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ABSTRACT

Performance of wastewater treatment processes depends on many factors including wastewater characteristics,
environmental conditions and operating parameters. Several treatment processes have their own advantages
and disadvantages in terms of treatment performance. Performances of anaerobic/anoxic/oxic (A?0), five-
stage Bardenpho (fsB), University of Cape Town (UCT), and modified UCT processes for biological nutrient
removal from municipal wastewaters were evaluated at various C:N:P ratios in primary effluent by keeping all
other parameters identical to each other in each process. The comparison was based on steady-state removal
efficiencies for chemical oxygen demand (COD), total Kjeldahl Nitrogen (TKN), total nitrogen (TN), and
total phosphorous (TP). Simulations were performed using an MS Excel Visual Basic for Applications (VBA)
tool based on Activated Sludge Model No.3 extended with biological phosphorous removal processes.
Simulation results indicated that, for low-to-mid influent TKN/COD ratios, fsB process shows the best
performance in terms of TN and TP removal. On the other hand, modified UCT process can be the best
selection at high influent TKN/COD ratios if only phosphorous removal is of concern. Five-stage Bardenpho
process must be selected for both nitrogen and phosphorous removal no matter the influent C:N:P ratio is.
Keywords: Enhanced municipal wastewater treatment, biological nutrient removal, nitrogen removal,
phosphorous removal, process configurations, activated sludge modeling.

1. INTRODUCTION

A great number of process configurations exist for the treatment of residential and municipal
wastewaters [1]. These process configurations usually comprise the first and the second stage of
treatment as primary, secondary, and sometimes tertiary stages. Primary treatment usually
consists of screening, grit removal, and primary sedimentation for the purpose of removing non-
biodegradable materials prior to biological treatment as well as reducing the organic loading that
upsets the biological treatment units. On the other hand, the configuration of the secondary
treatment or existence of tertiary treatment systems differ from one process to another depending
on several factors such as treatment objectives, wastewater characteristics, costs of investment
and operation [2]. Today’s biological wastewater treatment systems are usually built for both
nitrogen and phosphorous removal.

A number of well-known biological nutrient removal (BNR) systems exist including A2O [3,
4], five-stage Bardenpho (fsB) [5, 6], standard and modified versions of UCT (University of Cape
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Town) [7, 8], the VIP (Vir ginia Initiative Plant) [7], and Johannesburg processes [9, 10]. All of
these processes have different combinations of anaerobic, anoxic, and aerobic reactors, and their
own advantages and disadvantages for specific treatment goals.

The A0 process is the fundamental form of process configurations for BNR systems [11]. It
consists of an anaerobic-anoxic-aerobic reactor configuration [12] followed by a secondary
clarifier [13, 14]. The anaerobic step in the process is the main step that receives the influent
wastewater (usually primary effluent) and the return activated sludge (RAS). The purpose of this
step is hydrolysis of slowly biodegradable organics into readily biodegradable organics for
subsequent steps. The effluent from anaerobic step is taken to the anoxic step, which also receives
recycled nitrate from the aerobic step. The purpose of the anoxic reactor is the reduction of nitrite
and nitrate nitrogen (NO™-N and NO3™-N) into nitrogen gas (N;) [15] by heterotrophic bacteria
including phosphorous accumulating organisms (PAOs), which are also responsible for
accumulating soluble phosphorous (PO,*-P) in biomass to be removed in secondary clarification
step. Besides, most of biodegradable organics are oxidized in this reactor. The purpose of the
aerobic reactor is rather the oxidation of ammonia nitrogen (NHs-N) into NO,-N and NOs™-N.
Besides, remaining biodegradable materials are removed in this step prior to secondary
clarification. The hydraulic retention times (HRTSs) of the anaerobic, anoxic, and aerobic steps are
usually within the ranges of 0.5-1.5, 0.5-1.0, and 4-8, respectively, and the sludge retention time
(SRT) of the process is usually between 3 and 60 days [15] or 5 and 25 days. Reported advantages
of A0 process include high alkalinity surplus in aerobic reactor for nitrification, good settling
sludge, cost-effectiveness [11], and high nitrogen removal efficiencies although nitrogen removal
is usually limited by internal recycle (IR) ratio. A major disadvantage of the process is reported as
high nitrite and nitrate concentrations recycled to the anaerobic reactor with RAS. In A0 process,
organic matter is reduced by phosphorous accumulating organisms under anaerobic conditions,
resulting in low organic substrate concentration for denitrifiers under anoxic conditions [11].
Rong et al [16] reported a continuous A?0 process operated with 100% RAS ratio and 300% IR
ratio at an SRT of 20 days, in which they obtained 71.63%, 72.63%, and 78.79% removal
efficiencies for chemical oxygen demand (COD), total nitrogen (TN), and total phosphorous (TP),
respectively. In another study in which Zong et al [17] applied various HRTs between 10.5 and
52.5 hours at RAS and IR ratios of 100% and 200%, respectively, the authors reported that the
optimum HRT for the process was 25.26 hours.

The fsB process adds two more steps to the A%0 process with the configuration of anaerobic-
anoxicl-aerobicl-anoxic2-aerobic2 reactors followed by a secondary clarifier [18]. The purpose
of the second anoxic reactor in this process is further reduction of nitrite and nitrate in the effluent
of the first aerobic reactor, and thus improving nitrogen removal efficiency. With the addition of a
second anoxic reactor, nitrite and nitrate concentration recycled to the anaerobic reactor with RAS
is also reduced, improving phosphorous removal. Since the dissolved oxygen concentration is
near zero in the effluent of the second anoxic reactor, probably deteriorating sludge settling
properties, a second aerobic reactor is also employed prior to the secondary clarifier. The purpose
of this second aerobic reactor is to oxygenate to prevent bulking of the sludge. The HRTSs of the
steps in fsB process are usually within the ranges of 0.5-1.5, 1-3, 4-12, 2-4, and 0.5-1 hours in
anaerobic, the first anoxic, the first aerobic, the second anoxic, and the second aerobic reactors,
respectively. The SRT of the system is usually kept between 10 and 20 days. Advantages of fsB
process include good settling characteristics of sludge and its very high nitrogen removal
efficiencies, whereas very large reactor volumes can be listed as the major disadvantage [19].
Bashar et al [20] reported removal efficiencies of 94%, 99.5%, 99.8%, and 83.5%, respectively
for COD, total suspended solids (TSS), NH3-N, TP. Another recent study on fsB process was
conducted by Manav Demir et al [21] in which a modified fsB process was used for the treatment
of municipal wastewaters. Results of the study indicated that removal efficiencies at levels of
87%, 82%, 93%, 89%, 88%, and 94% can be obtained respectively for COD, TN, NHs-N, TP,
PO, -P, and TSS. Ashrafi et al [1], on the other hand, reported a hybrid fsB and moving bed
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biofilm reactor (MBBR) with TN a nd TP removal efficiencies up to 95.2% and 98.3%,
respectively.

The UCT process is very similar to the A%0 process in that the same number of reactors are
employed to achieve both nitrogen and phosphorous removal. The main difference from the A20
process comes from the paths of recycle lines. In the standard UCT process, the RAS is directed
to the anoxic reactor rather than the anaerobic reactor [22] in order to reduce nitrite and nitrate
load to the anaerobic reactor for improved phosphorous removal [23]. Another internal recycle is
added to the system to recycle mixed liquor from anoxic to the anaerobic reactor. The UCT
process can provide satisfactorily high removal efficiencies as reported by Di Trapani et al [24]
who obtained up to 92% COD removal and 55% TN removal in a UCT-membrane bioreactor
operated with residential wastewater. In the modified version of UCT process, on the other hand,
a multi-stage anoxic reactor is employed to improve denitrification capacity. In the modified UCT
process, the nitrate recycle is directed to the later sections of the anoxic reactor, while mixed
liquor recycle is taken from the earlier stages. The HRTs of the UCT processes are usually within
the ranges of 1-2, 2-4, and 4-12 hours in anaerobic, anoxic, and aerobic reactors, respectively
[25]. The SRT is usually kept between 10 and 25 days. The advantages of UCT processes are
reported as reduced nitrate loading to the anaerobic reactor that results in improved phosphorous
removal for weaker wastewaters, good settling sludge, and high nitrogen removal efficiencies
whereas increased cost of operation by the additional recycle stream is a major disadvantage. Li et
al [26] reported effluent TN and TP concentrations as low as 8 mg/L and 0.1 mg/L, respectively
in a process (bi-bio-selector for nitrogen and phosphorous removal) similar to modified UCT
process. In another study, Zeng et al [27] reported the use of modified UCT process operated with
100% RAS, 300% nitrate recycle (IR), and 120% mixed liquor recycle ratios, at which COD, TN
and NHz-N removal efficiencies were reported to be 80%, 40%, and 70%, respectively.

Characteristics of influent wastewater as well as objectives of treatment are the main factors
that affect selection of an activated sludge process [28]. The selection process can be easy for
wastewaters of residential origin since characteristics of residential wastewaters are more or less
the same in many places. However, the characteristics of municipal wastewaters depends on many
factors including, but not limited to, the type and density of commercial and industrial activities,
and the degree to which commercial/industrial wastewaters are mixed with residential
wastewaters since these wastewaters of various origins contain various nitrogen and phosphorous
contents. Therefore, a generalization for the selection of activated sludge process is not available
to the knowledge of the author.

Most of the textbooks related with the topic involves detailed discussions in regard to the
features and capabilities of the biological wastewater treatment processes. Although discussions
include investment and operating costs of the process, the evaluations are usually made separately
and performance comparisons of the processes with the same or comparable costs are usually
omitted. The motivation of this study comes from the need to make evaluations on the
performances of several biological wastewater treatment processes that are based on the same
investment and operating costs, i.e. similar hydraulic retention times (investment cost) and similar
recycle flowrates (operating costs). The aim of this study is to evaluate the performances of
several activated sludge processes with comparable investment and operating costs for biological
nitrogen and phosphorous removal. The performance indicators are selected as removal
efficiencies for chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN), total nitrogen
(TN), total phosphorous (TP), and total suspended solids (TSS). Simulations of A20, fsB, UCT,
and modified UCT processes were performed at various C:N:P ratios in primary effluent with
TKN/COD ratios between 0.05 and 0.15 and TP/COD ratios between 0.01 and 0.02. An MS
Excel VBA based tool for wastewater treatment plant simulation based on activated sludge model
no. 3 (ASM3) extended with biological phosphorous removal processes was used to obtain
steady-state effluent concentrations and performances of activated sludge processes were
compared.
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2. MATERIALS AND METHODS
2.1. Process Configurations

Four processes, namely A20, fsB, standard UCT, and modified UCT processes, are compared
for their COD, TN, TP, and TSS removal efficiencies. The process flow diagrams are shown in
Fig. 1. For all processes, the influent (primary effluent) flowrate was 1000 m*/h, RAS ratio was
100%, and nitrate recycle ratio was 300%. For UCT processes, the mixed liquor recycle ratio was
200%. Also, the system’s SRT was kept constant at around 20 days in all simulations of all
processes by adjusting waste activated sludge (WAS) flowrate. The total HRT of all process
configurations was selected to be equal to 10 hours, excluding the secondary clarifier, in order to
make a fair assessment of investment costs versus treatment performance. The wastewater depth
in all reactors was 5 m. The dissolved oxygen concentration was kept constant at 2 g/m? in all
aerated reactors. Volumes of reactors in each process are shown in Table 1. The surface loading
of the secondary clarifier was 1 m3/m?2.h and the sidewall depth of the settler was 3.5 m for all
simulations.
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Figure 1. Mainstream flow diagram of a. A%O process, b. fsB process, c. standard UCT process,
and d. modified UCT process
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Table 1. Volumes of reactors in each process

Volumes (m?)

Process Anaerobic  Anoxicl  Anoxic2  Aerobicl  Aerobic2 Recycle ratios
RAS: 100%
A0 1000 1000 - 8000 - Nitrate: 300%
RAS: 100%
fsB 1000 1000 3000 4500 500 Nitrate: 300%
RAS: 100%
Standard Nitrate: 300%
UCT 1000 4000 - 5000 a Mixed liquor:
200%
RAS: 100%
Modified Nitrate: 300%
UCT 1000 1000 3000 5000 - Mixed liquor:
200%

2.2. Simulation Tool

An MS Excel VBA tool for wastewater treatment plant simulation, which was previously
implemented for another purpose, was used for all simulations. The tool is based on activated
sludge model no. 3 by Gujer et al [29] extended with the EAWAG bio-P module for biological
phosphorous removal processes by Rieger et al [30], corrected/verified version of which was
published later by Hauduc et al [31]. The tool is capable of steady-state and dynamic simulations
of a given activated sludge process with aerated and non-aerated reactor configurations. It
employs a one-dimensional, ten-layered approach for modeling the secondary clarifier with
Takacs’ double exponential model for settling velocity of sludge. For all simulations, default
values were used for all stoichiometric and kinetic parameters [31] as well as all settling
parameters [32].

2.3. Wastewater Characterization

Simulations were performed with four different activated sludge process configurations for
comparing their steady-state COD, TN, TP, and TSS removal efficiencies. Considering the
possibility of the process configurations being more effective for wvarious wastewater
characteristics, simulations were performed with various C:N:P ratios in primary effluent for each
process. For this purpose, steady-state simulation results were obtained for TKN/COD ratios
between 0.05 and 0.15 and for TP/COD ratios between 0.01 and 0.02. A total of nine different
influent (primary effluent) wastewater characterization was used for each process with influent
COD of 400 g/m®. Nitrite- and nitrate-nitrogen concentrations in influent wastewater were
assumed to be zero. Thus, TKN and TN concentrations in influent wastewaters were equal to each
other. Soluble and particulate fractions of all model components were selected based on the
primary settled wastewater characteristics reported in Rdssle and Pretorius [33]. Wastewater
temperature was assumed as 20°C in all simulations.

3. RESULTS AND DISCUSSION
Simulations were performed for predicting COD, TN, TP, and TSS removal efficiencies in
A?0, five-stage Bardenpho (fsB), standard UCT (sUCT), and modified UCT (mUCT) processes

with influent TKN/COD and TP/COD ratios ranging from 0.05 to 0.15, and 0.01 to 0.02,
respectively. COD, TN, TP, and TSS removal efficiencies under steady-state conditions were
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calculated between 85.9% and 89.6%, 64.0% and 89.8%, 12.6% and 92.8%, and 87.7% and
93.6%.

Turkish Regulation on Urban Wastewater Treatment sets the discharge limits for municipal
wastewater treatment plants. The treatment plant effluents must meet the discharge limits of 125
mg/L of COD, 15 mg/L of TN, 2 mg/L of TP, and 60 mg/L of TSS. A comparison of the effluent
concentrations from all of the processes for all influent wastewater characteristics with the
discharge limits is provided in Table 2. In the table, effluent concentrations that exceed the related
discharge limit are shown in red. For low nitrogen content (low TKN/COD ratio) in influent
wastewater, all of the processes met the discharge limits except that effluent TP concentrations
from A?0, standard UCT, and modified UCT processes exceeded the discharge limit at high
phosphorous content (high TP/COD ratio) in influent. The effluent concentrations from fsB
process were always under the discharge limits. For medium nitrogen content in influent
wastewater, all of the processes met the discharge limits with the exception of A%O process being
unable to meet the discharge limit for TP at medium-to-high phosphorous content in influent
wastewater. The standard UCT process showed the best performance for high nitrogen content in
influent wastewater although it failed to meet the discharge limit for TP at high phosphorous
content. The A%0 process showed the weakest nitrogen and phosphorus removal capacity at high
TKN/COD ratio, while fsB process failed in terms of TP removal at medium-to-high TP/COD
ratios. Effluent TN concentrations from the modified UCT process was higher than the discharge
limit.

Table 2. Effluent concentrations from all processes

o - Effluent concentrations (mg/L)
8 2 g Low nitrogen Medium nitrogen High nitrogen
s & =
o o e
o ® = [%2) %) [%2) %) %) %) %) %) [%2)
- o > > > > > > > > >
c — 2] o o o o o o o o o
g = 2 S g¢o 5] & g£o <] & g¢o <]
= - © < S < < < S < < < S < <
© 3 Sz 2 58 <& > & 58 <& > F 58 <&
e 3 2 8£ S 28 82 82 2S 85 2L 28
= a A Jd6 =26 Is Ja8 =26 ITa Jda =26 IT&
COD 125 42 42 42 42 42 42 43 43 43
A0 TN 15 365 376 378 108 110 110 216 216 216
process TP 2 083 140 280 150 333 530 299 502 6.99
TSS 60 13 13 13 12 12 12 12 12 12
CoOD 125 43 43 43 43 42 42 43 42 42
fsB TN 15 204 207 213 302 325 324 118 118 118
process TP 2 070 102 155 058 086 169 112 301 498
TSS 60 13 14 14 13 13 14 13 13 13
COD 125 43 43 56 43 43 43 43 43 42
sUCT TN 15 350 350 357 782 792 795 134 138 138
process TP 2 071 100 357 072 105 153 08 18 362
TSS 60 14 14 22 13 14 14 13 13 13
COD 125 44 44 56 44 43 43 43 43 42
mUCT TN 15 355 354 379 846 862 872 175 181 184
process TP 2 070 100 354 070 101 142 071 109 184

TSS 60 14 14 226 13 14 14 13 14 14

In terms of steady-state COD removal efficiency, the performances of all processes were
comparable to each other. Average COD removal efficiency for all processes at all C:N:P ratios
was calculated as 89.1%+0.8%. Steady-state COD removal efficiencies of processes are shown in
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Fig. 2. For all processes, steady-state COD removal efficiencies were satisfactorily high at all
C:N:P ratios. For low TKN/COD and high TP/COD ratios (C:N:P = 100:5:2.0), however, a slight
reduction in COD removal efficiency was observed in standard and modified UCT processes.
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Figure 2. Steady-state COD removal efficiencies of all processes at all C:N:P ratios

Steady-state TN removal efficiencies of processes are shown in Fig. 3. In terms of TN
removal efficiency, the performances of all processes were strongly correlated with influent
TKN/COD ratio. The effect of increasing influent TP/COD ratio at constant TKN/COD ratio was
negligible for all processes. Steady-state TN removal efficiencies ranged from 64.0% to 89.8%
with an average value of 78.5%+6.7% at all C:N:P ratios. There was a clear tendency of reduction
in TN removal efficiency with increasing TKN/COD ratio in the influent. The highest removal
efficiencies (above 80%) were observed at low TKN/COD ratios (at a value of 0.05), while the
lowest removal efficiencies were as low as 64.0% (in A20 process) at the highest TKN/COD ratio
(at a value of 0.15). The A%0 process was the least effective process in terms of TN removal at all
C:N:P ratios. Although standard and modified UCT processes showed similar TN removal
efficiencies for low TKN/COD ratios, the discrepancy between TN removal performances of
these processes increased gradually with increasing TKN/COD ratio in the influent. At the highest
TKN/COD ratio, TN removal efficiencies for the standard and modified UCT processes were
around 77% and 70%, respectively. At all C:N:P ratios, fsB process showed the best performance
in terms of TN removal. The steady-state TN removal efficiency in fsB process was around 90%
at the lowest TKN/COD ratio with the lowest value dropping down to 80% at the highest
TKN/COD ratio in the influent. One can conclude that, for the main objective of nitrogen
removal, fsB process can be employed no matter the influent C:N:P ratio.
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Figure 3. Steady-state TN removal efficiencies of all processes at all C:N:P ratios

Steady-state TP removal efficiencies of processes are shown in Fig. 4. Although negligible at
low TKN and low TP, both TKN/COD and TP/COD ratios in the influent affected TP removal
efficiencies in all process. Influent TKN/COD ratio was more effective in determining TP
removal efficiency than influent TP/COD ratio. TP removal efficiencies were around 80% in all
processes at low TKN and low-to-mid TP in the influent. However, sudden reductions in TP
removal efficiency were observed when influent TP/COD ratio was raised to 0.02 at low influent
TKN. The highest TP removal efficiencies were observed for fsB at mid-TKN influent. In
contrast, the performance of A0 process, in terms of TP removal, was the lowest at almost all
C:N:P ratios. TP removal efficiency in A%O process dropped to as low as 12.6% at high TKN and
high TP in the influent. At C:N:P ratio of 100:10:2.0, TP removal efficiencies of fsB, SUCT, and
mUCT processes were comparable with those of SUCT and mUCT processes being slightly
higher than fsB. Considering the fact that SUCT and mUCT processes require an additional
recycle line (Fig. 1), fsB process can still be considered to be more cost-effective in this case.
Standard and modified UCT processes (SUCT and mUCT) were the best selection in terms of TP
removal performance at high TKN/COD ratios in the influent. Of these two processes, the balance
shifted gradually in favor of modified UCT process with increasing TP/COD ratio in the influent.
One can conclude that, for the objective of TP removal, fsB process is the best alternative at low-
to-mid TKN/COD ratios in the influent, while modified UCT process can be the best at high
influent TKN/COD ratios.
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Figure 4. Steady-state TP removal efficiencies of all processes at all C:N:P ratios

Steady-state TSS removal efficiencies of processes are shown in Fig. 5. TSS removal
efficiency is a criterion to evaluate the performance of secondary clarifier rather than process
configurations. Nevertheless, it is related with the production of mixed liquor suspended solids in
the process reactors. For all processes, TSS removal efficiencies were comparable, except for the
standard and modified UCT processes at low TKN and high TP in the influent. At all C:N:P
ratios, TSS removal efficiencies were satisfactory.

100
98
96
94
92
90
88
86
84
82
80

mA20 mfsB msUCT = mUCT

COD removal efficiency (%)

|\ Low-TP  Mid-TP High-TP Low-TP Mid-TP High-TP jLow-TP Mid-TP High-TP |
|

Low-TKN Mid-TKN High-TKN
C:N:P ratio

Figure 5. Steady-state TSS removal efficiencies of all processes at all C:N:P ratios
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Steady-state concentrations of soluble components of concern (NO,-N+NO3-N, and PO,-P)
in process reactors with respect to hydraulic retention time are shown in Fig. 6. The values were
obtained at an influent C:N:P ratio of 100:10:1.5. Nitrogen and phosphorous components in
particulate form such as organic nitrogen and polyphosphates are not shown in Fig. 6 since the
concentrations of particulate components reach up to 5000 mg/L in process reactors.

The concentrations at the end of total hydraulic retention time (10 h) can be assumed as the
effluent concentrations for these components since the biochemical reactions in secondary
clarifier is neglected and these components are in soluble form. The highest effluent NOs-N
concentration was observed in A20 process as 9.5 mg/L. A very small fraction of this was
reduced in anoxic reactor, which suggested a smaller TN removal efficiency in A0 process. On
the other hand, the highest NO3-N concentration in fsB process was observed in the effluent of
the first aerobic reactor, suggesting that nitrification process takes place mainly in the first aerobic
reactor in fsB process. NO3-N concentration at the end of 5 hours in modified UCT process was
slightly higher than standard UCT process. The denitrification capacity of the standard UCT
process was higher. As a result, effluent NOs-N concentration from standard UCT process was
lower.

Steady-state PO,-P concentrations at the end of 1 hour (anaerobic effluent) was drastically
higher than effluent concentrations in all processes (Fig. 6), suggesting that anaerobic hydrolysis
processes were effective. The lowest PO,-P concentration in anaerobic effluent was observed in
A0 process, for which the TP removal efficiency was also the lowest. For all processes, most of
phosphorous uptake took place under anoxic conditions. For fsB process, approximately 60% of
PO,-P in anaerobic effluent was removed in the first anoxic reactor. The highest PO,-P
concentration in anaerobic effluent was observed in modified UCT process. The reason for this is
that return activated sludge is recycled to the first anoxic reactor and mixed liquor is recycled
from the effluent of the first anoxic reactor to anaerobic reactor. Fig. 6 clearly shows the positive
effect of recycling return activated sludge to the anoxic reactor rather than directly to the
anaerobic reactor. This configuration is beneficial for phosphorous removal in wastewater
treatment plants.
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Figure 6. Steady-state NO,-N+NOs-N (left) and PO,-P (right) concentrations in process reactors
at an influent C:N:P of 100:10:1.5 with respect to hydraulic retention time.

4. CONCLUSIONS

Simulations were performed to obtain COD, TN, TP, and TSS removal efficiencies of A0,
five-stage Bardenpho (fsB), standard UCT, and modified UCT processes for biological nutrient
removal from wastewaters using an MS Excel wastewater treatment plant simulation tool based
on Activated Sludge Model No. 3 extended with biological phosphorous removal processes. Total
hydraulic retention times (HRTSs) of the processes were 10 hours with the same sludge retention
times (SRTs) of 20 days, which was set by adjusting waste activated sludge flowrate. Simulations
were performed with various influent C:N:P ratios. Three different influent TKN/COD ratios

1245



S. Demir /Sigma J Eng & Nat Sci 38 (3), 1235-1248, 2020

(also equal to TN/COD ratio) between 0.05 and 0.15, and three different influent TP/COD ratios
between 0.01 and 0.02 were used for simulations and each process configuration were simulated
with 9 different influent wastewater characteristics. Influent wastewater COD was assumed as
400 mg/L in each simulation. Evaluations were based on steady-state removal efficiencies of each
process configuration for COD, TN, TP, and TSS.

All processes showed satisfactory performance in terms of COD removal no matter the
influent C:N:P ratio. Steady-state COD removal efficiencies were calculated between 85.9% and
89.6%, with an average value of 89.1+0.8%. None of the processes showed distinguishing
performance to another in terms of COD removal. Increasing TKN/COD ratio in the influent
resulted in a clear reduction in TN removal efficiency for all processes, while influent TP/COD
ratio was less effective. At the same HRT and the same SRT, fsB process, with the highest TN
removal efficiencies between 80.3% and 89.9%, was more resistant to high TKN and TP loads
compared to other processes. In terms of phosphorous removal, performances of all processes
were comparable to each other at low influent TKN/COD and low-to-mid TP/COD ratios with an
average removal efficiency of 81.6%. However, TP removal efficiency of standard and modified
UCT processes dropped considerably at low TKN, high TP loads. On the other hand, standard and
modified UCT processes showed the highest TP removal efficiencies at high TKN loads to the
system. Following conclusions can be withdrawn from the results of this study:

e Considering the fact that characterization of municipal wastewaters in terms of C:N:P
ratio is a function of the density of commercial/industrial activities and the degree to which
commercial/industrial wastewaters are mixed with wastewaters of residential origin, selection of
the biological treatment process for municipal wastewaters must be based on influent C:N:P ratio.

e With the primary objective of treatment as nitrogen removal, fsB process can provide
higher removal efficiencies at the same HRT and SRT compared to other processes. This is valid
for all influent C:N:P ratios. Thus, fsB process is the most economical alternative to process
selection.

e With the primary objective of treatment as phosphorous removal, fsB can be more
advantageous for low-to-mid influent TKN/COD ratios in terms of investment and operating
costs. For high influent TKN/COD ratios, performance of modified UCT process is far better than
others. One must note that the UCT processes require an additional recycle line to recycle mixed
liguor from anoxic to anaerobic reactor.

e For both nitrogen and phosphorous removal, on the other hand, fsB process offers the
most economical solution at low-to-mid influent TKN/COD ratios with the highest removal
efficiencies per unit HRT. For high TKN/COD ratio in the influent, however, standard UCT
process can be the best selection in terms of treatment performance.

ABBREVIATIONS

UCT, University of Cape Town, COD, chemical oxygen demand, TKN, Total Kjeldahl nitrogen,
TN, total nitrogen, TP, total phosphorous, BNR, biological nutrient removal, VIP, Virginia
Initiative Plant, SUCT, standard UCT, mUCT, modified UCT, fsB, five-stage Bardenpho, RAS,
return activated sludge ratios, NO,-N, nitrite nitrogen, NO3™-N, nitrate nitrogen, N,, nitrogen
gas, PAOs, phosphorous accumulating organisms, PO,*-P, phosphate-phosphorous, NH5-N,
ammonia nitrogen, HRT, hydraulic retention times, SRT, sludge retention times, TP, total
phosphorous, TSS, total suspended solids, ASM3, activated sludge model no. 3, WAS, waste
activated sludge flowrate.
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