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a b s t r a c t

It has been proved that higher total nitrogen removal efficiency could be obtained in step feeding activated
sludge process by adjusting the inflow rate distribution and the volume of each stage. But the optimiza-
tion of the step feeding process would be complicated owing to adjustment of inflow rate and volume. To
develop the auto-control and operational decision support system is an urgent and necessary work for well
application of step feeding process. Although biological wastewater treatment, especially the biological
nitrogen removal process, has the characteristics of complex nonlinear, it provides widespread oppor-
tunities for artificial intelligent control. In this paper a fuzzy control model of anoxic/oxic step feeding
activated sludge process was developed under the condition of sufficient and insufficient influent carbon
source. The detailed information on development of fuzzy model was addressed based on collecting and

analyzing previous experimental data. The influent C/N ratio was selected as input variable and inflow rate
and volume distribution in each stage were selected as output variables. Moreover, the calibration and
application approaches of control model were also studied through pilot-scale experiments (1000 L/d)
with domestic sewage. The highlight is that the method and approach of model calibration are well dis-
cussed so that it provides good opportunities on practical application. During three months experimental
period enhanced total nitrogen removal efficiency of more than 95.1% was reached with the influent C/N

e of 9
ratio of 8.16–12.3, averag

. Introduction

The step feeding anoxic/oxic activated sludge process has
ttracted much attention in recent years due to its high total
itrogen removal efficiency. Many researchers have studied the
peration characteristics and parameters of step feeding process by
heoretical analysis and computer simulation [1–3]. Some practical
xperiences were also drawn from extended, renewed or retrofited
onventional activated sludge process [4–8]. Previously on studies
f Zhu et al. [9,10] high total nitrogen removal efficiency, higher
han 95%, could be obtained in step feeding process by adjusting
he inflow rate distribution and the volume in each stage. How-
ver, the optimum design and operation of the step feed process

s a difficult task because of the reactor configuration and inflow
ate distribution. Volume ratios of anoxic and aerobic volumes and
astewater fraction to be diverted from the inlet of the system

re important parameters, and should be considered in design of

∗ Corresponding author. Tel.: +86 10 62849307; fax: +86 10 62849307.
E-mail address: gbzhu@rcees.ac.cn (Y. Peng).

385-8947/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.cej.2009.02.019
.78.
© 2009 Published by Elsevier B.V.

the step feeding process. Wastewater characteristics, especially C/N
ratios significantly affect the design [4,10]. So to develop the auto-
control and operational decision support system is an urgent and
necessary work for well application of step feeding process.

Although biological wastewater treatment, especial the biolog-
ical nitrogen removal process, has the characteristics of complex
nonlinear, it provide widespread opportunities for artificial intelli-
gent control. Advances in control engineering suggest that hybrid
control strategies, integrating some ideas and paradigms existing
in different soft computing techniques, such as fuzzy logic and
neural networks, may provide improved control performance in
wastewater treatment processes [11]. Fuzzy control has become an
important and effective tool for the development of such intelligent
system [12]. During the last two decades, there were a variety of
applications of fuzzy logic control in wastewater treatment plants
to optimize operation and performance of bioprocesses. The control
objective and parameters ranged from aeration [13–15], effluent

suspended solid [16], external carbon addition [17], loading rate [18]
to nitrification in Sequencing Batch Reactor (SBR) process [19] and
dissolved oxygen concentration [20]. Zhu and Peng [21] reviewed
the application and development of fuzzy control in urban wastew-
ater treatment. However, there is no literature about optimization

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gbzhu@rcees.ac.cn
dx.doi.org/10.1016/j.cej.2009.02.019
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ig. 1. Schematic diagram of anoxic/oxic step feeding activated sludge process syste
ir flow meter, (7) air compressor, (8) secondary clarifier, (9) effluent, (10) return sl

f anoxic/oxic step feeding activated sludge process with fuzzy con-
rol for improving nitrogen removal [10,11,21].

So the specific purpose of this research is to develop a fuzzy
ontrol model for optimization of step feeding process to improve
iological nitrogen removal. Moreover, the calibration methods of
ontrol model for application in real sewage treatment plant were
lso verified and approved.

. Materials and methods
.1. Reactor configuration and experimental setup

The bench-scale reactor was well documented in literatures of
9] and [22]. The pilot-scale reactor was just magnified with the
ench-scale. A two channels four feeds reactor was employed to

able 1
he distribution of volume and influent flow rate in each stage.

Influent COD Stage A Stage B

Influent
flow ratea

Volumeb Anoxic
volumec

Influent
flow ratea

Volumeb A
v

.00 256 25.00 29.38 10.64 25.00 25.00 2

.25 292 33.87 31.25 16.00 27.10 25.00 2

.50 335 41.53 33.75 12.96 27.69 25.00 2

.75 360 47.97 37.50 10.00 27.41 25.00 2

.00 385 53.20 41.25 9.09 26.60 26.25 2

.25 432 57.81 42.50 7.35 25.69 26.25 2

.50 460 61.57 45.62 6.84 24.63 25.00 2

.75 495 64.76 48.75 6.41 23.55 25.00 2

.00 530 67.50 51.25 4.88 22.50 23.75 3

.50 597 71.90 57.50 4.07 20.54 21.25 3

.00 656 75.29 60.62 3.60 18.82 19.37 4

a Influent flow rate in each stage was expressed as the percent of total flow rate.
b Volume in each stage was expressed as the percent of total volume.
c Anoxic volume in each stage was expressed as the percent of total volume in each sta

able 2
uzzy control rules.

ule C/N ratio � V1 V2 V3

IF L Then L And L And L And H
IF ML Then ML And ML And ML And MH
IF M Then M And M And M And M
IF MH Then MH And MH And MH And ML
IF H Then H And H And H And L

: Inflow rate distribution ratio; V1: volume of first stage; V2: volume of second stage; V3

rst stage; V2A: volume of anoxic zone in second stage; V3A: volume of anoxic zone in thi
oderate; MH: moderate high; H: high.
Influent tank, (2) check valve, (3) feed pump, (4) mechanical mixer, (5) diffuser, (6)
ump, and (11) waste sludge.

simulate biological wastewater treatment based on step feeding
process, as shown in Fig. 1. The dimension of cubic reactor made
of plexiglass was 1400 mm × 460 mm × 600 mm. The aerobic and
anoxic zones in each stage were separated by flashboards which
are removable so as to adjust the volume ratio of anoxic zone and
aerobic zone. The mechanical mixers were used in each anoxic zone
to make the activated sludge and liquid mix well. A number of out-
lets for sampling were emplaced with distance from reactor bottom
of 200 mm in each anoxic and aerobic compartment. The airflow
rate was controlled by airflow meter for adjusting dissolved oxy-
gen (DO) concentration in aerobic zone. An upright clarifier with

a working volume of 125 L was employed for solid–liquid separa-
tion. The flow rates of influent, internal cycle and retuned sludge
were controlled by peristaltic pumps (Lange Z2515-300 M, China)
respectively.

Stage C Stage D

noxic
olumec

Influent
flow ratea

Volumeb Anoxic
volumec

Influent
flow ratea

Volumeb Anoxic
volumec

5.00 25.00 23.75 26.32 25.00 21.88 28.57
5.00 21.68 23.12 27.02 17.34 20.62 30.30
5.00 18.46 21.25 29.41 12.30 20.00 31.25
5.00 15.66 21.25 29.41 8.95 16.25 38.46
3.80 13.30 16.87 37.03 6.67 15.00 37.50
3.81 11.42 17.50 32.14 5.08 13.12 38.09
5.00 9.85 17.50 32.14 3.94 11.87 42.10
7.50 8.56 16.25 34.61 3.11 10.00 45.71
1.58 7.50 15.63 34.00 2.50 9.38 46.67
8.23 5.87 13.75 36.36 1.67 8.75 42.85
5.16 4.70 12.50 37.50 1.17 8.12 38.46

ge.

V4 V1A V2A V3A V4A

And H And H And L And L And L
And MH And MH And ML And ML And ML
And M And M And M And M And M
And ML And ML And MH And MH And MH
And L And L And H And H And H

: volume of third stage; V4: volume of fourth stage; V1A: volume of anoxic zone in
rd stage; V4A: volume of anoxic zone in fourth stage; L: low; ML: moderate low; M:
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ig. 2. Input and output curves of fuzzy optimize control model. (A) Influent C/N
tage; (C) influent C/N ratio versus volume of second stage; (D) influent C/N ratio ver
/N ratio versus volume of anoxic zone of first stage; (G) influent C/N ratio versus vo
f third stage; (I) influent C/N ratio versus volume of anoxic zone of fourth stage.

.2. Wastewater composition

The wastewater in bench-scale studies was synthesized
escribed in literature [9] and [22]. The wastewater fed into the
ilot-scale step feeding process was pumped from a cesspool

n habitation district of Beijing University of Technology. The
ain wastewater characteristics are shown as follows: COD

258–440 mg/L), NH4
+-N (29–48 mg/L), NO2

−-N (0–0.128 mg/L),
O3

−-N (0–0.9 mg/L) and TKN (33–51 mg/L).

.3. Experimental operating procedure

In pilot study, activated sludge was collected from a wastewater
reatment plant (AAO process) for inoculation. The start-up of step
eeding process was initiated with cesspool wastewater. While the
eactor was operated for 3.5 days in a batch mode to provide the
nitial colonization and accumulation of microorganisms, and then
perated in a continuous flow mode gradually. Steady state was
eached after 10 days. During the bench and pilot study period, SRT
as controlled at 18 days using hydraulic control approach [23].

he sludge return rate was set at 0.5 time of total influent flow rate.
.4. Sampling and analytical procedures

The parameters measured included pH, temperature, DO, COD,
H4

+-N, NO2
−-N, NO3

−-N, mixed liquor suspended solids (MLSS),
ersus influent flow distribution ratio; (B) influent C/N ratio versus volume of first
lume of third stage; (E) influent C/N ratio versus volume of fourth stage; (F) influent
of anoxic zone of second stage; (H) influent C/N ratio versus volume of anoxic zone

sludge volumetric index (SVI) and total nitrogen (TN). Samples were
prepared after being filtered with 0.45 �m Whatman filter papers.
All analyses were performed according to the Standard Methods
[24]. The DO, pH and temperature were determined daily using
WTW pH/Oxi 340i (Germany).

3. Result and discussion

3.1. Brief summary of previous research results

The previous research showed that the step feeding process
with the influent flow distribution of 2.0:2.1:2.5:3.4 could improve
total nitrogen removal efficiency significantly with optimal carbon
source utilization when the influent C/N ratio was less than 4.91
[22]. So it is easy to optimize the process under this condition. In this
paper we mainly addressed the optimization under high C/N ratios.

In the bench-scale experimental course the optimal operation
and performance were achieved by adjusting inflow rate distribu-
tion and volume in each stage according to influent C/N ratio [9,22].
The total nitrogen removal efficiency of the step feeding process was

a function of influent flow rate distribution ratio (�), whereas the
maximal inflow rate distribution ratio (�max) was determined by
the influent C/N ratio. The optimal volume of each stage could be
determined according to the influent flow distribution, as shown in
Table 1.
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ig. 3. Variations of ammonia and NOX–N concentrations before calibration under
nd the Arabic numerals mean the compartment number. (�) Ammonia; (�) nitrate

.2. Development of fuzzy control model of step feeding process

.2.1. Input and output variables and control rules
Based on bench-scale research the influent C/N ratio was

elected as the input variable of fuzzy model, and the output vari-
bles were as follows: inflow rate distribution ratio (�), volume
f first stage (V1), volume of second stage (V2), volume of third
tage (V3), volume of fourth stage (V4), volume of anoxic zone in
rst stage (V1A), volume of anoxic zone in second stage (V2A), vol-
me of anoxic zone in third stage (V3A), volume of anoxic zone in
ourth stage (V4A). The statuses of each variable were expressed as
Low”, “Moderate Low”, “Moderate”, “Moderate High” and “High”.
he classical Mamdani method was used to fuzzify and defuzzify
he input and output variables. Based on the bench-scale experi-

ental results several fuzzy control rules were established using
lassical IF THEN manner, as shown in Table 2.

.2.2. Input and output curve and membership function
In this research the Fuzzy Logic Toolbox of MATLAB 6.5 was used

o establish the membership functions. In this process along with

he Mamdani method some man-made experience are taken into
ccounted as references. For example the C/N ratio of 6.09 is looks as
he lower value. The C/N ratio of 13 is reversely as the higher value.
his is the key process to establish the membership function. As
oon as this important procedure is well done, the input and output
ent C/N ratios. In the X-axis the letter A means anoxic zone, O means aerobic zone
ite. The value of � was calculated from model.

curve of the fuzzy model are built automatically by the software of
Toolbox of MATLAB 6.5, as shown in Fig. 2.

3.3. Calibration of the fuzzy control model with domestic
wastewater in pilot-scale experiments

3.3.1. Calibration of the fuzzy control model under various
influent C/N ratios

After the establishment of the fuzzy control model the more
important work is to calibrate and study the applicability of this
fuzzy model. The calibration of the fuzzy model was investigated in
Beijing University of Technology with wastewater of inhabitation
district. Equipped with the fuzzy model pilot-scale experiments
were carried out for exploring the system potential on removing
nitrogen under different C/N ratios. The experimental procedures
and results are shown in Fig. 3.

According to Fig. 3, in all the seven group experiments, ammo-
nia can be removed completely, and no ammonia was detected in
the effluents. Because of that, the variation of COD along the pro-
cess was not depicted in figure [10]. The activated sludge presented

a good sedimentation property with a stable SVI varying among
87–113 mL/g. However, the low efficiency on removing total nitro-
gen can be deduced from the results, which partially owing to the
accumulation of nitrate in the anoxic zone of the system. While the
C/N ratio of the influent was fixed, the higher inflow rate distribu-
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Fig. 4. Experimental results of pilot-scale experiments before and after calibration. In the X-axis the letter A means anoxic zone, O means aerobic zone and the Arabic numerals
mean the compartment number. (�) Ammonia; (�) nitrate + nitrite. (A) COD = 200, NH4

+ = 32.12; (B) COD = 330.3, NH4
+ = 43.80; (C) COD = 342, NH4

+ = 45.8; (D) COD = 380.7,
NH4

+ = 47.9; (E) COD = 310, NH4
+ = 50.5; (F) COD = 369, NH4

+ = 42.9; (G) COD = 393.3, NH4
+ = 43.80; (H) COD = 440, NH4

+ = 42.3. Unit: mg/L.
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ion ratio was, the more COD would enter into the forepart, which
esulted in the concentration of nitrate in the anoxic zone increasing
nd cumulating to the next stage. Ingravescently, the accumula-
ion of nitrate would finally result in the high concentration of total
itrogen in the effluent. The figure also showed that the accumula-
ion of nitrate could be observed in the anoxic zone of all the stages
f all the seven group experiments except the first stage. Generally,
hen the accumulation started in the second stage, the concentra-

ion of the nitrate tended to increase in the following two stages, all
f these resulted in poor performance on removing total nitrogen.
ased on above discussion, the direct inducement of effluent deteri-
ration was the high inflow rate distribution ratio. The difference of
nflow rate distribution ratios of original control model output and

easured value was attributed to experimental wastewater com-
onent. So the pilot-scale experiment was necessary to calibrate
he model with domestic sewage as the influent.

The calibration studies of the fuzzy control model were per-
ormed with real sewage of habitation district of Beijing University
f Technology. During the experimental period the step feeding
rocess was initially operated with the theoretical model out-
ut value (inflow rate distribution ratio). Afterwards the values of

nflow rate distribution ratios were adjusted gradually. Based on the
ptimization rules the process was operated with no nitrate accu-
ulation in each anoxic zone and minimal inflow rate in last stage.
nder each condition the process has been operated over two times
ludge age period. At last the maximal inflow rate distribution ratios
ere achieved under various influent C/N ratios. The experimental

esults are shown in Fig. 4.
From the figure the optimization operation and performance of

tep feeding process were implemented. With the calibrated inflow
ate distribution ratio there was no nitrate or nitrite accumulation
n each anoxic zone. The effluent ammonia concentrations were all
elow the detected level. The concentrations of effluent total nitro-
en were only produced by the ammonia nitrogen in the aerobic
one of the last stage.

.3.2. Adjustment of fuzzy model
Comparison of the maximal inflow rate distribution ratios com-

ng from both original fuzzy model and calibrated one under the

ame influent C/N ratio was studied. The results were shown in
ig. 5. There was a strong linear relationship between these two
aximal inflow rate distribution ratios as follows:

= 0.82776X (1)

ig. 5. Relationship of the maximal inflow rate distribution ratio of original model
utput value and calibrated one under the same influent C/N ratios.
Fig. 6. Relationship of influent C/N ratio and maximal inflow rate distribution ratio
in pilot-scale experiments.

in which the X stands for model output value, and Y stands for the
real and measured value of pilot-scale experiments. Based on this
equation the calibrated model output value could be applied in real
treatment system.

According to the pilot-scale experimental results the linear rela-
tionship of influent C/N ratios and maximal inflow rate distribution
ratios was obtained in Fig. 6 and as follows:

Y = 0.19825X − 0.05565 (2)

in which X stands for influent C/N ratio and Y stands for the maximal
inflow rate distribution ratio of pilot-scale experiments.

This equation provided a new and easy approach to calibrate the
model. With a fixed influent C/N ratio the step feeding process could
be operated under a certain inflow rate distribution ratio obtained
with Eq. (2).

3.4. Application of fuzzy model for improving nitrogen removal

Based on calibrated fuzzy model pilot-scale experiments with
domestic sewage were conducted for three months (from 9-4-
2007 to 12-7-2007). As above mentioned the concentration of total
nitrogen in the effluent was determined by the Kjeldahl nitro-
gen in the aerobic zone of the last stage, only if in each stage,
complete nitrification and denitrification in aerobic and anoxic
zone were realized respectively. In the last stage, where there
was no nitrate accumulation and the inflow was at the mini-
mum ratio, total nitrogen concentration in the effluent could be
maintained at the lowest level. During the experimental period
the value of influent C/N ratio (input variable) would be mea-
sured firstly. Then the values of inflow rate distribution ratio and
volume distribution (output variables) were obtained with the
model. Afterwards the output variables were calibrated with Eqs.
(1) and (2). In the experiments the nitrification reaction of each
stage proceeded thoroughly without ammonia detected. There was
also no nitrate accumulation in the anoxic zone. The effluent total
nitrogen concentrations were all kept at a relative low level with
the calibrated model although the influent total nitrogen con-

centration varied dynamically. It should be emphasized that high
nitrogen removal efficiency, higher than 95.1%, could be obtained
with influent C/N of 8.16–12.3. Effluent total nitrogen concentra-
tions were always below 2.36 mg/L during experimental periods.
The SVI values were in the range of 92–115 mL/g, average value of
98 mL/g.
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. Conclusion

To optimize operation and performance of step feeding process,
t is important to develop computer operational decision support
ystem and intelligent control system. Fuzzy control has become
n important and effective tool to help build such intelligent sys-
em. In this paper a fuzzy control model of anoxic/oxic step feeding
ctivated sludge process for improving nitrogen removal was devel-
ped. The fuzzy control model selected influent C/N ratio as the
nput variable, and selected inflow rate and volume distribution
s the output variables. Moreover, the calibration methods of con-
rol model for application in real sewage treatment plant have
lso been verified and approved. At last pilot-scale studies of the
tep feeding anoxic/oxic activated sludge process operated with the
alibrated fuzzy model for improving nitrogen removal was investi-
ated. The experimental results showed that high nitrogen removal
fficiency, higher than 95.1%, could be obtained in step feeding pro-
ess with the fuzzy model under the condition of influent C/N of
.16–12.3. Moreover, the number of input variable was only one,
hich enhancing the applicability of fuzzy model. In addition only
ve control rules also enhanced the readability of the fuzzy model.
he practical operation of step feeding process approved the valid-
ty, credibility and applicability of the fuzzy model. However, the
obustness of the fuzzy model was not studied because the influent
/N ratio did not vary remarkably.
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