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In the recent years, increasingly strict demands on the effluent quality of wastewater treatment plants
(WWTPs) and concern for energy consumption have led to the growing interest in the development of
an optimization and control scheme for treatment processes. In general, operation of WWTPs can be con-
trolled either by real-time monitoring of major constituents or through model prediction. In this research,
a simplified ASM2 model was applied to describe the dynamics of NH;, NO3 and POZ~ in a modified
anaerobic, buffer, intermittently aerated, and oxic pilot-scale plant (treatment capacity =50 m3d1).
Using this model, the system performance was optimized by adjusting aeration and non-aeration time
to control effluent ammonia level to preset values and at the same time to minimize energy consumption
for aeration. As a result of the operation, the system could achieve 89%, 73%, and 82% removal efficiencies
for COD, TN, and TP, respectively. The average f, (aeration cycle time/total cycle time) values were 0.46
for optimization as compared to 0.57 for normal operation. The standard errors between model
predictions and measured effluent NH;-N were 0.1 mgL~! for the optimization scheme. With an
application of optimizer, it can maintain good effluent water quality while achieving energy saving.
For our pilot scale plant, it was calculated that annual electricity cost of about 600 USD could be saved
if the plant would be continuously operated by the optimization scheme.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

to BNR systems, especially temporal systems such as intermit-
tently aerated activated sludge (IAAS) processes which, if properly

For preventing eutrophication in lakes and streams, permit
requirement on the effluent water quality of public wastewater
treatment plants (WWTPs) has been much stricter, e.g., require-
ment changed from total Kjeldahl nitrogen (TKN) to total nitrogen
(TN) concentration. Consequently, newly constructed WWTPs are
designed as a biological nutrient removal (BNR) process capable
of removing both nitrogen and phosphorus from wastewater. In
addition, existing conventional WWTPs are also being upgraded
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controlled, can reduce energy consumption for aeration, and com-
ply with permit requirement at the same time [1-3]. IAAS pro-
cesses can oxidize ammonia to nitrate and uptake phosphate
during aeration period, while it can reduce nitrate to nitrogen
under anoxic conditions, and release phosphate under anaerobic
conditions. In fact, a number of control strategies to optimize aer-
ation duration have been proposed or performed for IAAS pro-
cesses [4-9]. For example, Kim and Hao [10] compared a model
based control scheme with on-line pH/ORP (oxidation reduction
potential) sensor-based control for an IAAS system. They found
that both control strategies could achieve significant energy


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2014.04.076&domain=pdf
http://dx.doi.org/10.1016/j.cej.2014.04.076
mailto:h_kim@uos.ac.kr
http://dx.doi.org/10.1016/j.cej.2014.04.076
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

338 H. Kim et al./Chemical Engineering Journal 251 (2014) 337-342

savings. However, on-line pH/ORP sensor based control system
does not require in-depth knowledge of WWTPs. The model based
control scheme could flexibly adjust aeration time of the system
according to the permit requirement [11-13].

Model predictive control (MPC) schemes have been widely used
in industry [14]. In fact, a number of MPC strategies based on a
mathematical model have been applied to control the biological
process in WWTPs [8,15-18]. For the successful application of an
MPC, the employed model should appropriately describe the
behaviors of the target process. Numerous mathematical models
have been introduced for describing the dynamics of BNR systems;
for example, International Water Association’s Activated Sludge
Model No. 1 [19], ASM3 [5] for biological nitrogen removal and
ASM2 [20], ASM2d [21,22], and UCTPHO+ [23] for biological nitro-
gen and phosphorus removal.

In this study, an MPC scheme based on a linearized model was
applied to a modified anaerobic, buffer, intermittently aerated, and
oxic (ABA?) pilot-scale plant for nitrogen and phosphorus removal.
Influent and effluent characteristics of the pilot plant were contin-
uously analyzed and fed into our MPC scheme for controlling efflu-
ent ammonia concentration with energy saving for aeration. The
model used in our MPC scheme was previously developed by line-
arizing ASM2 [24,25].

2. Materials and methods
2.1. Description of pilot plant

The pilot-scale modified ABA? plant, located in Seonam WWTP
in Seoul with a treatment capacity of 50 m®d~!, consists of an
anaerobic reactor (hydraulic retention time (HRT): 1.0 h), a buffer-
ing tank (HRT: 0.5h), an intermittently aerated reactor (HRT:
3.1 h), and another aeration basin (HRT: 0.9 h) (Fig. 1). Sludge
recycle rate (Qg) was set half of the influent flow rate (0.5 Q). Inter-
nal recycle rate (Q;z) of mixed liquor suspended solids (MLSS) from
the aeration basin to the buffering tank was set at the same flow
rate of influent (i.e., 50 m3 d~'). The DO concentration during aer-
ation cycle times was maintained approximately at 2 mgL™!
through a programmable logic controller. The aeration duration
for the intermittently aerated reactor was determined by the
MPC system. The mean cell residence time (MCRT) was set at
13 d to maintain the MLSS at 3500-3850 mg L. In order to eval-
uate the performance of the pilot plant, composite samples of
influent and effluent were collected and analyzed following Stan-
dard Methods for COD, NHj NOs3, and TKN, total phosphorus
(TP), PO3~, and suspended solids (SS) [26].

2.2. Development of simplified linear model

Since the main process (tank #3 in Fig. 1) of the pilot-scale
modified ABA? system was intermittently aerated system for pro-
viding aerobic conditions for nitrification, phosphorus uptake,
and organic oxidation with anoxic conditions for denitrification
created after terminating aeration. In this study, NH3, NOs, and

0=50m’d’

PO;~ dynamics of the intermittently aerated reactor were used
for calibrating the model incorporated into the MPC scheme. The
model for the MPC of the pilot system was formulated using the
linearized ASM2 developed by [24,25]. Briefly, the hyperbolic
terms in ASM2 [20] were linearized; 17 process equations, 17 state
variables, and 46 stoichiometric and kinetic parameters in ASM2
were reduced to 10, 10, and 19, respectively, in the linearized
model. Clearly, the linearized model requires less computational
efforts for model calibration than the original ASM2.

Track studies were performed to characterize dynamic behav-
iors of NHj, NO3, and PO3 in the intermittently aerated reactor.
The data from the track studies were then used to calibrate model
parameters; the unknown parameters were hand-tuned to fit the
model to the experimental data. Special care should be taken for
Ja,J5, and Jqo, since the model is quite sensitive to these parameters.
Although the calibration was performed only once in this study, it
can be done when mismatches between the model predicted NH}
and the measured NH} become larger than 1.5 mg N L !. Based
on the calibrated model, optimization of the modified ABA? system
was performed. More information of the model linearization can be
found elsewhere [24].

2.3. Application of optimization scheme

The linearized model based optimization scheme is illustrated
in Fig. 2. In the scheme, the control variables of the intermittently
aerated reactor, i.e., one cycle time (t.: aeration cycle time + non-
aeration cycle time) and aeration ratio (f;: aeration cycle time/t.)
were adjusted to minimize the operation costs related to aeration
as well as to satisfy the effluent NH} constraint. In order prevent
extended aeration or anoxic cycle, the maximum and minimum
values were set for both t. and f,; the maximum and minimum val-
ues set for t. were 5.75 h and 1.5 h, respectively, and those set for f,
were 0.87 and 0.13. The predictions of the calibrated model were
incorporated into the optimization scheme in which optimal t.

Process
model
NH, 4 *-N, ' predict
A
Influent (for simulation)
Optimizer () -
p 5NH4+_N NH4 Marger
Influent
water qualityl ] Effluent NH,*-N
Plant (ABA?)
Jar B
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Fig. 2. Schematic diagram of optimization logic.
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Fig. 1. Schematic diagram of ABA? plant.
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and f, values were determined. Influent and effluent water quality
data measured from the plant were also fed into the optimization
scheme, which used the developed model to predict the effluent
water quality at different f, and t. (Fig. 2). The measured water
quality data and model prediction were then compared to deter-
mine the optimal f;, for the system operation in the next day.

The mismatches between the model prediction and measured
effluent values were corrected by a feedback loop algorism
(Fig. 2). Daily input data were total COD, soluble COD, NHz, NO3,
and PO;~ of influent wastewater and treated effluent. Since the
control of the effluent NH; concentration was the purpose of the
current study, the f, for the intermittently aerated reactor was
adjusted to keep NH4-N at the preset value of 1.5 mgL~!. From
the previous studies [21], it was found that if the aeration time
required for nitrification is minimized, anoxic time for denitrifica-
tion can be enlarged, resulting in reduction of effluent TN level.
More information on the optimization procedure and error
feedback scheme can be found in [25,27].
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3. Results and discussions
3.1. Overall performance

In Fig. 3, the performance of the pilot system for 90d is pre-
sented. In the beginning, the system was operated with the preset
fa for the intermittently aerated reactor (Phase I); f, was set at 0.57
(aeration time/t, =60 min/105 min). Then the system was oper-
ated based on the proposed MPC for 50 d (Phase II).

In general, the modified ABA? system showed good perfor-
mance. Influent and effluent characteristics along with operating
conditions for the pilot plant are summarized in Table 1.
Throughout Phases I-II, influent concentrations of COD, TKN,
and TP fluctuated between 120-330, 17-39, and 1.7-5.7 mg L},
respectively. However, the system showed good COD, nitrogen,
and phosphate removal efficiencies of 84-89%, 66-73%, and
72-82%, respectively at the overall HRT of the system of only
55h.
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Fig. 3. Overall performance of ABA? system.
Table 1
Performances of ABA? system.
Phase | Phase II (w/ control)
Wastewater Influent Effluent Removal efficiency, % Influent Effluent Removal efficiency, %
Characteristics mgL! mgL! mgL! mgL!
Organic
Total COD 230 (140-320) 36 84 290 (120-330) 30 (12-40) 89
N 28 (19-38) 9.4 (7.5-12) 66 37 (17-39) 9.9 (8.0-12) 73
TKN 28 (19-38) 1.5 (0.3-4.2) 95 37 (17-39) 2.4 (0.4-3.9) 94
NHj}-N 20 (10-29) 0.9 (0.1-3.1) 95 26 (9.2-33) 1.4 (0.3-2.5) 95
NO3;-N 7.4 (5.0-11) 7.5 (5.8-9.6)
Phosphorus, TP 3.6 (1.7-5.7) 1.0 (0.1-1.5) 72 2.8 (1.9-3.8) 0.5(0.2-0.9) 82
Pilot plant conditions
Temp., °C 20.5-27.0 13.0-20.7
MLSS, mg L~ 3500 (3100-4000) 3900 (3500-4500)
MCRT, d 13 (10-15) 13 (12-15)
HRT, h 5.5 5.5
Fraction (f,) 0.57 0.46 (0.34-0.54)
Total cyclic time (t.), min 105 1267
Air on/off time, h 1.0/0.75 1.1/1.0°

2 Averaged value.
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Fig. 4 shows the dynamics of NHz, NO3, and POZ~ in the inter-
mittently aerated reactor along with the system pH and ORP pro-
files. The significant points for indicating the end of nitrification/
denitrification previously identified [18] were observed from the
figure (e.g., ammonia valley (AV in Fig. 4c) on the pH profile, and
nitrate knee (NK) on the ORP). In fact, the NK on the ORP profile
which signifies complete denitrification during the air-off cycle
was often not observed due to unavailability of easily biodegrad-
able organics.
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Fig. 4. Profile of nutrients and pH/ORP in intermittently aeration reactor.

Table 2
Stoichiometric and kinetic parameters used in ABA? system.

3.2. Model calibration and evaluation

Before the MPC scheme was applied to the pilot system, the
model used in this scheme was calibrated to describe dynamic
behaviors of NH;, NO3, and POZ~. The simplified ASM2 was cali-
brated with a set of data from a track study on the intermittently
aerated reactor. The calibrated values for corresponding stoichiom-
etric and kinetic parameters are presented in Table 2, with the *J”
constants used in the linear model listed in Table 3. Each *“J”
constant approximates non-linear Monod hyperbolic terms in the
corresponding Monod equation of the original ASM2 model shown
in [20]. For example, growth of heterotrophic microbial cells (uy)
on fermentable organics (Sg) is described with Eq. (1). As seen from
the equation, yy is influenced not only by Sg but also by fatty acids
(Sa), DO (So,): NH; (Snw,)» phosphorus (Spo,), and alkalinity (Sack);
influence of each variable on heterotrophic microbial cells (Xy) is
described in a saturation form with its associated half-saturation
parameter. In the current model, the non-linear mathematical
description in which influences from all the variables other than
Sk was simplified (Eq. (2)) was approximated with a constant (in
this case, J).

dXy — - So, S¢S Sw, ~ Spo,
dt H Ko, +So, Kr+Sr Se+Sa Knn, +Snu, Kp + Spo,
Saik
L S 1
Kawx + Sax " M
dX
Gt = M Ji X )

The parameters of linear model were manually fine-tuned using
a trial-and-error procedure. Due to the less parameters of simpli-
fied model (19 parameters, J;-J10 constants) than full ASM2 (46
parameters), model calibration took less time and effort than that
of the full model. The result of calibration is shown in Fig. 5. The
simulation results from the simplified ASM2 (line) are plotted
along with actual measured data (dot). In the calibration of the
model, the stoichiometric coefficients were slightly adjusted and

Table 3
“J" constants used in this study.

h b I3 Ja Js Js Iz Js Jo Jio
Phase II 4 10 10 10 5 3 0.1 200 150 350

Parameter (units)

ASM2 default Current value

kn Hydrolysis rate constant (d~') 3 2
1NO3 Anoxic hydrolysis reduction factor (-) 0.6 0.6
Nfe Anaerobic hydrolysis reduction factor (-) 0.4 0.4
Yy Heterotrophic yield (g COD g~! COD) 0.63 0.63
Uy Maximum growth rate on substrate (d~1!) 6 3
Qe Maximum rate for fermentation (g COD g~' CODd™ 1) 3 1.5
1NO3 Reduction factor for denitrification (-) 0.8 0.8
by Rate constant for lysis (d~1) 0.4 0.65
Ypo, PP requirement (Spo, release) for PHA storage (g Pg~'COD) 0.4 0.4
YpHA PHA requirement for PP storage (g COD g~! P) 0.2 0.3
QrHA Rate constant for storage of PHA (gCOD g ' PAOd™ ) 3 15
qrp Rate constant for storage of PP (g PP g~! PAOd™") 15 2.5
pAo Maximum growth rate (d1) 1 1
bpao Rate constant for lysis of Xpao (d~1) 0.2 0.1
bpp Rate constant for lysis of Xpp (d') 0.2 0.1
bpua Rate constant for lysis of Xpya (d™") 0.2 0.1
Yaur Yield coefficient (biomass/nitrate) (g COD g ' N) 0.24 04
UauT Maximum growth rate (d~") 1 0.3
baut Decay rate (d~1) 0.1 0.01
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applied to the kinetic parameters (see Table 2). Because the goal of
model simplification is to develop a model that can be applied with
less computational efforts, calibration was made mainly by adjust-
ing linearized coefficients “J” terms. As shown in Fig. 5, the cali-
brated model describes reasonably well the biological reactions
occurring in the intermittently aerobic reactor such as nitrification
and phosphorus uptake during air-on periods and denitrification
and phosphorus release during air-off periods (Phase II; RzNH4:
0.91, R%o3: 0.86, and R3ps: 0.99) albeit with some mismatches
observed for NHj, and NO3. The simplified ASM2 was then incorpo-
rated into the optimization scheme to minimize aeration energy cost
and to adjust effluent ammonium concentration to the preset values.

3.3. Optimization results

The calibrated model was used in the optimization scheme
described in the previous section. The optimization results and
overall performance of system in Phase II are presented in Fig. 6;
data for Phase I were also included for comparison.

The constraint for the effluent NH;-N concentration was set at
1.5 mg L. Also, operating constraints for the minimum and max-
imum cycle times were set at 45 min and 4.5 h on the aeration and
non-aeration cycle durations in order to avoid frequently turning
aeration on/off and to ensure minimal durations for both aerobic
and anoxic microbial reactions. Initially, the optimizer was run,
assuming that a previous prediction was the same as the measure-
ment with t. and f; set for 105 min and 0.57, respectively. The next
day, the mismatch between the experimental measurement and
the model prediction was incorporated into a corrective feedback
loop to manipulate the t. and f, to make the effluent values match
with the NHj constraint. Through this procedure, t. and f, were
determined as the variations of the NH; effluent concentration,
and the trend of effluent NH4-N appeared as sinusoid around the
NH’-Npnax constraint (i.e., 1.5mgL™!). However, comparatively
large mismatches between effluent data and predictions were
often observed. It was due to the fact that the mismatches were
caused by temperature variations and rainy events which were
not incorporated into the optimization scheme (Phase II; day 35,
42, and 68 in Fig. 6). In those cases, the model was prone to under-
estimate or overestimate effluent NHj level. Nonetheless, through

Phase II (w/ control)

——— NH, -NSctting value

]

Lo

—

a

NH ; N Ffiluent

4— i1, -N_Influent

®  NH, Niafluent

4 . . o o ® L4

o (e}
0 o0 0 P0°, 9.0 0g 0ok

%
@ NH, -N_Effluent

Rain

o ol o \
OC‘J;(;GQ‘ SRR Hoec JOBO— RS OJ‘;O 06

W Rain Rain

o
o | e
30‘

0

§ 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Time, day

Fig. 6. Summary of optimization results.

0.9

0.8

0.7

0.6

0.5

104

103

0.2



342 H. Kim et al./Chemical Engineering Journal 251 (2014) 337-342

the feedback control, the tendency of the NHj profile around the
set point is demonstrated despite of mismatched gap. It is expected
that the width of this mismatch will be reduced when the simpli-
fied model takes account of adding the calibration scheme about
temperature gradient.

Another control problem is due to raining event. For example,
the effluent NH;-N was found to be 0.4 mg L' on day 69 due to
rainy weather. Then, f, was changed from 0.40 to 0.38; the f, was
further lowered three consecutive days to 0.34 (day 71) due to
low influent of NH} concentrations. The trend is attributed to the
fact that NH;-N (mismatch between observed and preset values)
in the optimization routine relies both on the mismatches occur-
ring in the past and the one in the present, i.e., the previous condi-
tions were reflected in the current data based on the accumulated
oNHZ-N. Therefore, f, values should not be changed rapidly, and
then the gap between predictions and experimental data caused
by sudden unforeseen events could be minimized.

The average effluent ammonia concentration during the applied
optimization scheme was 1.4mgL~! ranging from 03 to
2.5mgL ! with 73% TN removal efficiency. During the operation,
the optimizer increased the f, value up to 0.52 and lowered down
to 0.34, according to influent characteristics. As stated above, by
minimizing the aeration cycle duration for nitrification, the anoxic
duration was enlarged resulting in the high TN removal even with
the relatively short HRT of 5.5 h.

4. Conclusions

In this study, it has been demonstrated that if an MPC system is
used, the modified ABA? system could show good performance in
removing COD, TN and TP as well as saving aeration energy. The
ASM2 was simplified to a linear model by replacing Monod hyper-
bolic terms with first-order rate constants (i.e. J;s), and the simpli-
fied model was applied to predict the nutrient dynamics of the
modified ABA? process. The model could capture the characteristic
dynamics of the system well according to the corresponding aero-
bic/anoxic cycle changes in the intermittently aerated reactor. The
prediction of the model was incorporated in an MPC system to
optimize the aeration cycle time. After the calibration was per-
formed, the pilot plant was operated for 40 d using the MPC sys-
tem, in which effluent NH} was set at 1.5mgNL"!. Due to the
aeration optimization based on the MPC, the average effluent
ammonia concentration was 1.4 mg NL~! even in the spring sea-
son. The standard error between model predictions of effluent
NHZ-N with measurements was 0.1 mg L. In addition, f, values
were minimized at average of 0.46. Comparing data from Phase I
(fixed f;) and Phase II (controlled f,), the control system could
achieve high TN removal efficiency with significant aeration
energy saving. Comparing with the plant operation without the
optimization scheme, the optimization-based operation was found
to save about 600 USD annually.

In short, an optimization scheme was accomplished success-
fully in spite of seasonal variations of influent characteristics and
temperature to minimize aeration cost and maintain acceptable
effluent concentrations for ammonia and other water quality
parameters.
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