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Abstract: Chile has numerous areas that lack sewage collection, including in the capital city. Sanitation
in these cases is managed through individual solutions like septic tanks or small wastewater treatment
plants (WWTPs) that use biological treatment, usually activated sludge with extended aeration. In
general, the design of these systems adheres to the quality standards mandated by regulations for
discharge, infiltration, or irrigation. In this scenario, traditional methods like increasing dissolved
oxygen (DO) or hydraulic retention time (HRT) were unable to effectively reduce excessive nutrients.
Therefore, literature related to nutrient excess and denitrification systems is consulted and reviewed
to compile different solutions suitable for the presented issue. Potential solutions were modeled
and verified using the free simulation software WRc STOAT. The software accurately predicted the
unsatisfactory results of the current setup and provided parameters for the proposed modifications.
Experience, precise user definition, influential characteristics, and modeling are essential in the design
of WWTPs.

Keywords: anoxic; denitrification; biological nutrient removal; wastewater treatment; modeling

1. Introduction

In Chile, the collection and treatment of sewage are handled by concessioned sanitation
companies. These companies have the important task of capturing, conveying, and treating
the effluent from each individual land plot or building. When the project is situated outside
the concession area, and the property does not have access to a public sewerage network, it
is necessary for the property to have its own system for collecting, conveying, treating, and
disposing of domestic sewage. Regarding treatment, it is worth noting that as of 2020, the
coverage of treated sewage collected stands at 99.98% [1].

For water to be utilized for irrigation purposes, it is necessary to meet the requirements
set by the Chilean Standard Nch 1.333/78, which establishes the Quality Standard for Water
Resources. Compliance with Decree-Law No. 46/2002 [2] and Decree-Law No. 90/2000 [3]
is necessary based on the body of water used for infiltration or recharge of the water table.
These laws establish emission standards for discharges of liquid waste into marine and
surface continental waters. The design parameters commonly used for domestic wastewater
are based on the regulations outlined in Decree-Law No. 609/1998 [4]. These regulations
specify the characteristics of Chilean wastewater for a population of 100 people, taking
into account a provision of 200 [L/per/day] and a recovery factor of 0.8. According to
Diaz M.A. et al. [5], this recovery factor can potentially reach 0.9. The pollutant load shown
in the table for BODs (biochemical oxygen demand incubated for 5 days) falls within the
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typical range mentioned by the Environmental Protection Agency (EPA) in its manual for
small communities [6]. The manual states that the general population usually has values
between 35 and 60 g/day, while educational institutions have an average of 30 g/day of
BODs. According to Table 1, the value ranges from 40 to 50 g/day. BOD is an indicator that
measures the level of pollution in wastewater. A high value indicates water that is heavily
contaminated with organic matter [7].

Table 1. Characterization of domestic wastewater corresponding to 100 inhabitants DS N°609/1998.

Parameters Characteristic Value Polluting Load (100 per/Day)
BODs 250 (mg/L) 4000 (g/day)
Phosphorus 5 (mg/L) 80 (g/day)
Ammoniacal nitrogen 50 (mg/L) 800 (g/day)
Total suspended solids 220 (mg/L) 3520 (g/day)

The primary option for individual systems is biological treatment, which involves the
use of microorganisms to degrade organic matter [6-10]. A wide variety of microorganisms
are responsible for carrying out the removal of BOD, the coagulation of colloidal solids, and
the stabilization of organic matter [11-13]. Based on the literature, the concentration of total
nitrogen (TN) varies between 35 to 100 mg/L, and total phosphorus (TP) varies between 18
to 29 mg/L for domestic wastewater [14]. Tomczak and Grita [15] classify BOD5 as low if it
is less than 200 mg/L.

Discharges containing high nutrient concentrations result in a notable reduction in the
levels of dissolved oxygen (DO) in the water [14,16-19]. This has negative effects on aquatic
environments, the overall environment, and human beings [15,20,21]. Phosphates play a
crucial role in the growth of algae and plankton [22], further exacerbating the situation.
These are the primary factors contributing to eutrophication [23-26], with domestic and
industrial wastewater being the primary sources [13]. The threshold levels for TN and
TP to cause eutrophication vary within specific ranges [27]. Cui et al. [28] highlights the
rising international standards. For instance, the European Union has enhanced discharge
standards for TN, reducing them from 10 to 15 mg/L to 6 mg/L. Similarly, certain regions
in the United States and China now demand even lower values, below 5 mg/L.

The results presented in Table 2 are obtained from a WWTP in full operation at a
higher education institution. It can be observed that the concentrations of effluent surpass
the standards set by regulations, which could potentially pose a threat to both health and
the environment. Therefore, it is essential to model treatment systems in order to assess
the efficacy of the proposed treatment type and design; this provides the opportunity for
pre-emptive corrective measures to be taken if required. Cost and energy considerations
are disregarded in this study, as the main focus is to comply with water quality.

Table 2. The result of the chemical analysis of wastewater in wastewater treatment plants (WWTPs).

Analyzed Sample Limit Limit
Parameters Units Influent Effluent DS 46 DS 90 Evaluation
Fecal coliforms * NMP /100 mL - 500 - 1000 Approved
BODs * mg/L 179 16 - 35 Approved
Phosphorus mgP/L 10.3 12 - 10 Not approved
Total Nitrogen Kjeldhal ppm 131 69.9 10 - Not approved
pH* Unidad 8.37 7.47 6-8.5 Approved
Total suspended solids mg/L 132 17 - 80 Approved
Temperature * °C 18 18.2 35 Cumple

Note: * Nch2313: Wastewater—analysis methods, based on SMEWW-APHA-AWWA-WEEF 18th Ed.

The relevance of this study lies in demonstrating to designers of small-scale compact
plants that a design solely based on BOD parameters and manual calculations, with esti-



Water 2024, 16, 1354

30f16

mated contaminants and their values, is insufficient during the design stage. It is a common
practice to assume that all wastewater has the same quality and that effluents will meet
regulatory requirements. Therefore, this study aims to introduce the use of software in
modeling, emphasizing its importance in the design process.

2. Materials and Methods

For the study, we thoroughly reviewed relevant literature, research, journals, and
books on wastewater treatment and nutrient excess. We utilized resources like Google
Scholar and the university’s electronic library database to conduct searches using specific
keywords related to the topic, such as “nutrient excess”, “water treatment”, “simulation”,
“Stoat”, etc. This approach sought to make the optimal decision regarding the solution to
implement in the current system, aiming to utilize existing resources with minimal changes
and expenses. In addition, WRc STOAT version 5.0, a popular free modeling program
for WWTPs, was used to conduct software modeling. This program is widely used for
predicting and enhancing wastewater performance. Simulating plants is ideal [29-31].

WRc STOAT has been used to study the biological and physical processes of secondary
treatment in WWTPs, with a focus on treating high-nutrient content [32]. The dynamic sim-
ulation will be based on the BOD and TSS profiles, utilizing various available models [33],
with an operation period of 2 months and approximately three sludge ages.

The design in this work was executed using STOAT for three distinct scenarios. The
first scenario involves simulating the existing process units without any modification
(model ASAL1). The second and third scenarios involve modifying and simulating a
WWTP, which includes offering different models (ASAL1A and ASAL5A) while keeping
the existing layout in the field. In general terms, the main components in wastewater
are organic matter (OM), nutrients, microorganisms, and metals [15,21]. All these com-
ponents can be present in dissolved or suspended form and can be assessed through the
concentration of material in suspension or dissolved [11,13,24].

It has been estimated that the levels of nutrients are higher among users who typically
belong to higher income categories, such as the upper-class (AB) and upper-middle-class
(Cla) [34]. They do not utilize toilets for excreta disposal, instead opting to discard urine
periodically, possibly because of their close proximity to the study site. It is widely recog-
nized that human urine contains a significantly higher concentration of nutrients compared
to feces. In fact, it is responsible for nearly 80% of the nitrogen load and 56% of phosphorus
in treatment plants [19,35,36].

This alters the properties of the influent and does not align with the projected daily
flow rates for each user, resulting in a decrease in the amount of organic matter and flow.
This describes a situation in wastewater where there is an imbalance between nitrogen
compounds and carbonaceous compounds, leading to a low C/N ratio [22,37,38].

Conventional wastewater treatment includes physical, chemical, and biological pro-
cedures to remove solids and organic/inorganic materials from wastewater [15,31]. The
activated sludge process is a biological process where microbial biomass oxidizes and
mineralizes the organic matter present in wastewater and also serves for phosphorus and
nitrogen removal [6,12,35,39,40].

These microbiological reactions can occur under aerobic conditions (presence of dis-
solved oxygen, DO), anoxic conditions (absence of DO, presence of nitrates), or anaerobic
conditions (absence of DO and nitrates) [41]. In the aerobic zone, microorganisms are kept
in suspension in the water by aeration [13].

The extended aeration process corresponds to a variant of the conventional pro-
cess, where the solids retention times (SRT) in the system are usually longer [42], typ-
ically between 20 and 30 days, an example in Figure 1. It operates in the endogenous
phase of the growth curve, which requires a reduced organic load and prolonged aeration
periods [9,25,43].
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Influent Effluent
A B C E
o N ™ - D -
T
! ! Excess
E Sludge Return E_» Sludge

A. Primary Treatment or Pretreatment

B. Equalization and Sewage Pumping

C. Secondary Treatment— Aerobic Reactor

D. Secondary Treatment—Sedimentation

E. Disinfection—Chlorination/Dechlorination

Figure 1. Typical extended aeration wastewater treatment plant (WWTP) layout; adapted from [44].

The flows in the existing plant vary throughout the day and during the week due
to the class schedule regime. The system has an interceptor chamber for oils and fats as
pretreatment. As for ambient temperature, on a normal day, a delta of 15 °C is easily
reached between day and night. The secondary treatment process is carried out by three
lines in parallel, distributing the flow proportionally to the volume, see diagram in Figure 2.

Influent
. Effluent L1
¥ .| Aeration Sedimentation —p uen
Pretreatment g 51 m3 9m?
. . Effluent L2
Equalizer > Flow > ‘?E;r;tlo? Sedimentation
Splitter 2 m 4m?
Aeration Sedimentation _Efﬂuent L3
22 md 4m?

Figure 2. Existing diagram installed in parallel of extended aeration wastewater treatment plants
(WWTPs); self-made.

This configuration was determined because lines 1 and 2 were existing from an initial
stage, and a third line was added. Each of the secondary stages receives the flow from a
flow splitter proportionally. As additional data in the design, a 100% sludge recirculation is
considered, a BODs of 250 mg/L (a higher value than what is present in the field), NTK less
than 50 mg/L, and TSS of 4200 mg/L in the reactor, which differs substantially from reality.

James Barnard’s work in the early 1970s led to significant advancements in processes
for biological nitrogen and phosphorus removal using BOD in the influent [29,45]. He
initially created a process configuration with internal recycling that utilized the BOD of
the influent for denitrification. This configuration eventually became the widely accepted
nitrogen removal process, now referred to as the modified Ludzack-Ettinger (MLE) pro-
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Nitrificacion

cess [16,20,46,47]. This process demonstrates varying levels of efficiency, ranging from 48%
to 84% [48].

Biological nutrient removal (BNR) is an economically feasible process [9,17,45]. It
removes total nitrogen and phosphorus from wastewater using microorganisms under
different environmental conditions [14,46]. The availability of carbon affects the removal
capacity of N and P [18,37]; for this reason, the delicate balance between organic carbon,
N, and P levels has a significant impact on the removal of the latter in these treatment
systems [49]. The nitrogen transformations are schematized below in Figure 3.

Organi'c Nitrogen (1) Bacterial Decomposition and Hydrolysis
(Proteins, Urea) (2) Assimilation
(3) Lysis and Autooxidation (Endogenous Respiration)
@ @)
Ammoniacal Nitrogen Organic Nitrogen Inorganic Nitrogen
8 < (Cells) (Net Growth)
+O2 » ¢ 3)
Nitrite (NO2")
+O2 » ¢ Denitrification
(Cells)
Nitrate (NOs") A Gas Nitrogen (N2)
Organic Carbon (Cells)

Figure 3. Nitrogen transformations in biological treatment. Adapted from [50].

Despite the above, there is no consensus regarding the efficiency of phosphorus
removal. In a system designed for simultaneous nitrification and denitrification, this may
not always be efficient. Meanwhile, other studies have hypothesized that the microbial
population responsible for phosphorus removal has a group capable of using oxygen or
nitrate as an electron acceptor, a process carried out by a unique group of bacteria called
Anammox [51-53]. These bacteria would allow simultaneous denitrification and phosphorus
removal using the same substrate source [24] with almost 90% efficiency [54]. This is
important considering that the organic matter content is often limited for simultaneous
processes [13].

Under anoxic conditions, biomass releases phosphorus into the liquor in the form of
soluble orthophosphates. Under aerobic conditions (high aeration rate), the phosphorus-
poor biomass absorbs this compound [22].

Some researchers highlight the potential of aerobic granular sludge (AGS) technology
as a viable alternative to conventional activated sludge systems for simultaneous nitrifica-
tion and denitrification [55]. Another option is micro-aerobic-activated sludge (MAS), a
single-stage process that operates with 0.5 to 1.0 mgO, /L [56].

2.1. Existing Situation and Case Analysis

In this section, we provide an overview of the commonly used systems for treating
excess nutrients. We discuss their main characteristics, configurations, and processes in
accordance with the available literature. In addition, the current state is being modeled,
which involves incorporating influent data into WRc STOAT.

In Table 3, it is evident that the values of nitrogen and phosphorus in the effluent are
high due to the conditions of low organic load or little substrate, as described earlier, which
were already predictable through modeling, being very similar to the effluent results in
Table 1, with a value of 69.9 mg/L.
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Table 3. Modeling results with WRc STOAT Software. Current situation for each treatment line.

Modeling Results
P t i
arameters Units Effluent L1 Effluent L2 Effluent L3

Flow m3/h 2.11 0.64 0.91
DBOs mg/L 21.45 3.25 15.22
Phosphorus mg P/L 11.45 11.38 11.46
Total Nitrogen Kjeldhal mg/L 89.8 89.32 89.85

pH Unidad 7 7 7
Total suspended solids mg/L 30.4 498 21.41

Temperature °C 18 18 18

Table 4 compares the removal capacities of TN and TP of common BNR configurations
in general. It should be noted that each location dictates the performance of each process.

Table 4. Comparison of common Biological Nutrient Removal (BNR) configurations.

Process Nitrogen Removal Phosphorus Removal
MLE Good None
A%/0 Good Good
Bardenpho Excellent None
Modified Bardenpho Excellent Good
Modified UCT Good Excellent

Note: Source: Jeyanayagam (2005), adapted from [46].

2.2. Biological Nitrogen Removal

The nitrogen that exists in urban wastewater is primarily in the form of ammoniacal
nitrogen and organic nitrogen, with proportions of 60% and 40%, respectively. The presence
of nitric and nitrous forms is minimal, accounting for less than 1%. WWTPs that are
designed to facilitate nitrification and denitrification processes have the ability to eliminate
a significant portion of inorganic nitrogen, typically ranging from 80% to 95%. However,
the removal of organic nitrogen is generally not as effective [16].

2.2.1. Factors Controlling Biological Nitrogen Removal

Most aerobic wastewater treatment systems contain microorganisms capable of nitrification
(belonging to the following genera: Nitrosomonas, Nitrosococcus, Nitrobacter) [25,38,57] and deni-
trification (belonging to the following genera: Alcaligenes, Paracoccus, Pseudomonas, Thiobacil-
lus, Rhizobium, Thiosphaera), provided that the conditions of cell retention time (CRT) and
temperatures are appropriate [12,24,38,57,58]. Below, Venegas [24] and CONAGUA [25]
describe some important factors in nitrogen removal.

o  Temperature: Temperature significantly affects the growth rate (umax) of nitrifying
organisms. Nitrification occurs within a temperature range of 5 to 50 °C, with optimal
performance at temperatures of 25 to 36 °C. Experimental studies report that the
denitrification rate increases up to a certain point (35-50 °C) and then decreases.

e Dissolved Oxygen Concentration: Dissolved oxygen (DO) is a limiting factor, consid-
ering that Nitrosomonas are aerobic bacteria. The reference value in the aerobic zone
for nitrogen removal is between 0.5 and 2.5 mgO, /L. Some studies on nitrification
with high ammoniacal nitrogen content indicate an optimal DO of 1.7 mg/L. In winter,
2 to 3 mgO, /L is suggested.

e  pH: Optimal nitrification rates are 7.0 < pH < 8.5, with a sharp decrease outside of this
range. Metcalf and Eddy [43] reported a pH range between 6.0 and 9.0.

All biological nitrogen removal processes include an aerobic zone where nitrification
takes place. This is the two-step biological process where free and saline ammonium (NH;*-
N) is oxidized to nitrite (NO,-) and nitrite is further oxidized to nitrate (NO3-) by autotrophic
aerobic bacteria [9,12,42,58,59], thus completing the denitrification to nitrogen [60].
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2.2.2. Simultaneous Nitrification and Denitrification (SND)

In accordance with the traditional understanding of nitrogen removal, it has been
believed that achieving simultaneous nitrification and denitrification is not possible. This
is because nitrification happens in the presence of oxygen, while denitrification requires
the absence of molecular oxygen [12,25,38,50,58]. In addition, the rate of nitrification is
slow and expensive; autotrophs are easily affected by high levels of organic matter, and
denitrifiers are sensitive to oxygen [14].

Denitrification is the biological reduction of nitrate to nitric oxide, nitrous oxide, and
nitrogen gas [11,16,25,55]. This process is carried out by heterotrophic and autotrophic
biocenosis [58,61]. Most of these microorganisms are facultative aerobes, meaning they
can use oxygen and nitrate or nitrite as electron acceptors, and in some cases, they can
even carry out fermentation in the absence of nitrate or oxygen [41,43]. To carry out
denitrification, microorganisms require a source of organic carbon to oxidize [11,58,62].

Wastewater must contain sufficient organic matter in both quantity and quality for
biological nutrient removal processes to occur. Heterotrophic microorganisms responsible
for phosphorus removal also require sources of carbon/energy; thus, a higher C/N ratio is
needed to achieve the simultaneous removal of nitrogen and phosphorus [37,63,64].

If the carbon is provided by the wastewater itself, oxygen consumption in aerobic
phases will decrease, as much of the organic matter will have oxidized during the den-
itrification process. However, if the organic matter is depleted beforehand, an external
carbon source will be necessary [18,27,37,41]. The carbon source is an important cost factor
to consider in operation [28].

In the literature, various external sources of organic matter are proposed, includ-
ing methanol [13,24,25,28,58,63,65], which yields better results than methane, acetic acid,
ethanol, and sugar (sucrose) [16,42,49,61]. Depending on the source used, different denitri-
fication rates can be achieved, but at an additional operating cost [18,63]. A general rule
is that 4 g of BOD from the influent is needed per gram of NO3 ™ to be removed through
biological treatment according to the USEPA [16]. The latter also indicates that the efficiency
of nitrogen removal through biomass synthesis depends on the biological process of the
influent, that is, on the ratio of DBO/NT and the biomass solid retention time (SRT), as
shown in Figure 4. This coincides with what Cao et al. [62] mentioned, with a ratio for BNR
of 3 and 4.3, and 5 for industrial water, according to Qi et al. [63].

35+

-|—*—BOD/N=6.0
--o--BOD/N=4.0

30

25

20

15

10

Percent Nitrogen Removal

SRT, days

Figure 4. Percentage of nitrogen removal due to biomass synthesis as a function of SRT and influent
DBO/N ratio, obtained from [16].

e Bardenpho System: This system is widely recognized and consists of four stages that
alternate between anoxic and aerobic zones (anoxic/aerobic/anoxic/aerobic) [16,29].
The system observed in Figure 5, utilizes the carbon found in the raw water and
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the carbon produced from the breakdown of biomass for biological denitrification.
To accomplish this, distinct stages are employed for each process: carbon oxidation,
nitrification, and denitrification [43,50]. Therefore, the water flows into a zone of
anoxic denitrification. In this zone, mixed liquor from the oxidation and nitrification
tank, which is located downstream of the first anoxic zone, is recirculated [22,24,25,58].

Recirculation of nitrates

v

Influent
—>

Anoxic Aerobic Anoxic Aerobic Effluent
Denitrification Oxidation —» Denitrification [P
Nitrificacion
Excess
Sludge Return | Sludge
| g

Figure 5. Bardenpho 4-stage process, adapted from [13].

The removal efficiency in the Bardenpho system reaches 90%, but it requires large-
sized reactors [25]. Complete nitrogen removal is achieved by using two denitrification
zones, resulting in very high hydraulic retention times [41]. The addition of an external
carbon substrate (methanol) can achieve highly efficient nitrogen removal [26,29].

2.3. Biological Phosphorus Removal

Organic phosphorus can exist in different forms, such as soluble, colloidal, or par-
ticle. Typically, particulate and colloidal phosphorus settle and are eliminated with the
sludge [14,66]. Phosphorus is present in domestic wastewater in various forms, includ-
ing orthophosphates, polyphosphates, and organic phosphorus. The main sources of
phosphorus in wastewater are human excreta, detergents, and wastewater from chemical
treatments [22,24,41,66]. As per the research conducted by Metcalf and Eddy [43], the
concentration of total phosphorus (TP) in urban wastewater typically ranges from 4 to
15 mgP /L, with the majority of it being soluble inorganic phosphorus.

In anaerobic zones, certain bacteria are capable of accumulating excessive amounts of
phosphorus in the form of polyphosphates; these microorganisms are called phosphorus-
accumulating organisms (PAO) [10,25,46]. They convert available organic matter (for exam-
ple, volatile fatty acids) into carbon compounds called polyhydroxyalkanoates
(PHA) [12,17,46]. In the aerobic zone, there is molecular growth based on the absorp-
tion of soluble BOD and the oxidation of orthophosphates, resulting in energy production.
Orthophosphate is accumulated in the cellular material as polyphosphate [41]. As the
organic matter (OM) increases, there is a proportional increase in volatile fatty acids (VFA)
that promotes the growth of PAO [48]. Some PAOs use nitrate instead of free oxygen to
oxidize stored PHA and absorb phosphorus. These denitrifying PAO remove phosphorus
in the anoxic zone instead of the aerobic zone [17,46].

2.3.1. Factors Controlling Biological Phosphorus Removal

The removal process of phosphorus can also be affected by environmental factors
such as pH, type, and availability of organic matter, excessive aeration, cell retention time,
temperature, and the presence of nitrates and nitrites, among others. Venegas [24] and
Curtin et al. [57] indicate the following factors, which coincide with those described by
Wang [17] and CONAGUA [25].

e  Availability of volatile fatty acids (VFA): The availability of easily biodegradable
substrate, mainly in the form of VFA, is of great importance for the development and
performance of the biological phosphorus removal process.
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Influent

—>

Nitrate concentration: Where nitrification is required to meet the effluent concentration,
the presence of nitrates affects the efficiency of a treatment system aimed at biological
phosphorus removal.

Dissolved oxygen concentration: This parameter is necessary for the aerobic phase
to carry out the assimilation of orthophosphates, and it has been indicated that a
concentration of 1.5-3.0 mg O, /L may be optimal without affecting the anoxic or
anaerobic states of a combined process.

pH: The pH (hydrogen potential) is a crucial element in the biological phosphorus
elimination process and should be controlled within the range of 6.5-8.0.
Temperature: Microbial populations are impacted by temperature fluctuations ranging
from 20 °C to 35 °C. Maintaining a temperature below 30 °C offers specific benefits to
the PAO in terms of metabolism. Lower temperatures need longer retention durations.

2.3.2. Proposed Schemes for Phosphorus Removal

Biological phosphorus removal procedures encompass several types that involve the

combination of aerobic and anaerobic conditions. An uncomplicated procedure involves

the

use of two reactors arranged in a sequential manner, with the initial reactor being

anaerobic and the subsequent one being aerobic [24,41,43,58]. The three-stage Phoredox or
A2/0 process, which was introduced by Barnard, is referred to as such [24,25,45].

A?/O System: This process is based on the A /O (anaerobic/aerobic) system, which
was developed as the Phoredox system in South Africa and later patented in the
United States as A/O [16,57]. It was designed specifically for phosphorus removal,
incorporating an anoxic phase in the middle of the flow line [37,41,67]. Therefore, the
arrangement consists of two sets of tanks, one for anoxic conditions and the other
for aerobic conditions, placed consecutively, as can be appreciated in Figure 6. The
first tank is in an anaerobic environment [33]. Sludge recirculation to the anaerobic
tank occurs at varying rates between 100 and 400% [24,25,43]. Hu et al. [37] states
that efficiencies in TN removal above 50% and TP removal above 40% were achieved
without the need for an external carbon source. Authors have noted significant
efficiencies ranging from 67 to 89% [48].

Recirculation
Anoxic AerObiC Efﬂuent
. Oxidation
Anaerobic | Denitrification [ Nitrificacion > —>

T Excess

| |

l Sludge Return I—> Sludge

|

Figure 6. A?/O process, adapted from [41].

Modified Bardenpho System: It is an addition to the earlier four-stage process that
removes phosphorus by adding an anaerobic step at the beginning of the line, as
shown in the configuration in Figure 7, as explained by Escaler and Mujeriego [41] and
Curtin et al. [57]. It is also known as the five-stage Bardenpho or Phoredox [12]. They
also describe it as a system for the simultaneous removal of N and P, which aligns
with what CONAGUA [25] describes. Authors report efficiencies between 67 and 89%
for this system [48].
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>

Anoxic Aerobic Anoxic Effluent

Denitrification Oxidation [ Denitrification [ Aerobic

Nitrification

Sludge Return I Excess

Figure 7. Modified 5-stage Bardenpho process, adapted from [43].

Venegas [24] states that the use of an external carbon supply can result in nitrogen
removal rates up to 90%. Additionally, around 70% of the nitrate created in the system is
removed during the first anoxic phase. During the aerobic phase, ammonium is oxidized,
phosphorus is stored, and organic matter is removed. In the following stage, under oxygen-
depleted circumstances, an extended period is upheld to allow microorganisms to undergo
denitrification by their own respiration process. During this process, nitrates are utilized as
electron acceptors instead of oxygen. According to Curtin et al. [57], the ideal dissolved
oxygen (DO) levels in the anaerobic stage should be 0 mgO,/L; in the anoxic stage, it
should be between 0 and 0.1 mgO,/L; and in the aerobic zone, it should be between 1.5
and 2.0 mgO, /L. Research indicates a reduction in the ultimate levels of biodegradable
chemical oxygen demand (COD), ammonia, and nitrate when compared to the conventional
Bardenpho system [29].

e  University of Cape Town (UCT): The UCT process was designed to reduce nitrates in
the anaerobic zone when high nitrate removal in the effluent is not required, similar
to the A?/0 [43,67]. Like other nitrogen and phosphorus removal technologies, it
consists of three stages: an anaerobic stage, an anoxic stage, and an aerobic stage [12],
as seen in Figure 8. The return-activated sludge returns from the clarifier to the anoxic
zone instead of the anaerobic zone to allow for denitrification. The modified process
divides the anoxic zone into two stages. Nitrate-rich recycle from the aerobic zone is
recycled to the head of the second anoxic stage [16,67,68].

Influent
>

Anoxic Aerobic Effluent

Anaerobic —» | Denitrification [ Oxidation — —>

A A
i Recirculation | T | Recirculation |

Figure 8. UCT configuration for combined biological removal, adapted from [43].

3. Results

The findings of Table 5 provide a concise overview of the outcomes from many simu-
lations conducted through the utilization of the WRc STOAT program. In the Bardenpho
procedures, sedimentation tanks were utilized as anoxic tanks to optimize the utilization of
all available elements and volumes on site.
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Table 5. Comparison of configurations using WRc STOAT software.
Process Volume Total SS Total BOD Total N Total P Remotion N Remotion P

Distribution (%) (mg/L) (mg/L) (mg/L) (mg/L) (%) (%)

MLE 25/75 4.35 1.18 44.79 11.46 65.8 —-11.3

50/50 4.35 1.18 44.79 11.46 65.8 -11.3

75/25 7.95 5.85 39.17 11.46 70.1 —11.3

A/O 25/75 4.55 1.54 53.41 11.43 59.2 —-11.0

50/50 4.55 1.54 53.41 11.43 59.2 —11.0

75/25 441 2.00 44.92 11.43 65.7 —-11.0
A%/0 25/18/57 8.52 6.31 39.16 9.22 70.1 10.5
18/57/25 827 6.11 38.97 9.19 70.3 10.8

Bardenpho 15/51/12/22 32.12 23.26 40.12 11.45 69.4 —11.2
Modified Bardenpho  15/12/25/26/22 32.33 23.33 39.38 9.21 69.9 10.6
UCT 25/18/57 14.09 10.84 39.32 8.81 70.0 14.5
18/57/25 11.67 8.86 39.02 8.83 70.2 14.3
18/25/57 11.94 9.06 39.24 8.89 70.0 13.7
Modified UCT 18/28/29/25 12.28 9.34 38.99 8.60 70.2 16.5

Inﬂrent

Pretreatment

v

Equalizer

Note: In gray, the option that presents the best results in removal, dashes (—) represent a decrease in removal.

Now, there is only one treatment line (arranged in series) that will not affect the system
since the flows, according to the records and in situ measurements, are much lower than
those projected in the design stage.

After analyzing the relevant literature and simulations, the shortcomings of the project
were identified, and the following general plant layout was proposed to obtain better
results in water analyses. The configuration with the best results in the modeling is the
A0 system. Existing module and system locations will be utilized, with modifications
only to recirculation and feed lines, according to the proposed scheme below in Figure 9.

Anoxic Sedimentation _‘

Recirculation

i
i J—

Anaerobic J i Sedimentation
i

Sludge Return ]r """"""""""""" — Effluent

i
i

Aerobic | i Sedimentation

Figure 9. Proposal for modification of wastewater treatment plant (WWTP) for nutrient removal.

4. Discussion

Research has shown that a higher anoxic/aerobic ratio results in improved efficiency
in the removal of biological nitrogen [69]. Here, the ratio is around 2, which accounts for the
enhanced nitrogen removal effectiveness when there is a large volume in the anoxic stage.
Shen et al. [18] suggests that stepped feeding may be used to improve the distribution of
carbon sources.

The absence of substrate or organic matter (human excreta) has a direct impact on the
functioning of the WWTP in terms of nutrient removal. Hence, it is advisable to incorporate
an additional carbon source [65], as several simulations have demonstrated that nitrogen
removal alone is inadequate. Another option to consider is the utilization of magnetic
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pyrite as a medium for the formation of biofilms. This can create a conducive environment
for denitrification, as suggested by Zhang et al. [70]. Additionally, artificial wetlands
have been proven effective in removing nutrients, as demonstrated by Diaz et al. [5] and
Bai et al. [38].

The study does not take into account the cost/energy impact when solving the system—
the primary objective was to identify a viable strategy to decrease the surplus nutrients that
exceeded the discharge limitations. Conversely, confirming that the flow to be processed
is less than the originally planned flow requires making adjustments and decreasing
the airflow or pumping duration in the aerobic reactor, leading to a decrease in energy
consumption.

In the future, it may be worth considering the separation of urine, as suggested by
Jimenez et al. [35], Pradhan et al. [71], and Saetta et al. [72]. This may be achieved by the use
of pee-diverting toilets, as proposed by Flanagan and Randall [36], to recover nutrients that
can be reused in soil, for instance [73]. Another option is the diversion of nitrite, which is a
method of partially controlling nitrification. This method limits the conversion of ammonia
to nitrite and requires 40% less carbon compared to typical nitrification—denitrification, as
stated by Hodgson [48].

Moreover, the literature shows that food waste can be utilized as a carbon source for
nutrient removal in wastewater treatment [74]. It can also be used to recover volatile fatty
acids (VFAs) for the denitrification stage of the nitrification/denitrification process, serving
as an alternative method for nitrogen removal, as suggested by Qi et al. [63,75].

Finally, another valid option could be chemical treatments, such as advanced oxidation
processes (AOPs), which exhibit a notable capacity to efficiently remove nitrogen from
wastewater [27], with ozonation being one of them.

5. Conclusions

It was found that simulation is highly necessary in the design stage. It is common
for traditional designs of compact plants (small-scale) to primarily focus on BOD removal
while overlooking other contaminants. However, this narrow focus can lead to inadequate
treatment of other pollutants, such as nutrients (nitrogen and phosphorus), pathogens, and
emerging contaminants. This is where the importance of being able to conduct a simple
simulation of compact systems lies. By utilizing simulation tools, designers and engineers
can assess the performance of compact treatment systems beyond BOD removal.

The systems were oversized, which allowed for the necessary combinations to be made
to find the best arrangement and solution for nutrient reduction. The literature review was
fundamental for this purpose. It is also worth noting that the modeling results, regarding
nutrient removal, show percentages very similar to those expressed by Demir et al. [67] in
their study.

It is highly recommended to conduct an analysis of the population to be served,
including their habits, activities, socioeconomic group, influent characteristics, etc., in order
to more accurately determine the type of treatment system to be implemented, which aligns
with the findings of [21]. Additionally, whenever possible, taking samples and analyzing
the influent can better characterize the water to be treated and make decisions based on the
results of such tests.

Relying solely on calculations based on empirical results of projects carried out re-
peatedly does not guarantee that design conditions or criteria will be met, as previously
demonstrated. Technological advancements in simulation should be utilized to improve
designs, helping to predict and address events or issues that could potentially harm the
environment and human health.

In summary, compact treatment systems represent a universe that is no smaller in
relation to large plants. Each compact system, individually, can contribute to environ-
mental damage and excess pollution due to lower regulatory oversight. Simple and free
software solutions can serve as a useful tool for verifying manual calculations in these types
of plants.
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