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Abstract

Wastewater treatment plants (WWTPs) face increasing pressure to handle higher volumes
of water due to climate change causing storm surges, which current infrastructure cannot
handle. Aerobic granular sludge (AGS) is a promising alternative to activated sludge
systems due to their improved settleability property, lowering the land footprint and im-
proving efficiency. This research investigates the optimisation of a lab-scale sequencing
batch reactor (SBR) into a continuous flow reactor through mathematical modelling, sen-
sitivity analysis, and a computational fluid dynamic model. This is all applied for the
future goal of scaling up the model designed to a full-scale continuous flow reactor. The
mathematical model developed analyses microbial kinetics, COD degradation, and mixing
flows using Reynolds and Froude numbers. To perform a sensitivity analysis, a Python
code was developed to investigate the stability when influent concentrations and flow rates
vary. Finally, CFD simulations on ANSYS Fluent evaluated the mixing within the reactor.
An 82% COD removal efficiency was derived from the model and validated against the SBR
data and other configurations. The sensitivity analysis highlighted the reactor’s inefficiency
in handling high-concentration influents and fast flow rates. CFD simulations revealed
good mixing within the reactor; however, they did show issues where biomass washout
would be highly likely if applied in continuous flow operation. All of these results were
taken under deep consideration to provide a new reactor configuration to be studied that
may resolve all these downfalls.

Keywords: Aerobic Granular Sludge (AGS); continuous flow reactor; Computational Fluid
Dynamics (CFD); Monod kinetics; wastewater treatment; biochemical modelling; reactor
scale-up; python simulation; mass transfer; Oxygen Uptake Rate (OUR)

1. Introduction

Being used for drinking, washing, and various industrial operations, water is an
essential resource which supports life, ecosystems, and economic development. Access
to clean and safe water is a fundamental human right recognised by the United Nations
and is established as Sustainability Development Goal 6; therefore, national bodies set
strict regulations for water treatment in the UK. In 2023, the UK consumed 301.83 litres per
person per day, a 1.65% decrease from 2022 (306.86 litres per person per day) [1]. However,
considering population increases in recent years fixed around 0.34%, if water consumption
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does not keep decreasing, by 2028 WWTPs (wastewater treatment plants) will need to
increase their treatment capacities (U.K. Population 1950-2025, [2]).

In the past few decades, extreme weather events such as rainfall amount and number
of storms in the UK have been on a steady increase [3]. This is in no doubt directly
correlated to global warming and climate change due to their effects on rising sea levels
and increasing temperatures, causing more evaporation. Due to these extreme weather
events, large influxes of wastewater need to be treated instantaneously, which is not feasible,
leading to spills. When sewage water overspills into water sources, it introduces high
quantities of nitrogen and phosphorus pollutants, therefore stimulating algae growth.
This is also known as eutrophication, which leads to reduced levels of oxygen in water
sources, which has detrimental effects on ecosystems, such as the death of fish, insects, and
other organisms.

Although water companies are meant to abide by strict regulations, in 2022 alone
there were 3.6 million hours of spills due to storm overflows (“How much raw sewage
is released into lakes, rivers and the sea?”, 2022). This outlines a fundamental treatment
capacity issue with wastewater treatment plants (WWTPs) across the UK. Currently, the
most common secondary wastewater treatment method is activated sludge with separate
sedimentation tanks due to small flocs not settling within the reactor. Due to the batch
configuration of sedimentation tanks, this limits the daily influent capacity of WWTPs,
hence the inability to treat large influxes of wastewater. Available space for expansion of
WWTPs in the UK is limited; therefore, most WWTPs are exploring ways to reduce their
land footprint. Hence why the hunt for a better replacement for activated sludge is on the
rise, with the need for continuous flow secondary biological water treatment without the
need for sedimentation tanks.

Aerobic granular sludge (AGS) is a promising biological treatment process being
researched since 1990. Unlike activated sludge, AGS forms self-aggregating granular
biopolymers, which are larger dense particles with faster settling properties. This property
makes AGS a highly efficient alterative eliminating the need for separate settling tanks.
Currently, it has been applied in batch configurations by companies such as Nerada®, to
replace existing activated sludge and settling tank processes. Despite being successful in
its full-scale, batch implementation, resulting in a lower WWTP footprint, lower energy
consumption, and successful pollutant removals, there are still limitations for treatment
capacity per day. To maximise the potential of AGS technology, the application of continu-
ous flow reactors is crucial. By successfully implementing AGS continuous flow reactors,
it could enable WWTPs to handle larger quantities of wastewater per day, enhancing
resilience to climate change and population growth.

In this study, results were shared from a researcher of a new existing laboratory-
scale (AGS) reactor using samples from a wastewater treatment plant. From these results,
a mathematical model was developed and validated by comparing the model removal
efficiency to the laboratory results. Once completed, a Python code was written to generate
graphs for concentrations of chemical oxygen demand (COD) and biomass. Also, the
Python code was used to perform a sensitivity analysis on different parameters of the lab
set-up and how they affect COD removal and biomass growth. Finally, a computational
fluid dynamics (CFD) model was developed to simulate the mixing within the lab-scale
reactor. An analysis of the efficiency of mixing based on the CFD results allows problem
areas such as dead zones to be detected. The work conducted comes alongside personal
recommendations of optimisation areas to improve the mixing efficiency, allowing the
project to be handed down to the next person to carry these out. The long-term goal of this
project is to scale up the reactor to a full-scale model and perform the same analysis.
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In order to contribute to this area of research, this dissertation is organised as fol-
lows: First, a comprehensive literature review on the current processes in UK wastewater
treatment, the properties and mechanisms of AGS, along with its current applications
worldwide. Then recent breakthrough studies of AGS continuous flow reactors are dis-
cussed to present the future directions within the field. Section 3 outlines the methods used
for this research, addressing the main methods used (e.g., assumptions, equations, CFD set-
tings) and limitations that arose throughout the project. Next, Section 4 presents the results
of the research, such as the calculation results for the mathematical model, the Python code
graphs for the sensitivity analysis, and finally the CFD results. Finally, Section 5 will give
suggested recommendations to pass on for the continuation of optimisation on this reactor
set-up in order to prepare for future scale-up.

2. Literature Review
2.1. Conventional Wastewater Treatment Technologies
2.1.1. Key Stages of Wastewater Treatment

Conventional wastewater treatment processes can be sorted into four key stages:
pretreatment, primary treatment, secondary treatment, and tertiary treatment.

The pretreatment stages consist of screening, grit chamber, and skimming tanks to
remove large particles and debris. Screening removes large debris, such as pieces of wood,
cloth, plastic, etc., from the wastewater to prevent the damage and blockages of equipment
further along the treatment line [4]. Grit chambers are long narrow tanks which work as
sedimentation tanks to remove sand, metal fragments, and broken glass, whilst allowing
lighter organic materials to pass onto the primary treatment phase [4].

The main process in the primary treatment phase is primary sedimentation tanks, also
known as primary settling tanks or clarifiers [5]. Sedimentation tanks allow organic matter
and particles to settle to the bottom of the tank, forming a layer of sludge separate from the
effluent water [5]. Also, skimming tanks are used in the primary stage to remove oil, fat,
wayx, and grease floating in the water [4].

Secondary treatment uses biological techniques to remove dissolved organic matter,
nitrogen, and phosphorus by microbes absorbing them as food and converting them to CO,,
water, and energy for growth [6]. Roughly 85% of organic pollutants and suspended solids
are removed in secondary treatment [6]. Biological treatments are typically categorised
into aerobic and anaerobic processes. Common aerobic treatments consist of activated
sludge, aerated lagoons, the sequential batch reactor, trickling filter, membrane bioreactors,
rotating biological contactors, and aerobic moving bed biofilm reactors [5]. The common
anaerobic treatment methods are up-flow anaerobic sludge blankets and expanded granular
sludge beds [5]. This research project focuses on secondary biological treatment methods,
specifically with the comparison between activated granular sludge and aerobic granular
sludge; therefore, Section 2.2 provides a more in-depth overview of these methods. After
biological treatment, the wastewater is sent to a secondary sedimentation tank to settle
sludge containing microorganisms (known as a thickening sludge) [5].

Finally, wastewater goes through tertiary treatment, a polishing stage used to further
improve the quality of the effluent before discharge to the environment. It utilises biological,
physical, and chemical methods to completely remove remaining organic ions, nutrients,
suspended solids, microorganisms, and pollutants [7]. Tertiary treatment is typically
used if companies have to meet stringent quality requirements. First, wastewater is sent
through sand filtration to remove remaining suspended solids, and then it is disinfected.
Chlorination is a common disinfection method because chlorine is a strong oxidiser which
reacts with organic compounds [8]. Another disinfection method is ultraviolet technology
used alone or combined with ultrasonication and ozone exposure. When combined, free
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radicals are produced which attach to the cell membranes of biological contaminants,
allowing chemical oxidants to enter and attack internal cell structures [6].

2.1.2. Comparison of Secondary Treatments

Activated sludge is the most popular aerobic biological treatment method across
multiple different industries” wastewater [9]. It is a mixed culture of microorganisms
(bacteria, fungal, and algal biomass) which are grown in aeration tanks where the oxygen-
rich environment encourages these flocs of microorganisms to form [10]. Dissolved organic
pollutants in the wastewater are decomposed and oxidised into carbon dioxide and water
by the sludge [11]. Conventional activated sludge systems are now run continuously as
either plug-flow reactors or completely mixed systems, where the feed enters a primary
clarifier, followed by an aeration tank to mix the feed, sludge, and air, then a second clarifier
to remove solids [12]. This is shown in Figure 1.

Primary Secondary
clarifier clarifier
Feed )
— » Acration tank > — Effluent
Sludge Return activated sludge l

Waste activated sludge

Figure 1. A schematic diagram of a conventional activated sludge system [12].

Assistance by physiochemical methods is essential in activated sludge processes to
enhance efficiency. Typical additives include coagulants, flocculants, and defoamers. Coag-
ulants and flocculants are commonly used to remove suspended solids and phosphorus,
thereby improving the biochemistry of the wastewater. Examples of these include ferric
chloride and polyaluminium chloride as the most popular options [13]. Defoamers are
essential to diminish the impact of greasy substances on the activated sludge, with linear
alkylbenzene sulfonate being the most used in industry [13]. Consequently, the additives
flow into and accumulate in the sludge, and overuse can harm the microbial commu-
nity, hence reducing sludge activity and the efficiency of activated sludge treatment [13].
Table 1 provides a summary of the processes used in secondary biological treatment meth-
ods for wastewater, with their key characteristics, advantages, and limitations.

The advantages of activated sludge treatment are as follows:

e  Applicable to multiple types of wastewaters.

e  Achieves high average conversions of 90.85%, 95.74%, and 71.6% for COD, ammonia,
nitrogen, and total nitrogen [13].

e Low installation cost [14].

The limitations of activated sludge treatment are as follows:
e  Energy consumption is high due to aeration, with averages for WWTPs being
0.30 kWh/m?3-0.65 kWh/m?3 [15].
e  High emissions of N;O, typically 90% of WWTPs N,O emissions [16].
o  Excessive sludge generation.
Aerated lagoons are mechanically aerated ponds which oxidise organic matter using
the suspended aerobic microorganisms [4]. There are two types of aerated lagoons: com-
plete mixed lagoons and partial-mix lagoons. Complete mix lagoons aerate the wastewater
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continuously to stop solid sludge from settling. Partial-mix lagoons have aerators placed to

provide oxygen rather than sufficient turbulence [4].

The advantages of aerated lagoons are as follows [4]:

e Low operation and management cost compared to activated sludge.

e Lower sludge generation.

The limitations of aerated lagoons are as follows [4]:

e Large land usage compared to the activated sludge process.

e  Lower quality effluent.

e High energy input for aeration.

Table 1. A summary table of the processes used in secondary biological treatment methods for

wastewater, with their key characteristics, advantages, and limitations.

Process Name

Key Characteristics

Advantages

Limitations

Activated Sludge

Microbial Flocs.
Aeration required.
Requires settling tanks.

Applicable to multiple types
of wastewaters.

Good removal efficiency.
Low installation cost.

High energy consumption.
High emissions of N,O.
Excessive sludge generation.
Large land footprint.

Aerated Lagoons

Mechanically aerated ponds.

Low operation and
management cost.
Lower sludge generation.

Large land footprint.
Lower effluent quality.
High energy requirement.

Forms a biofilm.

Low energy consumption.
Low operating cost.

Trickling Filters Rock/gravel/plastic bed. Simple Poor effluent quality.
Forms a biofilm. Reliable Odour emissions
Wastewater circulation. Low power requirements. Needs regular operator monitoring.
Membrane Membrane separates sludge High quality effluent. Membrane fouling causes high
bioreactor from effluent Small land footprint. maintenance.
Higher power consumption.
High capital and operational costs.
Foaming
RBCs Rotating discs partially submerged. | Short retention time. Requires sludge removal.

Sensitive to wastewater
characteristic changes.

Trickling filters are another common biological method where wastewater is dispersed

over a bed of rock, gravel, or plastic where microorganisms can grow and form a biofilm [4].

This allows a large area for aerobic bacteria to grow and treat wastewater circulated from
the bottom of the filter and sprayed into the bed by a rotating arm [12].
The advantages of trickling filters are as follows [14]:

e  Simplicity and reliability.

e Low power requirements.

The disadvantages of trickling filters are as follows [14]:

e  The effluent needs additional treatment.

e  Odour emission.

e  The need for regular operator monitoring.

Membrane bioreactors use a combination of biological treatment, which removes

pollutants from the wastewater, and membrane filtration, which separates the sludge

generated from the effluent [4]. In submerged membrane bioreactors, aeration provides air

and turbulence to reduce fouling, which is a common problem within them [4].

The advantages of membrane bioreactors are as follows [14]:

e  Very high-quality effluent.

e  Small reactor size.
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The limitations of membrane bioreactors are as follows [14]:

Membrane fouling and membrane maintenance.
Higher power consumption, sometimes double the consumption of activated sludge.
Higher capital and operational costs.

Foaming.

Rotating Biological Contactors (RBCs) or Rotating cylindrical discs are partially sub-
merged in wastewater so microorganisms can consume organic matter and form a biofilm
on the surface. As the discs rotate, this promotes oxygen transfer and maintains turbulence
to remove excess solids [4].

The advantages of rotating biological contactors are as follows [14]:

e  Short retention time.
e Low energy consumption compared to active sludge.
e  Low operating cost.

The limitations of rotating biological contactors are as follows [4]:

e  The need for sludge removal.
e  Sensitivity to wastewater characteristics.

2.2. Aerobic Granular Sludge

Aerobic granular sludge (AGS) has been developed and researched to be a better
replacement for activated sludge in the biological treatment of wastewater. AGS is a com-
pact group of dense, spherical, self-immobilised microbial granules which allows effective
simultaneous nitrification, denitrification, and phosphate removal from wastewater [7].
Since its development in 1990, it is hoped to be a solution for numerous bottlenecks of con-
ventional activated sludge systems, such as a high land footprint, high energy requirements
for recirculating biomass and wastewater, and biomass-water separation [7].

2.2.1. Composition and Properties of AGS

Aerobic granules comprise various species of microorganisms subject to parameters
such as the seed sludge, feed composition, and SBR operating conditions. However,
AGS in treatment plants across the world consists of the following typical functional
groups: heterotrophic bacteria, ammonia-oxidising bacteria, nitrite-oxidising bacteria,
polyphosphate-accumulating organisms, denitrifying bacteria, and glycogen-accumulating
organisms [17]. Extracellular polymeric substance (EPS)-producing bacteria are an essential
microorganism present in AGS and are key for granule stability. The complex EPS matrix
mainly consists of proteins and polysaccharides along with lipids, glycoproteins, nucleic
acids, and humic acids [7]. These components bridge bacteria cells tightly together into an
aggregate to form dense granules.

A distinct characteristic of AGS granules is their stratified layers of aerobic, anoxic, and
anaerobic zones, as seen in Figure 2. This structure allows nitrification, denitrification, and
phosphorus removal simultaneously, enhancing the quality of wastewater treatment, and
is advantageous for handling various types of wastewaters. Nitrifying bacteria and some
PAOs are located in the aerobic zone due to high dissolved oxygen requirements [10]. Den-
itrifying and most PAOs are located in the anaerobic/anoxic zones, along with glycogenic
accumulating organisms located at the inner anaerobic/anoxic zone [10].
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Figure 2. A schematic diagram of the layered structure in aerobic granular sludge granules and their
interactions [18].

Compared to the fluffy, irregular flocs of activated sludge, AGS’s structure contains
dense, spherical particles with diameters greater than 200 um, allowing it to have many
operational advantages [10]. These larger, dense granules settle faster via sedimentation,
with settling velocities greater than 10 m/s; therefore, separate settling tanks are not
necessary, hence reducing the overall footprint for WWTPs [10]. By reducing the footprint,
overall capital costs to build new biological treatment plants are reduced by 75%, and the
energy consumption is reduced by up to 30% [19]. Also, the dense structure and microbial
matrix have a high resistance to hydraulic shear forces and abrasion; in fact, AGS reactors
need high shear forces to promote and regulate granule growth. All of these properties
help promote high biomass retention, which allows larger organic loads to be treated and
effective pollutant removal compared to conventional activated sludge [19,20]. Another
advantageous property of AGS is the specific gravity of granules (around 1.01-1.017), which
allows faster solid-liquid separation, therefore better effluent quality [10].

2.2.2. Formation Mechanisms of AGS

Under certain operational conditions, AGS granulation involves the microbial ag-
gregation of flocculent sludge into a dense, self-immobilised structure as described in
Section 3.1 [21]. Currently, there is no consensus on the exact mechanism of AGS granula-
tion; however, the few leading hypotheses include the EPS hypothesis, the microbial self-
aggregation hypothesis, and finally the four-step hypothesis (currently most favoured) [3].
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Flocs

The Four-Step Hypothesis

The four-step hypothesis encompasses the main aspects of granulation to provide
a holistic view of AGS formation, from initial aggregation to final stabilisation. It recog-
nises fundamentals linked to other existing hypotheses such as microbial self-aggregation,
hydrodynamic forces and EPS production. A diagram overview of each step is shown
in Figure 3.

Stage 2
Stage 1 Van der Waals
Hydrodynamic Thermodynamic Stage 4 Stage 5
- .. Stage 3 : 1
Thermodynamic Ton pairing . Hydrodynamic Mature granule
e 3 EPS synthesis
Diffusion Inter-particulate shear force structure
Gravity bridging

Cell membrane fusion

Figure 3. A diagram of the key stages of aerobic granular sludge formation [15].

Step 1 is bacteria floc cell-to-cell contact through physical interactions, e.g., hydro-
dynamic, diffusion, gravity, and thermodynamic forces, to start contact forming small
aggregates [22]. Effective collisions of small cells form larger particles, some of which form
the central core of AGS granules [22].

In Step 2, microaggregate formation becomes more stable through physical, chemical,
and biochemical interactions. The physical forces involved, such as van der Waals force,
thermodynamic force, and opposite cell charge attraction, initiate contact between small
aggregates [22]. Chemical bonding, like ionic/triplet ionic pairing and inter-particulate
bridging, also plays a role in strengthening attachment [21]. Finally, biochemical inter-
actions such as cell membrane fusion occur, further reinforcing the formation of strong
microbial aggregates [21]. The combination of these forces is essential to grow strong, stable
AGS granules.

Step 3 involves the biosynthesis of EPS, which acts as a biological binding glue for cells
within each aggregate [21]. Proteins and polysaccharides facilitate the binding and bridging
by filling gaps between cells and enhance the hydrophobicity of the aggregates [22]. The
rigidity of sludge particles is increased because EPS forms a matrix around cells.

Finally, step 4 involves granule maturation and stabilisation of primary granular
sludge by hydraulic shear forces. When subjected to hydraulic shear forces via aeration, the
aerobic granule growth is promoted, hence developing a 3-dimensional structure [23]. It
also moulds the sludge into a compact, dense structure with reduced bacterial spacing and
increases the stability of the granules [23]. Overall, this preserves the structure of granules
needed for effective wastewater treatment.

Factors Affecting AGS Formation

There are several factors and conditions that significantly affect the formation of AGS,
impacting its structure, stability, quality, and efficiency in removing pollutants. Hydraulic
shear force is the most integral factor for AGS formation. At smaller hydraulic shear forces,
aerobic granules do not aggregate into their usual dense structure but remain as loose
flocs [21]. This is also linked to aeration velocity and dissolved oxygen levels. If aeration
velocity is too high, hydraulic shear forces cause damage to the sludge structure, therefore
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causing particle washout [23]. Also, high dissolved oxygen levels are favoured because
the particles formed were larger, hence better sedimentation [23]. In SBRs, settling time
is important as it can remove unwanted flocculent sludge and promotes the secretion
of EPS [23]. Other factors that affect granulation are organic loading rates, seed sludge
composition, HRT, SRT, and temperature [21].

2.2.3. AGS in Wastewater Treatment

Since its first discovery in the 1990s, AGS technology has rapidly grown, with
70 full-scale applications worldwide, followed by many pilot/lab-scale research projects
currently being conducted [21]. Typically, sequencing batch reactors (SBRs) have been used
to implement AGS technology. These operate under cycles such as filling, reacting, settling,
and draining all in one reactor and are very successful in aerobic granule cultivation and
nutrient removal. Additionally, other systems such as plug flow reactors, uses of biofilters,
hydro cyclones, and continuous flow reactors are all being researched and implemented
to improve AGS systems [21]. This is further discussed in Section 4. Nereda® is a success-
ful AGS system, used by water companies across the globe, operating on a 3-step cycle:
simultaneous fill and draw, aeration, and fast settling [21].

AGS technology has found particular interest in Europe, especially in the Netherlands,
which is the home of the first AGS plant, built in 2005 by Nereda®. Still currently running,
this WWTP was designed to treat 0.25 million litres of industrial dairy wastewater per day
via three SBRs [21]. Due to the combined aerobic and anaerobic structure of AGS granules,
biological removal of micropollutants (pharmaceutical products), xenobiotic compounds,
azo dyes, and metal ions is possible [10]. Hence, it has been applied to many types of
industrial wastewater at lab scales and some full-scale set-ups, as seen in Table 2.

Table 2. A summary of full-scale and lab-scale AGS reactors, including capacity and removal efficiencies.

Location Wastewater Type Capacity Nutrient Removal References
Ede, The .
Netherlands Dairy wastewater 0.25 MLD [24]
Rotterdam, The . . .
Netherlands Edible oil processing 0.1 MLD [24]
incusiril from prinin COD: 857%
Haining, China us P & 50 MLD Ammonium: 95.8% [25]

dyeing, chemicals,
textiles, and beverages.

Total Phosphorus (TP): 59.6%

60-70% municipal COD: 92.5%
Lubawa, Poland 30 _4000/ dairp ’ 3.2MLD TP: 95.1% [25]
? y Total Nitrogen (TN): 87.2%
COD: 95.1%
Rubber wastewater 0.6L Ammonia: 99.3% [25]
TP Removal: 83.5
Paper production 5L COD: 90% [25]

Total Suspended Solids: 97%

In 2008, Nereda® opened the first-ever full-scale AGS municipal wastewater treatment
plant in Gansbaai, South Africa, and was successful in treating 5 MLD [21]. However,
it did not come without a few faults, such as power outages, high solid loading in the
influent, and not keeping up with maintenance [21]. In the United Kingdom, there are
nine WWTPs using AGS biotechnology and one new plant in the design phase. The largest
is the Kendal Wastewater Treatment Plant for municipal waste, which has a capacity of
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18.5 MLD (United Kingdom—Kendal, n.d.). This project officially opened in 2018 and
was a combination of greenfield, brownfield, and retrofit developments to support the
growing population in the area. After launch, the plant performed exceptional simultaneous
nitrification, denitrification, and phosphorus removal (United Kingdom—Kendal, n.d.).
Other benefits of the project include a reduced footprint compared to the previous existing

plant, lower power requirements, sustainable costs, and increased treatment capacity
(United Kingdom—Kendal, n.d.).

2.3. Continuous Flow Reactors
2.3.1. Continuous Flow Reactors in Wastewater Treatment

Continuous flow (CF) technology plays a crucial role in modern-day wastewater
treatment facilities, allowing consistent treatment without interruption by handling large
volumes of water. In continuous flow reactors, the influent flows through the reactor
continuously and is treated uniformly. Most methods used in WWTPs are in continuous
flow modes from pre-treatment to tertiary treatment, except sedimentation tanks. As stated
in Section 2.2.1, in biological wastewater treatment CF reactors are traditionally continuous
stirred tank reactors (CSTRs) or plug-flow reactors (PFRs). The application of AGS in
continuous flow reactors is necessary, as it will reduce cost in retrofitting existing plant
processes and can treat wastewater at higher capacities.

CSTRs are one of the most popular instrumentations used in wastewater treatment
because agitation causes uniform mixing of reactants, pH, and temperature [26]. Their
purpose is to offer efficient mixing between microorganisms and the influent in a stable
environment to maximise pollutant removal; therefore, CSTRs are commonly used in
activated sludge processes and anaerobic digestion [26]. Other benefits of CSTRs include
consistent operating limits, high process control, and flexibility to handle varying composi-
tion in the influent. Plug flow reactors are also used in biological wastewater treatment. In
plug flow reactors, water flows through a cylindrical reactor, often with baffles to create
turbulence for homogenous mixing [27]. This allows more control of the reactions taking
place and has a relatively compact design [27].

2.3.2. Comparison Between Continuous Flow Reactors and SBRs

Currently, all aerobic granular sludge reactors are in sequential batch reactor modes;
however, the majority of WWTPs which utilise activated sludge are in continuous flow
mode. Table 3 shows a comparison of characteristics between SBRs and continuous flow
reactors to highlight their strengths and weaknesses.

Table 3. A table comparing the characteristics of continuous flow reactors and sequential batch reactors.

Characteristic Continuous Flow SBRs
Operation Mode Continuous flow of influent and effluent. Operatlon.al Cycles. of stages such as filling,
reacting, settling, and decanting.
Capacity Capable of handling a high capacity of influent. Ideal for small- to medium-sized facilities.
Flexibility Limited flexibility for handling shock loads with High flexibility; can handle shock loads well

varying properties. with influents of varying characteristics.

Space Requirement

Multiple tanks are needed, but all operations
occur in each tank; therefore,
it lowers space requirements.

Currently, each phase occurs in a different tank;
therefore it requires a lot more space.

- Lower operation costs Higher operational cost due to the
Energy efficiency and cost .
due to steady-state operation. stop-and-start nature of cycles.
Lower maintenance: continuous operation Sometimes a cleaning phase is needed,

Maintenance

reduces wear from stop-and-start operations. often between cycles.
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2.3.3. Aerobic Granular Sludge Continuous Flow Reactors

Most wastewater treatment plants operate in continuous flow mode; therefore, finding
solutions to apply AGS in continuous flow reactors is necessary. Currently, many laboratory
experiments are being performed worldwide to find solutions for large-scale continuous
flow AGS. Many different reactor configurations are being explored, such as alternating
anaerobic upflow selectors, hydro cyclones, bubble column reactors with three-phase
separators, bubble columns with external settling tanks, and many more [28,29]. Using
baffles in CFAGS reactor designs has been found to improve granulation in continuous
flow reactors, with one study achieving stable granules of an average size of 1.9 mm for
390 days [28]. Studies have found that the important factors for continuous flow aerobic
granular sludge granulation are selection pressures, feast/famine conditions, shear force,
reaction configuration, and the role of EPS [28]. Average pollutant removal results from
laboratory-scale configurations are 80% > COD removal, 90% > nitrogen removal, and TP
removal ranged from 60 to 95% [28].

Although these advanced reactor designs have shown great success on lab-scale
models, their large-scale applicability is limited due to the complexity of the structures
and the low flexibility for adjusting settling velocity [28]. Future directions are focusing on
simpler reactor models which are adaptable to varying influent characteristics and obtain
favourable granulation conditions. Promising reactor features include utilising sieves or
meshes with pore sizes above 0.5 mm due to them offering high retention of large granules [28].

Cheng Yu et al. [30] performed a promising study converting an activated sludge
wastewater treatment system in China to a microaerobic-aerobic continuous flow AGS
system (seen in Figure 4). The configuration consisted of two microaerobic tanks (effective
volume of 4095 m?) and two aerobic reactors both with effective volumes of 4504.5 m? and
18 separators constructed with baffles. Using hydraulic retention times of approximately
7.9,5.8, and 2.9 h for the microaerobic tanks, aerobic zones, and internal separators allowed
for an overall treatment capacity of 2.5 x 10* m® d~! [30]. Granule size increased from
31.9 to 138.5 um in 251 days, with 29.6% of particles > 200 pm and less than 10% being < 50 pum.
The pollutant removal efficiencies also met the same standards as the previous AGS batch
reactors. These factors show the great success of the study performed by [31].

(a) o
Air-driven RAS

Influent

L J
0..

Figure 4. Schematic diagram of the continuous-flow AGS system (a), and aerobic tank with internal
separators (b) [32]. Black circles representing the AGS and the white circles the aeration input.
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2.4. Knowledge Gaps in AGS Treatment and Future Directions

Continuous flow configurations show promising granulation of AGS; however, they
come with instability issues with flexible inflows [1]. Due to storms, reactor sensitivity is
an important issue to overcome because influent flow rates and pollutant concentrations
are always varying. The use of computational fluid dynamics (CFD) is starting to increase
when investigating lab-scale AGS reactors. It uses numerical analysis and algorithms to
simulate fluid flow systems. For bubble column reactors, it is useful to show the mixing
patterns of gas streams and bubble-liquid interactions; therefore, it can provide guidance
on optimisation between lab and full-scale reactors.

While many laboratory-scale studies have demonstrated promising results of AGS
sequencing batch reactors and continuous flow reactors, further research is required to
optimise simple continuous flow configurations, especially for municipal wastewater
treatment. Key gaps include understanding how to improve reactor stability and efficiency
for varying influent concentrations and flow rates to simulate storm surge periods. This
study aims to address how a continuous flow reactor can handle these influent variations by
conducting a sensitivity analysis using a mathematically derived model and Python. Also,
a CFD analysis was used to assess biomass suspension behaviour and mixing efficiency.
Optimisation recommendations based on AGS behaviour in batch reactor configurations
are included throughout to guide future research applications.

3. Methods

The purpose of this study is to utilise experimental data from a lab-scale AGS reactor to
create and develop a CFD model which can inform reactor optimisation to ensure successful
future scaling up to a pilot scale. Multiple methodical steps were undertaken, starting with
developing a numerical model of the AGS reactor with the experimental data provided
by Dr Rania Hamza with a corresponding Python code. Next, a SOLIDWORKS 2025 3D
model reflecting the lab-scale set-up was curated to model the AGS turbulence via CFD
using ANSYS Workbench 2024 R2 with the Fluid Flow (Fluent) analysis system.

3.1. Reactor Model

The reactor set-up consisted of a 10 cm internal diameter cylindrical reactor with a
working volume of 4.8 L. Aeration was provided by a fine bubble diffuser at the bottom
of the reactor with a superficial air velocity of 2.35 cm s~! and air bubbles with diameters
ranging from 0.5 mm to 2 mm. The reactor was operated under a cyclic schedule: filling
(10 min), anaerobic/unaerated (35-50 min), aeration (150 min), settling (30-10 min), and
decanting (10 min).

The mathematical model was made using 6 main topics: microbial kinetics, chemical
oxygen demand, mass transfer, heat transfer, aeration and gas transfer, and hydrodynamics
and mixing. Focusing on these areas allows an understanding of the behaviour of the
sludge within the reactor.

The assumptions made for the model are as follows:

Steady-state operation due to continuous flow configuration.

AGS granule shapes are assumed to be perfectly spherical.

Microbial growth follows a defined Monod kinetic model.

Monod kinetics assumes reactions are irreversible and only one substrate is limiting [33].

SRR .

Due to aerating during the oxic phase, dissolved oxygen is non-limiting.

The parameters used in the model below are listed in Table 4 and at the beginning of
the paper, listing correlated symbols, values, and units.
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Table 4. The parameters used in the mathematical model derived in Section 3.1, with their corre-
sponding symbols, values, and units.

Parameter Symbol Given Value Units

Aeration flow rate Qa 0.000184 m3/s

Biomass concentration

in the mixed liquor X 3803 mg/L
Change in biomass concentration AX 2355 mg/L
Change in COD concentration ACOD 5576 mg/L
COD degradation rate constant Iy 2.29 1/h
COD removal efficiency 77 Yo
Density p 998 kg/m?
Dissolved oxygen concentration (liquid) Non-limiting >>2mg/L
Effluent total COD concentration COD¢ 78 mg/L
Filling time tf 0.167 h
Final biomass concentration X¢ 3695 mg/L
fnal conentaion o blomass W men
Initial filling flow rate Qr 14.3 L/h
Fluid velocity \Y 0.00051 m/s
Froude number Fr 0.000208 Dimensionless
Gravitational acceleration g 9.81 m/s?
Half-saturation constant Ks 171 mg/L
Heat transfer rate Q 0.0202 Y
Hydraulic mean depth hm 0.611 m
Ideal gas constant R 0.0821 (L-atm)/(mol-K)
Influent total COD concentration COD; 344 mg/L
Initial biomass concentration X 780 mg/L
Initial cfoncentration of .biomass X; 457 me/L
or decay analysis
Inlet temperature T; 18.1 °C
Mass flow rate m 0.000004 m3/s
Mass transfer coefficient ki, 2 1/h
Maximum specific growth rate Kmax 0.0225 1/h
Molar mass of O, M 32 g/mol
Moles of oxygen noy 0.008725 mol/L
Outlet temperature To 19.3 °C
Overall heat transfer coefficient U 0.084 W/(m?2-°C)
Oxygen concentration in the gas phase CO, 280 mg/L
Oxygen transfer rate/uptake rate OTR/OUR 438 mg Oy /L/hr
Partial pressure of oxygen Po 0.21 atm
Reactor diameter D 0.1 m
Reactor height H 0.77 m
Reactor volume Vw 4.8 L
Reynolds number Re 310 Dimensionless

Specific growth rate v 0.0117 1/h
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Table 4. Cont.

Parameter Symbol Given Value Units
Specific heat capacity of water p 4200 J/(kg-°C)

Substrate concentration S 187 mg/L

Superficial velocity Vs 2.35 cm/s
Surface area for mass transfer A 0.00785 m?
Temperature change AT 1.2 °C
Time for biomass growth t 168 h
Time for decay analysis t 1416 h

3.1.1. Microbial Kinetics

Monod kinetics is commonly applied to microbial mixed cultures such as activated
sludge systems to understand the kinetics of the biological processes [34]. Due to its use
on activated sludge systems, it was assumed Monod kinetics would be the best suitable
fit for modelling the AGS kinetics. Equation (1) [11] is the Monod equation, an empirical
mathematical model for microorganism growth.

,umax's
= K+s

The maximum specific growth rate of biomass, yyx, was computed by rearranging

1)

the general equation for exponential growth.

In(X ;) —In(X;)
Hmax = t (hr) (2)

Then the half-saturation constant for the substrate, K;, was computed using Monod
kinetics. For the half-saturation constant, specific growth rate is 50% of the maximum

specific growth rate.
ln(Xf) —In(X;)
Hmax = b1 (hr) (©)

Also, the estimated biomass yield coefficient, Yest, was determined using the change in
the concentration of biomass and COD. This coefficient reflects how efficiently the microor-
ganisms convert organic pollutants into biomass. Due to the instability of AGS reactors due
to varying influent substrate concentrations, conditions, biomass decay, and time changes
to the operating cycle, the biomass yield coefficient was averaged to calculate Yest. The
biomass yield coefficient was computed for each cycle where biomass growth occurred,
starting from operating day 548, where COD removal efficiency became consistently sta-
ble. These measurements are shown in Table 5. The yield coefficient is also an estimate
because nitrification, denitrification, and phosphorus removal also occur within the reactor;
therefore, some biomass growth will be a result to these processes.
mg biomass> _ AX (mg biomass) )

mg COD ACOD (mg COD)

The decay of biomass always occurs in biological processes; however, it is important

est(

that the rate of decay is slower than the rate of growth. If not, the efficiency of the system
decreases due to a lack of biomass for reactions. Also, it is important that there is some
form of decay; otherwise, excessive biomass growth will occur. From the data given, there
are some periods of biomass decay, shown in Table 6, which was used to calculate the decay
coefficient of the AGS.

Then, using the equation below [29], the decay coefficient was computed.

de = Xdieikd't ®)
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Table 5. A table of the change in COD concentration (mg L~1) and biomass concentration (mg L1
for cycles from day 548 to 604.

ACOD/mg COD L1 ABiomass/mg Biomass L1
182 70
164 110
63 13
85 23
118 97

Table 6. The measured total solids concentration (mg L~1) at time t (hours) for a lab-scale aerobic
granular sludge experiment.

Total Solids Concentration/mg L~! Time/Hr

457 0

433 192
403 384
307 888
233 1080
223 1248
197 1416

3.1.2. Chemical Oxygen Demand (COD)

The influent flow rate was first computed based on a 4 h retention time within a
continuous flow reactor. Equation (6), the equation for hydraulic retention time, was
rearranged to calculate the necessary flow rate. Decanting/filling the reactor operated
using a 50% volume exchange rate; therefore, the volume is 2.4 L.
A
~ HRT(hr)

The COD degradation rate constant, ry, is essential for determining the efflu-
ent COD concentration. First, the specific substrate utilisation rate needs to be com-

Qi (6)

puted using the biomass yield coefficient Y and maximum specific growth rate as seen
in Equations (7) and (8) [33].

mgCOD | ppax (1)
UM”x(mg biomass hr) N Y (%) )
mg
mg COD S
re(F ) = Unta <K5+S> X ®)

Using the rate constant above, the effluent total COD concentration was estimated us-
ing Equation (9), and the Python code explained in Section 3.2 and displayed in Appendix A
was applied to calculate effluent COD concentration.
Qi (Lhr1)-(S;—S) (mg COD/L)

VD) — r¢(mg COD L™'hr=1)  (9)

s¢(mgcob 1)

3.1.3. Mass Transfer

Due to aerating during the oxic phase, dissolved oxygen is non-limiting. Dissolved
oxygen concentration in the liquid phase (mg/L) = non-limiting >> 2 mg/L.
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The oxygen concentration in the gas phase was computed using the ideal gas law
to determine the number of moles of O, in the air stream and then using molar mass to
determine the concentration in mg L1

mol\ P (atm)
o ( L ) R (0.0821L5%). T (K) 1o
Co, ( mg L_1> =np, (mol L_1> -M (g mol_l) -1000(mg g_l) (11)

3.1.4. Aeration and Gas Transfer Variables

Due to aerating during the oxic phase, dissolved oxygen is non-limiting. Therefore,
the dissolved oxygen concentration is effectively at saturation, making oxygen transfer rate
(OTR) equal to oxygen uptake rate (OUR).

Because data for the oxygen concentration present in the reactor was not collected, a
theoretical yield coefficient to relate COD oxidised by aerobic granules and oxygen uptake
was determined. This will calculate a theoretical estimate for oxygen uptake within the
reactor; hence, the results will not give an accurate measurement. The yield coefficient
used was from a lab-scale AGS project performed by Liu et al., who computed Y as
0.68 mg O,/mg COD [35].

ACOD (mg COD L™Y)-Q;(Lday~1) Y (0.68 mg O, mg COD™!)

R= . 12

od 24 (hr day—1) V (L) (12)
Aeration flow rate equation:

Qq (m3s*1> = Us (m 571) ‘A (mz) (13)

3.1.5. Heat Transfer

Even though the data provided for this study were obtained using a reactor kept at
room temperature, 20.1 £ 2 °C, incorporating heat transfer into the mathematical model
is essential for reactor scale-up. Due to the small volume of lab-scale reactors, uniform
temperature is maintained because heat exchange to the environment is quicker. However,
in full-scale reactors, internal temperature gradients occur because of a larger quantity of
microbial metabolic heat generation and slower heat dissipation. Environmental tempera-
ture changes also impact heat transfer with the surroundings, disrupting the uniformity of
reactor temperature. The microbial processes which occur in AGS are highly temperature
sensitive; therefore, modelling heat transfer is important to maintain efficiency.

Mass flow rate is needed for calculating heat transfer rate; therefore, it was computed
using influent flow rate and density.

m (kg hr‘1> =Q; (m3 hr‘l)‘p (kg m_3> (14)

Overall heat transfer coefficient [29]:
QW) =1t (kgs™1) cp (Tkg™ °C™)°(T, = T)(°C) (15)
u= QW) (16)

A (m2)- AT (°C)

3.1.6. Hydrodynamics and Mixing

Good mixing in AGS reactors allows an even distribution of sludge particles
throughout the reactor, thus improving substrate removal efficiency. Therefore, calcu-
lating Reynolds and Froude numbers will help analyse if optimisation is required to
improve mixing.
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Fluid velocity, necessary for calculating both Reynolds and Froude numbers, was
computed using the influent flow rate and cross-sectional area.

Q (m3 S—l)
A (m?)
The equation for the Reynolds number is shown in Equation (13). The Reynolds

v(ims™1) = (17)

number is the ratio correlating inertial to viscous forces in a fluid and is used to determine
the nature of a flow in terms of laminar or turbulent. It was used twice, first to determine the
Reynolds number from liquid flowing into the reactor using the liquid superficial velocity
and secondly to determine the Reynolds number from gas mixing using the superficial

velocity of the gas [36].
 plkgm)u(ms™)- L(m)
Re = (N5 m 2 (18)

The Froude number relates inertial forces in a process to the effects of gravity; therefore,
it provides insight on what the dominant forces within a system are [36]. To assess the
overall flow dynamics within the reactor, the hydraulic diameter was set to the reactor
diameter, and to assess the bubble dynamics at the air inlet, 2 cm was used for the air inlet
diameter. The equation for the Froude number is as follows:

v (ms™1)

(g (9.81 ms=2) -k, (m))>

Fr — (19)

3.2. Python Code

Python 3.11.9 was used on a Windows 11 laptop (13th Gen Intel (R) Core (TM) i5-1340P
8GB RAM) to develop a code to simulate the biological and physical processes within the
reactor model developed in Section 2.1. The NumPy library was essential for numerical
computations, especially importing solve_ivp from spicy.integrate to solve ODEs necessary
for the biological and chemical processes in AGS. Matplotlib 3.10.3 was employed for
graphical visualisation of the simulation outputs. See Appendix A for the Python code.

To simulate varying influents typically involved in wastewater treatment, a sensitivity
analysis changing the parameters shown in Table 7 using the Python code. Testing influents
with high COD concentrations and fast flow rates will simulate storm surge scenarios,
whereas testing slow flow rates and influents with low COD concentrations will simulate
drought scenarios.

Table 7. The parameters that changed and their corresponding new values for the sensitivity analysis
performed via Python.

Changed Parameter New Value
Influent COD concentration 400 mg COD/L
Influent COD concentration 100 mg COD/L

Flow rate 1.2L/h
Flow rate 04L/h

3.3. CFD Model

Finally, computational fluid dynamics (CFD) models were performed on a Windows
11 PC (Intel(R) Core (TM) i7-10700T CPU 16GB RAM) using ANSYS Workbench R24 V2.
ANSYS Workbench is an advanced, comprehensive platform for engineering simulations
and workflows integrating geometry design, meshing, physical set-up, solving, and result
post-processing. Additionally, for complicated models it allows integration of multiple
analyses within one interface.
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For this study, the specialised tool within the workbench employed was ANSYS Fluent,
an industry-leading CFD software. It utilises advanced numerical methods to solve the
Navier-Stokes equations, which govern fluid behaviour. These describe the motion of
viscous fluids in terms of continuity, momentum, and energy.

3.3.1. Geometry

The geometry was designed in Ansys Design Modeller. A 2D 10 cm by 61.15 cm
rectangle with a 2 cm air inlet along the bottom edge was sketched on the XY plane using
the polyline function. To ensure all dimensions were accurate, they were specified using
the default dimensions tool. To create a surface body, Surface from Sketches was used to
generate the reactor surface. This is shown in Figure 5. Next, the surface type was changed
from solid to liquid.

0.00 25.00 50.00 {em)

1250 37.50

Figure 5. The surface body of a 10 cm diameter by 61.15 cm tall reactor generated in ANSYS
Design Modeller.

Due to the complexity of aerobic granular sludge reactor CFD and the lack of access to
a powerful computer with a high CPU, the CFD was performed in 2D. To further improve
results, the application of 3D CFD would be advisable for future research before scaling up.

3.3.2. Meshing

Meshing was generated using Ansys Mesher. Before forming the mesh, the air inlet
and pressure outlet were named “Air Inlet” and “Pressure Outlet”, respectively, in order for
Ansys to recognise these as boundary conditions in the set-up stage. A refined, high-quality
mesh is integral for successful, accurate computational results; therefore, an analytical
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approach was adopted. The aerator produces 1 mm diameter air bubbles; hence, an
element size of 0.5 mm was chosen to capture the small bubbles and AGS granules. Mesh
defeaturing was activated to remove any small geometric features that complicate the
mesh, such as holes or close vertices. The defeature size was kept at the default setting
(0.0025 mm). Except for changing smoothing to high, all other settings were kept at default
for the main mesh and are listed in Table 8.

Table 8. The default settings under sizing in ANSYS Meshing.

Parameter in the Default Setting Value
Growth Rate 1.2
Curvature Min Size 0.005 mm
Curvature Normal Angle 18.0°
Target Skewness 0.9

Employing inflation layers along the reactor walls is essential for resolving near-wall
velocity gradients. The smooth transition inflation option was chosen with the default
transition ratio of 0.272, a maximum of 4 layers, and the inflation growth rate of 1.2. These
settings ensure the mesh cell size is smaller close to the walls and gradually increases into
the centre of the reactor.

Finally, a body of influence was applied at the air inlet surface to set a smaller local
mesh size, allowing better simulation of the gas bubbles. The type used was Element Size,
with a size of 0.25 mm and a default growth rate of 1.2.

Figure 6 shows the generated mesh. The number of nodes and cells are 253,471 and
251,962, respectively. After improving the mesh quality in ANSYS Fluent and evaluating
mesh quality, the maximum orthogonality was 0.839 and the minimum aspect ratio was
6.43. Both these values fit within the recommended regions for a good-quality mesh.

Mesh

Figure 6. An image of the mesh generated shown in the ANSYS Fluent interface.
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3.3.3. Set-Up and Governing Equations

Firstly, in ANSYS Fluent gravitational acceleration was applied in the Y direction with
a magnitude of —9.81, and transient time was selected. The pressure-based solver was
chosen because it can solve low-speed incompressible flow accurately and requires less
memory. Next, the water and sludge granules needed to be added to the materials list (air
is already a default material). Water was easily added via the ANSYS Fluent materials
database; however, the available version of ANSYS could not create a new material for
AGS. Therefore, to work around this limitation, water was copied as a material, but the
density was changed to 1070 kg m 2 and the viscosity was set to 0.005 kg m~!s~! to model
the AGS granules.

In this study, the Eulerian—Eulerian multiphase model was adopted to simulate the
3-phase interaction present in AGS reactors and is commonly used in bubble column
simulations. It is similar to the Lagrangian model except it utilises a fixed reference grid to
track movement over time [7]. Each phase interacts with each other via inter-phase transfer
terms and operates using the following governing equations:

1.  Continuity Equation

0
57 (0j5) + (pjojuj) =0 (20)
where pj = density of phase, jis volume fraction, and uj is velocity.

2. Momentum Balance

0
&(pLULuL) + V(pIO’juj) =-—0oV-P+V [aLueff (VuL + (Vul)T) +orgpr +F (21)

where P is pressure, i,y is effective viscosity, g is gravitational potential, and F is force.

3.  Energy Balance
d

where i is enthalpy, A is thermal conductivity, T is temperature, and Q is interfacial
heat transfer.

Water was then set as the primary phase, the new AGS material was set as the second
phase with an average granular diameter of 1 mm, and air was the final phase with a
bubble diameter of 1 mm. Table 9 shows the interphase force configuration selected for the
4 different phase interactions present between water, sludge, and air. The lift coefficient for
water—air interaction was changed to Saffman—Mei to accurately model the lift force in a
bubble column reactor for low- to moderate-Reynold-number flows.

4.  Wall shear stress

1 ==
7= (Kg-pug) (23)
Assumption of non-Newtonian fluid due to the suspension of granula [37]
T=K~9" (24)

where y is the average shear rate in s~!, K is consistency index in Pa s, g is gravitational
acceleration, p is density of fluid in (kg m ), U, is superficial gas velocity inm s~!, and n
is flow index.

Non-Equilibrium Wall Function

Non-equilibrium wall functions allow for pressure gradients and strain effects to be
considered and can provide somewhat better results if viscosity variations near the wall
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are not extreme, making their application more suitable for AGS reactors than standard
wall functions.

1
+_ = +
ut = Kln(Ey )+ B (25)

where 1" is dimensionless velocity, k is von Karman constant (0.41), E is wall roughness
factor, y* is dimensionless wall distance, and B is an empirical constant (5 assuming
smooth walls).

Table 9. Table of the interphase force settings chosen to perform a CFD model of the hydrodynamics
in an aerobic granular sludge lab-scale reactor.

Phase Drag
Interaction Coefficient

Lift Turbulent Turbulent Virtual Mass ,?:J:?:ﬁ Restitution
Coefficient Dispersion Interaction Coefficient L . Coefficient
Coefficient

Schiller—

Water—AGS
Naumann

None None None None None -

Schiller—

Water-air
Naumann

Saffman-

. None None None None -
mei

Schiller—

AGS-air Naumann

- - - - None -

AGS-AGS -

0.9 (default
constant)

The viscous model chosen was RNG k-¢ with enhanced wall treatment. The RNG k-¢
model handles complex multiphase models more accurately than the standard k-¢ model,
especially for bubble-induced flow. Enhanced wall functions ensure turbulence is modelled
accurately near walls, which is important because wall shear will affect oxygen transfer.
Next, the volume fraction at the air inlet was set to 1, and velocity was set to 0.0235 m s L
as specified in the laboratory-scale model. The pressure outlet had a backflow air volume
fraction of 1.

Table 10 presents the numerical solution methods chosen for the model. The Coupled
scheme, Least Squares Cell-Based gradient, PRESTO! pressure method, and Second-Order
Upwind momentum were all set for the stability, accuracy, and convergence of the complex
system that needed to be simulated. However, the First-Order Upwind methods were
trade-offs in order for faster results due to limitations explained at the end of this section.
The settings used still produce good results, but the recommendations would be to use
Second-Order Upwind for turbulence and volume fraction.

Table 10. Table of the chosen solution methods to perform a CFD model of the hydrodynamics in an
aerobic granular sludge lab-scale reactor.

Solution Method

Pressure—Velocity Coupling Scheme Coupled

Gradient Least Squares Cell Based

Spatial Discretization Pressure PRESTO!

Momentum Second-Order Upwind

Volume Fraction First-Order Upwind

Turbulent Kinetic Energy First-Order Upwind

Turbulent Dissipation Rate First-Order Upwind

Transient Formulation - First-Order Implicit
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Before running calculations, hybrid initialisation generated an initial field, and then
the volume fraction of air was patched to 0, and the AGS volume fraction was patched to
0.2. Finally, the calculation time step was reduced to 0.001 s for increased stability because
it calculates smaller, gradual updates to the solution.

A major limitation arose in this project when it came to running the calculations. The
university computers have a “log-off” application installed that logs out computers if left
idle for 2 h, which could not be uninstalled. Therefore, simulations could not be run for as
long as originally planned (overnight simulations). This did have a detrimental effect on
the results, which is further talked about in Section 4.3.

4. Results and Discussion

4.1. Mathematical Reactor Model
4.1.1. Microbial Kinetics

Comparison between the specific growth rate of AGS is difficult because many operat-
ing conditions, such as temperature, pH, oxygen levels, and substrate concentration, can
have an effect Tables 9-11. However, for a laboratory-scale reactor, the computed value
of 0.22 d~! seems accurate when comparing to studies such as [21] (yuax = 0.266 d1). De-
sireddy and Sabumon conducted an AGS experiment at ~30 °C and achieved an NH4"-N
umax of 1.92 d~! and a COD pmax of 0.096 d !, showing how conditions can drastically
change the growth rates of biomass.

Table 11. The computed results for the microbial kinetics of an AGS reactor at 20 C, 1 atm mathemati-
cal model, and referenced literature values.

Referenced

Parameter Symbol Calculated Value Citation
Values
Maximum specific growth rate Hmax 0.22d1=0.0092h 1! 0.266 h—1
Half-saturation constant Ks 55mg L~!
0.24-0.68 mg

. . .. . biomass/mg COD [38]

Biomass Yield Coefficient YB 0.47 mg biomass/mg COD 0.33-0.37 mg [39]
biomass/mg COD

Decay coefficient

b 0.0059 h—1

The computed biomass yield coefficient from the data suggests 47% of the substrate is
converted into biomass, with the remaining being used for energy or by-product formation.
This suggests the substrate is being utilised efficiently without producing excessive biomass,
ideal for maintaining granule stability. Yield coefficients are highly dependent on tempera-
ture, influent substrate concentration, and sludge retention time (SRT); hence, values vary
from study to study. In one study, where the effect of SRT was researched, yield values
increased from 0.24 to 0.48, 0.61, and 0.68 mg biomass/mg COD with a corresponding SRT
of 30, 20, and 15 days [4]. Another study using an AGS-biofilm reactor achieved a biomass
yield of 0.33-0.37 mg biomass/mg COD [38]. Given these reference values, the coefficient
of 0.47 seems reasonable and accurate.

The computed decay coefficient (0.0059 h~!) was validated by plotting theoretical
solid concentrations (computed using 0.0059 h—!) against measured solid concentrations,
as seen in Figure 7. The very close alignment between both data sets supports the accuracy
of the calculated value. Small decay coefficients suggest minimal biomass loss; therefore,
reactor performance is more likely to be stable.
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Figure 7. A graph showing the experimental biomass total suspended solids (mg L.~!) against the
theoretical total suspended solids (mg L1 computed using the estimated decay coefficient for an
AGS reactor at 20 °C and 1 atm.

4.1.2. Chemical Oxygen Demand (COD)

The mathematical model gave excellent results for predicting COD removal efficiency
(82.8%) Tables 11 and 12. This fits closely within the data set provided, which reported
a removal efficiency of 80% =+ 9%, confirming the reliability of the model. Compared
to other similar lab-scale AGS continuous flow reactors, the results are consistent. For
example, Miyake et al. achieved a COD removal efficiency of ~80% in a 4 L reactor.
Furthermore, Hamza et al. have previously performed other AGS-SBR systems, one of
which they investigated for high-strength organic wastewater treatment, which reported
an exceptional removal efficiency of ~96 & 2.7% [20]. Another study used a 24.2 L double
column cyclic aerobic granular reactor (DCCAGR) and achieved COD removal efficiencies
of 97% [31]. These comparisons reinforce the predicted performance of the continuous
flow model, but there is room for further improvement. Improvements could include
experimenting with different configurations, for example, adding baffles or two continuous
flow reactors in series. Also changing operational conditions such as aerator flow rate to
improve mixing and increasing temperature for biomass growth rate. Performing future
experiments with these adjustments may identify areas of optimisation for the model.

In terms of real-world application, an 82.8% removal efficiency and 32 mg L~! comply
with the UK wastewater treatment compliance limits set by the Environment Agency. These are
a concentration maximum of 125 mg L~! and a minimum percentage reduction of 75% [40,41].

Table 12. The computed results for the COD removal in an AGS reactor at 20 C, 1 atm mathematical
model, and referenced literature values.

Parameter Symbol Calculated Value Referenced Citation
Values
Flow rate Qi 0.6Lh1
Specific substrate utilisation rate Umax 0'02.2 e COD,l
mg biomass-1 h
COD degradation rate x 50.8 h-1
constant
Effluent total'COD Se 32 mg L1
concentration

~80% [42]
COD removal efficiency (%) 82.8% ~96 £ 2.7% [21]
97% [31]
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4.1.3. Mass Transfer

Moles of O,, NO, = 0.008725 mol L~}
Oxygen concentration in the gas phase = 280 mg L1

4.1.4. Aeration and Gas Transfer Variables

Oxygen transfer rate = oxygen uptake rate = 211 mg O?/L/h
Aeration flow rate = 0.000184 m3 s~!

4.1.5. Heat Transfer

Mass flow rate = 14.4 kg h~!
Heat transfer rate (W) = 0.0202 W
Overall heat transfer coefficient = 0.084 W/m? °C

The estimated heat transfer rate of 0.0202 W and overall heat coefficient of 0.084 W/m?°C
in the reactor align with the expectations stated in Section 3.1.5 due to the small-scale
system. Direct studies on specific heat transfer coefficients in aerobic granular sludge
full-scale applications have not been accurately studied to the current date, making direct
comparison difficult. This highlights a critical gap in the literature around AGS continuous
flow reactors and the need for future research into the thermal dynamics of large-scale
AGS systems.

However, parallels can be drawn from research regarding activated sludge systems. A
yearlong study was conducted on a wastewater plant in Linkdping, finding the activated
sludge systems had a temperature change of 0.43 °C, 55% of the total temperature change
in the plant [43]. This emphasises the role secondary biological processes have in driving
heat transfer in wastewater treatment. AGS, with its distinctive properties and behaviour,
may exhibit similar behaviour.

4.1.6. Hydrodynamics and Mixing

The airflow Reynolds number, 469, suggests a laminar flow regime in the reactor, as it
is well below the critical value of 2000 Table 13. This indicates the movement of air bubbles
up through the reactor does not cause chaotic mixing which would damage sludge granule
structure. However, the low Reynolds number could suggest insufficient mixing between

the three phases. Increasing superficial gas velocity to 0.03 m s~

increases the Reynolds
number to 599; by performing an experimental evaluation of the trade-off between power
consumption for higher aeration and removal efficiency, it can be reviewed. Finally, the
fluid flow Reynolds number, 1.7, suggests the movement of influent into the reactor has
negligible effects on the hydrodynamics. This means disturbance to the sludge distribution

will not be affected.

Table 13. The computed results for the hydrodynamics of a continuous flow AGS reactor at 20 °C
1 atm mathematical model.

Dimensionless Parameter Value
Reynolds number air flow 469
Reynolds number fluid flow 1.7

Froude number overall flow dynamics 0.0237

Froude number bubble formation 0.0531

The overall Froude number and bubble formation Froude number (0.0237 and 0.0531,
respectively) indicate that gravitational forces will dominate the flow dynamics Table 13.
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For AGS reactors, low Froude numbers would be ideal, as they will allow fast settling,
minimise shear stress, and enable effective oxygen transfer from rising bubbles.

4.2. Python Code Sensitivity Analysis
4.2.1. Standard Mathematical Model Python Results

Figure 8 illustrates the relationship between COD removal and biomass growth in a
continuous flow AGS reactor, predicted by the model derived in Section 3.1. Within the
4 h HRT, a significant decrease in COD concentration was observed, along with a steady
increase in biomass. This demonstrates how the reactor effectively degrades organic matter
while promoting biomass growth.
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Figure 8. A graph showing chemical oxygen demand concentration (mg L~!) and biomass concen-
tration (mg L~!) against time (hours) for the mathematical model of an aerobic granular sludge
continuous flow reactor with an influent chemical oxygen demand of 187 mg/L, at 20 °C, 1 atm, and
an HRT of 4 h.

A total of 82% of influent COD was removed, which shows the high efficiency of the
reactor; for a more in-depth analysis, refer to Section 4.1.2. As expected, rapid removal
initially occurs due to high substrate availability and plateaus over time, most likely due to
substrate diffusion limitations and biomass saturation. The green curve in Figure 8 shows
the biomass growth starting at 6016 mg L~! increasing to 6103 mg L~! in the 4 h period.
Notably, the biomass growth in the model is larger than the observed biomass growth from
the data provided; however, comparison is hard due to measurements being taken every
7 days. From the data set, the average growth in a 7-day cycle was 1048 mg L~'. This
discrepancy could stem from a few factors. There are many complexities of real-world
systems, especially in bioreactors, which the mathematical model cannot fully reflect. These
include inhibitory byproducts, complete COD conversion into biomass, substrate diffusion
limitations in the granules, and the possible variation in reactor conditions. These will
cause slower biomass growth.

The results validate the success of the mathematical model’s ability to predict the
performance of an AGS reactor, demonstrating effective COD removal and successful
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biomass stability. These are both important for ensuring long-term reactor operation.
However, assumptions of uniform mixing and ideal conditions for biomass growth will
overestimate the computed values, which need to be taken into consideration.

4.2.2. High COD Concentration Sensitivity Analysis Results

Handling varying influents is integral in wastewater treatment; therefore, testing
a high-strength influent is important to analyse the applicability of the model and its
capability under challenging conditions. Figure 9 demonstrates that when handling a
higher strength influent (400 mg L1), the reactor model predicts an estimated COD
concentration of 157 mg L~! and removal efficiency of 60.75%. Compared to Figure 8,
where the removal efficiency was 82%, this is a 21% decrease. In the data set, the highest
influent concentration used was 340 mg L~! and the sequential batch reactor achieved
an effluent of 131 mg L~! (61% removal efficiency). Again, this shows the rigour of the
mathematical model.
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Figure 9. A graph showing chemical oxygen demand concentration (mg L~!) and biomass concen-
tration (mg L~') against time (hours) for the mathematical model of an aerobic granular sludge
continuous flow reactor with an influent chemical oxygen demand of 400 mg/L, at 20 °C, 1 atm, and
an HRT of 4 h.

High organic loading rates (OLR) can overwhelm microbial communities due to
substrate saturation, where the biomass can no longer degrade COD effectively. Also,
dissolved oxygen demand increases significantly, respectively, to the increase in organic
matter to be broken down. Consequently, not the increasing aeration rate led to reduced
polysaccharide production, therefore inhibiting EPS production (biomass growth) [44].
Overall, contributing to the insufficient removal rate of substrates.
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In terms of full-scale operation, a 60.75% removal efficiency and effluent concentration
of 157 mg L~! do not comply with effluent standards set for wastewater treatment facilities.
In the UK these standards are a concentration maximum of 125 mg L~! and a minimum per-
centage reduction of 75% [40,41]. Further model refinement and testing varying operational
conditions, such as increasing HRT and increasing aeration flow rate is recommended to
investigate if the requirements can be met. For real-world application, recycle streams or
an extra AGS CF reactor could be retrofitted alongside the main reactor to further improve
effluent quality. These different configurations will increase the retention time without the
need of reducing influent flow rate.

Microbial growth in Figure 9 is larger than that predicted in Figure 8, 128 mg L~}
compared to 87 mg L~! because the COD removed is greater, 240 mg COD L~! compared to
150 mg COD L~!. However, the model does not consider the complex mechanism present
when substrate overload occurs as discussed above.

4.2.3. Low COD Concentration Sensitivity Analysis

As expected, Figure 10 presents the improvement of removal efficiency when influent
concentration is smaller, 87.9% compared to 82%. As seen by the green line, the biomass
growth is slower than the results at standard conditions (47 mg L~! compared to 87 mg L 1)
as the overall amount of COD removal is less than at higher concentrations. To validate the
accuracy of the model, provided data using a cycle with an influent flow rate of 98 resulted
in an 85.7% removal of substrate. Subsequently, this shows the predicted efficiency is
within a reasonable range of the lab results.
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Figure 10. A graph showing chemical oxygen demand concentration (mg L~!) and biomass con-
centration (mg L) against time (hours) for the mathematical model of an aerobic granular sludge
continuous flow reactor with an influent chemical oxygen demand of 80 mg/L, at 20 °C, 1 atm, and
an HRT of 4 h.
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The results are well below the UK wastewater treatment compliance limits set by the
Environment Agency; hence, in terms of handling low-concentration influents, optimisation
is not necessary. This is because the ratios of substrate to biomass to oxygen concentrations
are more ideal, reducing saturation and biomass inhibitory effects. Economically, the
operational simplicity of the system design will be cost-effective for low COD concentration
periods since the same aeration power achieves a better removal efficiency.

4.2.4. High Flow Rate Sensitivity Analysis

The capability of handling influxes of water is integral for full-scale wastewater
treatment processes; to simulate this situation, the flow rate was doubled to 1.2 L h1.
Predicted effluent removal efficiency decreased to 54.1% with an effluent concentration
of 85.8 mg COD L™}, as shown in Figure 11. High flow rates pose multiple operational
challenges, such as reduced HRT, limiting the available time for substrate degradation
and increasing the chances of potential biomass washout. These lead to a reduced reactor
efficiency, as seen in a study performed by Wang et al. using high-strength wastewater,
confirming the sludge volume index being significantly higher and substrate removal lower
for low HRTs.
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Figure 11. A graph showing chemical oxygen demand concentration (mg L~!) and biomass con-
centration (mg L) against time (hours) for the mathematical model of an aerobic granular sludge
continuous flow reactor with an influent chemical oxygen demand of 187 mg/L, at 20 °C, 1 atm, and
an HRT of 2 h (flow rate =12 L h~1).

Unfortunately, the predicted results fall well below the UK waterboard standards for
wastewater treatment effluent and therefore would result in fines for noncompliance. Opti-
misation of reactor configuration/conditions is required to verify potential for scalability.
A reactor configuration that may improve effluent concentration would be 2 continuous
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flow reactors in series because this will increase the HRT. This configuration would come
with an economic trade-off due to the expenses of retrofitting an additional reactor and
larger energy consumption from aeration; however, it will allow plants to handle storm
surges and the risk of spills.

4.2.5. Low Flow Rate Sensitivity Analysis

Reducing flow rate (increasing HRT to 8 h) significantly improved reactor performance,
as seen in Figure 12. Effluent COD concentration was computed to be 17 mg L~!, yielding
a removal efficiency of 90.9%, exceeding UK wastewater treatment standards. Longer HRT
provides an extended reaction time, allowing more COD degradation and biomass activity,
reducing the possibility of substrate inhibition. Also, longer HRT improves biomass growth,
hence better settleability, minimising biomass washout [2]. This contributes to enhanced
reactor long-term stability.
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Figure 12. A graph showing chemical oxygen demand concentration (mg L~') and biomass con-
centration (mg L1 against time (hours) for the mathematical model of an aerobic granular sludge
continuous flow reactor with an influent chemical oxygen demand of 187 mg/L, at 20 °C, 1 atm, and
an HRT of 8 h (flow rate = 0.3 Lh™1).

The model’s predicted removal efficiency aligns with reported findings for investiga-
tions on varying HRT in AGS reactors. Studies on SBRs using high strength wastewater
have reported removal efficiencies over 95% and an SVI30 of 44.5 mL/g at an 8 h HRT [2].
The study concluded that an 8 h HRT produced the most successful results out of a range
of46h Tto16 h~1[2].

The model’s accuracy in predicting a high removal efficiency for low flow rate con-
ditions shows refinement regarding situations such as off-peak hours or droughts is not
necessary. However, the results coupled with literature findings suggest optimising the
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standard model HRT to 8 h is recommended. This can be performed by either increasing
the working volume of the reactor or, depending on real-world application, changing the
influent flow rate from 0.6 to 0.3 L h~!. From an operational perspective, another advantage
of maintaining a high HRT is it will optimise energy consumption again, allowing a very
high removal efficiency without additional aeration power. Moreover, the results adhere to
waterboard compliance limits, supporting sustainable wastewater management practices
and contributing to achieving sustainability goals.

4.3. CFD Results

As seen in Figures 13 and 14, the distribution of aerobic granular sludge within the
reactor is well distributed, with most of the sludge at the bottom of the reactor and a small
gradient effect to the top. Where the simulation shows the airstream in Figure 14, it can
be seen that as air rises, some granules are being carried up with it. The figures show the
velocity of the air stream is not too harsh, where structural damage could happen to the
bed, and the mixing at the bottom of the reactor is good. Had the simulation been able to
run for a longer period of time, we believe the results would have shown efficient mixing
throughout the reactor, integral for oxygen diffusion between the biomass and substrate,
therefore driving good or bad performance. In order to enhance substrate removal, the

aeration flow rate could be increased by only a small amount to 2.5-2.8 cm s~ 1.

0.300 {m)

Figure 13. The results of a CFD simulation showing the water volume fraction distributed throughout
an aerobic granular sludge reactor.

Also, the CFD results show that biomass washout would occur during effluent with-
drawal if a settling period was not integrated. A recommendation to solve this would be a
configuration of 2 continuous flow reactors in series with alternating intermittent aerators.
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Figure 14. The results of a CFD simulation showing the AGS volume fraction distributed throughout
an aerobic granular sludge reactor.

5. Future Recommendations

First due to the many limitations of the currently available computational resources,
performing a 3D CFD simulation needs to be conducted on a computer unit equipped
with ultra-fast processors and efficient cooling systems. This would enable the for-
mation of a refined mesh small enough to pick up the interactions between small
air bubbles, granular sludge and water. Improved computational capacity would
run calculations quicker, leading to providing more accurate CFD results for the
reactor model.

To investigate reactor configurations which can effectively treat unstable influent
conditions, my recommendation is to perform a lab-scale set-up of 2 continuous
flow reactors in series with alternating, intermittent aeration. This set-up allows a
higher retention time for when high concentration and high flow rate feeds are used,
therefore improving reactor performance and stability in real-world scenarios. Also,
the reactor design is simple, which is important for considering scale-up as many
current continuous flow configurations are too complicated to be applied at large
scales. Intermittent aeration will allow small settling periods in continuous operation,
reducing the amount of biomass washout. With this set-up, performance evaluations
should be conducted regarding varying HRTs and aeration flow rates.

Finally, more research on pilot-scale reactors is necessary when scaling up from a
laboratory to a successful full-scale application. This has not been widely applied in
the AGS research field. Therefore, future work should use the same height-to-diameter
ratio to develop the mathematical model in this study to guide scale-up efforts. Also
using computational fluid dynamics simulations, predictions of reactor performance
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can be made. Modelling the two reactors in series as stated before should be prioritised,
as it will determine if the configuration can achieve the desired performance for real-
world influent variations.

6. Conclusions

This dissertation has provided significant insight into the modelling of continuous
flow aerobic granular sludge reactors, addressing what their limitations and optimisation
areas for handling varying influents are. Transitioning data from a sequencing batch reactor
into continuous flow using Monod kinetic equations produced great results of effluent
concentration and removal efficiency, 32 mg L~! and 82.8%, respectively. This shows the
reactor performance is stable, efficient, and cost-effective. These values were validated
against the experimental data provided and other research papers. Although, being within
the interval of the lab-scale reactor measured results and abiding by regulations set by the
UK waterboard, there is room for improvement to achieve a removal efficiency above 90%,
as this will reinforce reactor stability for varying influents.

To further develop the capability for continuous flow AGS reactors through periods of
storm surges, drought and off-peak times, a sensitivity analysis was performed via a Python
code. While fantastic results for the simulation of reduced flow rate and low-concentration
influent were generated, the model could not withstand storm surge scenarios. The com-
puted results gave removal efficiencies of 54.1% for fast flow rates and 60.75% for high
influent COD concentrations, both of which do not meet the UK waterboard requirements.
CFD results were generated, offering additional insight to the hydrodynamics of the system;
however, there were many limitations. These include not being able to add AGS as a new
material onto ANSYS (ways to work around this are explained in Section 3.3) and not being
able to run long CFD calculations. Despite this, the results generated revealed a potential
issue of microbial washout.

Considering all of these results, in my opinion the current reactor configuration
with the most potential for a successful full-scale application would be a series of two
continuous flow reactors with intermittent aeration. Many current potential configurations
include external baffles, hydro cyclones, and three-phase separators which are too complex
and unstable to scale up,; therefore, to increase retention time (a key parameter driving
effluent removal), two simple cylindrical reactors is a reasonable solution. To address
microbial washout, a period of settling will be required. A lab-scale experiment with this
configuration will need to be conducted to investigate how intermittent aeration will affect
microbial washout as well as effluent removal efficiency. Other future recommendations
regarding the next potential steps of scaling up are detailed in Section 5.

The development of highly efficient, flexible, and cost-effective wastewater treatment
is currently very important. With climate change and ever-growing populations, the need to
handle high wastewater flow rates is a necessity to save freshwater sources from being pol-
luted. By advancing our understanding of continuous flow reactors, this research provides
a good foundation for designing efficient, sustainable solutions to protect our environment
and ensure water companies can adhere to regulatory compliance in the future.
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Appendix A

import numpy as np
import matplotlib.pyplot as plt

mu_max= (np.log(X_f) - np.log(X_ i))/t
mu= 0.5*mu_max
S= 55

U = (mu_max / Y_b)
K S =S - ((mu_max/mu)-1)
r_x= U*(S/(K_S+S))*X

= (0, 24)
np.linspace(t_span[@], t_span[1], 48)

ags_reaction(t,y):

S=y

dS_dt = ((Q_in*(S_i - S))/V) - r_x
return dS_dt

initial conditions = [S_i]
solution = solve_ivp(
ags_reaction, t_span, initial_conditions, t_eval=t_eval, method='RK45"'

time = solution.t
solution.y[9]

last_y = S[-1]

last_x= time[-1]

plt.figure(figsize=(10, 6))
plt.plot(time, S, label="COD (S)", color="blue")
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import numpy as np
import matplotlib.pyplot as plt

from scipy.integrate import solve_ivp

X_f = 3695 # fina
t= 168 #Time fo )yiomas 0
mu_max= (np.log(X_f) - np.

mu= @.5*mu_max #h
S= 55 #Average effluent CO
0.6 #

##fcalc Monod Kinetic

U = (mu_max / Y_b)

K.S =S - ((mu_max/mu)-1)
r_x= U*(S/(K_S+S))*X

# Time span for simulatio
t_span = (0, 24)
t_eval = np.linspace(t_span[@], t_span[1], 48) # Time
def ags_reaction(t,y):
S =y

dS_dt = ((Q_in*(S_i - S))/V) - r_x
return dS_dt

1d 1
initial_conditions = [S_i]
solution = solve_ivp(
ags_reaction, t_span, initial_conditions, t_eval=t_eval, method='RK45'

ults
time = solution.t
S = solution.y[9]
last y = S[-1]
last_x= time[-1]
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.figure(figsize=(10, 6))
.plot(time, S, label="COD (S)", color="blue")
.axhline(y=S_i, color="red", linestyle="--", label="Influent Concentration (S_i)")
.annotate(f'{last_y}',
(last_x, last_y),
textcoords="offset points”,
xytext=(10, -10),
ha="'center"',
color="blue"',
fontsize=10)
.xlabel("Time (hours)")
.ylabel("Substrate Concentration (mg/L)")

.title("Aerobic Granular Sludge Continuous Flow Reactor - Reaction Phase™)
.legend()

.grid()
.show()
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