking into account different effects such as the 
temperature.
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The concentrations of these ions (Ci) were used to estimate the value of the ionic
strength of the solution (eq. VI.E8).

ä=m 2
ii z·C·5.0     (VI.E9)

This law was extended with the expression VI.E8 (Davies equation) since it was proved
to fail in some cases (Burriel et al., 1989).

m-
m+

m
=g- ·2.0

1
·z·512.0log 2

ii    (VI.E9)

The amount of nitrate present in the pilot plant where the biomass was withdrawn from
ranged around 1 g/L. It has to be noted that the pilot plant was designed to enrich the
sludge with nitrifying population and the inflow was high nitrogen loaded. The amount of
sodium in the reactor was approximated with the nitrate ion concentration considering
that a mol of ammonium was oxidised for each mol of nitrate present in the reactor and,
hence, two moles of protons were formed. These moles were balanced with the addition
of sodium bicarbonate. Hence, two moles of sodium were added in the reactor for each
mole of nitrate present. The range of chloride concentration in the reactor was around 1-
1.5 g/L as the ammonium in the pilot plant was fed as NH4Cl. Na+, Cl- and NO3

- were 
considered the major ionic contribution for the ionic strength calculation despite the 
whole feed was more complex and more ionic substances were present in the reactor.

Table VI.E4 shows the estimated values of pK1 in the range of ionic concentrations found
in the reactor. As can be observed, the estimated pK1 agrees with the theoretical values
according to the concentrations of Na+, Cl- and NO3

- listed above. The concentration of
Na+ was calculated as a function of the NO3

- as described above. 

Table VI.E4 pK1 estimation as a function of the ionic strength of the medium
N-NO3

- (g/l)

 Cl- (g/l)
0 0.4 0.8 1.2 1.6

0 6.36 6.13 6.04 5.98 5.94
0.4 6.20 6.09 6.02 5.96 5.92
0.8 6.14 6.05 5.99 5.94 5.90
1.2 6.10 6.03 5.97 5.92 5.89
1.6 6.07 6.00 5.95 5.91 5.87
2 6.04 5.98 5.93 5.89 5.86

Another remarkable issue is the optimistic parameter estimation error (PEE) values
obtained. The method used seemed clearly to underestimate these values, probably
because a large amount of OUR and HPR data points were used (measuring interval: 5 
seconds), the measurement error values estimated were very low (see section VI.E1) 
and because of OUR data autocorrelation (Sin, 2004). In any case, the real PEE values
should also be low, since a previous identifiability work was conducted to ensure
parameter estimation reliability. For instance, there was a large period where DO was 
constant because the biomass was consuming at its maximum rate. Each of these DO 
measurements provided valuable estimation for the mMAX, once the growth yield was 
already known. Table VI.E5 shows how PEE would have increased if yields were include in
the estimation process. This increase is particularly high with parameter estimation error 
of the maximum growth rate due to the existing correlation among them.

Table VI.E5 Ratio of PEE values with and without YA and YN

Parameter Ratio Parameter Ratio
mMAXA·fA  (d

-1) 13.07 t  (min) 1.35
mMAXN·fN  (d

-1) 1.55 b 1.08
KNH (mg N-NH4/L) 1.21 y 0.96
KNO (mg N-NO2/L) 1.44 CT(0) (mM CO2) 1.59

pK1 1.42
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CHAPTER VI.E – Two-step nitrification model calibration and validation

VI.E.2.3 MODEL VALIDATION 

Experiment VI.E2 was conducted to validate the parameter estimation values of the
previous experiment using different load pulses. The parameters estimated in the
validation experiment were those related to the pulses (i.e. t, b and y) and also the initial
inorganic carbon concentration (TIC).

Table VI.E6 Experiment VI.E2

EXPERIMENT VI.E2 Two-step nitrification model validation
Equipment LFS respirometer (V0 = 0.8 L) 

pH 7.5
Temperature 25 ºC

Acid used HCl = 0.25 M 
Base used NaOH = 0.25 M 

Pulses 30 mg N-NH4
+ (t = 6.9 min) -> 37.5 mg N-NH4

+/L
30 mg N-NO2

- (t= 110 min)  -> 37.5 mg N-NO2
-/L

Figure VI.E8 and Table VI.E7 show the experimental results versus the model prediction.
As can be observed, the predicted profiles agree reasonably well with the experimental
ones, which indicate that the parameter estimation values were close to the real ones. 
The amount of initial inorganic carbonate TIC (0) was lower than the calibration case, 
since no initial carbonate pulse was added. In any case, the initial value was high enough
to prevent carbon limitations from occurring.
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Figure VI.E8 Model fitting (dashed line) versus experimental results (black dotted)
 for experiment VI.E2. 

Table VI.E7 Parameter estimation for experiment VI.E2.
Parameter Value Parameter Value

mMAXA·fA  (1/d) 0.27 pK1 5.95
mMAXN·fN  (1/d) 0.082 kLa  (1/min) 0.31

KNH,A (mg N-NH4
+/L) 0.92 kLaCO2 (1/min) 0.282

KNO (mg N-NO2
-/L) 2.84 t  (min) 0.018 (13.2%)

YA  (g CODX/g N) 0.21 b 122.9 (0.002 %) 
YN (g CODX/g N) 0.08 y 25.4 ( 0.11 %)
KOA (mg O2/L) 0.74 TIC(0) (mM CO2) 3.92 (0.05 %)
KON (mg O2/L) 1.75

COST FUNCTION 5.32
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VI.E.3 Significance of the CER measurement on the 
nitrification process 

The objective of this section is to evaluate if the measurement of the carbon evolution
rate (CER) provides extra information for more reliable parameter estimation.
Theoretically, CER should be a very interesting measurement since CO2 is a substrate of 
both process and CER could be an indirect measurement of the process evolution likewise 
OUR. However, the amount of CO2 consumed for growth is much lower than oxygen in
molar terms and the CER measurement is not as straightforward as oxygen.

The analysis of the CER measurement was performed in the BIOSTAT B fermenter, where
off-line CO2 was measured in addition to OUR and HPR. Experiment VI.E3 (Table VI.E8)
examines the response of the CER measurement when ammonium was added to an
enriched nitrifying biomass. Figure VI.E9 shows the experimental OUR and CER outlet
profiles obtained. These profiles are the typical profiles obtained in all of the experiments
performed in the BIOSTAT B fermenter. The CER profile had a linear dependence on the
outlet CO2 profile since both the molar flow and the inlet molar fraction of CO2 were kept
constant. CER was calculated as described in equation VI.E10

2CO

IN
2COIN

OUT
2COOUT MW·
V

x·Fx·F
CER

-
=    (VI.E10)

where F = molar flow (mol/min)
x = molar fraction
V = Reactor volume 
MW = molecular weight

Table VI.E8 Experiment VI.E3 
EXPERIMENT VI.E3 Analysis of the CER response

Equipment BIOSTAT B fermenter (V0 = 5.5 L) 
pH 8

Temperature 25 ºC
Acid used HCl = 0.467 M
Base used NaOH = 0.472 M 

Pulses 2.3 g NaHCO3 (t = 0 min)
200 mg N-NH4

+ (t = 30 min) -> 36.4 mg N-NH4
+/L

200 mg N-NH4 (t = 250 min) -> 36.4 mg N-NH4
+/L
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Figure VI.E9 CER (solid) and OUR (dash-dotted) profiles for experiment VI.E3
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As a general trend (i.e. dotted line), CER decreases along the experiment because of CO2

stripping. These experimental measures showed that the assumption of constant 
background proton rate (i.e. constant CO2 stripping) proposed by Gernaey et al., (2002a, 
b) could be successfully sustained in one pulse but not in the whole experiment. For 
example the CO2 stripping linearity is lost from minute 400. Sin (2004) already pointed 
out the experimental constraints required for this assumption to be reliable (i.e. short-
term and low kLaO2 experiment). This hypothesis has already been deeply examined in 
the previous chapter (section V.B.5.2). 

When a pulse of substrate was added into the system, CER behaviour was surprisingly 
analogous to the OUR behaviour (i.e. the CER increased with a substrate pulse). At first 
glance, this increase was in total disagreement with the model predictions since CO2

consumption due to autotrophic biomass growth should be occurring and the CER should 
decrease with a pulse of ammonia. The set of equations VI.E11a-f describe the 
theoretical CER behaviour (i.e. CO2 consumption for growth and stripping and CO2

production due to lysis as well as the equilibrium).   
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The CER behaviour was simulated with the previous set of equations under different 
scenarios varying the initial TIC concentration and the kLaCO2. Figure VI.E10 depicts two 
boundary examples of these simulations. The figure on the left shows how the simulation 
results with low initial bicarbonate concentration and kLaCO2 values were clearly in 
contrast to the experimental CER measured where CO2 production is observed. However, 
the fact that CO2 consumption was observable was only predicted under these conditions 
because the figure on the right shows the simulated CER profile with high amount of 
bicarbonate and the effect of CO2 stripping under these conditions is much more 
important than the CO2 consumption due to growth which becomes totally masked.  
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Figure V1.E10. CER simulations under different conditions: low kLa CO2 and low initial bicarbonate 
concentration (LEFT) and high kLa CO2 and high initial bicarbonate concentration (RIGHT) 
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The pH control is the cause of observing CO2 production instead of CO2 consumption. The 
CO2 equilibrium is so dependent on the pH that low pH variations due to the controller 
were much more important than the CO2 consumption due to growth. Under endogenous 
conditions the system became “proton consuming” due to CO2 stripping and the pH 
controller maintained the pH at the setpoint value with acid addition. Under these 
circumstances, the pH value was equal or slightly higher than the setpoint value.  

By the same token, when ammonium was consumed and the system became “proton 
producing”, the pH controller added base to maintain the pH at the setpoint value. In this 
period, the pH level was lower or equal than the pH setpoint. Hence, in the non-
nitritation periods the pH was ranging from setpoint and 0.01 more and in the nitritation 
periods, the pH was ranging form setpoint and 0.02 units less. These low variations were 
more influent to the CER response than the CO2 consumption due to autotrophic growth. 
In this sense, experiment VI.E4 was conducted to assess the effect of a pH change on 
the CER measurement and to confirm the hypothesis described above. Two identical 
pulses of ammonium were added under different pH conditions. Figure V1.E11 shows the 
experimental results.

Table VI.E9 –Experiment VI.E4 
EXPERIMENT VI.E4 Effect of pH on CER response 

Equipment BIOSTAT B fermenter (V0 = 5.5 L) 
pH 7.8 & 7.5 

Temperature 25 ºC 
Acid used HCl = 0.467 M 
Base used NaOH = 0.472 M 

Pulses 2.1 g NaHCO3 (t = 0 min) 
200 mg N-NH4

+ (t = 76 min) Ą 36.4 mg N-NH4
+/L

200 mg N-NH4
- (t = 380 min) Ą 36.4 mg N-NH4

+/L
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Figure VI.E11 CER (dashed), OUR (dotted) and  pH (solid) profiles for experiment VI.E4. 

As can be observed, the measured CER increased when pH was decreased from 7.8 to 
7.5, confirming the huge influence of pH on CO2 measurements. Moreover, the pH profile 
showed the positive and negative offsets obtained depending whether the control was 
with acid or base. In the first pulse the amount of pH variation for a small acid/base 
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addition was lower than in the second pulse. The reason was that in the second pulse a 
higher amount of CO2 had already been stripped and the buffer effect had decreased. The 
increase in the measured CER coincided with the nitritation step and the change in the 
pH control.  

Figure VI.E12 shows a simulation of the previous experiment in order to detect whether 
the model could predict this pH effect on CO2 measurements. Hence, pH was fixed 0.01 
units higher than the setpoint in the non-nitritation period and 0.02 units lower when 
ammonium was present. The simulated results agreed with the experimental profiles and 
clearly showed that minor changes in the pH were much more influent in the CER 
measurement than the CO2 consumption linked to the nitrification.  
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Figure VI.E12 Simulation of the CO2  outflow molar fraction(dashed), pH (solid)  and OUR 
(dotted) profiles for the addition of two pulses of 35 mg N-NH4/L at two pH setpoints (7.8 and 7.5). 

This result may somehow invalidate the use of the CO2 measurement for parameter 
estimation. CO2 measurement is not a straightforward issue since it requires new 
equipments such as a mass spectrophotometer and if this measurement does not provide 
essential information as demonstrated above, the inversion required may not be worth. 
In the literature, Gapes et al. (2003) used the CO2 measurement for the examination the 
two-stage nitrification process in the Titrimetric Off-line Gas Analysis (TOGA) sensor. This 
sensor is similar to the fermenter used in this thesis and has the same on-line 
measurements discussed in this chapter: OUR, HPR and CO2. Although they obtained 
interesting results with the measured OUR and HPR, they did not use the CO2 neither for 
parameter estimation nor validation.  

VI.E.4 Effect of different measurements on parameter 
estimation

The aim of this section is to evaluate whether the parameter estimation values obtained 
with OUR and HPR as measured variables are reliable or not. For this aim, parameter 
estimation was performed with extra measurement outputs such as ammonium or nitrite. 
If OUR and HPR contained enough information for a reliable estimation of these 
parameters, the parameter estimation values obtained with only these two 
measurements should be very similar to the ones obtained with OUR, HPR, ammonium 
and nitrite together. 
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VI.E.4.1. EXPERIMENTAL RESULTS 

Experiment VI.E5 was conducted to study the effect of the different measurements on 
the parameter estimation for the two-step nitrification model. The measured variables 
were OUR, HPR, CER, ammonium and nitrite. Figure VI.E13 and VI.E14 show the 
experimental and calculated profiles obtained in this experiment. The two steps of the 
nitrification could not be clearly distinguished as in the experiments of section VI.E.2 
though the biomass was withdrawn from the same pilot plant. The main cause could be 
that these experiments were conducted within more a month of difference and the 
biomass could somehow have changed. In any case, the two steps were occurring almost 
simultaneously and the model could be fitted to the experimental results. 

The DO level did not reach low values despite the low airflow (0.14 vvm) due to the 
efficient stirring capacity of the fermenter. Hence, high kLaO2 values were obtained (0.53 
vs 0.31 1/min in LFS respirometer). The oxygen limitation effect was not observed at 
these DO levels. One major improvement of this thesis is to operate the fermenter as a 
LFS respirometer, since the OUR values obtained with the off-line oxygen measurements 
were extremely noisy (see equipments - chapter III.1.2).The DO profile demonstrated 
that the fermenter could be used as a LFS respirometer since a constant DO level was 
measured when biomass was aerated under endogenous conditions. The aeration was 
stopped for approximately 15 minutes to calculate the OUREND and kLaO2 (from the 
subsequent reaeration profile). Obviously, when the air inlet was turned off to measure 
the endogenous value the CO2 measurement lost reliability since no air was entering to 
the mass spectrophotometer. On the other hand, a pulse of sodium bicarbonate was 
added at the start of the experiment to avoid carbon limitations. 

Table VI.E10 –Experiment VI.E5 
EXPERIMENT VI.E5 Effect of different measurements on parameter estimation 

Equipment BIOSTAT B fermenter (V0 = 5.6 L) 
pH 7.5 

Temperature 25 ºC 
Acid used HCl = 0.5 M 
Base used NaOH = 0.25 M 

Pulses 2g NaHCO3 (t = 0 min) 
200 mg N-NH4 (t = 76 min) Ą 35.7 mg N-NH4
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R measurement is 
useless for parameter estimation for a nitrification model.

H

Both the ammonium and the OUR profile showed an acceleration phase since the
ammonium consumption (and nitrite production) started at a low velocity after the pulse
addition and then it speeded up after some ammonium consumption. The pH controller
was manually tuned to obtain lower offset values around the pH setpoint. Hence, the CO2

measurement in the outlet would be less influenced by pH changes around the setpoint
and more influenced by the nitrification process (see previous section). This tuning
improved the measurement since some CO2 consumption could be detected linked to the
ammonium pulse. Nevertheless, a high proportional gain was required to reduce the
offset, which caused high disturbances and sudden pH changes at the start/end of the
nitrification process. At this point, the controller needed to change from acid addition (i.e.
CO2 stripping) to base addition (i.e. nitritation) and inverse (figure VI.E15). These
punctual disturbances were also reflected in the CER measurements at the start and the
end of the nitritation process. In any case, the CER could not be used as an output
variable for parameter estimation, despite the system was conditioned to obtain optimum
measurements (low initial CO2). Thus, it can be concluded that CE
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VI.E.4.2 PARAMETER ESTIMATION RESULTS

Parameter estimation was conducted 5 times using different output variables in the cost 
function to assess the effect of the different measured variables. The parameter
estimation results are depicted in Table VI.E11 (the values in brackets are the
percentage of error of the parameter). The cost function shown in the last row, 
corresponds to the cost function considering the four measurements and a weighting
factor [eq VI.E4]. Then, these values are not comparable in each FIT since different
experimental measurements are considered. 

Table VI.E11 – Parameter estimation of experiment VI.D5 using OUR, HPR, ammonium and nitrite
measurements

Output variables

Parameter
FIT 1 
OUR

FIT 2 
HPR

FIT 3 
NO2+NH4

FIT 4 
OUR+HPR

FIT 5 
OUR+HPR

+NH4 + NO2

mMAXA·fA  (1/d) 0.244 (0.08 ) 0.210 (0.01 ) 0.229 (1.04) 0.224 (0.06 ) 0.236 (0.4)
mMAXN·fN  (1/d) 0.059 (0.06 ) 0.059 0.087 (14.88) 0.096 (0.4) 0.083 (5.4)

KNH (mg N-NH4/L) 12.8 (0.16) 7.17 (0.002) 7.84 (1.23) 10.36 (0.26) 9.35 (0.47)
KNO (mg N-NO2/L) 0.48 (0.40 ) 0.48 3.78 (19.28 ) 4.51 (1.1) 3.33 (6.6)
YA  (g CODX·g N) 0.207 0.207 0.207 0.207 0.207
YN (g CODX·g N) 0.079 0.079 0.079 0.079 0.079
KOA (mg O2/L) 0.74 0.74 0.74 0.74 0.74
KON (mg O2/L) 1.75 1.75 1.75 1.75 1.75
kLa  (1/min) 0.53 0.53 0.53 0.53 0.53

TIC (0) (mM CO2) - 4.01 (2.78) - 4.00 (2.1) 4.09 (2.24)
b 96.2 (0.15 ) 97.1 (0.07) 97.7 (0.9) 92.6 (0.18) 95.7 (0.37)
y 95.7 ( 0.008 ) 134.1 ( 0.002) 300.9 ( 0.12) 94.8 ( 0.01) 120.8 ( 0.036)

pK1 - 6.16() - 6.19 (0.5) 6.18 (0.29)
COST FUNCTIONGLOB 3.59 2.5 2.95 2.65 1.78

¶ FIT 1, OUR as the sole output variable

FIT 1 was an interesting case since respirometric batch profiles are commonly used as 
sole output measurement for parameter estimation. Likewise experiment VI.E1, the
parameter estimation errors obtained were underestimated due to the high sampling
frequency. The measurement error covariance matrix was estimated considering a 3 % 
error in each sample. As it was a higher value than the QK for OUR and HPR, the
confidence intervals obtained were higher. As can be observed, the values related to the 
nitratation process (mMAXN·fN and KNO) of FIT 1 differed significantly with the same
parameters obtained with more measurements (i.e. FITS 4 and 5), which could be 
considered the closest to the real. This fact is supported with Figure VI.E16-left, where
the experimental results are with the simulated profiles using the parameter estimation
values of FIT1. According to this figure, the nitratation process is not correctly described 
despite the accurate OUR fitting, since nitrite measurements are underestimated. This 
parameter estimation inaccuracy maybe caused by the fact that the two steps of
nitrification were simultaneous in this experiment and could not be distinguished with
only OUR. Hence, with experiments such as VI.E1 (i.e. two-step OUR profiles), OUR 
might be enough for a reliable parameter estimation, but not in the case of this (i.e one-
step OUR profiles). Another measurement specific for one process (such as nitrite) is 
necessary to distinguish between the two processes in a reliable way. 

In addition, Figure VI.E16-right shows the contour plot of the cost function with OUR as 
the sole output variable for small variations of mMAXN and KNO around the optimum. This 
figure shows the huge correlation existing between both parameters, particularly because 
of the lack of sensitivity of OUR on the KNO parameter. This lack of sensitivity could be
deduced evaluating the direction on the plane of the correlation. As mentioned above, 
this huge correlation could be successfully solved with an extra measurement. 
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¶ FIT 2, HPR as the sole output variable

The HPR profile for experiment VI.E5 (Figure VI.E14) was again proportional to the OUR
measurement for the nitritation part of the experiment. Hence, only the parameters 
related to his process (mMAXA·fA and KNH,A) could be estimated with this measurement. The 
values obtained for these two parameters were closer to the values obtained in FIT 5.
Thus, HPR could be a useful tool for nitritation parameter estimation. Moreover, pK1 and 
TIC needed to be estimated for a proper description of the system. The estimated values 
of both parameters were practically the same in all the fits where HPR was used for
parameter estimation, which may indicate that these values (i.e pK1 ~ 6.18 and TIC (0) 
~ 4 mM CO2) are quite reliable.

The value of pK1 was lower than the one calculated for pure water (6.36) likewise
experiment VI.E1. The reason for this decrease could be again the high ionic strength of
the medium, as detailed in section VI.E.2.2. The value of TIC(0) agrees with the initial
amount of bicarbonate added at the start of the pulse: 4.25 mM of NaHCO3 (2g). The
initial CO2 amount was very low to increase the influence of the nitrification process on
the CO2 measurement. Hence, the CO2 stripping process was faster than expected
because of the high kLa.

¶ FIT 3, ammonium and nitrite measurements

The nitrification models are not usually calibrated using only these measurements. The
values of pK1 and TIC(0) were not estimated with these measurements since they had 
no influence. The values obtained of the rest of the parameters are in the range found in 
the other FITS. Figure VI.E17 compares the experimental results with the simulated
model (FIT 3). As can be observed, OUR is not accurately described though the
ammonium and nitrite measurements fits are very good. 
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¶ FIT 4, OUR and HPR measurements as output variables

The values obtained in this FIT are very similar to the ones obtained in FIT 5. Again, the 
parameters related to the nitratation process are the most different between FIT 4 and 
FIT 5. As abovementioned, the main reason is that OUR is a one single shoulder where
the two processes are masked, and the process which has less influence on both 
measurements (in this case nitratation) is masked. It is important to see that in the 
nitratation has practically no influence on HPR and the oxygen consumed is lower than in
nitritation. Figure VI.E18 compares the experimental profiles with the simulated profiles
of FIT4. As can be observed, the description of OUR and ammonium is very accurate and
the description of nitrite is quite plausible. Thus, these two measurements seemed to
contain enough information for a reliable description of the system without neither
ammonia nor nitrite measurements.
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Figure VI.E18. Experimental versus simulated profiles for FIT 4: experimental OUR (solid line),
simulated OUR (dashed line), experimental N-NH4
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- (dash-dotted line).
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FIT  5, OUR, HPR, ammonium and nitrite measurements as output variables

Finally, the parameter estimation of FIT 5 should be the most close to the reality since
the maximum amount of information was used. Figures VI.E19 and VI.E20 compare the 
experimental profiles with the simulated profiles of FIT 5. FIT 5 provides the best fitting 
possible to the experimental data. 
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VI.D.4.2 DISCUSSION ON PARAMETER ESTIMATION RESULTS

This section discusses the parameter estimation values of FIT 5 (see Table VI.E11),
which are considered to be the closest to the real ones. The values of the maximum
growth rates could not be estimated separately from the active fraction values due to
identifiability issues. However, a rough approximation of the maximum growth rate 
values could be obtained using equation VI.E5 and assuming:
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¶ the ASM2 default value for the lysis fraction of inerts (fI=0.2)
¶ bi =0.14 1/d (Jubany et al.,2004).
¶ The ratio of fA to fN to be equal to the ratio between the two yields (YA/YN) (Gee et

al., 1990a). In these experiments, the ratio between yields was 2.62; hence, 
fA/fN=2.62.

The calculated OUREND and VSS were 0.0284 mg O2/L/min and the VSS were 950 mg 
VSS/L (1425 mg CODX/L). The resulting active fractions are: fA = 0.185 and fN = 0.07.
These active fraction values are very similar to the ones obtained in the previous
experiments in the LFS respirometer (experiment VI.E1), regarding that the time
between experiments was one month. If these were the real values, then mA and mN would
respectively be: 

mA= 1.27 1/d and  mN = 1.19 1/d

The value of mN is practically the same as the one previously obtained (1.22 1/d in 
experiment VI.E1). However, the value of mA is around 15% lower. The fact that mA was 
higher than mN allowed to distinguish between the two steps of nitrification in the OUR
profiles obtained of experiment VI.E1. On the other hand, the values of both m were too
similar in experiment VI.E5 and, hence, the OUR profiles were single steps. 

The value of both substrate affinity constants was far too high than the ones obtained in
the previous experiments. These parameters are highly correlated with m and yield as
pointed out by many authors (e.g Holmberg, 1982; Baltes et al., 1994; Munack and
Posten, 1989; Versyck et al., 1997; Petersen, 2000 or Liu and Zachara, 2001 among
many others). Hence, some identifiability problems appeared despite the fact that the
yield was previously estimated.

Figure VI.E21 and VI.E22 show the existing correlation between mA·fA and KNH,A and mN·fN
and KNO, respectively. The correlation is much more important in the latter than in the
first. The existing correlation was very significant since this graphic was obtained
considering the four measurements as measured variable, which was the scenario
theoretically with the fewest correlation problems.
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Figure VI.E22 Correlation between KNO and mMAXN·fN for FIT 5 

The fact that the substrate affinity constants (i.e.. KNH,,A and KNO) obtained are so 
different between experiments VI.E1 and VI.E5 may not only be caused by the
identifiability issue but also by the operational conditions. Theoretically, the values of 
KNH,A and KNO are specific of each population regardless the equipment used 
(respirometer, fermenter,…). However, as these constants are extremely linked to 
substrate limitations (and, hence, mass transfer issues), the operational conditions of the
system (i.e the stirring efficiency, the aeration,…) may have on influence on this value.

This huge correlation observed between mA and KNH and mN and KNO, respectively, even in 
the experiment with all the measurements, indicates that batch experiments are not 
recommended for estimating the affinity constants. Different experimental desings such
as fed-batch systems may improve the parameter identifiability.

VI.E.5 Effect of pH on the nitrification process 

VI.E.5.1 EXPERIMENTAL RESULTS

The aim of this section is to examine the pH influence on the nitrification process. For this
aim, the value of OURMAX was measured at different pH set points. Experiment VI.E6
(Table VI.E12) shows different OUR profiles obtained with several ammonia pulses with
different pH setpoint values.

Table VI.E12 Experiment VI.E6 
EXPERIMENT VI.E6 Effect of pH on the nitrification process 

Equipment BIOSTAT B fermenter (V0 = 5.5 L) 
pH 7.3/7.5/7.8/8/8.2

Temperature 25 ºC
Acid used HCl = 0.25 M 
Base used NaOH = 0.25 M 

Pulses 5 · 200 mg N-NH4

Figure VI.E23 compares the OUR profiles obtained. At first glance, a variation on the 
OURMAX values is observed in the different experiments. In addition there seems to be an 
optimum pH. Sodium bicarbonate was added before each pulse to avoid TIC limitations.
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Figure VI.E23 – OUR and pH profiles obtained at different pH setpoint levels.

The biomass used was withdrawn from the same pilot plant (Jubany et al., 2004) with a 
similar concentration. Hence, for this experiment, studying the dependence of the OURMAX

on pH is analogous to study the dependence of the growth rates on pH because the
OURMAX corresponds to VI.E12 (Table VI.A3):
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Figure VI.E24 shows the dependence of the OURMAX on pH for the experiment VI.E6.
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Figure VI.E22 – Dependence of OURMAX on Ph 

In this thesis, a simple Gaussian expression was fitted to the experimental value
obtained [eq. VI.E13]. 
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The optimum parameters obtained were:
OURMAX = 2.87±0.11

k = 0.76±0.13 
pHOPT = 7.63±0.05

VI.E.5.2 COMPARISON WITH OTHER WORKS

Several authors have studied the effect on pH on nitrification in activated sludge systems 
and reported that the optimum pH for was in the range 7.0-8.0 (Painter and Loveless
1983,; Schlegel and Bowien, 1989; Antoniou et al., 1990, EPA, 1993). Villaverde et al. 
(1996) studied the influence of pH over nitrification in submerged biofilters within a wide 
range of 5.0-9.0 and found that the highest activity in ammonia oxidisers was at pH 8.2.

Other authors have preferred to work with pure cultures of Nitrobacter and Nitrosomonas
since the activated sludge is variable in time and in place. For example, Alleman (1984)
pointed out that for Nitrosomonas the optimum range is 7.9 to 8.2 and 7.2 to 7.6 for
Nitrobacter. Antoniou et al. (1990) obtained an equation for pH dependence for
Nitrosomonas growth. The expression was derived from theoretical arguments based on
the activation energy (equation VI.E14). They had three unknown parameters (m,b and
c), which were estimated using several experimental data. An optimum pH around 7.8
was determined as a result, which is in agreement with the results obtained in this
thesis.

c
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1

m
b

pH

pH

AA -

- ++
=-m     (VI.E14)

Finally, Grunditz and Dalhammar (2001), studied the effect of both temperature and pH
on Nitrosomonas and Nitrobacter and obtained similar graphs as the one in Figure 
VI.E22. According to their experimental results, the optimum pH and temperature for 
Nitrosomonas is 35ºC and 8.1 respectively and 38ºC and 7.9 for Nitrobacter. As can be 
observed, the optimum pH values are somehow higher than the ones obtained in this
thesis.

CHAPTER VI.E CONCLUSIONS

¶ Parameter estimation requires the measurement error weighting matrix (QK)
assessment for the experimental inputs used. This matrix has been calculated for
both equipments and the values obtained seem to be underestimated which will
result in too low parameter estimation errors. However, the values obtained are in
the range of similar works (Petersen, 2000).

¶ The two-step nitrification model has been successfully calibrated and validated
with OUR and HPR experiments. The most important values obtained are mA= 1.52
1/d and  mN = 1.22 1/d. These values have been calculated with an estimation of
the active fraction values using the endogenous OUR value. 

¶ The value of the pK1 obtained is lower than the default value for pure water
(6.36). This is likely due to the huge ionic strength of the medium.

¶ The influence of the CER measurement was examined. The obtained results 
showed that minor changes in the pH were much more influent in the CER
measurement than the CO2 consumption linked to the nitrification. Thus, it can be
concluded that CER measurement is useless for parameter estimation for a
nitrification model.
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¶ Parameter estimation was conducted using different output measurements such
as OUR, HPR, ammonium or nitrite. The conclusion was that OUR and HPR contain 
enough information for a reliable description of the system without neither
ammonia nor nitrite measurements, though the profile obtained was a single step.

¶ A huge correlation was observed between mA·fA and KNH and mN·fN and KNO,

respectively, even in the experiment with all the measurements, indicating that
short-term batch experiments are not recommended for estimating Monod
parameters.

¶ Finally, the effect of pH on the nitrification rate was studied by measuring OURMAX

at different pH set points. The results showed that the optimum pH was around
7.6, which is in agreement with the values found in the literature.
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CHAPTER VII.A

Model development for the enhanced 
biological phosphorus removal process
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Enhanced biological phosphorus removal in a sequencing batch reactor using propionate

as the sole carbon source. Biotechnol. Bioeng. 85, 56-67.



CHAPTER VII.A – EBPR model development

ABSTRACT

This chapter describes the development of a model for the Enhanced Biological

Phosphorus Removal (EPBR) process. This model is a modification of the widespread
Activated Sludge Model nº2 (ASM2). The modifications introduced are based on other

metabolic models for EBPR. The stoichiometry of each process was obtained through

elementary mass and reduction balances and the process kinetics proposed are based on 
Monod kinetics and substrate limitations and/or product inhibition factors. The model was

successfully calibrated and validated using acetate and propionate as the sole carbon
source. The parameter estimation results, together with the values found in the literature 

were used to discuss the differences between acetate and propionate as the carbon
source for an EBPR system.

VII.A.1 The EBPR process 

The EBPR process is based on the enrichment of activated sludge with Polyphosphate
Accumulating Organisms (PAO). The detailed metabolic behaviour of these 

microorganisms is not completely known and there are still different hypotheses 
pretending to describe the inside of the EBPR process. However, the knowledge of this

process is improving faster particularly due to the recent use of new microbial
techniques. These techniques can help to identify different populations involved in the

process apart from PAO such as Denitrifying Phosphate Accumulating Organisms (DPAO)
or glycogen accumulating organisms (GAO). 

Under anaerobic conditions, PAO take up organic substrates (preferably volatile fatty
acids - VFAs) and store them as poly-hydroxyalkanoates (PHA), while the reducing

equivalents are provided by glycolysis of internally stored glycogen (Mino et al., 1987; 
Arun et al., 1988; Satoh et al., 1992; Smolders et al., 1994a,b; Pereira et al., 1996). The 

energy for this process is obtained partly from the glycogen utilisation but mostly from
the hydrolysis of the intracellular stored polyphosphate (polyP), resulting in an

orthophosphate release into solution. In the subsequent aerobic phase, PAO take up
excessive amounts of orthophosphate to recover the intracellular polyP levels by 

oxidising the stored PHA. Meanwhile they grow and replenish the glycogen pool using

PHA as both carbon and energy sources (Arun et al., 1988; Smolders et al., 1995). Net
phosphorus removal is achieved by wasting sludge after the aerobic period when the 

biomass contains a high level of polyP.

On the other hand, GAO have the potential to directly compete with PAO for substrate
uptake under anaerobic conditions. GAO are capable to obtain the energy required to

uptake acetate from the glycolysis (Filipe et al., 2001b). Hence, GAO can be considered
detrimental for the EBPR process since these bacteria can store VFA as PHA under 

anaerobic conditions but without neither phosphorus release nor the subsequent uptake.

These bacteria may have been the cause of many detected EBPR failures (Cech and
Hartman 1990, 1993). Nowadays, some EBPR works are focused on finding which 

operational conditions may favour PAO in front of GAO.

VII.A.2 EBPR model development 

VII.A.2.1 EBPR MODELLING BACKGROUND 

The first modelling attempts in the EBPR field started in the late 1980s. By that time, a
controversial point of EBPR was whether the reduction equivalents required for the PHA

synthesis were provided by glycogen degradation (i.e. through glycolysis) or by the 
substrate entering to the TCA cycle.
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On the one hand, Comeau et al. (1988) and Wentzel et al. (1990), proposed the TCA
cycle as the most probable reducing power source, whereas Mino et al. (1987) supported 

the glycolysis hypothesis with experimental evidences. Later on, Pereira et al. (1996)
demonstrated that the reducing power was mainly produced by the intracellular glycogen

degradation, although some reducing power was also supplied through acetate oxidation
(TCA cycle). Nowadays, the “glycogen hypothesis” seems more widely accepted. 

Smolders et al. (1994a, 1994b, 1995) proposed the first metabolic model for EBPR. Their
model was developed for acetate as the sole carbon source and considered the two

different hypotheses for reducing power obtainment. As the metabolic model of Smolders

considered only acetate as substrate, PHA fractions different from Poly-b-
hydroxybutyrate (PHB) were neglected. Other metabolic models appeared after 

Smolders’ work using acetate as a sole carbon source (e.g. Filipe et al., 2001a, Meijer et
al., 2001 or Yagci et al., 2003). Murnleitner et al. (1997) from the same research group
(Technical University of Delft) extended Smolders’ model for the anoxic phosphorus

uptake process. 

Acetate is usually as chosen as the sole carbon source when modelling EBPR since it is
the primary fraction of VFA present in most WWTP. However, the impact of other carbon 

sources on EBPR is also a focus of interest (Pijuan et al., 2004b). Propionate is a carbon 
source that requires special attention since it might represent a significant portion of VFA 

generated through prefermentation. Moreover, it has been shown to be a more

favourable substrate for achieving EBPR (Lemos et al., 2003). Several authors pointed
out that the ratio of acetate to propionate is significant since the type of VFA used by

PAOs in EBPR had an effect on their metabolism (e.g. Hood and Randall, 2001 or Chen et
al., 2004).

Later on, Oehmen et al. (2005) presented the first biochemical model developed with 

propionate as the sole carbon source. The main difference observed with acetate’s model 

was that propionate was not only stored as PHB, but also as Poly-b-hydroxyvalerate

(PHV) and Poly-b-hydroxy-2methylvalerate (PH2MV), two different PHA fractions (Satoh

et al., 1992). In fact, and according to stoichiometry of Oehmen’s model, only 5 % of the
total amount of produced PHA was PHB.

In parallel to these metabolic models, the International Water Association (IWA)

developed a different approach to the EBPR modelling by using “grey models” for a 

macroscopic description of the evolution of the main compounds involved, but without
deepening in the metabolic details of these transformations. Examples of these models

are ASM2 and ASM2d (Henze et al., 2000) and ASM3-BioP (Koch et al., 2001; Rieger et
al., 2001). Baetens deepened in the study of ASM2 models, provided the structural and 

practical identifiability of them and performed OED for reliable parameter estimation
(Baetens, 2000). These models have been proved to be very useful to calibrate pilot-

plants or full WWTP as for example in Meijer et al. (2001; 2002).

VII.A.2.2 MODEL DESCRIPTION 

The model used in this thesis and described below is not a metabolic model. It derived
from a modification of the ASM2. ASM2 needed to be modified because it was developed

for a macroscopical description of EBPR and, as such, it contained a lot of simplifications.
One of the most important simplifications was the omission of glycogen as model

compound, partly because its measurement by that time was non-reliable (Aurola et al.,
2000). However, glycogen has a very important role, particularly when describing batch 

experiments and its inclusion has become indispensable in view of process modelling.
Hence, glycogen economy was included in the model as in on other models of the

literature (Smolders et al., 1994 a,b; Mino et al., 1995; van Veldhuizen et al., 1999;

Filipe and Daigger 1999; Manga et al., 2001).
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ASM2 considers all the different biomass fractions involved in the biological nutrient
removal processes. However, only PAO microorganisms were considered in the model

development since ordinary heterotrophs and nitrifying bacteria were not favoured due to 
the operational conditions. Nitrogen was not a state variable because ammonia 

concentration was high enough to avoid limitations during the experiments. In addition, 
anoxic processes related to PAO were omitted since nitrates were not detected in the 

reactor. Hence, the model considered nine reactions involved in PAO mechanisms.

Storage polymers (PHA, glycogen and polyP) are treated separately from active biomass
to describe reliably the process and, hence, lysis reactions were used to ensure that 

polymeric storage products decayed together with the biomass. 

One of the most important differences among metabolic models and ASM-alike models
lays in the energy part. The metabolic models include ATP as a model compound and

describe the amount of energy necessary for each process to occur. This energy is mainly
provided by PHA oxidation in the aerobic phase. On the other hand, ASM-alike models

include some PHA oxidation in each process to avoid ATP as model compound.

In the model developed in this thesis, ATP is not considered as a compound, and each

aerobic process includes a certain PHA oxidation. Hence, the stored PHA is used for two
purposes (under aerobic conditions):

¶ part of the internal PHA is oxidised for energy obtainment. This energy is utilised

for growth and maintenance purposes, for glycogen restoration and for
phosphorus uptake from the medium which was stored as polyP.

¶ the rest of this PHA was directly used as a carbon source for biomass growth and 
internal glycogen pools restoration. 

1. ACETATE UPTAKE and XPHA STORAGE

This process describes the acetate uptake linked to glycogen degradation, phosphorus

release and PHA production which occurs under anaerobic conditions. The metabolic
stoichiometry of this process was first deduced by Smolders et al. (1994a) for acetate as 

sole carbon source [eq. VII.A1].
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where CH2O : acetate 
HPO3 : polyphosphate

H3PO4 : orthophosphate

a1 : moles ATP required to uptake acetate through the membrane (pH dependent)

a2 : amount of ATP generated from the degradation of polyP 

CH1.5O1.5 : PHB
CH10/6O5/6 : glycogen

Oehmen et al., (2005) deduced the stoichiometry of the process for propionate as the 

sole carbon source [eq VII.A2]. Although acetate was mainly stored as PHB, the major
fractions of PHA produced with propionate were PHV and PH2MV.
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where CH1.6O0.4 : PHV 
CH2O2/3 : propionate

CH5/3O1/3 : PH2MV

aPAO:moles ATP required to uptake acetate through the membrane (pH dependent)

According to the previous stoichiometry, a unique simpler expression was proposed valid 

for both substrates based on the ASM2 notation (expressed in mass basis) [eq. VII.A3].
All the PHA fractions were gathered in only one compound. The CO2 stoichiometric

coefficient was calculated using mass and degree of reduction balances likewise the other 
models developed in this thesis (see Chapter V.B or Chapter VI.A) or Heijnen (1999).
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where YGLY1 : g CODGLY degraded /g CODPHA produced 

YPO : g P released /g CODPHA produced
YVFA : g CODVFA  taken up /g CODPHA produced

gA : degree of reduction of acetate (= 4), (Roels, 1983) 

gG : degree of reduction of glycogen (= 4) 

gP : degree of reduction of PHA ( if PHA was PHB, gP = 4.5)

The kinetics of this process is defined with the next expression [eq. VII.A4], where the

substrate uptake rate is limited by a lack of any of three substrates. Filipe et al. (2001a)
also studied this kinetics and found a dependence on polyP and glycogen content of the 

biomass cells. 
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where KGLY : Affinity constant for the ratio XGLY/XPAO (g CODGLY/ g CODX)

 KPP : Affinity constant for the ratio XPP/XPAO (g P/ g CODX)

 KS : Substrate affinity constant (mg CODVFA/L)
qPHA : maximum PHA storage rate (1/d) 

 SVFA : VFA concentration (mg CODVFA/L)
 XGLY : Glycogen concentration (mg CODGLY/L)

 XPAO : PAO concentration (mg CODX/L)
 XPP : PolyP concentration (mg P/L)

2. AEROBIC polyP STORAGE

This process described the orthophosphate uptake from the medium to be stored as
polyphosphate [eq. VII.A5]. This energy required for this process is obtained from PHA

oxidation.
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where YPHA: g CODPHA oxidised/ g P taken up

The kinetics of this process is defined with expression VII.A6, where the process rate is
limited by a lack of any of the three substrates and by an excess of polyP in the biomass.

Experiments developed showed that the maximum amount of phosphorus in the biomass
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observed in bio-P sludge is around 30 % on mass basis (Wentzel et al., 1990). Similarly,
ASM2 predicts of value of 0.34 g P/g PAO (Henze et al., 2000).
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where KIPP : Kinetic constant for the XPP storage process (g CODPHA/ g CODX)
KMAX : Maximum XPP/XPAO ratio (g CODPHA/ g CODX)

KO : oxygen affinity constant (mg O2/L)
KPHA_P : Affinity constant for XPHA/XPAO in XPP storage process (g CODPHA/ g CODX)

KPS : Orthophosphate affinity constant (mg P/L)
qPP : maximum XPP storage rate (1/d)

SO : dissolved oxygen concentration (mg O2/L)

SPO4 : Orthophosphate concentration (mg P/L) 
XPHA : PHA concentration (mg CODPHA/L)

3. AEROBIC GLYCOGEN STORAGE

This expression was added from scratch to the model since ASM2 did not consider

glycogen economy. The stoichiometry of this process for acetate was described by 
Smolders et al., (1994a) as: 
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As can be observed, PHB was the carbon source for glycogen production. However, some
energy was needed (i.e. ATP). This energy came from the PHB oxidation, which the

Smolders et al. (1994a) considered as an extra equation. In this thesis, these two 

equations were gathered in the same expression: 
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where YGLY3 was the g CODGLY produced for g CODPHA used.

The kinetics of this process is described in equation VII.A9, where the process rate is 
limited by a lack of any of the two substrates and by an excess of glycogen in the 

biomass. The kinetics of glycogen storage process consists of typical product saturation

kinetics as described in Filipe and Daigger (1999).

PAO

OO

O

PAO

PHA
PHA

PAO

PHA

PAO

GLYMAX
GLYGLYSTORAGE_GLY X·

SK

S
·

X
X

K

X
X

·
X

X
X·qr

++
ö
÷
õ

æ
ç
å -= (VII.A9)

where qGLY : maximum glycogen storage rate (1/d) 
XGLY

MAX : maximum XGLY/XPAO ratio (g CODGLY/ g CODX)

4. PAO GROWTH

The PAO growth process requires PHA as carbon and energy source likewise the glycogen 

restoration process. According to the model of Smolders et al. (1994a,b), the metabolic

stoichiometry of this process is [eq. VII.A10]:
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where K is the amount of ATP needed for the formation of biomass precursors from

acetylCoA and polymerisation of these precursors to 1 C-mol of biomass (K=1.5
mol ATP/C-mol biomass)

mATP is the specific ATP consumption for maintenance purposes

m is the growth rate. 

As describe above, this process was linked with PHA oxidation through the next equation:

2

XPPAO

015.02.054.009.2

43PB23NB5.05.1

PAO

CO
1

·Y

1

8

1
PNOCH

POHiOHNHiOCH
Y

1

öö
÷

õ
ææ
ç

å
g

-
g

+

+D++

   (VII.A11)

where iNB and iPB were the nitrogen and phosphorus content of the biomass (mass basis)

respectively.
YPAO was the biomass yield in terms of g CODPAO produced per g CODPHA used.

gX = degree of reduction of biomass (4.5)

The kinetics of the process was described in equation VII.A12, where the process rate is
limited by a lack of any of the three substrates, except for ammonia which was not

considered in this model because ammonia concentration was high enough to avoid 
limitations during the experiments.
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where mPAO : maximum PAO growth rate (1/d)

5. MAINTENANCE

The maintenance process of the model was used to describe the second P-release
observed in all the batch experiments performed with both VFAs when these were

completely depleted (see section VII.A.3.2). In fact, this release would take place during
all the anaerobic period, but it could only be observed when the substrates were depleted

or in the experiments performed without added VFA. When the VFA was still in the 
medium, this second release was lower than the usual P-release and, then, hidden by 

this latter. The stoichiometry of the process is the polyP being degraded to

orthophosphate and the kinetics is described in expression VII.A13, where the process 
rate is limited by a lack of polyP. Moreover, a factor was included to prevent this process

from occurring under aerobic conditions.
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where qMANT : maximum maintenance rate (1/d)
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6. LYSIS PROCESSES

The lysis processes ensure that the storage compounds decay together with the biomass.
The stoichiometry of these processes was obtained from the ASM2 model. The products

of the lysis were biodegradable compounds (Table VII.A1). The kinetics of these
processes is commonly described with a constant rate multiplying the biomass fraction.

VII.A.2.3 SUMMARY OF THE EBPR MODEL IN MATRIX FORMAT 

A description of this model is shown in Figure VII.A1 with a graphical representation,

along with the kinetics and stoichiometry (Table VII.A1) and a brief description of the
parameters (Table VII.A2).

Figure VII.A1 Schematic diagram of the model used in this study (1-PHA storage, 2-Poly-P
storage, 3-Glycogen storage, 4-PAO growth, 5- PAO lysis, 6- Poly-P lysis, 7- PHA lysis, 8- Glycogen

lysis, 9-Anaerobic poly-P lysis for maintenance).
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Table VII.A1 Stoichiometry of the EBPR model

STOICHIOMETRY
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Table VII.A2 Kinetics of the EBPR model
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VII.A.3 Model calibration and validation 

VII.A.3.1 EXPERIMENTAL SET-UP

Experiments were conducted in a SBR with a working volume of 1.8 litres, inoculated
with activated sludge from an EBPR plant (Thornside Sewage Treatment Plant,

Queensland, Australia). The experimental work of this chapter was performed in the
Advanced Wastewater Management Center of the University of Brisbane. The

experimental SBR system used will be named AWMC-SBR from this point on. This SBR 
was operated in 4 cycles of 6 h per day. Each cycle consisted of 2.5 h anaerobic react, 3

h aerobic react, 30 min settling and, in the last 5 min of settling, extraction of 900 mL 
supernatant. A volume of 900 mL of synthetic wastewater (Pijuan et al., 2004a) was

added during the first 7 min of the subsequent cycle, producing a hydraulic residence

time (HRT) of 12 h. The sludge residence time (SRT) was kept at 9 d by periodic sludge
wastage during the react phase. Since the pH was not controlled, it increased from 7.2 to 

7.6 during the anaerobic react and it increased further to 8.5 during the aerobic react, 
due to the stripping of CO2. The SBR operating temperature was 23-24ºC during all 

stages. To achieve anaerobic conditions, nitrogen gas was bubbled through the liquid and 
to achieve aerobic conditions, air was bubbled. Further information of the experimental

set-up can be found in Pijuan et al., (2004a).

The model was calibrated using acetate and propionate as carbon sources. The majority

of studies on EBPR have been carried out using acetate as the sole carbon source or 
acetate in combination with other substrates. (Satoh et al., 1992; Smolders et al.,
1994a,b; Mino et al., 1994; Liu et al., 1997: Bond et al., 1999a ; Hood and Randall,
2001; Levantesi et al., 2002; Randall et al., 2003 ). When acetate is used as the sole 

carbon source, the PHA produced is mostly PHB, whereas most PHA produced appears as 
PHV and PH2MV when propionate becomes the predominant carbon source (Satoh et al.,
1992; Lemos et al., 1998; Randall and Liu, 2002).

The biomass used in this work was enriched in PAO using propionate as the sole carbon 

source. After three weeks, the amount of propionate was 140 mg/L at the beginning of 
the anaerobic phase, and this concentration was maintained until steady state was 

achieved. The abundance of "Candidatus Accumulibacter phosphatis" and "Candidatus
Competibacter phosphatis" (from now on called Accumulibacter and Competibacter,
respectively) was followed using fluorescence in situ hybridization (FISH) probing. After
three SRTs (approximately 27 days), the reactor showed substantial P removal and the

amount of PAOMIX-binding cells (Accumulibacter) rapidly increased from 7% of all
bacteria on the 2nd day of operation to 54% of all bacteria on the 17th day of operation. 

During steady state operation of the SBR, when all cycle study experiments were carried

out, 50-55% of all bacteria were Accumulibacter and they were presumed to be the 
dominant PAO. The inoculum for the SBR contained GAOMIX-binding cells

(Competibacter), and although their abundance could not be accurately quantified due to
such low amounts, they probably comprised 1-2% of all bacteria. On the 17th day of 

operation, the abundance of Competibacter cells had dramatically declined to just a few 
cells every few fields observed microscopically, which would be substantially less than

even 1% of all bacteria. After 6 weeks of operation, Competibacter cells were rarely
observed in the biomass.

Hence, feeding the system with propionate improved the EBPR start-up in terms of
favouring PAO growth against GAO. Hood and Randall (2001) hypothesised that 

propionate may be relatively easily sequestered and metabolised by PAO, but that it
might not be readily utilisable by other microorganisms also requiring VFA in the

anaerobic zone. Thomas et al. (2002) also provide evidence supporting the GAO
competition for acetate and PAO competition for other substrates including propionate.
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VII.A.3.2 CYCLE STUDIES WITH PROPIONATE AND ACETATE 

After obtaining steady state in the SBR, two sets of cycle study experiments were 

conducted to assess the behaviour of the EBPR microbial community developed with
propionate. The experiments were performed in the same SBR with the same operational

conditions and also without pH control. Since cycle studies were generally conducted

once per day, at least three 6-h SBR cycles with normal VFA concentration elapsed
between each study. The first set of experiments was done with different propionate

concentrations at the beginning of the cycle.

After the propionate cycle studies, a second set of cycle studies with acetate was
conducted in the reactor. The acetate experiments spanned 5 days, during which the

carbon source fed to the SBR was changed from 1.89 mmol propionate/L (196 
mg COD/L) to 2.83 mmol acetate/L (187 mg COD/L). During this 5 day period, one cycle 

per day was used to study different acetate additions. All other SBR cycles were operated

with 2.83 mmol acetate/L. The main reason for changing the SBR operating carbon
source was to explore the acclimation of the biomass to acetate. After these 5 days, 

acetate was changed back to propionate in order to return to the original operating
conditions of the SBR. In the first SBR cycle with acetate (1.42 mmol C/g VSS), the 

propionate-enriched biomass was able to use acetate immediately for EBPR. The
observed acetate uptake rate did not change remarkably during the 5 days of acetate 

operation. Hence, it can be deduced that no acclimation period was required.

Figure VII.A2-left depicts the results of the cycle studies performed with different initial

concentrations of propionate. During these cycle studies, the anaerobic P-release
(mmol P/g VSS) increased with increasing propionate concentration in the feed, but the

concomitant aerobic P-uptake for the two higher propionate concentrations employed
was not complete. The aerobic P-uptake presented for the normal SBR operating

concentration (1.35 mmol propionate/g VSS) was complete after 2 h of aerobiosis.

Figure VII-A2-right depicts the results of the cycle studies performed with different initial
concentrations of acetate. During these cycle studies, the anaerobic P-release

(mmol P/g VSS) increased with increasing acetate concentration in the feed. The

following aerobic P-uptake was complete, with the only exception of the highest acetate 
concentration. When the SBR operation employed 1.42-1.96 mmol C/g VSS, the aerobic 

P-uptake was complete after approximately 2 h of aerobiosis.

In addition, ammonia was measured during all the experiments conducted with 
propionate (Fig. VII.A3-left) and acetate (Fig. VII.A3-right). An increase of ammonia was 

detected in all the experiments during the anaerobic period likely due to hydrolysis of the
organic nitrogen from peptone to ammonia by the microorganisms. The diminution of 

ammonia in aerobic conditions could not be assigned to nitrification since nitrate was not 

detected in the reactor. Therefore, the biomass consumed the ammonia for growth, 
supporting the metabolic models declaring PAO growth under aerobic conditions.
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Figure VII.A2. Experimental profiles of the acetate and propionate cycles.

PROPIONATE : Up-left (phosphorus profile), Down-left (propionate profile): ƀ 0 mmol C/g VSS,
ƺ 1.35 mmol C/g VSS, Ƹ  2,81 mmol C/g VSS, Ð 4.90 mmol C/g VSS .

ACETATE : Up-right (phosphorus profile), Down-right (acetate profile): ƀ 0 mmol C/g VSS, ƺ 1.42 

mmol C/g VSS, Ƹ 1.96 mmol C/g VSS, Ð 2.64 mmol C/g VSS, ƴ 5.30 mmol C/g VSS.
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249



VII – Enhanced biological phosphorus removal

VII.A.3.3 PARAMETER ESTIMATION RESULTS 

Experiments VII.A1 and VII.A2 (Tables VII.A1 and VII.A2) were conducted to calibrate

the model for each different carbon source. The experimental results together with the
model fits are depicted on Figure VII.A4 and VII.A5, respectively. The model was 

calibrated using propionate, PHA, glycogen and phosphorus as output variables. Not all

the model parameters were estimated due to identifiability and some of them were
assumed from the literature. 

Table VII.A3 Experiment VII.A1

EXPERIMENT VII.A1 Calibration using propionate as the sole carbon source 

Equipment AWMC-SBR

pH 7.2-7.6

Temperature 23-24 ºC

Pulses 4.9 mmol C/ g VSS
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Figure VII.A4 Experimental measures and simulated values for experiment VII.A1 Ž Phosphorus, 
ƀ VFA, ƸGlycogen, ƺ PHA, — fitted model

The estimated parameters were: YVFA, YPO, qPHA, qPP, KPHA_P, qGLY and mPAO. Similarly to

previous models, the active fraction of the PAO in the system could not be estimated with

short-term experiments. Hence, its value was lumped in the maximum rate constants
estimation. The parameter estimation results for propionate and acetate are shown on

Table VII.A5. The parameters in bold are the parameter which were estimated with the 
experimental results. The parameter estimation values are compared with the values

proposed in ASM2, except for the values related to processes including glycogen.

Table VII.A4 Experiment VII.A2

EXPERIMENT VII.A2 Calibration using acetate as the sole carbon source 

Equipment AWMC-SBR

pH 7.2-7.6

Temperature 23-24 ºC

Pulses 1.96 mmol C/ g VSS 
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Figure VII.A5 Experimental measures and simulated values for experiment VII.A2.
Ž Phosphorus, ƀ VFA, ƸGlycogen, ƺ PHA, — fitted model

Table VII.A5 Value and description of the parameters of the model and comparison with the

ASM2 parameters.

Process Parameter ASM2 Propionate Acetate Units

1 YVFA1 1 1.1 0.82 g CODVFA/g CODPHA

1 YPO 0.4 0.33 0.55 g P/g CODPHA

1 YGLY1 - 0.2 0.42 g CODG/g CODPHA

2 YPHA 0.2 0.2 0.2 g CODPHA/g P

3 YGLY3 - 1.0 ** 1.0 ** g CODG/g CODPHA

4 iBPM 0.02 0.02 0.02 g P/g CODX

4 YPAO 0.625 0.625 0.625 g CODX/ g CODPHA

5 n5P 0.01 0.01 0.01 g P/ g CODX

5 fXI 0.1 0.1 0.1 g CODI/ g CODX

1 qPHA * 5.76 5.76 g CODPHA/ g CODX/ d 

1 KS 4 4 4 mg CODVFA / L 

1,9 KPP 0.0075 0.0075 0.0075 g P/ g CODX

1 KGLY - 1e-3 ** 1e-3 ** g CODG /g CODX

2 qPP 1.5 3.64 4.07 g P/ g CODX/ d 

2 KPS 0.2 0.2 0.2 mg P/L

2 KPHA_P * 0.133 0.133 g CODPHA/ g CODX

2 KMAX 0.255 0.255 0.255 g P/ g CODX

2 KIPP 0.015 0.015 0.015 g P/ g CODX

2,3,4,9 KO 0.20 0.20 0.20 mg OD/L

3 qGLY - 5.00 5.00 g CODG/ g CODX/ d 

3 XGLYMAX - 0.28 *** 0.28 *** g CODG/ g CODX

3,4 KPHA 0.0125 0.0125 0.0125 g CODPHA/ g CODX

4 mPAO 1.0 0.50 0.50 1/d

4 KP 0.01 0.01 0.01 mg P/L

5 bPAO 0.2 0.2 0.2 1/d

6 bPP 0.2 0.2 0.2 1/d

7 bPHA 0.2 0.2 0.2 1/d

8 bGLY 0.2 0.2 0.2 1/d

9 qMANT 0.29 0.29 0.29 g P/ g CODX/ d 

* These values of ASM2 parameters are not comparable to the ones obtained in this

work, since the kinetics of the process are based on different approaches.
** Manga et al. (2001) *** Filipe and Daigger (1999)
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Once the model was calibrated, experiments VII.A3 and VII.A4 (Table VII.A6) were
conducted to validate the parameter estimation results obtained in the calibration

experiments. Figure VII.A6 (A and B) shows one example of this validation for each VFA.
The validation experiments showed that this model could give an accurate description of

the behaviour of the different compounds involved in the process for each VFA used.

Table VII.A6 Experiment VII.A3 and VII.A4

EXPERIMENT VII.A3, A4 Validation of the parameter estimation results for both 

the acetate and the propionate

Equipment AWMC-SBR

pH 7.2-7.6

Temperature 23-24 ºC

Pulses 1.35 mmol C/ g VSS (propionate)

Pulses 1.42 mmol C/ g VSS (acetate) 

Figure VII.6 Cycle studies used for model validations. A - Experimental measures and simulated 

values for propionate cycle study (1.35 mmol C / g VSS). B - Experimental measures and 

simulated values for acetate cycle study (1.42 mmol C / g VSS). (Ž Phosphorus, ƀ VFA,
ƸGlycogen, ƺ PHA, — model prediction)

VII.A.3.4 DISCUSSION OF THE PARAMETER ESTIMATION VALUES

The parameter estimation results of the experiments performed using the two different

VFAs showed some differences between them:

1. PHA storage process

One of the most significant stoichiometric parameters was YVFA, which described the 
amount of VFA uptaken per PHA stored. The values obtained were 1.1 g CODVFA/g CODPHA

for propionate and 0.82 g CODVFA/g CODPHA for acetate. The YVFA for acetate was smaller
than the one for propionate, which meant that the amount of PHA produced per substrate

COD unit was higher for acetate. Table VII.A7 shows that this results agreed with the

experimental values presented in the literature as well as with the theoretical results (i.e.
deduced from a metabolic model) presented by Smolders et al. (1994a) and Oehmen et
al. (2005). Chen et al. (2002) argued that as there was less glycogen consumption when
propionate was used, more propionate has to be consumed to produce the same amount

of PHA.

As can be observed, the values obtained in this work were somehow higher than the
ones proposed in the literature. The most probable reason was that some of the PHA

fractions which were important such as PH2MV or even poly-b-hydroxy-2-methylbutyrate
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(3H2MB) were not measured in these experiments. Hence, less PHA production and
higher yields were calculated. However, it can be argued that probably some of the

previous works shown on Table VII.A7 did not measure these compounds. It has to be
noted that these works used biomass enriched with acetate as the sole carbon source

and PHB production was more favoured than in the case of this thesis where biomass
was enriched with propionate and switched to acetate only for a week. In any case, the

experimental results obtained in this thesis coincided showed that the YVFA value for 

propionate is 33 % higher than the one for acetate. This ratio is very similar to the one
obtained using the theoretical ratios of Smolders et al. (1994a) and Oehmen et al.
(2005).

Table VII.A7 Comparison of the substrate uptake yields with biographical values

Reference Substrate mol CVFA/ mol CPHA  g CODVFA/ g CODPHA

BIOCHEMICAL MODELS

Smolders et al. (1995) Acetat 0.67e 0.75

Wentzel et al. (1991) Acetate 0.75 0.67

Mino et al. (1987) Acetate 0.75 0.67

O P

RIMENTAL RESULTS

ehmen et al. (2005) ropionate 0.81 0.88

EXPE

Satoh et al. (1992) Aceta 0.68te 0.77

Satoh et al. (1992) P

0.77-0.85 0.68-0.75

B

0.69

Randall et al. (2003) 
6

0.97

0.53

P

ropionate 0.83 0.87

Liu et al. (1997) Acetate

ond et al. (1999a) Acetate 0.73 0.65

Filipe et al. (2001b) Acetate 0.77 0.68

Manga et al. (2001) Acetate - 0.75

Randall et al. (2003) 
99 % Ac

1% Prop. 

38 % Ac

2 % Prop.

Yagci et al. (2003) Acetate 0.59

This thesis: YVFA Acetate - 0.82

This thesis: YVFA ropionate - 1.1

able VII.8 shows the mean rates of phosphorus release, substrate and phosphorus

ble VII.A8 shows the mean rates of phosphorus release, substrate and phosphorus uptake, and 

Parameters average Propionate experiments Acetate experiments

T
uptake, and the ratios calculated in experiments VII.A1 and VII.A2. As can be observed, 

acetate uptake was more rapid than propionate uptake in terms of mmol VFA uptaken/g
VSS min. However, these molecules have different number of carbon moles and when

converted to mmol C uptaken/g VSS min, the VFA uptake rate was very similar for 
propionate and acetate. Hence, the maximum rate of substrate uptake in both cases is

very similar if the number of carbons of each specie is considered.

Ta
the ratios calculated in experiments VII.A1 and VII.A2.

Phosphorus release rate * 
0.0274 ° 0.0016 0.0427 ° 0.0026

(mmol P/g VSS min)

VFA uptake rate

(m )
0.0622 ° 0.0065 0.0604 ° 0.0015

(m n)
0.0198 ° 0.0011 0.0288 ° 0.0015

1.33 ° 0.18 1.40 ° 0.11 

0.46 ° 0.03 0.72 ° 0.04 

Phos **
0.0120 ° 0.0001 0.0154 ° 0.0016

mol C/g VSS min

VFA uptake rate

mol VFA/g VSS mi

P release/VFA uptake

(mmol P/mmol VFA)

P release/ C uptake* 

(mmol P/mmol C)

phorus uptake rate

(mmol P/g VSS min)

* Values calculated when e in the m

*

there was substrat ixed liquor.

* Values calculated without using the cycle study without substrate.
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The phosphate released per PHA stored (YPO) also differed when propionate or acetate

Table VII.A9 Comparison of the phosphorus release values with biographical values

were used as sole carbon sources (0.33 g P/g CODPHA with propionate and 0.50 g P/g

CODPHA with acetate). These values indicated that more phosphate is released to produce
the same amount of PHA with acetate (in mass basis). The results of this study

contrasted with some of those reported in the literature (Hood and Randall, 2001) where
the experiments performed with propionate showed a higher P-release than with acetate. 

In any case, Table VII.A9 compares these values with the values presented in the

literature. As can be observed, the biochemical models also predict a higher P release in
the case of acetate. In addition, the values of YPO found in this work are again somehow

higher than the ones found in the literature. Again, a possible underestimation of the PHA 
produced as abovementioned may be the reason. 

Reference Substrate mol P/ mol CPHA g P/ g CODPHA

BIOCHEMICAL MODELS

Smolders et al. (1995) Acetat 0.32e 0.37

Wentzel et al. (1991) Acetate 0.33 0.28

Mino et al. (1987) Acetate 0.5 0.43

O P

RIMENTAL RESULTS

ehmen et al. (2005) ropionate 0.34 0.29

EXPE

Satoh et al. (1992) Aceta 0.28te 0.33

Satoh et al. (1992) P

0.47-0.49 0.4-0.421

Ra )

Randall et al. (2003) 
6

0.33

0.39

This PO A

P

ropionate 0.27 0.23

Filipe et al. (2001b) Acetate 0.44 0.38

Bond et al. (1999a) Acetate 0.34 0.29

Liu et al. (1997) Acetate

ndall et al. (2003
99 % Ac

1% Prop. 
0.29

38 % Ac

2 % Prop.

Yagci et al. (2003) Acetatte 0.46

ASM2 Any 0.4

thesis: Y cetate - 0.5

This thesis: YPO ropionate - 0.33

n the other hand, the P-release per VFA taken up (in molar basis) for propionate (1.33)

he results obtained for glycogen degraded per PHA stored (Y 1) were also quite

higher probably for a PHA production underestimation.

O

was very similar to the results obtained in the case of acetate (1.40) as shown in Table
VII.A8. The highest P-release detected with acetate (in terms of C-mmol) agreed with Liu 

et al. (2002). This observation could indicate that the same amount of ATP was required
to convert propionate to propionyl-CoA (3 carbons) as was required to convert acetate to

acetyl-CoA (2 carbons). Hence, more energy could be required per C-mol to convert

acetate to acetyl-CoA than to convert propionate to propionyl-CoA. This difference in
energy requirement could also be related to the fact that each substrate produces

different fractions of PHB, PHV or PH2MV in the PHA. Another hypothesis would be that
acetate transfer from the exterior is more energy-expensive than propionate. However, 

such detailed metabolic explanations are beyond the scope of this thesis.

T GLY

different when propionate or acetate was used. A value of 0.20 g CODGLY/g CODPHA was

obtained for propionate, while 0.42 was obtained for acetate. These values indicated that 

less amount of reducing power is required to store propionate than acetate, which is in
agreement with the values obtained comparing the metabolic models of Smolders et al.,
(1994a) and Oehmen et al., (2005). Hood and Randall (2001) summarised the NADH2

production of probable pathways for PHA biosynthesis and they found that less reducing

power is required to store propionate, which is in agreement with the results of this work.
There was a greater need for reducing equivalents to convert acetate to PHB than to

convert propionate to PHV and/or PH2MV, which are respectively PAOs normal PHA
storage compounds. Table VII.A10 compares these values when some experimental and 

theoretical values of the literature and again the value obtained for acetate seems a bit 
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Table VII.A10 Comparison of the glycogen degradation values with biographical values

Reference Substrate mol CGLY/ mol CPHA g CODGLY/ g CODVFA

BIOCHEMICAL MODELS

Smold 995)ers et al. (1 Acetate 0.375 0.33

Wentzel et al. (1991) Acetat 0.33

P

PERIMENTAL TS

e 0.375

Mino et al. (1987) Acetate 0.375 0.33

Oehmen et al. (2005) ropionate 0.26 0.23

EX  RESUL

Satoh et al. (1992) Acetate 0.46 0.41

Satoh et al. (1992) Propion 0.28

99 % Ac

1% Prop. 

6

Yagci et al., (2003) 0.375 0.33

0.42

P

ate 0.31

Filipe et al. (2001b) Acetate 0.38 0.34

Bond et al. (1999a) Acetate 0.49 0.43

Manga et al. (2001) - 0.25

Liu et al. (1997) Acetate 0.33 0.29

Randall et al. (2003) 0.15

Randall et al. (2003) 
38 % Ac

2 % Prop.
0.02

Acetate

This thesis: YGLY1 Acetate -

This thesis: YGLY1 ropionate - 0.2

2. eSecond P-releas

Dur od, phosphorus was released at two different rates with both 
VFA. The first rate took place when the VFA was present in the mixed liquor. The second 

VFA concentrati ns during cycle studies (mmol C/g VSS) 

ing the anaerobic peri

P-release, slower than the first one, was detected after the VFA depletion. The second P-
release rates seemed to be independent of the initial VFA concentration according to the

experimental results (Table VII.A11). Similar second P-release rates were obtained with
different initial concentrations of VFA including that measured with no added VFA. These

rates were about one order of magnitude lower than P-release rates when VFA was still

present. Moreover, both cycle studies performed without VFA addition demonstrated P-
release could occur without any VFA consumption (Fig. VII.A2).

Table VII.A11 Second P-release rates

o

ACETATE 2.64 5.300 1.42 1.96

Second release rate 

(mmo min)l P/g VSS
0.0040 0.0029 0.0033 0.0040 **

PROPIONATE 0 1.35 2.81 4.90

Second release rate 

(mm in)
0.0046 0.0035 0.0035 0.0021

ol P/g VSS m

** not observed experimental

The observed second P-releas e hypothesis that PAO used
eir intracellular polyP to generate energy for maintenance purposes. An alternative

anaerobic zone after VFA

moval. Smolders et al. (1995) introduced a maintenance parameter in their anaerobic

ly

e could be explained with th
th

hypothesis could be that the microorganisms were using substrates other than
propionate such as peptone or yeast extract for their P-release. The SBR medium

contained peptone at levels slightly higher than those typically used by other researchers
(Bond et al. 1999a; Smolders et al. 1994a; Zeng et al. 2003).

Barnard (1984) first described this second P-release in the

re

metabolic model of 0.0013 mmol P/g VSS min, which was almost three times lower than 
that obtained in this thesis, either with propionate or acetate. However, no further

comment is made about this fact in their work and, moreover, it is mostly absent in other
EBPR literature. In this thesis, the secondary P-release measured could not be neglected

since it was equivalent to 18% of the total amount of P-released under anaerobic
conditions.
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The kinetic parameter linked to this second P-release in the model was the maintenance
rate constant (qMANT) which was the same for both VFA (0.29 gP/g CODX/d), since the

pe of VFA seemed not to affect this release. This finding could support for the ty
hypothesis that PAO were using peptone in the medium for P-release, since this

component was common to both experiments.

3. Aerobic values

The only kinetic parameter different for both VFA in the aerobic phase was the Poly-P 

sto (qPP). The value obtained for acetate (4.07 g P / g CODX /d) was
higher than the one obtained for propionate (3.64 g P / g CODX /d). As suggested Randall

fication of ASM2 and including glycogen

erobic-aerobic batch tests with acetate and 
propionate as the sole carbon source.

¶
take rates (mmol C/g VSS min), The major 

differences observed between both carbon sources are that the amount of PHA 

¶
ctable after the VFA

substrate was exhausted but it probably occurred throughout the anaerobic

¶
periments.

aviour of the EBPR systems for either propionate or acetate 

and the parameter estimation values obtained are in agreement with the results in

rage rate constant

and Liu (2002), this P-uptake can be influenced by the PHA composition at the beginning
of the aerobic phase. The hypothesis that higher PHB percentages imply higher P-uptake

agrees with the experimental results of this work. 

Chapter VII.A - Conclusions 

¶ An EBPR model, developed as a modi

economy, described successfully ana

When propionate and acetate were used as carbon sources for EBPR, PAOs

demonstrated similar anaerobic VFA-up

produced per substrate COD unit was higher for acetate, more phosphate is

released to produce the same amount of PHA with acetate (in mass basis), the P-
release per VFA taken up (in molar basis) for propionate (1.33) was very similar

to the results obtained in the case of acetate (1.40) and that less amount of
reducing power is required to store propionate than acetate

A remarkable second P-release possibly linked to PAO maintenance or to use of 

peptone as a carbon source is reported. It was only dete

period.

A maintenance reaction is added in order to explain the second P-release detected 

in the ex

¶ When fitted to experimental data, the model presented in this study gives a good
prediction of the beh

the literature. 
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CHAPTER VII.B

 Improving an EBPR system start-up using 
OUR and HPR: a simulation study 

Part of this chapter has been published as:

Improving the start-up of an EBPR system using OUR to control the aerobic phase

length: a simulation study (2005). A. Guisasola, M. Pijuan, J.A. Baeza, J. Carrera, J. 
Lafuente. Proceedings of 2nd IWA Conference on Instrumentation, Control and

Automation for Water and Wastewater Treatment and Transport System. Pusan.South
Korea, 2005.



CHAPTER VII.B – Improving an EBPR system start-up using OUR and HPR 

ABSTRACT

This chapter is a simulation study to test possible new control strategies to improve an 

Enhanced Biological Phosphorus Removal (EBPR) system start-up in a Sequencing Batch
Reactor (SBR). This study is conducted using the EBPR model presented in Chapter VII.A. 

The conceptual basis of this improvement is that both the anaerobic and aerobic phases
could be shortened without any negative effect on the process of enriching the biomass 

with Polyphosphate Accumulating Organisms (PAO). Both the anaerobic and the aerobic

phases can be reduced according to the Volatile Fatty Acids (VFA) and orthophosphate
profiles, respectively. These improvements, though verified by simulation to be 

successful, require good on-line VFA and orthophosphate sensors. To avoid this technical
limitation, a link between these compounds and more habitual measurements such as H+

Production Rate (HPR) and Oxygen Uptake Rate (OUR) is proposed in this chapter. This
link allows the development of an efficient and practical control strategy which is also

verified by simulation.

VII.B.1 Conceptual basis of the improvement 

VII.B.1.1 PROBLEM STATEMENT 

EBPR is based on the enrichment of activated sludge with PAO, which are scarce in a 
conventional non-EBPR WWTPs, the most frequent plants nowadays. An EBPR start-up

commonly consists of inoculating a pilot plant with biomass withdrawn from a 
conventional WWTP and subjecting it under classical anaerobic/ aerobic conditions. Then,

after certain period of time (i.e. some SRTs) the population (enriched in PAO) becomes 

able to remove biologically phosphorus in a successful way. Hence, the start-up of EBPR
systems from conventional WWTP sludge becomes slow and complex because of the low 

PAO fraction at the inoculum sludge and may last from one to three months. Hence,
scientists should put some effort in finding new start-up strategies to reduce its length by

favouring PAO growth.

The aim of this chapter is to reduce the start-up length of EBPR systems by improving its
efficiency. As it is a simulation study, a conventional EBPR system in a SBR was 

modelled. Then, the start-up of this system was simulated using different control

strategies that shortened the cycle to the strictly necessary length. Both the anaerobic
and the aerobic phases could be reduced according to the VFA and orthophosphate

profiles by omitting periods where PAO were not favoured. The objective function to
evaluate the possible start-up improvement was the PAO fraction in the biomass after 30 

days of start-up.

Experiment VII.B1 (Table VII.B1) consists of a typical EBPR anaerobic-aerobic cycle with
two hours of anaerobic phase and three hours of aerobic phase. It was conducted to 

illustrate the conceptual basis of the control strategies proposed in this chapter. Figure

VII.B1 shows the experimental profiles obtained.

Table VII.B1 Experiment VII.B1 

EXPERIMENT VII.B1 EBPR cycle experiment

Equipment EBPR-SBR (10 L) 
pH 7.0

Temperature 25 ºC
Acid used HCl = 1 M 

Pulses 260 mg CODVFA/L (acetate)
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Figure VII.B1 Experimental profiles of the different compounds during experiment VII.B1
(ƀ) VFA -acetate, (ƴ) phosphorus, (ƺ) glycogen, (Ƹ) PHB.

Under anaerobic conditions, PAO take up VFA and store them as PHA, while the 

degradation of intracellular glycogen provides reducing equivalents (Mino et al. 1987, 
Smolders et al., 1995). The energy for this process is obtained partly from the glycogen

degradation but mostly from the hydrolysis of the intracellular stored polyP, resulting in
an orthophosphate release into solution. In the subsequent aerobic phase, PAO take up

excessive amounts of orthophosphate to recover the intracellular polyP levels by

oxidising the stored PHA. Meanwhile they grow and replenish the glycogen pools using
PHA as both carbon and energy sources (Smolders et al., 1995). Net phosphorus removal 

is achieved by wasting sludge after the aerobic period when the biomass contains high
levels of polyp.

VII.B.1.2 ANAEROBIC AND AEROBIC PHASE LENGTH REDUCTION

Figure VII.B1 shows that once the VFA (acetate in this example) was depleted from the 

medium (~50 min.), the rest of compounds only suffered small variations. Under 
anaerobic conditions (i.e. without an electron acceptor available), the stored products

could not be used for growth purposes. Hence, the period from the VFA depletion to the
end of the anaerobic phase could be considered useless. In the example shown on Figure

VII.B1, the period without VFA lasted approximately 70 minutes, which indicated that in 
this example more than a half of the anaerobic period could be deleted (Figure VII.B2)

In some of the existing EBPR systems, the aerobic phase is longer than the time required

by PAO to uptake orthophosphate from the medium. Figure VII.B1 shows that the last

half an hour of the aerobic phase (from minute 270 to 300) could be deleted. From the 
depletion of orthophosphate until the end of the aerobic phase, PAO are not favoured in

front of other organisms present in the biomass, such as ordinary heterotrophic 
organisms (OHO) and/or glycogen accumulating organisms (GAO). Hence, the rest of

aerobic phase could be not necessary (it could even be detrimental) for PAO growth
(Brdjanovic et al. 1998).
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A control strategy proposed to improve an EBPR start-up consisted of controlling the 

length of the aerobic phase by avoiding periods with no orthophosphate in the medium
(Figure VII.B2). Dassanayake and Irvine (2001) pointed out this strategy could be 

beneficial for enriching the sludge with PAO and designed a system with shorter aerobic
phase.

Figure VII.B2 shows the time reduction available in experiment VII.B1 (filled area). If the

previous control strategies were applied, the anaerobic and aerobic phases would have 

been 130 minutes shorter and the total cycle length would be reduced in almost 36 %. 
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Figure VII.B2. Time reduction available in experiment VII.B1 (filled area) 
(ƀ) VFA -acetate, (ƴ) phosphorus, (ƺ) glycogen, (Ƹ) PHB.

VII.B.2 Description of the start-up simulations

VII.B.2.1 SBR MODEL DEVELOPMENT 

Thirty days of SBR start-up were simulated using a model which included all the SBR 

phases. The model had a hydraulic part characteristic of SBR and a biological part which 

described the occurring processes. The biological model was a modification of the 
Activated Sludge Model 2d (ASM2d) (Henze et al. 2000) including glycogen economy (see

Chapter VII.A). The model for the whole SBR cycle simulation could be divided in five
sequential phases: feed, anaerobic, aerobic, settling and extraction. Biological reactions

were only considered in the anaerobic and in the aerobic phases.

Feed phase: This phase was simulated as an instantaneous process using mass balances.
The influent flow was 5 litre and contained COD (as acetate) and P and enough essential

micronutrients for microbial growth so that no limitations occurred in the reactor. The 
total volume of the reactor is 10 L.

Anaerobic phase: This phase was characterised by a constant length of two hours and an 
oxygen setpoint of zero mg O2/L. The length of this phase could be constant (2 hours) or

variable depending whether there was control or not. 
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Aerobic phase: The oxygen set point value in this phase was set to 8 mg O2/L to avoid 
any oxygen limitation. The length of this phase could be constant (3 hours) or variable 

depending whether there was control or not. 

Settling and extraction phases: These two phases lasted one hour in total and were 
considered together and non-reactive for model simplification. The concentrations of the 

state variables at the end of the cycle were calculated with mass balances according to 

the waste and the total volume extracted (5 L). 

The model used for the description of the biological processes was an extension of the 
model described in chapter VII.A. The extension consists of including the processes that 

may acquire importance in long-term experiments (i.e. lysis, hydrolysis and fermentation 
processes). The Ordinary Heterotrophic Organisms (OHO) population was included in the 

biological model, since the competition between OHO and PAO had a strong influence on 
PAO dynamic behaviour. Moreover, if an EBPR system was inoculated with WWTP 

biomass, the ratio of PAO to OHO in biomass will be very low, and the OHO behaviour 

would be significant, particularly in the first days of operation. The nitrifying population 
was not considered in these simulations since the influent of EBPR pilot plants generally 

contains ATU, which is a nitrification inhibitor (Pijuan et al., 2004a).

The model stoichiometry and kinetics are shown on Table VII.B2 and VII.B3. The default 
parameters of ASM2d were used except for the parameters related with glycogen which 

were taken from the experiments performed in chapter VII.A. 



Table VII.B2 Model stoichiometry and kinetics*

Stoichiometry
Process

SA SF SPO4 SO XPHA XGLY XPAO XH XS XI XPP
Kinetics

1 Aerobic hydrolysis (1-fSI) n1P      -1 kH·(XS/XH)/(KX+XS/XH)·MO·XH

2
Anaerobic 
hydrolysis 

     

 Y    

          

(1-fSI) n2P -1 kH·hFE·(XS/XH)/(KX+XS/XH)·KO/(KO+SO)·XH

3 XPHA storage -YAC3 PO 1 YGLY3  -YPO qPHA·MA·(XPP/XPAO)/(KPP+XPP/XPAO)·(XGLY/XPAO)/(KGLY+XGLY/XPAO)·XPAO

4 XPP storage -1 -YPHA -YPHA 1
qPP·(XPHA/XPAO)/(KPHA+XPP/XPAO)· Ą

Ą ·(KMAX-XPP/XPAO)/(KIPP+KMAXXPP/XPAO)·MO· MP·XPAO

5 XGLY storage  -(1-YGLY5) -1      q

      

          

YGLY5 GLY·(XGLYMAX-XGLY/XPAO)·(XPHA/XPAO)/(KPHA+XPHA/XPAO)·MO·XPAO

6 XPAO growth -iBPM 1-1/YPAO -1/YPAO 1 mPAO·MP·(XPHA/XPAO)/(KPHA+XPHA/XPAO)·MO·XPAO

7 XPAO lysis n7P  -1  (1-fXI)

  

fXI  bPAO·XPAO

8 XPP lysis 1 -1 bPP·XPP

9 XPHA lysis 1 -1 bPHA·XPHA

10 XGLY lysis            1 -1 bGLY·XGLY

11 XH growth on SA -1/YH       1-1/YH 1 mH·MO·MA·MP·SA/(SF+SA)·XH

12 XH growth on SF -1/YH       1-1/YH 1 mH· MO·MF ·MP SF/(SF+SA)·XH

13 XH lysis -1 (1-fXI) fXI bH·XH

14 Fermentation          1 -1   qFE·KO/(KO+SO)·SF/(KF+SF)·XH

* MI stands for the Monod limitation kinetics: MI = SI / (KI +SI)
Table VII.B3 Model parameters 

Parameter   Description Value Parameter Description Value Parameter Description Value

kH (1/d) Hydrolysis  maximum rate 3 KP (mg P/L) SP semisaturation (growths) 0.01 YGLY3 XGLY degraded/ XPHA stored 0.42

KX (g XS/gXH) Hydrolysis semisaturation 0.1 bPP (1/d) XPP lysis constant 0.1
KMAX  

(gXPP/gXPAO)
Maximum XPP/XPAO  ratio 0.34

fXI Lysis Inert fraction 0.1 bGLY (1/d) )XGLY lysis constant 0.1 KIPP (g XPP/gXPAO XPP storage inhibition 0.02
qPHA (g XPHA/g

XPAO/d)
XPHA maximum storage 

rate
5.76 n7PO Biomass P release in lysis 0.01 qGLY (1/d) XGLY production rate 22

KPP (gXPP/gXPAO) XPP semisaturation 0.01 YH XH growth yield 0.7 YGLY5
XGLY produced / XPHA

degraded 
1

YPO (g P/gCOD) SP release / SA  uptake 0.55 iBPM (gP/gX) P content biomass 0.02 YPAO XPAO growth yield 0.625
KGLY XGLY semisaturation 0.001 KF (mg COD/L) SF  semistaturation 4 bPAO (1/d) XPAO lysis constant 0.1

qPP  (gXPP/gXPAO/d) XPP maximum storage rate 4.07 hFE Anaerobic Reduction factor   0.4 bPHA (1/d) XPHA lysis constant 0.1

KPS (mg P/L) 
SP semisaturat. XPP

storage
0.02 n1PO, n2PO Hydrolysis  P release  0 bH (1/d) XH lysis constant 0.1

KPHA (mg COD/L) XPHA semisaturation 0.07 YPHA (g COD/gP)
XPHA degraded /SP

accumulated 
0.2 fSI Hydrolysis SI production 0

XGLYMAX Maximum XGLY/XPAO  ratio 0.28 YAC3 SA  uptaken / XPHA stored 0.82 mH (1/d) XH maximum growth rate 6

mPAO (1/d) 
XPAO maximum growth 

rate
1 KS (mg COD/L) SA semisaturation 4 qFE (g SF/g XH/d) Fermentation maximum rate 3
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VII.B.2.2 BASIC START-UP SIMULATION 

The initial values of each simulation are shown on Table VII.B4. All the simulations were
run for thirty days. Table VII.B5 shows the amount of P and COD in the feed, which was 

designed so that it increased proportionally to the PAO fraction in the biomass. Moreover,
this feed pattern was chosen so that PAO were favoured against other species (i.e. all the

COD and the P should have been taken up in the anaerobic phase and aerobic phase 

respectively). An optimum feed pattern could be found for each one of the control 
strategies. However, the scope of this study was not feed pattern optimisation but 

comparing different start-up strategies with the same feed pattern.

A waste of 0.25 L at the end of the aerobic phase was also included from the tenth cycle
on to describe more reliably a real start-up sequence. Hence, for a 10 L reactor the SRT 

of the system is 10 days. 

Table VII.B4 Initial values for start-up simulations

Parameter Initial value Parameter Initial value

XPAO (mg  PAO/L) 200 XGLY  (mg COD/L) 30

XH  (mg COD/L) 1600 XS  (mg COD/L) 0

XPHA  (mg COD/L) 10 XPP  (mg P/L) 20

XI  (mg COD/L) 0

Table VII.B5 Feed pattern.
Cycles 1-10 10-20 20-30 30-50 50-75 75-100 100-125 125-150 150-175

mg P/L Feed 6 10 14 18 22 26 30 34 40

mg COD/L Feed 50 100 200 250 350 400 450 500 550

As each cycle lasted 6 hours, 120 cycles could be placed in the thirty days of start-up.

The profiles of the main compounds along this simulation without any control strategy

implemented are depicted in Figure VII.B3.
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Figure VII.B3 Start-up period without any phase length control (6-hour cycle). Anaerobic phase 

initial (solid), aerobic phase initial (dashed) and aerobic phase end (dash-dotted).
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As can be observed, both VFA and orthophosphate in the influent increased along the

experiment following the feed pattern of Table VII.B5. There was some VFA left at the 

end of the anaerobic phase in the cycles where the amount of acetate in the feed was

increased. On the contrary, phosphorus was taken up in the aerobic phase in all cycles. 

This indicated the amount of P in the feed could have been increased although the

absolute value in the last cycles was already very high.

The OHO population decreased along the start-up period because they could only grow 

on COD under aerobic conditions and the only COD present in the aerobic phase was due

to the hydrolysis and fermentation processes, which was a very low COD value. However,

according to the simulations, this population did not disappear from the system

completely, but a small fraction was always present in the system. This fact was quite 

significant, since it showed that a certain fraction of OHO should be always considered in

the bio-P sludge On the contrary, PAO rose considerably, because under aerobic 

conditions they could grow on the previously stored XPHA. Hence, it was proven that the

start-up without any control strategy fixed aerobic phase length could be successful.

In the last section of this chapter (VII.B.6), several parameters such as the ratio PAO to

OHO or the amount of PAO after the start-up are examined in order to evaluate the 

improvements of each of the control strategies

VII.B.3 Anaerobic phase control length 

VII.B.3.1 VFA-CONTROL STRATEGY

The VFA-control strategy consisted of stopping the anaerobic phase and starting the 3
hour aerobic phase when the concentration of VFA became lower than 1 mg COD/L. This

control strategy avoided unnecessary periods without VFA and without neither storage 
nor growth. This strategy allowed the completion of the 120 cycles in only 635 hours. 

That meant 85 hours less than the simulations without control. Hence, 12 % of the start-
up length was ineffective for PAO enrichment and as such it could be omitted. Hence,

during the 30 days of start-up simulation a total of 133 cycles could be completed.

Figure VII.B4 displays the values of the main components of the simulation obtained

during these 133 cycles. The EBPR system start-up became more efficient since more 
cycles could be performed with the VFA-control strategy (in the same period of time)

than in the start-up without any control.

The length of the anaerobic phase in the normal SBR operation (without anaerobic 
control) was 120 min. Figure VII.B5 shows the relation between the length of anaerobic

phase and the amount of acetate in the feed. As can be observed, few cycles require the 

maximum length to uptake all the VFA of the feed. As discussed, another analysis of this
simulation is that the feed pattern could be optimised so that the amount of VFA at the

inlet was just depleted before the anaerobic phase finished.
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Figure VII.B4 Start-up period with VFA-control strategy. Anaerobic phase initial (solid), aerobic

phase initial (dashed) and aerobic phase end (dash-dotted).
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Figure VII.B5 Anaerobic phase length (dotted) and amount of VFA in the feed (solid) versus the 

number cycles.

This VFA-control strategy has one technical limitation. The success of this control 

strategy (in view of implementation to real systems) is strongly dependent on the
quantity and quality of the measured data. However, the truth is that the on-line

measurement of VFA, i.e. COD measurement, cannot be considered optimum (i.e. low
data frequency, high confidence intervals and long time delays). Hence, this strategy

could not be used in a real scenario. An online measurement that predicted the VFA
depletion would be a great advance for control purposes since the control strategies 

proposed could be easily developed. An alternative measurement, suitable for control
purposes such as pH (or HPR) should be linked to the VFA uptake process. This study

links the depletion of VFA with a conventional online measurement such as pH. 
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VII.B.3.2 LINKING HPR TO VFA DEPLETION

The link between anaerobic VFA uptake (and P release) with pH is described in many 

EBPR studies, particularly studying the influence of pH on the P/C ratio (Smolders et al.,
1994a; Fleit, 1995; Carlsson et al., 1996; Liu et al., 1996) and to study the competition

between PAO and GAO (Jeon et al., 2001 or Schuler and Jenkins, 2002). Bond et al.
(1999b) went one step beyond and affirmed that anaerobic P release was caused by 
intracellular alkalinisation, and not because typical EBPR carbon compounds

transformations. According to their work, these events (i.e. VFA uptake, PHA production
and glycolysis) result in a cell alkalinisation which is balanced with internal polyP

degradation to maintain the pH. Anyway, the pH changes because of the all the 
anaerobic processes involved in VFA uptake and, hence, HPR (i.e. acid/base dosage to 

maintain pH) could be used as a measured variable. Finally, Serralta et al. (2004)
proposed an extension of the ASM2d model including a chemical model to predict the pH

evolution in EBPR systems. This model was based on the chemical equilibriums of all the

ionic species present in the system. They affirmed that EBPR process was very sensitive
to pH changes. Actually, they observed a decrease in the polyP storage rate as 

phosphorus was taken up and included a inhibition factor due to pH to describe this 
process. However, this factor is not necessary if the PHB limitation on polyP storage rate 

is considered.

The processes which have a major influence on the pH under anaerobic conditions are: 

1. VFA uptake: The pKa of the VFA (acetic and propionic acids) is lower than 5 (see

Table VII.B6). Hence, the VFA is mostly in ionised form at pHs close to neutrality.
The molecule of VFA is supposed to be transported through the membrane in the 

non-ionised form. Hence, a mole of proton is required to transport a mole of VFA
molecule through the membrane to maintain internal electroneutrality. Hence, the

VFA uptake process results in a pH increase and acid dosage is required to
balance this effect. This deduction is analogous to the one used when examining

the substrate uptake monitoring with titrimetry (see chapter V.B). 

2. Carbonic acid-carbonate equilibrium: the system was bubbled with nitrogen and

CO2 was stripped. As described in previous chapters, the CO2 stripping process
results in a pH increase and acid dosage is required to balance this effect.

3. Phosphoric acid-phosphate equilibrium: H3PO4 is released to the medium because

of VFA uptake. Table VII.B6 shows the pKas of the different phosphoric acid 
species. As can be deduced, approximately half of the total phosphorus content is 

in H2PO4
- form and the rest is on HPO4

2- form in the equilibrium when pH is around
7.2. Hence when H3PO4 is released, it is transformed to H2PO4

- and HPO4
2-

resulting in proton release to the media. Qualitatively, a value between 1.5 and 2 

moles of H+ should be released to the media per mol of P released at pH 7.5.
Hence, the P release process results in a pH decrease and base dosage is required

to balance this effect.

Table VII.B6 pKas for phosphoric, acetic and propionic acids (Burriel et al., 1989)

Acid - base pKa

H3PO4 – H2PO4
- 2.2

H2PO4
- - HPO4

2- 7.2

HPO4
2- - PO3- 12.3

CH3COOH – CH3COO- 4.8
CH3CH2COOH - CH3CH2COO- 4.9

Each of the three processes has a different effect on pH. Experiment VII.B2 (Table 

VII.B7) was conducted to assess the experimental link between the VFA presence and
HPR in the anaerobic phase.
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Table VII.B7 Experiment VII.B2 

EXPERIMENT VII.B2 Relation between VFA uptake and HPR

Equipment LFS respirometer (V0 = 1 L)
pH 7.5

Temperature 25 ºC
Acid used HCl = 0.5 M 
Base used NaOH = 0.2 M

Pulses 150 mg HPr /L (t = 40 min)

Biomass was withdrawn from the end of the aerobic phase of an EBPR-SBR (see chapter
III.1.3) system. This system was operating on steady state conditions and the biomass 

used had a high PAO fraction. The biomass was introduced in the LFS respirometer (see
chapter III.1.1) and was bubbled with nitrogen gas to obtain anaerobic conditions. Then, 

a pulse of propionic acid was added and HPR, propionic acid and phosphorus were
measured.

Figure VII.B6 depicts the experimental profiles obtained. Once a pulse of VFA was added, 
the HPR became positive and base dosage was required to maintain the pH at the

setpoint value. This indicated that the influence of the phosphoric acid-phosphate
equilibrium on pH was higher than the other proton consuming processes (i.e. CO2

stripping and VFA uptake). This fact is supported by the important P release measure
together with propionic acid consumption (P/C = 0.46 mol P/ mol CPROP).

Moreover, the base dosage is clearly linked with the VFA uptake (and P release), and

once this process stops (i.e. propionic is depleted) the HPR returns again to negative

values because of CO2 stripping. As the VFA uptake process produces CO2 (see EBPR
stoichiometry – Table VII.A1), the HPR after the VFA pulse is higher (in absolute terms,

i.e. is more negative) than the HPR before the pulse because of the higher CO2 stripping.

As a conclusion of this experiment, HPR is a valuable tool for detecting the depletion
point of the VFA in the anaerobic system and a control strategy using HPR as measured 

variable to shorten the anaerobic phase can be proposed (section VII.B.3).
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Hence, HPR could be used for detecting VFA depletion. This strategy has not been 
simulated because the introduction of HPR in the model implies increasing the complexity

with many different processes such as aeration, CO2 stripping and the carbonic and
phosphoric acid equilibrium. However, this model extension is a future perspective of our

research group but further experimental data and more focusing is required. In any case, 
it can be considered that a control strategy with HPR as the measured variable would

result in the same number of cycles and the same start-up improvement with as the

VFA-control strategy.

VII.B.4 Aerobic phase control length 

VII.B.4.1 P-CONTROL STRATEGY 

The P-control strategy was based on controlling the aerobic phase length using

orthophosphate as the measured variable. Hence, it consisted of stopping the aerobic

phase and starting the settling/extraction phases when the concentration of

orthophosphate became lower than 0.1 mg P/L. This control strategy avoided 

unnecessary PHA oxidation in absence of P and allowed to complete 120 cycles in only 

513 hours due to the reductions in the aerobic phase length. That meant 207 hours less 

than the simulations without control. Hence, 29 % of the start-up time was ineffective for 

PAO growth and as such it could be omitted. Figure VII.B7 displays the values obtained

during 170 cycles. These were the number of cycles that could be placed in thirty days of 

simulation with the P-control strategy. Hence, the EBPR system start-up became more

efficient since more cycles could be performed with this strategy (during the same 

period) than with fixed aerobic length.
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Figure VII.B7 Start-up period with P-control (variable aerobic phase length). Anaerobic phase

initial (solid), aerobic phase initial (dashed) and aerobic phase end (dash-dotted).
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The main difference between this strategy and the simulation without control (Figure

VII.B4) was in the XPHA trend. The simulations without control had lower and more 

fluctuating XPHA levels. The internal polymer was continuously oxidised for maintenance

purposes during the aerobic phase. As this phase was reduced, less XPHA was oxidised.

The increase in the PHA levels was a positive secondary effect of the P-control strategy 

because the amount of PHA present at the end of the anaerobic phase governed the

extent of P uptake in the subsequent aerobic period. The P-control strategy improved the 

start-up of an EBPR system to a great extend, since the ratio of XPAO/XH was increased 

more than 90% and the final amount of XPAO was increased almost 30%.

However, likewise the VFA-control strategy, the P-control strategy required an accurate
on-line sensor for its implementation. Again, the measurement of orthophosphate does 

not seem the optimum for a control loop. Hence, an alternative was proposed which 
linked an easily measurable variable as dissolved oxygen (i.e. OUR) to the

orthophosphate presence. 

VII.B.4.2 LINKING OUR TO ORTHOPHOSPHATE DEPLETION

Linking the aerobic phase length to orthophosphate presence was tested to be successful
but difficult and expensive to implement in real EBPR systems since it required an on-line

orthophosphate measurement. However, as shown on experiment VII.B3, OUR could also
be linked to the orthophosphate concentration. Hence, the control on the aerobic phase 

length could be developed using OUR as the measured variable, which is more suitable

for control purposes. This experiment (Table VII.B4) was conducted to assess the 
relation of the orthophosphate with OUR in the aerobic phase.

Table VII.B8 Experiment VII.B3 

EXPERIMENT VII.B3 Relation between phosphorus uptake and OUR 

Equipment LFS respirometer (V0 = 1 L)

pH 7.5
Temperature 25 ºC

Acid used HCl = 0.25 M 

Pulses none

The biomass was withdrawn from the EBPR-SBR pilot plant before the anaerobic phase
was finished and it was introduced in the LFS respirometer (chapter III.1.1) under

anaerobic conditions (i.e. nitrogen bubbling). Then, the gas inlet was switched to 
conventional air and the aerobic phase started. The airflow was introduced through an

airflow meter for a reliable OUR calculation. Once orthophosphate was totally depleted

and the SO value reached a constant value (SOE) typical of endogenous conditions, the
kLaO2 of the system was calculated through stopping the aeration and subsequently 

turning it on as described in chapter III.1.1 (Bandyopadhyay et al., 1976).

Figure VII.B8 shows the experimental OUR and orthophosphate profiles and
demonstrates that both components could be linked. A decrease and a slope change on

the OUR is observed together with the orthophosphates depletion (around min 110). This
slope change is also predicted by the model as shown above. The process of polyP 

storage requires some energy which is provided by the oxidation of the internal PHA.

When the polyP storage process stops, the OUR value sharply decreases. 
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Figure VII.B8 OUR (solid line) and orthophosphate (dotted) profiles of experiment VII.B3

Linking OUR measurement and EBPR process is not very common in the literature since
the characteristic phase of EBPR is anaerobic. In this phase, OUR is zero. Under aerobic

conditions, PAO use the previously stored PHA to restore its internal glycogen pools, to

uptake orthophosphate from the medium and store it as polyP, to grow and, finally, it is 
oxidised for maintenance purposes. Figure VII.B9 depicts a simulation of the VFA, P and

OUR in a conventional EBPR cycle with fixed aerobic phase.
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Figure VII.B9 Profiles of the main compounds in a conventional EBPR cycle with fixed aerobic

phase. OUR (solid), SP (dashed) and SVFA (dotted)

As can be observed, the OUR reaches a high value at the start of the aerobic phase and 
drops off once the orthophosphate is totally depleted. The model stoichiometry (Table

VII.B2) shows the oxygen consumption linked to the polyP storage process. PAO growth
decreases sharply while orthophosphate is depleted (~200 min).
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Hence, the time period between the depletion and the aerobic phase end becomes a 
waste of time and energy according to the aim of enriching the SBR population with PAO. 

The last 100 minutes could have been removed without any negative effect.

VII.B.4.3 OUR-CONTROL STRATEGY

OUR is a suitable output variable for modelling purposes because it is relatively easy to

measure while it provides a lot of information. Although it has not been commonly used

in the literature when dealing with EBPR process, experiment VII.B2 showed that there 

existed a clear link between EBPR and OUR. This link is deeply studied and detailed in the

chapter VII.C.

Due to the close link between OUR and orthophosphate concentration, a possible strategy 

could be to stop the aerobic phase and start the settling/extraction phases when OUR 

became lower than a certain value. OUR did not decrease to zero after P depletion, but

remained in a low constant value because of lysis and hydrolysis processes (Figure

VII.B9). The set-point value chosen to test this OUR-control strategy was 0.1 mg 

O2/L/min. The experimental profiles after thirty days of simulation are shown on Figure

VII.B10. The OUR-control strategy improved the start-up without control, since 153 

cycles could be placed in the period of simulation (thirty days). However, the

improvement is lower than the one observed with the P-control strategy.  As an example,

the increase of the ratio XPAO/XH with the OUR control strategy was only 47 % when

compared to the 90 % obtained using the P-control strategy.
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Figure VII.B10 Start-up period with OUR-control (variable aerobic phase length). Anaerobic

phase initial (solid), aerobic phase initial (dashed) and aerobic phase end (dash-dotted).
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VII.B.4.3 dOUR-CONTROL STRATEGY 

The dOUR-control strategy was planned to obtain a more efficient strategy using OUR as

the measured variable and to improve the results of the OUR-control strategy. Hence, a 

new approach using the OUR first derivative (dOUR) was planned. Figure VII.B11 shows

a simulation of the OUR, dOUR and orthophosphate profiles obtained in the aerobic phase

of a conventional EBPR cycle.
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(solid), dOUR (dashed), SP (dash-dotted).

A minimum could be observed in the OUR profile when P was depleted. The OUR was 

always decreasing along the aerobic phase until this minimum was attained. Hence, if the

dOUR was calculated, the depletion point could be estimated because the dOUR at this 

point should move from a negative to a positive value. This hypothesis was the basis of

the dOUR-control strategy: stop the aerobic phase and start the settling/extraction

phases when the first derivative of the OUR became positive. The experimental results of 

this simulation are practically the same as the P-control strategy (Figure VII.B7). It has 

to be noted that this minimum may not always be experimentally observed (as in Figure

VII.B8) and this control strategy could not be always applicable.

This strategy was shown to be a very successful since 169 cycles could be placed in thirty 

days of simulation (only one cycle less than the P-control strategy). The reason for this 

“lost” cycle was that OUR values after and before a certain instant of time were needed

for a proper estimation of the OUR first derivative in this instant of time. This implied a

certain time delay in assessing the minimum of the OUR profile, and consequently, in

stopping the aerobic phase. Lower frequency in OUR calculation would imply higher time

delays and this last strategy would become less efficient. In this work, an OUR estimation

frequency of 10 seconds is used and, then, the delay becomes irrelevant since the start-

up process is highly improved using an easy measurable output variable such as OUR.

VII.B.5 Anaerobic and aerobic phase control length 

Finally, a last simulation was performed reducing both the anaerobic and the aerobic 
phases. The strategies used were VFA- and P-control strategies together. Coupling both 
strategies together implied that 120 cycles could be placed in 440 hours and then a
reduction of 280 hours was accomplished. Hence, almost 40% of the start-up time could
have been reduced with any detrimental effect on the EBPR system.This was a significant 
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improvement since, 219 cycles could be completed in the first 30 days of start-up.
Moreover, this improvement was accomplished using control strategies with two
conventional measurements such as DO and pH. These measurements are online, 
generally available and essential for the monitoring of any biological system.

Figure VII.B12 shows the experimental results obtained. Table VII.B9 compares the final 

results obtained with all the strategies proposed in this chapter. In addition, Figure

VII.B13 compares the length of the anaerobic and the aerobic phases with the amount of 

COD in the feed as acetate. This figure shows that the aerobic phase was always longer 

than required (it never reached values of 180 min). On the other hand, the anaerobic

phase reduction was efficient, particularly from the fortieth cycle on since the length of 

this phase was close to 60 min. 
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Figure VII.B12 Start-up period with VFA-P-control (variable aerobic phase length). Anaerobic

phase initial (solid), aerobic phase initial (dashed) and aerobic phase end (dash-dotted).
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VII.B.6 Summary of the control strategies 

Table VII.B9 summarises the final steady-state values obtained with all the control
strategies used in this chapter.

Table VII.B9 Values of the state variables after thirty days of simulation (SA, SO and EO stand

for Start Anaerobic, Start Aerobic and End Aerobic, respectively)

NO CONTROL VFA-CONTROL P CONTROL

Cycles placed 120 cycles 133 cycles 170 cycles

Compound SA SO EO SA SO EO SA SO EO

SA (mg COD/L) 225 0 0 250 1 0 275 0 0

XPHA (mg COD/L) 205 492 209 1 310 1 998 1349 1024

XPAO (mg COD/L) 1316 1305 1356 1631 1625 1683 1664 1650 1714

SP (mg COD/L) 15 176 0 17 189 0 20 221 0

XPP (mg COD/L) 274 111 282 477 305 493 515 312 531

XS (mg COD/L) 6 11 6 8 11 8 13 18 14

XH (mg COD/L) 349 347 360 447 446 462 225 223 231

XGLY (mg COD/L) 344 220 354 342 211 352 338 185 347

SCO2 (mg COD/L) 71 141 142 75 149 150 88 175 176

XI (mg COD/L) 111 112 114 109 110 113 80 81 82

SF (mg COD/L) 1 1 2 0 0 0 0 1 1

XPAO/XH 3.8 3.8 3.8 3.6 3.6 3.6 7.4 7.4 7.4

OUR CONTROL dOUR CONTROL VFA-P-CONTROL

Cycles placed 153 cycles 169 cycles 219 cycles

Compound SA SO EO SA SO EO SA SO EO

SA (mg COD/L) 275 0 0 275 0 0 325 1 0

XPHA (mg COD/L) 546 897 562 990 1340 1015 871 1273 890

XPAO (mg COD/L) 1597 1583 1647 1658 1645 1708 2429 2422 2502

SP (mg COD/L) 20 219 0 20 221 0 25 250 0

XPP (mg COD/L) 404 203 418 512 309 528 786 560 809

XS (mg COD/L) 9 15 9 13 18 13 16 20 17

XH (mg COD/L) 284 282 293 224 222 231 277 276 285

XGLY (mg COD/L) 387 235 399 338 185 348 489 318 504

SCO2 (mg COD/L) 87 172 174 88 175 176 99 196 198

XI (mg COD/L) 97 99 100 80 81 82 67 68 69

SF (mg COD/L) 1 1 3 0 1 1 0 1 1

XPAO/XH 5.6 5.6 5.6 7.4 7.4 7.4 8.8 8.8 8.8

Several interesting conclusions can be obtained observing the Table above. The highest 

amount of PAO and the ratio XPAO/XH was obtained with the last strategy (reducing both 
phases). This new control strategy resulted in an increase of 85 % on the amount of PAO

of with respect to the conventional EBPR system without control. Moreover, the ratio of 
XPAO/XH was increased around 131 % which are exceptional results. This strategy is

planned to be experimentally tested in further works of the Environmental Engineering

Group of UAB.

As can be observed, the number of cycles placed in the VFA-control strategy (i.e. 133) 
was lower than number of cycles placed in the P-control strategy (i.e. 170). However, the 

amount of XPAO in both systems at the steady state was very similar. The reason is that
the premise that “when orthophosphate was depleted from the reactor, PAO growth did 

not occur” was never accomplished since some orthophosphate was always present in
the reactor due to the polyP lysis process. This small P-release enabled some PAO

growth. This hypothesis is supported by the XPHA trend. In the VFA-control strategy the
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PHA values at the end of the aerobic phase are close to zero since all the PHA has been 
used for growth (among other purposes).

As can be observed in Figure VII.B13, the aerobic phase was usually reduced around 100

min using the aerobic shortening control strategies and the amount of PAO growth in this
period might become noticeable.

Chapter VII.B Conclusions 

¶ The simulations performed in this work reveal that it is feasible to improve the

start-up of an EBPR system in a SBR by reducing the length of both the anaerobic

phase and the aerobic phase so that they coincide with the depletion of VFA and

orthophosphate, respectively.

¶ According to the results of the simulations, if the anaerobic phase is reduced 

linked to VFA presence, 12 % of the start-up length was ineffective for PAO

enrichment and as such it could be omitted. Hence, during the 30 days of start-up 

simulation a total of 133 cycles could be completed. On the other hand, if the 

aerobic phase was reduced linked to orthophosphate presence, 120 cycles would 

be completed in only 513 hours due to the reductions in the aerobic phase length.

That meant 207 hours less than the simulations without control. Hence, 29 % of

the start-up time was ineffective for PAO growth and as such it could be omitted 

¶ The main improvements observed with the simulations are the increase of the 

start-up efficiency in terms of PHA internal levels, PAO presence in the final

sludge, the achievement of higher orthophosphate removal capacity and higher

PAO to OHO ratio. 

¶ If an on-line VFA measurement is not available, the HPR can be used as an

indicator of VFA depletion and, hence, as a measured variable for controlling the

anaerobic phase length. According to the results of the simulations, 12 % of the 

start-up length was ineffective for PAO enrichment and as such it could be

omitted.

¶ If an on-line orthophosphate measurement is not available, the OUR can be used 

as an indicator of its presence. Both the absolute OUR value and the OUR first

derivative can be used as a measured value in the control strategy.

¶ The on-line OUR first derivative calculation allows a satisfactory estimation of the

SP depletion point. This was simulated in a control strategy to reduce the aerobic

phase length with almost the same results as the ones obtained using 

orthophosphate as measured variable

¶ As a conclusion, the best control strategy obtained is a control strategy including
both the P-control and the VFA-control strategy. 120 EBPR cycles could be placed
in 440 hours and then a reduction of 280 hours was accomplished. Hence, almost
40% could be considered useless. This was a significant improvement since, 219 
cycles could be completed in the first 30 days of start-up.
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CHAPTER VII.C – Aerobic phosphorus release linked to acetate uptake 

ABSTRACT

The main processes involved in the Enhanced Biological Phosphorus Removal (EBPR)
process under anaerobic and subsequently aerobic conditions are fully described in the

literature as shown in Chapter VII.A. However, the mechanisms of Polyphosphate
Accumulating Organisms (PAO) are not fully established yet under conditions that differ

from the classical anaerobic / aerobic conditions. This chapter compares the behaviour of 
PAO when they take up Volatile Fatty Acids (VFA) under aerobic conditions with the

classical anaerobic VFA uptake behaviour. In addition, Oxygen Uptake Rate (OUR) was

measured in the set of experiments under aerobic conditions to improve the
characterisation of the process. Two different hypotheses for describing the experimental 

measurements were proposed and modelled. Both hypotheses consider that PAO, under 
aerobic conditions, take up acetate coupled to PHB storage, glycogen degradation and 

phosphorus release as in anaerobic conditions. One hypothesis (PAO-hypothesis)
considered that PAO were able to store acetate as PHB linked to oxygen consumption and

the other (OHO-hypothesis) considered that this storage was due to ordinary
heterotrophic organisms (OHO). Both hypotheses were evaluated by simulation

extending the model presented in Chapter VII.A to take into account the process involved

in the OHO mechanisms.

VII.C.1 Significance of this topic 

As described and modelled in Chapter VII.A, EBPR is based on the physical separation

between the electron donor (COD) and the final electron acceptor (oxygen or nitrate).
One step beyond in PAO knowledge is the analysis of the effect of the simultaneous

presence of both the electron donor and the final electron acceptor. Some research can 

be found in the literature about the effects of the coexistence of COD as electron donor 
and nitrate as electron acceptor (as for example in Kuba et al., 1996; Pereira et al., 1996 

or Filipe and Daigger, 1999). These works are mainly focused in studying the importance
of the Denitrifying Polyphosphate Accumulating Organisms (DPAO) in the bio-P sludge. 

On the other hand, the coexistence of oxygen and VFA with bio-P sludge is a less studied

scenario although P-release under strictly aerobic conditions linked to external substrate
uptake can be found in the literature (Henze et al., 2000; Ahn et al., 2002; Serafim et
al., 2004; Pijuan et al., 2005). This P release is obviously related to PAO, which are also

capable to take up organic substrates under aerobic conditions. However, it is not clear
whether, under aerobic conditions, PAO store VFA using oxygen as electron acceptor or

linked to glycogen degradation and P-release, as under anaerobic conditions. The 
analysis of PAO activity under strictly aerobic conditions will contribute to a deeper

knowledge of these organisms.

Moreover, this chapter demonstrates that PAO consume a significant amount of oxygen
when they take up VFA under aerobic conditions. Hence, the knowledge and 

quantification of this consumption will provide a better understanding of the respirometric

batch profiles obtained with pulses of readily biodegradable substrates to a biomass
coming from a WWTP with EBPR.

VII.C.2 Experimental design 

VII.C.2.1 EXPERIMENTAL EQUIPMENTS 

Two different sets of experiments were conducted. On the one hand, experiments

conducted under classical anaerobic/aerobic conditions in the EBPR-SBR equipment (see
Chapter III.1.3 for a description of this equipment). On the other hand, batch 

experiments under aerobic conditions were conducted in a separate SBR identical to the 
ones of the EBPR-SBR equipment.

279



VII – Enhanced biological phosphorus removal

Two batch tests were performed under anaerobic/aerobic conditions (AnOx experiments).
These experiments were conducted after 150 days of normal SBR operation, when the

reactor was working under steady state conditions. Acetate was used as the sole carbon 
source with an initial concentration of 500 and 250 mg CODVFA/L and the same cycle

configuration as the normal operation.

The reactor used for the aerobic batch experiments was inoculated with biomass 

withdrawn from the EBPR-SBR at the end of the aerobic phase, and left only with
aeration during 12 hours to ensure the absence of any external organic substrate.

Afterwards, and once the DO level reached a constant value, a pulse of feed was added. 
This pulse included substrate (COD) and the corresponding amount of P, ammonium and

micronutrients as in the normal EBPR operation. Two different tests were performed with
initial concentrations in the SBR of 300 and 250 mg CODVFA/L as acetate. The biomass

concentration during these experiments was around 2200 mg VSS/L, with a VSS/TSS
ratio of 0.80. The pH was controlled during all the experiments at 7.0 ± 0.1 with 1M HCl

and the DO was higher than 2 mg/L throughout the experiments.

VII.C.2.2 OUR MEASUREMENT 

The OUR profile was obtained by measuring the DO profile in the liquid phase of the

reactor, which was working on static conditions (there were neither inputs nor outputs).
In addition, it was continuously aerated with a steady flow so that it was operated as a 

LFS respirometer. Hence, the OUR can be obtained from a simplification of the DO
balance in the liquid phase (equation VII.C1):

[ ]
dt

dS
)t(SS·ak)t(OUR O

OEO2OLEX --= (VII.C1)

where SOE is the constant equilibrium value of DO reached when the biomass is aerated
under endogenous conditions (see Chapter III.1.1 for a detailed description of the 

respirometer operation). The kLaO2 of the reactor was calculated following the procedure

originally described by Bandyopadhyay et al. (1967) (i.e. a least square optimisation
process on the reaeration profile obtained with the action of turning the aeration off and

subsequently turning it on).

VII.C.2.3 PARAMETER ESTIMATION

The criterion for selecting the identifiable parameters was based on the Fisher

information matrix (FIM) as in many other studies (e.g. Weijers and Vanrolleghem, 1997 

or Dochain and Vanrolleghem, 2001 among many others). This method is described in

detail in Chapter IV. The least squares parameter estimation method implemented in the

MATLAB® function “fminsearch” was used. Hence, the weighed sum J (equation VII.C2)

of squared errors between model outputs y(k,q) and the measured outputs yM(k), with QK

as weighting matrix, was minimised:
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where N is the number of measurements. 

Each one of the output signals can be linearised in the neighbourhood of the optimal

vector of parameters qO as can be seen in equation VII.C3.
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where Yq(t) is the so called output sensitivity function. The information related to the

dependencies among parameters is also summarised in the FIM (Mehra, 1974). If QK is

the covariance matrix of the measurement noise, the FIM is defined as equation VII.C4.

ä
=

q
-

q=
N

1k

1
K

T )k(YQ)k(YFIM    (VII.C4) 

Then, the FIM matrix summarises the quantity and quality of information obtained in
each experiment because it gathers the output sensitivity functions and the

measurement accuracy. In addition, assuming white measurement noise and no model

mismatch, the inverse of the FIM provides the lower bound of the parameter estimation

error covariance matrix, which can be used for assessing the estimation uncertainty of qO

(equation VII.C5).

1
O FIM)(COV -²q (VII.C5)

VII.C.3 AnOx experiments modelling 

VII.C.3.1. EXPERIMENTAL RESULTS

Experiment VII.C1 (Table VII.C1) was conducted to obtain information about the steady-

state operation of the EBPR-SBR. 

Table VII.C1 Experiment VII.C1 

EXPERIMENT VII.C1 Calibration and validation of AnOx model

Equipment EBPR-SBR

pH 7.0
Temperature 25 ºC

Acid used HCl = 1 M 

Pulses 500 mg CODVFA/L (calibration)
250 mg CODVFA/L (validation)

The model used to describe these experiments was developed as a modification of the

ASM2 (Henze et al., 2000). The main modification introduced consisted in the inclusion of
glycogen economy, as many other models found in the literature (Smolders et al.,
1994a,b; Mino et al., 1995; Filipe and Daigger, 1999; Van Veldhuizen et al., 1999; 
Manga et al., 2001; Hao et al.; 2001). The complete development of this model is

detailed in Chapter VII.A and the stoichiometry and kinetics are depicted in Tables VII.A1

and VII.A2.

The estimated parameters were qPHA, YAC1, YGLY1, YPO, qPP, mPAO, qGLY and XGLYMAX, which

were practically identifiable with the measured outputs (acetate, PHB, glycogen and

phosphate). The fact of having four different measurements facilitated a lot the 

identifiability of these parameters. The covariance matrix of the measurement noise (QK)
was required for FIM calculation (equation VII.C4). This matrix was calculated with the

measurement errors of the experimental data. Glycogen and PHB measurements were
done by triplicate and the covariance error was estimated as the standard deviation. For 

acetate and phosphorus measurements, the covariance error was estimated as 5% of the

measurement. The rank of the FIM gave an indication of the theoretical parameter

identifiability since this matrix represented an approximation of the Hessian matrix of the

cost function (J). In this study, FIM was found to be non-singular so the model could be 

considered locally identifiable (Weijers et al., 1996) and, hence, these eight parameters

were practically identifiable with the experimental data of this work. Then, the inverse of 

FIM was calculated to achieve the estimation uncertainty of the parameters according to 

the procedure described in Dochain and Vanrolleghem (2001). 
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Figures VII.C1 and VII.C2 show the experimental results of acetate, phosphate, PHB and
glycogen obtained for the calibration and validation experiments, which showed the

typical EBPR trend. PHA are polymers of different hydroxyalkanoic acids, but when 
acetate is used as the only carbon source, PHA appears mainly as PHB (Satoh et al.,
1992). For simplification, in this chapter PHA was considered as PHB. As can be seen in

both figures, the model describes reasonably well the experimental profiles obtained.
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Figure VII.C1 Experimental measurements and simulated values for calibration cycle study with

an initial concentration of acetate of 500 mg CODVFA/L
(¸-Acetate, Ã-Phosphorus, ¡-Glycogen, q-PHB, ½½ model) 
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Figure VII.C2 Experimental measurements and simulated values for validation cycle study with an 
initial concentration of acetate of 250 mg CODVFA/L.

(¸-Acetate, Ã-Phosphorus, ¡-Glycogen, q-PHB, ½½ model) 

VII.C.3.2 PARAMETER ESTIMATION RESULTS

The parameters which were not estimated were either assumed from ASM2 (Henze et al.,
2000), or from Manga et al. (2001) (indicated with *). The values obtained for the yields

in the anaerobic phase could indicate that a fraction of GAO were present in the EBPR-

SBR. Table VII.C2 compares the values for YPO and YGLY with the values obtained in the

experiments of chapter VII.A and the values of the metabolic model of Smolders et al.
(1994). As can be observed both yield values indicate the presence of GAO since more 

glycogen is degraded and less P is released per gram of PHA produced.
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Table VII.C2 Comparison of YPO and YGLY with literature values

Experiment VII.C1 Experiments VII.A2 Smolders et al. (1994) 

YPO (gP/gCODPHA) 0.195 0.5 0.32
YGLY (gCODGLY/gCODPHA) 0.54 0.42 0.33

Actually, it is shown to be quite difficult to avoid the presence of GAO in a typical bio-P

sludge coming from a standard AnOx process, particularly when acetate is used as a sole

carbon source (Pijuan et al., 2004a). A lot of research about GAO and PAO competition is
being conducted, as for example in Liu et al. (1996), Filipe et al. (2001a,b), Manga et al.
(2001) or Zeng et al. (2003). However, distinguishing between the two populations was
beyond the scope of this study. This chapter aimed at analysing the behaviour of a bio-P 

sludge (which may contain GAOs) when organic carbon source and oxygen were present 
simultaneously. Moreover, further work on this topic with a bio-P sludge population

without GAO showed the same behaviour (Pijuan et al., 2005a,b),. 

The parameter estimation results obtained for the experiments VII.C1 and VII.C2 are 

presented in Table VII.C3.

Table VII.C3 Value and description of the parameters of the AnOx model
(CODX = biomass COD, CODVFA = external substrate (acetate) COD, CODPHA = PHA COD, CODG = 

Glycogen COD, CODI = Inert COD). 

Parameter Description Value Units

YAC1 Ac consumed per PHA stored 0.663 °  0.016 g CODVFA / g CODPHA

YPO P released per PHA stored 0.195 ° 0.007 g P / g CODPHA

YGLY1 Glycogen degraded per PHA stored 0.54 ° 0.05 g CODG / g CODPHA

YPHA PHA degraded per poly-P stored 0.20 g CODPHA / g P 
(*)YGLY3 Glycogen stored per PHA converted 1 g CODG / g CODPHA

YPAO PAO Yield biomass/PHA 0.3 g CODX / g CODPHA

qPHA PHA storage rate constant (PAO) 8.0 ° 0.3 g CODPHA / g CODX /d

qPP Poly-P storage rate constant 1.350 °  0.001 g P / g CODX/ d 

qGLY Glycogen storage rate constant 22 ° 9 g CODG / g CODX / d 
mPAO Maximum PAO growth rate 0.463° 0.021 1/d

bPAO PAO lysis rate constant 0.2 1/d

bPP Poly-P lysis rate constant 0.2 1/d
bPHA PHA lysis rate constant 0.2 1/d
bGLY Glycogen lysis rate constant 0.2 1/d
KO Saturation coefficient for DO 0.20 mg DO/L

KS Saturation coefficient for acetate 4 Mg CODS /L
KPP Saturation coefficient for poly-P 0.01 g P/g PAO

(*)KGLY Saturation coefficient for glycogen 0.001 Mg CODG /L
(*)KPHA-P Saturation coefficient for PHA in polyP storage 0.07 g CODPHA/g CODX

KPS Saturation coefficient for P in polyP storage 0.2 mg P/L 
KMAX Maximum ratio of XPP/XPAO 0.34 g P/g PAO

KIPP Inhibition coefficient for XPP storage 0.02 g P/g PAO

XGLYMAX Maximum ratio of XGLY/XPAO 0.71 °  0.06 g CODG /g CODX

KPHA-G Saturation coefficient for PHA 0.01 g PHA/g-1 PAO
KP Saturation coefficient for P in PAO storage 0.01 mg P/L-1

iBPM P content of biomass 0.02 g P/g CODX

n5P P released in PAO lysis 0.01 g P/g CODX

fXI XI produced in PAO lysis 0 g CODI/g CODX

The parameters which were not estimated were taken from ASM2, except for three parameters (*)
from Manga et al. (2001) 

The CO2 production under anaerobic conditions due to the PHB storage process predicted

in this work (0.16 C-mol / C-mol) agreed with the ratio obtained in these other studies

such as Smolders et al. (1994a) or Zeng et al. (2003). Besides, some rates were higher

than those found in the literature, as qPHA (Henze et al., 2000) and qGLY (Manga et al.,
2001). The reason could be that the system of this study was more dynamic in the COD 

variations compared to the cited systems of the literature. Hence, SBR would probably be

more effective in the selection for biomass that take up and store substrate very fast 

(Dircks et al., 2001).
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The confidence intervals of the obtained parameters were low, with the exception of the
glycogen storage rate constant (qGLY). The reason was that the experimental glycogen

measures showed an important measurement error (high standard deviation).

VII.C.4 Modelling aerobic experiments 

VII.C.4.1 EXPERIMENTAL RESULTS

Experiments VII.C2 (Table VII.C4) were conducted to assess the behaviour of bio-P
sludge under strictly aerobic conditions. This biomass was withdrawn from the reactor
where the AnOx set of experiments was previously performed. 

Table VII.C4 Experiment VII.C2 

EXPERIMENT VII.C2 Aerobic calibration experiment 

Equipment Aerobic-SBR

pH 7.0
Temperature 25 ºC

Acid used HCl = 1 M 
Pulses 300 mg CODVFA/L (calibration)

Figure VII.C3 shows the experimental profiles obtained in experiment VII.C2. Two

different phases could be distinguished, despite the aeration conditions were not changed

along the experiment. The first phase coincided with the presence of acetate, which was

stored as PHB. In this phase, P was released and glycogen was degraded. Afterwards, in
the second phase, PHB was consumed and biomass grew on the accumulated polymer. In 

these phase P was uptaken and glycogen was produced.

These two phases of accumulation and subsequent growth are known in the literature as

feast / famine phases when referring to heterotrophic consumption of an external

substrate (e.g. Majone et al., 1999; Dircks et al., 2001). In this work, these phases were 

also analogous to the anaerobic / aerobic phases of the EBPR process according to the

trends of acetate, phosphate, PHB and glycogen.
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Figure VII.C3 Measured profiles of experiment VII.C2.
¸-Acetate, Ã-Phosphorus, ¡-Glycogen, q-PHB
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Accordingly, while acetate was consumed in the feast phase, PHB was stored. In this
storage process, glycogen degradation and phosphate release were experimentally

observed. These events are uniquely characteristic of PAO behaviour, and they are 
carried out in order to obtain the necessary reducing power and energy to store PHB.

Hence, these experimental results were very interesting since PAO seem to behave the 
same way than under anaerobic conditions despite the oxygen presence. 

In addition, OUR was measured (Figure VII.C4) in order to obtain supplementary
information about the process. The OUR value obtained was considerably high during

acetate consumption (from 0 to 35 min). When acetate was depleted, the OUR value 

decreased, but some oxygen consumption was observed until minute 370. The high OUR 

in the feast phase could be assigned to acetate storage as PHB. Hence, it can be 

concluded that the acetate uptake is linked to oxygen consumption despite PAO are used

to taking up acetate under anaerobic conditions. 
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Figure VII.C4 OUR profile for experiment VII.C2

In the famine phase, once the acetate was exhausted, the profiles obtained coincided

with the typical EBPR behaviour under aerobic conditions: PHB was degraded (allegedly

for PAO growth and to restore the glycogen internal pool), glycogen was accumulated

and orthophosphate was taken up. 

VII.C.4.2 MODELLING WITH THE CONVENTIONAL AnOx MODEL 

At this point, the AnOx model previously described was simulated with the initial

conditions of the relevant compounds of the aerobic experiment (Figure VII.C5 solid line)

and compared with the experimental data. The kinetic and stoichiometric parameters of 

the PAO processes were not modified with respect to the parameters estimated in

experiment VII.C1, except for the XGLYMAX parameter of the glycogen storage process.
This parameter was changed from 0.71 to 0.40 g CODGLY/g CODX because the initial

glycogen levels were very different between both sets of experiments.

Moreover, the kinetics of the three typical EBPR aerobic processes (i.e. poly-P storage,

glycogen storage and PAO growth) were slightly modified. As these processes are 
supposed to occur under aerobic conditions, a new term was required in order to prevent

these processes from occurring simultaneously with PHB storage when acetate was 

present. This term was a switch on acetate: KAC/(SAC+KAC), with KAC estimated as 10 mg

CODVFA/L.
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In the AnOx model (i.e. conventional EBPR operation), these processes cannot occur
simultaneously because they include an inhibition term on oxygen. Hence, in the AnOx 

model the oxygen concentration was the switch between the two phases, whereas under
strictly aerobic conditions the depletion of acetate was the switching factor.
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Figure VII.C5 Experimental measurements of experiment VII.C2 (¸-Acetate, Ã-Phosphorus,
¡-Glycogen, q-PHB). Simulated values with the AnOx model (½½).

As can be observed, P-release and glycogen degradation in the feast phase were well

predicted by the AnOx model. These profiles were characteristic of PAO behaviour.

However, the model prediction did not agree with the evolution of these compounds
along the famine phase, because the point where the acetate was totally consumed (end 

of the feast phase) was not well predicted. Moreover, the AnOx model underestimated
the rates of acetate consumption and PHB storage, as observed Kuba et al. (1996) in

their experiments with nitrate as final electron acceptor. This fact indicated that existed

an additional consumption of acetate for PHB storage, with neither P-release nor 

glycogen degradation. Kuba et al. (1996) also observed that part of acetate was oxidised

through the tricarboxylic acid cycle (TCA), to obtain energy and reduction equivalents for

PHB storage, when nitrate was present. In addition, the high OUR observed in the feast

phase (Figure VII.C4) could not be predicted with the model of Chapter VII.A and

probably the consumption of this “excess” of acetate for PHB storage was linked to

oxygen consumption.

At this point, two different hypotheses were proposed. Both hypotheses considered that 

PAO, under aerobic conditions, uptake acetate coupled to PHB storage, glycogen
degradation and phosphorus release as under anaerobic conditions. Moreover, the first 

hypothesis (PAO-hypothesis) considered that PAO were able to store additional acetate
as PHB linked to oxygen consumption. The second one (OHO-hypothesis) considered that

a different biomass fraction, OHO, was the only responsible for this additional
consumption of acetate. Both hypotheses were evaluated by simulation, extending the 

AnOx model with additional equations, and using the parameters of Table VII.C3 without

modifications.
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VII.C.4.3 PAO HYPOTHESIS 

The PAO-hypothesis implies that PAO can oxidise part of the acetate using oxygen as 

electron acceptor in order to obtain energy to store PHB. Then, PAO should take 
advantage of the much more efficient aerobic metabolism. In addition, P-release was

observed under aerobic conditions, which meant that PAO also used the classical polyP

hydrolysis mechanism for energy supply. This hypothesis was considered and modelled

by extending the AnOx model with process 9a (Table VII.C5), so that PAO can store

aerobically as PHB as described in the ASM3 model (Henze et al., 2000).

A factor was added to this PHB storage process in order to describe the time delay in
reaching the maximum OUR value experimentally observed after adding acetate. This 

phenomenon, known as “start-up”, is probably caused by many factors such as mixing,
substrate diffusion or metabolic pathways activation (Vanrolleghem et al., 2004), and

can be mathematically described by a first order delay (Guisasola et al., 2003;

Vanrolleghem et al., 2004). The model was simulated maintaining the previous
parameter values for the processes 1-8. For the process 9a, the value for the yield YSTO

was assumed to be the same of ASM3 (Henze et al., 2000), and the storage rate 
constant (kSTO) was modified in order to fit the experimental profiles for acetate. Figure

VII.C6 shows the experimental results versus the modelling profiles. As can be observed,

the feast phase was well described using this new process but, in the famine phase, PHB 

degradation was underestimated.

Table VII.C5 Stoichiometry and kinetics of the PAO-hypothesis model (9a).
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Figure VII.C6 Experimental measurements of experiment VII.C2 (¸-Acetate, Ã-Phosphorus,

¡-Glycogen, q-PHB). Simulated values with the PAO hypothesis model (½½).
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VII.C.4.4 OHO HYPOTHESIS 

The model presented in Chapter VII.A was extended with two new processes (9b and 10 

of Table VII.C6) to simulated the OHO-hypothesis. These processes were adapted from 
the ASM3 model. Two different contributions of PHB were considered: PHB from PAO and

PHB from OHO. The sum of both contributions should be equal to the PHB measured. 

Table VII.C6 Stoichiometry and kinetics of the OHO-hypothesis model (9b and 10).
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The model was fitted maintaining the previous values for the parameters of the 8 first

processes. In the processes 9b and 10, the value for the yield YSTO was assumed to be 

the same of ASM3. The practical identifiability of the five parameters optimised (kSTO, µH,
YH, Ű, and KS,HET) with the 5 outputs measured (acetate, PHB, glycogen, phosphate and

OUR) was checked with the FIM procedure as in the AnOx model. Likewise, the

confidence interval of the parameters was also estimated.

The parameters used in these processes are presented in Table VII.C7. The confidence

intervals for the estimated parameters were much lower than the previous case. The

reason was the extra amount of information provided by the OUR measurement
(measuring interval: 5 seconds). Moreover, the number of parameters in this case was

only 5 compared to the 8 of the previous case. The obtained kSTO (8.9 gCODPHA/gCODX/d)
was higher than default value of ASM3 (i.e. 5 gCODPHA/gCODX/d). The reason could be 

the same as previously discussed for qPHA and qGLY. In addition, the obtained YH (0.7
gCODX/gCODPHA) was higher than the default ASM3 value (i.e. 0.63). The variability of

this parameter is already discussed in Chapters V.C and V.B.

Table VII.C7 - Value and description of the parameters (CODX = biomass COD, CODVFA = external

substrate (acetate) COD, CODPHA = PHA COD, CODG = Glycogen COD) 

Paramteter Description Value Units From

YSTO
PHA produced per acetate

uptaken
0.85 gCODPHA /gCODVFA

Henze et al. (2000)

YH Heterotrophic growth yield 0.70 ± 0.06 g CODX/g CODPHA This study 

kSTO Storage rate constant 8.93 ± 0.04 g CODPHA /g CODX/d This study

mH Heterotrophic growth rate 2.88 ± 0.03 1/d
This study 

KSTO Storage process constant 1 g CODPHA/g CODX Henze et al. (2000)

KS_HET
Heterotrophic sat. coeff. for 

Acetate
10.00 ± 0.06 mg CODVFA /L

This study 

t Time constant 3.0 ± 0.1 min This study 

288



CHAPTER VII.C – Aerobic phosphorus release linked to acetate uptake 

Figure VII.C7 shows that the model from the OHO-hypothesis described accurately the
evolution of all the components in both feast and famine phases. 
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Figure VII.C7. Experimental measurements of experiment VII.C2 (¸-Acetate, Ã-Phosphorus,

¡-Glycogen, q-PHB). Simulated values with the OHO-hypothesis model (½½).

Figure VII.C8 shows the predicted OUR profiles with both the PAO- and OHO-hypothesis. 

As can be observed, the latter made a better prediction of the OUR profile (dashed-

dotted line) than the PAO-hypothesis (dashed line) during both phases.
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Figure VII.C8 Experimental and simulated OUR profiles of experiment VII.C2. Experimental OUR 

(solid), OHO-hypothesis (dash-dotted) and PAO-hypothesis (dashed) 
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Experiment VII.C3 (Table VII.C8) was conducted to validate the results of experiment
VII.C2.

Table VII.C8 Experiment VII.C3

EXPERIMENT VII.C3 Aerobic validation experiment

Equipment Aerobic-SBR

Ph 7.0

Temperature 25 ºC

Acid used HCl = 1 M

Pulses 250 mg CODVFA/L (validation) 

In addition, it was tested whether the calibrated model for each hypothesis was able to

describe the new experimental data. The experimental results shown in Figure VII.C9,

confirm that, under aerobic conditions, P-release occurred simultaneously to acetate

uptake, glycogen degradation and PHB storage. This figure also shows the predicted

profiles for both hypotheses.
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Figure VII.C9 Experimental measurements of different compounds experiment VII.C3.

 PAO hypothesis (UP) and OHO hypothesis (DOWN) 
¸-Acetate, Ã-Phosphorus, ¡-Glycogen, q-PHB, -··- Acetate model, -- Phosphorus model, ··· 

Glycogen model, ½ PHB model.

The PAO-hypothesis model described adequately the feast phase, although the PHB

degradation and the poly-P storage in the famine phase were underestimated. The

observed behaviour for PHB was quite similar to the observed in the calibration

experiment of this hypothesis (Figure VII.C3).
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However, the poly-P storage process was better described in the calibration experiment.
The OHO-hypothesis model also described adequately the feast phase and

underestimated the poly-P storage in the famine phase. However, the OHO-hypothesis 
provided a better description of the PHB degradation in the famine phase.

VII.C.5 Discussion of the results 

A conventional bio-P sludge obtained from a SBR operated with normal EBPR conditions
(anaerobic/aerobic cycles) was used to test its behaviour under aerobic conditions. The

results obtained showed that this bio-P sludge stored acetate as PHB, linked to glycogen 
degradation and P-release under aerobic conditions. These results could not be reliably

described using a modified ASM2 model, calibrated with the same bio-P sludge in
anaerobic/aerobic conditions since it underestimated the acetate uptake and the PHB

storage in the feast phase (Figure VII.C5). Moreover, it did not describe the high

experimental OUR observed during the feast phase (Figure VII.C8).

Two hypotheses were proposed to describe the experimental measures. Both hypotheses

considered that PAO, under aerobic conditions, uptake acetate coupled to PHB storage,

glycogen degradation and phosphorus release as in anaerobic conditions. However, the

additional consumption of acetate was attributed to different biomass fractions depending

on the hypothesis.

Both hypotheses were evaluated by simulation, extending the AnOx model with

additional equations. The OHO-hypothesis described the experimental profiles more
accurately than the PAO-hypothesis (Figures VII.C6-VII.C8). The major achievements of 

the OHO-hypothesis were the better predictions of the PHB degradation during the

famine phase and of the OUR profile during both feast and famine phases. The different

PHB degradation predicted by both hypotheses was due to the growth of OHO. This

process predicted heterotrophic biomass growth using PHB. This additional consumption

provided a better description of the PHB profile for OHO-hypothesis.

The most important difference between both hypotheses was observed in the OUR

profiles (Figure VII.C8). During the feast phase, the oxygen consumption predicted by 
the OHO-hypothesis was higher than the one predicted by the PAO-hypothesis and closer

to the experimental values. The difference between both models during the feast phase

was that the oxygen consumption in the OHO-hypothesis was due to the simultaneous

PHB storage and OHO growth while, in the PAO-hypothesis, the oxygen consumption was

only linked to aerobic PHB storage. Both hypotheses did not consider PAO-growth when 

acetate was present. However, if PAO growth was considered when acetate was present, 
the OUR of the feast phase predicted by the PAO-hypothesis would be also lower than the

experimental and both the P-release (feast phase) and the PHB degradation (famine 

phase) would be underestimated.

During the famine phase, the oxygen consumption predicted by the PAO-hypothesis

model finished around minute 100, whereas the predicted by the OHO-hypothesis model 

described all the experimental oxygen consumption until minute 360. The reason for this

discrepancy was that the kinetics of poly-P storage and PAO growth depend on P 

concentration, according to ASM2 model (Henze et al., 2000). However, the kinetics of 
OHO growth (process 10) was predicted in spite of phosphorus absence, according to

ASM3 model (Henze et al., 2000).

In accordance with these results, the best description seemed to be provided by the

OHO-hypothesis model. However, this observation should not be taken as a strong

assertion. It has to be considered that for a more reliable description of the process, the

contemplation of simultaneous growth and storage by both biomass fractions should be 

at least examined. However, this deepening was beyond the scope of this chapter which

291



VII – Enhanced biological phosphorus removal

aimed to understand the experimental profiles measured when acetate was aerobically
consumed by a bio-P sludge.

On the other hand, this model predicted a high fraction of OHO, similar to the fraction of 

PAO. Probably, this was caused by the fact that the system was not nitrogen bubbled
during the anaerobic phase when experiments were conducted. This facilitated OHO 

growth since there could be some oxygen in the feed phase and some oxygen could be 

transferred through the surface. In addition, some organic matter could be provided by 
means of the lysis processes, giving some additional substrate for OHO growth during

aerobic phases. However, a rough estimation of the amount of oxygen transferred 

through the surface indicates that only about 3% of COD could be consumed aerobically.

This is a low value which would not allow such a high OHO growth and may somehow

contradict the OHO-hypothesis. Obviously, for a detailed model description of the 

processes occurring, more focusing and experimental data is needed.

VII.C.6 Extension of this chapter: the work of Pijuan et
al.

This chapter describes the aerobic P-release, i.e. the observation that EBPR biomass can
take up acetate under aerobic conditions linked to P release and glycogen degradation.

After this observation some experiments were conducted by Pijuan et al. (2005a, b) to 
answer some of the questions that may arise in this chapter. These works represent an

extension of the aerobic P release topic and contain extra valuable information such as

Fluorescence In-Situ Hybridation (FISH) analyses. These analyses allow a qualitative
assessment of amount of PAO present in the sludge.

First of all, the aim of Pijuan et al. (2005a) was to assess the response of an EBPR

biomass in front of an organic substrate (acetate) under aerobic conditions, when this

biomass contained different levels of PHA, polyphosphate and glycogen. Different

experiments were performed in order to compare the standard reactor operation with the

results obtained in batch experiments performed under aerobic conditions with sludge

withdrawn at the end of the anaerobic period of the SBR (EAN experiment) and at the

end of the aerobic period (EOX experiment). A higher P/C, GlyDEG/AcUPT and GlyDEG/PHAF

ratios were observed in the EOX experiment. These differences could be attributed to the 

fact that more polyP was present in the EOX experiment. These ratios suggest a higher 
PAO activity in the EOX experiment, although the ratio of PHA formed per acetate 

consumed did not change between both aerobic experiments.

On the other hand, Pijuan et al. (2005b) aimed to analyse the evolution of an EBPR
community under permanent aerobic conditions. For this aim, biomass was withdrawn

from a classical EBPR SBR system and aerated permanently. The shift to only-aerobic

cycles was conducted after 90 days of SBR operation, when the reactor was working with

an EBPR population in steady state. Once the operational conditions were shifted, the

system was equally operated with 4 cycles per day, except for the anaerobic phase which

became also aerobic. The OUR profile was obtained using the measured DO profile in the

liquid phase of the reactor, which was continuously aerated with a steady flow and FISH 

analyses were performed during the whole experiment.

The permanent aerobic conditions were maintained for eleven days and net phosphorus

removal was achieved during the first 4 days of operation. A progressive decrease in the

P-uptake to P-release ratio was observed since the start up, with a lower P-uptake than

P-release from the 7th day of aerobic operation. It is remarkable that “Candidatus
Accumulibacter phosphatis” was the predominant PAO in this study and its percentage
did not change when the anaerobic/aerobic SBR was shifted to aerobic SBR. After 11

days of operation under aerobic conditions its percentage was the same as in the

beginning.
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A progressive decrease in the amount of glycogen in the biomass as well as in the ratios

of glycogen degradation and formation was observed along the study. This fact suggests
that PAO tended to deplete its internal glycogen, which in aerobic conditions would be

less useful than in anaerobic conditions. In addition, PHB production ratio was maintained
constant throughout the study, despite the decrease in glycogen degradation in the feast

phase. Finally, the OUR profiles obtained suggested the occurrence of some processes (P-

uptake, glycogen production and growth) during the feast phase which are generally
attributed only to the famine phase.

Chapter VII.C CONCLUSIONS 

In this study, a comparison between the behaviour of an EBPR sludge working under
anaerobic/aerobic conditions and the behaviour of the same sludge with simultaneous

presence of an electron donor (acetate) and a final electron acceptor (oxygen) was

performed. The main conclusions obtained are:

¶ PHB storage from acetate by PAO observed in anaerobic conditions seems not to

be affected by the oxygen presence. Under strictly aerobic conditions, PAO can

uptake acetate obtaining energy from poly-P hydrolysis and reducing power from

glycogen degradation.

¶ Part of the acetate consumed in aerobic conditions is stored as PHB linked to

oxygen consumption.

¶ Two different hypotheses were formulated and simulated to describe this aerobic

acetate consumption and PHB storage. The PAO-hypothesis considered that PAO

store acetate as PHB linked to oxygen consumption, in addition to store acetate as 
PHB linked to P-release and glycogen degradation. The OHO-hypothesis

considered that PAO store acetate as PHB linked to P-release and glycogen
degradation, and that OHO are the only responsible for the additional acetate 

consumption and PHB storage. 

¶ Assuming that PAO and OHO populations are well described by the modified ASM2

model and the ASM3 model respectively, the OHO-hypothesis describes better the

experimental profiles. Nevertheless, none of both hypotheses can be totally

rejected and it is also possible that its combination could describe better the

experimental results. More research is needed in this field in order to clarify the
experimental observations. 
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 VIII – Summary and future perspectives

This thesis aimed to improve the current knowledge of wastewater biological organic
matter and nutrient removal processes through the approach of modelling. These
processes are the aerobic COD removal, nitrification and EBPR. There already exist some 
models in the literature of each process. Hence, a critical revision of these models was
required. After that, a new model was developed in each chapter as an extension of the
literature models. The models were extended so that they could be calibrated and
validated with respirometric and titrimetric techniques.

VIII.1 Model identifiability 

When modelling a process, some effort is necessary in examining the identifiability of this
model with respect to the available output measurements for a reliable posterior
utilisation of the model. Modelling should not be simplified to the estimation of model
parameters through minimization algorithms with respect to experimental data. The lack
of attention to the identifiability issues has probably caused the existing wide variability
of the literature in the parameter estimation values (e.g. biomass yields).

“Modellers” need to realize that the assessment of the confidence intervals of their
parameter estimates is as important as the estimation of the parameter value itself.
Nowadays, mathematical tools are being developed in order to discriminate which of the
model parameters are identifiable or not.  A parameter can be identifiable as long as its
variation has significant influence on one of the output signals and this output signal is
measured with enough quantity and quality. 

Chapter IV describes the methodology used in this thesis to deal with the identifiability
issues with Andrews model for substrate inhibition as study case. This methodology is
based on the Fisher Information Matrix (FIM) calculation. This matrix integrates the
sensitivity of the measured outputs with the estimated parameters with the quantity and
quality of the experimental data.

This methodology has very important strengths since the information provided for each 
of the output measurements is quantified in basis of quantity (amount of sampling
points) and quality (sensitivity analysis). In this way, the information obtained with each 
sample point is calculated separately according to the importance of that output variable
in the time instant when it was measured. For example, a measurement of nitrite in the
nitrification process contains different amount of information depending if is done at the
start, in the middle or at the end of the experiment. The sensitivity analysis is a very
interesting tool in view of detecting parameter correlation problems. Moreover, the FIM is
easily calculated and applicable once the model is developed.

However, the results obtained with on-line measurements are too optimistic when
compared to measurements with lower frequency such as substrate or storage products.
Each of the sampling points is used to corroborate the model, hence with on-line
measurements (such as DO and pH) the sum of information is overestimated. The reason 
may be that the calculation of the measurement error weighting matrix (QK) for the
experimental inputs used is too optimistic, despite the values obtained are in the range
of similar works (e.g. Petersen, 2000).

FUTURE PERSPECTIVES

¶ The importance of confidence interval assessment must be stressed in all the 
modelling publications so that its calculation becomes more widespread. For this
aim, the mathematical methodologies should be clearly reported and reviewers 
should demand their values in case they do not appear. 

¶ The FIM methodology needs to be improved, mainly the QK estimation for on-line
measurements, for a reliable estimation of confidence intervals.
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VIII.2 Biological COD removal 

This thesis has shown that the reference models in the field of biological nutrient removal
field, Activated Sludge Models (ASM) are not suitable to describe short-term
respirometric batch profiles. However, the application of these models in view of
designing, monitoring and even for a macroscopic modelling of full-scale WWTP is not
debated.

These two models were critically revised for its application with respirometric batch
profiles. Hence, both models were fitted to four different respirometric batch profiles
obtained with biomass from different WWTPs and some numerical inconsistencies were 
observed when using these models to interpret the results obtained.

On the one hand, ASM1 is a growth-based model where the biomass is considered to
grow solely on the external substrate present. For instance, in experiments with 
considerable storage, ASM1 was not able to predict the tail observed due to the internal
polymer consumption and obviously did not predict the storage product evolution in the 
cell since this compound was not considered.

On the other hand, ASM3 was developed in 1999 mainly to consider the storage 
phenomenon. It assumes that all the readily biodegradable organic substrates taken up
under feast conditions are directly converted into stored material. These stored 
compounds become the carbon and energy source for growth purposes in the subsequent
famine period. In ASM3, the decay processes are replaced with the endogenous 
processes. ASM3 could describe this second tail accurately, but non-mechanistic
parameters were obtained. In addition, ASM3 is not able to predict the discontinuity in
the growth rate of biomass observed experimentally between feast and famine phases. 
Secondly, ASM3 requires prediction of higher levels of internal storage polymers than
measured to fit the oxygen consumption during feast and famine phases. From a 
practical identifiability point of view, Chapter V.A shows the difficulty to obtain reliable
values of the parameters related to the ASM3-growth process because mH and KSTO are
not identifiable, and high correlation exists between YGSTO and mH, and YGSTO and KSTO.

The parameter estimation values obtained in Chapter V.A seem to indicate that both
ASM1 growth and ASM3 storage processes may occur at the same time. The main 
conclusion of Chapter V.A is that an alternative model taking into account simultaneous
storage and growth processes should be proposed. For example, the growth yield (YH)
obtained by fitting ASM1 to the short-term respirometric batch profiles is higher than the
default one (0.67) and the storage yield (YSTO) obtained by fitting ASM3 is lower than the 
default one (0.85). In addition, the introduction of this hypothesis would also help to
improve the mechanistic meaning of the estimated parameters. There are some models
in the literature which have adopted this approach such as van Aalst-van Leeuwen et al., 
(1997); Krishna and Van Loosdrecht, (1999); Beccari et al., (2002); van Loosdrecht and
Heijnen, (2002) or Karahan Gül et al.,(2003).

Hence, a new model for biological COD removal including simultaneous storage and 
growth was developed in Chapter V.B based on the abovementioned models. This model 
is particularly focused on describing the natural conditions of a WWTP (i.e. slowly
growing biomass under low and alternating F/M ratio with low PHB content). The
elementary mass and reduction balances to obtain the corresponding stoichiometric
coefficients and the deduction of the kinetics of each process is described in Chapter V.B.
This model was based on a revision on previous models found in the literature,
particularly following the research line of the Technical University of Delft. In addition,
the model was developed to be calibrated using both respirometric and titrimetric data.
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The major points of this model are:

A. IDENTIFIABILITY OF THE THREE YIELDS

If the simultaneous growth and storage is admitted, a new model with at least three 
processes with different rates and yields should be proposed: the substrate uptake for
storage purposes, the substrate uptake for growth purposes and the growth on stored 
product. The model proposed solved this identifiability issue of the three necessary yields 
by linking their value to a unique parameter: the P/O ratio (d), i.e. the mol of ATP for mol 
NADH2 used in the oxidative phosphorylation as done in van Aalst-van Leeuven et al.
(1997). This value can be calculated for pure cultures, but when dealing with mixed
cultures it is not that easy. In any case, d should not exceed the value of 3 due to
thermodynamic considerations (Lehninger et al., 1993).

B. DESCRIBING THE SUBSTRATE KINETICS IN THE FEAST PHASE

According to the research line of TUD, the kinetics of the feast phase strongly depends on 
the evolution of the growth rate with SRT. At low SRTs (i.e. high growth rate) negligible
storage is observed since the growth rate is close to its maximum substrate uptake rate. 
On the other hand, at high SRTs (i.e. low growth rate) the substrate uptake rate of the
biomass is higher than the the average growth rate. Consequently, the difference
between substrate uptake (qMAX) and substrate used for growth (mMAX) is diverted to
formation of the storage polymers. Under these conditions, van Loosdrecht and Heijnen
(2002) asserted that the qMAX was slightly changing with SRT while mMAX is strongly
affected by SRT variation. Hence, the ratio of PHB produced per acetate taken up can be
considered constant since the storage becomes the dominant process under these 
conditions (around 0.67 g CODSTO/g CODS). Based on these considerations, the model
presented in this thesis considers that part of the substrate is used for growth and part 
for storage. fSTO is the fraction of the substrate flux diverted to the storage products (g
CODS/g CODS). As discussed below, this value should be around 0.6-0.7 for WWTP with
high SRT. However, this value should not be taken as universal, since it is influenced by
many factors such as the alternating feed pattern or the plant SRT. 

Hence, the kinetic modelling of the feast phase assuming no substrate limitations is
shown on equations VIII.1 – VIII.3:
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C. DESCRIBING PHB DEGRADATION KINETICS IN THE FAMINE PHASE

The description of the PHB degradation under famine conditions was stressed in the case
of biomass with low PHB content. The typical surface saturation and multiple order 
kinetics used in other works were discarded because they could not describe correctly the
experimental observations. These observations showed that there are at least two
phenomena corresponding to a fast and a slow degradation rate of XSTO under famine
conditions.  A new expression is proposed which successfully describes this phenomenon.
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The first part of this mathematical expression describes the surface-saturation type
degradation kinetics of XSTO likewise ASM3 (Henze et al., 2000). The second part 
assumes that the degradation of XSTO is regulated as function of the storage content of
the cell, fXSTO = XSTO/XH likewise Dircks et al. (2001). This means that when fXSTO is high,
the degradation of XSTO is faster, depending on the regulation constant of the cell,
fXSTO

REG.  However, when fXSTO is decreasing and approaching a minimum level in the
biomass, the biomass starts to limit the degradation rate of XSTO.

D. INCLUDING DYNAMIC CO2 SYSTEM FOR THE TITRIMETRIC DATA DESCRIPTION

In order to include the titrimetric data for the model calibration, the proton
consuming/producing processes must be detected. Gernaey et al., (2002a) identified the 
processes which mostly influenced the pH (i.e. substrate and ammonia uptake and CO2

stripping). They calculated the effect of these processes on pH based on the chemical 
equilibriums of the substrate (weak acid) and ammonia (weak base). They used a simple 
ASM1 growth model. This thesis integrates the influence of the storage processes on pH, 
which is calculated in an analogous way as Gernaey et al.

As they used short-term experiments to calibrate their model, they assumed that under
these conditions the CO2 stripping rate could be considered constant. Hence, they
predicted a constant acid addition which they called background proton production rate 
(BPPR). This may be the most controversial issue in their model, since this assumption is
only valid under certain conditions, i.e. low oxygen transfer efficiency, high pH and short-
term experiments (Pratt et al., 2004; Sin, 2004). Later on, Sin (2004) from the same 
research group extended the ASM1 Gernaey’s approach by integrating the physical and 
chemical equilibriums involved in the dynamic CO2 system: the carbonic acid – carbonate 
equilibrium, aeration, carbon stripping processes.

This model is calibrated and validated in Chapter V.C and Chapter V.D with respirometric
and titrimetric experiments from several different WWTPs. The results showed that this
model is able to describe the behaviour of two different biomasses with very different
storing capacities.

The model was first calibrated in Chapter V.C with OUR data obtained from batch
experiments. The predictions of the calibrated model were also confirmed by independent
PHB measurements, supporting the validity of the model. It was observed that some of
the kinetic parameters could not be reliably identifiable with respirometric experiments.
OED methodology was shown to be valuable in view of improving the parameter
estimation accuracy, particularly for the identification of the second-order model
developed in this study. 

With respect to the parameter estimation values, the maximum growth rate of 
heterotrophs was estimated to be between 0.7 – 1.3 1/d for the sludge tested which is 
quite lower compared to the values reported in literature for the ASM models. The 
estimated yield coefficient for heterotrophic growth on acetate was around 0.58 g COD/g
COD, lower than the values reported in literature for ASM models. It is believed that the
proposed model gives a better prediction of the growth yield and the maximum growth
rate of biomass in full-scale WWTPs since it accounts for the storage phenomenon.
Finally, the estimated maximum substrate uptake rate of the biomass was much higher
than the substrate usage rate at the maximum growth rate of the biomass.

In addition, it was observed that when two subsequent acetate pulses are added, the
second peak is higher than the first. The model could describe this experimental
observation if the growth on storage process was not inhibited by the external substrate
concentration. However, this discrepancy may be due to the not modelled physiological
adaptation of the biomass. In any case, further work on this topic is required.
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The link between titrimetric data and the biological COD removal process was studied in
Chapter V.D. It was shown that titrimetric measurements are a valuable tool for COD
monitoring. For example, titrimetry allows an easy detection of the substrate depletion
point and provides information about the process rate. This information is different than
the one provided by the OUR measurement. However, these techniques are only
significant if the substrate is a VFA or a dissociated compound as shown with some
experiments with ethanol and methanol as substrate.

Moreover, titrimetric techniques should be also a quantification tool but it has been 
experimentally observed that the ratio of moles of protons added to moles of substrate
taken up is lower than one (which is the theoretical one). Finally, titrimetric
measurements were used for model calibration and resulted to be very useful since they
provided complementary information and reduced the parameter confidence intervals.

FUTURE PERSPECTIVES

¶ The future work in this field should be addressed to the study of the storage
processes with real wastewater with the different storage polymers involved. For 
instance, propionate represents a significant portion of VFA and it is mainly stored
as polyhydroxyvalerate and poly-b-hydroxy-2methylvalerate. Hence, the effect of
a certain fraction of propionate in the feed on the biomass growth and storage
process should be studied. 

¶ These experiments with different substrates should be also performed at different
pHs to assess the link between pH and substrate uptake. Moreover, the
quantification of the initial substrate uptake with the amount of acid added is an 
interesting topic to examine.

¶ d is a key parameter in this model and a simple and reliable experimental
estimation procedure should be found for a posterior use of the proposed model.

¶ The variability of the fSTO value on the plant conditions is also a very interesting
issue to examine. This involves the effect of the plant characteristics on the
storing capability of the bacteria present in that plant.

¶ Sin (2004) has examined the study of the simultaneous growth and storage
process under anoxic conditions. This process must be studied and modelled with 
titrimetric and nitrate measurements.

¶ From a microbiological point of view the study of the causes of the second OUR 
peak being higher than the first one will provide extra information on the biomass
internal mechanisms to divert substrate into growth and storage.

VIII.3 Nitrification 

The nitrification (i.e. biological oxidation of ammonia to nitrate) is a two-step process 
with nitrite as intermediate. A new model for the nitrification process has been developed
in this thesis based on other models found in the literature. The whole model
development is described in Chapter VI.A. This description includes the elementary mass 
and reduction balances to obtain the corresponding stoichiometric coefficients and the
deduction of the kinetics of each process. The main characteristics of the model are: 

A. TWO STEPS

The model used in this thesis distinguishes between the two nitrification steps: nitritation
and nitratation. Single-step models are only applicable when nitratation is not the
limiting step and one-shouldered OUR profiles are obtained.
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On the other hand, the two-step model can describe both cases, though some correlation
problems may occur when nitritation is the limiting step.

B. DYNAMIC CO2 SYSTEM 

As it is thought to be calibrated with both OUR and HPR, it also includes the dynamic CO2

system (i.e. the carbonic acid – carbonate equilibrium, aeration, carbon stripping
processes). Moreover, the proton production/consumption rate of each process is
quantified. As the protons are a nitritation product, HPR is a very useful technique to
distinguish between the two process rates. 

C. GAS PHASE AS CPFR

The gas phase is modelled as a CPFR because the description of the CO2 concentration
was very important in this thesis. The simpler hypothesis of gas phase as a CSTR had to
be rejected because: 

1. The amount of CO2 in the gas inlet is very low (0.036 %) and for high CO2

production levels and low aeration flows, the CO2 concentration could not
be considered constant in the gas phase.

2. The experiments of this thesis (except for those in the hybrid
respirometer), were conduced under particularly low airflow conditions for
an accurate OUR measurement.

D. ACCELERATION PHASE

All respirometric batch tests with ammonia as substrate showed an initial tail which could
not be described with the start-up process. Apparently, the nitritation process was very
slow just after the pulse addition and then it speeded up until it reached the maximum
rate. This phenomenon was shown to be very significant since it lasted around 10 
minutes. Smets (personal communication) named this phase as acceleration phase and
maintained that it was due to the lack of reducing equivalents at the start of the pulse.
This theory is possible since reducing equivalents are required to oxidize ammonia to 
hydroxylamine (the first reaction of the nitritation).This initial tail could not be described
with a first order delay (start-up), since the start-up process describes convex shapes,
whereas in the experimental OUR profiles the curvature changed from concave to 
convex. Then, a new expression for a proper fitting was searched. After some failed
attempts an expression based on the Gaussian-like curve with only two unknown
parameters was found to be successful [eq. VIII.5]. Moreover, this expression gathered
the acceleration and start-up phenomenon.

y
b-- 2)t(

e     (VIII.5) 

The two-step nitrification model is a very complex model with nine reactions and more
than forty stoichiometric and kinetic parameters. Hence, its calibration would be very
long if all the parameters had to be estimated. Moreover, from an identifiability point of 
view, not all the parameters could be reliably estimated using only short-term batch
respirometric and titrimetric profiles and particular experiments would be required.
Chapter VI.B examines each of the parameters of the model and decides which of them
should be either calculated or assumed from the literature and which of them should be
estimated. Most of the equilibrium constants were assumed from the literature except for
pK1 which has a big influence on titrimetric data. This parameter is dependent on the
ionic strength of the medium and in the experiments of this thesis; ionic strength was
particularly high due to the feed concentration. Hence, pK1 needed was estimated. 
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The biomass growth yield could theoretically be assessed with a unique batch
experiment, (i.e. knowing the initial substrate value and the total oxygen consumed).
However, a sole experiment results in too much uncertainty on yield calculation. Small 
deviations in the total oxygen consumption imply high variations in the yield value.
Hence a set of experiments measuring the oxygen consumption with different ammonium
and nitrite loads was performed. In addition, the biomass growth yields for both 
populations should be calculated taking into account that part of the ammonia is directly
incorporated in the biomass. For the populations used in this thesis, the yields were: YA = 
0.21 g CODX/g N and YN = 0.080 g CODX/g N. The active fraction values were roughly
approximated using the endogenous OUR value according to equation VIII.6, where fi
was assumed from the literature, OUREND was measured and bi were calculated from
previous experiments (Jubany et al., 2004). The obtained values were fA=0.18 and
fN=0.07.

NNIAAIEND f·X·b)·f1(f·X·b)·f1(OUR -+-= (VIII.6)

As the experiments conducted in this thesis were generally performed with low airflow,
the DO level in the respirometer decreased at values lower than 2 mg O2/L and oxygen
limitations were considered. This limitation is generally described using Monod-type
kinetics with KO as the oxygen affinity constant and many authors do not estimate the 
values of the affinity constants for nitritation and nitratation, but assume them from the
literature. This assumption may be acceptable when working at high DO levels, but these
constants should be calculated in experiments with low DO levels. Moreover, KOs have
recently gained a lot of importance, particularly in view of modelling tasks, since new
alternatives to the classical BNR at low DO values have appeared. 

After a critical review of different KO estimation methods, a procedure which improves 
previous methodologies is proposed in Chapter VI.C. This procedure considers the
oxygen surface transfer and the DO probe time response. It has been demonstrated that 
oxygen transfer from atmosphere should be taken into account when using open and
stirred systems such as the one used in this work. Otherwise, the KO values would be 
overestimated. To take into account this oxygen transfer, the volumetric oxygen transfer
constant form atmosphere (kLaSUP) was calculated by measuring the endogenous OUR
value at different surface to volume ratios in the reactor. The DO probe time response
was also estimated for a proper KO estimation. Neglecting this response implied an 
underestimation of the KO values because of the sharp experimental DO decrease which
is faster than the time response of the probe. 

The results obtained were KOA = 0.74 ± 0.02 mg O2/L and KON = 1.75 ± 0.01 mg O2/L.
As can be observed, the nitratation step is more influenced by oxygen limitations than
the nitritation step (at 25 ºC). These KO values are considerably higher than the default 
ones used in the classical ASM1, 0.4 (Henze et al., 2000). The utilisation of 0.4 for both
KOs, could strongly influence the estimated values of mMAX and KS from respirometric
batch experiments.

As the nitrifying biomass is autotrophic, inorganic carbon is a substrate and its limitation
should result in a decrease of the process rate. This limitation has often been omitted for
modelling purposes since it is difficult to have a scenario with inorganic carbon limitations 
in real systems. However, the recent technology advances have brought new scenarios in
biological nitrogen removal where these limitations should be considered. Chapter VI.D
examined the TIC limitation through respirometric and titrimetric techniques. The 
evolution of the TIC is indirectly followed with titrimetry and the process rate is followed
with both respirometry and titrimetry.

The nitrification process can be limited with a lack of inorganic carbon since at low TIC
concentrations, the nitrification process rate decreases considerably. However, it seems
that this limitation is stronger on the nitritation process than on the nitratation. In fact,
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the range of TIC concentration where nitratation is limited is so low that it is difficult to 
reach in an aerobic bioreactor (where CO2 is produced). It was experimentally observed 
that the nitritation limitation started at values lower than 3 mM TIC which is a much
higher value than the one proposed by ASM2 (Henze et al., 2000), i.e.KALK = 0.5 mmol
HCO3

-/L.

The values of the nitrification rate (measured as OUR) versus TIC concentration could be 
fitted to a classical Monod and Tessier kinetics. These fittings, though successfully
described the experimental observations in the measured range, could be improved. A 
sigmoidal equation proposed by Wett and Rauch (2002) described successfully the
experimental results.

The values of the nitratation rate (measured as OUR with nitrite addition) versus TIC
concentration showed that this process is not influenced by the TIC concentration, even
at very low TIC values. The values of the nitritation rate (measured as HPR) versus TIC
concentration confirmed the observed TIC limitation. This limitation could be also
described using either Monod or Tessier kinetics. 

Once the model was developed, its identifiability was studied and the substrate
limitations were quantified, it was successfully calibrated and validated with OUR and
HPR experiments in the LFS respirometer in Chapter VI.E. The two-step model described
accurately the experimental profiles obtained. The most important values obtained are
mA= 1.52 1/d and  mN = 1.22 1/d. These values were calculated with an estimation of the 
active fraction values using the endogenous OUR value. The value of the pK1 obtained 
was lower than the default value for pure water (6.36). This is likely due to the huge
ionic strength of the medium.

The possibility to include the CER measurement as an output variable for model 
calibrating was also examined and discarded. It was observed that minor changes in the 
pH were much more influent in the CER measurement than the CO2 consumption linked
to the nitrification. Thus, it can be concluded that CER measurement is useless for
parameter estimation for a nitrification model.

In addition, parameter estimation was conducted using different output measurements 
such as OUR, HPR, ammonium or nitrite. The conclusion was that OUR and HPR contain 
enough information for a reliable description of the system without neither ammonia nor 
nitrite measurements, though the profile obtained was a single step. A huge correlation
was observed between mA·fA and KNH and mN·fN and KNO, respectively, even in the
experiment with all the measurements, indicating that short-term batch experiments are 
not recommended for estimating the Monod affinity constants. Finally, the effect of pH on
the nitrification rate was studied by measuring OURMAX at different pH set points. The
results showed that the optimum pH was around 7.6, which is in agreement with the
values found in the literature.

FUTURE PERSPECTIVES

¶ In general, the logical continuation of this work would be the extension of the
two-step nitrification model to describe the rest of the processes involved in the
biological nitrification removal processes such as denitrification.

¶ In the case of denitrification, this model should be calibrated using titrimetric
measurements and, probably, nitrate measurements would be required for
reliable parameter estimation.

¶ Moreover, the applicability of this model to the recent technology advances such
as the SHARON® or the anammox® processes has to be tested. The oxygen and 
TIC limitation kinetics proposed on these processes should also be examined. 
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¶ As done with oxygen and carbon, the other nitrification inhibitions should be
extensively studied and the effect on full-scale WWTP should be described. A lot of
substrate and product inhibitions have been described in the literature
(Anthonisen et al., 1976) which could be quantified using both respirometric and
titrimetric techniques. This work is currently part of the PhD thesis of Irene
Jubany.

¶ From a microbiological point of view, a deeper study on the acceleration phase is 
necessary to confirm the reducing equivalent theory proposed in this thesis.

¶ Finally, a new method for a reliable estimation of the active fractions of both
populations is required. Then, specific studies on a population could be performed. 
This work is currently part of the PhD thesis of Irene Jubany.

VIII.4 Enhanced Biological Phosphorus Removal

A new model was developed in the EPBR section as a modification of ASM2. The main
modification was the inclusion of glycogen economy. This model was calibrated using the
two most important VFA fractions: acetate and propionate. When fitted to experimental
data, the model presented in this study gives a good prediction of the behaviour of the
EBPR systems for either propionate or acetate as the sole carbon source and the
parameter estimation values obtained are in agreement with the results in the literature.

PAOs demonstrated similar anaerobic VFA-uptake rates (mmol C/g VSS min) with acetate 
and with propionate. The major differences observed between both carbon sources were: 

1. the amount of PHA produced per substrate COD unit taken up was higher for
acetate.

2. more phosphate is released to produce the same amount of PHA with acetate (in
mass basis). 

3. the P-release per VFA taken up (in molar basis) for propionate (1.33) was very 
similar to the results obtained in the case of acetate (1.40).

4. less amount of reducing power is required to store propionate than acetate.

These observations agreed with the parameter values of the metabolic models found in
the literature for acetate and propionate (Smolders et al., 1995 and Oehmen et al.,
2005).

It was observed a remarkable second P-release possibly linked to PAO maintenance or to 
the peptone utilisation as carbon source. It was only detectable after the VFA substrate
was exhausted but it probably occurred throughout the anaerobic period. A maintenance
reaction is added in order to explain the second P-release detected in the experiments. 

EBPR process is based on PAO enrichment from non-EBPR WWTP sludge. The experience
accumulated in EEG-UAB says that this process can be very slow and not always
successful since PAO are scarce in conventional WWTP sludge. Hence, one motivation of 
this thesis was to use the previously developed model to test new control strategies to
improve the EBPR start-up process (Chapter VII.B). The start-up of an EBPR process in a
SBR with biomass coming from a non-EBPR system was simulated during 30 days. This
resulted in 120 cycles. The simulations performed in this work reveal that it is feasible to 
improve the start-up of this system by reducing the length of both the anaerobic phase 
and the aerobic phase so that they coincide with the depletion of VFA and 
orthophosphate, respectively.

Once VFA is depleted, the rest of the anaerobic phase can be considered useless in terms 
of PAO growth, since the main compounds only suffer small variations due to lysis

305



 VIII – Summary and future perspectives

processes. On the other hand, once the orthophosphate is depleted, the rest of the
aerobic phase is useless since only internal PHA pools are oxidised and the heterotrophic 
fraction is favoured to grow with the COD remaining in the medium and the aerobic
conditions. According to the results of the simulations, if the anaerobic phase is reduced
linked to VFA presence, 12 % of the start-up length could be omitted. On the other hand,
if the aerobic phase was reduced linked to orthophosphate presence, 29 % of the start-
up time would be ineffective for PAO growth and as such it could be omitted. However,
these strategies have VFA and orthophosphate as input variable which may not be
suitable for control purposes due to its measurement frequency. Hence, classical on-line
measurements as pH and DO were used as input variables.

The linking between HPR and substrate uptake was experimentally demonstrated and 
modelled. As the substrate enters in the non-ionised form through the membrane, a 
proton is required. Hence, if an on-line VFA measurement is not available, the HPR can
be used as an indicator of VFA depletion and, hence, as a measured variable for
controlling the anaerobic phase length.

On the other hand, the link between OUR and orthophosphate depletion was also
experimentally demonstrated and modelled. If an on-line orthophosphate measurement
is not available, the OUR can be used as an indicator of its presence. Both the absolute
OUR value and the OUR first derivative can be used as a measured value in the control
strategy. However, if the absolute value is considered, the efficiency of the control
strategy is not as higher as controlling the orthophosphate presence. The reason is that 
other processes as endogenous process have also a strong influence on OUR.

As a final conclusion, the best control strategy obtained is a control strategy including
both the P-control and the VFA-control strategy. 120 EBPR cycles could be placed in 440 
hours and then a reduction of 280 hours was accomplished. Hence, almost 40% could be 
considered useless. This was a significant improvement since, 219 cycles could be 
completed in the first 30 days of start-up.

Finally, a comparison between the behaviour of an EBPR sludge working under classical 
anaerobic/aerobic conditions and the behaviour of the same sludge with simultaneous
presence of an electron donor (acetate) and a final electron acceptor (oxygen) was
performed in Chapter VII.C.

The most significant conclusion obtained in Chapter VII.C is that PAO seem to take up
acetate under aerobic conditions the same way as under aerobic conditions (i.e. linked to 
phosphorus release and glycogen degradation). Hence, PHB storage from acetate by PAO 
was not affected by the oxygen presence. Under strictly aerobic conditions, PAO could 
uptake acetate obtaining energy from poly-P hydrolysis and reducing power from 
glycogen degradation. In addition, the OUR profile was measured, and an important
oxygen consumption was observed when acetate was present indicating that part of the
acetate was consumed linked to oxygen consumption. Hence, two different ways for
acetate uptake were observed in the same bio-P sludge.

Two different hypotheses were formulated and simulated to describe this aerobic acetate 
consumption and PHB storage. The PAO-hypothesis considered that PAO store acetate as
PHB linked to oxygen consumption, in addition to store acetate as PHB linked to P-
release and glycogen degradation. The OHO-hypothesis considered that PAO store
acetate as PHB linked to P-release and glycogen degradation, and that OHO are the only 
responsible for the additional acetate consumption and PHB storage. 

Assuming that PAO and OHO populations are well described by the modified ASM2 model 
of Chapter VII.A and the ASM3 model respectively, the OHO-hypothesis describes better 
the experimental profiles.
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Nevertheless, none of both hypotheses can be totally rejected and it is also possible that
its combination could describe better the experimental results. More research is needed
in this field in order to clarify the experimental observations.

FUTURE PERSPECTIVES

¶ Future work in the EBPR field should address to understand PAO behaviour under
conditions that differ from the classical anaerobic/aerobic conditions. This
knowledge is essential for an optimal implementation of EBPR in WWTP.

¶ For instance, a deep examination of the aerobic P release process would help to
establish the PAO behaviour when COD and oxygen coexist. Moreover, if PAO can
remove some P aerobically it can certainly upgrade the operation of a
conventional aerated WWTP. 

¶ From a microbiological point of view, it would be very interesting to study the
existing link between HPR and EBPR. This would require considering many 
processes that influence the pH: the substrate uptake, the ammonia consumption,
the carbonate equilibriums and the equilibriums of the acid phosphoric should.
This work is actually part of the MSc research of Marcos Marcelino. 

¶ Finally, the control strategies presented in Chapter VII.B should be implemented
and tested in a pilot-plant scale to confirm the success predicted by simulation.
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ACRONYMS AND NOMENCLATURE 



Acronyms and nomenclature

ACRONYMS

AOB:  Ammonium Oxidising Biomass
ASM1: Activated Sludge Model nº1 
ASM2: Activated Sludge Model nº2 
ASM2d: Activated Sludge Model nº2d
ASM3: Activated Sludge Model nº3 
ATP: Adenosine-Triphosphate
ATU: Allyl-thiourea
AWMC: Advanced Wastewater Management Center
BPPR: Background Proton Production Rate 
CER: Carbon Evolution Rate
COD: Chemical Oxygen Demand 
CPFR: Continuous Plug Flow Reactor
CPR: Carbon Production Rate
CPREND: Carbon Production Rate under endogenous conditions
CSTR: Continuous Stirred Tank Reactor
CTR: Carbon Transfer Rate
DO: Dissolved Oxygen
EBPR: Enhanced Biological Phosphorus Removal
F/M ratio: Feed to microorganisms ratio
FIM: Fisher Information Matrix
FISH: Fluorescence In-Situ Hybridisation
GAO: Glycogen Accumulating Organisms 
HP: Hydrogen Production
HPR: Hydrogen Production Rate 
HRT: Hydraulic Residence Time 
IWA: International Water Association 
LFS: continuously aerated bioreactor without liquid inputs or outputs where the oxygen is 
measured in the liquid phase 
LSS: bioreactor without liquid/gas inputs or outputs where the oxygen is measured in the 
liquid phase
NOB: Nitrite Oxidising Biomass 
OED: Optimal Experimental Design
OHO: Ordinary Heterotrophic Organisms 
OTR: Oxygen Transfer Rate
OUR: Oxygen Uptake Rate
OUREND: Endogenous OUR
OUREX: Exogenous OUR
PAO: Phosphate Accumulating Organisms
PH2MV: Poly-b-hydroxy-2methylvalerate
PHA: polyhydroxyalkanoates 
PHB: poly-b-hydroxybutyrate
pHSS: pH in steady state
PHV: polyhydroxyvalerate
PHV: Poly-b-hydroxyvalerate
polyP: Polyphosphate
RQ: Respiratory Quotient 
S/X ratio: Substrate to biomasss
SRT: Sludge Residence Time 
SSE: Sum of Squared Errors 
TIC: Total Inorganic Carbon
TSS: Total Suspended Solids
VFA: Volatile Fatty Acid
VSS: Volatile Suspended Solids 
WWTP: Wastewater Treatment Plants
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Acronyms and nomenclature

MODEL PARAMETERS

A: flowing area
bA: AOB decay rate 
bGLY: Glycogen lysis rate 
bH: heterotrophic decay rate
bN: NOB decay rate 
bPAO: PAO decay rate 
bPHA: PHA lysis rate 
bPP: PolyP lysis rate
bSTO: XSTO respiration rate
CH1.5O1.5: PHB
CH1.6O0.4: PHV
CH10/6O5/6: glycogen
CH2O: acetate 
CH2O2/3: propionate
CH5/3O1/3: PH2MV 
fPHB: ratio of PHB in the cell (i.e. XPHB/XH)
fPHB

MAX: maximum XPHB/XH  ratio
fPHB

MIN: minimum XPHB/XH ratio
fSTO: fraction of flux diverted to storage
fXI: fraction of inerts products from lysis
fXS: fraction of biodegradable products from lysis
fXSTO: XSTO/XH ratio 
H: Henry’s law constant 
iCSS: number of carbon atoms in the substrate
iNB: nitrogen content of the biomass (mass basis)
iPB: phosphorus content of the biomass (mass basis)
J: weighed sum of squared errors between model outputs and the measured outputs
K1: constant for the kinetic description of PHB degradation
K2: constant for the kinetic description of PHB degradation
k3: ammonium-ammonia forward equilibrium rate constant
k4: nitrous acid forward equilibrium rate constant
KALK: Alkalinity affinity constant for nitrifiers
KGLY: Affinity constant for the ratio XGLY/XPAO

kH: hydrolysis maximum rate
KI :  Inhibition constant for Andrews model 
KIPP: Kinetic constant for the XPP storage process 
kLa: global oxygen transfer coefficient
kLaCO2: global carbon dioxide transfer coefficient
kLaNH3: global ammonia dioxide transfer coefficient
kLaO2: global oxygen dioxide transfer coefficient
KMAX: Maximum XPP/XPAO ratio
KNH4,A: AOB ammonium affinity constant
KNH4,N: NOB ammonium affinity constant
KNO: nitrite affinity constant
KO: heterotrophic/ PAO oxygen affinity constant
KOA: AOB oxygen affinity constant
KON: NOB oxygen affinity constant
KPHA_P: Affinity constant for XPHA/XPAO in XPP storage process
KPP: Affinity constant for the ratio XPP/XPAO

KPS: Orthophosphate affinity constant
KS: substrate affinity constant
KSTO: affinity constant for the fraction of storage product 
kSTO: maximum storage rate
mATP: maintenance coefficient 
N: number of measurements
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Acronyms and nomenclature

pK1: carbonic acid- bicarbonate equilibrium constant 
pK2: bicarbonate- carbonate equilibrium constant
pK3: ammonium-ammonia equilibrium constant
pK4: nitrous acid equilibrium constant
Q: gas flow
qGLY : maximum glycogen storage rate
Qk: weighting matrix for parameter estimation
qMANT: maximum maintenance rate
qMAX: maximum substrate uptake rate
qPHA: maximum PHA storage rate (EBPR model) 
qPP: maximum XPP storage rate
R: ideal gases constant
SCO2

*: CO2 saturation concentration
SCO2: dissolved carbon dioxide
SCO2

SS: CO2 concentration in steady state 
SHCO3: dissolved bicarbonate concentration 
SHCO3

SS: HCO3
- concentration in steady state

SHP: hydrogen proton concentration 
SNH4: N-ammonium concentration
SO: dissolved oxygen concentration
SPO4: P-orthophosphate concentration
SS:  external substrate 
SVFA: VFA concentration
u:  input (u: vector of inputs)
v: flow velocity
VG: Volume of the gas phase 
VL: Volume of the gas phase 
VT:total volume
XGLY: Glycogen concentration
XGLY

MAX : Maximum XGLY/XPAO ratio
XH: heterotrophic biomass
XPAO: PAO concentration
XPHA: PHA concentration
XPP: PolyP concentration
XS: Slowly biodegradable products
XSTO: storage products 
y: model outputs
YA: g CODX formed/ g N-NH4

+ oxidised
YGLY1: g CODGLY degraded /g CODPHA produced 
YGLY3: g CODGLY produced for g CODPHA used
YH,S: heterotrophic growth yield on external substrate
YH,STO: heterotrophic growth on storage products
yM: measured outputs
YN: g CODX formed/ g N-NO2

- oxidised
YPAO: PAO growth yield
YPHA: g CODPHA oxidised/ g P taken up
YPO: g P released /g CODPHA produced
YSTO: heterotrophic storage yield
YVFA: g CODVFA  taken up /g CODPHA produced
Yq(t): output sensitivity function
a: dissociation factor for ammonia 
d: mol of ATP for mol NADH2 used in the oxidative phosphorylathion
eG: gas hold-up
gA: degree of reduction of acetate
gG: degree of reduction of glycogen 
gP: degree of reduction of PHA
gS: degree of reduction of the substrate 
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Acronyms and nomenclature

gSTO: degree of reduction of the storage product
gX: degree of reduction of the biomass 
mH,STO: maximum growth rate on storage products 
mH: maximum heterotrophic growth rate
mMAX,A: maximum AOB growth rate 
mMAX,N: maximum NOB growth rate 
mMAX: maximum growth rate 
mPAO : maximum PAO growth rate 
q: parameter
t: time constant (start-up)
v: dissociation factor for a weak acid
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