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ABSTRACT

The challenging issue of septage treatment could be due to the higher organic content and
low dewaterability of existing treatment systems. The high variability in sludge
characteristics and quantity of septage treated hindered the treatment system's
performance. A sludge treatment reed bed (STRB), an engineered system modified from
the natural wetland, can treat different high organic content sludge. A STRB that meets
the treatment requirements has been successfully constructed for this project. The final
TS content of the retained solids was at least 20%, which complies with the standard set
by the government (Department of Environment). Moreover, the overall effluent TS and
COD removals were 82% and 96%, respectively, indicating that the overall STRB
performance was favorable. The initial sludge deposit layer thickness affected the
effluent flux significantly from the experiment. A thicker sludge deposit thickness has
reduced the infiltration and effluent flux, regardless of the loading conditions. The most
optimal loading regime was under 100 kg TS/m?.year SLR and a 6-day resting period,
where the bed sustained sufficient moisture for slow dewatering and treatment
processes. Meanwhile, the formulated model successfully simulated the hydraulic
dynamics in the STRB, which were associated with the moving-boundary conditions due
to ponding and sludge accumulation. The average Mean Absolute Error (MAE) and Root
Mean Square Error (RMSE) values were 0.039022 and 0.055862, respectively, indicating
the robustness of the proposed model in simulating the effluent flux in different flow
cases. The strong R2 value of 0.9620 further confirmed the consistency and reliability of
the simulation. However, the simulated evapotranspiration rate was relatively low, and
the water loss to the atmosphere is only significant in a long-term effect. The model also
simulated the sludge accumulation and stabilization of the sludge deposit layer during
feeding and non-feeding periods. The flux overprediction in the late phase of the resting
period highly influenced the simulated sludge deposit layer thickness, while the simulated
organic content matched the measured Total Volatile Solids (TVS) content. In addition,
the parametric study revealed the importance of hydraulic load, hydraulic head, saturated
hydraulic conductivity, and sludge deposit layer thickness to the overall STRB
performance with a limited range.
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CHAPTER 1: INTRODUCTION

1.1  Background

Parallel to the development of technologies worldwide, environmental pollution has
become inevitable. Further, water pollution due to domestic and municipal waste has also
greatly impacted the environment. Sludge is a semi-solid slurry in volatile and suspended
forms from various wastewater treatment processes. Septic sludge, or septage, is the
mixture of sediments and blackwater removed from the septic tank. It is regarded as one
of the most common sewage sludges in developing countries (Tayler, 2018). According
to statistics, septage management issues have been an emerging challenge in most
developing countries, as 2.7 billion people worldwide still rely on septic tanks as the on-
site sanitation system. The number is expected to rise to 5 billion by the end of 2030 (Jain
etal., 2022).

In most countries, septage is treated by either the centralized or decentralized
approach (Mladenov et al.,, 2022). Both techniques are appropriate for septage
management, but the application depends on a country’s economic and environmental
aspects. The centralized treatment system is preferred in densely populated urban areas
with limited land availability, as it is usually a large-scale mechanical system that can
provide a high volume of septage management (Tayler, 2018). However, the suburban
and rural areas with a lower population density may favor the decentralized method,
where septage management is implemented near the households, and the treatment
facilities are much smaller. The decentralized approach saves transportation costs, which
is utilized for capital investment in constructing more decentralized plants in the local
area (Hube & Wu, 2021). A study also recommended that rural areas with large land
availability adopt a decentralized treatment approach to reduce overall operational and

maintenance costs (Yang et al., 2021).

Among the various existing technologies for septage treatment, the sludge
treatment reed bed (STRB) has been well-known for its ease of construction and
operation, low operational and maintenance costs, as well as high dewatering and

contaminant removal efficiency, making it an ideal system for decentralized septage
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management (Joshi et al., 2020; Mustafa & Ali, 2019; Ni et al., 2020). Indeed, standard
mechanical technologies for dewatering could be promising for septage treatment due to
the application of high-pressurized techniques to force the liquid out. However, a STRB
is always capable of achieving comparable rates of dewatering compared to mechanical
dewatering, yet it does not require a high energy input and is potentially chemical-free
(Carvalho et al., 2017; Nielsen & Larsen, 2016; Tayler, 2018).

Nonetheless, there are still many gaps in operating the STRB to achieve the
desirable sludge dewatering and stabilization performance in the long run. Further,
forming of the sludge deposit layer on top of the reed bed is always an issue to the
system’s hydraulic performance, subsequently affecting the overall performance
efficiency (Khomenko et al., 2019). The incremental sludge deposit thickness due to
continuous sludge loading reduces layer permeability, leading to severe retention of
influent sludge on the bed surface. As a result, the start of discharge flow is prolonged,

and the infiltration flux decreases over feeding-resting periods.

Therefore, an in-depth understanding of the interaction between the buildup of
sludge deposits and operational parameters, such as loading rate and resting period, is
crucial to the success of the STRB. In addition, it is essential to understand the
relationship between the shrinkage limit of the sludge deposit and its mineralization. Both
factors contribute to the formation of cracks on the surface of the sludge layer,
subsequently affecting the dewatering efficiency (Khomenko et al., 2019). However, the
experimental data is complex due to the high capital cost of constructing the STRB. Thus,
the introduction of simulation in predicting the outcomes of hydraulics and the associated

sludge deposit effects is needed to save the costs, time, and workload of experiments.

1.2 Problem Statements

A centralized septage treatment plant is consistently implemented in areas with high
population density due to the limitation of high capital and operational expenditures
(Jung et al., 2018). Therefore, the introduction of decentralized and non-mechanical
dewatering technology, such as sludge treatment reed beds (STRBs), is a promising

alternative for septage management (Kotecka et al., 2018). Such systems have been

10



widely applied to dewater the sludge by drainage and evapotranspiration (ET) under low-
pressure conditions (Tayler, 2018). Despite extensive studies regarding the dewatering
efficiency, STRB is yet to be explored thoroughly (Tan et al., 2017; Tan et al., 2020).
The lack of understanding of the effects of operational and design parameters on
treatment efficiencies limits the application of STRBs in practice, in which the
overloading and lack of non-feeding phases have been reported as operational issues of
STRBs (Brix, 2017). In addition, the influence of the loading rates and non-feeding
period is strongly linked to the buildup of sludge deposits, which progressively decreases

the dewatering capacity as the deposited layer increases in thickness (Tan et al., 2020).

Several process-based models were developed in the past decades to investigate
the hydraulic flow in similar systems, particularly in vertical flow constructed wetlands,
using software such as HYDRUS (Langergraber et al., 2009; Langergraber & Simtinek,
2005) and CFD (Rajabzadeh et al., 2015). In hydraulic simulations, Richards’ equation
(RE) is commonly used to describe the unsaturated hydraulic flow in the porous medium,
as in the STRB. Generally, the RE is associated with the van-Genuchten model (VGM) to
predict the corresponding water content, hydraulic conductivity, and pressure head.
However, these models assumed the sludge deposit as a fixed layer, resulting in over-
prediction of the dewatering capacity. This assumption is somewhat valid when the
amount of influent solids concentration is low, but it causes a critical problem in

simulation when the solid content is high.

In particular, the thickness and hydraulic properties of the sludge deposit layer are
highly variable due to the settlement and accumulation of particles during the feeding
period (Tan et al., 2017). Accordingly, a typical discretization of these equations by the
fixed-mesh method (FMM) has resulted in over-prediction of the hydraulic flow. The top
boundary condition is always treated as stationary in the FMM. In such a situation, the
sludge loaded on top of the reed bed is assumed to be constant in volume. Thus, the
sludge level remains unchanged. Moreover, the FMM simulation could not describe the
changes in the thickness of the sludge deposit layer. The changes in the sludge deposit
layer thickness are always affected by gravity drainage and evapotranspiration. Therefore,
the compressible cake filtration (CCF) theory is identified and is believed to impact the
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simulation of dewatering performance in STRB significantly (Friedrich et al., 2022,
Hofgen et al., 2019). The CCF uses the moving mesh method (MMM), where the
solution nodes constantly change according to monitor function’s equation nodes. Such
an adaptive mesh refinement scheme improves the drawback of the FMM, as it involves
moving boundary conditions. Hence, the numerical simulation studies of the STRB are
incorporated with the MMM regarding the moving boundaries of the sludge deposit layer
and sludge ponding (Bruce, 2011; Lee et al., 2015; Tang, 2005).

The hydraulic properties of the sludge deposit layer are highly dependent on the
organic content. The high volatile solids (VS) sludge fed on STRBs results in sludge
deposit layers with low permeability and limited dewatering efficiency (Khomenko et al.,
2019). The system efficiency may be overestimated due to discounting the high organic
matter in the sludge deposits. Further, this would eventually lead to an extensive
reduction in the percolation rate and permanent ponding. Accordingly, the simulation of
dewatering dynamics in low-pressure systems should consider the kinetics of sludge
mineralization. Moreover, the sludge deposit layer cracks due to the continuous moisture
loss during the non-feeding period (Tan et al., 2017). The shrinkage limit of the sludge
deposit is believed to relate to sludge mineralization, where the sludge deposit with high

organic content cracks easily due to the higher shrinkage limit.

Therefore, a process-based model is developed in this study to determine the
hydraulic properties and the dynamics of drainage flow in STRBs. Due to the variability
of the sludge deposit layer, the simulation treats the system as a moving boundary
problem, and a CCF concept is considered. In addition, the shrinkage limit of the sludge
deposit is studied as it is crucial for understanding deformability regarding the
composition and water content. This study would contribute to knowledge in STRBs and

bridge the theory and practice of the learning.

1.3 Research Questions

In this project, a fundamental model is proposed to investigate the mechanism of sludge

dewatering under a low-pressure condition and the hydraulic properties of sludge
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deposits under both feeding and non-feeding conditions. The research questions of this

study are as follows:

1.

14

How does the sludge deposit accumulation affect the hydraulic properties and
dewatering dynamics of the reed beds operated under varying solid loading rates
and resting periods?

How can the dewatering dynamics of septic sludge under low-pressure conditions
and the hydraulic properties of the sludge deposit under feeding and non-feeding
conditions, be robustly simulated by integrating a range of modeling theories?
What are the limitations of implementing the compressible cake filtration theory
and the moving mesh method in the model to simulate the specific resistance and
moving-boundary condition in sludge dewatering for loading rates and influent
characteristics? What are the approaches to mitigate these limitations and enhance
the robustness of the model?

How do the parameters of sludge mineralization and shrinkage limit affect the
sludge dewatering and associated deformation of sludge deposits under non-

feeding conditions?

Aim and Objectives

In project aims to develop a mechanistic model that can incorporate the moving

boundaries of the hydraulic load with respective discharge flux and the sludge deposit

layer with mineralization. Further, a laboratory-scale STRB is constructed and operated

to obtain necessary data for results calibration and validation. These aims would be

achieved with the following objectives:

1. To determine the influence of sludge deposit accumulation on the hydraulic

properties and dewatering dynamics in the laboratory-scale reed beds under
varying solid loading rates and resting periods.

To formulate and validate a fundamental model for the dewatering dynamics of
septic sludge under low-pressure conditions and hydraulic properties of sludge

deposit under feeding and non-feeding conditions.
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3. To examine the applicability and robustness of implementing the compressible
cake filtration theory and moving mesh method in the simulation of septic sludge
dewatering.

4. To assess the effect of sludge mineralization and the shrinkage limit on the septic

sludge dewatering and associated deformation of sludge deposit.

This study uses MATLAB® Simulink R2023b to develop a mechanistic model to
simulate the hydraulic flow and solute transport in the STRB. The moving mesh method
is considered in the simulation of hydraulic flow and sludge deposit formation is a novel
approach in the study area. Six laboratory-scale STRBs were constructed to acquire
experimental results for calibration and validation of the model, as well as interpretation
and analysis of the model developed. Septage is used in this project study, so the term
“sludge” refers to septage hereafter. Moreover, the shrinkage limit of the sludge deposit
upon dewatering and mineralizing is investigated to gain insight into the relationship
between the deformation and mineralization of the sludge deposit and its impact on the
performance of STRB. In the end, a parametric analysis with different loading rates and
resting periods is conducted through simulation to improve the applicability and

robustness of the system.

1.5 Research Significance

Many countries use mechanical systems in dewatering sludge to reduce treatment
duration and land distribution. However, the operational cost of running a mechanical
system is higher than the capital cost in the long term. The STRB is an alternative non-
mechanical system to dewater sludge under low-pressure conditions. It requires less
operation and maintenance costs throughout the lifespan. The STRB is an
environmentally friendly solution, but it is not widely utilized in Malaysia. The study of
STRB provides an understanding of non-mechanical sludge treatment that can be

implemented in municipal and industry areas.

To date, little work has been carried out to formulate a model for sludge
dewatering in non-mechanical systems such as STRB, and previous works have yet to

comprehensively consider the influence of the sludge deposit layer (Tan et al., 2023). The
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solids settling on the bed surface accumulate and compact the sludge deposit layer,
reducing the layer permeability over time. The limited hydraulic conductivity deteriorates
the STRB performance by prolonging the sludge retention time on the bed surface. As a
result, the discharge effluents are slow but clean, and the final solids are high in moisture
content (MC), affecting the STRB operation economically and timewise. Therefore, it is

crucial to understand the sludge deposit layer with associated infiltration flux and MC.

The simultaneous integration and utilization of moving mesh and compressible
cake filtration concepts provide a novel idea for modeling sludge dewatering under low-
pressure conditions. The infiltration flux is directly related to the pressure head of the
hydraulic load and the permeability of the sludge deposit layer. Thus, applying moving
boundary conditions reduces flux overprediction as the theory complies with the changes
in the temporary sludge ponding level and sludge deposit layer thickness. Therefore, this
study develops and presents a fundamental model for the dynamics of sludge dewatering
through gravity drainage and evapotranspiration under low-pressure conditions, in which
the hydraulic properties of sludge deposit under feeding and non-feeding conditions are

considered.

The findings of this research facilitate the design and operation of low-pressure
STRB systems in the local context. The STRB operating duration requires months to
accumulate sufficient data. Meanwhile, the simulation study allows instant results
prediction when sufficient input parameters are provided. The simulation study shortens
the experimental duration in determining the optimal loading rates and sludge
characteristics on the dewatering efficiency in STRB. The sludge loading rate differs for
climatic countries (Gholipour et al., 2022), and is always affected by the sludge density.
Insufficient and excessive sludge loading would lead to underperformance in sludge

dewatering due to crack occurrence and ponding conditions.

Moreover, the proposed model considers the shrinkage limit of the sludge deposit
and sludge mineralization, which provides insightful information about the relationship
between dewatering dynamics and the deformation of sludge deposits during the non-
feeding period. The sludge deposit cracks during the resting period, leading to influent

septage bypassing the STRB. Such an unwanted circumstance is believed to be caused by
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the high organic content and shrinkage limit of the sludge deposit layer. Hence,

understanding the sludge deposit shrinkage limit would avoid cracks.

In summary, the research outcomes provide a solid foundation for future research
directions in the optimization of sludge dewatering technologies and contribute
knowledge to the simulation of sludge deposit formation in low-pressure systems. The
knowledge from this research also contributes to the design and operation parameters of

this sustainable technology to solve the septage management issue in Malaysia.

1.6 Scope and Limitation

This study presents the construction, implementation, and outcomes of numerical
modeling of STRBs with the combination of fixed and moving boundaries of the sludge
deposit layer on top of the reed bed and the hydraulic flows due to the varying sludge
ponding levels. The experimental data are collected from the laboratory-scale STRB to

calibrate and validate the simulated results. The scope of the study is as follows:

e The proposed model is developed using MATLAB® Simulink R2023b to predict
the hydraulic flow for dewatering dynamics with a moving sludge deposit layer in
a laboratory-scale STRB system. The study’s outcome prioritizes the simulation’s
precision, followed by computational efficiency and mathematical optimization.

e The proposed model is developed and conceptualized to prioritize practicality.
The comprehensiveness of the equations and the selection of the numerical
approach used in the proposed model are based on the simulation’s applicability,
versatility, accuracy, and computation time, as well as the literature available on
the subject.

e The proposed model is developed in tandem with the laboratory-scale STRB
system. Hence, the upper and lower boundary conditions are temporal flux-and-
pond and free drainage.

e The proposed model is developed as a mechanistic model to relate the hydraulic
behavior and sludge deposit to the dewatering efficiency and treatment
performance. Thus, the quantification of heat transfer, oxygen restoration, organic
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carbon cycle, alkalinity consumption, water loss during the resting period, and
microbial community development were outside the scope of the study.

e The proposed model is developed, calibrated, and validated based on the error
analysis of the measured data rather than the existing models in the literature for
its accuracy and efficiency as the operating conditions and sludge characteristics
differ for STRBs.

1.7 Thesis Outline

The ultimate objective of this project study is to develop a mechanistic model to estimate
the moving boundaries due to the compressible sludge deposit layer and the associated
hydraulic flow with the aid of laboratory-scale experimental data for the calibration and
validation needed. Meanwhile, the sludge stabilization of the sludge deposit layer is
predicted via the mentioned model, and a parametric study for the different loading and
resting periods is carried out.

In CHAPTER 2, the status quo of wastewater management in Malaysia is
addressed. Several different types of existing technologies for dewatering and biological
treatment are discussed. Furthermore, an overview of the STRB and its performance
efficiencies is presented. The recent studies of the STRB worldwide are also presented in
detail. Moreover, a literature review on the existing numerical models and moving mesh

method (MMM) due to compressible sludge deposit layer is presented.

CHAPTER 3 presents the configurations of the laboratory-scale experimental
rigs and procedures, as well as the laboratory tests and analyses. The operational regime
employed in this study and the sampling analysis protocols are presented. The
experiment’s configuration can be separated into sludge deposits and effluents. The
components’ dewatering efficiency, water content, and mineralization are discussed. A
list and diagrams of the probe and equipment used are included to complete the
methodology. On the other hand, this chapter also discusses the theory, and features
employed in the proposed mechanistic model. The assumptions and limitations of the
model are summarized. The model is subdivided into hydraulic, transport, and kinetics

modules. The governing equations such as mixed form Richards’ equation (RE),
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velocity-based RE, Penman-Monteith equation, advection-dispersion equation (ADE),
compressible cake filtration (CCF) model, and activated sludge model (ASM) are
included in the proposed model and associated by the MMM. Then, each module’s
numerical implementation, initial conditions, and boundary conditions for the

development of MATLAB® simulation are demonstrated.

In CHAPTER 4, the hydraulic dynamics and treatment performance of the
laboratory-scale STRB are reported. In the first section, the preliminary experimental
results are presented to highlight the feasibility of the STRB system in septage treatment.
The measured data obtained from the laboratory-scale reed bed system are analyzed
according to water recovery (WR), delay of flow occurrence, and peak effluent flux. The
effects of solids loading rate (SLR) and resting period on the sludge deposit layer
thickness, moisture content (MC), total solids content (TSC), and total volatile solids
content (TVSC) are also discussed. Moreover, the effluent quality, including COD, NOsg,
pH, DO, and TS, with the associated treatment efficiencies are presented. In addition, the
characteristics of raw septage used in the study are also explained. Lastly, the ANOVA
study was conducted to determine the significance of the dependent variables over the

SLRs and resting periods.

In CHAPTER 5, the results of the simulated hydraulic behavior from the
proposed model are illustrated and discussed. The simulation setup, assumptions,
procedure for calibration, and input parameters are introduced. Then, the error analysis
between the simulated results and measured data is compared and analyzed. Moreover,
the analysis of the influence of evapotranspiration (ET) and sludge accumulation (SA)
rate of the compressible sludge deposit layer on hydraulic simulation is also discussed in
this chapter. Moreover, the sludge stabilization is performed by applying activated sludge
model no.3 (ASM3). The kinetic model for the sludge deposit stabilization is completed
to assess the possible growth and decay of the microorganisms in the sludge deposit.
Hence, the organic content of sludge stabilization is compared between the measured and
simulated data. Finally, the MMM and FMM simulations are compared to prove the

robustness of applying moving boundary conditions in STRBs.
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In CHAPTER 6, the parametric study is conducted for varying hydraulic loads,
heads, saturated conductivities, and sludge deposit thicknesses on the effluent flux,
sludge deposit layer thickness and MC, sludge stabilization, and potential ET rate. The
manipulated variables are obtained from the calibrated hydraulic model, with SLR and
resting period ranging from 50 to 450 kg/m?/year and 3 to 30 days, respectively.
Meanwhile, the analyzed hydraulic pressures ranged from -7 to -30 cm, whereas the
saturated conductivities of the sludge deposit layer were tested from 0.0009 to 0.1269
cm/min. Additionally, the sludge deposit layer thicknesses ranged from 4 to 20 cm. The
other constant variables are estimated from the consistency of tested experimental data,
such as sludge and sludge deposit porosities, density, thickness, and initial COD

concentration.
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CHAPTER 2: LITERATURE REVIEW

2.1  Wet and Dry Sanitation Systems

Excreta is defined as any waste created and discharged by human bodies, such as liquid
urine and solid faeces containing relatively high organic matter. Hence, the term
“sanitation system” is describes the treatment process in collecting and disposing of
excreta (Jain et al., 2022). The method of sanitation can be classified into two major

systems: the dry and the wet sanitation systems, as shown in Figure 2.1 (Tayler, 2018).

Sanitation Systems

hJ

Wet Systems Dry Systems
. v . Drop and store
Off-site Hybrid On-site
Simple pit latrines
Sewerage Septic tank Leach pit
Liquid Sludge Faecal sludge treatment
Y k.
Wastewater treatment Septage treatment

Figure 2.1: Sanitation Systems.
Note: Adapted from “Faecal Sludge and Septage Treatment — A guide for low- and
middle-income countries,” by Tayler, K., Practical Action Publishing, 2018.

The dry sanitation system is commonly known as a direct-drop toilet, while the
wet or water-borne sanitation system works by discharging the excreta through discharge
pipes with liquid. The significant difference between the two systems is that the dry
sanitation system does not involve water to flush away the excreta but collects them by

putting a pit or vault under the toilet directly (Gupta et al., 2023).
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In the wet system, the mixture of faeces, urine, and flush water is known as black
water. The black water was retained in a septic tank and required further treatment. In
developing countries such as Malaysia, the septic tank is always the first choice to be
implemented (Tan et al., 2023). The relatively low capital and maintenance costs of the

septic tank allows domestic affordability (Krzyk & Drev, 2023).

The wet sanitation system is categorized into three major disposal systems. The
on-site sanitation system collects and retains the solid waste in a pit or tank, thus allowing
the liquid waste to diffuse into the ground. In contrast, an off-site system collects and
retains solid and liquid wastes in a container before removing them through a sewer
system (Tayler, 2018). Combining on-site and off-site sanitation systems is then known
as a hybrid system. In most countries, the hybrid system is always preferable for domestic
sanitation, where the solid waste is collected and retained on-site while the liquid waste is

sent off-site (Conaway et al., 2023).

2.2 Sludge Characteristics

Sewage sludge from various sources, including septic tanks, pit latrines, and sewage
treatment plants, shows considerable variability in its characteristics. Septic sludge often
has high total solids (TS), typically exceeding 10,000 mg/L, with variability influenced
by factors such as tank dimensions, desludging frequency, and climate (Tan et al., 2017).
Further, faecal sludge from pit latrines generally exhibits even higher TS concentrations
and variable volatile solids (\VS) ratios, reflecting different stabilization processes (Jain et
al., 2022; Osei et al., 2019). In contrast, surplus-activated sludge from sewage treatment
plants has lower TS compared to septic sludge but can still have high chemical oxygen
demand (COD) levels, indicating significant organic pollution (Wang, Zhao, et al., 2022;
Zhong et al., 2021)

Key quality parameters, such as TS, VS, and COD, are essential for designing and
operating sludge treatment systems. Heavy metal concentrations are typically low in
septic and faecal sludges but can be higher in surplus-activated sludge, which requires
careful monitoring (Chandana & Rao, 2022). Additionally, emerging pollutants like
antibiotics and polycyclic aromatic hydrocarbons (PAHs) have been reported,
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complicating sludge management (Cui et al., 2015; Ma et al., 2020; Ma et al., 2021).
Therefore, effective treatment systems must address these variables to ensure compliance

with environmental standards and optimize sludge handling processes.

2.3 The Importance of Sludge Treatment

People require clean and safe drinking water to survive. Untreated sludge possesses
bacteria and heavy metals. Many alternatives to treating the sludge include reed beds
(Parde et al., 2021) and lagoons (Owusu-Twum & Sharara, 2020). The bacteria and any
other microorganisms can be easily removed throughout the wastewater treatment
process, but the heavy metals require specific techniques for removal. For instance, ion
exchange (Bashir et al., 2019), chemical precipitation (Zhang & Duan, 2020), membrane
filtration (Efome et al., 2019), and adsorption (Chai et al., 2021) are the common
approaches to retain or filter the heavy metals. Hence, the primary purposes of

wastewater treatment are (Karia et al., 2023):

e To reduce the chemical oxygen demand (COD), biological oxygen demand
(BODs), suspended solids (SS), oil and grease (O&G), and nutrients such as
phosphorus (P), ammonia nitrogen (NH4-N), and nitrate (NO3) to comply with
national environmental regulations.

e To reduce the water content in the sludge to a point where a dried solid is

produced, ensuring that it is easier, cheaper, and safer to handle and transport.

In Malaysia, a standard for wastewater effluent discharge and sludge treatment
requirements is formulated according to the National Water Services Commission or
Suruhanjaya Perkhidmatan Air Negara (SPAN). These discharge standards are then
partitioned into Standard A and B according to the Environmental Quality Act, which
specifies the water release to upstream and downstream waterbodies, respectively. The
Malaysia’s standards of wastewater effluent discharge limits (ppm or mg/l) are given in
Table 2.1 (SPAN, 2008). The main objective of the existence of these standards is to
ensure the limitation of the contaminants discharged to any water bodies, so that the
parameters of BODs, SS, COD, NHs-N, NOs, P, and O&G comply with the national
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environmental regulations (SPAN, 2008). The allowable discharge concentrations are

lower in the upstream to minimize the pollution dealt to the downstream waterbodies.

Table 2.1: Malaysia's wastewater effluent discharge standards.

Note: Adapted from “Malaysia Sewerage Industry Guidelines — Sewage Treatment
Plants,” by SPAN, National Water Services Commission, Ministry of Energy, Water and

Communications, 2008.

Effluent discharge to river or Effluent discharge to stagnant
stream (ppm) water [ponds and lakes] (ppm)
Parameter Standard A Standard B Standard A Standard B
(upstream) (downstream) (upstream) (downstream)
BODs 10-20 20-50 10-20 20-50
SS 20-50 40-100 20-50 40-100
COD 60-120 100-200 60-120 100-200
NH4-N 5-10 10-20 2-5 2-5
NOs 10-20 20-50 5-10 5-10
P N/A N/A 2-5 5-10
0&G 2-5 5-10 2-5 5-10

On the other hand, the treated sludge must have a total solid content of not more
than 4.0% in liquid form and attain a minimum of 20% dry solid content before disposal
or use for any other purposes (Tayler, 2018). In Malaysia, the sludge treatment process
follows the sequence of thickening, stabilizing, conditioning, and finally dewatering, as
shown in Figure 2.2, to meet the requirements stipulated by the Department of
Environment (SPAN, 2008).

A typical sludge treatment and disposal strategy can be separated into three main
stages (Tayler, 2018). In stage one, the untreated sludge is screened to remove relatively
large solid particles that can deteriorate the treatment plant. Then, a primary thickener,
such as a centrifuge or gravity thickener, is installed to increase the dry solids content
from 1% to 6%, approximately by removing the volume of free water. Biological
treatment of thickened sludge involves either aerobic or anaerobic digestion to stabilize
and reduce sludge volume. Aerobic digestion uses oxygen to decompose organic matter,
while anaerobic digestion breaks down sludge in the absence of oxygen, producing
biogas and stabilized sludge. In stage two, the thickened sludge is optionally conditioned
using chemicals initially before dewatering. There are two types of dewatering:
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mechanical dewatering, such as belt press and centrifuge press, and non-mechanical
dewatering, such as drying beds and sludge lagoons. In stage three, the dried sludge is

finally used for land reclamation land application or sent to a landfill site for disposal.

Preliminary Treatment and Digestion Conditioning and Dewatering Utilisation and Disposal

-
<

Untreated sludge
Thickening

Aerobic/Anaerobic
digestion

A
F
A
ry
v

Chemical conditioning

Mechanical/Non-mechanical
dewatering (Reed bed)

Storage
Transportation

Land reclamation/
Land application
(Forestry/Agriculture)/
Landfill site

Figure 2.2: Sequence of sludge treatment process.
Note: Adapted from “Faecal Sludge and Septage Treatment — A guide for low- and
middle-income countries,” by Tayler, K., Practical Action Publishing, 2018.

2.4 Centralized versus Decentralized Treatment

Most existing septage treatment plants are centralized, using one plant serving a town,
city or even district. However, many environmentalists including private researchers and
government authorities, have raised critical concerns about implementing the
decentralization of septage treatment. The advantages and disadvantages of the
centralized and decentralized approaches are listed in Table 2.2 (Tayler, 2018).

Table 2.2: Centralized versus decentralized approaches.

Note: Adapted from “Faecal Sludge and Septage Treatment — A guide for low- and
middle-income countries,” by Tayler, K., Practical Action Publishing, 2018.

Centralized approach \ Decentralized approach
Advantages
e A larger centralized treatment plant e Reduced haul distances, thus reducing
requires relatively low capital and transport costs and haulage time.
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operational costs. e Extra individual economic income,

e A small number of centralized plants where the treated liquid and solids can
are easy to manage and maintain be used for agricultural purposes.
compared to many decentralized e Smaller loadings allow for more
plants. straightforward and cheaper

e More lands are saved and can be used technologies to be employed.

for other means.

Disadvantages

e Longer haul distances lead to an e Possess difficulties searching for an
increase in transport costs. appropriate decentralized location and
e The relatively high loading on a single opposition from people living near the
plant complicates the treatment proposed site.
technologies. o Difficulties in managing, monitoring,
e A large and sophisticated plant and maintaining the distributed sites.
requires skilled operators, increasing | e Potential risk of insufficient loading to
the maintenance cost. cover up the cost of technologies.

In summary, the decentralized approach has a higher potential to be beneficial for
a developing country due to its lower maintenance and transportation costs, as well as
promising extra income for private industry (Capodaglio et al., 2017; Jung et al., 2018;
Sharma & Sharma, 2018). In addition, the final dried solids can be further processed to
manufacture fertilizer for vegetation. This fertilizer could be organic or inorganic,

depending on the types of sludge treated.

2.5  Types of Existing Technologies

Generally, the sludge treatment processes can be categorized into solids-liquid separation
and liquid-liquid separation (Singh & Gurjar, 2023). In solid-liquid separation, the solids
waste is extracted from the sludge in mechanical or non-mechanical ways (Tayler, 2018).
Many types of technologies exist for solids-liquid separation depending on one’s
willingness and preference. However, the selection of technologies and the

implementation techniques are critically important for proper sludge treatment.

Table 2.3 and Table 2.4 present the standard technologies and brief descriptions
for solids-liquid and liquid-liquid separations used worldwide. Among them, mechanical

presses and gravity thickeners are widely used in industry for solid extraction. In contrast,
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applications such as anaerobic ponds and sludge treatment reed beds are commonly used

for liquid treatment in wastewater management. Unlike solids-liquid extraction, the

primary mechanism applied in

microorganisms and probably chemicals

liquid-liquid separation

(Tayler, 2018).

is entirely depends on
Thus,

chemical-free

technologies are always the first choice regarding a developing country’s decision.

Table 2.3: Solids-liquid separation techniques.

Note: Adapted from “Faecal Sludge and Septage Treatment — A guide for low- and
middle-income countries,” by Tayler, K., Practical Action Publishing, 2018.

Types Description Reference
Sludge drying Separation of solid and liquid via settling, | May Cua
beds evaporation, and filtration. (2019)

. Separation of solid and liquid with organic load | Adwet et al.
Anaerobic ponds reduction. (2019)
Imhoff tanks Design fo_r soll_d-llq_wd separation on top of the Gabr (2022)

settled solids digestion.

Settling- A rectangular batch tank includes the surface | Shahid et al.
thickening tanks | water for further liquid treatment. (2022)
Mechanical Use pressure to remove the liquid from the | Bien and Bien
presses sludge through a filter cloth or fine sieve. (2022)
Gravity - . . Fawell et al.
thickeners Utilize the most general settling mechanism. (2021)
Decanting drying | Remove the water by both decanting and | Elbaza et al.
beds evaporation. (2021)

Table 2.4: Liquid-liquid separation techniques.

Note: Adapted from “Faecal Sludge and Septage Treatment — A guide for low- and
middle-income countries,” by Tayler, K., Practical Action Publishing, 2018.

Types Description | Reference
Anaerobic
. Utilizes the anaerobic bacteria to decompose | Putro et al.
Anaerobic ponds .
organic compounds. (2020)

An improved septic tank consists of baffles to

Anaerobic . . Khalekuzzaman
ncr h n m n sl n

baffled reactor inc ea_se the contact time between sludge and et al. (2019)
organic matter.

.| It depends on the anaerobic bacteria in the
Upflow anaerobic . . :
sludae blanket sludge blanket to convert organic materials into | Sierra et al.
g biogas, thus flowing upward through the | (2019)

reactor

reactor.
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Aerobic

Facultative ponds

A shallow pond possesses an aerobic zone to
contact with oxygen in the air.

Ho et al. (2019)

Aerated lagoons

A lagoon that consists of artificial aeration to
promote biological decomposition.

Malovanyy et
al. (2018)

Sludge treatment
reed beds
(STRB)

An artificial wetland removes the organic
matter through vegetation.

Li et al. (2020)

e Deploy a range of media that promotes a | Yangetal.
Trickling fil L : .
rickling Tilters biofilm for decomposing the organic matter. (2019)
Ei(())tl?)tlincgll A biological fixed film attached to a disk | Wagas and
g which rotates slowly in the sludge. Bilad (2019)
contactors

Activated sludge
reactor

Employ a multi-chamber reactor unit
comprising intensively concentrated
microorganisms to degrade organic materials
continuously.

Sanchez et al.
(2018)

Sequencing batch
reactor

Use one or more batch reactors to decompose
the organic matter intermittently.

Lietal. (2019)

Oxidation ditches

Moving-bed An advanced technology combines both | Ashkanani et al.
biofilm reactor biofilm and activated sludge processes. (2019)
A modified activated sludge biological

treatment process employs relatively long
solids retention times (SRTs) to degrade
organic matter.

Luo et al.
(2021)

In addition, studies have shown that the sludge dewatered via belt presses or

centrifuges delivered a lower dry solid content of 15-24% and 15-20%, respectively,

whereas the sludge treated by STRB has reached a dry solid content of 25-40% (Nielsen

& Larsen, 2016). Therefore, several comparisons among the standard wastewater

treatment options can be found in Table 2.5 (Nielsen & Larsen, 2016; Tayler, 2018).

Table 2.5: Comparison between mechanical and non-mechanical methods.
Note: Adapted from “Operational strategy, economic and environmental performance of
sludge treatment reed bed systems — based on 28 years of experience,” by Nielsen, S.,

and Larsen, J.D., Water Sci Technology, 2016.

Solids-liquid

Percentage reduction in

separation methods

Typical solids content of
dried sludge

liquid strength

TSS | BOD
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Sludge treatment At least 20% depending on the

0 — 909

reed beds climate and retention time. 9% 70-90%
Perhans Around 60% at
Anaerobic ponds Typically, 10% PS | 5o depending

80%
on temperature.

Typically, 12 — 35% depending

- 0 _ 0
on the type of sludge. 30 - 60% 30 - 50%

Belt presses

Gravity thickening
in hopper-bottomed 4 —10% but typically 6%. 30 - 60% 30 - 50%
tanks

2.6 Sludge Treatment Reed Beds (STRBs)

The sludge treatment reed bed (STRB) is one of the most promising alternative solutions
for sewage sludge treatment, especially in tropical and sub-tropical countries (Al-Rashdi
et al., 2024; Varma et al., 2021). The other common names used for the STRB are
constructed wetlands, treatment wetlands, artificial wetlands, etc. (Carvalho et al., 2017).
STRB involves sedimentation, filtration, evapotranspiration, evaporation, and adsorption.
STRBs can remove a large amount of BOD, COD, and TN (Al-Ajalin et al., 2020a;
Haydar et al., 2020; Salem et al., 2022).

The STRB is an engineered system modified from natural wetlands that can dry
the sludge and treat the wastewater by drainage and evapotranspiration (ET) under low-
pressure conditions (Tayler, 2018). According to Nielsen and Larsen (2016), STRBs
designated for sludge dewatering and mineralization have existed in Europe since the late
1980s (Carvalho et al., 2017).

The STRB uses both physical and biochemical processes to treat the sludge
(Nielsen, 2023). The sludge is fed intermittently on top of the reed bed, and liquid is
allowed to diffuse downwards through the bed, where a multi-layered granular substrate
filter is found. Thus, the solid waste is physically retained on the bed surface, producing a
layer of sludge deposit, while the liquid waste is discharged from the bottom of the bed
(Tan et al., 2017). A schematic diagram of a typical STRB is displayed in Figure 2.3.
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Figure 2.3: Schematic diagram of STRB.

The STRB has become popular and is commonly implemented in many countries
to treat wastewater. It delivers a great outcome on environmental, economic, and
operational requirements, unlike mechanical sludge dewatering approaches that use
relatively high-pressure systems to force the water out. Studies have shown that the
sludge dewatered via STRB can achieve a 25-40% dried solid content, comparable to
mechanical dewatering techniques (Nielsen & Larsen, 2016; Nielsen & Stefanakis, 2020).
Moreover, biological treatment occurs throughout the dewatering processes in the STRB,
which makes it preferable to mechanical treatment. The concentration of TS, COD, and
BOD removal in the effluent of STRBs was more efficient than that of the pressurized
techniques (Tayler, 2018).

Therefore, the capital cost of a common STRB is often higher than that of a
mechanical dewatering device. Still, they offer benefits such as less energy usage, are
naturally chemical-free, and produce relatively high-density biosolids (Nielsen & Larsen,
2016). However, the overall cost of wastewater treatment by mechanical techniques is
higher than that of the STRB by at least 50%, mainly due to the high energy input
required (Nielsen & Stefanakis, 2020). Further, the operating costs can be reduced by up
to 90% with the implementation of STRB (Stefanakis, 2020). Therefore, the STRB is
widely regarded as an eco-friendly solution for sludge treatment, due to its natural
processes and economic and operational benefits (Kotecka et al., 2016).
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Figure 2.4 shows the factors affecting the STRB performance, such as sludge
characteristics (Tan et al., 2023), system operating conditions (Gholipour et al., 2022),
substrate media (Jain et al., 2022), macrophytes (Osei et al., 2019), and sludge deposit
layer (Huong et al., 2024a). Moreover, pH (Sanchez et al., 2021) and temperature (Ji et
al., 2020) are some additional factors affecting the STRB performance.

Gudge characteristics
e Raw sludge: Solids &
organic contents

e Sludge deposit: TS & TVS
concentrations

e Effluent: COD, NO;, pH, DO,
& TS concentrations /

Macrophytes Sytem operating conditions
* Reeds: Type & coverage e Loading condition: SLR &
e Effects: Evapotranspiration, Resting period
root water uptake & nutrient e Outcomes: Normal, ponding,
mineralization J or cracks J

/ ﬁudge deposit layer

Substrate media e Thickness: Accumulation &
* Media: Type & size compression
' . * Deformation: Shrinkage
* Results: Porosity & limit
permeability

¢ Influence: Infiltration flux &

J stabilization

Figure 2.4: Factors affecting the sludge treatment reed bed (STRB).

In summary, raw sludge with high solid and organic contents is deemed to
increase TS and total volatile solids (TVS) accumulated in sludge deposit layer,
improving effluent quality, due to the thickened layer. Sludge accumulation directly
increases the sludge deposit layer thickness, while compression and deformation due to
hydraulic load and low shrinkage limit decrease its thickness. The sludge deposit layer

cracks whenever the moisture content is lower than the shrinkage limit, influencing
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infiltration flux and sludge deposit stabilization (Khomenko et al., 2019). The type and
size of substrate medium used in STRB system also affect overall porosity and
permeability, subsequently impacting the infiltration flux and effluent quality. The size of
the substrate medium increases from top to bottom, aiming to filter different sizes of
solids. In contrast, the type and coverage of macrophytes affect evapotranspiration rate,
root water uptake, and nutrient mineralization. This helps to remove sludge deposit
moisture and enhance biological treatment. Further, an optimal SLR and resting period
ensure a normal case flow (Tan et al., 2017). By means, a relatively small SLR and long
resting period would lead to cracks in the sludge deposit layer. Whereas an extensively
high SLR and short resting period would result in ponding conditions. Additionally,
unfavored pH condition of the STRB leads to retardation in macrophyte growth, resulting
in reduced mineralization. This affects the overall evapotranspiration and the effluent
quality. Lastly, temperature also affects the STRB performance. The evapotranspiration
rate is high under hot climatic conditions, where the moisture loss to the surrounding

increases, enhancing the drying of the sludge deposit.

2.7  The Sludge Deposit Layer and the Compressible Cake Theory

The influent septic sludge often contains volatile solids (VS). The VS contains active
microorganisms crucial for decomposing organic matter in the sludge (Das et al.,
2023). The breakdown of organic materials is essential for the growth of plants and
directly affects the purification process of wastewater treatment. During infiltration, the
VS are retained on the bed surface, while the wastewater diffuses through the filter
medium and is discharged from the bottom of the bed. The VS accumulates by settling,
forming the sludge deposit layer, which increases the infiltration duration and improves
water distribution. Upon sufficient sludge deposit layer thickness, the water retaining in
the sludge deposit prevents the occurrence of cracks. Hence, the sludge deposit layer

positively impacts system efficiency (Khomenko et al., 2019; Tan et al., 2017).

However, as the STRB is continuously operated, the sludge deposit layer
gradually increases in thickness as time passes. As a result, the top boundary condition of

a STRB varies with time, complicating the system and affecting its efficiency. Moreover,
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the sludge deposit layer changes its structure due to compression caused by drag forces
acting on the retained particles by the imposed hydraulic flow (Tien et al., 1997). Such a
situation is described by the compressible cake filtration (CCF) theory, in which the
changes in sludge deposit thickness and structure have affected the filtration performance
(Tan et al., 2017). The CCF is further described in Section 2.15.

Meanwhile, it has also been stated that the hydraulic properties of a sludge deposit
layer are highly dependent on the organic content. In contrast, a sludge deposit layer with
high VS would have low permeability and limit the dewatering efficiency (Khomenko et
al., 2019). The reduced percolation was caused by the sludge deposition on the surface
bed, which reduces the effective porosity due to the permanent attachment of biofilm
onto the filter medium and reed roots development, which obstructs the medium pores.
These occurrences decrease available pore space and change the medium’s hydraulic
properties, subsequently altering the water flow and causing system malfunctioning
(Pucher & Langergraber, 2018). Despite these undesirable effects, the growth of bacteria
within the media is necessary to degrade wastewater pollutants efficiently.

2.8 Substrate Media

In a full scale sludge treatment reed bed (STRB) system, multiple reed beds are arranged
in parallel to facilitate an alternating loading and resting cycle, with typically eight to
twenty-four beds used depending on the required dewatering and stabilization duration
(Brix, 2017; Nielsen & Larsen, 2016). The choice of substrate media such as gravel, sand,
or industrial by-products significantly affects influent infiltration, retention time,
filtration efficiency, and leachate purification. Gravel, being common due to its
availability and low cost, supports good permeability but may limit pollutant removal due
to its coarse nature (Brix, 2017; Kotecka et al., 2016). Sand, with smaller grain sizes,
provides better filtration but lower permeability, and is often used as a top layer for
improved pollutant removal and to prevent clogging (Panuvatvanich et al., 2009; Wang,
Liu, et al., 2019). Industrial by-products like zeolite and activated carbon are used for
enhanced sorption but are less common due to cost and availability concerns (Greenway
et al., 2022; Wang, Jiang, et al., 2022).
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The substrate media depth in STRBs typically exceeds 0.5 m, with most systems
falling between 0.60 and 0.69 m. While varying depths have been used depth alone has a
limited effect on performance, and the choice of materials and their properties is more
crucial (Magri et al., 2016; Uggetti et al., 2010). For instance, a system with a 0.75-m
substrate depth achieved similar results to one with a 0.40-m depth, indicating that while
a depth between 0.40 and 0.50 meters is generally sufficient, material selection is more
critical for effective sludge dewatering leachate purification (Afifi et al., 2015;
Panuvatvanich et al., 2009).

2.9  Evapotranspiration (ET) in Sludge Treatment Reed Beds (STRBs)

The STRB dewaters through three crucial mechanisms: evaporation, evapotranspiration
(ET), and drainage system. Evaporation occurs instantaneously on top of the reed bed,
which results in a drier solids sludge by reducing the water content in the sludge deposit.
Moreover, ET by plants is the major contributor to the dewatering process in hot and dry
climatic countries (Tayler, 2018). Generally, plants that include reeds (Phragmites
species) and cattails (Typha species) are selected for the STRB. These plants are
suggested as they can to grow from rhizomes, at which their shoots produce new stems,

increasing plant density over time (Tayler, 2018).

The existence of vegetation ensures the increase of TS content in the final dried
solids sludge by 2-6%, as compared to unplanted systems (Bui et al., 2019). Also, Hu
(2021) has reported that the average water loss in planted STRBs is approximately 60-70%
higher than that in the unplanted STRBs (S. Hu et al., 2021). A relatively high ET rate is
believed to aid in dewatering, where the water is absorbed through the vegetation and
released as water vapor into the atmosphere (Stefanakis, 2020). According to statistics,
the final dried sludge can achieve up to 40% of TS content if the ET rate is high enough

to overcome the influent wastewater applied (Brix, 2017).

Generally, potential evapotranspiration (PET) is a measurement used to predict
the actual amount of water loss through plants (Xiang et al., 2020). The quantity of PET
is usually measured by Hargreaves (Gentilucci et al., 2021), Priestly-Taylor (Han et al.,

2021), and Penman-Monteith equations. These equations often result in similar PET
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values, but different regional characteristics may lead to data deviation (Amatya et al.,
2018; Odusanya et al., 2018). However, the Penman-Monteith equation shows a better
PET result as it includes the weather data (Abeysiriwardana et al., 2022; Dlouha et al.,
2021; Paredes et al., 2020). The inclusion of weather data provides an accurate estimation
of the PET, covering a wide range of climates (Mostafa et al., 2023). Predicting the PET
using the Penman-Monteith equation in Malaysia is preferable due to its hot and humid

environment.

2.10 Mineralization in Sludge Treatment Reed Beds (STRBs)

In STRBs, sludge mineralization represents the biological treatment, where the organic
materials are converted into macronutrients such as nitrogen (N) and phosphorus (P).
Generally, these nutrients are converted through biomass decomposition by
microorganisms (bacteria) in soil or any other medium. The properties of substrate media
play an essential role in controlling the influent infiltration, thus affecting the retention
time for bacteria interaction (Tan et al., 2023). The gravel and sand are always preferred
to be used as the substrate media, as they are abundantly available, have promising

performance in retaining pollutants, and are relatively low in cost.

The bacteria found in the STRB are categorized into autotrophs and heterotrophs
at which the former is known as a producer that is capable of generating their own food
from raw materials and energy. In contrast, the latter is known as a consumer that obtains
energy from the foods consumed (Huang et al., 2021). The nitrogen cycle describes the
production and consumption of nitrogen, which is governed by nitrification and
denitrification. Nitrosomonas and Nitrobacter are the two nitrifying bacteria responsible
for the nitrification (Mellbye et al., 2018). The nitrification process involves the
oxidation of ammonia or ammonium to nitrite and oxidizes to nitrate. The bio-reaction

equations are as follows (Mpongwana et al., 2019):

2NH; 4+ 30, - 2NO; + 4H™ + 2H,0 (2.1)

2NO; + 0, - 2NO3 (2.2)
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In contrast, the denitrification process is the reversed reaction of nitrification,
where the nitrites are converted to nitrogen by accepting electrons to balance the reaction

equation, as follows:

NO5 - NO; - NO + N,0 — N, (2.3)
2NO; + 10e™ + 12H* - N, + 6H,0 (2.4)

The phosphorus cycle in the soil is governed by the H,PO, and HPO;~ ions

originated from the phosphoric acid, H; PO,. The overall reaction equation is:

H;P0, - H,PO,; = HPO;~ (2.5)

At the end of the decomposition of biomass, the nutrients are released, and ready
for the uptake by plants. In STRB, this reaction is considered a “win-win” process, where
the plants gain the nutrients for growth while the unwanted pollutants are removed in the

reed bed, thus producing lower BOD and COD contents in the effluent.

2.11 Loading Regime

In STRBs, the sludge is fed intermittently in batches, where the loading rate governs the
overall system performance. Optimal sludge loading ensures system performance, but
excessive sludge loading jeopardizes the sludge dewatering efficiency. The loading rate
controls the buildup of sludge residue and its associated stabilization, making it a crucial
parameter in determining the bed dimensions and resting period (Tan et al., 2023). The
sludge loading regime is always measured by solids loading rate (SLR) or hydraulic
loading rate (HLR). However, the SLR is preferred for its accuracy in determining the
bed capacity for sludge loading.

In tropical regions, the SLRs for the STRB systems are usually high, ranging from
100 to 350 kg/m?/year (Bui et al., 2019). However, it is proven that a relatively high SLR
significantly reduces the dewatering efficiency of STRB from 66.56% to 22.82% when
the SLR increases from 100 to 350 kg/m?/year (Tan et al., 2017). Furthermore, the

excessively high SLR would lead to a clogging condition, where the sludge ponding is
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permanent. In such an unwanted condition, the resting period should be extended to
ensure sufficient liquid loss via drainage and evapotranspiration to meet the targeted
dewatering efficiency. In addition, the SLR of 100 kg/m?/year has been analyzed to be
appropriate for the STRB in tropical countries (Gholipour et al., 2022).

To ensure that the STRB system meets the requires SLR, the sludge is managed
and applied to the bed in a controlled manner. The SLR, expressed as kilograms of total
solids per meter square per year, is initially determined based on the bed’s capacity to
handle sludge without compromising performance (Tan et al., 2023). This calculation
considers the volume of sludge to be processed, the expected dewatering efficiency, and
the physical characteristics of the STRB (Jain et al., 2022).

Sludge is introduced to the STRB intermittently in batches, rather than
continuously, to manage the accumulation of solids effectively (Bui et al., 2019). Each
batch is carefully measured to align with the desired SLR. Monitoring systems or manual
checks ensure that the amount of sludge applied does not exceed the bed’s capacity (Tan
et al., 2017). If the SLR becomes too high, which could lead to reduced dewatering
efficiency and clogging, adjustment are made by either reducing the sludge volume per
batch or extending the resting periods between loading cycles (Gholipour et al., 2022).

These adjustments help manage sludge buildup and promote adequate dewatering.

Resting periods are crucial for allowing the bed to naturally dewater and stabilize
the sludge (Uggetti et al., 2010). During these periods, the bed facilitates liquid loss
through drainage and evapotranspiration. The length of these periods is adjusted based on
the SLR and the bed’s performance to ensure that the sludge is treated effectively
(Panuvatvanich et al., 2009). Additionally, regular maintenance and optimization are
performed to ensure ongoing efficiency. This includes inspecting for clogging, adjusting
loading rates as needed, and maintaining the effectiveness of the substrate media for
filtration and treatment (Kotecka et al., 2016). By managing these factors, the STRB can
effectively meet the required SLR, ensuring optimal sludge dewatering and stabilization.
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2.12 Resting Period

The resting period is the drying period between loading periods to ensure adequate sludge
dewatering and stabilization in STRBs (Tan et al., 2023). During the resting period, the
sludge dewaters through drainage initially followed by moisture content (MC) reduction
via evapotranspiration towards the end. There are no standard design criteria for the
resting period. Usually, the resting period is longer than the loading period to ensure
sufficient sludge dewatering. Thus, a weekly basis loading regime with a one-day loading
period followed by a six-day resting period is always adopted for STRBs (Bui et al., 2018;
Osei et al., 2019; Wang, Jiang, et al., 2022). A relatively short resting period would lead
to temporary surface ponding, while a slightly longer resting period would cause cracks
on the sludge deposit layer (Khomenko et al., 2019). Figure 2.5 shows the example of
cracks on the sludge deposit layer. Minor cracks on the sludge deposits can boost the

percolation rate, but severe cracks would lead to sludge bypassing the substrate medium.

Minor cracks in the sludge deposit layer typically occur when the resting period is
slightly extended beyond the optimal duration. These cracks are relatively small and
shallow, often appearing on the surface of the sludge layer. While they may seem
detrimental, minor cracks can be beneficial in certain contexts. They enhance the
percolation rate of leachate by creating additional pathways for liquid to drain away from
the sludge (Khomenko et al., 2019). This increased drainage can improve the overall
dewatering process and promote more efficient sludge stabilization. Additionally, minor
cracks can facilitate air circulation, which aids in aerobic decomposition of organic
matter. However, if not managed properly, these cracks can gradually expand, potentially

leading to more significant issues.
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Figure 2.5: Crack occurrence on the sludge deposit layer.

In contrast, severe cracks are more problematic and usually result from an
excessively long resting period. These cracks are deep and wide, penetrating through the
sludge deposit layer and sometimes extending down to the underlying substrate medium
(Khomenko et al., 2019). Severe cracking can disrupt the sludge’s structural integrity and
lead to several issues. One major concern is the bypassing of sludge through these large
cracks, which reduces the contact between the sludge and the substrate medium,
impairing the treatment efficiency. Thus, bypass can result in incomplete dewatering and
stabilization, as the untreated sludge may escape the intended treatment processes.
Furthermore, severe cracks can lead to uneven drying and increase the risk of surface
ponding if the cracks allow for localized accumulation of leachate. This undermines the
overall effectiveness of the STRB system and may require additional management efforts

to rectify the problem.

In summary, while minor cracks can enhance the dewatering process and improve
air circulation, severe cracks pose a risk to the system’s effectiveness by allowing sludge
to bypass treatment and leading to uneven drying and potential ponding. Properly
managing the resting period is essential to balance these effects and ensure the efficient
operation of STRBs.
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2.13  System Performance

A STRB can remove pollutants such as TSS, BOD, COD, TN, and TP for different kinds
of sludges ranging from domestic to industry in both urban and rural areas (Moreira &
Dias, 2020; Przydatek & Wota, 2020). It can also remove a large composition of organic
materials containing nutrients and water content, producing high-quality biosolid and
treated wastewater. According to statistics, the high concentrations of COD in the sludge
can be reduced by at least 60%, and the majority of the ammonium nitrogen would be
nitrified (Brix, 2017). Moreover, up to 25% of the organic materials can be removed via
the sludge mineralization in the STRB (Nielsen & Larsen, 2016).

As reported by Moreira and Dias (2020), STRB is believed to be promising in
eliminating pharmaceutical compounds, hormones, and wastewater toxicity. Also, it can
remove most of the heavy metals found in influent sludge, which may inhibit reeds’
growth in the STRB. According to Nielsen and Stefanakis (2020), heavy metals are likely
bound to the gravel media, with less than 16% of the final heavy metal mass filtered and
discharged through the drainage system of the bed. Therefore, the final sludge product of
a STRB, with low hazardous organic compounds and heavy metal content, allows the

sludge residue to be used in agricultural activities (Nielsen & Larsen, 2016).

Several removal efficiencies of the STRB reported by researchers in recent
studies can be seen in Table 2.6. The size of a reed bed is predominated by factors such
as type of sludge, macrophytes, solids/hydraulic loading rate (SLR/HLR), and hydraulic
retention time (HRT). It is noticed that the Phragmites species has been widely used in
research, proving its applicability to treat different sludges in STRB. The hydraulic
retention time of less than a week further confirmed that prolonging resting periods is
unfavorable. In addition, the TS and COD removals of at least 80% and 90%,

respectively, revealed that the STRB is excellent in sludge treatment.
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Table 2.6: Recent studies on the performance of STRB.

Removal
Type of SLR/ HRT ) - ) o
Reference Macrophytes Size (m?3) Initial Concentration Efficiency
Sludge HLR (days)
(%)
TSS | =- -
) COD | =20,749 £ 6,128 mg/L 99.0
Gholipour et ) 43.59 kg
Domestic | Arundo donax - 0.96 x 1.16 x 1.00 BOD | =- -
al. (2024) TS/m?/yr
TN | =1,187 + 423 mg/L 86.0
TP | =4,097 £ 1,390 mg/L 99.0
o TSS | =3,260 + 1,060 mg/L 92.0
Heliconia
_ 32 kg COD | =14,641 £2,973 mg/L 96.0
Prost-Boucle _ psittacorum +
Industrial TS/m2lyr /[ - - BOD | =6,843 + 1,125 mg/L -
et al. (2023) Cyperus
0.15 m/d TN | =262+ 67 mg/L -
papyrus
TP | =145+91 mg/L -
TSS | =- 81.0
Jozwiakowska ) COD | =- 89.0
o ) Phragmites
and Bugajski | Domestic ) 0.8 m/d - - BOD | =- 95.0
australis
(2023) TN | =- 66.0
TP | =- 76.0
Singh et al. Faecal Canna indica 30 L/d 2 0.76 x 0.76 x 0.53 TSS | =309 + 66.3 g/m?/day 65.0
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(2023) COD | =713 + 443.9 g/m?/day 87.0
BOD | = 150 + 65.7 g/m?/day 88.0
TN | =- -
TP | =- -
o TSS | =- -
Lepironia
o ] COD | =496 to 616 mg/L 85.6
Al-Ajalin et ) articulata +
Domestic _ - - BOD | =- -
al. (2022) Scirpus
TN | =31to 18 ppm 75.8
grossus
TP | =1to8ppm 58.3
TSS | =2,619.2 +2,743.3 mg/L 98.0
) 30 kg COD | =2,847.4 +1,317.5 mg/L 99.0
Saeed et al. o Phragmites
(2022) Municipal TS/m2lyr /[ 0.91x0.61 x0.45 BOD | =145.5+82.3 mg/L 96.0
sp.
P 20 L/week TN | =79.7+37 mg/L 89.0
TP | =188.3+33.6 mg/L 99.0
TSS | =765t0 19,537 mg/L 94.3
) COD | =3,514 to0 16,785 mg/L 73.9
Torrens et al. Phragmites
Faecal ) 5.6 cm/d 4.70 x 0.70 x 0.60 BOD | =520 to 4,750 mg/L 75.5
(2021) australis
TN | =1,038to 3,752 mg/L 69.5
TP | =62to 874 mg/L 81.6
Al Falahi et | Domestic Scirpus 9LMd 1.00 x 0.60 x 0.05 TSS | =- -
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al. (2021) grossus COD | =182.7 £ 1.5 mg/L 88.2
BOD | =- -
TN |=75+£1.6 mg/L 72.9
TP | =30.7 £ 10 mg/L 83.2
TSS | =- -
Domestic ] 90 kg COD | =- 99.6
S.Huetal. Phragmites
+ ) TS/m2/yr /| 0.30 x 0.20 x 0.50 BOD | =- -
(2021) australis
Leachate 3L/ TN | =- 94.9
TP | =- 95.0
TSS | =188.40 + 193.08 mg/L 76.9
) COD | =412.83 +92.76 mg/L 65.2
Haddis et al. Cyperus
Faecal 0.8 m¥d 8.00 x 2.00 x 0.60 BOD | =223.74 + 61.93 mg/L 80.6
(2020) papyrus
TN | =- -
TP | =- -
_ TSS | =13.90 + 2.97 mg/L 99.0
Scirpus
o COD | =234.00 £ 19.80 mg/L 96.9
Al-Ajalin et ) grossus +
Domestic o 35-45cm 2.00x 1.00 x 1.00 BOD | =118.10 + 14.00 mg/L 99.7
al. (2020a) Lepironia
_ TN | =- -
articulata
TP | =5.04 +0.25 mg/L 99.5
Al-Ajalinet | Domestic Scirpus 35+£0.87 2.00 x 1.00 x 1.00 TSS | =13.90 £ 2.97 mg/L 99.0
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al. (2020b) grossus cm COD | =234.00 +19.80 mg/L 96.6
BOD | =118.10 + 14.00 mg/L 99.7

TN | =- -
TP | =5.04 £ 0.25 mg/L 99.6
TSS | =63 to 798 mg/L 87.0
) COD | =119 to 1339 mg/L 89.0

Moreira and
) Faecal - - - - BOD | =42.6 t0 904.0 mg/L 93.0
Dias (2020)

TN | =39.2to 205.0 mg/L 70.0
TP | =3.4t030.7 mg/L 72.0

TSS | =- -

) COD | =- -

Fu et al. ) Kandelia 0.034
Domestic 1.45 0.55x0.15%x BOD | =- -
(2020) candel m3/m?/d

TN | =15mg/L 96.2

TP | =- -

TSS | =- -
_ COD | =374.17 mg/L 95.0

Feng et al. Iris
Faecal 6L 3 0.65x0.10°x BOD | =- -
(2020) pseudacorus

TN | =83.84 mg/L 73.0

TP | =- -
Khalifa et al. Faecal Phragmites 2 m¥/d 0.33 10.00 x 2.00 x 0.65 TSS | =291 mg/L 88.5
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(2020) australis COD | =231 mg/L 88.0
BOD | =157 mg/L 88.0
TN | =- -
TP | =2.82mg/L 85.0
TSS | =- -
_ COD | =- 94.0
Kabir et al.
Faecal - 5 m3/d 4.60 x 3.70 x 1.20 BOD | =- 94.0
(2020)
TN | =140 mg/L 63.0
TP | =320 mg/L 82.0
TSS | =272 + 49 mg/L 98.0
) COD | =942 +117 mg/L 94.0
Khan et al. ) Phragmites 110-120
Hospital ) 1.50 x 0.65 x 0.50 BOD | =205 + 25 mg/L 96.0
(2020) australis mm/d
TN | =3.6+0.77 mg/L -
TP | =5.33+0.9 mg/L 79.0
TSS | =39.86 + 5.20 mg/L -
) _ COD | =72.42 £10.22 mg/L -
Jehawi et al. ) Scirpus
Domestic - 1.00 x 2.00 x 1.00 BOD | =- -
(2020) grossus
TN | =7.08 £0.80 mg/L 84.7
TP | =2.84+0.16 mg/L 71.0
Hu et al. Domestic | Phragmites 45.6 kg 0.30x 0.20x 0.50 TSS | =- -

44




(2020) australis TS/m?lyr COD | =- 99.1
BOD | =- -
™ | =- 91.5
TP | =- 91.0
TSS | =9,438.89 £ 6,646.11 mg/L 98.0
] COD | =4,549.39 + 2,477.49 mg/L 99.0
Tan et al. Phragmites 125 kg
Faecal - BOD | =- -
(2020) karka TS/m?/yr
TN | =192.28 £ 104.08 mg/L 96.6
TP | =- -
TSS | =415+ 0.91 mg/L 85.0
_ 13 md/ COD | =467 +0.52 mg/L 72.0
Trein et al. Cynodon
Faecal 0.43 - BOD | =286 £ 0.34 mg/L 80.0
(2019) dactylon Pers
m3/m?/yr TN | =42+0.24 mg/L 60.0
TP | =- -
TSS | =403 mg/L 83.5
) COD | =780 mg/L 85.4
Jozwiakowski ) Phragmites 0.45-38
Domestic ) - BOD | =417 mg/L 89.7
et al. (2019) australis m/d
TN | =151 mg/L 65.2
TP | =31.6 mg/L 66.6
Shen et al. Domestic | Iris tectorum 75L 0.60x0.10°x & TSS | =- 51.1
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(2019) Maxim COD | =65.72 + 3.26 mg/L -
BOD | =- -
TN | =20.85+0.64 mg/L 81.5
TP | =1.10+0.08 mg/L 93.6
TSS | =104.4 £ 13.7 mg/L 82.1
COD | =181.6 +41.6 mg/L 72.6
Lietal. (2018) | Domestic - 0.46 m/d 1.4 - BOD | =90.6 £ 19.7 mg/L 81.8
TN | =29.1+6.0mg/L 63.7
TP | =3.0%£0.6 mg/L 75.6
Melaleuca TSS | =- -
) quinquenervia COD | =- -
de Rozari et
Faecal + - - 0.24 BOD | =- -
al. (2018)
Cymbopogon TN |=29t04.0 mg/L 87.0
citratus TP | =- -
TSS | =173.4 mg/L 97.9
_ ) COD | =118.1 mg/L 99.4
Bui et al. Phragmites
Faecal 11.04 cm/d - - BOD | =- -
(2018) karka
TN | =2.8mg/L 78.6
TP | =- -
Kim et al. Faecal + Phragmites 37 kg - - TSS | =14,320 £ 737 mg/L 99.5
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(2017) Leachate australis TS/m?lyr | COD | =17,168 + 457 mg/L 98.3
11 cm/d BOD | =- -
TN | =742+ 26 mg/L 94.9
TP | =217 £21 mg/L 94.8
) TSS | =1,094 + 3,841 mg/L 91.0
Karolinczak
] 0.01-1.26 COD | =2,599 + 3,763 mg/L 82.0
and Phragmites
Faecal ) kg - BOD | =1,280 + 2,174 mg/L 82.0
Dabrowski australis
(2017) TSS/m?/yr TN | =221.0+103.7 mg/L 47.0
TP | =30.2+22.7 mg/L 93.6
TSS | =696.38 £ 56.62 mg/L 80.2
Panwar and ) COD | =122.83 + 16.81 mg/L 78.6
) Phragmites
Makvana Domestic cark 75 m/d - BOD | =98.77 + 25.93 mg/L 69.5
arka
(2017) TN | =26.00 + 10.94 mg/L 69.5
TP | =- -
TSS | =42,693 + 29,812 mg/L 98.1
) COD | = 35,526 £+ 21,002 mg/L 98.0
Tan et al. Phragmites 350 kg
Faecal 151 BOD | =- -
(2017) karka TS/m?/yr
TN | =4,549+ 2477 mg/L 94.7
TP | =- -
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2.14  Numerical Models of Treatment by STRBs

Despite the promising advantages of the STRB, high capital costs always restrict its
experimental studies. In recent years, many numerical models have been created as
simulation tools to save time and workload for experimental research that has been
conducted. Many process-based models were developed to simulate the wastewater
treatment system, particularly in vertical flow constructed wetlands or sludge treatment
reed beds (Mancuso & Fioreze, 2018). For instance, HYDRUS-CW2D (Jayswal &
Rodriguez, 2021), HYDRUS-CWML1 (Nawaz et al., 2019), and CFD (Hua et al., 2018),

are the most commonly used numerical simulators in recent studies.

The numerical models used in STRBs have described the wastewater treatment
processes by integrating several sub-models, including hydraulic, reactive transport,
plants, biochemical reaction, and substrate clogging (Yuan et al., 2020). In summary, the
hydraulic sub-model described the dynamics of water flow. In contrast, the reactive
transport sub-model simulated the transport of dissolved and particulate contaminants
between the solid and liquid phases in the system. Moreover, biochemical and plant sub-

models describe the fate of water and pollutants throughout the treatment process.

Several standard process-based models, descriptions, and sub-models are
summarized in Table 2.7 (Yuan et al., 2020). These models are promising in estimating
the hydraulic flow in STRBs. However, these tools are “black box” models requiring
input-output data to simulate the process and system. HYDRUS has been well-known for
decades due to its relatively stable and reliable performance in modeling hydraulic
dynamics. HYDRUS has served as the basis for developing other hydraulic models and
has significantly increased the number of modified models worldwide. Thus, the
hydraulic and solute transport models implemented in the simulation were found to be

varied for each novel model.
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Table 2.7: Common numerical models for simulating STRBs.

Note: Adapted from “Numerical Models of Subsurface Flow Constructed Wetlands” Review and Future Development,” by Yuan, C.,

Huong, T., Zhao, X., and Zhao, Y., Sustainability, 2020.

HYDRUS- HYDRUS- CWM1-
Model CW2D CWML BIO_PORE RETRASO FITOVERT CFD
COMSOL . COMSOL
ftwar HYDR . . Retr Brigh MATLAB . .
Software Us Multiphysics™ etrasoCodeBright Multiphysics
Types Vertical and Horizontal Flow Horizontal Flow Horizontal Flow Vertical Flow Vertical Flow
Saturated and
Saturated
. Saturated and unsaturated Saturated (Darcy’s Saturated and unsaturated .
Hydraulic . , . . . , (Brinkman’s
(Richards’ equation) equation) unsaturated (Richards .
. equation)
equation)
. . . . i Fick’s 1 ith Bresler’ ion A ion-
Reactive Advection-dispersion equation fekcs faw wit Darcy’s law and resers equ_atlo FiVECtI.O
. : attachment and A and numerical dispersion
transport with adsorption Fick’s law . .
detachment rates analysis equation
Bio- Modified version of
chemical Ccw2D CwM1 CWML CWM1 ASM1 ASM1
Oxygen release and
Pl I I k . - - -
ant Oxygen release and solute uptake nutrient uptake
Langergraber , . L .
.., Langergraber Samso and Garcia Giraldi et al. Rajabzadeh et
Reference and(zscl)l’cl)lSu)nek et al. (2009) (2013) Llorens et al. (2011) (2010) al. (2015)
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However, the existing models described the hydraulic system as a fixed domain
where a uniform mesh was assumed (Huong et al., 2023b). The top mesh, where the bed
surface was found, is loaded with sludge that drains continuously upon feeding. The
drainage and evapotranspiration processes reduce the sludge ponding level significantly.
Hence, the existing approaches were said to overestimate the hydraulic performance,
where the actual infiltration and dewatering rates are much smaller. Further, the
continuous sludge loading also leads to an extensive increase in the sludge deposit layer
thickness. The sludge accumulation on the bed surface increases the top mesh layer upon
sludge particle settlement, followed by the thickness reduction due to evapotranspiration

during the resting period.

The conventional approach considered the increment of sludge deposit layer
thickness obtained from the equation and reform to become a new mesh of the top
boundary in the simulation to impose a flow resistance (Tan et al., 2023). Nonetheless,
this method is less robust when the solid loading rate is high, as the newly formed sludge
deposit thickness is comparable to the existing sludge deposit layer. The sludge deposit
layer is rich in organic matter and is highly compressible (Wang, Jiang, et al., 2022). The
compression of the sludge deposits extensively reduces the permeability of the layer
(Hofgen et al., 2019). Hence, these changes in the top mesh thickness are crucial to be

included in the model simulation.

The moving boundary condition at the top mesh layer is critical in developing a
feasible solution in the hydraulic module. Instead of the conventional fixed mesh method
(FMM), a novel approach as known as the moving mesh method (MMM) is more
suitable for a range of one-dimensional moving boundary problems, including the finite
difference Richards’ equation (RE) model (Lee et al., 2015). This moving mesh finite
difference RE has successfully predicted the hydraulic flow in STRBs (Bruce, 2011;
Huong et al., 2023b). In addition, the compressible cake filtration (CCF) theory was able
to describe the compressibility of the sludge cake. The CCF model has been successfully
applied to the sludge deposit layer in STRBs (Hofgen et al., 2019; Pergam & Briesen,
2023).
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Reviewing the literature on numerical models for STRBs reveals several key
outcomes and areas for improvement. Advances in modeling have introduced a diverse
range of tools, such as HYDRUS-CW2D, HYDRUS-CWM1, and CFD, which integrate
various sub-models, covering hydraulic dynamics, reactive transport, plant growth,
biochemical reactions, and substrate clogging, to simulate complex interactions in STRBs.
The adoption of the MMM over traditional FMM has enhanced simulation accuracy,
particularly in capturing dynamic boundary changes due to sludge accumulation.
Additionally, incorporating CCF theory has improved the understanding of sludge
compressibility and its impact on hydraulic performance, leading to more reliable models
like HYDRUS.

Despite these advancements, there are notable knowledge gaps that need
addressing. Many models still rely on fixed domain assumptions, which can lead to
inaccuracies in simulating dynamic sludge changes. There is a need for more detailed
models that account for the full spectrum of sludge properties and long-term behavior.
Calibration and validation challenges persist, with many models requiring extensive data
that may not always be available. Furthermore, integrating climatic, operational,
economic, and environmental factors into simulations remains an area for development.
Simplifying complex models and improving their accessibility for practical use in field
settings are also crucial for enhancing their application and effectiveness.

2.15 The Compressible Cake Filtration (CCF) Theory

The existing STRB and related numerical models are primarily developed for wastewater
treatment, while the models for sludge treatment still need to be developed. The
simulation typically does not consider sludge deposit or filtration cake buildup. This
assumption is reasonable for wastewater treatment due to low-influent total suspended
solids (TSS) concentration. Still, it is essential for the sludge treatment, as the TSS
concentration in sludge is much higher, especially for the septic sludge. The formulation
of the sludge deposit on the top surface of the bed increases the specific cake resistance,
possibly bringing substantial changes to the hydraulic flow through the medium (Tan et
al., 2017).
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In STRBs, the compression of sludge deposits plays a crucial role in influencing
system performance. As sludge accumulates on the bed surface, the increasing thickness
of the sludge layer results in greater pressure being applied to the underlying sludge. This
pressure, combined with the force of the fluid flowing through the sludge, causes the
sludge particles to be compressed. The compressive force reduces the porosity of the
sludge, which is the amount of open space between particles. As a result, the ability of
the sludge layer to allow water to pass through decreases, leading to reduced permeability.
This reduced permeability means that water flow through the sludge deposit slows down,
making it more difficult for the system to process wastewater effectively. This process is
described by the compressible cake filtration (CCF) theory (Hofgen et al., 2019). The
porosity, permeability, and specific cake resistance of a compressible sludge deposit
always vary due to the applied load and fluid drag. At the same time, these parameters
remain constant for an incompressible sludge deposit (Tiller & Yeh, 1987). Consequently,
the sludge deposit undergoes compression and eventually deformation. Figure 2.6 shows

a schematic illustration of the CCF mechanism.

Imposed Flux Imposed Flux

Ll Ll

Compression
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Filter Medium

1
1
1
Filter Medium :
1
1
1

Figure 2.6: Compression of sludge deposit.

The deformation of the sludge deposit significantly affects the sludge dewatering
and wastewater treatment performances. Besides sludge deposit compression, the
deformation of the sludge deposit is also caused by the continuous loss of moisture
during non-feeding periods and may eventually lead to cracks in the layer (Khomenko et

al., 2019; Tan et al., 2017). The ET by vegetation may also aid in its occurrence. The
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shrinkage of the sludge deposit usually causes cracks, allowing the influent to "bypass”
the sludge deposit layer and accelerating the drainage flow in the following feeding. Such
a deformation in sludge deposit creates a "preferential flow pathway" (PFP), which
positively impacts the system's permeability but negatively affects the overall treatment
efficiency. This is believed to be related to the organic content in the sludge deposit,
where a sludge deposit with high volatile solids (VS) would result in a low permeability
system, leading to less water diffusing into the sludge deposit (Khomenko et al., 2019).
Thus, the shrinkage limit of the sludge deposit layer before it cracks is essential in

determining the sustainability and longevity of the bed for septage treatment.

Therefore, a numerical model should be able to simulate a system that can
incorporate the changes in the thickness of the sludge deposit layer towards improving its
robustness. The consideration of moving boundaries due to the CCF and the shrinkage

limit of the sludge deposit should be considered.

2.16  The Shrinkage Limit (SL) of the Sludge Deposit Layer

The shrinkage limit (SL) of the sludge deposit layer plays a vital role in describing its
deformability based on its composition and water content. The SL of the sludge deposit
layer is the maximum durable stress before it can no longer maintain its shape (Pergam &
Briesen, 2023). Thus, the SL determines the critical point before the sludge deposit layer
cracks. It is the minimum water content required to sustain the sludge deposit layer in its

original shape.

However, a higher organic content of the sludge deposit layer results in higher
compressibility and SL (Obour et al., 2018; Reichert et al., 2018). The accumulation of
VS increases the sludge deposit thickness and the volume of effective pores, thus
retaining more water in the sludge deposit layer (Zahermand et al., 2020). Subsequently,
the water detaining on top of the bed ponds temporarily reduces the water recovery of the
reed bed system at the end of treatment. This situation retards the sludge infiltration rate
and impacts the system performance negatively. Therefore, conditioning with oxidation

reagents may be necessary to improve its dewaterability (Yu et al., 2017). However, this
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is not environmentally friendly, and additional processes are required to remove the

reagents added.

In some cases, the ponding lasts for the entire resting period, which causes a
clogging condition. Such a scenario is uneconomic and inefficient. In fact, ponding
conditions reduce the infiltration rate and lengthen the treatment duration. Therefore,
experiments are required to investigate the relationship between sludge mineralization
and the SL of the sludge deposit layer. This critical SL can then act as a reference for the

STRB to maintain the moisture of the sludge deposit layer in the future.

2.17 The Moving Mesh Method (MMM)

In a conventional model simulation, mesh and differential equations are often solved
simultaneously to generate new nodes and solutions. This method discretizes the mesh
and differential equations using the fixed mesh method (FMM) anda simple Picard
iteration approach (Dehghan & Shirilord, 2020; Tisdell, 2019). The final solutions are
rearranged into a tri-diagonal matrix to further input into the software, such as MATLAB,
to simulate the subsequent spatial and temporal nodes. This method successfully
simulated the hydraulic dynamics and reactive transport in the porous medium (Li &
Hodges, 2021; Lu et al., 2022).

However, the proposed method for solving the simulation in this study is based on
the MMM, where the mesh and solution are varied simultaneously in such a way that a
fixed number of nodes remain concentrated in regions of rapidly variated solution (Lee et
al., 2015; Tang, 2005). The moving mesh method (MMM) is an alternative to the FMM,
where it is an adaptive method of moving mesh (Koncz et al., 2021), that is capable of
simulating the fluid dynamic related problems (Duan et al., 2020; Kannan et al., 2019).
With the implementation of this method, there is no longer a need to interpolate
dependent variables from the old mesh. A simple illustration of the refinement method by
MMM is displayed in Figure 2.7 (Bisheh-Niasar & Ameri, 2018). According to MMM,
the mesh points relocate, thus changing the original positions based on the monitor
function while keeping the number of nodes constant (Bazilevs et al., 2023). Hence, the

MMM is a promising technique nowadays for the solution of moving boundaries. The
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comparisons between fixed and moving meshes can be seen in Table 2.8 (Tang, 2005).

The MMM improves time efficiency by excluding the interpolations of meshes, thus

reducing the number of iterations.

linear Heat Transfer in a Thin Finite Rod,” by Bisheh-Niasar, M., and Ameri, M. A,

Q
Varyibg Physical Mesh ax, ay

Figure 2.7: Refinement using MMM by FD approach.
Note: Adapted from “Moving mesh Non-standard Finite Difference Method for Non-

Applied and Computational Mechanics, 2018.

Table 2.8: A comparison between fixed and moving meshes.

Note: Adapted from “Moving mesh methods for computational fluid dynamics,” by Tang,
T., Contemp. Math., 2005.

Fixed Mesh

Moving Mesh

e h-refinement method — The
most common method at
which the spatial mesh is
refined by repeated
subdivision of the intervals of

e r-refinement method —

This

method is well known as the
moving mesh method (MMM)

Method a fixed mesh. where it relocates the grid points in
e p-refinement method - By a mesh at each time step.
this method, the degree of
polynomial order of shape
functions is increased.
Algorithm Solution and mesh selection Solution and mesh-redistribution

Discretization

Finite difference and element

Finite difference, element, and volume

Interpolation | Required Not required
Stiffness Low High

Time . -
Integration Explicit Implicit
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In contrast to FMM, the method of discretization in the MMM can be done by
finite difference (FD) (Lapidus & Pinder, 1982; Von Rosenberg, 1969), finite element
(FE) (L1, 2022; List & Radu, 2016), or finite volume (FV) (Bassetto et al., 2022; Cardiff
& Demirdzi¢, 2021). The changes in the spatial mesh due to moving boundary conditions
further complicate the system's ability to simulate the desirable solution. However, the
MMM discretizes the meshes regarding the actual space, element, and volume changes
and has managed to ideally describe the moving boundary condition. Particularly in RE
of hydraulic flow, the meshes can be discretized through a velocity-based equation with
the MMM by the FD approach (Bruce, 2011). In dealing with the same problem, Lee et
al. (2015) successfully implemented the FE approach to solve the velocity-based RE but
with a different type of discretized equation. However, this study implements the FD
rather than the FE method, as the FEs are generally preferable and superior for higher-

order and dimensional problems.

2.18 Summary of Literature Review

Management of the sanitation system in Malaysia has always been an issue for the
country's development. Decentralized wastewater management systems offer better
economic advantages. Among all the existing technologies, the STRB performs
outstanding in wastewater and sludge treatments. While studies of modeling and
simulation of hydraulic flow and contaminant transport for the STRB have become
prevalent among researchers, the compressibility of the sludge deposit needs to be
addressed in the modeling. The CCF theory describes the compressibility of the sludge
deposit by the moving boundary condition, where the increase in actual thickness of the
sludge deposit is due to the continuous settling and deposition of solid sludge. Upon
infiltration, the subsequent decrease in the sludge deposit thickness is caused by the
compression due to the imposed flux and the water loss by ET. Thus, this project would
feature a model incorporating the CCF theory based on the MMM to derive a robust and
practical model to simulate the moving boundary condition of the changes in sludge

deposit layer thickness and sludge ponding.
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Furthermore, the shrinkage limit of the sludge deposit is an essential parameter in
determining the performance of the sludge deposit layer in STRBs. The shrinkage limit of
the sludge deposit indicates the ability of the reed bed to sustain the treatment processes.
A high organic content in the sludge deposit is believed to lead to increased shrinkage
limit due to more water in the sludge deposit. The VS contained in the organic matter
increases the porosity of the sludge deposit, which detains more water from diffusing
through the reed bed and affects the system's performance. The sludge deposit layer with
a high organic content has been shown to crack during the non-feeding period due to

water loss by drainage and ET effects.

This study creates a one-dimensional dual-porosity variably saturated model by
applying some innovations such as MMM and CCF. The dual-porosity variably-saturated
model is developed to estimate the gravity drainage flow in a STRB in the treatment of
sludge, in which the Richards' equation (RE) and van Genuchten-Mualem's (VGM)
model are employed to describe the unsaturated flow and hydraulic properties of the
medium, respectively (Tan et al., 2017). Moreover, the mechanism of evapotranspiration
(ET) is described by the Penman-Monteith equation, where potential transpiration (PT) is
required for root water uptake (Allen et al., 1998). In addition, the solute transport is
explained by the Advection-Dispersion Equation (ADE), with the inclusion of sludge
mineralization related to bio-kinetic analysis in such a way that the production and decay
of bacteria in the sludge deposit and within the medium are taken into consideration
(Bresler, 1973; Gujer et al., 1999). Finally, the shrinkage limit of the sludge deposit is
studied to obtain the correlation between the sludge mineralization and the deformation
of the sludge deposit layer.
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CHAPTER 3: RESEARCH METHODOLOGIES

3.1  Experimental Rigs

A laboratory-scale sludge treatment reed bed (STRB) system was constructed next to the
Wastewater Treatment Plant of Curtin University Malaysia. The purpose of the
laboratory experimental work was to collect data for use in calibrating and validating the
proposed process-based model that describes the hydraulic performance of STRBs and
the associated changes in sludge deposition characteristics. The system comprises six
reed beds with the same substrate profile and vegetation. This study adopted the
operational parameters of three solids loading rates (SLRs) and five resting periods (RPs).
The parameters used to evaluate the performance included the thickness, moisture content
(MC), total solids, and volatile solids of the sludge deposit layer. A thorough

experimental flowchart can be found in Figure 3.1.

Sludge Treatment Reed Bed (STRB)

Experimental Operation Laboratory Test and

Regime Analysis
Solids Loading Rate Resting Period . :
(SLR) (RP) Physical Parameter Chemical Parameter
Sludge deposit .
50 kg TSIM?/yr 3 days layer thickness Total solids (TS)
[RP: 6 days]
6 davs Moisture content Chemical oxygen
y (MC) demand (COD)
100 kg TS/m?/yr .
Total volatile .
[RP:3,6,9, 18, 27 9 days solids (TVS) Nitrate (NO,)
days]
Shrinkage limit Dissolved oxygen
18 days (SL) (DO)
150 kg TS/m?/yr :
[RP: 6 days] 27 days Hydraulic oH

conductivity

Figure 3.1: STRB for septage treatment experimental flowchart.
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3.1.1 Pre-treatment and Storage

The septage used in this study was retrieved from the septic tanks of local households.

The collection of septic sludge was performed by a desludging truck provided by a local

company, as shown in Figure 3.2 to Figure 3.5.

Figure 3.5: Empty septic tank after

Figure 3.4: Desludging process. desludging.
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The septage collected at the household, was then transferred to the experimental
site at Curtin University Malaysia. The septage was stored in a 400-gallon polyethylene

water tank, as shown in Figure 3.6 to Figure 3.8.

Figure 3.6: Transferring the septage into

a storage tank. Figure 3.7: Process of filling the septage.

LI

)]

Figure 3.8: Septic sludge storage tank.

3.1.2 Sludge Treatment Reed Beds

Figure 3.9 to Figure 3.11 show the setup of the STRB system constructed in this study as

per the design recommendation established in Bui’s research (Bui et al., 2019).
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Figure 3.9: Cross-sectional illustration of laboratory-scale STRBs.
Note: Adapted from “Dewatering and Mineralization of Sludge in Vertical Flow
Constructed Wetlands: A Review,” by Bui, J. J. X,, Tang, F. E., Tan, Y. Y., Wong, K. S.,
and Saptoro, A., IOP Conference Series: Materials Science and Engineering, 2019.

Figure 3.10: Actual experimental Figure 3.11: Inside view of the STRB
illustration of laboratory-scale STRBs. during acclimatization.

A total of six beds were constructed to investigate the influence of different SLRs
and resting periods. The STRB was constructed in a 55-gallon water barrel with a surface
area of 0.196 m? and a height of 0.84 m, as shown in Figure 3.12 (Bui et al., 2019). The
additional information on the bed is given in Table 3.1 (Bui et al., 2019).
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phragmites karka

\ Free board

Aeration tubes Sludge deposit layer

15 cm, filter layer (@ 4.75 — 9.75 mm gravel)

10 cm, transition layer (@ 20 — 37.5 mm gravel)

15 cm, drainage layer (@ 50 — 60 mm gravel)

Figure 3.12: Enlarged cross-sectional view of a STRB.
Note: Adapted from “Dewatering and Mineralization of Sludge in Vertical Flow
Constructed Wetlands: A Review,” by Bui, J. J. X., Tang, F. E., Tan, Y. Y., Wong, K. S.,
and Saptoro, A., IOP Conference Series: Materials Science and Engineering, 2019.

The substrate is a 0.4 cm granular medium constructed by different sizes of
crushed limestone. The substrate profile consists of (from bottom to top) 0.15 m coarse
aggregates (diameter 50 — 60 mm), 0.10 m medium-sized aggregates (diameter 25 - 37.5
mm), and 0.15 m small-sized aggregates (diameter 4.75 - 9.75 mm). The selection of
crushed limestone as the substrate material is based on cost consideration and availability
in the local area (Bui et al., 2019; Tan et al., 2017). Each bed was planted with fourteen
common reeds (Phragmites karka). The common reed was selected due to its extensive
root development, effective rhizome system, excellent productivity, efficient water

absorption, tolerance to weather, and resistance against toxins (Kotecka et al., 2016).

Table 3.1: Additional information of STRB.

Parameter Dimensions | Units
Diameter (D) 500 mm
Height (h) 840 mm
Average outlet height from base (ho) 50 mm
Average surface area (A) 196349.5 | mm?

Meanwhile, two perforated pipes have been installed vertically in the substrate to

allow air exchange in the substrate, which is a typical setup in STRBs. Furthermore, each
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bed was installed with an outlet valve located at the bottom of the bed. Six containers

were placed at the discharge outlets to collect the treated sludge effluent.

3.1.3 Acclimatization of STRBs

Before the experiments, the raw septage was screened to remove gross solids that may
clog the substrate to reduce the risk of clogging. Then, the STRBs were acclimatized for
a month to stimulate the growth of microorganisms and macrophytes. The growth of
microorganisms promotes enzyme activity and stabilizes the microbial structure (Xing et
al., 2020). Thus, microbial acclimatization increased the amount of bacteria in the STRB

and formed a stable biofilm layer for sludge mineralization.

The acclimatization process is described as follows. The discharge valve at the
bottom of the bed was closed before loading. The septage was filled until the water level
was above the top surface of the reed bed. After the acclimatization period, the septage
held in each reed bed was discharged by removing the discharge plugs at the bottom of
the beds. Meanwhile, the formation of sludge deposits can be observed after the
discharge of the impounding septage. Additionally, significant growth of the macrophytes
in the STRB was also detected.

3.1.4 Experiment Phase

Six laboratory-scale STRBs were constructed to treat the septage under different loading
regimes. The reed beds were labelled from 1 to 6, as shown in Figure 3.13. Table 3.2
summarizes the SLRs and resting periods applied to the reed beds. The experiment was
completed in two phases. The preliminary treatment was conducted for a month to
enhance the development of the biofilm, followed by the main treatment, which was
operated on for two months.

In the literature, the solids loading rates (SLRs) of a STRB usually fall within the
range of 100 to 350 kg/m?/year (Carneiro et al., 2022; Jain et al., 2022; Tan et al., 2017).
However, the optimal SLR for a STRB is highly dependent on the climate. It has been

confirmed that the SLR of 100 kg/m?/year was most suitable for tropical regions where
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the climate is relatively hot (Gholipour et al., 2022). A higher SLR would lead to
clogging conditions, causing the STRB system to malfunction. Hence, the tested SLRs
were selected to be 50, 100, and 150 kg/m?/year to investigate the effect of SLRs towards
hydraulic performance.

Furthermore, the resting period is usually longer than the feeding period in the
STRB system (Carneiro et al., 2022; Kim et al., 2017; Torrens et al., 2021).
Economically, the loading-resting cycle was commonly done on a weekly basis to save
capital and operational costs (Tan et al., 2023). This led to a resting period of 7 days in a
cycle. In this project, the septage treatment was performed by the “feed-and-drain”
mechanism, where the septage was fed to the reed bed directly at once. Hence, 1 out of 7
days of the resting period was assumed to be the feeding period, which resulted in 1/6
days of the feeding/resting period (Carneiro et al., 2022). Moreover, a relatively short
resting period would lead to prolonged waterlogging conditions and an extensively long
resting period is believed to have caused cracks on the sludge deposit layer (Khomenko et
al., 2019; Tan et al., 2017). Thus, the resting periods used in the experiments ranged from

3 to 27 days to determine the optimum resting period.

In addition, the effect of initial sludge deposit layer thickness on the overall
treatment performance was also studied. Thus, Bed 2 would have twice the initial sludge
deposit layer thickness of Bed 5. The other conditions of the bed were kept constant and

tested with a SLR of 100 kg/m?/year and a resting period of 6 days.

Before any loadings, the thickness of the sludge deposit was measured with a
ruler. The septage in the storage tank was stirred manually to ensure homogeneity. The
raw septage was fed slowly from the top of the STRB and percolated through the filter

medium.
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Figure 3.13: Actual experimental rig and set-up.

Table 3.2: Experimental operating regime.

Bed SLR Resting Total Sludge
Period (TS/loading)
Phase 1
1 50 kg TS/m?/year 0.16 kg TS
2 100 kg TS/m?/year 6 days 0.33kg TS
3 150 kg TS/m?/year 0.49kg TS
4 3 days 0.16 kg TS
5 100 kg TS/m?/year 6 days 0.33kg TS
6 9 days 049kg TS
Phase 2
1 50 kg TS/m?/year 0.16 kg TS
2 100 kg TS/m?/year 6 days 0.33kg TS
3 150 kg TS/m?/year 0.49kg TS
4 18 days 0.98kg TS
5 100 kg TS/m?/year 27 days 1.47kg TS
6 9 days 049kg TS

The septage volume loaded for each bed was determined before the experiment.
The total volume of septage required is based on the concentration of TS. Thus, 50 ml of
the raw septage was collected from the storage tank to test for the TS concentration, as
shown in Equation (3.1). Then, the respective volume of septage required (hydraulic load)
is calculated as shown in Equation (3.2). Since the septage concentration was tested prior

to the loading, the hydraulic load calculated from the TS concentration differed for each
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loading. The overall loading volume required for each bed under various TS

concentrations is summarized in Table 3.3.

(Initial sample weight — final sample weight) mg (3.1)
TS (mg/L) = S0 i
x 1000 (ml)
L
Total sludge (mg/loading) (3.2)

Hydraulic load (L/loading) =

TS (mg/L)

Table 3.3: Summary of loading volume.

a;g?;‘:\;';‘:fja;;g Bedl | Bed2 | Bed3 | Bed4 | Bed5 | Bed6

egime (ma/L) e | @b | my | @y | ) | (m)
Phase 1

18780 8710 | 17420 | 26140 | 8710 | 17420 | 26140

29967 5460 | 10917 | 16380 | 5460 | 10917 | 16380

55780 2030 | 5870 | 8800 | 2930 | 5870 | 8800

20365 8030 | 16070 | 24110 | 8030 | 16070 | 24110
Phase 2

10796 15150 | 30310 | 45470 | 90940 | 110000 | 45470

17507 9345 | 18690 | 28040 | 56080 | 84120 | 28040

3.1.5 Assessment of Hydraulic Behavior

The STRB was operated by means of free drainage, where the effluent discharged freely
in the experiments. The time was recorded when a new batch of raw septage was loaded
into the reed bed. The effluent discharged through the drainage pipe was collected in the

container, as shown in Figure 3.14.
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Figure 3.14: Collection of effluent from drainage pipe.

The volume of the effluent was measured with respect to the feeding time using a
500 ml measuring cylinder with a minimum scale of 5 ml. Generally, the effluent
volumes were recorded at 1-minute intervals to plot the effluent flux at the beginning of
the draining processes. The volume measurement frequency was reduced over the
experiment, depending on whether the flow rate dropped gradually or drastically. Ideally,
the time interval for volume measurements was increased from 1 to 5 minutes, then
increased to 10 and 30 minutes as the flow rate decreased over the experiment. The
hydraulic assessment on the loading is restricted to 6 hours due to technical limitations
and safety concerns. The effluent flow rate and the percentage of water recovery of each

loading cycle were determined as shown in Equations (3.3) and (3.4):

Collected volume (¢cm?) (3.3)

Ef fluent Fl in) =
frluent Flux (em/min) Surface area (cm?) X Time interval (min)

Total volume of ef fluent (1) (3.4)

e o _ x 1009
ater Recovery % Volume of influent (1) ’
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3.1.6 Assessment of Sludge Deposit Layer

In addition to the hydraulic behavior, the characteristics of the sludge deposit were also
monitored throughout the experiment. The variations of sludge deposit thickness were
measured before and after the feeding period and during the non-feeding period. The
sludge deposit thickness was measured by penetrating a wooden stick into the sludge
deposit. The marks on the penetrated depth were then measured using a ruler, as
illustrated in Figure 3.15. Thus, the changes in sludge deposit thickness can be
determined, as shown in Equation (3.5).

Changes in sludge deposit layer thickness (cm) (3.5)

= (Final measurement — Initial measurement)cm

Figure 3.15: Measurement of sludge deposit thickness.

3.2  Laboratory Test and Analysis

The effluent was collected in the container from the drainage pipe during each loading
with respective resting period and SLR. The effluent sample collected daily
was then transferred to a 300-ml disposable BOD bottle with a plastic cap. Meanwhile,
the collection of 20 g sludge deposit was performed daily from three different points in
the reed bed. Upon the completion of the treatment processes, the sludge deposit samples,
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and the effluents were sent to the laboratory for test and analysis. The sludge deposit
sample was tested for its changes in thickness, MC, total solids, volatile solids, and
shrinkage limit. On the other hand, the effluent was analyzed for dissolved oxygen,
nitrate, chemical oxygen demand, pH, and total solids. The overall removal efficiency is

calculated as shown in Equation (3.6).

(3.6)

cC;V.,—C,V,
el 100%

% Removal Ef ficiency = A7
ivi

where V, and V; are the volumes of effluent and influent (L), C; and C, are the
concentrations of influent and effluent (mg/L), respectively. The standards, probe and

equipment used for each test and analysis, is summarized in Table 3.4.

Table 3.4: Probe and equipment used for test and analysis.

Parameter Probe and Equipment
Moisture Content (MC) Oven (ASTM D2216 2019)
Total Volatile Solid (TVS) Furnace (USEPA method 1684)
Shrinkage Limit (SL) Oven (ASTM D4318-17)
Total Solids (TS) Oven (ASTM D2216 2019)
Chemical Oxygen Demand HACH DRB 2000 digital reactor and HACH DR2800
(COD) spectrophotometer (USEPA reactor digestion method 8000)
Nitrate (NO3) HACH HQA40d portable multimeter with NO3 probe
pH HACH HQA40d portable multimeter with pH probe
Dissolved Oxygen (DO) HACH HQ40d portable multimeter with IntelliCAL™
LDO101 standard luminescent / Optical dissolved oxygen
(LDO) probe

3.2.1 Moisture Content (MC)

Moisture content (MC) of a sludge deposit is crucial to understanding the infiltration rate
and dewatering efficiency. The MC of the sludge deposit sample was determined via the
standard method of the American Society for Testing and Materials (ASTM) D2216 2019,
also well-known as the oven-drying method. 20 g of sludge deposit was collected directly
from the reed bed using a soil core sampler. Then, the sample was weighed using a digital
balance in the lab before putting in an oven for 24 hours. The drying temperature was set
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to be 105 £ 5 °C, as shown in Figure 3.16. Figure 3.17 shows the dried sludge sample
before and after the oven test. The initial and final weight of the sample was weighed and

recorded. Hence, the MC of the sludge deposit is determined as shown in Equation (3.7).

MC (%) = 100% (3.7)

(Initial sample weight — final sample weight) mg

(Initial sample weight) mg

X 100%]

Figure 3.16: Oven with set  Figure 3.17: Dried sludge sample before (left) and after
temperature 105°C. (right) oven test.

3.2.2 Total Volatile Solids (TVS)

Total volatile solids (TVS) are the organic materials present in wastewater. TVS
determines the organic content in a wastewater or sludge sample. TVS can be obtained
via reheating the dried TS sludge in a furnace, with a set temperature of 550 °C for 1 hour,
according to the standard of the United States Environmental Protection Agency (USEPA)
method 1684. Figure 3.18 shows the dried sludge sample after furnace heating. Thus, the
initial and final weight of the sample was recorded. The relationship between TS and
TVS is stated in Equations (3.8) and (3.9).
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TVS (%) (3.8)
(TS weight — Sample weight after drying in 550°C furnace )m

for 1 hour

B TS weight

x 100%
TVS (mg/L) (3.9)

(TS weight — Sample weight after drying in 550°C furnace ) L
for 1 hour mg/
B TS weight
x 1000 (ml)
L

Figure 3.18: Dried sludge sample after furnace test.

3.2.3 Shrinkage Limit (SL)

Shrinkage limit (SL) determines the maximum durable stress of a sample material before
it deforms permanently. The ASTM D4318-17 method was practiced in determining the
SL of the sludge deposit sample. This testing approach is known as the “rolling into
thread” method. 20 g of sludge sample was retrieved from the reed bed using the soil core
sampler and brought to the lab. The sludge deposit sample was reshaped and rolled into a
3-mm diameter thread. The rolling process was repeated until the thread crumbled. When
the thread can no longer maintain its shape, the sample is well prepared for the oven-

drying method. The exact temperature and duration features for the oven were used to dry
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the sample, and then the initial and final weight of the sample was recorded. Hence, the

shrinkage limit of the sludge deposit can be determined using Equation (3.10) as follows:

Shrinkage Limit (%) (3.10)

_ (Initial sample weight — final sample weight) mg

(Initial sample weight) mg
x 100%

3.2.4 Total Solids (TS)

Total solids (TS) are always present in wastewater treatment effluent. TS is used to
describe the total suspended solids found in wastewater. TS can be evaluated using the
same method used to determine MC. Thus, the oven-drying method of standard ASTM
D2216 2019 was used. Approximately 50 ml of effluent sample was retrieved from the
drainage system of the reed bed. Then, the sample was transferred to a moisture can and
weighed before being put in the oven for 24 hours. The drying temperature was set to be
105 + 5 °C as well. The initial and final weight of the sample was weighed and recorded
using the digital electronic balance, as shown in Figure 3.19. Figure 3.20 indicates the
dried effluent sample after the oven test. Hence, the TS concentration of the samples is
determined as shown in Equations (3.11) and (3.12).

(Initial sample weight — final sample weight) mg (3.11)

T 0, =
S (%) = ( (Initial sample weight) mg

%X 100%)

Initial sample weight — final sample weight) m 3.12
Ts(mg/L):( ple weight — f pleweight) mg ~ (3.12)

(Initial sample volume) ml

X 1000 (ml)
L

72



Figure 3.19: Digital electronic balance.  Figure 3.20: Dried effluent sample before
(left) and after (right) oven test.

3.2.5 Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) is one of the methods used to determine the organic
contaminants in wastewater treatment. COD describes the amount of DO in the
wastewater oxidized chemically. In COD analysis, a HACH DR2800 spectrophotometer,
as shown in Figure 3.21, with the standard of USEPA reactor digestion method 8000 was
implemented. Both distilled water (blank) and wastewater sample (2 ml) were prepared
and added into the high range (HR) COD digestion reagent vials (20 to 1,500 mg/L).
Then, the samples were put into a HACH DRB 2000 digital reactor, as illustrated in
Figure 3.22 with a set temperature of 150 °C for 2 hours. In the end, the concentrations of
the sample vials were compared to the blank, and the results were recorded for further

analysis.
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Figure 3.21: HACH DR2800 Figure 3.22: HACH DRB 2000 digital
spectrophotometer. reactor.

3.2.6 Nitrate (NO3)

Nitrate (NOs) is an essential nutrient for the growth of plants. The decomposition of
ammonia and ammonium to nitrate would increase the NOs content in the effluent.
However, the strength of NO3z conversion is still dominated by the successful
decomposition of ammonia and ammonium in the system. Generally, the NOs3
composition is expected to increase in the effluent during the treatment. Thus, a HACH
HQ40d portable multimeter with a NOs probe was used for the determination of NOs
content in the effluent, as illustrated in Figure 3.23.

327 pH

The pH value is a common indicator of wastewater quality and characteristics. A lower
pH value indicates a high acidity content of the liquid, while a higher pH represents a
high alkalinity content. In addition, a pH value of 7 reveals a neutral condition of the
liquid. Thus, a HACH HQA40d portable multimeter with a pH probe was used for the

evaluation, as indicated in Figure 3.23.
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Figure 3.23: HACH HQ40d portable multimeter with pH probe (left) and NO3 probe
(right).

3.2.8 Dissolved Oxygen (DO)

Dissolved oxygen (DO) measures the amount of oxygen dissolved in water. DO is
significant in determining the effluent quality in a wastewater treatment process.
Effluents with low DO content always find poor-quality solutions, especially septic
sludge containing high organic matter. Then, a HACH HQ40d portable multimeter
with IntelliCAL™ LDO101 standard luminescent / Optical dissolved oxygen (LDO)
probe was directly inserted into the bottle with an effluent sample to measure the DO
concentration, as shown in Figure 3.24 and Figure 3.25.

Figure 3.24: HACH HQ40d portable
multimeter with IntelliCAL™ LDO101 Figure 3.25: Reading and evaluating of
standard luminescent / Optical dissolved effluent concentrations using portable
oxygen (LDO) probe (left). multimeter with respective probes.
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3.3  Analysis of Variance (ANOVA)

The analysis of variance (ANOVA) is a well-known statistical approach to evaluate
several independent variables by comparing them to mean values (Burger, 2023). Hence,
the ratio indicates the feature's strength is linked to the group variables, as shown in
Equation (3.13).

SE(a 3.13
A () (3.13)
Sw(D)

where S2(A) and S3,(A) are the sample variance between groups (Mean Square Between,
MSB) and within groups (Mean Square Within, MSW), respectively, given in Equations
(3.14) and (3.15).

J NN (3.14)
(e e
i Z " dfs
i=1
K M <fl] e ( {;127;12]?{({:(1/21))2 (3.15)

SEW=>

i=1j=1

dfw

and the degrees of freedom for MSB and MSW are dfy =K —1and df, = N — K,
respectively. Whereas K is the number of groups and N is the total number of samples.
The frequency of the 4 th feature in the j th sample in the i th group is denoted by f;; (1),

and the number of samples in the i th group is denoted by n;.

By implementing ANOVA, the variance distribution with a 95% confidence level
is considered critical to the response (Veernapu & Cherukuri, 2023). Hence, the

significance variables are the technique parameters with a p-value of less than 0.05.
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3.4 Summary of Experimental and Laboratory Works, and Existing Limitations

In this study, the system configurations of all laboratory-scale STRBs were designed to
be identical. The variables included the operating regime, including loading rate and
resting period. These parameters have been reported in the literature as the factors that
directly affect the system performance. However, this research study aims to investigate
the impact of sludge deposit buildup on the system performance. Thus, the factor of the
operating regime is considered a passive parameter which directly or indirectly influences
the experimental outcomes. In addition to the operating regime, another factor that
significantly influences the experimental results is the influent characteristics, which
were not controlled in the experiment. The sludge used in this study was directly
withdrawn from the households so that the sludge characteristics might vary throughout

the experiment.

Furthermore, there are six laboratory-scale STRBSs, and each bed was operated for
an average of thirteen repetitions, where a total of 78 sets of data were collected. During
each data collection, four tests (thickness, MC, organic content, and shrinkage limit) and
five influent and effluent quality analyses (DO, NOs, COD, TS, and pH) were carried out
for the model calibration and validation. Meanwhile, the volume of the effluent collected
from the bottom of the reed bed, with respective time intervals, would be used to validate
the hydraulic conductivity of the numerical modeling. The expected color change of the
effluent collected is noticed, as presented in Figure 3.26. The stage sampling shows that
the effluent concentrations were inconsistent throughout the treatment as the filtration
improved across time. Moreover, the total volume of effluent is collected to determine
the water recovery of each bed. Additionally, the ANOVA test was performed to assess

the significance of dependent variables on independent variables.
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Figure 3.26: Sample effluents collected with respect to time.

After calibrating and validating the model, further analysis of parametric studies
would be conducted to investigate the effects of the varying operating regimes (different
SLRs and resting periods) on the dewatering efficiencies and hydraulic properties of the
sludge deposit layer. Several SLRs (50 to 600 kg/m?/year) with 50 kg/m?/year of septic
sludge intervals were studied, and a range of resting periods from 3 to 36 days are to be
investigated as well. From the parametric studies, an optimum operating regime would be
obtained and tested experimentally. Lastly, the treatment performance with the
implementation of the optimum operating regime was investigated and compared with

those suggested in the literature review.
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3.5  Model Development

A conventional hydraulic model considers fixed boundary conditions, where it neglects
the changes in the top boundary of the mesh. Temporary sludge ponding and deposit
accumulation alter the top layer thickness, leading to moving boundary conditions. The
difference in surface ponding level due to drainage and evapotranspiration causes
variation in hydraulic heads, thus affecting the subsequent hydraulic conductivity of the
infiltration flow through the sludge deposit layer (Brindt & Wallach, 2020). Further, the
increase in sludge deposit layer thickness also reduces the saturated hydraulic
conductivity of the layer. The compression of the sludge deposit due to continuous
loading further reduces the permeability of the sludge deposit layer (Hofgen et al., 2019).
Therefore, a hydraulic model should be able to simulate the infiltration flow and
associated solute transport in a STRB under moving boundary conditions.

Hence, necessary data, such as the sludge deposit's peak effluent flux and
moisture content (MC), were obtained from the laboratory-scale STRB to calibrate and
validate the model. The set of essential features of the proposed model are summarized as

follows:

e A variably saturated flow module is essential to describe the hydraulic behavior of
STRB with an intermittent feeding mode.

e The proposed model should incorporate appropriate boundary conditions,
including batch feeding, surface ponding, and free drainage.

e The moving boundary condition should be applied to describe the sludge ponding
and the formation of sludge deposits on the bed surface over the experiment.

e The substrate should be a filter medium with a fixed boundary condition.

e The accumulation and compression of sludge deposit on the surface of the reed
bed and its associated impact on the hydraulic behavior should be considered.

e The root water uptake and water loss due to evapotranspiration should be included
in the water balance.

e The bio-kinetic module should include sludge mineralization to describe the

changes in organic content.
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In this project, a laboratory-scale STRB is constructed to validate the model
simulation created. Figure 3.27 presents the project flow to produce model simulation and
the conduction of experiments. After the calibration and validation of the model, a
parametric study would be done on different SLRs of feeding and non-feeding periods.
The overall flowchart of research activities for the project is shown in Figure 3.28.
Moreover, the flowcharts for hydraulic and solute transport modules are presented in
Figure 3.29 and Figure 3.30.

« The formulation of a compressible cake filtration (CCF) model.
Phase 1

J

<
« The formulation of a kinetic model for sludge mineralization and

Phase 2| deformation under non-loading conditions.
J

<
« The formulation of a dual-porosity variably-saturated flow model with
Phase 3| Moving mesh method (MMM).

J

~

« Calibration and validation of the model with experimental data.
Phase 4

J

<
- Parametric studies on solids loading rates (SLRs), and non-feeding
Phase 5|  Periods.

J

Figure 3.27: Project flowchart.

Figure 3.31 shows the framework for integrating process-based modeling of
STRBs under the moving mesh method (Tan et al., 2023). In this study, the hydraulic
module adopted a dual-porosity variably saturated flow model to describe the unsaturated
transient flow. The Richards’ equation simulates the hydraulic flow in the substrate
media and the associated volumetric water content. The Penman-Monteith equation
estimates the potential evapotranspiration rate of water loss to the atmosphere. The

Compressible Cake Filtration (CCF) model simulates the increment of sludge deposit
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layer thickness. Lastly, the Activated Sludge Model is used to simulate the degradation of

organic matter in the sludge deposits.

Preliminary $ ¢
data from pilot- Formulation of Formulation of kinetic
scale system compressible model for sludge
filtration cake mineralization and
model plastic limit
v A 4
— > Validation of the models
: I
Lo
-
Acceptable?
] Formulation of dual-porosity variably-
Data from pilot- saturated flow model with moving boundary |
scale system condition and compressible cake model
> Validation of the models
5 |
£
=
W
-
Acceptable?
Data from pilot- Parametric studies on operating regime and
scale system sludge characteristics
A A
m - - - . -
= » Validation of simulated data in pilot-scale
@
-
Y
[ Final report and PhD thesis ]

Figure 3.28: Flowchart of research activities.
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Figure 3.29: Flowchart for hydraulic module.
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Figure 3.30: Flowchart for solute transport module
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Figure 3.31: Integration of process-based modeling of STRBs.
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Note: Adapted from “A review of sewage sludge dewatering and stabilization in reed bed system: toward the process-based
modelling,” by Tan, Y. Y., Huong, Y. Z., Tang, F. E., and Saptoro, A., International Journal of Environmental Science and

Technology, 2023.
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As usual, the very first step of the simulation is to read the input files to initialize
the set variables and coding in the model. These files include information on geometry,
time, hydraulic properties, boundary conditions, iteration criteria, sludge quality, and
solute transport properties. However, the initial condition for pressure head and solute
concentrations are imported from an Excel file (xlIsx.) for the model initialization. The
model simulation always starts from the hydraulic module to the solute transport module,
in which the computation of model simulation is accommodated simultaneously with the
VGM, ET, CCF, and Kinetic sub-models. The simulation repeats the same written
procedure (program code) in every time step until the prescribed final simulation time has
been reached. Lastly, the simulated results are saved into several separate Excel files with

a file extension of xIsx.

As the simulation initializes, several matrices are created to store the arrays of the
simulated data for hydraulic behavior and contaminant transport, where the associated
input information is the geometry and time. The modeling of the hydraulic and solute
transport is coded in the same MATLAB® file (m-file), as the solute transport is always
correlated with the hydraulic flow. The same hydraulic data is then used for the
simulation of the solute transport module with different input variables and coding. In the
model, the VGM model was employed for the computation of initial water content and
the subsequent hydraulic conductivity based on the prescribed initial head distribution
and hydraulic characteristics. Moreover, the ET model estimates the rate of water uptake
by plants and the water loss to the atmosphere. The kinetic model is applied to the solute
transport module, where the fate of contaminant concentrations is modeled according to
the resultant hydraulic flow.

This study investigates a combination of moving and fixed mesh discretization of
the RE and ADE. Hence, the STRB system is partitioned into three layers: the sludge
ponding layer, the sludge deposit layer, and the reed bed substrate layer. The MMM is
implemented in the top layer due to the ponding occurrence and in the second layer of the
sludge deposition. Simultaneously, the CCF model is applied to the second layer, where
the thickness of the sludge deposit increases or decreases due to the continuous sludge

deposition and the water loss via ET, respectively. According to the moving mesh
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principle, the mesh size constantly changes, not the mesh number. Thus, the changes in
the upper mesh are the most apparent. For the remaining layers, the FMM is implemented
as the filter medium of the reed bed, which is always stationary. A better illustration of
the mentioned layers is shown in Figure 3.32.

_ a
A
First layer
Moving
Mesh Layer
Second layer
T b |
1
Third layer i
10 cm small-sized gravel i
Fixed Mesh !
Layer :
Fourth layer 10 cm medium-sized gravel i
|
L2 Z ¥ e :

Figure 3.32: Combination of moving and fixed mesh layers.

The pressure head (k) in the next time step is solved using the velocity-based RE
for the moving mesh layer, followed by the modified Picard iteration approach for the
fixed mesh layer. The bottom fluxes estimated via the MMM are then used as the input
fluxes for the FMM. Thus, the convergence of the solution is obtained by comparing the
residual of the solution to the prescribed minimum tolerance in the FMM. Then, the
resultant pressure head calculates water content and flux in the mobile and immobile
regions. If convergence fails within the maximum set iterations, the residual would be
compared to the prescribed maximum tolerance. However, if the solution cannot
converge even to the maximum tolerance, the simulation is terminated and regarded as a
failure. In case of successful convergence, the simulation continues, and the simulated
data is temporarily stored in previously created matrices. The same procedure is repeated
until the end of the prescribed duration. Eventually, the simulated data output is saved
and displayed in Excel files as soon as the simulation is completed.
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In the solute transport module, the resultant water content and water flux are
exported from the hydraulic module and utilized as input variables for the simulation.
Since the solute transport module uses the output of the hydraulic module as an input, the
computation of ADE is carried out directly without the necessity of an iterative algorithm.
However, the simulation of the reactive transport of a particular component is carried out
independently with the accommodation of a kinetic model at each iteration step. The
computation of the following componentis started after the solution of the aqueous
concentration and sorbed concentration of a particular component has been acquired. In
addition, stability constraints are set to ensure the precision and robustness of the
model. The simulation stops if the conditions are undesirable, where the Courant number,
(C, > 1) or Peclet number, (P, > 5) is observed. Thus, the spatial and temporal size for
the discretization must be corrected to prevent numerical dispersion. The iterative
procedure is repeated until the prescribed simulation time ends, and the simulated data is

stored in the set matrices before exporting to Excel files.

3.6 The Hydraulic Module of the Model

The hydraulic flow in STRBs is meant to be partially obstructed by the substrate medium,
leading to unsaturated transient flow. The unwanted particles are retained on the bed
surface, thus treating the sludge by filtration. The dual-porosity variably saturated flow
model describes the unsaturated flow in mobile and immobile regions of the substrate
medium. Hence, the Richards’ equation is used to explain the unsaturated flow in the
STRB, incorporating the plant sub-model (Penman-Monteith equation), sludge sub-model
(Compressible Cake Filtration), and bio-kinetic sub-model (Sludge Stabilization) in the

dual-porosity variably saturated flow model.

3.6.1 Richards’ Equation

Richards’ equation (RE) (Richards, 1931) has been widely used in the research on
transient water flow processes in unsaturated soils (Bassetto et al., 2022; Brunone et al.,
2003; Mladenov et al., 2022). The RE can be expressed in three forms, namely, head-

based (h), moisture content-based (&), and mixed form (Celia & Bouloutas, 1990).
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According to Brunone et al. (2003), a fundamental limitation was discovered for
h-based RE with specific moisture capacity, C(h) = d8/dh [L™1], where the hydraulic
properties yield a realistic behavior only within a relatively small range of pressure heads.
Thus, 6-based RE was derived from the former equation with the concept of water
diffusivity, D(8) = K(h)/C(h) [L?/t]. However, based on the findings of Celia and
Bouloutas (1990), a mixed form of RE exhibits consistently reliable and robust numerical
solutions for unsaturated flow. Therefore, the mixed form of RE is selected as the

governing unsaturated flow equation of the numerical simulation in this study.

A mixed form of RE that comprises the effect of gravity and water pressure to
relate the variation of volumetric water content within a partially saturated porous
medium (96/dt) [t™1] is presented as Celia and Bouloutas (1990):

K .
where @ denotes the volumetric water content [L3/L3], K(h) denotes the unsaturated
hydraulic conductivity [L/t], z denotes the vertical coordinate assumed positive upward
[L], t denotes the time [t], and h denotes the pressure head [L]. In numerical modeling,
the volumetric water content and unsaturated hydraulic conductivity are considered
system variables, and the coordinates and time are the independent variables. Further, the
term S is introduced as a source/sink term [t~1] to indicate root water uptake or water
loss via ET (Casulli & Zanolli, 2010). The detailed derivation of the RE is given in
Appendix A.

RE is a partial differential equation with nonlinear behavior. Therefore, the
analytical solution is only limited to certain boundary conditions. Accordingly, two
general numerical approximations have been applied to solve the RE: finite differences
(FD) and finite elements (FE) methods. FD is often used for RE discretization as it
involves one-dimensional problem simulation (Farthing & Ogden, 2017).
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3.6.2 Unsaturated Hydraulic Conductivity

In vadose zone flow and transport studies, the unsaturated hydraulic conductivity
decreased with the volumetric water content as the hydraulic pressure decreased (Beulke
et al., 2002). Such a relationship describes the hydraulic properties in STRBs. Several
well-known parametric non-linear models were established for unsaturated flow in
porous media, such as the viscous coupling, Corey, and van Genuchten-Mualem models.
However, the van Genuchten-Mualem model was selected for this study due to its
robustness in describing unsaturated hydraulic conductivity and volumetric water
content (Sheng et al., 2019).

The hydraulic properties are typically defined by the pore size distribution model
(Mualem, 1976) incorporated with the water retention function (van Genuchten, 1980)
for hydraulic conductivity under unsaturated conditions, known as the van Genuchten-
Mualem function. Based on Mualem (1976) findings, a model of the relative hydraulic
conductivity function of unsaturated porous media was derived from the soil water
retention curve, which is based on the relationship and assumption that the length is
proportional to the radius of the inter-connected pores (Ghanbarian et al., 2016). Thus,
the porosity of a gravel is always proportional to its size. This model was considered
desirable by many other researchers in the same field, as these unsaturated hydraulic
conductivities are notoriously tricky to measure. The linear coefficient relationship eases
the determination of unsaturated hydraulic conductivity in the porous media. Thus,
Mualem’s model was suggested for use together with the analytical model of van

Genuchten.

In 1980, van Genuchten developed the soil water retention equation, 8(h), given
as (van Genuchten, 1980):

For h <0, 6s — Or (3.17)
P =0 T e
For h > 0, 0(h) = 6, (3.18)
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Hence, the combined van Genuchten-Mualem’s (VGM) hydraulic conductivity

equation, K (h) [L/t] is presented as (van Genuchten, 1980):

For h <0, my 2 (3.19)

Forh >0, K(h) = K; (3.20)

In addition, a specific moisture capacity, C(h) [L™!] is known as (van Genuchten,

1980):

For h <0, s — 6 _ (3.21)
C(h) = anm [1 + Iahln]m+1 |ah|n '

Forh =0, ch)=0 (3.22)

where 8(h) is the volumetric water content [L3/L3] at pressure head, h [L]; 6, and 0, are
the residual and saturated water contents, respectively [L3/L3]; a [L™1] is related to the
inverse of the air-entry pressure; n is a measure of the pore-size distribution (van
Genuchten, 1980); m = 1 — 1/n; K is the saturated hydraulic conductivity [L/t]; and
[ = 1/2 is an empirical pore-connectivity parameter (Mualem, 1976). Also, it should be
noted that 6,, 6, K, a, n, and m > 1 are material parameters which affect the shape of

the soil hydraulic functions and satisfy 0 < 6, < 6, and K, a > 0.

Therefore, this model is used in this study for the hydraulic simulation, based on
the assumption of the proportionality between the pore radius and the inter-connected

length, which relates to the availability of the gravel parameters used in the experiment.

3.6.3 Dual-Porosity Model for Hydraulic Flow

Generally, Richards’ Equation (RE) is still used to describe the variably saturated water
flow, while the solute transport is simulated via the advective-dispersion equation (ADE).

The equilibrium and non-equilibrium flow explain the hydraulic flow and solute transport
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in the single-porosity and dual-porosity medium (Simtinek & van Genuchten, 2008). The
conceptual physical illustrations of several equilibrium and non-equilibrium models are
displayed in Figure 3.33 (Simtinek & van Genuchten, 2008). The equilibrium model
assumes a uniform water and solute flow in a medium. However, the non-equilibrium
model describes the dual-porosity hydraulic behavior in a medium with mobile and
immobile regions. Such a model includes the water exchange between the mobile and

immobile regions, which improves the accuracy of the dual-porosity variably saturated

flow model.
Equilibrium Model Non-Equilibrium Model
(a) Uniform Flow (b) Mobile-Immobile Water (c) Dual-Porosity
| Water
l Water l 1 Water l Immob|  Mobile
1>

Solute Solute

ISolutel . fimmob] Mobile |[tmmob]  Mobile
P

Figure 3.33: Conceptual physical equilibrium and nonequilibrium models for water flow
and solute transport.
Note: Adapted from “Modelling Nonequilibrium Flow and Transport Processes Using
HYDRUS,” by Simtinek, J., and van Genuchten, M. T., Vadose Zone Journal, 2008.

The limitation of the single-porosity model in describing the unsaturated flow in
the porous medium has been reported in which the porous media flow and transport
processes cannot be effectively described based on the assumptions of uniform flow and
transport (Arbogast, 1992; McCarter et al., 2019; Pucher & Langergraber, 2018; Tan et
al., 2017). Indeed, the single-porosity model eases the hydraulic simulation as it involves
fewer parameter and assumes the hydraulic flow through a medium with only a single
porous domain (Ooi et al., 2018). However, this is unsuitable for the model simulation in
the STRB system due to inconsistent porosity in the substrate medium and possible
cracks on the sludge deposits. Hence, a new one-dimensional dual-porosity model has
been developed (Gerke & van Genuchten, 1993a, 1993b). The dual-porosity model aims
to study the variably saturated water flow and solute transport in the porous medium that

involves two intersecting continua: a fracture pore system and a matrix pore system
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(Gerke & van Genuchten, 1993a, 1993b). The mobile and immobile regions represent the
macro and micropores in the STRB to describe the matrix pore and fracture pore systems,

respectively.

Based on the dual-porosity conceptualization, the liquid phase in the system is
partitioned into two regions: mobile, 8,,, and immobile, 8, (van Genuchten &

Wierenga, 1976). Hence, a total water content formulation, 8 [L3/L3] is given as:
0=6,,+ 0 (3.23)

Then, the dual-porosity equation for water flow is combined with the RE to
explain further the water flow in the macropores (fracture pores) and matrix pores
(Simanek et al., 2003; Simtinek & van Genuchten, 2008). Thus, the formulated functions

for mobile and immobile regions, respectively, are presented as:

Mobile: 0010 (Amo) _ 0 [ Ohnol 0K (hiy) (3.24)
ot =5z 1K (o) 57|+ = Smo = Tw

I ile: 030, (h; 2

mmobile m;(t im) _ S, 4T, (3.25)

where S,,,, and S;,,, are the source/sink terms for the mobile and immobile regions [t™1],

respectively, and T,, is the water transfer rate between the two regions [t~1].

According to several studies, the mass transfer rate of water flow, I, between the
two regions (mobile and immobile) is a first-order rate equation, that is based on the
difference in effective water contents of the two regions (Gerke & van Genuchten, 1993b;
Simunek et al., 2003; Siminek et al., 2001). Therefore, the water transfer rate equation,

I',, and the general effective saturated water content equation, S, are expressed as:

_ aeim(him) _ mo _ cim (326)
Iy = T - w(se Se )
S.(h) = o(h) — 6 (3.27)

es_er
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where 6;,, is the water content in the immobile region based on the pressure head
differences, h;,,,; w is the first-order rate coefficient [t~1]; S7*° and S.™ are the effective
saturated water content for mobile and immobile regions, respectively. Also, it should be
noted that the water tends to transfer from mobile to immobile regions when the value of

I, IS positive and vice versa.

3.6.4 Sink Term — Evapotranspiration (ET)

Evapotranspiration (ET) has been used broadly in agriculture to describe the two
processes involved: evaporation and transpiration. Evaporation is a process where the
liquid water changes its phase to water vapor, thus being removed from the soil
surface. On the other hand, transpiration is water loss to the atmosphere through the leaf
stomata in vapor form. Generally, evaporation and transpiration co-occur and are
influenced by solar radiation, relative humidity, wind speed, and air temperature (Jensen
etal., 1990).

There are a large number of empirical methods developed by researchers
worldwide in purpose of estimating the potential evapotranspiration (PET) for different
climates, such as Turc method (Turc, 1961), Blaney-Criddle method (Blaney & Criddle,
1962), Penman-Monteith method (Monteith, 1965; Penman, 1948), Priestley-Taylor
method (Priestley & Taylor, 1972), and Pan method (Christiansen Jerald, 1968).
However, it has been determined that the modified Penman-Monteith method (FAO-56
Penman-Monteith) offers the best results among all the stated empirical methods (Allen
et al., 1998). This modified method is altered based on the assumption and reference crop
of 0.12-m high in a comprehensive report by the Food and Agriculture Organization of
the United Nations (FAO-56 Paper). Thus, the method is relatively accurate in estimating
the PET in various locations and climates, even under insufficient data (Chen et al., 2022;
Xiang et al., 2020).

The Penman-Monteith’s combination equation for reference evapotranspiration
rate, ET, [L/t] based on the addition of radiation (evaporation), ET,.,4 and aerodynamic

(transpiration), ET,.,,, Which is presented as (Allen et al., 1998):
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(8GR, = 6) + pac, E=2a) (3.28)

T
ETy = ETyaq + ETgero = 1 T .
A+y(1 +r—5)
a

where A is the latent heat of vaporization [L?/t?]; A is the slope of the saturated vapor
pressure curve [M/Lt*T]; R, is the net radiation flux [M/t3]; G is the soil heat flux
[M/t3]; p, is the atmospheric density [M/L%]; c,, is the specific heat of dry air [L?/t*T7;
(es — eg) is the vapor pressure difference between saturation and actual [M /Lt?]; r, and
r, are the aerodynamic and surface resistances [t/L], respectively; and y is the
psychrometric constant [M /Lt?T]. Also, it should be noted that A = 2.45 MJ /kg at 20°C,
A = 0e /0T where e is saturated vapor pressure in kPa and T is the temperature in °C,
¢, ~1.013 x 1073 MJ /kg°C, e, is computed by taking the mean at a minimum and
maximum air temperature in °C, e, is the ambient vapor pressure in kPa, r, and ry are
resistances of evaporating water vapor from the vegetation and soil surfaces into the air,
respectively, and y ~ 0.066 kPa/°C that is proportional to atmospheric pressure

101.3kPa. The detailed steps and calculations are presented in Appendix B.

However, the Penman-Monteith’s combination equation for PET estimation is
based on an ideal situation, where () the vegetation is fully covering the ground and with
homogeneous height; (b) there is an aerodynamically rough surface for ET; (c) there is
sufficient supply of water and nutrients (Xiang et al., 2020). Therefore, it could be
problematic for the numerical simulation later, as the vegetation may not completely
cover the ground. To ease the numerical simulation, the ET can be separated and
redefined into two primary processes, evaporation and transpiration, based on the leaf
area index (LAI) by Beer-Lambert law (Varado et al., 2006). Thus, the potential soil

evaporation, E, [L/t] and potential transpiration, T, [L/t] are shown as follow:
E, = PET exp(—ay,LAI) (3.29)

T, = PET[1 — exp(—ay, LAI)] (3.30)
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where a,; = 0.5 is a coefficient that represents the radiation by the vegetation, and LAI

is the leaf area index based on the fraction of leaf area coverage to that of the soil surface.

Furthermore, the sink term, S, in the RE is the water loss via ET. The sink term
included here is the root water uptake (water extraction) by the plants, where a linear
function has been developed based on the potential transpiration rate, T, (Lai & Katul,
2000; Li et al., 2001). Thus, the linear function of the sink term, S(0,z,t) [t™1] is

formulated as:
5(0,2,t) = a;(8)a;(8)g(2)T, (t) (3.31)

where z is the depth [L], t is the time [t], 8 is the volumetric water content [L3/L3],
a,(0) and a,(0) are the empirical coefficient between [0, 1] contributing to
compensation mechanism and water stress, respectively, whereas g(z) is the root density
function [L™1].

The formulations of empirical coefficient contributed to the compensation

mechanism, a;(8) and water stress, a,(0) are:

0(z) Iy 9(2)dz> (3.32)

a.(0) = Max ;
1(9) <95—9wilt fOZRG(Z)dZ

Y
0(z) - me>e<z)——ewm (3.33)

@(0) = ( >

where 6,,;;; is the wilting point [L3/L3], zg is the maximum root depth [L], and y = 0.01

is a parameter that contributed to the sharpness of the stress function. For better

illustration, the distance between z and zy for the root depth as indicated in Figure 3.34.
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Figure 3.34: Root depth between z and Zr.
Note: Adapted from “Dewatering and Treatment of Septage Using Vertical Flow
Constructed Wetlands,” by Tan, Y. Y., Tang, F. E., Ho, C. L. 1., and Jong, V.,
Technologies, 2017.

On the other hand, the root density function, g(z) is given as:

_exp(=bz) [1.5 + 0.5 exp(—bz)] (3.34)
9(2) = 9o 1+ exp(—bz)
b — 24.66 (Fy)'>° (3.35)
= Z

where g, is the root density at z=0[L™'], b is a decreasing coefficient of the

distribution [L™1], and F,, is the top 10% of root length density fraction in the root zone.

Solute Transport Module of the Model

3.7.1 Advective-Dispersion Equation (ADE)

The transport of solutes in porous media undergoes various processes such as advection,

diffusion, and dispersion. In general, any solute transported through a porous medium

entirely depends on the average flow pattern, rate of molecular diffusion, and the ability

of the porous medium to spread or deviate the solutes from average flow (Bresler, 1973;
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Healy, 1990). In addition, these processes are also involved in mechanisms such as rate-
limiting sorption and desorption (physical reaction), as well as chemical reactions
(Nielsen et al., 1986). The solute transport in porous media is highly affected by the
interactions between the solute and the solid (substrate). Thus, the transport model must
have linear or non-linear equilibrium isotherms for these interactions. Generally, linear
equilibrium adsorption is applied to the system if the adsorption rate exceeds the
hydraulic flow. However, if the condition is unfavored, a kinetic model (non-linear
equilibrium), such as Langmuir and Freundlich isotherm models, would better describe
the solute transport model (Fetter Jr, 2000; Healy, 1990; McCarter et al., 2019).

The soil-water systems in the unsaturated zone are always complex. On the one
hand, this system is seldom in a stable equilibrium state but in a constant flux (q)
situation. On the other hand, the degree of soil-water saturation () is often varying with
time (t) and space (z). As a result, the flow parameters such as suction head (h) and
hydraulic conductivity (K) are affected, thus further sophisticating the system. Therefore,
according to Bresler (1973) and Nielsen et al. (1986), a parabolic type of partial
differential equation, as known as the advection-dispersion equation (ADE) with the
inclusion of the adsorption term, has been developed to consider the mentioned processes

simultaneously, and it is given as:

(3.36)

696+ 65_6( dc
ot Poc” oz

0D — — R
0z qc) *

where 6 is the volumetric water content [L3/L3]; c is the solute concentration in aqueous
solution [M/L3]; t is the time [t]; p is the soil bulk density [M/L3]; s is the solute
concentration adsorbed at solid surface [M/L3]; z is the vertical coordinate assumed
positive downward [L]; D is the combined diffusion-dispersion coefficient [L?/t]; q is

the volumetric flux [L3/L?t]; and R is the reaction term.

The combined diffusion-dispersion coefficient, D is obtained from the following

formula;
D =Dy +D, (3.37)
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where D, [L?/t] is the diffusion coefficient and D,, [L?/t] is the dispersion coefficient,
respectively. Thus, the respective diffusion coefficient, D, and dispersion coefficient, D,

can be found as:
D,(8) = Dyae?? (3.38)
D,(q) = Dy |q| (3.39)

where Dy is the equivalent coefficient in the free-water system [L?/t], a = 0.001 and
b = 10 are the empirical constants that characterize the soil in particular, D; is the
longitudinal dispersivity [L], and |q| is the absolute value of the Darcian fluid flux

density [L/t]. Moreover, the volumetric flux, q [L/t] is given by:
q=Ve (3.40)

where q is the imposed flux [L/t], V is the average interstitial flow velocity [L/t], and 6
is the volumetric water content [L3/L3]. Furthermore, the reaction term, R [M/L3t] is

usually estimated by zero- or first-order rate terms as follow:
R = —p,0c — pp5s + y10 + y2p (3.41)

where p; and p, are the rate constants for first-order decay in the liquid and adsorbed
phases, respectively, whereas y; and y, are the zero-order production terms for the two
phases, respectively.

Additionally, it has been determined by Nielsen et al. (1986) that a desirable
solute transport model should have considered two linear adsorption sites, at which one is
an instantaneous process governed by the equilibrium adsorption and the other is a time-
dependent process with first-order kinetics (non-equilibrium), respectively. Their
hydrogeology research incorporates the linear equilibrium adsorption model into the
solute transport model. Accordingly, the instantaneous adsorption of the solutes onto the
surface of the porous medium could be explained based on the simple linearity between

s, and c, as follows:
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se = Kyc (3.42)

where s, is the equilibrium concentration of solutes at adsorbed phase [M /M], K, is the
distribution coefficient obtained from the slope of the isotherm curve [L3/M], and c is the
concentration of solute at the free phase [M/L3]. Therefore, when Equation (3.42) is
inserted into Equation (3.36), it gives a typical instantaneous equilibrium of ADE
distribution as follows:

dc 0 dc (3.43)
(6 +pKd)E —£<6D£—QC) +R

Meanwhile, in consideration of time-dependent first-order kinetics (ds,/dt), the

formula distribution is revised as:

ask _
at

@ [(1 = FYKae — s¢] (3.44)

where q; is the first-order rate coefficient [t™1], F is the mass fraction of all sites
occupied in instantaneous equilibrium, and s, is the time-dependent concentration of
solutes at adsorbed phase [M/M]. Also, it should be noted that the two-site sorption
concept is based on the addition of equilibrium and first-order kinetics adsorption, s =
Se + sk, and F = 0 when the overall process is time-dependent, while F = 1 when an
instantaneous process is assumed. Therefore, a two-site kinetic model of ADE
distribution by taking into consideration of both instantaneous and time-dependent
processes is determined by adding Equation (3.44) to the LHS of Equation (3.43), as
shown below:

(3.45)

(9+FK)aC+ [(1-F)K ]—a<9Dac )+R

3.7.2 Dual-Porosity Model for Solute Transport

Equation (3.36) is mathematically equivalent to a dual porosity model for solute transport
in both mobile and immobile regions of a porous medium (Nielsen et al., 1986; Simtinek
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et al., 2003; Simtinek & van Genuchten, 2008). Identical to the dual-porosity model for

water flow, the total solute transport, 8¢ [M /L] is given as:
0c = 0,,0Cmo + OimCim (3.46)

where @ is the volumetric water content 6 [L3/L3], ¢, and c;, are the solute
concentrations at the mobile and immobile regions [M/L3], respectively. Moreover, the
two-site sorption model (s = s, + s) is divided into mobile and immobile regions, as
well as kinetic sorption sites with respect to the total adsorbed concentration at

equilibrium, where the new sorption models are given as:

Mobile: Smo = FmoKaCmo (3.47)
Immobile: Sim = FmoKaCim (3.48)
Kinetics: sko =1 = Epo)KaCmo (3.49)

where s, is the equilibrium adsorbed solute concentrations at the mobile region [M /M];
s;m IS the adsorbed solute concentrations at the immobile region [M/M]; sk, is the
adsorbed solute concentrations at the kinetic sorption sites [M/M]; and E,, is the mass

fraction of all sites occupied in instantaneous equilibrium at the mobile region.

Hence, the dual-porosity formulation incorporated with the ADE model for solute
transport can be redefined and separated into mobile and immobile regions, as well as

kinetic sorption sites, respectively, as displayed below:

Mobile:  00mpmy 05 (3.50)
ot ot
d 0Cmo
= E (Bmo mo 5 — mo Cmo) + Ry —Ts1 — Ty
Immobile: 00 ;i 0s; 3.51
I lgl lm+p(1_f) altm:Rim'i'Fsl ( )
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Kinetic: ask, (3.52)

where f is the fraction of sorption sites in contact with the mobile region; D,,, is the
dispersion coefficient in the mobile region [L?/t]; ¢, is the volumetric fluid flux in the
mobile region [L/t]; Rmo, Rim, and RE, are the reaction terms at the mobile and
immobile regions, as well as sorption sites [M /L3t], respectively; and I'y; and Ty, are the
solute transfer rates between the two regions that account for physical and chemical
processes, respectively [M/L3t]. Also, it should be that f = 1 when the sorption site is

fully exposed to the mobile water and f = 0 when there is no water flow.

In addition, the solute transfer rates between the mobile and immobile regions,

I's; and Iy, for physical solute exchange and chemical kinetic sorption, are found as:
Physical: Is1 = ws1(Cmo — Cim) (3.53)
Chemical: Ts; = wsp(sko — 5K e) (3.54)

where wy; and wy, are the first-order rate constants responsible for physical and chemical
processes [t 1], respectively, and sk, . is the equilibrium adsorbed solute concentrations

on the solid surface at the mobile region [M/M].

3.8 Formation of the Sludge Deposit Layer

Sludge is often described physically as a solid-liquid mixture in which the solids are
either free suspension or closely packed (Sgrensen et al., 1996). In some specific cases,
the porous structure undergoes deformation due to the deposition of the solid sludge on
the medium surface, subsequently changing its porosity, permeability, and flow
resistance. According to several past studies, these sludge deposit formations are
thickened and compressed due to the continuous deposition of solid sludge (Sgrensen et
al., 1996; Stamatakis & Tien, 1991; Tien et al., 1997; Tiller & Yeh, 1987).
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3.8.1 Mass Balances

According to the literature, the permeability and porosity of a sludge deposit are highly
related to the compressibility imposed. When the thickness of the sludge deposit
increased and was followed by compression, its hydraulic conductivity was
significantly reduced (Bandelt Riess et al., 2021; Jafari et al., 2019). Hence, the change in
the sludge deposit layer thickness alters the top boundary condition of a STRB system.
The waterlogging condition causes the increment in sludge thickness upon feeding, while
the thickness reduces due to compression by hydraulic loads on top of the sludge deposits.
Water loss via drainage and evapotranspiration also aids in the thickness reduction during

the resting period.

A compressible cake filtration (CCF) model is formulated to describe the buildup
of sludge deposits under low-pressure conditions for a range of loading rates and sludge
characteristics. Generally, the model can be divided into two stages: sludge deposit
formation and sludge deposit deformation. In the proposed model, the solid particles in
the influent are retained on the top surface of the filter medium by sedimentation and
filtration, resulting in sludge accumulation during the feeding period. The formation of
the sludge deposit is then thickened and compressed due to the continuous deposition of
solid sludge, directly varying the permeability of the filter medium. Therefore, the CCF
model is a function of the settling rate of particles and specific cake resistance to describe
the sludge dewatering under low-pressure conditions accurately (Serensen et al., 1996;
Stamatakis & Tien, 1991; Tien et al., 1997; Tiller & Yeh, 1987).

The thickness of the sludge deposit layer at the sludge-cake interface, L can be
found directly from the sludge deposit growth rate, dL/dt. Thus, by considering the
sludge deposit thickness is increased by &L over a time interval of §t, the mass balances

of liquid and solids are given as (Tien et al., 1997):
Liquid: (que — qus)0t = 6L[(1 — &) — (1 — &,)] (3.55)

Solid: (qsc — qs,s )5t = SL(e. — &) (3.56)
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where q; . and g, s are the liquid fluxes on the cake and sludge side at the interface
[L3/L%t], respectively; ;. and qs s are the solid fluxes on the said interface [L3/L?t],
respectively, whereas ¢, and ¢ are the particle volume fractions on the respective side of
the interface. A better illustration is presented in Figure 3.35 to demonstrate the increased

in thickness of the sludge deposit.

Sludge influent, g, Sludge influent. qq

TTTL | [ LI

L(t)

!
1
Filter Medium
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1

1
:
Filter Medium i
1
1
1

Figure 3.35: Thickness of sludge deposit layer.

Also, it should be noted that the addition of mass balances of both liquid and solid
fluxes in the sludge deposit, is equivalent to that of the sludge and the flux infiltrated
through the medium, respectively. Thus, the overall mass balance is known as (Tien et al.,
1997):

(CIl,c + qs,c) = (ql,s + QS,S) =qim = (

k 0_p> (3.57)
K 0z z=0
where q; ,,, is the permeation flux of filtrate through the medium (filtrate flux) [L3/L?t], u

is the viscosity of liquid [M/Lt], z is the vertical elevation [L], whereas the cake

permeability coefficient, k [L?] and pressure, p [M/Lt?] are given by:

o 1 (3.58)

AcPsEs

where a, is the specific cake resistance [L/M] and p; is the density of solids [M/L3].
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From the mass balance of Equation (3.57), the differential of the equation is
derived for the estimation in changes of sludge deposit thickness over the resting period,

which is expressed as follows:

d_L — QI,C - ql,s (3-59)
dt & — &

where the volumetric fluxes, q; and g, are given by the Darcy’s law as follows:

( @ %> _ k a_p (3.60)
1—g & (1—¢e5)uoz

Thus, the final expression for the change in the thickness of the sludge deposit

layer is found as:

dL &, (kah) (3.61)

A detailed derivation for Equation (3.61) is illustrated in Appendix C.

3.8.2 Constitutive Relationships

In estimating fluxes over the medium, the constitutive functional relationship among the
porosity, &, the cake permeability coefficient, k, the specific cake resistance, a, and the
compressive stress, ps, must be established initially. These values could be either
determined from literature or estimated via constitutive relationships. Power law
functions have been proven to be in fair agreement with the measurements using a
“compression-permeability cell” for various inorganic suspensions. This method of
estimation is flexible for cases with significant pressure differences. Perhaps, when the
solid compressibility is relatively high, it causes the coefficients in the power-law
description to change with respect to the function of contact pressure. Therefore, these
coefficients are determined by the power-law as (Tien et al., 1997):
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0 (1 +&)ﬁ (3.62)

E¢ = &g -~
k= o0 (1 +&>‘® (3.63)
Pa
a=al (1 &>_(®+m (3.64)
Pa

where £2, k°, and a® are the solid porosity, permeability coefficient, and specific cake
resistance at zero compression stress, respectively. Meanwhile, p, is a scaling factor,
whereas 8 and @ are the solid material characteristics that specify the degree of
compressibility. In addition to these coefficients, it should be noted that @ < 1 represents
low and moderate compressibility, while @ > 1 means that the sludge deposit is highly

compressible.

3.9 Kinetics Module of the Model

3.9.1 Bio-Kinetics

A Dbio-kinetic sub-model is created to describe the sludge mineralization and nutrient
uptake by plants. These nutrients could be nitrogen and phosphorus obtained from the
decomposition of organic materials, which are essential for the growth of plants. In many
biological kinetic studies related to wastewater treatment, Activated Sludge Model 1
(ASM1) has become a standard guideline and reference for scientific and practical
projects (Henze et al., 1987). ASM1 was created mathematically to simulate the
degradation of primary contaminants, such as organic matter and nitrogen, by means of
biological and chemical decomposition. The ASM1 has been implemented in a series of
computer codes to simulate the behavior of activated sludge systems in treating domestic

wastewater.

Nonetheless, with over ten years of experience in the application of ASM1, it was

found that this wastewater treatment model has some shortcomings as the technologies
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advance. Therefore, a new model known as Activated Sludge Model No.3 (ASM3) was
formulated to improve the model by combining the ASM1 and ASM2 (Guijer et al., 1995;
Henze et al., 1999). In general, ASM3 is capable of predicting oxygen consumption,
sludge production, nitrification, and denitrification of activated sludge systems (Gujer et
al., 1999). In addition, a thorough review of the existing kinetic models has confirmed
that the Gujer matrix is the most suitable and desirable for the research application among
all the other process-dedicated models (Tan et al., 2021). There are many successful
applications of ASM3 in the simulation of wastewater treatment, especially by biological
reactors (Blomberg et al., 2018; Kapumbe et al., 2019; Simon-Varhelyi et al., 2020).

3.9.2 Components

The thorough heterotrophic and autotrophic reactions, and the respective cycle flows, are
illustrated in Figure 3.36 (Tan et al., 2021). The phosphorus reaction is neglected in the
illustration as it does not involve any cycle. Moreover, all the components mentioned in
the illustration, are listed in Table 3.5 and Table 3.6 (Gujer et al., 1999).

Heterotrophic Reaction Autotrophic Reaction

Organic Matter

Biodegradable
Organic Matter

Non-Biodegradable
Organic Matter

Soluble

Particulate S Organic Matter |
& Organic Matter Organic Matter ()] L | m
(%s) s

" Particulate =
3 HYDROLYSIS Organic Matter 2
3 SUBSTRATE (%) S
2 2

‘ NUTRIENT -_

I
Heterotraphic Aerobic Growth
gacteria () DENITRIFICATION Anoxic e L —
' Bacteria (X,)

 Nitrate (Syo srowi

Figure 3.36: Heterotrophic and autotrophic reaction cycles.
Note: Adapted from “Process-based models for nitrogen dynamics in subsurface flow
constructed wetlands: A state-of-the-art-review,” by Tan, Y. Y., Tang, F. E., Saptoro, A.,
Environmental Reviews, 2021.
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Table 3.5: Soluble components.
Note: Adapted from “Activated sludge model No. 3,” by Gujer, W., Henze, M., Mino, T.,
and Loosdrecht, M. van, Water Science and Technology, 1999.

Components Denotation Description
[M/L?]
So Dissolved  oxygen | The main components involved in the aerobic
(O2 0r DO) processes.
S Inert soluble organic | These are the organic materials that cannot be

material

further degraded and are presented in the
products of hydrolysis of particulate substrates,
X.

Sg Readily This fraction of soluble components can be
biodegradable decomposed via biodegradation by
organic substrates heterotrophic organisms.

Sy Dinitrogen (N2) The main product of denitrification.

SNH Ammonium (NHs"- | These are the main components that contribute
N) and ammonia | to nitrogen sources in both aerobic and anoxic
(NH3-N) nitrogen processes. However, only NH4*-N is assumed to

be involved in the overall process.

Sno Nitrate (NO3-H) and | Nitrite is the final product of nitrification. Thus,
nitrite (NO2-H) | only NOs—H is assumed to be involved in the
nitrogen overall process.

Suco Bicarbonate (HCO3") | This component is the alkalinity of the
wastewater. It can be used for the indication of
low pH conditions, besides to balance the ionic
charges.

Sro Inorganic soluble | One of the complementary nutrients for bacteria

phosphorus growth. Generally, it is assumed to be

consisting of 50% and HPO4*

independent of pH.

H2PO4

Table 3.6: Particulate components.
Note: Adapted from “Activated sludge model No. 3,” by Gujer, W., Henze, M., Mino, T.,
and Loosdrecht, M. van, Water Science and Technology, 1999.

Components Denotation Description
[Mcop/L?]
X Inert particulate | These are the undegraded materials, and maybe
organic material produced in the biomass decaying process.
X Slowly These substrates must undergo hydrolysis for
biodegradable degradation. The products of hydrolysis are
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substrates either biodegradable, Sg or inert, S; soluble

organics.
Xy Heterotrophic These are the organisms that consume carbon
organisms for growth. They are responsible for hydrolysis
of particulate substrates, Xs.
X, Autotrophic These organisms use inorganic compounds as
organisms energy sources, and carbon dioxide as carbon

source for cell synthesis. They are dedicated for
nitrification, and directly oxidized ammonium,
Syy to nitrate, Syo.

3.9.3 Reactions
1. Hydrolysis (Gujer et al., 1999):

In this process, all nitrogen obtained via the decomposition of ammonium and
denitrification accounts for slowly biodegradable substrates (Xs). Also, it is assumed that
the nitrogen is independent of the electron donor, and the heterotrophs dominated the
overall reaction. Thus, the Monod equation of the hydrolysis is given as:

Xs (3.65)

Process; = ky -

2. Aerobic growth of heterotrophs (Gujer et al., 1999):

The aerobic growth of heterotrophs (Xy) fully relies on the digestion of the soluble and
biodegradable organic materials for carbon sources, and the dissolved oxygen (Sy) is
consumed as the terminal electron acceptor. Nonetheless, the growth of heterotrophs is
also dependent on complementary nutrients such as nitrogen (Syy, and Syco) and
phosphorus (Sp(), as well as readily biodegradable substrates (Sg). Further, a maximum
growth rate, uy is included in the process to limit the growth of the heterotrophs, whereas
K stands for the saturation constant of respective components. Hence, the Monod-type

growth rate equation is expressed as:
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So Ss  Sww SHco (3.66)
Ko +So Ks+Ss Kyy+ Svu Kuco + Suco

Process, = uy

Spo

.—.X
Kpo +Spo

3. Anoxic growth of heterotrophs (Gujer et al., 1999):

The anoxic growth of heterotrophs is identical to that of aerobic growth, but the
respiration of heterotrophs depends on the denitrification. Thus, the soluble component of
nitrite nitrogen (Sy,) is added to the equation. Meanwhile, a reduction factor, 1y, is also
added into the expression, so that the reaction is fixed to be a limited denitrification
process. Further, since the process is a reaction without oxygen, the fraction of the
oxygen component is altered so that the amount of dissolved oxygen is within the

saturated amount. Therefore, the overall expression of anoxic growth rate is:

Ko S  Svo  Snu (3.67)

Processs = Uy " Nno X
0

_ Shco ~ Spo
Kuco + Suco Kpo + Spo

Xu

4. Growth of autotrophs (Gujer et al., 1999):

In the growth of autotrophs (X,), these nitrifying organisms synthesize the cell to acquire
carbon for energy, thus oxidizing the ammonium directly to nitrate. This process is also
known as nitrification, which contributes fully to the growth of autotrophs. Moreover, it
is also determined that the growth rate of autotrophs is generally slower compared to that

of the heterotrophs. So, the overall reaction equation is given by:

So  Snu _ SHco ~ Spo X (3.68)
Kao+So Kanu +Swi Kanco + Suco Kapo+Spo

Process, = uy, -

5. Lysis (Gujer et al., 1999):
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This process includes all the loss of energy and biomass, which are not required for the
growth of the heterotrophs and autotrophs. Hence, the rates of the lysis for heterotrophs

and autotrophs, respectively, are illustrated as:
Processs = by - Xy (3.69)
Processg, = by - X, (3.70)

The reference values of the mentioned kinetic parameters and relative units are

shown in Appendix D.

3.9.4 Reaction Term for Solute Transport

The reaction term, R [M/L3t] in the solute transport module can be determined by the
reaction processes listed previously. The first-order decay is assumed to be identical for
both liquid and adsorbed phases, as well as the zero-order production term; thus, the new

reaction term equation is given as (Bresler, 1973; Nielsen et al., 1986):
R = —u(@c + ps) +y(6 + p) (3.71)
where the first-order decay, u and the zero-order production term, y are known as:
U = Processs + Processg (3.72)
y = Process; + Process, + Process; + Process, (3.73)

The model components and typical wastewater compositions are given in

Appendix E.

3.10 Numerical Simulation

Generally, non-linear equations are discretized into linear forms so that they are
described explicitly using the numerical approach before being plugged into
computational software. The changes in sludge ponding level and sludge deposit layer
thickness cause variance to the upper boundary conditions, where the conventional mesh
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discretization approach would be inappropriate to describe the situation. In this study,
numerical discretization is performed using a moving mesh finite difference (FD) method
(Dorfi & Drury, 1987) using a velocity-based approach. This type of scheme is
advantageous and has been proven effective in moving boundaries of the physical system
(Bruce, 2011). Three types of adaptive strategies have been implemented in

computational fluid dynamics (CFD) problems (Tang, 2005) which are:

e h-refinement method: The most common method, at which the spatial mesh is
refined by repeated subdivision of the intervals of a fixed mesh.

e p-refinement method: By this method, the degree of polynomial order of shape
functions is increased.

e r-refinement method: This method is known as the moving mesh method (MMM),
which relocates the grid points in a mesh at each time step. In detail, this method
can vary the mesh and the solution simultaneously in such a way that the mesh
has a fixed number of nodes that remain concentrated in regions of rapidly

variated solution.

According to Tang (2005), by implementing the r-method, there is no longer the
need to interpolate dependent variables from the old mesh to the new mesh. As a result,
this method is also called an “interpolation-free moving mesh method”. Moreover, there
are several advantages of MMMs, such as reducing time variation to allow for larger time
steps due to mesh velocity, detecting, tracking, and resolving the moving boundaries, and
all without the need for interpolation. However, it should be noted that since this study
only deals with one-dimensional problems, finite differences are used instead of the finite
element method, as the finite elements are generally considered superior for two- and

three-dimensional problems (Tang, 2005).

This study comprehensively describes the hydraulic flow and solute transport by
the moving mesh and fixed mesh. The moving mesh method is applied to the moving
boundaries on top of the reed bed due to temporary ponding and sludge deposit
accumulation, while the fixed mesh method continues subsequently, as the substrate layer
of the reed bed remains unchanged over the treatment cycle. The application of MMM

alters the spatial mesh distance, dt based on the actual sludge ponding on the bed surface,
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whereas the dt remains at a fixed value in the fixed mesh layers. In this section, the
discretization of moving and fixed mesh methods is presented in detailed equations for a

thorough illustration of simulation steps.

In the discretization of numerical simulation, the terms with subscript i represents
the iteration number of nodes, N, where i = 1,2, 3, ..., N. Additionally, the superscript, n

is to denote the iteration evaluated at the time, t = nAt, thus At = t™*1 — ™.

3.10.1 Moving Mesh Layer for Hydraulic Module

Figure 3.37 shows the schematic illustration of a STRB under moving boundary
condition. Particularly in the hydraulic studies of the moving mesh method, the main
concept is to keep the fractional amount of water between adjacent mesh points constant
(Bruce, 2011).

Filter Medium
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Figure 3.37: Boundary conditions of STRB with no ponding (left) and ponding (right).

Thus, the formulation of the conservative equation is given by:

ff(t) 0dz (3.74)
5 =Yi
fa 0dz

where y; is constant in time. Then, the RE is reformulated into a velocity-based moving
boundary of RE, as given by (Bruce, 2011):
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dz; 1 oh 1° dz;1? oh 1740 dz; (3.75)
ZEZE{”(K[&“L“L oG a)‘K[a“L +og }

where v; is the hydraulic velocity [L/t]; z; is the vertical coordinate assumed positive
downward; t is the time [t]; 6 is the volumetric water content [L3/L3]; y; is the function
of fractional integral constant in time; K is the hydraulic conductivity [L/t]; h is the
pressure head [L]; a and b are the specific coordinates at two extreme locations [L]
depending on the boundary conditions, respectively; and z;(t) = dz;/dt is the
differential of vertical coordinate with respect to time [L/t]. A thorough derivation of

Equation (3.75) is given in Appendix F.

Meanwhile, when Equation (3.75) is presented in the form of dual-porosity model,

specifically for the mobile region, is shown as (Bruce, 2011):

dz; 1 b oh,, 17® (3.76)
dn_ 1 Sty ) -k [z ]
a aZ a

dt 6,

Ohme 1 dz;
Vi<K[ 5z “LJ“[HE

+[9dz‘] + Spo + T
dt a mo w

where S,,,, is the sink term for mobile region [M/L3t] and T,, is the water transfer rate
[M/L3t].

3.10.2 Initial and Boundary Conditions for MMM-RE

The steady-state initial condition for the hydraulic model, is determined by the initial

distribution of either pressure head or water content, as follows:
h(z,t) = h;(2), t=t, (3.77)

0(zt) = 6;(2), t=t, (3.78)
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where h; is the prescribed pressure head at elevation, z; 6; is the prescribed water content
regarding the pressure head and elevation, whereas t, is the time when the simulation

starts.

In general, the boundary conditions of Dirichlet, which is also known as the first
type (constant h or 8), and Neumann, which is also known as the second type (constant
flux, q), may be applied to this method of simulation (Celia et al., 1987; Gottardi &
Venutelli, 1993; Vasconcellos & Amorim, 2001). According to the illustration shown in
Figure 3.37, it can be deduced that the top boundary condition is set to be switching
between the first and second types of boundary conditions, due to the intermittent loading
mode, whereas the bottom boundary is a free drainage condition. The flux is given by
Darcy’s equation (Celia et al., 1987; Gottardi & Venutelli, 1993; Vasconcellos &
Amorim, 2001), as follows:

dz

oh
q=Vo=—70= Kl +K®

(3.79)

Every reed bed has its own filtration capacity to receive loadings. When the
hydraulic loading rates exceed the infiltration capacity, the top surface layer of the reed
bed is completely saturated. In this case, the excessive influent sludge accumulates on top
of the reed bed, resulting in temporary ponding. When no ponding occurs on top of the
medium, the upper boundary condition is set to be a flux-controlled (Neumann type)
boundary condition while head-controlled (Dirichlet type) is used in the opposite scenario.

Thus, the top boundary conditions are:

da .
da 0. == = qo, to=t=t (3 80)
dt
da (3.81)
qa—9aa=0, t, <t<t
dh (3.82)
% — O, t - to
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where q, is the liquid flux at the medium surface, q, is the prescribed liquid flux input by
the user, t, is the initial time, t, is the end of the loading period, and t is the total
simulation time. On the other hand, consideration of no imposed flux, and free drainage
at the bottom, b of the reed bed, the lower boundary is then set to be a zero-gradient flux

boundary condition, thus:

db (3.83)
qp = 0p =~ dt =0

Therefore, the RE is modified by inserting the boundary conditions set previously.

Hence, the new velocity-based RE for the mobile region is given by:

dz; 1 oh oh zi®  (3.84)
vi=i=—{yi<1([ m"+1] — Qo — S, —rw>—K[a’;‘°+1]

dt 6,

+qq+ Smo + FW}

Moreover, the discretization of the velocity based RE in the mobile region can be

written as:

zZMt -2t 1 hl'., — h! (3.85)
AL B Yi| Kli1/2 A—l" +1 i —qo — Smo — I'w

1+ l
l

where y;, AzT, K\%1/2: Smo, and T, are given as follow:

S gdz (3.86)
y. e
l ff 0dz
AT = Az + Az, (3.87)
2
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aK®* + BKI, (3.88)

1+1/2 = a+p
Azl (3.89)
a =
2
Azl (3.90)
p=—
Azl =zt — 7" (3.91)
Azt =27 — 744 (3.92)

(3.93)

Y
eir,lmo Hir,lmo - ewilt el??mo_gwilt
Smo = max 7 gT,

s,mo ~ Hwilt es,mo

T = w [<9i7?mo - 9r,mo> _ <0i7,lim - 9r,im>l (3-94)
v Hs,mo - Hr.mo es,im - er,im

In addition, the change in amount of water in medium profile, (dW /dt) after

each timestep, is known as:

(3.95)

aw
n

K hit, —
dt - l+1/2

A—ﬁ-l_ 1L —q0 = Smo — I'w

Furthermore, to implement this moving boundary FD velocity-based RE, an initial
profile of 6; is known prior to the solution. In a time-loop, the values of A" and K* are
then calculated, followed by dz;/dt for the current time step, and the new values of z;

and W at the next step, by using Euler’s first order explicit method. In the end, the value

of 87" is evaluated through the formula of discretized form below:

/%4 3.96
Mt = (vi — Vi—l)E (3.96)

1
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3.10.3 Fixed Mesh Layers for Hydraulic Module

In traditional ways, a mixed form of RE can be described explicitly by using the fixed
mesh FD discretization, before plugging into a computational software (Lapidus & Pinder,
1982; Von Rosenberg, 1969). Thus, this method has led to a tridiagonal nonlinear set of
equations, as given by (Celia et al., 1987; Gottardi & Venutelli, 1993):

al* ST+ B ST + vt T = R, i=123,..,N (3.97)

where a]*, B, y{™, and R[™ are the nonlinear functions of the independent variables h or
6 and the dependent variables §/*** = h*** — h[* or §™** = 0" — 0" (j =i -1,
i, i + 1) are the increments of the variables h or 8 for passing from iteration level m to
iteration level m + 1; the superscripts (m, m + 1, n) are referring to time hereafter; and
N is the number of nodes. The terms with superscripts m and m + 1 would be calculated
at two subsequent iterations at time t = (n + 1)At, while the terms with superscripts n
would be evaluated at time t = nAt, thus At = t"*1 — ¢™. Then, this set of nonlinear
algebraic equations would be solved through a standard implicit Picard iterative approach.
In addition, the interblock terms, K;.,,, is estimated by the arithmetic means where

Ki+1/2 = 0.5(K; + Ki+1).
Therefore, the numerical discretization for mixed form of partial differential RE
in mobile region, obtained by a backward Euler approach, is presented as:

H'n+1,m+1 —onr (398)

i,mo i,mo

At

n+1im
K™

i—-=
_ 2 ( n+im+1 n+1,m+1)
= h h!

(AZ)Z i-1

n+im n+im n+im
K 1 K 17— K3

) (hn+1,m+1_hn+1,m+1) W
(AZ)Z i+1 i

i—=

2 2

+

Az

- Smo - l—‘w
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where the sink term, S,,,,, and water transfer rate, I',,, are found to be as follow:

%
n n
_ Hi,mo Hi,mo Hwilt el??mo_ewilt
Smo = max gT,

Hs,mo - Hwilt Hs,mo

T o= w [<9ir,lmo - 9r,mo> _ <9i1,1im - 9r,im>l (3-100)
v Hs,mo - Qr.mo es,im - Hr,im

On the other hand, the dependent variables, ;™! = pHH™* — R that

(3.99)

n+im+1
91‘

are expressing in a truncated Taylor series with respect to h, is displayed as:

ﬁ n+lm (hn+1,m+1 B hfl+1,m) (3101)
dh i i

n+1,m n+1,m on+1l,m+1

n+1,m+1 n+1,m
0, =0, +

i

where C is the specific moisture capacity, C(h). Thus, when substituting Equation (3.101)

into Equation (3.98) and rearranged, the newly formed equation is given as:

n+im n+im n+1m
Ki_% e i Ki_% KH% o (3.102)
(A2)? (51'—1 )+ AL + 822 + )7 (5i )

Cn+ 1m

n+1im
K 1

5n+1,m+1

l+§
(AZ)Z ( i+1

n+im n+im
<K. 1 - K. 1 > 0n+1,m .y
__\ '3 =3 _ Zimo imo s _r
Az At mo w

Eventually, this tridiagonal nonlinear set of equations is inputted into MATLAB®
as a tridiagonal nonlinear matrix for each time step, and solved by the tridiagonal matrix

algorithm:
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BTt vt 0 0 0 0 0o o6 rrmq (3.103)
a™ B oy 0 0 0 0o 0|65t RT"
0 a* pm y 0 0 0 0 |l&3+t RY
0 0 aft B ym 0 0 0 [jomtt R}
0 0 0 a* g™ 0 0 0 flsm+i|_| RF
0 0 0 0 0 - - fE, oyRy 0 |leme| |RE
0 0 0 0 0 ay—2 By-1 YN st Ry 4
L 0 0 0 o 0 - - 0 ay BN smet] L R™ |
where
K (3.104)
ntim _ 72
“ (82)?
ACT S (3.105)
ﬁTl+1'm: i n l_i n l+§
' At (Az)? (Az)?
K™ (3.106)
y'n+1,m=_ 7
l (Az)?
Kn-lil,m Kn-lil,m
n+i,m =5 n+i,m n+i,m i+3 n+i,m n+1i,m
ntim ___ 2 (pntim _ pntl prtim _ pntd
i (AZ)Z ( i-1 i )+ (AZ)Z ( i+1 i ) (3.107)

n+im n+im
K17 =K1

i n+lm _ agn
_ 3 2 Hi,mo Hi,mo s _r
Az At mo w

The iterative process stops once the difference in pressure head computed
between the two iterative levels at each spatial node for a specific temporal step is

smaller than the prescribed tolerance, 6,:

ST = |pt - M < 6, (3.108)
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3.10.4 Initial and Boundary Conditions for Fixed Mesh—-RE

In the fixed mesh approach, the initial and boundary conditions are set to be the same as
those of MMM. Hence, the terms («;, B;, vi,» R;) in Equation (3.102) for the first block

are found to be:
a; =0

- m __
p1 from B; by putting Kl._% =0 (3.109)

y;, fromy;

K™ K™,

1 M
R, from R; by putting (ALT)ZZ(hgl — R +—2=0

Az

3.10.5 Nodal Fluxes

Generally, the components in Darcy’s equation (flux) are computed at each time step for
both water flow and solute transport equations, simultaneously, during the simulation.
However, when only the flow equation is being solved alone, the flux components are
computed at selected print times only. Thus, the z-components (space) of the nodal fluxes

calculated for each node, N (Simunek et al., 2008), are presented as:

1 1
aitt = -k (—h,21+ A_Zh?+ + 1) (3.110)
2
Kn+1 Kn+1 (3_111)
n+l _ _ i"'% h?++11 — h?ﬂ +1) - i_% h?ﬂ — h?++11 +1

¢ 2 Az 2 Az
n+l _ _Kn+1 hI?\QI-'-1 - hlr\ll-'—-ll +1)=- E 91(}“ - 9;11 (3-112)

I 1-1 Az 2\ At
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3.10.6 Mass Balance Conservation

One of the measurements for a numerical simulation of a hydraulic model, is its ability to
conserve global mass over the domain of interest (Celia & Bouloutas, 1990). However, it
should be noted that the acceptability of a numerical simulator is necessary but
insufficient to be based on the adequacy of the conservation of global mass. Thus, the
measurement of the ability of a simulator to conserve mass is given by:

total additional mass in the domain 3.113
MB [t] = ( )

total net flux into the domain

Whereas, for the finite difference approximation with the implementation of first

type boundary conditions, it is displayed by:

i1(61" - 6)(A2) (3.114)

MB‘I’L+1=
u [ (M= RS o (R =g
o (K (P + 1) - Kp (g 1) | A
2

Az Az

3.10.7 Moving Mesh Layer for Solute Transport Module

Prior to numerically discretize the solute transport equation, the ADE is transformed by
eliminating the water content, 6 in the LHS of the equation, as well as neglecting the

reaction and solute transfer terms. Hence, the ADE for the mobile region, is shown below:

aCmo + pmeoKd aCmo — i(D acmo) N Amo i (acmo> (3-115)
ot Omo Ot 0z\ ™ 0z Omo 0z \ 0z

Similar to the hydraulic module of moving mesh method, the main concept in
solute transport studies is to keep the fractional concentration between adjacent mesh

points constant (Bruce, 2011). Thus, the formulation of the constant equation is given by:

(70 ey (3.116)

a
ff cdz l
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where y; is constant in time. Thus, for a velocity-based moving boundary of ADE in

mobile region for dual-porosity model, is displayed as:

' dt Cmo Vi Omo + Pf FnoKa Jdz
) () o)
— . %
Omo + PfFmoKa/ \ 0z /1, Mo de |,
o) o)
Hmo + pmeoKd 0z
zi(t)

3 ( Imo ) (acmo)]
Hmo + pmeoKd 0z a

dZi
+ [Cmo E]
a

where v; is the solute velocity [L/t]; z; is the vertical coordinate assumed positive
downward; t is the time [t]; ¢, iS the solute concentration at the mobile region [M/L3];
y; is the fractional integral constant in time; 6,,,, is the volumetric water content [L3 /L3];
D, is the dispersion coefficient in the mobile region [L?/t]; p is the soil bulk density
[M/L3]; f is the fraction of sorption sites in contact with the mobile region; E,,, is the
mass fraction of all sites occupied in instantaneous equilibrium at the mobile region; K,
is the distribution coefficient obtained from the slope of the isotherm curve [L3/M]; qmo
is the volumetric fluid flux in the mobile region [L/t]; a and b are the specific
coordinates at two extreme locations [L] depending on the boundary conditions,
respectively; and z;(t) = dz;/dt is the differential of vertical coordinate with respect to

time [L/t]. A thorough derivation of Equation (3.117) is given in Appendix G.

Meanwhile, when the reaction term and solute transfer rates between the mobile
and immobile regions are added into Equation (3.117), it gives:
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dZi _ 1 ([( BmoDmo )(acmo) ( Jmo )(acmo>]b (3118)
dt  Cmo Yi Omo + PfFnoKy/ \ 0z 6o + PfFnoKa/ \ 0z

a

qmo]”
+ [Cmo 9_] - Rmo - l—‘sl - l—‘52>
mod gy
3 [( OmoDmo )(acmo)
Hmo + pmeoKd 0z

(o) ), o]
Hmo + pmeoKd 0z a o gmo a

where R,,, is the reaction term in mobile region [M/L3t], while I'y; and T, are the
solute transfer rates [M/L3t] between the mobile and immobile regions for physical

solute exchange and chemical kinetic sorption, respectively.

3.10.8 Initial and Boundary Conditions for MMM-ADE

The initial condition for the solute concentration is given as follow:
c(z,t) = cy(2), t=t, (3.119)

For the solute transport model, two types of boundary conditions (Dirichlet and
Cauchy types) can be applied to the top and bottom boundaries. On the one hand, the first
type of boundary condition (Dirichlet) prescribes the concentration at upper boundary,
which display as:

dc (3.120)
% - O, t —_ tO

On the other hand, the third type of boundary condition (Cauchy) is employed to
the lower boundary. However, the value is always equivalent to zero due to free drainage
at the bottom of the bed, thus:

db dp .

_db_ g (3.121)
bat— Pe,

0
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Hence, by applying the stated boundaries conditions to the velocity-based ADE in

the mobile region, the new equation is given as:

v = % = i ] [( OmoDimo )(acmo>]b + [C M] _R (3.122)
l dt Cmo vi Omo + pmeoKd 0z mo Omo “ mo
- l—‘sl - l—‘52>
G o)
Hmo + pmeoKd 0z

(o) (5]
Hmo + pmeoKd 0z

zi(t)

o]
mo-g

Therefore, the discretization of the velocity-based ADE in the mobile region can

be written as:

ztt =zt _ 1 . Bimo PR ¢ — i + e @] (3.123)
At Cimo ' Hi,mo + pmeoKd t+1/2 Aﬁ 0 90

- Rmo - Fsl - FsZ)
_ ei,mo DE Cin+1 B Cin + e @
Oimo + PfFmoKa) \ /2 Az} %0,

where y;, AzT, D)% 1/2+ Rmo, T's1, and T', are given as follow:

faZi(t) 0dz (3.124)
Y =———
l f; 0dz
Azl + Az}, (3.125)
Az = ———1
__ aD} + BD}, (3.126)
Dit12 = T atp
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AZD (3.127)

=72

_ AZ_Z?I-I (3.128)
2

Azl' = z[' — z]* | (3.129)
Azl =z{y1 — 2] (3.130)
R = —pu(6mocmo + PSmo) + ¥ (6o + p) (3.131)
Tis1 = ws1(Crmo — Cimm) (3.132)
Fis2 = Ws2P[(1 = Fno)KaClho — Simo | (3.133)

In addition, the change in concentration of solutes in medium profile, (dM/dt)

after each timestep, is known as:

M _ 0:mo S—Ct — . _] (3.134)
dt Oimo + Pf FnoKa )\ Y2 Azl 0

- FSZ

3.10.9 Fixed Mesh Layers for Solute Transport Module

In fact, a fully implicit finite difference method with the implementation of Picard
linearization is always the first choice in solving the RE, whereas a Crank-Nicolson finite
difference method would be used for the solution of the ADE related problems. Generally,
ADE involved primarily the first-order derivatives stemmed from another derivative, thus
it needs at least second-order derivative approximations to describe and solve the ADE
explicitly (Al-Niami & Rushton, 1978; Bresler, 1973). Therefore, by neglecting the

adsorption and sink terms, a basic mass conservation for ADE can be presented as:
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_06c 0 (D 66) dqc (3.135)
0t  0z\ 0z 0z

where J is the total flux of solute [M /L3t].

Moreover, a thorough numerical implementation for solute transport scheme

could be partitioned into three major terms: total qux( ) dispersion [—( )] and

imposed flux, ( ) respectively, as follows:

Total Flux: 20¢ n+% 0"“ nt1_ gnen (3.136)
(W)i - At
Vn+%At(9n+1 07’1)
i i z(cn+1 + Cin—l
16(Az)2
n+1 n)

1
n+s
2 n+1 n n+1 n
- Vi+l (" 4+ =y — Ci+1)l
2

Dispersion: p Dac nta (3.137)
5005,

1

n+=
2(~n+1 n n+1 n
D ey +city =™ =)

2(Az)?

1
n+=
2(-n+1 n+1 n
D l ( G + C —Ciy1 — Ci+1)
2

2(Az)?
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Imposed 1 . (3.138)
Flux: (%)n-l'f _ q +% ( ¢i ) — l ; (Cl—l Cl—l)
0z i 20z
1
n+s
l_f(cin—il +cfty =t =)
2
" [ 4Nz

1
n+s
2(-n+1 n+1
q (" ¢ =yt —cita)
l+E

]
|
- |
|
|

4Az

where At is the temporal step and Az is the spatial step assumed positive downward. A

detailed derivation can be found in Appendix H.

Hence, the complete numerical discretization of ADE is obtained by substituting
all the components, as presented in Equation (3.136), Equation (3.137), and Equation
(3.138), into Equation (3.135), as follows:

9n+1 n+1 Hn n (3.139)
At
1 1
— i-3 i-3 1 1
- Z(AZ)Z (C?—t + CZI 1 Zl+ n)
.
(D. 12 - N. 12)
l+§ l+§ 1 1
- Z(AZ)Z (Cin+ + Cin - Cin++1 - Cin+1)
o1 nal
I 1 (Cn+1 +¢) — 12(C'in—+11 +city)
2 _E

20z

where N is the additional dispersion coefficient, when the second-order finite difference

approximation is used, given as:
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4 (3.140)

1 A 1 ‘/L ZV ZAt
n+s Z [ n+s i—
N 2 _ & 2] _ —2 0n+1 _ Hn
() e
1.1 3.141
PR AL . -
n+s Z[ n+s 1+
N 2 - 2\ __ 2 0ﬂ+1 _ 071
i+% 2 <qi+%) 8 (©; i)

However, if the ADE model is differentiated based on the first-order
approximation, the term N would no longer exist. Thus, the simplified ADE is displayed

as:

9n+1 n+1 Bn n (3_142)
At

1
n+s
2(-n+1 n n+1 n
D (i +cing =™ =)

2

2(02)?

1
n+
n+1 n+1 n
D.l(l +C _Cl+l_ci+1)
2

2(02)?

1
(Cn+1+cn) q Z(Cn+1+Cl 1)
2

20z

Furthermore, the basic ADE model obtained is required to include the adsorption
and sink terms ignored earlier, as well as the mass transfer terms. Therefore, the overall
ADE model with the inclusion of adsorption, sink, and mass transfer terms in the mobile

region, is displayed as:
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n+1 .n+1 n n n+le _ .ne
Qi,mo Cimo — Bi,mo Cimo + ,Df Si,mo Simo (3'143)

At At

1

n+s
2(,n+1 n n+1 n
Di—l (Ci—l + Ci—1—Cj — ¢ )mo
2

2(Az)?
1

n+s
2(,n+1 n n+1 n
Di+1 (Ci + Ci —Ciy1 — Ci+1)mo
2

2(Az)?
n"’% n+1 n n"’% n+1 n
q. 1 (Ci + Ci )mo - Q. 1 (Ci—l + Ci—1)mo
Lt =3 _s
20z mo
- l—‘sl - l—‘52
where the sink term, S,,,,, IS given by:
Smo = M10moCimo + U2PSto — V1m0 — V2P (3.144)

On the other hand, the adsorption term in considering both instantaneous and
time-dependent processes in the mobile region, which can be formulated as follows:

n+l n+1l,e n,e (3.145)

aSreno 2 Simo — Simo
(pf ot >i =rf At

In addition, the terms for sink and mass transfer of solutes. are presented below:
Physical: [is1 = ws1(cmo — Cin) (3.146)

Chemical: Fis2 = wszp[(l — Fno)Kacmo — 571:1,(1)( (3.147)

To present the system in the tridiagonal matrix, Equation (3.143) is rearranged to

ease the computer work afterwards. The revised equation is shown below:
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D™t Dy q'1 q'1 (3.148)
=2 2 H3 I3 (571

4(Az)? + 4(Az)? " 4Az  AAz -1

n+1 n n+1 n n+1
b D1 Di D1 g1
n ‘72 ‘72 ‘72 ‘72 12

2(02)° T 222 T a(az)? T 222 T Az

s Dl D
2 n+1 2 2 n+1
—2 ) (& — !
* Jaz 6 4(Az)? +4(AZ)2 (651

Din-l-ll(ain_-l-ll _ 6in+1) Din 1(6in—+11 _ 6in+1)
__2 2
= 4(02)2 LTIV

n+l,en+1 n+1 n n+1 n+1
D (6 = 651) D (8™ =85
2 2

4(Az)? B 4(Az)?

n+lcent+ly _ N n+1
lqi%(fsi ) qH%((Sl_l

4Az

n+1 n+1 n +1
qi—l (6i ) - qi_l(ai—l l gntl.n+l _ gn n
2 2 i,mo Ci,mo i,mo Ci,mo

4Az At

- — Smo — I's1 = T2

where § = ¢™! + ¢™ is a dependent variable. The complete working steps for the
rearrangement is presented in Appendix I|. The final tridiagonal nonlinear set of
equations is inputted into MATLAB® as a tridiagonal nonlinear matrix for each time step
and solved by the tridiagonal matrix algorithm:
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ST L . (3.149)
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where
D™t D1 q'1 q':1 (3.150)
l_f l—z l+z l—i
ap = — + -
' 4(A2)?2 " 4(A2)2 4Az  AAz
n+1 n n+1 n n+1 n+1 3.151
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B = + + + + +
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3.10.10 Initial and Boundary Conditions for Fixed Mesh—-ADE

The solute concentrations in the mobile and immobile regions, as well as the adsorbed

site for the initial conditions, are given as follow:

Cmo(2,0) = Cmo,(2) (3.154)
Cim(2,0) = ¢imy(2) (3.155)
5£0(2,0) = 5k (2) (3.156)

For the solute transport model, two types of boundary conditions (Dirichlet and
Cauchy types) can be applied to the upper or lower boundaries. On the one hand, the first

type of boundary condition (Dirichlet) prescribes the concentration at a boundary:
c(z,t) = cy(z,t) atz=0orz=1 (3.157)

On the other hand, the third type (Cauchy) boundary condition is used to prescribe

the concentration flux at the upper or lower boundary conditions, given as:
—D% + gc = qy¢p atz=0o0or z=1 (3.158)

where q, is the upward liquid flux, and ¢, is the concentration of the influent liquid.

3.10.11 Stability Constraints

Numerical solutions for transport equations always come with the problems of undesired
accuracy of the simulations. This particular circumstance is known as oscillatory
behavior, where there is excessive numerical dispersion near the sharp concentration
fronts (El-Kadi & Ling, 1993; Simunek et al., 2008). In fact, the RE and the ADE are
non-linear, especially when they involve the problems associated with convection and
dispersion. According to past research, these unwanted oscillations can be avoided by
selecting an appropriate combination of space and time discretization. Thus, two criteria

are used for characterizing the space and time discretization, known as the Courant and
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Peclet numbers. In addition, the Courant number is responsible for characterizing the
convection process, whereas the Peclet number reflects the relative convection versus

dispersion processes.

Therefore, the Courant number, Co and the grid Peclet number, Pe, are presented

as.
_ qAt (3.159)
Co= Az
qAz (3.160)
Pe = —
=D

where At and Az are referring to temporal and spatial discretization of a finite difference,
respectively. The Peclet number tends to increase when the process of convection
dominates over the dispersion for a particular solute transport model. Thus, it is
recommended to keep the spatial discretization as small as possible, to achieve a desired
numerical result. Additionally, it is also noted that the Courant number should be less
than or equal to 1, and the Peclet number should not exceed 5 to ensure a robust
simulation (Celia & Bouloutas, 1990).

3.10.12 Thickness of Sludge Deposit Layer

Similarly, the initial condition used for the hydraulic model is applied to the sludge

deposit layer, at which the initial distribution of the pressure head, is given as follows:

h(z,t) = h;(2), t=t, (3.161)

where h; is the prescribed pressure head at elevation, z, and t, is the time when

simulation starts.

Therefore, the discretization of the thickness of sludge deposit layer can be

written as;
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Azl

Lt - _ & E(h?“ - h?) g (3.162)
At Ec— & U L 0

where Az™ is given by:

AT = Az} -I-2 Azl (3.163)
Azl' = z[' — z]* | (3.164)
Az =z — 2] (3.165)

3.11 Summary of Model Development and Existing Limitations

In summary, the finalized equations, which are discretized via the MMM, are directly
input into the MATLAB® program code to develop a process-based model that simulates
the dewatering mechanisms in STRB under varying loading rates and resting periods. At
the same time, the final discretized equations for the FMM are expected to be rearranged

into a tridiagonal matrix form and plugged into MATLAB® for simulation purposes.

The hydraulic model for the STRB addresses the limitations of conventional
models that assume fixed boundary conditions by incorporating dynamic aspects such as
sludge deposition and surface ponding. Unlike traditional models, this approach accounts
for changes in sludge deposit thickness, which influence hydraulic conductivity and
permeability. The model integrates a variably saturated flow module to handle
intermittent feeding and moving boundary conditions, incorporating various factors such
as batch feeding, surface ponding, and free drainage. These elements are crucial for

accurately simulating the complex interactions within the STRB system.

To ensure the accuracy of the model, a laboratory-scale STRB is constructed for
calibration and validation. Key features of the model include a dual-porosity variably
saturated flow model to describe hydraulic behavior, the CCF model to simulate sludge

deposit dynamics, and a bio-kinetic module for modeling sludge mineralization. The
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simulation process begins with initializing input files that contain data on geometry, time,
hydraulic and solute transport modules sequentially, employing iterative procedures to

achieve convergence.

The simulation employs a combination of moving and fixed mesh methods to
model different layers of the STRB system effectively. Moving mesh methods are used
for the sludge ponding and deposit layers are applied to the stationary reed bed substrate.
Results are processed using MATLAB® for hydraulic and solute transport calculations,
and the data are exported to Excel for analysis. This integrated approach allows for a
comprehensive simulation of hydraulic flow and solute transport under dynamic

conditions, ensuring that the model accurately reflects real-world scenarios.

3.12 Parametric Studies

In previous sections, the SLR and resting period have been determined to affect the
STRB performance significantly. The variation in the SLRs and resting periods decides
the hydraulic loading volume required, subsequently affecting the resultant flux peak and
flow delay. An excessive hydraulic load is believed to cause waterlogging, while an
insufficient load would result in cracks in the sludge deposit layer. Thus, the hydraulic

load was analyzed for its sensitivity to the overall STRB profile.

Furthermore, the calibrations of the hydraulic head and saturated hydraulic
conductivity were to match the flow-occurring delay and flux peak, respectively. An
increased hydraulic head and saturated conductivity would result in a longer flow delay
and a higher flux peak. The parametric study helps to determine an appropriate range of
the hydraulic head and saturated conductivity, covering different types of flow cases.

Hence, the parametric study also included their effects on the STRB efficiency.

Moreover, the continuous sludge accumulation increased the sludge deposit layer
thickness while reducing the infiltration flux. The layer thickness increases its porosity,
retaining more moisture and solid particles in the void space, thus resulting in a higher
organic content. Further, the high sludge deposit organic content hinders the penetration
of the liquid through the layer, reducing its MC. Hence, the sludge deposit thickness's

sensitivity to the overall STRB performance was studied.
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Table 3.7 shows the tested parameters range of the hydraulic load, hydraulic head,
saturated hydraulic conductivity, and sludge deposit layer thickness, covering respective
average values. Under a constant resting period of 6 days and SLR of 100 kg/m?/year, the
hydraulic loading volumes were calculated to be the same under a 50 kg/m?/year SLR
and a 3-day resting period increment, respectively. Hence, the same loading volume was
used to analyze hydraulic load under varying SLRs and resting periods. The sensitivity
analysis studies the importance of these parameters to the effluent flux,
evapotranspiration, sludge accumulation, moisture, and organic contents of the sludge
deposit layer.

Table 3.7: Tested parameters range of hydraulic load, head, conductivity, and sludge
deposit thickness.

Tested
Tested range Increment Average value
parameters
Hydraulic load | 7,371 —99,501 ml 7,370 ml 14,741 ml
(SLR @ resting | (50 — 450 kg/?/year @ 6 days || | (50 kg/?/year @ | (100 kg/?/year @
period) 3 — 27 days) 3 days) 6 days)
Hydraulic head | -7 —-30cm -3cm -19 cm
Saturated
hydraulic 0.0009 - 0.1269 cm/min 0.014 cm/min 0.0429 cm/min
conductivity
Sludge deposit
) 4 —-20cm 2cm 10 cm

layer thickness
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CHAPTER 4: LABORATORY EXPERIMENTAL RESULTS

The laboratory experiment was carried out to calibrate and validate the formulated
hydraulic model. The critical parameters determined in the experimental study were flux
peak and flow-occurring delay. These two parameters were then compared with the
saturated hydraulic conductivity and hydraulic head, respectively. Other
information, such as water recovery, sludge characteristics, and water quality, are also

collected for the simulation study.

The operational scheme of the constructed laboratory-scale STRB system was
separated into two phases, namely the preliminary treatment (Phase 1)
and main treatment (Phase 2), to identify the optimized SLR and better adjust the resting
period before the main treatment. In Phase 1, the STRBs were acclimatized and operated
under freshly acclimatized conditions, whereas the STRBs should be operated under the
well-established conditions in Phase 2. The hydraulic behavior was assessed during the
initial stage of the discharged flow to observe flux peak and flow-occurring delay. The
complete loading schedule with respective dates is presented in Appendix J. The
measurement of sludge deposit layer thickness and the sample of newly formed sludge
deposits were taken daily to assess the moisture and total volatile solids content. The
effluents from the discharge pipe were measured and collected in the BOD bottles daily
to study water quality and STRB performance efficiency. The collected sludge deposits

and effluents were sent to the laboratory for further analysis.

4.1  Quality of Raw Septage

The raw septage used in the experiment was retrieved from a household near the Curtin
University Malaysia campus. The collected septage was then stored in a 400-gallon tank

before loading onto the reed beds.

The TS concentrations for five batches of raw septage ranged between 17507 and
55780 mg/L. The variation of TS concentration was relatively high due to the different

batches of septage used. The raw septage contained a high concentration of organic
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materials with a relatively high COD. The COD of the raw septage fed in the reed bed
ranged from 1980 to 6152 mg/L. Moreover, the NO3 concentration was measured in the
range of 162 to 433 mg/L. Meanwhile, the pH value was slightly alkaline, ranging from
7.44 to 8.45. Furthermore, the DO content in the raw septage was always below 1 mg/L,
which is between 0.12 and 0.43 mg/L. The quality assessment showed that the DO
concentrations are always inversely proportional to COD concentrations, as the increase
in COD concentration increases oxygen consumption by biological process (Wang,
Bengtsson, et al., 2019; Wang et al., 2020). The variations of the septage quality were
high. Thus, the SLR is more efficient as the loading regime than the HLR (Tan et al.,
2020). The mean values of all the mentioned parameters and the respective standard
deviations are presented in Table 4.1.

Table 4.1: Mean data of the raw septage used in the first month (n=5, which is the
number of samples).

Parameter 1 2 3 4 5 Mean Value
TS (mg/L) 18780 | 55780 | 20365 | 10796 | 17507 24646 £ 17782
COD (mg/L) 6819 1980 6152 4724 4205 4776 + 1885
NOs (mg/L) 394 361 162 354 433 341 £ 105
pH 7.96 8.45 7.44 8.09 1.75 -
DO (mg/L) 0.12 0.20 0.20 0.24 0.43 0.24£0.12

4.2  Hydraulic Behavior in the STRBs

The experiments were conducted on a “feed-and-drain” basis through raw septage fed in
batches according to the respective calculated volumes. The effluents were then
discharged from the bottom of the bed as free drainage. The complete results of effluent
flux are presented in Appendix K. Due to instrumental and safety limitations, the
monitoring duration of the hydraulic dynamics with a short time interval was limited to
the first 6 hours (360 mins) after the feeding, while continuous measurements of effluent
volumes were made daily during the non-feeding period. Observations indicated that the
hydraulic flow declined insignificantly after the initial six hours, with most water

recovery occurring during this period.
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There were five loading conditions in Phase 1 experiment: 50 kg SLR with a 6-
day resting, 100 kg SLR with a 6-day resting, 150 kg SLR with a 6-day resting, 100 kg
SLR with a 3-day resting, and 100 kg SLR with a 9-day resting. Each loading volume
varied due to different TS concentrations of raw septage. The raw septage was expected
to be more concentrated at the bottom of the sludge storage tank. Therefore, the TS

concentration for the raw septage was tested and updated every 1 to 2 weeks.

According to the preliminary analysis, factors affecting the hydraulic dynamics
and flux peaks of the draining dewatering in STRB included SLR, resting period, TS
concentrations of raw septage, sludge deposit thickness, and sludge deposit condition
before loading. A high SLR or longer resting period requires a larger hydraulic load,
increasing the hydraulic head and consequently raising the overall infiltration flux and
peak (Cakir et al., 2015). Conversely, a high influent septage concentration reduces the
percolation rate because high initial TS concentrations contain limited water, allowing
more solids to accumulate and increase sludge deposit layer thickness (Tan et al., 2020).
The incremental thickness and reduced porosity retain more water in the layer, affecting
the overall water recovery (Trein et al., 2019). Continuous settling of solid particles on
the sludge deposit layer fills the void spaces and clogs pores, leading to a substantial
decrease in infiltration flux and peak. Additionally, cracks in the sludge deposit layer can
allow influent septage to bypass it directly, significantly boosting effluent flux and

impacting treatment performance (Khomenko et al., 2019).

Uncontrollable external factors, such as climate conditions, also influence the
dewatering and treatment performance of STRB.On hot and sunny days, high
evapotranspiration rates lead to increased water loss to the atmosphere, decreasing total
water recovery and enhancing the drying of the sludge deposit layer (Wanniarachchi &
Sarukkalige, 2022). Conversely, high air humidity prolongs surface ponding during rainy
days. Despite many fixed variables such as substrate layer, gravel size, and type and
number of reeds, controllable variables remain SLR and resting period (Paredes et al.,
2020).

Several conditions of the reed bed were observed throughout the experiment,

categorized as normal, ponding, and cracked conditions, as shown in Figure 4.1. The
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respective cases of effluent flux development are presented in Figure 4.2, Figure 4.3, and

Figure 4.4. It should be noted that the negative sign was used for the effluent flux,

assuming positive elevation is upward.

(b) Ponding condition

Figure 4.1: Conditions of the reed bed.
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Figure 4.4: Cracked/bypassed flow case.

The typical hydraulic flux of the STRB system showed a trend where the fluxes
increased rapidly from the beginning until the peak, and then gradually decreased until
the end of the drainage. This behavior was primarily influenced by the pressure head
difference, which directly affected the flux peak due to the maximum ponding depth as
soon as the effluent was discharged (Ghanbarian, 2021). Over time, the continuous
outflow reduced the head difference, thereby decelerating the percolation rate of the reed

bed during the resting period.

Occasionally, the reed bed experienced ponding when the feeding volume of the

raw septage exceeded infiltration capacity of the bed under high SLR or prolonged
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resting periods. If the sludge deposits had not fully dried before the new feeding batch,
the bed remained ponded, prolonging infiltration and causing waterlogging issues (Huong
et al., 2024a). In such cases, the flux peak was consistently lower compared to the other
flow conditions, with a roughly linear reduction trend in flux due to minimal infiltration
rates (Sheng et al., 2019). Typically, the peak effluent flux was less than 0.01 cm/min for
ponded conditions, where the pressure head difference had little effect on the effluent

flux.

In case of bypassed flow, the sludge deposits within the reed bed were found to be
over-dried or cracked, due to relatively low SLR and extended resting periods that
increased dewatering via evapotranspiration. The effluent flow was significantly high,
with no apparent increase in flux at the beginning of discharge. The flux peak was
observed at the first minute, followed by a decreasing trend in overall effluent flux. This
phenomenon was attributed to cracks in the sludge deposit caused by continuous moisture
loss over the resting period (Khomenko et al., 2019). Additionally, strong winds at the
experimental site mechanically moved the reeds back and forth, creating numerous
preferential flow paths (PFPs) due to reed stem movement. Consequently, the raw
septage bypassed the low-permeable sludge deposit layer, resulting in a rapid increase in
effluent flux at the start of the feeding cycle. Therefore, the situation was characterized
by swift effluent discharge and extraordinarily high flux peaks (Dubash & Frigaard, 2007;
Obour et al., 2018).

421 Flux Peak

The flux peak of each bed decreased with the thickness of the accumulated sludge deposit
layer along the treatment batches. The continuous deposition of solid sludge on the reed
bed surface acted as a flow resistance layer that decreased the effluent and the flux
peak. This is confirmed by observation in Beds 2 and 5. The overall flux peaks of Bed 2,
which is twice as thick as the initial sludge deposit layer, were lower than Bed 5 in Phase
1 experiment. Figure 4.5 shows the overall flux peaks in Phase 1 and Phase 2 of
experiments. The experiment's flux peaks were significantly higher in Phase 2 than in

Phase 1. The continuous septage loading has increased the sludge deposit layer thickness
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and led to waterlogging conditions. The filling of macropores in the sludge deposit layer

decreased the layer permeability, which prolonged the surface ponding. Hence, the

temporary ponding increased the hydraulic pressure acting on the bed surface, boosting
the percolation rate.
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Figure 4.5: Flux peaks for each loading batch in Phases 1 and 2.
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In STRB, the pressure head difference is the main driving force for the
percolation process. Hence, the flux peak was proportionally increased with the sludge
volume loaded, as shown in Figure 4.6. Using the generated trendline equations, it is then
possible to estimate the flux peak from the known hydraulic load. However, further
increment in hydraulic load did not significantly increase the effluent flux peak. The extra
loads have suspended the effluent flow due to the clogging of the substrate layer upon
particles settling on the thickened sludge deposit layer. In contrast, extraordinarily high
fluxes were observed during an over-dried condition with crack occurrence on the sludge
deposit layer (Khomenko et al., 2019), as shown in Figure 4.1d. The cracks provide a
PFP for the raw sludge to bypass the reed bed substrate filter, resulting in a high volume

and instantaneous effluent discharge.
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Figure 4.6: Graph of flux peaks versus hydraulic load.

4.2.2 Delay of Flow Occurrence

Generally, effluent discharge only occurs after the feeding in STRBs. It has been
observed that there is always a delay between the time after loading and the start of
discharge from the STRB outlet. This phenomenon is known as the delay of flow

occurrence, depending on the reed bed’s infiltration capacity. Also, the delay of effluent
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flow can be used physically to estimate the bed’s dryness, which indicates the reed bed’s

performance.

Furthermore, increasing the sludge deposit layer thickness could be another factor
in the effluent flow delay. Typically, the delay in flow occurrence would present an
increasing trend due to the continuous sludge accumulation, which inhibits the
percolation process. The continuous sludge accumulation increases its thickness and
specific resistance, whereas the incremental porosity allows more water to be detained
within the layer. The newly loaded septage would then need to penetrate the less
permeable sludge deposit layer before reaching the bottom of the bed, leading to longer
flow delays. Figure 4.7 shows the overall flow delays in Phase 1 and Phase 2
experiments. In Phase 1 experiment, the overall flow delays in Bed 2 were longer than in
Bed 5 due to the initial sludge deposit layer being twice thicker. Conclusively, the overall
experimental results in Phase 1 showed an increasing trend of prolonged flow delays with

the feeding-resting cycle.

However, the flow delays were significantly shorter in Phase 2 of the experiment.
The flow delays of the first loading in Phase 2 of the experiment were comparable to
those in Phase 1, where the beds rested for 2 weeks. The newly loaded septage required
more time to fill up the dried reed bed and reach the bottom. Although continuous
septage loading increased the sludge deposit thickness, the overall flow occurrence in
Phase 2 was still swift (less than 10 mins). This was due to the waterlogging conditions
of the prolonged resting period, where the septage retained from the previous loading
batch increased the hydraulic pressure and enhanced the infiltration rate. On the other
hand, cracks on the sludge deposit also boosted the discharge of flow-occurring where the

influent septage directly bypassed the reed bed.

In addition, the flow delay can be analyzed through the initial TS concentration of
the raw septage. A higher TS concentration of sludge would have a lesser water content.
The low water content in the influent septage has lengthened the flow delay in the bed as
less water percolated through the substrate medium. Inversely, the higher TS

concentration would have led to more sludge deposited onto the bed surface, further

145



reducing the infiltration rate. Therefore, the higher the initial TS concentration of the

septage, the longer the flow-occurring delay, as shown in Figure 4.8.
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Figure 4.7: Delay of flow occurrence for each loading batch in Phases 1 and 2.
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Delay of Flow vs. TS Concentration
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Figure 4.8: Graph of flow delay occurrence against influent solids concentration.

4.2.3 Water Recovery

Generally, the experimental results showed that the average water recovery from the
outflow of the laboratory-scale STRBs was above 70%. The water recovery of the reed
bed is believed to be related to the thickness of the sludge deposit layer. The increment of
sludge deposit layer thickness would have retained more water, resulting in a lower
recovery of effluent. Thus, the water recovery of each bed decreased with the incremental

sludge deposit layer thickness in Phase 1 experiment, as shown in Figure 4.9.

Furthermore, Bed 2 was discovered to have a lower water recovery percentage
compared to Bed 5 in Phase 1 experiment. This finding confirms that the bed with a
thicker sludge deposit layer would have a lower water recovery. The best explanation is
that the continuous sludge accumulation increased the sludge deposit layer thickness, thus
retaining more water content. In other words, the high moisture content (MC) of the
sludge deposit layer has greatly reduced the effluent volume, which further affected the

total water recovery.
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Figure 4.9: Water recovery for each loading batch in Phases 1 and 2.

However, the continuous feeding of septage in experiment Phase 2 led to an
incremental water recovery over the experiments. The extensive increase in the sludge
deposit layer thickness caused waterlogging conditions, thus retaining more water within
the reed bed. Then, the retained water from the previous loading batch is drained together
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with the new loading batch, thus improving the water recovery. Occasionally, the
presence of cracks on the sludge deposit also increased the water recovery as the influent
septage directly bypassed the reed bed.

Moreover, it has been determined that the percentage of water recovery was
inversely proportional to the influent total solids content, as shown in Figure 4.10. The
higher the influent TS, the lower the water recovery percentage at the end of each loading.
The trending curve indicates a promising result, where a higher influent TS contained less
water and led to a lesser amount of water being recovered. Hence, the water recovery

from the STRB may be estimated using the known initial TS concentration of the septage.
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Figure 4.10: Graph of water recovery percentage versus influent total solids
concentration.

Meanwhile, the optimum initial TS concentration of sludge for the water recovery
was 15,000 to 20,000 mg/L. The highest water recovery percentage was 97.91%, via
influent TS concentration of 18,780 mg/L. In comparison, the lowest was 16.04% when
loaded with influent TS of 55,780 mg/L. It was unreasonable to have a full percentage
recovery of water at the end of each loading, as there was always an occurrence of

evapotranspiration by plants. The sludge deposit had removed some moisture through
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instantaneous evaporation and leaf transpiration. The capillary action within the plant
stem also aided the loss of water content. Additionally, the sludge deposit itself would
have retained some of the moisture. In the case of a water recovery percentage beyond
100%, the incomplete drainage of the previous septage loaded is believed to have carried

on to the subsequent treatment batch, leading to excessive water recovery.

4.3  Phase 1 Experiment

A one-month preliminary experiment (Phase 1) was carried out to determine the maturity
of the newly operated laboratory-scale STRB-treating septage. Prior to the preliminary
test, the reed beds were acclimatized for a month to ensure the adaptation of vegetation
growth, as well as to develop a biofilm of bacteria in the sludge deposit and the substrate
for better filtration capacity. After the acclimatization period, the sludge deposit layer and
significant growth of reeds were observed. Figure 4.11 and Figure 4.12 show the reed

growth before and after acclimatization, respectively.

Figure 4.11: The reed bed before Figure 4.12: The reed bed after
acclimatization. acclimatization.

After the acclimatization period, each bed was fed with a calculated volume of
septage according to the SLR of its batch, where the TS concentration was determined
through an oven test prior to the loading to calculate the sludge volume to be fed. This
study focused on the effect of varying SLRs and resting periods on hydraulic dynamics,

water recovery, effluent quality, and characteristics of sludge deposits. Generally, a

waterlogging condition was observed on the bed surface upon feeding. Further, the
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effluent discharge was assessed with flow-occurring delay, flux peak, and total water
recovery. It is confirmed that the delay of flow occurrence is directly affected by the
system maturity, where a thicker sludge deposit layer would have prolonged surface
ponding, thus leading to a smaller flux peak and low water recovery (Khomenko et al.,
2019).

Moreover, raw septage contained high suspended solids and organic matter
concentrations, but dissolved oxygen (DO) concentration was low. This study conducted
a quality assessment of septage to evaluate the system maturity, including the influent
and effluent concentrations of TS, chemical oxygen demand (COD), nitrate nitrogen
(NOs3), pH, and DO. Figure 4.13 compares turbidity between the influent septage and
effluent sample collected. The system’s maturity can be observed from the turbidity
removal in the effluent samples, where a significant purification was observed,
representing the efficiency of physical treatment (S. Hu et al., 2021). The filling of
macropores in the substrate filter reduces the porosity and permeability of the STRB
system, leading to better filtration efficiency. Another performance indicator is the
reduction of organic matter in the effluent, demonstrating the efficiency of biological and
chemical treatment mechanisms (Al Falahi et al., 2021). The development of the bacteria
enhances biological treatment as organic matter is extensively reduced upon consumption
as food for growth. Furthermore, a continuous sampling approach was carried out to
study the effect of hydraulic behavior and effluent quality, subsequently providing better

insight into the overall performance of the proposed STRB system in treating septage.

Figure 4.13: Turbidity difference between raw septage (left) and effluent (right).
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4.3.1 Thickness of Sludge Deposit Layer

The water lost to the atmosphere or percolated through the reed bed has reduced the
thickness of the sludge deposit. Continuous loading of sludge onto the bed increased the
actual thickness of the sludge deposit layer, forming a layer of film that hinders the
percolation. Hence, it can be observed that the final layer thickness increased by roughly
twice the initial thickness, as given in Table 4.2. It was noted that the attention that the
initial thickness of each bed was fixed at 5 cm with 1 cm of allowance, and the thickness
for Bed 2 would have doubled that of Bed 5. The increase in sludge deposit thickness
reduced the system performance, as the percolation duration was lengthened due to the

low infiltration rate.

Table 4.2: Thickness change of sludge deposit layer between initial and final of Phase 1

experiment.
Bed SLR Resting Period | Initial (cm) | Final (cm) | Difference (cm)
1 | 50 kg TS/m?/year 5.33 7.50 2.17
2 | 100 kg TS/m?/year 6 days 8.17 11.50 3.33
3 | 150 kg TS/m?/year 4.50 11.33 6.83
4 3 days 4.50 10.67 6.17
5 | 100 kg TS/m?/year 6 days 4.33 8.50 4.17
6 9 days 5.50 13.00 7.50

The main challenge in measuring the sludge deposit thickness is the exact sludge
thickness during the ponding period. The dark color of the raw septage blurs the line
between the ponding and the sludge deposit during the sedimentation of solids in raw
septage. Ponding occurs on the surface of the reed bed after each loading, regardless of
the initial sludge deposit thickness and SLRs. The ponding scenario is mainly due to the
blockage of pores within the sludge deposit, which led to the temporary clogging in the
bed. From observation, the reed bed was easily clogged when applying a larger volume of
septage due to high SLR, where a significant volume of solids accumulates. However,
this study also revealed that a prolonged ponding period on the bed surface was still
observed when the raw septage had a high TS concentration, where the resulting
hydraulic load based on the fixed SLR was small. This situation has negatively impacted
the system performance, where the sludge dewatering relied more on evapotranspiration

during the non-feeding period, leading to a longer time needed to reach desirable
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dewatering efficiency. The effluent flow only occurred a few hours after feeding,
exceeding the possible flow monitoring duration. Nonetheless, the subsequent effluents
released were very clear in color, and contained lesser total solids and organic matter due
to the slow effluent flux that resulted in a longer treatment duration in the bed.

The thickness of the sludge deposit layer decreased gradually with the ponding
level after each loading batch due to drainage and evapotranspiration, as indicated in
Figure 4.14. The detailed illustrations of the sludge deposit layer thickness for each bed
are presented in Appendix L. The difference in sludge deposit layer thickness was in the
range of 2 to 8 cm. The lowest final thickness was attributed to Bed 1, where the SLR
was relatively small, yet the resting period was long enough to maintain the minimum
moisture of the bed. In this case, cracks commonly happen due to dryness. The
continuous loading of septage onto Bed 4, with the shortest resting period of 3 days, has
increased much of the thickness and is comparable to that of Bed 6 with 9 days of resting
period. In contrast, Bed 6 had the highest thickness difference of 7.5 cm, due to the
higher SLR with the longer resting period of 9 days. The relatively higher SLR provided
more septage to have retained on the bed surface, thus increasing the thickness
significantly. In addition, the difference between the final thickness of Beds 2 and 5 was

in an acceptable range of 1 cm.
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Thickness of Sludge Deposits Layer (100 kg/m?/year)
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Figure 4.14: Thickness of sludge deposit layers in Phase 1 under varying SLRs and
resting periods.

4.3.2 Moisture Content (MC) and Total Solids (TS) Content of Sludge Deposit

The sludge deposit's MC showed a gradual decline during the resting periods. The loss of
MC in the sludge deposit directly increases the TS content. The TS content is the
remaining portion of the MC in the sludge deposit. Thus, the MC of the sludge deposit is
inversely proportional to the TS content, as illustrated in Figure 4.15 and Figure 4.16.
Detailed illustrations of the MC and TS content of the sludge deposit for each bed are

presented in Appendix M and Appendix N.

154



Moisture content (%)

Moisture content (%)

Moisture Content (6-day)

100

90

80

70

60

50

40
30

20
0 6 12 18 24 30 36
Feeding-resting period (days)

—f—Bed 1 MC —4—Bed2 MC -—#&—Bed3 MC Bed 5 MC Maximum allowable MC

Moisture Content (100 kg/m?2/year)
100

90
80

70

60
50
40
30

20
0 6 12 18 24 30 36
Feeding-resting period (days)

—&—Bed 2 MC Bed 4 MC

Bed 5MC —@—Bed 6 MC

Maximum allowable MC

Figure 4.15: Moisture contents (MC) in Phase 1 under varying SLRs and resting periods.

Moreover, it was also observed that the MC directly relates to the thickness of the

sludge deposit. The decrease in MC causes a reduction in sludge deposit thickness during
the resting period. The decrease in the MC collapses layer pores, deforming the layer and
shortening its thickness (Ghanbarian, 2021). The minimum TS content for final dried
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solid sludge disposal is 20%, as determined by the Malaysian government (SPAN, 2008).
Hence, this standard is crucial to describe the performance and reliability of the reed bed
system. Based on the preliminary experimental results, only some of the TS content was
found to obey the minimum requirement of 20%. Therefore, continuous analysis of the
effect of variation in SLRs and resting periods on the MC and TS contents of the sludge

deposit is critical for selecting an optimum operating regime.

Nevertheless, Bed 2 has a higher overall MC than Bed 5. Similarly, the total
solids content of Bed 2 was lower than that of Bed 5. The difference in MC could be due
to the different initial sludge deposit thicknesses used to operate the system. Regardless
of the continuous deposition of sludge onto the sludge deposit layer, the thicker initial
thickness layer would have provided more voids for water molecules to contain within
the layer (Trein et al., 2019). As a result, the MC for Bed 2 with the thicker initial
thickness was high and comparable to that of the high SLR conditions of Beds 3 and 6.
Further, the decrease in the MC also reduces the amount and development of bacteria due
to dryness, increasing the organic content in the layer (Al Falahi et al., 2021). As a result,

the total volatile solids increased.
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Figure 4.16: Total solids (TS) contents in Phase 1 under varying SLRs and resting
periods.

4.3.3 Total Volatile Solids (TVS) Content of Sludge Deposit

The TVS content of the sludge deposit is organic matter deposited on the surface layer of
the reed bed. The TVS contained in the sludge deposit were found to be much less than
the total solids content. These semi-solids in the raw septage are deposited onto the
sludge surface layer. Many microorganisms, especially bacteria, were growing in this
layer and the substrate filter. These bacteria can decompose the organic components into
finer products by consuming the essential nutrients for their growth (Pham et al., 2021,
Presti et al., 2021; Wang et al., 2018). Hence, the TVS content was observed to be
directly proportional to the TS content in the sludge deposit. The TVS content gives a
similar trend of gradual rise throughout the resting period, as shown in Figure 4.17. The
detailed illustrations of the TVS content of the sludge deposit for each bed are presented
in Appendix O. The increasing TVS content over the resting period was caused by the
mineralization of nutrients in the sludge deposit. Thus, the sludge deposit layer has

become more concentrated with organic matter.
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Figure 4.17: Total volatile solids (TVS) contents in Phase 1 under varying SLRs and
resting periods.

Typically, continuous loading of raw septage keeps the bed in wet condition, at
which the percentage of the TVS content should remain constant (Usman Khan & Kiaer
Ahring, 2020). The TVS content is high under optimal SLR and resting period due to
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sufficient moisture that maintains the entity of the sludge deposit layer. However, many
factors affected the situation, such as the weather conditions, and sludge deposit layer
cracks (Zhang et al., 2020). For instance, the TVS content is low during rainy days due to
high air humidity that decrease overall evapotranspiration rate, and under the presence of
cracks in the sludge deposit layer where the influent septage bypasses the reed bed. In
this case, the percentage of TVS content in the sludge deposit is a straightforward
indicator of the organic matter removal, where a lower TVS content represents a better
performance of the reed bed system, subject to initial TS concentration and quality of the
raw septage used. This is because the highly concentrated septage is rich in organic

matter and contains less moisture.

4.3.4 Chemical Oxygen Demand (COD) of Effluent

As a common indicator of water quality in wastewater treatment, the COD concentration
directly represents water pollution by means of the organic matter contained in the
wastewater. In this reed bed system, the COD concentration was measured to decrease
daily and was expected to be constant at the end of the treatment, as shown in Figure
4.18. The substantial reduction of the COD in the first loading compared to the initial
COD concentration indicates that the reed bed system was acclimatized well, where the
bacteria have decomposed much of the organic matter. Detailed illustrations of the COD

concentration of the effluent quality for each bed are presented in Appendix P (a).
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Chemical Oxygen Demand (6-day)
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Figure 4.18: Chemical oxygen demand (COD) concentrations in Phase 1 under varying
SLRs and resting periods.

In contrast, the first loading in Bed 4 produced a different trend, in which the
COD increased to a constant state at around 400 mg/L. This is because the reed bed was

very new and freshly loaded with the first batch of raw septage, where the essential
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microorganisms had yet to be fully developed and covered the porous medium of the
substrate filter. Hence, the thin sludge deposit contained less bacteria, producing poorer
filtration efficiency. The growth of the bacteria in the substrate filter and sludge deposit is
crucial to decomposing the organic matter. The COD decreased from batch to batch
throughout the experiments and eventually remained at a concentration between 150 and
250 mg/L, except for Bed 1. Conclusively, the COD concentration has an inversed

relationship with the sludge deposit layer thickness.

In addition, it was also noticed that the COD concentrations shot up to a
significant value towards the end of some batches of loading. This situation was
commonly found in Bed 1 due to the low SLR and insufficient MC. The bed could not
maintain its overall moisture over a longer resting period. The bed was entirely drained
before the given resting period, where the daily effluent collection could not be done
continuously. In this case, the sludge deposit layer was found to be cracked for the
subsequent loading. Thus, the revived COD concentration was mainly due to the
untreated effluents that bypassed the system upon the occurrence of cracks. Also, the
decline of effluent volumes towards the end of the resting period, at which the samples

contained more organic matter than water content, aided the situation.

4.3.5 Nitrates (NO3) of Effluent

The concentration of NOs is representative of organic nitrogen in the wastewater. The
nitrogen source could be from ammonia, ammonium, and NOs itself. The nitrification
and denitrification process in the nitrogen cycle has caused the amount of NOs to vary
throughout the experiments (Bhattacharya & Mazumder, 2021; Jia et al., 2020; Thakur &
Medhi, 2019). However, the most reasonable tendency of the NOs concentration is
described by a gradually increasing trend, as displayed in Figure 4.19. The detailed
illustrations of the NO3 concentration of the effluent quality for each bed are presented in
Appendix P (b).
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Figure 4.19: Nitrates (NOs) concentrations in Phase 1 under varying SLRs and resting
periods.

In contrast to COD, the amount of NO3 concentration gradually increased. The
main reason for the increment was the increase in the thickness of the sludge deposit

layer. The thicker layer would have provided more bacteria to decompose the organic
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matter in the sludge deposit, thus further decreasing the COD but boosting the NO3
concentration in the meantime. The thick sludge deposit layer also detained the raw
septage for a longer time. It allowed only a small amount of water to percolate through
the biofilm slowly, further enhancing the treatment duration. From the observation, Bed 1
has the highest overall NO3z concentration compared to the other beds. The relatively low
SLR for Bed 1 ensured a thorough septage treatment, where the organic matter was
mainly wholly treated. However, a lower NO3 amount was observed in Bed 2 compared
to Bed 5 despite its thicker sludge deposit layer. The possible explanation is that the
nitrification and denitrification process was unbalanced, resulting in opposite outcomes

of the experiment.

Moreover, it was also found that there was a direct inversed relationship between
COD and NOs3 concentrations, where the lower the COD, the higher the amount of NO3
(Ghasemi et al., 2024). However, a similar trend was observed in the TVS content of the
sludge deposit, at which the NO3 concentration increased from batch to batch of feeding
cycles until it settled on a constant concentration of about 350 mg/L, except for Bed 1. In

this case, the reed bed has partially matured and developed, operating optimally.

4.3.6 pH of Effluent

The pH is one of the most common indicators to evaluate the strength of water quality.
This study observed a consistent pH from 6 to 8, as illustrated in Figure 4.20. Detailed
illustrations of the pH value of the effluent quality for each bed are presented
in Appendix P (c). The overall trend of the pH value was discovered to change from
slightly acidic to slightly alkaline throughout the experiment. The neutral or somewhat
alkaline circumstance is the most favorable to the denitrification of nitrate (Lei et al.,
2019).
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Figure 4.20: pH values in Phase 1 under varying SLRs and resting periods.

4.3.7 Dissolved Oxygen (DO) of Effluent

The DO is the oxygen contained in any water sample. It was observed that the DO

concentration was initially around 0.5 mg/L. It increased to approximately 8.5 mg/L at
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the end of Phase 1 experiment, as indicated in Figure 4.21. The high DO saturation
concentration could be due to sufficient aeration pipe installation, optimal atmospheric
pressure and temperature (Wang et al., 2020). The detailed illustrations of the DO
concentration of the effluent quality for each bed are presented in Appendix P (d).
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Figure 4.21: Dissolved oxygen (DO) concentrations in Phase 1 under varying SLRs and
resting periods.
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From the observation, the DO concentrations also increased from batch to batch,
aligned with the increment of sludge deposit layer thickness. In this case, the difference
in the initial thickness did not significantly affect the DO recovery, but the growth of
bacteria in the sludge deposit layer played a crucial role. The growth of bacteria
facilitates aerobic degradation of organic matter and nitrification of ammonium, resulting
in an instantaneous reduction of oxygen demand in the upper layer of the treatment reed
beds. Therefore, the treated leachate can percolate across the bed and dissolve the oxygen
released from the aeration pipes, increasing the DO concentration in the effluent. Thus,
the development of bacteria has only reached a maximum capacity towards the end of
Phase 1 experiment. In such a scenario, the reed bed operates at its optimum

performance.

The development and growth of nitrifying bacteria have yet to initially overcome
the amount of DO produce (Guo et al., 2019; Thakur & Medhi, 2019). In other words,
denitrification theoretically overtakes the nitrification process at the early stage, resulting
in a lower maximum DO concentration. Under aerobic respiration, where nitrification
occurs, ammonia oxidizes to nitrate in the presence of oxygen. However, the excess
amount of DO indicates that the nitrifying bacteria was the limiting factor to hinder the
process from occurring (Raboni et al., 2020; Wang, Bengtsson, et al., 2019; Wang et al.,
2020).

Moreover, it was observed that the DO concentration was stabilized after the
second batch of loadings. In this case, the production and aeration of DO has reached
saturation, where the amount of DO was discovered to be within the range of 8 to 9 mg/L.
Hence, the DO recovery and consumption for bacteria’s growth have reached

equilibrium.

4.3.8 Total Solids (TS) of Effluent

Throughout the treatment processes, the total solids collected from the effluent were
measured to increase slowly before dropping significantly for each batch of loadings, as
shown in Figure 4.22. The detailed illustrations of the TS concentration of the effluent

quality for each bed are presented in Appendix P (e).
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In analyzing the effluent TS concentration, the change in thickness of the sludge
deposit layer failed to show an effect on the removal efficiency. Typically, the TS
concentration would decrease with incremental sludge deposit layer thickness. However,
neither the initial thickness of the sludge deposit layer nor its increase as the experiment
progressed impacted the effluent TS removal; the leading influencer was the climate
effect on the sludge deposit. For instance, there were cases where the sludge deposit
cracked under hot climates, and the influents bypassed the reed bed filter completely.
Only some solid particles were detained on the sludge deposit and substrate filter, while
the rest were discharged from the bottom of the bed. A possible trend for such a situation
occurred for all beds during batches on days 30 to 36. Additionally, this situation was
revealed to commonly happen for cases with low SLR and short resting periods, where
the reed bed was loaded with a lesser amount of sludge, containing relatively small water
content, leading to the possible crack on the sludge deposit due to dryness. The effluent
TS concentration gradually reduced as the reed bed system pores were filled with these
solids. The temporary clogging of pores in the sludge deposit and substrate filter has
enhanced the treatment performance but lengthened the treatment duration. As a result,

the TS concentration found in the effluent declined drastically.
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Effluent Total Solids (100 kg/m?/year)
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Figure 4.22: Total solids (TS) concentrations in Phase 1 under varying SLRs and resting
periods.

Along the batches of loading, the possibly solid particles in the sludge have
settled on top of the sludge deposit layer and substrate filter, potentially clogging the
filter medium. The permanent blockage of the porous medium has reduced the
percolation flow but enhanced the treatment efficiency of the reed bed system. Therefore,
the TS removal efficiency improved throughout the treatment process.

4.3.9 Overall Treatment Performance

The physical treatment efficiency can be observed through the alteration in
characteristics and properties of the sludge deposit. The MC and total solids (TS) content
of the sludge deposit provided insight into the treatment performance of the bed. Table

4.3 shows each reed bed's average final MC and TS content.

Generally, the average final TS content in the sludge deposit was above 20%,
except for Beds 2 and 3. Theoretically, the results for Beds 2 and 5 should be identical, as
the SLR and resting period applied were the same. However, the difference in initial

sludge deposit layer thickness has caused the average MC to differ. Certainly, Bed 2,
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with a thicker initial thickness, would have a larger capacity to detain more water

molecules within the bed. Thus, the average TS content was lower than that of Bed 5.

Table 4.3: Average final moisture content and total solids content for each reed bed in
Phase 1 experiment.

Reed Beds Initial Thickness | Average Moisture | Average Total Solids

(cm) Content (%) Content (%)
Bed 1 (50@6) 5.33 51.12+9.04 48.88 +9.04
Bed 2 (100@6) 8.17 82.00 £ 2.45 18.00 £ 2.45
Bed 3 (150@6) 4.50 82.26 + 4.11 17.74 + 4.11
Bed 4 (100@3) 4.50 78.48 +4.24 2247 +4.24
Bed 5 (100@6) 4.33 77.53 +3.52 23.51 +3.52
Bed 6 (100@9) 5.50 77.86 £ 0.52 22.14+£0.52

In contrast, Bed 1 produced the best removal of water content in the sludge
deposit, with 48.88% of TS content in the final solids. However, the exceptionally high
quality of the solid produced indicates that the bed was yet to reach its optimum
performance, as the productivity is low. Hence, this explains that the SLR of the raw
septage should be increased to achieve its maximum possible loading capacity.
Considering Beds 4, 5, and 6, the average TS content was above 20%, thus smaller
standard deviation was considered. From the results, the operating conditions for Beds 5
and 6 were selected as the most optimal operating regime. The resting periods of 6 and 9
days of Beds 5 and 6, respectively, have revealed that the reed beds could treat the SLR
of 100 kg/m?/year from 6 days resting period and above.

Furthermore, the average total volatile solids (TVS) content for each bed was
above 30%, as displayed in Table 4.4. In this case, Bed 1 showed the highest TVS
content of 35.03% in the sludge deposit. This indicates that the bed was highly
mineralized and contained abundant nutrients and microorganisms due to
the longer resting period. A relatively low SLR shortens surface ponding, allowing more
oxygen reaeration and leading to the development of bacteria for further decomposition
of organic matter. Occasionally, Bed 2 had a relatively high TVS content compared to
Bed 5 with the same loading regime. This was likely caused by the thicker initial sludge
deposit layer in Bed 2, which contained more space and moisture for the growth of

microorganisms. Hence, the experimental results indicate that the SLR of 100 kg/m?/year,
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with a resting period of 9 days and a 5.5 cm sludge deposit layer, was favorable for the

mineralization process.

Table 4.4: Average final total volatile solids content for each reed bed in Phase 1

experiment.
Reed Beds Initial Thickness (cm) | Average Total Volatile Solids Content (%)
Bed 1 (50@6) 5.33 35.03 £ 7.60
Bed 2 (100@6) 8.17 4481 + 6.07
Bed 3 (150@6) 4.50 42.35 +5.86
Bed 4 (100@3) 4.50 41.42 +11.97
Bed 5 (100@6) 4.33 38.56 + 13.94
Bed 6 (100@9) 5.50 47.73 £6.33

The overall effluent treatment performances of COD removal, NOs recovered, pH
value, DO recovered, and TS removal for three cases of initial TS concentration are

presented in Figure 4.23 to Figure 4.27, respectively.
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Figure 4.23: Average percentage of COD removal in Phase 1 experiment.

Generally, the overall COD removal percentage was above 80%, subjected to the
initial TS concentration. It is believed that the higher the initial TS concentration, the
higher the treatment performance. However, a roughly 5 to 15% reduction in COD
removal was observed when the initial TS concentration was increased from

approximately 20000 to 55000 mg/L. Hence, the raw sludge quality greatly affected the
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COD removal compared to the initial TS concentration. By observing the reed bed
system's different conditions, Beds 3, 4, and 5 produced the most optimum bed
performance. The average COD removal for the mentioned beds was beyond 90% for all

three cases of initial TS concentration.
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Figure 4.24: Average percentage of NOs recovery in Phase 1 experiment.

Further, the overall NO3 recovered percentage was found to be unclear. Some of
the percentage recoveries of NOs were calculated to be in terms of negative values. In
this case, the NOs was removed instead of recovered due to the insufficient development
of nitrifying bacteria. Typically, nitrification oxidizes ammonia to nitrate, positively
increasing the NOs content. However, denitrification and ammonification processes
dominated the nitrification. Under anaerobic conditions where denitrification occurs,
nitrate reduces to molecular nitrogen without oxygen (Thakur & Medhi, 2019). The
denitrification process reduces the amount of NOz content drastically. Thus, the amount
of NOs produced was reasonably low enough to recover the consumption of NOs by
denitrifying bacteria. Therefore, it can be observed that all the percentages of NOs
recovery for each bed indicated a negative value in the first few batches of loading. As
the experiment progressed, the NOz recovery improved to a positive value in the effluent.
These positive values indicated that the conditions were favorable for the growth of

bacteria, and septage treatment performed well in the reed beds.
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Figure 4.25: Overall pH value in Phase 1 experiment.
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Figure 4.26: Average percentage of DO recovery in Phase 1 experiment.

The average pH values in the range of 6 to 7.5 described the effluent as neither
acidic nor alkaline. Therefore, the results suggest that wastewater treatment by the reed
bed has no apparent effect on the pH value of the treated effluent, as this is a chemical-

free treatment process.

Moreover, the average percentage of DO recovery for all three initial TS cases
was above 96.6%. A very high percentage of DO recovery indicated that the reed bed
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was sufficiently aerated, where the development of bacteria within the system managed
to decompose the nutrients. Nitrifying and denitrifying bacteria that have broken down
the NHs and NOs compounds has directly led to decreased DO concentration. However,
the sufficiently aerated oxygen has recovered its level to a saturation concentration under
optimal atmospheric pressure and temperature. Hence, the average DO recovery
percentage for all the beds has revealed that the reed bed system was favored for septage

treatment, regardless of the SLR and resting period.
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Figure 4.27: Average percentage of TS removal in Phase 1 experiment.

Lastly, the average TS removal in the effluent was above 70% in general. Some
TS removal was revealed to be beyond 90%, as the bed was ponded with loaded sludge.
Hence, the infiltration duration was extended, which enhanced the treatment performance
accordingly. However, this condition has also prolonged the overall treatment process
and affected the time efficiency. The experiments showed that the TS removal percentage
could be as low as 58.23%, indicating that the effluent has bypassed the filter medium
and weakened the reed bed’s treatment performance due to cracks in the sludge deposit

layer of the bed.
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44  Phase 2 Experiment

The procedure for the main treatment (Phase 2) of the reed bed system in this project
study was identical to Phase 1 experiment. In this stage, the reed bed has fully developed,
and the reed bed system could treat the septage robustly and reliably. In Phase 2
experiment, the SLR and resting period were revised further to investigate the effects on
the reed bed system. Hence, the updated loading conditions for the reed beds, subjected
to the initial TS concentration, are listed in Table 4.5. Some of the necessary data for
Phase 2 experiment, identical to Phase 1 experiment, are presented in Appendix Q. The
initial sludge deposit layer thickness was kept constant at 11 + 1 cm for each bed, except
for Beds 1 and 5. In this part of the experiment, the initial thickness of Beds 1 and 5 did
not play an essential role in assessing SLRs and resting periods as the small and large
hydraulic loads in Beds 1 and 5 would always cause cracks on sludge deposit layer or

lead to waterlogging condition, respectively.

Table 4.5: Main treatment loading regime.

Reed Beds Initial Thickness (cm) SLR Resting Period
Bed 1 7.50 50 kg TS/m?/year
Bed 2 11.50 100 kg TS/m?/year 6 days
Bed 3 11.33 150 kg TS/m?/year
Bed 4 10.67 18 days
Bed 5 8.33 100 kg TS/m?/year 27 days
Bed 6 11.33 9 days

441 Effluent Flux

Typically, a large hydraulic load creates a high-pressure head difference for infiltration.
This pressure head is the main driving force for the “feed-and-drain” in the porous
medium, so the hydraulic load should be large enough to sustain the infiltration capacity.
However, an excessive load of sludge leads to a clogging situation. Thus, the infiltration
rate is retarded, as indicated in Figure 4.28. It can be observed that the flux peak
increased from approximately 0.12 to 0.35 cm/min when an additional 50 kg/m?/year
SLR was loaded. Meanwhile, the flux peak showed the lowest value of around 0.09

cm/min when applying the SLR of 150 kg/m?/year. The results further confirmed that the
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reed bed was only operational for a SLR of 100 kg/m?/year but not with higher SLRs.
According to Gholipour et al. (2022), the optimal operating regime is also 100
kg/m?/year in tropical climate countries. Additionally, it was confirmed that SLRs higher
than 100 kg/m?/year would be inappropriate as the loading regime for STRB (Tan et al.,
2020).

Effluent Flux (6-day)

-0.05 -
0.1 “'W'
=
£ -0.15
S~
E -0.2 | -0.1181
3 025
[N
-0.3
-0.35 \
-0.4
0 10 20 30 40 50 60 70
Time (min)
—a— 50 kg/m2/year 100 kg/m2/year 150 kg/m2/year

Figure 4.28: Effluent fluxes for 50, 100, and 150 kg/m?/year SLRs under 6-day resting
period.

Moreover, a relationship was presented between the same SLR of 100 kg/m?/year
and a resting period of 6, 9, 18, and 27 days, as displayed in Figure 4.29. A longer resting
period required a higher volume of sludge to be loaded, which needed more time for the
percolation process. Although prolonging the retention time would lead to better removal
efficiency, the waiting period is not conducive towards treatment efficiency. The
prolonged waterlogging condition requires a larger storage capacity, leading to an
extensive increase in the capital cost of STRB. Therefore, a critical point between the
SLR and resting period is crucial for a reed bed system to achieve the best efficiency in

operation.
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Figure 4.29: Effluent fluxes for 6-, 9-, 18-, and 27-day resting periods under 100
kg/m?/year SLR.

Similarly, the longer resting period has decreased the effluent flux and the flux
peak. The flux peak was the highest at around 0.35 cm/min for 6 days resting period.
However, the flux peak has dropped to 0.04 cm/min for 9 days of the resting period. The
low permeability of the sludge deposit layer was the main reason for the ponding
condition, causing the reduction in effluent flux as less water can infiltrate through the
bed. In the 6-day resting period, the hydraulic load sufficiently sustained the wetness of
the bed without extending the ponding condition. The pressure difference in the hydraulic
load was adequate to act as the driving force to enhance the percolation rate,

subsequently increasing the effluent flow rate.

Nonetheless, it was observed that the peak of the fluxes increased with a longer
resting period (Leite et al., 2023). The increase in resting periods from 9- to 27-day
showed a slight increment in the flux peaks. In this case, the pressure head difference
increased upon the increasing hydraulic loads. Initially, the ponding condition clogged
the substrate layers, reducing the infiltration to a reasonably low rate. As soon as the

hydraulic difference increased, the weight of loaded sludge enhanced the percolation rate
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by squashing and pushing the influent to enable it to penetrate the substrate layers,
resulting in a higher flux peak (Cakir et al., 2015; Gill et al., 2023).

4.4.2 Sludge Deposit Thickness Layer

In Phase 2 experiment, the change in sludge deposit thickness was more stable upon
continuous accumulation and compression than that in Phase 1 experiment. The thickness
of the overall sludge deposit increased incrementally as per Phase 1 experiment. However,
the increments of the sludge deposit layer showed a declining trend after each loading
batch due to the moisture loss to the atmosphere and drainage through percolation, as
indicated in Figure 4.30. The extremely high thickness of the sludge deposit layer under
100 kg/m?/year SLR and 18-day resting period was caused by the ponded condition,
where the bed has been clogged due to the continuous loading of septage for a month,
which partially reduced the infiltration rate due to the extensive growth of
microorganisms. In addition, the large volume of septage loaded due to the relatively

long resting period required has increased the possibility of clogging.
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Overall Sludge Deposit Layer Thickness (100 kg/m?/year)
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Figure 4.30: Overall thickness of sludge deposit layer under varying SLRs and resting
periods.

4.4.3 Moisture Content (MC) and Total Solids (TS) Content

Generally, the MC of the sludge deposit always decreases with time, regardless of the
drainage efficiency. The moisture loss to the atmosphere could be via evaporation or
transpiration by plants. The MC directly relates to the TS content, as illustrated in Figure

4.31. In other words, the increase in TS content can acknowledge the decrease in MC.

Therefore, it can be observed that the MC increased throughout 50 kg/m?/year
SLRs, while it declined for 150 kg/m?/year SLRs, and vice versa for the TS content.
However, the MC for 100 kg/m?/year SLR showed a relatively stable and constant trend
at approximately 70% throughout the treatment. The final TS content of the dried solid
sludge has reached about 30%, confirming the efficiency and performance of the reed bed

system.

178
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Figure 4.31: Moisture and total solids contents for 50, 100, and 150 kg/m?/year SLRs
under 6-day resting period.

Furthermore, the increasing TS content trend shown by the 150 kg/m?/year SLR
described that the bed adapted to the large hydraulic load. The larger hydraulic load
initially caused an over-wetted bed condition, but the bed dried sufficiently during the
prolonged resting period (Hua et al., 2018). Inversely, the TS content of the 50
kg/m?/year SLR was getting lower, indicating that the bed was adapting to the small
hydraulic load. The over-dried condition of the bed led to a very high TS content initially,
but the bed’s wetness increased upon the continuous feeding of raw septage throughout
the experiment. The incremental sludge deposit thickness increased its porosity, causing
more water to be retained in the bed (Trein et al., 2019). This is proven by the slight

increase in the overall MC throughout the entire treatment period.

The reed bed's most favored resting period was 6 days, as shown in Figure 4.32.
The bed was maintained with sufficient moisture at around 70% of MC throughout the
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treatment. Meanwhile, the other reed beds have presented a relatively unstable and

unfavorable trend.
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Figure 4.32: Moisture and total solids contents for 6-, 9-, 18-, and 27-day resting periods
under 100 kg/m?/year SLR.

4.4.4 Total Volatile Solids (TVS) Content

In contrast to Phase 1 experiment, the TVS content of the sludge deposit stabilized at the
end of Phase 2 experiment. Figure 4.33 illustrates the TVS content in the sludge deposit
with respect to SLR and resting period. The overall TVS contents for each bed ranged
from 20% to 50%, showing a gradual reduction in the TVS contents across the feeding-
resting cycle. In this case, the mineralization of nutrients within the sludge deposit was at
optimum condition, as the sludge deposit was maintained with sufficient porosity for
oxygen aeration (Bui et al., 2019). The best example can be seen through the loading

condition of 100 kg/m?/year SLR with 18-day resting period, where the TVS content
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decreased gradually due to sludge ponding and shot up towards the end of treatment after
infiltration. However, the TVS content of 100 kg/m?/year SLR with 6-day resting period
was the most stable. As the bed was consistently maintained in wet conditions, the
nutrient mineralization in the sludge deposit reached equilibrium (Huong et al., 2023a).
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Figure 4.33: Overall total volatile solids content under varying SLRs and resting periods.
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In addition, the graph of TVS contents with respect to resting periods has
confirmed that the dryness of the bed was the main reason for the changes in TVS content.
The ponding condition has hindered the oxygen from aerating in the sludge deposit. Thus,
the mineralization only occurred after the ponding level started to decrease. Therefore,
the overall TVS content decreased with prolonged resting periods. The excessive loss of
water content has eventually led to an over-dried bed condition. The insufficient MC has
led to the bacteria’s inadequacy in mineralizing the existing nutrients effectively. The
over-dried condition, with possible cracks in the sludge deposit layer, has allowed some
of the influent sludge that contained organic matter to bypass the reed bed. This has been

proven by low TVS content tested in the sludge deposit.

4.45 Shrinkage Limit (SL)

The shrinkage limit (SL) of the sludge deposit determines its ability to maintain the shape
prior to deformation and possible cracks due to water loss by drainage or
evapotranspiration during the resting period. The deformation of the sludge deposit layer
is highly unwanted, especially the formation of cracks, as this would deteriorate the
dewatering and treatment efficiency of the STRB system. The average MCs (MCs)

throughout the experiment and the respective SLs are given in Table 4.6.

Table 4.6: Average overall percentage of moisture contents and respective shrinkage

limits.
Bed | Average overall moisture content (%) | Shrinkage limit (%)
1 62.14 £ 7.52 76.20
2 76.28 £ 9.02 74.78
3 77.76 £9.22 72.89
4 82.09 £ 8.17 77.03
5 77.38£8.24 73.87
6 75.34 £ 9.46 77.12
Mean 75.17 £ 8.61 75.32 +1.89

The total average MC throughout the experiment was determined to be 75.17 +
8.61%, close to the SL of 75.32 = 1.89%. This indicates that the beds were primarily
maintained with sufficient moisture throughout treatment. The SL with a standard
deviation of 1.89% suggests the sludge deposits had similar characteristics. The

182



difference in the SLs was mainly due to the organic content in the sludge deposits. A low
SL represents a low organic content in the sludge deposit and vice versa (Mohajerani et
al., 2019). However, the corresponding sludge mineralization and stabilization varied the
organic content in the sludge deposits, subject to the bed conditions. Figure 4.34 shows
the relationship between each bed's MC and SL of the sludge deposit layers. Perhaps the
ponding condition would have low sludge mineralization and stabilization due to low
oxygen reaeration, thus resulting in high final organic content (Huong et al., 2024a).
Whereas the organic content is low upon the crack occurrence on the sludge deposit with

sufficient oxygen supply, as shown in Bed 1.
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Figure 4.34: Shrinkage limit of the sludge deposit layers.

Results showed that the MCs of Beds 1 and 6 could not meet the SLs of the
sludge deposits. Bed 1 has the lowest average MC of 62.14% compared to its SL of
76.20%, with a roughly 14% difference. The significant difference in the percentage
reveals the sludge deposit had excessive organic content but insufficient MC due to low
SLR and a relatively long resting period. Further, a longer resting period for Bed 6 has
dried the sludge deposit layer and possibly led to the occurrence of cracks. The relatively
low MC in the bed might not be sufficient for the bacteria to decompose the organic
matter; thus, the MC was slightly lower than its SL.
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Meanwhile, the MCs of Bed 2 to 5 were beyond the SLs, indicating the moisture
of the sludge deposits sufficiently stabilized the organic matter. Bed 4 has the highest MC
due to clogging conditions, leading to high SL. The excessive hydraulic loads containing
more volatile solids have directly increased the total organic content. Moreover, the
prolonged ponding condition that leads to low sludge mineralization and stabilization

also causes the high organic matter content in the sludge deposit layer.

Conclusively, the loading condition of more than 100 kg/m?/year SLR with an
appropriate resting period would have sufficient MC of the sludge deposits to achieve its
SL, thus preventing the effluent from bypassing the sludge deposit layer upon the crack

occurrence.

4.4.6 Overall Treatment Efficiency

The effluent quality of Phase 2 experiment was observed to conform to a similar trend to
Phase 1 experiment. In this part of the experiment, the effluent quality was better than
that in Phase 1 due to the growth and development of bacteria within the substrate
medium. Additionally, the thickened sludge deposit layer upon continuous sludge
accumulation has reduced the layer permeability, thus increasing the interaction between
bacteria and contaminants by retarding the percolation rate. Hence, the lowest COD
concentration was 74 mg/L, while the highest NOs concentration reached 2623 mg/L.
The pH value remained in the range of 6 to 8. Meanwhile, the highest DO concentration
was determined to be 8.28 mg/L. Figure 4.35 to Figure 4.39 show the overall removal or
recovery behaviors of the tested effluent quality for COD, NOs, pH, DO, and TS
throughout the experiment, respectively.

The minimum, average, and maximum concentrations of the overall Phase 2
experiment performance for all beds are presented in Table 4.7. In addition, Table 4.8
shows the removal percentage for COD and TS. These concentration values indicated
that the reed bed system was treating septage well. In this stage, the reed beds have

thoroughly developed and operated optimally.
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Overall Effluent Chemical Oxygen Demand (6-day)
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Figure 4.35: Overall chemical oxygen demand concentration under varying SLRs and
resting periods.
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Overall Effluent Nitrates (6-day)
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Figure 4.36: Overall nitrates concentration under varying SLRs and resting periods.
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pH value
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Figure 4.37: Overall pH value under varying SLRs and resting periods.
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Overall Effluent Dissolved Oxygen (6-day)
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Figure 4.38: Overall dissolved oxygen concentration under varying SLRs and resting
periods.
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Overall Effluent Total Solids (6-day)
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Figure 4.39: Overall total solids concentration under varying SLRs and resting periods.
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Table 4.7: The minimum, average, and maximum concentration of effluent quality for the main treatment.

Conditions
(kg/m?/year | COD (mg/L) NOs (mg/L) pH DO (mg/L) TS (mg/L)
day]
Bed
SLR l?)zsrtilondg § Average g é Average g é Average g § Average gu% é Average 5
1 50 6 138 | 229.29 + | 406 | 513 | 923.82 + | 2623 | 5.51 - 8.1711.26 | 550+ |8.06|429 | 3415.77 | 9960
55.64 473.51 2.21 +
2172.39
2 | 100 6 125 | 206.75 + | 337 | 217 | 686.69 + | 2285 | 5.16 - 800|146 | 6.33+ |812| 0 | 3102.88 | 9265
54.45 377.73 1.76 +
1888.39
3 | 150 6 105 | 178.95 + | 406 | 214 | 637.42 + | 1690 | 4.89 - 805|149 | 551+ |795| 0 | 2983.64 | 9065
56.18 341.79 1.98 +
2147.07
4 | 100 3 74 | 126.33+| 210 | 247 | 583.34 + | 1659 | 5.80 - 845|209 | 7.00+ |8.28|322| 2891.50 | 9137
29.19 264.03 1.39 +
2005.61
5 | 100 6 102 | 176.41 + | 268 | 359 | 896.59 + | 2617 | 6.07 - 8.01|177| 513+ |7.90 803 | 3058.11 | 5640
38.50 519.29 1.91 +
1515.94
6 | 100 9 139 | 204.96 + | 461 | 277 | 804.75 + | 2171 | 5.90 - 8.02|1.74| 6.02+ |8.23| 49 | 3519.81 | 9806
60.12 422.57 1.68 +
2041.45
Ave - - 114 | 187.12 + | 348 | 305 | 755.44 + | 2174 | 5.56 - 8.12 164 | 592+ |8.09 267 | 3161.95 | 8812
49.01 399.82 1.82 +241.30
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Table 4.8: Removal percentage of COD and TS.

COD TS
Parameter
Bed1l | Bed2 | Bed3 | Bed4 | Bed5 | Bed6 | Bed 1 Bed 2 Bed 3 Bed 4 Bed 5 Bed 6
Average Initial
) 5026.97 16222.60
Quality (mg/L)
Average
Effluent Quality | 229.29 | 206.75 | 178.95 | 126.33 | 176.41 | 204.96 | 3415.77 | 3102.88 | 2983.64 | 2891.50 | 3058.11 | 3519.81
(mg/L)
Removal
95.44 | 95.89 | 96.44 | 97.49 | 96.49 | 95.92 78.94 80.87 81.61 82.18 81.15 78.30
Percentage (%)
Overall
Removal 96.28 82.14

Percentage (%)
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Regarding efficiency in Phase 2 experiment, the overall removal of COD reached
94.5% for all three different initial TS conditions, as shown in Figure 4.40. The best
performance regarding the removal efficiency was observed to be Bed 4, with a COD
removal efficiency of approximately 97%. This is reasonable because the prolonged
resting period of 18 days required a relatively large hydraulic load, thus creating a

ponding condition and enhancing the infiltration efficiency (Khomenko et al., 2019).
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Figure 4.40: Average percentage of COD removal in Phase 2 experiment.

However, a further increase in hydraulic loads upon lengthening the resting
periods to 27 days did not show a significant increase in the elimination of COD. This is
believed to be caused by the insufficient DO for bacteria decomposition due to the
extended ponding period that hindered oxygen aeration (Raboni et al., 2020).
Additionally, the bed, which had a longer resting period, had caused cracks on the sludge
deposit, where the influent sludge bypassed the substrate filter before the ponding
occurred, affecting the overall efficiency of COD removal. For the same reason, the NO3
recovered percentage was significantly high in Bed 5, as displayed in Figure 4.41.
Moreover, the lower SLR for Bed 1 produced the same outcome: the NO3z concentration

was high.

In such a situation, denitrification is unlikely due to high DO concentration, as

shown in Figure 4.42. Typically, a robust and reliable reed bed system should have a
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relatively high concentration of NOgz in the effluent (Yan et al., 2019). However, an
optimum condition is achieved when the nitrification and denitrification are maintained at
an equilibrium state, where the amount of DO aerated is correspondingly sufficient for

the utility of nitrifying bacteria in the reactions (J. Hu et al., 2021).
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Figure 4.41: Average percentage of NOs recovery in Phase 2 experiment.
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Figure 4.42: Average percentage of DO recovery in Phase 2 experiment.

On the other hand, the pH value was slightly alkaline whenever the resting period
was prolonged, as shown in Bed 4, 5, and 6 of Figure 4.43. The results indicated that the
bed with the ponding condition treated the effluents well, thus subtly increasing the pH
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value. Moreover, the effluent TS removal was very subjective to the condition of the bed.
The higher TS removal percentage indicated that the bed was ponded, whereas the
significantly lower TS removal percentage was due to cracks on the sludge deposit. The
highest removal percentage of TS was revealed to be 100%, as indicated in Figure 4.44.
However, such a situation has described the effluent’s TS content as low enough to be
significantly measured. These results have further confirmed that the reed bed system

was fully developed and met the objectives for its existence.
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Figure 4.43: Overall pH value in Phase 2 experiment.
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45  Analysis of Variance (ANOVA)

The experimental data was interpreted to determine the significance of dependent

variables such as flow characteristics, sludge deposit layer properties, and water quality

parameters against the independent variables of SLRs and resting periods using the

analysis of variance (ANOVA). The application of ANOVA allows variance with a 95%

confidence level, thus making dependent variables of less than 0.05 p-value significantly

responsive to the independent variables.

The significances of water recovery, flow delay, and flux peaks of flow characteristics,

thickness, MC, and total volatile solids of sludge deposit layer, and water quality

parameters — effluent COD, NOgz, pH, DO, and TS are summarized in Table 4.9. These

metrices were evaluated with respect to SLRs and resting periods across Phase 1 and

Phase 2 experiments. A detailed ANOVA is shown in Appendix R.

Table 4.9: Significance of flow characteristics, sludge deposit layer, and water quality

parameters.
Parameter Groups Phase | Significance (p-value) Status

SLRs 1 0.8693 Not significant
Water Resting periods 0.4602 Not s!gn!f!cant
recovery _SLRs _ 5 0.7902 Not s!gn!f!cant
Resting periods 0.8961 Not significant
Beds Overall 0.6265 Not significant

SLRs 1 0.0050 Significant
Resting periods 0.4431 Not significant
Flow delay SLRs 5 0.8307 Not significant
Resting periods 0.9185 Not significant

Beds Overall 0.0245 Significant

SLRs 1 0.0194 Significant

Resting periods 0.0182 Significant
Flux peaks SLRs 5 0.1394 Not significant
Resting periods 0.3685 Not significant

Beds Overall 0.0463 Significant

SLRs 1 2.28E-17 Significant

Sludge Resting periods 7.14E-05 Significant

deposit layer SLRs 9 2.83E-71 Significant

thickness Resting periods 4.21E-05 Significant

Beds Overall 6.12E-24 Significant

Moisture SLRs 1 1.90E-32 Significant
content Resting periods 0.4128 Not significant
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SLRs 5 2.76E-14 Significant
Resting periods 2.97E-14 Significant
Beds Overall 4.38E-47 Significant
SLRs 1 0.0090 Significant
Total volatile Resting periods 0.9930 Not_ S|gn_|f|cant
solids _SLRs _ 5 0.0042 S!gn!f!cant
Resting periods 5.09E-08 Significant
Beds Overall 1.43E-14 Significant
SLRs 1 2.38E-16 Significant
Effluent Resting periods 0.4525 Not_ S|gn_|f|cant
COD _SLRs _ 5 0.0006 S!gn!f!cant
Resting periods 4.57E-14 Significant
Beds Overall 2.93E-20 Significant
SLRs 1 1.01E-07 Significant
Resting periods 0.0002 Significant
Effluent NOs SLRs 2 0.0030 Significant
Resting periods 0.0056 Significant
Beds Overall 2.15E-05 Significant
SLRs 1 1.02E-05 Significant
Resting periods 0.0381 Significant
Effluent pH SLRs 2 0.9512 Not significant
Resting periods 1.00E-06 Significant
Beds Overall 2.43E-10 Significant
SLRs 1 0.8196 Not significant
Resting periods 0.4237 Not significant
Effluent DO SLRs 5 0.0515 Not significant
Resting periods 5.62E-05 Significant
Beds Overall 0.0073 Significant
SLRs 0.0205 Significant
Resting periods 0.2204 Not significant
Effluent TS SLRs 0.5803 Not significant
Resting periods 0.2402 Not significant
Beds 0.0861 Not significant

4.5.1 Significance of Flow Characteristics

In terms of water recovery, the average was approximately 55 + 5% for Phase 1 and 80 +
4% for Phase 2. The p-values for water recovery suggest that neither SLRs nor resting
periods significantly affected the water recovery rates. The water recovery percentage is
potentially affected by the sludge deposit layer thickness and weather condition instead of

the loading regime.
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For flow delay, the average delay ranged from 45 to 155 minutes in Phase 1,
showing a significant effect of SLRs, while resting periods had an insignificant impact.
Initially, the thin sludge deposit layer has a higher permeability for infiltration. However,
its permeability reduces across time throughout continuous septage loading due to
incremental solids retained on the surface. Conversely, in Phase 2, no significant effects
of SLRs or resting periods on flow delay were observed. The thickened sludge deposit
layer has noticeably reduced its permeability to a significant level, resulting in a small
infiltration flux. The overall p-value for flow delay, calculated with respect to reed beds,

was 0.0245. indicating a significant influence of SLRs and resting periods.

Regarding flux peaks, Phase 1 exhibited average peaks below 0.02 cm/min, with
significant effects from both SLRs and resting periods due to thin sludge deposit layer. In
Phase 2, flux peaks varied more, reaching up to approximately 1 cm/min with continuous
feeding and draining for 10 cycles due to thickened sludge deposit layer and possible
cracks. The thickened sludge deposit layer was found to decrease infiltration flux while
the possible crack occurrence has substantially increased the flux peaks. The average flux
peaks for different resting periods ranged between 0.1454 and 0.6255 cm/min. Although
the difference in flux peaks due to varied resting periods resulted in a higher p-value
compared to SLRs, the overall significance of SLRs and resting periods on flux peaks
remained noticeable, with a p-value less than 0.05.

4.5.2 Significance of Sludge Deposit Layer Properties

The very low p-values in Table 4.9 highlight the significant impact of SLRs and resting
periods on the thickness of the sludge deposit layer. The incremental thickness was
certainly caused by the continuous loading. However, a higher SLR or a longer resting
period would increase the sludge deposit layer thickness significantly, leading to a
remarkably flux reduction and ponding condition. Also, an excessively thickened sludge
deposit layer due to high SLRs or prolonged resting periods would eventually result in
the formation of cracks, causing extraordinarily high flux peaks. This indicates that

variations in SLRs and resting periods significantly affect the sludge deposit thickness.
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For MC, significant effects were observed except for variations in resting periods
during Phase 1. Initially, the thin sludge deposit layer was not affected by the variation in
resting periods, as the thin layer would always be in cracked condition. Along the
treatment, the incremental solids accumulation maintained the sludge deposit layer from
cracking, ensuring the entity of the layer for successful filtration. As a result, the average
MC was 81 + 1%, attributed to the long resting periods and the short resting periods did
not cause significant changes in MC.

Similarly, total volatile solids exhibited a trend like that of MC. The p-values
were generally low, except for the varied resting periods in Phase 1. The short resting
periods resulted in minimal changes in sludge stabilization, with an average total volatile
solid of 39 + 1% due to crack occurrence. Influent septage bypassed the reed bed directly
and discharged as untreated effluent, resulting in incomplete biological treatment within
the sludge deposit layer and substrate medium. This suggests that longer resting periods
contribute to greater sludge stabilization, which was reflected in a lower p-value in Phase
2.

In conclusion, the consistently low p-values across these parameters demonstrate
the significant influence of SLRs and resting periods on sludge deposit layer
properties. These findings underscore the importance of incorporating these parameters

into simulations for a more comprehensive understanding.

4.5.3 Significance of Water Quality Parameters

The p-values in Table 4.9 for effluent COD were generally low, indicating that both
SLRs and resting periods significantly impact effluent COD. However, in Phase 1,
resting periods did not show a significant effect on effluent COD, as well as the
observations for MC and total volatile solids in the sludge deposit layer. The short resting
periods in this phase led to insufficient drying of the sludge deposit layer via

evapotranspiration, minimizing differences in MCs and resulting in higher p-values.

For effluent NOs, both phases showed low p-values, reflecting significant effects
of SLRs and resting periods. The presence and activity of nitrifying and denitrifying
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bacteria were key factors influencing the concentration of the effluent NOa.
Mineralization by plants was through denitrification under anaerobic conditions and
nitrification under aerobic conditions. Higher variance in effluent NOs between different
beds contributed to the lower p-values observed.

The p-value for effluent pH was also low, indicating significant effects of SLRs
and resting periods, apart from varied SLRs in Phase 2. The effluent pH typically
decreased slightly compared to the influent pH after treatment. However, the consistency

of effluent pH was affected by the influent septage concentration.

Regarding effluent DO, the average concentration was consistently around 6 + 1
mg/L. In Phase 2, prolonged resting periods resulted in increased surface ponding, which
led to a low p-value and highlighted the significance of resting periods on the effluent
DO. The lower p-values in Phase 2 compared to Phase 1 were attributed to higher SLRs
and longer resting periods, which reduced the infiltration rate and increased surface
ponding. Consequently, septage retention time within the bed created larger differences

in effluent DO between beds.

Finally, the significant of SLRs and resting periods on effluent TS was relatively
low. Effluent TS primarily dependent on the concentration of the influent septage.
Variations in influent septage concentration led to increased variability in effluent TS,
resulting in an overall p-value above 0.05 and indicating lesser significance of SLRs and
resting periods on this parameter.

4.6  Summary of Experimental Result

In summary, the overall performance of the laboratory-scale STRB-based septage
treatment system was excellent. The average COD and TS removal percentage was high,
at 96% and 82%, respectively. Meanwhile, the average pH value of 7.03 decreased
slightly compared to the untreated raw septage. The relatively high DO concentration of
approximately 6 mg/L was found to be very favorable, where it indicated that the reed

bed system was aerated well and well-developed with sufficient nitrifying bacteria for
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mineralization. The treatment performance was comparable to the other existing

wastewater treatment systems.

In Phase 1 experiment, the flux peak and the flow-occurring delay regarding the
effluent fluxes were analyzed. The flux peak was determined to increase with the
hydraulic load, while the flow-occurring delay increased with the initial TS concentration
of the loaded septage. Also, water recovery was discovered to decrease with the
increasing initial TS concentration of the loaded septage. In Phase 2 of the experiment,
the overall shrinkage limits of the sludge deposit layers were determined for each bed.
Generally, the MC of the sludge deposit layer was able to maintain above the SL,
preventing liquid from bypassing the STRB. The final organic content of the sludge
deposit in Phase 2 was measured to be lower than that in Phase 1 experiment upon sludge
stabilization. The growth and development of bacteria decomposed most of the nutrients
and transformed them into biodegradable components, leading to a substantial decrease in
TVS.

Conclusively, the optimum SLR and resting period were 100 kg/m?/year and 6
days, respectively. The reed beds with the mentioned conditions showed a very stable
trend of sludge deposit moisturizing, solids dewatering, nutrient mineralizing, organic
stabilizing, and effluent contaminants removal. The temporary ponding condition allowed
the bed to maintain sufficient moisture to prevent cracks yet produce a high-quality dried
solid with at least 20% TS content. Further, the reasonable dryness of the bed provided
adequate oxygen aeration in the sludge deposit layer, mineralizing the nutrients
sufficiently and resulting in high sludge mineralization. Moreover, forming the sludge
deposit layer without cracking has further enhanced infiltration capacity to remove

effluent contaminants.

In addition, the ANOVA has revealed that all the variables tested in the laboratory
experiments were remarkably significant, except for water recovery. Under varying SLRs,
the flow delays and flux peaks increased with hydraulic loads due to prolonged surface
ponding. The initial sludge deposit layer thickness played an important role in limiting
the infiltration flux of the STRB, where a thicker layer would result in a slower flow due

to higher resistance. Hence, the SLRs greatly affected the moisture and organic contents
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of the layer. A high SLR substantially increases sludge deposit layer thickness, further
capturing more moisture with incremented porosity and enhancing sludge mineralization
and stabilization. This improves the COD, NOs, and TS removals of the effluent quality.
However, the DO concentration was not affected much under varying SLRs, as it

depends more on the growth and development of bacteria during resting periods.

In contrast, the resting periods less influenced the flow delays and flux peaks. A
longer resting period required a larger hydraulic load, increasing flow delays and flux
peaks. However, a sufficiently prolonged resting period allowed a complete drainage of
effluent and dewatered the sludge deposit to a minimum MC. The large hydraulic load
upon an extended resting period greatly affected the thickness of the sludge deposit layer.
The substantial increase in the layer thickness led to waterlogging conditions, decreasing
the layer permeability, and causing high final moisture and organic contents. This reduces
the sludge mineralization and stabilization, resulting in poorer dewatering efficiency of
the sludge deposit layer. Moreover, the extended resting period would also result in an
over-drying of the sludge deposit after the drainage. The possible crack on the sludge
deposit layer allowed the influent septage to bypass the reed bed directly, leading to a
lower effluent quality. Hence, the extended resting period affected the effluent COD and
TS concentrations significantly, while the effluent DO concentration improved

remarkably due to sufficient oxygen reaeration.
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CHAPTER 5: SIMULATION RESULTS

This section analyzes the process-based numerical model formulated in Chapter 3 by
calibrating the model with the experimental data collected, as explained in Chapter 4. The
hydraulic model simulation is used to understand the dewatering phenomenon in STRBs.
At the same time, the incorporated compressible cake filtration is simulated using the
moving mesh method to improve the model robustness in predicting the influence of the

sludge deposit layer on dewatering efficiency.

51  Assumptions

The objective of the hydraulic simulation is to match the simulated results with the
measured data of effluent flux obtained from the laboratory-scale STRB for septage
treatment. As not all the factors were able to be measured in this study, several

assumptions were made in the simulations:

e The modelingwas a one-dimensional simulation as the imposed flux was
distributed evenly on the reed bed and infiltrated vertically through the filter
medium without any significant flow divergence. Thus, the substantial turbulence
of the flow was neglected.

e The hydraulic properties of the reed bed and the associated hydraulic behavior
(e.g., infiltration flux and evapotranspiration rate) were assumed to be
horizontally homogenous over the reed bed. All the simulated results were
presented as per unit area [L™].

e The initial pressure distribution was assumed to be under the equilibrium state,
where the initial pressure was equivalent along the substrate profile before the
operation.

e The effect of vegetation was only considered in terms of the root water uptake,
while its influence on the hydraulic performance (e.g., change of hydraulic
properties due to the cracking around the stem and root penetration) was assumed

to be lumped with the hydraulic properties of the substrate profile.
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e The ET rate was assumed to be constant throughout the simulation.

e The hydraulic properties of the newly formed sludge deposit were assumed to be
equivalent to the existing sludge deposit.

e The hysteresis effect was not considered in the hydraulic simulation.

e The sink term considered in the proposed model only included the water loss from
the ET and the water content retained in the immobile region. Therefore, the
associated water recovery was theoretically conservative with the amount of the

influent.

5.2  Simulation Set-Up

The substrate profile in the STRB simulation for hydraulic dynamics consists of three
layers: the small-size gravel layer, the medium-size gravel layer, and the drainage layer,
which aligns with the laboratory-scale STRB system, as illustrated in Figure 5.1. The
sludge deposit found on top of the reed bed surface, which has been identified as a crucial
factor in the hydraulic performance, was also included in the simulation as the top layer.
Meanwhile, the drainage layer was excluded from the simulation profile, as its influence

on the overall hydraulic retention time was negligibly small in the system.

Time-dependent Flux

\J v \J

5 cm Intermediate Layer (Layer 2)

10 cm Medium-size Gravel (Layer 3)

10 cm Medium-size Gravel (Layer 4)

Free Drainage

Figure 5.1: Substrate profile in the simulation.
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Apart from the particulate constituents that are retained on the bed surface and
form the sludge deposit layer, a certain amount of solid that passes through the surface
layer and is deposited at the upper zone of the main layer increases the total thickness.
Consequently, the hydraulic properties of this zone changed with time due to the
reduction of porosity (Kim & Forquet, 2016). Therefore, considering a 5 cm intermediate
layer was necessary to describe this transition interface at the top of the main layer. As a
result, the thickness of the small-size gravel layer was reduced to 10 cm, while the

thickness of the medium-size gravel remained at 10 cm.

As for the upper boundary condition, the sludge loading time was fixed to be
three minutes. The feeding flux was calculated based on the hydraulic load [L3] with
respect to the reed bed surface area [L?]. Free drainage was assumed at the lower
boundary condition, which did not require any prescribed fluxes or conditions. On the
other hand, the other necessary information for the hydraulic simulation is given in Table
5.1.

Table 5.1: Information on geometry, time, and iteration criteria in hydraulic simulation.

Information in the hydraulic simulation Values
Spatial discretization [L] 1.00 cm
Temporal discretization [T] 1/360 minutes
Minimum tolerance for pressure head [L] 0.01cm
Minimum tolerance for pressure head [L] 1.00 cm
Maximum allowable number of iterations 30.00

The spatial discretization (dz) was set to 1 cm in the hydraulic simulation.
Certainly, a finer discretization improves the resolution and accuracy of the
results. However, the computation duration has increased substantially, which is
not beneficial regarding time efficiency. Further, the standard unit for the time used in the
simulation was set in minutes. The time frame for the simulation was defined from the
measured data, with a maximum time frame of 600 minutes (10 hours) due to the
limitation of data storage in the simulation software. The default temporal discretization
was set to be 1/360 minute to ensure a robust simulation. Moreover, the tolerance range
for the pressure head in the iterative computation was set to be 0.01 and 1.00 cm, as a
larger pressure head would lead to an error in water content (Huang et al., 1996). In fact,
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the convergence limit in this study was 0.001 cm. Further, the mass balance analysis was
then used to evaluate the reliability of the time discretization and iteration criteria in the

hydraulic simulation with mass balance error < 1024,

5.3  Review of Calibration Procedure and Establishment of Hydraulic Properties

This study comprehensively described the hydraulic behavior using the modified
Richards’ equation discretized by the moving mesh method. The main input parameters
were initial water content, hydraulic head, and sludge thickness, whereas the main output
parameters were flux, hydraulic head, and sludge accumulation. The flux, hydraulic head,
and sludge thickness were expected to increase extensively upon septage loading and
decrease gradually due to drainage dewatering and evapotranspiration. However, the

sludge accumulation was always incremental during the feeding and settling.

One of the main challenges in the calibration was the lack of standard hydraulic
parameters for granular porous medium. The variably saturated hydraulic properties of
the porous medium in the reed bed could be determined through direct laboratory and
indirect modeling methods. Generally, the porosity (6), saturated hydraulic conductivity
(Ks), and hydraulic retention curve (HRC) of the porous medium are the main concerns
for the hydraulic simulation, which are evaluated by porosity test, constant head test, and
hanging column test, respectively. In addition, the VGM parameters are estimated via the
application of RETC software (van Genuchten et al., 1991). However, the outcomes
obtained from the experiments were statistically insufficient to provide a reliable result

due to instrumental constraints (Khaleel & Relyea, 1997; Morvannou et al., 2013).

Moreover, the indirect method of hydraulic parameters determination is accessed
through the inversed modeling of the measured data or via calibration using a
mathematical model to fit the measured data. In inversed modeling, the main limitation is
insufficient data to conduct adequate analysis, especially in event-based simulation
(Dittmer et al., 2005). In contrast, collecting enormous amounts of data would be very
time consuming and costly to satisfy the requirement of inverse modeling. Therefore, a

relatively more budget-friendly alternative is calibrating the hydraulic parameters by
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fitting the simulated results obtained from the mathematical model with the measured
data (Toscano et al., 2009).

Table 5.2 displays the literature on equilibrium hydraulic flow parameters for
gravel used in simulating the hydraulic behavior of STRB or similar systems such as
subsurface constructed wetlands. It was found that even though the particle size used was
identical in the simulation, the hydraulic parameters varied from case to case, where there
was no general trend to be observed. The saturated hydraulic conductivity ranged from
0.5 to 1000 cm/min, giving a large standard deviation of 327.75 cm/min. Such deviations
were believed to be attributed to the difference in the purpose and calibration procedure
of the studies. Therefore, these hydraulic parameters were only reliable in a specific
condition and could not be used as global parameters. Furthermore, Morvannou et al.
(2012) proposed the only calibrated hydraulic parameters for the dual-porosity model, as
summarized in Table 5.3, where the hydraulic parameters were inversely modeled using
an in-situ assessment based on the water content along the reed bed.

Table 5.2: Hydraulic parameters of gravel used in the literature for equilibrium
hydraulic flow simulation of STRB.

Particle 0

r (7] a n Ks
size (mm) )

Reference (_S) et | O | emmind)

Carsel and Parrish - 0.045 | 0.430 | 0.145 | 268 |  0.50

(1988)
Langergraber and 4-8 0.045 | 0.410 | 0.145 | 5.00 | 1000.00
Simiinek (2005) 16-32 0.056 | 0.150 | 0.145 | 1.92 | 1000.00
Langergraber and
Simiinek (2006) 2-8 0.050 | 0.370 | 0.050 | 2.80 600.00
Toscano et al. (2009) 16-32 0.050 | 0.190 | 0.028 | 4.00 8.30
: 4-8 - 0.350 | 0.085 | 9.80 7.80
Maier et al. (2009) 8-16 i ~ [ 0.097 | 860 | 258.00
5-10 0.036 | 0.483 | 0.145 | 2.68 23.88
Giraldi et al. (2010) 20-30 0.035 | 0.483 | 0.145 | 2.68 120.00

50-60 0.035 | 0.480 | 0.145 | 2.68 120.00

- 0.310 | 0.406 | 2.860 | 1.35 6.60

Morvannou et al. (2013) - 0.220 | 0.406 | 2.770 | 1.30 6.60
30-60 0.230 | 0.440 | 2.720 | 1.47 71.40
Fournel et al. (2013) 10-20 0.040 | 0.430 | 0.180 | 3.30 70.00
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Samsa et al. (2016) 2-44 0.010 | 0.390 | 0.145 | 2.68 6.94

- 0.102 | 0.520 | 0.217 | 2.61 0.544

Moezzibadi et al. (2019) - 0.154 | 0.630 | 0.161 | 3.03 | 0,620

Thazhathu Veetil and

Thampi (2021) 1-4 0.056 | 0.310 | 0.154 | 1.62 162.00

Mean 0.095 | 0.405 | 0.574 | 3.34 192.40

SD 0.090 | 0.114 | 1.018 | 2.33 327.75

Min 0.010 | 0.150 | 0.028 | 1.30 0.50

Max 0.310 | 0.630 | 2.860 | 9.80 | 1000.00

Table 5.3: Hydraulic parameters of gravel used in the literature for preferential
hydraulic flow simulation of STRB.

m a
O Clam | em
) A

n (- Ks 0rim Hsim (' ()]

Reference y | emminy | @ ) (min)

Morvannouet | 0.0 0.02 |0.145|5.00| 1500.00 | 0.38 | 0.39 0.30
al. (2012) 0.0 0.05 | 0145|192 | 1500.00 | 0.34| 0.36 0.30

In most cases, the gravel was seldom used as the main layer, while it acted as the
intermediate layer or drainage layer in the substrate profile (Fournel et al., 2013;
Langergraber & Simtinek, 2005; Langergraber & Simtinek, 2006; Morvannou et al., 2012;
Toscano et al., 2009). The drainage layer was assumed to be saturated in the simulation.
Hence, its effect on the overall calibration was minor. Therefore, the values of VGM
parameters always referred to the standard of sand (Langergraber & Simtinek, 2005). It
has been highlighted that the sludge deposit layer’s characteristics are crucial to the
overall hydraulic performance. Hence, Morvannou et al. (2013) have developed a set of
hydraulic parameters for the sludge deposit, as presented in Table 5.4.

Table 5.4: Hydraulic parameters of sludge deposit used in the literature for equilibrium
hydraulic flow simulation of STRB.

Reference 0(-) | 0s(-) | a(cm?) | n(-) | Ks(cm min?)

Morvannou et al. (2013) 0.65 0.84 0.15 1.80 0.45

However, the 6r and 6s values of the sludge deposit layer used in the research
were extremely high compared to the standard hydraulic parameters of loam and slit, as
shown in Table 5.5. The values of a and Ks were comparable to the standard value of

sand, whereas the value of n was close to the standard value of loam. Therefore, the range
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of the hydraulic parameters of the sludge deposit was obtained by interpolating data

between the standard parameters of sand and loam.

Table 5.5: Standard equilibrium hydraulic flow parameters of loam and slit.

Soil 1 Ks
Reference et o (-) 0s(-) | a(m?l) | n() .
Carsel and Parrish Loam 0.078 0.430 0.036 1.56 0.017
(1988) Slit 0.034 0.460 0.016 1.370 0.004

Meanwhile, determining specific cake resistance and viscosity for the sludge
deposit was also an issue in the hydraulic simulation. The limited instrumental equipment
has hindered the evaluation of specific cake resistance and viscosity of the septage used
in this study. Hence, the specific cake resistance and viscosity values were retrieved from
the literature for different types of sludge used in the simulation, as indicated in Table 5.6
and Table 5.7, respectively. Particularly in sludge treatment, the values of the specific
cake resistance were revealed to be significantly high, with a power of 10 to 13, due to its
non-conditioned sludge characteristics and lack of any chemical additive. The specific
cake resistance and viscosity values used in this study were 30 x 10 m/kg and 0.015
kg/ms, respectively, per the non-conditioned biodigester sludge. Since septic sludge
contains abundant solids and organic matter, the resultant layer permeability is always
low, leading to a high specific cake resistance (Reichert et al., 2018), as shown in
domestic sludge. These values were then included in the compressible cake filtration

model to estimate the sludge accumulation.

Table 5.6: Specific cake resistance used in the literature for sludge accumulation.

Source of
Reference wastewater Type of sludge a (m/kg)
Activated sludge (4-12) x 108
. Biodigester sludge (3-30) x 108
E 1 D — -
den (1983) omestic Conditioned digested sludge | (2-20) x 10
Conditioned primary sludge | (3-10) x 10!
Without any additive 6.80 x 10!
Ma?zeggét al. ol and sacer | Wit NaCl as additive 3.20 x 10™
pand pap With PAA as additive 4.60 x 10"
Garg et al. (2005) Thermochemical and 102.80-272.20
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Electrochemical sludge
Verma et al. Petrochemical FeCls 2.49 x 101
(2010) FeClz + C-PAA 1.14 x 10%°
Ramavandi (2014) Textile FCE 1.75 x 101
Table 5.7: Viscosity used in the literature for sludge accumulation.
Reference Type of sludge u (kg/ms)
Non-conditioned digested sludge 0.015
. Non-conditioned excess sludge 0.009
Wolski (2021 — -
olski (2021) Conditioned digested sludge 0.020
Conditioned excess sludge 0.011
Goel et al. (2004) Digested sludge 0.200 - 0.400
Brar et al. (2005) Fermented sludge <0.150
0.006 - 0.008 for TS of 25%
Bhaga(fggl;’veber Liquid manure 0.010 - 0.030 for TS of 5.4%
0.250 - 2.93 for TS of 12.1%
Dubash and . .
Frigaard (2007) Anaerobically digested sludge 0.037 - 0.406
. . <0.310 for TS < 4%
USEPA (1979) Anaerobically digested sludge 0.310 - 0.625 for TS of 4 - 5%
Eshtiaghi et al. . .
Thick I .050 - 1.
(2012) ickened digested sludge 0.050 - 1.000

In summary, the optimal hydraulic parameters were calibrated through visual
evaluation and error analysis, such as mean absolute error MAE, to fit the measured
effluent flux from the conducted experiments. The hydraulic parameter for gravel was
elaborated from the standard parameters of sand, while the hydraulic parameter for
sludge deposit was interpolated between the standard parameters of sand and loam.
Finally, the specific cake resistance of the sludge deposit was estimated to be identical to

that of the biodigester sludge.

54 Inputs for Evapotranspiration (ET)

Based on the historical weather data in Miri, Sarawak, from July to November 2022, the
average daily air temperature was 26.8 °C, ranging from 21.6 to 33.7 °C. Due to the
frequent rains, the average daily humidity was relatively high throughout the
experimental period, at around 87 %. The average wind velocity was recorded to be 3.3
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ms™. In addition, Julian Day determined the potential solar radiation due to the absence
of solar radiation data. The other essential data for the ET simulation is presented in
Table 5.8 (Paredes et al., 2020).

Table 5.8: Inputs for evapotranspiration.

Parameters Values

Height of crop, hc (m) 1.00

Height of wind measurement, zw (m) 2.00

Height of humidity measurement, zn (m) 2.00

L Alactive coefficient, a (-) 0.50

Empirical coefficient in Beer-lambert law, abi (-) 0.50
Maximum root depth, zr (cm) 30.00

Fraction of the roof length density in the top 10% of the 0.40

root zone, Fio (-) '

Wilting point, Ouwitting (-) 0.10

Functional parameter for water stress distribution, yq (-) 0.23

Root length density, go (g/cm?) 0.01

55 Inputs for Sludge Accumulation

The fraction of particles retained on the reed bed surface estimated the sludge
accumulation rate. Considering the different types of initial TS concentration used for the
raw septage, the density and porosity of the sludge varied along the batches of loading.
Hence, the inputs of sludge accumulation based on the initial TS concentration for sludge
and sludge deposit were calculated and summarized in Table 5.9 and Table 5.10,
respectively. The sludge density and porosity were determined from the septage's initial
TS concentration and solids content, respectively. In contrast, the sludge deposit porosity
was obtained from the solids content of the sludge deposit layer. These data were

essential in calculating sludge cake/deposit permeability for the respective reed bed.

Table 5.9: Inputs of sludge properties for sludge accumulation.

Initial TS Concentration (mg/L) Density, p (kg/md) Sludge Porosity, & (-)
18780 18.78 0.0094
29967 29.97 0.0150
55780 55.78 0.0279
20365 20.37 0.0102
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10796 10.80 0.0054

17507 17.51 0.0088
Table 5.10: Inputs of cake/sludge deposit properties for sludge accumulation.
Initial TS Sludge Deposit Porosity, €, (-)
Concentration (mg/L) | Bed1 Bed 2 Bed 3 Bed 4 Bed 5 Bed 6
18780 0.47 0.17 0.18 0.18 0.22 0.22
29967 0.43 0.20 0.24 0.23 0.19 0.23
55780 0.59 0.15 0.18 0.18 0.25 0.22
20365 0.58 0.21 0.17 0.08 0.07 0.19
10796 0.29 0.15 0.14 0.59 0.18 0.14
17507 0.34 0.30 0.32 0.21 0.34 0.16

The porosity of the sludge was parallel to its density. The higher sludge density
indicates higher solids concentration in a specific sludge volume. Due to different loading
conditions, the sludge deposit porosity varied across the reed beds. The beds with shorter
resting periods and lower SLRs would have higher porosity upon extensive water loss by
drainage and evapotranspiration. Therefore, settling solid particles on the sludge deposit
layer requires known initial sludge and sludge deposit porosity to estimate the filling of

these voids and further sludge accumulation (Huong et al., 2024b).

5.6  Procedure for Calibration of Hydraulic Parameters to Fit the Measured Data

Typically, the variably saturated flow model simulates an effluent flux proportional to the
surface ponding level. Since the ponding is temporary, the pressure difference varies
throughout the simulation. However, in the cases of ‘bypassed’ and ‘clogged’, the
ponding level either dropped drastically or remained static for a long time, thus affecting
the overall hydraulic performance. Therefore, these cases were not considered in the
scope of this simulation. In the calibration, two major concerns were the fit of the
measured peak effluent flux and the start of effluent discharge to the simulated flux.
Hence, the main goal of this simulation was to fit all sets of the measured effluent flux
with the same set of hydraulic parameters to verify its reliability.

Since the variably saturated flow is a function of water content, the portion

between the mobile and immobile regions is essential to the hydraulic simulation. Giraldi
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and lannelli (2009) confirmed that most dead zones were found in the bed’s upper layers.
This assumption is valid due to the presence of micropores capable of retaining stagnant
water. Hence, the immobile regions in the sludge deposit and intermediate layer are more
significant than the gravel layers.

Generally, the sludge deposit layer was assumed to mainly consist of an immobile
region, which saturated the layer throughout the operation. In the simulation for septage
treatment, the values of the VGM parameters were typically too low to describe the high
inherent water content before the reed bed was loaded. However, the water migration
between the mobile and immobile regions has always reached equilibrium in the
simulation. Further, the saturated hydraulic conductivity was revealed to be the most
sensitive parameter to match the maximum effluent flux, which has dominated the flux
across this low permeability layer. Therefore, the hydraulic parameters in this simulation
match the measured effluent flux obtained in the laboratory-scale STRB system and are
displayed in Table 5.11 (Tan et al., 2017).

Table 5.11: Values of hydraulic parameters used in the hydraulic simulation.

_ Layer 1— Layer 2 — Layer3 - Layer 4 -
Hydraulic . . Small-size Medium-size
Sludge deposit | Intermediate
Parameters layer layer (5 cm) gravel layer gravel layer
(10 cm) (10 cm)
or 0.08 0.06 0.04 0.04
oy 0.22 0.28 0.32 0.36
a(cm™) 0.07 0.18 0.29 0.36
n 1.80 2.70 3.50 4.00
K, (cmmin™) - 10.00 1300.00 1500.00
l 0.50 0.50 0.50 .050
oim 0.10 0.03 0 0
oim 0.20 0.18 0.14 0.12
w (min™1) 0.002 0.007 0.02 0.04

The sludge deposit layer has the most apparent impact on the hydraulic flux in
the substrate profile. Therefore, the effect of the intermediate and gravel layers was
considered minor, and the hydraulic properties of these layers were fixed as constant in

the calibration. There are several guidelines found for the calibration process:
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e Generally, the intermediate and grave layers are unsaturated due to the limited
amount of sludge percolation through the sludge deposit layer.

e The effective saturation in the mobile region was a function of the saturated water
content (6J"). In unsaturated flow, the unsaturated hydraulic conductivity is
greatly reduced by the low effective saturation due to the high 6*. Therefore,
these parameters’ values must be weighed carefully during calibration.

e The VGM parameters, a and n are typically governed by the amount of water
retained in the substrate, corresponding to the pressure head. If the values of these
parameters used in the gravel are as low as those used for sand or silt, the inherent
water content and flux estimated from the initial pressure distribution would be
unreasonable and eventually fail to converge during the iterative computation.

e The amount of water exchange between the mobile and immobile regions was

insignificant due to the low effective saturation in both regions.

In addition, the initial water content in the reed bed is another crucial factor in the
hydraulic simulation. The flow of water was discovered to be less smooth when the bed
was in dry condition. Therefore, the initial water content, the proposed model's initial

pressure head, was optimized to match the flow-occurring delay.

5.7 Results and Discussions

The hydraulic module has successfully simulated the flux behavior in line with the
Richards equation theory. Out of 78 sets of flux data obtained throughout the experiments,
25 were ponded cases, 9 were bypassed cases, and the remaining 44 were considered
normal cases. Most promising simulations were normal cases without ponding and cracks

on the sludge deposit layer.

Generally, the degree of freedom in the model simulation is better kept to a small
number as more degrees of freedom increase the difficulty of calibration. Hence, the
degrees of freedom in the conventional hydraulic simulation are limited to the saturated
conductivity of the sludge deposit layer, Ks and the initial pressure distribution, h. These
two variables manipulated the flux peaks and the flow-occurring delays, which governed
the main mechanism of the hydraulic simulation. This study also tested the model with
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different variables, including the sludge deposit thickness and the hydraulic load.
Therefore, 10 sets of flux data were selected for the presentation, mostly referring to the
typical cases, and some of the minor ponding cases. The overall trend of the preliminary
simulated results is shown in Appendix S.

The simulated results were analyzed using the mean absolute error (MAE), mean
absolute error percentage (MAE%), root mean square error (RMSE), and regression
analysis to verify the accuracy of the proposed model. The RMSE is a statistical
calculation to quantify the deviation between the actual and the predicted data, where a
lower value indicates a better simulation performance. Hence, the MAE, MAE%, and
RMSE are calculated as shown in Equations (5.1) to (5.3).

1% (5.1)
n .
=1
1 = At t (52)
MAE% = —Z X 100%
ns t
i=1
- (5.3)

1
RMSE = Ez(At - P,)?
where A; is the actual flow rate in the experiment, P; is the simulated flow rate of the

simulation, and n is the number of the data set.

On the other hand, a linear regression analysis was conducted between the
measured and simulated fluxes to determine the coefficient of determination (R?). The
values of R? ranged from 0 to 1, describing the similarity of the overall flow trends
between the actual and the predicted data. However, the values of R? were unable to be
an indicator of accuracy in the hydraulic simulation but represented the consistency of
variation between the measured and simulated data. The values of R? were obtained from

the regression analysis function in Microsoft Excel.
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5.7.1 Hydraulic Behavior

In this study, the modified Richards’ equation with velocity-based finite difference
discretization has successfully described the hydraulic dynamics in the STRBs. The
observed flow trends are categorized as normal, ponding, and cracked cases. Under
normal flow cases, the effluent flux increases rapidly to the peak before gradually
decreasing upon drainage dewatering and evapotranspiration. In contrast, the dewatering
process is extensively lengthened in ponding cases due to the large hydraulic load applied.
Further, the flux peak under the cracked flow case is extraordinarily high without visible
increment during the feeding stage. The effluent instantly dashed out from the bottom of

the bed after septage loading, and the drainage flow decreased significantly after the peak.

In the hydraulic simulation, the modified Richards’ equation using the moving-
mesh method describes the changes in sludge ponding level and sludge deposit layer
thickness. The main driving force is the hydraulic head, h, and the saturated hydraulic
conductivity, Ks of the sludge deposit layer, which limits the maximum allowable
infiltration rate of the overall effluent flux. During the temporary ponding condition, the
top boundary is set to be a head-controlled dewatering. In contrast, flux-controlled
drainage dewatering during the resting period and the bottom boundary are always free
drainage conditions. Thus, the proposed model simulates the moving boundary of the
sludge ponding level and the sludge deposit thickness simultaneously with the resulting

infiltration flux, evapotranspiration rate, and organic content.

Calibrating as low as two degrees of freedom delivered a simple approach to
match the measured data with simulated outcomes. The Ks values were calibrated in
advance to match the peak effluent flux, followed by the values of h to be adjusted to fit
the flow delay occurrence. Both parameters were weighted simultaneously, where the Ks
values significantly impacted the delay of flow occurrence, but the values of h had a
minor influence on the flux peak. The summary of the calibrated parameters and the error
analysis is displayed in Appendix T. Figure 5.4 to Figure 5.7 illustrate the successful
simulations of the calibrated flux and cumulative discharge results for each bed. The

overall simulated effluent flux and cumulative effluent results have effectively matched
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the experimental measurements of the selected cases regardless of the SLRs and resting

periods, indicating the robustness of the model in simulating the effluent flow.

Richards’ equation describes the hydraulic head difference as the driving force for
the infiltration flow in the STRB (Huong et al., 2024b). By means, a larger head
difference due to high loading results in a faster hydraulic flow. For instance, the highest
effluent flux was noticed in case AY with the hydraulic load of 90940 ml, presenting a
flux peak of 0.4456 cm/min. In contrast, case A has the lowest flux peak of 0.0054
cm/min upon the smallest hydraulic load of 8710 ml. Occasionally, there were cases
where the flow pattern did not obey the typical flow trend, and it could be attributed to
cracked, ponding, and clogging conditions.

Case BR (Bed 1)

0 10 20 30 40 50

Effluent flux (cm/min)
Cumulative effluent (cm)

Time after loading (min)

® Measured effluent flux

Simulated effluent flux

--------- Measured cumulative flux «+++++-+ Simulated cumulative flux

Figure 5.2: Simulated flux of case BR (Bed 1 | 9345 ml | 7.50 cm).
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Case BJ (Bed 2)
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-0.25

-0.3

Time after loading (min)
® Measured effluent flux Simulated effluent flux
--------- Measured cumulative flux «+++<<+++ Simulated cumulative flux
Figure 5.3: Simulated flux of case BJ (Bed 2 | 18690 ml | 12.50 cm).
Case D (Bed 3)
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Figure 5.4: Simulated flux of case D (Bed 3 | 8710 ml | 7.83 cm).
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Figure 5.5: Simulated flux of case BL (Bed 4 | 56080 ml | 12.33 cm).
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Figure 5.6: Simulated flux of case AM (Bed 5 | 90315 ml | 8.00 cm).
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Case H (Bed 6)
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Figure 5.7: Simulated flux of case H (Bed 6 | 26140 ml | 8.33 cm).

In cracked conditions, the predicted pressure head failed to match the measured
data due to instant effluent discharge but showed a good match with the flux peak in
cracked conditions, as shown in Figure 5.8 (case AP). Although the sludge deposit was
considered thick at 12.33 c¢cm, cracks were still found on the sludge deposit layer. The
influent sludge penetrated through the sludge deposit layer and directly bypassed the reed
bed, leading to a significant increase in the effluent flux at the early stage of treatment
(Huong et al., 2024a). Subsequently, the effluent flux declined drastically after the
extraordinarily high flux peak at 2.6050 cm/min. This condition has caused a large

deviation between the measured and predicted cumulative effluents.
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Figure 5.8: Simulated flux of case AP (30310 ml | 12.33 cm).

In contrast, the predicted initial pressure head failed to simulate the actual flow
occurrence delay and flux peak due to the severity of ponding. Figure 5.9 (case AY)
shows the minor ponding condition with 90940 ml of hydraulic load and 10.33 cm of
sludge deposit layer. Although the proposed model could describe the overall trend of
effluent flux drainage, the predicted effluent flux peak was higher in the feeding stage,
thus leading to higher cumulative effluent. The ponding condition is believed to be
caused by the continuous accumulation of the sludge deposit layer, which acted as a film
that reduced the layer permeability (Tan et al., 2023). A similar outcome of the clogging
condition can be seen in Figure 5.10 (case BZ). In this case, the hydraulic load was 28040
ml with a sludge deposit layer thickness of 13 cm. In such a condition, the measured
effluent flux presented a relatively constant discharge after the peak at 0.0840 cm/min.
The model simulation failed to match the actual flow occurrence delay and flux peak, as
well as the constant effluent flux during the drainage. The thicker sludge deposit layer is
believed to be the leading cause of the severity of the ponding, where the duration of
constant effluent discharge was prolonged to economically unprofitable. Hence,
extensively prolonged surface ponding leading to waterlogging would always result in a

typically low hydraulic conductivity.
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Figure 5.9: Simulated flux of case AY (90940 ml | 10.33 cm).
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Figure 5.10: Simulated flux of case BZ (28040 ml | 13.00 cm).

In most cases, the effluent flux was generally over-predicted by the proposed
model, as shown in Figure 5.11 (case B). The proposed hydraulic module is theoretically

mass conservative because Richards’ equation is derived using the water balanced in the
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porous medium (Celia & Bouloutas, 1990). Hence, the compressible cake filtration
theory and the influence of evapotranspiration have been applied to the model to account
for the water balance, yet the simulated results were still over-predicted. The main reason
is believed to be caused by the temporary retention of water inside the reed bed system,
especially the sludge deposit (Obour et al., 2018). The relatively high porosity of the
sludge deposit and the substrate mediums have retained and stored some of the water
within the bed, thus reducing the water recovery. The average water recovery for 78 cases
at approximately 70% further supported the influence of water retention in the sludge

deposits on the simulation accuracy.

Further, another possibility of flux overprediction could be due to the
underestimation of the exchange rate. Since a dual-porosity variably saturated flow has
been considered in this study, the water exchange between the mobile and immobile
zones should always be in equilibrium (Ghanbarian, 2021). However, a lower water
exchange rate would lead to a slower infiltration process, retaining more water inside the

reed bed profile and affecting the overall water recovery.
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Figure 5.11: Simulated flux of case B (8710 ml | 7.00 cm).
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Generally, the initial pressure head was calibrated to match the occurring time
delay of effluent flux. This value implies the initial MC of the bed before new loading.
Hence, a lower pressure head would result in longer flow delays due to the low MC in
porous media, as it takes longer to reach saturation (Huong et al., 2024b). Since the
effluent flux is determined by the difference in the hydraulic head across the spatial
discretion, the continuous effluent discharge would reduce the pressure difference upon
the shallower ponding depth, subsequently decelerating the infiltration rate to an
insignificant level (Ghanbarian, 2021).

However, a higher initial head distribution in the STRB of more than -10 cm
usually presents a distinct effluent discharge curve. The sufficiently short pressure
difference creates a shorter spatial path for the imposed flux to reach the bottom of the
bed, reducing the flow-occurring delays to even below 1% minute. Hence, this situation
has incidentally described the cracked sludge deposit layer that provides “preferential
flow pathways” for the influent septage to bypass the substrate medium directly, leading
to shorter infiltration across the STRB profile (Khomenko et al., 2019). In contrast, when
the hydraulic load reached the maximum capacity of the bed, the clogging condition
retarded the bed and extensively prolonged the flow-occurring delay. However, the
proposed model simulated the hydraulic flux with insignificant changes in the flux peak
and flow-occurring delay for initial head distribution lower than -29 cm. Therefore, the
optimal hydraulic head in the simulation should be kept in the range of -10 to -29 cm to
avoid major deviations in the outcome. In other words, the hydraulic load must be kept to

an allowable treatment capacity of the bed to prevent clogging.

Figure 5.12 shows the relationship between the pressure head and flow-occurring
delay. The calibrated pressure heads decreased with the flow-occurring delays, which
means the lower pressure head describes the longer flow-occurring delay. The calibrated
pressure heads distribution ranged from -6 to -29 cm with an average value of
approximately -19 + 8 cm, regardless of the cracked and ponding cases. Since the influent
septage bypassed the filter medium upon the cracked sludge deposit layer, instantaneous

effluent discharge would lead to pressure heads larger than -10 cm. In other words, the
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moisture content (MC) of the bed is considered low enough when the calibrated pressure

heads are larger than -10 cm.

In contrast, the calibrated pressure head is at -11 to -28 cm when the bed is wet
due to higher initial MC. Further, the pressure head lower than -29 cm is deemed a
clogging condition, requiring a longer duration to overcome the wetness of the bed. In
this case, the hydraulic load exceeded the maximum infiltration capacity of the bed,
subsequently affecting the overall system performance due to the prolonged temporary

ponding condition (Huong et al., 2024a).

Since the ponding depth determines the hydraulic pressure acted on the reed bed,
the maximum infiltration capacity is always limited to the hydraulic conductivity of the
sludge deposit layer (Tan et al., 2023). The sludge deposit layer has the lowest hydraulic
conductivity across the reed bed profile and acts as a semi-permeable biofilm to filter the
incoming septage (Trein et al., 2019). Hence, the saturated hydraulic conductivity values

of the sludge deposit layer were calibrated to fit the flux effluent peak of the gravity

drainage.
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Figure 5.12: Relationship between hydraulic head and delay of flow occurrence.
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Figure 5.13 shows the relationship between the saturated hydraulic conductivity
of the sludge deposit layer and the flux peak. A relatively promising linear regression
curve with the value of 0.8906 indicated that the calibrated saturated hydraulic
conductivity always increased with the saturated hydraulic conductivity of the sludge
deposit layer (Huong et al., 2024b). The average saturated hydraulic conductivity was
0.0429 + 0.1003 cm/min. The standard deviation was higher than the average value due
to the cracked and ponding cases. The minimum and maximum saturated hydraulic
conductivities were 0.0001 and 0.6000 cm/min, respectively. This finding reveals that a
constant value of saturated hydraulic conductivity is unlikely to match all instances. Thus,
the calibration of this parameter is essential (Huong et al., 2023a). However, the overall
calibrated saturated hydraulic conductivities were lower than 0.1 cm/min for cases
without cracked and ponding conditions.
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Figure 5.13: Relationship between flux peak and saturated hydraulic conductivity.

It has been determined that the saturated hydraulic conductivity of the sludge
deposit layer always increases with the flux peak as it gives a relatively high R? value.
However, the clogging of the substrates, which led to severe ponding conditions,
deteriorates the overall predicted hydraulic heads of the simulation results. Since the
simulation could not match the flow-occurring delays of the ponding conditions, the
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predicted hydraulic head of -29 cm was assumed to be the clogging conditions. It was
excluded when analyzing loading conditions (solids loading rates and resting periods).
Figure 5.14 shows the relationship between the hydraulic head and flow delay under
varying SLRs with a constant 6-day resting period. In contrast, these normal cases
showed a significantly strong R? value of 0.9763, 0.9641, and 0.8743 for the 50, 100, and
150 kg/m?/year SLRs, respectively. Hence, the generated trendline equations of y =
—2.3641In(x) —8.9074, y = —2.1181In(x) — 9.5821, and y = —2.5321In(x) — 9.0139
can be used to estimate the hydraulic heads using the measured flow delays. The R?
values also revealed that the proposed model is stable in predicting the hydraulic heads of
the STRBs, where the results consistency declined with incremental SLRs. Further, the
overall calibrated hydraulic heads for 100 kg/m?/year SLR were higher than the other

loading conditions, indicating the sustainability of the initial bed MC.
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Figure 5.14: Graph of hydraulic head versus flow delay under varying SLRs.

On the other hand, the saturated hydraulic conductivity of the sludge deposit layer
can be estimated through the generated trendline equations using the measured flux peak
under different SLRs, as shown in Figure 5.15. The generated trendline equations are y =
0.0344x? 4+ 0.2033x + 0.0018 , y = 0.0400x? + 0.1274x + 0.0006 , and y=
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0.0032x? + 0.1494x + 0.0017 for the 50, 100, and 150 kg/m?/year SLRs, respectively.
The exclusion of the clogging conditions further reduced the deviation between the
experimental and simulation results, leading to higher R? values of 0.9849, 0.9954, and
0.9367 for the respective SLRs compared to the overall R? value of 0.8906 with all cases
included. The strong R? values for different loading conditions indicated the robustness
of the proposed model in predicting the saturated hydraulic conductivity of the sludge
deposit layer. Further, the highest R? value was seen in the 100 kg/m?/year SLR and a 6-
day resting period of the loading regime, proving the STRB is best operated with such a
condition. In addition, the highest possible saturated hydraulic conductivity of 0.6
cm/min under such a condition also revealed the flexibility of the STRB in treating the
septage in a wide range of infiltration flux.
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Figure 5.15: Graph of saturated hydraulic conductivity versus flux peak under varying
SLRs.

Moreover, the hydraulic heads and the saturated hydraulic conductivities without
the clogging conditions under varying resting periods also showed a similar result. The
results for 18- and 27-day resting periods were excluded from the data analysis as these
prolonged resting periods led to clogging conditions, and the hydraulic heads were

mostly below -29 cm. Figure 5.16 and Figure 5.17 show the graphs of the hydraulic head
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against flow delay and saturated hydraulic conductivity against flux peak under varying
resting periods, respectively. The generated trendline equations were y =
—1.98311In(x) — 11.485,y = —2.118In(x) — 9.5821, andy = —2.964 In(x) — 7.8307
for the 3-, 6-, and 9-day resting periods, respectively. The R? values of 0.5225, 0.9641,
and 0.9027 for the 3-, 6-, and 9-day resting periods, respectively, indicated that the
proposed model has robustly calibrated the hydraulic heads to match with the measured
flow delays under loading conditions of 100 kg/m?/year SLR and 6-day resting period.
The lowest hydraulic head range of approximately -10 to -20 cm confirmed the optimal
resting period of 6 days, where the low hydraulic head indicates the low MC in the bed.
Thus, the drainage process can be completed in time without prolonged ponding
conditions (9-day resting period) or insufficient water to act as the driving force for

dewatering (3-day resting period).
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Figure 5.16: Graph of hydraulic head versus flow delay under varying resting periods.

In contrast, the generated trendline equations of y = —32.299x2 + 0.4000x +
7E75 , y = 0.0400x% + 0.1274x + 0.0006 , and y = 0.0391x? + 0.0442x + 0.0004
with the R? values of 0.8840, 0.9954, and 0.9985 for the 3-, 6-, and 9-day resting periods,

respectively, were determined for the relationship between the saturated hydraulic
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conductivity and the flux peak under the constant 100 kg/m?/year SLR. Since the
drainage dewatering depends on the hydraulic head and saturated hydraulic conductivity
of the sludge deposit layer, a higher hydraulic head and saturated conductivity would
result in a faster draining rate. The loading condition of a 6-day resting period and 100
kg/m?/year SLR presents a broader range of saturated conductivity from 0.0001 to 0.6

cm/min, ensuring a faster drainage and is time efficient.

In error analysis, the overall MAE and RMSE were calculated to be 0.039022 and
0.055862, respectively, indicating the robustness of the proposed model in simulating the
effluent flow in STRB-treating septage. Meanwhile, the MAE% for 78 cases ranged from
4.94% to 331.72%. The extraordinarily high error percentage beyond 100% indicates that
the MAE% is less appropriate for the flux data analysis. This is mostly due to the flux
values of less than 1.0 cm/min, as they involved many decimals that have led
to extremely high deviations (Armstrong & Collopy, 1992). Hence, the average MAE%
of approximately 48% was considered high due to the incapability of the proposed model
to describe the cracked and clogging cases with a simple calibration. However, the MAE%
for 57 out of 78 cases was below average, which confirmed the reliability of the proposed
model. Additionally, an average water recovery of approximately 70% upon incomplete
drainage and evapotranspiration also contributed to the high MAE%, leadingto a
relatively low R? value of 0.5898 + 0.2208.
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Saturated conductivity vs. Flux peak (100 kg/m?2/year)
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Figure 5.17: Graph of saturated hydraulic conductivity versus flux peak under varying
resting periods.

Moreover, the average MAE and RMSE were always low for all loading
conditions. However, the average MAE% was high due to flux overprediction towards
the end of the treatment period, leading to a relatively low R? value. The average MAE%
increased with SLRs (47.77% > 54.54% > 81.10%) of 50, 100, and 150 kg/m?/year. In
contrast, the lowest MAE% of 17.03% was found in the resting period of 18 days under
varying resting periods, while the highest MAE% was attributed to a 6-day resting period
with 81.10%. The high error percentage was caused by the high number of feeding-
resting cycles, where the continuous sludge accumulation causes prolonged surface
ponding and results in deviations. Hence, the standard deviations of the MAE, MAE%,
and RMSE between the measured and predicted flux data were always larger than the
average values due to the highly inconsistent results of the flow cases. These major errors
were attributed to the cracked and clogging cases, where the predicted hydraulic heads
and saturated conductivities always failed to match the flow-occurring delays and flux

peaks, respectively.
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5.7.2 Evapotranspiration (ET)

The potential evapotranspiration (ET) rate was estimated using the Penmen Monteith
equation based on the weather data. The weather data, such as air temperature, wind
speed, and relative humidity across the experimental period (July to November 2022), are
shown in Appendix U. The minimum and maximum air temperatures were 21.6 and
33.7°C, respectively. The maximum wind speed was 7.9 m/s. At the same time, the
minimum and maximum relative humidities were 47 and 100%, respectively. Certainly,
considering evaporation and transpiration by vegetation has improved the accuracy of the
hydraulic simulation based on the water balances. However, factors such as weather and
climate conditions always affect the efficiency of ET. The Penman-Monteith equation has
successfully described the water loss via the vegetation but is significantly dependent on
the weather conditions as the equation is employed with climatic data (Dlouha et al.,
2021). In Malaysia, the weather conditions are always high in temperature and windy,
which causes a high ET rate. In return, the humidity and total rainfall are high, which

potentially limits its efficiency.

Particularly in this study, the average crop height was assumed to be 1 m, with the
empirical factor of LAI equivalent to 4. The index of LAI was used to represent the ET
rate, which has shown a dependency on vegetation growth in the hydraulic simulation.
The common reeds used in the study were one of the most seen vegetation applied to the
reed bed system. These reeds are remarkable with their transpiration capability, rapid
growth rate, impressive contaminants tolerance, and ponding condition (Abideen et al.,
2020; Abideen et al., 2022; Mazumder et al., 2021).

The simulation of water loss through evapotranspiration (ET) was included as a
sink term of Richards’ equation that involved the upper layer of the sludge deposit layer.
With the inclusion of the ET mechanism in the proposed model, the estimation of water
loss to the atmosphere could simulate the actual water uptake by plants. However, it is
determined that the influence of water removal by the ET is generally less influential,
bringing a significant figure in the overall hydraulic module, and is only remarkable
when a long resting period is implemented in STRB (Cascone et al., 2019;
Wanniarachchi & Sarukkalige, 2022).
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The potential ET rate was estimated according to the parameters given in Table
5.8. However, the average simulated ET rate of 0.0051 cm/day was significantly low
enough to represent the water loss via the ET due to the small size of the reed bed.
Further, the reed beds with shorter resting periods also resulted in a lower ET rate. By
means, the insufficient resting period, which results in the cracks on the sludge deposits,
would have a higher ET rate initially due to larger surface area exposure. Still, the
consistently dried and cracked conditions of the sludge deposits have caused the influent
to bypass the reed bed, eventually leading to a lower ET rate (Tan et al., 2023).
Conclusively, a longer resting period is always required for the respective hydraulic load

to prolong the temporary ponding condition for the ET process.

Figure 5.18 shows the simulated MCs under varying resting periods with a
constant 100 kg/m?/year SLR. The results indicated that the simulated MC for the 27-day
resting period has the lowest percentage at the end of treatment, which further confirmed
the importance of ET in drying the sludge deposit during the non-feeding period.
However, the prolonged resting period would increase the actual operational cost,
burdening a developing country (Krzyk & Drev, 2023). Therefore, the treatment duration
is only extended to meet the final disposal of 20% solids which complies with the

government standard.
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Moisture content (Case AM @ 100 kg/m?/year)
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Figure 5.18: Simulated moisture content with a constant 100 kg/m?/year SLR under
varying resting periods of case AM (90315 ml | 8.00 cm).

5.7.3 Sludge Accumulation

The proposed model has considered sludge accumulation's influence on hydraulic
dynamics. The accumulated sludge deposit is believed to have reduced the infiltration
rate. The current approach simulated the sludge accumulation as a function of time with
the variation of thickness in the moving-mesh layer. At the same time, its hydraulic
properties complied with the saturated conductivity. The sludge deposit accumulation
was estimated by applying compressible cake filtration theory, where the changes in
sludge thickness were based on the imposed flux with respective sludge and sludge
deposit porosity (Hofgen et al., 2019). Since the sludge porosity coefficients are always

small, the governing parameter for the sludge model is the infiltration flux.

The average simulated sludge accumulation for 78 cases was 0.22 cm/day, much
higher than the measured sludge accumulation of 0.05 cm/day, as indicated in Table 5.12.
The standard deviations of the sludge thickness increments were high due to different
numbers of experimental runs. The TS loads for each loading ranged from 0.16 to 1.47 kg,
directly increasing the sludge deposit layer thickness.
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Figure 5.19 compares the average measured and simulated sludge deposit
increments with respect to the TS loads under different loading conditions. It shows that
average measured sludge increments were the highest under 100 kg/m?/year SLR and 3-
day resting period loading conditions. The continuous septage loading with a shorter
resting period sustained the bed moisture, ensuring the entity of the sludge deposit layer
and accumulating more solids on the layer surface. The lowest possible total solids loads
of 1.76 kg but recorded with the highest sludge deposit layer thickness of 0.16 cm has
confirmed the situation.

Moreover, the difference between the average sludge deposit increments and the
total solid loads increases with the prolonged resting periods. Typically, an extended
resting period requires larger hydraulic loads to support the drainage capacity, thus
accumulating more solids on the sludge deposit layer. However, the extensive drying of
the sludge deposit layer during the resting period would lead to crack occurrence, further
reducing the sludge deposit thickness with solids bypassing the filter medium (Huong et
al., 2024a).

Table 5.12: Average measured and simulated sludge deposit increments.

SLR (kg/m?/year)| [ 50] | 1001 [ 1501 [ 100 [ 2001 [ 100] [ 1001
Resting period (day) | 6 6 6 3 9 18 27
Number of 15| 15 | 15 | 11 | 10 | 4 3 i
treatments
TS loads 0.58 +
(kg/loading) 0.16 | 0.33 | 0.49 | 0.16 | 0.49 098 | 1.47 0.48
Total solid loads 4.24 +
(o) 240| 495 | 7.35 | 176 | 490 | 3.92 |44l | "
Totalincrements | oo 1 g3 | 450 | 517 | 467 | 150 | 417 | >12F
(cm) 1.86
Average measured 0.05 +
increments perday |[0.01| 0.02 | 0.05 | 0.16 | 0.05 | 0.02 | 0.05 0 05_
(cm/day) '
Average simulated 1 o0 | o5 | 050 | 039 | 019 | 011 | 004 | %22F
increments (cm/day) 0.17
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Figure 5.19: Sludge deposit increments under different loading regimes.

In contrast, the highest average simulated sludge deposit increments were under
loading conditions of 150 kg/m?/year SLR and a 6-day resting period. Since the
numerical model simulation uses mathematical calculations to estimate the sludge
thickness based on the imposed flux, the higher SLRs provide more hydraulic loads to
boost the infiltration flux further, leading to higher sludge accumulation (Sgrensen et al.,
1996). Such an outcome was mainly caused by the large hydraulic loads, as the sludge
equation used in the proposed model depends on the imposed flux. In other words, the
difference between the predicted and measured results is minimal when the hydraulic
load is small. Hence, the simulated sludge accumulation matched the trend of the

measured result for cases with smaller hydraulic loads, as shown in Figure 5.20.
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Figure 5.20: Simulated sludge accumulation of case A (8710 ml | 5.50 cm).

Certainly, the larger hydraulic load, by means of higher SLR, would lead to more
sludge accumulation on top of the sludge deposit layer (Tan et al., 2023). However, the
difference between the simulated and measured sludge accumulation increases with the
increasing hydraulic load, as shown in Figure 5.21. Upon feeding, the settlement of solid
particles is rapid in the early stage of treatment and starts to decelerate gradually during
the ponding when there is no external disturbance. However, this statement is only valid
without the cracks on the sludge deposit layer. Upon the crack occurrence, the measured
sludge accumulation is highly affected due to some of the influent septage bypassing the

substrate filter directly, leading to lower measured sludge accumulation.

Moreover, the high MC in the sludge deposit layer also caused the deviation in
the simulated results with increased sludge deposit thickness. Since the thicker sludge
deposit layer has lower permeability, the simulated sludge accumulation rate was slower
than the measured thickness due to the thicker initial sludge deposit input in the
simulation. Further, the proposed sludge model uses compressible cake filtration theory,
including sludge accumulation and compression, deteriorating the results (Friedrich et al.,

2022). The proposed sludge model describes the newly loaded sludge accumulating onto
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the existing compressed sludge deposit layer. Hence, the reduced infiltration flux due to

the compressed layer decelerated the subsequent sludge accumulation rate.

Case H
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Figure 5.21: Simulated sludge accumulation of case H (26140 ml | 8.33 cm).

In addition, the manual measurement of thickness using a ruler also decreased the
accuracy of the results. Although the thickness measurements were taken averagely from
three points of the sludge deposits, the unsmooth surface of the gravel layer below the
sludge deposits has led to inaccuracies in the results. Also, the mixture of septage has
blurred the line between the solid sludge and wastewater, making it difficult to measure
the actual sludge deposit layer thickness. As a result, the simulated sludge accumulation
was overpredicted.

5.7.4 Sludge Stabilization

The growth and decay of microorganisms in the sludge deposit define sludge stabilization.
The development of bacteria consumes organic matter as food for growth and production,
while the decay of bacteria has indirectly provided additional organic content in the
sludge deposit layer (Wang, Jiang, et al., 2022). As discussed in Chapter 3, the organic

content includes biodegradable and inert substances that undergo biological processes.
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The biodegradable substances can be degraded into finer components such as nitrates and
phosphorus. In contrast, the inert particles are undegradable in the biological process,

remaining unchanged throughout the biological process.

According to the results and discussions in Chapter 4, the overall TVS content
decreased with lower SLRs and shorter resting periods. In such a circumstance, the
sludge deposit layer deforms and finally cracks upon extensive moisture loss. Further, the
sludge deposit is reaerated with sufficient oxygen for sludge mineralization and
stabilization. The significantly low TVS content for the case of 50 kg/m?/year SLR with a
6-day resting period has confirmed the scenario. However, the incremental SLRs and
prolonged resting periods up to 150 kg/m?/year and 27 days showed a distinct outcome.
The large hydraulic load has created a waterlogging condition where the oxygen is

hindered from entering the sludge deposit layer, thus reducing the sludge stabilization.

During the sludge stabilization, the TVS content was determined to decrease
throughout the resting period. The TVS content decreased with TS content, where the
removal of TS was slightly higher than the TVS (Le Pera et al., 2021). Since the overall
organic content measures the growth and decay of microorganisms, the changes in the
organic concentration in the sludge deposit layer can be described through biokinetic
simulation. The sludge stabilization determines the breaking down of organic matter into
nutrients, thus allowing it to be absorbed by plants or involved in biochemical processes
(ammonification, nitrification, and denitrification). The modeling of sludge stabilization
in the sludge deposit layer would monitor the possible organic changes in the reed bed
system and estimate the final organic content of the stabilized sludge (Cramer &
Tréanckner, 2020).

The sludge stabilization in the sludge deposit layer was modeled according to the
ASM3 (Gujer et al., 1999), which involves both production and decaying of the organic
matter. The reaction term in the solute transport module was extracted to simulate the
sludge stabilization individually. Then, the initial concentrations of the nutrients, such as
dissolved oxygen, bicarbonate, and nitrates, were prescribed in the proposed model. In
addition, the COD concentration was obtained experimentally and inputted into the

model to initiate the biokinetic simulation. Since COD concentration is the primary
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variable in sludge stabilization, it dominates the organic content in the sludge deposit
layer. Hence, the biokinetic model was added after the hydraulic simulation as it involves

the changes in volumetric water content.

The ASM3 involves several biological processes: hydrolysis, aerobic and anoxic
growth of heterotrophs, growth of autotrophs, and lysis (Simon-Vérhelyi et al., 2020).
The growth of the heterotrophs and autotrophs mainly contributed to the overall decrease
in the organic content by consuming soluble, biodegradable organic materials and
nutrients for development. At the same time, lysis increases the overall organic content
due to the breakdown of the biomass and microorganisms. Hence, the COD concentration
is best for monitoring the changes in the organic content of the sludge deposit layer,
presenting a gradual decreasing curve along the resting period as the growth of the

microorganisms always dominates the lysis.

The average measured and simulated organic concentrations for 78 cases were
849.65 mg/L and 464.77 mg/L, respectively. The average TVS removal for the predicted
organic content was 92.58%, higher than the actual removal of 83.09%. Figure 5.22
shows a promising simulation of sludge stabilization with only a 6.57% difference in the
final organic content. The difference is believed to be caused by the inconsistency of the
measured TVS contents, which varied across the treatment duration due to varying MCs.
The highly moisturized sludge deposit would have lower organic content due to lesser
organic matter retrieved for laboratory tests (Osei et al., 2019). Further, the ponding
condition also hindered the oxygen from entering the sludge deposit, leading to

insufficient growth of bacteria and, thus, a lower final organic content.

In contrast, the increase in the measured organic content was due to the
occurrence of cracks on the sludge deposit layer, which increases the total surface area
for bacteria respiration. The large exposure of the sludge deposits to the atmosphere
allowed a higher oxygen exchange rate, providing favorable environment for the
development of bacteria (Wang et al., 2020). Hence, the regrowth of the microorganisms
has led to a larger deviation in the measured and simulated organic contents, as shown in
Figure 5.23.

239



Case H

1400

1200

1000

800

600

400

200

Organic concentration (mg/L)

0 1440 2880 4320 5760 7200 8640 10080 11520 12960

Time (mins)

---@--- Measured organic content

Simulated organic content

Figure 5.22: Simulated organic content of case H (26140 ml | 8.33 cm | 6818.5 mg/L).
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Figure 5.23: Simulated organic content of case AU (27/09/2022 | Bed 3 | 45470ml).

The overall measured results were found to fluctuate throughout the resting period.
However, the simulated organic contents were smoother, presenting a gradual reclining

curve. The main reason for high error deviations was the waterlogging and crack
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conditions on the sludge deposit layer. Under normal flow case conditions where the
ponding was temporary, the measured organic content decreased with the resting period.
However, there were cases where the organic content shot up to extremely high
concentrations, indicating the occurrence of cracks in the sludge deposit layer. The crack
occurrence would have boosted the effluent flux and lengthened the sludge deposit drying
period. The sufficient oxygen reaeration in the sludge deposit allowed for extensive
decomposition, resulting in higher microorganism production and final organic content
(Wang, Bengtsson, et al., 2019). In contrast, the cases with higher SLRs and prolonged
resting periods would have led to ponding conditions. The severity of the ponding
situation hindered the oxygen exchange between the atmosphere and the sludge deposit,
leading to low final organic content in the sludge deposit. The decomposition of nutrients
only starts after the surface ponding disappears, thus presenting a U- or V-shape curve
throughout the resting period.

The highest organic content was observed during the loading period of the
simulated results. The biodegradation process occurs whenever the sludge is loaded. Thus,
nutrient decomposition directly decreases the organic content in the sludge deposit layer.
Since biodegradation is slow, the organic content tends to decrease gradually throughout
the resting period (Wang, Jiang, et al., 2022). The proposed model could not simulate the
results incorporating unique flow cases such as waterlogging and cracked conditions.
However, the ideal case of organic matter decomposition has been excellently simulated
through the proposed model. Conclusively, the changes in organic content should be seen

in a long-term vision as the decomposition of nutrients is a slow process.

5.7.5 Comparison Between FMM and MMM

A comparison between fixed-mesh and moving-mesh methods of discretization was
performed in the simulation of the hydraulic results. The conventional method of
discretization was performed by Picard’s iteration, where the solution nodes are solved
using the old meshes (Tang, 2005). This method has been widely used in modeling the
hydraulic flux in sludge treatment areas, especially with the HYDRUS software (Grecco

et al., 2019). However, as the adaptive mesh refinement scheme was discovered, the
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results improved from the fixed-mesh method (Bruce, 2011; Lee et al., 2015). The
moving-boundary condition due to ponding and sludge accumulation can then be
modeled through the simulation, thus enhancing the robustness of the proposed model. In
contrast to the conventional method, the equation and solution nodes are solved

simultaneously to generate a new solution node in the next step.

Especially for the hydraulic simulation in the sludge treatment reed bed, the
moving-mesh method can simulate the ideal cases of temporary ponding on top of the
bed surface. The boundaries are always changing upon different infiltration rates due to
drainage and evapotranspiration. Hence, these changes could be ideally simulated
through the application of MMM. Figure 5.24 shows the comparison between the
simulated cases using the FMM of HYDRUS and the MMM of the proposed model. The
same initial condition of -15 cm hydraulic head and saturated hydraulic flux of 0.015
cm/min under the imposed flux of 1.5 cm/min was used to simulate the effluent fluxes
through the FMM and MMM of discretization. From the results, the flux peaks were
matched nicely at around 0.024 cm/min, but the delay of flow occurrence was slightly
slower in the FMM. Further, the higher infiltration rate during the resting period
extensively increased the cumulative effluent at the end of treatment. Such a condition is
believed to be caused by the overprediction in effluent flux due to the thinner sludge
deposit layer, thus reducing the layer permeability and allowing more water to pass

through.

In the MMM application, considering the sludge deposit accumulation increased
the thickness of the top simulation mesh, further reducing the infiltration rate and
providing a better result. The meshes are always moving with the equation nodes, thus
controlling the effluent flux by limiting the infiltration rate through the saturated
hydraulic conductivity of the sludge surface layer. This has further confirmed that the

MMM simulation is promising and trustworthy in modeling the hydraulic flow in STRB.
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Figure 5.24: Comparison between FMM and MMM.

5.8  Summary of Simulation Results

In summary, the proposed hydraulic module worked well in simulating the effluent flux
of the laboratory-scale STRB. The substrate medium was partitioned into the sludge
deposit layer (measured thickness from experimental), intermediate layer (5 cm), small-
sized gravel layer (10 cm), and medium-sized gravel layer (10 cm). The drainage layer
was excluded in the domain of interest of the simulation model as its influence was
significantly minor. The top boundary condition was switched between temporal flux-
controlled and head-controlled driving forces to describe the draining and temporary
ponding scenario. Additionally, the bottom boundary condition was set to be a free

drainage condition.

In the hydraulic simulation, the initial condition of the hydraulic head in the reed
bed was calibrated to match the delay of flow occurrence. In contrast, the saturated
hydraulic conductivity of the sludge deposit layer was based on the flux peak. The
proposed model was promising in simulating the effluent flux of the STRB with respect
to different SLRs, resting periods, sludge quality, and sludge thickness. Regarding the
error analysis conducted, the proposed model was found to have successfully matched the
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hydraulic flows in many cases, excluding the “bypassed” and “clogged” cases. The low
average MAE and RMSE values of 0.039022 and 0.055862 indicated that the proposed
model was theoretically and technically stable and reliable in simulating the hydraulic
flow for septage treatment. Moreover, the highest R2 value can reach up to 0.9620,

further confirming the proposed model's consistency and robustness.

In addition to the prescribed pressure head and the delay of flow occurrence, the
current findings revealed a possible proportional relationship between the two parameters.
The increase in the pressure head would have caused an increase in the duration of the
flow occurrence. This is explained by the large hydraulic load, resulting in high pressure,
and prolonging the ponding condition. Furthermore, the saturated hydraulic conductivity
of the sludge deposit layer was discovered to increase with the flux peak due to the
improving permeability of the layer. Certainly, saturated conductivity dominates the
maximum hydraulic conductivity, limiting the infiltration flux through the layer. Hence,
the incremental sludge deposit layer thickness due to continuous sludge accumulation
would decrease the flux percolation rate upon the reduction in layer permeability. In
addition, the research findings for the conventional simulation method were believed to
have over-predicted the effluent flux when the accumulation of the sludge deposit layer

was disregarded.

Moreover, the ET rate was considered insignificant to the hydraulic simulation.
However, including the ET sub-model was necessary to illustrate the possible water loss
via the vegetation. The resulting ET rate was minor in this study due to the small surface
area of the reed bed, but it might be meaningful in other research to better explain the

water loss to the atmosphere.

Sludge accumulation has a major impact on hydraulic simulation, especially in the
formation of a sludge deposit layer. This layer formation is crucial to enhance the
contaminant removal by prolonging the ponding duration, thus allowing sufficient
biochemical interaction due to a slower infiltration rate. The predicted sludge
accumulation matched the trend of measured results with rapid initial sludge
accumulation before decelerating gradually. The predicted sludge accumulation rate can

estimate the possible sludge deposited onto the reed bed, providing additional
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information about the relationship between the sludge deposit layer thickness and
respective effluent flux. Conclusively, the proposed model managed to describe the
moving boundary condition due to the sludge accumulation and the shrinkage upon
evaporation and drainage effect.

Furthermore, sludge stabilization has been successfully simulated through the
application of ASM3, where the biokinetic model involved the growth and decay of
organic matter. The overall simulated organic content matched the decreasing trend of the
measured data, indicating a robust simulation in the biokinetic model. Upon ponding
condition, the measured organic content was slightly lower than the measured results due
to the inactivity of microorganisms. The waterlogging hindered oxygen exchange
between the sludge deposit and the atmosphere, leading to insufficient growth of
microorganisms, thus lowering the organic content in the sludge deposit layer. However,
the deviations between the simulated and measured organic contents were fatal under the
cracked sludge deposit layer. The crack occurrence on the sludge deposit layer has
allowed more oxygen reaeration in the sludge deposit, causing an extensive development
of microorganisms and, eventually, higher organic content. Conclusively, the biokinetic
model simulated the possible sludge stabilization in the sludge deposit layer without

ponding conditions and cracked sludge deposits.

In addition, a comparison between the FMM and MMM simulations in hydraulic
flow was made to enhance the significance of this project study. The results showed that
the MMM of discretization has generated better results in the hydraulics of STRB. The
MMM complies with the moving boundary condition, which accommodates the sludge
accumulation based on the saturated hydraulic conductivity of the sludge deposit layer,
thus preventing overprediction in the flux peaks. As a result, the overall effluent and

cumulative flux matched the measured data promisingly.

To conclude, the proposed model has successfully simulated the desired results.
Yet, it has proven its robustness and reliability by implementing moving boundary
conditions due to surface ponding and sludge deposit accumulation.
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CHAPTER 6: PARAMETRIC STUDIES

6.1 Determination of Sensitivity Parameters

The SLR and resting period are the main operating regime for the STRB. These
parameters control the volume of sludge loaded to the reed bed, affecting subsequent
discharge behaviors and sludge deposit characteristics. In hydraulic simulation, the
hydraulic head and saturated hydraulic conductivity are the controlled parameters of the
overall simulation results. The hydraulic head relates to the delay in the flow occurrence.
In contrast, the saturated hydraulic conductivity of the sludge deposit layer controls the
maximum infiltration flux through the reed bed, also known as the flux peak during the
feeding-resting cycle.

Previous chapters of this study focus on the known factors influencing the STRB
performance, mainly weighted on the dewatering efficiency of the system. Hence,
further study of the effect of controlled parameters on the STRB performance is
discussed in this chapter. The tested parameters include hydraulic head and saturated
conductivity corresponding to the sludge deposit layer thickness and SLR and resting
period with the respective loading volumes. These parameters are investigated to study
the effect on sludge dewatering, including effluent flux, moisture content (MCs), sludge
accumulation, organic content, and evapotranspiration. In short, the effluent flux is the
draining rate of the STRB system, where the hydraulic load directly affects the MC,
sludge accumulation, and organic content of the sludge deposit layer, as well as the
overall evapotranspiration of water loss to the atmosphere.

Table 6.1 summarizes the total 78 sets of experimental runs for the STRBs in
septage treatment, categorized according to the type of flow cases. The average water
recovery of 70.33 £ 18.62% implied that the STRB efficiently dewatered sludge via
drainage. The remaining moisture was assumed to either have been lost through
evapotranspiration or retained in the pores of the sludge deposit layer and substrate bed,
leading to incomplete drainage and water recovery. Essential data from the simulation
data, including hydraulic head and conductivity, were compiled for parametric study. The

hydraulic pressure indicates the dryness of the bed, while a higher pressure (closer to zero)
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indicates the bed is highly moisturized. An average hydraulic pressure of -19 + 8 cm has
been determined for simulating the effluent flux in the STRB. The initial pressure is
relatively consistent across the beds due to the same types of sludge and gravel used
(Huong et al., 2024Db). Although the hydraulic loads varied in different loading conditions,
the applied sludges were infiltrated through the same substrate thickness, and the only

changes in the layer thickness were the sludge deposits.

Moreover, the saturated hydraulic conductivity, Ks, is crucial to the dewatering
efficiency. According to the calibrated values, the saturated hydraulic conductivity of the
sludge deposit layer used in matching the drainage flow pattern ranged from 0.0001 to
0.600 cm/min, indicating a varying characteristic of the sludge deposit layer. On the one
hand, a low Ks value resulted in a prolonged ponding condition, leading to a slow flux
peak and low water recovery over the feeding-resting cycle. On the other hand, a
relatively high Ks value represents the bypassed condition in the bed, where the cracks in

the sludge deposit layer result in a faster infiltration rate and flux peak.

On average, the initial thickness of the sludge deposit layer was 10.00 + 2.03 cm,
and the average sludge density, porosity, and sludge deposit porosity were 22.20 kg/m?,
0.24, and 0.0111, respectively. Since the sludge deposit thickness has the lowest
hydraulic conductivity, the incremental sludge deposit thickness directly reduces the
resultant flux. The continuous sludge accumulation increases the amount of solids
deposited on the existing layer, causing possible blockage of pores, and leading to longer
surface ponding. Hence, this information on the sludge deposit layer was then used as

the constant variables in the parametric study.

In addition, the sensitivity analysis of the sludge stabilization was also included.
The average initial COD concentration of 4763.32 + 1384.20 mg/L was fixed at constant
to simulate the outflow dynamics of the organic content. The MC of the sludge deposit
layer would affect its organic content (Saeed et al., 2022). The moisturized sludge deposit
layer sustains the bacteria growth, allowing continuous sludge mineralization and
stabilization. Hence, the hydraulic load controls the moisture and organic contents, while
the hydraulic head and saturated hydraulic conductivity regulate the infiltration flux and

dryness of the sludge deposit layer.
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Table 6.1: Loading conditions and parameters based on flow cases (D=sludge deposit density, Ec=sludge deposit porosity, Es=sludge

porosity).
Lfg‘g,"(‘ga?";‘)tﬁh ol |l wr | b o FP | Calibrated | Calibrated N
SLR cm | ©em) | @) | (glem?) Ec Es (min) (cm/ h Ks _ Condition
(kg/m?/year) min) (cm) (cm/min)
Normal flow cases
A 3 |100| 8,710 550 | 69.06 | 18.78 | 0.18 | 0.0094 30 0.0054 -18 0.0015 -
B 6 | 50 | 8,710 7.00 | 7256 | 18.78 | 0.47 | 0.0094 20 0.0199 -17 0.0060 -
D 6 | 150 | 26,140 | 7.83 | 69.93 | 18.78 | 0.18 | 0.0094 20 0.0087 -15 0.0006 -
E 3 [100| 8,710 8.17 | 51.38 | 18.78 | 0.18 | 0.0094 50 0.0066 -20 0.0010 -
G 3 |100| 8,710 7.00 | 113.61 | 18.78 | 0.18 | 0.0094 40 0.0064 -20 0.0015 -
H 9 | 100 | 26,140 | 8.33 | 84.56 | 18.78 | 0.22 | 0.0094 45 0.0076 -23 0.0009 -
| 6 | 50 | 5,460 8.17 | 59.52 | 29.97 | 0.43 | 0.0150 45 0.0081 -18 0.0025 -
0] 6 | 50 | 5,460 8.83 | 61.90 | 29.97 | 0.43 | 0.0150 20 0.0168 -15 0.0035 -
AR | 9 | 100 | 45,470 | 11.33 | 71.23 | 10.80 | 0.14 | 0.0054 1 0.6952 -7 0.0500 -
AU | 6 | 150 | 45,470 | 11.83 | 67.75 | 10.80 | 0.14 | 0.0054 6 0.0738 -13 0.0065 -
AV | 6 | 50 | 15,150 | 7.50 | 75.76 | 10.80 | 0.29 | 0.0054 2 0.2903 -10 0.0500 -
AY |18 | 100 | 90,940 | 10.33 | 77.64 | 10.80 | 0.59 | 0.0054 1 0.4456 -6 0.0040 -
BC | 6 | 150 | 45,470 | 11.33 | 81.49 | 10.80 | 0.14 | 0.0054 2 0.2368 -9 0.0250 -
BE | 9 | 100 | 45,470 | 12.17 | 83.63 | 10.80 | 0.14 | 0.0054 6 0.0331 -12 0.0020 -
BF | 6 | 50 | 15,150 | 7.83 | 85.81 | 10.80 | 0.29 | 0.0054 1 0.3081 -9 0.0550 -
BG | 6 | 100 | 30,310 | 12.83 | 82.93 | 10.80 | 0.15 | 0.0054 1 0.8098 -10 0.1000 -
BH | 6 | 150 | 45,470 | 11.50 | 84.76 | 10.80 | 0.14 | 0.0054 1 1.8844 -9 0.2000 -
Bl 6 | 50 | 9,345 7.00 | 84.43 | 17.51 | 0.34 | 0.0088 2 0.2597 -10 0.0700 -
BK | 6 | 150 | 28,040 | 10.83 | 86.45 | 17.51 | 0.32 | 0.0088 1 0.4584 -10 0.0800 -
BN | 6 | 50 | 9,345 6.50 | 84.43 | 17.51 | 0.34 | 0.0088 2 0.1019 -10 0.0250 -
BO | 6 | 100 | 18,690 | 12.17 | 82.72 | 17.51 | 0.30 | 0.0088 1 0.3463 -10 0.0500 -
BP | 6 | 150 | 28,040 | 11.83 | 87.82 | 17.51 | 0.32 | 0.0088 1 1.7876 -8 0.3500 -
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BQ | 9 |100| 28,040 | 13.00 | 80.60 | 17.51 | 0.14 | 0.0088 1 0.1732 -9 0.0100 -
BR | 6 | 50 | 9,345 750 | 9283 | 17.51 | 0.34 | 0.0088 1 0.0815 -10 0.0200 -
BS | 6 | 100 | 18,690 | 12.17 | 92.70 | 17.51 | 0.30 | 0.0088 3 0.1604 -11 0.0250 -
BU | 6 | 50 | 9,345 750 | 96.95 | 17.51 | 0.34 | 0.0088 1 0.2801 -9 0.0750 -
BV | 6 |100| 18,690 | 1250 | 97.03 | 17.51 | 0.30 | 0.0088 2 0.1935 -10 0.0275 -
BX |18 | 100 | 56,080 | 11.50 | 92.80 | 17.51 | 0.21 | 0.0088 1 0.0738 -9 0.0010 -
BZ | 9 | 100 | 28,040 | 13.00 | 78.78 | 17.51 | 0.16 | 0.0088 2 0.0840 -9 0.0030 -
Mean 25,470 | 9.76 | 81.07 | 16.55 | 0.27 | 0.0083 11 0.3054 -12 0.0430 -
Std Deviation | 19,447 | 2.38 | 12.69 5.00 | 0.12 | 0.0025 16 0.4713 4 0.0731 -
Minimum 5,460 550 | 51.38 | 10.80 | 0.14 | 0.0054 1 0.0054 -23 0.0006 -
Maximum 90,940 | 13.00 | 113.61 | 29.97 | 0.59 | 0.0150 50 1.8844 -6 0.3500 -
Cracked flow case
F 6 |100| 17,420 | 6.33 | 91.91 | 18.78 | 0.22 | 0.0094 30 0.0199 -19 0.0015 Cracked
M 6 |100| 10,917 | 7.67 | 66.18 | 29.97 | 0.19 | 0.0150 55 0.0326 -25 0.0014 Cracked
AO | 6 | 50 | 15,150 | 6.17 | 73.43 | 10.80 | 0.29 | 0.0054 1 1.0008 -9 0.2400 Cracked
AP | 6 | 100 | 30,310 | 12.33 | 85.60 | 10.80 | 0.15 | 0.0054 1 2.6050 -10 0.6000 Cracked
AQ | 6 | 150 | 45,470 | 11.50 | 88.04 | 10.80 | 0.14 | 0.0054 1 2.0041 -9 0.2500 Cracked
AW | 6 [100| 30,310 | 11.33 | 84.87 | 10.80 | 0.15 | 0.0054 1 1.2783 -10 0.2500 Cracked
AX | 6 | 150 | 45,470 | 11.00 | 80.16 | 10.80 | 0.14 | 0.0054 1 2.7833 -13 0.4000 Cracked
BD |27 | 100 | 110,000 | 10.83 | 83.39 | 10.80 | 0.18 | 0.0054 1 0.9906 -6 0.0400 Cracked
Mean 38,131 | 9.65 | 81.70 | 14.19 | 0.18 | 0.0071 11 1.3393 -13 0.2229 -
Std Deviation | 31,832 | 2.50 8.32 6.96 | 0.05 | 0.0035 20 1.0568 6 0.2094 -
Minimum 10,917 | 6.17 | 66.18 | 10.80 | 0.14 | 0.0054 1 0.0199 -25 0.0014 -
Maximum 110,000 | 12.33 | 91.91 | 29.97 | 0.29 | 0.0150 55 2.7833 -6 0.6000 -
Ponded flow case
K 6 | 150 | 16,380 | 11.33 | 47.31 | 29.97 | 0.24 | 0.0150 145 0.0012 -25 0.0002 Ponded
L 3 | 100 | 5,460 7.83 | 66.85 | 29.97 | 0.23 | 0.0150 145 0.0019 -21 0.0005 Ponded
N 3 | 100 | 5,460 8.33 | 48.08 | 29.97 | 0.23 | 0.0150 90 0.0006 -18 0.0002 Ponded
P 6 | 100 | 10,917 | 1150 | 36.14 | 29.97 | 0.20 | 0.0150 180 0.0004 -22 0.0001 Ponded
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Q 6 | 150 | 16,380 | 11.50 | 49.27 | 29.97 | 0.24 | 0.0150 70 0.0010 -17 0.0001 Ponded
R 3 /100| 5,460 | 8.83 | 57.60 | 29.97 | 0.23 | 0.0150 175 0.0007 -20 0.0003 Ponded
U 3 1100| 2,930 | 9.67 | 4556 | 55.78 | 0.18 | 0.0279 250 0.0006 -25 0.0004 Ponded
V 6 | 50 | 2,930 | 7.50 | 16.04 | 55.78 | 0.59 | 0.0279 102 0.0001 -20 0.0001 Ponded
W | 6 [100| 5870 |10.83 | 51.70 | 55.78 | 0.15 | 0.0279 146 0.0003 -19 0.0001 Ponded
X 6 150 | 8,800 | 10.50 | 65.57 | 55.78 | 0.18 | 0.0279 145 0.0006 -22 0.0002 Ponded
Y 3 /100| 2,930 | 9.50 | 45.90 | 55.78 | 0.18 | 0.0279 146 0.0003 -22 0.0002 Ponded
Z 6 |100| 5870 | 7.67 | 43.78 | 55.78 | 0.25 | 0.0279 144 0.0006 -22 0.0003 Ponded
AA | 3 |100| 2,930 |10.67 | 65.19 | 55.78 | 0.18 | 0.0279 250 0.0005 -22 0.0004 Ponded
AB | 9 |100| 8,800 |11.33 | 58.86 | 55.78 | 0.22 | 0.0279 250 0.0012 -22 0.0009 Ponded
BW | 6 | 150 | 28,040 | 12.33 | 96.47 | 17.51 | 0.32 | 0.0088 1 0.2648 -8 0.0275 Ponded
Mean 8,610 | 9.95 | 52.95 | 4290 | 0.24 | 0.0215 149 0.0183 -20 0.0021 -
Std Deviation 6,956 | 1.60 | 17.64 | 1458 | 0.10 | 0.0073 69 0.0682 4 0.0070 -
Minimum 2930 | 750 | 16.04 | 17.51 | 0.15 | 0.0088 1 0.0001 -25 0.0001 -
Maximum 28,040 | 12.33 | 96.47 | 55.78 | 0.59 | 0.0279 250 0.2648 -8 0.0275 -
Clogged flow case (Simulated hydraulic heads failed to match flux peaks)
C 6 | 100 | 17,420 | 10.67 | 63.29 | 18.78 | 0.17 | 0.0094 125 0.0051 -29 0.0004 -
J 6 |100| 10,917 | 11.50 | 43.83 | 29.97 | 0.20 | 0.0150 250 0.0005 -29 0.0001 Ponded
S 6 [100| 10,917 | 8.83 | 59.77 | 29.97 | 0.19 | 0.0150 70 0.0132 -29 0.0018 Cracked
T 9 |100| 16,380 | 8.50 | 49.91 | 29.97 | 0.23 | 0.0150 125 0.0031 -29 0.0004 Ponded
AC | 6 | 50 | 8030 | 833 | 54.30 | 20.37 | 0.58 | 0.0102 45 0.0153 -29 0.0030 -
AD | 6 | 100 | 16,070 | 11.67 | 55.57 | 20.37 | 0.21 | 0.0102 200 0.0028 -29 0.0005 Ponded
AE | 6 | 150 | 24,110 | 9.67 | 44.38 | 20.37 | 0.17 | 0.0102 90 0.0059 -29 0.0007 -
AF | 3 |100| 8,030 | 10.67 | 54.30 | 20.37 | 0.08 | 0.0102 100 0.0041 -29 0.0008 -
AG | 6 | 100 | 16,070 | 850 | 55.91 | 20.37 | 0.07 | 0.0102 95 0.0046 -29 0.0006 Ponded
AH | 3 |100| 8,030 | 10.67 | 50.75 | 20.37 | 0.08 | 0.0102 170 0.0008 -29 0.0004 Ponded
Al | 6 | 50 | 8,030 | 7.00 | 28.77 | 20.37 | 0.58 | 0.0102 30 0.0173 -29 0.0055 -
AJ | 6 [100| 16,070 | 11.00 | 54.39 | 20.37 | 0.21 | 0.0102 110 0.0097 -29 0.0025 Ponded
AK | 6 [ 150 | 24,110 | 11.00 | 59.21 | 20.37 | 0.17 | 0.0102 77 0.0163 -29 0.0018 Ponded
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AL |18 100 | 55,210 | 10.00 | 52.20 | 20.37 | 0.08 | 0.0102 68 0.0163 -29 0.0008 Ponded
AM | 27100 | 90,315 | 8.00 | 86.25 | 20.37 | 0.07 | 0.0102 10 0.1197 -28 0.0040 -

AN | 9 /100 | 24,110 | 11.00 | 49.13 | 20.37 | 0.19 | 0.0102 50 0.0188 -29 0.0030 Ponded
AS | 6 | 50 | 15,150 | 8.17 | 80.33 | 10.80 | 0.29 | 0.0054 7 0.1502 -29 0.0350 -
AT | 6 |100| 30,310 | 11.33 | 79.99 | 10.80 | 0.15 | 0.0054 4 0.3323 -29 0.0600 -
AZ | 9 | 100 | 45,470 | 1233 | 78.02 | 10.80 | 0.14 | 0.0054 6 0.1502 -29 0.0200 -

BA | 6 | 50 | 15,150 | 7.83 | 78.68 | 10.80 | 0.29 | 0.0054 18 0.0382 -29 0.0100 Ponded
BB | 6 |100| 30,310 | 11.50 | 80.96 | 10.80 | 0.15 | 0.0054 5 0.3005 -29 0.0400 -
B | 6 [100| 18,690 | 1250 | 79.11 | 17.51 | 0.30 | 0.0088 4 0.2190 -29 0.0500 -
BL |18 ]100| 56,080 | 12.33 | 93.59 | 17.51 | 0.21 | 0.0088 11 0.0458 -29 0.0033 -
BM | 9 |100 | 28,040 | 12.67 | 97.11 | 1751 | 0.16 | 0.0088 1 0.1222 -29 0.0200 -
BT | 6 | 150 | 28,040 | 12.33 | 86.45 | 17.51 | 0.32 | 0.0088 1 0.0968 -29 0.0175 -
BY |27100| 84,120 | 12.17 | 70.30 | 17.51 | 0.34 | 0.0088 11 0.0688 -29 0.0023 -
Mean 27,122 | 10.39 | 64.87 | 19.03 | 0.22 | 0.0095 65 0.0684 -29 0.0109 -
Std Deviation | 22,066 | 1.72 | 17.51 541 |0.13 | 0.0027 68 0.0940 0 0.0169 -
Minimum 8,030 | 7.00 | 28.77 | 10.80 | 0.07 | 0.0054 1 0.0005 -29 0.0001 -
Maximum 90,315 | 12.67 | 97.11 | 29.97 | 0.58 | 0.0150 250 0.3323 -28 0.0600 -
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Among 78 cases of hydraulic dynamics in the laboratory-scale STRB, 9 cases
were found in cracked sludge deposit condition, 25 in ponding condition, and the
remaining 45 as normal flows. In the simulation, the hydraulic pressure of smaller than -
28 cm failed to match the flow-occurring delay; thus, those cases are not presented. Also,
it is noted that hydraulic pressure larger than -10 cm often causes cracks in the sludge
deposit, which leads to effluents bypassing the substrate filter. The average hydraulic
heads were determined to be -12 + 4 cm, -13 £ 6 cm, and -20 + 4 cm, and the average
saturated hydraulic conductivities were 0.0430 = 0.0731 cm/min, 0.2229 + 0.2094
cm/min, and 0.0021 £ 0.0070 cm/min, respectively, under normal, cracked, and ponded

flow cases.

Figure 6.1 shows the relationship between the hydraulic pressure and flow-
occurring delay for different flow cases. Based on the trendlines, the hydraulic head
showed a logarithmic relationship with the flow delay. The cracked flow cases were often
calibrated with a hydraulic head larger than -10 cm, presenting a trendline equation of
y = —3.432In(x) — 9.4466 with a relatively low R? value of 0.8803. Meanwhile, the
calibrated hydraulic heads for ponded cases were mostly below -20 cm, giving a trendline
equation of y = —2.757In(x) — 7.4393 with the lowest R? value of 0.8304. In contrast,
the trendline equation of y = —2.821In(x) — 8.3854 could be used for possible
hydraulic head or flow delay estimation in normal flow cases. The highest R? value of
0.9043 further supported the results consistency of the normal case, where most hydraulic

heads ranged from -6 to -23 cm within the first hour of flow delay.
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Hydraulic head vs. Flow delay
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Figure 6.1: Graph of hydraulic head versus delay of flow occurrence (Normal, cracked,
and ponded cases).

A similar result was seen in the relationship between the saturated hydraulic
conductivity and the flux peak, as shown in Figure 6.2. The generated trendline equations
for the normal, cracked, and ponded cases are y = 0.0167x2 + 0.1133x + 0.0033,y =
0.0137x? + 0.1398x + 0.0023 , and y = —0.5627x? + 0.2525x + 0.0001  with R?
values of 0.8471, 0.8075, and 0.9994, respectively. The ponded flow case has the highest
R? value due to lesser calibrated conductivities. The cracked flow case has the lowest R?
value due to highly varying flux peaks. In contrast, most normal cases have a flux peak
and saturated conductivity lower than 1 cm/min and 0.1 cm/min, respectively, leading to
a relatively consistent polynomial relationship. However, the standard deviations were
high, revealing that the saturated conductivity always varied with flow cases. Thus, the
saturated conductivity of the sludge deposit layer is less likely to be used as a global
factor in hydraulic dynamic simulation for STRB, particularly for the cracked cases,
where the hydraulic conductivity could be random. Generally, the saturated conductivity
was controlled within 0.001 to 0.1 cm/min, with the flux peak ranging from 0.005 to 0.5
cm/min; thus, the values smaller or larger than this range are regarded as ponded or

cracked flow case, respectively.
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Saturated hydraulic conductivity vs. Flux peak
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Figure 6.2: Graph of flux peak versus saturated hydraulic conductivity (Normal, cracked,
and ponded cases).

Furthermore, the relationship between the hydraulic head and saturated
conductivity was studied by categorizing the average hydraulic heads according to the
average saturated hydraulic conductivities. As a result, the average saturated conductivity
increased with the average hydraulic head, as shown in Figure 6.3. The resulting
logarithmic trendline equation of y = 1.5398In(x) — 7.6186 can then estimate the
possible hydraulic head with the known saturated hydraulic conductivity or vice versa.
The hydraulic head increment was the highest for saturated conductivity below 0.05
cm/min and increased gradually to 0.60 cm/min. Hence, the expected appropriate
hydraulic head would be at -10 to -20 cm to avoid a cracked or ponded flow case. The
generated trendline equation can be used as a reference for the hydraulic head or
conductivity estimation, subject to factors such as weather conditions, sludge deposit

layer thickness, and initial sludge concentration.
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Average hydraulic head vs. Average saturated hydraulic
conductivity
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Figure 6.3: Graph of average hydraulic head versus average saturated hydraulic
conductivity.

Figure 6.4 shows a graph of the average hydraulic heads and average saturated
hydraulic conductivities against a range of the average initial sludge deposit layer
thicknesses. Both hydraulic head and saturated hydraulic conductivity presented a “U-
shaped” curve across the sludge deposit thickness with the lowest values of -25 cm and
0.0004 cm/min, respectively, as the sludge deposit layer thickness ranged from 9 to 10
cm. Hence, the optimum initial sludge deposit layer thickness ranged from 7 to 11 cm,
with the hydraulic head from -18 to -25 cm and the saturated hydraulic conductivity from
0.0004 to 0.0211 cm/min. The hydraulic head and conductivity above this range are then
regarded as cracked flow cases, where the influent sludge bypassed the reed bed directly,
thus resulting in shorter flow delays and higher flux peaks. Inversely, the hydraulic head
and conductivity below this range are then considered to be ponded flow cases, where the
prolonged retention time extensively detained the influent sludge on the sludge deposit
layer, leading to slower flow delays and lower flux peaks. The polynomial trendline
equations of y = 0.6162x2 — 5.8479x — 8.5204 andy = 0.0002x2 — 0.0008x +
0.0283 are then possible to estimate the hydraulic head and saturated hydraulic

conductivity, respectively, using the known initial sludge deposit layer thickness.
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Average hydraulic head & conductivity vs. Average sludge
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Figure 6.4: Graph of average hydraulic head and saturated hydraulic conductivity versus
average sludge deposit layer thickness.

Moreover, the average hydraulic head and saturated hydraulic conductivity were
classified according to a range of water recoveries, as shown in Figure 6.5. The generated
polynomial trendline equations of y = 0.0033x2 — 0.2023x — 21.26 and y =
0.00001x2 — 0.0003x — 0.001 can estimate the hydraulic head and saturated
conductivity using the known water recovery. Both hydraulic head and saturated
conductivity were found to increase with the water recovery, where the best STRB
performance is under a hydraulic head of -14 cm and a saturated conductivity of 0.124
cm/min, which has 80% water recovery. The relatively high hydraulic head and saturated
conductivity shortened the retention time, while high water recovery ensures a continuous
loading of septage, making the STRB economically beneficial. However, increasing the
water recovery to 90% does not lead to a higher hydraulic head, and the saturated
conductivity drops significantly due to clogging conditions. The influent septage retained
on the sludge deposit layer reduces the water recovery percentage, affecting the overall

STRB performance despite a higher contaminant removal in the effluents.
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Average hydraulic head & conductivity vs. Water recovery
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Figure 6.5: Graph of average hydraulic head and saturated hydraulic conductivity versus
average water recovery.

Conclusively, the hydraulic head decreased with an increasing flow delay, where
the generated logarithmic trendline equation of y = —2.821In(x) — 8.3854 showed the
best fit under normal flow case, with the hydraulic head range of -6 to -23 cm and below
60 minutes flow delay. In contrast, the saturated hydraulic conductivity showed a
polynomial relationship with the flux peak, where the saturated conductivity increased
with the flux peak. The generated trendline equation of y = 0.0167x? + 0.1133x +
0.0033 can be used to estimate the saturated conductivity below 0.35 cm/min or flux
peak below 1.9 cm/min under the normal. Further, the hydraulic head and saturated
conductivity also showed a logarithmic relationship with a trendline equation of y =
1.5398In(x) — 7.618, where the hydraulic head increased with the saturated conductivity,
in the range of -8 to -24 cm and 0.0004 to 0.6 cm/min, respectively. Moreover, the
hydraulic head and saturated conductivity were found to have the lowest values of -25 cm
and 0.0001 cm/min, respectively, through a 9 to 10 cm sludge deposit layer. In addition,
the hydraulic head and saturated conductivity also increased with the water recovery. The
hydraulic head of -14 cm and the saturated conductivity of 0.124 cm/min were

determined to have the highest water recovery of 80%.
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6.2  Sensitivity Analysis

The sensitivity test analyzed the effects of hydraulic load, head, conductivity, and
thickness on the sludge deposit and effluent behaviors. The hydraulic load volume was
calculated according to the SLRs and resting periods. The simulation ran for 60 minutes,
covering the initial effluent flux, MC, sludge accumulation, organic content, and
evapotranspiration profiles. The tested parameter values covered the hydraulic load of the
optimal loading condition, the overall average calibrated hydraulic head, saturated
hydraulic conductivity, and sludge deposit layer thickness. The initial sludge
concentration, porosity, and deposit porosity values were kept constant at 22.2 kg/m?,
0.24, and 0.0111, respectively.

6.2.1 SLR and Resting Period

The loading volume of 50 kg/m?/year SLR with a 6-day resting period is equivalent to
100 kg/m?/year SLR with a 3-day resting period in a feeding-resting cycle. The SLRs and
resting periods with the respective hydraulic loads are calculated in Table 6.2. The tested
SLRs ranged from 50 to 450 kg/m?/year SLR with 6-day resting period, equivalent to 3 to
27 days resting periods with 100 kg/m?/year SLR. Hence, the calculated loading volumes
were 7371 to 99501 ml, with constant values of 10 cm initial sludge deposit layer
thickness, 4763.32 mg/L COD concentration, -19 cm hydraulic head, and 0.0429 cm/min
saturated conductivity. The constant values were obtained from the average of 78 cases,
covering different flow cases of the sludge deposit and bed conditions.

Table 6.2: Hydraulic loads under a constant 6-day resting period and varying SLRs.

SLR (kg/m?/year) | Sludge COD Hydraulic | Saturated | Hydraulic

@ 6-day resting | thickness | concentration head conductivity load
period (cm) (mg/L) (cm) (cm/min) (ml)

50 10 4763.32 -19 0.0429 7,371

100 10 4763.32 -19 0.0429 14,741

150 10 4763.32 -19 0.0429 22,111

200 10 4763.32 -19 0.0429 29,481

250 10 4763.32 -19 0.0429 36,852

300 10 4763.32 -19 0.0429 44,223
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350 10 4763.32 -19 0.0429 60,192

400 10 4763.32 -19 0.0429 78,618

450 10 4763.32 -19 0.0429 99,501

The simulated effluent fluxes under varying hydraulic loads with the respective
SLRs and resting periods are shown in Figure 6.6. From the observation, the flux peak
increased with the hydraulic load. The highest flux peak is approximately 1.0 cm/min,
and the lowest is 0.1 cm/min. Further, the delay of flow occurrence was shortened from
around 6 to 3 minutes. The changes in flow delays were most apparent during hydraulic
loads less than 45L while insignificant for larger hydraulic loads. Typically, larger
hydraulic loads shorten the flow delays to less than a minute. Still, the three-minute
prescribed feeding duration in the simulation limits the fastest flow-occurring delay at the
3" minute. In addition, the duration of drainage dewatering is also prolonged with
incremental hydraulic loads. The larger hydraulic loads lengthened the surface ponding,
slowly dewatering the sludge through the low permeable sludge deposit layer, leading to
a slower treatment process, and improving effluent quality. Therefore, the hydraulic load
should be kept within 45 L, i.e. 300 kg/m?/year SLR, to avoid an extensive, prolonged
waiting period, negatively impacting the STRB efficiency.

Flux - 60 mins

Fluxes (cm/min)

-1.2
Time after loading (mins)

—HL=7,371ml HL=14,741ml HL=22,111ml HL= 29,481m| = HL= 36,852ml

= HL= 44,223m| == HL=60,192m| =——HL= 78,618 m| =——HL=99,501ml
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Figure 6.6: Sensitivity analysis of effluent fluxes under varying hydraulic loads for the
first hour and 6 days.

Furthermore, the MCs of the sludge deposit layer increased with the hydraulic
loads, as shown in Figure 6.7. The larger hydraulic loads lengthened the surface ponding
duration, moisturizing the sludge deposit layer and preventing the layer from deformation
and cracks. Moreover, the larger hydraulic loads would also enhance the infiltration flux,
allowing more effluent to drain through the reed bed. In other words, a sufficiently high
infiltration rate fastened the drainage dewatering process, leading to a high final solids
content of the sludge deposit layer (Trein et al., 2019). Further, the lowest MC peak at 20%
under the hydraulic loads below 10 L, i.e. 50 kg/m?/year SLR, showed that the STRB was
underperformed. Such a loading condition limited the overall performance, where the bed
could treat larger hydraulic loads before exceeding its maximum loading capacity.
Therefore, the optimal SLR should be above 50 kg/m?/year to prevent the occurrence of

cracks.
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Figure 6.7: Sensitivity analysis of moisture content under varying hydraulic loads for the
first hour and 6 days.

Similarly, the sludge accumulation on the sludge deposit layer also increased with
the hydraulic loads, as indicated in Figure 6.8. The sludge accumulation peaks ranged
from 14 to 60 cm under the hydraulic load in the range of 7371 to 99501 ml. The

significantly high sludge thickness was due to the application of the compressible cake
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filtration model, which describes the overall sludge level as the imposed flux (Pergam &
Briesen, 2023). The sludge accumulation was the highest in the first three minutes of the
feeding process, followed by a slower incremental sludge accumulation due to particle
settling, and finally reached a constant thickness upon draining completion. Then, the
sludge deposit layer thickness is expected to decrease gradually during the resting period
due to evapotranspiration. Thus, the simulation duration of 60 minutes needs to be
increased to profile the sludge accumulation behaviors due to the large hydraulic loads, as
settling solid particles is a slow process. Further, the difference in the sludge
accumulations increased substantially above hydraulic load of 45 L. Therefore, the

hydraulic load is preferred to keep within 45 L to prevent overprediction in MC.
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Sludge Accumulation - 6 days
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Figure 6.8: Sensitivity analysis of sludge accumulation under varying hydraulic loads for
the first hour and 6 days.

In contrast, the overall simulated organic concentration of the sludge deposit layer
has the opposite trend compared to the MC, as shown in Figure 6.9. The overall organic
concentrations decreased with larger hydraulic loads due to prolonged surface ponding,
where the microorganisms have limited oxygen for further growth and development.
However, the sludge stabilization was still significant. The ASM3 describes the sludge
mineralization and stabilization using the production and decay of microorganisms
(Simon-Varhelyi et al., 2020). Hence, the simulation instantaneously computes the
resultant organic content of the sludge deposit during the feeding phase, resulting in an
80% reduction of the initial COD concentration. Additionally, the sludge deposit organic
concentration after the 3" minute was around 960 mg/L and reduced to a final

concentration of approximately 450 mg/L.
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Organic Content - 60 minutes
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Figure 6.9: Sensitivity analysis of organic content under varying hydraulic loads for the
first hour.

In addition, the evapotranspiration rates increased with the hydraulic loads, as
shown in Figure 6.10. The increment in the evapotranspiration rates was roughly
consistent with the incremental hydraulic loads due to the same MC loss to the
atmosphere. However, the larger hydraulic loads create a longer surface ponding,
lengthening the plant transpiration and water evaporation. Moreover, the
evapotranspiration on the top surface layer showed a relatively small dewatering rate.
The evapotranspiration rate is mainly dependent on the reed coverage on the bed surface
(Abeysiriwardana et al., 2022). Thus, a relatively small STRB scale at roughly 0.2 m?

surface area would result in an insignificant evapotranspiration rate.
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Evapotranspiration - 60 minutes
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Figure 6.10: Sensitivity analysis of evapotranspiration under varying hydraulic loads for
the first hour and 6 days.
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6.2.2 Hydraulic Head

The hydraulic head of the normal flow case ranged from -10 to -28 cm, with an average
head of -19 cm. Thus, the tested head range was extended from -7 to -30 cm to analyze
the parameter sensitivity. Table 6.3 shows the input parameters according to the hydraulic
head difference. The other parameters, such as the initial sludge thickness, saturated
hydraulic conductivity, and hydraulic load, were fixed at the average values in the
simulation. As discussed earlier, a hydraulic head larger than -10 cm would result in a
bypassed flow case, whereas the pressure below -28 cm shows a clogged flow case.
Figure 6.11 to Figure 6.15 shows the effects of varying hydraulic heads on the effluent

flux, MC, sludge accumulation, organic content, and evapotranspiration, respectively.

Table 6.3: Variation in hydraulic heads.

Hydraulic (kg /msz;;/ljar) @ Sludge COD Saturated Hydraulic
head . thickness | concentration | conductivity load
(cm) G-dayresting | oy (mg/L) (cm/min) (ml)

period
-7 100 10 4763.32 0.0429 14,741
-10 100 10 4763.32 0.0429 14,741
-13 100 10 4763.32 0.0429 14,741
-16 100 10 4763.32 0.0429 14,741
-19 100 10 4763.32 0.0429 14,741
-21 100 10 4763.32 0.0429 14,741
-24 100 10 4763.32 0.0429 14,741
-27 100 10 4763.32 0.0429 14,741
-30 100 10 4763.32 0.0429 14,741

From the observation, the hydraulic heads increased with the flux peaks and
decreased with the flow delays. The initial head distribution describes the MC in the bed
simulation profile, where a dryer of the initial bed condition would result in a lower
hydraulic head (Huong et al., 2023b). Thus, the simulation requires overcoming the high
initial head difference before the imposed hydraulic load, resulting in a longer flow delay.
However, the 0.0429 cm/min saturated hydraulic conductivity of the sludge deposit
limited the flow delay from extending more than 4 minutes, leading to insignificant
differences in the hydraulic heads below -16 cm. Hence, the hydraulic heads increased

with the flux peaks due to the incremental bed MC under the same hydraulic load. In
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addition, the hydraulic head larger than -10 cm was found to present a distinct effluent
flux. The instantaneous flow discharge with a relatively high flux peak could describe the
cracked condition of the bed, where the effluent directly bypasses the sludge deposit layer.
Therefore, the hydraulic head should be kept below -10 cm to avoid such an inconsistent

flow.
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Figure 6.11: Sensitivity analysis of effluent flux under varying hydraulic heads for the
first hour and 6 days.

Moreover, the MC peaks of the sludge deposit layer decreased with the hydraulic
heads. Certainly, the hydraulic head describes the bed condition, whereas a lower
hydraulic head indicates a lower bed MC. The hydraulic head ranged from -7 to -30 cm,
providing an initial MC of 12 to 26%. The hydraulic head above -13 cm has the most
significant difference in the MCs, while insignificant below -16 cm. The MC increased
substantially upon feeding, followed by settling solid particles on the sludge deposit layer,
which caused a noticeable reduction in the MC. Due to water loss in the sludge deposit
via evapotranspiration during the resting period, the MCs gradually decreased to around
20%.

In contrast, the sludge accumulations on the sludge deposit layer were
comparatively similar under varying hydraulic heads, as the sludge deposit thickness is
mainly affected by the hydraulic loads. Meanwhile, the organic contents of the sludge
deposit layer were also analyzed to be relatively similar under varying hydraulic heads.
The organic content was reduced due to the moisture loss, where the decay of
microorganisms dominated the growth. Thus, it can be concluded that the hydraulic heads

less influenced the sludge accumulation and organic content.
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Figure 6.12: Sensitivity analysis of moisture content under varying hydraulic heads for
the first hour and 6 days.
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Figure 6.13: Sensitivity analysis of sludge accumulation under varying hydraulic heads

for the first hour and 6 days.
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Figure 6.14: Sensitivity analysis of organic content under varying hydraulic heads for the
first hour.

Furthermore, the evapotranspiration peaks decreased with the hydraulic heads,
especially during the feeding phase. The higher initial bed MC, attributed to the higher
hydraulic head, has boosted the evapotranspiration rate at the early stage. Then, the
gradual reduction in the MC decreased the water loss to the atmosphere, slowly
decreasing the evapotranspiration rate. The simulation of a -7 cm hydraulic head
describes the cracked flow case condition, where the sudden evapotranspiration rate
increment was due to the crack occurrence on the sludge deposit layer, creating a larger
surface area for extensive oxygen exchange, which directly increased the

evapotranspiration rate.
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Figure 6.15: Sensitivity analysis of evapotranspiration under varying hydraulic heads for

the first hour and 6 days.
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6.2.3 Saturated Hydraulic Conductivity

The saturated hydraulic conductivity of the sludge deposit layer increases with the
hydraulic load. However, the effect of the saturated hydraulic conductivity under a
constant hydraulic load is unknown. Hence, the values of the hydraulic load, head, and
sludge deposit layer thickness were fixed constantly. At the same time, the saturated
conductivity was manipulated to analyze its sensitivity over the outflow dynamics. Table
6.4 shows the variation in the saturated hydraulic conductivity used in the sensitivity
analysis, covering from 0.0009 to 0.1269 cm/min with an increment conductivity of
0.0140 cm/min.

Table 6.4: Variation in saturated hydraulic conductivities.

Saturated (kg /msz;;/ljar) @ Sludge COD Hydraulic | Hydraulic
conductivity . thickness | concentration head load
e I (cm) (mg/L) (cm) (ml)
period
0.0009 100 10 4763.32 -19 14,741
0.0149 100 10 4763.32 -19 14,741
0.0289 100 10 4763.32 -19 14,741
0.0429 100 10 4763.32 -19 14,741
0.0569 100 10 4763.32 -19 14,741
0.0709 100 10 4763.32 -19 14,741
0.0849 100 10 4763.32 -19 14,741
0.0989 100 10 4763.32 -19 14,741
0.1129 100 10 4763.32 -19 14,741
0.1269 100 10 4763.32 -19 14,741

Figure 6.16 shows the effluent flux dynamics under varying saturated hydraulic
conductivities. The flux peaks were found to increase with the saturated conductivities.
The saturated conductivity relates to the permeability of the sludge deposit layer, where
the saturated conductivity increases with the layer permeability. By means, the sludge
deposit controls the overall percolation rate through the STRB substrate filters. Several
factors control the sludge deposit layer permeability, such as its layer thickness, moisture,
and organic contents. Indeed, the sludge deposit with a higher organic content ensures a
higher shrinkage limit, sustaining more moisture within the bed, thus reducing the

effluent flux (Mohajerani et al., 2019). The flux peaks increased significantly with
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incremental conductivities from 0.0009 to 0.0149 cm/min, while the changes were less
visible with higher conductivities. Further, the saturated conductivity increments also
shortened the flow-occurring delay, accelerating the effluent flux and boosting the
drainage dewatering. Similarly, the difference in the flow delays was significant in lower
conductivities, especially below 0.001 cm/min. The significantly low conductivity

extensively prolongs the flow delay, affecting the overall STRB efficiency.
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Figure 6.16: Sensitivity analysis of effluent flux under varying saturated conductivities
for the first hour and 6 days.

Figure 6.17 shows the changes in MC under varying saturated conductivities. The
MCs increased with the saturated conductivities. However, the MC peaks were relatively
similar with saturated conductivities higher than 0.07 cm/min, as the constant hydraulic
load of 14741 ml maximized the MC at around 25%. The higher saturated conductivity
ensures a higher maximum percolation rate through the sludge deposit layer, resulting in
a faster drainage. Further, the hydraulic conductivity of 0.0009 cm/min showed a distinct
MC curve, where the MC tends to continue increasing for the first 60 minutes. The
insufficient saturated conductivity extensively retarded the infiltration process, leading to
prolonged drainage dewatering and higher final MC. Therefore, the saturated
conductivity should be maintained above 0.001 cm/min to boost the infiltration rate and

time efficiency.
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Figure 6.17: Sensitivity analysis of moisture content under varying saturated
conductivities for the first hour and 6 days.

Moreover, the sludge deposit layer showed an incremental sludge accumulation
with the saturated hydraulic conductivity, as shown in Figure 6.18. Due to higher
draining and particle settling rates, the sludge accumulation peak durations decreased
from approximately 60 to 35 minutes, increasing conductivities from 0.0709 to 0.1269
cm/min. Moreover, the reduction in the final sludge deposit thickness was significant,
with higher conductivity. A quicker drainage completion increased the sludge deposit
exposure to the atmosphere, allowing a longer contact duration for water loss via
evapotranspiration. Therefore, reducing sludge deposits should be considered a long-term
effect, as a longer resting period would result in a dryer sludge deposit.

An opposite trend in the MC was observed for the sludge stabilization, as
displayed in Figure 6.19. The organic content stabilized quicker under a higher saturated
conductivity. A longer ponding duration, upon a lower hydraulic load and MC, would
result in sludge deposit deformation and, eventually, cracks. In such a condition, the
microorganisms in the sludge deposit layer receive excessive oxygen for growth and
development, leading to a high final organic content, as indicated in the case with 0.0009

cm/min saturated conductivity.
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Figure 6.18: Sensitivity analysis of sludge accumulation under varying saturated

conductivities for the first hour and 6 days.
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Figure 6.19: Sensitivity analysis of organic content under varying saturated
conductivities for the first hour.

In addition, the simulated evapotranspiration rates under varying hydraulic
conductivity are shown in Figure 6.20. The overall evapotranspiration rates increased
with the saturated hydraulic conductivities over the feeding-resting period. The higher
hydraulic conductivity extends the infiltration rate limit, leading to faster drainage
dewatering. As a result, the sludge deposit MC decreases extensively, shortening the
overall treatment duration. The Penman-Monteith equation describes the
evapotranspiration rate using the sludge deposit MC (Abeysiriwardana et al., 2022). Thus,
higher saturated conductivity shortens the drainage process, prolonging the drying of the
sludge deposit and resulting in a higher evapotranspiration rate.
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Figure 6.20: Sensitivity analysis of evapotranspiration under varying saturated
conductivities for the first hour and 6 days.
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6.2.4 Sludge Deposit Layer Thickness

The increase in the thickness of the sludge deposit layer reduced the subsequent
infiltration and effluent flux. The thicker sludge deposit would increase the specific
resistance of the layer, decreasing its permeability and resulting in a lower flux peak. The
effect of the incremental sludge deposit thickness on the effluent flux, MC, sludge
accumulation, organic content, and evapotranspiration was studied according to Table 6.5.
The sensitivity analysis of the sludge deposit layer thickness covered the overall average
measured sludge deposit thickness, ranging from 4 to 20 cm with a 2 cm increment.

Table 6.5: Variation in sludge deposit layer thickness.

Sludge (Kg /msz‘;;:ar) @ COD Hydraulic | Saturated | Hydraulic
thickness . concentration head conductivity load
(cm) | Bdayresting (mg/L) (cm) (cm/min) (mi)
period

4 100 4763.32 -19 0.0429 14,741

6 100 4763.32 -19 0.0429 14,741

8 100 4763.32 -19 0.0429 14,741

10 100 4763.32 -19 0.0429 14,741

12 100 4763.32 -19 0.0429 14,741

14 100 4763.32 -19 0.0429 14,741

16 100 4763.32 -19 0.0429 14,741

18 100 4763.32 -19 0.0429 14,741

20 100 4763.32 -19 0.0429 14,741

Figure 6.21 shows the effect of effluent flux under varying sludge deposit layer
thickness. The flux peaks decreased from approximately 0.22 to 0.18 cm/min, with an
incremental sludge deposit thickness from 4 to 20 cm. An incremental sludge thickness
represents an increase in the mesh length. In the simulation, the increased spatial length,
dz prolongs the travel distance for the imposed flux to infiltrate the substrate medium
before discharging from the bottom of the bed (Huong et al., 2024b). The reduction in the
flux peaks nicely described the actual sludge deposit condition, where the sludge deposit

layer thickness increases with its specific resistance, resulting in a lower flux peak.
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Figure 6.21: Sensitivity analysis of effluent flux under varying sludge thickness for the
first hour and 6 days.

Figure 6.22 shows the effect of MC under varying sludge deposit layer thickness.
The MC peaks decreased slightly from 22 to 21% with the incremental sludge deposit

layer thickness from 4 to 20 cm. Typically, a thicker sludge deposit layer would have a
higher porosity, retaining more moisture within the layer. However, the compressible
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cake filtration model describes the specific resistance as always changing with the
infiltration flux. The increase in the specific resistance decreases the infiltration rate,
directly reducing the amount of water penetrating the sludge deposit layer. Conclusively,
the effect of sludge thickness on the MC is considered minimal, as the MC peaks reduced

slightly upon continuous sludge accumulation up to 20 cm.
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Figure 6.22: Sensitivity analysis of moisture content under varying sludge thickness for
the first hour and 6 days.
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Figure 6.23 shows the effect of sludge accumulation under varying sludge deposit
layer thickness. Due to the same sludge accumulation rate, the incremental sludge deposit
thickness consistently increased the sludge accumulation thickness by 2 cm. Hence,
varying sludge deposit layer thickness does not affect the sludge accumulation rate.
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Figure 6.23: Sensitivity analysis of sludge accumulation under varying sludge thickness
for the first hour and 6 days.
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Figure 6.24 shows the effect of organic content under varying sludge deposit layer
thickness. The organic contents increased with the sludge deposit layer thicknesses. The
incremental sludge deposit thickness contains more nutrients for bacteria growth and
development, directly increasing the organic content. However, the organic content in the

sludge deposit layer slowly decreases upon sludge mineralization and stabilization.
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Figure 6.24: Sensitivity analysis of organic content under varying sludge thickness for
the first hour.

Figure 6.25 shows the effect of evapotranspiration under varying sludge deposit
layer thickness. The increase in the sludge deposit thickness decreased the
evapotranspiration peak. A thicker sludge deposit would have a higher porosity, filling
with moisture or solid particles. However, moisture filling in the void space would reduce
the layer porosity and the contact opportunity with the atmosphere. As a result, the
evapotranspiration rate was reduced, leading to drainage dewatering, which dominated
the drying of sludge deposits via the evapotranspiration. Therefore, a thinner sludge

deposit layer is determined to have a higher evapotranspiration rate.
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Figure 6.25: Sensitivity analysis of evapotranspiration under varying sludge thickness for

the first hour and 6 days.
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6.3  Summary of Parametric Studies

In the parametric study, the parameters of hydraulic loads, heads, saturated conductivities,
and sludge deposit thickness were tested for sensitivity over the effluent discharge
dynamics, MCs of the sludge deposit, and overall evapotranspiration rate. To determine
the average hydraulic head and saturated conductivity, 78 experimental data sets were
analyzed and interpreted. The average hydraulic head and saturated conductivity were
determined to be -19.29 £ 8.39 cm and 0.0429 + 0.1003 cm/min, respectively. Meanwhile,
the hydraulic loads for different SLRs and resting periods were determined according to
the respective TS loads. Hence, the parameters were analyzed for the sensitivities in the

covered range over the first 60-minute and 6-day simulation periods.

Under varying SLRs and resting periods, the loading volumes were determined to
be equivalent for SLRs and resting periods ranging from 50 to 450 kg/m?/year and 3 to 30
days, respectively. The effluent flux peak and MC were simulated to increase with the
hydraulic load. Further, the sludge deposit layer showed an incremental sludge
accumulation upon larger hydraulic loads. In contrast, the organic content showed a trend
opposite to the MC. In addition, the simulated ET rate was relatively low and increased
with the hydraulic load. The hydraulic load should be kept in the range of 15to 45 L, i.e.
100 to 300 kg/m?/year SLR, to avoid an extensively prolonged waiting period, negatively
impacting the STRB efficiency. The SLR below 50 kg/m?/year and above 300 kg/m?/year

would lead to crack occurrence and MC overprediction, respectively.

On the other hand, the sensitivity test of the variation in hydraulic heads covered
ideal, ponded, and bypassed flow cases. The tested hydraulic pressure ranged from -7 to -
30 cm, where the average experimental hydraulic head was -19 cm. The results revealed
that the effluent flux presents a bypassed flow case with a pressure larger than -10 cm and
a ponding condition with a pressure smaller than -28 cm. In the bypassed flow case, the
effluent flux presented a distinct outflow dynamic where the flux peak was significantly
high. Moreover, the delay of flow occurrence increases with the hydraulic head due to
possible clogging of void space in the sludge deposit. Hence, the MCs also increased with
the hydraulic heads. However, the sludge accumulation and stabilization showed a
similar trend under varying hydraulic loads, with the most apparent changes during the
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loading period. Further, the ET rate for pressure above -10 cm was occasionally high
upon crack occurrence on the sludge deposit layer, thus providing additional surface area
for water loss via the ET. Conclusively, the sludge accumulation and organic content are
less influenced by the hydraulic heads, and the hydraulic head should be kept below -10

cm to avoid inconsistent flow.

Furthermore, the variation in saturated hydraulic conductivities controlled the
sludge deposit layer permeability. The tested conductivities ranged from 0.0009 to 0.1269
cm/min, showing an incremental flux peak and reduced flow-occurring delay. The higher
the saturated conductivity, the higher the layer permeability, creating a higher flux peak
and reducing the delay of flow occurrence. The changes in the MC were most visible
with saturated conductivity less than 0.06 cm/min, where the MC peaks decreased with
the conductivities. Similarly, the sludge accumulation reached a maximum thickness at
around 17.8 cm with saturated conductivities above 0.06 cm/min, followed by gradual
reduction due to evapotranspiration. At the same time, the organic content showed a trend
opposite to that of the MC. In addition, the ET rate increased significantly with the
saturated conductivity but dropped drastically with higher conductivities during the
resting period. Therefore, higher saturated conductivity shortens the drainage process,
prolonging the drying of the sludge deposit and resulting in a higher evapotranspiration
rate.

Moreover, the variation in sludge deposit layer thicknesses has a smaller effect
than the saturated conductivity. The flux peaks were reduced with the incremental sludge
deposit thickness. The reduction in the flux peaks describes the sludge accumulation,
where the thickness increases with its specific resistance, resulting in a lower flux peak.
Hence, continuous sludge accumulation from 4 to 20 cm reduced the MC peaks slightly.
However, the organic contents increased with the sludge deposit layer thicknesses. In
addition, a thinner sludge deposit layer is determined to have a higher evapotranspiration

rate.
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CHAPTER 7: CONCLUSION

7.1 Conclusion

In conclusion, the formulated numerical model successfully simulated the hydraulic
dynamics in the STRB under a moving-boundary condition due to sludge ponding and
sludge accumulation. The combination of moving- and fixed-mesh discretization methods
allowed the newly loaded septage to be treated as the moving-boundary condition while
the substrate medium remained stationary. The moving-mesh discretization method
efficiently describes the changes in the mesh size upon drainage dewatering and sludge
deposit drying. Sludge feeding would increase the spatial distance between the meshes,
reducing the infiltration and effluent flux. This is allied with the lower sludge deposit
layer permeability reported in other research, where continuous sludge accumulation

increases its specific resistance, leading to a lower discharge flux.

The laboratory-scale STRB has successfully operated and produced a desirable
result. The optimal loading conditions of 100 kg/m?/year SLR and 6-day resting period
attributed the best results. The overall average effluent COD and TS removals were 96%
and 82%, respectively, comparable to the other research findings. Further, the continuous
sludge loading increased the sludge deposit layer thickness. A thicker sludge deposit
layer retained more moisture, sustaining the entity of the sludge deposit and prolonging
the hydraulic retention time. Hence, the resultant water recovery was lower in the thicker
sludge deposit, with an average overall percentage of 70%. The remaining moisture was
lost via evapotranspiration or retained in the bed. Further, the incremental sludge deposit
thickness increases its specific cake resistance, leading to a lower permeability and,
eventually, a longer flow delay and a lower flux peak. The final sludge deposit TS
content ranged from 18 to 49%, which complies with the standard disposal requirement
of 20%. The sludge deposit MC was within its average shrinkage limit of 75%,
preventing the semi-permeable sludge deposit layer from deformation and cracks.
Moreover, the sludge stabilization was favorable under an increasing TVS removal trend

and the sludge deposit development. The average overall TVS content ranged from 30 to
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41%, indicating the rich organic matter in the raw sludge. Indeed, a higher organic
content would result in a higher shrinkage limit, directly increasing its elasticity and
sustainability. In addition, the ANOVA revealed that the flow delays and flux peaks are
highly affected by the SLRs and resting periods. A larger hydraulic load required by the
higher SLR or longer resting period would result in a prolonged surface ponding
condition. In contrast, an insufficient hydraulic load would directly lead to influent sludge
bypassing the reed bed, influencing overall STRB performance efficiency. Therefore, an
appropriate loading regime is required to control the moisture and organic contents of the

sludge deposit layer, subsequently affecting the sludge mineralization and stabilization.

In the simulation study, the proposed model worked robustly in simulating the
hydraulic dynamics of the laboratory-scale STRB under moving boundary conditions.
The overall average MAE and RMSE of the flux data were 0.03902 and 0.05586,
respectively, indicating a relatively low error distribution compared to the average flux.
However, the standard deviations were always larger than the respective average errors.
The result deviations were mainly attributed to the flux overprediction in the late phase of
effluent discharge. Hence, the resultant average MAE% was 48%, with 32 out of 78 cases
below 20% error. The low effluent flux below 1.0 cm/min deteriorates the overall error
percentage, making the MAE% less appropriate for flux analysis. A relatively low overall
average R? value of 0.5898 confirmed the situation. Nonetheless, the calibrated hydraulic
head, h and saturated hydraulic conductivity, Ks matched the flow delay and flux peak,
respectively, in most cases. Further, the average overall simulated evapotranspiration (ET)
rate of 0.0051 cm/day revealed that the potential ET rate is insignificant in a short-term
effect.

Moreover, the average overall simulated and measured sludge accumulation rates
were 0.22 cm/day and 0.05 cm/day, respectively. The simulated sludge accumulation
matched the measured results of rapid thickness increment at the early phase due to solids
settling on the sludge deposit layer, followed by a gradual reduction upon draining and
evapotranspiration processes. The proposed model considers the compressible cake
filtration theory, where the sludge deposit layer changes its thickness upon feeding and
resting. The increment in sludge deposit thickness increases the spatial length of the
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simulation nodes, reducing the infiltration and effluent fluxes. Hence, the overall
cumulative effluent was reduced by nearly 50% using the moving-mesh method (MMM)
of discretization, confirming that a thicker sludge deposit layer would result in a lower
infiltration rate and water recovery. Although applying the MMM improved the flux
results upon incremental sludge deposit thickness, the simulated sludge accumulation rate
was still higher due to occasional cracks on the sludge deposit layer, which provide
“preferential flow pathways” for infiltration. Further, the measured sludge accumulation
rate was underestimated due to the sludge mixture turbulence upon feeding, blurring the

lines between the sludge and sludge deposit.

Meanwhile, the simulation of organic dynamics finely matched the decreasing
trend of the measured sludge deposit TVS content over the resting period. The
application of ASM3 describes the changes in the organic content due to bacteria growth
and decay throughout the feeding-resting cycle. The bacteria growth and development
consume nutrients, directly improving the effluent quality and reducing the organic
content of the sludge deposit. However, the measured organic content fluctuated
throughout the resting period. The organic content decreased extensively during the early
phase of the treatment due to temporary surface ponding, hindering the oxygen from
entering the sludge deposit layer. Meanwhile, the organic content increased towards the
end of the treatment due to cracks on the sludge deposit layer, enhancing the oxygen
exchange in the atmosphere and promoting bacterial regrowth. Hence, the sludge
stabilization requires an appropriate loading regime, such as a 100 kg/m?/year SLR with a
6-day resting period, where the temporary surface ponding ensures the sludge deposits
moisture within its shrinkage limit for bacteria growth and avoids the occurrence of

cracks.

The laboratory-scale STRB-treating septage performed best under a 100
kg/m?/year SLR and a 6-day resting period under moving-boundary conditions. The final
solids content of the sludge deposit could reach beyond 20% while complying with its
shrinkage limit under such a loading condition. The resultant effluent flux and flow-
occurring delay could sustain a complete drainage dewatering, ensuring low operational

and maintenance costs. Applying the MMM simulated the effluent flux, ET, sludge
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accumulation, and stabilization dynamics smoothly. The parametric study also showed
the importance of the hydraulic load, head, saturated conductivity, and sludge deposit

thickness to the overall STRB performance.

7.2 Recommendations and Future Works

The optimal loading condition is 100 kg/m?/year with a 6-day resting period. The
moving-mesh method efficiently described the moving boundary conditions of the sludge
ponding and sludge deposit accumulation. Subsequently, the resultant infiltration and
effluent flux determined the evapotranspiration, thickness, moisture, and organic contents

of the sludge deposit layer.

However, the flux overprediction during the late phase of the treatment
deteriorated the overall STRB simulation efficiency. The incomplete drainage dewatering
is believed to cause the underestimation in overall effluent flux, retaining some of the
moisture in the sludge deposit and bed substrate. In recommendation, an overall
scaling/correction factor related to the water recovery can be introduced to reduce the

error deviations between the measured and simulated flux results in the simulation.

Further, applying compressible cake filtration theory (CCF) overestimated the
overall sludge accumulation due to the assumption of sludge loading volume as the
dominating factor. The CCF model describes the sludge accumulation dependent mainly
on the imposed flux, where a higher hydraulic load leads to a higher sludge accumulation.
However, the sludge accumulation should be entirely based on the solid particle settling
rate on the sludge deposit layer. Hence, the CCF model can be modified to accommodate

the ideal sludge accumulation process.

Moreover, an excessive hydraulic load leads to a waterlogging condition, and an
insufficient hydraulic load causes cracks in sludge deposits. In waterlogging conditions,
the continuous sludge accumulation on the sludge deposit layer permanently clogs the
bed, leading to prolonged surface ponding. Whereas the sludge deposit layer cracks

during prolonged resting period. In such circumstances, an additional sub-model
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regarding the clogging and crack occurrence, associated with sludge deposit shrinkage

limit, can be included in the simulation to describe the clogged and cracked flow cases.

In addition, the organic content fluctuated during the resting period, especially the
bacteria regrowth towards the end of the treatment, deteriorating the simulation result.
The simulated trend of the organic content describes the overall sludge stabilization,
where the organic matter reduces gradually throughout the resting period. However, the
sludge ponding and crack in the sludge deposit caused the denitrification to dominate
over nitrification and vice versa. The reduction in oxygen exchange rate decreases the
amount of bacteria for nitrification during the ponding condition. Under waterlogging
conditions, the prolonged surface ponding significantly hindered the sludge deposit layer
from contacting with the atmosphere, leading to bacteria decay extensively in the end of
the treatment. In contrast, the bacteria nitrifies the organic matter aerobically under
excessive oxygen condition due to the cracks in the sludge deposit, leading to bacteria
regrowth towards the end of the treatment. Therefore, the kinetic model can be improved
by monitoring the microorganism growth and decay to accommodate the fluctuation and

regrowth of the bacteria.
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APPENDICES

Appendix A: Richards’ Equations — Detailed derivation (Celia & Bouloutas, 1990)

Mixed form: at [K(h) ( >]

h-based: C(h) at 6_ [K(h) <_h + 1)]

7% =510 (5 1)

6-based:

where @ = volumetric water content [L3/L3],
K(h) =unsaturated hydraulic conductivity [L/t],
C(h) =d8/dh is the specific moisture capacity [L™1],
D(8) =K(h)/C(h) is the water diffusivity [L?/t],
h  =pressure head [L],
t =time[t],
z  =vertical coordinate assumed positive upward [L].

1. Darcy’s law:

OH d(h G
q= ~K(W)—=—K(h) ( = )=—K(h)(£+1>

where g = flux density [L/t],
H = (h+ z)is the head equivalent of hydraulic potential [L].

2. Continuity equation:

96  dq
Bt_ az

% =3l (5 +1)
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Appendix B: Penman-Monteith Equation — Detailed steps and calculations (Allen et

al., 1998)

e.—e
1 AR, — G) +pacp(s—a)

T
=7 Aty (1+5) ]

where ET, = potential evapotranspiration rate (mm/d),
A = latent heat of vaporization (2.45 MJ /kg),
A = slope of the vapor pressure curve (kPa/°C),
R, = netradiation at surface (MJ/m?2d),
G  =soil heat flux (M]J/m?d),
p. = atmospheric density (kg/m™3),
c, = specific heat of dry air (1.013 x 1073 M/ /kg°C),
es; = saturation vapor pressure (kPa),
e, = actual vapor pressure (kPa),
1, = aerodynamic resistance (s/m),
r, = surface resistance (s/m),
y = psychrometric constant (kPa/°C).

Step 1: Determining the net radiation at surface, R,,:

R, = Rys — Ry

where R,, = netsolar or short-wave radiation (MJ/m?d),
R,; = netoutgoing long-wave radiation (MJ/m?3d).

For the net solar or short-wave radiation, R,,:

Rys = (1 — a)Rq
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where a = albedo or the canopy reflection coefficient (0.23),
R, =incoming solar radiation (MJ/m?3d).

For the incoming solar radiation, R:

n
R = (as + Nbs)Ra

where a,, b, =regression constants (a; = 0.25, b, = 0.5),
n = actual sunshine duration (12 hours),
N = maximum possible duration of sunshine or daylight hours (hour),
R, = extraterrestrial radiation (MJ/m?2d),
n/N = relative sunshine duration.

For the maximum possible duration of sunshine or daylight hours, N:

24
N = ?a)s

where w, = sunset hour angle (rad).

For the sunset hour angle, w:

ws = cos™1(—tan ¢ tan §)

For the extraterrestrial radiation, R,:

24(60) L :
o= Gg.d,-(wg sin @ sin § + cos ¢ cos § sin wy)

where G,, = solar constant (0.0820 MJ/m?min),
d, = inverse relative distance between the Earth and the Sun,
@ =site latitude (rad) [Miri = 4.3995°N],
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6 =solar declination (rad).

For the relative distance between the Earth and the Sun, d,:

d. =1+ 0033 cos 27
.= 033 cos 3=

where ] =number of the day in the year.

For the solar declination, §:

6 = 0.409 si (27‘[] 139)
=0. sin{z==—1.

Thus, for the net outgoing long-wave radiation, R,;:

4 4
Ry=oa [Tm“x'K il Tmi"”{l (0.34 —0.14,/e,) (1.35 R _ 0.35)
2 R,
where o = Stefan-Boltzmann constant (4.903 x 107° MJ/K*m?d),

Tmaxx = Maximum absolute temperature during the 24-hour period (°C +
273.15),

Tming = mMinimum absolute temperature during the 24-hour period (°C +
273.15),

ey = actual vapor pressure (kPa),

Ry, = clear sky radiation (MJ/m?d),
R,/Rs, = relative short-wave radiation (< 1).

For the actual vapor pressure, e,:

RH RH.;
_ eo(Tmin) 16n61x+eO(Tmax) 16%”1

€q = >

331



where e°(T,,;,,) = saturation vapor pressure at daily minimum temperature (kPa),
e%(T,,q,) = Saturation vapor pressure at daily maximum temperature (kPa),

RH,,,, = maximum relative humidity (%),

RH,,;, = minimum relative humidity (%).

For the saturation vapor pressure at minimum temperature, e®(T,,;,) and maximum
temperature, e°(Tqay):

17.27 Typin
Tpnin + 237.3

17.27T
O(T,ax) = 0.6108 [—"‘“"
€" (Tmax) P T +2373

e’ (Tpin) = 0.6108 exp[

where  T,,;x = minimum daily air temperature (°C),
Tmax = maximum daily air temperature (°C).

For the clear sky radiation, R,:

R = (as + bs)Ra

where  ag, b;  =regression constants (ag = 0.25, bg = 0.5),
R, = extraterrestrial radiation (MJ/m?d).
as + by = fraction of extraterrestrial radiation reaching the earth on clear-
sky days (n = N).

Step 2: Determining the saturation vapor pressure, e.

e. = eO(Tmin) + eo(Tmax)
s =
2

where e°(T,,;,,) = saturation vapor pressure at minimum temperature (kPa),
e%(T,,.,) = Saturation vapor pressure at maximum temperature (kPa).
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Step 3: Determining the soil heat flux, G.

For hourly or shorter during daytime: Gnr = 0.1R,,
period:
during nighttime: Gnr = 0.5R,
For 1-10 days period: Gaay = 0
For monthly period: Gmonth,i = 0-07(Tmonth,i+1 - Tmonth,i—l)

where  Toneniv1 = Mean air temperature of next month (°C),
Tmontni—1 = Mean air temperature of previous month (°C).

Step 4: Determining the atmospheric density, p,.

B 1000P
Pa = R(27315 + Typun)
where P =actual atmospheric pressure (kPa),

R =specific gas constant (287.05 J/kgK),
Tmean = Mean air temperature (°C).

For the actual atmospheric pressure, P:

293 — 0.00652]5'26

= 3
P =101 [ 293

where z =elevation above sea level (m) [Miri = 8 m].

For the mean air temperature, T,cqn:

_ Tmin + Tmax
Tnean = T
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where T,,;, = minimum daily air temperature (°C),
Tinax = Maximum daily air temperature (°C).

Step 5: Determining the slope of the vapor pressure curve, A.

4098 [0.6108 exp (Ti;?f’%“{fg)]

A=
(Trean + 237.3)%

where  Tpeqn = Mean air temperature (°C).

Step 6: Determining the aerodynamic resistance, r,.

In [ZW — d] In [zh —d
ro= Zmt Zpyt
=

k?u,

where z, = measurement of wind height (m),
Zme = roughness length of momentum transfer (m),
d = zero plane displacement height (m),
z, = measurement of humidity height (m),
Znye = roughness length of heat and vapor transfer (m),
k  =von Karman’s constant (0.41),
u, =wind speed at heigh z (m/s).

For the roughness length of momentum transfer, z,,;, zero-plane displacement height, d,
and roughness length of heat and vapor transfer, zj,,;:
Zme = 0.123 h
d= - h
K

Zpoe = 0.1z

where  h = crop height (m).
334



Step 7: Determining the surface resistance, r.

L4/
T =—"7T—
: LAIactive
where 7 = bulk stomatal resistance of the well-illuminated leaf (100 s/m),

LAl tive = active leaf area index.

For the active leaf area indeX, LAl ¢ive:

LAl 4ipe = 0.5 LAI

where LAI = 24h,
h = crop height (m).

Step 8: Determining the psychrometric constant, y.

where ¢, = specific heat of dry air (1.013 x 107* M/ /kg°C),
P = actual atmospheric pressure, (kPa),
€ =ratio of molecular weight of water vapor to dry air (0.622),
A = latent heat of vaporization (2.45 MJ /kg).
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Appendix C: Cake Filtration Thickness Layer — Detailed derivation (Tien et al.,
1997)

L & (kc’)p)
dt e —es\uoz/, Um

where L = thickness of cake layer [L],
t = time [¢t],
e.&eg = particle volume fractions on the cake and sludge side of the interface,
k = permeability coefficient [L?],
U = liquid viscosity [M /Lt],
p  =pressure [M/Lt?],
z = vertical coordinate assumed positive upward [L],

qim = permeation flux of filtrate through the medium (filtrate flux) [L3/L%t].

1. Darcy’s law:

Qe Gsc k (019)

1-¢ gc:(l_gc)ﬂg

where q; .&q; . are the liquid and solid fluxes on the cake side at the interface

[L3/L?t].

When the boundary conditions are set to be as follow:

At medium surface (z = 0):

At cake-sludge interface (z = L):

Qsc =

B (k ap)
ql,m - # aZ o

o (2
1—¢, i nozl,
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On the other hand, it is determined that the liquid and solid fluxes are constant throughout

the sludge phase, thus:

qs,s _ Es

qis 1- Es

s
As;s = qis (1 — gs>

where q; . and g, s are the solid and liquid fluxes on the cake and sludge side at the

interface [L3/L?t], respectively.

2. Mass conservation:

For the determination of liquid flux on the cake side at the interface q; . [L?/L?t]:

ic + qsc = Um

& k op k op
Te T T, [q B (EEU - (;a—z>0
1 & (kop k op
ac(=) = ~1=% Gas), ~ G32),

B (k 6p> " (k@p)
QI,C_ gc /laZL ( gc) MaZO

For the determination of liquid flux on the sludge side at the interface g,  [L?/L?t]:

s t 9ss = Qim
&\ (k 6p>
Qus + dus (1 - ss> B (u 0z/

(=2)=-G3)
s 1-&/)  \poz/,

k op

Qs = —(1 — &) (;&)0

Thus, the change in cake filtration thickness layer over the specific time is given as:
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%z qic — s
dt & —

) -0 o))

L
aL & (k 6p) (k 6p)
dt & — & \U 0z uoz
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Appendix D: Typical values of kinetic parameters and the units (Gujer et al., 1999;
Gujer et al., 1995)
Parameter Description Temperature Units
10°C 20°C
ky Hydrolysis rate constant 2 3 gXsg! Xudt
Ky Hydrolysis saturation constant 1 1 g Xs gt Xu
Heterotrophs (Denitrification), X4
Uy Heterotrophic maximum growth 1 2 dt
rate
Ko Saturation constant for S, 0.2 0.2 gO,m3
K Saturation constant for S 2 2 g CODm?
Kyy Saturation constant for Syy 0.01 001 |gNm3
Kuco Bicarbonate saturation constant of 0.1 0.1 mole HCOgz
Xy m3
Kpo Saturation constant for Sp, 0.01 001 |gPm?3
Nno Anoxic reduction factor 0.6 0.6 -
Kyo Saturation constant for Sy, 0.5 0.5 g Snom?3
by Rate constant for lysis of Xy 0.2 0.4 d?
Autotrophs (Nitrification), X4
Ua Autotrophic maximum growth rate 0.35 1 dt
Ko Saturation constant for S, of X, 0.5 0.5 gO0,m3
Kann Saturation constant for Sy of X, 1 1 gNm?
Kasnco | Bicarbonate saturation constant of 0.5 0.5 mole HCOgz
X4 m
Kapo Saturation constant for Sp, of X, 0.01 001 |gPm3
by, Rate constant for lysis of X, 0.05 0.15 |d?

For any other temperature circumstances:

where 61 [°C™

k(T) = k(20°C) - exp[6y - (T — 20°C)]

11 is obtained from:

k(1Y)
In [k(Tz)

_TZ
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Appendix E: Model Components and Typical Wastewater Composition (Primary
Effluent (Gujer et al., 1999; Gujer et al., 1995)

COD1ytq =260 g CODmM ™3, TKN =25gNm3; TP=6gPm™3

Soluble Components

Parameter Description Concentration Units
So Dissolved oxygen 0gO,m3
S, Soluble inert organics 30gCOD m?
Ss Readily biodegradable substrates 100 g COD m®
Snu Ammonium 16 gNm?3
Sy Dinitrogen (Denitrification) OgNm3
Syo Nitrite 0OgNm?
Suco Bicarbonate (Alkalinity) 5 mole HCO3 m?
Spo Phosphate 36gPm3
Particulate Components
X; Inert particulate organics 259 COD m
Xs Slowly biodegradable substrates 75gCOD m?
Xu Heterotrophic biomass 30 g COD m?
X, Autotrophic, nitrifying biomass 0gCODm?
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Appendix F: Velocity-based RE — Detailed derivation (Bruce, 2011)

_dm _1( [ah . 1]” . [9 dz;1” K[ah . 1]Zi<f> . [9 dz;
ViTae Te Y\ Moz T, T a 9z ", d |,

where  v; = hydraulic velocity [L/t],
z; = vertical coordinate assumed positive downward [L],
t  =time [t],
® = volumetric water content [L3/L3],
y; = fractional integral constant in time,

K  =hydraulic conductivity [L/t],
h pressure head [L],
a&b specific coordinates at two extreme locations [L] depending on the
boundary conditions, respectively,
z;(t) =dz;/dtis the differential of vertical coordinate with respect to time

[L/t].

From the time constant equation, y; based on the fractional integral of 8 with respect to

space coordinate, z:

faZi(t) 9dZ

f: 0dz l

By differentiating the equation using Quotient rule with respect to time, t and substituting

in yi:

d cz©® b d b i(@®

Efaz 6dz [ 6dz ~ 7 ), 0dz faz 0dz
b 2 b 2 -

[fa HdZ] [fa 9dz]
d Zj d b
%fa © HdZ %fa HdZ “vYi
f; 0dz f: 0dz
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Meanwhile, by using Leibniz rule:
df@d _f 69+ d <0d2)]d
ac) 777 ) lae T az\"ac )1
Thus, when substituting the equation obtained by Leibniz rule into the previous equation:
fb[ae N 0 (e dzi)]d B fzm ae+ 0 (0 dzi>]d
Vi 1ot Taz\"act 1?7 ) lar Taz\"ar 1%

Since we are dealing with mixed form of RE, hence:

]b{a X 1] ( dzi)}d _jzi(t) 9 K 1] ( dZi)d
Vi) 3z az\ at)JJ T oz az\" ac)

a

When we intended to transform the equation into velocity-based, the equation is
rearranged by expanding the integrals:
oh 1 dz; GO PR L
[K—+1] yi+[0 ‘] i = [K—+1 [9 :
0z a

zi(t) dz: l(t) dZ-
[9 i i

[K6h+1]b + [0 dz‘] [K +1
aZ a)/l' YI dt a

a

Therefore, the final expression of velocity based RE is presented as:

([K—+1 [edz‘> [K—+1Z(t) [edz‘}

dzl_l
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Appendix G: Velocity-based ADE — Detailed derivation

b

o ﬁ _ 1 . ({( 01moDmo )(acmo) B ( mo ><6cmo>]
l dt Cmo l Omo + PfFmoKa 0z Omo + PfFnoKy 0z

| Emo E]
- a

a

_ ( OmoDmo ) (acmo> _ ( Amo ) (acmo>]zi(t)
- emo + pmeoKd 0z gmo + pmeoKd 0z a
 dz;
+ _cmo E]a}
where  v;  =solute velocity [L/t],
z; = vertical coordinate assumed positive downward [L],
t =time[t],
cmo = solute concentration at mobile region [M/L3],
y; = fractional integral constant in time,

Omo = volumetric water content in mobile region [L3/L3],
D,,, = dispersion coefficient in mobile region [L?/t],
p  =soil bulk density [M/L3],
f  =fraction of sorption sites in contact with mobile region,
E,, = the mass fraction of all sites occupied in instantaneous equilibrium at
the mobile region,
K,; = distribution coefficient obtained from the slope of isotherm curve
[L3/M],
Qmo = Volumetric fluid flux in mobile region [L/t],
a&b = specific coordinates at two extreme locations [L] depending on the
boundary conditions, respectively,
z;(t) =dz;/dtis the differential of vertical coordinate with respect to time

[L/t].

By rearranging the ADE:
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acmo _I_pmeoKd acmo _ Y ( acmo) N qmoi(acmo>

ot 0., Ot 9z\ ™ 9z ) 6,,0z\ 9z
(1 + pmeoKd) acmo — i( acmo) Gmo 0 (acmo>
Omo ot  9z\' ™ 09z 0,00z \ 0z

0Cmo =( Omo )[j(D acmo) Amo 0 (acm())]
ot Omo + PfEnoKy/ 10z\"™° 0z 6,00z \ 0z

0Cmo :< Bmo ) K (D acmo) _( Gmo ) K <acmo>
ot Omo + PfEnoKy/ 02\ ™° 0z Omo + PfEnoKy/ 02\ 0z

From the time constant equation, y; based on the fractional integral of ¢ with respect to

space coordinate, z:

J'Zi(t) CdZ
a

=v;
f: cdz l

By differentiating the equation using Quotient rule with respect to time, t and substituting

in Yi-
d zi(t) Zl(t)
T, cdz f cdz dtf cdz [
2 =
[f cdz] [f cdz]
d zi(t d
dtf()d %f cdz - y;
fa cdz fa cdz
d r? d z®
yiaj cdz = E cdz

Meanwhile, by using Leibniz rule:

cdz—” )]dz

Thus, when substituting the equation obtained by Leibniz rule into the previous equation:
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fb[ach 6( dzi)]d _fzi(t) 6c+ a< dZi)]d
Vi) 1oe " 9z\"ae )]~ ot " az\“at )|

a

Since we are dealing with ADE in this case, hence:
[ )35 (oo %) - G ) 32 (o)
0 Oy + pfEpoKy/) 0z\"™° 0z Omo + PfEnoKy/ 0z \ 0z
d dz;
+ 57 (emo g )} 04
_fzi(t)( Omo )1<D %)
), \bpo + pfEnoKy/ 0z 0z

( qmo ) 0 (acrrw) + 0 ( dZi>d
0,0 + pfFnoKy) 3z\ 0z ) T 92\ qr ) %

When we intended to transform the equation into velocity-based, the equation is

rearranged by expanding the integrals:

(e ) (o) - () ()] i oo 22

00 + pfFnoKa) \ 0z Omo + Pf Fmoka) \ 0z )] V1T 1Mo a7
- ([ (o) - (e ) (o)
"~ 1\6,,, + pfFnoKa/ \ 0z Omo + Pf FnoKa/ \ 0z /1

dz; zi(t)
+FMEL
(e ) () - () (222)] i 2]
00 + pfEnoKy) \ 0z Omo + Pf Fmoka) \ 0z )] V1T 1Mo a7

- ([ (o) - (e ()]
"~ 1\6,,, + pfFnoKa/ \ 0z Omo + PfEnoKy/) \ 0z

v %TM‘F %q
mo dt mo dt a

a

Therefore, by rearranging and substituting the term (dz;/dt = q/8), the final expression

of the velocity-based ADE is presented as:
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b

o e () o) - () )
At Cmo £ Omo + PfEnoKy/ \ 0z Omo + PfEnoKy/ \ 0z
+ _cmo M]b)
| Omo a
(e () (e (P
[\Opo + PfEnoKa/ \ 0z Omo + Pf EnoKa dz /1,

o]
- mo-g

a
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Appendix H: Fixed Mesh ADE — Detailed derivation (Bresler, 1973)

doc 0 ( dc ) (1)
ot o9z\ oz 1

Determination of the time derivative function, % on the LHS of Equation (1):

Generally, the time derivative partial differential equation, % can be written in the

following form as shown in Equation (2) and each of the terms are put in Taylor’s series

expansion, as follows:

n+3 n+s (2)

1
d6c ) n+% dc 2 n+% a6 2
Go), =G, 4G
ot ), i \at), i \at/,

where
1
)7 _ o7 —op  [(A?a%e]"? 0(AR)? )
i_2_86t2i+(t)
(GC)"J'% =l 0(A0)? )
—) =———+0(¢
ot/; At
1
nty it —c [(AD)?0%c 2 (AR ®)
“« T T 86t2i+(t)
69 n+% 9;’1+1 _ el‘rl (6)
— =——— +0(A)?
<6t>i At

and O(At) is the truncation error. Thus, by substituting Equations (3), (4), (5), and (6)

into Equation (2), we have:
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1
(aQC)"+z__ oI+t — oich ()
at /), At

At 029 9%c\""2
Y W(Cin“ —¢)+ <W> or — o |+ on?
2

2
When the term, % and truncation error, O(At)? is neglected, we can simplify Equation

(7) becomes:

(8)

1 +5
at /; At g |t : otz) '

On the other hand, by ignoring the dispersion term, D% on the LHS of Equation (1), we

get:

e (9)

(66(;) B (6qc> 2
at i - 0z i

When the entire Equation (9) is divided by 8 on both sides where it is determined that

6 = q/V, the equation becomes:

(10)

1
n+§

1
G-
Jat i B 0z i

Then, by taking the second derivative on Equation (10) with respect to time and space,
respectively, we obtain:

(11)

1 1
9%c\"'z _ (9vac Ly 0% "
otz).  — \otdz ~ 9tdz),
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(12)

9%¢ ny d Vac nt;
dtdz), __£< &)i

Thus, by substituting Equation (12) into Equation (11), it gives:
(13)

1 1
aZC n+§ n+l d Vn+% aCin+2 aV dc
dz\ ¢ 0z ot 0z

— 1 2
) T

i

1
1 n+s
+=0dc, 2

Meanwhile, by solving the term, i(Vn 2‘—) and when the last term, W9 on the
dz\ ! 0z ot 0z

RHS of Equation (13) is negligible, the equation is displayed as:

[ n+s [ n+d n+s n+s [ n+d n+s 1 (14)
920\"*2 n+1|Vi_12 Gy =6 Vi+12 Gt |
- =y 2 2 2
<6t2>l l '[ L @ J'
Therefore, by substituting Equation (14) into Equation (8), we have:
Do grtientt _ gnen (15)
Vi i v
( at >i B At
n+% n+1 n 1 1 1
Vi At(@i —0; ) n+s [ nts n+s
- 8(Az)2 V_% Ci1 76
1
_ n+§ n+§_ n+§
i)
where
n+% _ Cin_+11 +cty (16)
Cit =7 5
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n+l Cin+1 + ¢ (17)

t 2
"J% _ el el (18)
Civ1 = 2

Lastly, by substituting Equation (16), (17), and (18) into Equation (15), we would get:

90c n+% 6n+1 n+1 9” n (19)
(7) a At
1
ntz +1
v, fAL(e7 - 6 [ s (P4 e, — P — )
16(Az)?
1
SV ol - )
l+§
Determination of the dispersion term, % (D %) on the RHS of the Equation (1):
By referring to the Equation (14), the newly formed equation is given as:
1 1 1 1 1 1 20
pU (i) () @
_ 2

In the end, by substituting Equation (16), (17), and (18) into Equation (20), we would get:

nd (21)

=05,

2(Az)?
1
+_
D 12(Cin+1 +cit — Cln++11 — Cit1)
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Determination of the last term, % on the RHS of the Equation (1):

1 1 1
) ) n+s  n+s ntco . . .
Firstly, by expressing the components, <q_+12, q. ci_f) in Taylor’s series expansion,
i+= i—=
2

2

we have:

1 1
nty  nts n Az (6 )n+§ (AZ)Z 62q n+2 N O(A )3 (22)
110 =% " 2\8z), 8 \ocz), ‘

1 1
nts  niy Az (aq)m? (Az)% (92q\""2 0(az)? (23)
G107 % 75\z), g \ocz) z

1 1 24
" 2=c"7 4 Az (ﬁ)ﬂz (82)7 (0% v - 0(Az)? o
-1 ¢ 0z/; 2 \oez),

WA

Then, by subtracting the products of HEAZ and l_fAZ , the residue of the equation is

shown below:
R (25)
C. - C.
oz /), Az 2 0z qazi z
n+s
Thus, the term, %(q %). ? is solved by second-order finite difference approximation, as
l
follow:
PR /e T A N YE AT (26)
8/ dce\"t3 qi_% Ci1 76 qi% € " Tl
az (" az)i (A2)? (A2)?

By substituting Equation (26) into Equation (25) and ignore the truncation error, 0(Az)?,

the new equation is given as:
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(27)

Finally, by inserting the Equations (16), (17), and (18) into Equation (27), we would get:

1 1
n+s n+s
2¢-n+1 n 27 -n+1 n
net 4 (e o) - q_1 (57 +¢iq)

(6qc> B i+a >
oz /); 20z

1

n+s
2 n+1 n n+1 n
qi_l (c57 + by — ' =)

[

I
+ [—2

|

|

4Az

n+s
O o - el - )|
2

4Az

|
|
|

(28)
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Appendix I: Rearrangement of the Advective-Dispersion Equation (ADE) — Detailed

steps
9n+1 ‘I‘L+1 911 n (1)
At
n+% n+1 n n+1 n
D (ciZy + ity — ¢ i)
2
2(A2)?
1
+
Dn 12( M+ ci' Cin++11 —Ciy1)
_ *2
2(Az)?
41 L1
i+3 2
20z
where
, DM +DMy (2)
Dn+§ _ =5 =35
-3 2
1 D™ + D", (3)
n+s i+5 i+
D 2 — 2 2
i+% 2
n+1 n 4
n+s qi+% + qi+% )
q
i+% 2
1 CI?Q_T +q" 1 ®)
qn+§ _ i—3 i—5
i-1 2

When substituting Equation (2), (3), (4), and (5) into Equation (1), we get:
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9n+1 n+1 911 n (6)

At
Dn+1(cz’1+11_|_cl 1= ln+1 n)

4(Az)?
D" 1(c?+11 +elly =t =

+ 4(02)2
Dn+1(cn+1 + ot — Cln++11 — )

- 4(A7)?
Dn (Cn+1 +cft =l —clha)

B 4(Az)?

g (M + e + g (M + cl-”)l
l+§ l+§

4Nz

1
QI+ ) + g (e cin_l)]
2 2

4Az

Then, Equation (6) is expanded and plugged in the following equations:

Dn+11‘71n L+ Dn+_1 ln+1 2Dn+1 ln (7)

D_’Zl*%%g1 + Dl?”;ci" = 2D/"* 1l (8)
Di 1Cln+11 + Dn 1‘717}:11 — 2Dn+1 ct 9)
D,"i 14 DM ycMtt = 2Dl (10)

l—z i+ 7

Hence, when Equation (8 — 7) and Equation (10 — 9), the residual of the solution is

equivalent to zero. Therefore, the new equation becomes:
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oMttt — gl (11)

At
Din_'i'll(czq_-l-ll _ Cin+1) Din_l(cin—l _ Cln) Din++ll(cin+1 _ Cir—ll—+11
2 2 2
_.|_ —_
4(Az)? 4(Az)? 4(Az)?
+1
Dol i) |+ D)
B 4(Az)? B 47Nz
e+ )
L_E l_E

+

4Az

Eventually, when Equation (11) is arranged according to the tridiagonal matrix system,

the final equation gives:

DMt g™ gn+1 D™t p™t g™t (12)
_ ‘2, '3 e+ — 4 2 3 n 3 (™)
4(Az)?2 " 4Az )1 At 4(Az)?2  4(Az)?2  4Az |
DTl+11
i+5
B 4(Az2)2 G
D?_;(Cinq—cin) D::_l(cin_cin+1) CIZ;(C?) Q?_l(cin—ﬂ
2 _ 2 _ 2 2
4(Az)? 4(Az)? 4Nz + 4Nz
o' ci’
At
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Appendix J: Experimental Loading Scheme

Week 1 Wednesday, July 27, 2022
Thursday, July 28, 2022
Friday, July 29, 2022
Saturday, July 30, 2022
Sunday, July 31, 2022
Week 2 Monday, August 1, 2022
Tuesday, August 2, 2022 B C
Wednesday, August 3, 2022
Thursday, August 4, 2022
Friday, August 5, 2022
Saturday, August 6, 2022
Sunday, August 7, 2022
Week 3 Monday, August 8, 2022 | J
Tuesday, August 9, 2022
Wednesday, August 10, 2022
Thursday, August 11, 2022
Friday, August 12, 2022
Saturday, August 13, 2022
Sunday, August 14, 2022 O P
Week 4 Monday, August 15, 2022
Tuesday, August 16, 2022
Wednesday, August 17, 2022
Thursday, August 18, 2022
Friday, August 19, 2022
Saturday, August 20, 2022 \Y/ W
Sunday, August 21, 2022
Week 5 Monday, August 22, 2022
Tuesday, August 23, 2022
Wednesday, August 24, 2022
Thursday, August 25, 2022
Friday, August 26, 2022 AC AD
Saturday, August 27, 2022
Sunday, August 28, 2022
Week 6 Monday, August 29, 2022
Tuesday, August 30, 2022
Wednesday, August 31, 2022
Thursday, September 1, 2022
Friday, September 2, 2022
Saturday, September 3, 2022
Sunday, September 4, 2022
Week 7 Monday, September 5, 2022
Tuesday, September 6, 2022
Wednesday, September 7, 2022
Thursday, September 8, 2022
Friday, September 9, 2022
Saturday, September 10, 2022
Sunday, September 11, 2022
Week 8 Monday, September 12, 2022

A
D E
©
K L
N
Q R
u
X Y
AA
AE  AF
AH

AG

AB
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Week 9

Week 10

Week 11

Week 12

Week 13

Week 14

Week 15

Tuesday, September 13, 2022
Wednesday, September 14, 2022
Thursday, September 15, 2022
Friday, September 16, 2022
Saturday, September 17, 2022
Sunday, September 18, 2022
Monday, September 19, 2022
Tuesday, September 20, 2022
Wednesday, September 21, 2022
Thursday, September 22, 2022
Friday, September 23, 2022
Saturday, September 24, 2022
Sunday, September 25, 2022
Monday, September 26, 2022
Tuesday, September 27, 2022
Wednesday, September 28, 2022
Thursday, September 29, 2022
Friday, September 30, 2022
Saturday, October 1, 2022
Sunday, October 2, 2022
Monday, October 3, 2022
Tuesday, October 4, 2022
Wednesday, October 5, 2022
Thursday, October 6, 2022
Friday, October 7, 2022
Saturday, October 8, 2022
Sunday, October 9, 2022
Monday, October 10, 2022
Tuesday, October 11, 2022
Wednesday, October 12, 2022
Thursday, October 13, 2022
Friday, October 14, 2022
Saturday, October 15, 2022
Sunday, October 16, 2022
Monday, October 17, 2022
Tuesday, October 18, 2022
Wednesday, October 19, 2022
Thursday, October 20, 2022
Friday, October 21, 2022
Saturday, October 22, 2022
Sunday, October 23, 2022
Monday, October 24, 2022
Tuesday, October 25, 2022
Wednesday, October 26, 2022
Thursday, October 27, 2022
Friday, October 28, 2022
Saturday, October 29, 2022
Sunday, October 30, 2022
Monday, October 31, 2022
Tuesday, November 1, 2022
Wednesday, November 2, 2022

Al

AO

AS

AV

BA

BF

Bl

BN

BR

Al

AP

AT

AW

BB

BG

BJ

BO

BS

AK

AQ

AU

AX

BC

BH

BK

BP

BT

AL

AY

BL

AM

BD

AN

AR

AZ

BE

BM

BQ
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Thursday, November 3, 2022
Friday, November 4, 2022
Saturday, November 5, 2022
Sunday, November 6, 2022
Week 16 Monday, November 7, 2022
Tuesday, November 8, 2022

Legend:

Feeding / loading period
Non-feeding / resting period
Idle period
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Appendix K: Experimental Results of Hydraulic Behavior and Treatment Performance

(a) Batch A — Bed 4 (Saturday, July 30, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH (mg/L)
5911- 394 0.12
Influent - 8710 - 5.5 18780 7726 7.96
15 15 0 0 8.5 - - - - -
15 30 20 -0.000787324 - - 360 167 6.85 0.94
15 45 80 -0.003149296 - - - - - -
15 60 100 -0.00393662 - - - - - -
15 75 125 -0.004920776 - - - - - -
15 90 160 -0.006298593 - - - - - -
15 105 160 -0.006298593 - - - - - -
15 120 155 -0.006101762 - - - - - -
15 135 155 -0.006101762 - - - - - -
15 150 160 -0.006298593 - - - - - -
15 165 160 -0.006298593 - - - - - -
60 225 575 -0.005658892 - - - - - -
15 240 140 -0.005511269 - - - - - -
15 255 140 -0.005511269 - - - - - -
15 270 130 -0.005117607 - - - - - -
15 285 130 -0.005117607 - - - - - -
15 300 125 -0.004920776 - - 379 164 6.83 0.37
1416 1716 2950 -0.001230194 8.333333333 - 404 160 5.63 1.22
1132 2848 550 -0.0002869 8.166666667 - 412 170 5.65 5.7
Total 6015
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(b) Batch B — Bed 1 (Tuesday, August 2, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) pH (mg/L)
5911- 394 0.12
Influent - 8710 - 7 18780 | 7726 7.96

10 10 0 0 - - - - - -
10 20 160 -0.009447889 - - 606 77.5 6.59 0.74

10 30 375 -0.02214349 - - - - - -

5 35 195 -0.023029229 - - - - - -

5 40 185 -0.021848243 - - - - - -

5 45 175 -0.020667257 - - - - - -

5 50 160 -0.018895778 - - - - - -

5 55 155 -0.018305285 - - - - - -

5 60 150 -0.017714792 - - - - - -

5 65 145 -0.017124299 - - - - - -

5 70 130 -0.01535282 - - - - - -

5 75 125 -0.014762327 - - - - - -

5 80 125 -0.014762327 - - - - - -

5 85 120 -0.014171833 - - - - - -

5 90 110 -0.012990847 - - - - - -

5 95 105 -0.012400354 - - - - - -

5 100 100 -0.011809861 - - - - - -

5 105 95 -0.011219368 - - - - - -

5 110 90 -0.010628875 - - - - - -

5 115 80 -0.009447889 - - - - - -

5 120 80 -0.009447889 - - - - - -

5 125 75 -0.008857396 - - - - - -
5 130 70 -0.008266903 - - 595 148 6.62 2.63
1214 1344 2310 -0.001123591 11.5 - 581 191 6.33 6.09
1425 2769 415 -0.000171968 10.33333333 - 554 214 6.09 6.62




1539 4308 165 -6.33082E-05 9 - 481.5 219.5 | 6.085 5.855

1428 5736 250 -0.000103378 8.17 - 409 225 6.08 5.09
1468 7204 175 -7.03926E-05 8 - 481 246 6.17 5.95

1436 8640 0 0 8.17 - - - - -

Total 6320
(c) Batch C — Bed 2 (Tuesday, August 2, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) pH (mg/L)
5911- 394 0.12
Influent - 17420 - 10.66666667 18780 | 7726 7.96

100 100 0 0 - - - - - -
25 125 90 -0.002125775 - - 314 257 6.38 5.77

5 130 50 -0.005904931 - - - - - -

5 135 35 -0.004133451 - - - - - -

5 140 40 -0.004723944 - - - - - -

60 200 300 -0.002952465 - - - - - -

5 205 30 -0.003542958 - - - - - -

15 220 60 -0.002361972 - - - - - -

10 230 50 -0.002952465 - - - - - -
10 240 50 -0.002952465 - - 291 342 6.56 6.72

10 250 50 -0.002952465 - - - - - -

10 260 50 -0.002952465 - - - - - -

10 270 50 -0.002952465 - - - - - -

10 280 45 -0.002657219 - - - - - -

10 290 45 -0.002657219 - - - - - -

10 300 30 -0.001771479 - - - - - -

10 310 50 -0.002952465 - - - - - -

10 320 50 -0.002952465 - - - - - -

10 330 55 -0.003247712 - - - - - -
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10 340 50 -0.002952465 - - - - - -
1005 1345 2390 -0.001404257 12.66666667 - 291 322 6.72 7.19
1426 2771 3685 -0.001525924 12.66666667 - 331 241 6.53 6.36
1544 4315 555 -0.000212256 12.67 - 350 77.6 6 5.98
1422 5737 2370 -0.000246194 12.3 - 266 262 6.8 6.2
1465 7202 695 -0.000280132 11.83 - 326 257 7.36 0.34
1431 8633 190 -7.84023E-05 11.5 - - - - -

Total 11065
(d) Batch D — Bed 3 (Tuesday, August 2, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 26140 - 7.833333333 18780 7726 7.96

8 8 0 0 - - - - - -

12 20 60 -0.002952465 - - 384 161 6.59 0.37

10 30 95 -0.005609684 - - - - - -

10 40 110 -0.006495424 - - - - - -

10 50 120 -0.007085917 - - - - - -

5 55 65 -0.00767641 - - - - - -

5 60 65 -0.00767641 - - - - - -

5 65 65 -0.00767641 - - - - - -

5 70 65 -0.00767641 - - - - - -

5 75 60 -0.007085917 - - - - - -

5 80 65 -0.00767641 - - - - - -

5 85 60 -0.007085917 - - - - - -

5 90 60 -0.007085917 - - - - - -

5 95 60 -0.007085917 - - - - - -

5 100 70 -0.008266903 - - - - - -

5 105 60 -0.007085917 - - - - - -
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5 110 60 -0.007085917 - - - - -
5 115 60 -0.007085917 - - - - -
5 120 55 -0.006495424 - - - - -
5 125 55 -0.006495424 - - - - -
5 130 50 -0.005904931 - - - - -
5 135 55 -0.006495424 - - - - -
55 190 445 -0.008266903 - - - - -
5 195 85 -0.010038382 - - - - -
20 215 120 -0.003542958 - - - - -
10 225 80 -0.004723944 - - - - -
10 235 90 -0.005314438 - - - - -
10 245 75 -0.004428698 - 385 223 6.63 1.99
10 255 75 -0.004428698 - - - - -
10 265 75 -0.004428698 - - - - -
10 275 75 -0.004428698 - - - - -
10 285 75 -0.004428698 - - - - -
10 295 75 -0.004428698 - - - - -
10 305 75 -0.004428698 - - - - -
10 315 80 -0.004723944 - - - - -
10 325 75 -0.004428698 - - - - -
10 335 80 -0.004723944 - - - - -
1013 1348 3900 -0.002273369 13.83 342 302 6.39 6.96
1424 2772 3350 -0.001389152 13.5 298 255 6.86 6.97
1404 4176 3045 -0.001280663 12.83 283 204 6.59 3.12
1386 5562 2820 -0.001201436 12.3 267 231 6.51 2.21
1468 7030 1375 -0.000553084 12 207 183 6.92 2.99
1426 8456 795 -0.000329202 11.3 266 219 6.85 4.32
Total 18280
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(e) Batch E — Bed 4 (Tuesday, August 2, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 8710 - 8.166666667 18780 7726 7.96
30 30 0 0 - - - - - -
20 50 30 -0.00088574 - - 436 209 6.67 2.74
10 60 30 -0.001771479 - - - - - -
10 70 60 -0.003542958 - - - - - -
10 80 75 -0.004428698 - - - - - -
10 90 105 -0.006200177 - - - - - -
5 95 55 -0.006495424 - - - - - -
5 100 55 -0.006495424 - - - - - -
5 105 65 -0.00767641 - - - - - -
5 110 65 -0.00767641 - - - - - -
5 115 55 -0.006495424 - - - - - -
5 120 60 -0.007085917 - - - - - -
5 125 55 -0.006495424 - - - - - -
5 130 60 -0.007085917 - - - - - -
60 190 410 -0.00679067 - - - - - -
5 195 55 -0.006495424 - - - - - -
10 205 80 -0.004723944 - - - - - -
10 215 65 -0.003838205 - - - - - -
10 225 65 -0.003838205 - - - - - -
10 235 60 -0.003542958 - - - - - -
10 245 55 -0.003247712 - - - - - -
10 255 55 -0.003247712 - - - - - -
15 270 75 -0.002952465 - - - - - -
15 285 75 -0.002952465 - - - - - -
15 300 70 -0.002755634 - - - - - -
15 315 70 -0.002755634 - - - - - -
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15 330 70 -0.002755634 - - - - - -

5 335 20 -0.002361972 - - - - - -
1016 1351 1605 -0.000932816 8.666666667 - 384 209 6.57 6.51
1423 2774 605 -0.000251053 6.666666667 - 351 251 6.08 6.87
1530 4304 270 -0.000104205 7 - 334 251 5.46 6.35

Total 4475
(f) Batch F — Bed 5 (Tuesday, August 2, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 17420 - 6.333333333 18780 7726 7.96

20 20 0 0 - - - - - -
10 30 70 -0.004133451 - - 378 191 6.68 0.91

10 40 110 -0.006495424 - - - - - -

5 45 70 -0.008266903 - - - - - -

5 50 65 -0.00767641 - - - - - -

5 55 75 -0.008857396 - - - - - -

5 60 70 -0.008266903 - - - - - -

5 65 85 -0.010038382 - - - - - -

5 70 75 -0.008857396 - - - - - -

5 75 85 -0.010038382 - - - - - -

5 80 75 -0.008857396 - - - - - -

5 85 80 -0.009447889 - - - - - -

5 90 85 -0.010038382 - - - - - -

5 95 85 -0.010038382 - - - - - -

5 100 80 -0.009447889 - - - - - -

5 105 85 -0.010038382 - - - - - -

5 110 85 -0.010038382 - - - - - -

5 115 85 -0.010038382 - - - - - -
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1420
1515

120
125
130
190
195
210
220
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
1352
2772
4287

80
75
80
405
125
240
190
290
195
175
165
165
170
165
125
125
130
140
110
135
90
80
70
60
65
65
65
70
4205
1140
525

-0.009447889
-0.008857396
-0.009447889
-0.012105108
-0.014762327
-0.009447889
-0.011219368
-0.017124299
-0.023029229
-0.020667257
-0.019486271
-0.019486271
-0.020076764
-0.019486271
-0.014762327
-0.014762327
-0.01535282
-0.016533806
-0.012990847
-0.015943313
-0.010628875
-0.009447889
-0.008266903
-0.007085917
-0.00767641
-0.00767641
-0.00767641
-0.008266903
-0.002429573
-0.000474058
-0.000204626
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1452 5739 4035 -0.000218216 8.17 - 232 219 6.56 4.6
1452 7191 570 -0.000231805 7.83 - 279 243 6.89 5.27
1430 8621 320 -0.000132138 7.67 - 303 293 7 4.31
Total 16010
(g) Batch G — Bed 4 (Friday, August 5, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 8710 - 7 18780 7726 7.96
10 10 0 0 - - - - - -
30 40 105 -0.002066726 - - 341 252 6.15 1.41
10 50 50 -0.002952465 - - - - - -
10 60 50 -0.002952465 - - - - - -
10 70 60 -0.003542958 - - - - - -
10 80 75 -0.004428698 - - - - - -
10 90 85 -0.005019191 - - - - - -
10 100 90 -0.005314438 - - - - - -
10 110 95 -0.005609684 - - - - - -
10 120 105 -0.006200177 - - - - - -
10 130 115 -0.00679067 - - - - - -
10 140 125 -0.007381163 - - - - - -
10 150 115 -0.00679067 - - - - - -
10 160 110 -0.006495424 - - - - - -
10 170 115 -0.00679067 - - - - - -
10 180 100 -0.005904931 - - - - - -
10 190 85 -0.005019191 - - - - - -
10 200 75 -0.004428698 - - - - - -
1163 1363 5000 -0.002538663 9 - 261 210 6.17 3.1
1460 2823 2460 -0.00099494 8.666666667 - 244 204 6.77 3.57
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1429 4252 880 -0.000363635 7.833333333 - 263 252 ‘ 6.94 ‘ 591
Total 9895
(h) Batch H — Bed 6 (Friday, August 5, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NOs DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) pH (mg/L)
5911- 394 0.12
Influent - 26140 - 8.333333333 18780 7726 7.96

30 30 0 0 12.66666667 - - - - -
15 45 115 -0.004527113 - - 274 310 6.51 1.97

5 50 50 -0.005904931 - - - - - -

5 55 60 -0.007085917 - - - - - -

5 60 60 -0.007085917 - - - - - -

5 65 65 -0.00767641 - - - - - -

5 70 75 -0.008857396 - - - - - -

5 75 70 -0.008266903 - - - - - -

5 80 70 -0.008266903 - - - - - -

5 85 75 -0.008857396 - - - - - -

5 90 75 -0.008857396 - - - - - -

5 95 75 -0.008857396 - - - - - -

5 100 70 -0.008266903 - - - - - -

5 105 70 -0.008266903 - - - - - -

5 110 70 -0.008266903 - - - - - -

5 115 65 -0.00767641 - - - - - -

5 120 70 -0.008266903 - - - - - -

5 125 70 -0.008266903 - - - - - -

5 130 70 -0.008266903 - - - - - -

5 135 70 -0.008266903 - - - - - -

5 140 70 -0.008266903 - - - - - -

5 145 65 -0.00767641 - - - - - -
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5 150 65 -0.00767641 - - - - -

5 155 65 -0.00767641 - - - - -

5 160 65 -0.00767641 - - - - -

5 165 60 -0.007085917 - - - - -

5 170 60 -0.007085917 - - - - -

5 175 60 -0.007085917 - - - - -

5 180 60 -0.007085917 - - - - -

5 185 60 -0.007085917 - - - - -

5 190 60 -0.007085917 - - - - -

5 195 60 -0.007085917 - - - - -

5 200 55 -0.006495424 - - - - -

5 205 55 -0.006495424 - - - - -

5 210 55 -0.006495424 - - - - -

5 215 55 -0.006495424 - - - - -

5 220 50 -0.005904931 - - - - -

5 225 50 -0.005904931 - - - - -

5 230 50 -0.005904931 - - - - -

5 235 50 -0.005904931 - - - - -

5 240 50 -0.005904931 - - - - -
1164 1404 14590 -0.003474448 13 349 261 7.77 1.58
1448 2852 2560 -0.001043966 10.33333333 285 229 6.97 5.13
1431 4283 1110 -0.000458034 9.5 257 288 7.12 6.1
1352 5635 585 -0.000255502 9.166666667 240 236 7.27 7.03
1482 7117 350 -0.000139455 9 244 430 7.14 7.35
1463 8580 230 -9.28321E-05 8.833333333 240 373 6.88 6.94
1421 10001 95 -3.9477E-05 8.5 350.5 | 435.5 | 7.015 7.11
1515 11516 20 -7.79529E-06 8.5 461 498 7.15 7.28

Total 22015
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(i) Batch 1 — Bed 1 (Monday, August 8, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 5460 - 8.17 29967 7726 7.96

30 30 0 0 - - - - - -
15 45 55 -0.002165141 - - 503 258 6.57 0.53

20 65 200 -0.005904931 - - - - - -

10 75 160 -0.009447889 - - - - - -

10 85 155 -0.009152642 - - - - - -

5 90 75 -0.008857396 - - - - - -

5 95 75 -0.008857396 - - - - - -

5 100 75 -0.008857396 - - - - - -

5 105 70 -0.008266903 - - - - - -

5 110 65 -0.00767641 - - - - - -

5 115 65 -0.00767641 - - - - - -

5 120 60 -0.007085917 - - - - - -

5 125 60 -0.007085917 - - - - - -

5 130 60 -0.007085917 - - - - - -

5 135 55 -0.006495424 - - - - - -

5 140 50 -0.005904931 - - - - - -

5 145 50 -0.005904931 - - - - - -

5 150 50 -0.005904931 - - - - - -

50 200 300 -0.003542958 - - - - - -

40 240 165 -0.002435784 - - - - - -

50 290 155 -0.001830528 - - - - - -
1055 1345 785 -0.000439372 10.17 - 460 372 6.95 6.05
1470 2815 260 -0.000104441 10 - 408 481 6.4 7.08
1470 4285 125 -5.0212E-05 9 - 414 469 6.23 6.72
1427 5712 50 -2.069E-05 9.333333333 - 472 491 5.8 7.28
1506 7218 20 -7.84187E-06 8.83 - 654 411 5.84 7.39
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1253

8471

10

-4.71263E-06

8.833333333

Total

3250

(J) Batch J — Bed 2 (Monday, August 8, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH (mg/L)
5911- 394 0.12
Influent - 10917 - 11.5 29967 7726 7.96
720 720 0 0 - - - - - -
720 1440 265 -0.000217334 13.3 - 315 341 7.58 5.41
1478 2918 980 -0.000391531 12.5 - 270 312 7.08 4.96
1477 4395 1465 -0.000585696 12.3 - 305 285 6.71 1.25
1418 5813 555 -0.000508477 12.17 - 317 325 7.44 3.61
1513 7326 1105 -0.000431259 11.67 - 382 271 7.09 0.59
1247 8573 415 -0.000196515 11.5 - 304 288 6.96 4.04
Total 4785
(k) Batch K — Bed 3 (Monday, August 8, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH (mg/L)
5911- 394 0.12
Influent - 16380 - 11.3 29967 7726 7.96
50 50 0 0 - - - - - -
95 145 105 -0.00065265 - - 254 267 6.96 3.11
50 195 60 -0.000708592 - - - - - -
40 235 80 -0.001180986 - - - - - -
25 260 60 -0.001417183 - - - - - -
25 285 60 -0.001417183 - - - - - -
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1050 1335 1560 -0.000877304 14.17 - 224 295 7.24 6.21
1477 2812 1390 -0.000555711 13.5 - 219 306 7.19 7.37
1473 4285 1460 -0.000585282 11.67 - 190 311 7.11 6.89
227 4512 230 -0.000598297 - - - - - -
1194 5706 985 -0.000487132 11.5 - 208 292 6.82 6.02
1511 7217 1035 -0.000404474 115 - 208 255 7.01 6.59
1255 8472 725 -0.000341121 11.3 - 214 253 7.08 6.81
Total 7750
() Batch L — Bed 4 (Monday, August 8, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 5460 - 7.833333333 29967 | 7726 7.96
90 90 0 0 - - - - - -
55 145 90 -0.000966261 - - 380 289 7.24 0.3
50 195 120 -0.001417183 - - - - - -
40 235 80 -0.001476233 - - - - - -
25 260 65 -0.001535282 - - - - - -
20 280 75 -0.002214349 - - - - - -
1047 1327 1275 -0.000719082 9.5 - 380 289 7.24 0.3
1482 2809 1000 -0.000398443 9.3 - 288 296 7.35 6.06
1468 4277 590 -0.000237324 8.3 - 233 335 7.02 6.97
1247 5524 355 -0.000168103 - - 203 329 7.05 7
Total 3650
(m) Batch M - Bed 5 (Monday, August 8, 2022)
| Time Intervals ‘ Cumulative Time ‘ Collected ‘ Effluent Flux Sludge Deposit TS cob NO; | pH ‘ DO ‘




(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) (mg/L)
5911- 394 0.12
Influent - 10917 - 7.67 29967 7726 7.96
45 45 0 0 - - - - - -
10 55 55 -0.003247712 - - 337 313 7.24 1.54
10 65 65 -0.003838205 - - - - - -
10 75 100 -0.005904931 - - - - - -
5 80 95 -0.011219368 - - - - - -
5 85 70 -0.008266903 - - - - - -
5 90 90 -0.010628875 - - - - - -
5 95 320 -0.037791556 - - - - - -
5 100 290 -0.034248598 - - - - - -
5 105 235 -0.027753174 - - - - - -
5 110 205 -0.024210216 - - - - - -
5 115 185 -0.021848243 - - - - - -
5 120 140 -0.016533806 - - - - - -
5 125 105 -0.012400354 - - - - - -
5 130 70 -0.008266903 - - - - - -
5 135 65 -0.00767641 - - - - - -
5 140 60 -0.007085917 - - - - - -
5 145 60 -0.007085917 - - - - - -
45 190 360 -0.004723944 - - - - - -
40 230 270 -0.003985828 - - - - - -
50 280 285 -0.00336581 - - - - - -
1057 1337 2375 -0.001326794 9.67 - 280 303 7.39 6.39
1478 2815 950 -0.000379546 9.67 - 267 339 7.25 6.9
1464 4279 425 -0.00017142 9.17 - 255 332 7.01 6.57
1422 5701 205 -8.51273E-05 9 - 288 355 7.1 6.69
1515 7216 100 -3.89764E-05 9 - 264 377 7.15 6.88
1243 8459 45 -2.13775E-05 8.83 - - - - -
Total 22015
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(n) Batch N — Bed 4 (Thursday, August 11, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux Sludge Deposit TS CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 5460 - 8.3 29967 7726 7.96
25 25 0 0 - - - - - -
65 90 60 -0.000545071 - - 239 258 6.56 3.62
90 180 90 -0.000590493 - - - - - -
1197 1377 1300 -0.000641304 10 - 202 238 6.36 4.84
1513 2890 820 -0.000320029 8.666666667 - 202 292 6.89 6.82
1247 4137 355 -0.000168103 8.833333333 - 183 296 7.33 6.91
Total 2625
(o) Batch O — Bed 1 (Sunday, August 14, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 5460 - 8.833333333 29967 7726 7.96
15 15 0 0 - - - - - -
5 20 125 -0.014762327 - - 324 492 6.53 3.37
5 25 165 -0.019486271 - - - - - -
5 30 125 -0.014762327 - - - - - -
5 35 120 -0.014171833 - - - - - -
5 40 110 -0.012990847 - - - - - -
5 45 90 -0.010628875 - - - - - -
5 50 85 -0.010038382 - - - - - -
5 55 80 -0.009447889 - - - - - -
5 60 80 -0.009447889 - - - - - -
5 65 75 -0.008857396 - - - - - -
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5 70 65 -0.00767641 - - - - - -

5 75 65 -0.00767641 - - - - - -

5 80 60 -0.007085917 - - - - - -

5 85 60 -0.007085917 - - - - - -

5 90 60 -0.007085917 - - - - - -

5 95 55 -0.006495424 - - - - - -

5 100 50 -0.005904931 - - - - - -

5 105 50 -0.005904931 - - - - - -

5 110 40 -0.004723944 - - - - - -

5 115 40 -0.004723944 - - - - - -

5 120 40 -0.004723944 - - - - - -

5 125 30 -0.003542958 - - - - - -

5 130 30 -0.003542958 - - - - - -

5 135 30 -0.003542958 - - - - - -

5 140 25 -0.002952465 - - - - - -

46 186 160 -0.002053889 - - - - - -

64 250 185 -0.001706894 - - - - - -

53 303 155 -0.001726914 - - - - - -
1176 1479 690 -0.000346463 10.17 - 345 378 6.51 6.16

219 1698 50 -0.000134816 9 - - - - -
1283 2981 185 -8.51451E-05 8.83 5379.710145 345 527 6.32 6.76
1355 4336 110 -4.79367E-05 8 12109.9006 362 477 5.25 7.45
1549 5885 70 -2.66846E-05 8.17 - 318 566 6.35 7.75
1335 7220 20 -8.84634E-06 7.5 - 529 870 6.91 7.58

Total 3380
(p) Batch P — Bed 2 (Sunday, August 14, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit COD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 10917 - 11.5 29967 5911- 394 7.96 0.12
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10 10 0 0 - - - - - -
170 180 50 -0.000173674 - - 291 299 7.41 7.18

115 295 35 -0.000179715 - - - - - -
1180 1475 520 -0.000260217 12.5 - 256 236 6.92 6.94

222 1697 195 -0.000518676 - - - - - -
1287 2984 805 -0.000369345 11.67 - 281 259 6.69 5.84
1352 4336 845 -0.000369058 10.83 2732.951588 285 244 6.67 7.43

124 4460 100 -0.000346479 - - - - - -
237 4697 130 -0.000323899 10.83 2820.467265 239 291 6.84 7.1
1188 5885 650 -0.000323081 10.83 1063.952816 243 282 7.07 7.45
1335 7220 615 -0.000272025 10.83 2222.870871 244 303 6.99 7.27

Total 3945
(q) Batch Q — Bed 3 (Sunday, August 14, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
5911- 394 0.12
Influent - 16380 - 11.5 29967 7726 7.96

30 30 0 0 - - - - - -
40 70 60 -0.00088574 - - 198 159 7.02 6.6

95 165 170 -0.001056672 - - - - - -

80 245 85 -0.001089304 - - - - - -

50 295 95 -0.001121937 - - - - - -
1180 1475 1875 -0.000938283 133 - 175 222 7.24 7.48

215 1690 270 -0.000741549 - - - - - -
1287 2977 1455 -0.000667574 12.17 - 242 260 7.12 7.03
1356 4333 1395 -0.000607476 11 1294.189769 233 246 7.17 7.56

120 4453 125 -0.000615097 - - - - - -
239 4692 285 -0.000605777 113 1210.626611 175 287 7.23 7.17
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1188 5880 1200 -0.000596458 10.67 ‘ 717.7421222 ‘ 183 ‘ 273 ‘ 7.15 ‘ 7.52 ‘
1336 7216 1055 -0.000466295 10.5 3169.403557 179 276 7.02 7.08
Total 8070
(r) Batch R — Bed 4 (Sunday, August 14, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit COD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 5460 - 8.833333333 29967 7726 7.96
80 80 0 0 - - - - - -
95 175 80 -0.000497257 - - 178 289 6.97 7.05
80 255 75 -0.000553587 - - - - - -
50 305 55 -0.000649542 - - - - - -
1182 1487 1595 -0.000796816 11.66666667 - 186 211 6.9 7.4
212 1699 170 -0.000473509 - - - - - -
1283 2982 650 -0.000299159 10.33333333 - 238 267 6.89 6.73
1362 4344 490 -0.000212439 9.666666667 1921.615945 223 284 7.2 7.45
118 4462 30 -0.000150125 - - - - - -
Total 3145
(s) Batch S — Bed 5 (Sunday, August 14, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 10917 - 8.83 29967 7726 7.96
50 50 0 0 - - - - - -
20 70 55 -0.001623856 - - 234 323 7.19 5.96
10 80 40 -0.002361972 - - - - - -
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-0.002952465
-0.004723944
-0.006495424
-0.005904931
-0.005904931
-0.006495424
-0.008857396
-0.00767641
-0.008857396
-0.006495424
-0.008857396
-0.008266903
-0.010628875
-0.008857396
-0.012990847
-0.012990847
-0.01535282
-0.011219368
-0.012990847
-0.010038382
-0.008266903
-0.009447889
-0.008562149
-0.00767641
-0.005904931
-0.007085917
-0.004133451
-0.005904931
-0.005314438
-0.004723944
-0.001771479
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1183 1478 1960 -0.000978332 12 - 233 251 7.03 7.11
218 1696 150 -0.000406303 - - - - - -
1279 2975 600 -0.00027701 10.66666667 - 262 249 6.86 6.03
1365 4340 390 -0.000168712 10 2521.547772 272 296 7.3 7.32
360 4700 75 -0.000123019 8.5 3085.714286 195 376 7.27 6.93
1188 5888 200 -9.94096E-05 8.333333333 - 253 452 7.68 7.29
1340 7228 470 -4.97048E-05 7.666666667 - 192 477 7.83 7.71
Total 6525
(t) Batch T — Bed 6 (Sunday, August 14, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 16380 - 8.5 29967 7726 7.96
60 60 0 0 - - - - - -
65 125 65 -0.000590493 - - 200 357 7 6.93
15 140 50 -0.00196831 - - - - - -
15 155 60 -0.002361972 - - - - - -
10 165 50 -0.002952465 - - - - - -
10 175 50 -0.002952465 - - - - - -
10 185 50 -0.002952465 - - - - - -
55 240 260 -0.003247712 - - - - - -
10 250 60 -0.003542958 - - - - - -
10 260 55 -0.003247712 - - - - - -
10 270 55 -0.003247712 - - - - - -
10 280 55 -0.003247712 - - - - - -
10 290 55 -0.003247712 - - - - - -
1177 1467 2370 -0.001189013 15.16666667 - 197 294 6.61 7.3
222 1689 275 -0.000731467 - - - - - -
1283 2972 1710 -0.000615024 13.66666667 2425.074354 243 337 6.95 6.91
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1362 4334 1150 -0.000498581 13.33333333 2431.265621 249 336 6.94 7.51
114 4448 85 -0.00044028 - - - - - -
244 4692 175 -0.000423509 - - - - - -
1189 5881 670 -0.000332742 12 704.6388726 | 202 364 6.89 7.31
1340 7221 105 -0.000235227 11.66666667 2911.272358 187 459 7.13 7.56
1415 8636 330 -0.000137712 11.66666667 3777.128102 185 352 7.54 7.49
1556 10192 280 -0.000106258 11.33333333 1505.25934 206 449 7.41 7.64
1336 11528 100 -4.41986E-05 11.33333333 4629.728861 205 482 7.86 7.67
1420 12948 60 -2.49504E-05 11.33333333 4095.398699 299 485 7.39 8
Total 8175
(u) Batch U — Bed 4 (Wednesday, August 17, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 2930 - 9.666666667 55780 1980 361 8.45 0.2
200 200 0 0 - - - - - -
50 250 60 -0.000708592 - - - - - -
1186 1436 555 -0.000276327 12 1980.509981 170 342 7.31 7.07
1340 2776 465 -0.00020491 11.33333333 1647.967131 176 328 7.34 7.46
1415 4191 255 -0.000106414 9.5 2533.619178 173 328 7.68 7.58
Total 1335
(v) Batch V — Bed 1 (Saturday, August 20, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit COD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 2930 - 7.5 55780 1980 361 8.45 0.2
102 102 0 0 10.3 - - - - -
1440 1542 300 -0.000123019 10.17 6019.633265 290 703 7.34 7.24
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1342 2884 100 -4.4001E-05 9.83 6533.368412 304 755 7.22 7.9
1424 4308 50 -2.07336E-05 9 7147.624875 336 782 7.12 7.96
1452 5760 20 -8.13351E-06 8.3 3573.812437 505 - - -
1481 7241 0 0 8.3 - - - - -
Total 470
(w) Batch W — Bed 2 (Saturday, August 20, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 5870 - 10.83 55780 1980 361 8.45 0.2
0 0 0 0 - - - - - -
146 146 100 -0.000404447 13 3816.793893 245 330 7.39 7.56
1396 1542 715 -0.000302437 12.3 3178.928247 238 345 7.44 7.96
1345 2887 695 -0.000305125 12.3 1877.682403 184 334 7.41 8.16
1418 4305 585 -0.00024361 11.83 3108.429329 235 328 7.22 8.06
1454 5759 530 -0.000215242 11.5 2498.825339 263 267 7.17 7.15
1481 7240 410 -0.000163472 11.67 3486.055777 235 351 7.34 7.21
Total 3035
(x) Batch X — Bed 3 (Saturday, August 20, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 8800 - 10.5 55780 1980 361 8.45 0.2
0 0 0 0 - - - - - -
145 145 115 -0.000468322 12.5 2582.138723 183 299 7.52 7.27
1398 1543 1640 -0.00069271 11 1917.118081 189 343 7.55 7.96
1341 2884 1280 -0.000563632 10.3 3092.616954 257 281 7.2 8
1422 4306 1140 -0.000473391 10.17 1891.222121 177 344 7.36 8.03
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1454 5760 885 -0.000359413 10.3 ‘ 2157.802964 ‘ 177 ‘ 300 ‘ 7.43 ‘ 7.12 ‘
1481 7241 710 -0.000283086 9.67 2306.881097 171 383 7.66 7.14
Total 5770
(y) Batch Y — Bed 4 (Saturday, August 20, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit COD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
5911- 394 0.12
Influent - 2930 - 9.5 55780 7726 7.96
0 0 0 0 - - - - - -
146 146 20 -8.08895E-05 - - - - - -
1399 1545 750 -0.000316562 13 3720.302846 170 352 7.55 7.4
1341 2886 385 -0.00016953 11.33333333 2984.190624 177 404 7.66 7.98
1418 4304 190 -7.91211E-05 10.66666667 3123.605533 168 328 7.46 7.98
Total 1345
(2) Batch Z — Bed 5 (Saturday, August 20, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 5870 - 7.666666667 55780 1980 361 8.45 0.2
0 0 0 0 - - - - - -
144 144 70 -0.000287045 11.33333333 3968.338632 183 425 7.37 6.41
1402 1546 1785 -0.000751805 10 3142.298248 178 519 7.91 7.76
1339 2885 365 -0.000160963 9 3755.154699 170 497 7.71 7.95
1417 4302 150 -6.25081E-05 8.333333333 4194.397027 185 508 7.65 7.86
1459 5761 125 -5.05906E-05 8.833333333 4633.639356 180 462 7.66 7.48
1489 7250 75 -2.97428E-05 8.5 4551.243241 210 531 7.45 7.76
Total 2570
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(aa) Batch AA — Bed 4 (Tuesday, August 23, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 2930 - 10.66666667 55780 1980 361 8.45 0.2
0 0 0 0 - - - - - -
1441 1441 1515 -0.000620817 10.33333333 2124.50911 246 407 7.62 7.48
1476 2917 275 -0.000110017 9.83 2953.835767 190 271 6.64 5.56
1501 4418 120 -4.7208E-05 9.666666667 3374.770387 185 380 7.46 7.31
Total 1910
(ab) Batch AB — Bed 6 (Tuesday, August 23, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit COoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 8800 - - 55780 1980 361 8.45 0.2
0 0 0 0 . - - - - -
1448 1448 3485 -0.00142118 - 2746.61427 | 201 352 | 7.05 | 7.95
1474 2922 920 -0.000368557 - 3484.733548 187 374 7.32 7.17
1502 4424 465 -0.000182809 - 5749.213 198 398 7.49 7.4
1505 5929 185 -7.25855E-05 - 4696.417171 190 444 7.58 7.51
1430 7359 90 -3.71639E-05 - 3643.621342 213 521 7.75 7.63
1286 8645 20 -9.18341E-06 - 1821.810671 364 653 7.83 8.49
1477 10122 15 -5.99688E-06 - - 521 - - -
1438 11560 0 0 - - - - - -
1414 12974 0 0 - - - - - -
Total 5180
(ac) Batch AC - Bed 1 (Friday, August 26, 2022)
| Time Intervals ‘ Cumulative Time ‘ Collected ‘ Effluent Flux ‘ Sludge Deposit ‘ TS (mg/L) ‘ cob NOs | pH ‘ DO
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(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) (mg/L)
Influent - 8030 - 8.3 20365 6152 162 7.44 0.2
30 30 0 0 - - - - - -
15 45 20 -0.000787324 - - 263 725 7.29 6.24
10 55 110 -0.006495424 - - - - - -
5 60 150 -0.017714792 - - - - - -
5 65 125 -0.014762327 - - - - - -
5 70 120 -0.014171833 - - - - - -
5 75 110 -0.012990847 - - - - - -
5 80 110 -0.012990847 - - - - - -
5 85 110 -0.012990847 - - - - - -
5 90 100 -0.011809861 - - - - - -
5 95 100 -0.011809861 - - - - - -
5 100 90 -0.010628875 - - - - - -
5 105 90 -0.010628875 - - - - - -
5 110 85 -0.010038382 - - - - - -
5 115 85 -0.010038382 - - - - - -
5 120 85 -0.010038382 - - - - - -
5 125 75 -0.008857396 - - - - - -
5 130 75 -0.008857396 - - - - - -
5 135 75 -0.008857396 - - - - - -
5 140 70 -0.008266903 - - - - - -
5 145 80 -0.009447889 - - - - - -
5 150 70 -0.008266903 - - - - - -
5 155 70 -0.008266903 - - - - - -
5 160 70 -0.008266903 - - - - - -
5 165 65 -0.00767641 - - - - - -
5 170 60 -0.007085917 - - - - - -
5 175 60 -0.007085917 - - - - - -
5 180 60 -0.007085917 - - - - - -
5 185 55 -0.006495424 - - - - - -
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5 190 55 -0.006495424 - - - - - -

5 195 50 -0.005904931 - - - - - -

5 200 50 -0.005904931 - - - - - -

5 205 50 -0.005904931 - - - - - -

33 238 225 -0.004026089 - - - - - -
1265 1503 1285 -0.000599829 9.5 5908.419498 269 675 6.8 3.36
1428 2931 180 -7.44319E-05 9.5 9125.969774 292 828 7.35 7.1
1286 4217 65 -2.98461E-05 9.3 9929.113049 362 951 7.88 7.77

1477 5694 25 -9.9948E-06 9 6712.478384 384 - - -

1437 7131 0 0 8.5 - - - - -

1414 8545 0 0 7.5 - - - - -

Total 4360
(ad) Batch AD - Bed 2 (Friday, August 26, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 16070 - 11.67 20365 6152 162 7.44 0.2

0 0 0 0 - - - - - -
200 200 155 -0.000457632 12.83 235 349 7.37 7.28

20 220 70 -0.002066726 - - - - - -

10 230 55 -0.003247712 - - - - - -
1282 1512 3270 -0.001506172 12.3 10183.39116 226 308 7.27 7.34
1419 2931 2050 -0.000853073 12.5 13458.23067 234 319 7.47 7.5
1291 4222 1155 -0.000528288 12 7835.500846 286 346 7.6 7.77

170 4392 135 -0.000468921 - - - - - -
1300 5692 880 -0.000399718 12 7762.025432 248 302 6.94 7.86
1428 7120 690 -0.000285322 11.67 2431.750401 248 344 6.96 7.98
1411 8531 470 -0.000196692 11.5 8128.759551 216 295 7.12 8.44

Total 8930
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(ae) Batch AE — Bed 3 (Friday, August 26, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 24110 - 9.67 20365 6152 162 7.44 0.2
0 0 0 0 - - - - - -
90 90 35 -0.000229636 - - 183 319 7.17 4.34
20 110 30 -0.00088574 - - - - - -
10 120 60 -0.003542958 - - - - - -
10 130 70 -0.004133451 - - - - - -
10 140 75 -0.004428698 - - - - - -
10 150 85 -0.005019191 - - - - - -
10 160 95 -0.005609684 - - - - - -
10 170 110 -0.006495424 - - - - - -
10 180 115 -0.00679067 - - - - - -
10 190 110 -0.006495424 - - - - - -
10 200 100 -0.005904931 - - - - - -
10 210 100 -0.005904931 - - - - - -
10 220 90 -0.005314438 - - - - - -
10 230 90 -0.005314438 - - - - - -
1270 1500 3350 -0.0015576 12.3 16260.92021 199 331 7.13 5.86
1429 2929 1770 -0.000731401 12 7872.461734 185 364 7.51 7.38
1286 4215 1010 -0.000463762 11.67 1591.560184 180 409 7.7 7.85
172 4387 140 -0.000480634 - - - - - -
1302 5689 1115 -0.000505683 11.67 1698.180159 183 319 7.17 7.91
1437 7126 1245 -0.000511596 11.5 1924.8592 150 402 7.42 7.95
1410 8536 905 -0.000379004 11.3 1678.853078 158 336 7.39 8.39
Total 10700
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(af) Batch AF — Bed 4 (Friday, August 26, 2022)

Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 8030 - - 20365 6152 162 7.44 0.2
0 0 0 0 - - - - - -
100 100 20 -0.000118099 - - 179 332 7.09 3.25
15 115 55 -0.002165141 - - - - - -
10 125 70 -0.004133451 - - - - - -
10 135 70 -0.004133451 - - - - - -
10 145 80 -0.004723944 - - - - - -
10 155 55 -0.003247712 - - - - - -
10 165 50 -0.002952465 - - - - - -
10 175 50 -0.002952465 - - - - - -
10 185 50 -0.002952465 - - - - - -
10 195 50 -0.002952465 - - - - - -
10 205 50 -0.002952465 - - - - - -
10 215 50 -0.002952465 - - - - - -
10 225 45 -0.002657219 - - - - - -
10 235 50 -0.002952465 - - - - - -
1275 1510 2520 -0.001167092 - 7073.715562 189 343 7.06 5.43
1427 2937 850 -0.00035173 - 12391.48531 174 395 7.44 7.19
1279 4216 245 -0.000113112 - 9902.880187 191 435 7.78 7.79
Total 4360
(ag) Batch AG - Bed 5 (Friday, August 26, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 16070 - - 20365 6152 162 7.44 0.2
0 0 0 0 - - - - - -
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95 95 35 -0.00021755 - - 169 384 6.98 2.57
15 110 65 -0.002558803 - - - - - -
10 120 60 -0.003542958 - - - - - -
10 130 70 -0.004133451 - - - - - -
10 140 70 -0.004133451 - - - - - -
10 150 80 -0.004723944 - - - - - -
10 160 75 -0.004428698 - - - - - -
10 170 70 -0.004133451 - - - - - -
10 180 75 -0.004428698 - - - - - -
10 190 90 -0.005314438 - - - - - -
10 200 75 -0.004428698 - - - - - -
10 210 75 -0.004428698 - - - - - -
10 220 70 -0.004133451 - - - - - -
10 230 65 -0.003838205 - - - - - -
1269 1499 4260 -0.00198227 - 13390.42797 170 393 7.44 6.57
1438 2937 2110 -0.00086644 - 11511.89563 162 430 7.56 7.31
1286 4223 790 -0.000362745 - 3023.998452 177 466 7.76 7.83
169 4392 70 -0.000244583 - - - - - -
1307 5699 430 -0.000194271 - 4199.202623 167 403 7.43 7.8
1428 7127 245 -0.00010131 - 3352.261066 164 460 7.64 8
1416 8543 105 -4.37866E-05 - 3143.613501 195 416 7.58 8.26
Total 8985
(ah) Batch AH — Bed 4 (Monday, August 29, 2022)
Time Intervals | Cumulative Time Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 8030 - - 20365 6152 162 7.44 0.2
0 0 0 0 - - - - - -
170 170 45 -0.000156307 - - - - - -
1308 1478 2170 -0.000979641 - 3389.674176 171 342 7.21 7.94
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1431 2909 1315 -0.000542626 - ‘ 2639.509051 ‘ 150 ‘ 382 ‘ 7.41 ‘ 7.84 ‘
1415 4324 545 -0.000227434 - 2316.960148 168 320 7.35 8.47
Total 4075
(ai) Batch Al — Bed 1 (Thursday, September 15, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit TS COD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) | (mg/L) | pH (mg/L)
Influent - 8030 - 7 20365 6152 162 7.44 0.2
25 25 0 0 - - - - - -
5 30 90 -0.010628875 - - 362 520 6.96 2.75
5 35 170 -0.020076764 - - - - - -
5 40 150 -0.017714792 - - - - - -
5 45 135 -0.015943313 - - - - - -
5 50 110 -0.012990847 - - - - - -
5 55 105 -0.012400354 - - - - - -
5 60 95 -0.011219368 - - - - - -
5 65 90 -0.010628875 - - - - - -
5 70 80 -0.009447889 - - - - - -
5 75 65 -0.00767641 - - - - - -
5 80 60 -0.007085917 - - - - - -
5 85 65 -0.00767641 - - - - - -
5 90 50 -0.005904931 - - - - - -
5 95 50 -0.005904931 - - - - - -
5 100 50 -0.005904931 - - - - - -
5 105 45 -0.005314438 - - - - - -
5 110 40 -0.004723944 - - - - - -
2170 2280 835 -0.000227217 6.666666667 - 336 542 6.77 2.745
2440 4720 25 -6.05013E-06 7 - 310 564 6.57 2.74




2917

7637

6.166666667

Total

2310

(aj) Batch AJ — Bed 2 (Thursday, September 15, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) | (mg/L) | (mg/L) | pH (mg/L)
Influent - 16070 - 15.83333333 20365 6152 162 7.44 0.2
100 100 0 0 - - - - - -
10 110 80 -0.004723944 - 873.6924 258 297 6.59 4.63
5 115 95 -0.011219368 - - - - - -
5 120 90 -0.010628875 - - - - - -
5 125 80 -0.009447889 - - - - - -
5 130 70 -0.008266903 - - - - - -
5 135 75 -0.008857396 - - - - - -
5 140 90 -0.010628875 - - - - - -
5 145 85 -0.010038382 - - - - - -
5 150 80 -0.009447889 - - - - - -
5 155 80 -0.009447889 - - - - - -
5 160 80 -0.009447889 - - - - - -
5 165 75 -0.008857396 - - - - - -
5 170 75 -0.008857396 - - - - - -
5 175 75 -0.008857396 - - - - - -
5 180 75 -0.008857396 - - - - - -
5 185 75 -0.008857396 - - - - - -
5 190 75 -0.008857396 - - - - - -
5 195 75 -0.008857396 - - - - - -
5 200 70 -0.008266903 - - - - - -
5 205 75 -0.008857396 - - - - - -
5 210 60 -0.007085917 - - - - - -
5 215 75 -0.008857396 - - - - - -
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5 220 75 -0.008857396 - - - - - -

5 225 75 -0.008857396 - - - - - -

5 230 80 -0.009447889 - - - - - -

5 235 75 -0.008857396 - - - - - -
2762 2997 6635 -0.001418509 12.5 1545.469 304 405 7.15 5.93
2821 5818 615 -0.000128732 12.5 3081.986 337 511 7.75 7.87
2918 8736 140 -2.83307E-05 12.33333333 1173.885 299 520 7.59 7.16

Total 8740
(ak) Batch AK — Bed 3 (Thursday, September 15, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 24110 - 18 20365 6152 162 7.44 0.2

65 65 0 0 - - - - - -
12 77 115 -0.005658892 - -1790.1 129 304 7.22 5.55

3 80 55 -0.010825706 - - - - - -

5 85 90 -0.010628875 - - - - - -

5 90 100 -0.011809861 - - - - - -

5 95 110 -0.012990847 - - - - - -

5 100 105 -0.012400354 - - - - - -

5 105 115 -0.01358134 - - - - - -

5 110 120 -0.014171833 - - - - - -

5 115 125 -0.014762327 - - - - - -

5 120 125 -0.014762327 - - - - - -

5 125 125 -0.014762327 - - - - - -

5 130 135 -0.015943313 - - - - - -

5 135 150 -0.017714792 - - - - - -

5 140 135 -0.015943313 - - - - - -

5 145 130 -0.01535282 - - - - - -

5 150 130 -0.01535282 - - - - - -
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5 155 130 -0.01535282 - - - - - -

5 160 135 -0.015943313 - - - - - -

5 165 100 -0.017419545 - - - - - -

5 170 160 -0.018895778 - - - - - -

5 175 160 -0.018895778 - - - - - -

5 180 130 -0.01535282 - - - - - -

5 185 125 -0.014762327 - - - - - -

5 190 125 -0.014762327 - - - - - -

5 195 115 -0.01358134 - - - - - -

5 200 110 -0.012990847 - - - - - -

5 205 100 -0.011809861 - - - - - -

5 210 100 -0.011809861 - - - - - -

5 215 100 -0.011809861 - - - - - -

5 220 105 -0.012400354 - - - - - -

5 225 105 -0.012400354 - - - - - -

5 230 105 -0.012400354 - - - - - -
2764 2994 9900 -0.002115008 14.66666667 1348.290368 221 214 6.73 2.75
2819 5813 1630 -0.000341434 11.66666667 2305.58494 163 316 6.7 7.54
2920 8733 580 -0.00011729 11.5 2510.544286 174 420 6.97 6.74

Total 14275
(al) Batch AL — Bed 4 (Thursday, September 15, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 55210 - 26 20365 6152 162 7.44 0.2

55 55 0 0 - - - - - -
13 68 170 -0.007721832 - 1421.185465 155 247 6.96 6.83

7 75 165 -0.013918765 - - - - - -

5 80 120 -0.014171833 - - - - - -

5 85 115 -0.01358134 - - - - - -
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2771
2820
2922
2896
3009
2605

90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
2981
5801
8723
11619
14628
17233

125
115
115
110
115
115
110
110
110
110
115
105
110
100
105
95
95
95
95
90
90
160
80
80
80
17800
4100
1850
730
320
560

-0.014762327
-0.01358134
-0.01358134

-0.012990847
-0.01358134
-0.01358134

-0.012990847

-0.012990847

-0.012990847

-0.012990847
-0.01358134

-0.012400354

-0.012990847

-0.011809861

-0.012400354

-0.011219368

-0.011219368

-0.011219368

-0.011219368

-0.010628875

-0.010628875

-0.010038382

-0.009447889

-0.009447889

-0.009447889

-0.003793135

-0.000858518

-0.000373858

-0.000148847
-6.27975E-05
-5.81832E-05

215
10.33333333
10.5
10.83333333
10.83333333
10.83333333

1566.389751
856.2621304
955.2141044
2518.834009
2853.611954
3102.218086

7.45
7.31
7.82
7.47
5.8
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2866 20099 260 -5.35688E-05 11 7654.43 127 606 7.91 7.61

3052 23151 0 0 11.16666667 - - - - -

2838 25989 0 0 10.33333333 - - - - -

Total 28820
(am) Batch AM — Bed 5 (Thursday, September 15, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 90315 - 36.66666667 20365 6152 162 7.44 0.2

8 8 0 0 - - - - - -
2 10 150 -0.04428698 - 802.8025106 191 399 7.63 1.77

2 12 470 -0.13876587 - - - - - -

2 14 345 -0.101860053 - - - - - -

2 16 310 -0.091526425 - - - - - -

2 18 300 -0.088573959 - - - - - -

2 20 310 -0.091526425 - - - - - -

2 22 245 -0.0723354 - - - - - -

2 24 245 -0.0723354 - - - - - -

2 26 260 -0.076764098 - - - - - -

2 28 260 -0.076764098 - - - - - -

2 30 260 -0.076764098 - - - - - -

2 32 235 -0.069382935 - - - - - -

2 34 245 -0.0723354 - - - - - -

2 36 230 -0.067906702 - - - - - -

2 38 250 -0.073811633 - - - - - -

2 40 220 -0.064954237 - - - - - -

2 42 215 -0.063478004 - - - - - -

2 44 215 -0.063478004 - - - - - -

2 46 215 -0.063478004 - - - - - -

2 48 210 -0.062001771 - - - - - -
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50
52
54
56
58
60
62
64
66
68
70
72
74
76
78
80
82
84
86
88
90
92
94
96
98
100
102
104
106
108
110

205
190
195
175
180
180
165
170
165
155
165
140
160
140
150
140
145
140
135
140
135
135
125
135
135
130
130
110
130
120
110

-0.060525539
-0.056096841
-0.057573074
-0.051668143
-0.053144376
-0.053144376
-0.048715678
-0.05019191
-0.048715678
-0.045763212
-0.048715678
-0.041334514
-0.047239445
-0.041334514
-0.04428698
-0.041334514
-0.042810747
-0.041334514
-0.039858282
-0.041334514
-0.039858282
-0.039858282
-0.036905816
-0.039858282
-0.039858282
-0.038382049
-0.038382049
-0.032477118
-0.038382049
-0.035429584
-0.032477118
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2 112 115 -0.033953351 - - - - - -
2 114 105 -0.031000886 - - - - - -
2 116 110 -0.032477118 - - - - - -
2 118 110 -0.032477118 - - - - - -
2 120 110 -0.032477118 - - - - - -
4 124 200 -0.029524653 - - - - - -
5 129 245 -0.02893416 - - - - - -
5 134 235 -0.027753174 - - - - - -
5 139 210 -0.024800709 - - - - - -
5 144 205 -0.024210216 - - - - - -
5 149 195 -0.023029229 - - - - - -
5 154 190 -0.022438736 - - - - - -
2737 2891 49400 -0.010657785 13 2972.599111 | 235 359 794 | 2.63
2851 5742 15790 -0.003270391 11 1384.4024 157 437 7.58 6.67
2907 8649 680 -0.000138127 10.83333333 | 2149.510389 | 155 493 7.4 4.97
2723 11372 160 -3.46966E-05 10.66666667 | 3587.694423 | 268 662 7.45 5.14
3192 14564 15 -2.77487E-06 10.16666667 - - - - -
2608 17172 0 0 10.5 - - - - -
2864 20036 0 0 10.16666667 - - - - -
3052 23088 0 0 10.16666667 - - - - -
2838 25926 0 0 9.666666667 - - - - -
3005 28931 0 0 10.66666667 - - - - -
1674 30605 0 0 10.66666667 - - - - -
3885 34490 0 0 10.83333333 - - - - -
2949 37439 0 0 10.83 - - - - -
1392 38831 0 0 - - - - - -
Total 77895
(an) Batch AN — Bed 6 (Thursday, September 15, 2022)
| Time Intervals ’Cumulative Time ’ Collected ‘ Effluent Flux ’ Sludge Deposit ‘ TS (mg/L) ‘ coD NOs | pH ‘ DO ‘
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(min) (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) (mg/L)
Influent - 24110 - 16.83333333 20365 6152 162 7.44 0.2
45 45 0 0 - - - - - -
5 50 65 -0.00767641 - 1103.270738 207 345 7.2 3.56
5 55 165 -0.019486271 - - - - - -
5 60 140 -0.016533806 - - - - - -
5 65 135 -0.015943313 - - - - - -
5 70 140 -0.016533806 - - - - - -
5 75 130 -0.01535282 - - - - - -
5 80 135 -0.015943313 - - - - - -
5 85 185 -0.021848243 - - - - - -
5 90 140 -0.016533806 - - - - - -
5 95 145 -0.017124299 - - - - - -
5 100 150 -0.017714792 - - - - - -
5 105 145 -0.017124299 - - - - - -
5 110 185 -0.021848243 - - - - - -
5 115 145 -0.017124299 - - - - - -
5 120 140 -0.016533806 - - - - - -
5 125 140 -0.016533806 - - - - - -
5 130 145 -0.017124299 - - - - - -
5 135 145 -0.017124299 - - - - - -
5 140 140 -0.016533806 - - - - - -
5 145 120 -0.014171833 - - - - - -
5 150 135 -0.015943313 - - - - - -
5 155 125 -0.014762327 - - - - - -
5 160 130 -0.01535282 - - - - - -
5 165 130 -0.01535282 - - - - - -
5 170 120 -0.014171833 - - - - - -
5 175 120 -0.014171833 - - - - - -
5 180 125 -0.014762327 - - - - - -
5 185 120 -0.014171833 - - - - - -
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5 190 140 -0.016533806 - - - - - -

5 195 115 -0.01358134 - - - - - -

5 200 120 -0.014171833 - - - - - -

5 205 120 -0.014171833 - - - - - -

5 210 120 -0.014171833 - - - - - -

5 215 120 -0.014171833 - - - - - -
2768 2983 9500 -0.00202662 12.66666667 4277.538498 246 504 6.96 6.33
2824 5807 200 -4.18196E-05 12 2637.141841 292 569 7.81 7.73

2921 8728 0 0 115 - - - - -

2896 11624 0 0 11.16666667 - - - - -

Total 11845
(ao) Batch AO - Bed 1 (Wednesday, September 21, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 15150 - 6.166666667 10795.65 5802 308 8.23 0.21
1 1 1465 -0.865072335 - 910.3810212 271 703 7.7 1.26

1 2 1965 -1.160318866 - - - - - -

1 3 1280 -0.755831119 - - - - - -

1 4 820 -0.484204311 - - - - - -

1 5 690 -0.407440213 - - - - - -

1 6 470 -0.277531739 - - - - - -

1 7 500 -0.295246531 - - - - - -

1 8 345 -0.203720106 - - - - - -

1 9 235 -0.13876587 - - - - - -

1 10 230 -0.135813404 - - - - - -

1 11 170 -0.10038382 - - - - - -

1 12 160 -0.09447889 - - - - - -

1 13 130 -0.076764098 - - - - - -

1 14 115 -0.067906702 - - - - - -
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1 15 105 -0.062001771 - - - - - -

5 20 300 -0.035429584 - - - - - -

5 25 195 -0.023029229 - - - - - -

5 30 140 -0.016533806 - - - - - -

5 35 110 -0.012990847 - - - - - -

5 40 95 -0.011219368 - - - - - ;

5 45 85 -0.010038382 - - - - - ;

30 75 275 -0.005412853 - - - - - ;

40 115 205 -0.003026277 - - - - - -

45 160 150 -0.00196831 - - - - - ;
2727 2887 745 -0.000161319 8.166666667 3528.962215 152 658 8.17 7.87
3010 5897 75 -1.47133E-05 7.833333333 6003.295042 319 646 6.11 7.17
2677 8574 70 -1.54406E-05 8.166666667 5212.180042 241 628 6.78 7.64

Total 11125
(ap) Batch AP — Bed 2 (Wednesday, September 21, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 30310 - 12.33333333 10795.65 5802 308 8.23 0.21
1 1 2160 -1.275465013 - 4051.05303 323 446 7.69 1.46

1 2 4880 -2.881606141 - - - - - -

1 3 5115 -3.020372011 - - - - - -

1 4 3500 -2.066725716 - - - - - -

1 5 2320 -1.369943903 - - - - - -

1 6 985 -0.581635666 - - - - - -

1 7 670 -0.395630351 - - - - - -

1 8 450 -0.265721878 - - - - - -

1 9 250 -0.147623265 - - - - - ;

1 10 290 -0.171242988 - - - - - ;

1 11 285 -0.168290523 - - - - - ;
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1 12 215 -0.126956008 - - - - - -

1 13 200 -0.118098612 - - - - - -

1 14 145 -0.085621494 - - - - - -

1 15 135 -0.079716563 - - - - - -

1 16 120 -0.070859167 - - - - - -

1 17 115 -0.067906702 - - - - - -

1 18 90 -0.053144376 - - - - - -

1 19 90 -0.053144376 - - - - - -

1 20 80 -0.047239445 - - - - - -

1 21 80 -0.047239445 - - - - - -

1 22 65 -0.038382049 - - - - - -

1 23 65 -0.038382049 - - - - - -

1 24 65 -0.038382049 - - - - - -

1 25 55 -0.032477118 - - - - - -

5 30 210 -0.024800709 - - - - - -

5 35 170 -0.020076764 - - - - - -

5 40 135 -0.015943313 - - - - - -

35 75 550 -0.009279177 - - - - - -

45 120 360 -0.004723944 - - - - - -
2726 2846 1755 -0.00038016 12.33333333 2635.222654 125 521 8 7.92
3011 5857 225 -4.41252E-05 11.33333333 2837.189 225 217 5.94 7.05
2678 8535 115 -2.53572E-05 11.33333333 2865.984092 225 271 5.94 7.32

Total 25945
(aq) Batch AQ — Bed 3 (Wednesday, September 21, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 45470 - 115 10795.65 5802 308 8.23 0.21
1 1 1380 -0.814880425 - 4992.920486 221 377 7.34 1.49

1 2 3860 -2.279303218 - - - - - -
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3730
3935
3555
3470
3115
2660
2345
1915
1490
1020
470
485
385
310
205
180
150
130
115
100
95
85
80
285
225
190
155
130
115
105
95

-2.20253912
-2.323590198
-2.099202834
-2.049010924
-1.839385887
-1.570711544

-1.38470623
-1.130794213
-0.879834662
-0.602302923
-0.277531739
-0.286389135
-0.227339829
-0.183052849
-0.121051078
-0.106288751
-0.088573959
-0.076764098
-0.067906702
-0.059049306
-0.056096841

-0.05019191
-0.047239445
-0.033658105
-0.026572188
-0.022438736
-0.018305285

-0.01535282

-0.01358134
-0.012400354
-0.011219368
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5 70 85 -0.010038382 - - - - - -
2728 2798 2435 -0.000527071 10.83333333 2208.945176 202 359 7.69 6.13
3010 5808 425 -8.33753E-05 12.16666667 3175.624933 163 268 6.36 6.46
2678 8486 520 -0.000114659 11.83333333 2496.600158 109 364 7.52 7.45

Total 40030
(ar) Batch AR — Bed 6 (Saturday, September 24, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 45470 - 11.3 10795.65 5802 308 8.23 0.21

1 1 825 -0.487156776 - 2620.15464 256 538 7.65 3.13

1 2 1365 -0.806023029 - - - - - -

1 3 780 -0.460584588 - - - - - -

1 4 785 -0.463537053 - - - - - -

1 5 820 -0.484204311 - - - - - -

1 6 795 -0.469441984 - - - - - -

1 7 930 -0.549158547 - - - - - -

1 8 850 -0.501919102 - - - - - -

1 9 740 -0.436964866 - - - - - -

1 10 765 -0.451727192 - - - - - -

1 11 775 -0.457632123 - - - - - -

1 12 860 -0.507824033 - - - - - -

1 13 745 -0.439917331 - - - - - -

1 14 765 -0.451727192 - - - - - -

1 15 800 -0.472394449 - - - - - -

1 16 685 -0.485680543 - - - - - -

1 17 845 -0.498966637 - - - - - -

1 18 600 -0.354295837 - - - - - -

1 19 660 -0.389725421 - - - - - -

1 20 765 -0.451727192 - - - - - -
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2 22 1185 -0.349867139 - - - - - -
2 24 1280 -0.377915559 - - - - - -
2 26 1140 -0.336581045 - - - - - -
2 28 1090 -0.321818719 - - - - - -
2 30 980 -0.2893416 - - - - - -
2 32 915 -0.270150576 - - - - - -
2 34 915 -0.270150576 - - - - - -
2 36 895 -0.264245645 - - - - - -
2 38 755 -0.222911131 - - - - - -
2 40 570 -0.168290523 - - - - - -
2 42 475 -0.140242102 - - - - - -
2 44 385 -0.113669914 - - - - - -
2 46 315 -0.093002657 - - - - - -
2 48 300 -0.088573959 - - - - - -
2 50 250 -0.073811633 - - - - . -
2 52 235 -0.069382935 - - - - . -
2 54 205 -0.060525539 - - - - . -
2 56 185 -0.054620608 - - - - . -
2 58 155 -0.045763212 - - - - . -
2 60 155 -0.045763212 - - - - . -
2 62 150 -0.04428698 - - - - . -
2 64 135 -0.039858282 - - - - . -
2 66 140 -0.041334514 - - - - . -
2 68 125 -0.036905816 12.5 - - - - -
3089 3157 3200 -0.000611712 12.16666667 - 240 400 7 4
2610 5767 100 -2.26243E-05 12.16666667 3306.617615 207 277 5.9 6.95
2861 8628 0 0 12.5 - - - - -
3052 11680 0 0 12.5 - - - - -
2838 14518 0 0 12.33333333 - - - - -
Total 32390
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(as) Batch AS — Bed 1 (Tuesday, September 27, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 15150 - 8.166666667 10795.65 5802 308 8.23 0.21
7 7 185 -0.015605888 - 4704.315988 243 577 6.62 4.81

1 8 130 -0.076764098 - - - - - -

1 9 190 -0.112193682 - - - - - -

1 10 235 -0.13876587 - - - - - -

1 11 245 -0.1446708 - - - - - -

1 12 240 -0.141718335 - - - - - -

1 13 260 -0.153528196 - - - - - -

1 14 295 -0.174195453 - - - - - -

1 15 280 -0.165338057 - - - - - -

1 16 295 -0.174195453 - - - - - -

1 17 265 -0.156480661 - - - - - -

1 18 260 -0.153528196 - - - - - -

1 19 260 -0.153528196 - - - - - -

1 20 260 -0.153528196 - - - - - -

1 21 245 -0.1446708 - - - - - -

1 22 280 -0.165338057 - - - - - -

1 23 215 -0.126956008 - - - - - -

1 24 240 -0.141718335 - - - - - -

1 25 235 -0.13876587 - - - - - -

1 26 230 -0.135813404 - - - - - -

1 27 220 -0.129908474 - - - - - -

2 29 415 -0.12252731 - - - - - -

1 30 205 -0.121051078 - - - - - -

1 31 190 -0.112193682 - - - - - -

1 32 200 -0.118098612 - - - - - -

1 33 185 -0.109241216 - - - - - -

1 34 170 -0.10038382 - - - - - -
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1 35 180 -0.106288751 - - - - - -
1 36 150 -0.088573959 - - - - - -
1 37 160 -0.09447889 - - - - - -
1 38 145 -0.085621494 - - - - - -
1 39 150 -0.088573959 - - - - - -
1 40 140 -0.082669029 - - - - - -
1 41 145 -0.085621494 - - - - - -
1 42 120 -0.070859167 - - - - - -
2 44 245 -0.0723354 - - - - - -
1 45 115 -0.067906702 - - - - - -
1 46 115 -0.067906702 - - - - - -
1 47 95 -0.056096841 - - - - - -
1 48 105 -0.062001771 - - - - - -
1 49 90 -0.053144376 - - - - - -
1 50 100 -0.059049306 - - - - - -
1 51 90 -0.053144376 - - - - - -
1 52 85 -0.05019191 - - - - - -
1 53 90 -0.053144376 - - - - - -
2 55 155 -0.045763212 - - - - - -
1 56 75 -0.04428698 - - - - - -
1 57 75 -0.04428698 - - - - - -
1 58 75 -0.04428698 - - - - - -
1 59 70 -0.041334514 - - - - - -

2867 2926 2940 -0.000605528 7.5 4309.658256 | 232 513 7.06 6.3

2973 5899 30 -5.95856E-06 7.833333333 | 3915.000523 - - - -

2836 8735 0 0 7.5 - - . } )

Total 12170
(at) Batch AT — Bed 2 (Tuesday, September 27, 2022)
| Time Intervals | Cumulative ‘ Collected ’ Effluent Flux | Sludge Deposit ‘ TS (mg/L) ‘ coD NOs | pH ‘ DO ‘
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(min) Time (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) (mg/L)
Influent - 30310 - 11.33333333 10795.65 5802 308 8.23 0.21
4 4 150 -0.02214349 - 2676.672921 186 301 6.31 7.12
1 5 430 -0.253912017 - - - - - -
1 6 500 -0.295246531 - - - - - -
3 9 1290 -0.253912017 - - - - - -
4 13 2450 -0.361677 - - - - - -
2 15 1305 -0.385296723 - - - - - -
2 17 1170 -0.345438441 - - - - - -
1 18 580 -0.342485976 - - - - - -
2 20 1110 -0.327723649 - - - - - -
2 22 1105 -0.326247417 - - - - - -
2 24 1095 -0.323294951 - - - - - -
2 26 1060 -0.312961323 - - - - - -
2 28 870 -0.256864482 - - - - - -
2 30 670 -0.197815176 - - - - - -
2 32 715 -0.21110127 - - - - - -
2 34 470 -0.13876587 - - - - - -
2 36 415 -0.12252731 - - - - - -
2 38 300 -0.088573959 - - - - - -
2 40 275 -0.081192796 - - - - - -
2 42 235 -0.069382935 - - - - - -
2 44 210 -0.062001771 - - - - - -
2 46 185 -0.054620608 - - - - - -
2 48 170 -0.05019191 - - - - - -
2 50 160 -0.047239445 - - - - - -
2 52 150 -0.04428698 - - - - - -
2 54 160 -0.047239445 - - - - - -
2 56 140 -0.041334514 - - - - - -
2 58 135 -0.039858282 - - - - - -
2 60 130 -0.038382049 - - - - - -
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2869 2929 6425 -0.001322383 11.33333333 2450.280712 200 308 6.99 6.89
2968 5897 185 -3.68063E-05 11.33333333 6331.317175 212 369 6.1 7.75

2837 8734 0 0 11.33333333 - - - - -

Total 24245
(au) Batch AU — Bed 3 (Tuesday, September 27, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 45470 - 11.83333333 10795.65 5802 308 8.23 0.21
6 6 305 -0.030016731 - 3181.943046 114 327 6.49 3.88

3 9 400 -0.078732408 - - - - - -

3 12 435 -0.085621494 - - - - - -

3 15 410 -0.080700718 - - - - - -

3 18 385 -0.075779943 - - - - - -

2 20 260 -0.076764098 - - - - - -

2 22 260 -0.076764098 - - - - - -

2 24 230 -0.067906702 - - - - - -

2 26 225 -0.066430469 - - - - - -

2 28 225 -0.066430469 - - - - - -

2 30 235 -0.069382935 - - - - - -

2 32 235 -0.069382935 - - - - - -

2 34 220 -0.064954237 - - - - - -

2 36 205 -0.060525539 - - - - - -

2 38 215 -0.063478004 - - - - - -

2 40 220 -0.064954237 - - - - - -

2 42 205 -0.060525539 - - - - - -

2 44 205 -0.060525539 - - - - - -

2 46 210 -0.062001771 - - - - - -

2 48 210 -0.062001771 - - - - - -

2 50 205 -0.060525539 - - - - - -
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2 52 210 -0.062001771 - - - - - -

2 54 210 -0.062001771 - - - - - -

2 56 210 -0.062001771 - - - - - -

2 58 195 -0.057573074 - - - - - -

2 60 190 -0.056096841 - - - - - -
2878 2938 23640 -0.004850332 12 1224.076646 255 412 7.45 3.49
2956 5894 575 -0.000114862 12 7735.383447 134 363 6.5 7.69
2838 8732 75 -1.5605E-05 11 10394.81438 211 552 5.82 7.89

Total 30805
(av) Batch AV - Bed 1 (Monday, October 3, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 15150 - 7.5 10795.65 5802 308 8.23 0.21
2 2 300 -0.088573959 - 9959.97817 270 887 7.51 4.05

1 3 425 -0.250959551 - - - - - -

1 4 495 -0.292294066 - - - - - -

1 5 570 -0.336581045 - - - - - -

1 6 475 -0.280484204 - - - - - -

1 7 430 -0.253912017 - - - - - -

1 8 410 -0.242102155 - - - - - -

2 10 890 -0.262769412 - - - - - -

1 11 425 -0.250959551 - - - - - -

1 12 390 -0.230292294 - - - - - -

1 13 365 -0.215529968 - - - - - -

2 15 720 -0.212577502 - - - - - -

1 16 290 -0.171242988 - - - - - -

1 17 280 -0.165338057 - - - - - -

1 18 250 -0.147623265 - - - - - -

1 19 235 -0.13876587 - - - - - -
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1 20 220 -0.129908474 - - - - - -

1 21 210 -0.124003543 - - - - - -

1 22 175 -0.103336286 - - - - - -

1 23 165 -0.097431355 - - - - - -

1 24 170 -0.10038382 - - - - - -

1 25 145 -0.085621494 - - - - - -

1 26 140 -0.082669029 - - - - - -

2 28 225 -0.066430469 - - - - - -

1 29 110 -0.064954237 - - - - - -

4 33 320 -0.047239445 - - - - - -

4 37 250 -0.036905816 - - - - - -

3 40 155 -0.030508808 - - - - - -

8 48 265 -0.019560083 - - - - - -

4 52 110 -0.016238559 - - - - - -

3 55 75 -0.014762327 - - - - - -

36 91 430 -0.007053112 - - - - - -

30 121 190 -0.003739789 - - - - - -

228 349 465 -0.001204295 - - - - - -
1228 1577 460 -0.000221194 8.5 9050.084 218 590 6.4 7.02
1378 2955 110 -4.71366E-05 8.166666667 8140.189547 204 1013 5.51 7.99
1678 4633 80 -2.81522E-05 7.666666667 -4070.65 196 1215 5.89 8.05
4314 8947 60 -8.2127E-06 7.833333333 -639.82 315 1324 5.94 7.93

Total 11480
(aw) Batch AW - Bed 2 (Monday, October 3, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 30310 - 11.33333333 10795.65 5802 308 8.23 0.21
1 1 335 -0.197815176 - 6111.516922 271 692 7.81 3.07

1 2 1645 -0.971361087 - - - - - -
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1 3 1690 -0.997933274 - - - - - -

1 4 2510 -1.482137585 - - - - - -

1 5 2000 -1.180986123 - - - - - -

1 6 2000 -1.180986123 - - - - - -

2 8 2520 -0.744021258 - - - - - -

4 12 4620 -0.682019486 - - - - - -

5 17 2925 -0.345438441 - - - - - -

2 19 405 -0.119574845 - - - - - -

1 20 170 -0.10038382 - - - - - -

1 21 145 -0.085621494 - - - - - -

2 23 245 -0.0723354 - - - - - -

2 25 210 -0.062001771 - - - - - -

1 26 100 -0.059049306 - - - - - -

2 28 170 -0.05019191 - - - - - -

3 31 205 -0.040350359 - - - - - -

3 34 125 -0.024603878 - - - - - -

8 42 385 -0.028417479 - - - - - -

7 49 215 -0.018136573 - - - - - -

5 54 135 -0.015943313 - - - - - -

3 57 75 -0.014762327 - - - - - -
36 93 485 -0.007955254 - - - - - -
30 123 245 -0.00482236 - - - - - -
230 353 755 -0.001938358 - - - - - -
1228 1581 830 -0.000399112 14 5341.024268 179 408 6.87 7.26
1379 2960 315 -0.000134884 12.66666667 4570.531613 175 612 5.16 7.77
1675 4635 190 -6.69813E-05 12.83333333 7078 170 530 5.5 7.8
4314 8949 75 -1.02659E-05 11.5 -2858 166 694 5.98 8.03

Total 25725
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(ax) Batch AX — Bed 3 (Monday, October 3, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 45470 - 11 10795.65 5802 308 8.23 0.21
1 1 415 -0.245054621 - 6132.701216 406 657 8.05 5.15

1 2 5465 -3.227044582 - - - - - -

1 3 4400 -2.598169472 - - - - - -

1 4 4050 -2.3914969 - - - - - -

1 5 3325 -1.96338943 - - - - - -

1 6 3000 -1.771479185 - - - - - -

1 7 2700 -1.594331267 - - - - - -

1 8 2190 -1.293179805 - - - - - -

1 9 1955 -1.154413936 - - - - - -

1 10 1490 -0.879834662 - - - - - -

1 11 900 -0.531443756 - - - - - -

1 12 630 -0.372010629 - - - - - -

1 13 390 -0.230292294 - - - - - -

1 14 360 -0.212577502 - - - - - -

1 15 230 -0.135813404 - - - - - -

1 16 275 -0.162385592 - - - - - -

1 17 235 -0.13876587 - - - - - -

1 18 200 -0.118098612 - - - - - -

1 19 170 -0.10038382 - - - - - -

1 20 140 -0.082669029 - - - - - -

1 21 120 -0.070859167 - - - - - -

1 22 110 -0.064954237 - - - - - -

1 23 110 -0.064954237 - - - - - -

1 24 75 -0.04428698 - - - - - -

1 25 75 -0.04428698 - - - - - -

1 26 75 -0.04428698 - - - - - -

1 27 70 -0.041334514 - - - - - _
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8 35 365 -0.026941246 - - - - - -
9 44 260 -0.017058688 - - - - - -
12 56 265 -0.013040055 - - - - - -
234 290 985 -0.002485623 - - - - - -
1228 1518 895 -0.000430368 14 5254.185335 275 496.5 7.24 6.125
1379 2897 225 -9.63459E-05 13 4375.669455 144 336 6.43 7.1
1675 4572 165 -5.8168E-05 11.83333333 -7892 150 610 5 7.7
4315 8887 135 -1.84743E-05 11.33333333 -5609 138 769 5.5 7.82
Total 36450
(ay) Batch AY — Bed 4 (Monday, October 3, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 90940 - 10.33333333 10795.65 5802 308 8.23 0.21
1 1 685 -0.404487747 - 4057.558772 210 557 7.71 2.09
1 2 875 -0.516681429 - - - - - -
1 3 520 -0.307056392 - - - - - -
1 4 415 -0.245054621 - - - - - -
1 5 385 -0.227339829 - - - - - -
1 6 300 -0.177147919 - - - - - -
1 7 265 -0.156480661 - - - - - -
1 8 240 -0.141718335 - - - - - -
1 9 225 -0.132860939 - - - - - -
1 10 205 -0.121051078 - - - - - -
1 11 190 -0.112193682 - - - - - -
1 12 185 -0.109241216 - - - - - -
1 13 175 -0.103336286 - - - - - -
1 14 165 -0.097431355 - - - - - -
1 15 160 -0.09447889 - - - - - -
1 16 155 -0.091526425 - - - - - -
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1188
1363
1680
3896
2939
1392
1515

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
1228
2591
4271
8167
11106
12498
14013

150
140
135
140
110
120
120
115
110
110
110
105
105
100
100
95
95
95
90
90
85
85
85
85
14800
5225
4180
7960
2960
4340
4090

-0.088573959
-0.082669029
-0.079716563
-0.082669029
-0.064954237
-0.070859167
-0.070859167
-0.067906702
-0.064954237
-0.064954237
-0.064954237
-0.062001771
-0.062001771
-0.059049306
-0.059049306
-0.056096841
-0.056096841
-0.056096841
-0.053144376
-0.053144376
-0.05019191
-0.05019191
-0.05019191
-0.05019191
-0.007356311
-0.002263629
-0.001469203
-0.001206449
-0.000594712
-0.001841049
-0.001594136

30
27.5
27.83333333
27.5
26
25.33333333
19.33333333

4426.506659
4795.454545
-5330.51544
-4496.739864
-4432.245057
-4367.750251
-3012.605375

114
105

7.21

7.99
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2804 16817 8920 -0.001878459 15.16666667 -6957.328386 96 781 7.32 7.85
2802 19619 6130 -0.001291835 14 -2128.543246 90 671 7.17 8.17
3112 22731 2910 -0.000552164 135 5115.259417 155 864 6.55 7.95
2814 25545 1370 -0.000287482 12.33333333 4063.916254 137 643 7.54 7.48
Total 70605
(az) Batch AZ — Bed 6 (Monday, October 3, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 45470 - 12.33333333 10795.65 5802 308 8.23 0.21

5 5 0 0 - - - - - -
1 6 190 -0.112193682 - 6667.55272 267 816 8.02 4,51

1 7 130 -0.076764098 - - - - - -

1 8 230 -0.135813404 - - - - - -

1 9 275 -0.162385592 - - - - - -

1 10 255 -0.150575731 - - - - - -

1 11 270 -0.159433127 - - - - - -

1 12 260 -0.153528196 - - - - - -

1 13 275 -0.162385592 - - - - - -

1 14 285 -0.168290523 - - - - - -

1 15 280 -0.165338057 - - - - - -

1 16 280 -0.165338057 - - - - - -

1 17 290 -0.171242988 - - - - - -

1 18 285 -0.168290523 - - - - - -

1 19 290 -0.171242988 - - - - - -

1 20 290 -0.171242988 - - - - - -

1 21 290 -0.171242988 - - - - - -

1 22 290 -0.171242988 - - - - - -

1 23 295 -0.174195453 - - - - - -

1 24 290 -0.171242988 - - - - - -
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25
26
27
28
29
30
31
32
33
34
35
36
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

285
270
260
265
270
240
250
250
235
235
230
235
440
235
230
235
215
210
235
230
225
215
225
230
235
245
230
250
225
225
225

-0.168290523
-0.159433127
-0.153528196
-0.156480661
-0.159433127
-0.141718335
-0.147623265
-0.147623265
-0.13876587
-0.13876587
-0.135813404
-0.13876587
-0.129908474
-0.13876587
-0.135813404
-0.13876587
-0.126956008
-0.124003543
-0.13876587
-0.135813404
-0.132860939
-0.126956008
-0.132860939
-0.135813404
-0.13876587
-0.1446708
-0.135813404
-0.147623265
-0.132860939
-0.132860939
-0.132860939
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1 57 220 -0.129908474 - - - - - -

1 58 225 -0.132860939 - - - - - -

1 59 225 -0.132860939 - - - - - -

1 60 230 -0.135813404 - - - - - -
195 255 17500 -0.052992967 - - - - - -
22 277 545 -0.014628124 - - 185 521 7.48 7.39

1200 1477 3095 -0.00152298 12.5 5802.600281 174 615 5.97 4.65
1379 2856 215 -9.20638E-05 12 4937.647842 160 700 6.5 5
1675 4531 290 -6.34839E-05 12.08333333 -6189.344425 150 800 7 6
4314 8845 255 -3.4904E-05 12 -3847.787522 139 911 7.43 7.81
2911 11756 30 -6.08547E-06 12.16666667 -6826.672698 215 1249 7.22 8.23
1392 13148 10 -4.24205E-06 12.17 -9805.557874 200 1710 7.48 7.75
Total 35475
(ba) Batch BA — Bed 1 (Sunday, October 9, 2022)
Time Intervals | Cumulative | Collected Volume | Effluent Flux | Sludge Deposit CcoD NO; DO
(min) Time (min) (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 15150 - 7.833333333 10795.65 5802 308 8.23 0.21
16 16 0 0 - - - - - -

2 18 70 -0.020667257 - 429.7202726 196 1113 | 6.85 3.79
1 19 50 -0.029524653 - - - - - -

1 20 50 -0.029524653 - - - - - -

1 21 50 -0.029524653 - - - - - -

1 22 60 -0.035429584 - - - - - -

1 23 65 -0.038382049 - - - - - -

1 24 65 -0.038382049 - - - - - -

1 25 65 -0.038382049 - - - - - -

1 26 70 -0.041334514 - - - - - -

1 27 65 -0.038382049 - - - - - -

1 28 70 -0.041334514 - - - - - -
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

65
70
75
75
75
75
70
70
65
70
75
65
70
70
65
65
65
65
70
65
65
70
70
70
65
70
65
70
65
65
65

-0.038382049
-0.041334514
-0.04428698
-0.04428698
-0.04428698
-0.04428698
-0.041334514
-0.041334514
-0.038382049
-0.041334514
-0.04428698
-0.038382049
-0.041334514
-0.041334514
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.041334514
-0.038382049
-0.038382049
-0.041334514
-0.041334514
-0.041334514
-0.038382049
-0.041334514
-0.038382049
-0.041334514
-0.038382049
-0.038382049
-0.038382049
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1 60 65 -0.038382049 - - - - - -

1 61 70 -0.041334514 - - - - - -

1 62 70 -0.041334514 - - - - - -

1 63 75 -0.04428698 - - - - - -

1 64 65 -0.038382049 - - - - - -

1 65 65 -0.038382049 - - - - - -

1 66 70 -0.041334514 - - - - - -

1 67 70 -0.041334514 - - - - - -

1 68 75 -0.04428698 - - - - - -

1 69 65 -0.038382049 - - - - - -

1 70 70 -0.041334514 - - - - - -

1 71 70 -0.041334514 - - - - - -

1 72 70 -0.041334514 - - - - - -
2815 2887 8000 -0.001678133 8.5 -824.8374137 197 963 6.9 6.71
1409 4296 100 -4.19087E-05 7.666666667 -2079.3951 212 2340 7.08 8.05
1520 5816 75 -2.91362E-05 7.666666667 1361.667011 215 2623 7.24 8.06
2809 8625 40 -8.40859E-06 7.833333333 -2637.47 305 1825 6.92 7.91

Total 11920
(bb) Batch BB — Bed 2 (Sunday, October 9, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 30310 - 115 10795.65 5802 308 8.23 0.21

4 4 0 0 - - - - - -

1 5 145 -0.085621494 - 5410.641716 155 784 6.78 6.4

1 6 210 -0.124003543 - - 187.5 875 7.19 6.46

1 7 500 -0.295246531 - - 220 966 7.6 6.52

1 8 460 -0.271626808 - - 156 1753 6.46 7.94

1 9 480 -0.28343667 - - 288 2285 6.88 7.94

1 10 565 -0.33362858 - - 272 1746.5 | 6.69 8.03
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

590
560
500
560
560
545
555
550
485
525
455
485
465
460
455
470
445
385
425
380
425
375
365
405
335
325
370
310
315
265
325

-0.348390906
-0.330676115
-0.295246531
-0.330676115
-0.330676115
-0.321818719
-0.327723649
-0.324771184
-0.286389135
-0.310008857
-0.268674343
-0.286389135
-0.274579274
-0.271626808
-0.268674343
-0.277531739
-0.262769412
-0.227339829
-0.250959551
-0.224387363
-0.250959551
-0.221434898
-0.215529968
-0.23914969
-0.197815176
-0.191910245
-0.218482433
-0.183052849
-0.186005314
-0.156480661
-0.191910245
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1 42 215 -0.126956008 - - - - - -

1 43 235 -0.13876587 - - - - - -

1 44 165 -0.097431355 - - - - - -

1 45 175 -0.103336286 - - - - - -

1 46 145 -0.085621494 - - - - - ;

1 47 145 -0.085621494 - - - - - -

1 48 130 -0.076764098 - - - - - -

1 49 110 -0.064954237 - - - - - -

1 50 115 -0.067906702 - - - - - -

1 51 100 -0.059049306 - - - - - -

1 52 105 -0.062001771 - - - - - -

1 53 85 -0.05019191 - - - - - -
2841 2894 6435 -0.001337495 135 -1927.179142 220 966 7.6 6.52
1405 4299 205 -8.61574E-05 13.16666667 -9265 156 1753 6.46 7.94
1520 5819 85 -3.3021E-05 13.16666667 1415.428167 288 2285 6.88 7.94
2800 8619 60 -1.26534E-05 12.83333333 -1457 256 1208 6.5 8.12

Total 24540
(bc) Batch BC — Bed 3 (Sunday, October 9, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 45470 - 11.33333333 10795.65 5802 308 8.23 0.21

2 2 765 -0.225863596 - 5294.748124 131 790 7.11 5

1 3 465 -0.274579274 - - - - - -

1 4 465 -0.274579274 - - - - - -

1 5 405 -0.23914969 - - - - - -

1 6 410 -0.242102155 - - - - - -

1 7 395 -0.233244759 - - - - - -

1 8 435 -0.256864482 - - - - - -

1 9 395 -0.233244759 - - - - - -
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

380
370
340
385
315
290
290
270
240
270
260
285
300
335
270
315
275
265
280
285
260
270
250
240
280
220
210
230
210
225
205

-0.224387363
-0.218482433
-0.200767641
-0.227339829
-0.186005314
-0.171242988
-0.171242988
-0.159433127
-0.141718335
-0.159433127
-0.153528196
-0.168290523
-0.177147919
-0.197815176
-0.159433127
-0.186005314
-0.162385592
-0.156480661
-0.165338057
-0.168290523
-0.153528196
-0.159433127
-0.147623265
-0.141718335
-0.165338057
-0.129908474
-0.124003543
-0.135813404
-0.124003543
-0.132860939
-0.121051078
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2850
1393
1520
2865

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
2917
4310
5830
8695

200
200
175
155
175
190
190
185
200
200
195
200
170
190
170
175
180
180
195
195
195
180
170
165
165
165
170
18745
175
55
795

-0.118098612
-0.118098612
-0.103336286
-0.091526425
-0.103336286
-0.112193682
-0.112193682
-0.109241216
-0.118098612
-0.118098612
-0.115146147
-0.118098612
-0.10038382
-0.112193682
-0.10038382
-0.103336286
-0.106288751
-0.106288751
-0.115146147
-0.115146147
-0.115146147
-0.106288751
-0.10038382
-0.097431355
-0.097431355
-0.097431355
-0.10038382
-0.003883787
-7.41825E-05
-2.13665E-05
-0.000163854

13
11.66666667
11.66666667

11.5

860.3740622
-3230
403.25
2098.5




Total

| 37055

(bd) Batch BD — Bed 5 (Wednesday, October 12, 2022)

Time Intervals | Cumulative Collected Effluent Flux | Sludge Deposit cob NOs
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | DO (mg/L)
Influent - 110000 - 10.83 10795.65 5802 308 8.23 0.21
1 1 1945 -1.148509005 - -962.3580522 251 2617 7.98 3.38
1 2 1325 -0.782403307 - - - - - -
1 3 835 -0.493061707 - - - - - -
1 4 455 -0.268674343 - - - - - -
1 5 405 -0.23914969 - - - - - -
1 6 305 -0.180100384 - - - - - -
1 7 255 -0.150575731 - - - - - _
1 8 380 -0.224387363 - - - - - -
1 9 350 -0.206672572 - - - - - -
1 10 280 -0.165338057 - - - - - -
1 11 310 -0.183052849 - - - - - -
1 12 345 -0.203720106 - - - - - -
1 13 295 -0.174195453 - - - - - -
1 14 265 -0.156480661 - - - - - -
1 15 240 -0.141718335 - - - - - -
1 16 230 -0.135813404 - - - - - -
1 17 230 -0.135813404 - - - - - -
1 18 230 -0.135813404 - - - - - -
1 19 190 -0.112193682 - - - - - -
1 20 200 -0.118098612 - - - - - -
1 21 205 -0.121051078 - - - - - -
1 22 175 -0.103336286 - - - - - -
1 23 185 -0.109241216 - - - - - -
1 24 175 -0.103336286 - - - - - -
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1 25 175 -0.103336286 - - - - - -

1 26 170 -0.10038382 - - - - - -

1 27 160 -0.09447889 - - - - - -

1 28 160 -0.09447889 - - - - - -

1 29 155 -0.091526425 - - - - - -

1 30 155 -0.091526425 - - - - - -

82 112 5985 -0.043098792 - - - - - -
1402 1514 16255 -0.006846266 33.33333333 -3870.61782 162 1474 7.44 7.52
2762 4276 17950 -0.003837564 31.91666667 -3181.797372 163 700 6.68 3.7
2812 7088 36400 -0.007643651 30.5 5052.199069 254 996 7.94 3.27
3102 10190 2830 -0.000538715 13.66666667 5639.941037 163 822 6.07 7.9

2812 13002 1050 -0.00022049 12.83333333 4454.884173 182 935 7.66 7
3081 16083 400 -7.66625E-05 12.33333333 5052.199069 102 1195 7.96 7.18
2800 18883 70 -1.47623E-05 12.5 4601.325011 154 1552 8.01 7.72

2698 21581 0 0 12.41666667 - - - - -

4350 25931 0 0 12.33333333 - - - - -

1648 27579 0 0 12.41666667 - - - - -

2639 30218 0 0 12.33333333 - - - - -

3130 33348 0 0 12.16666667 - - - - -

2791 36139 0 0 12.16666667 - - - - -

2721 38860 0 0 12.16666667 - - - - -

Total 91725
(be) Batch BE — Bed 6 (Wednesday, October 12, 2022)
Time Intervals | Cumulative | Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) | Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 45470 - 12.17 10795.65 5802 308 8.23 0.21

4 4 0 0 - - - - - -
2 6 65 -0.019191025 - -4900.804571 185 2171 7.74 7.27

1 7 50 -0.029524653 - - - - - -
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

50
50
50
50
45
45
45
50
50
50
50
55
55
60
60
60
60
60
60
65
65
65
65
65
65
65
65
65
65
65
65

-0.029524653
-0.029524653
-0.029524653
-0.029524653
-0.026572188
-0.026572188
-0.026572188
-0.029524653
-0.029524653
-0.029524653
-0.029524653
-0.032477118
-0.032477118
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
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1414
2795
2812
3103

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
62
63
64
65
66
1480
4275
7087
10190

65
65
65
65
65
65
65
65
65
65
65
65
65
65
60
60
60
60
60
60
60
60
120
60
60
60
55
29000
5000
305
75

-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.038382049
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.035429584
-0.032477118
-0.012110537
-0.001056338
-6.40471E-05
-1.42723E-05

14.16666667
13.83333333
12.83333333
12.66666667

-3660.186192
230.1813829
-3822.511493
5450.443407
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2805

12995

12.66666667

Total

38025

(bf) Batch BF — Bed 1 (Saturday, October 15, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 15150 - 7.833333333 10795.65 5802 308 8.23 0.21
1 1 95 -0.056096841 - -2415.26 154 1371 6.92 6.34

1 2 460 -0.271626808 - - - - - -

1 3 575 -0.33953351 - - - - - -

1 4 605 -0.357248302 - - - - - -

1 5 580 -0.342485976 - - - - - -

1 6 590 -0.348390906 - - - - - -

1 7 470 -0.277531739 - - - - - -

1 8 470 -0.277531739 - - - - - -

1 9 470 -0.277531739 - - - - - -

1 10 465 -0.274579274 - - - - - -

1 11 415 -0.245054621 - - - - - -

1 12 365 -0.215529968 - - - - - -

1 13 265 -0.156480661 - - - - - -

1 14 205 -0.121051078 - - - - - -

1 15 180 -0.106288751 - - - - - -

1 16 160 -0.09447889 - - - - - -

1 17 155 -0.091526425 - - - - - -

1 18 140 -0.082669029 - - - - - -

1 19 135 -0.079716563 - - - - - -

1 20 135 -0.079716563 - - - - - -

1 21 125 -0.073811633 - - - - - -

1 22 135 -0.079716563 - - - - - -

1 23 125 -0.073811633 - - - - - -
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1 24 120 -0.070859167 - - - - - -

1 25 120 -0.070859167 - - - - - -

1 26 95 -0.056096841 - - - - - -

1 27 115 -0.067906702 - - - - - -

1 28 105 -0.062001771 - - - - - -

1 29 105 -0.062001771 - - - - - -

1 30 100 -0.059049306 - - - - - -

1 31 105 -0.062001771 - - - - - -

1 32 100 -0.059049306 - - - - - -

1 33 100 -0.059049306 - - - - - -

1 34 95 -0.056096841 - - - - - -

1 35 95 -0.056096841 - - - - - -
2732 2767 3710 -0.000801877 8 -1926.1122 215 924 7.06 4.69
3117 5884 630 -0.000119349 7 5604.321404 217 1169 7.42 7.92
2810 8694 85 -1.78619E-05 7 4493.708808 234 864 7.06 7.5

Total 13000
(bg) Batch BG — Bed 2 (Saturday, October 15, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)
Influent - 30310 - 12.83333333 10795.65 5802 308 8.23 0.21

1 1 45 -0.026572188 - -4564 264 1146 6.55 6.96

1 2 1030 -0.608207854 - - - - - -

1 3 900 -0.531443756 - - - - - -

1 4 1590 -0.938883968 - - - - - -

1 5 950 -0.560968409 - - - - - -

1 6 945 -0.558015943 - - - - - -

2 8 1795 -0.529967523 - - - - - -

1 9 875 -0.516681429 - - - - - -

1 10 880 -0.519633894 - - - - - -
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1 11 870 -0.513728964 - - - - - -
1 12 740 -0.436964866 - - - - - -
1 13 705 -0.416297609 - - - - - -
1 14 890 -0.525538825 - - - - - -
2 16 1300 -0.38382049 - - - - - -
1 17 590 -0.348390906 - - - - - -
1 18 500 -0.295246531 - - - - - -
1 19 615 -0.363153233 - - - - - -
1 20 620 -0.366105698 - - - - - -
1 21 585 -0.345438441 - - - - - -
1 22 495 -0.292294066 - - - - - -
1 23 375 -0.221434898 - - - - - -
1 24 350 -0.206672572 - - - - - -
1 25 335 -0.197815176 - - - - - -
1 26 300 -0.177147919 - - - - - -
1 27 260 -0.153528196 - - - - - -
1 28 220 -0.129908474 - - - - - -
1 29 210 -0.124003543 - - - - - -
1 30 195 -0.115146147 - - - - - -
1 31 180 -0.106288751 - - - - - -
1 32 180 -0.106288751 - - - - - -
1 33 155 -0.091526425 - - - - - -
2736 2769 4610 -0.000994946 12.66666667 449.7473478 179 735 6.91 6.5
3114 5883 700 -0.000132738 12.83333333 3663.305207 126 1027 | 7.41 7.66
2809 8692 145 -3.04811E-05 12.5 5695.311813 222 844 6.81 7.84
Total 25135
(bh) Batch BH — Bed 3 (Saturday, October 15, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit COoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
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Influent
1
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45470
1145
1860
1160
2700
3700
2540
2830
1220
1555
1430
1465
1245
1200
1200
1250
1255
700
825
730
665
605
405
350
305
265
235
220
185
155
155

-0.676114556
-1.098317095
-0.684971952
-1.594331267
-2.184824328
-1.499852377
-1.671095365
-0.720401535
-0.918216711
-0.844405078
-0.865072335
-0.735163862
-0.708591674
-0.708591674
-0.738116327
-0.741068792
-0.413345143
-0.487156776
-0.431059935
-0.392677886
-0.357248302
-0.23914969
-0.206672572
-0.180100384
-0.156480661
-0.13876587
-0.129908474
-0.109241216
-0.091526425
-0.091526425

10795.65
-3258
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1 31 150 -0.088573959 - - - - - -
2738 2769 4400 -0.00094893 11.5 -320.9 169 815 7.02 3.39
3113 5882 350 -6.63902E-05 10.83333333 3362.489093 105 792 7.22 7.95
2809 8691 85 -1.78682E-05 10.83333333 5900.2095 226 836 7.17 7.7

Total 38540
(bi) Batch Bl — Bed 1 (Friday, October 21, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 9345 - 7 17507.14 6465 470 7.43 0.15

2 2 240 -0.070859167 - 3847.004201 168 866 7.09 4.2

1 3 410 -0.242102155 - - - - - -

1 4 510 -0.301151461 - - - - - -

1 5 440 -0.259816947 - - - - - -

1 6 470 -0.277531739 - - - - - -

1 7 340 -0.200767641 - - - - - -

1 8 370 -0.218482433 - - - - - -

1 9 280 -0.165338057 - - - - - -

1 10 160 -0.09447889 - - - - - -

1 11 120 -0.070859167 - - - - - -

1 12 100 -0.059049306 - - - - - -

1 13 130 -0.076764098 - - - - - -

1 14 120 -0.070859167 - - - - - -

1 15 100 -0.059049306 - - - - - -

1 16 110 -0.064954237 - - - - - -

1 17 80 -0.047239445 - - - - - -
3027 3044 3820 -0.000745188 6.833333333 3852.749491 240 644 6.95 3.11
2814 5858 90 -1.88857E-05 6.833333333 3858.494781 406 830 5.93 7.68
2709 8567 0 0 6.5 5115.772605 - - - -

Total 7890
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(bj) Batch BJ — Bed 2 (Friday, October 21, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 18690 - 125 17507.14 6465 470 7.43 0.15
4 4 80 -0.011809861 - 4517.607651 201 782 6.78 3.24

1 5 210 -0.124003543 - - - - - -

1 6 310 -0.183052849 - - - - - -

1 7 340 -0.200767641 - - - - - -

1 8 410 -0.242102155 - - - - - -

1 9 360 -0.212577502 - - - - - -

1 10 430 -0.253912017 - - - - - -

1 11 390 -0.230292294 - - - - - -

1 12 400 -0.236197225 - - - - - -

1 13 380 -0.224387363 - - - - - -

1 14 380 -0.224387363 - - - - - -

1 15 360 -0.212577502 - - - - - -

1 16 340 -0.200767641 - - - - - -

1 17 340 -0.200767641 - - - - - -

1 18 220 -0.19486271 - - - - - -

1 19 320 -0.18895778 - - - - - -

1 20 310 -0.183052849 - - - - - -

1 21 320 -0.18895778 - - - - - -

1 22 280 -0.165338057 - - - - - -

1 23 280 -0.165338057 - - - - - -

1 24 260 -0.153528196 - - - - - -

1 25 260 -0.153528196 - - - - - -

1 26 210 -0.124003543 - - - - - -

1 27 210 -0.124003543 - - - - - -

1 28 210 -0.124003543 - - - - - -

1 29 190 -0.112193682 - - - - - -

1 30 180 -0.106288751 - - - - - -
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1 31 170 -0.10038382 - - - - - -

1 32 160 -0.09447889 - - - - - -

1 33 160 -0.09447889 - - - - - -
3017 3050 6030 -0.001180203 12.83333333 3297.100679 187 583 6.42 5.04
2808 5858 245 -5.15209E-05 12.33333333 4459.036759 135 841 6.81 7.96
2709 8567 40 -8.71898E-06 12.16666667 2105.263158 223 961 7.01 7.42

Total 14785
(bk) Batch BK — Bed 3 (Friday, October 21, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)

Influent - 28040 - 10.83333333 17507.14 6465 470 7.43 0.15
1 1 610 -0.360200768 - 3647.86505 123 759 7.09 3.95

1 2 790 -0.466489519 - - - - - -

1 3 850 -0.501919102 - - - - - -

1 4 820 -0.484204311 - - - - - -

1 5 900 -0.531443756 - - - - - -

1 6 820 -0.484204311 - - - - - -

1 7 780 -0.460584588 - - - - - -

1 8 760 -0.448774727 - - - - - -

1 9 720 -0.425155004 - - - - - -

1 10 740 -0.436964866 - - - - - -

1 11 660 -0.389725421 - - - - - -

1 12 600 -0.354295837 - - - - - -

1 13 670 -0.395630351 - - - - - -

1 14 580 -0.342485976 - - - - - -

1 15 600 -0.354295837 - - - - - -

1 16 640 -0.377915559 - - - - - -

1 17 500 -0.295246531 - - - - - -

1 18 500 -0.295246531 - - - - - -
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1 19 480 -0.28343667 - - - - - -

1 20 500 -0.295246531 - - - - - -

1 21 420 -0.248007086 - - - - - -

1 22 410 -0.242102155 - - - - - -

2 24 770 -0.227339829 - - - - - -

1 25 360 -0.212577502 - - - - - -

1 26 210 -0.124003543 - - - - - -

1 27 220 -0.129908474 - - - - - -

1 28 260 -0.153528196 - - - - - -

1 29 240 -0.141718335 - - - - - -

1 30 220 -0.129908474 - - - - - -

1 31 220 -0.129908474 - - - - - -

1 32 190 -0.112193682 - - - - - -

1 33 190 -0.112193682 - - - - - -

1 34 170 -0.10038382 - - - - - -

1 35 160 -0.09447889 - - - - - -

1 36 120 -0.070859167 - - - - - -
3015 3051 6530 -0.001278912 13.16666667 -1926.6 171 579 6.85 3.14
2806 5857 30 -6.31318E-06 12.83333333 5269.5 206 956 6.38 7.53

2707 8564 0 0 11.83333333 - - - -

Total 24240
(bl) Batch BL — Bed 4 (Friday, October 21, 2022)
Time Intervals Cumulative Collected Effluent Flux | Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 56080 - 12.33333333 17507.14 6465 470 7.43 0.15
11 11 60 -0.003220871 - 2802.459212 127 527 6.94 3.13

1 12 50 -0.029524653 - - - - - -

1 13 50 -0.029524653 - - - - - -

1 14 60 -0.035429584 - - - - - -
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

70
70
60
70
80
80
90
80
90
80
90
90
90
90
90
90
90
90
90
80
80
80
80
80
70
70
70
70
70
70
70

-0.041334514
-0.041334514
-0.035429584
-0.041334514
-0.047239445
-0.047239445
-0.053144376
-0.047239445
-0.053144376
-0.047239445
-0.053144376
-0.053144376
-0.053144376
-0.053144376
-0.053144376
-0.053144376
-0.053144376
-0.053144376
-0.053144376
-0.047239445
-0.047239445
-0.047239445
-0.047239445
-0.047239445
-0.041334514
-0.041334514
-0.041334514
-0.041334514
-0.041334514
-0.041334514
-0.041334514
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1 46 70 -0.041334514 - - - - - -

1 47 60 -0.035429584 - - - - - -

1 48 60 -0.035429584 - - - - - -

1 49 60 -0.035429584 - - - - - -

1 50 60 -0.035429584 - - - - - -

1 51 60 -0.035429584 - - - - - -

1 52 60 -0.035429584 - - - - - -

1 53 60 -0.035429584 - - - - - -

1 54 60 -0.035429584 - - - - - -

1 55 60 -0.035429584 - - - - - -

1 56 50 -0.029524653 - - - - - -

1 57 50 -0.029524653 - - - - - -

1 58 60 -0.035429584 - - - - - -

1 59 50 -0.029524653 - - - - - -
2989 3048 20150 -0.003980741 25 2504.876296 129 442 7.2 7.22
2799 5847 20370 -0.004297372 16.16666667 1589.127026 234 413 6.62 7
2711 8558 4850 -0.001056397 15.5 -2808.529203 132 381 6.98 6.82
4341 12899 1870 -0.00025437 13.5 -500 125 500 7.05 6.87
1652 14551 470 -0.000167997 12.5 -514.0507197 111 596 7.03 7
2640 17191 650 -0.000145387 12.33333333 1385.361348 82 622 7.17 7.93
3130 20321 360 -6.79161E-05 11.83333333 897.7121165 74 643 7.1 7.2
2791 23112 180 -3.80827E-05 11.66666667 2692.687747 85 614 6.87 7.4
2721 25833 75 -1.6276E-05 11.5 15581.87917 197 732 7.17 7.78

Total 52485
(bm) Batch BM - Bed 6 (Friday, October 21, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit COoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 28040 - 12.66666667 17507.14 6465 470 7.43 0.15
1 1 80 -0.047239445 - 3745.073704 200 759 7.36 3.42
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240
150
120
100
80
80
100
120
120
140
140
150
160
190
190
190
190
190
190
200
200
190
200
200
210
200
200
230
220
230
240

-0.141718335
-0.088573959
-0.070859167
-0.059049306
-0.047239445
-0.047239445
-0.059049306
-0.070859167
-0.070859167
-0.082669029
-0.082669029
-0.088573959
-0.09447889
-0.112193682
-0.112193682
-0.112193682
-0.112193682
-0.112193682
-0.112193682
-0.118098612
-0.118098612
-0.112193682
-0.118098612
-0.118098612
-0.124003543
-0.118098612
-0.118098612
-0.135813404
-0.129908474
-0.135813404
-0.141718335
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1 33 230 -0.135813404 - - - - - -
1 34 220 -0.129908474 - - - - - -
1 35 220 -0.129908474 - - - - - -
1 36 220 -0.129908474 - - - - - -
1 37 210 -0.124003543 - - - - - -
1 38 210 -0.124003543 - - - - - -
1 39 210 -0.124003543 - - - - - -
1 40 210 -0.124003543 - - - - - -
1 41 210 -0.124003543 - - - - - -
1 42 200 -0.118098612 - - - - - -
1 43 200 -0.118098612 - - - - - -
1 44 200 -0.118098612 - - - - - -
1 45 200 -0.118098612 - - - - - -
1 46 200 -0.118098612 - - - - - -
1 47 200 -0.118098612 - - - - - -
1 48 200 -0.118098612 - - - - - -
1 49 180 -0.106288751 - - - - - -
1 50 190 -0.112193682 - - - - - -
1 51 190 -0.112193682 - - - - - -
1 52 200 -0.118098612 - - - - - -
1 53 210 -0.124003543 - - - - - -
1 54 210 -0.124003543 - - - - - -

2999 3053 17180 -0.003382684 13.25 3714.205839 | 174 628 6.97 3.93

2798 5851 90 -1.89937E-05 13 5274.706726 | 178 873 7.22 7.5

2698 8549 0 0 13 - - . } )

4289 12838 0 0 13 - - . i ;

Total 27230
(bn) Batch BN — Bed 1 (Thursday, October 27, 2022)
| Time Intervals | Cumulative ‘ Collected ’ Effluent Flux | Sludge Deposit ‘ TS (mg/L) ‘ coD NOs | pH ‘ DO ‘
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(min) Time (min) Volume (ml) (cm/min) Layer (cm) (mg/L) | (mg/L) (mg/L)
Influent - 9345 - 6.5 17507.14 6465 470 7.43 0.15

2 2 45 -0.013286094 - 3751.138739 179 661 6.24 2.93

1 3 180 -0.106288751 - - - - - -

1 4 200 -0.118098612 - - - - - -

1 5 190 -0.112193682 - - - - - -

1 6 190 -0.112193682 - - - - - -

1 7 195 -0.115146147 - - - - - -

1 8 200 -0.118098612 - - - - - -

1 9 200 -0.118098612 - - - - - -

1 10 195 -0.115146147 - - - - - -

1 11 190 -0.112193682 - - - - - -

1 12 190 -0.112193682 - - - - - -

1 13 175 -0.103336286 - - - - - -

1 14 165 -0.097431355 - - - - - -

1 15 165 -0.097431355 - - - - - -

1 16 160 -0.09447889 - - - - - -

1 17 155 -0.091526425 - - - - - -

1 18 145 -0.085621494 - - - - - -

1 19 140 -0.082669029 - - - - - -

1 20 130 -0.076764098 - - - - - -

1 21 125 -0.073811633 - - - - - -

1 22 125 -0.073811633 - - - - - -

1 23 100 -0.059049306 - - - - - -

2 25 180 -0.053144376 - - - - - -

1 26 85 -0.05019191 - - - - - -
4306 4332 4100 -0.000562244 7.666666667 754.1111219 249 582 6.34 1.28
1652 5984 0 0 7.5 - - - - -
2641 8625 0 0 7.5 - - - - -

Total 7925
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(bo) Batch BO — Bed 2 (Thursday, October 27, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 18690 - 12.16666667 17507.14 6465 470 7.43 0.15

1 1 95 -0.056096841 - 742.7764986 183 729 6.89 3.48

1 2 105 -0.062001771 - - - - - -

1 3 680 -0.401535282 - - - - - -

1 4 440 -0.259816947 - - - - - -

1 5 465 -0.274579274 - - - - - -

1 6 475 -0.280484204 - - - - - -

1 7 460 -0.271626808 - - - - - -

1 8 460 -0.271626808 - - - - - -

1 9 530 -0.312961323 - - - - - -

1 10 415 -0.245054621 - - - - - -

1 11 430 -0.253912017 - - - - - -

1 12 470 -0.277531739 - - - - - -

1 13 430 -0.253912017 - - - - - -

1 14 445 -0.262769412 - - - - - -

1 15 410 -0.242102155 - - - - - -

1 16 430 -0.253912017 - - - - - -

1 17 425 -0.250959551 - - - - - -

1 18 400 -0.236197225 - - - - - -

1 19 375 -0.221434898 - - - - - -

1 20 370 -0.218482433 - - - - - -

1 21 320 -0.18895778 - - - - - -

1 22 275 -0.162385592 - - - - - -

1 23 225 -0.132860939 - - - - - -

1 24 200 -0.118098612 - - - - - -
4309 4333 6130 -0.000840038 12.83 -471.1 225 656 6.52 3.25
1650 5983 0 0 12.16666667 - - - - -
2640 8623 0 0 12.16666667 - - - - -
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Total

15460

(bp) Batch BP — Bed 3 (Thursday, October 27, 2022)

Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 28040 - 11.83333333 17507.14 6465 470 7.43 0.15
1 1 3240 -1.91319752 - 0 248 585 7.26 1.91

1 2 3510 -2.072630647 - - - - - -

1 3 2200 -1.299084736 - - - - - -

1 4 1975 -1.166223797 - - - - - -

1 5 1950 -1.15146147 - - - - - -

1 6 1570 -0.927074107 - - - - - -

1 7 1410 -0.832595217 - - - - - -

1 8 1520 -0.897549454 - - - - - -

1 9 1290 -0.76173605 - - - - - -

1 10 750 -0.442869796 - - - - - -

1 11 650 -0.38382049 - - - - - -

1 12 350 -0.206672572 - - - - - -

1 13 250 -0.147623265 - - - - - -

1 14 210 -0.124003543 - - - - - -

1 15 200 -0.118098612 - - - - - -

1 16 160 -0.09447889 - - - - - -

1 17 150 -0.088573959 - - - - - -

1 18 140 -0.082669029 - - - - - -

1 19 130 -0.076764098 - - - - - -
4290 4309 2970 -0.000408803 13 774.8062984 250 418 6.1 2.34

1650 5959 0 0 12.5 - - - _ .

2640 8599 0 0 12.33333333 - - - - -

Total 24625
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(bq) Batch BQ — Bed 6 (Sunday, October 30, 2022)

Time Intervals | Cumulative Collected Effluent Flux | Sludge Deposit cob NO;
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) pH | DO (mg/L)
Influent - 28040 - 13 17507.14 6465 470 7.43 0.15
1 1 250 -0.147623265 - 48.85078528 461 660 7.88 1.74
1 2 340 -0.200767641 - - - - - -
1 3 215 -0.126956008 - - - - - -
1 4 150 -0.088573959 - - - - - -
1 5 130 -0.076764098 - - - - - -
1 6 125 -0.073811633 - - - - - -
1 7 140 -0.082669029 - - - - - -
1 8 125 -0.073811633 - - - - - -
1 9 135 -0.079716563 - - - - - -
1 10 135 -0.079716563 - - - - - -
1 11 130 -0.076764098 - - - - - -
1 12 140 -0.082669029 - - - - - -
1 13 145 -0.085621494 - - - - - -
1 14 140 -0.082669029 - - - - - -
1 15 140 -0.082669029 - - - - - -
1 16 140 -0.082669029 - - - - - -
1 17 140 -0.082669029 - - - - - -
1 18 135 -0.079716563 - - - - - -
1 19 140 -0.082669029 - - - - - -
1 20 135 -0.079716563 - - - - - -
1 21 135 -0.079716563 - - - - - -
1 22 135 -0.079716563 - - - - - -
1 23 135 -0.079716563 - - - - - -
1 24 135 -0.079716563 - - - - - -
1 25 135 -0.079716563 - - - - - -
1 26 135 -0.079716563 - - - - - -
1 27 125 -0.073811633 - - - - - -
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

130
135
125
130
130
130
130
130
135
135
140
140
135
140
135
135
135
135
140
135
135
135
130
130
130
135
135
135
135
135
135

-0.076764098
-0.079716563
-0.073811633
-0.076764098
-0.076764098
-0.076764098
-0.076764098
-0.076764098
-0.079716563
-0.079716563
-0.082669029
-0.082669029
-0.079716563
-0.082669029
-0.079716563
-0.079716563
-0.079716563
-0.079716563
-0.082669029
-0.079716563
-0.079716563
-0.079716563
-0.076764098
-0.076764098
-0.076764098
-0.079716563
-0.079716563
-0.079716563
-0.079716563
-0.079716563
-0.079716563
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1 59 135 -0.079716563 - - - - - -

1 60 140 -0.082669029 - - - - - -

1 61 135 -0.079716563 - - - - - -

1 62 135 -0.079716563 - - - - - -

2 64 250 -0.073811633 - - - - - -
1570 1634 13300 -0.005002266 135 -856.5624924 270 632 6.31 6.84
2639 4273 290 -6.48893E-05 13.3 1758.544231 163 547 6.47 6.89
3130 7403 0 0 13 - - - - -
2791 10194 0 0 13 - - - - -
2721 12915 0 0 13 - - - - _

Total 22600
(br) Batch BR — Bed 1 (Wednesday, November 2, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CcoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH | (mg/L)
Influent - 9345 - 7.5 17507.14 6465 470 7.43 0.15

1 1 130 -0.076764098 - 1366.763012 138 661 6.79 3.5

1 2 160 -0.09447889 - - - - - -

1 3 140 -0.082669029 - - - - - -

1 4 90 -0.078240331 - - - - - -

1 5 125 -0.073811633 - - - - - -

1 6 150 -0.088573959 - - - - - -

1 7 125 -0.073811633 - - - - - -

1 8 125 -0.073811633 - - - - - -

1 9 130 -0.076764098 - - - - - -

1 10 135 -0.079716563 - - - - - -

1 11 115 -0.067906702 - - - - - -

1 12 120 -0.070859167 - - - - - -

1 13 125 -0.073811633 - - - - - -

1 14 125 -0.073811633 - - - - - -
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

125
120
120
115
120
115
115
105
110
115
105
105
100
110
100
90
100
95
95
95
95
95
95
80
90
85
85
80
85
80
80

-0.073811633
-0.070859167
-0.070859167
-0.067906702
-0.070859167
-0.067906702
-0.067906702
-0.062001771
-0.064954237
-0.067906702
-0.062001771
-0.062001771
-0.059049306
-0.064954237
-0.059049306
-0.053144376
-0.059049306
-0.056096841
-0.056096841
-0.056096841
-0.056096841
-0.056096841
-0.056096841
-0.047239445
-0.053144376
-0.05019191
-0.05019191
-0.047239445
-0.05019191
-0.047239445
-0.047239445
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1 46 80 -0.047239445 - - - - - -

1 47 80 -0.047239445 - - - - - -

1 48 75 -0.04428698 - - - - - -

1 49 75 -0.04428698 - - - - - -

1 50 75 -0.04428698 - - - - - -

1 51 70 -0.041334514 - - - - - -

1 52 70 -0.041334514 - - - - - -

1 53 75 -0.04428698 - - - - - -

1 54 75 -0.04428698 - - - - - -

1 55 65 -0.038382049 - - - - - -

1 56 60 -0.035429584 - - - - - -

1 57 70 -0.041334514 - - - - - -

1 58 65 -0.038382049 - - - - - -

1 59 65 -0.038382049 - - - - - -
3025 3084 2710 -0.000529004 7.5 2122.356309 190 583 6.98 2.3
2803 5887 65 -1.36932E-05 7.666666667 2745.788015 156 863 6.87 7.48

2722 8609 0 0 7.5 - - - - -

Total 8675
(bs) Batch BS — Bed 2 (Wednesday, November 2, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 18690 - 12.16666667 17507.14 6465 470 7.43 0.15
3 3 125 -0.024603878 - 2739.133569 151 420 6.6 3.81

1 4 295 -0.174195453 - - - - - -

1 5 245 -0.1446708 - - - - - -

1 6 220 -0.129908474 - - - - - -

1 7 260 -0.153528196 - - - - - -

1 8 270 -0.159433127 - - - - - -

1 9 285 -0.168290523 - - - - - -
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
28
29
30
31
32
33
34
35
36
37
38
39
40
41

295
315
260
290
275
285
260
280
260
270
275
295
275
275
260
255
250
460
250
245
230
215
205
250
205
205
195
195
190
185
180

-0.174195453
-0.186005314
-0.153528196
-0.171242988
-0.162385592
-0.168290523
-0.153528196
-0.165338057
-0.153528196
-0.159433127
-0.162385592
-0.174195453
-0.162385592
-0.162385592
-0.153528196
-0.150575731
-0.147623265
-0.135813404
-0.147623265
-0.1446708
-0.135813404
-0.126956008
-0.121051078
-0.147623265
-0.121051078
-0.121051078
-0.115146147
-0.115146147
-0.112193682
-0.109241216
-0.106288751
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2 43 150 -0.04428698 - - - - - -

3 46 135 -0.026572188 - - - - - -

4 50 115 -0.016976676 - - - - - -

5 55 105 -0.012400354 - - - - - -

6 61 95 -0.009349473 - - - - - -

7 68 90 -0.007592054 - - - - - -

8 76 85 -0.006273989 - - - - - -

9 85 80 -0.005248827 - - - - - -

10 95 75 -0.004428698 - - - - - -

11 106 70 -0.003757683 - - - - - -

12 118 75 -0.003690582 - - - - - -

13 131 75 -0.003406691 - - - - - -

14 145 60 -0.002530685 - - - - - -

15 160 65 -0.002558803 - - - - - -
3032 3192 5510 -0.001073093 12.66666667 1835.61085 162 530 6.36 3.06
2797 5989 890 -0.000187894 12.83333333 3067.717973 133 677 6.51 7.44
2721 8710 65 -1.41059E-05 12.5 1487.5 207 696 6.72 7.89

Total 17325
(bt) Batch BT — Bed 3 (Wednesday, November 2, 2022)
Time Intervals Cumulative Collected Effluent Flux Sludge Deposit CoD NO; DO
(min) Time (min) Volume (ml) (cm/min) Layer (cm) TS (mg/L) (mg/L) | (mg/L) | pH (mg/L)

Influent - 28040 - 12.33333333 17507.14 6465 470 7.43 0.15
1 1 125 -0.073811633 - 1705.970898 134 474 6.96 3.78

1 2 140 -0.082669029 - - - - - -

1 3 120 -0.070859167 - - - - - -

1 4 100 -0.059049306 - - - - - -

1 5 95 -0.056096841 - - - - - -

1 6 95 -0.056096841 - - - - - -

1 7 100 -0.059049306 - - - - - -
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10
11
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14
15
16
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24
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35
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38

105
105
100
105
110
140
135
180
185
175
180
175
180
180
180
170
175
190
185
185
180
175
185
175
180
180
170
170
170
165
165

-0.062001771
-0.062001771
-0.059049306
-0.062001771
-0.064954237
-0.082669029
-0.079716563
-0.106288751
-0.109241216
-0.103336286
-0.106288751
-0.103336286
-0.106288751
-0.106288751
-0.106288751
-0.10038382
-0.103336286
-0.112193682
-0.109241216
-0.109241216
-0.106288751
-0.103336286
-0.109241216
-0.103336286
-0.106288751
-0.106288751
-0.10038382
-0.10038382
-0.10038382
-0.097431355
-0.097431355
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1 39 160 -0.09447889 - - - - - -
1 40 160 -0.09447889 - - - - - -
1 41 155 -0.091526425 - - - - - -
1 42 155 -0.091526425 - - - - - -
1 43 160 -0.09447889 - - - - - -
1 44 155 -0.091526425 - - - - - -
1 45 155 -0.091526425 - - - - - -
1 46 160 -0.09447889 - - - - - -
1 47 160 -0.09447889 - - - - - -
1 48 160 -0.09447889 - - - - - -
1 49 160 -0.09447889 - - - - - -
1 50 155 -0.091526425 - - - - - -
1 51 170 -0.10038382 - - - - - -
1 52 145 -0.085621494 - - - - - -
1 53 155 -0.091526425 - - - - - -
1 54 150 -0.088573959 - - - - - -
1 55 150 -0.088573959 - - - - - -
1 56 150 -0.088573959 - - - - - -
1 57 150 -0.088573959 - - - - - -
1 58 150 -0.088573959 - - - - - -
1 59 150 -0.088573959 - - - - - -
1 60 150 -0.088573959 - - - - - -

3027 3087 14940 -0.002914426 12.33333333 1487.006396 119 576 6.61 4.13

2797 5884 55 -1.16114E-05 12.5 2608.04769 169 1061 7.71 7.58

2721 8605 0 0 12.33333333 - - - - -

Total 24240
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Appendix L: Graphs of Sludge Deposit Layer Thickness in Phase 1 Experiment.
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Appendix M: Graphs of Moisture Content of Sludge Deposit in Phase 1 Experiment.
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Appendix N: Graphs of Total Solids Content of Sludge Deposit in Phase 1

Experiment.
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Appendix O: Graphs of Total Volatile Solids Content of Sludge Deposit in Phase 1

Experiment.
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Appendix P: Graphs of Effluent Quality in Phase 1 Experiment.

(a) Chemical Oxygen Demand (COD)
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(b) Nitrates (NO3)
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(c) pH
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(d) Dissolved Oxygen (DO)
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(e) Total Solids (TS)
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Appendix Q: Experimental Results in Phase 2 Experiment.

(a) Overall Effluent Flux
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(b) Thickness of Sludge Deposit
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(c) Moisture Content
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(d) Total Solids
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(e) Total Volatile Solids
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(f) Effluent COD
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(g) Effluent NO3
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(h) Effluent pH

Bed 1 pH
9
8 £
7
6
- 5
g
3
2
1
0
0 1 2 3 4 5 6 7
Days
—@— Thursday, September 15,2022 —@— Wednesday, September 21, 2022
—@—Tuesday, September 27, 2022 Monday, October 3, 2022
—@— Sunday, October 9, 2022 —@— Saturday, October 15, 2022
—@— Friday, October 21, 2022 —@— Thursday, October 27, 2022
—@— Wednesday, November 2, 2022
Bed 2 pH
9
8
(==
7
6
T 5
|
3
2
1
0
0 1 2 3 4 5 6 7
Days

—@— Thursday, September 15,2022 —@— Wednesday, September 21, 2022

—@—Tuesday, September 27, 2022 Monday, October 3, 2022
—®— Sunday, October 9, 2022 —@— Saturday, October 15, 2022
—@— Friday, October 21, 2022 —@— Thursday, October 27, 2022

—@— Wednesday, November 2, 2022

497



pH

pH

Bed 3 pH

9
8
7 —
6
5 —_— ®
4
3
2
1
0
0 1 2 3 4 5 6 7
Days
—@— Thursday, September 15, 2022 —@— Wednesday, September 21, 2022
—@—Tuesday, September 27, 2022 —®-— Monday, October 3, 2022
—@— Sunday, October 9, 2022 —@— Saturday, October 15, 2022
—@— Friday, October 21, 2022 —@— Thursday, October 27, 2022
—@— Wednesday, November 2, 2022
Bed 4 pH
9
8
7
6
5
4
3
2
1
0
0 2 4 6 8 10 12 14 16 18 20
Days

—@— Thursday, September 15, 2022 —@— Monday, October 3, 2022 —@®— Friday, October 21, 2022

498



pH

pH
o = N w B (6] [e)} ~ o] [(e)

Bed 5 pH

5 10 15 20 25 30
Days
—@— Thursday, September 15, 2022 —@— Wednesday, October 12, 2022
Bed 6 pH
1 2 3 4 5 6 7 8 9 10
Days

—@— Thursday, September 15, 2022 —@— Saturday, September 24, 2022
—@— Monday, October 3, 2022 —0-Wednesday, October 12, 2022
—@— Friday, October 21, 2022 —@— Sunday, October 30, 2022

499



(i) Effluent DO
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(J) Effluent TS
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Appendix R: ANOVA

(a) Significance of water recovery

Groups | Count | Average (%) | Significance (p-value) Status
PHASE 1
50 kg/m?/year 5 52.87
100 kg/m?/year 5 50.11 0.8693 Not significant
150 kg/m?/year 5 55.29
3-day 11 56.21
6-day 5 63.51 0.4602 Not significant
9-day 3 64.45
PHASE 2
50 kg/m?/year 10 78.18
100 kg/m?/year 10 82.03 0.7902 Not significant
150 kg/m?/year 10 81.86
6-day 10 82.03
198-?;?;/ Z ;Sgg 0.8961 Not significant
27-day 3 79.98
OVERALL
Bed 1 15 69.74
Bed 2 15 71.39
Bed 3 15 73.00 L
Bed 4 15 62.30 0.6265 Not significant
Bed 5 8 69.69
Bed 6 10 73.18

(b) Significance of flow delay

Groups | Count | Average (min) | Significance (p-value) | Status
PHASE 1
50 kg/m?/year 5 46.4
100 kg/m?/year 5 154.2 0.0050 Significant
150 kg/m?/year 5 94.0
3-day 11 119.6
6-day 5 78.8 0.4431 Not significant
9-day 3 96.7
PHASE 2
50 kg/m?/year 10 6.5
100 kg/m?/year 10 13.2 0.8307 Not significant
150 kg/m?/year 10 9.2
6-day 10 13.2 0.9185 Not significant
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9-day 7 9.6
18-day 4 20.3
27-day 3 7.3
OVERALL
Bed 1 15 19.8
Bed 2 15 60.2
Bed 3 15 375 N
Bed 4 15 931 0.0245 Significant
Bed 5 8 52.0
Bed 6 10 35.7
(c) Significance of flux peaks
Groups | Count | Average (cm/min) | Significance (p-value) |  Status
PHASE 1
50 kg/m?/year 5 0.0120
100 kg/m?/year 5 0.0018 0.0194 Significant
150 kg/m?/year 5 0.0035
3-day 11 0.0025
6-day 5 0.0142 0.0182 Significant
9-day 3 0.0040
PHASE 2
50 kg/m?/year 10 0.2528
100 kg/m?/year 10 0.6255 0.1394 . I\_Iqt
significant
150 kg/m?/year 10 0.9606
6-day 10 0.6255
9-day 7 0.1824 Not
18-day 4 0.1454 0.3685 significant
27-day 3 0.3930
OVERALL
Bed 1 15 0.1726
Bed 2 15 0.4176
Bed 3 15 0.6416 L
Bed 4 15 0.0406 0.0463 Significant
Bed 5 8 0.1563
Bed 6 10 0.1289
(d) Significance of sludge deposit layer thickness
Groups | Count | Average(cm) | Significance (p-value) |  Status
PHASE 1
50 kg/m?/year 37 8.61
100 kg/m?/year 37 11.82 2.28E-17 Significant
150 kg/m?/year 37 11.27
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3-day 31 9.16
6-day 31 8.35 7.14E-05 Significant
9-day 31 10.78
PHASE 2
50 kg/m?/year 55 7.48
100 kg/m?/year 55 12.49 2.83E-71 Significant
150 kg/m?/year 55 12.30
6-day 55 12.49
9-day 55 12.79 g
16-day 55 1601 4.21E-05 Significant
27-day 55 13.50
OVERALL
Bed 1 92 7.94
Bed 2 92 12.22
Bed 3 92 11.88 N
Bed 4 36 1367 6.12E-24 Significant
Bed 5 86 11.64
Bed 6 86 12.07
(e) Significance of moisture content
Groups | Count | Average (%) | Significance (p-value) | Status
PHASE 1
50 kg/m?/year 36 61.43
100 kg/m?/year 36 84.92 1.90E-32 Significant
150 kg/m?/year 36 86.88
3-day 36 80.85
6-day 36 80.14 0.4128 Not significant
9-day 36 81.93
PHASE 2
50 kg/m?/year 55 62.60
100 kg/m?/year 55 70.62 2.76E-14 Significant
150 kg/m?/year 55 71.78
6-day 55 70.62
9-day 55 71.03 L
16-day 55 82.90 2.97E-14 Significant
27-day 55 75.57
OVERALL
Bed 1 91 62.14
Bed 2 91 76.28
Bed 3 91 77.76 4.38E-47 Significant
Bed 4 91 82.09
Bed 5 91 77.38
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Bed 6 | 91 | 7534 | |

(F) Significance of total volatile solids

Groups | Count | Average (%) | Significance (p-value) | Status
PHASE 1
50 kg/m?/year 35 30.57
100 kg/m?/year 35 36.89 0.0090 Significant
150 kg/m?/year 35 38.34
3-day 36 39.58
6-day 36 39.66 0.9930 Not significant
9-day 36 39.41
PHASE 2
50 kg/m?/year 55 30.55
100 kg/m?/year 55 33.40 0.0042 Significant
150 kg/m?/year 55 36.19
6-day 55 33.40
9-day 55 35.87 .
18-day 55 4198 5.09E-08 Significant
27-day 55 40.52
OVERALL
Bed 1 90 30.56
Bed 2 90 34.75
Bed 3 90 37.03 .
Bed 4 o1 41.03 1.43E-14 Significant
Bed 5 91 40.18
Bed 6 91 37.27

(9) Significance of effluent COD

Groups | Count | Average (mg/L) | Significance (p-value) | Status
PHASE 1
50 kg/m?/year 27 416.7
100 kg/m?/year 30 272.6 2.38E-16 Significant
150 kg/m?/year 31 216.3
3-day 34 236.7
6-day 31 237.2 0.4525 Not significant
9-day 26 259.5
PHASE 2
50 kg/m?/year 44 224.9
100 kg/m?/year 52 205.9 0.0006 Significant
150 kg/m?/year 51 180.0
6-day 52 205.9 .
9-day 36 10.0 4.57E-14 Significant
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18-day 52 126.6
27-day 24 183.1
OVERALL
Bed 1 71 297.8
Bed 2 82 230.3
Bed 3 82 193.7 N
Bed 4 86 170.2 2.93E-20 Significant
Bed 5 55 213.6
Bed 6 62 230.8
(h) Significance of effluent NO3
Groups | Count | Average (mg/L) | Significance (p-value) |  Status
PHASE 1
50 kg/m?/year 25 495.4
100 kg/m?/year 30 290.8 1.01E-07 Significant
150 kg/m?/year 31 288.5
3-day 34 292.4
6-day 31 360.5 0.0002 Significant
9-day 25 388.7
PHASE 2
50 kg/m?/year 44 904.0
100 kg/m?/year 52 682.2 0.0030 Significant
150 kg/m?/year 51 632.6
6-day 52 682.2
9-day 36 776.7 i
18-day 55 5810 0.0056 Significant
27-day 24 890.6
OVERALL
Bed 1 69 755.9
Bed 2 82 539.0
Bed 3 82 502.5 N
Bed 4 86 466.9 2.15E-05 Significant
Bed 5 55 591.8
Bed 6 61 617.7
(1) Significance of effluent pH
Groups | Count | Average | Significance (p-value) Status
PHASE 1
50 kg/m?/year 25 6.56
100 kg/m?/year 30 7.04 1.02E-05 Significant
150 kg/m?/year 31 7.13
3-day 34 6.97 0.0381 Significant
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6-day 31 7.26
9-day 25 7.22
PHASE 2
50 kg/m?/year 44 6.83
100 kg/m?/year 52 6.79 0.9512 Not significant
150 kg/m?/year 51 6.81
6-day 52 6.79
9-day 36 7.07 —
18-day 55 720 1.00E-06 Significant
27-day 24 7.47
OVERALL
Bed 1 69 6.73
Bed 2 82 6.88
Bed 3 82 6.93 L
Bed 4 86 711 2.43E-10 Significant
Bed 5 55 7.35
Bed 6 61 7.13
(j) Significance of effluent DO
Groups | Count | Average (mg/L) | Significance (p-value) | Status
PHASE 1
50 kg/m?/year 25 6.20
100 kg/m?/year 30 6.22 0.8196 Not significant
150 kg/m?/year 31 6.50
3-day 34 6.21
6-day 31 6.31 0.4237 Not significant
9-day 25 6.84
PHASE 2
50 kg/m?/year 44 5.30
100 kg/m?/year 52 6.17 0.0515 Not significant
150 kg/m?/year 51 5.35
6-day 52 6.17
9-day 36 5.84 e
18-day 55 6.97 5.62E-05 Significant
27-day 24 4.98
OVERALL
Bed 1 69 5.63
Bed 2 82 6.19
Bed 3 82 5.78 N
Bed 4 36 6.67 0.0073 Significant
Bed 5 55 5.73
Bed 6 61 6.25
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(k) Significance of effluent TS

Groups | Count | Average (mg/L) | Significance (p-value) | Status
PHASE 1
50 kg/m?/year 11 7130.9
100 kg/m?/year 16 4787.9 0.0205 Significant
150 kg/m?/year 16 3210.4
3-day 16 4004.9
6-day 15 4822.9 0.2204 Not significant
9-day 14 3014.1
PHASE 2
50 kg/m?/year 42 3415.8
100 kg/m?/year 51 3071.2 0.5803 Not significant
150 kg/m?/year 50 2983.6
6-day 51 3071.2
9-day 52 2712.0 L
16-day 73 3058 1 0.2402 Not significant
27-day 39 3519.8
OVERALL
Bed 1 53 4186.8
Bed 2 67 3481.2
Bed 3 66 3038.6 N
Bed 4 68 3016.2 0.0861 Not significant
Bed 5 38 3754.7
Bed 6 53 3386.2
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Appendix S: Simulated Results for General Case
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Infiltration Flux
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(b) Cumulative Flux Profile
- Cumulative Infiltration
SIS IR —
[T
5 g
3
S,
c4r
S
©
st
()]
=
kS
g 2f
=
3]
1F
[
|
0 1 1 1 1 1 J
0 100 200 300 400 500 600
Time[min]

514



Cumulative Discharge
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(c) Hydraulic Head Profile
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(d) Water Content Profile
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(e) Root Water Uptake Profile
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(f) Mass Transfer Rate Profile
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(9) Development of Sludge Profile
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Appendix T: Summary of calibrated parameters and error analysis (RP=resting period, SLR=solids loading rate,

HL=hydraulic load, T=slud

e deposit layer thickness, WR=water recovery, FD=flow delay, FP=flux peak, V=average velocity).

Loading Batch | Calibrated | Calibrated ~
RP (days) | SLR (?n';s) (CL) \(’(\% (rf]'i)n) (Cm'jriin) h Ks (Cm/‘;nin) MAE | MAE% | RMSE R?
(kg/m?/year) 5 (cm) (cm/min)
SLR =50 kg/m?/year, Resting period = 6 days
B 6 50 8,710 7.00 72.56 20 0.0199 -17 0.0060 -0.0097 0.00179 18.51 0.00272 | 0.8999
[ 6 50 5,460 8.17 59.52 45 0.0081 -18 0.0025 -0.0042 0.00095 27.50 0.00138 | 0.7867
V | 6] 50 2,930 7.50 16.04 102 0.0001 -20 0.0001 0.0000 | 1.82E-05 | 12.47 | 2.35E-05 | 0.7331
AC | 6 | 50 8,030 8.33 54.30 45 0.0153 -29 0.0030 -0.0065 | 0.00122 34.50 0.00191 | 0.7941
BA | 6 50 15,150 7.83 78.68 18 0.0382 -29 0.0100 -0.0312 0.00593 16.92 0.00864 | 0.3650
BN | 6 50 9,345 6.50 84.43 2 0.1019 -10 0.0250 -0.0700 0.00917 13.64 0.01388 | 0.8467
BR | 6 50 9,345 7.50 92.83 1 0.0815 -10 0.0200 -0.0485 0.00665 11.12 0.01434 | 0.4895
Mean 8,424 7.55 65.48 33 0.0379 -19 0.0095 -0.0243 | 0.00368 19.24 | 0.00613 | 0.7021
Std Deviation 3,789 0.64 25.61 35 0.0390 8 0.0095 0.0266 | 0.00352 8.66 0.00610 | 0.1981
Minimum 2,930 6.50 16.04 1 0.0001 -29 0.0001 -0.0700 0.00002 11.12 0.00002 | 0.3650
Maximum 15,150 8.33 92.83 102 0.1019 -10 0.0250 0.0000 0.00917 34.50 0.01434 | 0.8999
SLR = 100 kg/m?/year, Resting period = 6 days

C | 6| 100 | 17,420 | 10.67 | 63.29 125 0.0051 -29 0.0004 -0.0021 | 0.00055 13.71 0.00078 | 0.7014
F | 6| 100 | 17,420 | 6.33 91.91 30 0.0199 -19 0.0015 -0.0086 | 0.00377 32.49 0.00550 | 0.1201
J 6 | 100 | 10,917 | 11.50 43.83 250 0.0005 -29 0.0001 -0.0003 0.00027 13.15 0.00030 | 0.4004
M 6 | 100 | 10,917 7.67 66.18 55 0.0326 -25 0.0014 -0.0084 0.00489 30.54 0.00896 | 0.3908
P | 6| 100 | 10,917 | 1150 | 36.14 180 0.0004 -22 0.0001 -0.0003 | 0.00024 19.79 0.00028 | 0.1561
W | 6 | 100 5870 | 10.83 | 51.70 146 0.0003 -19 0.0001 -0.0002 | 0.00014 9.46 0.00016 | 0.4227
Z 6 | 100 5,870 7.67 43.78 144 0.0006 -22 0.0003 -0.0002 | 9.30E-05 | 28.05 0.00012 | 0.6784
Al | 6 | 100 | 16,070 | 11.00 54.39 110 0.0097 -29 0.0025 -0.0068 0.00106 10.97 0.00231 | 0.4381
BG | 6 | 100 | 30,310 | 12.83 82.93 1 0.8098 -10 0.1000 -0.2716 0.07776 33.86 0.11715 | 0.6358
BJ | 6 | 100 | 18,690 | 1250 | 79.11 4 0.2190 -29 0.0500 -0.1298 | 0.02645 20.60 0.03592 | 0.7271
BO | 6 | 100 | 18,690 | 12.17 82.72 1 0.3463 -10 0.0500 -0.1760 0.04874 26.45 0.07061 | 0.5633
Mean 14,826 | 10.42 63.27 95 0.1313 -22 0.0188 -0.0549 0.01491 21.73 0.02201 | 0.4758
Std Deviation 7,006 2.19 18.84 83 0.2521 7 0.0334 0.0941 0.02592 9.01 0.03846 | 0.2084
Minimum 5,870 6.33 36.14 1 0.0003 -29 0.0001 -0.2716 | 0.00009 9.46 0.00012 | 0.1201
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Maximum | 30,310 [ 12.83 ] 9191 | 250 | 0.8098 | -10 | 0.1000 | -0.0002 | 0.07776 | 33.86 | 0.11715 | 0.7271
SLR = 150 kg/m?/year, Resting period = 6 days

D [ 6] 150 | 26,140 | 7.83 | 69.93 20 0.0087 -15 0.0006 -0.0044 | 0.00036 | 11.10 [ 0.00049 | 0.9382
K | 6 [ 150 | 16,380 | 11.33 | 47.31 145 0.0012 -25 0.0002 -0.0006 | 0.00035 | 12.84 | 0.00042 [ 0.6191
Q | 6] 150 | 16,380 [ 1150 | 49.27 70 0.0010 -17 0.0001 -0.0006 | 0.00042 | 9.03 [ 0.00048 [ 0.2814
X | 6] 150 | 8800 [ 1050 | 65.57 145 0.0006 -22 0.0002 -0.0003 | 0.00022 | 15.71 | 0.00025 | 0.5539
AK | 6 | 150 | 24,110 | 11.00 | 59.21 77 0.0163 -29 0.0018 -0.0106 | 0.00367 | 28.31 | 0.00444 | 0.2057
AU | 6 | 150 | 45470 | 11.83 | 67.75 6 0.0738 -13 0.0065 -0.0508 | 0.00668 | 11.57 | 0.00850 | 0.8700
BC | 6 | 150 | 45470 | 11.33 | 81.49 2 0.2368 -9 0.0250 -0.1230 | 0.02372 | 16.33 [ 0.03664 [ 0.7433
BH | 6 | 150 | 45470 | 11.50 | 84.76 1 1.8844 -9 0.2000 -0.5049 | 0.21249 | 73.15 | 0.28728 | 0.6017
BK | 6 | 150 | 28,040 | 10.83 | 86.45 1 0.4584 -10 0.0800 -0.2318 | 0.06559 | 30.63 | 0.10059 [ 0.5455
BT | 6 | 150 | 28,040 [ 12.33 | 86.45 1 0.0968 -29 0.0175 -0.0748 | 0.02562 | 28.07 [ 0.03115 [ 0.2123
BW | 6 | 150 | 28,040 | 12.33 | 96.47 1 0.2648 -8 0.0275 -0.1219 | 0.03638 | 28.14 [ 0.04721 [ 0.4653
Mean 28,395 | 11.12 | 72.24 43 0.2766 -17 0.0327 -0.1022 | 0.03414 | 24.08 | 0.04704 [ 0.5488

Std Deviation | 12535 | 1.23 | 16.19 58 0.5532 8 0.0603 0.1524 | 0.06264 | 18.19 | 0.08541 | 0.2469
Minimum 8,800 | 7.83 | 4731 1 0.0006 -29 0.0001 -0.5049 | 0.00022 | 9.03 | 0.00025 | 0.2057
Maximum 45470 | 12.33 | 96.47 145 1.8844 -8 0.2000 -0.0003 | 0.21249 | 73.15 | 0.28728 | 0.9382

SLR = 100 kg/m?/year, Resting period = 3 days

A [ 3] 100 | 8710 | 550 | 69.06 30 0.0054 -18 0.0015 -0.0038 | 0.00089 | 19.85 | 0.00113 | 0.7004
E | 3] 100 8710 | 817 | 51.38 50 0.0066 -20 0.0010 -0.0034 | 0.00093 | 19.13 | 0.00130 [ 0.7302
G [ 3] 100 [ 8710 | 7.00 | 113.61 40 0.0064 -20 0.0015 -0.0038 | 0.00118 | 24.89 | 0.00144 | 0.5631
L | 3] 100 | 5460 | 7.83 | 66.85 145 0.0019 -21 0.0005 -0.0008 | 0.00030 | 14.23 | 0.00037 | 0.7130
N [ 3] 100 [ 5460 | 833 | 48.08 90 0.0006 -18 0.0002 -0.0003 | 0.00016 | 28.27 | 0.00018 | 0.6304
R | 3] 100 | 5460 | 883 | 57.60 175 0.0007 -20 0.0003 -0.0003 | 0.00025 | 27.77 | 0.00028 | 0.4679
U | 3] 100 [ 2930 | 9.67 | 4556 250 0.0006 -25 0.0004 -0.0002 | 9.86E-05 | 12.02 | 0.00011 [ 0.7841
Y [ 3] 100 | 2930 [ 950 | 45.90 146 0.0003 -22 0.0002 -0.0001 | 5.67E-05 | 13.39 | 6.50E-05 | 0.9060
AA | 3 ] 100 | 2,930 | 10.67 | 65.19 250 0.0005 -22 0.0004 -0.0002 | 5.92E-05 | 13.81 | 8.88E-05 | 0.9620
AF | 3 [ 100 | 8,030 | 10.67 | 54.30 100 0.0041 -29 0.0008 -0.0021 | 0.00033 | 7.88 | 0.00051 | 0.8534
Mean 5933 | 862 | 6175 128 0.0027 -22 0.0007 -0.0015 | 0.00043 | 18.12 | 0.00055 | 0.7311

Std Deviation | 2,478 | 162 | 20.17 80 0.0026 3 0.0005 0.0016 | 0.00041 | 7.02 | 0.00054 | 0.1530
Minimum 2,930 | 550 | 4556 30 0.0003 -29 0.0002 -0.0038 | 0.00006 | 7.88 | 0.00007 | 0.4679
Maximum 8,710 | 10.67 | 11361 | 250 0.0066 -18 0.0015 -0.0001 | 0.00118 | 28.27 [ 0.00144 | 0.9620
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SLR =100 kg/m?/year, Resting period = 9 days

H | 9 [ 100 | 26,140 | 8.33 84.56 45 0.0076 -23 0.0009 -0.0053 | 0.00064 8.19 0.00124 | 0.7882
T | 9| 100 | 16,380 | 8.50 49.91 125 0.0031 -29 0.0004 -0.0013 | 0.00044 22.39 0.0006 | 0.7715
AB | 9 | 100 8,800 | 11.33 | 58.86 250 0.0012 -22 0.0009 -0.0002 | 4.98E-05 4.94 7.54E-05 | 0.9607
AN | 9 | 100 | 24,110 | 11.00 | 49.13 50 0.0188 -29 0.0030 -0.0120 | 0.00265 17.54 0.00435 | 0.3643
AZ | 9 | 100 | 45470 | 12.33 | 78.02 6 0.1502 -29 0.0200 -0.1086 | 0.03432 29.05 0.04282 | 0.4706
BE | 9 | 100 | 45470 | 12.17 | 83.63 6 0.0331 -12 0.0020 -0.0276 | 0.00707 23.37 0.00797 | 0.4850
BQ | 9 | 100 | 28,040 | 13.00 | 80.60 1 0.1732 -9 0.0100 -0.0666 | 0.02057 27.95 0.02688 | 0.2968
BZ | 9 | 100 | 28,040 | 13.00 | 78.78 2 0.0840 -9 0.0030 -0.0313 | 0.00616 17.29 0.00868 | 0.7869
Mean 27,806 | 11.21 | 70.44 61 0.0589 -20 0.0050 -0.0316 | 0.00899 18.84 0.01158 | 0.6155
Std Deviation 12,719 | 1.86 15.18 87 0.0691 9 0.0068 0.0381 0.01225 8.71 0.01532 | 0.2407
Minimum 8,800 8.33 49.13 1 0.0012 -29 0.0004 -0.1086 | 0.00005 4.94 0.00008 | 0.2968
Maximum 45470 | 13.00 | 84.56 250 0.1732 -9 0.0200 -0.0002 | 0.03432 29.05 0.04282 | 0.9607
SLR = 100 kg/m?/year, Resting period = 18 days
AL | 18 | 100 | 55,210 | 10.00 | 52.20 68 0.0163 -29 0.0008 -0.0081 | 0.00180 12.71 0.00300 | 0.6390
AY |18 | 100 | 90,940 | 10.33 | 77.64 1 0.4456 -6 0.0040 -0.0774 | 0.02179 19.95 0.03874 | 0.8020
BL | 18 | 100 | 56,080 | 12.33 | 93.59 11 0.0458 -29 0.0033 -0.0305 | 0.00372 10.39 0.00536 | 0.8760
BX |18 | 100 | 56,080 | 11.50 | 92.80 1 0.0738 -9 0.0010 -0.0243 | 0.00778 25.08 0.01201 | 0.5989
Mean 64,578 | 11.04 | 79.06 20 0.1454 -18 0.0023 -0.0351 | 0.00877 17.03 0.01478 | 0.7290
Std Deviation 17,580 | 1.07 19.35 32 0.2015 12 0.0016 0.0298 | 0.00903 6.74 0.01642 | 0.1316
Minimum 55,210 | 10.00 | 52.20 1 0.0163 -29 0.0008 -0.0774 | 0.00180 10.39 0.00300 | 0.5989
Maximum 90,940 | 12.33 | 93.59 68 0.4456 -6 0.0040 -0.0081 | 0.02179 25.08 0.03874 | 0.8760
SLR =100 kg/m?/year, Resting period = 27 days
AM | 27 | 100 | 90,315 | 8.00 86.25 10 0.1197 -28 0.0040 -0.0360 | 0.00386 8.40 0.00786 | 0.8963
BY | 27 | 100 | 84,120 | 12.17 | 70.30 11 0.0688 -29 0.0023 -0.0274 | 0.00277 6.08 0.00608 | 0.8954
Mean 87,218 | 10.09 | 78.28 11 0.0943 -29 0.0032 -0.0317 | 0.00332 7.24 0.00697 | 0.8959
Std Deviation 4,381 2.95 11.28 1 0.0360 1 0.0012 0.0061 0.00077 1.64 0.00126 | 0.0006
Minimum 84,120 | 8.00 70.30 10 0.0688 -29 0.0023 -0.0360 | 0.00277 6.08 0.00608 | 0.8954
Maximum 90,315 | 12.17 | 86.25 11 0.1197 -28 0.0040 -0.0274 | 0.00386 8.40 0.00786 | 0.8963
MAE% > 35%
o) 6 50 5,460 8.83 61.90 20 0.0168 -15 0.0035 -0.0053 | 0.00214 52.89 0.00273 | 0.6439
Al 6 50 8,030 7.00 28.77 30 0.0173 -29 0.0055 -0.0070 | 0.00402 63.39 0.00484 | 0.6857
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AO | 6 50 15,150 6.17 73.43 1 1.0008 -9 0.2400 -0.1676 0.20960 | 153.27 | 0.31130 | 0.1611
AS 6 50 15,150 8.17 80.33 7 0.1502 -29 0.0350 -0.0830 0.02277 42.10 0.03201 | 0.4313
AV | 6 50 15,150 7.50 75.76 2 0.2903 -10 0.0500 -0.1038 0.02909 72.76 0.04093 | 0.7818
BF 6 50 15,150 7.83 85.81 1 0.3081 -9 0.0550 -0.1149 0.04481 54.41 0.05364 | 0.7068
BI 6 50 9,345 7.00 84.43 2 0.2597 -10 0.0700 -0.1035 0.05564 75.58 0.06781 | 0.5157
BU 6 50 9,345 7.50 96.95 1 0.2801 -9 0.0750 -0.1201 0.03532 67.42 0.04962 | 0.7504
S 6 | 100 | 10,917 8.83 59.77 70 0.0132 -29 0.0018 -0.0053 0.00209 44,12 0.00287 | 0.3872
AD | 6 | 100 | 16,070 | 11.67 55.57 200 0.0028 -29 0.0005 -0.0008 0.00055 62.45 0.00085 | 0.5011
AG 6 | 100 | 16,070 8.50 55.91 95 0.0046 -29 0.0006 -0.0023 0.00062 84.44 0.00094 | 0.7087
AP 6 | 100 | 30,310 | 12.33 85.60 1 2.6050 -10 0.6000 -0.3481 0.30056 | 150.95 | 0.45437 | 0.6449
AT 6 | 100 | 30,310 | 11.33 79.99 4 0.3323 -29 0.0600 -0.1386 0.07135 69.28 0.08795 | 0.4326
AW | 6 | 100 | 30,310 | 11.33 84.87 1 1.2783 -10 0.2500 -0.2525 0.14269 | 15199 | 0.22358 | 0.7165
BB 6 | 100 | 30,310 | 11.50 80.96 5 0.3005 -29 0.0400 -0.1675 0.07103 43.36 0.08919 | 0.3346
BS 6 | 100 | 18,690 | 12.17 92.70 3 0.1604 -11 0.0250 -0.0882 0.03702 | 204.27 | 0.04106 | 0.5752
BV | 6 | 100 | 18,690 | 12.50 97.03 2 0.1935 -10 0.0275 -0.1314 0.04786 40.84 0.05482 | 0.7279
AE 6 | 150 | 24,110 9.67 44.38 90 0.0059 -29 0.0007 -0.0028 0.00114 | 174.09 | 0.00183 | 0.4767
AQ | 6 | 150 | 45470 | 11.50 88.04 1 2.0041 -9 0.2500 -0.4892 0.29180 | 331.72 | 0.37440 | 0.7404
AX | 6 | 150 | 45470 | 11.00 80.16 1 2.7833 -13 0.4000 -0.4839 0.33655 | 287.70 | 0.56722 | 0.4754
BP 6 | 150 | 28,040 | 11.83 87.82 1 1.7876 -8 0.3500 -0.5013 0.33957 | 158.10 | 0.48975 | 0.2831
AH 3 | 100 | 8,030 10.67 50.75 170 0.0008 -29 0.0004 -0.0003 0.00023 | 109.56 | 0.00034 | 0.2067
AR 9 | 100 | 45,470 | 11.33 71.23 1 0.6952 -7 0.0500 -0.2351 0.09304 54.67 0.12246 | 0.5645
BM | 9 | 100 | 28,040 | 12.67 97.11 1 0.1222 -29 0.0200 -0.0875 0.03665 35.15 0.04406 | 0.1231
BD | 27 | 100 | 110,000 | 10.83 83.39 1 0.9906 -6 0.0400 -0.1233 0.18456 | 125.76 | 0.26515 | 0.2988
Mean 25,163 9.99 75.31 28 0.6241 -17 0.1060 -0.1505 0.09443 | 108.41 | 0.13535 | 0.5150
Std Deviation 21,298 2.04 17.71 55 0.8350 10 0.1544 0.1552 0.11384 77.96 0.17290 | 0.1986
Minimum 5,460 6.17 28.77 1 0.0008 -29 0.0004 -0.5013 0.00023 35.15 0.00034 | 0.1231
Maximum 110,000 | 12.67 97.11 200 2.7833 -6 0.6000 -0.0003 0.33957 | 331.72 | 0.56722 | 0.7818
Overall
Mean 24,077 | 10.00 70.33 55 0.2772 -19 0.0429 -0.0786 0.03902 48.25 0.05586 | 0.5898
Std Deviation 21,622 2.03 18.62 72 0.5756 8 0.1003 0.1231 0.07886 60.87 0.11702 | 0.2208
Minimum 2,930 5.50 16.04 1 0.0001 -29 0.0001 -0.5049 | 1.82E-05 4.94 2.35E-05 | 0.1201
Maximum 110,000 | 13.00 | 113.61 250 2.7833 -6 0.6000 0.0000 0.33957 | 331.72 | 0.56722 | 0.9620
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Appendix U: Weather Data
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(c) Relative Humidity
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