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Extension and verification of the PWM_SA model to
incorporate SANI-specific bioprocesses using experimental
data from the Hong Kong SANI saline sewage treatment

pilot plant.

Abstract

This study addresses water scarcity in South Africa’s coastal regions, exacerbated by
climatic, demographic, and pollution challenges. Cape Town’s 2018 "Day Zero" crisis high-
lighted the need for innovative solutions. Adapting Hong Kong’s SANI system, proven
effective for saline wastewater treatment, offers a sustainable approach to conserve fresh-
water and enhance resilience. This study extends the Plant Wide Model for South Africa
(PWM_SA) by integrating SANI-specific bioprocesses to evaluate its applicability in ad-
dressing these challenges.

The study’s primary objectives included adapting the PWM_SA model to incorporate
sulfate reduction, autotrophic denitrification, and nitrification processes characteristic of
the SANI system, focusing on achieving accurate mass balance across key chemical species
and overall internal consistency. Specifically, the model extension aimed to ensure mass
balance verification across Chemical Oxygen Demand (COD), Sulfur (S), Phosphorus (P),
and Nitrogen (N), and to verify the extended model using empirical data from the Hong
Kong SANI pilot plant.

The methodology involved an extension of the PWM_SA model using the existing Gu-
jer matrix framework, with the addition of a steady-state model to represent Biological
Sulfate Reduction (BSR). This model component employed COD-based kinetics to cap-
ture the removal of biodegradable COD and sulfate, with sewage sludge serving as the

carbon source. The model structure includes three key components: (1) a COD-based



anaerobic hydrolysis kinetics module that simulates the removal of biodegradable COD
and sulfate under varying Hydraulic Retention Times (HRT) and Sludge Retention Times
(SRT); (2) a stoichiometric module that balances key elements (C, H, O, N, P, S), COD, and
charge, which enables the prediction of concentrations for essential parameters—including
alkalinity, COD, sulfate (S0427), sulfide (H,S), nitrate (NO37), and Free Saline Ammonia
(FSA)—across sulfate reduction and autotrophic denitrification stages; and (3) a mixed
weak acid/base chemistry module, which accounts for inorganic carbon (HCO3 ™) and sul-
fide species (H,S/HS ™), ensuring accurate pH predictions.

The biochemical processes for sulfate reduction and autotrophic denitrification were
integrated into the matrix along with their corresponding stoichiometric and kinetic pa-
rameters, offering a detailed representation of the biochemical interactions and transfor-
mations occurring in the system. The Gujer matrix structure allowed for the systematic
classification of components based on solubility, degradability, and organic or inorganic
characteristics, facilitating model verification and consistency through elemental mass bal-
ance. The extended model was implemented and verified in the WEST software, utilizing
experimental data from the SANI pilot plant in Hong Kong to align the model with real-
world treatment conditions and verify the accuracy of kinetic rates and parameters. This
approach established a reliable basis for modelling saline wastewater treatment within the
PWM_SA framework.

The overall results of this study demonstrated that the adapted PWM _SA model, now
incorporating SANI-specific bioprocesses achieved high accuracy in simulating COD, S, N,
and P transformations within the treatment system, closely mirroring empirical data and
ensuring robust mass balance across key elements. With a COD mass balance reaching
100% compared to a measured balance of 90%, the model shows strong consistency in
predicting organic matter utilization, and component transformations through sulfate re-
duction, autotrophic denitrification, and nitrification. Additionally, the effluent COD values

supported the model’s predictive accuracy, although minor deviations underscored inher-
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ent limitations in the steady-state approach for capturing dynamic effluent characteristics.

In conclusion, this study successfully integrated the SANI system’s bioprocesses into the
PWM_SA model, creating a robust framework for saline wastewater treatment in South
Africa. Although the steady-state model provided meaningful insights, some limitations
highlight the potential for future dynamic modelling to capture transient fluctuations and
real-time responses to influent variability. This research establishes a critical foundation
for the implementation of SANI-based saline sewage treatment in South Africa, support-
ing efforts to enhance water sustainability and manage pollution effectively in saline and

water-stressed environments.
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Chapter 1: Introduction

1.1 Background

Sustainable urban water management is a critical challenge faced by densely populated
coastal cities around the world. Rapid urbanization, coupled with limited land resources
and dwindling supplies of fresh water, necessitates innovative approaches to meet the
water demands of urban populations while minimizing environmental impacts. This chal-
lenge is particularly acute in densely populated coastal cities like Hong Kong, which face
unique constraints in terms of space and freshwater availability.”® To address these chal-
lenges, Hong Kong has implemented alternative water supply strategies, including Sea
Water Toilet Flushing (SWTF), since the 1950s.”?

Seawater toilet flushing is a pioneering approach that has been practised in Hong Kong
for over half a century. This approach involves using seawater for toilet flushing, result-
ing in the generation of saline sewage. Due to the usage of seawater, saline sewage has
high Sulfur (S) content.”® Therefore, it is necessary to develop a wastewater treatment
technology based on the microbiology of the S cycle. The traditional Acetotrophic Sul-
fidogens (AS) method requires a substantial volume and generates excessive sludge3337
while processes like the Moving Bed Biofilm Reactor (MBBR) °2, Integrated Fixed-film Acti-
vated Sludge (IFAS) ®°, and Aerobic Granular Sludge (AGS) *® have been successfully imple-
mented at full scale, however, they still face the issue of high sludge production. Further-
more, various conventional sludge treatment techniques, such as mechanical, ultrasonic,
thermal, and ozone pre-treatment for excess sludge disintegration can be combined with
sewage treatment processes to reduce sludge, however, they are often energy-intensive,
costly, or require a significant amount of space.?>>
As a result of this predicament, there has been a growing trend in utilizing anaerobic

and autotrophic slow-growing bacteria in mainstream treatment due to their benefits in



sludge reduction, space efficiency, and energy savings.>!%!! This led to the development
of the Sulfate Reduction, Autotrophic Denitrification, and Nitrification Integrated (SANI)
process, which has gained prominence in wastewater treatment research.”® The SANI pro-
cess is an innovative wastewater treatment method that leverages the properties of saline
sewage to efficiently remove organic matter and contents like nitrate (NO3~) and S. It op-
erates under anaerobic and anoxic conditions, employing Sulfate Reducing Bacteria (SRB)
and autotrophic denitrifiers to achieve these objectives. This process utilizes sulfate in
sewage, integrating the S cycle into the mainstream treatment between organic Carbon
(C) and Nitrogen (N) removal steps.!® The SANI process involves three biological reac-
tions. In the first reaction which occurs in the anaerobic reactor, sulfate (S0427) is reduced
to sulfide (H,S) by SRB, while organic C is oxidized to carbon dioxide (CO;) (which dis-
solves as bicarbonate (HCO3;~)). The second reaction occurs in the anoxic reactor, (H,S)
is subsequently oxidized back to (SO,>~) by Sulfur Oxidizing Bacteria (SOB), while NO5~
is autotrophically reduced to N,. This is followed by the third reaction which occurs in the
aerobic reactor whereby ammonia (NH4;") is oxidized to NO3;~ by autotrophic nitrifiers.
This unique process, developed in response to the challenges posed by SWTF, has since
demonstrated its potential for sustainable wastewater treatment and resource recovery.
The challenges and successes of the SWTF system in Hong Kong provide valuable in-
sights for addressing water stress in other coastal cities, including those in South Africa.
As South Africa faces its own water management challenges, there is a compelling need
to explore the potential for implementing similar alternative water supply strategies. This
research aims to expand upon the existing knowledge by investigating the feasibility of
implementing a system-wide model that includes and tracks S and simulates the SANI

process.



1.2 Problem Statement

Water scarcity is a critical problem in Cape Town and other coastal regions of South
Africa.?* Cape Town’s "Day Zero" crisis in 2018 starkly demonstrated the severe impact
of water shortages and highlighted the limitations of the city’s existing water management
systems.>° The escalating water scarcity in South Africa is further exacerbated by pollution,
overexploitation of resources, and the degradation of river catchments.>® Factors such as
rapid urbanization, industrial activities, agriculture, energy demands, and unintentional
pollution place significant strain on the nation’s water systems.'®> According to the 2018
National Water and Sanitation Master Plan, the country faces a projected 17% water sup-
ply deficit by 2030 if sustainable solutions are not implemented.*! Coastal regions are
particularly affected, with many communities experiencing unreliable access to clean and
sustainable freshwater sources.

Traditional freshwater supply systems are increasingly inadequate to meet the demands
of rapidly growing urban populations, while energy-intensive alternatives such as desali-
nation pose financial and environmental challenges. Without urgent intervention, water
scarcity in South Africa will continue to intensify, jeopardizing the sustainability of urban
water systems, the health of communities, and economic stability. This growing crisis un-
derscores the need for innovative and sustainable water management strategies tailored
to the unique challenges of South Africa’s coastal regions.

The success of Hong Kong’s SWTF system demonstrates its effectiveness in conserving
freshwater. *® This model could be replicated in South Africa’s coastal regions, where fresh-
water is particularly scarce, especially during periods of drought. Implementing SWTF in
cities like Cape Town, Durban, and Port Elizabeth could lead to significant freshwater sav-

ings while minimizing the environmental impact of water extraction from natural sources.



1.3 Aims and Objectives

The objective of this study is to refine the Plant Wide Model of South Africa (PWM _SA),
which incorporates S-related processes, using empirical data from a SANI saline sewage
treatment system, such as that used in the Hong Kong SANI pilot plant.®!' Key bio-processes,
along with their necessary parameters, components, and kinetic rates, will be integrated
into the existing PWM_SA model and implemented within the WEST (Mike powered by
DHI) software for simulations.

The project objectives are as follows:

1. Extend the PWM_SA model to include SANI processes: This objective focuses on
incorporating all relevant bioprocesses of the SANI system into the PWM_SA model in
the WEST Software, encompassing key processes like sulfate reduction, autotrophic

denitrification, and nitrification.

2. Application of elemental mass and charge balances to evaluate the model for
internal consistency: This step involves performing a mass balance check on core
elements, including Carbon, Hydrogen, Oxygen, Nitrogen, Phosphorus, and Sul-
fur (CHONPS), alongside Chemical Oxygen Demand (COD) and ionic charges. The
verification process ensures that each bioprocess and reactor within the model main-

tains an elemental balance and consistency across the system. 3°

3. Run simulations and verify the model consistency: This involves evaluating the
capability of the extended PWM_SA model in predicting the SANI system’s perfor-
mance by comparing its predictive outputs to previous results measured from a pilot

scale SANI system.

1.4 Scope & Limitations

The primary aim of this project is to construct a mathematical model using the WEST

wastewater treatment modelling software for the SANI system. This model builds upon

4



the existing PWM_SA model by incorporating essential elements such as BSR, autotrophic
denitrification within the anoxic reactor, and nitrification and sulfide oxidation in the aero-
bic reactor. These additions are intended to enhance the model’s functionality and improve
its accuracy in simulating the bioprocesses unique to the SANI system.

The scope of this model is defined by its focus on steady-state conditions, wherein the
system’s behaviour and parameters reach stable equilibrium. This approach assumes that
environmental conditions and operational variables remain constant over time, allowing
for an in-depth assessment of the system’s long-term performance under idealized stable
conditions. Such steady-state models are particularly valuable for understanding typical
system behaviour, guiding system design, and optimizing operational parameters under
stable and predictable conditions.

However, the steady-state focus presents notable limitations. This model does not ac-
count for transient responses or dynamic fluctuations that occur in real wastewater treat-
ment operations, such as variations in influent quality, flow rates, and environmental fac-
tors. Although steady-state models provide foundational insights, they lack the flexibility
to represent the system’s responsiveness to sudden changes or daily operational variabil-
ity. Consequently, while this project aims to establish a reliable baseline model, it does
not fully capture the complex dynamics of a live treatment plant environment. Further-
more, this study is a desk-based research project focused on developing a model of the
SANI processes using the WEST platform. The experimental data for model verification is
sourced from literature studies on the Hong Kong SANI system.*® This data is reconciled
and preprocessed using Microsoft Excel before being applied to verify the model developed
in WEST.

The findings from this project serve as a groundwork for the future development of
dynamic models, which would allow for a more comprehensive understanding by simu-
lating the system’s responses to fluctuating conditions. Developing such dynamic models

is essential for applications where real-time variability plays a critical role in performance



assessment and control. Therefore, this project is constrained to steady-state simulations,
aligning to establish a consistent and stable representation of the SANI system, but it em-
phasizes the need for future work to extend beyond steady-state assumptions for a more

holistic analysis of wastewater treatment processes.

1.5 Dissertation Outline & Mind Map

This study begins with an introductory section that is divided into key segments: back-
ground, problem statement, aims and objectives, scope and limitations, and a study out-
line. The background provides the theoretical foundation for the study, establishing the
context and purpose of the research. The problem statement then outlines the rationale for
extending the PWM_SA model using empirical data from the SANI saline sewage treatment
system at the Hong Kong SANI pilot plant. This is followed by a detailed outline of the
project’s aims and objectives, which guide the research focus. The scope and limitations
section clarifies the project’s boundaries, and the study outline summarizes the structure
of the work.

The literature review follows the introductory chapter, providing a theoretical frame-
work for the research. This review is organized into several chapters covering the SANI
model’s processes, its biological components, and development timeline, as well as high-
lighting existing gaps and potential areas for future enhancement. Additionally, the litera-
ture review explores the PWM_SA, setting a comparative basis for the study.

The methodology section then details the approach taken in this research, including
the use of WEST software, the verification processes, and the confidence measures applied.
This section provides a comprehensive account of the research design and methodological
choices, ensuring clarity on how the study was conducted.

Following the methodology, the results and discussion section presents and interprets
the study’s findings. This section includes data analysis, discussion of results, and insights

drawn from the findings, addressing the project’s objectives and the implications of the



results. The dissertation concludes with a final section on conclusions and future recom-
mendations, where the achievements of the research are evaluated, outcomes summarized,
and potential directions for further investigation outlined. A visual representation of the

dissertation outline is depicted in Figure 1.1.
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Chapter 2: Literature Review

This section explores the critical advancements in wastewater treatment technologies,
focusing on the innovative SANI system. The review begins with an overview of con-
ventional wastewater treatment processes, including preliminary, primary, and secondary
treatments, to provide a foundational understanding of the challenges in managing saline
wastewater. It then delves into the SANI model, highlighting its unique biochemical pro-
cesses and environmental benefits, such as reduced sludge production and energy effi-
ciency.

The review further examines existing studies on the SANI system, including lab-scale
demonstrations, pilot trials, and modelling approaches, to evaluate its performance under
varying conditions. Additionally, the PWM _SA is discussed as a basis for extending and
adapting to the SANI system to address water management challenges in South Africa.
Finally, the review identifies research gaps and prospective areas for enhancing the im-
plementation and modelling of such systems, paving the way for sustainable and resilient

wastewater treatment solutions.

2.1 Overview of a Waste Water Treatment Plant ( WWTP)

In a time characterized by fast urban growth and industrial expansion, handling wastewa-
ter has become a significant environmental concern.”! The release of untreated or poorly
treated wastewater into natural water sources poses serious risks to ecosystems and public
well-being, underscoring the growing importance of wastewater treatment facilities.

This section delves into a brief exploration of a Waste Water Treatment Plant (WWTP).
It offers a simple analysis of the various components, processes, and technologies em-
ployed in these facilities to effectively treat and purify wastewater before its discharge into

receiving waters.



2.1.1 Preliminary and Primary Treatment

Preliminary treatment in a WWTP involves the initial steps to remove large debris and
solids from the incoming wastewater.”? This process typically includes screening, grit re-
moval, and odour control.!* Preliminary treatment helps protect downstream equipment
and processes and ensures a smoother treatment of wastewater.

The screening process uses screens to sift through incoming wastewater, removing large
solid items such as branches, plastics, and debris to prevent their entry into the treatment
system.’? Furthermore, comminutors, which are equipped with cutting mechanisms, are
employed to disintegrate solids and incorporate them back into the wastewater flow. Fol-
lowing this step, the grit removal process utilizes grit chambers, facilitating the settling of
heavier particulate matter that doesn’t easily decompose or break down, while enabling
the lighter organic solids to proceed to the next treatment unit.®” This procedure mini-
mizes pipe blockages and safeguards moving mechanical equipment from abrasion, wear,
and downstream buildup. The subsequent stage addresses odour control through a com-
bination of methods, including vapour-phase, liquid-phase, and operational techniques.”?
These approaches encompass activated carbon adsorption, the introduction of chemicals
(such as chlorine), and operational enhancements, such as improved housekeeping prac-
tices. 28

Primary treatment involves sedimentation and flotation.®? The influent from screens
and/or grit removal systems flows into a primary clarifier also known as a primary set-
tling tank that is employed to remove solids (sludge) from the influent by sedimentation,
remove scum from the influent by flotation and thicken solids for removal and further

treatment. %4

2.1.2 Secondary Treatment

The primary function of secondary wastewater treatment is to further purify and clean

the wastewater that has undergone primary treatment.’? This phase primarily relies on
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biological processes and additional physical processes to remove dissolved and suspended
organic matter, nutrients (like N and P), and remaining contaminants from the wastewater.
Common secondary treatment methods include AS systems and trickling filters, which
use microorganisms to break down pollutants.®® The ultimate goal is to produce treated
effluent that is significantly cleaner and less harmful to the environment, reducing the
potential for pollution when discharged into natural water bodies.

In the AS process, wastewater is mixed with a culture of microorganisms in aeration
tanks. These microorganisms, including bacteria and protozoa, form what is known as
activated sludge.%? Aeration is provided to ensure a continuous supply of O, promoting
the growth and activity of these microorganisms. They metabolize and consume organic
matter, transforming it into microbial biomass and harmless byproducts like CO, and water
(H,0). Afterwards, the activated sludge is separated from the treated water by settling in
clarifiers. Some of the activated sludge is returned to the aeration tank to maintain a
healthy microbial population and this is known as Return Activated Sludge (RAS), while
the excess can be wasted or processed further and this is known as Waste Activated Sludge
(WAS).

The AS process is composed of essential components that facilitate biological wastew-
ater treatment. Within this process, biological reactors serve as the primary tanks where
aerobic, anaerobic, or anoxic conditions are carefully controlled to cultivate a healthy
mixed liquor.%” This mixed liquor is pivotal in the biological treatment processes, target-
ing the removal of organic matter and potentially (NH;*), N, and P, depending on permit
requirements. To support these biological reactions, a blower and diffuser system are inte-
gral, providing the necessary O for microorganisms to carry out their work efficiently. This
system also promotes mixing, ensuring continuous contact between microorganisms and
their food source, while keeping flocculated microorganisms in suspension, and aeration
can be achieved through either mechanical means or diffused air. Additionally, secondary

clarifiers are employed to separate and remove settleable solids from the wastewater, en-
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suring clarified effluent.

In trickling filters, wastewater is distributed over a bed of porous media (like rocks or
plastic material) where a biofilm of microorganisms develops.! As the wastewater trickles
through this biofilm, microorganisms adhere to the media and consume the organic matter.
Oxygen diffuses through the biofilm, supporting the microbial metabolism. Over time, this
process reduces the organic content of the wastewater. Periodically, the biofilm may need
to be scraped or otherwise managed to prevent it from becoming too thick, which could

impede its effectiveness. !

2.1.3 Post-Secondary Treatment Processes

The secondary treatment plays a critical role in reducing the concentration of pollutants.®
However, to achieve stringent water quality standards and meet specific treatment goals,
further treatment steps are often required. This section explores the post-secondary treat-
ment processes employed in wastewater treatment, addressing their significance, imple-
mentation, and safeguarding environmental and public health.”

Tertiary treatment emerges as an advanced echelon of purification that transcends sec-
ondary treatment. Its primary focus lies in the removal of precise contaminants, mostly
heavy metals, and chemical contaminants - with most of the N and (P) removed in sec-
ondary treatment.” Moreover, tertiary treatment often encompasses the deployment of
advanced filtration methods and supplementary disinfection procedures to ensure that the
treated water aligns seamlessly with the most exacting water quality regulations.® These
tactical interventions are judiciously tailored to improve contaminant removal or enhance
settling properties within the wastewater, aligning treatment strategies with the distinctive
composition of the effluent.

While disinfection is a salient component of secondary treatment, the tertiary stage
may warrant supplementary disinfection measures to ensure the treated water is devoid of

harmful microorganisms. Techniques such as chlorination, Ultraviolet (UV) radiation, and
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ozonation are strategically applied to guarantee the microbiological safety of the effluent.”

In scenarios where wastewater is earmarked for non-potable reuse, encompassing ap-
plications like irrigation, industrial processes, or groundwater recharge, advanced treat-
ment processes come to the fore.3? These sophisticated methodologies span reverse osmo-
sis, UV disinfection, activated carbon adsorption, and a gamut of specialized techniques.”’
These endeavours are undertaken with precision to meet the stringent quality standards
mandated by intended reuse applications. The culminating phase in the wastewater treat-
ment odyssey entails the responsible distribution of the treated water. This may involve
compliant discharge into a receiving water body, meticulously adhering to stringent envi-
ronmental regulations. Conversely, it may involve the orchestrated allocation of treated
water for specific reuse applications, a decision contingent upon local policies and the

specific objectives of the treatment facility.

2.2 The Sulfate Reduction, Autotrophic Denitrification and Ni-

trification Integrated (SANI) Model

Saline sewage produced through seawater flushing is a distinctive type of wastewater char-
acterized by its high salt content.** Saline sewage originates from the utilization of seawa-
ter for flushing toilets, a practice employed in some coastal regions, such as Hong Kong, to
conserve freshwater resources.”® It contains a significantly elevated concentration of dis-
solved salts which gives it its characteristic salinity. Additionally, this type of sewage often
exhibits a unique ratio of COD to S, with a typical value of 2.4 mg COD/mg S.”® The pres-
ence of such high salinity levels in this sewage necessitates specialized treatment processes
before it can be safely discharged or reused, as its high salt content can be detrimental to
the environment and conventional wastewater treatment systems.

The SANI configuration can be particularly effective in treating saline sewage, espe-
cially because it contains high S content.* It is designed to efficiently remove multiple

contaminants from wastewater in a single integrated system. The SANI model combines
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three key biological processes: sulfate reduction, autotrophic denitrification, and nitrifica-

tion, all working together to treat wastewater effectively as illustrated in Figure 2.2.7%

)
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Figure 2.1 A simplified illustration of the SANI process.’®

This configuration is well-suited for such scenarios because it leverages microbial pro-
cesses that specialize in handling high salinity and elevated S levels. The SRB within the
SANI system plays a crucial role by converting SO42~ into H,S, which not only reduces the
SO42~ concentration but also facilitates the removal of other contaminants. Furthermore,
the integrated design of the SANI incorporates autotrophic denitrification and nitrifica-
tion processes, enabling the efficient removal of N compounds, which are often found in
sewage. Therefore, the SANI model offers a comprehensive and environmentally sustain-
able solution for the treatment of saline sewage, effectively addressing both the salinity
and S challenges inherent in this type of wastewater.*® Detailed descriptions of the pro-
cesses involved in the SANI system are provided in the chapters below and more explicitly
in Section 2.3.

The SANI model integrates these three processes into a single treatment system, creat-
ing a synergistic effect that enhances the removal of various contaminants, including S, N

compounds, and other organic matter. This integrated approach offers several advantages,
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such as reduced energy consumption, improved treatment efficiency, and a smaller physi-
cal footprint compared to traditional wastewater treatment methods.”® Overall, the SANI
configuration represents an innovative and sustainable solution for wastewater treatment,
addressing multiple water quality challenges simultaneously while minimizing environ-
mental impacts.”” It has the potential to play a significant role in advancing the field of
wastewater treatment and promoting environmentally responsible practices.*

Saline sewage generated through seawater flushing is a unique type of wastewater with
high salt content.** This type of sewage is produced by using seawater for toilet flushing,
a method applied in some coastal areas, such as Hong Kong, to conserve freshwater re-
sources.>® Saline sewage is characterized by its elevated concentration of dissolved salts,
giving it a distinct salinity profile. Additionally, it typically exhibits a specific COD to S
ratio, commonly around 2.4 mg COD/mg S.”® Due to its high salt concentration, saline
sewage requires specialized treatment processes before safe discharge or reuse, as conven-
tional wastewater treatment systems are often not equipped to handle such high salinity
levels, which can be harmful to the environment.

The SANI configuration is especially effective for treating saline sewage, particularly
due to its ability to process the high S content typically found in this wastewater.*> The
SANI system integrates three biological processes—sulfate reduction, autotrophic denitri-
fication, and nitrification—into a single treatment framework, as shown in Figure 2.2.7%

This configuration is particularly well-suited for treating saline sewage, as it uses mi-
crobial processes optimized for environments with high salinity and S levels. Within the
SANI system, SRB convert SO,%~ into H,S, reducing the SO4%~ concentration and facil-
itating the removal of other contaminants. The inclusion of autotrophic denitrification
and nitrification in the SANI system further enables the efficient removal of N compounds,
which are often present in sewage. Consequently, the SANI model provides a compre-
hensive and sustainable solution for saline sewage treatment, effectively addressing both

salinity and S content issues.“®. This integrated approach offers several advantages, such

15



UP-FLOW ANAEROBIC ANOXIC FILTER AEROBIC FILTER
SLUDGE BED
(uAsB) Process: Process:
AUTOTROPHIC NITRIFICATION
Process: DENITRIFICATION
SULFATE REDUCTION
—

N

Figure 2.2 A simplified illustration of the SANI process.’®

as reduced energy consumption, improved treatment efficiency, and a smaller physical
footprint than conventional wastewater treatment methods.”® Overall, the SANI config-
uration presents an innovative and environmentally sustainable solution for wastewater
treatment, addressing diverse water quality challenges while minimizing environmental
impact.”® This model has significant potential to advance wastewater treatment practices
and promote environmentally responsible approaches in the field.*® Detailed descriptions

of these processes are provided in the following chapters, particularly in section 2.3

2.2.1 Sulfate-Reducing Upflow Sludge Bed (SRUSB)

The SRUSB is an anaerobic wastewater treatment component in the SANI configuration
in which microorganisms break down organic matter, it operates by directing wastewater
upward.®! As wastewater flows against gravity, solid particles settle to form a sludge bed
at the bottom of the reactor. Anaerobic bacteria attached to this sludge bed digest organic
compounds in the wastewater. This reactor offers efficient organic pollutant removal,
reduced energy consumption compared to aerobic systems, and the valuable byproduct of

biogas generation.?®
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Within the SRUSB’s anaerobic environment, SRB play a crucial role in sulfate reduc-
tion.® These specialized microorganisms utilize the SO4*~ present in the influent wastew-
ater as an electron acceptor in the absence of O.%° As organic matter flows upward through
the reactor, SRB enzymatically reduce SO,*~ ions, breaking them down into sulfide ions
(S>7). This conversion of SO4*~ to S*~ not only aids in SO4*~ removal from the wastewater
but also leads to the precipitation of other compounds in the wastewater. The generated
S%~ interacts with metal ions and forms insoluble metal sulfides, effectively reducing the
concentrations of both SO4*~ and certain metals in the treated wastewater.”* Thus, sulfate
reduction in the SRUSB reactor contributes to the removal of SO,?~ contaminants while
also facilitating the anaerobic digestion of organic matter, making it a valuable component
of the wastewater treatment process. The sulfide-rich effluent from the SRUSB can be

beneficially utilized in the subsequent anoxic reactor of a wastewater treatment system. >®

2.2.2 Anoxic Reactor

An anoxic reactor is a specialized component within wastewater treatment systems, inten-
tionally designed to foster an environment devoid of molecular O, a condition known as
anoxic.** This deliberate absence of O is crucial for enabling the efficient removal of N
compounds, specifically NO;~ and NO,~.2° In contrast to aerobic conditions characterized
by abundant O presence, an anoxic reactor sustains conditions where O is intentionally
minimized or absent altogether.

Anoxic reactors host a diverse community of microorganisms, including denitrifying
bacteria. These bacteria are responsible for the denitrification process, which involves the
conversion of NO;~ and NO, ™~ ions into harmless N, or, in some cases, nitrous oxide (N,O)
gas.*? To fuel this reduction process, S~ from the SRUSB influent acts as a natural electron
donor, particularly in environments with low organic carbon content. As denitrification
progresses, (Ny) is released into the atmosphere, effectively eliminating N compounds from

the wastewater. Anoxic reactors contribute significantly to enhancing the quality of treated
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wastewater by reducing the concentration of N compounds, making them indispensable in
wastewater treatment facilities aiming to meet environmental regulations and safeguard

aquatic ecosystems from N-related pollution.

2.2.3 Aerobic Reactor

The purpose of the aerobic reactor is to promote the biological conversion of NH;* and
NO,~ and then into NO3;~ through aeration and the activity of specific bacteria, reducing
harmful N compounds in wastewater and improving effluent quality for discharge or fur-
ther treatment.? The process begins with ammonia-oxidizing bacteria that utilize O from
aeration to oxidize NH4" present in the wastewater. This oxidation reaction transforms
NH," into NO, ", releasing energy that sustains the bacteria’s growth and activity. The

chemical reaction is shown below: 44

NH4* (Ammonia) + 1.5 O, (Oxygen) — NO,~ (Nitrite) + HyO (Water) + H* (Hydrogen ions)
(2.1)

In the second step, nitrite-oxidizing bacteria further oxidize NO,~ to NO3~ within the
biofilm. This step is crucial because it removes the intermediate NO,~ compound, which
can be toxic to aquatic life, and converts it into NO5 ~, which is less harmful.*> The chemical

reaction of the second step is shown below:

NO,™ (Nitrite) + 0.5 Oy (Oxygen) — NO;~ (Nitrate) (2.2)

Aeration is a critical aspect of the nitrification aerobic reactor.® It ensures a continuous
supply of O to support the aerobic bacteria responsible for NH,* and NO,~ oxidation.
Adequate O levels are essential to maintain the metabolic activity of these bacteria and the
progression of nitrification reactions.

Maintaining the appropriate pH level within the reactor is essential for optimal nitri-

fication. Nitrification is most efficient within a specific pH range, typically around 7-8.%
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Operators may adjust pH levels as needed to create suitable conditions for nitrifying bac-
teria and continually monitor the nitrification process in the aerobic reactor. Parameters
such as NH;*, NO,~, and NO;~ concentrations are regularly measured, and adjustments to
aeration rates, pH, and other operating parameters may be made to optimize nitrification
performance. The treated effluent from the nitrification aerobic reactor is typically suit-
able for discharge into receiving waters or for further treatment, depending on regulatory

requirements. 8%-°7

2.3 Review Of The Existing SANI Models

In this chapter, we delve into an exploration of the various modelling approaches devel-
oped for the SANI system, conducting a comprehensive review and analysis of the lab-scale
demonstration, pilot-plant SANI model, steady-state simulation model, and the advance-
ments in the dynamic simulation model. The examination of the methodologies, results,
conclusions, and identified gaps within each of these modelling frameworks is aimed at
offering a comprehensive overview of the progress, challenges, and future directions in
the field of SANI system modelling.

The primary obstacles encountered during the SANI process encompass five key areas:
(1) the efficiency of sulfate reduction,”® (2) the effectiveness of autotrophic denitrification
using dissolved H,S*, (3) the process’s performance in terms of COD and Total Nitrogen
(TN) removal, as well as the production of excess sludge,*® (4) the impact of recirculation
flow on autotrophic denitrification, and (5) the accumulation of S within the system.2> An
exhaustive investigation was undertaken to address these challenges, which was structured
into three distinct phases: (1) a laboratory-scale demonstration of the process utilizing
synthetic saline wastewater’8, (2) the development of a steady-state model for process
evaluation*®®, and (3) a pilot trial of the process involving genuine saline sewage.*® Figure

2.3 illustrates the timeline of when these studies were completed.

19



2016

20Mm 2012 LARGE-SCALE
2009 - The lab- and pilot-
PILOT-SCALE STEADY-STATE scale was scaled up to
: a 800-1000 m3/d full-
STEADY-STATE A pilot-scale SANI Steady state model- scale demonstration
plant treating saline based evaluation of the plant.
Steady state model- sewage at 10 m3/day pilot-scale trial of the
based evaluation of was scaled-up from SAN| process.
the lab-scale the lab-scale system
demonstration of the treating synthetic
SANI process. saline sewage and was

ran for 225 days.

2009
LAB-SCALE

Lab-scale SANI
system ran for 500
days with synthetic
saline wastewater.

78,46,45,79

Figure 2.3 A timeline of the studies performed on the SANI system.

2.3.1 Lab-Scale Demonstration of the SANI Model

A study was conducted in 2009 to evaluate a lab-scale SANI system, utilizing synthetic
saline wastewater (a stock solution that was prepared to simulate the characteristics of
Hong Kong’s sewage in terms of salinity and sulfate concentration) under varying oper-
ational conditions.”® The investigation spanned over 500 days and focused on assessing
performance metrics, such as COD and N removal efficiency, while also examining the
impact of Hydraulic Retention Time (HRT), NO3~ concentrations, dissolved O levels, and
recirculation ratios.

The rationale behind performing this study was to resolve the sludge problem (reduc-

tion in the volume of sewage sludge production) in Hong Kong by combining sulfate reduc-
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tion and denitrification based on H,S which should lead to low net sludge production with
low costs since the growth yield of autotrophic denitrifiers is low.”® This novel Biological
Nutrient Removal (BNR) method offers a notable reduction in surplus sludge generation
due to the inherently low growth yields of the three primary microbial groups involved:
SRB, autotrophic denitrifiers, and nitrifiers. In this particular approach, the majority of
COD is converted into CO, during the sulfate reduction process mediated by SRB. When
considering the comprehensive system design, the estimations suggested that the overall
cost savings could exceed 50% for a sewage treatment facility with a daily capacity of
10,000 cubic meters.”® Figure 2.4 shows an illustrative representation of the experimental
setup for the SANI system. The setup comprised of three main components, an anaerobic
section designed for the removal of COD via SRB; a subsequent anoxic compartment ded-
icated to the autotrophic denitrification of NO3~, employing the dissolved H,S generated
during sulfate reduction; and an aerobic area responsible for the nitrification of (NH,;*)

and the recirculation of NO;~ back to the anoxic region to facilitate denitrification. The
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Figure 2.4 An illustration of the experimental setup of the lab-scale SANI system.”®

complete SANI system received a continuous supply of synthetic saline wastewater and
mixing within all three reactors was achieved through dedicated internal recirculation sys-

tems (as illustrated in Figure 2.4). To ensure a consistent source of dissolved H,S for the
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anoxic filter, the SRUSB was initially operated with a fixed HRT of 6 hours during the SANI
system’s startup phase. The comprehensive evaluation of the SANI system’s performance,
encompassing organic and N removal as well as the production of surplus sludge, was
conducted under varying recirculation ratios between the anoxic and aerobic filters, with
the aim of enhancing the overall N removal efficiency of the system. Table 2.1 shows the

performance of the lab-scale demonstration SANI model under various recirculation ratios.

Table 2.1 Performance of the Lab-Scale Demonstration SANI model (Q is the influent flow rate of the

system).’8

Parameters I II I v

Anoxic filter / Aerobic filter recirculation rate 1Q 2Q 3Q 4Q
Influent COD of anoxic filter (mg/L) 31.8+15 155+0.8 259+13 21.4+1.0
Effluent COD of the system (mg/L) 14.1+£0.7 8.1+x0.4 14.7+£0.6 11.7+£0.6
TN influent of SRUSB (mg N/L) 30+1.5 30+1.3 30+1.5 29+ 1.5
TN effluent of aerobic filter (mg N/L) 16 £ 0.8 10 £ 0.5 8+0.4 19 £ 0.9
Nitrate Removal in anoxic filter (%o) 99 +4.1 99 +4.5 97 +4.6 8+0.4
Nitrification Efficiency in aerobic filter (%) 98 +4.1 99 +4.5 93+4.5 17 + 0.8
TN removal efficiency (%) 49+ 2.4 65 + 3.2 74 + 3.7 35+1.7
COD Removal Efficiency (%) 94.4+47 96.9+48 94.3+4.7 942+47

Based on the conclusions made from this study’®, the lab-scale SANI process has proven
to be a promising solution for efficiently removing COD and N from saline wastewater
while keeping sludge production to a minimum. The extensive 500-day experimental in-
vestigation revealed impressive results, including high removal rates for COD (95%) and
N (99% NOs;~, 74% TN) without the need for sludge withdrawal. With average Total
Suspended Solids (TSS) concentrations in the effluent as low as 1.1 mg/L, the system
demonstrated its effectiveness.

Furthermore, it was established that the COD-to-sulfate ratio in saline wastewater had
no detrimental effect on H,S production for autotrophic denitrification. More than 80% of
the COD was effectively removed through sulfate reduction.

To optimize the system, it was determined that a minimum S/N ratio of 1.6 in the
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anoxic filter influent is required for achieving more than 90% NO3;~ removal through
autotrophic denitrification, which plays a vital role in total N removal within the SANI
process.

Additionally, S balance analyses confirmed that the system effectively managed S accu-
mulation and minimized losses of H,S. These findings collectively emphasize the robust-
ness and potential of the lab-scale SANI process for the treatment of saline wastewater,

offering significant implications for sustainable and efficient wastewater management.

2.3.2 The Steady State Model Based on the Lab-scale Demonstration

To elucidate and validate the findings of the lab-scale demonstration of the SANI system,
a steady-state model was developed, integrating COD, N, and S mass and charge balances
based on stoichiometric considerations of the sulfate reduction, autotrophic denitrification,
and autotrophic nitrification processes.**

The steady-state model was formulated to represent BSR, employing primary sewage
sludge as the primary substrate. In order to explore the sludge generation within the SANI
system from a stoichiometric perspective, their approach was employed to model the three
biological reactions inherent to the SANI process, which encompass BSR, autotrophic deni-
trification, and nitrification. The model’s predictions closely aligned with observed data on
COD, nitrate, sulfate removal, H,S production, effluent TSS, and mass balances of COD,
S, and N across the three reactors. Furthermore, the model offers insights into why the
withdrawal of sludge from the SANI system is unnecessary, as evidenced by comparisons
of predicted and measured effluent TSS and P concentrations. **

In BSR, the SRB organisms that rely on external carbon sources, utilize influent COD
for biomass growth while concurrently converting sulfate into dissolved H,S. The organic
content in the influent becomes carbon-deficient when the COD to Total Organic Carbon
(TOC) ratio exceeds 2.6778. The experimental synthetic saline wastewater used in this

study exhibited a COD-to-TOC ratio ranging between 2.5 and 3, indicating a deficiency
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in carbon within the organic compounds entering the SANI system. Consequently, these
organics provided more electrons for sulfate reduction than the necessary supply of HCO;3~
for alkalinity increase. In such cases, the H,S/HS™ system compensates for the deficit in

alkalinity.

The stoichiometry of sulfate reduction in the SRUSB

Under carbon-deficient conditions, the typical chemical process of sulfate reduction utiliz-
ing a biodegradable organic compound of C,H,O,N, to generate biomass with composition

CH;0,,N,, incorporating phosphorous yields, has been detailed in the equation below**:

: E
C,H,0.N,P, + [(1 - E)%] SO + [32 — 2 + 4b— 22 % (3k — m + 1 + 4p)

B
Vs Vs Vs
41— B)E)H,0 — [t —a+b+ EL(n—k+p) — (1 — B)Z]H,S+
8 YB 8
2.3)
{2(1 B B~k —p)— (x—a—b)|HS” + [E22]C,H,0.N, Pyt
8 1B VB

[a — nEZ2INH,* + [z — kEZ2JHCO5™ + b — pE S |H,PO,~
VB VB B

The ~s and ~p represent the electrons accessible for redox reactions within each mole
of the biodegradable organic compound, C,H,O,N,P,, and per mole of the SRB biomass,

CcH,0,,N,,P,, respectively®8:

vs=4x+y—2z—3a+5b (e eq/mol)
(2.4)

v =4k +1—2m —3n+5p (e eq/mol)

The E represents the amount of COD leaving the SRUSB reactor daily, considering both
active and endogenous sludge mass, as a fraction of the biodegradable organics utilized
within the reactor daily, maintaining a stable condition. This definition of E is derived from

the COD-based anaerobic digestion kinetic model, E is given by**:

YsrB
2.5
1+ bsrpRs(1 — Ysrap)] (2.5)
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In the equation, R, represents the sludge age within the SRUSB reactor in days. Ysgrp
signifies the yield coefficient denoting the amount of anaerobic biomass produced per unit
of degraded COD (mg of COD biomass per mg of degraded COD). Meanwhile, bsrp stands
for the rate of endogenous respiration of the anaerobic biomass in units of reciprocal days.

Equation 2.5 assumes negligible production of endogenous residue due to extremely
low values for both the endogenous respiration rate bsrp and the unbiodegradable fraction
fsrp for SRB, specifically, bsrp being 0.04/day and fsrp being 0.08 in the completed study.

The concentration of COD per mole and the molar weight M, of the influent organic

substrate, C,H, O,N,P;, are provided as part of the context:

COD =8y + 2(2x — z) — 3a+ 5b] (9.COD/mol) (2.6)

M, =12z +y+ 162 4+ 14a + 31b  (g.drymass/mol) (2.7)

Mixed weak acid/base chemistry

The SRUSB’s pH is forecasted by employing mixed weak acid/base chemistry, incorporat-
ing the complete array of biological sulfate reduction byproducts obtained from the earlier
stoichiometric computations. Due to the influent’s carbon deficiency, it inadequately pro-
vides HCO3 necessary for the alkalinity rise through sulfate reduction. Consequently, the
sulfide system compensates for the deficit in alkalinity through the production of (HS™).
This mechanism, governed by the H,S/HS™ system with a pKg value around 7, ultimately

determines the pH in the following manner:

H,S — H + HS™ 2.8)
_ [HST[HT]

Ks =g (2.9)
4 [Ks][HS]

= e (2.10)
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pH = —log (%) = pKg — log ([[;Igs]]) (2.11)

K stands for the equilibrium constant of the H,S/HS™ system, and its logarithm, pKg,

equals 7.05.

The stoichiometry of autotrophic denitrification in the anoxic filter

In the laboratory-scale SANI system, the effluents from the SRUSB reactor and the anoxic
filter were blended via recirculation between the nitrifying filter and the anoxic filter. This
combination contains adequate S~ and NOs~ for autotrophic denitrification within the
anoxic filter. Despite only 13% of the influent COD reaching the anoxic filter from the
SRUSB, the findings indicated that autotrophic denitrification predominantly facilitates
NO;~ removal in this process. Consequently, H,S serves as the electron donor for denitri-

fication, shaping the stoichiometry of autotrophic denitrification in the process as shown

below:
kE E E 2 2 1
““HCO,~ + —NH,* 4+ 22H,PO,~ + —(1-E)NOy ™ + — (1-E)NO3~ + ~H,S+
VB B VB 10 10 8
[4 6(1E) E(3k +)]HO—>ECHONP+1SO2—+1<1E)N+ (2.12)
o T \iT - - NV z+Va S T\t .
310 b 4 P)jH2 . Y b gPV4 10 2
2 2 E
———(1-E)——(k-n*p)|H*
[8 1O( ) 7B( np)]

The quantity of available electrons 5 for redox reactions per mole in autotrophic deni-
trifying biomass, C,H,0,.N,P,, is represented by e. It signifies the mass of COD leaving
the anoxic filter as autotrophic denitrification biomass and intrinsic sludge daily, relative
to the mass of NO3~ reduced in the anoxic filter each day at a constant rate. This is
mathematically expressed as:

YD

Where R, denotes the sludge age in the anoxic filter (in days), Yap represents the yield co-

efficient of autotrophic denitrifying microorganisms (measured in mg COD biomass/mgNO3; —N
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reduced), and b,p signifies the endogenous respiration rate of autotrophic denitrifying mi-

croorganisms (in 1/day).
The stoichiometry of nitrification in the aerobic filter
The stoichiometry of the nitrification process within the aerobic filter is characterized as:

14nE 1 E o Sp | 14pE
n COQ+NH4++14{———(@——”——p——)]Oﬁ 8p

H,PO,~ —
875 7 8y \2 4 4 4 vy ot

1 E (3p | n 1 14nE 1 nE
—+—|=—-=+=||H 14 —=- NO3" + 14|z ——(P H*
e b L G Ry AR U U]

(2.14)

Whereby ~p5 represents the number of electrons per mole present in autotrophic nitrifier
biomass denoted as C, H,0, N, P,. Meanwhile, stands for the daily amount of COD leaving
the aerobic filter, encompassing autotrophic nitrification biomass and endogenous sludge.
This quantity is a fraction of the daily (NH,") oxidized, maintaining equilibrium. Specifi-

cally, E” is derived from the -based kinetic equation:

YN
B= b (2.15)

where Ry signifies the sludge age within the aerobic filter (measured in days). Y,y repre-
sents the yield coefficient of autotrophic nitrification biomass, measured in milligrams of
COD produced per milligram of N consumed, while b, denotes the endogenous respira-
tion rate of autotrophic nitrification biomass (expressed in units of inverse days).

The model’s projections aligned closely with actual measurements across various pa-
rameters like COD, NO3~, SO4*~ removal, S*~ production, effluent TSS, and the overall
balances of COD, S, and N across the three reactors. By comparing predictions to actual ef-
fluent TSS and P concentrations, the model clarified why sludge extraction from the SANI

system is unnecessary. The steady-state model’s TSS forecast was based on the assumption
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that the biomass in each reactor’s effluent equates to the new biomass generated within
that specific reactor. The minimal variance between measured and predicted effluent TSS,
validated this assumption, albeit the slightly elevated TSS measurements stemmed from
the model’s oversight of inorganic matter in the effluent. Yet, the overall growth of biomass
within the SANI system gets nearly balanced out in the effluent, obviating the need for
sludge withdrawal for a period of 500 days.

The effluent maintains very low suspended solids due to the process’s low net yield,
preventing sludge accumulation. This was corroborated by TP balance assessments across
the reactors, where TP content measurements aligned at 99%. The influent’s P content
adequately supports biomass growth at an average COD of 245 mg/L, resulting in minimal
P intake for biomass growth per day during steady-state conditions. Essentially, the daily
new biomass production in each reactor nearly equals the cumulative biomass loss from
endogenous decay and effluent wash-out. Additionally, the model established in this study
accurately predicts the fraction of COD converted to sludge mass, further affirming the
minimal sludge production in the SANI system. A pilot-scale SANI plant treating saline
sewage at 10 m3/day was scaled up from the lab-scale system treating synthetic saline

sewage to further investigate the results obtained from the developed model.

2.3.3 A Pilot Trial of the SANI Model

The laboratory-scale experiment described in section 2.3.1 verified the absence of exces-
sive sludge generation when treating artificial saline sewage.* This trial indicated no
buildup of sludge, S, or P78. Although real saline sewage contains a portion of non-
biodegradable substances, the behaviour and sludge formation of the SANI process when
supplied with genuine saline sewage were uncertain before this investigation. Addition-
ally, it was expected that no methane gas (CH4) would be produced from the SRUSB due
to the dominance of SRB over methanogens in saline sewage treatment.*® Consequently,

a pilot trial of the SANI using de-gritted saline sewage was executed in Hong Kong to as-
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sess its performance over a 225-day period.*® The trial focused on monitoring the SANTI’s
efficacy in removing COD, S, and N while analyzing sludge production and the presence
of methanogens to validate the assumptions.

The SANI pilot facility was established at the Tung Chung Sewage Pump Station (TC-

SPS) in Hong Kong (refer to Figure 2.5).

Figure 2.5 The SANI pilot facility was established at the Tung Chung Sewage Pump Station (TCSPS)
in Hong Kong.40

It primarily comprised the SRUSB, anoxic, and aerobic bioreactors and operated con-
sistently for about 225 days as illustrated below with a conceptual schematic diagram. The
facility received a continuous inflow of 10 m?/d of de-gritted saline sewage, sourced mainly
from the Hong Kong International Airport (HKIA) and the Tung Chung district. Through-
out the trial, 24-hour composite samples of the influent and effluent from all plant reactors

were collected.
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Figure 2.6 A conceptual schematic diagram of the SANI pilot plant that was established at the Tung
Chung Sewage Pump Station (TCSPS) in Hong Kong.*°

The SRUSB, anoxic, and aerobic bioreactors were seeded with anaerobic and activated
sludge, respectively, obtained from the Sha Tin sewage Treatment Works. This treatment
facility removes COD and TN from saline sewage through a nitrification/denitrification
process. The primary operational parameters of the plant are summarized in Table 2.2

below.

Table 2.2 The primary operational parameters of the SANI Pilot plant at the TCSPS in Hong Kong
(influent flow rate Q=10m?3/d).46

Reactor HRT(hr) SRT(d) Influent Flow Rate Recirculation Temperature(25°C)

SRUSB 16 90 Q - 25
Anoxic 5 110 3.5Q 2.5Q 25
Aerobic b5 42 3.5Q - 25

The SRUSB functioned as the primary reactor within the SANI plant. Through the pre-
liminary trial of the SANI process, utilizing 10m?/d of saline sewage, the system achieved

average removal efficiencies of 87% for COD, 87% for TSS, and 57% for TN.4® Notably, no
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intentional withdrawal of sludge occurred throughout the 225-day operation of the plant,
attributable to an exceptionally low observed sludge yield (0.02 kgVSS/kgCOD removed)
from the SRUSB reactor. The examination of Deoxyribonucleic Acid (DNA) extraction
and Principal Component Analysis (PCA) amplification results confirmed the absence of
methanogens in the SRUSB.

Comparative analysis indicated that the SANI process leads to a remarkable reduction
in sludge production by 90%, along with a 35% decrease in energy consumption and a 36%
reduction in Greenhouse Gas (GHG) emissions when contrasted with the Conventional Bi-
ological Nutrient Removal (CBNR) process.“® A reliable steady-state model was formulated
using data from the pilot plant, effectively predicting the results of the pilot-scale trial. This
model provided valuable insights into the factors influencing various bioprocesses and elu-
cidated the underlying reasons for the minimal sludge production observed during the

pilot plant demonstration.*3
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Table 2.3 Characteristics of the influent and effluent for each reactor in the lab scale SANI system vs the

model.
Parameter SRUSB Anoxic filter Aerobic filter
Sludge age or sludge retention time Rs (days) 100 100 100
Sludge COD produced/COD utilized, E 0.02 0.04 0.05
Influent flow rate, Q;, (L/day) 16.7 32.4 32.4
Influent total COD (mg COD/L) 245+ 5.4 26.3+2.4 125+ 1.5
Non-biodegradable particulate COD/influent total COD, fuy 0.004 0.4 0.4
Effluent total COD (mg COD/L) 38.2+2.2 10.2+1.5 7.1+1.1
Overall COD removed 147 £ 4.3 97.1 134 £ 6.6
Influent SO4 (mg S/L) 86 +4.5 123+ 7.2 134+ 6.6
Effluent SO4 (mg S/L) 134 + 6.6 134+ 6.6 138 +4.9
Influent HaS (mg S/L) - 13.88 £ 0.6 0.4+0.1
Effluent HoS (mg S/L) 44.2+1.9 0.4+0.1 0.03 £ 0.01
Overall S recovery (%) 94 - -
Influent alkalinity (mg/L as CaCO3) 101.4 £ 9.8 206.3 + 7.2 205.5 + 3.8
Effluent alkalinity (mg/L as CaCO3) 588.5 + 9.5 205.5+7.1 162.7 £ 3.5
Influent TN (mg/L) 36.1 1.1 16.6 £ 0.9 10.9 £ 0.5
Effluent TN (mg/L) 34.5+0.9 10.9 £ 0.5 9.7+ 0.6
Overall TN removal (%) 74 - -

2.3.4 The Steady State Model Based on the Pilot-Plant

This section provides an extensive examination of a research study designed to expand
upon the steady-state SANI system model introduced in section 2.3.2%*. The objective
was to conduct a comprehensive assessment of the SANI pilot plant, which operated with
10m3/d of authentic screened saline sewage over a period of 225 days in Hong Kong, as
detailed in the preceding chapter*®. The primary objectives of this investigation included
the calibration of the hydrolysis model, determination of the influent Unbiodegradable Par-
ticulate Organics (UPO) fraction through anaerobic hydrolysis batch testing utilizing real
saline sewage, and the measurement of volumetric and media surface-specific denitrifica-
tion and nitrification rates. Subsequently, the model predictions were compared against

experimental data obtained during the steady-state operation of the SANI pilot plant. By
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characterizing sewage organic matter and fine-tuning the model with relevant parameters,
it was successfully calibrated to a pilot plant for the SANI process. The resulting model
accurately predicted the outcomes of the pilot-scale trial, shedding light on the factors in-
fluencing different bioprocesses and the minimal sludge production observed in the SANI
process.

After fine-tuning the steady-state lab model to create the pilot-scale simulation model,
the simplified stoichiometries, with the main reactants and products, of the SANI pilot

system were represented as follows, Biological sulfate reduction in the SRUSB#043;

100gCOD + 150.2gS0,2 + 43.7gH,0 — 53.2gH,S + 1.9¢Sludge + 190.0gHCO;~ (2.16)

Autotrophic denitrification in the anoxic bioreactor®:

100gNO3~ + 5.9gHCO3™ 4 35.92gH,S — 22.58¢gN, + 101.42¢S0,%~ + 2.15gSludge (2.17)

Nitrification in the aerobic bioreactor®3:

100gNH, ™ + 7.33gHCO; + 346.67g05 — 5.22¢gSludge + 344.44gNO3~ + 11.11gH™ + 98¢gH,0

(2.18)

As per the above equations, the determined sludge yield coefficients for the SANI pilot
plant were remarkably low, specifically at 0.02 kg VSS/kg COD removed, 0.10 kg VSS, and
0.07 kg VSS for the SRUSB, anoxic, and aerobic bioreactors, respectively.*® This solidified
the confirmation of the SANI system’s exceptionally low sludge production when compared
to conventional activated sludge systems. These coefficients provided explicit insight into
the causes and conditions contributing to the minimized sludge generation observed in the
SANI pilot plant during real saline sewage treatment.

In general, the steady-state model predictions aligned well with the actual data from
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the three bioreactors as shown by the results listed in Table 2.4. In the case of the SRUSB,
both COD and sulfate removals slightly exceeded the measured data due to the assumption
of complete mixing in the reactor. However, it’s important to note that there is approxi-
mately 5% hydraulic short-circuiting flow (bypass flow) and 35% dead space in the SRUSB
of the SANI pilot plant.*® These factors were suggested to contribute to the observed lower

effluent COD compared to the measured data.*?

Table 2.4 Characteristics of the influent and effluent for each reactor in the SANI pilot plant.4°

Parameters SRUSB BAR1 BAR1 Effluent BAR2 Calculated
Influent Effluent Influent BAR2 Influent Effluent Concentration

VSS (mg/L) 186 + 55.3 52.1 + 22.3 235+ 7.1 12.5 + 4.3 9.0 £2.4 21.3

Unfiltered COD (mgCOD/L) 431 + 132.6 98.8 4+ 60.9 65.9 + 17.4 55.0 + 18.7 53.9 + 10.8 66.7

Filtered COD (mgCOD/L)b 157.9 + 86.2 39.7 £ 5.6 30.9 + 10.3 30.2 +11.6 30.7 +£ 9.2 33.3

SO42’ (mgS/L) 195.7 £+ 18.0 65.4 + 15.2 142.3 £ 25.7 169.4 £+ 34.3 172.3 + 34.4 141.7

HaS (mgS/L) 4.0 £ 4.7 124.1 £+ 14.4 31.3 £ 4.8 3.0+ 1.2 0 35.5

Unfiltered TKN (mgN/L) 87.5 + 8.5 85.3 + 8.6 39.2 + 4.4 35.7 + 5.6 23.4 + 5.5 41.1

Filtered TKN (mgN/L) 70.5 + 5.7 70.9 + 5.6 36.5 + 4.4 35.3 + 3.8 23.2 + 4.3 36.8

FSA (mgN/L) 44.8 +£ 6.6 45.4 + 6.0 16.9 + 4.5 16.4 + 2.7 3.4 +24 15.4

NO3~ (mgN/L) 0 0 13.5 + 1.8 22+ 24 16.8 + 3.2 12.0

Unfiltered TP (mgP/L) 7.8+1.2 7.6+1.0 5.940.7 5.7+0.5 5.6 + 0.6 6.2

Filtered TP (mgP/L) 5.8+0.8 5.7+£0.6 5.8£0.7 5.6+£0.8 5.6 + 0.6 5.6

OP (mgP/L) 5.3£0.7 5.2+0.8 5.3£0.7 5.3£0.5 5.3+0.5 5.3

Total Alkalinity (mgCaCOg/L) 2234+100.5 736.94+170.1 281.44+75.2 247.74+70.5 120.5 £+ 62.4 296.6

H2CO3 Alkalinity (mgCaCOg3/L) 219.04+104.3 576.7+174.0 252.84+75.1 245.7+71.6 120.5 + 62.4 250.8

HjyS Alkalinity (mgCaCOg/L) 4.6+1.0 160.2+11.2 28.61+4.6 2.0£0.2 0 45.8

The measured effluent H,S was lower than predicted, and this was attributed to two
main factors: a) the actual COD removal being lower than predicted, and b) a small
amount of H,S undergoing oxidation to elemental S.** Evidence of this oxidation was
found in the form of white elemental S on the internal wall of the effluent pipe of the
SRUSB. This analysis also elucidated the COD mass balance of 81% for the SRUSB. In the
anoxic reactor, while the predicted H,S removal matched the measured data, the NO3;~
removed through autotrophic denitrification, utilizing H,S as the electron donor, fell short
of the measured values. This discrepancy indicated that not all the H,S removed in the
anoxic reactor was utilized by autotrophic denitrification. In other words, a portion of the

H,S underwent oxidation due to dissolved O introduced by the recirculation flow from the
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aerobic reactor to the anoxic reactor.*?

To show the enhancement of the pilot-scale steady-state model for the SANI pilot sys-
tem, the model was compared with the performance of the lab-scale steady-state model.
The latter was also implemented for the SANI pilot plant using identical inputs, encompass-
ing influent characteristics, flow rates, organics and biomass compositions, HRT, and solids
retention time (SRT), among others, mirroring the conditions of the pilot-scale steady-state
model.

Given that approximately 217.5 mg COD/L of Biodegradable Particulate Organics (BPO)
in the influent needed hydrolysis before utilization, and the lab-scale steady-state model
lacked anaerobic hydrolysis kinetics, it yielded significantly lower values for COD removal,
sulfate reduction, and total alkalinity variation compared to the pilot-scale steady-state
model.*® This resulted in a notable deviation between experimentally measured values
and the predictions from the lab-scale steady-state model.

Furthermore, in contrast to the pilot-scale steady-state model, the lab-scale model
failed to anticipate variations in sulfate and H,S concentrations in the aerobic reactor.®
Consequently, the alkalinity consumption stemming from the oxidation of H,S and HS™ to
SO, by Dissolved Oxygen (DO) was not accounted for in the lab-scale model. Hence, it be-
came imperative to develop a pilot-scale steady-state model and characterize the influent
organics and biomass compositions specifically tailored for the SANI pilot system treating

real saline wastewater.

2.3.5 Large Scale Demonstration

A successful operation of a 10m?*/d SANI pilot plant, spanning over 200 days at the Tung
Chung sewage pumping station*?, effectively treated saline sewage and remarkably re-
duced biological sludge production by up to 90%. However, the extended HRT of 34 hours
proved impractical for full-scale application, signalling the necessity for further SANI pro-

cess optimization.
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To delve deeper into the practical application of the process, an extensive large-scale
trial took place at the Sha Tin Sewage Treatment Works (STSTW) in Hong Kong.”® This
section outlines the design, and operating conditions, and evaluates the performance of
the large-scale plant concerning organic and N removal via the S cycle, as well as organic
C and N conversions. The sludge reduction efficiency of the SANI process is scrutinized
by comparing measured data with those from the conventional activated sludge (CAS)
process. Additionally, distinctions between large-scale SANI, pilot-scale SANI, and the CAS
process are explored and discussed.

The SANI demonstration plant, situated within two vacant rectangular primary sedi-
mentation tanks at the STSTW as depicted in Figure 2.7, was established with the pur-
pose of treating 800 to 1000 m3/d or the equivalent of 2500 to 3000 Population Equiva-
lents (PE) of domestic saline sewage. The influent for the demo plant consisted of saline
sewage that underwent on-site screening through 6 mm coarse screen bars and grit re-

moval chambers.

SANI d

':/’.7' 2z

Figure 2.7 The SANI demonstration plant.”

Throughout the operational period spanning 250 days, the sewage temperature and pH
exhibited variations within the ranges of 20°C to 30°C and 7.0 to 8.0, respectively. Con-

currently, the conductivity ranged from 14,000 to 24,000 ms/cm. The primary objective
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of the demo plant was to meet the discharge standards established for existing sewage

treatment works.
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Figure 2.8 The process flow diagram of the SANI-MBBR (EQ = feed tank; SRUSB = sulfate reduction

upflow sludge bed; MBBR = moving bed biofilm reactor; SANI = sulfate reduction autotrophic denitri-
)_79

fication nitrification integrated

The process flowchart of the demo plant, illustrated in Figure 2.8, comprised the follow-
ing stages: i) pre-treatment using Fine Mesh Sieves (FMS), ii) Stage A treatment involving
reactors for organic removal through biological sulfate reduction (SRUSB), iii) Stage B
treatment employing a MBBR for N removal through aerobic autotrophic nitrification and
anoxic S-oxidizing autotrophic denitrification, and iv) post-treatment utilizing a dedicated
reactor.

The Hydraulic Retention Time and the rates of loading and conversion were regarded as
the pivotal factors influencing the design and functioning of full-scale plants. In this inves-
tigation, the HRT of the SRUSB reactor, specifically in Stage A of the process, demonstrated
a notable achievement. The HRT was effectively reduced by almost 70%, decreasing from
16 hours in the Tung Chung pilot plant SRUSB reactor®® to 4.8 hours in the demo plant

SRUSB reactor.
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Table 2.5 Quality of the influent and effluent during stable operation (Phases Il and I1).

Parameter (unit)

Degritted sewage SRUSB influent SRUSB effluent Anoxic MBBR effluent Aerobic MBBR effluent Post-treatment effluent

(FMS influent) (FMS effluent)
TSS (mg/L) 302 +43 192 + 47 59 + 23 72 + 20 68 + 19 15+5
TCOD, (mg/L) 486 + 52 352 £ 55 95 + 26 118 + 42 112 £ 25 62 +43
SCOD, (mg/L) 156 + 32 133 + 35 55+ 17 49 + 17 45 + 26 43 £ 25
BODj5 (mg/L) 231 =22 178 + 48 - - 319 5.6+ 1.8
5042’ (mg S/L) 295 + 32 298 + 30 212 +23 263 + 25 276 * 25 -
TDS (mg S/L) 1.5+ 1.7 2.6+25 79+5.8 5.1+6.4 <0.1 -
TAN (mg N/L) 33+4.3 37+5.8 41+4.5 14 +5.2 1.3+0.9 0.43 + 0.39
NO3~ (mg N/L) 1.3+0.8 1.2+0.6 1.7+1.6 1.4+£20 7.9+3.2 75+1.6
NOg~ (mg N/L) <0.05 <0.05 <0.05 <0.05 1.3x1.1 0.23 £ 0.07
TN (mg N/L) 53 +8.2 48 £ 6.7 43+4.6 19+5.1 16+4.5 8.4+1.6
TP (mg P/L) 6.1+1.1 55+1.2 3.7+0.6 3.4+04 3.3+x04 0.9+0.3

HyCO3 Alk. (mg CaCO3/L)
Total Alk. (mg CaCO3/L)

180 + 25
204 + 30

217 £ 33
247 * 42

400 £ 55
509 * 53

208 + 66
214 £ 69

113 + 46
114 + 45

Furthermore, significant reductions in HRTs were achieved for the anoxic and aerobic
chambers of the SANI pilot plant (Stage B) in this investigation. The Tung Chung pilot
plant, utilizing two identical fixed Bed Biological Aerobic/Anoxic Filters (BAF) for nitrifi-
cation and denitrification, had a combined HRT of 18.8 hours*®. In contrast, the MBBR
reactor of the demo plant achieved a reduced HRT of 6.7 hours, encompassing the anoxic,
aerobic, and effluent chambers. This falls within the typical range of 4 to 8 hours for com-
mercial (MBBR) reactors employed in the treatment of domestic sewage®>. This research
demonstrated that the HRT for the entire SANI plant could be established at 12.5 hours,
including an additional 1 hour allocated for post-treatment, even under the highest load
conditions and at the lowest temperature experienced in the local sewage treatment. This
finding indicates the feasibility of implementing a compact SANI-MBBR treatment plant.

Throughout the entire duration of the study, intentional removal of excess sludge from
the reactors did not take place, affirming the remarkably low sludge production rate evi-
dent in the SANI-MBBR system. The demo plant successfully established a compact and
robust S cycle biosystem. In comparison to conventional activated sludge plants in Hong
Kong, the demo plant showcased a reduced spatial requirement by 30-40% and generated

60-70% less biological sludge, all while maintaining a commendable effluent quality. The
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acquired experience and observations suggest the potential for process enhancements, pri-
marily through optimized process control and reactor configuration, thereby contributing

to the enhancement of energy efficiency.

2.4 Model Description Of The PWM_SA

The University of Cape Town three-phase plant-wide model, known as PWM_SA, was de-
veloped to simulate biological processes and predict material output including COD, C, H,
O, N, and P across the unit processes of a WWTP.3> The model relies on a rigorous material
mass balance approach. This model is constructed by integrating the compatible Three-
Phase Activated Sludge Model No. 2 (ASM2-3P), which accounts for activated sludge N
and P removal, as well as aerobic or anoxic-aerobic digestion, with the Three-Phase Anaer-
obic Digestion Model (SDM-3P) designed for anaerobic digestion processes.'® This linkage
ensures a cohesive and comprehensive representation of the WWTP, emphasizing accurate
tracking and management of materials throughout various stages and processes.>*

The ASM2-3P model is an extension of the International Water Association (IWA) ac-
tivated sludge model No.2 proposed by the IWA task Group3'. The ASM2 developed by
the IWA task Group is a widely accepted model extensively employed in the design, op-
eration, and process optimization of nutrient removal Biological Excess Phosphorus Re-
moval (BEPR) systems within activated sludge environments. It serves as a foundational
tool for further model development, often utilized as a platform for various applications.””

The ASM2-3P incorporates biological growth and death processes for Ordinary Het-
erotrophic Organisms (OHO), Polyphosphate Accumulating Organisms (PAO), and accu-
mulator of Ammonia Oxidising Organism (ANO) biomass, denoted in the models as OHO,
PAO, and ANO, respectively. The model predicts oxygen demand and sludge production
while addressing the storage and lysis of polyphosphate (PP) and poly-3-hydroxyalkanoates
(PHA) for PAOs, specifically in the context of strictly aerobic P uptake in BEPR systems.

The ASM2 model underwent modification through the inclusion of the Inorganic Set-
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tleable Solids (ISS)?2!, complemented by an algorithmic mixed weak acid/base chemistry
model.? This integration, along with a set of universally selected components, was under-
taken to ensure seamless compatibility in the development of the plant-wide model. An
essential step in achieving this compatibility involved the conversion of the model process
stoichiometry from (COD)-based to mass concentration-based.

Furthermore, the kinetic and stoichiometric coefficients associated with the ASM2-3P
rates underwent thorough evaluation and transformation to align with the revised compo-
nents and stoichiometric process coefficients, now expressed in different units. In certain
instances, kinetic equations, along with their included parameters, were adjusted to estab-
lish consistency with the components of the ASM2-3P model. This meticulous adaptation
and alignment were vital to enable a coherent and integrated representation of the plant-
wide model.

The SDM-3P model builds upon the two-phase PWM _SA model.®® The IWA AD model
delineates its structure through three overarching biological processes—acidogenesis, ace-
togenesis, and methanogenesis—in conjunction with an extracellular degradation step and
an extracellular hydrolysis step.? These processes involve the collaborative efforts of four
organism groups: acidogens, acetogens, acetoclastic methanogens, and hydrogenotrophic
methanogens. In SDM1, the breakdown of influent organics is specified by the disintegra-
tion of substrates into carbohydrates, proteins, and lipids. Subsequently, these components
undergo hydrolysis to generate monosaccharides, amino acids, and long-chain fatty acids,
respectively.

The UCT SDM-3P model®® shares similarities with SDM1, as it incorporates reactions
facilitated by the same four organism groups. However, it features a singular hydroly-
sis process acting on a generic organic material representing sewage sludge, denoted as
Cx HyOgzN 4. This hydrolysis process directly produces an idealized carbohydrate, namely
‘glucose,” while maintaining COD, C, N, H, and O mass balances, and concurrently gener-

ating NH3; while consuming H,COj3. The subsequent processes following hydrolysis, char-
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acterized by their significantly faster rates, are handled stoichiometrically to yield end
products in the digester, such as biomass, CH4, CO,, and water.

In short, the SDM-3P model is an extension of the PWM _SA model®®, seamlessly inte-
grating it into a three-phase mixed weak acid/base chemical and physical processes model
encompassing the inorganic C, NH,*, CH;COO~, CH3CH,COO™, and PO,*~ systems. Key
enhancements include the incorporation of additional soluble and BPO components, rep-
resenting materials amalgamated from diverse sources within the WWTP for introduction
into the anaerobic digester. The model now accounts for the digestion of waste-activated
sludge derived from BEPR systems. Additionally, it introduces an ionic speciation routine
and interphase transfer processes to model "instantaneous" aqueous phase equilibrium re-
actions and ion pairing, along with considering active gas exchange and multiple mineral
precipitation phenomena.

The ionic speciation routine in the PWM_SA model, presents a comprehensive algebraic
approach specifically designed to simulate the rapid equilibrium reactions of ionic dissoci-
ation and ion pairing.® This unique feature allows for the independent modelling of these
swift processes separate from the slower biological and physical processes. Notably, this
approach is versatile and can be applied to various combinations of mixed weak acid/base
systems. Given the relatively sluggish nature of weak acid/base chemistry processes associ-
ated with precipitation and gas exchange, they are integrated with the slower bioprocesses,
which are characterized and modelled through kinetic equations.® The algebraic-based
ionic equilibrium model seamlessly integrates with models that incorporate kinetics for bi-
ologically mediated unit processes within WWTPs, provided there is a clear understanding
of the interactions between these processes and weak acid/base species.2°

The input of aqueous ionic species into the model is determined by utilizing mea-
sured influent parameters such as conductivity, temperature, pH, OP, Free and Saline
Ammonia (FSA), NO3—,S04,—,H,CO;3 alkalinity, and VFAs. The quantification of these

variables, including a 5-point titration of Moosbrugger (1992) for measuring H,CO; al-
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kalinity and Volatile Fatty acids (VFA), facilitates comprehensive speciation of OP, FSA,
VFA, inorganic carbon, and water within weak acid/base systems.*’ This thorough charac-
terization, including ion-pairing considerations, is implemented during the influent char-
acterization process. Notably, the ions from the five weak acid/base systems, along with
NO;~ and SO4, ", do not individually contribute sufficient ionic strength to match the mea-
sured conductivity. Consequently, sodium chloride is hypothetically introduced into the
model influent characterization pre-processor, adjusting the conductivity to align with the
measured values. This addition of sodium chloride ensures the requisite ionic strength,
enabling accurate adjustments of dissociation and stability constants, and solubility prod-
ucts, and establishing the initial charge concentration aligned with the measured conduc-
tivity. The species and ions determined through the above-mentioned process constitute
the overall charge input to the model. Once this influent charge is established, the model
systematically accommodates any alterations in charge, whether gained or lost, attributed
to bioprocesses, physical and chemical reactions, including mineral precipitation or ion
pairing, ultimately predicting the output charge and pH. The resulting charge, coupled
with the final concentrations of weak acid/base species, is then converted back to pro-
ton balance alkalinity parameters through a post-processing effluent transformer. This
transformation is essential for facilitating a comparison between predicted and measured
parameters, especially considering that measured results are derived from the proton bal-
ance approach. Therefore, the characterization of both influent and effluent is achieved
through conductivity and proton balance parameters to facilitate measurement, while the
model is fundamentally rooted in charge accounting to enable simulation. Transformation

calculations seamlessly link these two approaches.

2.4.1 Biological reactions in the UCT SDM3P

The structural framework of the PWM_SA model, as outlined in the previous chapter, en-

compasses three primary biological processes—acidogenesis, acetogenesis, and methano-
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genesis—alongside extracellular degradation and hydrolysis steps, as depicted in Figure
3.1 below. In the SANI process reactions, SO4*~ serves as the electron acceptor, leading
to the formation of H,S and incorporating the additional reactions of acetotrophic sulfi-
dogenesis and hydrogenotrophic methanogenesis. These integrated processes govern the
activities of five distinct organism groups: acidogens, acetogens, acetoclastic methanogens,

sulphidogens, and hydrogenotrophic methanogens.

PRIMARY SEWAGE SLUDGE

1.Hydrolysis

2. Acidogenesis

|

Propionate

— Acetate 3. Acetogenesis
- 4. Acetoclastic Methanogenesis
5

Hydr'ogen.ofr'ophic
Methanogenesis Methane j—

Figure 2.9 Diagram illustrating the schematic representation of the anaerobic digestion processes accord-
ing to the UCTSDM1).98

Hydrolysis

Anaerobic hydrolysis is a solubilization process where biodegradable particulate organics
are broken down and converted into Fermentable Biodegradable Soluble Organics (FBSO)
by extracellular hydrolytic enzymes produced by acidogenic microorganisms.’ As the slow-
est and rate-limiting step in anaerobic sulfate reduction, anaerobic hydrolysis significantly

impacts the HRT of SRUSB systems, with no biomass growth occurring during this phase.
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The stoichiometry for anaerobic hydrolysis is represented by Equation 3.4.4°

1
C,H,0.N, + = (

1 3 1 1 3
5\ gy —2— —a) H,CO3 — (x + -y —zz— —a) CeH1206+

2 2 6
(2.19)

1 3
(§y — T — 5&) HQO -+ aNH3

where:

C,H,0O.N, is BPO from the system influent = XS (rnol/mg);
H,COj is H,0 + COy = Scos (mol/m?);
C¢H;204 is FBSO COD = SF (mol/m”®);

NHj; is ammonia released from the anaerobic hydrolysis of BPO = SN H4 (mol/m?).

The predominant approach for modelling the rate of hydrolysis of particulate organic mate-
rial has conventionally employed first-order kinetics. Numerous researchers, have adopted
straightforward first-order equations.?”-!® These equations are solely dependent on the

concentration of the biodegradable substrate, expressed as COD:
rayD = Kn[Shp) (2.20)
where:

ruyp is the hydrolysis rate (mol Sy,/L - d);
ky, is the first-order hydrolysis kinetic rate constant (/d);

[Syp) is the biodegradable particulate organics concentration (mol/L).

The utilization of first-order kinetics in modelling the hydrolysis process has demonstrated
that the resulting first-order rate constant (Ky) values are situation-specific. These values

exhibit variations dependent on factors such as sludge age or, equivalently, hydraulic re-
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tention time. >332 Given the objective of developing a kinetic model applicable across a
range of sludge ages, researchers have explored alternative, more general approaches. %’
Recognizing that the rate of hydrolysis is influenced by multiple factors, including tem-
perature, pH, acidogen organism concentration, type, particle size, and concentration of
organics, attention has been directed toward incorporating these variables into the kinetic
model. Among these factors, acidogen organism concentration intuitively plays a pivotal
role in regulating the hydrolysis rate and thus should find inclusion in the kinetic rate ex-
pression. In addressing this, acidogen active biomass was directly incorporated into the

first-order kinetics?3:

THYD = kH[pr] [ZAD] (2.21)

where:

ky is the first-order hydrolysis kinetic rate constant (/d);

[Z 4p] is the acidogen active biomass concentration (mol/L).

Monod kinetics also find widespread application in the modelling of biological wastewater

treatment procedures. The rate expression is illustrated as32>313:

Hmax, HYD [pr}
r = ’ 7 (2.22)
HYD KSM,HYD+ [pr][ AD]

Where:

Umaz, gy p 1 the maximum specific hydrolysis rate constant (mol Sy,/(molZ4p - d));

Ky myp is the Monod half saturation constant for hydrolysis (mol S,/ L).

To model the hydrolysis of particulate slowly biodegradable COD in activated sludge sys-

tems, planar surface-mediated reaction kinetics, also known as Contois kinetics, was ap-
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plied.*>!3 With a single set of constant values, these kinetics yielded reasonable predic-
tions across a broad range of activated sludge system conditions, including variations in
sludge age. Recognizing the similarities between hydrolysis processes in activated sludge
and anaerobic digestion, both operating on the same organic components present in raw

sewage, this approach was also explored for the anaerobic digestion model:

k [Sbp]

HYD
rHyD = = [Z{;]s]] [Zap] (2.23)
Kss,uyp + [—p

ZAD]

where:

kmax ayp Maximum specific hydrolysis rate constant (mol Sy,/(molZap - d));

Kss nyp Half saturation constant for hydrolysis (mol S;,/L).

Regardless of the chosen hydrolysis formulation, the hydrolysis process under considera-
tion does not facilitate the growth of acidogen biomass. Instead, 1 gCOD of sewage sludge
transforms into 1 gCOD of glucose intermediate. The growth of acidogens ensues from
the acidogenic conversion of the glucose intermediate into Short-Chain Fatty Acids (SCFA)
and H. This conversion, occurring immediately relative to the hydrolysis rate, leads to zero

accumulation of glucose within the anaerobic digestion system.

Acidogenesis

Post-hydrolysis, the relatively simple and soluble compounds, namely amino acids, sugars,
and fatty acids, undergo subsequent processes. During fermentation, these compounds
are subjected to acidogenesis, resulting in the production of SCFAs, alcohols, CO,, H, and

NH,*. This bioprocess can be quantitatively represented by the following stoichiometric
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equation: 40

1 44 (m—2k)Y.
<%> C6H1206 + (H)NH3 —|— |: (mYAD3 ) AD:| HQO — CkHlOmNn+
{2(1 — %kYAD)} HCO,~ + {2(1 — %kYAD)} H* 4 {4 + (m — 31+ 3n+ 2k)Yap H,

Yap Yap Yap

2(1 — kY,

+ [%} C,H,0,
AD
(2.24)

where:

C¢H,,04 is FBSO COD = Sy (mol/m”®);
C:H,;0,,N,, is the elemental composition of the acidogenic microorganisms = Z,p (mol/mg);
C3H405 is VFA in the form of acetate = Sy 4 (mol/mg);

Y4p is the yield coefficient of the acidogenic microorganisms (mol/mol).

Acidogenesis involves the utilization of the model intermediate glucose by acidogenic
organisms, resulting in the production of propionic acid (CH;CH,COOH), acetic acid
(CH3;COOH), H, CO,, and protons.® Specifically, when operating under conditions charac-
terized by low H partial pressure, the acidogenic reaction yields only (CH3;COOH), H, and
CO,. The formulation of this process is expressed in terms of the growth rate of acidogens

(rzap), modelled using a Monod equation, as outlined below?”->%:

_ NmaX,AD[Sbe] ( _ [HQ] > 7 2.25
YZap = Ksap + [Sbpt] ! Kz + [Ha] 2] 12:29)
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where:

Umax.ap Maximum specific growth rate constant for the acidogens (/d);
K ap Half saturation concentration for acidogens (mol/L);

[Sps ] Biodegradable soluble (glucose) substrate concentration (mol/L);
[Hy] Hydrogen concentration (mol/L);

Ky, Hydrogen inhibition constant for high py, (mol/L).

The second component within the parentheses in the above equation is referred to as a
non-competitive inhibition function, it addresses the decline in reaction rate occurring
with elevated pH, levels. At heightened pH, levels, alongside CHC3;0OO0OH, H, and CO,,
CH3CH3COOH is also generated. This process involves the production of CH;CH3;COOH
under high pH, conditions. The growth rate of acidogens during (CH3;CH,COOH) produc-
tion at elevated pH, levels is determined by the identical Monod kinetic equation used for

low pH; conditions:

I'Zap =

,umax,AD[prf] ( [HQ]
Ksap + [Sopt] \ krz2 + |

H2]) [Zap)] (2.26)
To regulate the activity of this process in correspondence with pH, levels, the non-competitive
inhibition function enclosed within the parentheses orchestrates the activation of the pro-
cess in high pH, environments while deactivating it in low pH, environments. This control
mechanism is governed by the switching constant ky,. Furthermore, to ensure consistent
glucose (Sss) utilization rates across varying pH, conditions, including the intermediate
range, the rate of acetate production as shown above undergoes adjustment. Specifically,

this adjustment involves subtracting the value of the inhibition function from 1 in Equation

3.12.
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Acetogenesis

During acetogenesis, propionic acid generated under elevated pH, conditions undergoes
degradation when pH, levels decrease, catalyzed by acetogenic microorganisms, resulting
in the production of acetate.*® This degradation rate is characterized in relation to the
growth rate of acetogenic organisms, modelled using a Monod equation to represent the

specific growth rate: 8

I'Zac =

,umax,AC[HPT] (1 [HQ]

Kgac+ [HPr] kg [HQ]) [Zac] (2.27)

where:

Umax.ac Maximum specific growth rate constant for the acetogens (/d);
K s ac Half saturation concentration for acetogens (mol/L);
[H Pr] Undissociated propionic acid concentration (mol/L);

[Zac] Acetogenic organism concentration (mol/L).

In the modelling of weak acid/base chemistry, it becomes necessary to account for both
the undissociated and dissociated forms of propionic acid as compounds, aligning with
empirical observations. Equation 3.12 expresses the specific growth rate as a Monod func-
tion in terms of the undissociated propionic acid species, rather than the more prevalent
dissociated species. This choice ensures consistency with experimental findings. 4

The inclusion of the same non-competitive inhibition function within the parentheses
of Equation 3.10 and Equation 3.11 is warranted by the sensitivity of the acetogenesis
process to pH, levels, wherein its activity diminishes with increasing pH,.2° Consequently,
as pH, rises, not only do acidogens initiate propionic acid production, but also the rate

of propionic acid utilization by acetogens decreases. This dual effect leads to a gradual
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accumulation of propionic acid as pH, increases, contributing to a decline in pH when the
growth rate of hydrogen-consuming hydrogenotrophic methanogens decreases for various

reasons mentioned in the next chapter.

Acetoclastic Methanogenesis

Acetoclastic methanogenesis, also known as acetate cleavage, is the biochemical process
responsible for converting (CH;COOH) into CH4 and CO,, facilitating the growth of ace-
toclastic methanogens.*® The rate of this reaction is described using a Monod equation as
well, specifically focusing on the growth rate of acetoclastic methanogens. The equation is
formulated as follows:

Pmax.am [ H Ac]

= 7 2.2
TZam KS,AM + [HAC] [ AM} ( 8)

where:

Umax,am Maximum specific growth rate constant for the acetoclastic methanogens (/d);
K an Half saturation concentration for acetoclastic methanogens (mol/L);
[H Ac] Undissociated (CH3COOH) concentration (mol/L);

[Zam] Acetoclastic methanogen organism concentration (mol/L).

Regarding acetogens, the rate at which acetoclastic methanogens grow is dependent on
the concentration of undissociated (CH3;COOH) species. Additionally, in the stoichiometry
of the process, the uptake of (CH3COOH) occurs through its undissociated species, while

the production of CO, is facilitated through H,CO3.

Hydrogenotrophic Methanogenesis

Hydrogenotrophic methanogenic organisms employ H, and CO, to produce CH4 and wa-

ter.** This process is characterized by the growth rate of hydrogenotrophic methanogens,
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which is mathematically described using the Monod equation.*8

_ Mmax,HM [HQ]

= Z 2.2
I.ZAM KS,HM+ [HQ] [ HM] ( 9)

where:

Umax,uv Maximum specific growth rate constant for the hydrogenotrophic methanogens (/d);
K iy Half saturation concentration for hydrogenotrophic methanogens (mol/L);
[Hy] Molecular hydrogen concentration (mol/L);

[Zum| Hydrogenotrophic methanogens organism concentration (mol/L).

Consistent with other processes, the uptake of CO, for hydrogenotrophic methanogenesis

occurs through the bicarbonate HCO;~ species. 4

2.4.2 Biological reactions in the ASM2-3P

This section explores the intricate bioprocesses mediated by OHOs, ANOs, and PAOs within
the ASM2-3P model. These organism groups form the cornerstone of the ASM2-3P model,
each playing a vital role in the removal of contaminants from wastewater.

OHOs, by efficiently degrading organic matter, facilitate the conversion of biodegrad-
able compounds into biomass. The ANOs, on the other hand, contribute to N removal
through the conversion of NH;" to NO,~ and NOs~ via nitrification processes.”® Concur-
rently, PAOs aid in P removal by actively uptaking and storing P within the biological
reactor. ?

The synergistic interactions among these organism groups underpin the efficacy of
ASM2-3P in wastewater treatment, enabling the removal of organic C, N, and P contami-
nants. Through a sophisticated network of biochemical reactions and metabolic pathways,

OHOs, ANOs, and PAOs collectively enhance the efficiency and performance of the acti-
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vated sludge system.?? A comprehensive understanding of these bioprocesses is paramount
for optimizing wastewater treatment procedures and fostering sustainable environmental

management practices.

Nitrification

Nitrification stands as a biological mechanism wherein FSA undergoes oxidation into NO, ~
into NO;~ under the influence of autotrophic nitrifying organisms.!*2° This intricate pro-
cess unfolds through two sequential steps: initially, ANOs catalyze the conversion of FSA
to NO, ", a process represented by equation 3.17 below. 2! Subsequently, nitrite-oxidizing

organisms proceed to further transform NO,~ into NOs~, as depicted by Equation 3.18:2°
3
1\1:[‘14Jr + §OQ(ANOS) — NOQi + HQO + 2 I‘IjL (230)

NO2_ + %OQ(NNOS) — NOg_ (231)

The stoichiometry of nitrification is represented as:*

14nkE 1 E (fm 9 >dp I 14pE _
CO,+NH,t+14 |- —(=—-"F—-=2——1)|0 H, PO, —
. 2+ Ny " + {7 Svm (2 1 1 4)] 2+ 2Oy

PL+£1(@—[4lg}HﬁHJ4(L—1ME)NQ{+L%1—EEGWWJH+

14 8yp \ 2 2 2 14 8vB 7 8y
14nFE
"= C,H,0.N,P,
878
(2.32)
where

vp electron donating capacity per mole of autotrophic nitrifier biomass,C, H,0.N, P,

E is the flux of COD exiting the aerobic filter which consists of autotrophic nitrification

biomass and endogenous sludge. This is expressed as a fraction of the NH, " oxidation flux
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at steady state, derived from the nitrogen-based kinetic equation of:

YiN
E= "2 2.
(1 + bANRs) ( 38)

where Ry signifies the sludge age within the aerobic filter (measured in days). The Yay
represents the yield coefficient of autotrophic nitrification biomass, measured in milligrams
of COD produced per milligram of N consumed, while b4, denotes the endogenous respi-
ration rate of autotrophic nitrification biomass (expressed in units of inverse days).

The growth process in the steady-state nitrification model relies on two key assump-
tions. Firstly, autotrophic nitrifying organisms utilize both NH,* and NO,~ to fulfil their
energy requirements, while also utilizing a portion of the ammonia for synthesizing N cell
mass.’* This suggests that nitrifying organisms function as catalysts for nitrification, where
the synthesis of N is disregarded due to the minor fraction (1%) of NH,* being nitrified
to NO;~ by these organisms. Secondly, it is posited that ANOs directly convert NH;" into
NOs~. This assertion holds true because the rate of NH;* conversion to NO,~ by ANOs
is slower compared to the rate of NO,~ conversion to NO3;~ by nitrite-oxidizing organ-
isms. Therefore, any available NO,~ will promptly undergo direct conversion to NO;3~
in the absence of compounds inhibiting nitrite-oxidizing organisms at the treatment facil-
ity. Consequently, only the kinetics of ANOs are factored into the steady-state model. In
essence, these two assumptions indicate that the rate of NH,* conversion equals the rate

of NO;~ formation as indicated below:

AN, dN, 1 panN,
— — FalMiz’a x 2.34
dt dt ~ YiK,+N, P4 (2.34)
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where:

N,, NO3;~ concentration (mgNO3-N/1),

lanr¢e Maximum specific growth rate (mgANOVSS/mgANOVSSS/d),
N, ammonia concentration (mgN/1),

K, half saturation constant,

Y, yield coefficient of the nitrifiers (mgVSS/mgN),

Xpa ANO concentration (mgANOVSS/1).

The endogenous respiration process of ANOs is depicted similarly to that of the OHO)."
Nonetheless, there’s a notable distinction in the endogenous respiration rates: OHOs ex-
hibit a significantly higher rate (by = 0.24/d) compared to ANOs (by = 0.04/d).

dN, dN,

= 4.57

n = 4.
© o dt dt

(2.35)

where:

dN, NH," utilisation rate (mgN/1),
dN, NOs;~ utilisation rate (mgNO3-N/1),

O,, Nitrification oxygen utilisation rate (mg02/1.d),

Heterotrophic Denitrification

Heterotrophic denitrification, the conversion of excess NO3 ™ into N, facilitated by Heterotrophic
Denitrifiers (HDN), follows nitrification in wastewater treatment systems.'° The HDNs use

FBSO COD (CgH;,0¢) as electron and carbon sources to convert NO3~ into N». This pro-

54



cess is illustrated in the following stoichiometric equation: 4?

B2k +m + 30" = 1) Yupw

1 /
( ) C6H1206 + (n )NH4+ + N03_+
Yupn Yupn
/ / 1 1 !/ / !
Yupn Yupn

1

25 1 ! ! 3.,/ 17
%4 L2k +m + 20 — 1Y,
— O H O Ny + 5 | i 2"~ 3 )Yion

YHDN

6— kY
N2+ [ HDN
YHDN

] HCO3™

(2.36)

where:

CsH1206 FBSO COD = Sy (mol/m*);
Cy'Hy O’ Ny/ is the elemental composition of the heterotrophic denitrifiers(HDN) = Zyp N(mol/m?’);

Yupn is the yield coefficient of the HDNs (mol/mol).

To optimize this process, it is advised to include an unaerated compartment in aerobic sys-
tems designed for nitrification.'® This allows the aerobically generated NO;~ to undergo
denitrification, thereby reducing its concentration in the effluent. Consequently, denitrifi-
cation leads to decreased NO;~ levels in the effluent, benefiting the recovery of alkalinity
and reducing oxygen demand. '®

Designing for denitrification involves determining the substrate concentration required
to denitrify the produced NO3~, considering the anoxic biomass fraction and the rate of
NO;~ flux into the anoxic zone.”> Substrates for denitrification include influent Readily
Biodegradable COD (RBCOD), Slowly Biodegradable COD (SBCOD), and SBCOD gener-
ated by biomass through endogenous respiration. The denitrification model is developed
based on the kinetics of NO3~ conversion to N, using the available substrate. !’

The steady-state denitrification model was formulated based on empirical observations

regarding the influence of organic composition on the denitrification process. It was noted
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that RBCOD degrades more rapidly than SBCOD due to its smaller particle size and thus
two anoxic reactors are normally used, primary and secondary reactors.'® In the primary
anoxic reactor, denitrification occurs in two distinct phases: an initial rapid phase primarily
driven by the utilization of both influent RBCOD and SBCOD, followed by a slower phase
predominantly relying on influent SBCOD. Meanwhile, in the secondary anoxic reactor, the
denitrification rate is predominantly influenced by the utilization of SBCOD derived from
biomass decay. This phase is comparably slower than the second phase in the primary

anoxic reactor due to the inherently slower rate of endogenous respiration. *

Biological Excess Phosphorus Removal

Biological excess P removal involves the uptake and release of P facilitated by PAOs. ' To
optimize BEPR, several strategies are employed, including the establishment of an anaer-
obic zone conducive to the proliferation of PAOs while preventing the reintroduction of
O, and NO;~ into this zone.® Within the anaerobic zone, OHOs coexist with PAOs and
ferment incoming readily RBCOD into VFAs. The PAOs subsequently assimilate VFAs, con-
verting them into a high-energy organic compound internally stored as PHA. The energy
for PHA formation is derived from the breakdown of internally stored PP within PAOs,
leading to the release of orthophosphates and metals into the bulk solution.?°

In the subsequent aerobic or anoxic zones, PAOs utilize the internally stored PHA for
cellular growth and energy production, including the uptake of P from the bulk solution
to form PP.?2 The net P removal is calculated as the difference between P uptake in the
aerobic/anoxic zones and P release in the anaerobic zone. The biological excess P removal
model is based on the principles of substrate allocation between PAOs and OHOs for their
respective growth.® Once the fraction of influent biodegradable COD allocated to each
organism is determined, their biomass can be quantified. By accounting for the P content
within each biomass, the overall P removal comprises the sum of P removal achieved by

each organism and the P removed through the accumulation of inorganic matter in the
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influent.!”

Biomass Growth and Death

The biological behaviour of organisms is characterized by two fundamental processes:
growth and endogenous respiration. ! Ordinary heterotrophic organisms utilize biodegrad-
able organic matter to proliferate their cell mass. A portion of these biodegradable organ-
ics is allocated to cell mass generation, while the remaining fraction is directed towards
energy production, crucial for sustaining anabolic and other cellular activities. Monod
(1949)*® investigated the growth dynamics of organisms in conditions where the substrate
is limited but nutrients such as N, P, and O are abundant. The growth rate of organisms

can be mathematically described using the Monod kinetics*®:

_ Mm'sb
7

= — 2.37
K,+ S5 ( )

u  Specific growth rate of organisms (g/g.d),
i Maximum specific growth rate (/d),
Kg Substrate half maximum saturation coefficient (mgCOD/1),

S, Concentration of biodegradable organic material (mgCOD/1).

Biomass decay is represented in the model based on the concept of endogenous respiration.
In the steady-state activated sludge model, endogenous respiration involves the degrada-
tion of a portion of the active biomass, estimated to be around 24%.!° Upon biomass decay,
a segment of the resulting dead biomass, approximately 80%, is considered biodegradable
and undergoes catabolic breakdown to generate energy, a process that consumes O. Mean-

while, the remaining fraction, constituting 20%, comprises non-biodegradable material
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termed as the endogenous residue. This residue accumulates within the reactor as part
of the VSS and is ultimately removed alongside the waste sludge, effectively remaining
within the system for the duration of the sludge age.!%2°

The prediction of the endogenous residue concentration in the reactor is determined
using?:

Xg = fovfbuXu (2.38)

Additionally, the O consumed during endogenous respiration, known as the carbonaceous

oxygen utilization rate (Oc), is computed utilizing Equation:2°

of the steady-state activated sludge model. 3

2.4.3 Components

An initial stride in developing the PWM_SA involved choosing a comprehensive set of com-
ponents that would be applicable across all unit processes within the plant. The existing
model consists of twenty particulate components as shown in Table 2.6, primarily en-
compassing precipitates generated during anaerobic digestion, sewage particulate organ-
ics, and biomass. Storage products like polyphosphate and poly-hydroxy-alkanoates are
treated as distinct components within this category, originating from activated sludge and
anaerobic digestion units. The principal gases released during transformation reactions
in municipal waste treatment are also integrated. The remaining components, totalling
thirteen, are all soluble. They include three dissolved sewage organics, thirteen dissolved
ionic components, three dissolved gases (O, H, and N), and water.

The model necessitates the establishment of rigorous material mass balances for the
targeted transformation processes. To ensure precision, the elemental formulations of

each component are incorporated. Most components, such as dissolved ionic components,
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gases, and precipitates, possess distinctive chemical formulations, facilitating direct cal-
culations of their molar and material masses (COD, C, H, O, N, and P). However, for
organic components—specifically the seven organism groups and sewage components like
FBSO, Unbiodegradable Soluble Organics (USO), BPO, UPO —parameterized composi-
tions in the general form (CxHyOz;NaAB) were assigned, allowing their compositions to be
entered as model inputs. Consequently, the elemental molar ratios (X, Y, Z, A, and B
values) in their formulation were encoded as model parameters to accommodate the vari-
ability in sewage characteristics. All organism groups, whether aerobic or anaerobic, share
the same elemental formulation of Cx Hy Oz Na Pp,, with each organism component
serving as a representative "surrogate" performing a specific function of interest, aligning
with the conventional practice in wastewater treatment plant modelling.3! Additionally,
PP ( Mg4K.CasPO3) and PHA (C4HgO), typically stored within P accumulating organisms
(PAOs), are included as separate components in the model to avoid complexities associ-
ated with extending the PAO biomass formula and merging stoichiometric coefficients in
transformations.

All components are input in mass concentrations, measured in milligrams per litre.
However, provisions were additionally made to parameterize component descriptions in
terms of their COD and molar concentrations, serving a pivotal role in formulating stoi-
chiometric coefficients and variables within the model. Expressing certain components in
molar concentrations, such as [H,CO3], becomes necessary for modelling the (CO,) partial

pressure in the weak acid/base chemistry section of the model.’
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Table 2.6 The Universally Selected Model Components. 2819

Component Name Empirical formula Notation

" Water Ho O HoO

»é Hydrogen ion H* S_H

E Sodium Na* S_Na

% Potassium K* S_K

,Lé) Calcium Ca?* S_Ca

_’E Magnesium Mg2+ S_Mg

% Ammonium NH4* S_NH4

0

A Chloride Cl1™ S_Cl1

Eg Acetate CH3COO™ S_Ac

c Propionate CH3CH2COO™ S_Pr
Carbonate cos2- S_CO3
Sulphate S042~ S S04
Phosphate PO43- S_PO4
Nitrate NO3 S_NO3
Dissolved hydrogen Ho S_Ho

'% Dissolved oxygen Og S_Og

gj Unbiodegradable Soluble Organics CHyyOzuNauPBu S_U

é Fermentable Biodegradable Soluble Organics CHyfOzfNafPBf S_F

3 Glucose CgH1206 S_Glu
Unbiodegradable particulate organics CHyupOzupNaupPBup X U_Inf
Biodegradable particulate organics CHybp Ozbp Nabp PBbp X B_Org
Primary sludge biodegradable particulate organics CHybps OzbpsNabps PBbps X_B_Inf
Polyphosphate KipMgmp CacpPO3 X_PAO_PP

2 Poly-hydroxy-alkanoate C4HgO2 X_PAO_Stor

:g Struvite MgNH4PO, - 6 HyO X_Str_NH4

'("'2 Calcium Phosphate Cas(POg4)2 X_ACP

a K-struvite MgKPO4 - 6 HoO X _Str K
Calcite CaCOs X_Cal
Magnesite MgCO3 X Mag
Newberyite MgHPO4 X_Newb
Influent inorganic settleable solids X_ISS
Ordinary heterotrophic organisms CHy,0z0NaoPBo X_OHO

2 Phosphate accumulating organisms CHyo0z0NaoPBo X_PAO

% Autotrophic nitrifying organisms CHyoOzoNaoPBo X_ANO

tg Acidogens CHyoOzoNaoPBo X_ZAD

g Acetogens CHyo0zoNaoPBo X_ZAC

gﬁ Acetoclastic Methanogens CHyoOzoNaoPBo X _ZAM

é Hydrogenotrophic methanogens CHyoOzoNaoPBo X_ZHM
Endogenous residue CHye OzeNaePbe X_U_Org

® Carbon dioxide COg G_CO2g

% Methane CHgy G_CHg
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2.4.4 Parameters and Variables

Parameters in the model are constants derived from experimental measurements, calibra-
tion with a model, or existing literature. They encompass values such as kinetic rate con-
stants, temperature, elemental stoichiometric compositions, and yield coefficients. These
parameters remain constant throughout a simulation but can be adjusted via the user in-
terface between simulation runs if necessary. Variables in the model are entities or species
that undergo changes at each time step throughout the simulation. The parameters and
variables that are used in the PWM_SA are explicitly outlined in the Gujer matrix attached
as supplementary Data. The Gujer matrix serves as a standardized and structured method
for presenting bioprocess stoichiometry within WRRF models.® It provides a clear and
concise overview of the bioprocesses and their associated components. The Gujer matrix

is explicitly defined and categorized in the methodology chapter.

2.4.5 Ionic Species Selected for the Model

The ionic speciation routine within the PWM_SA employs a comprehensive algebraic method
to separate the modelling of rapid ionic dissociation and ion pairing equilibrium reactions
from slower biological and physical processes. This approach applies to a variety of mixed
weak acid/base systems. Since the weak acid/base chemistry processes involved in pre-
cipitation and gas exchange are relatively slow, they are modelled alongside the slow bio-
processes using kinetic equations.® This algebraic-based ionic equilibrium model can be
seamlessly integrated with kinetic models for biologically mediated unit processes occur-
ring in WWTPs, provided the interactions between these processes and weak acid/base
species are understood.

The concentrations of ionic species from various weak acid/base sub-systems, which are
simultaneously present in solution and influence pH, are determined by sets of aqueous
phase equilibrium dissociation and mass balance equations (refer to Table 2.7 below for

an example).
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Table 2.7 Example for equilibrium and mass balance equations for ionic speciation.3

Weak Acid Sub-System Aqueous Phase Equilibrium Equations Mass Balance Equation
Ky, [NH] | n _
[NH;] = == Np = [NHJ + [NH3] + [NH4SO4]
Ammonia
B [soi*] . [NHI]
[NH4SO4 ] = 7 Rnngso,

Note: Where (HT) is the H ion activity, [X] the molar concentrations of species X and K 3( is the thermodynamic equilibrium constant for species X, adjusted for
Debye Hiickel effects to account for the activity of ions in low salinity water. 7°

Given that total concentrations are crucial for material balance calculations, Brouckaert
(2010) included the total species components as shown in Table 2.8 to represent the com-
prehensive concentrations of the different weak acid/base systems. For instance, the CO3
component encompasses CO32~, HCO; ™, H,CO3, and various other aqueous ion pair (ex-
cluding precipitates) carbonate complexes in the solution, such as MgCO5; and CaHCO;™*.

The potential ion pairs are listed in Table 2.8.

Table 2.8 lonic Species Selected for the Three Phase Modelling

1 H* Hydrogen ion 23 | NH4SO4" Ammonium sulphate

2 | Na* Sodium 24 | MgPO4~ Magnesium phosphate

3 K* Potassium 25 | CaCH3COO* Calcium acetate

4 | ca?* Calcium 26 | CaCH3CH,COO* | Calcium propionate

5 | Mg Magnesium 27 | CaHCOs™* Calcium bi-carbonate

6 | NHy* Ammonium 28 | NaSO4~ Sodium sulphate

7 Cr Chloride 29 | MgHPO4 Magnesium hydrogen phosphate
8 CH3COO~ Acetate 30 | CH3COONa Sodium Acetate

9 CH3CH3COO~ Propionate 31 | HaCOs Di-hydrogen carbonate

10 | CO3% Carbonate 32 | MgSO4 Magnesium sulphate

11 | S0.* Sulphate 33 | HPO,Z Hydrogen phosphate

12 | PO43 Phosphate 34 | NHs3 Ammonia

13 | NO3~ Nitrate 35 | MgCOs Magnesium carbonate

14 | OH" Hydroxide ion 36 | ACPO4~ Calcium Phosphate

15 | CH3COOH Acetic acid 37 | MgHCO3s* Magnesium hydrogen carbonate
16 | CH3CHyCOOH Propionic acid 38 | CaHPO4~ Calcium hydrogen phosphate
17 | HCO3~ Bi-carbonate 39 | NaCOs~ Sodium carbonate

18 | CaSOq4 Calcium sulphate 40 | MgHoPO4* Magnesium di-hydrogen phosphate
19 | HoPO4~ Di-hydrogen phosphate || 41 | NaHCOs Sodium hydrogen carbonate

20 | MgCH3COO* Magnesium acetate 42 | NaHPO4~ Sodium hydrogen phosphate

21 | MgCH3CH;COO* | Magnesium propionate 43 | CaOH* Calcium hydroxide

22 | CaCOs Calcium carbonate 44 | MgOH* Magnesium hydroxide

The reviewed literature provides critical insights into wastewater treatment technolo-
gies, particularly the innovative SANI system. This system has shown significant potential
in addressing water stress in regions like Hong Kong, where salinity in wastewater poses

unique challenges.*® The adaptation of the SANI system within the South African context
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offers a promising avenue for addressing freshwater scarcity, with key differences such as
population density, operator skills, and user acceptability requiring careful consideration.

In water-stressed regions like South Africa, the relevance of the SANI system lies in
its ability to reduce sludge production, optimize nutrient removal, and achieve energy-
efficient wastewater treatment. These attributes directly address pressing challenges in
resource-constrained environments. Furthermore, the application of modelling frame-
works, such as the PWM _SA model, facilitates a quantitative evaluation of the feasibil-
ity of integrating SANI infrastructure. This highlights the importance of calibrated and
validated models to simulate real-world system performance accurately.*?

Modelling plays a critical role in assessing the feasibility and effectiveness of imple-
menting the SANI system in regions like South Africa. The extension of the PWM SA
model to incorporate SANI-specific bioprocesses demonstrates the potential for adapting
established frameworks to local conditions. Verification of these models is paramount
to ensure scientific accuracy, internal consistency, and realistic predictions relative to real-
world measurements. ** The steady-state and kinetic models developed for the SANI system
provide a foundation for evaluating its performance under varying conditions, enabling
optimization for regional applications.

Current research addresses gaps in model representation to ensure accurate simulations
of the SANI system. This includes incorporating region-specific influent characteristics,
refining stoichiometric and kinetic parameters, and validating models with empirical data
from pilot studies in South Africa.

In conclusion, the SANI system represents a transformative approach to saline sewage
treatment. Its adaptation and implementation in South Africa could address critical water
management challenges, provided that regional differences are carefully considered and

addressed through robust modelling and pilot-scale validation.
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Chapter 3: Methodology

This section outlines the approach used to extend and verify the PWM_SA model by incor-
porating sulfate reduction and autotrophic denitrification processes present in the SANI
system. The model simulates key processes within the SRUSB, anoxic, and aerobic re-
actors, using the Gujer matrix framework to represent the biochemical reactions. After
verification through the mass balance, the model was integrated into the WEST software,
and verified by running simulations using the SANI pilot plant experimental influent data
and plant conditions. A final mass balance check was performed post-simulation to check

and verify the model’s internal consistency.

3.1 Inclusion of a steady state model for anaerobic Biological

Sulphate Reduction (BSR)

The steady-state model for BSR was developed using primary sewage sludge as the carbon
source and electron donor. This model is analogous to the S6temann (2005b) model for
methanogenic anaerobic digestion systems. In the effort to apply the PWM_SA model to
BSR systems, the model was extended to incorporate BSR processes in WEST.”® The BSR
reactions were coded using the same methodology as the methanogenic equations.2647
The derivation and coding of the sulfidogenic reactions also prompted further verification
of the existing PWM_SA model.

Similar to the methanogenic reactions, where stoichiometry was derived on a mole ba-
sis, a similar approach was applied to the sulfidogenic system, with stoichiometric deriva-
tions based on identified reaction pathways.%>°%38 This extension introduced three growth
equations and three decay equations for the reactions shown in Figure 3.1, under the
assumption that butyrate and higher VFAs are not present in this system. For the SANI

process reactions, SO42~ serves as the electron acceptor, resulting in the formation of H,S.
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PRIMARY SEWAGE SLUDGE

1.Hydrolysis

2. Acidogenesis

l

Propionate

— Acetate 3. Acetogenesis
- 4. Acetoclastic Methanogenesis
5

ion: Hydrogenotrophic . .
7,:@?‘2%?“;:5:;32 hXe'rhgnogenepsis Methane «——— 6. Added reaction: Acetoclastic

Sulphidogens Sulphidogenesis

8. Added reaction:
Acetogenic Sulphidogenesis

Hydrogen Sulphide

Figure 3.1 Diagram illustrating the schematic representation of the anaerobic digestion processes accord-
ing to the UCTSDM1 including BSR. 6856

In the extended PWM_SA model for BSR anaerobic digestion, H,S is represented in its
partially dissociated form, HS™. The speciation routine allocates HS™ to either H,S or HS™
based on the pH. This distinction is crucial because the undissociated form (i.e. H,S) is
toxic to methanogenic, sulfidogenic, and acetogenic bacteria®®.

Currently, the BSR reactions within WEST are not coded to interact with methanogenic
reactions due to insufficient data. However, literature indicates that sulfidogenic organisms
generally outcompete methanogens for available substrates and this depends on reactor
conditions, the concentration of SO4>~ in the mixed liquor also needs calibration for a more
refined model.!” A simple switching parameter allows users to select either sulfidogenesis
or methanogenesis. Since methanogenic reactions are deactivated during BSR, the impact
of undissociated H,S on acetogenic and methanogenic organisms is not considered at this

stage. However, their toxicity is accounted for in the sulfate-reducing processes. A linear
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inhibition term was used to represent this, as shown in Equation 3.1 below, but it was

found to be unstable when H,S concentrations exceed the inhibition constant (KI).
Ip,s=1— — (3.1)

The model stability was improved by matching the 50% inhibition point to an exponential
function. This adjustment prevents the inhibition term from reaching zero, which gen-
erally enhances the stability of the model. The KI value, which represents the inhibition
constant, varies among different organism groups. For acetogenic sulfidogens, particularly

propionate-degraders, the KI value is 0.185 gS/1.38

1 — o (rabotib)

(3.2)
Furthermore, a SO4*~ switching function is included to manage conditions when SO4*~
concentrations are low. This function deactivates the BSR processes if there is insufficient
SO,>~ to sustain them.>® The constant (KN) values, which vary among different organism

groups, were taken directly from Kalyuzhnyi (1998) as shown below.

[SO4*]

Ky + [SO4*7] (5.9)

sulphate switching term=

3.1.1 Added Biological Reactions

This sections of this section introduce the additional biological reactions incorporated into
the PWM_SA model, focusing on sulfidogenic and denitrifying processes. It specifically
covers acetotrophic and hydrogenotrophic sulfidogenesis, where microorganisms utilize
acetate (C;H30,7) and H to produce H,S, and autotrophic denitrification, where NO3~ is
reduced to N, using H,S as the electron donor. Additionally, it explains the growth and

decay processes of various microbial groups, detailing the stoichiometric equations that
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represent their interactions and contributions to biomass production and S reduction.

Biological Sulfate Reduction (BSR)

The added sulfidogenic bioprocesses include Hydrogenotrophic Sulfidogens (HS) and AS,
which are distinguished based on the substrates they utilize: (C;H30,7) and H, respec-
tively.*® Acetotrophic sulfidogenesis is mediated by AS organisms that convert VFAs into
H,S/HS™ and HCO3~. On the other hand, hydrogenotrophic sulfidogenesis involves HS

organisms that utilize hydrogen gas (H,) to produce H,S/HS ™. 3%37:42

Acetotrophic sulfidogenesis

In acetotrophic sulfidogenesis, (C;H30,7) acts as a crucial substrate, supplying electrons
necessary for both the anabolic and catabolic processes carried out by acetotrophic sulfi-
dogenic organisms.*® This utilization of (C;H30,7) results in the production of two key
substances: H,S/HS™ and H,COj3. The anabolic pathway contributes to the generation of
HCO; ™, while the catabolic pathway leads to the formation of H,S. Equation 3.4 provides
the stoichiometry underlying acetotrophic sulfidogenesis: 4?

14 1(m — 2k — 31+ 3n)Yags
Yas

1
Yap

3k ) Y
Yas

T+ 2(m—2k — 31+ 2n)Yys

i Yas

[(k— 31+ 3n)Yas

Yas

} SO+

2 — kYas

AS

H* — CkHlOmNn + |: } HCOg_

- (3.4)
% + %(m — 2k' — %l + %H)YAS
Yas

s+ | s+

J .0
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where:

CyH,0, VFA in the form of acetate = Sy pa (mol/m3);
CrH;0,,N,, is the elemental composition of the AS(AS) = Z,5(mol/m®);

Y45 is the yield coefficient of the As (mol/mol).

Hydrogenotrophic sulfidogenesis

Hydrogen, an intermediary product generated during biological acidogenesis, serves as a
readily available resource for HS to produce biomass and H,S/HS™. Additionally, the al-
kalinity derived from carbonic acid H,COs; is utilized for microbial growth during anabolic
processes, while alkalinity from H,S/HS™ is generated during catabolic activities. This

process is represented by the stoichiometric equation below: 4642

1 110k —m - 3n+ L)Y
(—)H2+[4 i@k =m 2n+2)HS}SO42_+(n)NH3
Yus

+ F e %Z)YHS] HY 5 CuHO,N, 4 |3k =m = an+ 50Vus |y
YHS YHS
F — Y2k —m—3n+ gms} —_— {1 +(k+3n - %Z)YHS} H,O
YHS YHS
(3.5)

where:

CrH,;0,,N,, is the elemental composition of the HS(HS) = Z Hg(mol/m3);

Yy s is the yield coefficient of the HS (mol/mol).

Autotrophic Denitrification

Autotrophic denitrification is facilitated by Autotrophic Denitrifiers (ADN) using dissolved

H,S/HS™ as the electron donor.?® This process reduces NO;~ to N, through catabolism,
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while anabolism generates biomass and consumes H,COj3 alkalinity as the carbon source.

The stoichiometry of autotrophic denitrification is shown below: 4?

5 1 / / ’ ’
ADN Yapn
5 1 ’ / ’ / 1 1 ! ! !
1_6+E(4k —2m —3n +Z)YADN HS~ + §+§(—2k —3n +Z)YADN H,0
Yapn Yapn
5 1 ’ ’ i i
24 24k —2m —3n +1)Y, 1
L O HY O Ny + | B R < >N2
YADN 2Y;lDN
L L4k —6m" + 70 +30)Yapy -
Yapn
(3.6)

where:

Cy'Hy O’ N,/ is the elemental composition of the autotrophic denitrifiers(ADN) = Z4p N(mol/mB);

Ypn is the yield coefficient of the ADN (mol/mol).

Biomass Growth and Death

The death and decay processes for the anaerobic SRB groups (AD, AS, and HS), the anoxic
denitrifying microorganisms (ADN and HDN), and the aerobic autotrophic nitrifiers (AN)
were deemed to be identical.*® During endogenous decay, the biomass degrades and re-
leases its BPO into the bulk liquid, contributing to the pool of biodegradable organics
with the same elemental composition as that in the system influent. Given the low yield
and endogenous mass loss rates of all biomass in the SANI system, the generation of un-
biodegradable endogenous residue is considered negligible.*®

To account for the various biomass and BPO compositions, a generalized stoichiometric
equation for endogenous decay was developed. This equation applies to biomass with

the composition C,H,;0,,N,, and influent BPO composition C,H,O.N,. The generalized
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stoichiometry for the endogenous decay of all organism groups (AD, AS, HS, ADN, HDN,
and AN) can be expressed by Equations. (3.7)-(3.9 ) below:4®

For the SRB groups (AD, AS, HS), the stoichiometric equation can be expressed as

follows:

CLH,0, N, + {k(3y —2z—9a) + (2 — 3x) —if;m(Zx +3a —y) + n(9z — 3z2) H,0

s
k(y — 2z — 2 .y
— 220, H,0.N, + [ =22 =80) To@m 30 20|y 00,4 (3.7)
s Ts
{n(élx +y—22)+a(2m — 4k — l)] NH,
s

Where:

CxH,0,,N,, = elemental composition of the SRB groups(Zap, Zas, Zus);
C,H,O.N, = elemental composition of the BPO;
vs = electrons available per mole of the BPO , (C,H,0.N,)
=4dx +y— 2z —3a+ 5b(e” eq/mol);
vp = electrons available per mole of the SRB biomass (C;H;0,,N,,)
=4k +1—2m — 3n + 5p (e~ eq/mol);

HQCOg = HQO + COQ

For the anoxic denitrifying microorganisms (ADN, HDN):

K (3y — 2z —9a) +1'(z — 3z) + m'(2z + 3a — y) + n' (92 — 32)

Ck'Hl' Om’na’ —+ |: HQO
Vs
/ k:/ o 2 o 2 / / . l/
— ECxHyOzNa + { gt o ) HyCO3+
Vs Vs
[n (4r +y —22) +a(2m — 4k —Z)] NI,
Vs
(3.8)
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Where:

Cy'Hy Oy/n,’ = elemental composition of the denitrifying microorganisms(Zpn, Zupn);
C,H,0,.N, = elemental composition of the BPO;
vs = electrons available per mole of the BPO , (C,H,0,N,)
=4r +y — 2z — 3a + 5b (e~ eq/mol);
vy = electrons available per mole of the denitrifying microorganisms (CjH;0,,N,,)
=4k +1 —2m’ —3n + 5p (e~ eq/mol);

HQCOg = HQO + COQ

For the aerobic ANs:

CUHP O 4 [k” (3y — 2z —9a) + (2 — 3r) + m”(2x +3a—y)+ n" (9z — 32) H,0
Vs
1" k,/ . 2 . 2 1" 1" . l//
— JBCH,0.N, + { (y=22=3a) +2@m +3n =)y oo 4
Vs Vs
{n” (dr +y—22) + a(2m” —4k" — l") NH,
s
(3.9)
Where:

Cy"Hy" Oy n,” = elemental composition of the ANs(Z4y);

C.H,0O.N, = elemental composition of the BPO;

vs = electrons available per mole of the BPO , (C,H,0.N,)
=4x +y— 2z —3a+ 5b(e” eq/mol);

ng = electrons available per mole of the denitrifying microorganisms (C,H;0,,N,,)
=4k +1 —2m' —3n' +5p (e~ eq/mol);

HQCO3 = HQO + COQ
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3.2 Gujer Matrix Development

The primary objective of this study was to integrate the processes of the SANI system into
the PWM_SA model and to verify the model to ensure its ability to accurately replicate the
behaviour of the SANI system. To achieve this, a Gujer matrix was developed to incorporate
sulfate reduction and autotrophic denitrification processes, along with their associated
components, parameters, stoichiometric relationships, and kinetic constants.

A Gujer matrix serves as a systematic framework in wastewater treatment modelling,
effectively representing the biological and chemical processes within a system.?” It is par-
ticularly valuable for detailing the stoichiometry of transformations in models such as the
Activated Sludge Model (ASM). This matrix offers a clear and concise depiction of how
various compounds are consumed and produced across different processes. Typically, bio-
process kinetics are integrated alongside the matrix, facilitating a deeper understanding
and analysis of the system.

Gujer matrices enable mass balance verification by summing the products of each com-
ponent’s elemental and charge content with their respective stoichiometric coefficients (as
illustrated in the Gujer matrix provided as supplementary Data).3° This method ensures

that all elements within the bioprocesses remain in equilibrium.

3.2.1 Gujer Matrix Notation

The use of a standardized notation in the Gujer matrix for wastewater treatment models
provides a uniform way to represent various state variables and processes, facilitating the
comparison of models and experimental data. By employing a consistent framework, it
becomes easier to interpret and share information. Furthermore, this notation method is
well accepted by the IWA modelling community and was thus adopted for this study.’

In the Gujer matrix notation, the primary symbol represents particle size and must
always be provided. This main symbol is in uppercase italics, signifying whether the com-

ponent is soluble (S), particulate (X), or colloidal (C) as shown in Figure 3.2.
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Main symbol

Particle size Subscript
Degradability , Organic/ , Name Specifications
XCS inorganic
l Internal cell comp
Origin
[ UBA | [ Oglg | Compound Location
organism Compartment
Degradation rate
Units
Examples
Old notation New notation
Spin
ASM2d VFA -
Xjin
ASM1 X v ; ; ' Inf
Xaytin
ASrzd ANG
Xppa in
ASiieg [P0 ], [P
ISS in
GenASDM X Luv | [ e | - -
Sjin S,
ASM2d S v

Figure 3.2 Description of the used notation for state variables in the PWM SA Gujer matrix.°

This differentiation helps to classify materials based on how they behave within the
treatment system. The subscript can include up to four levels, each offering specific infor-
mation: degradability, the organic or inorganic nature of the compound, the name of the
compound or organism, and any additional specifications needed for further detail. The
subscript is presented in uppercase, or a mix of upper and lowercase for clarity, and is not
italicized.

Degradability is one of the most critical aspects of WWT models, distinguishing be-
tween undegradable (U), biodegradable (B), and abiotically convertible (A) compounds.
This classification allows for a better understanding of how different substances are pro-
cessed or transformed within treatment systems. The notation also includes whether a
compound is organic (Org) or inorganic (Ig), which is useful for identifying autotrophic
versus heterotrophic metabolism. The third level in the subscript provides the specific
name of the compound or organism. For compounds with lengthy chemical formulas,

abbreviations or chemical symbols (e.g., NH4, CH,) are used for simplicity.
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In cases where additional specifications are necessary, such as indicating the source of a
compound (e.g., ‘Inf’ for influent-derived) or differentiating between compartments (e.g.,
SCO2, L for liquid phase), the notation can be extended to include this detail. This ensures
that models can accurately reflect complex interactions, such as endogenous processes or

structural components of biomasses (e.g., Xpao,pua for PHA storage in PAOs outlined in

Figure 3.3).
Tot Legend
U:
undegradable
£5 biodegradable
& A abiotically i
sQ 1 degradable }
ge |  Loel  [Kef  [Poe] [ g [ e-==EEE2E
g5
25 e
oOc
- __Shlg !
2
3 1
[
©
% [ Xeaostor | [ Xenore ||t
)
OHO
ASM2d state variables So
2
( J
T
Lumped state variable

Figure 3.3 The proposed notational framework used in the ASM2d state variables.®

The framework also allows for notations that specify ion activity and concentration,
with brackets (e.g., Sinua;) used for ion concentration and parentheses (e.g., Squ4)) for
ion activity. This level of detail supports the differentiation between total compounds and
their ionic forms, ensuring precision in modelling processes like substrate utilization by

autotrophic organisms or inhibition mechanisms.

3.2.2 Model Extension

The extension of the model involved the incorporation of sulfate reduction and autotrophic
denitrification processes, as well as the relevant components, parameters, stoichiometric
relationships, and kinetic constants to the already developed PWM_SA Gujer matrix. The

first step was to identify the biological processes that are to be added to the PWM_SA. The
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below growth and decay processes were incorporated into the UCT ASM2-3P and SDM3P
(sub-models of PWM_SA as described in section 2.4) Gujer matrices using the chemical

equations described in section 3.1.

Table 3.1 The BSR and AD reactions that were added to the PWM _SA model. 2819

Model Added reaction Type of reaction

Anoxic Growth of Autotrophic Denitrifiers
ASM2-3P Autotrophic Denitrification

Lysis of Autotrophic denitrifiers

Uptake of sugars in SDM

Death and decay of the sugar degraders in SDM1

Uptake of propionate in SDM1

Death and decay of the propionate degraders

Growth of acetogenic SRB biomass

Death and decay of the acetogenic SRB

Uptake of acetate in SDM

Death and decay of the acetate degraders

SDM-3P Biological Sulfate Reduction Growth of acetoclastic SRB

Uptake of hydrogen in SDM

Death and decay of the hydrogen degraders

Growth of hydrogenotrophic SRB

Death and decay of the hydrogenotrophic SRB

The key components involved in sulfate reduction and autotrophic denitrification were
then defined and also incorporated into the Gujer matrix in the same format and notation

as represented in Table 3.2 below:

Table 3.2 The added model components for SRB (Where X denotes concentration). 2819

Component Name Empirical formula Notation
® Hydrogen sulfide HS™ S_HS
é Acetoclastic sulfidogens CiH{OmNp X_ACS
é" Hydrogenotrophic sulfidogens CicHiOmNn X_HS
E Autotrophic denitrifying organisms CxHOmNp X_ADO
g Autotrophic denitrifiers CiHiOmNp X_AD
Acetotrophic sulfidogens CiH;OmNp X_AC

Additionally, kinetic parameters such as maximum growth rates and saturation/inhibition
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were determined together with stoichiometric parameters that allowed for the inclusion of
S in the elemental composition of the organic components as represented in Table 3.3:

Table 3.3 The added model parameters for sulfate reduction and autotrophic denitrification. 2819

Parameters Description Value
K_S_HS Saturation/inhibition coeff for growth on S_HS 4
Kinetic parameters mu _ADO Maximum growth rate 1
b _ADO Decay rate 0.15
Y_ADO Yield For Autotrophic Biomass 0.24
i_S_Org_mol_perC S/C : organisms 0.0001
i_S_SU_mol_perC S/C: unbiodegradable soluble 0.00001
Stoichiometric parameters i_S_SF_mol_perC S/C: fermentable soluble 0.00001
i_S_XUInf_mol_perC S/C: unbiodegradable particulate 0.00001
i_S_XUOrg_mol_perC S/C: endogenous residue 0.00001
i_S_XBOrg_mol_perC S/C: biodegradable particulate 0.00001
i_S_XBInf mol_perC S/C: PS biodegradable particulate 0.0001

The above step was followed by the addition of the yield coefficients (which represent
the efficiency of substrate conversion into biomass) and decay factors (which account for
biomass decay) for the new processes. This step ensures that the matrix reflects not only
the transformation of components but also the growth and decay of microorganisms. The
stoichiometric and kinetic constants for SRB in anaerobic sulfate reduction were derived
through model fitting to experimental data from previous studies. These values, presented

in Table 3.4, were also incorporated into the PWM_SA Gujer matrix.

Table 3.4 Stoichiometric and kinetic constants used in the PWM _SA_56:38

Parameters Hrmaz Ks Ky Kr Y b

ah (mol/m?3) (mol/m?3) (mol/m?) (mol/mol) @h
Acidogens (AD) 4.000 0.780 N/A 5.78125 0.10740 0.0410
Acetotrophic sulfidogens (AS) 0.612 0.370 0.200 5.12500 0.01869 0.0275
Hydrogenotrophic sulfidogens (HS) 2.800 0.004 0.200 17.18750 0.00707 0.0600

The stoichiometric and kinetic constants for ADs and ANs were primarily derived from
the ASM3, presented in Table 3.5.2827 The kinetic and stoichiometric constants for ADNs

are presented below, respectively:
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Table 3.5 Stoichiometric and kinetic constants used in the PWM _SA as taken from ASM3.56

Parameters tmaz  KHas KN ra Kno3 Kooz Y b
(dh (mol/m3)  (mol/m3) (mol/m3) (mol/m3) (mol/mol) (d)
Heterotrophic denitrifiers (HDN) 2.0 n/a 0.000714 0.0357 0.00625 0.72838 0.10
Autotrophic denitrifiers (ADN) 1.0b 0.4938 0.000714 1.0786 0.00625e  0.08262f  0.04
Autotrophic nitrifiers (AN) 1.0 N/Aa 0.071430 n/a 0.0156 0.01541 0.01

The next step involved defining the stoichiometric relationships between the compo-
nents involved in the added processes. This included specifying the consumption and
production rates of each component facilitated by SRB and ADO. These stoichiometric co-
efficients are essential for accurately representing the sulfate reduction and autotrophic
denitrification processes in the Gujer matrix, ensuring that the model can simulate the
transformation and interactions of each component within the extended PWM_SA model
accurately. Table 3.6 below presents the stoichiometric coefficient equations for the com-
ponents of the autotrophic denitrification processes added to the model, the stoichiometric
coefficient equations for the components of the added SRB processes are presented in the

Gujer matrix attached as supplementary Data.
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Table 3.6 The stoichiometric coefficients of the autotrophic denitrification processes components.

Anoxic Growth of Autotrophic Denitrifiers
G1-1 HyO 0.8 — %ADO + % - (244 32-4i_P_Org_mol_perC + 32 -i_S_Org_mol_perC — 8 - iioio'rgim,oliperc))
MW H20
G2-1 S H —0.6 + % — % - (16 +24 -i_P_Org_mol_perC + 16 - i_S_Org_mol_perC — 8 - ifoO'r'gJﬂOlJ)e'r‘C))
MW S H
G3-1 S_NHx (—% . i_N_Org_mol erc) MW_S_NH
G4-1 S_HS ~MW_S_HS
G5-1 s_Co3 - % -MW_S_CO3
G6-1 S_S04 (7% - i_S_Org_mol_perC + 1) - MW_S_S04
G7-1 S_PO4 —8XADO .i_p_Org_mol_perC - MW_S_PO4
G8-1 S_NOx _80=YADO) . \w_5_NO«
G9-1 S_ N2 M MW _S_N2
G10-1 X_B_Org % -MW_X_ADO
Lysis of Autotrophic Denitrifiers
; . . f_XU_Bio_lysis - gam_o
34+4-i_ P_Org_mol_perC +4-:_S_Org_mol_perC —i_O_Org_mol_perC — .
D1 Ho O gam_e
(3+4-i P_XUOrg_mol_perC +4-i_S_XUOrg_mol_perC)
f_XU_Bio_lysis - gam_o
24 3-i_P_Org_mol_perC 4+ 2-i_S_Org_mol_perC — i_N_Org_mol_perC —
D2 S_H gam_e
- (2439 P_XUOrg_mol_perC + 2 -i_S_XUOrg_mol_perC)
. f_XU_Bio_lysis-gam 0-i_N_XUOrg mol_perC _ (1—f XU_Bio_lysis)-gam o-i_ N_XBInf_mol_perC
D3 S_NHx (Z_N_()rg_mol_pm«c - o - gemo )
f_XU_Bio_lysis-gam_o (1—f_XU_Bio_lysis)-gam_o ,
D4 s_co3 (1- Lt - e ) - MW_S_CO3
) f_XU_Bio_lysis-gam_o0-i_S_XUOrg_mol_perC  (1—f_XU_Bio_lysis)-gam_o-i_S_XBInf_mol_perC
D5 S_SO4 (Z_S_Org_mol_pe'rc — Gam. e — gam. bps )
B . f_XU_Bio_lysis-gam_o-i_P_XUOrg_mol_perC _ (1—f_XU_Bio_lysis)-gam o-i_P_XBInf_mol_perC
D6 S_PO4 (i_P_Org_mol_perC — o - s )
D7 S_U —MW_X_ADO
D8 SF (f_XU_Bio_lysis - £22) . MW_X_U_Org
D9 S_Glu (1 — f_XU_Bio_lysis) - % -MW_X_B_Inf
D10 X_ADO ~MW_X_ADO
D11 X_U_Org ( f_XU_Bio_lysis - ggﬁt‘;) MW _X_U_Org
D12 X_B_Inf (1 — f_XU_Bio_lysis) - Fm2 - MW _X_B_Inf
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Once the relevant components, parameters, stoichiometric relationships, and kinetic
constants for sulfate reduction and autotrophic denitrification were added to the Gujer
matrix, the biological processes were then added to the matrix with the processes listed as
rows and the components as columns in the format shown in Table below (the G and D

symbols represent the stoichiometric equations listed in Table 3.6 above).

Table 3.7 The extended SDM3P section of the stoichiometric matrix for the PWM _SA model.

SDMS3P section of the Stoichiometric matrix for the PWM_SA model

State Soluble components
Expressed as g/ m3
Components H20 S SNHx SHs Svra Spr Scos Sso4 Spoa Snox Sna2

1 Anoxic Growth of Autotrophic Denitrifiers G;-1 G1-2 G;-3 0 G1-4 G1-5 G1-6 G1-7 G;-8 G1-9 G;-10

2 Lysis of Autotrophic Denitrifiers D; Do Ds Da Ds Ds D7 Ds Do

NB: This table shows only the soluble components; the particulate components are given in the Gujer matrix attached as supplementary
Data.

Each cell in the matrix contains a stoichiometric coefficient that represents the amount
of a component consumed or produced during each process. Positive values in the matrix
indicate the production of a component, while negative values denote its consumption as

shown in Tables 3.8 and 3.9.

Table 3.8 The extended SDM3P section of the stoichiometric matrix for the PWM _SA model.

SDMS3P section of the stoichiometric matrix for the PWM_SA model
State Soluble components
Expressed as g/ 'm3
Components H20 SH Snux | Sus Svra Spr Scos Sso4 Spoa Snox Sn2
1 Anoxic Growth of Autotrophic Denitrifiers 14.99 -1.1 -1.34 [0] -33.08 -27.70 96.06 -0.79 -75.39 17.03 10.38
2 | Lysis of Autotrophic Denitrifiers 0.0 0.0 0.0 0.0 -2.79 0.0 0.92 -1 0 0 0.08
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Table 3.9 The extended ASM2-3P section of the stoichiometric matrix for the PWM _SA model.
ASM2-3P section of the stoichiometric matrix for the PWM_SA model
State Expressed as
Processes g/m3
H20 SH SnHx | SHs Svra Spr Scos Sso4 Spoa SH2
1 Uptake of sugars in SDM -11.8 3.8 -1.7 53.1 65.8 56.6 0.0 -1.0 1.8
2 Death and decay of the sugar degraders in SDM1 0.0 0.0 0.0 0.0 0.0 0.0
3 Uptake of propionate in SDM1 -51.7 1.9 -0.3 57.4 -73.1 57.9 0.0 -0.2 5.9
4 Death and decay of the propionate degraders 0.0 0.0 0.0 0.0 0.0 0.0
5 Growth of acetogenic SRB biomass 0.9 1.2 -0.4 23.8 56.7 -73.1 57.4 -69.2 -0.2 0.0
6 Death and decay of the acetogenic SRB 0.0 0.0 0.0 0.0 0.0 0.0
7 Uptake of acetate in SDM -16.3 0.9 -0.3 -59.0 57.4 0.0 -0.2
8 Death and decay of the acetate degraders 0.0 0.0 0.0 0.0 0.0 0.0
9 Growth of acetoclastic SRB 0.8 1.9 -0.3 31.5 -59.0 114.8 -91.6 -0.2
10 Uptake of hydrogen in SDM 14.0 -0.5 -0.1 -15.8 0.0 0.0 -2.0
11 Death and decay of the hydrogen degraders 0.0 0.0 0.0 0.0 0.0 0.0
12 Growth of hydrogenotrophic SRB 18.3 -0.3 -0.1 7.7 -2.0 -22.3 -0.1 -2.0
13 Death and decay of the hydrogenotrophic SRB 0.0 0.0 0.0 0.0 0.0 0.0

3.2.3 Mass Balance Verification

To ensure that the model maintained mass conservation for each component, a mass bal-
ance check was performed on the Gujer matrix.3° This process involved comparing the
total amounts of each component entering and leaving the system and verifying that the
quantities generated and consumed were consistent with the stoichiometric coefficients
provided in the matrix. The verification of the Gujer matrix for mass balance was achieved
by summing the product of each component’s chemical elements (CHONPS) and its chem-

ical content with the stoichiometric coefficients across each row of the matrix as outlined

in Figure 3.4 below.
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Composition Matrix - Balance Check
COoD |C H o] N P S Charge|Mass
H20 0.0/ 0.0] 0.1 0.9| 0.0( 0.0/ 0.0 0.0 0.0

S H 0.0/ 0.0| 1.0| 0.0| 0.0/ 0.0| 0.0 1.0/ 0.0

S_NHx| 0.0/ 0.0( 0.2| 0.0{ 0.8| 0.0| 0.0 0.1) 0.0

S_HS 1.9/ 0.0 0.0| 0.0 0.0/ 0.0] 1.0 0.0/ 0.0
S VFA| 1.1| 0.4 0.1| 0.5] 0.0/ 0.0| 0.0 0.0/ 0.0
S_Pr 1.5 05| 0.1] 0.4 0.0/ 0.0| 0.0 0.0/ 0.0
S CO3| 0.0/ 0.2 0.0/ 0.8] 0.0/ 0.0| 0.0 0.0/ 0.0

S SO4| 0.0 0.0( 0.0 0.7] 0.0/ 0.0]| 03 0.0/ 0.0
S_PO4| 0.0 0.0 0.0/ 0.7] 0.0/ 03] 0.0 0.0/ 0.0

S_H2 7.9| 0.0| 1.0| 0.0| 0.0/ 0.0| 0.0 0.0/ 0.0

S Glu| 1.1 0.4] 0.1] 0.5] 0.0/ 0.0] 0.0 0.0/ 0.0

Processes Components COD |C H o N P S Charge|Mass

H20 |S H [S_NHx[S_HS|S VFA [S Pr [s CO3|S S04 S PO4 |S H2 |S Glu 0.0] 0.0] 0.0f 0.0] 0.0] o0.0] 0.0] o0.0] 0.0
1_|Uptake of sugars in ADM -11.3| 38| 17 53.1| 65.8| 56.6 0.0[ -1.0] 1.8/-180.2 0.0] 0.0] 0.0 0.0] 0.0] 0.0] 0.0] o0.0] 0.0
2 _|Death and decay of the sugar degraders in ADM1 0.0| 0.0[ 0.0 0.0 0.0[ 0.0 0.0] 0.0] 0.0f 0.0] 0.0] 0.0] 0.0] o0.0] 0.0
3 |Uptake of propionate in ADM1 51.7| 19| -0.3 57.4|-73.1| 57.9 0.0| 02| 59 0.0 o0.0] 0.0l 0.0] 0.0] o0.0] 0.0 0.0 0.0
4 |Death and decay of the propionate degraders 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0] 0.0 0.0] 0.0 0.0] 0.0 0.0] 0.0
5 |Growth of acetogenic SRB biomass 09| 1.2| -0.4|23.8| 56.7|-73.1| 57.4| -69.2| -0.2| 0.0 0.0 o.0] 0.0] o.0f 0.0] o.0] 0.0f 0.0 0.0
6 |Death and decay of the acetogenic SRB 0.0 0.0 0.0 0.0 0.0 0.0 0.0/ 0.0] 0.0 0.0 0.0f 0.0] 0.0 0.0 0.0
7 [Uptake of acetate in ADM -16.3| 09| 0.3 59.0 57.4 0.0/ 0.2 0.0] 0.0] 0.0f 0.0] 0.0] o0.0] 0.0] 0.0 o.0
8 |Death and decay of the acetate degraders 0.0/ 0.0/ 0.0 0.0 0.0 0.0 0.0 o.0] 0.0] 0.0f 0.0] 0.0 0.0f 0.0 0.0
9 |Growth of acetoclastic SRB 0.8| 1.9/ 03315 -59.0 114.8| 91.6| -0.2 0.0] 0.0] 0.0f 0.0] 0.0] 0.0] 0.0] o0.0] 0.0
10 |Uptake of hydrogen in ADM 14.0/ -0.5| 0.1 -15.8 0.0/ 0.0] 2.0 0.0 o0.0] 0.0] 0.0] 0.0] 0.0 0.0f 0.0 0.0
11 |Death and decay of the hydrogen degraders 0.0| 0.0[ 0.0 0.0 0.0[ 0.0 0.0] 0.0] 0.0 0.0] 0.0] 0.0} 0.0] 0.0 0.0
12 | Growth of hydrogenotrophic SRB 18.3| 03| 01| 7.7 2.0 -22.3| -01] -2.0 0.0 o.0] 0.0] 0.0f] 0.0] 0.0 0.0f 0.0 0.0
13 |Death and decay of the hydrogenotrophic SRB 0.0/ 0.0/ 0.0 0.0 0.0/ 0.0 0.0 0.0] 0.0] 0.0] 0.0] 0.0} 0.0] 0.0 0.0

Total 0.0 0.0] 0.0f 0.0] 0.0 0.0 0.0 0.0 0.0

Figure 3.4 Mass balance verification. 30

The procedure entailed calculating the total contribution of each component to the
overall mass balance for each process. This was done by multiplying the stoichiometric
coefficients of each component by its chemical content and then summing these products
across all components involved in each particular process. The resulting matrix should
contain only zeros to show complete mass balance. By performing these calculations, the
model was verified to accurately reflect the conservation of mass for each chemical element
in the added bioprocesses. This approach ensured that all elements were balanced and that

the Gujer matrix effectively represented the mass dynamics within the system.

3.3 Outline of SANI Pilot System

The PWM_SA model was further verified using experimental data from the SANI saline
sewage treatment system at the Hong Kong pilot plant. Therefore, a detailed analysis
of the SANI plant’s operating conditions, influent characteristics, and experimental mass

balances was necessary to support the calibration process.
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Figure 3.5 presents a schematic diagram of the SANI pilot plant, which includes an
SRUSB for sulfate reduction, an anoxic (BAR1) for autotrophic denitrification, and an

aerobic bioreactor (BAR2) for nitrification.
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Figure 3.5 Extensive schematic diagram of the SANI pilot plant at the TCSPS.46

The SRUSB had a diameter of 1.6 m, a height of 4.2 m, and an effective liquid volume of
6.8 m3. It comprised a sludge-holding zone, a reaction zone, and a liquid-solids separation
zone, and was entirely sealed. The anoxic and aerobic reactors (BAR1 and BAR2) were
identical, each with a diameter of 1.6 m, a height of 4.4 m, and an effective liquid volume
of 3.9 m3. Both reactors were filled with plastic media providing a specific surface area of
115 m?2 per m3 of reactor volume and had a porosity of 91%. To regulate the plant’s flow,
a 700L influent flow regulating tank (T1) and a 700L mid-flow regulating tank (T2) were
installed, each equipped with a mixer under sealed conditions. Additionally, a strainer
with 6 mm spacing, cleaned daily, was installed before the plant.*®

The SRUSB, BAR1, and BAR2 were seeded and inoculated with anaerobically digested
sludge (MLSS = 8000 mg/L) and recycle-activated sludge (MLSS = 4000 mg/L) sourced
from a local secondary saline sewage treatment plant. During the inoculation period, the
system was continuously fed with screened saline sewage, gradually increasing the influ-

ent flow rate from 2 to 10 m3/d. After approximately one month, the plant stabilized,

achieving effluent quality with TSS below 15 mg/L and unfiltered COD below 55 mg/L.
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The pilot plant was subsequently operated for 225 days, maintaining an average sewage
temperature of 25°C. Table 3.10 details the primary operating conditions of the SANI pi-
lot plant during the steady-state period. A simplified outline of the SANI Pilot system
was recreated within WEST’s experimental environment, maintaining the same primary

operation conditions as the SANI pilot plant.

Table 3.10 The primary operating conditions of the SANI pilot plant during the steady-state period.46:42

NHRT AHRT SRT Influent Recirculation Average
Reactors

(h) (h) (d) Flow Rate BAR2 — BARI1 Temperature°C
SRUSB 186 + 55.3 52.1 £ 22.3 23.5+7.1 12.5+ 4.3 9.0+ 24 21.3
BAR1 431 + 132.6 98.8 + 60.9 65.9 +17.4 55.0 + 18.7 53.9 + 10.8 66.7
BAR2 157.9 4+ 86.2 39.7 £ 5.6 30.9 +£ 10.3 30.2+11.6 30.7 £ 9.2 33.3

3.3.1 Influent Characterization

Understanding the elemental compositions of influent BO and biomass in SRUSB, anoxic,
and aerobic, is crucial for formulating stoichiometric equations in wastewater treatment
models. These compositions are often determined using established equations. For 1
gram of VSS, the elemental composition represented as C,H,0,N,P; can be derived from
specific mass ratios for C, H, O, N, and P.

These mass ratios—denoted as fe.,, fc, fr, fo, fn, and f,—represent the ratios of COD,
TOC, H, O, organic N (OrgN), and organic P (OrgP) to VSS or the mass of filtered organics.
For PO, f.,, fc, fn, and f, can be determined through standard tests measuring COD, TOC,
total Kjeldahl nitrogen (TKN) minus FSA, TP, OP, and VSS as listed in Table 3.11. The
mass ratios f;, and f, do not need to be measured directly, as they can be calculated using

the COD/VSS ratio and the mass balance equation:

fc+fh+fo+fn+fp:1 (310)
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This allows the elemental composition for 1 gram of VSS to be determined by:

x:{—;, y:%, z:{—g, a:%, bzg—}i (3.11)
The composition can then be normalized with respect to C (e.g., C = 1).

Organics Acetate FBSO UuSso BPO UPO Biomass ER
COD 1.07 1.10 1.42 1.47 1.48 1.48 1.48
C 0.40 0.49 0.53 0.55 0.54 0.52 0.52

H 0.07 0.04 0.06 0.05 0.07 0.07 0.07

O 0.53 0.45 0.31 0.33 0.15 0.29 0.29

N 0.00 0.03 0.09 0.06 0.22 0.10 0.10

P 0.00 0.00 0.01 0.01 0.02 0.03 0.03

X 3.50 7.58 5.58 6.33 4.62 4.45 4.46

y 7.00 7.00 7.00 7.00 7.00 7.00 7.00

z 3.50 5.21 2.45 2.82 0.96 1.90 1.90

a 0.00 0.40 0.79 0.57 1.63 0.74 0.74

b 0.00 0.01 0.06 0.03 0.08 0.08 0.08

Table 3.11 Mass ratios of the influent wastewater compositions(UPO, BPO, USO).

The concentrations of other components, such as USO, are determined through filtered
COD tests, and differences in COD, TOC, OrgN, and OrgP are used to calculate the com-
positions for FBSO and USO, this data was obtained from the SANI pilot plant influent

parameters listed below in Table 3.12.4°

Table 3.12 Influent characterization of the SANI pilot system.*?

Parameters VFA FSA oP BSO BPO Uso UPO Soluble Particulate Total
COD (mg/L) 34.5 N/A N/A 92.7 217.5 30.7 55.6 157.9 273.1 431
TOC (mg C/L) 12.9 N/A N/A 40.9 82.2 11.5 20.2 65.3 102.4 167.7
TKN (mg N/L) N/A 44.8 N/A 2.5 8.7 23.2 8.3 70.5 17 87.5
TP (mg P/L) N/A N/A 5.3 0.2 1.1 0.3 0.9 5.8 2.0 7.8

The influent parameters listed in Table 3.12 were then used to plot the COD influent
characterization block diagram presented in Figure 3.6. Particulate organics are divided

into UPO and BPO fractions. The UPO fraction is determined from the overall mass balance
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of the system, while the BPO fraction is calculated by subtracting UPO concentrations from

the total particulate concentrations.

-
Cmm D (D
D CEEE—D =
o= o
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Figure 3.6 Influent wastewater characterization of the SANI Pilot plant.4®

The elemental compositions of UPO and BPO can then be obtained from mass ratios

using equations such as, respectively:

C1.001—11.57()0.211\IO.Z<)5]~:)0.02 (3 12)

and

CI.OOHl.ll00.45NO‘09P0.001 (3 13)

This comprehensive approach ensures an accurate representation of organic and inorganic

components within wastewater treatment models.

3.3.2 Characterization of the Performance of the SANI Pilot Plant

Accurate characterization of the SANI pilot plant’s performance was crucial for the cali-

bration process. Throughout the steady-state operation, the influents and effluents of all
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bioreactors were systematically analyzed through 24-hour composite sampling. The char-
acteristics of the influent and effluent from each bioreactor in the SANI pilot plant are

presented in Table 3.13.

Table 3.13 Characteristics of the influent and effluent for each reactor in the SANI pilot plant.4®

SRUSB BAR1 BAR1 Effluent BAR2 Calculated

Parameters

Influent Effluent Influent BAR2 Influent Effluent Concentration
VSS (mg/L) 186 + 55.3 52.1 + 22.3 235+ 7.1 12.5 + 4.3 9.0 £2.4 21.3
Unfiltered COD (mgCOD/L) 431 + 132.6 98.8 + 60.9 65.9 + 17.4 55.0 4+ 18.7 53.9 + 10.8 66.7
Filtered COD (mgCOD/L)b 157.9 £ 86.2 39.7 + 5.6 30.9 + 10.3 30.2 + 11.6 30.7 £ 9.2 33.3
5042 (mgS/L) 195.7 £+ 18.0 65.4 + 15.2 142.3 £ 25.7 169.4 £+ 34.3 172.3 £+ 34.4 141.7
HsS (mgS/L) 4.0 £ 4.7 124.1 £+ 14.4 31.3+4.8 3.0+1.2 0 35.5
Unfiltered TKN (mgN/L) 87.5 + 8.5 85.3 + 8.6 39.2 + 4.4 35.7 £ 5.6 23.4 + 5.5 41.1
Filtered TKN (mgN/L) 70.5 + 5.7 70.9 + 5.6 36.5 + 4.4 35.3 + 3.8 232+ 4.3 36.8
FSA (mgN/L) 44.8 + 6.6 45.4 + 6.0 16.9 + 4.5 16.4 + 2.7 3.4 +24 15.4
NO3~ (mgN/L) (0] (0] 13.56 + 1.8 2.2+ 24 16.8 4+ 3.2 12.0
Unfiltered TP (mgP/L) 7.8+1.2 7.6+1.0 5.940.7 5.7£0.5 5.6 + 0.6 6.2
Filtered TP (mgP/L) 5.84£0.8 5.7+£0.6 5.84£0.7 5.6+£0.8 5.6 + 0.6 5.6
OP (mgP/L) 5.34+0.7 5.240.8 5.34+0.7 5.34+0.5 5.3+0.5 5.3
Total Alkalinity (mgCaCOgz/L) 223+4+100.5 736.94170.1 281.44+75.2 247.74+70.5 120.5 + 62.4 296.6
H2CO3 Alkalinity (mgCaCOg/L) 219.04+104.3 576.74+174.0 252.84+75.1 245.74+71.6 120.5 £+ 62.4 250.8
Ha2S Alkalinity (mgCaCOs3/L) 4.6+1.0 160.24+11.2 28.6+4.6 2.0£0.2 0 45.8
COD Mass balance % 86 90 98
N Mass balance % 103 93 106
S Mass balance % 95 99 100
P Mass balance % 104 97 98

The pilot plant results align well with the theoretical expectations for the biological and
chemical processes occurring in the SANI system. The significant reduction in VSS and
COD across reactors is consistent with biological degradation and the removal of organic
matter. The SO,*~ reduction and H,S production in the SRUSB reactor confirm effective
sulfate reduction and the changes in N species (TKN, FSA, NO;~) indicate nitrification
and denitrification processes, as expected. Overall, the observed results are in line with
the anticipated outcomes of the biological and chemical processes at play within the SANI
system.

Evaluating the experimental mass balances of the SANI pilot system, as shown in Table

3.13, reveals key insights into the accuracy of the system’s performance and the reliabil-
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ity of the influent data for modelling purposes. This step was essential for detecting any
discrepancies that might result from measurement errors or system inefficiencies, which
could compromise the accuracy of the model. Since simulation models are based on the
principle of mass conservation, the input data must also produce realistic outcomes. Ad-
ditionally, proper mass balance evaluation supports the verification of the model, ensuring
it accurately reflects real-world processes. Without this, errors in the influent data could
propagate throughout the model, leading to faulty predictions of treatment performance.
Therefore, verifying mass balance consistency is a critical step in ensuring the influent
data’s suitability for modelling.

The mass balances for individual reactors demonstrate relatively consistent results,
with COD, N, S, and P balances ranging between 86% and 106%, indicating that the
majority of these substances are accounted for within each reactor. However, the overall
mass balance for the entire system shows some discrepancies, with a 71% COD balance,
97% Nn balance, 86% S balance, and 79% P balance. These deviations suggest potential
measurement errors, unaccounted losses, or incomplete reaction pathways. To address this
and ensure that the simulation model remains internally consistent and predictive, adjust-
ments to the influent parameters were necessary to achieve complete mass balances. The
following table displays the adjusted values obtained from the SANI pilot system, these

values were then entered into the model, with consideration for their typical ranges.*
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Table 3.14 Average influent water qualities used as input to the PWM _SA model. 4

Parameters SRUSB Anoxic Aerobic
TSS 280.19 48.57 49.27
VSS (mg/L) 186.19 16.80 20.59
Unfiltered COD (mgCOD/L) 439.22 72.50 78.88
Filtered COD (mgCOD/L) 157.90 46.40 46.80
S0,42” (mgS/L) 195.70 158.70 179.22
H,S (mgS/L) 4.00 41.01 20.49
Unfiltered TKN (mgN/L) 66.13 58.04 57.52
Filtered TKN (mgN/L) 49.19 54.83 54.07
FSA (mgN/L) 44.80 15.30 14.69
NOs™ (mgN/L) 0.00 10.90 0.22
Unfiltered TP (mgP/L) 7.80 6.84 6.79
Filtered TP (mgP/L) 5.80 6.43 6.28
OP (mgP/L) 5.30 6.10 5.95

With the identified model parameters categorized into influential (those with signifi-
cant effects) and non-influential (those that can be fixed within a range without affecting

model outputs), the final evaluation steps were determined. These steps involve:

* Setting the non-influential parameters to their default values.

* Randomly sampling the influential parameter sets within their specified ranges and
conducting simulations to compare predicted model outputs against the experimen-

tal data.

In this context, the experimental data stem from the SANI pilot plant system used for
model calibration. The calibrated parameters derived from this process remained consis-
tent and were then applied to simulate a full-scale scenario at the SANI pilot plant during
the validation phase. Mass balance checks were also conducted on the simulation results to

verify the consistency of the system. Detailed explanations accompany these simulations

88



in the results and discussion chapter, highlighting any observed discrepancies between

predicted and actual outputs.

3.3.3 Integration of the Model into WEST Software

Once the model was extended to include sulfate reduction and autotrophic denitrification
processes—along with the relevant components, parameters, stoichiometric relationships,
and kinetic constants—and checked for internal consistency through mass balance checks,
it was integrated into the WEST software for simulations.

The WEST simulation, which is a part of the packages in MIKE powered by DHI soft-
ware,’% is a versatile and robust tool designed for modelling and simulating water treat-
ment processes. The extended PWM_SA model was then developed within WEST, carefully
defining parameters, equations, and interactions to simulate the behaviour of contami-
nants and other variables throughout the treatment process. This integration involved
deriving and coding sulfidogenic reactions, which not only broadened the model’s scope

but also enhanced verification and refinement within the WEST simulation framework.
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Chapter 4: Results and Discussion

The primary objective of this study was to extend the PWM_SA model by integrating
the bio-processes specific to the SANI system, using empirical data from the SANI saline
sewage treatment system at the Hong Kong pilot plant. This involved the incorporation of
sulfate reduction and autotrophic denitrification processes into the PWM_SA model within
the WEST software. The PWM_SA model was checked for internal consistency by ensur-
ing that material (COD, C, H, O N, P, and S) mass and charge balances were met for all
processes (see section 3.2.3 which shows how this was done). The final step of model ver-
ification involves checking that the simulations resulted in reasonable predictions when
compared to the experimental data of the Hong Kong Pilot plant.

In the following sections of this chapter, the results for the SRUSB, anoxic, and aerobic
reactors, which were the component units of the SANI system, will be individually analyzed
and discussed to evaluate the capability of the mass-balanced model in tracking COD, N,
S, and P through the three reactors. Each reactor’s performance will be evaluated based
on COD removal, NO;~ and sulfate (SO4%~ reduction, H,S production, effluent TSS, and
the mass balances of COD, N, S and P. The predicted results will also be assessed against
the experimental results. However, it is worth noting that a comprehensive calibration
against the experimental results was quite challenging due to the following challenges in

this process:

* The imperfect experimental mass balances for COD, S, and N, which may have arisen
primarily from incomplete sampling, measurement inaccuracies, and potential ana-
lytical errors. Moreover, dynamic operating conditions at the pilot scale may have led
to unaccounted losses or temporary accumulations of key constituents. To improve
future mass balances, increasing sampling frequency, refining measurement proto-
cols, and accounting for all potential inflows and outflows is recommended. This

approach will reduce uncertainties and provide more robust data for model calibra-
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tion and validation.

* Additionally, it was challenging to calculate the mass balances in the experimental
data, because of missing information such as reactor solids concentrations, OUR, and
TSS. This lack of data hampered the assessment of organic matter degradation and
nutrient removal efficiencies. Important experimental data for parameters like TSS
and OUR were missing, which hampered the assessment of organic matter degrada-

tion and nutrient removal efficiencies.

* The N-to-COD ratio calculated from experimental data in the SRUSB is unreasonably
high compared to literature values.>*!8 This was evidenced by an N-to-COD ratio of

approximately 0.7, which exceeds the typical range of 0.06 observed in literature.

4.1 SRUSB

The SRUSB results predicted by the extended PWM _SA model compared against the ex-
perimentally measured data from the SANI pilot plant are presented in Table 4.1. The
SRUSB operates under anaerobic conditions, where SRB drives the key reactions and
shows reduced concentrations of COD and SO4*~, with corresponding increases in H,S.
As expected in BSR systems (see section 2.2.1), the effluent demonstrates reduced
concentrations of COD and SO4>~, accompanied by an increase in H,S levels, as illustrated
in Figure 4.1. The model predicted results align well with the effluent characteristics
expected in BSR systems, showing a COD removal efficiency of 66%, as well as reductions
in TSS and VSS concentrations due to the degradation of organic matter, which was used

as an electron donor for the growth of SRB.
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Table 4.1 Characteristics of the influent and effluent for the SRUSB.

Parameters Influent Effluent Removal
TSS (mg/L) 280.19 128.29 -151.90
VSS (mg/L) 186.19 42.76 -143.43
Unfiltered COD (mgCOD/L) 439.22 147.75 -291.47
Filtered COD (mgCOD/L)b 157.90 81.18 -76.72
S042~ (mgS/L) 195.70 57.59 -138.11
H2S (mgS/L) 4.00 142.13 +138.13
Unfiltered TKN (mgN/L) 66.13 65.02 -1.11
Filtered TKN (mgN/L) 49.19 56.63 +7.44
FSA (mgN/L) 44.80 53.40 +8.60
NO3~ (mgN/L) 0.00 0.00 -
Unfiltered TP (mgP/L) 7.80 7.63 -0.17
Filtered TP (mgP/L) 5.80 6.61 +0.81
OP (mgP/L) 5.30 6.20 +0.90

Additionally, a 71% sulfate removal was achieved, since SO, serves as the electron
acceptor in SRB metabolic processes. The reduction of SO4%~ leads to its conversion into
H,S, as evidenced by the rise in H,S levels shown in Figure 4.1.

Nitrogen removal is minimal since the SRUSB reactor primarily facilitates S cycling
rather than N removal. However, a decrease in organic N was observed in the effluent
with a slight increase in the effluent FSA which may suggest that some bound organic N
may have been broken down to form NH,". This conversion aligns with typical anaerobic
degradation pathways where the organically bound N is released with the breakdown of
organics (COD). According to the trend in COD removal noted above, and the determined
BPO N/COD ratio of 0.06, it is expected that the N released would increase the quantity
of NH," in the AD mixed liquor by 9.68 mgN/L to give an effluent NH,* concentration of
53.40 mgN/L. This model’s predicted value of the effluent FSA is slightly higher than the
measured value of 45.4 mgN/L, this could be because the measured value did not indicate

N release with BPO degradation.
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Figure 4.1 Comparative analysis of the SANI pilot plant measured and PWM _SA predicted effluent
parameters for the SRUSB reactor.

The P concentration in the effluent remained relatively unchanged from the influent
levels, with a small increase in OP which may be attributed to the breakdown of organic P
compounds used in biomass and also released as OP.

A comparison of the measured and predicted effluent concentrations for the SRUSB
is shown in Table 4.2. The model’s predictions generally align with the measured data,
though the predicted COD and sulfate removal rates are slightly higher as shown in Figure
4.1. This difference could be due to the assumption that the SRUSB operates as a com-
pletely mixed reactor, while in reality, there is approximately 5% hydraulic short-circuiting

(bypass flow) and 35% dead space in the reactor at the SANI pilot plant.*®
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Table 4.2 The measured and predicted effluent parameters for the SRUSB.

SRUSB Effluent

Parameters

SANI Pilot Plant PWM_SA
TSS (mg/L) - 128.29
VSS (mg/L) 52.1 42.76
Unfiltered COD (mgCOD/L) 98.8 147.75
Filtered COD (mgCOD/L)b 39.7 81.18
S042- (mgS/L) 65.4 57.59
H2S (mgS/L) 124.1 142.13
Unfiltered TKN (mgN/L) 85.3 65.02
Filtered TKN (mgN/L) 70.9 56.63
FSA (mgN/L) 45.4 53.40
NO3~ (mgN/L) 0 0
Unfiltered TP (mgP/L) 7.60 7.63
Filtered TP (mgP/L) 5.70 6.61
OP (mgP/L) 5.20 6.20

Additionally, the measured effluent H,S levels, illustrated in Figure 4.1, are lower than
predicted, likely due to lower COD removal than anticipated, and partial oxidation of H,S
to elemental S, as suggested by the white S deposits observed on the internal walls of the
SRUSB effluent pipe of the SANI pilot plant.4®

The predicted effluent TKN values are lower than the measured values due to the influ-
ent TKN concentrations in the measured data being unreasonably high. This discrepancy
was primarily caused by the N bound in the USO being disproportionately high compared
to values commonly observed in the literature. Since the USO component does not par-
ticipate in any biological processes but simply passes through the system and contributes
to the effluent TKN, correcting this N component does not affect the evaluation of the bio-
logical process replication in the model.3*!® To address this issue, the influent TKN values
were adjusted to more reasonable levels, resulting in effluent TKN and NO3;~ concentra-
tions that better align with expected outcomes. Further discussion on these adjustments is

provided in the following chapters.
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4.1.1 Mass balances

Figure 4.2 below contains four bar charts that track the concentrations of COD, N, P, and
S through the SRUSB reactor and outline the distribution and transformations of each

element as it moves through the reactor.
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Figure 4.2 Comprehensive tracking of COD, N, S, and P through the SRUSB reactor.

The total COD influent is dominated by BO COD, while UO COD and COD from H,S
contribute smaller fractions. As BO COD is consumed, it is primarily transformed into H,S
through sulfate reduction, evidenced by a much higher effluent COD from H,S, with a
small portion being assimilated into biomass as shown in Figure 4.2a. The BO COD waste
flow and BO COD out remained minimal, indicating high reactor efficiency in removing
BO COD. Most of the BO COD was effectively utilized by SRB, contributing significantly to

COD removal. The unbiodegradable organic matter remained largely unchanged. The UO
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COD out is similar to its influent concentration, confirming that this fraction of COD was
not degraded and exited with the effluent.

The transformation of COD into H,S is significant, with the COD of H,S out reaching
2837 g/L. This highlights the dominant sulfate reduction pathway, where SRB reduces
S04*" to H,S using organic matter as an electron donor. The remaining COD removed
(2939 g/L) reflects the overall efficiency of the reactor, which is primarily attributed to sul-
fate reduction and COD oxidation processes. A COD mass balance of 100% was achieved as
presented in Table 4.3, indicating that all influent COD was accounted for either through
conversion into H,S, assimilation into biomass, or exiting as UO COD in the effluent or
waste flow.

The total N influent is dominated by N in FSA, with additional contributions from BO
Org N and UO N as presented in Figure 4.2b. A large portion of the N influent is released
as FSA in the effluent. As expected the UO N remained largely unchanged, and the UO
N effluent closely matches its influent concentration, confirming that this fraction was not
degraded and exited the reactor with the effluent. A small portion of N was assimilated
into biomass, further supporting the reactor’s ability to process BO N effectively. The N
released during the process, combined with N in FSA outflow, contributes to the total N
exiting the system. A 100% mass balance was achieved, ensuring that all N inputs were
accounted for, either through transformation into biomass, release as FSA, or remaining in
the unbiodegradable form.

The total S influent is dominated by SO4*~ with a smaller contribution from H,S as
shown in Figure 4.2d. The SO4*~ was reduced to H,S as seen by the significant increase
in H,S in the effluent compared to its influent concentration. The S released as H,S is
substantial, highlighting the efficiency of sulfate reduction. The SO,*~ in the effluent is
significantly lower than its influent value, indicating that most of the SO,>~ was consumed
in the reduction process. A 100% mass balance was achieved, ensuring that all S inputs

were accounted for either through conversion to H,S, assimilation into biomass, or re-
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maining in the effluent as unconverted S.

The TP influent is dominated by OP and BO P, with additional contributions from UO
P as shown in Figure 4.2c. A significant portion of the total P influent is released as OP
in the effluent, demonstrating the breakdown of BO P or the release of P bound in BO as
OP during hydrolysis of the BO. As expected, UO P remained mostly unchanged indicating
that this fraction was not degraded during the process. A portion of the TP is assimilated
into biomass, supporting the reactor’s efficiency in handling BO P. Phosphorus released
during the process, along with OP in the effluent, accounts for the TP exiting the system.
A complete mass balance was achieved, ensuring all P inputs were accounted for, whether
through use in biomass growth, release as OP, or remaining in the UO form.

Table 4.3 presents the model predicted mass balances alongside the measured data
mass balances. It is important to note that the PWM_SA model operates under idealized
conditions, where the bioprocesses occur without any unaccounted losses or inefficiencies.
Additionally, the model assumes complete mixing within the reactor and ideal flow pat-
terns, which may not accurately reflect the complexities of real-world systems. In contrast,
the measured data captures the variability of actual conditions, where operational losses,

incomplete reactions, and system inefficiencies are present.
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Table 4.3 Comparison of predicted and measured data mass balances of the SRUSB. 46

COD exiting SRUSB as unfiltered = 988

Total COD exiting SRUSB = 3794

Parameters Measured PWM_SA
Influent COD and H2S = 4390 Influent COD and H2S = 4392
COD accumulation in SRUSB = 323.6 COD in waste flow = 51.50

COD (¢COD/d) COD exiting SRUSB as HaS = 2482 COD exiting SRUSB as HaS = 2837

COD exiting SRUSB as unfiltered =
1321.81

Total COD exiting SRUSB = 4379.77

COD Mass Balance

86%

100%

Nitrogen (gN/d)

Influent TKN =875
Effluent TKN = 853
N in UO = 48.4

Total effluent TKN =901

Influent TKN =661.29
Effluent TKN = 559
N in UO =101.93

Total effluent TKN =660.96

N Mass Balance

103%

100%

Sulfur (gS/d)

Influent SO4 and HoS =1997
Effluent S = 1895

Total effluent S =1895

Influent SO4 and HoS =1997
Effluent S = 1997

Total effluent S =1997

S Mass Balance

95%

100%

Phosphorus (gP/d)

Influent P =78
Effluent P =81.3
Pin UO =5.3

Total effluent P =81.3

Influent P =77.98
Effluent P = 77.92
P in waste flow =0.06

Total effluent P =77.92

P Mass Balance

104%

100%

The PWM_SA model achieves a 100% COD mass balance, indicating that all COD enter-

ing the system is fully accounted for in the effluent, through transformation to H,S, via the

waste flow and exiting the reactor as unfiltered COD. In contrast, the measured COD mass

balance is only 86%, suggesting potential COD losses within the system. The higher H,S

output predicted by the model (2837 gCOD/d) compared to the measured value (2482

gCOD/d) implies that the model assumes more efficient sulfate reduction processes than

were observed experimentally. While the PWM_SA model achieves an S balance at 100%,

the measured system shows an S balance of 95%, indicating that some S is unaccounted

for, likely retained as elemental S, as discussed in the previous section“®. This also explains
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the lower COD mass balance for the measured data, as less COD is released as H,S.

According to the measured data, the influent TKN was 875 gN/d, and 901 gN/d re-
mained in the effluent. This yielded an N mass balance of 103%, indicating some over-
estimation of N in the effluent. Moreover, the USO N from measured data was noted to
have a significantly higher value than that observed in literature data.'® In the model, the
literature observed value for USO N/mass ratio of 0.09 was adopted and this resulted in a
lower influent TKN value of 661.3 gN/d. The calculated N balance for the model was at
100%.

The TP and OP levels in the influent and effluent did not change by much in both cases
with the measured P balance slightly exceeding 100%, likely due to analytical errors or
external P sources. The PWM_SA model achieved a 100% P balance, indicating accurate
prediction.

The model accurately tracks the flow of COD, N, S, and P, ensuring that no losses or
unaccounted gains occur within the system. The mass balance for the model reflects in-
ternal consistency, confirming that the processes being simulated are correctly represented
and follow the principle of mass conservation. This level of accuracy suggests that the
model reliably captures the real-world behaviour of the system, reinforcing its credibility

for further analysis and predictions.

4.2 Anoxic Bioreactor

In the anoxic reactor, the primary process is autotrophic denitrification, where NO3~ is
sequentially reduced through intermediates, such as NO,~, to produce nitrogen gas (N).
This process is driven by S-oxidizing autotrophic denitrifiers, which utilize H,S, as an
electron donor. During denitrification, H,S is oxidized to SO42~. Therefore, the expected
effluent profile should show an increase in SO42~ concentrations, a reduction in H,S levels,
and a significant decrease in NO3~ concentration.

Table 4.4 shows the predicted influent, effluent, and removal concentrations for the
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anoxic reactor. The below results demonstrate that the model’s behaviour is in line with

the theoretical expectations of the anoxic reactor effluent.

Table 4.4 Characteristics of the predicted influent and effluent for the anoxic reactor.

Parameters Influent Effluent Removal
TSS (mg/L) 48.57 49.27 +0.70
VSS (mg/L) 16.80 20.59 +3.79
Unfiltered COD (mgCOD/L) 72.50 78.88 +6.38
Filtered COD (mgCOD/L)b 46.40 46.80 +0.40
S042~ (mgS/L) 158.70 179.22 +20.52
HaS (mgS/L) 41.01 20.49 -20.52
Unfiltered TKN (mgN/L) 58.04 57.52 -0.52
Filtered TKN (mgN/L) 54.83 54.07 -0.76
FSA (mgN/L) 15.30 14.69 -0.61
NO3~ (mgN/L) 10.90 0.22 -10.68
Unfiltered TP (mgP/L) 6.84 6.79 -0.05
Filtered TP (mgP/L) 6.43 6.28 -0.15
OP (mgP/L) 6.10 5.95 -0.15

The autotrophic denitrifying microorganisms, which utilize H,S as the electron donor,
have a lower biomass yield compared to heterotrophic organisms, which use BO as the
electron donor to carry out denitrification in the anoxic zone. According to literature,
heterotrophs tend to outcompete autotrophs when the carbon to NO;3~ ratio is high in
the anoxic zone, as heterotrophs are faster-growing organisms.%® However, in this case,
the BSR process occurring upstream of the anoxic reactor consumes the sewage BO and
generates high concentrations of H,S (142.13 mgS/L). As a result, autotrophic denitrifiers,
despite their lower biomass yields, dominated the reactor, even with a long solids retention
time of 110 days.

The predicted VSS and TSS concentrations in the anoxic reactor are 20.59 mg/L and
49.27 mg/L, respectively. Unfortunately, the measured data did not include reactor solids
concentrations. Further studies could explore the kinetics of autotrophic and heterotrophic

denitrifiers, which work together to remove NO3; ™. These studies could also help calibrate
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the model to predict anoxic solids concentrations while considering varying carbon and
H,S levels in the anoxic influent.

The increase in SO4%~ concentration (from 158.70 mgS/L to 179.22 mgS/L) as illus-
trated by Table 4.4 and a corresponding decrease in H,S concentration (from 41.01 mgS/L
to 20.49 mgS/L) align with the S oxidation mechanism involved in autotrophic denitrifi-
cation, H,S is oxidized to SO,*>~ as S-oxidizing bacteria use it as an electron donor for
reducing NO3;~ to N,.

Theoretically, there should be minimal effect on the TKN in the anoxic reactor during
autotrophic denitrification because this process primarily targets NO3~ for reduction, not
organic N or NH,;*. The small decreases in unfiltered and filtered TKN (0.52 and 0.76
mgN/L, respectively) along with a reduction in FSA concentration by 0.61 mgN/L indicates
that very limited N transformation is occurring. This is in line with the generation of small
quantities of biomass in the anoxic zone - hence very low N is used as nutrients for biomass
growth.

The NO;~ concentration decreased significantly from 10.90 mgN/L to 0.22 mgN/L,
highlighting the efficiency of the reactor. The NO3~ was reduced to N,, which is the ex-
pected outcome of the denitrification process. There is a minimal reduction in TP, filtered
TP, and OP, each decreasing by less than 0.2 mgP/L. This suggests that P removal is not
a significant process in the anoxic reactor, which is expected given the low nutrient re-
quirements for the growth of autotrophic denitrifiers in the system. Overall, these results
indicate that the model can efficiently predict the functioning of the anoxic reactor.

Table 4.5 presents the measured versus predicted effluent results for the anoxic reactor.
The measured unfiltered COD (55 mgCOD/L) is lower than the predicted value (78.88
mgCOD/L). This can be attributed to the overestimation of microbial biomass growth by

the model, aligned with the slight increase in the effluent VSS.
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Table 4.5 Measured versus predicted effluent results for the anoxic reactor.

SRUSB Effluent

Parameters

SANI Pilot Plant PWM_SA
TSS (mg/L) - 49.27
VSS (mg/L) 12.5 20.59
Unfiltered COD (mgCOD/L) 55 78.88
Filtered COD (mgCOD/L) 30.2 46.80
S042- (mgS/L) 169.4 179.22
H2S (mgS/L) 3 20.49
Unfiltered TKN (mgN/L) 35.7 57.52
Filtered TKN (mgN/L) 35.3 54.07
FSA (mgN/L) 16.4 14.69
NO3~ (mgN/L) 2.2 0.22
Unfiltered TP (mgP/L) 5.7 6.79
Filtered TP (mgP/L) 5.6 6.28
OP (mgP/L) 5.3 5.95

The model predicts higher unfiltered and filtered TKN values (57.52 mgN/L and 54.07
mgN/L, respectively) compared to the measured values (35.7 mgN/L and 35.3 mgN/L).
This is in line with the adjustment of the USO N concentration to lower influent TKN
values for the model. However, the predicted FSA (14.69 mgN/L) is close to the measured
value (16.4 mgN/L), suggesting reasonable accuracy in predicting the experimental NH,*
levels. With the inclusion of the USO N value (23.3 mgN/1) that was originally deducted
from the experimental influent data for the model, the effluent TKN would also result in a

reasonable match.
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Figure 4.3 Comparative analysis of SANI pilot plant measured and predicted effluent parameters of the
anoxic reactor.

The model overpredicts effluent SO4%~ concentrations (179.22 mgS/L predicted vs.
169.4 mgS/L measured) and H,S concentrations (20.49 mgS/L predicted vs. 3 mgS/L
measured) as shown in Figure 4.3. This suggests that in the pilot plant, more H,S was
oxidized to SO,*~ than the model anticipated.

Additionally, the model predicted almost complete NO; ™~ removal (0.22 mgN/L), whereas
the measured NO3;~ concentration was slightly higher (2.2 mgN/L). Despite this, the pre-
dicted amount of NO3~ denitrified (373 gCOD/d) closely aligns with the measured value
(396 gCOD/d). This raises questions about the accuracy of either the measured NO3;~ den-
itrified or the H,S oxidized values, or whether there is an additional, unaccounted process
in the pilot plant that is consuming more H,S. It suggests a potential issue with the mass
balancing of the measured data, making it unclear where the most reliable data points lie.
A more detailed mass balance could help identify the most trustworthy aspects of the data
and clarify whether the discrepancies are due to measurement inaccuracies or unmodeled
processes.

The model predicts slightly higher P concentrations compared to the measured values.
The differences are very minimal, with measured TP (5.7 mgP/L) and OP (5.3 mgP/L)
slightly lower than the predicted values (6.79 mgP/L for TP and 5.95 mgP/L for OP). These
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small discrepancies suggest that P removal processes, such as assimilation by biomass, are
reasonably well simulated by the model. Overall the model predictions correlate quite well

with the measured data.

4.2.1 Mass balances

Figure 4.4 below presents the comprehensive tracking of COD, N, P, and S through the

anoxic reactor and outlines the distribution and transformations of each element as it

moves through the reactor while Table 4.6 presents the model and measured mass bal-
ances.
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Figure 4.4 Comprehensive tracking of COD, N, S, and P through the anoxic reactor.

The total COD influent was predominantly composed of COD from H,S, with additional
contributions from UO and BO COD, as illustrated in Figure 4.4a. A large portion of the

total COD that entered the reactor exits as COD from H,S with a substantial reduction
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which can be attributed to S-oxidizing autotrophic denitrifiers utilizing H,S as an electron
donor. Biodegradable organic COD was effectively consumed, as reflected by the minimal
BO COD concentrations in the effluent, demonstrating efficient microbial degradation. A
portion of the COD was incorporated into biomass suggesting the breakdown of BO COD.

The UO COD remained mostly unchanged throughout the system, exiting the reactor
with concentrations similar to those in the influent, as expected. A small amount of COD
exited as waste flow, contributing to the total COD in the effluent. The system achieved a
100% mass balance as presented in Figure 4.6, ensuring that all COD inputs are accounted
for, either through waste flow, assimilation into biomass, exiting as UO or H,S COD. This
highlights the reactor’s efficiency in processing and removing BO matter while effectively
handling UO fractions.

The total N influent to the anoxic reactor was composed primarily of FSA, NO3;~, UO
N, and a smaller portion of BO N. A significant amount of the influent FSA remained
unprocessed and exited the system with the effluent as illustrated in Figure 4.4b. The NO3;~
was effectively reduced during autotrophic denitrification, with only a minimal amount
detected in the effluent, demonstrating the reactor’s ability to convert NO3~ into Ny.

The UO N influent remained largely unchanged confirming that it was not degraded
during the denitrification process. The BO N, though present in small amounts, was ef-
ficiently consumed within the reactor, with minimal BO N detected in the effluent, sug-
gesting successful microbial breakdown. A small portion of the influent N was used for
biomass growth contributing to the overall N removal. A complete N mass balance of
100% confirms that all influents are accounted for in the effluents.

The total S influent was primarily composed of H,S and SO,>~, with negligible contri-
butions from BO and UO S, as shown in Figure 4.4d. A significant portion of the influent
H,S was oxidized to SO4*~, which aligned with the expected function of S-oxidizing au-
totrophic denitrifiers in the reactor. This was reflected by the high SO4*~ concentrations in

the effluent, while the effluent H,S levels were considerably lower than in the influent.
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Minimal amounts of BO and UO S were present in both the influent and effluent, indi-
cating that these components remained largely unchanged and did not undergo significant
transformation in the reactor. The S removal was primarily due to the oxidation of H,S,
with only a small fraction being incorporated into biomass. The system achieved a com-
plete mass balance, as all S inputs were accounted for in the effluent, predominantly in
the form of SO4%~, with H,S significantly reduced through autotrophic denitrification.

The TP influent was predominantly composed of OP, with smaller contributions from
UO and BO P as presented in Figure 4.4c. The results show that OP, being the largest
fraction, exited the reactor almost entirely unchanged, with a substantial portion released
as OP in the effluent. The BO P, while present in small amounts at the influent, was
nearly completely broken down and removed within the reactor. This is evident from the
minimal concentrations of BO P found in both the effluent and waste flows, indicating that
the reactor is effectively degrading BO P. Some P was used in biomass growth and a small
portion was released during the treatment process, contributing to the overall P outflow
with a P mass balance of 100%, ensuring that all P inputs are fully accounted for.

The model effectively predicts the overall mass balance of the reactor, with an achieved
COD mass balance of 100%, compared to the measured mass balance of 90%. However,
notable differences exist between the measured and predicted total influent COD values.
The measured influent COD was 4498 gCOD/d, whereas the model predicted a higher
value of 5274 gCOD/d. This deviation is primarily attributed to the adjusted value of H,S
COD in the influent, with the model predicting 2410 gCOD/d compared to the measured
value of 2191 gCOD/d or the lower mass balance value of the measured COD. Additionally,
the model overpredicted the unfiltered COD in the effluent (2271 gCOD/d) compared
to the measured value (1925 gCOD/d). These discrepancies highlight the challenge of
calibrating the model without complete kinetic data. Despite this, the model was able to
balance COD utilization for denitrification and sulfate reduction, ensuring mass balance

consistency.
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Table 4.6 Comparison of predicted and measured data mass balances for the anoxic reactor.*

6

Parameters Measured PWM_SA
Influent COD = 2307 Influent COD = 1941
Influent HoS COD =2191 Influent HoS COD = 2410
Total Influent COD = 4498 Total Influent COD = 5274
Unfiltered COD out =1925 Unfiltered COD out = 2271
COD (gCOD/d) Effluent HoS COD =210 Effluent H2S COD = 1431
COD equivalent of NO3 denitrification = COD in biomass = 404
1131
COD utilized in SO4 ™~ 2 production = 1897 FOd (calc. from delta FNg and FNOs) =
1077
Total COD exiting the reactor = 4032 Total COD exiting the reactor = 5274
COD Mass 90% 100%
Balance

Nitrogen (gN/d)

Influent TKN and NO3 =1845
Effluent TKN and NOs3 = 1327
NOg3 denitrified = 396

Total effluent TKN = 1723

Influent TKN and NO3 =1104
Effluent TKN and NO3 =733
NOg3 denitrified = 373

Total effluent TKN =1102

N Mass Balance

93%

100%

Sulfur (gS/d)

Influent SO4 and H2S = 6076
Effluent S = 6034
Total effluent S =6034

Influent SO4 and HaS =6988
Effluent S = 6988
Total effluent S = 6988

S Mass Balance

100%

100%

Phosphorus (gP/d)

Influent P =206
Effluent P =199

Total effluent P =199

Influent P =240
Effluent P = 241

Total effluent P =241

P Mass Balance

98%

100%

For N, the model predicted a complete mass balance of 100%, while the measured
balance was 93%. The predicted influent TKN and NO; values were lower (1104 gN/d)
than the measured values (1845 gN/d), supporting the adjustments that were made to fit
the overall N balance within the model. The effluent TKN and NOs levels also showed
differences, with the model predicting 733 gN/d and the measured value at 1327 gN/d.
However, both the predicted and measured values for the amount of NO3 denitrified were

similar (373 gN/d predicted vs. 396 gN/d measured), indicating that the model reasonably
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predicted the denitrification process, despite the overall N imbalance of the experimental
system.

The sulfur mass balance was well predicted by the model, with both the measured and
predicted results showing a 100% mass balance. The predicted influent S (6988 gS/d)
was slightly higher than the measured value (6076 gS/d). This could be in connection
to the H,S generation in the upstream BSR process. However, both effluent S values
were similar, indicating that the model effectively captured the S cycle. This accurate
prediction was achieved despite missing SRB kinetic data, suggesting that adjustments to
other parameters helped maintain consistency in the S balance.

Finally, the P mass balance was also closely predicted by the model, with the measured
value at 98% and the predicted value at 100%.

The model effectively tracks the flow of COD, N, S, and P through the anoxic reac-
tor, ensuring that all material is accounted for with no unexpected losses or gains. The
mass balance demonstrates the model’s internal consistency, indicating that the simulated

processes are well presented.

4.3 Aerobic Biorector

The primary process in the aerobic reactor is nitrification, which oxidizes any remaining
NH," in the influent from the anoxic reactor. Theoretically, NH;* in the effluent should
be very low, approaching 0 mgN/L. Most of the NH;" is converted into NO;~ through
the action of ammonia-oxidizing bacteria. The effluent results for the aerobic reactor are

presented in Table 4.7 along with the influent and removal concentrations.
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Table 4.7 Characteristics of the predicted influent and effluent for the aerobic reactor.

Parameters Influent Effluent Removal
TSS (mg/L) 49.27 16.70 -32.57
VSS (mg/L) 20.59 6.42 -14.17
Unfiltered COD (mgCOD/L) 78.88 42.42 -36.46
Filtered COD (mgCOD/L) 46.80 32.50 -14.30
S042~ (mgS/L) 179.22 199.11 +19.89
Ha2S (mgS/L) 20.49 0.60 -19.89
Unfiltered TKN (mgN/L) 57.52 55.26 -2.26
Filtered TKN (mgN/L) 54.07 54.12 +0.05
FSA (mgN/L) 14.69 0.07 -14.62
NOs3~ (mgN/L) 0.22 15.25 +15.03
Unfiltered TP (mgP/L) 6.79 6.52 -0.27
Filtered TP (mgP/L) 6.28 6.36 +0.08
OP (mgP/L) 5.95 6.06 +0.11

The TSS and VSS both showed significant reductions, with TSS decreasing from 49.27
mg/L to 16.70 mg/L and VSS dropping from 20.59 mg/L to 6.42 mg/L as shown in Figure
4.5. This was expected because of the lower solids retention time in the aerobic reactor
(i.e., SRT of 42) after the anoxic reactor that had a high SRT of 110 days. Also, some of the
biomass undergoes endogenous respiration and the solids in the effluent are less than in
the reactor due to some solids having been separated through the settling process. These
reductions indicate a considerable removal of particulate matter and microbial biomass,
which is characteristic of efficient solids separation and microbial degradation in an aerobic
environment. The removal of VSS also suggests a decline in active biomass as it is either
oxidized or settles out in the system.

The effluent concentrations of N compounds reveal that nitrification was the dominant
process in the aerobic reactor. The FSA concentration was 14.69 mgN/L, which dropped
drastically to 0.07 mgN/L in the effluent as illustrated in Figure 4.5. This 14.62 mgN/L re-
duction in NH,* demonstrates that the model effectively simulated the reactor conditions,

indicating that the reactor environment successfully supported the growth and activity of
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ammonia-oxidizing bacteria.

The increase in NO3;~ concentration from 0.22 mgN/L in the influent to 15.25 mgN/L
in the effluent further supports the effective completion of the nitrification process. This
substantial NO; ™~ production suggests that the second stage of nitrification, where NO,~ is

oxidized to NO3;~ by nitrite-oxidizing bacteria, proceeded efficiently.
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Figure 4.5 Comparative analysis of SANI pilot plant measured and predicted effluent parameters of the
aerobic reactor.

On the other hand, TKN remained relatively unchanged, with the influent TKN con-
centration of 57.52 mgN/L decreasing to 55.26 mgN/L in the effluent. This small change
of 2.26 mgN/L implies that the organic N component of TKN was not significantly trans-
formed. While nitrification targets NH, ", the persistence of organic N suggests that the
reactor did not facilitate substantial degradation or transformation of the organic N com-
pounds present in the influent.

The model predicted only minor changes in the concentrations of unfiltered and filtered
TP, as well as OP. The influent unfiltered TP concentration of 6.79 mgP/L decreased slightly
to 6.52 mgP/L in the effluent, while filtered TP changed marginally from 6.28 mgP/L to
6.36 mgP/L. These results align with the model’s expectations, as it does not significantly
facilitate P removal.

The stable and slightly increased sulfate levels, from 179.22 mgS/L to 199.11 mgS/L,
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indicate that the H,S is being actively oxidized, likely due to the combined presence of
O and the mildly acidic conditions produced by nitrification. This oxidation results in
a significant decrease in H,S concentration, from 20.49 mgS/L to 0.06 mgS/L, as it is
consumed in the reaction and converted to SO4%~. This interplay between nitrification and
sulfur oxidation highlights the aerobic reactor’s effectiveness in removing both NH,;* and
H,S, leading to a more stable effluent with minimized H,S content, reduced odour, and
increased SO,2~ levels.

Table 4.8 presents effluent results for the aerobic reactor from both the SANI pilot plant

and the PWM_SA model.

Table 4.8 Measured versus predicted effluent results for the aerobic reactor.

SRUSB Effluent

Parameters

SANI Pilot Plant PWM_SA
TSS (mg/L) - 16.70
VSS (mg/L) 9 6.42
Unfiltered COD (mgCOD/L) 53.9 42.42
Filtered COD (mgCOD/L) 30.7 32.50
S042~ (mgS/L) 172.3 199.11
H2S (mgS/L) 0 0.60
Unfiltered TKN (mgN/L) 23.4 55.26
Filtered TKN (mgN/L) 23.2 54.12
FSA (mgN/L) 3.4 0.07
NO3~ (mgN/L) 16.8 15.25
Unfiltered TP (mgP/L) 5.6 6.52
Filtered TP (mgP/L) 5.6 6.36
OP (mgP/L) 5.3 6.06

The model predictions for unfiltered and filtered COD are relatively close to the mea-
sured values. The measured unfiltered COD was 53.9 mgCOD/L, while the model pre-
dicted 42.42 mgCOD/L, indicating a slight underestimation of organic matter in the ef-
fluent as shown in Figure 4.5. Similarly, the predicted filtered COD was 32.50 mgCOD/L,

closely aligning with the measured value of 30.7 mgCOD/L, suggesting that the model rea-
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sonably simulates COD removal, though it may slightly underrepresent particulate organic
matter persistence in the effluent.

The discrepancies in S and TKN values align with adjustments made to the influent
data to ensure that the model remains internally consistent with expected reactor out-
comes. The model’s prediction of NO3;~ at 15.25 mgN/L closely matches the measured
concentration of 16.8 mgN/L as presented in Figure 4.5, indicating that nitrification pro-
cesses are well represented, despite deviations in other N species.

For P, the model demonstrates a relatively good match with measured values. The
predicted unfiltered TP of 6.52 mgP/L and filtered TP of 6.36 mgP/L are slightly higher
than the measured 5.6 mgP/L. Similarly, OP is predicted at 6.06 mgP/L compared to the
measured 5.3 mgP/L, suggesting that the model simulates P transformations accurately,

though it may overpredict P release or underpredict biomass uptake.

4.3.1 Mass balances

A comprehensive tracking of COD, N, P, and S through the aerobic reactor, outlining the
distribution and transformations of each element as it moves through the reactor, is pre-
sented in the graphs in Figure 4.6. Additionally, Table 4.9 provides the model and mea-
sured mass balances for the aerobic reactor results.

The total COD influent was primarily driven by the influent H,S COD, along with con-
tributions from UO and BO COD, as shown in Figure 4.6a. The BO COD was almost
entirely consumed, with very minimal BO COD detected in the effluent, indicating effi-
cient microbial oxidation and breakdown. The UO COD remained largely unchanged, and
its concentration in the effluent closely matched its influent, confirming that this fraction
was not degraded during the process and exited the reactor. A portion of the COD was re-
duced due to biomass degradation, and the influent H,S COD exited the reactor with very
minimal changes. In this case, the biomass makes up part of the sludge mass (which also

includes other particulate organics and inorganics). The biomass itself is made largely of

112



biodegradable particulate organics but also contains a small portion of nonbiodegradable
organics known as endogenous residue. It also has some inorganic dissolved solids that
precipitate as inorganic particulates during the drying stage of the ISS tests. The mass
balance was successfully achieved, with all COD inputs accounted for through assimilation

into biomass or exiting the system either as UO COD or as H,S COD in the effluent.
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Figure 4.6 Comprehensive tracking of COD, N, S, and P through the aerobic reactor.

The total N influent was predominantly comprised of FSA, with additional contributions
from UO N and smaller amounts of NO3;~ and BO N, as depicted in Figure 4.6b. The
influent FSA was almost completely oxidized to NO3~ through nitrification, which was
evidenced by a large portion of the effluent consisting of NO3;~. The majority of the BO
N was consumed, with negligible amounts detected in the effluent, indicating efficient
microbial utilization. As expected, the UO N remained largely unchanged, and the UO N

in the effluent closely matched the influent concentration, demonstrating that this fraction
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was not degraded. A small portion of N was incorporated into biomass, making the final
effluent to primarily consist of UO N and NO3~, with minimal FSA remaining. The system
achieved a 100% mass balance, ensuring that all N inputs were accounted for.

In Figure 4.6d, the total influent S primarily consisted of SO4*~ and H,S, along with
smaller contributions from UO and BO S. The influent H,S and SO,4*~ remained relatively
stable throughout the process, yielding an effluent S composition that primarily included
slightly reduced amounts of SO,>~ and H,S, with trace levels of UO S. The total S bal-
ance was maintained, with all S inputs accounted for through microbial degradation or
remaining untransformed in the effluent.

Similar to the previous two reactors, the influent TP was predominantly composed of
OP, with smaller contributions from UO and BO P. The BO P was efficiently consumed by
microbial activity, leaving minimal amounts in the effluent. This was evidenced by the
negligible concentrations of BO P in the waste flow and effluent. On the other hand, UO
P remained mostly unchanged, and its concentration in the effluent closely matched the
influent levels, confirming that this fraction was not degraded and exited the system un-
changed. The remaining P in the effluent primarily consisted of OP, with smaller amounts
of UO P. The TP mass balance was 100%, ensuring that all P inputs were accounted for
through various pathways: biomass assimilation, breakdown of BO P, or remaining as UO
P in the effluent.

The results presented in Table 4.9 demonstrate that the model maintains a high degree
of internal consistency by achieving near-perfect mass balances. However, minor varia-
tions exist between the measured and predicted data. The predicted COD mass balance
achieves 100%, while the measured COD mass balance of 98% indicates a similarly high
level of accuracy with only minor deviations. This suggests that the PWM_SA model effec-
tively captures the major COD transformations within the aerobic reactor. The significant
discrepancy between the measured (210 gCOD/d) and predicted (1431 gCOD/d) influ-

ent H,S COD is due to initial adjustments made to maintain internal model consistency,
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stemming from missing SRB kinetic parameters and other relevant experimental data.
The model predicts a N mass balance of 99%, closely aligning with the measured 100%.

Both the S and P mass balances show perfect consistency between the measured and pre-

dicted values (100%), indicating that the model effectively simulates S and P transforma-

tions within the reactor.

Table 4.9 Comparison of predicted and measured data mass balances for the aerobic reactor.

Parameters Measured PWM_SA
Influent COD = 1925 Influent COD = 2271
Influent HoS COD =210 Influent HoS COD = 1431
COD (gCOD/d) Unfiltered COD out =1886 Unfiltered COD out =3659
COD utilized in SO4 production= 210 COD exiting as HaS = 42
COD Mass 98% 100%
Balance

Nitrogen (gN/d)

Influent TKN =1327

Effluent TKN = 1407

Influent TKN =691

Effluent TKN = 693

N Mass Balance 100% 100%

Influent S = 6034 Influent S =6975

Sulfur (gS/d) Effluent S = 6031 Effluent S = 6987

S Mass Balance 100% 100%

Influent TP =199 Influent TP =237

Phosphorus (gP/d) Effluent TP =196 Effluent TP = 237

S Mass Balance 100% 100%

Despite the discrepancies between the measured and predicted effluent data, the PWM
_SA model remains internally consistent, achieving mass balance closures for COD, N, S,
and P. This consistency enables effective nutrient tracking through the aerobic reactor,
indicating that the model is a reliable tool for simulating key processes within the SANI

system.

4.4 Opverall presentation of results

The previous results chapters provided a detailed analysis of the individual reactors, fo-

cusing on the internal consistency of the model, mass balances, and a comparison with the
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measured mass balances of the SANI system. The results showed that the model remained
internally consistent across all three reactors, with near-perfect mass balances achieved for
each. Table 4.10 presents the overall influent and effluent data for the system, encompass-

ing all three reactors—SRUSB, anoxic, and aerobic.

Table 4.10 Influent versus effluent parameter concentrations for the PWM _SA.

Parameters SRUSB Anoxic Aerobic
Influent Effluent Influent Effluent Influent Effluent
TSS (mg/L) 280.19 128.29 48.57 49.27 49.27 16.70
VSS (mg/L) 186.19 42.76 16.80 21.17 20.59 6.42
Unfiltered COD (mgCOD/L) 439.22 147.75 72.50 65.94 78.88 42.42
Filtered COD (mgCOD/L) 157.90 81.18 46.40 32.82 46.80 32.50
S042~ (mgS/L) 195.70 57.59 158.70 107.65 179.22 199.11
H2S (mgS/L) 4.00 142.13 41.01 92.06 20.49 0.60
Unfiltered TKN (mgN/L) 66.13 65.02 58.04 58.66 57.52 55.26
Filtered TKN (mgN/L) 49.19 56.63 54.83 55.17 54.07 54.12
FSA (mgN/L) 44.80 53.40 15.30 14.64 14.69 0.07
NO3~ (mgN/L) 0.00 0.00 10.90 0.12 0.22 15.25
Unfiltered TP (mgP/L) 7.80 7.63 6.84 6.85 6.79 6.52
Filtered TP (mgP/L) 5.80 6.61 6.43 6.34 6.28 6.36
OP (mgP/L) 5.30 6.20 6.10 6.03 5.95 6.06

The processes in each reactor were analyzed individually. In the SRUSB reactor, sulfate
reduction was the primary process, where SO,4%~ was successfully reduced to H,S, as re-
flected by the significant decrease in SO4>~ concentrations and a corresponding increase

in H,S as shown in Figure 4.7.
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Figure 4.7 Sulfur distribution across the three reactors of the PWM SA: Influent and Effluent SO42~
and H»S Concentrations.

In the anoxic reactor, autotrophic denitrification occurred, reducing NO;~ to N, using
H,S as an electron donor as illustrated in Figure 4.8. Finally, in the aerobic reactor, ni-
trification was dominant, effectively converting NH,* to NO3~. These results confirm the

model’s accuracy in capturing the key biological processes within each reactor.
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Figure 4.8 Nitrogen distribution across the three reactors of the PWM _SA: Influent and effluent TKN,
NHsT and NO3~ Concentrations.

This indicates effective physical and biological treatment processes, with the aerobic

reactor playing a crucial role in final solids removal. The COD also exhibits significant
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reductions, particularly for unfiltered COD, which drops from 439.22 mgCOD/L in the
SRUSB influent to 42.42 mgCOD/L in the aerobic effluent.

Phosphorus removal is limited, as evidenced by the minor reductions in TP across the
three reactors, with the concentration decreasing from 7.80 mgP/L in the SRUSB influent
to 6.52 mgP/L in the aerobic reactor effluent. This is in line with the expected results as P

removal processes are not a major focus of the current system.

4.4.1 Mass Balances

Table 4.11 presents the predicted and measured data mass balances of the overall sys-
tem, and Figure 4.10 illustrates the distribution and transformations of COD, N, S, and P
throughout the entire system. The influent COD mainly consisted of BO and UO COD, and
a small fraction of COD from H,S. During the treatment process, most of the BO COD was
effectively broken down and used for biomass growth, and transformed into H,S during
BSR in the SRUSB, resulting in a very small predicted BO COD in the effluent. The UO
COD remained largely unchanged, with UO COD effluent concentrations closely matching
the influent, confirming that this fraction was not degraded and exits the system with the
effluent. The effluent COD then contains COD conserved in biomass, a large portion of
COD from H,S, and UO COD. The COD mass balance is 100% as shown in Table 4.11,

which means that the system is internally consistent in tracking COD.
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Figure 4.9 Comprehensive tracking of COD, N, S, and P throughout the entire system.

Figure 4.9b illustrates N tracking throughout the system, where the total influent N
consists of FSA, BO, and UO N, with no NO3~ present initially. During nitrification, nearly
all the FSA was oxidized to NO3~ in the aerobic reactor, as evidenced by the very low FSA
concentration in the effluent and the presence of NO;~. Additionally, a significant portion
of the NO3;~ was reduced to N, through denitrification, reflected by the substantial amount
of N denitrified in the effluent.

The BO N was utilized for biomass growth, while the UO N remained unchanged and
exited in the effluent. The N mass balance for the entire system is 100%, as all influent N
is accounted for in the effluent—either as NO;~, denitrified N, released N, or unchanged
UO N.

With regard to S, the total influent into the system primarily consisted of SO, along
with a small amount of H,S and trace concentrations of BO and UO S. The majority of the

S04~ is reduced to H,S during BSR in the SRUSB, resulting in a significant amount of H,S
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being released in the effluent as shown in Figured 4.9d. Additionally, a substantial portion
of the SO,%~ is also found in the effluent due to the oxidation of H,S back to SO, 2~
during autotrophic denitrification in the anoxic reactor. The S mass balance is 100%,
indicating that all influent S is accounted for either as H,S released or SO4*~ remaining in
the effluent, reflecting complete tracking of S transformations within the system.

The changes in TP and OP in each reactor have remained relatively stable. The TP in
the overall system predominantly consisted of OP, with smaller contributions from BO and
UO P. The UO P remained unchanged and exited with the effluent, while the BO P was
degraded, with a portion being utilized in biomass and the remainder released as OP. This
is reflected by a slight increase in the OP concentration in the effluent as shown in Figure
4.9c. The P mass balance shows that all influent P is fully accounted for in the effluent,
achieving a 100% balance.

The overall mass balances of COD, N, S, and P across the three reactors demonstrate
the model’s efficacy in replicating the processes observed in the SANI pilot plant. The
total influent COD that entered the system was 4392 gCOD/d, comprising 3449 gCOD/d
from BO, 863 gCOD/d from UO, and an additional 80 gCOD/d attributed to H,S in the
SRUSB reactor. The effluent data reveal a total COD outflow of 3536 gCOD/d, with 22
gCOD/d from BO and 365 gCOD/d from UO. Additionally, 3397 gCOD/d was effectively
removed throughout the system, indicating successful treatment. The model achieves a
100% COD mass balance, confirming its ability to accurately track COD transformations
and removals. In contrast, the actual SANI pilot plant reported only 71%, suggesting

potential discrepancies in measurement.
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Table 4.11 Comparison of predicted and measured data mass balances of the overall system.

COD of HaS Out = 14
COD in Biomass = 305
FOc = 4493

FOd =-1327

Total COD out = 3536

Parameters Biodegradable Organics (BO) Unbiodegradable Organics (UBO)
COD In = 3449 COD In = 863
Influent HoS COD = 80 COD Out = 365
BO COD Out = 22 COD Waste = 510
BO COD Waste = 30
COD (€COD/d) COD removed = 3397

COD Mass Balance %

100%

SANI Pilot Plant

71%

N (gN/d)

BONIn=111
NO3NIn=0
Influent FSA N = 448
BO N out = 0.55

N Waste Flow = 1.99
N removed = 109

N of FSA Out = 1.13
N in Biomass = 32
NOS3 N out = 152

Total N out = 579

NIn =102
N Out = 28

N Waste = 72

N Mass Balance %

SANI Pilot Plant

97%

S (gs/d)

BO S In =0.329

HaS and SO4 In = 1997.05
BO S Out = 0.0016

BO S Waste Flow = 0.00

S removed = 0.32

HoS and SO4 Out = 1996.85
S in Biomass = 0.0229

Total S out = 1996.90

UO SIn=0.085
UO S Out = 0.036

UO S Waste Flow = 0.05

S Mass Balance %

SANI Pilot Plant

86%

P (gP/d)

BOPIn=12.99
Influent OP = 52.99
BO P Out = 0.09

P Waste Flow = 0.49
P removed = 12.42
OP Out = 60.59

P in Biomass = 0.028

Total P out = 66.31

UOPIn=11.99
P Out =3.95

P Waste = 7.76

P Mass Balance %

100

SANI Pilot Plant

79%

In terms of N, the total influent comprised 661 gN/d, which included 111 gN/d from




BO, 102 gN/d from UO, and 448 gN/d from influent FSA. The system’s effluent N totals
568 gN/d, predominantly in the form of NO;~, with an N removal of 109 gN/d primarily
attributed to autotrophic denitrification and nitrification. The model maintains a 100% N
mass balance, showcasing its capability to accurately replicate the N processes present in
the SANI system. The SANI pilot plant closely mirrors this performance, achieving a 97%
N balance.

Regarding S, the total influent included 1997.05 gS/d, predominantly from SO4*" and
H,S. The effluent reflects 1996.85 gS/d remaining as H,S and SO4*~, with only 0.32 gS/d
of S removed across the reactors. The model achieves a 100% S mass balance, indicating
effective replication of sulfate reduction processes within the SRUSB reactor. While the
SANI pilot plant reports an 86% S balance, it suggests potential losses or transformations
that the model may not fully account for.

In summary, the comprehensive tracking of COD, N, S, and P mass balances across all
three reactors demonstrates the model’s efficiency in replicating the internal dynamics of
the SANI pilot plant. The achievement of 100% mass balances in the model emphasizes
its accuracy in reflecting the biological processes involved. While the actual SANI system
shows some discrepancies, the model’s performance offers a reliable framework for un-
derstanding and optimizing treatment processes, reinforcing its utility in future research
and application. The mass balance of 100% does not necessarily imply that the system is
performing well. It simply showcases how well the components being tracked in the sys-
tem are accounted for, whereby a good mass balance shows that they are well accounted
for and hence confidence can be placed in the results. In mathematical models the mass
balance must be at 100% because the confidence in the capability for the model to predict

an outcome is based on this principle.
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Chapter 5: Conclusions

The primary objectives of this study focused on extending and verifying the PWM SA
to incorporate the unique bioprocesses of the SANI system. This integration required the
inclusion of sulfate reduction, autotrophic denitrification, and nitrification processes, tai-
lored to reflect the complex reactions occurring within the SRUSB, anoxic, and aerobic
reactors. The study also aimed to ensure the model’s internal consistency by conducting
comprehensive mass balance checks on key elements, including COD, N, P, and S, as well
as on COD and ionic charges, to verify that each bioprocess maintained a complete ele-
mental balance. Additionally, a detailed characterization of the influent parameters and
operational conditions from the Hong Kong SANI pilot plant was conducted, establishing a
foundational dataset for rigorous verification of the model’s performance under real-world
conditions.

The research demonstrated that integrating the SANI processes into the PWM _SA was
both feasible and effective. This integration allowed the model to simulate the essential
treatment processes and successfully capture complex biochemical interactions within the
SANI system, aligning closely with real-world data from the Hong Kong pilot plant, thereby
validating its utility in representing saline wastewater treatment dynamics.

The model achieved a high degree of mass balance accuracy across crucial parameters,
including COD, N, P, and S, confirming its reliability. With a COD mass balance reaching
100%, the model effectively tracked organic matter transformations, while N and S also
demonstrated complete mass balances.

A significant outcome of the model was its ability to predict reductions in effluent con-
taminants effectively. The model simulated substantial decreases in H,S concentrations,
attributed to the efficient sulfate reduction processes within the SRUSB. Furthermore, the
aerobic reactor successfully facilitated nitrification, converting nearly all influent FSA to

NOs~, which aligns with observed treatment outcomes and verifies the model’s predictive
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capabilities regarding N transformations. The findings underscore the importance of reli-
able experimental data for accurate modelling and calibration, especially in systems where
competitive microbial processes, such as sulfate reduction and methanogenesis, play sig-
nificant roles. Overall, this research contributes to the refinement of saline wastewater
treatment models and lays a foundation for future studies aimed at improving the predic-
tive accuracy of process simulations and enhancing resource recovery strategies in decen-
tralized systems.

Finally, this study verified the extended PWM _SA model as a promising tool for ad-
dressing saline wastewater treatment challenges in South Africa. These findings establish
the model as a valuable framework for advancing saline wastewater treatment practices

within the unique environmental context of South Africa.

Future recommendations

* The kinetics of autotrophic and heterotrophic denitrifiers (which collaborate to re-
move nitrates) could be explored in further studies towards calibration of the model
to predict anoxic solids concentrations while accounting for varying sources and con-

centration of carbon and H,S in the anoxic influent.

* The absence of experimental OUR data hindered the accuracy of the COD balance in
this study. It is recommended that future work includes comprehensive OUR mea-
surements alongside other key parameters such as TSS, which are critical for calcu-

lating accurate SRTs.

* The current steady-state model, though effective for calibration, could be further
refined to provide instantaneous results and explicit links between variables and pa-
rameters. A refined MS Excel model would allow for quicker calibration and adjust-
ments, offering a more streamlined approach to steady-state and dynamic modelling

of the SANI system.
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* Given the limitations in available kinetic data for sulfide-reducing biomass in anaero-
bic digesters, future research should focus on acquiring and validating kinetic param-
eters specific to sulfidogenic organisms in saline wastewater environments. Compar-
ative studies with existing data could help fine-tune these kinetics for a more accu-
rate model. Future studies should focus on refining dynamic simulation models using
more accurate solvers, such as the Runge-Kutta method. While slower, this approach
would enhance simulation accuracy and better capture the complex kinetics of sulfate
reduction and methanogenesis in anaerobic environments. Furthermore, more stud-
ies should be conducted to gather kinetic data specific to the competition between

sulfide-reducing and methanogenic microorganisms in anaerobic digesters. %18

* The incorporation of seawater flushing into decentralized sanitation systems presents
a unique opportunity for resource recovery in South Africa. Future studies should
explore the feasibility of scaling up this approach in both rural and urban settings,
focusing on the potential for reusing treated seawater and groundwater for non-
potable applications such as toilet flushing. Additionally, research should assess the
economic and environmental benefits of resource recovery from saline wastewater,

particularly in the context of circular economy initiatives.

By addressing these recommendations, future research can enhance the robustness and
applicability of saline wastewater treatment models, ultimately leading to more sustain-
able and efficient wastewater management solutions in both coastal and inland communi-

ties in South Africa.
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Supplementary Data

The supplementary data accompanying this study provides detailed insights into the mod-
elling framework and analyses underpinning the research. The file includes comprehensive
datasets across several sheets. The "Introduction and Model Components" sheet outlines
the foundational elements of the PWM_SA model, while the ADM3P and ASM2-3P sheets
provide detailed parameter definitions, stoichiometric and kinetic parameters, processes,
and mass balance verification, as well as values critical for anaerobic digestion and ac-
tivated sludge modelling. Additionally, the "Preprocessor" sheet presents the modelling
results, including flow rates, effluent concentrations, and other key measurements. This
supplementary data supports and verifies the findings of this study.

The supplementary data for this study can be accessed at the following link: UCT PWM
_SA SANI model Gujer matrix.
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