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Combining numerical simulation with response surface modelling for
optimization of reject water partial nitritation/anammox in moving bed biofilm
reactor
Karol Trojanowicz a,b and Elzbieta Plazab

aDepartment of Environmental Engineering, St. Pigon Krosno State College Krosno, Poland; bDepartment of Sustainable Development,
Environmental Science and Engineering, Royal Institute of Technology (KTH), Stockholm, Sweden

ABSTRACT
Optimization of a single-stage, partial nitritation/anammox (PN/A) process for a reject water
treatment in a continuous-flow, moving bed biofilm reactor (MBBR) was presented. Response
surface method (RSM) was combined with simulation experiments conducted with the validated
mathematical model of PN/A in MBBR. The total inorganic nitrogen (TIN) removal efficiency was
the response parameter. Eight independent variables were taken into consideration: reject water
flow rate (Q), inflow concentrations of the total ammonium nitrogen (TAN), chemical oxygen
demand (COD), alkalinity (ALK), pH, temperature (T ), dissolved oxygen concentration in the bulk
liquid (DO) and aeration time within 60 min intermittent aeration cycle (AERON). Eleven
interactions between independent variables were found as significant (p < 0.05). The interaction
of AERON*DO had the highest impact on the PN/A process. Optimal values of the controlled
variables were found for two cases of MBBR operation. Verification of the optimization was done
by the simulation and comparison with the data from the empirical experiments. Under the
conditions of the fixed hydraulic retention time of about 38 h, volumetric nitrogen loading rate
of 0.48 kgN/m3d, T of 22.5°C, TAN of 750 gN/m3 and optimized values of DO = 3.0 gO2/m

3,
AERON = 0.54 h, pH = 7.5, ALK = 80 molHCO3/m

3, COD = 775 gO2/m
3, the predicted TINrem was

78% which is consistent with PN/A performance observed in the technical-scale MBBR systems.
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Introduction

Autotrophic deammonification of reject water after
dewatering of the digested sludge, based on the
partial nitritation (PN) and anammox (A) processes, is a
wide-spreading technology at wastewater treatment
plants (WWTPs). This is due to more stringent require-
ments of effluent nutrient limits and the need for
efficient and sustainable sewage sludge handling
option with proper utilization of by-products [1–3].
Lackner et al. [1] indicated that although more than
100 PN/A systems for reject water treatment are oper-
ated in the full technical scale, the process is not fully
optimized and under control because its complexity

originated from interrelations of variable biochemical
processes and physical and chemical environmental
factors. Mao et al. [4] emphasize properly that ‘for the
strict process control of a one-stage (partial nitritation/
anammox) system, operational parameters and oper-
ational conditions of a one-stage system will be the
key concern in the future’. Janiak et al. [5] pointed to
the risk of declining the mainstream effluent quality as
the effect of the breakdown of reject water deammonifi-
cation system. Optimization of the PN/A systems seems
to become even more important due to the implemen-
tation of the advanced processes of anaerobic digestion
(AD) of sewage sludge like, for example, integration of
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thermal hydrolysis process and AD, which is connected
with a major increase in ammonium–nitrogen concen-
tration in the reject water – up to 3000 mgN/l [6].

Simulation of biotechnological systems, based on their
mathematicalmodels, is a valuable tool for getting knowl-
edge on the mechanisms involved in the ongoing pro-
cesses and predicting their outcomes. Although a
complex system is described with a mathematical
model, determining an optimal and realistic set of the
process parameters (especially when their number is
high) might cause difficulties. Catching the significant
interactions between those parameters can be proble-
matic. Hence the proper design of computational exper-
iments is as much important as in the case of empirical
analysis of an engineered biochemical system. The
additional multivariate analysis of the results of simu-
lations would be also required to gain more insight into
the examined processes. It is proposed hereby to
combine the response surface method (RSM) with
numerical experiments to avoid thementioned problems
and optimize the PN/A process. As the effect, besides the
base PN/A system description with its mathematical
model, the higher level ‘pseudo-empirical’ model would
be created, which would allow finding the optimal set
of the technological parameters, simultaneously taking
into account their interactive effects. It would make poss-
ible also to investigate more independent variables than
it is usually done in the course of empirical studies
because of economic reasons and time requirements.
Gu et al. [7] presented an analysis of the adsorption
process for fluoride removal from water utilizing semi-
mechanistic models and the RSM analysis to optimize
the values of three process parameters. Integration of
the mathematical models of biological wastewater treat-
ment systems with the RSM method is a novel approach
(to the best of our knowledge) and has not been applied
before. Response surface method includes mathematical
methods for experiment designing, building empirical
models, assessing the sensitivity of many independent
variables and their interrelationship, as well as gaining
the optimal values of those parameters without losing
their interactive impact on the defined response factor
[8]. Because the models developed with the RSM
method are empirical, the mechanisms of the intercon-
nected processes cannot be explained. However, linking
it with the mechanistic mathematical models of those
processes can fill this gap, so the combination of the
RSM method and computational experiments based on
mathematicalmodels can be interesting, alternative tech-
niques for analysing the complex wastewater treatment
systems.

Response surface method has been applied to the
optimization of water and wastewater treatment

processes [7–10]. RSM method has been also utilized to
optimize the selected parameters of partial nitritation
and/or anammox processes [11–15]. All of those
studies were fully empirical and/or included not more
than three independent variables. In the studies
described in this paper, eight independent variables of
PN/A have been taken into consideration.

The purpose of the presented studies was to find the
optimal set of the eight, independent process par-
ameters for reject water PN/A in a single-stage, continu-
ous flow, moving bed biofilm reactor (MBBR). To achieve
this goal, numerical simulations were combined with the
statistical design of experiments (DoE) and surface
response modelling (RSM). Identified optimal values of
the PN/A process parameters were verified by simulation
with the validated mathematical model and comparison
with the literature data.

Materials and methods

Evaluated MBBR-PN/A system

Continuous flow, fully mixed MBBR for reject water PN/A,
was dimensioned based on the data regarding reject
water quality and daily flow rates from municipal
WWTP in Krosno, Poland. It was assumed that the bio-
reactor will be filled up to 50% of its volume with
biofilm carriers with a specific surface area of 500 m2/
m3. The main construction and technological parameters
of the designed MBBR are presented in Table 1.

Mathematical model of PN/A in MBBR and
simulation software

Numerical studies of PN/A in the MBBR bioreactor were
conducted with AQUASIM 2.1f computer program with

Table 1. Basic parameters of the MBBR under investigation and
reject water quality.
Lp. Parameter Symbol Value Unit

MBBR
1 Bioreactor volume VR 980 m3

2 Biofilm surface area A 244 866 m2

3 Biofilm carriers-specific surface area ω 500 m2/m3

4 Bioreactor volume filled with biofilm
carriers

VC 489.732 m3

5 Hydraulic retention time HRT 1.5 d
6 Surface nitrogen-loading rate SNLR 1.64 gN/

m2d
7 Volumetric nitrogen-loading rate VNLR 409.5 gN/

m3d
8 Reject water flow rate Q 637 (±87) m3/d
Reject water quality
9 Total ammonium nitrogen TAN 630

(±109)
gN/m3

10 Chemical oxygen demand COD 792
(±284)

gO2/m
3

11 Alkalinity ALK 52 (±12) mol/m3

12 Reaction – pH pH 8.1 (±0.2) n.a.
13 Temperature T 24 (±2.8) oC
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the application of the Wanner and Reichert [16] biofilm
model and the validated, mathematical model of PN/A
process in biofilm reactors [17]. Detailed descriptions of
the applied model structure with its parameter values
and validation results have been presented by Trojano-
wicz et al. [17].

Statistical DoEs and data analysis

Experiments were designed with the ‘central composite
face centered’ method (CCFC, Box and Wilson [18]). The
selected method can be used for fitting quadratic
models [8, 11]. The planning of experiments was con-
ducted with MODDE ver. 7.0.0.1 (software for Design of
Experiments and Optimization) developed by UMETRICS.
Three levels of each controlled variable were assumed
(represented by −1, 0, 1 for low, centre and high level
of the examined parameters values, respectively).
Because experiments were numerical simulations, they
were designed without any replication except three rep-
etitions in the central point (see paragraph ‘Computer
data analysis’). In total, 83 simulation-experiments were
conducted.

Selection of the process parameters being
optimized

Eight controlled parameters of the PN/A process were
selected. They were as follows: reject water flow rate
(Q), inflow concentrations of total ammonium nitrogen
(TAN), chemical oxygen demand (COD), alkalinity (ALK),
pH, temperature (T), dissolved oxygen concentration in
the bulk liquid (DO) and aeration time within 60 min
intermittent aeration cycle (AERON). The response factor
was the efficiency of total inorganic nitrogen removal
(TINrem). The ranges of the chosen controlled variables
are shown in Table 2.

Numerical simulation set-up

The reactor compartment was set as the completely
mixed system with a confined volume and biofilm area

consistent with the designed MBBR (see Table 1). The
biofilm detachment was modelled as being the function
of the growth velocity of biofilm (uF) and was calculated
by the following formula: ‘if uF > 0 then uF*0.9 else 0 end
if’. The input parameter values of the flow rate, inflow
concentrations of ammonium nitrogen, chemical
oxygen demand, alkalinity, pH and temperature were
set in every conducted simulation in accordance with
the values of controlled variables determined in the
course of experiment planning (see paragraph ‘Statistical
DoEs and data analysis’). Dissolved oxygen concentration
values within the assumed aeration time intervals were
prepared as the text file and imported to the AQUASIM
in the form of ‘real-list variables’. Nitrite- and nitrate–
nitrogen influent concentrations were assumed to be
zero. Initial biomass concentrations and biofilm thickness
were consistent with the settings for the reject water
MBBR made by Trojanowicz et al. [17].

The simulated time of the bioreactor operation for
every numerical experiment was 93 days. The simu-
lation’s step size was one minute (134,006 steps of
0.000694 day for each simulation).

Computer data analysis

Values of the response parameters (TINrem) derived from
the numerical simulations (corresponding to the given
set of input values of the controlled variables for each
simulation) were entered into MODDE computer
program. Then multiple linear regression (MLR) model
was utilized to fit the model. The next step was identifi-
cation and elimination of the ‘outliers’ (data points with
the difference between measured and predicted values
of response parameters more than four times of standard
deviation). Upon eliminating outliers, the model was
fitted to the data derived from numerical experiments.
To improve model validity, coefficient values were inter-
preted and some insignificant terms in the model were
removed.

Because perfect simulation reproducibility (‘pure
model error’ of zero) causes ‘artificial lack’ of the RSM
model validity (‘estimated model error’ is higher than
‘pure model error’), root mean squared error (RMSE) of
the PN/A mathematical model was used for estimating
the values of the response factor (TINrem) from three
repetitions of simulations in the central point. The
values were as follows: simulated value of TINrem and
TINrem ± RMSE. The RMSE value was calculated by Troja-
nowicz et al. [17] in the course of validation of the PN/A
model for reject water treatment and its mean value was
used.

The goal of the last part of the analysis was to find the
set of PN/A process parameters with optimal values. It

Table 2. Values of controlled variables utilized during
experiments.
Lp. Parameter (unit) −1 0 1

1 Q (m3/d) 250 625 1000
2 pH (–) 7.00 7.75 8.50
3 T (oC) 15 22.5 30
4 DO (gO2/m

3) 0.2 1.6 3.0
5 AERON (h) 0.25 0.50 1.00
6 TAN (gN/m3) 500 750 1000
7 COD (gO2/m

3) 500 800 1100
8 ALK (molHCO3/m

3) 20 50 80
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was done with ‘optimizer’ tool in the MODDE program
with the developed quadratic ‘RSM model’. The optimiz-
ation target was maximizing the value of inorganic nitro-
gen removal efficiency (TINrem) in the designed MBBR
reactor for autotrophic deammonification of reject
water (see chapter ‘Evaluated MBBR-PN/A system’).

Verification of the PN/A process optimization

To verify the values of determined optimal parameters,
the additional numerical experiment was conducted.
The optimal parameters were entered as the input data
to AQUASIM and the simulation was run, as it was
described in Section ‘Statistical DoEs and data analysis’.
The obtained result of the total inorganic nitrogen
removal efficiency was compared with the predicted
value of TINrem during process optimization.

Results

Experiments planning and simulation results

In Table A.1 the list of experiments planned with the
CCFC method, together with values of the controlled
variables and the response factor, is presented.

Model development with MLR

The values of the simulated TINrem were entered in the
MODDE. Although no outliers were found by the
program, to achieve higher model predictability, nine
selected experiments (represented by data points
which lay out of the straight line of the normal prob-
ability plot of the residuals) were excluded. Then the
MLR analysis was used to fit the model. The model
quality was good, what was represented by 97% of the
model response variability explained and 79% of the
variations predicted. After analysing the coefficient
plot, the model was refined by eliminating the selected
insignificant terms. As a result, the accuracy of the
model predictions increased to 87%, while keeping the
ability for explaining variations to 95%. The overall
model validity value was (about 0.96) higher than the
lowest acceptable value (0.25) (validity factor of 1.0 rep-
resents a perfect model). The validity of the developed
model was confirmed by the high values of both ‘coeffi-
cient of determination (R2)’ and ‘adjusted R2’, whose
values were 0.95 and 0.92, respectively. The ‘prediction
of the model (Q2)’ of 0.87 was in close agreement with
that of R2. The difference between Q2 and ‘adjusted R2’
of 0.05 was less than 0.20, which the value is recognized
as the upper limit for the valid RSM model [8]. ANOVA
analysis proved that the model is significant (p <

0.0001) with an F-value of 33.98. The model validity
was also demonstrated by insignificant ‘lack of fit test’
(p = 0.687) with an F-value of 0.84. Plot of the observed
versus predicted response values is depicted in Figure
C.1. High correlation factor (R = 0.97) and slope of the
curve equal to 1 confirm the validity of the developed
model, as well. The results of the ANOVA analysis are
shown in Table B.2.

Impact of eight independent parameters on PN/A
process performance

The significant (p < 0.05) first-order variables were AERON,
DO, TAN, ALK, pH, Q, whereas the impact of temperature
and influent COD was not identified as significant.
Additionally, the following significant interactions
between independent variables were found: AERON and
DO; AERON and T; AERON and COD; AERON and Q; DO
and ALK; DO and T; DO and Q; TAN and COD; ALK and
Q; pH and T; T and Q. According to the model (Figure
1) the highest impact on PN/A efficiency has wastewater
flow rate (Q), quadratic terms of AERON and Q, as well as
the interaction between aerated period time (AERON) and
dissolved oxygen concentration (DO). Interestingly,
although temperature and COD are insignificant par-
ameters in the examined range of values, significant
interactions of T and DO, AERON, pH and Q were pre-
dicted. Similarly the interaction between COD and TAN
was found as significant.

The model coefficients, estimated with MLR, together
with their corresponding significance are presented in
Table B.1.

Analysing the sole impact of the selected process par-
ameters (Figure D.1) we can see that maximum TINrem
efficiency is predicted by the nearby centre-level values
of AERON (0.5 h), TAN (750 gN/m3), pH (7.6) and COD
(800 gO2/m

3). Expected nitrogen removal efficiency
increases linearly along with alkalinity (ALK) and dis-
solved oxygen (DO) concentrations. The maximum
TINrem of about 73% is expected for the lowest con-
sidered value of influent flow rate (Q = 250 m3/d), while
the minimum TINrem is predicted for the centre flow
rate value of 750 m3/d (45%) and TINrem increases to
60% at a flow rate of 1000 m3/d. The latter result could
be recognized as unexpected and it is hard to explain.
At the centre-level values of all independent parameters
TINrem efficiency is placed between 40% and 50%.

Considering the most significant interaction between
process parameters, maximum nitrogen removal
efficiency was predicted for the aerated phase duration
(AERON) of about 30 min in one-hour intermittent aera-
tion cycle and at the highest DO concentration (3 gO2/
m3) at every, considered level of influent flow rate (Q)
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and temperature (T ) (Figure E.1). Nitrogen removal
efficiency increased along with temperature and
dropped with the influent flow rate. The highest value
was predicted for the Q = 250 m3/d and T = 30°C.
However, for the parameter values assumed for the
designed MBBR (Table 1), the predicted TINrem was
below 50% (Figure D.1: T = 22.5°C, Q = 625 m3/d). It
was much lower than the stoichiometric value of about
89%. Because of that in the next step of the studies,
optimal values of the process parameters were found
with the developed RSM model.

Determination of the optimal values of the
selected process parameters for maximizing
inorganic nitrogen removal efficiency

Optimal values of the controlled variables were found
utilizing the MODDE program. Two cases were taken
into account: (A) optimization of values of the complete
set of the controlled variables; (B) optimization of values
of those process parameters which could be adjusted in
real MBBR system for reject water PN/A (pH, DO, AERON,
ALK, COD) and with fixed values of other variables (Q, T,
TAN). The fixed values of Q, T, TAN were consistent with
the average values determined for a reject water in the

WWTP Krosno, Poland (Table 1). The targeted TINrem
value in the course of the optimization was 89% (stoi-
chiometric level of PN/A process). The two sets of the
optimal process parameters and the corresponding
expected efficiency of nitrogen removal are shown in
Table 3.

The impact of DO concentration and the length of
aerated phase (AERON) on nitrogen removal efficiency
with optimized values of other parameters are presented
in Figure 2. Similarly as in the initial analyses (Figure E.1)
the best process performance was expected when inter-
mittent aeration is applied with approximately 30 min
aeration combined with 30 min anoxic phase. The pre-
dicted efficiency of the optimized PN/A in the case B
(Figure 2(B)) increased to 57% and was close to the
target value of 89% in the case A (Figure 2(A)). In the
latter case, it was a result of the determined, optimal
flow rate value (Q) of 250 m3/d, substantially lower
than that considered in the case B (750 m3/d). This gen-
erated differences between hydraulic retention times
(HRT) and surface nitrogen loading rates (SNLR), which
were 3.9 d and 0.75 gN/m2d in the case A and 1.3 d
and 1.9 gN/m2d in the case B.

In Figure 3 the significant interactions between temp-
erature (T ) and DO, pH and Q are shown for a realistic

Figure 1. Scaled and centred model coefficients with 95% confidence interval.

Table 3. Optimal values of the controlled variables calculated with the RSM model in MODDE.

Case
Q

[m3/d]
pH
[–]

T
[oC]

DO
[gO2/m

3]
AERON
[h]

TAN
[gN/m3]

COD
[gO2/m

3]
ALK

[molHCO3/m
3]

TINrem
[%]

A 250 7.8 29.2 3.0 0.51 734 763 74 88
B 625a 7.5 22.5a 3.0 0.54 750a 775 80 57
aFixed, constant values during optimization, consistent with expected conditions in the full-scale MBBR for the reject water PN/A.
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case of MBBR operation (Table 3 – case B). Although T
was not identified as a significant term in the RSM
model (within the assumed value range) in combination
with other parameters it substantially influences the PN/
A process. In every instance, TINrem increases with T
(Figure 3). As it was previously shown (Figure D.1), an
increase in DO concentration is related to the higher
expected TINrem (Figures 3(A) and 4(B)). The optimal
values of pH were found between 7.2 and 7.8 and this
range makes the TINrem increase along with tempera-
ture (Figures 3(B) and 4(A)). The TINrem was lowered
by the increased influent flow rate (Figure 3(A,B)). It
could be the effect of lowering HRT or growing SNLR.
To find the answer of whether shortening of HRT or
rising SNLR has more negative impact on PN/A process
performance, the interrelationship between T and Q at
three levels of influent TAN was calculated and traced
(Figure 3(C)). As it can be seen, at every of TAN concen-
tration’s level, the major drop of TIN removal efficiency
(from above 70% to about 50–60%) along with an
increase of Q occurs. It implies that HRT is probably a
more important parameter than SNLR for the examined
TAN range.

Figure 4(C) shows the higher impact of aeration time
than COD on PN/A process performance; however, the
interactions between those two parameters are also
important. A higher range of the optimal AERON values
is placed in the COD section between 750 and 850 gO2/
m3. There is also an optimal area of nitrogen removal
efficiency for COD and influent ammonium nitrogen

concentrations (Figure 4(D)). Values of TAN between
700 and 800 gN/m3 interconnected with COD of about
700 and 900 gO2/m

3 are characterized by the highest
TINrem, whereas MBBR system response to the lower
and upper extremes of both COD and TAN is a drop in
nitrogen removal. The predicted nitrogen removal
efficiency increases along with rising of the wastewater
alkalinity (ALK) and DO in the bioreactor (Figure 4(E)).
There is also significant interaction between T and aera-
tion time (Figure 4(F)). The range of the optimal aeration
time intervals broadens with the increase of temperature.

Verification of the optimization results

To verify the determined, optimal values of the process
parameters for cases A and B, additional simulations
were conducted. The parameters values consistent with
those displayed in Table 3 were entered and numerical
experiments were conducted in the AQUASIM program.
The predicted outflow concentrations of inorganic nitro-
gen species and total inorganic nitrogen removal
efficiency are presented in Figure 5. In the ‘case B’ the
process stabilized after about 60 days and its calculated
efficiency was about 78%. This value was even higher
than that predicted with the RSM model (57%). Because
steady state was not reached within 90 simulation days
in the ‘case A’, the simulation was extended to 180 days
(Figure 5(A)). At the end of this period, TINrem stabilized
at about 87% what was consistent with the value of 88%,
predicted by the RSM model. The verified TINrem for the

Figure 2. Impact of dissolved oxygen (DO) concentration and the length of aerated phase (AERON) on nitrogen removal efficiency: (A)
optimized values of Q, pH, T, TAN, COD, ALK; (B) optimized values of pH, COD, ALK.
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optimized PN/A process was higher than that calculated
in the course of running the planned set of numerical
simulations at the same HRT and SNLR (Table A.1). The
process optimization with the use of the RSM model
can be recognized as successful.

Discussion

Integrated mechanistic/RSM model of PN/A

The application of the ‘integrated mechanistic/RSM
model of PN/A’ to analyse wastewater treatment
process has been shown in the current studies. Thanks
to this approach, a better understanding of the effect
of interactions between independent variables on
process performance and their significance was gained.
At the same time mechanisms of the examined pro-
cesses were not a ‘black-box’ as in the case of the sole

RSM application or other techniques like an artificial
neuronal network.

The economic reasons and time requirements, related
to more experiments designed with RSM, were not limit-
ing in the presented studies because numerical simu-
lations in place of empirical experiments were utilized.
Therefore, the first stage of the RSM procedure –
factors screening was omitted in the current analysis.
Factors selection was based on authors’ experience
from long-term, laboratory and pilot-scale studies
regarding one-stage PN/A process in MBBR reactors,
earlier modelling studies and literature data [11, 15, 17,
19]. The proper selection of the value range of the
chosen factors was based on the data regarding reject
water quality, quantity and the variability of those
values (Table 1). Centre-point values of each selected
variable were close to the determined average values
of the parameters (within the standard deviation range).

Figure 3. Interactions between temperature (T ) and pH, DO and Q and their influence on nitrogen removal efficiency. All other par-
ameters values are consistent with those presented in Table 3 – case B.

ENVIRONMENTAL TECHNOLOGY 7



Figure 4. Interactions of: (A) T*pH; (B) T*DO; (C) COD*AERON; (D) COD*TAN; (E) ALK*DO; (F) T*AERON and their impact on nitrogen
removal efficiency. All other parameter values are consistent with those presented in Table 3 – case B.
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Optimal values of the PN/A parameters

It was confirmed that the predictions made by numerical
simulations and the set of the process parameter values,
optimized with the ‘higher-level’ RSM model, could
explain the performance of a single-stage MBBR system
for a reject water deammonification. A comparison of
the optimal values of PN/A process parameters for the
MBBR system being analysed with the data from exper-
imental studies on reject water deammonification is pre-
sented in Table 4. As it was shown the predicted nitrogen
removal efficiency of 78% is consistent with the values
from empirical studies, ranging from 64% to 88%. Szat-
kowska et al. [19] and Yang et al. [20] achieved the
average TINrem of 70 ± 9.2 and 76.3 ± 3.1%, respectively
in the MBBRs operated under pH, T, DO, HRT and VNLR
values which were very close to those found as the
optimal in the current studies. The volumetric nitrogen
removal rate (VNRR) of 0.583 kgN/m3d, observed in the
reject water deammonification – FFBR system, operated
at temperature of about 22°C by Pyanert et al. [21] was
also comparable with the achieved results. Higher
values of VNRR recorded by other authors (Table 4)
were usually connected with PN/A process operation at
a temperature higher than 22.5°C.

Aeration interval (AERON) and dissolved oxygen
concentration (DO)
The most significant and dominant process parameter
and interaction found in the course of the current mod-
elling studies were an interval of aeration time within

hourly intermittent aeration cycle and the interaction
between AERON and DO, respectively. Those parameters
are repeatedly reported by many researchers as having a
major impact on reject water PN/A. The highest TINrem
of 91.3% was achieved at DO of 3.0 gO2/m

3 and T of
35°C by Zhou et al. [13] and was kept at 88.7% at 19.2°
C by lowering DO to 2.6 gO2/m

3 and VNLR from 0.6 to
0.35 gN/m3d. Cema et al. [27] showed the highest
VNRR in a MBRR system operated at DO of 3.0 gO2/m

3

during batch tests and at about 2.5 gO2/m
3 under

VNLR of 1.9 gN/m2d in a pilot-scale system. In the temp-
erature range from 16°C to 19°C the best PN/A process
performance was achieved by Sultana et al. [28] under
conditions of DO from 1.2 to 1.5 gO2/m

3. Application of
an intermittent aeration with an aerated phase of
about 20 min in an hourly cycle and with DO of 4 gO2/
m3 led to the high VNRR of 3.4 gN/m2d and TINrem of
69.5% in the lab-scale MBBR for reject water deammonifi-
cation by Zubrowska-Sudoł et al. [29]. The same authors
observed the nitrogen removal rate of 1.5 gN/m2d when
the aeration interval of 30 min was applied. High DO con-
centrations of about 3–4 gO2/m

3 were applied in the full-
scale MBBR system [30]. Similarly, Rosenvinkel and Cor-
nelius [31] reported 80% removal efficiency gained in
the full-scale MBBR system under DO up to 4 gO2/m

3.
Keeping DO between 0.9 and 1.2 gO2/m

3 allowed
achieve high ammonium removal efficiency in a ‘hybrid
air-lift shaft reactor’ with aerobic and anoxic zones [32].
In a completely mixed ‘activated sludge/immobilized
activated sludge’ bioreactor with an additional treatment
of recirculated activated sludge, optimal DO was

Figure 5. Verification of the ‘RSM model’ by numerical simulation of the optimized PN/A process in MBBR: (A) ‘case A’; (B) ‘case B’ of
process optimization.

ENVIRONMENTAL TECHNOLOGY 9



determined at the lower level of 0.6 ± 0.2 gO2/m
3 [33].

The lower optimal values of DO might have been
related to lower diffusional limitations of oxygen into
activated sludge than those of biofilm. Lackner et al. [1]
described the failures of aeration systems and their
control units as the frequent causes of PN/A process per-
turbations. Aeration strategy was indicated by Lackner
et al. [34] as the major factor for stable PN/A process in
the full-scale SBR for reject water treatment.

Reaction-pH
The value of pH in the bulk liquid of the MBBR system
was found as another process parameter with the high
significance (p = 6.1 ×10−6). Optimal pH values found in
the course of the process optimization were 7.8 and
7.5 for case A and B, respectively (Table 3). The predicted
values were consistent with those recorded in the
efficient biofilm systems for reject water PN/A (Table 4)
ranging from 7.2 to 7.8. It should be emphasized that
the mathematical model of PN/A in MBBR [17] applied
in the course of the presented studies considers only
the indirect impact of pH on deammonification process
performance. It is related to the changes in free
ammonia (FA) and free nitrous acid (FNA) concentrations,
which are in the model the real substrates for auto-
throphic growth and main process inhibitors (depending
on their concentrations in the system). The results of
these studies proved that such a description of pH
influence on PN/A was sufficient for finding the
optimal pH ranges, which were fully consistent with
those found in the course of empirical studies by other
authors (Table 4). This implies that the major role of pH
in deammonification systems is derived from controlling
FA and FNA concentration in the bioreactors. A similar
range of the optimal pH values (7–8) was presented by
Van Hulle et al. [35], who also explained its impact as
an influence on the equilibria between free and ionized
form of ammonium- and nitrite–nitrogen. Physiological
pH range for anammox and ammonium oxidizing bac-
teria of 6.7–8.3 and 6.5–8.0, respectively, was presented
by Strous et al. [36] and Van Hulle et al. [37] as optimal.
Lackner et al. [1] presented the pH adjustment to 7.0–
7.5 (with NaOH) as the measure for controlling deammo-
nification in the rotating biological contactor (OLAND-
RBC). From the other side, the values of pH lower than
6.8 and higher than 8.0 were shown as the causes of
PN/A process disturbances [1]. The operation of the
PN/A process under pH of 7.47 and 7.8 was presented
by Leix et al. [14] as the maximizing nitrogen removal
and decreasing N2O emissions, respectively. It was also
advised that the pH set-point value in the bioreactor of
7.5 should be applied, which promotes high efficiency
of both partial nitritation and anammox process.Ta
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Alkalinity (ALK)
The determined optimal value of alkalinity (ALK) was
74 molHCO3/m

3 at influent total ammonium nitrogen
(TAN) concentration of 734 gN/m3 (Table 3, case A) and
80 molHCO3/m

3 at TAN concentration of 750 gN/m3

(Table 3, case B). It means that the predicted, optimal
molar ratio between ALK and TAN in the influent (ALK/
TAN ratio) was 1.4 and 1.5 for case A and B, respectively.
Van Hulle et al. [35] explained that to neutralize the acid-
ifying partial nitritation process about 1 mol of bicarbon-
ate is necessary per mol of ammonium. The calculated
values with the RSM model, optimal values of ALK/TAN
ratio for both cases of process optimization are fully con-
sistent with the considerations presented above. It is
another evidence of correctness of both the applied
mathematical model structure of PN/A [17] and the pre-
dictions of the developed RSM model in this study.
Lackner et al. [1] gave the example of disturbances of
deammonification in SBR as the effect of insufficient alka-
linity in the treated reject water. Another aspect regard-
ing alkalinity is the proper concentration of inorganic
carbon – one of the main substrates for autotrophs. It
was emphasized by Wett and Rauch [38] with regard to
CO2 stripping as the effect of a low pH. It must be
explained that the applied PN/A model does not take
into account equilibria between ionized and free form
of inorganic carbon in the bulk liquid: however, inorganic
carbon (stated as ALK) is in the model expressed as one
of the process substrates, which is utilized by AOB and
AnAOB bacteria.

Influent flow rate (Q)
As it was earlier explained, an influent flow rate (Q)
affects mainly PN/A by changing HRT rather by increas-
ing VNLR (see paragraph ‘Determination of the optimal
values of the selected process parameters for maximiz-
ing inorganic nitrogen removal efficiency’). A decrease
in the efficiency of nitrogen removal was anticipated
along with a decrease of HRT from about 94 h to
23.5 h. Values of applied HRT during empirical studies
in the range from 24 to 58.8 h were connected with
the high nitrogen removal rates and process efficiency
(Table 4). In this study, the predicted efficiency of
TINrem in the course of the process optimization with
RSM and its verification by simulation was about 78%
for the assumed HRT of 37.6 h. In the full-scale PN/A
systems for reject water treatment HRT is from 1 to 5
days [1]. Values of HRT higher than 12 h were shown
by Veys et al. [39] as the factor for assurance for high
nitrogen removal efficiency. It was also confirmed that
high VNLR (at TAN concentration up to 1000 gN/m3)
was reflected by the good performance of the system.

High VNRR rate of 1.5 kgN/m3d was also reached by
Slieckers et al. [40] at high HRT of 10 days (under high
TAN of 1550 gN/m3). Tsushima et al. [41] have shown
the nitrogen removal efficiency declines along with
HRT shortening; however, at the same time an increase
of VNRR was recorded.

Mutual interactions of the PN/A process
parameters

The most important feature of the determined optimal
values of the eight independent process parameters,
presented in Table 3, is their interconnection. Those
interrelationships were taken into account, while the
optimized values were calculated. In the available litera-
ture, some empirical studies regarding PN/A process
optimization for reject water treatment can be found.
However, none of them considered such an extended
set of the independent variables as was taken into exam-
ination in this study. Optimum values of the temperature
and pH of 30°C and 7.0, respectively, were found earlier
by Fernández et al. [11] with the use of the RSM
method and DoE for the anammox process. Interactions
between DO, T and VNLR were identified as significant by
Zhou et al. [13]. The best efficiency of TIN removal was
gained at 35°C, DO of 3.0 gO2/m

3 at VNLR of 0.7 kgN/
m3d. DoE method linked with empirical, laboratory
scale studies and response surface method (RSM) were
applied by Leix et al. [14] to examine the combined
effect of pH, feeding and aeration strategy on the deam-
monification process in bioreactors with suspended
biomass. The highest effect on VNRR had aeration and
pH. Interaction of pH and aeration was also found as sig-
nificant. Applications of intermittent aeration with
aerated and non-aerated phases of 5.5 and 6.5 min,
respectively, and pH of about 7.5 were found as
optimal. Under such conditions, VNRR of about
0.49 kgN/m3d was recorded, which is similar to the cur-
rently obtained results. The RSM method was utilized
by Zhou et al. [13] to find the interactions between T,
DO and VNLR for the PN/A process in laboratory-scale
sequencing batch biofilm reactor (SBBR). Significant
interactions between DO and T; NLR and T were
shown. Optimal DO was 2.7 gO2/m

3 at T = 22°C when
VNLR was 0.7 kgN/m3d with the corresponding TINrem
of 80% and the predicted TINrem decreased to 50% at
DO = 1.0 gO2/m

3. Those values are again comparable
and close to those presented in this study. It was
shown that the effect of increased ratio between COD
and TAN in the influent (COD/TAN) was the higher TIN
removal efficiency by amplifying heterotrophic denitrifi-
cation [39]. Predicted nitrogen removal efficiency in the
range of COD/TAN from 0.25 to 2.0 was about 80%. In
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the studies presented in this paper, the optimal ratio
between COD/TAN was about 1.0 for both cases A and
B and the corresponding TIN removal efficiency of 87%
and 78%, respectively (Figure 5).

Conclusions

. The response surface methodology (RSM), combined
with simulation experiments, was applied for optimiz-
ation of the single-stage PN/A process for the reject
water treatment in MBBR.

. The presented method allowed taking into consider-
ation the impact of the eight independent variables
on PN/A process performance. Eleven interactions
between process parameters were identified.

. Development of the higher level, ‘pseudo-empirical’
surface response model of the PN/A was possible
with the described procedure. It makes mathematical
modelling of the PN/A in MBBR more feasible for prac-
tical and scientific application.

. Implementing the presented methodology, a new
level of information is gained what would not be poss-
ible with separate use of simulation experiments or
RSM.
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