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Abstract

Municipal wastewater treatment plants (WWTPs) are energy-intensive facilities with high op-
erational costs, often heavily dependent on electricity supplied by the main grid. In response to
the global shift towards sustainable development, there has been a growing focus on integrat-
ing renewable energy recovery technologies into WW'TPs as environmentally friendly strategies
aimed at enhancing energy efficiency, improving sustainability, and reducing operating costs.

Renewable energy technologies offer multiple benefits, including reductions in both carbon
footprint and dependence on grid-supplied electricity, while also supporting WWTPs in meeting
their sustainability targets. By adopting renewable energy sources, WW'TPs can significantly
reduce overall energy demand, achieve energy self-sufficiency and, in some cases, even become
net energy producers. Among the available renewable energy technologies, anaerobic digestion
is one of the most widely adopted due to its effectiveness in treating sewage sludge and its
capacity to generate biogas. The use of biogas produced can offset a significant portion of
a plant’s energy needs, contributing to the reductions in operating costs and dependence on
electricity supply from the main grid.

To effectively maximise the potential of renewable energy in WW'TPs, particularly through
anaerobic digestion and biogas utilisation, there is a need to explore new strategies, including
operating and planning optimisation. This can include the development of both short-term
operational strategies and long-term energy system planning, incorporating various types of re-
newable technologies to ensure energy reliability, economic efficiency, and minimal reliance on
the main grid. In this context, this thesis presents three integrated models designed to address
these challenges: (i) a biogas forecast model, (ii) an operation model, and (iii) a planning model.
The biogas model aims to estimate the biogas production from sewage sludge, taking into con-
sideration the semi-continuous sludge feeding process of the anaerobic digester, and its outputs
serve as inputs for both operation and planning models. The operation model aims to minimise
the energy operating costs for the WWTP under two scenarios: (a) utilisation of current power
generation assets, and (b) implementation of a microgrid system. Finally, the planning model
determines the optimal configuration of the power generation system, supporting long-term
infrastructure decisions for the WWTP.
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Chapter 1

Introduction

This chapter presents an overview of the context in which this study is fitted. The research
questions are defined along with the aims and objectives. The significance and contribution of
this study are presented, and the methodology used for accomplishing the research objectives
is described. Finally, the organization of the thesis is outlined at the end of the chapter.

1.1 Background

Wastewater treatment plants (WWTPs) are among the largest energy consumers in the mu-
nicipal sector, primarily due to the energy-intensive nature of sewage treatment processes [1].
In Australia, WWTPs consume approximately 1 terawatt-hour (TWh) of electricity annually,
accounting for about 0.4% of the country’s total electricity usage. Treating 1 megalitre (ML)
of sewage typically requires between 150 and 1,400 kilowatt-hours (kWh), depending on fac-
tors such as treatment level, plant capacity, energy efficiency, and regulatory requirements [2].
As wastewater volumes grow and effluent standards become more stringent globally, energy
demands in WWTPs continue to rise. Paradoxically, municipal wastewater can contain up to
ten times more energy than what is required for its treatment [3], [4]. While only a portion of
this energy is recoverable, the potential exists for WWTPs to become net energy producers,
thereby turning a major operational cost into a sustainability opportunity [5].

One of the main challenges in WWTPs is the treatment and disposal of sewage sludge, which
is a by-product of the wastewater treatment process. Although it represents only 1-2% of the
total wastewater volume, sludge treatment is both complex and costly. Anaerobic digestion
(AD) is the most widely adopted technology for sludge treatment due to its environmental and
economic benefits. In AD, microorganisms consume the organic matter in the sludge and, as
a co-product, biogas and digested sludge are generated. This process significantly reduces the
volume and mass of sludge, lowering disposal and sludge management costs. Additionally, it
helps with sludge stabilisation, reducing odor and improving the safety of the treated sludge
for further use or disposal to meet the disposal standards and regulatory requirements. The
adoption of AD is often encouraged by regulatory policies and sustainability goals aligned with
circular economy principles and renewable energy targets. It is a well-established, technically
mature technology with proven scalability and adaptability for different plant sizes [6], [7].

In response to rising energy costs and sustainability goals, many WWTPs are seeking to both
reduce energy consumption and increase renewable energy production [8]. Biogas produced
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through AD is currently the primary renewable energy source in WWTPs, and plants with
sludge digestion technology usually consume up to 40% less net energy than those without [9].
Additionally, the combination of anaerobic digestion and combined heat and power is considered
one of the most effective energy alternatives, capable of reducing a plant’s energy requirements
by up to 35%. Depending on site needs and production volumes, biogas can be used on-
site for heating purposes or power generation, exported to the grid, or upgraded for gas grid
injection. All of these options can improve plant economics through revenue generation and
reduced operational costs. Techniques such as co-digestion (using additional organic waste)
and sludge pre-treatment can enhance biogas yields and provide additional benefits [3]. In
Australia, approximately 55% of WWTPs currently capture biogas and generate bioenergy.
However, there is significant opportunity to expand the use of biogas as renewable energy for
existing and new facilities. Moreover, integrating biogas storage systems can help WWTPs
manage supply and demand more flexibly, especially by offsetting peak electricity tariffs [1].

Beyond biogas, WW'TPs are increasingly integrating other renewable energy technologies to
support energy self-sufficiency [10]. A large number of renewable energy types are available
for use in WWTPs, and by adopting these options, WWTPs can significantly decrease their
overall energy demand and become energy self-sufficient or even energy positive [3], [11]. Re-
newable energy resources have become an essential component in the energy transition and
energy management strategies and one of the most efficient and effective solutions for WWTPs.
Some options can take advantage of a plant’s specific sources, including heat recovery, biosolids
gasification and pyrolysis, hydropower, biofuel, and hydrogen production, while others can be
non-sector specific, such as solar photovoltaic, wind, and battery systems [11]. In 2018, the Aus-
tralian water sector generated approximately 180 GWh (or 18%) on-site through renewables,
with biogas contributing 69%, hydropower 30%, and solar PV 1% [12].

Although some studies have investigated the utilisation of renewable energy technologies in
WWTPs, exploring the opportunities to optimise the integration of renewable energy technolo-
gies while reducing operating costs in these facilities is still a valid field of research. Studies
on biogas production have often relied on lab-scale experiments, which may not fully replicate
real-world and full-scale plant conditions. Others focus on empirical models with limited valida-
tion. Similarly, emerging technologies are often explored in isolation, with limited consideration
of system-wide integration or scalability. Therefore, this research project aims to investigate
operation and planning strategies to reduce operating costs in WW'TPs by optimising biogas
utilisation and the dispatch of power generation systems. It is expected that the insights gained
will contribute to the long-term sustainability and cost-efficiency of WW'TPs, supporting their
transformation into energy-resilient infrastructure aligned with global energy transition goals.

1.2 Research Aims and Objectives

The aim of this thesis is threefold:

(i) to propose a biogas model for estimating biogas production from sewage sludge under a
semi-continuous operation process;

(ii) to develop an operational model to minimise the operating costs of a large-scale wastewater
treatment plant (WWTP), considering two scenarios: (a) existing generation assets, and (b) a
microgrid system; and

(iii) to propose an optimal planning and operation model that minimises overall costs using a
multi-objective optimisation approach.



The biogas model is designed to estimate on-site biogas production using a methodology that
combines semi-continuous feeding of sewage sludge with a ” First-In, First-Out” (FIFO) strategy.
This biogas model serves as an input for both the operational and planning models.

The specific research objectives of this thesis are:
1. Develop a model that forecasts biogas production in a WW'TP.

2. Develop an optimal operational strategy to minimise the energy operating costs of a
WWTP under two scenarios: (a) existing generation assets, and (b) a microgrid system.

3. Develop a model to find the optimal configuration mix for the power generation system

in a WWTP.

1.3 Research Questions

The research questions which this thesis aims to answer are:

1. What is the biogas potential in a WWTP? How can biogas production be forecasted in a
large-scale WWTP?

2. What is the optimal operation strategy to minimise the energy operating costs of a
WWTP under the following two scenarios: (a) existing generation assets, and (b) a
microgrid system?

3. How should the power generation system be optimally planned considering renewable
energy sources?

1.4 Significance and Contributions

The significance of this research lies in the need to address some of the key challenges faced
by municipal WWTPs, which include exploring alternatives to reduce their high operating
costs focused on both planning and operation optimisation for the generation system. With
energy costs representing up to 60% of total operational expenses, and increasing demand
driven by population growth and stricter effluent regulations, there is a critical need to explore
innovative strategies to reduce energy consumption and associated costs. The study contributes
by developing an integrated optimisation model that focuses on enhancing the efficiency of
anaerobic digestion and leveraging its biogas output for on-site energy generation. By accurately
modelling the semi-continuous AD process, the research enables an alternative methodology
for estimating the biogas production for a large-scale WWTP, which is essential for improving
energy planning and process control at those facilities.

Moreover, the study proposes a framework that integrates biogas modelling with microgrid
energy systems, which is a relatively unexplored combination in existing literature, allowing for
a dynamic and flexible energy strategy that balances generation and demand while reducing
reliance on the external power grid. This approach supports the transition of WW'TPs toward
energy self-sufficiency, harnessing the latent energy potential in wastewater, which has been
shown to be five to ten times greater than the energy required for its treatment. In doing
so, the study contributes to broader sustainability and decarbonisation goals by promoting
renewable energy utilisation and minimising greenhouse gas emissions.
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This research also proposes an alternative option that explores optimisation approaches, offer-
ing a practical, data-driven framework that WW'TP operators can adopt to reduce operating
costs and better respond to operational variability. Additionally, the study incorporates a
techno-economic analysis, providing decision-makers with a comprehensive tool to assess the
feasibility and cost-effectiveness of deploying microgrid systems and optimised biogas utilisa-
tion strategies in real-world conditions. Finally, the interdisciplinary nature of this work makes
a valuable contribution to both the academic and engineering communities by presenting a
holistic, integrated methodology for improving energy efficiency and operational sustainability
in wastewater treatment applications.

1.5 Research Methodology

This research work was conducted in a series of phases that are described in the following:

1. Literature Review
The first phase of this research consisted of a comprehensive examination of the literature
to understand the state of the art of anaerobic digestion models using sewage sludge as
feedstock to estimate the biogas production in WWTPs. The methodologies and models
followed by previous works, as well as their achievements, were analysed. Research gaps
and needs were identified.

2. Research questions, aims and objectives definition
After research gaps and needs were identified based on the literature review, the scope of
this research was defined, including the research questions, aims and objectives.

3. Data collection
Technical information and data from a large-scale WW'TP located in Sydney, Australia,
was collected. This phase was extremely important and essential to enable the model
to be tested, validated and calibrated, providing a more accurate and reliable tool. The
data to be collected on-site or provided by industry partner (Sydney Water Corporation)
are listed below:
e Sewage volume treated and organic composition: These data were essential to calculate
the biogas generation potential. Biogas production and methane yield are related to the
type of substrate used, and the organic compounds present in the effluent.
e Biogas generation quantity and composition: This data was important to understand
the anaerobic digestion operation performance, potential limitations, opportunities, and
process efficiency. In addition, some of the parameters were required to estimate the
caloric value of the biogas generated.
e Electricity and gas data consumption: Understanding the WW'TP electricity and gas
demand was very important to design the best strategy for optimal planning and opera-
tion. Historical data are commonly used as input for simulations and optimisations. In
addition, the energy and network tariff given to the WW'TP were used to calculate the
optimal operation scheduling.
e Cogeneration system details: Knowing the current power generation capacity of the
WWTP was essential to compare against the results of the planning and operation mod-
els. Moreover, historical data for the system efficiency, energy consumption, and operation
time were also provided by Sydney Water Corporation. Some of these data were included
in the models.




4. Framework and Modelling

In this stage, the framework and modelling were designed. The modelling part included
three main sections: (i) biogas forecast model, (ii) optimal operation of the power gen-
eration system in two scenarios: current assets, and microgrid system, and (iii) optimal
planning of the power generation system. This phase included the mathematical formu-
lation preparation for the three parts, starting with the biogas model, as its results are
used as an input for both planning and operation models. Different case scenarios were
proposed to investigate several aspects and potential alternatives for the WW'TP.

5. Optimisation and results checks

Different case scenarios were considered on both operation and planning models in order
to maximise the benefits from the system potential. The optimisation problem aims to
minimise the operation costs for the WWTP, following a control strategy which schedules
the power generation dispatch for the plant and utilisation of biogas. Techno-economic
analysis which includes optimal investment costs, payback period, levelised cost of elec-
tricity, system unit size, microgrid planning and operation was also investigated. The
models were validated against historical data based on different case studies. The results
were discussed and some technical papers with the obtained results have already been
published, while others will be submitted in the near future.

6. Thesis writing and future works
The last stage was the thesis writing and the proposal of future work directions to further
explore this research topic.

1.6 Thesis Organisation

This thesis is organised as follows:

Chapter 2 provides a comprehensive review of the literature relevant to the overall aim. It ex-
plores different types of site-specific and non-site-specific energy technologies, including anaero-
bic digestion, thermochemical processes, solar, hydro, fuel cells, water electrolysers, and others.

This chapter leads to the following publications:

1. D. Lima, G. Appleby, and L. Li, “A scoping review of options for increasing biogas
production from sewage sludge: Challenges and opportunities for enhancing energy self-
sufficiency in wastewater treatment plants,” Energies, vol. 16, no. 5, p. 2369, 2023, issn:
1996-1073

2. D. Lima, L. Li, and G. Appleby, “A review of renewable energy technologies in municipal
wastewater treatment plants (wwtps),” Energies, vol. 17, no. 23, p. 6084, 2024, issn:
1996-1073

Chapter 3 proposes a novel methodology to forecast biogas production from sewage sludge in
a large-scale WWTP. The model estimates the biogas production based on a semi-continuous
feeding mode of sewage sludge. The results of the biogas model are used as an input for the
following operation and planning models.

This chapter leads to the following publications:

1. D. Lima, L. Li, and G. Appleby, “Biogas production modelling based on a semi-continuous
feeding operation in a municipal wastewater treatment plant,” Energies, vol. 18, no. 5,
p. 1065, 2025



Chapters 4 and 5 propose an optimal operation model which aims to optimise the anaerobic
digestion operation process focusing in optimising the biogas production and utilisation while
minimising the energy operating costs for the WWTP. The proposed operation model is divided
into two parts based on the power generation infrastructure: (a) current generating assets
(Chapter 4), and (b) microgrid system (Chapter 5). The first part (current assets) takes into
account the current power generation system based on a large-scale WWTP used in this study.
The second part (microgrid system) considers different types of renewable energy technologies,
including photovoltaic, battery, micro-hydro, to investigate their contribution to electricity
generation and energy supply. Different case studies are considered in both scenarios, and the
results of the simulation are discussed in the end of each chapter.

This chapter leads to the following publications (To submit):

1. D. Lima, L. Li, and J. Zhang, “Minimising operation costs in a wastewater treatment
plant (WWTP) — Part 1: Traditional power generation assets”.

2. D. Lima, L. Li, and J. Zhang, “Minimising operation costs in a wastewater treatment
plant (WWTP) — Part 2: Microgrid system”.

Chapter 6 proposes a planning model which aims to find the optimal mix configuration of the
power generation system for the WWTP. The proposed planning model is formulated based on
a multi-objective function which includes both investment and operation costs. The results of
the planning model are discussed and presented in the end of the chapter

This chapter leads to the following publications (To submit):

1. D. Lima, L. Li, and J. Zhang, “Optimal planning and operation of a microgrid-based
power system in a WWTP”.

Finally, Chapter 7 concludes this research by summarizing the key findings, main outcomes,
and future research opportunities.



Chapter 2

Literature Review

The literature review of this thesis aims to comprehensively explore the significance of different
renewable energy recovery technologies in municipal WW'TPs, including site-specific and non-
site-specific options, evaluating their impact on sustainability, energy efficiency, and overall
operational effectiveness. Through a comprehensive review of current practices and emerg-
ing technologies, this study underscores the transformative potential of these innovations in
advancing sustainable wastewater management.

2.1 Introduction

Wastewater treatment plants (WWTPs) are an essential component of a municipal system.
These facilities receive raw municipal wastewater, treat it, and send the treated effluent back to
the environment [13]. WWTPs are major energy consumers, requiring a significant amount of
electricity for their operation. Treating municipal wastewater is a complex and costly process;
for example, the energy costs can range from 2% to 60% of the total operating costs, depending
on the level of treatment used [1]. On average, the energy required to treat 1,000 m?® of
sewage can be up to 1.4 MWh. The variation in energy use may be associated with several
factors, such as treatment levels, facility capacity, energy efficiency, operational processes, and
regulatory requirements [2]. In addition, due to more stringent effluent standards and rising
wastewater volumes, energy demand at WWTPs has been increasing globally [5].

With rising electricity costs, sustainability targets, and efficiency goals, an increasing number of
plants are looking for alternatives to minimise operating costs and reduce carbon emissions while
increasing their energy efficiency [13]. A commonly used technology for treating wastewater in
WWTPs is anaerobic digestion (AD), through which biogas is generated from sludge treatment.
Although energy recovery from AD is a well-established and widely used option, other emerging
renewable energy technologies are appearing as complementary sources to enhance energy pro-
duction potential in WWTPs [2]. Renewable energy technologies can significantly decrease a
plant’s overall energy demand and, in some cases, help energy-intensive consumers move toward
energy self-sufficiency or even energy positivity. For example, several WWTPs in the USA (i.e.,
East Bay Municipal Utility District, Gresham, Gloversville-Johnstown Joint, Point Loma, and
Sheboygan Regional) and Europe (Aquaviva, Grevesmiihlen, Strassim, Wolfgangsee-Ischl, and
Zillertal) have implemented different strategies to reach self-sufficiency, including the adoption
of renewable energy technologies and co-digestion [14].
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Several studies have been conducted on this topic on renewable energy generation in WWTPs.
Some studies have focused on a particular technology, including anaerobic digestion [15], fuel
cells [16], combined heat and power (CHP) technologies [17], supercritical water gasification
[18], hydrothermal liquefaction [19], thermochemical conversion processes [20], and hybrid sys-
tems [21]. Some works have examined new technologies not widely implemented in large-scale
plants, including dark fermentation (DF), photocatalysis, photo-fermentation (PF), microbial
photoelectrochemical cells (MPEC) [22], Microbial Electrolysis Cells (MECs) [23], microbial
fuel cells (MFCs) [24], and biodiesel [25]. Other studies have explored different strategies and
market opportunities for WWTPs, including energy spot markets [26]. Other studies have
investigated methods for improving biogas generation from sewage sludge in WWTPs, includ-
ing co-digestion [27]-[30], pre-treatment techniques [27], [28], [31], [32] and biological hydrogen
methanation (BHM) [33], [34].

In this context, this literature review aims to summarise the main types of renewable energy
technologies that can be used in WW'TPs, including site-specific and non-site-specific sources.
These technologies can help WWTPs reduce reliance on grid electricity, become more energy-
sustainable, and reduce operating costs. In addition, this review also includes some alternatives
that these facilities can explore to generate extra revenue and/or reduce operating costs, in-
cluding providing grid services. This literature review aims to summeffluent is disposedarise
the main types of renewable energy technologies that can be used in WW'TPs, providing a com-
prehensive, balanced, and forward-thinking overview of this topic, drawing on related works in
the academic literature, government, and industry reports.

The following research questions were considered to conduct this literature review:

1. Which types of site-specific and non-site-specific renewable energy technologies can be
used in WWTPs?

2. What are the most common alternatives used to increase biogas generation from sewage
sludge?

3. Which strategies and opportunities can be explored by WWTPs to increase revenues and
benefits?

Based on the research questions, the following research objectives were developed:

1. Review different renewable energy technologies, including site-specific and non-site-specific
options that can be adopted by WWTP

2. Review the most common techniques to improve biogas generation from sewage sludge in

WWTPs

3. Investigate strategies and opportunities that WW'TPs can consider to increase revenues
and/or reduce operating costs

As the first step, the literature search was conducted primarily using three online databases
(Scopus, IEEE Xplore, and ScienceDirect) for academic papers published in journals and con-
ference proceedings. Despite limitations, this work aims to provide a comprehensive review of
renewable energy generation technologies that can be used in WW'TPs. Therefore, it is expected
that the insights and results from this study will be useful in generating a clear, structured,
and comprehensive understanding of the current state-of-the-art regarding renewable energy
generation opportunities in WWTPs.



2.1.1 WWTP Overview

The main objective of a WWTP is to accelerate the natural process of purifying wastewater
and return it back to the environment [15]. The wastewater treated by WWTPs, also known as
effluent, must meet quality standards and regulatory requirements (i.e., solids, carbon, phos-
phorus, and nitrogen limits). The effluent’s discharge standards can be defined by the state,
territory, or national authorities. They can also vary from plant to plant depending on different
factors, such as plant age, impact on waterways, and treatment capacity. WWTPs may differ
in size, capacity, efficiency, effluent quality requirements, and types of treatment processes [5],
[35]. In terms of treatment processes, wastewater plants can be composed of one (primary),
two (secondary), or three (tertiary) stages. Figure 2.1 shows a schematic diagram of a facility
with two stages, primary and secondary [7].

Preliminary and primary treatments are associated with the physical processes that are used
to clean the wastewater. The objective of this stage is to remove solids from wastewater. In
the preliminary stage, pollutants and large particles (i.e., rags, twigs, and stones), which can
cause operational damage in treatment processes, especially to pumps, are removed from the
wastewater. This stage usually uses screens, grit chambers, comminutors, and flotation. Pri-
mary treatment, also known as sedimentation, is where scum, suspended solids, and settled
solids are removed by sedimentation on the primary clarifiers. In most facilities, the prelimi-
nary stage is considered part of the primary treatment [7]. Secondary treatment removes the
organic matter that was not removed during the primary treatment. In this stage, biological
mechanisms are able to remove up to 85% of the organic material contained in the wastewater.
Usually, secondary treatment relies on biological reactors followed by a secondary clarifier with
an activated sludge process. Some WWTPs are required to remove nutrients (i.e., nitrogen and
phosphorus), and, in this case, additional tanks may be needed to meet the effluent quality
standards in a process called nitrification—denitrification. Nutrient removal can be achieved by
chemical or biological methods or a combination of both. Tertiary treatment aims to remove
specific pollutants that were not removed from the previous treatment stages. It usually relies
on chemical processes and filtration to provide the required polishing before the efHuent is dis-
charged. Additional treatment can be provided to extract nutrients and remove pathogens if
required [7], [36]. Choosing the most appropriate effluent treatment technology for a WWTP
involves considering various technical factors (i.e., effluent volume, water demand, and plant
size), and some commercial software tools, such as Winflows, IMSDesign, and WAVE, can
support the planning and design processes of a WW'TP.

Wastewater
influent

Preliminary Primary Biological Secondary
treatment clarifier reactor clarifier

Disinfectant

(screens,
comminutor,

grit chamber) Gravity Secondary Effluent

Preliminary and thickener sludge
primary treatment

Secondary treatment

Effluent recycled through Anaerobic

secondary reactor digester Biosolids

Centrifuge

Sludge treatment

Figure 2.1: WWTP diagram (sludge, primary and secondary wastewater treatments)
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2.1.2 Sewage Sludge

Sewage sludge is the solid material (organic and inorganic) removed from the raw wastewater
during the treatment process. The amount of sludge produced in a WWTP is proportional
to the quantity of wastewater treated by the plant and can be expressed in mass or volume.
On average, the total sludge produced may range from 0.2 to 0.3 kg/m? of wastewater treated
[7]. It contains a mixture of organic and inorganic matter and a high concentration of several
pathogenic organisms that must be treated before disposal. Sewage sludge disposal is costly,
and most WWTPs must follow regulatory requirements for waste management [37]. The energy
recovery potential from sludge is directly related to three main components: (i) water content,
(ii) organic (volatile) matter, and (iii) inorganic (inert) matter. Several methods are reported
in the literature and industry, including anaerobic digestion (most common), co-digestion,
composting, incineration, disposal in landfills, or utilisation in agriculture as a soil conditioner.
However, due to the high costs of conventional treatment methods and the drive to improve
sustainability targets and reduce operating costs of sludge disposal, WWTPs can recover energy
from utilising sewage sludge using different methods [20], as shown in Figure 2.2. The energy
content of dried sewage sludge, with 21-48% volatile matter, can range between 11.1 and 22.1

MJ /kg, and the calorific values for primary, secondary, and digested sludges were reported to
be 16.2 MJ/kg, 12.2 MJ/kg, and 11.4 MJ/kg, respectively [38].

Y nfluent/ | ctewater Sewage Sludge Effluent
Effluent
l I ! I | v I l

d MFC i ification  Pyrolysis | HTC HTL SCWO ffication " nacrobiC g Wier
Hydropower Combustion  Gasi |‘cat|un yrolysis | Transesterification digestion MEC Eloaohei
— — = ] | \
I Vll AAJ ¥ L ¥ ll-';' l I
By-products Electricity Heat Syngas Bio-oil Biocrude Biochar Bio-diesel Biogas Hydrogen

Figure 2.2: Site-specific sources of renewable energy in a WWTP.

2.2 Energy Resources in WWTPs

Renewable energy technologies have become an essential component of the energy transition and
one of the most effective solutions for reducing costs and emissions from WWTPs. Several types
of renewable energy sources can be adopted by a WWTP. Some options can take advantage
of the site-specific resources, including energy recovery from wastewater and sewage sludge,
influent /effluent flow, and treated water. In contrast, others can be non-site-specific, such as
solar and wind. Although many technologies can be implemented in WWTPs, some are still

in the research and development stages and have not been widely used in large-scale facilities
[10].

2.2.1 Site-Specific Sources

Site-specific sources refer to the energy recovery embedded in the WWTP’s resources, includ-
ing wastewater, sewage sludge, influent /efluent flow, and treated water. In theory, the energy
contained in municipal wastewater and sewage sludge can be five to ten times higher than the
energy required for their treatment, and this energy is mainly found in three forms: chemical,
hydraulic/kinetic, and thermal. Based on this huge potential, according to the Water Envi-
ronment Federation, WWTPs have the potential to become energy-neutral facilities or even
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net-energy producers [3]. Although many energy recovery methods can be used in WWTPs,
each technology has its advantages, disadvantages, limitations, and potential benefits. Some of
them are very widely used in large-scale plants (i.e., anaerobic digestion), and others are not as
common (i.e., water electrolysis, MFC, and MEC). Figure 2.2 illustrates the energy resources
that can be recovered from a WWTP and the conversion processes associated.

2.2.1.1 Anaerobic Digestion

Anaerobic digestion (AD) is the most common technology used to treat sewage sludge in
WWTPs (48% of the total wastewater is treated through AD in the USA). The main ob-
jective of anaerobic digestion is to reduce the total and volatile solids load in sludge, reduce
pathogens, and minimise odours. In this process, microorganisms consume the organic matter
in the sludge and generate biogas as a by-product of the digested sludge. AD occurs in the
absence of oxygen and is divided into four stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Anaerobic digestion and biogas production are influenced by several elements,
including feedstock parameters, design, and operational conditions. Feedstock parameters are
related to the biological, chemical, and physical characteristics contained in the sewage sludge,
including total solids, suspended solids, volatile solids, chemical oxygen demand (COD), bio-
logical oxygen demand (BOD) and carbon-to-nitrogen ratio. Design and operational factors are
related to operating parameters that influence the anaerobic digestion performance, including
pH, alkalinity, temperature, retention time, organic loading rate (OLR), digestion volume, type
of mixing and stages [15].

a. Optimising Biogas Generation in WWTPs

Improving anaerobic digestion efficiency enhances biogas production, and consequently, the fa-
cilities become less reliant on carbon-intensive electricity grid systems. However, optimising
anaerobic digestion is a complex process, mainly due to the non-linear relationships among
its parameters and variables. Because of its complexity, sub-optimal anaerobic digestion op-
erations may be frequent in wastewater treatment facilities. The main issues faced during
anaerobic digestion are low gas production, maintaining a stable process, and resuming bio-
gas production after a process failure. In addition, limitations result from the first stage of
the process (hydrolysis), which requires long retention times caused by the slow degradation
of organic matter [15]. Biogas production through AD is limited to conversion of the readily
biodegradable portion of the solids [3]. To overcome this limitation, some methods to improve
biogas production include:

- Process optimisation: It involves operational conditions and parameters, such as temperature,
organic loading rate (OLR), hydraulic retention time (HRT'), and pH to enhance efficiency and
biogas production. Models are classified as either steady-state or dynamic: steady-state models
help design optimal system configurations by estimating HRT, reactor capacity, and gas output,
while dynamic models focus on enhancing operational efficiency and adapting to changing pa-
rameters like feedstock composition, inhibition, and temperature. One of the most well-known
and widely used models is the Anaerobic Digestion Model No. 1 (ADM1), developed by the
International Water Association (IWA), which simulates both biochemical and physicochemical
processes in AD systems. ADM1 has been validated across various scales and configurations.
Additionally, IWA developed Activated Sludge Models (ASM1, ASM2, ASM2d, ASM3) to
model the activated sludge process based on biokinetic rates. ASM1 is widely used for charac-
terising organic matter in wastewater, while ASM2 and ASM2d add complexity by incorporating
microbial behaviour in different environments. ASM3 introduces a storage component to model
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particulate COD. These methods are commonly validated through mathematical modelling to
replicate the AD process, and their integration into WW'TPs offers advantages in monitoring,
control, and energy efficiency [15].

- Co-digestion: The process of mixing two or more feedstocks to enhance biogas production,
especially when the primary substrate, such as sewage sludge, has a low carbon-to-nitrogen
(C/N) ratio and poor digestibility. The primary goal of co-digestion is to boost methane yield
and biogas production to generate renewable energy (electrical, thermal, or mechanical), cre-
ating additional revenue for WWTPs. Depending on the type and quantity of feedstock used
in the co-digestion, biogas production can increase significantly, resulting in less dependence
on the electricity grid, a reduction in operating costs, and an increase in energy self-sufficiency.
Adoption of co-digestion is recommended if there is spare generation capacity, gas storage, or
even the capability to convert biogas into biomethane to accommodate the increased volume
of biogas generation. Attractive feedstocks that can be combined with sewage sludge include
fats, oils, and grease (FOG), food scraps and waste, food /beverage/dairy processing waste, the
organic fraction of municipal solid waste (OFMSW), agricultural residues, livestock manure,
biofuel by-products, and other high-strength waste (HSW). Depending on the feedstock and
mixing ratio, co-digestion can increase biogas production between 25% and 400% compared to
sludge-only digestion. For instance, while sludge alone may yield 0.9-1.1 m® biogas/day/m?
digester, co-digestion can boost this to 2.5-4.0 m3/day/m3. Feedstock selection depends on
factors like location, availability, and logistics costs (e.g., transport and storage). Several full-
scale WWTPs worldwide have adopted co-digestion with significant success. For example, the
East Bay Municipal Utility District earned $2 million in electricity revenues in 2012-2013, and
the Des Moines WWTP trades 40-50% of its biogas for annual revenues of $460,000-800,000.
Facilities in Germany (Grevesmiihlen and Kohlbrandhoft) also reported energy surpluses and
increased electricity generation from co-digestion [15].

- Pre-treatment techniques: These methods break down complex organic compounds in the
sludge into simpler, more easily digestible molecules, thereby accelerating the hydrolysis step—the
slowest phase in AD. This breakdown increases the solubility and bioavailability of substrates,
making nutrients more accessible to microorganisms and boosting overall biogas yield. These
processes can increase OLR, reduce HRT, and improve overall system efficiency, methane con-
centration and biogas production rates. Pre-treatment methods are generally classified into four
main types: biological, chemical, mechanical, and thermal. Biological pre-treatment focuses
on reducing organic matter and nutrients such as nitrogen and phosphorus to comply with
effluent discharge regulations. Common biological techniques include aerobic digestion (used
in an activated sludge process to stabilise and reduce the organic matter in the wastewater),
dual-stage digestion (physical separation of hydrolysis and methanogenesis stages), enzyme ad-
dition (improves sludge’s stabilisation, biodegradability, dewaterability, and methane yield),
and temperature-phase systems. Chemical treatment involves the hydrolysis of organic com-
pounds using chemical reagents. Alkaline and acid hydrolysis, ozonation, and oxidation are
among the most widely used approaches. Alkaline treatment is popular due to its ability to
adjust pH and solubilise organic compounds, while ozonation enhances biodegradability and
contributes to sludge mass reduction. Mechanical pre-treatment aims to increase the surface
area of sludge particles, making them more accessible to microorganisms. These methods
include ultrasound, ultrasonic, microwave, high-pressure homogenisers, and pulse methods;
among them, microwave and ultrasound are the most studied and applied in sewage sludge.
These methods usually require moderate electricity consumption but also have low efficiency
when not combined with other methods. Thermal pre-treatment uses both low and high tem-
peratures (typically between 70-200 °C) and pressures (600-2500 kPa) to disrupt the sludge’s
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structure and improve solubility. Thermal hydrolysis is the most widely used method in the
industry. These commercial systems have the capacity to increase biogas production by up
to 150%, while also enabling higher OLR and reducing HRT, thereby enhancing the overall
efficiency of the anaerobic digestion process [15].

Table 2.1 provides an overview of selected studies on the co-digestion of sewage sludge with
different feedstocks. Across the reviewed studies, co-digestion consistently enhanced methane
production compared with mono-digestion of sewage sludge. Food waste was the most fre-
quently tested co-substrate, generally yielding higher methane production (up to 609 mL/g
VS) and increased methane concentrations (up to ~70%), depending on mixing ratios and
retention times. Co-digestion with grease trap waste and fats, oils, and grease also produced
substantial gains, with methane yields increasing two- to threefold under optimal conditions,
although excessive loading sometimes reduced methane concentrations. The addition of glyc-
erol showed strong synergistic effects, with methane yields exceeding 500-600 mL/g VS and
concentrations above 70%. Animal manures feedstock (i.e., pig, poultry, and swine) provided
moderate improvements in methane yield while maintaining stable methane concentrations.
Co-digestion with microalgae also demonstrated potential, improving yields compared with
sludge alone. In summary, the findings highlight that co-digestion enhances both methane
yield and concentration, with the magnitude of improvement strongly influenced by the type

of co-substrate, mixing ratios, and operating conditions.

Table 2.1: Co-digestion of sewage sludge with different feedstocks

Ref. Substrate System

CH4 production

CH, concentration

[39] SSand 6 x 5 L reactor, 37 °C, 22 days SS: 230-280 | FW:290-330 SS: 45-57 | FW: 49-57
FW HRT, 10-50% FW:SS ratios AcoD: 318-385 AcoD: 53-55.7
[40] SSand 2 L reactor, 30-38 °C, 22 days SS: 356-478 | FW: 511 SS: 53 | FW: 50.4
FwW HRT, ratios (1:1, 1:2 and 1:3) AcoD: 453-609 AcoD: 52-70.3
[41] SSand 5 L reactor, 30-38 °C, 22 days SS: 625.4 | FW: 385.9-507.5 SS: 55.9-58.6 | FW: 58.8
FW HRT, different mixing ratios AcoD: 384.6-492 AcoD: 53-60.4
(1:1, 1.5:1, 2:1, 1:1.5 and 1:2)
[42] SSand 6 L reactor volume, 35 °C, 8-30 SS: 157-237 | FW: 377-465 SS: 63-65 | FW: 50-54
FW days HRT and different SS:FW  AcoD: 215-400 AcoD: 53-61
mixing ratio (2.4:1, 0.9:1, 0.4:1)
[43] SS,GTS 2 x 6 L reactor, 38 °C, 20 days SS: 300 | GTS: NI | OFMSW: SS: 66 | GTS: NI | OFMSW: NI
OFMSW HRT and 5-30% mixing ratio NI | AcoD: 456547 AcoD: 66-69
[44] SSand 6 L reactor, 35 °C, 15 days SS: 384 | GTW: NI SS: 61 | GTW: NI
GTW  HRT, 1:1 mixing ration (PSS AcoD: 641 AcoD: 69
and WAS) + GTW 5% VS.
[45] SS and  For 55 °C: 10 L reactor, 20 days  SS: 138.3 | FOG: NI SS: 61.6-62.8 | FOG: NI
FOG HRT. For 70 °C: 2 L reactor, AcoD: 102-673 AcoD: 49.7-67.3
and 2 days HRT. Mixing ratios:
20, 40, 60 and 80% FOG
[46] SS and 1 Lreactor, 35°C, 15 days HRT, SS: 114-128 | FOG: 143-290 SS: 62.8-71.2 | FOG: 63.3
FOG 4 mixing ratios (14%, 24%, 43%  AcoD: 453-609 AcoD: 66.1-68.4
and 39% GTW)
[47] SS,FW  0.25 L reactor, 37 °C, 20 days SS: 138.3 | FW: NI | G: NI SS: 85.9% | FW: NI | G: NI
and G~ HRT, 1:1 mixing ratio (SS:FW)  AcoD: 236-526 AcoD: 77.4-79.4
with 1% and 3% glycerol.
[48] SSand 5.5 L reactor, 35 and 55 °C, 20 SS: 296 (35 °C) & 354 (55 °C) SS:NI | G:NI
G days HRT, 2 SS:G mixing ratios | G: 277475 (35 °C & 349-490 AcoD: 63-72 (35 °C) & 5766

(99:1, 98.8:1.2 v/v%

(55 °C) | AcoD: 250-660 (35 °C)
& 230-530 (55 °C)

(55 °C)

Continued on next page
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Table 2.1 — continued from previous page

Ref. Substrate System

CH, production

CH, concentration

[49] SSand 0.16 L reactor, 35 °C, 47 days SS: 182 | PM: 239 SS: 52-58 | PM: 52-58
PM HRT, different SS:PM mixing AcoD: 190-200 AcoD: 52-58
ratios (21:1, 14:1, 7:1 VS)
[50] SS,SM 1 L (b) and 3 L (s-c) reactor, SS: 184 (b) | PoM: NI | SM: NI ~ SS: 6768 | PoM: NI | SM: NI
PoM 35 °C, 15-30 days HRT, differ- AcoD: 198-290 (b) & 186273 AcoD: 6768
ent mixing ratios (s-¢)
[51]  WAS 0.13 L reactor, 35 °C, 25-30 WAS: 362 | M: 318 WAS:NI | M:NI newline
and M days HRT, 4WAS:M mixing ra- AcoD: 354—442 AcoD:NI

tio (3:1, 1:1, 1:3)

SS: Sewage sludge; AcoD: Co-digestion; NI: Not informed; GTW: Grease trap waste; G: Glycerol; PM: Pig manure;

SM: Swine manure; Ma: Microalgae; FW: Food waste; PoM: Poultry manure; HRT: Hydraulic retention time; b: batch

mode; OLR: Organic loading rate; s-c: semi-continuous mode; WAS: Waste activated sludge; PSS: Primary sludge

Table 2.2 provides a summary of studies that have examined the application of different pre-
treatment techniques to sewage sludge. The main findings indicate that pre-treatment methods
can enhance methane yields and biogas production compared with untreated sludge, although
the extent of improvement and associated energy requirements vary across methods. Ther-
mal treatments, particularly around 180 °C, consistently achieved significant improvements
of 40-50% in methane yield, while ammonia-assisted thermal treatment also showed moder-
ate gains. Microwave pre-treatments improved methane production by 17-45%, with results
depending on energy input and digestion time. Ultrasound treatments delivered strong perfor-
mance, achieving 20-50% yield increases and in some cases up to 80% higher methane produc-
tion rates. Combined methods, such as ultrasonic-thermal-microwave or ultrasonic-ozonation,
demonstrated synergistic effects with improvements ranging from 11% to 95%, although these
often required high energy inputs that may limit their implementation. Generally, thermal and
ultrasound methods appear to offer the most effective balance between yield enhancement and
feasibility, while combined treatments can achieve higher gains but with higher energy costs.

Table 2.2: Pre-treatment methods applied on sewage sludge

Ref. Type Sludge Treatment applied AD process Results
[52] Th  WWTP in Val- 180-200 °C for 0.5h Mesophilic, batch  CHy yield can improve by up to 50% when
ladolid, Spain mode, and 25 days. compared with raw sludge.
[53] Th WWTP, in Korea. Thermal process of Batch and continu- Optimal treatment conditions: 180 °C for
75-225 °C for 15 to ous mode. 76 min to improve CHy roduction by 40%
105 min. (from 194.5 to 72.9 mL CH4/g COD).
[54] Th  WAS froma WW- 70 °C with ammo- Mesophilic (35°C), CHy potential improved by 25% for ammo-
TP in Changsha, nia (135.4 mg NHs- batch mode, and 37 nia treatment, 18% for thermal, and 16.5%
China. N/L). days. for ammonia-thermal.
[55] M Qinghe WWTP in Microwaved at 2450 Mesophilic, batch CHy yield increased by 20% (from 215 to
Beijing, China MHz, 1 atm, and 55 mode, and 25-30 258 mL/g VS) for a 1-stage reactor, and a
rpm days. 2-stage reached 288 mL/g VS.
[56] M  Copero urban  400-700W, 30 kJ/g Mesophilic, batch CHs yield and production rate increased
WWTP in Spain. TS energy applied. mode, up tp 90 days. by 17% and 43%, respectively.
[57] M WWTP located in  Pre-treatment using Mesophilic (34 °C), CHy yield improved by 29%, 41%, 45%,
Leon, Spain. 975 kJ/L was per- batch mode, and and 43% for an HRT of 5, 10, 20, and 25
formed. HRT up to 25 days. days, respectively.
[58] Ud Biobio ~WWTP, 26 kHz at 55 °C. Mesophilic, batch  Tests performed for 0.5, 15,500, and 30.5
in Concepcién, mode up to 35 days.  MJ/kg TS under 3-13 hs. CHy yield in-
Chile. creased by 50% and CHy rate by 30 80%.

Continued on next page
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Table 2.2 — continued from previous page

Ref. Type Sludge

Treatment applied

AD process

Results

[59] Ud WWTP in of Specific energy used Mesophilic (37 CH4), Biogas increased by 20% and 27% for the
and Mechelen-Noord, in both treatments semi-continuous microwave and ultrasonic, respectively.
M  Belgium. was 96 kJ/kg sludge. mode up to 67 d.
[60] Uc  Full-scale WWTP  Specific energy  Mesophilic, batch  Biogas production increased by 8.6%,
in Antwerp-South, ranged from 5 to 35 mode, and 30 days. 22.9%, and 31.4%, by applying 15, 25, and
Belgium. MJ/kg TS. 35 MJ/kg TS, compared to raw sludge.
[61] M, Copero urban  Th: 120 °C, 2 atm for  Mesophilic (35 °C) CHy4 production improved by 95%, 29%,
Ud WWTP in Seville, 15 min. Uec: 25 °C, and batch mode. and 20% by using sonication, thermal, and
and  Spain. 1 atm, 150 W for 45 microwave. Ultrasonic, thermal, and mi-
Th min. M: 100-900 W crowave required 136, 36, and 20,145 kJ/g
for 1.4 min. TS of specific energy.
[62] Oz  Municipal Sequential treatment Mesophilic (35 °C), Biogas production increased by 11% and
and WWTP, in Singa- of wultrasonic and batch mode, and 30 15.4% for ultrasonic and ultrasonic-ozone,
Ud pore. ozone days HRT. respectively.
[63] Th Ulu Pandan mu- Uc treatment: 5 Mesophilic (35 °C) Biogas production increased by 20% with
and nicipal WWTP,in MJ/kg TS and th and batch mode. the combined treatment.
Uc  Singapore. treatment at 65 °C.

Th: Thermal, M: Microwave, Uc: Ultrasonic; Ud: Ultrasound; Oz: Ozonation; FA: Free ammonia; DS: Dry solids;
OLR: Organic loading rate; WAS: Waste activated sludge

b. Biogas Opportunities in WWTPs

Biogas in WW'TPs offers two main opportunities: reducing operational costs and generating
additional revenue. It can be used on-site for heating anaerobic digesters, dewatering sludge,
and in steam processes, with boilers being the most common method due to their efficiency
and ability to handle low-quality biogas. CHP systems often provide primary heating, with
boilers supplementing as needed. Biogas can also be used to generate electricity via fuel cells,
gas turbines, or internal combustion engines. Additionally, hydrogen can be produced through
steam methane reforming or water electrolysis powered by CHP-generated electricity. Some
WWTPs flare unused biogas, a low-cost method that reduces methane emissions but does not
recover energy [3], [64].

Biogas from sewage treatment plants typically has a lower heating value of 21.5-23.3 MJ/Nm?
and mainly consists of methane (60-65%) and carbon dioxide (35-40%), with small amounts
of other gases like nitrogen, oxygen, hydrogen sulfide, ammonia, and siloxanes. Methane con-
tributes most to its energy content due to its high calorific value (42 MJ/kg). However, im-
purities reduce biogas’s energy potential, damage equipment, and increase maintenance costs.
The level of biogas treatment depends on its end use; for example, microturbines can tolerate
up to 1,000 ppm of hydrogen sulfide, but fuel cells allow only up to 5.5 ppm. Common con-
taminants removed include water vapour, hydrogen sulfide, ammonia, siloxanes, halogenated
hydrocarbons, and carbon dioxide. Upgrading biogas (raising methane content above 95%)
is often required, particularly for fuel cell applications. Biogas can create additional revenue
for WWTPs by either exporting electricity to the grid or injecting upgraded biogas into the
gas grid. For gas grid injection, biogas must undergo an upgrading process to remove carbon
dioxide, hydrogen sulfide, ammonia, and siloxanes [15]. Biomethane is widely used in Europe
and other regions for transportation and electricity generation, and its injection into national
gas grids requires strict quality standards. The standards required for biomethane injection
into the gas grid can vary from country to country. For example, France and the Netherlands
require a minimum concentration of methane of 86% and 85%, respectively, whereas Austria,
Germany, and Switzerland require a minimum level of 96%, and Sweden even higher, at 97%.
The maximum concentration of carbon dioxide allowed is 2.5% in France, 3% in Sweden and
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Austria, and 6% in the Netherlands [65]. In addition, in the U.S. (California), the minimum
methane concentration ranges from 93-96% [66]. In Australia, the gas calorific heating values
should be between 37 MJ/m? and 42.3 MJ/m?, and the maximum levels of hydrogen sulfide,
water content, and sulphur are 5.2 mg/m®, 73 mg/m?, and 50 mg/m?, respectively [67]-[69].
Table 2.3 compares the characteristics of biogas upgrading technologies [15]. Chemical absorp-
tion and cryogenic separation achieve very high methane purity, but both face challenges of
high energy use and investment costs. Water scrubbing (WS) and membrane separation (MS)
are the most widely implemented due to their lower energy demand, operational simplicity, and
reliability, though each has limitations such as high water use (WS) or the need for multiple
stages (MS). Overall, the choice of upgrading technology involves balancing methane recovery,
cost, and resource requirements, with WS and MS emerging as the most practical options.

Table 2.3: Biogas upgrading technologies’ characteristics

ERqd CH, CAPEX OPEX Plants

Type (kWh/ RR  (£/ £/ (1)~ Benefits Drawbacks
m?) (%) kWh) kWh)
CA 0.06~ 999 22§g 1115; 104 Provide the highest biomethane Heat, water, and chemical required;
0.17 ’ purity; No need of biogas pressur- Higher energy consumption; Prob-
ized; No need for HoS treatment;  lems with corrosion and precipitation
cs  0.18~ 98~ 335318/ 4.80~ 9  No water and chemicals required; Biogas and H2S treatments required;
025 999 7.10 High biomethane purity; High investment and O&M costs;
Not very mature technology
pSA  0.16~ 99[)8N5 28535f 06952(/; 81 Low energy consumption; Com- Lower biomethane purity compared
0.35 : ’ pact technology; No water and to others; H2S treatment needed;
chemicals required; Widely used High energy consumption and strict
in small plants process control
ws  0.20~ 99%N5 3?;; 0.47~ 175 Low energy consumption; Simple, Dried process is needed; More strict
0.30 ) 0.94 flexible, and low O&M costs; Re- process control; Chemicals may be
move NH3z and HsS; Most used required; High water demand
method;
ops 0.23~ 96~ 53((5)5 0.92~ 19 Remove NH3, HaS and other com- High investment and O&M; Higher
0.33 99 1.05 pounds; High biomethane purity;  energy consumption; Heat and chem-
icals needed
MS  0.18~ 8%3 Qgg; 0573(7 148 Simple, flexible, and low O&M Require multiple stages; High invest-
0.35 ’ costs; Compact and reliable; No ment costs; Not recommended for

chemicals, water, or heat required;

biogas composed of many impurities

CAPEX: Capital Expenditure; OPEX: Operating Expenditure; CA: Chemical Absorption; CS: Cryogenic Separation;
MS: Membrane Separation; OPS: Organic Physical Scrubber; PSA: Pressure Swing Adsorption; WS: Water Scrubbing;
ERqd: Energy required; RR: Recovery rate
() Total number of plants using upgrading technologies in some countries, including Germany, UK, Sweden, France,
Switzerland, Denmark, the Netherlands, Austria, Finland, Canada, South Korea, Brazil, Estonia, and Ireland [70].

The decision to use biogas on-site or export it to the gas grid in WWTPs can depend on
several factors, including biogas production rate, generation capacity, upgrade and storage
capabilities, feed-in tariffs, and local regulations. While the technology for injecting biomethane
into the grid is technically mature, economic feasibility remains a key barrier, largely due to the
high capital, energy, and maintenance costs associated with upgrading systems. The economic
feasibility of a biogas upgrading system can be challenging. The selection of the most suitable
biogas upgrading technology requires an analysis of capital and operating costs. The operating
and maintenance costs for these methods are associated with energy consumption, labour, and
resources (water and/or chemicals used). Other factors to consider for technology selection
include site-specific details, such as biogas production, regulations, and end-use purposes. The
lowest-cost technology may not always be the most appropriate solution [15].
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2.2.1.2 Thermochemical Processes

Thermochemical processes aim to recover the sludge energy content by changing its composi-
tion, including biological, chemical, and physical characteristics, based on thermal treatment to
produce a valuable fuel, which can be solid, liquid, or gas renewable fuel. Additionally, it can
reduce the operating costs related to sludge disposal and its negative impacts on the environ-
ment. These processes have been receiving significant attention over the last few decades, and
they can be classified into incineration (also known as combustion), gasification, pyrolysis, and
hydrothermal treatments [71]. Figure 2.3 illustrates different thermochemical methods that can
be used to treat sewage sludge, producing valuable by-products, including hydrogen-rich gas,
syngas, bio-oil, and biochar.

Sewage Sludge

|
v v ¢ v
Combustion  Gasification  Pyrolysis  Hydrothermal

| |
v |+ w T T

Heat Ash Haz-rich gas Syngas Biochar  Bio-oil
| | I : |

Energy Recovery Material recovery

Figure 2.3: Thermochemical processes applied to sewage sludge for energy recovery.

a. Combustion

Also known as incineration, it occurs under high temperatures (between 800 °C and 1000 °C)
and an excess of air. It is a very mature technology and one of the most traditional methods
for converting biomass into energy. Its applications to sewage sludge have been widely studied,
and the main benefits of using combustion include achieving complete oxidation of the organic
elements in the biosolids, reducing the sludge volume, and ensuring pathogen destruction. In
this process, heat and electricity can be recovered, and other co-products, such as ash (inert
material), flue gas, and water, are generated [72]. Its main advantages include the ability to
significantly reduce the sludge volume (up to 90%), destroy pathogens and toxic elements, being
a mature technology, lower costs compared to other methods, odour control, and potential for
energy recovery. However, this method also results in low energy efficiency, emission of toxic
compounds, low economic viability, and usually requires additional fuel. Due to its high ash
and water content, sewage sludge is typically mixed with other feedstocks (i.e., wood pellets)
to achieve better performance (process known as co-combustion) [73].

Some commercial sludge treatment facilities have been reported in the literature, including
plants in Belgium, China, Germany, Japan, the USA, the UK, and the Netherlands, which
have used incineration to treat municipal sewage sludge [72]. For instance, a sludge treatment
facility (STF) was constructed and started operations in 2015 in Hong Kong, China, to process
2000 tons/day of sewage sludge from the Stonecutter’s Island WWTP. The STF is supplied by
two generators capable of producing all the electricity needed to operate the plant. The STF
is not only energy self-sufficient but also exports the electricity surplus (up to 2 MW) to the
main grid [74].
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b. Gasification

Gasification is a method in which the biomass (i.e., dried sludge) is exposed to a high tem-
perature (about 1,000 °C) in a reduced air environment, generating syngas, heat, and ash.
The syngas (synthetic gas) composition may include methane (CHy), carbon monoxide (CO),
carbon dioxide (COs), hydrogen (Hs), oxygen (O3) and nitrogen (Ny), which can be cleaned
to produce a higher quality fuel, whereas the heat can be further recovered to generate elec-
tricity. The high heating value (HHV) of syngas from sewage sludge gasification depends on
different parameters, including gasification technology, operating conditions (i.e., temperature,
pressure, and air-to-fuel ratio), and sewage sludge characteristics. On average, it may vary
from 5.8 to 18 MJ/m3. The benefits of gasification are related to the ability to deal with
inorganic elements, generation of syngas and heat, low energy needs, being a mature tech-
nology, and combined feedstocks without quality/efficiency problems. However, issues related
to low energy efficiency, emissions, economic viability, and additional fuel requirements are
the main drawbacks [75]. Table 2.4 compiles studies investigating the gasification of sewage
sludge, including dewatered sludge, paper-mill sludge, and mixtures with other biomass or coal.
The feedstock properties varied widely in terms of moisture content (3-80%), volatile matter
(9-67%), ash content (8-50%), and heating values (HHV 2.84-17.1 MJ/kg), which influenced
gas yields and composition. Gasification was typically conducted in fluidized-bed or two-stage
reactors at temperatures between 500-1,150 °C, with air or steam equivalence ratios ranging
from 0.2 to 0.3. The resulting syngas generally contained 2-8% CHy, 1-52% H,, 4-19% CO,
and 6-32% CO,, with lower heating values (LHV) of 1.7-11.7 MJ/m? dry gas. Cold gas effi-
ciency ranged from 35% to 92%, often improving when co-gasifying with additives (i.e.,sawdust,
coal, dolomite, or activated carbon). In summary, higher gas yields and energy content were
achieved using dry sewage sludge, co-gasification with high-volatile feedstocks, and two-stage
gasifiers, demonstrating that feedstock composition, reactor type, and operational parameters
critically affect syngas quality and process efficiency.

Table 2.4: Studies focused on sewage sludge gasification

Ref Type Feedstock composition

Operation parameters

Generated products

[76] DEW HHV 13.5 MJ/kg dry, 8.6%

MC, 51.8% VM, 43.1% ash.
UA: 51% Cu, 7.3% Ha, 7.9%
Na, 2.05% Ss, 31.8% Os.

100 kW-th FBR, DEW feeding
rate of 9.2-16 kg/h, temperature
790-815 °C, air flow 11-15 m3/h,

Syngas LHV 3.6-4.5 MJ/m? dry, gas compo-
sition includes 4.6-6.6% CHy, 8.4-10.2% Ha,
7.3-9.9% CO, 15.2-16.5% CO.

[77] DEW HHV 13.2 MJ/kg dry, 30%

+ sp

(mix

MG, 67.7% VM, 9.8% ash. UA:
45.2% Cy4, 5.8% Ha, 1.2% Na,

100 kW-th LTCFB reactor, 45 kg
of dry SS gasified for 28h, temper-
ature 500-750 °C, Air eq. ratio of

Syngas LHV and HHV as 1.76 and 1.88
MJ/m?3 dry. Gas composition includes 2.5%
CHy, 1.6% Ha, 8% CO, 18% COg2 and other

ST) 0.4% Ss, 37.4% Oa. 0.2-0.3 gases.

[77] SS +HHV 14.8 MJ/kg dry, 12.5% 6 MW-th LTCFB reactor, 7.5 ton  Syngas LHV and HHV as 3.84 and 4.2 MJ/m?3
sp MC, 66.5% VM, 13.3% ash. of dry SS gasified for 30h, temper- dry. Gas composition includes 4.2% CHy, 9%
(mix UA: 43.5% Cua, 4% Ha, 1.2%  ature 500-750 °C, Air eq. ratio of Ha, 11.8% CO, 19.4% CO2 and other gases.
BJ) Na, 0.4% Ss, 36% Oa. 0.3

[77 Dry HHV 11.4 MJ/kg dry, 12.5% 100 kW-th LTCFB reactor, 240 kg Syngas LHV and HHV as 1.88 and 2.05
SS MC, 42.7% VM, 43.1% ash. of dry SS gasified for 14h, temper- MJ/m?® dry. Gas composition includes 2.6%
(SLU UA: 27.6% Cu, 4.3% Ha, 3.9%  ature 500-750 °C, Air eq. ratio of CHu, 5% Ha, 4.5% CO, 18.5% COa>.

BJ) Na, 0.8% Ss, 19.8% Oo. 0.2-0.3

[77 Dry HHV 12.2 MJ/kg dry, 4.6% 100 kW-th LTCFB reactor, 800kg Syngas LHV and HHV as 1.96 and 2.16
SS MC, 43.1% VM, 43.8% ash. of dry SS gasified for 40h, temper- MJ/m?® dry. Gas content: 2.4% CHy, 6.6%
(SLU UA: 28.7% Cu4, 4.2% Ha, 3.9%  ature 600-750 °C, Air eq. ratio of Ha, 4.2% CO, 17% COs.

RA) N, 1.3% Sg, 18.1% Oa. 0.2-0.3
[78] SS SS: HHV 2.84 MJ/kg dry, FBR operating under 784-822 °C  Syngas LHV 2.3-2.6 MJ/m? dry. Gas con-

80.1% MC, 9.78% VM, 8.3%
ash. UA: 6.27% Cy4, 1.1% Ho,
0.77% Na, 0.3% Ss, 3.2% Oa.

with 0.3 air to fuel ratio. SS feed-
ing rate of 25 kg/min,

tent: 3-3.4% CHy, 3.24-3.49% Hs, 5.6-6.9%
CO, 23.2-27.8% CO2. Gas yield: 28.5 m3/min,
CGE of 46.6-52.8%.

Continued on mext page
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Table 2.4 — continued from previous page

Ref Type Feedstock composition

Operation parameters

Generated products

[78] SS PMS: HHV 4.25 MJ/kg dry, FBR, SS:PMS ratio 1:2 and 1:1 Syngas LHV 1.7-2.42 MJ/m3 dry. Gas con-
and 51.4% MC, 29.9% VM, 18.33% at 816-858 °C and 0.3 air:fuel ra- tent: 2.6-3.65% CHy4, 2.6-4.13% Hs, 3.95-
PMS ash.UAs: 13.9% Cy4, 2.03% Hz, tio. SS and PMS rate of 8.3-12.5 4.7% CO, 17.4-25.42% COs. Gas yield: 29.4

0.42% N2, 0.15% Sg, 13.8% O2.  kg/min m3/min, CGE of 45-6-61.6%.

[79] Dry  6.5% MC, 48% VM, 47.6% ash, 20 kW bubbling FBR, temperature ~ Syngas yield of 1.3 m3/kg. Gas composition

SS 4.3% fxc. UA: 51% Cy4, 7% Ha, of 850 °C, air ratio of 0.25, fuel in fraction mole: 6% CHy, 40% Ha, 20% CO,
7.5% Na, 2.4% Sg, 32% Oa. mass flow of 7kg/h. 32% CO2 and other gases.

[80] Dry HHV 11.7 MJ/kg dry. 6.8% 20 kW reactor operated for 12h  Gas composition in fraction mole: 1.2% CHy,

SS MC, 37.9% VM, 50% ash, 12%  daily with a 20 kg/h capacity (240  23.3% Ha, 18.5% CO, 13.4% CO2, 43.6% Na.
fxc.UA: 29.7% C4, 4.3% Hz, kg/day max.) at 1,000-1,150°C. 1 kWh electrical power from 1.2 kg municipal
4.6% Na, 1.4% Sg, 59.9% Os. sludge gasified could be achieved.

[81] Dry LHV 9.2 MJ/kg dry, 7.8% MC, 20 kW dual FBR at 800 °C. Param-  Gas yield: 0.85 m3/kg, CGE of 45-60%. Gas

SS 47.8% VM, 47.5% ash. UA: eters: 2.7 kg/h steam flow, 3.6-5.4 content: 0.1 CH4 m3®/m?, 0.46 Hy m3/m3,
48.8% Cy4, 7.4% Ha, 7.1% N2, kg/h fuel flow, 1.5 mol/mol molar ~ 0.12 CO m3/m?3, 0.3 CO2 m?3/m3.
2.3% Ss, 34.2% Os. steam-to-carbon ratio.

[82] Dry SS: HHV 11 MJ/kg dry, 3.2%  Reactor at 700-900 °C up to lh re- At 900 °C, syngas yield was 0.93 m3 /kg, LHV

SS fxc, 55% VM, 41.8% ash. UA: action. Applied HTC to SS prior 5.62 MJ/kg dry and gasification efficiency of
21.86% Cu, 3.4% Ha, 3.8% N2, gasification. SS:SD mix ratio of 67.1%. Gas composition includes approx. 2%
0.64% Sg, and 28.5% Oa. 1:0, 1:3, 1:1, 3:1, and 0:1 CHy, 5% Ha, 35% CO and 58% COx2.

[82] Dry SD-SS: HHV 12-17 MJ/kg dry, Lab-scale tubular reactor at 700- At 900 °C and mix ratio of 3:1 (SS:SD), syn-
SS 12.8-21.2% fxc, 46.2-6% VM, 900 °C temperature and 1 to 60 gas yield was 1.04 m3/kg, LHV 8.15 MJ/kg
and  13.8-4% ash. UA: 33.3-49.2%  min reaction time. Applied HTC dry and gasification efficiency of 77.7%. Gas
SD Cy, 3.6-5.4% Hso, 1.8-2.7% N2,  to SS prior gasification. SS:SD mix  composition includes approx. 7% CHy, 8% Ho,

0.2-0.5% Ss, 19-30% Ox2. ratio of 1:0, 1:3, 1:1, 3:1, and 0:1. 45% CO and 40% COa.

[83] SS 64.2% VM. UA: 41.2% C4, Temperature around 750-850 °C, Syngas yield: 0.45-1.13m3/kg, LHV 6.5-9.73
5.2% Ha, 3.2% Na, 20.7% Oz, mass rate of sludge around 170-260  MJ/m?3. Gas content: 20-23% Ha, 4-13% CHy.
and HHV 14.1 MJ/kg. g/h. Biochar HHV between 2.8-14.9 MJ/kg.

[84] Dry 7.1% MC, 51.5% VM, 4% fxc, FBR at 813-817 °C, 60-260 min re- Syngas LHV 5.04-6.52 MJ/m? dry with CGE

SS 37.4% ash. UA: 31.3% C4, action time, and usage of additives of 67.5-88.87%. Gas composition: 4-6.5%
4.6% Ha, 4.7% Na, 1.3% Sg, (active carbon, Ni,and Fe) CHy, 13.4-28.13% Ha, 10-13.4% CO, 9.4-14.5%
20.7% O2. LHV 13.2 MJ/kg. COag, 44-51.7% of N2 and other elements.
[85] Dry LHV 13.1 MJ/kg dry, 8.7% FBR with 0.3 air to fuel ratio Without DO, Syngas LHV 2.9-3.6 MJ/m? dry,
SS MC, 51.3% OM, 41.7% ash. and 800 °C operating temperature. ~CGE of 35.7-43.2%, gas yield 2.7-3 m3/kg.
UA: 29.5% Cy4, 4.9% Hs, 4.1%  Sludge feeding rate around 1.2-3.7  Gas: 2.3-3.3% CHy, 8.5-10.3% Haz, 6.1-9% CO,
N2, 1.6% Ss, 15.0% Oa. g/min, and use DO as catalyst 13.2-13.9% CO2. With DO, Syngas LHV 2.9-
(10% mix with SS) 3.9 MJ/m? dry, CGE of 35-48.8%, gas yield
2.8-3.2 m3/kg. Gas: 2.2-3.2% CHy, 9.6-14%
Ha, 5.3-9.7% CO, 12.6-15.1% COs.

[86] Dry LHV 17.1 MJ/kg dry, 5.3% Two-stage gasifier (bubbling and Products: 52-66% syngas, 19-23% char, 14.3-

SS MC, 61.56% VM, 26.14% ash, fixed FBR) in series. 2 kg/h SS  20.3% condensate liquid and tar. Syngas LHV:
7% fixed. C UA: 39.46% C4, feeding rate, and use AC and CaO  9.22-11.7 MJ/m?3 dry, CGE up to 80%. Gas
5.8% Ha, 5.35% N2, 0.9% Ss, as additives (up to 1.5kg). EqR of content: 7.2-8.5% CHa, 28-52.2% Ha, 15.9-
24.4% Os. 0.25 at 785-820 °C. 19.3% CO, 20-32.4% CO2, 3.8-8.9% Ns.

[87] DEW SS: LHV 14.26 MJ/kg dry, 2-stage gasifier (FBR and tar- Products: 65.5-75.3% syngas, 15-22.4% char,
18.75% MC, 33.4% VM, 11.6%  cracking reactors) in series. 800 9% condensate liquid and tar. Syngas LHV:
ash, 36.3% fxc. UA: 45.55% °C temperature, air flow rate 13-17  5.4-6.1 MJ/m3 dry, CGE of 67-92.4%. Gas
Cy, 6.6% Ha, 1.1% N2, 1.2% L/min for 1h. content: 4.5-5.4% CHy, 14.6-22.6% Ha, 9.7-
Ss, 33.9% Oo. 12.4% CO, 10.6-10.9 COa, 51.6-54.5% Na.

[87] DEW Coal: 1% MC, 22.5% VM, 2-stage gasifier (FBR and tar- Products: 74% syngas, 12.5-13.7% char, 11.8-
and 17.8% ash, 64.95% fxc. UA: cracking reactors) in series. 800  13.3% condensate liquid and tar. Syngas LHV:
coal 78.5% Cy4, 0.6% Ha, 0.43% N2, °C temperature, air flow rate 13- 5.1-5.4 MJ/m3 dry, CGE of 80.6-84.3%. Gas:

0.4% Ss, and 2.32% Os. 17 L/min for 1h. Coal:DEW mix 3.8-4% CHa4, 24-26.6% Ha, 9.5-10.4% CO,
ratio of 70:30, 50:50, and 30:70. 11.1-12.5% COs, 46.2-50.8% Na.

[88] Dry LHV 15.1 MJ/kg dry, 8.2% 2-stage gasifier in series with 0.2 Products: 68.6-76.9% syngas, 12-19.5% char,
SS MC, 56.9% VM, 30.3% ash, equivalence ratio at 760-815 °C, 90-  6.2-20% condensate liquid and tar. Syngas

4.6% fxc. UA: 39.8% C4, 6.4% 100 min reaction time, and use of LHV of 5.4-7.5 MJ/m? dry. Gas content: 2.7-
Ho, 5.6% No, 1.2% Sg, 24.7%  AC as additive. 7% CHy, 9.6-34.1% Ha, 9.2-17.2% CO, 6.5-14.6
Os. COs, 38.4-64.4% No.

[89] Dry LHV 14.1 MJ/kg dry, 4.7% 2-stage gasifier. EqR of 13 L/min  Generated syngas LHV was 5.65-7.1 MJ/m3

SS MC, 51.3% VM, 24.1% ash. at 785-810 °C. 10.4-16.6 g/min SS  dry. Gas composition: 3.2-5.8% CH4, 11.8-

UA: 39.46% C4, 5.8% Ha,
5.35% N2, 0.9% Sg, 24.4% Oa.

feeding rate for 75-220 min reac-
tion, using additives.

31.3% Haz, 9.1-18.4% CO, 7.6-14.7% COg,
39.5-54.4% Na.

SS: Sewage sludge; DEW: Dewatered sludge; PMS: Paper-mill sludge; SD: Sawdust; Dlm: Dolomite; HHV: Higher heating value;
LHV: Lower hearing value; CGE: cold gas efficiency; MC: Moisture; UA: Ultimate Analysis; fxc: Fixed carbon; sp: straw pellets;
OM: Organic Matter; LTCFB: Low Temperature Circulating Fluidised Bed; FBR: fluidised-bed reactor; EqR: Equivalence ratio
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c. Pyrolysis

Sludge pyrolysis (also known as liquefaction) operates at temperatures between 350 and 500
°C in a restricted oxygen environment. Some parameters, including temperature, heating rate,
residence time, pressure, sludge characteristics, reactor type, and process design, can influence
pyrolysis efficiency [71]. The main co-product generated from this process, which can be used
as a renewable energy source, is bio-oil, which has a calorific value of 30-37 MJ /kg [90]. Syngas
and biochar are also co-products generated that can be used for electricity generation and
carbon sequestration or soil amendments, respectively [91]. Various types of pyrolysis have
been reported in the literature, with the most prevalent methods outlined in Table 2.5.

Table 2.5: Types of pyrolysis and their characteristics

Type Residence time (min) Temperature (°C) Heating rate (°C/s) Pressure (MPa)

Slow > 60 300-700 0.1-1 0.1
Intermediate 10 500-650 1-10 0.1

Fast 0.0083-0.33 550-1,250 10-300 0.1

Flash < 0.0083 800-1,300 > 1,000 0.1
Microwave 30 500-1,000 <5 -
Vacuum 30-120 300-600 0.1-1 0.01-0.02

Hydro 240 350-600 10-300 5-20

Table 2.6 presents an overview of pyrolysis research on sewage sludge, including municipal sludge
from different locations and co-pyrolysis with other substrates. The sludge feedstocks exhibited
a wide range of properties, including moisture content (2-79%), volatile matter (27-82%), fixed
carbon (0.3-15.6%), ash content (17-63%), and higher heating values (6.56-24.42 MJ/kg).
Pyrolysis was conducted using various reactor technologies and approaches, including fluidized
bed reactors, bench-scale bubbling or conical spouted bed reactors, microwave-assisted systems,
and fast or flash pyrolysis approaches, typically at temperatures ranging from 300-900 °C
and atmospheric pressure. Reaction times and heating rates varied depending on the reactor
type and study. The generated products included bio-oil, biochar, and syngas, with yields
strongly dependent on temperature, feedstock composition, and pyrolysis method. Bio-oil
yields ranged from ~8% to 71%, biochar from ~14% to 75%, and gas yields from ~4% to 47%.
Gas composition commonly contained 8-59% H,, 8-18.9% CHy, 6.5-24.1% CO,, and 12-31.4%
CO, with the gas LHV varying widely (e.g., 5.6-14 MJ/kg in co-pyrolysis studies). Co-pyrolysis
with lignocellulosic biomass generally enhanced gas yield and hydrogen content, while catalytic
pyrolysis (e.g., with HZSM-5 or ZSM-5) increased biochar and bio-oil quality. In general, these
studies demonstrate that feedstock properties, pyrolysis temperature, reactor design, and the
use of catalysts or co-feedstocks significantly influence the generated product composition and
energy recovery from sewage sludge pyrolysis.

Table 2.6: Studies focused on sewage sludge pyrolysis

Ref Sludge Sludge composition Parameters Generated products

[92] WWTP in HHV 6.6 MJ/kg dry, 6.1% MC, Fluidised bed reactor At 500-600 °C, bio-char, bio-oil and gas
Medellin, 27.24% VM, 3.3% fxc, 63.4% at atm pressure, and yield were 14-27%, 28-39%, 45-47%, respec-
Colombia ash. UA: 12.8% Cy4, 1.7% Hz, temperature between tively. Gas content at 600-800 °C: 43-50% Ha,

1.2% Na, 0.6% Sg, 16.2% Oq

300 °C and 800 °C.

20-37% COs, 12-20% CO, and 8-10% CHs .

[93] Municipal
WWTP in
Dalian,
China

76.6% MC, 27.2% VM, 3.3%
fxc, 63.4% ash. UA: 12.8% Cy,
1.7% Ha, 1.2% Na, 0.5% Ss,
16.2% Oo. HHV 13.6 MJ/kg

Sludge pyrolised for
4h under 3 °C/min at
500-800°C.

Char, bio-oil and gas yields were 17.5-25%, 38-
43.5%, and 37-42%, respectively.

Continued on next page
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Table 2.6 — continued from previous page

Ref Sludge Sludge composition Parameters Generated products
[94] Carter’'s HHV 18.5 MJ/kg dry, 2% MC, Fast pyrolysis usinga Bio-oil, biochar and biogas yields: 35.7%,
Creek  68% VM, 14% fxc, 18% ash. bench-scale bubbling 28.7% and 23.5%, respectively. Bio-oil HHV:
WWTP in UA: 39.4% C4, 5.6% Ha, 7.8% FBR at 425-550°C. 24.3 MJ/kg (at 425°C) and 37.6 MJ/kg (at
Texas, USA Ns, 0.8% Sg, and 28.6% Oa. 550°C). Biochar HHV: 7.4 MJ /kg.
[95] WWTP in HHV 11 MJ/kg, 5.6% MC, 54% Flash pyrolysis us- Char and bio-oil yields at 450°C, 500°C, 550°C,
Barcelona, VM, 9% fxc, 37% ash. UA: ing a CSBR at 450- 600°C were around 51%, 46%, 44%, 43%, and
Spain. 25.5% Cy4, 4.5% Hs, 5% No, 2%  600°C. 45%, 48.5%, 48.5%, 46%, respectively. Gas
Ss, 25.8% Os. yield: 4%-11%.
[96] WWTP in same as Ref. [95] SS fast co-pyrolysis At 500 °C, yield for the gas, bio-oil and bio-
Barcelona, with  lignocellulosic ~ char were between 6-12%, 55-62%, and 32-
Spain. biomass in a CSBR. 33%, respectively.
[97) WWTP in 78% MC, 82.2% VM, 0.3% fxc, A c¢fMAP (1 kW, Bio-oil, bio-char and gas HHV: 2.2-7.7 MJ /kg,
Minnesota, 17.5% ash. UA: 43.4% Cy4, 7% 2,450 MHz) at 450- 2.14-5.4 MJ/kg, and 5.6-9.4 MJ/kg. Char,
USA. Ha, 5.6% No, and 26.4% Os. 600°C. Used ZSM-5 bio-oil and gas yields: 33-62.5%, 16-40%, and
HHV 21.21 MJ/kg. as catalyst 21.5-40%.
[98] WWTP in 4.5% MC, 68.6% VM, 0.3% fxc, Microwave pyrolysis Char, bio-oil and gas yields: 48-72%, 8-21%,
Minnesota, 16.4% ash. UA: 53.24% C4, (750W, 2450 MHz) and 20-33%. Oil, char and gas yields using cat-
USA. 7.4% Ha, 6.12% Na, and 33.25% at 450-600°C, using alyst: 18-21%, and 49-52.5%, and 26.5-31%.
Oz. HHV 24.42 MJ /kg. HZSM-5 as catalyst.
[99] WWTP  SS: 4.5% MC, 63% VM, 5.5% Fast pyrolysis (fixed Char, bio-oil and gas yields: 14-35%, 37.5-
in Xi’an, fxc, 27% ash. UA: 29% Cy4, 6% bed quartz tube reac-  71%, and 15-27.5%, respectively. Gas content:
China Hs, 4% No, 1.6% Ssg, 21% Oa. tor) at 500-900 °C. 8-36% Ho and below 7% CHy
[LOO)WWTP  UA: 27.9% Cy4, 4.7% Ho, 4.5% Bench-scale stirred At 525 °C, the bio-char, bio-oil and gas yields
in No, 1.4% Sg, 34.6% O2. HHV  batch reactor at 525 were approx. 50%, 41%, and 9%, respectively.
Spain. 12.5 MJ/kg. °C. LHYV of the pyrolised SS was 10 MJ/kg.
[I01]WWTP  SS: 2.25% MC, 61.5% VM, Reactor at 400-800 The yield for char were 30.4-75.1%, and bio-oil
in 6.7% fxc. 53.2% Cy4, 7.5% Ha, °C, pyrolysis rate of around 10.2-51.8%. Gas yield varied between
Beijing, 6.4% Na, 2% Sg, 30.9% Oa. 20 °C/min under No  14.7% and 20% with CH4 and CO below 10%.
China. Cb: 4.6% MC, 78.1% VM, (99.99 %, flow rate Hy ranged from 22% to 59%, and COg from

15.64% fxc. 49.2% Cy4, 6.3% Ha,
0.5% Ns, 0.3% Sg, 43.7% Oa.

= 25 ml/min). 1:1
SS:Cb mixing ratio

35% to 59%.

[102] Nanjing
WWTP,
Jiangsu
province,
China.

SS: 79% MC, 31.5% VM, 5.3%
fxc. 21% Cy4, 9% Ho, 3.5% No,
1% Sg, 3% Os.

SD:  6.2% MC, 73.6% VM,
14.4% fxc. UA: 49.5% Cy4, 7.1%
Hs, 0.3% No, 0.4% Sg, 43% Os.

Co-pyrolysis of SD
and SS in a bed reac-
tor. Parameters: 900
°C at 20 °C/min for
0.5h with 16 g/min
feeding rate.

Gas content: HHV vary between 13-14 MJ /kg.
Dry gas yield varied from for 0.24-0.74 m? /kg.
The Hs, CHy, CO2 and CO varied be-
tween 29.13-42.35%, 10.5-18.9%, 14.6-24.1%
and 26.8-31.4%, respectively.

[103]WWTP
in
Australia.

SS: 20-80% MC, UA: 35.7% Cy,
5.2% Ha, 3.5% Na, 25.4% Og,
0.7% Sg wt%.

Temperature of 450-
850 °C, 1 atm and
feed rate of 265 kg/h.

Biochar, bio-oil, gas yields: 43.2-53%, 37.7-
40.4%, 9.3-17.2%. At 850 °C, gas yield in-
creasd and HHV drop (23 to 20 MJ/kg).

HHYV: Higher heating value; LHV: Lower hearing value; VM: Volatile matter; UA: Ultimate analysis; MC: Moisture;
fxc: Fixed carbon; wt: wet basis; cfMAP: continuous fast microwave-assisted pyrolysis; SD: sawdust; Cb: Corncob;
SS: sewage sludge; FBR: Fluidised bed reactor; CSBR: conical spouted bed reactor

d. Hydrothermal treatment

Hydrothermal treatment applies high pressure and high temperature the sewage sludge in the
presence of water in order to generate useful products, including biogas, biofuels, and solid
biochar. Hydrothermal treatment methods (see Table 2.7) can be classified in three groups:
Hydrothermal Carbonisation (HTC), Hydrothermal Liquefaction (HTL), and Hydrothermal
Gasification (HTG). HTC focuses on producing carbon-rich solids (hydrochar) and offers ben-

efits in carbon sequestration and soil enhancement.

However, it has lower energy recovery

compared to other processes. HTL generates bio-crude oil with high energy density. It requires
further upgrading and involves complex operating conditions. HT'G efficiently converts organic
materials into syngas, and it is highly effective for waste-to-energy conversion, but there are
high operational costs and material challenges [71].

Some researchers have investigated the energy potential of the pyrolysis of sewage sludge, as
shown in Table 2.7.
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Table 2.7: Characteristics of HTC, HTL and HTG

HTC HTL HTG
Temperature 150-280°C 280-375°C > 375°C
Pressure 0.1-11MPa 8-22MPa > 22.1MPa
Water state  Subcritical Sub/near critical Supercritical
Generated Solid (char), biocrude (small ~ Small amount of solid (char), liquid ~ Char (small amount), gas fuel (Syn-
Products amount) and gas (biocrude), water-soluble fractions  gas), water-soluble fractions
Advantages  Sludge stabilisation, volume Can use wet sludge without the Can produce high concentrations of

reduction, energy recovery,
soil conditioner

need for drying hydrogen

Table 2.8 presents an overview of studies applying HT'C and HTL to sewage sludge from various
WWTPs worldwide. HTC was typically performed at moderate temperatures (100-500 °C)
and high pressures (up to 35 MPa) to convert wet sludge into hydrochar, whereas HTL was
conducted at higher temperatures (200-400 °C) and pressures to produce biocrude. Feedstock
characteristics, including moisture content, volatile matter, and elemental composition, strongly
influenced the energy content and yields of products. Hydrochar from HTC achieved HHVs
ranging from 12 to 25 MJ/kg, with yields typically above 70% depending on temperature and
residence time. HTL generated bio-crude with HHVs up to 45 MJ/kg, with yields of 20-50%
depending on operating conditions and catalysts used. Hydrogen and methane production
were observed in both HT'C and HTL processes, generally enhancing gas yields. Overall, these
studies demonstrate that hydrothermal treatments can efficiently convert sewage sludge into
solid or liquid fuels, with process parameters and feedstock composition being key factors in
determining product quality and energy recovery.

Table 2.8: Studies that applied hydrothermal treatments using sewage sludge

Ref Type

Location

Sewage sludge

Parameters

Generated products

[104) HTC Jiangxinzhou 82.5% wt MC, UA: 40% Cy,

WWTP, in

6.2% Ha, 6% Na, 20.5% Oa,

1 L reactor under 35
MPa (max.) and 500

1.59L (200°C, 2 MPa),
H,, CH,

Gas production:
and 2.86L (360°C, 19.4 MPa).

China.  5.6% Ss. 18 MJ/kg HHV °C (max.) yields were 0.14 and 0.24 mol/kg (380°C).
[105] HTC WWTP in 89 wt% MC. UA: 25.6% C4, 5 reactors, operating Hs yield reached 0.7 mol/kg at 450°C, ac-
Nanjing, 4.4% Ha, 4.6% N2, 22% O2, at 200-250 °C, and 2-  counting for 11.2 v/v% of the syngas. At
China.  0.2% Ss, 11 MJ/kg HHV 26 MPa. 400 °C, Hy yield was below 0.15 mol/kg.
[106) HTC WWTP in 66.9 wt% VM, UA: 38.55% 1 L reactor under Fuel HHV around 17.3-22.4 MJ/kg when
Republic of C4, 6.46% Ha, 8.05% N3, temperature ranging the temperature was 180-280 °C. Energy
Korea  46.50% Oz, 0.44% Ss. 16.5 180-280 °C for 0.5h. recovery efficiency decreased (from 92.2%
MJ/kg HHV. to 89.6%) with the temperature increase.
[107JHTC WWTP in 86 wt% MC, UA: 51% C4, 180-240 °C under 15- Product HHV values: 18.30-20.17 MJ/kg.
Japan.  6.6% Haz, 8.8% Nj, 32% Oz, 45 min reaction. For temperature higher than 200 °C, ER
1.4% Ss. 18.8 MJ/kg HHV was 40%.
[I08) HTC WWTP in 89.3 wt%, 47.5% VM. UA: 0.5 L reactor at Maximum HVV: 12.06 MJ/kg at 260 °C
Changsha, 25% Ca, 4% Ha, 5% Na, 15% 180-300 °C wunder wunder 1h reaction. Lowest HHV: 9.8
China.  O2, 1% Ss. HHV: 11 MJ/kg  30-480 min MJ/kg at 260 °C under 3h.
[1I09) HTC  Domestic 81 wt% MC, UA: 34.4% C4, Reactor operating at Maximum (89.01%) and minimum
WWTP in  5.2% Ha, 5% Na, 23% O3, 2%  100-200 °C up to 1h. (73.73%) char yields achieved with
Sri Lanka. Ss. HHV: 15.2 MJ/kg 13.6-16.2 MJ /kg HHV.
[110]HTC WWTP in UA: 40.3% Cq, 5.8% H2,4.7% 0.5 L stirred reactor ~Hydrochar HHV: 18.2 MJ/kg (200 °C) and
Karmiel, N, 10.4% O,. HHV: 18 at 200-300 °C up to 21.5 MJ/kg (300 °C). BMP yield (in mL
Israel.  MJ/kg, 81 wt% MC 2h. CH4/gCOD): 26 (lowest) to 236 (highest).
[111]HTC WWTP in 79 wt% VM, UA: 49% C4, 7% 0.2 L reactor for 0.5h  SS hydrochar HHV: 21.59 MJ/kg (180 °C,
Shimodate, Ha, 2.5% Na, 33.4% O2, 0.6% at 180 °C, and differ- 0.5h), HTC input energy: 115.96-117.7
Japan  Ss. HHV: 21 MJ/kg. ent mixing ratios MJ, Hydrochar HHV: 23.4-25.3 MJ /kg.
[112]HTC WWTP in 72.3 wt% VM, UA: 52% C4, 1 L reactor at 180- Hydrochar HHV: 18.7-23.4 MJ/kg (180-
Republic 8% Ha, 6.4% Na, 32.6% Oz, 270 °C under 0.5h re- 270 °C). Char yields: 40.78% (minimum)
of Korea. 1% Ss (db), 20.6 MJ/kg HHV  action. t0 93.13% (maximum).

Continued on next page
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Table 2.8 — continued from previous page

Ref Type Location Sewage sludge Parameters Generated products
[113] HTL Adelaide 62.2 wt% VM, 96.1 wt% MC, 0.1 L reactor under 2 Oil, solid and water-soluble products
Control ~ UA: 38.0% Ca, 5.23% Hz, MPaat200-350°Cup (WSP) content: 11.3-33.6 wt%, 9.9-61.2
Plant, in  7.2% Na, 25.2% O2, 0.75% Ss,  to 1h reaction. wt%, and 27.3-62.3 wt%. Up to 0.8L of
Canada. HHYV of 16.0 MJ/kg. biogas was produced in 31 days.
[114 HTL WWTP at 4 wt% DM, UA: 46.5% C4, 201 reactor with Bio-crude yield: 24.5 wt% with 33.6%
Viborg, 6.1% Ha, 3.3% N2, 31.2% Oz, 1.66L/min  feeding chemical ER, 26.9 MJ/kg HHV.
Denmark. 0.4% Ss, HHV: 20 MJ/kg rate at 350°C.
[115) HTL Marselisborg Not informed 20 mL batch reactor HHV: 36-37.7 MJ/kg with 55.5-66.8% ER.
WWTP, in at 340 °C under 20 Bio-crude, gas, solid products yields: 30.7-
Denmark min reaction 35.4%, 9.7-16.2% and 19.5-19.6%.
[116] HTL Daugavgriva 80.5 wt.% MC, 56.8% VM, Batch autoclave re- Highest bio-oil yield: 47.8 wt.% with 70%
municipal UA: 52.0% C4, 7.6% Ha, 7.5% actor at 200-300 °C ER, at 5.0 MPa, 300 °C and 40 min. Low-
WTTP in Na, 30.4% O2, 2.6% Ss, HHV:  under 10-100 min re- est: 34.5% with 52% ER and 36.2 MJ /kg
Riga, Latvia. 15.3 MJ/kg action HHV, at 200 °C.
[117JHTL  WTTP in 734 wt.% MC, 50.5%, VM 0.1 L reactor at 350- Bio-crude HHV at 350 °C was 35.3 MJ/kg
Aalborg  UA:51% Cy, 7.2% Ha, 7% N2, 400 °C, 10 MPa pres- (no catalyst) and 36.6 MJ/kg (with cata-
Forsyning, 34.8% Oz, 1% Ss, HHV: 22  sure, and 15 min re- lyst, and ER was 64% (no catalyst) and
Denmark. MJ/kg action time 74.6% (with catalyst)
[118] HTL  Beishigiao 90 wt.% MC, UA: 33.9% C4, 4.4 mL batch reac- Highest biocrude: 354 MJ/kg HHV,
WWTP in 5.1% Ha, 5.8% N2, 16.5% O2, tors under 18 MPa 50.2% ER, at 340 °C. At 260 °C, ER was
Xi’an, China 3.2% Ss, HHV of 16.1 MJ/kg  and 260-350 °C 32.6%.
[119)HTL WWTP in 97.8 wt.% MC, UA: 46.5% C4, Isothermal (673 K, Biocrude yield: with additives was 10.2-
State College,7.0% Ha, 2.1% No, 33.3% Oz, 1h), non-isothermal 21.7 wt%, isothermal was 25-29 wt%, and
PA, USA. 0.8% Ss, HHV of 19.9 MJ/kg (773 K, 1 min). non-isothermal was 10.9-27.5 wt%.
[120] HTL Qinghe  53.5 wt.% OM, UA: 44.7% 1 L stainless reactor, Bio-oil HHV was 29.05 MJ/kg (no treat-
WWTP, in Cy, 7.6% Ha, 7.2% N2, 39.6% 400 °C (max.) and 20 ment), and reached up to 45 MJ/kg (with
China.  O2, 1% Ss, HHV: 21.3 MJ/kg MPa. treatment).
[121]HTL  Qinghe 84.5 wt.% MC, UA: 46.7% C4, 0.6 L reactor at 210- Biocrude yield at 210 °C: 39.9% with LC
WWTP, 6.8% Haz, 8.1% Na, 37.6% O2, 330 °C, 30 MPa un- was 86.3%, att 270 °C, it was 47.5% and
in China 0.8% Ss. der 0.5h. 97.7%, and 330 °C, 40.8% and 90.1%.
[122] HTL. ~WWTP in UA: 28.9% Cu, 4.5% H2, 4.2% 0.5 L at 350-400 °C, Bio-crude HHV: 37.8-39 MJ/kg (HHV was
China.  Na, 13.9% O2, 0.6% Ss. for 0.5h, 35 MPa 37.4 MJ/kg forr SS with no pyrolysis)
[123] HTL WWTP in HHV: 17 MJ/kg, 83.6 wt.% 0.1 L reactor under For 0.5h reaction at 350 °C, maximum and
Doha, Qatar. MC, UA: 30.5% C4, 6.2% H2, 30-120 min and 275- minimum biocrude yield were 44.8% and
5.5% Na, 400 °C. 20%.
[124] HTL H.C. Morgan 82 wt.% MC, 53% VM, UA: 1.8 L reactor at 350 The biocrude yield varied between 27.1-
WPPT, in 33% Cu4, 5% Ha, 5% Na, 26% °C, and 1h. Used red 38.3%, and HHV was 28.3-30.4
USA. O2, 1% Ss, HHV: 14 MJ /kg mud (RM) catalyst.
[125]HTL WWTP in 84.9 wt.% MC, UA: 40.6% C4, Batch-type 0.5 L re- Bio-oil HHV was 32.2 MJ/kg. With treat-

Shenyang 4.7% Ha, 3.7% N2, 49.6% Oa,
City, China 1.2% Ss, HHV: 14 MJ /kg

actor at 340 °C and
40 min reaction time.

ment, and increased to 33.5-35.3 MJ/kg
with maximum value of 37.2 MJ/kg

BMP: Biomethane Potential; MC: Moisture; UA: Ultimate Analysis; db: dry weight basis; OM: Organic Matter;
WSP: Water-soluble products; ER: Energy recovery; LC: Liquefaction conversion; HHV: Higher heating value

e. Supercritical water

There are two main methods to treat sewage sludge via supercritical water technologies: su-
percritical water gasification (SCWG) and supercritical water oxidation (SCWO). SCWO and
SCWG (also known as HTG) are considered promising technologies for treating organic wastes,
including sewage sludge, because they not only generate fuel gases (including hydrogen), but
also have low environmental and social impacts. In supercritical water processes, the feedstock
(i.e., sewage sludge) is subjected to a supercritical water environment (temperature and pressure
higher than 374 °C and 22.1 MPa), and the organic compounds in the feedstock are dissolved.
The by-products of SCWO are typically water vapour, carbon dioxide, and hydrogen (can be
generated as a secondary product depending on the composition of the feedstock and reactor op-
eration conditions), whereas the SCWG method generates syngas, which is primarily composed
of hydrogen but also contains smaller amounts of carbon dioxide and methane. The composi-
tion of the gases generated from SCWO and SCWG may vary depending on different factors,
including the feedstock composition, temperature, pressure, residence time, and the presence
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of catalysts [18], [126], [127]. Some companies, such as General Atomics, EcoWaste Technolo-
gies, Chematur, and Supercritical Fluids International, have been developing both small and
large-scale SCWO systems that can be applied to a range of areas, including wastewater treat-
ment [126]. Ref. [127] studied different SCWO systems (small and large-scale systems), which
were implemented in different locations across several years and based on different feedstocks,
including sewage sludge. The authors summarised the main information of different systems,
highlighting their location, year of construction, company name, system capacity, and feedstock
type. They also highlighted the common operation challenges, which include (i) corrosion due
to both a high temperature and pressure, (ii) corrosion due to acid formation, (iii) salt precip-
itation or plugging, and (iv) high energy consumption and operating costs. Some of the plants
stopped operations due to technical and/or economic reasons. Ref. [128] reviewed supercritical
technologies exploring their influence on hydrogen production based on different parameters
(i.e., sludge properties, moisture, and temperature). They presented some real-world projects,
including small and large-scale plants, including the pilot-scale systems developed by Duke
University, University of Missouri, University of Valladolid, and Xi’an Jiaotong University).
Commercial projects were also highlighted as follows:

- HydroProcessing: An SCWO system implemented in the Harlingen WWTP in Texas, USA,
in 2001. Some operating parameters of this system included a 150 ton/day capacity, 592
°C temperature, 24.5 MPa pressure, 20-90 s reaction time, and 6-9% solid content. The
consumption of heater, oxygen, and pumps were 4.1 MWh/dry ton of sludge, 1.5 ton/dry of
ton sludge, and 0.55 MWh/dry ton of sludge, respectively. The capital and operating costs of
the project were about US$3 M and US$100/dry ton of sludge, respectively.

- Chematur AB: Two SCWO systems were developed: (i) the first system had a 250 kg/h
capacity for demonstration purposes, and (ii) the second had a capacity of 1.1 ton/h, built
with a plan to treat the sewage sludge of Kobe, Japan. The operational parameters of the
second system included a 25 MPa pressure, 30-90 s reaction time, 400-600 °C, and operation
at 15% dry solids. The consumption of natural gas, oxygen, cooling water, and electricity was
around 21.9 Nm?/dry ton sludge, 1.05 ton/dry ton sludge, 100 m3/dry ton sludge, and 228.6
kWh/dry ton sludge, respectively. The capital and operating costs of the project were about
£5 million and £70/dry ton sludge, respectively.

- SuperWater solution: It was implemented at the Iron Bridge Regional Water Reclamation
facility in Orlando, USA. Tested between 2009 and 2011, the SCWO system had a capacity
of 5 t/d. The capital and operating costs were around US$268/dry ton sludge and US$33.7
million, respectively. The system’s parameters included 35 dry ton sludge/d capacity, a 600 °C
operating temperature, 26 MPa pressure, a 30-60 s reaction time, and 10% dry sludge.

Table 2.9 summarises research on SCWG of sewage sludge for hydrogen production. Feed-
stocks generally had high moisture content (35-88 wt%) and variable organic and elemental
composition. SCWG was typically performed at high temperatures (380-750 °C) and pres-
sures (20-30 MPa), using batch or continuous reactors. Reaction times varied from seconds
to 1h. Hydrogen yields were strongly influenced by temperature, residence time, catalysts,
and feedstock composition. Maximum hydrogen production ranged from ~0.12 mol/kg (low
temperature/no catalyst) up to ~11.8 mol/kg (600 °C), with hydrogen content in gas streams
reaching 38-60 vol% in some studies. Methane and carbon dioxide were also produced, but
in smaller amounts. In summary, these studies show that SCWG can efficiently convert wet
sewage sludge into hydrogen-rich gas, with higher temperatures, appropriate catalysts, and
optimised residence times leading to improved hydrogen yield and gas composition.
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Table 2.9: Studies related to supercritical water gasification on sewage sludge

Ref Location Sewage sludge Parameters Gas production
[129] WWTP in 74-88% wt MC, UA: 7.6-31% C4, 2.3- 316 L batch reactor Gas production: 10.7-43.3 mol/kg
Jiangsu, 6.2% Haz, 0.4-3.5% Ng, 20.2-34.1% at 400°C and 1h re- (average of 18.9 mol/kg).
China.  Og, 1-3.3% Ss, 14 MJ/kg HHV action .
[130] Beishigiao 84% wt MC, UA: 38.2% C4, 2.4% Batch reactor (70°C/ Hz production up 18.9 mol/kg un-
WWTP, in Hs, 4.7% Na, 23.7% O2, 1% Ss, LHV:  min) at 550-750 °C  der 750 °C and 20 min
China. 14.6 MJ/kg and 30 MPa
[131]] WWTP in 79% wt MC, 65% wt OM, UA: 7.4% 0.6 L batch reactor at Hs production (in mol/kg): 2.5
Zhengzhou, Ca4, 15.5% Ha, 1.3% N2, 55.7% O2, 380-460°C, 27 MPa, 6 (380°C), 19.9 (460°C). CH4 was 1.8
China . 0.88 g/L TOC min retention time. (380 °C), 8.2 (460 °C).
[132] WWTP in 77-88% wt MC, UA: 7.6-27.5% C4, 316 L batch reactor With no catalyst, H yield was 1.06
Jiangsu, 2-5.2% Hs, 0.4-3.8% N3, 13-34% O2,, at 400°C, 10 min re- mol/kg, With catalysts, Ho was be-
China. 1-2.5% Ss, 12.6 MJ/kg HHV action and 24 Mpa .  tween 2.68 and and 4.8 mol/kg.
[133] WWTP in 83.2 wt% MC, 45.1 wt% OM, UA: 316 L batch reactor With 2-10 wt% Ni, Hz yield was
Nanjing, 19.5% C4, 3.7% Ha, 3.2% N2, 18.5%  at 400°C, 1h reaction 0.6-1.05 mol/kg. With H2O2, Hs
China.  Og, 0.2% Ss, 8.7 MJ/kg HHV time and 22.1 MPa. yield decreased from 0.31 mol/kg (2
wt%) to near 0.01 mol /kg (10 wt%).
[134] WWTP in 74 wt% MC, 26.2 wt% OM, UA: 13% 316 L batch reactor Tz yield: 0.16 mol/kg (no FA), 0.52
Jiangsu, Cua, 2.1% Ha, 1.9% N2, 4.2% O2, 1%  at 400°C, 0.5 reaction mol/kg (1 wt% FA), 1.2 mol/kg (2
China. Sg, 4.8 MJ/kg HHV time wt% FA), 3.47 (4 wt% FA), and
10.07 mol/kg (6 wt% FA).
[135] WWTP in 79.16 wt% MC, UA: 43.1% Cy, 6.6% 316 L continuous re- Hy content: 38.5-39.4 vol% (550-
Japan. Ha, 4.4% Na, 25.9% O2, 2.4% Ss actor at 500-600 °C, 600 °C). CO2 content: 49.5 vol%
5-60s, and 25 MPa. (500 °C)
[136] Domestic 78.8 wt% VM, UA: 38.3% C4, 5.9% Bench-scale reactor Total gas yield of 9.8 mol/kg with
WWTP in Ha, 7.9% N2, 33% O2, 1% Ss. under 600°C, 23 MPa  a composition of 60% Ha.
Japan. and 1h reaction time.
[137] WWTP in 75 wt% MC, 41 wt% OM, UA:19.5% Batch reactor under H; yield: 0.12 mol/kg (no catalyst)
Nanjing, Ci, 3.7% Ha, 3.2% N, 14.3% Oz, 23 MPa, 400 °C for and 0.47 mol/kg (1 cycle of Ni).
China. 0.2% Ss, 9.5 MJ/kg HHV 10 min.
[138] WWTP in 35.1 wt% VM, 57.4 wt% OM, UA: 0.5 L batch reactor Hz yield was 6.44 mol/kg with
Hangzhou, 18.9% C4, 2.2% Ha, 2.9% N, 12.8%  under 26-28 MPa and  38.4% of Ha composition.
China. Og, 0.6% Ss, 5.9 MJ/kg LHV 380-460 °C for 1h.
[139] Pasakdy 57.4 wt% VM, UA: 29.4% C4, 4.4% 3.12 L reactor (20 L Hz production: increase from 3.4
WWTP, in Ha, 18% O2, 5.3% Na, 0.5% Ss. feeding tank), and 25 L/h (500 °C) to 4.5 L/h (650 °C).
Turkey mL/min flow
[140] Xi’an  87% wt MC, 51 wt% VM, UA: 37.6% Batch reactor under Hy yield (in mol/kg ): 0.66 (400
WWTP, in Ca, 4.4% Ha, 5.7% Na, 24.4% O, 25 MPa pressure and  °C), 1.93 (450 °C), 3.95 (500 °C),
China. 0.8% Ss, 9.64 MJ/kg HHV. 20 min reaction time.  7.44 (550 °C) and 11.81 (600 °C).

TCOD: Total Chemical Oxygen Demand; SCOD: Soluble Chemical Oxygen Demand; T'SS: Total Suspended Solid;

VSS: Volatile Suspended Solid; VFAs: Volatile Fatty Acids; TOC: Total organic carbon; UA: Ultimate Analysis;
OM: Organic Matter; MC: Moisture;

2.2.1.3 Transesterification

The transesterification of sewage sludge is a chemical process in which the triglycerides/lipids
(i.e., fats, oils, and greases) present in the feedstock are converted into biodiesel and glycerol
by reacting them with an alcohol (usually methanol or ethanol) in the presence of a catalyst
(typically an alkaline catalyst). This reaction produces methyl esters (biodiesel) and glycerol
as by-products. The biodiesel produced is a fatty acid methyl ester (FAME) that can be
used as a renewable fuel in diesel engines. It has properties similar to conventional diesel
fuel but is derived from biological sources [141]. Two main techniques, lipid extraction and
esterification /transesterification or direct in situ esterification/transesterification, are used to
produce biodiesel from sewage sludge. Biodiesel production from sewage sludge can be divided
into five main steps: (i) sludge pre-treatment (to improve lipid extraction), (ii) lipid extraction
from sewage sludge, (iii) use of extracted lipids to generate biodiesel, (iv) use of catalysts (to
optimise the process), and (v) extraction of valuable by-products. This process provides a
great alternative to managing sewage sludge by reducing its volume and converting waste into
a useful product [25]. Pyrolysis also generates biodiesel from sewage sludge, but not directly.
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The byproducts of pyrolysis include gaseous products, solid char and bio-oil. The bio-oil can
be further processed and refined to be converted into biodiesel. Pyrolysis can be adjusted to
increase the desired bio-oil fraction and, consequently, biodiesel production [142].

Table 2.10 presents studies converting sewage sludge into biodiesel via transesterification and
pyrolysis. Feedstocks included primary and secondary sludges from various WWTPs world-
wide, often pretreated by drying or lipid extraction. Transesterification typically uses alcohols
(methanol or ethanol), acid/base catalysts (e.g., HoSO4, KOH, KOH/AC) on its process, with
reaction times of 0.5-24 h at 45-105 °C. Pyrolysis treatments used higher temperatures (150-650
°C) with short to moderate reaction times. Biodiesel yields varied widely, from ~1-73% FAME
depending on catalyst type, extraction method, temperature, and reaction duration. HHV of
the produced biodiesel and bio-oil ranged from ~36-44 MJ/kg. Enhancements using treat-
ments, such as microwave, sonication, ultrasonication, or optimised catalysts, significantly in-
creased lipid extraction and biodiesel yields. Generally, these studies show that sewage sludge
can be a feasible feedstock for biodiesel production, with process optimisation strongly influ-
encing yield and energy content of the final product.

Table 2.10: Studies on biodiesel production from sewage sludge

Ref Type Material

Operational parameters

Generated products

[143] P  WWTP in Bench-scale FBR at 150-300 °C, 1-3 ra- Bio-oil HHV: 36.43 MJ/kg, Biodiesel HHV: 39.97
Texas, USA. tio of ethanol:bio-oil ratio. 2-4hs reaction MJ/kg. Sludge-biodiesel max. yield of 89.33% at
time and Ni/HZSMS5 as catalyst 150 °C and 3h reaction time.
[144 T WWTPsin SS heated (45-75 °C), and added to Biodiesel yield: between 14.9% (average) and
Beijing, China methanol, HS0O4 and hexane for 8h. 16.6% (maximum) at 60 °C.
[145] T WWTP in Extraction time of 2.5-4hs, Zr-SBA-15 Lipids extracted: 2.1wt% (SSS), and 7.4-13.6wt%
Universidad catalyst used. Parameters: 209 °C; 2000 (PSS). Lipid fraction for PSS using n-hexane was
Rey Juan rpm, 50:1 methanol to saponifiable ratio 17-46wt% for glycerides, FFA and unsaponifiable
Carlos, Spain and 12.5wt% catalyst, 3-6h reaction matter, 5.2-52 wt% using methanol. SSS using
methanol: 17-62.3%. FAME yield: 6-15.5 wt%.
[146) T WWTP in 1 L reactor using dewatered SS, methanol, Maximum biodiesel yield: 8-9.7% (n-hexane), and
Osong City, n-hexane, and H2504. Reaction time of 10 mL/g (methanol)
Korea. 1-8h at 55-105 °C
[141]] T WWTP in Lipid extraction: 6 h using 50 mL of chlo-  Lipids composition: 2-6.5g with 24.5-32.5% pu-
Tamil Nadu, roform methanol (2:1 ratio), diethyl ether, rity. Biodiesel properties: 40.6-43 MJ/kg HHV,
India. n-hexane and ethanol 89.2-91.2% ester, cetane number: 65-72.6, saponi-
fication: 131-162 (mg of NaOH).
[147] T  WWTP in Solvents: Hexane and methanol, extrac- Maximum production: 0.4g FAME/100 g dry SS
Villapérez- tion using 1:2 SS:hexane ratio. Samples (26.8% lipid extracted) for 24h reaction. Total
Oviedo stored after 1h drying at 105 °C. Solid- lipids extraction: 9% (1.75g lipids/100g dry SS)
(Asturias, liquid extraction: 1:10 dry SS:hexane ra- using hexane. Using methanol (4% v/v), FAME
Spain). tio for 4h, 9 extraction cycle/h. Mixture concentration of 2.1% was. 0.4% obtained on
heated at 55 °C for 24 h. solid-liquid procedure.
[148] T  Municipal Operation at 60 °C for 24 h using Maximum biodiesel yield: 14.3% (FAME mass/
WWTP in  methanol at 4-70% fractions. 1:10 SS: lipid content).  Biodiesel yield for 5h reac-
Oviedo, methanol ratio. For the acid catalysis, tion: 22.2% (0.4% H2S0.), and 7-14.5% (30-
Spain H>S50, in methanol (4% v/v) mixed with  70% NaOH). FAMEs production and sonication
SS. Microwave, sonication and particle increased by 110% (from 22.1 to 46.7%) and by
sieving used for lipid extraction. 42% when used microwave.
[149] T Gangneung 0.08% (w/w) alkaline/acidic catalysts Carbohydrate, crude lipid, ash, crude protein
WWTP, in  with 40 mL/g-lipid methanol and 20 were 9%, 14.5%, 18%, and 43%. Lipid content
Korea. mL/g-lipid n-hexane at 50°C for 24 h. using ethanol and methanol was 3-5.7%. Lipid
Biodiesel extracted twice with n-hexane, extraction was 10-14.5% under BDM, microwave,
centrifuged, separated and dried for 24h. autoclave and ultrasonication treatments.
[150) T  WWTP in KOH, KOH/AC, and KOH/CaO used as Biodiesel yield: 1.2%, 6% and 6.8% using KOH,
Beijing, catalysts. Optimised reaction for KO- KOH/CaO and KOH/AC as catalysts, respec-
China H/AC used SS:methanol ratio of 1:10 at  tively. H2S04 considered better catalysts.

60°C, 300 rpm, for 8 h.

Continued on next page
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Table 2.10 — continued from previous page
Ref Type Material Operational parameters Generated products

[151]] T WWTP in SO3 /Al,03-SnO, catalysts prepared by Biodiesel yields: 50-57% at 130-170 °C, and in-
Beijing, 79 wt% of H2S0,. Mix: 10g SS, 0.2L creased from 33.7% to 73.3% under 0.5h-4h reac-
China. n-hexane, 0.2L ethanol at 80 °C for 10h. tion, but for 6h, it was 72.1%. Highest FAME
0.4-1.2g catalysts, 50 mL n-hexane, 128 yield: 73.3% at 130 °C and 4h (10g dry SS with
mL methanol under 130-170°C for 0.5-6 h  0.8g catalyst).
[152] T Jungnang 10g dried SS, 0.2L hexane solvent used to  Highest biodiesel yield: 33.5 wt.% per SS ex-
and WWTP in extract lipids at 80 °C for 24 h. Evapo- tract at 305 °C via thermally induced trans-
P Seongdong- rator at 80 °C for 3 h used to extract sol- esterification for 1 min. Biodiesel yield from
Gu, Seoul city, vent. SSRB was produced by pyrolysis.  (trans)esterification was less than 1% with 5 wt.%

Korea. 20 g SSR used at 600 °C for 4h. H>S0,
[142] P  WWTP in Microwave operating conditions: 180-650 Highest value of oil to sludge: 25% at 280 °C, 8
Pavia, Italy. °C and 1-28 min reaction min reaction. Lowest: 7% at 180 °C and 50 min

P: Pyrolysis; T: Transesterification; SSRB: Solid residue biochar; BDM: Bligh and Dyer method;
PSS: Primary sludge; SSS: Secondary sludge; FAME: Fatty acid methyl esters.

2.2.1.4. Microbial Electrolysis Cell

A Microbial Electrolysis Cell (MEC) is an anaerobic process that converts organic matter
contained in the wastewater into renewable fuel (mostly methane or hydrogen). MECs can
utilise either wastewater or sludge as feedstocks, and this technology has the potential to reduce
the costs associated with wastewater treatment and sewage sludge disposal, which are often
the two main operating costs in a WWTP. In an MEC, the organic matter is oxidised through
bacteria in the anode electrode, and hydrogen is produced as a by-product in the cathode by
using a small electric voltage. An MEC’s performance can be measured in terms of organic
removal and hydrogen production, and is directly dependent on the magnitude of the electric
voltage. Usually, when an MEC is fed with municipal wastewater, the electric current generated
is low which is expected since municipal wastewater is known for its low organic matter content
when compared to other feedstocks. This is one of the key challenges of applying this technology
when used to treat municipal wastewater. The first commercial MEC reactor (Ecovolt) was
developed by Cambrian Innovation to treat high-strength wastewater [153].

Small-scale experiments using MEC and domestic wastewater as feedstock have been reported
in the literature, as shown in Table 2.11. Dual- and single-chamber MECs were employed,
ranging from 0.42 L to 175 L, considering different anode-to-cathode area ratios. Operational
parameters varied, including HRT from 4h to 8 days, temperatures between 21-40 °C, and
stirring or semi-continuous feeding modes. Hydrogen production rates ranged from 5.2 to 145
L/m?%.d with purities up to 95%, while methane yields were 77-111 L/kgCOD depending on
conditions. COD removal efficiencies ranged from 25% to 73.5%, and energy recovery reached
48.7% in some studies. These findings demonstrate that MECs can effectively produce biohy-
drogen or methane from municipal wastewater under controlled small-scale conditions.

Table 2.11: Studies on MEC technology applied to municipal wastewater

Ref Feedstock Operational parameters Generated products

[154] Wastewater from 100 L dual-chamber MEC with 6 cells cassettes Constant Hy generation for 1 year of 7L/
HOWdOn WWTP, (88 L) Surface area: 164 m2/m3 (anode), 34 m34d4 Average energy recovery and Coulom_
in Newcastle, UK m?/m?® (cathode) with 4:1 anode-cathode ratio bic efficient were 48.7% and 41.2%.

[155] Wastewater from 130 L dual-chamber MEC with 10 cells cassettes. H, production was 32 L/m®.d with 95% of
Rubi WWTP, in Anode-to-cathode ratio volume of 3.5:1, and used  purity (5% was CH4). The OM removal effi-
Barcelona, Spain an anionic exchange membrane (AEM) to sepa- ciency was around 25% for a 2 days retention

rate the chambers. time and OLR of 0.25 gCOD/L.d.

[156] Domestic WWTP 175 L dual-chamber MEC (specific area: 13 m®*/  Average H2 production of 5.2 L/m>.d with
in England m?® (cathode), 34 m?/m® (anode)), and 5h HRT.  93% purity, and 63.5% COD removal

Continued on next page
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Table 2.11 — continued from previous page

Ref Feedstock Operational parameters

Generated products

[157] Gold Bar WWTP Dual-chamber MEC (0.42L. Anode, 0.17L cath-
in Alberta, Canada ode) with 40 c¢m? membrane. Semi-continuous fed
mode (45 mL/d), 8 days residence time

H> production rate: 145 L/m>.d and the
COD removal efficiency was up to 73%.

[158] Sludge from the J 2.5 L reactor (16 mm spacing anode-cathode). Re-
WWTP in Jinju, actors operated at 30°C, 35°C and 40°C for 6 days,
Republic of Korea stirred at 100 rpm. 7:3 Raw:seed sludge mix ratio

CHy production: 111 L/m? (35°C), 85 L/m>
(30 °C), and 98 L/m® (40°C). CH, yield (in
L/kgCOD): 77.1 (40°C) to 82.1 (30°C)

[159] SS collected from Single-chamber 3L membraneless MEC (batch
a WWTP in Leon, and continuous operation) at 21 °C with different

CH4 production rate of 1.4 L/m3.d and 54%
COD removal. Energy and net consump-

Spain. HRTs (4, 8, 12 and 24h) tions was 2.9 and 2.1 kWh/kgCOD.

2.2.1.5. Microbial Fuel Cell

Microbial fuel cells (MFCs) are similar to MEC, but it converts the organic matter contained in
the municipal wastewater into electricity directly. In this process, the MFC converts chemical
energy contained in the organic compounds into electrical energy under anaerobic conditions
through the catalytic reactions of microorganisms. Bacteria oxidise the organic matter con-
tained in the wastewater at the anode, and the reduction reaction occurs at the cathode.
During the oxidation, electrons are released and transferred to the anode, generating the elec-
trical current that drives the MFC. When the electrons reach the cathode, they are combined
with electron acceptors (i.e., oxygen) and protons (i.e., hydrogen) to generate water and close
the electrochemical circuit. The main parameters that influence the performance of MFCs
include the pH, temperature, substrate characteristics, bacterial activity, electrode materials,
and internal resistance. MFCs vary in design, size, and power density. For example, small-scale
cells can have a high-power density (i.e., above 500 W/m?), while large ones may have lower
density (i.e., 30 W/m?3). The MFC scale-up usually occurs via enlarging the single reactor or
combining multiple reactors in one system. MFC technology has been receiving much attention
in research, but it is still in the early stages of development [160], [161]. The main drawbacks
of MFCs include the process efficiency, power density, longer start-up times, performance vari-
ability, and sensitivity. However, the main advantages of MFCs include energy savings (i.e.,
aeration and sludge treatment processes) and reduced sludge production. MFCs can operate in
either batch or continuous mode, which usually depends on the wastewater characteristics, cell
design, microorganism groups, and electrode materials [161]. Table 2.12 summarises studies
on MFC technology applied to municipal and domestic wastewater treatment. The reported
performance varies widely due to differences in microbial activity, electrode materials and con-
figurations, system design, substrate type and concentration, and operating conditions. COD
removal ranged from 13% to 95%, energy recovery between 0.0034-0.060 kWh/m?, and coulom-
bic efficiency ranged from 4.7% to 75%. Operation times and HRT also differed substantially,
from hours to over a year. These results highlight that MFC performance is highly system- and
site-specific, and optimising multiple parameters is critical to achieving consistent wastewater
treatment and energy recovery.

Table 2.12: Studies related to MFC technology using municipal or domestic wastewater

Ref Feedstock Wastewater MFC COD Power ER CE OT and
COD System rem. density HRT

[162] WW from 2 WWTPs  60-100 mg/L 1,000 L system (50  70- 60 W/m? 0.033 41- 100 days

(Xiao Jiahe and Yong  (Xiao Jiahe), stacked modules, 80% kWh/m® 75% to 1 year,
Feng WWTPs), in 0.2-0.4 g/L 20 L each) and 2h
China. (Yong Feng) HRT.

Continued on next page
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Ref Feedstock Wastewater MFC COD Power ER CE OT and
COD System rem. density HRT

[160]WW  from  Pep- 155 mg/L 96 tubular MFC 76.8% NI 0.006 NI 1 year,
per’s Ferry Regional modules (2L liquid kWh/m? 18h HRT
WWTP, USA. each)

[163] Primary WW from 376-428 3 cells size: 0.028  75- 83 to 304 NI 13- NI
the Pennsylvania mg/L. L,022Land 85 L. 80% W/m?3 27%

State University Cathode area: 7.3
WWTP, USA. to 15 m?/m?

[164] Pennsylvania  State 480 mg/L 21, reactor, 0.86 57% 22 W/m® NI 4.4%- 8h HRT
University WWTP, (raw), 1.01 L anode volume; 42%
in US. g/L (acetate) CaSA: 29 m?/m>.

[165] WW from Haeundae 144 mg/L 5 MFC in series. 34% 16.7 NI 12% 8 months,
WWTP, in Korea CaSA: 400 m?/m? W/m? 2.5h HRT

[166] Primary WW from a  200-450 mg/L.  1m® system (64 34.4- NI 0.015- 4.7- 18
municipal WWTP, in MFC units with  95.4% 0.060  14.9% months
Switzerland 16.25 L each) kWh/m?

[161] Primary clarifier Up to 130 45 L (4 units with  13.5- 73-82 0.012 24.8% 9 months,
WW of a WWTP, in mg/L 11.2L each) in a 67%  mW/m?> kWh/m? 12-44h
Switzerland full-scale WWTP. HRT

[167) Mumbai  municipal 1,650 mg/L 0.7 L system 68% 621 NI 47- NI
WWTP, in India mW /m? 48%

[168] Al Gabal Al Asfar 92-350 mg/L.  2x0.3L  chamber Up to 117-209 NI NI 24h HRT
WWTP, in Egypt. (anode-cathode) 72.85% mW/m?

[169] Taiping  municipal  200-350 mg/L  1.5m?® system 63%- 406 0.0034 NI 5h HRT
WWTP, in China 92%  mW/m®  kWh/m?

WW: Wastewater; CE: Coulombic efficiency; OT: Operation Time; ER: Energy Recovery; CaSA: Cathode surface area

2.2.1.6. Hydropower

Hydroelectric power is known as one of the most economical and popular energy resources.
Hydropower is an affordable source of electricity, and compared to other sources, it has a
relatively low cost during the project lifespan in terms of maintenance and operation costs. It
is a flexible type of renewable energy resource that can be widely applied in WWTPs by using
the water flow potential to generate renewable energy [170]. In a WWTP, the possible locations
for installing a hydropower system typically include the upstream (raw/untreated wastewater)
or downstream (treated effluent). Usually, it is classified based on size, including micro (1-100
kW), mini (0.1-1 MW), small (1-10 MW), and large (above 10 MW). The power output from
a hydropower turbine is directly dependent on the water flow rate and available head. There
are different types of hydropower turbines available in the industry, including the Archimedes
screw, Crossflow, Francis, Kaplan, Pelton, and Propeller [171]. Ref. [171] listed 46 WWTPs
that had installed hydropower systems (17 micro, 22 mini, and 7 small). Among them, 12
plants used Pelton turbines, 10 used Kaplan, 2 used the Propeller type, 2 used Francis, 2
used pumps working as turbines (PATs). The adoption of hydropower technology appears less
attractive compared to other renewable energy technologies. Table 2.13 illustrates hydropower
plants installed at different WWTPs [172].

Table 2.13: Hydropower plants installed in WW'TPs

WWTP Location Turbine type Capacity (kW) Flow (n3/s) Head (m)
North Head, Sydney Australia Kaplan 4,500 3.5 60

Emmerich Germany Archimedes 13 0.4 3.8

As Samra Jordan Pelton 1,600 3.2 104

Continued on next page
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WWTP Location Turbine type Capacity (kW) Flow (m®/s) Head (m)
As Samra Jordan Francis 1,680 - 41
Aire, Geneva Switzerland Kaplan 200 3.2 5
Engelberg Switzerland Pelton 50 0.16 54.4
Gréchen Switzerland Pelton 262 0.09 365
La Douve I, Leysin Switzerland Pelton 430 0.08 545
La Douve II, Leysin Switzerland Pelton 75 0.108 83
Morgental, St. Gallen Switzerland Pelton 1,350 0.84 190
Profay, Le Chable Switzerland Pelton 350 0.1 449
La Asse, Nyon Switzerland Pump as turbine 220 0.293 94.3
Elsholt UK Archimedes 180 2.6 -
Deer Island, Boston USA Kaplan 2,000 13.1 8.8
Point Loma, San Diego USA Francis 1,350 7.6 27
Hsinchu Taiwan NI 11 - -
Taichung Taiwan NI 68 - -

Table 2.14 illustrates studies assessing the application of hydropower technologies in WWTPs
worldwide. The investigations cover various turbine types, including siphon, archimedes screw,
kaplan, and propeller systems, across plants located in different countries, such as South Africa,
Ireland, Poland, the US, South Korea, Pakistan, Turkey, and Canada. Reported available heads
ranged from 1.5 to 16.3 m, with flow rates up to 377,800 ML/d, resulting in installed capacities
up to 271 kW. Energy generation potential varied from tens of MWh to several GWh per year,
while economic evaluations indicated payback periods between 2.4 and 16.9 years, depending
on CAPEX, OPEX, and annual savings. In general, the studies highlight that hydropower can
be a feasible and cost-effective energy recovery option in WWTPs with sufficient head and flow,
though site-specific conditions strongly influence the technology selection, energy output, and

financial viability.

Table 2.14: Studies on hydropower technologies applied in WWTPs

Ref Study objective

Main findings

[171] Assess the hydro poten-
tial in WWTPs

e 49 real cases studies of hydro application in WWTPs, detailing hydro projects in terms
of installed capacity, potential energy generation, available head and water flow.

[173] Benefits of hydro in the
Zeekoegat WWTP, in
South Africa.

3 x 6.7 kW siphon turbines based on head net (3.6m) and flow discharge (0.37 m®/s).
e Economic results: 30 years project’s operation with a 9 years payback period. CAPEX]
OPEX, and maintenance costs of US$69,000, US$7,520, and US$691, respectively.

[174] Feasibility — study in
Zeekoegat WWTP, in
South Africa.

e Plant’s load of 29-81.4 kW. 3 Siphon turbine selection: 6.9 kW output (each unit).
e System could produce up to 181.3 GWh/y, and based on a 20-years project, there
would be a potential cost savings of $437,500/y.

[175] Evaluate the energy
recovery potential and
economic viability of
WWTPs in Ireland and
UK

e In the UK, 5 of 11 WWTPs were found economically viable for hydropower, with
3.1-8.8 years pb, 25.5-234 kW capacity, CAPEX of €0.22-0.82 M, € 22,000-203,000 in
annual savings , and 1.7-8.5m head and (Beckton, Knostrop, Crosness, Minworth, and
Long Reach). In Ireland, of 14 plants (1.75 GWh/y), only 2 were economically viable,
namely Ringsend (5.1y pb, 3.7m head, 4.4m?/s flow, 103 kW, €0.44 M of CAPEX, and
€ 87,000 in annual savings) and Carrageenan (7.7y pb, 4m head, 1.2m?/s flow, 30 kW,
€0.19 M of CAPEX, and € 25,400 in annual savings).

[176] Hydro  potential  for
Torun WWTP (Poland)

e 2 systems: 24.8 kW (highest), based 0.56 m® /s flow and 7.5m available net head (66.35%
system efficiency), and 14.8 kW (lowest) for a 0.39 m®/s flow (53.7% efficiency).

[170] Hydro study in a WW-
TP in Wisconsin (US)

e WWTP: 190 MGD, 3m head, 6.5-9 m®/s flow. Hydro system: 271 kW Kaplan turbine
(150-207 kW output), 5,000-10,000 kg/s mass flow, and 1.56 GWh/y in potential savings.

[177] Study the potential of
hydro turbines in 4 dif-
ferent WWTPs, in Ire-
land.

e WWTPs: Ringsend, Carrigrennan, Navan, and Greystones (8,000-377,800 ML/d flow,
and 3.7-16.3m head). Power output, annual savings, CAPEX and payback period: For
Ringsend, it was 103 kW, €87,000/y, € 442,000 under 5.1 years pb, for Carrigrennan:
30 kW, €25,400/y, €195,000 under 7.7 years pb. For Navan: 11.8 kW, €10,000/y,
€ 77,200 and 7.8 years, and for Greystones: 3.5 kW, € 3,000/y, € 50,000 and 16.9 years.

Continued on next page

31



Table 2.14 — continued from previous page

Ref Study objective

Main findings

[178] Hydro potential in Kihe-
ung Respia WWTP, in
South Korea.

e WWTP parameters: 0.35 m®/s flow rate, and 4.3 m available head. 96% of treated
effluent could be generate up to 68 MWh/, based on a 12.3 kW system capacity and 83%
overall system efficiency.

[179] Hydro potential for a
WWTP, in Pakistan

e WWTP parameters: 1.5m head and 0.24m?/s flow rate. Archimedes screw turbine
considered based on the plant’s details, with a proposed system capacity of 1.96 kW.

[180] Studied potential of pro-
peller type in WWTPs

e Proposed systems could generate up to 3.8 GWh/y, electricity saving up to 15.7% and
$260,500 in annual cost. CAPEX varied from $191,400 to $528,00 and 15 years pb.

[181] Find the optimal hy-
dro option for Tatlar
WWTP (Turkey)

e Two options: a) Archimedean turbine: Energy generation, CAPEX, O&M, and energy
revenue were 7.88 GWh/y, € 709,000/y, € 13,600/y and € 2,172,000 under 2.4y, and b)
Kaplan: 8.6 GWh/y, €773,500/y, € 57,000/y and € 2,279,000 for 3.2 years pb.

[182] Hydro study in Clarkson
WWTP (Canada)

e Based on the WWTP’s treatment capacity of 350 ML/d, up to 1.1 GWh/year of
electricity could be generated on-site.

pb: payback period; O&M: Operation and maintenance costs; MGD: Mega gallons per day

2.2.1.7. Water Electrolysis

Water electrolysis is a technology in which an electric current is passed through water, split-
ting it into hydrogen and oxygen. This method is valued for its potential to generate clean
hydrogen fuel (also known as green hydrogen) when the electricity used comes from a renew-
able source. In WWTPs, hydrogen can be used to power CHP technologies (i.e., FCs, GTs, or
even modified ICEs), or can be injected into the gas network following the standards regarding
the hydrogen-blending constraints. The oxygen produced can be used in the aeration process,
which is vital for the biological treatment of wastewater. In the activated sludge process, oxy-
gen is supplied to the aeration tanks to support the growth of aerobic microorganisms that
break down organic pollutants. Additionally, in advanced treatment stages such as membrane
bioreactors (MBRs) or in systems focusing on nutrient removal, controlled oxygen levels can
improve the performance of both nitrification and denitrification processes. Water electrolysis
is a promising technology, and the possibility of using treated effluents from municipal WW'TPs
as the source of water for electrolysis could enhance sustainable hydrogen production in these
facilities. However, to utilise the treated effluent from a WWTP as a water supply, it must meet
specific requirements, including being purified and demineralised and exhibiting a conductivity
lower than 5 uS/cm [183], [184].

Additionally, depending on the quality of the treated effluent, some further tertiary treatments
may be required, including chemical treatments, accelerated filtration, ultrafiltration, nanofil-
tration, coagulation, reverse osmosis, ion exchange, and electrodeionisation. Water electrolysis
can be a competitive technology in terms of costs. For example, hydrogen production via wa-
ter electrolysis can range between US$2.05-10.5/kg Hy, whereas the costs for sewage sludge
pyrolysis can be around US$1.2-2.2/kg H,, and the steam methane reform method is about
US$1.14/kg H, [184]. Following the stoichiometry balance, 9 kg of deionised water is required
to generate 1 kg of hydrogen and 8 kg of oxygen. However, in real-world applications, elec-
trolyser manufacturers recommend using a higher quantity of water (between 10 and 22.4 kg),
considering water losses (i.e., 10%) and water used for equipment cleaning (around 25%) [183].
Few studies have investigated the utilisation of water electrolysis technology in WWTPs, as
illustrated in Table 2.15.
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Table 2.15: Studies exploring the electrolysis technology utilisation in WW'TPs

Ref WWTP

Study aim

Methods

Gas production

[185] Mainz WWTP,
in Germany.

WW inflow up
to 55 ML/d
(6.3 ML/h
peak)

Feasibility of 1.25 MW WE in
a WWTP, powered by PV and
biogas cogen systems. Ha could
be injected into the gas network
or to fuel FC buses, and O
used for ozone production and,
later, advanced WW treatment

WWTP power consump-
tion of 8,200 MW/y,
227 MWh/y PV genera-
tion, 6,173 MWh/h co-
gen generation (biogas
use), and 1,800 MWh/y
imported from the grid.

Hs; and Oz production were
2,975 MWh/y and 600
ton/year. For a 2% vol of
H, feed-in limit, 1,240 MWh/y
of Hz could be injected into
the network, and 1,735 MWh,
could be used in FC buses

[186] Effluents (PEf,
RWW, ScE,
TE) collected
from a munic-
ipal  WWTP
in Gyeongsan,
South Korea

Generate Hy from low-grade
and WW using alkaline water
splitting technology. Based on
this investigation, the potential
applicability for achieving en-
ergy independence in municipal
WWTP is planned

WW  was filtered via
UF membrane to pro-
duce ATW. After treat-
ment, COD, TN, TDS
(in mg/L) in the treated
effluent were 2.8-37.9,
0.9-28.7 and 44-377.

H2 production was lower with
low-grade waters (19.2-22.8
mL/h.L), improved after UF
treatment (20.4-23.4 mL/h.L),
and highest with control waters
(23.6-26.6 mL/h.L)

OMP: Organic micropollutant; WW: wastewater; RWW: raw wastewater; PEf: primary effluent; ScE: secondary
effluent; TE: tertiary effluent; SW: Surface water; ATW: Advanced treated water; UF: ultrafiltration; TN: Total
nitrogen; COD: Chemical oxygen demand; TDS: total dissolved solids; WE: Water electrolyser

2.2.2 Non-Site-Specific Sources

Non-site-specific sources do not rely on a specific geographical location or environment to be
used. This group includes renewable energy technologies that are not tailored to the particular
characteristics or location, such as solar energy and wind [10].

2.2.2.1. Solar Energy

Solar energy has the least environmental impact compared to other types of renewable energy
resources. It can be used in multiple pathways in WWTPs, and some researchers have studied
its application, including solar thermal and PV generation. Solar thermal energy can also be
used in several applications, such as heating, heat pumps, and sludge drying. Sludge drying
can be used to dewater digested sludge, which is a very important stage of sewage sludge
management in a WWTP. It not only reduces the amount of waste to a minimum but also
helps eliminate odours and pathogen problems. Traditional thermal drying systems are very
complex and require high investment and operational costs [187]. Solar PV is the most widely
used type, especially due to its scalability, flexibility, and lower costs, and is usually used
combined with AD. For example, in [10], from 105 WWTPs investigated in the USA, 41 plants
adopted a PV system.

2.2.2.2. Wind

Although wind generation is one of the most widely used technologies, it is not commonly used
in water facilities, mainly due to its initial costs and the complexity of building a small-scale
plant. Most studies consider hybrid configurations consisting of PVs, batteries, and biogas
systems. Few researchers have investigated the use of wind turbines alone in WWTPs.

2.2.2.3. Hybrid

Due to the intermittency and uncertainty of renewable energy resources, a single technology
may be unreliable and add challenges in terms of the dynamic load demand of a WWTP. A
hybrid system combines two or more power generation resources to improve the generation
potential, which can help overcome the issues of a single technology, providing a cost-effective
system with flexible capacity [10].
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Table 2.16 presents some studies on non-site-specific renewable energy technologies in WWTPs,
including solar, wind, and hybrid systems. Solar thermal systems were widely applied for sludge
drying, achieving moisture reductions from 79% to 5% and system efficiencies of 24-81%, with
payback periods ranging from 2.9 to 3.5 years. Solar PV installations across WWTPs demon-
strated potential to supply 8-100% of plant electricity demand, depending on plant’s size, with
a wider range of installed capacities reported. Wind energy was less commonly applied, with a
100 kW turbine providing limited contribution to the WWTP’s electricity demand. Hybrid sys-
tems combining different technologies, including PV, batteries, anaerobic co-digestion, biomass,
micro-hydropower, and fuel cells, demonstrated great capacity for significant energy generation
and cost savings, with LCOE ranging from € 0.01-0.25/kWh and payback periods from 3 to 19
years. Generally, the studies indicate that integrating renewable energy technologies can sub-
stantially reduce WW'TP energy consumption, carbon emissions, and operational costs, with
economic feasibility highly dependent on system type, scale, and site-specific conditions.

Table 2.16: Solar, wind and hybrid system generation in WWTPs

Ref Type Study aim Main findings

[188] Solar  Studied the influence e Drying system operating at 50, 70 and 90°C with air flow rate of 0.083m"/s.
ther- of a solar dryer in a e Solar system: 2.5m? collector, drying chamber, fan, and thermo-regulator.
mal WWTP in Morocco. e Solar dryer system could reduce up to 60% of the sludge volume

[189] Solar  Design a drying sludge e Proposed system: average collector efficiency, LCOH and O&M costs were

ther-  system for a WWTP, 50.17%, 0.017-0.028/kWh, and 6.41-7.86 $/year with a 2.9-3.5 years pb.
mal in Turkey. e SMER was 0.77-1.34 kg/kWh and SEC was 1.77-2.86 kWh/kg

[190] Solar  Proposed a thin layer e Best result: under a 5mm sludge thickness layer with 6.72g/h drying rate and

ther-  sandwich-like chamber 0.5 kW/m? solar radiation.

mal for drying sludge e Sludge moisture decreased (79% to 5%). Heat utilisation efficiency was 24.3%.
[191] Solar ~ Studied the sludge e Experiments conducted in a bench-scale convective dryer.

ther-  thin-layer during hot e Sewage sludge exposed to 100-200 °C and hot air speeds up to 2m/s.

mal air forced drying e Surface heat transfer coefficients: 21.4-40.9 W/m? K. Average mass transfer

was 1,270 — 3,460 m/s and surface heat coefficients was 10.66-26.96 W m?2 K.

[192] Solar  Studied the V-groove e Average system’s efficiency was 70.1-81.7% and SEC was 2.4-5.4 kWh/kg

ther-  solar air heater for e Minimum and maximum temperatures were 82.1 °C and 86.4 °C, respectively.

mal drying sludge.

[193] Solar  Assessed PV systems o 39% of WWTPs had PV with average 0.86 MW size (sizes: 12kW-4.2 MW).

PV in 1056 WWTPs in Cal- e Total PV capacity installed in WWTPs: 35.5MW (34% had a 1MW system).
ifornia, U.S., to iden- e Solar PV supplied 8-30% of WWTPs with flow above 5 MGD (biogas supplied
tify the opportunities 25-65%), and below 5 MGD, solar PV supplied 30-100%.
e Sacramento WWTP: a 4.2MW PV system supplied 8% of the plant’s demand.

[10] Solar  Analyse of PV system e WWTP peak and off-peak flowrate was 745 L/s and 322 L/s, respectively.

PV potential savings in a e Proposed PV system could reduce up to 40% of the total energy demand, and
WWTP, in Romania. 12% of the carbon emission.

[194] Solar SBBGR in the treat- e Propose PV system: 5.1 kW to supply heating/cooling demand.

PV ment process by solar. e SBBGR thermal energy generation of 14.5 kWh with 4 months operation.

[195] PV-  PV-battery system im- e Average consumption (in MWh/month): 1.1 (BEVER III) to 2.3 (MBR).

battery plemented in 2 x de- e A 15 kWp PV and 20-kWh BESS suste, to supply 75% (winter) to 100% (sum-
centralised WWTP, in  mer) of BEVER III, and 30 kWp PV and 50-kWh BESS to meet 65% (winter)
Netherlands up to 100% (summer) for MBR plant.

[196] Wind Assessed the benefits o Wind project to supply electricity to the WWTP cost about $610,900 in 2012.
of a 100-kW wind tur- e WWTP load demand of 189.3 m®/d which requires about 236,000 kWh/year.
bine in a WWTP lo- e In 3 years, plant produced 155.7 MWh and saved $16,000/y in electricity costs.
cated in Texas, US. e To be a positive NPV, the system would need to generate about 557 MWh/.

[197] Hybrid Evaluated AcoD and e AcoD of 40% sludge and 60% food waste under 37 °C, 1.12 g TVS/L.d OLR,
PV in a WWTP in and 15 days HRT, with an implementation costs of € 524,000.

Lourdes, Portugal. e Proposed a 730 kWp PV system 1,250 MWh/y generation with 12y pb.
[198] Hybrid Propose a 20 MW e System generation: up to 148.9 GWh (0.85 cap. factor), and €211M CAPEX.

solar-biomass system
for a WWTP in Spain.

e The system achieved an LCOE of € 0.25/kWh, with 15% exergetic efficiency
for solar system 34% for biomass.

Continued on next page
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Ref Type

Study aim

Main findings

[199] Hybrid

Analyse the benefits
of a PV-battery in a
WWTP (23,000 PE),
in Romania

e WWTP configuration: influent pumping, SBR biological reactor, blower sta-
tion, water pumping, sludge thickening and dewatering.

e 315 kW installed capacity, and 537.2 MWh/y electricity consumption

e System: 310.5 kWp PV and 862 kWh BESS. LCOE: €0.01/kWh (PV) to
€0.154/kWh (PV-BESS). CAPEX of BESS € 396,540 and € 634,675 for PV.

[200] Hybrid

Investigate the bene-
fits of a hybrid gener-
ation in a WW'TP.

e WWTP: Thermal, electrical and Oz demand were 8.7 MW, 4.1 MW, 40t/d.
Biogas supply of 404,750 GJ/y. 5 system proposed: PV only (10 MW), PV+HP
(15 MW+2.18 MW), PV+HP+TES (15 MW+5 MW+43.5 MW), and PV +
electrolyser (15 MW+2.175 MW). IRR of 5-12.7%, 8,570-13,204 t/CO3 avoided.

[201] Hybrid

Combined MEC and
MH to assess the ben-
efits in a WWTP.

e MH system (water flow) - S1: 0.1-1.1 m*®/s, S2: 0.1-1.1 m®/s (10 m head), S3:
0.1-0.55 m*/s (10 m head), and S4: 0.035-0.55 m®/s (20 m head))

e MH system: 13.1 to 91.6 kW which could power 0.47 to 2.8 GW MEC system.
e MHP-MEC system CAPEX between US$45.4M-453.8 M with 2-19.7 years pb

[202] Hybrid

LCOE analysis for a
system in the Collegno
WWTP, in Italy.

e LCOE of €0.123-0.141 /kWh, for 3 different systems with a 9-19 years pb, and
for SOFC only, LCOE was € 0.144/kWh, 20y pb and 1 MW /y generation.
e If SOFC production increase to 2, 5 or 10 MW /y, payback would be 3-7.5 years.

[203] Hybrid

Evaluate the benefits
of SOFC, solar ther-
mal, and GT in a
WWTP, in Italy.

e 4 scenarios adopted: SOFC only, SOFC + ST, GT + SOFC, and Trigen.

e CAPEX and OPEX: € 1.2-1.33 M, and € 113,000-134,000 with 5 years pb, and
€0.069-0.087/kWh LCOE. 28-39.4% electrical load could be supplied, and total
energy savings of € 220,000-€ 380,000 yearly.

LCOE: Levelised cost of electricity; LCOH: Levelised cost of heating; SMER: Specific moisture extraction rate; SEC:

Specific energy consumption; pb: payback period; MGD: Mega gallons per day; OLR: Organic load rate; HRT: Hydraulic

retention time; SBBGR: Sequencing Batch Biofilter Granular Reactor; GT: Gas turbine; SOFC: Solid Oxide fuel cell
AcoD: Anaerobic co-digestion; MH: micro-hydropower; CST: Concentrating solar thermal

Tables 2.17 and 2.18 present large-scale renewable energy projects implemented in WW'TPs
globally, including some in Australia. Wind energy projects, such as 4.5-7.5 MW installations
in the US, were able to supply 25-60% of plant electricity demand with substantial cost savings.
Solar PV systems ranged from small-scale 309 kW units to multi-MW installations, covering
8-70% of facility demand depending on plant size. Combined systems integrating different
energy sources, such as PV, wind, hydro, fuel cells, and biogas, were shown to significantly
reduce electricity costs and achieve high on-site energy self-sufficiency; for example, Deer Island
WWTP (US) combined 2 MW hydro, 736 kW PV, and 2 x 600 kW wind turbines to supply
8.85 GWh/y, reducing electricity costs by 25%. In Australia, projects similarly utilised PV,
hydro, biogas, and hybrid systems, including Hunter Water’s 6 MW solar PV across multiple
sites, Icon Water’s mini-hydro and PV installations (supplying up to 13% of demand), and
SA Water’s 154 MW PV with 34 MWh BESS (generating 242 GWh annually, meeting 70%
of electricity needs). Overall, these studies demonstrate that large-scale renewable energy
integration in WW'TPs can substantially reduce reliance on grid electricity, lower operational
costs, and enhance energy sustainability, with hybrid and multi-technology systems offering the
greatest potential for maximizing on-site energy generation.

Table 2.17: Large-scale renewable energy projects in WWTPs

Ref WWTP Location System Main findings

[204] ACUA New Jer- 7.5 MW e A 7.5 MW wind farm (commissioned in 2006) can supply ~60% of plant’s
sey, US Wind demand, US$12.5 M CAPEX (recovered 20% in the first year of operation)

[205] Field’s Providen- 4.5 MW e Project CAPEX: US$14 M, able to reduce in %40 the electricity costs

Point ce, US. Wind (US$2.5M to US$1.5M/y), supplying up to 25% of plant’s annual demand.

[206], JRDWRF Puebloci- 309 kW- e PV system can cover approx. 40% of the facility’s electricity demand.

[207] ty, US solar PV e Project received fund support and tariff rebates from the energy utility.

[208] EMWD Califor- PV, FC, e PV system: 21 MW capacity across 5 sites (45 GWh/y and supply 30%
nia, US. and GT electrical demand), and US$2 M/y in revenue. FC system: Could supply 25-

40% of the energy needs for 2 sites, using on-site biogas generation and save up
to US$1 M/y, and 8 GTs (60 kW each) could provide up to US$300,000/y.

Continued on next page
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Ref WWTP Location System Main findings

[209] PL San Die- Hydro,FC, e Project CAPEX: US$45 M. System generates 5.5 MW and consumes 2 MW
go, U.S. biogas (3.5 MW is sold). Upgraded biogas power 3 FC systems (2.6 MW-4.5 MW).

[210], Werdholzli Switzer- Incineration e Plant treats sludge from 70+ WWTPs (approximately 100,000 m® ton/y).

[211] land e System capacity: 875 kW electrical and 4,450 kW thermal

[212], Deer Is- Boston, Wind,PV, e System: 2x600 kW wind, 736 kW PV, 2 MW hydro (8.85 GWh/y), reducing

[213] land Us hydro electricity costs by 25%. WWTP energy demand of 18 MW /y (US$16 M/y).

Table 2.18: Renewable energy projects in WWTPs in Australia
Ref WWTP System System capacity / characteristics

[214] Hunter Water

6 MW solar PV

e Total of 3 MW capacity at Dungog, Tanilba Bay and Karuah plants.
e 3.1 MW Balickera park solar system as the biggest plant

[215]- Icon Water

720 kW PV, 1.23

e 630 kW hydro capacity (3.4 GWh/y), and 600 kW on Googong mini-hydro, up

[217] MW Hydro to 4.2 GWh/y (13% Icon’s Water demand in 2015-16). 2.3 MW to be installed.

[218], QLD Mel-  Hydrothermal e System can produce up to 12-15 ML/d of biofuel yearly.

[219] bourne Water  liquefaction e Project cost around $11.8 mi (partnership with Gladstone oil refinery).

[220] Loganholme Sludge gasifica- e Convert 34,000 ton of sludge into syngas, and CAPEX of AU$17.3 M. Previ-
WWTP tion ously, biosolids disposal costs was AU$1.8 M /y (30% of plant’s operating costs).

[215] Melbourne

Water

25 MW biogas,
25 MW hydro, 24
MW PV

e 86.2%, 0.02% and 93.6% of the energy produced from biogas, hydro and PV
used on-site. New hydro projects in 3 WWTPs can generate up to 7.1 GWh/y.
e In ETP, biogas and solar systems could supply up to 48% of plant’s demand,
whereas in WTP, solar system could generate up to 12.4 GWh/y.

[221] SA Water

154 MW PV, 34
MWh BESS

e Generate 242 GWh supplying 70% of SA Water’s electricity demand yearly.
e Total CAPEX of AU$300 mi for the proposed system.

[222] Sydney water

PV, biogas, hydro

e Produces 20% of its electricity needs through on-site generation

[223], Water Corpo-

[224] ration

PV, wind, biogas,
and hydro

e Plans to participates in pilot programs to provide grid services, invest AU$30
mil in a solar projects and generate 1.5 GWh from renewables.

2.2.3 Challenges and Opportunities

Most wastewater treatment facilities are not primarily designed to be cost-efficient systems.
Almost 90% of the energy consumption in WWTPs is related to three stages: secondary treat-
ment, pumping, and sludge treatment combined with dewatering [1]. The most common al-
ternatives that these facilities adopt to reduce energy costs in WWTPs include (i) optimising
energy consumption by improving efficiency, (ii) on-site power generation to reduce operating
costs related to energy importation from the main grid, and (iii) energy demand management
[2]. Planning and operation studies are essential to understand the potential risks and evaluate
the opportunities for WW'TPs. They can help design the best power generation configuration
and find the optimal operation strategy for the generation system. Power system planning is
a critical techno-economic assessment used to investigate and plan future system expansion,
feasibility, and generation potential. The main objective of power generation planning is to
determine the necessary generating capacity to satisfy the load demand in real time. In the
system’s planning, it is ideal to have a generation capacity that can supply 100% of the load
at any time. Still, it is very challenging to match the generation and demand, especially if the
system is composed of renewable energy sources [225]. The planning process can be considered
an optimisation problem in which the optimal solution consists of finding the optimal system
configuration, including the best technological generation mix, optimal size, capacity, location,
and construction time with minimum investment cost [225]. Due to the uncertainty and inter-
mittency, adopting a hybrid configuration system is usually a good alternative for WWTPs.
Hybrid systems can maximise the energy generation potential from different resources, and lead
to a better cost-effectiveness, energy efficiency, modularity, and flexibility [8]. Although there
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are several technological solutions and strategies to increase economic benefits for a WWTP,
their implementation in a full-scale plant is still very limited. The biggest challenge is commonly
related to capital and operating costs. Because of the vast number of available technology re-
sources, determining the optimal planning design and operation strategy of power generation in
WWTPs is not an easy task and is no longer a simple technical problem, but rather a complex
and difficult challenge that requires an integrated and comprehensive approach to provide a
cost-effective solution [226].

2.3 Research Gaps

Wastewater treatment plants (WWTPs) are known to be high energy consumers. Therefore,
it is important to explore alternatives that reduce both energy consumption and operational
costs, while also minimising carbon emissions. The literature review has identified that there is
no one-size-fits-all solution to this problem. Thus, further investigation in this research topic is
needed. Several models have been proposed in the literature, each addressing specific challenges,
including increasing biogas production, optimising operational processes, or improving on-site
renewable energy generation. This review has highlighted that improving self-sufficiency in
WWTPs can be a suitable alternative through the integration of biogas utilisation, renewable
energy generation, and operational optimisation. While various energy optimisation models
and commercial tools exist, there remains a gap which includes the lack of a comprehensive
single model specifically tailored to WWTP applications. In the authors’ view, a valuable
contribution would be proposing and developing a tool that could:

(i) optimise biogas utilisation,

(ii) optimise the operation strategy of the on-site power generation system,
(iii) identify the optimal planning of the power generation system, and

(iv) minimise the operating costs for the WWTP.

Such a model could contribute to energy resilience and sustainability in WWTP operations.

2.4 Summary

This literature review highlighted different renewable energy technologies that can be adopted
by WWTPs to improve energy efficiency, reduce operating costs, and move toward sustainabil-
ity, with a focus on providing an overview of the current status of each technology by exploring
their energy recovery potential, benefits, and drawbacks. AD is still the most widely used al-
ternative to treat sludge and recover energy in a WW'TP due to its mature technology, sewage
sludge treatment efficiency, low operating costs and biogas production as a co-product. In the
USA, almost 50% of all the wastewater is treated through AD. Co-digestion and pre-treatment
methods are some alternatives to improve biogas production and process efficiency, although
the latter is primarily used to enhance sludge biodegradability, sludge management, and reduce
environmental impact. Thermochemical processes, including pyrolysis and gasification, can
also offer several benefits for treating sewage sludge by converting organic matter into valuable
products while addressing the challenges associated with sludge management. Both gasification
and pyrolysis are mature technologies that generate high-value co-products, including syngas
and bio-oil, and can be used to generate electricity and heating. Additionally, hydropower
and wind technologies offer significant benefits as renewable energy sources, but their appli-
cation in WWTPs is limited due to several practical, technical, and economic challenges. For
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example, conventional hydropower systems require a significant and consistent flow of water
to generate electricity, and typically, WW'TPs do not have sufficient flow rates or water head
heights to support hydropower turbines effectively, and wind turbines require substantial space
to operate efficiently. Many municipal facilities are located in urban areas or constrained sites
where physical space is limited. On the other hand, other technologies, including MFCs and
MECs, hold significant potential for sustainable energy production and municipal wastewater
treatment. Despite their promising laboratory-scale performance, large-scale implementation
of MECs and MFCs can face some challenges related to scalability, energy efficiency, capital
and operational costs, material durability, microbial stability, reactor design, and regulatory
approval. Therefore, more academic research and technological development are needed to
achieve both technical advancements and system integration. Many of these challenges can be
addressed, opening up opportunities for bioelectrochemical technologies to contribute to sus-
tainable energy production, waste treatment, and environmental management on larger-scale
facilities. Overall, the successful adoption of renewable energy technologies involves overcom-
ing several challenges that span technical, economic, regulatory, and operational domains. It
is important to address these challenges and technology limitations to outline future prospects
for achieving a more energy-efficient and sustainable wastewater treatment.
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Chapter 3

Biogas Model

3.1 Introduction

In this chapter, the biogas model is presented. This proposed model estimates the biogas
production from sewage sludge while considering the semi-continuous feeding operation. To
validate the proposed model, the simulated results are calibrated and validated against real
data from a full-scale municipal WWTP located in Sydney, Australia. The main contribution
of this work is the combination of the advantages of both the steady-state model, including
simplicity, reduced complexity, fewer parameters, and faster computation time, and the dynamic
aspects, including capturing time-dependent behavioral changes, predictive control, and real-
time adjustments, into a single model.

This chapter is organised as follows. Section 3.2 starts by providing a general background
related the anaerobic digestion process in a WW'TP. Section 3.3 presents previous works related
to anaerobic digestion models. Section 3.4 discusses the model framework, including explaining
the proposed biogas model, first-in, first-out (FIFO) methodology, and model formulation.
Section 3.5 presents the model validation against historical data of a large-scale WWTP, and
Section 3.6 summarises the main findings of this chapter.

3.2 Background

Wastewater treatment plants (WWTPs) play a crucial role in maintaining public health and
environmental sustainability. These facilities are important agents for removing contaminants
and pathogens from wastewater in compliance with water quality standards, and, then returning
the treated water to the environment [13]. The WWTP treatment process is highly complex
and costly, which can jeopardise the environment if not appropriately treated [1], [2]. Municipal
wastewater can be treated using two main technologies, anaerobic and aerobic processes [227].

Anaerobic digestion is one of the most widely used alternatives for wastewater and sewage sludge
treatments, and also for energy recovery in WWTPs due to its several benefits, including biogas
production, reduced greenhouse gas emissions, efficient sludge reduction, pathogen and odour
control, and cost-effectiveness [227]. This biological process consists of decomposing organic
matter (i.e., sewage sludge) by microorganisms in the absence of oxygen, generating biogas as
a by-product and digested sludge [66]. Biogas is a renewable fuel composed mainly of methane
and carbon dioxide and can be used in different applications, including combined heat and
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power (CHP) systems to generate both electricity and heating, boilers for heating processes, or
it can be upgraded into biomethane and be injected into the gas network system [228].

The digestion of sewage sludge usually happens in four stages inside an anaerobic reactor
[229]. These digesters are traditionally designed and engineered to operate under two main
configurations: batch or semi-continuous feeding modes [230]. In the batch mode, the substrate
(i.e., sewage sludge) is added to the reactor all at once at the beginning of the process. The
feedstock remains for a certain period of time until it is digested (digested sludge). Then, it is
removed and a new batch cycle is restarted. In a semi-continuous mode, the organic material
is added to the anaerobic digester at regular intervals (i.e., hourly or daily) at a constant or
variable flow rate, while an equivalent amount of digested material is removed, keeping this
system in a continuous state of operation [230], [231]. Most large-scale WWTPs operate using
a semi-continuous process [232].

Anaerobic digestion is a complex biochemical reaction that takes into consideration several
parameters [233]. Modelling this process can be very complex due to several factors, includ-
ing the complex microbial ecosystem interactions, feedstock composition and degradability,
and dynamic parameters (i.e., temperature, pressure, pH levels, organic loading rate, complex
kinetics, process stability, and control). One of the biggest challenges in modelling is to in-
tegrate multiple parameters, linear and non-linear equations, objective functions, and several
constraints. Therefore, new optimisation tools, forecasting models, and control strategies that
seek to address these challenges and opportunities are essential [234]. Accurate representa-
tion of the anaerobic digestion process is crucial for optimising reaction performance, ensuring
system stability, and maximising benefits. Several methods have been used to model the di-
gestion process, including mathematical and empirical models, each with its pros and cons.
Additionally, there is simulation software that replicates the anaerobic reaction [235].

Among the available approaches used in academia and industry, mathematical models are
widely regarded as an effective methodology not only for simulating the digestion operation
but also for developing control strategies, evaluating the system’s performance and design un-
der different scenarios, optimising operational parameters, and replicating the complex reaction
phenomena. By simulating different scenarios with operational strategies, these models can pro-
mote a deeper and more accurate understanding of the system’s time-dependent characteristics
and optimisation response, leading to potential improvements [232], [236]. Furthermore, they
can serve as a valuable tool for WWTP operators, enabling them to improve and monitor
process management. It is important that these models are calibrated and validated against
experimental data [237], [238].

3.3 Related Works

Several studies have presented different methods to represent the anaerobic digestion process,
including estimating the theoretical methane and/or biogas production. For example, Ref.
[239] developed a model to estimate the biogas production in an Up Flow Anaerobic Sludge
Blanket (UASB) reactor, and real data from two WWTPs (Laboreaux and Nova Contagem)
under three scenarios (worst, typical and best). The model, based on Monte Carlo simulation,
incorporated the inherent variability and uncertainty of sewage sludge characteristics by gen-
erating multiple random input scenarios to predict a range of possible outcomes for biogas and
methane production, providing a more realistic and robust estimation compared to determin-
istic models. For the Laboreaux WW'TP, the methane yield from the measured and simulated

40



data was 45.2 L/m? of treated sewage and 40-81.4 L/m? of treated sewage, respectively, while
the sludge production values were 101.2 g/m?® (measured) and 90.3-103.2 g/m? (simulated).
Ref. [240] presented a data-driven approach that optimised controllable variables of the anaer-
obic digestion process, such as pH, retention time, organic load rate, temperature, sludge flow
rate, total solids and volatile solids. If temperature was the only variable to be optimised (39
°C), an improvement of 5.3% in biogas production could be achieved, while optimising all vari-
ables led to a maximum improvement of 21%. Ref. [241] proposed a model to forecast biogas
production from primary sewage sludge. The proposed model accounted for different stages of
anaerobic digestion and incorporated formulations to represent the kinetic stage, chemical stoi-
chiometry, and acid/base chemistry. Validation against data from a large-scale WWTP showed
strong alignment between the model results and measured data. The model’s predicted COD
values closely matched the measurements, being 20.2, 22.4, and 23.6 gCOD/L for retention
times of 10, 15, and 20 days, respectively. Methane production based on measured data was
14.3, 15.0, and 15.8 L/L of sludge, whereas the simulated data yielded 11.9, 13.4, and 13.9 L/L
of sludge for the same retention times. Ref. [242] proposed a COD degradation-based model of
anaerobic digestion to simulate methane and biogas production from sewage wastewater. The
authors considered three main compound categories in wastewater: easily degradable, difficult
to degrade, and non-degradable. COD removal could occur via both biological and nonbiologi-
cal processes. For example, methane production was estimated from degraded COD under the
following conditions: 26 °C, 500 m?/d flow, and wastewater composed of sucrose, formic and
acetic acids. This gave a theoretical methane production of 88.2 m3/d.

Ref. [243] developed a model to replicate the dynamic behaviour of anaerobic digestion, con-
sidering six main conversion processes and five additional microbial processes. The model
was calibrated with lab experiments using sewage sludge from the Zurich-Glatt WWTP under
mesophilic conditions (35 °C) and 20 days retention time. The resulting biogas flow was be-
tween 4,000 and 5,500 m3/d. Ref. [244] proposed a mathematical model to estimate the energy
potential generated from anaerobic digestion in a UASB reactor. Input parameters included
COD removal efficiency, reaction temperature, sludge production coefficient, average influent
flow rate, and methane loss. Validation against two full-scale WW'TPs showed average methane
and biogas yields of 42.2 and 81.3 L/m? wastewater and 60.3-101.6 L/m?® wastewater, respec-
tively. Ref. [245] developed a model to estimate biogas production based on first-order kinetics
as a modified version of the Gompertz function of the anaerobic digestion. Validation against
a full-scale 3 MW biogas plant showed a biogas production of 1,008-1,152 m?/h, equivalent to
approximately 25,000 m?/d, with a total of 381,000 m? over 15 days. Ref. [246] proposed the
Anaerobic Digestion Model No 1 (ADM1), which later became one of the most widely used
methodologies to simulate anaerobic digestion conditions. Developted by the International Wa-
ter Association (IWA), ADM1 is designed to replicate the anaerobic digestion process with high
accuracy, particularly focusing on maximising efficiency and biogas generation. It accounts for
both biochemical and physicochemical stages. Ref. [247] applied ADM1 to sewage sludge. The
simulated results were calibrated and validated against 360 days of real operational data from
a full-scale anaerobic digestion system. Parameters included a 40-day retention time, influent
flow of 380 m?®/d, and influent COD of 42.8 g/L. The simulation results closely matched mea-
sured methane flows, which were 1,500 and 4,000 m?3/d, with an average value of 2270 m3/d.
Although several models have been developed to estimate biogas production and methane yield
from sewage sludge, most assume batch feeding modes. However, municipal WWTPs typi-
cally operate under semi-continuous feeding. Therefore, models that incorporate the dynamic
behaviour of semi-continuous sludge feeding are essential for accurately replicating real-world
plant operations.
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3.4 Model Framework and Design

This section presents the model framework of the biogas model, including the general assump-
tions and mathematical formulation. To validate the effectiveness of the proposed model, a
comparison against real data from a large-scale WW'TP is conducted.

3.4.1 FIFO Methodology

FIFO methodology can be applied in various contexts to describe how items are selected,
processed, consumed, or accounted for. It follows the principle that the first components to
enter a system are the first ones to be used, sold, or processed, while newer items are considered
last [248], [249]. The use of the FIFO approach is intended to represent the feeding process mode
as a semi-continuous process of sewage sludge added into the anaerobic digesters. The semi-
continuous feeding mode reflects the real-world process in which a large-scale WWTP operates.
Therefore, this proposed model aims to replicate a realistic, semi-continuous operating process
of sewage sludge treatment.

Based on the FIFO methodology and its application to the anaerobic digestion process, a
semi-continuous and dynamic flow of sewage sludge is added into the anaerobic digester as an
individual “parcel”. In this model, we assume there is no mix between the different “parcels”
inside the anaerobic digester, and the volume of sewage sludge in the anaerobic digester must
be kept constant. To model the sewage sludge flow rate, discrete-time equations are formulated
to track the quantities of sludge entering and exiting the digester at each time step. This
proposed model allows us for understanding the dynamic process and time-domain behaviour
of the sludge-feeding process at each time step, considering the FIFO principle that the first
added sludge will be the first to exit the anaerobic digester when the maximum volume is
reached, as illustrated in Figure 3.1.
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Figure 3.1: FIFO methodology representing a semi-continuous feeding mode of sewage sludge flow
into an anaerobic digester

3.4.2 Semi-Continuous Operation

As shown in Figure 3.1, at the beginning of the process, when ¢ = 0, the anaerobic digester
is empty (Vis,,(0) = 0). For ¢ = 1, the sludge volume inside the anaerobic digester is equal
to the sum of the initial volume of sludge at t= 0 and the volume of sludge that enters at ¢

=1 (Vis,, (1) = Vi, (0) + Vi, ,(1)). The retention time (n) for the sludge Vi, (1), when ¢
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= 1, is 1 day. There is a maximum operation volume of sewage sludge inside the anaerobic
digester, expressed as Vi, Because the maximum volume of sludge inside the digester is not
reached at t = 1, there is no discharge of sludge (Vs,,,(1) = 0). Letting ¢,(t) be the index of
the bottom parcel of sewage sludge at time ¢, then i,(1) = 1. When ¢ = 2, the total volume
of sludge inside the anaerobic digester is equal to the sum of the sludge volume at t = 1 and
the sludge volume that enters the digester at ¢ = 2, minus the discharge of sludge at t = 2
(Visyy(2) = Vis, ) (1) + Vig, (2) - Vis,i (2)). The retention time (n) of the sludge that enters the
digester at t = 1 (Vi (1)) is 2 days, and the retention time (n) of the sludge that entered the
digester at t = 2 (V,, (2)) is 1 day. Since the maximum volume of sludge inside the digester
is not reached at ¢ = 2, there is no discharge of sludge yet Vis,,,(2) = 0, and ,(2) = 1. At
time ¢, when the maximum volume of sludge inside the digester is reached (Vi ,(t) > V3*), a

portion of the oldest parcel of sludge (the first parcel that enters, Vi, (1)) will be discharged
from the anaerobic digester (Vis,,,(t)). The amount of sludge to be discharged (Vis,,,(t)) is
equal to the sum of all the parcels of sludge that entered the digester up to the current time,
from =0 10 £, (Vasoy() = Ve (0) + Vo (1) + Vaay (2) + o + Vi (1) + Vs, (1) minus
the maximum volume of sludge that can maintained inside the anaerobic digester (V;3**). As
illustrated in Figure 3.1, there is a remaining volume of sludge from the oldest parcel (i,(t) =
1) that is retained in the digester (Vis, (ip(t)), since it exceeds the discharged sludge volume
(Visou (1)). The retention time (n) of the oldest parcel of sludge remaining inside the digester
(Vis,,, (1) is equal to t, whereas the retention time (n) of the sludge entering the digester at ¢
(Vis;, (1)) is 1 day. The retention time (n) of each parcel corresponds to the number of days for
which each parcel is stored before its disposal. The retention time (n) varies over time since
it is a time-dependent variable directly associated with the sludge flow rate into the digester.

For example, as illustrated in Figure 3.2, when ¢ = 8, the retention time for the oldest sludge

parcel (i.e., i,(8) = 1) is 8 days.
Decreased retention time Increased retention time
Vesaa (8) Visoq(9) Visaa (10)
Vss. (9) ]r—
SSin J Vss;,. (10) } ] Vv 10
Vs, (8) |[Pn=1 Vs, (8) Ve |0 4 Ves,, (9) s5:,(10) || >n=1
Vssin(7) |Pn=2 Vssin(7) Vs, (8) |n=2 Vs, (8) o e
in = S5Sin
V() |[+n=3 | Vi (©) Van® |Irn=3 I [V || |= [Lou® || "n=2
SSin = S5Sin -_—
Vssi“ (5) *n=4 Vssin (5) Vss (6) n=4 14 (6) Vssm (7) met
in = SSin
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Figure 3.2: Retention time changing behaviour

When ¢ = 9, a larger amount of sludge enters the digester (Vs (9)). The amount of sludge that
is discharged (Vss,,,(9)) includes the entire volume of the oldest sludge parcel in the digester
(Vis,, (1)) and a portion of the second oldest parcel (Vi (2)). The retention time (n) for the

new oldest parcel (i,(9) = 3) is now 7 days, reduced by 1 day. Similarly, when ¢t = 10, due
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to the lower volume of sewage sludge entering the digester (Vs (10)), the amount of sludge
discharged (Vjs,,,(10)) removes only a portion of the oldest parcel (i.e., i,(9) = 3). Therefore,

SSout

iy(10) = 3. The retention time (n) for the oldest parcel is now 8 days, increased by 1 day.

3.4.3 Model Formulation
a. Anaerobic digestion model

Steady-state models aim to simplify the complexity of the system design and operating pa-
rameters for the anaerobic digestion process. They are useful for some reasons, including
providing simple and quick estimation results, enabling sensitivity investigation, estimating
product concentrations and benchmarking [250]. The anaerobic digestion model presented in
[241] comprises three sequential parts: the kinetic stage, chemical stoichiometry, and acid/base
chemistry, and was validated against a real WWTP. The same model is used as a reference
to calculate the theoretical methane production based on a given retention time. The un-
biodegradable fraction of sewage sludge is calculated as shown in (3.1). Eq. (3.1) is discretised
using the concept of the raw and settled wastewater and the COD fractions in the sewage
sludge.  fssuns Sssunpraws a0 fos,,, .., are the unbiodegradable fractions of sewage sludge, raw
wastewater and settled wastewater, respectively. fs, ... is the sludge fraction removed from the
sedimentation tank [241].

f o f + (fssunb,raw - fssunb,set)
SSunb — J SSunb,set f
SSrem

(3.1)

In sequence, the residual biodegradable organic concentration (Sy,) and influent biodegradable
particulate (Sy,;) are defined in (3.2) and (3.3), respectively.

_ Sti + [fssunb + ES ' (1 - fssrem)] — Ste

Sty E.—1

(3.2)

pri - Sti : (1 - fssunb> - Sbsaz’ (33)

where Si;, Sie, and Spse; are the total influent, total efluent, and influent volatile fatty acid
(VFA) concentrations, respectively. Fj is the biodegradable COD fraction removed and con-
verted to sludge, defined in (3.4). Eq. (3.5) illustrates the fraction of biodegradable COD
removed and converted to methane (Epy).

Zad
o — 3.4
(pri - pr) ( )
Egu=1—E, (3.5)

Equations (3.6) and (3.7) define the acidogen biomass concentration (Z,4) and volumetric
hydrolysis/acidogenesis rate (r,). Yaa, baq, and n are the pseudo acidogen yield coefficient,
acidogen endogenous respiration rate, and retention time, respectively. K,, and K, are the
Michaelis and substrate dissociation constants, respectively.

Y;;d : [pri - pr]

Zag =
d 1—|—bad'7’L'(1—Y;1d)

(3.6)
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Km : pr : Zad

T =
" Ks + pr

(3.7)
Equations (3.8) and (3.9) calculate the methane production concentration (.S,,) and the final
methane production volume (Q,,), respectively. T,4 and P,; are the temperature and pressure
inside the digester. The final methane production volume (@Q,,) is given in liter of methane
divided by liter of influent (Lcps/Lins) and will be used to calculate the biogas production.

Sm=1=Ya) n-ry (3.8)
B (Sm + Sbsm‘) Toa
Qm = 61 8.314 P (3.9)

b. Proposed Biogas Model

The proposed model aims to extend the steady-state anaerobic digestion model presented in
[241] by incorporating the time-dependent domain and dynamic behaviour (semi-continuous
feeding mode) to represent the sewage sludge treatment process. FIFO methodology is used
to describe the anaerobic digestion operation process in a large-scale municipal WWTP, and
it has been used in different fields to represent dynamic behaviour characteristics [248], [249],
[251]. The objective of the proposed model is to forecast biogas and methane production based
on a dynamic and semi-continuous feeding mode of sewage sludge into the anaerobic digester.
The reactor temperature is a controllable variable, but in this study, it is a fixed parameter.
Constraint (3.10) states that the sum of the volume of biogas (Viiogas,,(t)) and sewage sludge
inside the anaerobic digester (Vs ,(t)) should be lower than the total volume of the anaerobic
digester (V4**) at time ¢.

%iogasad (t) + Vssad < aIZilaX (3'10)

Equation (3.11) represents the total sludge volume inside the digester, where (Vis,, (¢)) is the
volume of sewage sludge that enters the digester at time ¢. Equation (3.12) defines the total
sludge volume that stays inside the digester, as explained in Section 3.4.3. Vi ., (t) is the
volume of sludge that leaves the digester at time ¢. n(t,q) is the retention time associated with
the sewage sludge parcel i (i = i,(t),,(t) +1,...,t) at time ¢, ¢ is the time step, and i,(¢) is the
index of the bottom parcel of sewage sludge at tlme t. Note that n(t,i) =t —1i+ 1, and ()
= ip,,.,, Where i, is the least index such that Z;zﬁt—n Vis,, (1) — Viss,o, (t) > 0. The methane
production from the anaerobic digestion process of sewage sludge is calculated in (3.13), where
Vin,,(t) is the total volume of methane generated. @,, is the methane production volume, as
calculated in (3.9).

Visaal Z Vis,, (1) (3.11)

1=1p(t)

ib (1)
Vsszn Zb VSS”L Ssout (t) (3 12)

i=ip(t—1)

mad - Z ‘/ssm (n(t7l)) (313)

i=1p (1)

Based on the methane generation in (3.13), the biogas quantity can be calculated in (3.14),
where ¢,,_,(t) is the average methane concentration in the biogas. Constraint (3.15) states the
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biogas inside the digester should be greater than the minimum volume of biogas (V22 = ) and

biogasa.q
lower than the maximum volume of biogas (V,22* = ).
9aSad

Vi (1)

Viiogas,, (t) = —2= 3.14
biog ad( ) Cmad(t) ( )
V;)I;cl)glasad < %iogasad (t) S %Iir(lja;((lsad (315)

This model assumes that the biogas obeys the ideal gas law. Therefore, the relationship between
the biogas volume at ambient temperature and biogas volume inside the anaerobic digester is
described in (3.16). Viiogas,,(t) is biogas volume inside the digester, whereas Ty (t), Pams(t) and
Vhiogasan, () are the ambient temperature, pressure and biogas volume, respectively. Constraints
(3.17) and (3.18) limit the temperature and pressure inside the digester. Pmax Tmax  pmin apq
Tmm are the maximum and minimum limits for pressure and temperature inside the digester.

Pzzd<t) : ‘/biogzzsad (t> - Pamb(t) : ‘/bz'ogasamb (t)

— 3.16
Toall) o (1) (3.16)
it Pa(t) < Poex (3.17)
min < Tg(t) < T (3.18)

3.5 Model Validation

Model validation aims to determine whether the model is able to accurately replicate the
system’s behaviour, which can be evaluated in two ways: operationally (i.e., by comparing the
output of the model with observed data) and conceptually (i.e., by checking if the theory and
assumptions of the proposed model are followed and justifiable) [252], [253]. The main objective
of the proposed model is to forecast the biogas production from sewage sludge. To test the
effectiveness of the methodology, we compare the real data (historical) of a large-scale WWTP
located in Sydney, Australia, over a period of 3 years (2020 to 2022) against the results of the
model’s simulation. The WWTP considered in this study has a capacity to treat an average
flow of around 500 million liters of raw sewage daily through primary treatment and anaerobic
digestion. The sludge captured in the primary sedimentation tanks is treated at mesophilic
temperature, and the digested sludge is dewatered before its disposal. The biogas generated
from the anaerobic digestion of sewage sludge is collected and used to produce electricity via
cogeneration (CHP) engines or in hot water boilers to generate heat, and the excess is flared
(there is no gas storage on-site). The total biogas production in the WWTP was calculated as
the sum of the amount of biogas used in the CHP, boiler, and the amount flared.

3.5.1 Data Inputs

Some key inputs used in the model were collected from the large-scale WWTP mentioned in
Section 5, which including the following:

e Total volume of the anaerobic digester system: 35,000 m?;

e Maximum sludge volume inside the digester: 31,500 m?® (about 90% of the total anaerobic
digester volume);

e Maximum volume of biogas stored inside the digester: 3,500 m?* (about 10% of the total

46



anaerobic digester volume);
e Digester pressure of 105 kPa and temperature of 37 °C.

Other parameters were adopted from Ref. [241], including the following:

e Settled and raw wastewater unbiodegradable particulates COD fractions are 0.040 and 0.150,

respectively;
e The fraction of COD removed from the sedimentation tank is 0.35;
e Acidogen endogenous respiration rate and pseudo acidogenic yield coefficient are 0.041 d,

0.013 gCOD biomass/gCOD organics hydrolysed, respectively;
e Substrate dissociation constant, Michaelis constant, and influent VFA concentration are 6.76

gCOD/L, 3.34 gCOD organics/(gCOD biomass-d), and 2.25 gCOD/L, respectively.

The sewage sludge flow rate fed into the digester daily from 2020 to 2022 is illustrated in Figure
3.3. Based on the WWTP historical data, the COD concentration in the raw sewage sludge
ranged between 42 and 68.7 gCOD/L.
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Figure 3.3: Sewage sludge flow fed into the anaerobic digester

3.5.2 Simulation Results

a. Biogas production

The biogas production from the proposed model and historical data are illustrated in Figures
3.4-3.6 for each year, including 2020, 2021 and 2022. It can be seen that the biogas production
from the historical data is more non-linear compared to the proposed model. The historical data
reveal significant declines in biogas production in some specific periods, such as Feb-20, Jul-
20, Aug-20, Mar-21, May-21, Mar-22, Jul-22 and Sep-22. Even though the biogas production
from the WWTP shows some abrupt changes, the proposed method accurately follows the
overall generation trend of the historical data. Although biogas production is theoretically
considered a continuous process with a steady gas generation flow rate [254], [255], particularly
in batch mode, in large-scale plants can exhibit some fluctuations on the biogas production.
These deviations are influenced by the semi-continuous feeding operations and other operational
characteristics that can affect the continuous and steady generation of biogas. These variations
may arise due to numerous factors, including feedstock quality, inconsistent or variable feeding
rates, microbial community stability, equipment malfunctions, and routine system maintenance.
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Figure 3.4: Biogas production in 2020 (historical data vs. proposed model)
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Figure 3.5: Biogas production in 2021 (historical data vs. proposed model)
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Figure 3.6: Biogas production in 2022 (historical data vs. proposed model)

For instance, as shown in Table 3.1, significant drops in sewage sludge-feeding quantity into
the anaerobic digesters, including on Jul-20, Mar-21, May-21, Mar-22 and Sep-22, which likely
contributed to the observed decreases in biogas production during the same periods, as shown
in Figures 3.4-3.6. Based on these results, the proposed model demonstrates strong potential to
forecast biogas production from sewage sludge in a large-scale WWTP. One explanation for this
alignment is the adoption of dynamic retention time used in the semi-continuous feeding mode
of sewage sludge, whereas in steady-state models, the retention time is considered constant.
Table 3.1 compares the average biogas production from the proposed model and historical data
from 2020 to 2022, month by month. It can see that the minimum and maximum error values
are between 0.07% (Oct-21) and 18.74% (Aug-22), respectively. Eq. (3.19) calculates the error
(€biogas) between the average historical biogas production (Viiogasy.. ...) and the average biogas
production forecasted by the proposed model (Viiogas,moger.ane) fOr €ach month (Jan-20 to Dec-22).
The error is expressed as a percentage (%), and the average biogas values is given in m3/d.

_ |%ioga5hist,ave - ‘/biogasmodel,ave
€biogas —

(3.19)

%iOQGShist,ave

The comparison of historical biogas production with the proposed model indicates that the
model generally reproduces the observed trends with moderate deviations. The average biogas
production based on the WWTP historical data is 37,337 m3/d, 31,695 m®/d and 23,350 m*®/d
for 2020, 2021 and 2022, respectively, while, the estimated average biogas production based
on the proposed model is 37,960 m?/d, 30,465 m*/d and 23,080 m?®/d for the same period.
Considering the entire 3-year period, the average biogas production is 30,794 m?/d for the
historical data and 30,503 m?3/d for proposed model, resulting in an average error of less than
5%. As shown in Table 3.1, the months with higher errors were Mar-22 and Aug-22. Monthly
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biogas production varied significantly across the three years, with peaks typically occurring
in mid-year months (e.g., June-September 2020) and troughs in early and late months (e.g.,
May—July 2022). The model tended to slightly overestimate production in some months (e.g.,
Jan—Apr 2020) and underestimate in others (e.g., Mar—Aug 2022), with individual monthly
errors ranging from 0.07% to 18.74% and an average error of 4.64 %.

Table 3.1: Average biogas production (historical data vs. proposed model)

Month Hist (m?) Model (m?) Error (%)
Jan-20 30,367 32,181 5.64
Feb-20 34,190 34,023 0.49
Mar-20 36,000 36,862 2.34
Apr-20 36,696 37,585 2.37
May-20 35,320 35,704 1.07
Jun-20 39,706 39,027 1.74
Jul-20 40,667 40,561 0.26
Aug-20 40,487 38,365 5.53
Sep-20 45,099 45,693 1.30
Oct-20 38,498 41,641 7.55
Nov-20 34,969 36,195 3.39
Dec-20 36,039 37,714 4.44
Jan-21 40,029 38.650 357
Feb-21 36,532 36,392 0.38
Mar-21 30,842 30,450 1.29
Apr-21 28,073 27,673 1.45
May-21 27,284 24,619 10.83
Jun-21 25,918 24,493 5.82
Jul-21 28,272 26,848 5.30
Aug-21 31,828 30,184 5.45
Sep-21 31,928 29,913 6.74
Oct-21 29,768 29,746 0.07
Nov-21 35,591 33,011 7.82
Dec-21 34,252 33,604 1.93
Jan-22 37,695 37.973 073
Feb-22 35,238 33,362 5.63
Mar-22 25,286 22,121 14.31
Apr-22 28,085 27,654 1.56
May-22 19,933 17,904 11.33
Jun-22 20,913 21,522 2.83
Jul-22 13,350 13,937 4.21
Aug-22 15,193 18,697 18.74
Sep-22 11,952 12,620 5.30
Oct-22 14,844 15,934 6.84
Nov-22 26,978 26,288 2.62
Dec-22 30,762 28,946 6.27
Average - - 4.64

In addition, to assess the performance of the proposed model, common metrics including Mean
Absolute Error (MAE), Mean Squared Error (MSE), Root Mean Squared Error (RMSE), and
the coefficient of determination (R?) were considered, as shown in Table 3.2. Over the entire
2020-2022 period, the model achieved an average MAE of 2,703 m?®, RMSE of 3,569 m?, and
R? of 0.85, suggesting that it reliably captures both seasonal and inter-annual trends in biogas
production, and also the proposed model has captured a significant amount of the variance in
the data, and the predictions are fairly accurate.
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Table 3.2: Performance metrics to assess the proposed biogas model

Period MAE (m?) MSE (m?)? RMSE (m?) R?
2020 2,480 12,106,013 3,479 0.85
2021 2,663 12,008,002 3,465 0.65
2022 2,966 14,101,002 3,755 0.89

2020-2022 2,703 12,737,762 3,569 0.85

b. Retention time

Figures 3.7-3.9 illustrate the results of the calculated dynamic retention time in relation to
the volume of sewage sludge fed into the anaerobic digester for each year 2020, 2021 and 2022.
Figure 3.10 presents the results for the entire period (2020 to 2022). The retention times shown
in these figures correspond to the oldest sludge parcel that remained inside the digester (see
explanation in Section 3.4.2). It can be observed that the retention time changes dynamically
across the entire period. The relationship between retention time and sewage sludge volume is
inversely proportional: as the sewage sludge volume increases, the retention time decreases, and
vice versa. This behavior is expected because the volume of sludge inside the digester remains
constant across the entire period (2020 to 2022). In 2020, the retention time fluctuated between
a minimum of 14 days and a maximum of 19 days, whereas, in 2021, it reached a maximum of 22
days and a minimum remained 14 days. However, in 2022, a larger variation in retention times
was observed due to significant changes in the volume of sewage sludge fed into the digester.
In Oct-22, the retention time had its peak of 38 days, and the minimum remained at 14 days.

3.5.3 Batch and Semi-Continuous Operation Modes

Digestion feeding modes can have a direct impact on the reactor operation, and two patterns
are more common: batch and semi-continuous. The main difference between them relies on
two operational parameters: retention time and flow rate, which are fixed and defined in the
batch process but variable in the semi-continuous operation [256], [257]. These two parameters
are major influencers of anaerobic digestion performance and efficiency [15].

In a commercial-scale batch process, biogas production tends to be more predictable and stable
than in continuous or semi-continuous feeding systems. This is because all the substrate is
loaded at once, allowing microbial activity to follow a defined progression and reducing the
impact of operational fluctuations [258]. Batch processes offer advantages such as operational
simplicity, economic benefits, and a lower risk of pipeline blockage. Biogas generation typically
peaks at the beginning of the digestion cycle and gradually decreases as the available organic
matter is consumed. These systems also require a larger inoculum and overall system size. In
contrast, continuous or semi-continuous feeding can produce more variable biogas flows due to
fluctuations in influent characteristics and overlapping microbial stages. However, microbial
populations in batch systems are less susceptible to sudden shocks, resulting in more consistent
operation [257]. The semi-continuous regime is usually more commonly used when the feedstock
production is variable, as is often the case in WWTPs [232], [259]. This operational mode
allows for more regular feeding and removal of sludge, which can help maintain a relatively
constant methane generation [257]. In practice, different volumes and compositions of sewage
sludge are added, and digestate is withdrawn at each interval [7], [36]. While this approach
supports continuous operation, it introduces additional complexity due to fluctuating substrate
characteristics, overlapping microbial activity stages, and potential sensitivity to operational
disturbances. As a result, short-term biogas production can be less predictable compared to

o1



batch processes, although the system provides a more steady long-term output and can adapt
to variable influent conditions.
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Figure 3.7: Retention time and sewage sludge flow in 2020
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Figure 3.8: Retention time and sewage sludge flow in 2021
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Figure 3.10: Retention time and sewage sludge flow from 2020 to 2022

The variability in the composition and quantity of incoming material can create challenges
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in maintaining optimal temperature, pH, hydraulic retention time, as well as in ensuring suf-
ficient availability of organic material. Such fluctuations may disrupt microbial activity and
community balance, leading to inconsistencies and uncertainties in biogas production rates and
incomplete sludge degradation. Continuous feeding can also introduce toxic or inhibitory com-
pounds (e.g., heavy metals, salts, ammonia, fatty acids) present in the raw sludge, which may
reduce digestion performance and efficiency. Additionally, in continuous processes, microorgan-
isms can be washed out with the removed digestate material, reducing the microbial population
inside the reactor [232], [257], [260].

Most existing methods found in the literature focus on batch process [239], [241], [243], [244],
rather than the semi-continuous operations [261]. As a result, comparing biogas production and
anaerobic digestion performance between batch and semi-continuous processes is challenging,
due to their distinct characteristics and operational conditions. In this study, we propose a semi-
continuous model based on first-in, first-out (FIFO) methodology to replicate the continuous
feeding operation characteristics. To the best of the authors” knowledge, this is the first model
introducing the concept of dynamic retention time for a semi-continuous anaerobic digestion
process.

In this proposed semi-continuous model, retention time is calculated based on the flow rate of
sewage sludge entering the digester, while the digester volume is kept constant throughout the
operation. As explained in Section 3.4.2, when a new sewage sludge volume enters the digester
from the top, the same sludge volume in the digester is removed from the bottom. Retention
time adjusts accordingly, depending on the inflow rate.

3.5.4 Biogas Model Limitations

A key limitation of the proposed method relates to the assumption of no mixing between sludge
parcels. Each parcel of incoming sewage sludge (Vis,, (t)) is treated as an independent element,
with no interaction with other parcels. This assumption allows the FIFO methodology to repli-
cate the anaerobic digestion process with dynamic retention time. If mixing were considered,
the independence of sludge parcels would be lost, and the FIFO approach would no longer be
valid. Nonetheless, this simplification permits each parcel to have a distinct retention time
inside the digester [248], [249].

3.6 Summary

In large-scale WW'TPs, sewage sludge treatment is inherently dynamic, making it essential to
employ models that replicate semi-continuous processes. This chapter introduced a novel biogas
production model that combines the simplicity of steady-state approaches with the dynamic
behavior of semi-continuous feeding, using a FIFO methodology. The model captures time-
dependent retention times based on daily sludge inflows while maintaining a constant digester
volume, enabling a more realistic simulation of large-scale anaerobic digestion.

Validation was performed using three years of historical data from a full-scale municipal WWTP
in Sydney, Australia. The comparison between modeled and historical biogas output showed
a low average error of less than 5% over the three years, with monthly errors ranging from
0.07% to 18.74%. This demonstrates the model’s strong capability for accurately forecasting
biogas production. Despite significant fluctuations in historical biogas production, the model
consistently captured the general non-linear trends. Model performance was also evaluated
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using common metrics such as MAE, MSE, and R?, indicating that the model explained a
significant portion of data variance.

The model further addresses key challenges associated with continuous processes, including
variations in feedstock composition and dynamic sewage sludge flow, both of which can affect
digestion efficiency biogas yield. The assumption of no mixing between sludge parcels, while
necessary to enable dynamic retention time tracking, remains a limitation, as it simplifies the
microbial interactions and homogenisation processes within the anaerobic digester. Overall, the
proposed model represents a meaningful advancement in semi-continuous anaerobic digestion
modeling, providing a practical and computationally efficient tool for optimising and managing
biogas production in WWTPs.
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Chapter 4

Operation Model: Current Assets

4.1 Introduction

In this chapter, an optimal operation model for the power generation system of a WWTP is
proposed, focusing on the existing infrastructure (current generation assets), which is the CHP
units, and also the reliance on the main power grid. The model aims to minimise the operational
costs of the plant while optimising the utilisation of the biogas generated on-site. By integrating
real operational constraints and asset performance data, the model supports informed decision-
making to enhance energy efficiency and cost-effectiveness. Some case scenarios are investigated
and discussed in the end of the chapter.

This chapter is organised as follows. Section 4.2 provides a background regarding the proposed
operation model considering the current assets of the power generation system in the WW'TP.
Section 4.3 presents the model framework and formulation. Section 4.4 presents the simulation
results of four different case studies in order to test the effectiveness of the proposed model, and
provides some discussion regarding the case studies’ results. Finally, Section 4.5 summarises
the main findings of the chapter.

4.2 Background

The wastewater treatment process generates a by-product known as sewage sludge. Sewage
sludge contains high levels of pollutants, organic content and water, and it must be properly
treated before it is disposed of. Although only accounting for approximately 1% to 2% of the
total volume of the wastewater treated in a WW'T'P, the cost of sewage sludge treatment and
management can be significant [15]. Anaerobic digestion is one of the most widely used tech-
nologies for treating sewage sludge and recovering energy in WWTPs. This biological process
involves the breakdown of organic matter by microorganisms in the absence of oxygen, making
it an effective method for both sludge treatment and energy recovery. A valuable by-product
of this process is biogas, which can be captured and used as a renewable energy source. In
the United States, approximately 48% of wastewater is treated using anaerobic digestion in
WWTPs [262]. In Australia, around 55% of the WWTPs utilise biogas generated from anaero-
bic digestion to produce bioenergy, with further opportunities for enhancing biogas production
and utilisation in both existing and new facilities [1]. WWTPs, which have anaerobic digestion
technology for wastewater and sewage sludge treatment, usually consume 40% less energy than
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plants that do not have this operation process [9]. In some cases, when the plant combines
different strategies and technologies, including co-digestion, renewable energy generation, en-
ergy management strategies, etc., energy self-sufficiency can reach up to 100% [66]. Therefore,
taking advantage of anaerobic digestion technology by utilising biogas for power generation can
be a great option to increase energy efficiency and reduce energy costs in WWTPs [2]. Most
WWTPs follow traditional operation guidelines established based on historical processes [263],
[264]. At the same time, due to more stringent effluent standards and the increase in the vol-
ume of wastewater generated globally, energy demand for WWTPs has been increasing, adding
more challenges to the daily operation of these facilities. There are some models presented
in the literature that explore the opportunities for minimising operating costs for a WW'TP;
however, there is still a need to further investigate this topic. Exploring operating models can
be an important methodology to address the current challenges and limitations. Therefore, an
operation model which aims to minimise the energy operating costs for a municipal WWTP is
proposed in this chapter. Although there are different models in the literature exploring the
opportunities for utilising renewable energy resources to minimise operating costs, there are
not many models focused on the optimisation of biogas power generation in WWTPs. Ad-
ditionally, this proposed method incorporates the biogas production model proposed in [265]
which considers the semi-continuous process while optimising the biogas utilisation to reduce
the operating costs of a large-scale WW'TP.

Current assets - Power generation system

Historical and technical data for a large-scale WW'TP, which treats around 500 million liters of
sewage wastewater daily, was used in this study. The plant is located in Sydney, Australia, and
it is composed only of primary treatment. The power generation of the considered WW'TP is
composed of a cogeneration system (also known as CHP). The CHP engines generate electricity
and heat that is primarily used on-site, and if there is any excess of electricity, it is exported
to the grid. The heat recovered from the CHP system is used in the anaerobic digester, and
if the heat is not enough to maintain the temperature at the desired level, boilers are used to
supply the remaining heat load required. If there is not sufficient biogas on-site to meet the
heating demand from the anaerobic digester system, natural gas can be imported from the gas
network and used to supply the heating demand. Additionally, the anaerobic digester operates
in a mesophilic temperature range.

Figure 4.1 shows a diagram of the WW'TP used in the current assets scenario. The WWTP
receives the influent (raw sewage) and a preliminary treatment removes large debris. Subse-
quently, there is a primary treatment which consists of grit removal and primary sedimentation.
The raw sewage sludge produced in the sedimentation tank enters the anaerobic digester (AD)
where it is treated, generating biogas as a co-product. The generated biogas can be used in the
CHP system, which generates power and heat, and/or boilers to generate extra heat, if needed.
If the on-site biogas is not enough to supply the thermal energy required for the anaerobic
digesters, the WWTP can import natural gas from the gas grid to be used in the boilers. After
digestion, the digested sludge is disposed of.

Most WWTPs are primarily operated based on standard and traditional guidelines that were
established from operational experience and historical processes. Therefore, these facilities
usually do not explore their maximum operation capacity and/or efficiency. In order to take
advantage of this potential, an operation model is proposed and the results are compared
with the historical and operational data from a large-scale WWTP. As mentioned previously,
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the proposed operation model aims to minimise the operating costs for the WWTP, and the
formulation is presented in the following.
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Figure 4.1: System configuration (Current Power Generation Assets)
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4.3 Model Framework and Design

In this section, the model framework for the operation model of the current power generation
assets is presented, including the general assumptions and mathematical formulation.

In this study, an operation model is proposed and it aims to minimise the operating costs
of a large-scale WWTP using only the current power generation assets. The outputs of the
operation model include an optimal temperature for the anaerobic digestion and the minimal
operating costs for the WWTP. The operation model uses the biogas model proposed in [265]
to calculate and forecast the biogas production based on a range of mesophilic temperatures,
which is omitted here. The optimisation problem is formulated as a mixed integer linear problem
(MILP), and the model formulation is provided below.

As presented in Section 3.4.3b, the equations related to biogas volume inside the digester are
defined in (3.10 - 3.15).

Eq. (4.1) describes the time constraint for the volume of the biogas inside the anaerobic digester,
where Viiogas,, (t) and Viiogas,,. (t) are the biogas volumes stored and discharged, respectively.

%iogasad (t) - Vbiogasud (t - 1) + [Vbiogasch (t) - Vbiogasdzis (t)] (4~1)

In this study, the optimisation model considers three optimisation horizons: 1 month, 1 year
and 3 years, covering the period from 2020 to 2022. To describe the initial conditions of the

o8



biogas level, constraint (4.2) is presented. Constraint (4.2) ensures that the biogas volume
inside the anaerobic digester at the end of each day (Vjiogas,,(24*d)) is equal to the initial state
of biogas volume, denoted as Vjigas, g Note that ng is the number of days of the optimisation
horizon.

Vbiogasaa (24 # d) = Viiogas,s, -0 =1,2,3,... ng (4.2)

Figure 4.2 illustrates the biogas and natural gas utilisation in the WWTP, which summarises
the formulation defined in (4.3)-(4.14). As shown in Figure 4.2, the biogas generated can be
directly used in the CHP and boilers, flared or stored ( “charging”) in the storage. The stored
biogas can be further “discharged” to supply the CHP, boilers, or flared. Natural gas can also
be imported from the grid to supply the boilers.

Biogas

Generated 1d BRCIEEE

3

1a112a 1b le 1c 26
\ A / v

CHP

Boiler

1= Vpiogasgen (t) 1d = Vhiogasen(t)  2€ = Viiogasais_ frare (t)
1a = Voiogasgen-cnp(t) 2 = Vbiogasais(t) 3 = Vgasgria ()
1b = Vbiogasgen-poiter (t) 2@ = Vbiogasais—cnp ()
1c = Vbiogasgen—fiare ) 2D = Vhiogasas_pouer (1)

Figure 4.2: Biogas and natural gas components (Current WWTP configuration)

Egs. (4.3) and (4.4) define the boundaries for the two operations - biogas charging and dis-
charging, respectively. The binary variable uqq(t) is used to control whether biogas charging or
discharging occurs at a specific time ¢, ensuring that both states do not happen simultaneously.
Thiogase, AN Thiogas,;. are the maximum charging and discharging rates for the biogas operation
in the anaerobic digestion system, respectively, and At is the time interval.

Vio as t
0 S bthCh() S 70biogasch : uad(t) (43)
Vio aS ;s t
0< omsanll) 11— ) (4.0

The total volume of biogas generated in the WWTP (Viipgas,., (t)) can be divided into dif-
ferent components, including CHP system (Viiogas,en_on, (t)); bOiler (Viiogas,en_poier (1)), flare
(Vbiogasgen— iare (1)) and/or stored (Vhiogas,en_oorea(t)), the latter of which is referred to as “charg-
ing”, as shown in (4.5) . Similarly, Eq. (4.6) represents the breakdown for the stored component
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(Vbiogasa:s () (t)), which includes ( “discharging”) biogas to supply the CHP (Vhiogasyss_on, (1)),
boiler (Viogasass_souer (t)); and flare (Voiogasys,_ j1are (t)). Constraint 4.7 limits the upper and lower
boundaries of the generated biogas, where Viioen . “is the maximum biogas volume that can be
generated in the WWTP.

%io.qasgen (t) = ‘/biogasgen—chp (t) + %iogasgen—boiler (t) + %iogasgen—flare (t) + %iOQQSCh (t) (45)

Vbiogasdi5 (t) = ‘/E)iogasdisfchp (t) + %iogasdisfboiler (t) + Vi)iogaé‘disfﬂwe (t) (4'6)
0 S ‘/biogasgen (t) S ‘/E)rz'r(l)z);sgen (47)

4.3.1 Biogas Components

a. CHP system

Eq. (4.8) states the total volume of gas consumed by the CHP system, Viiogas,,, (t), which
is equal to the sum of two components: Viiogas,.,_on, (t) a0d Viiogasgs,_ o, (t). Constraint (4.9)
states the upper and lower boundaries of the total biogas volume used in the CHP units, where
V/ax is the maximum value.

biogaschp
%iOQaSchp (t> = %iogasgenfchp (t) + ‘/biogasdisfchp <t> (48)
0 S %iogaschp (t) S %?;E;);schp (49)
b. Boiler

Similarly, Eq. (4.10) states the total volume of gas consumed in the boilers, Viipgas,,ie. (£)-
Constraints (4.11) and (4.12) state the upper and lower boundaries of the total volume of
biogas and natural gas can that can be used in the boilers, and express the maximum volume
of natural gas that can be imported from the gas network, respectively. Vji*% ~ is the
maximum volume of gas (including both biogas and natural gas) that can be used by the
boilers, and Vgr;‘j;‘”d is the maximum volume of natural gas that can be imported from the gas
network. Vi, ., (t) and uge(t) are the volume of natural gas imported, and the binary variable

which controls whether natural gas is imported or not from the network, respectively.

%io.gasboiler (t) = ‘/biogasgen—boiler (t) + %iogasdis—boiler (t) (410)
O S ‘/biOgasboiler (t) + ‘/vgasgrid (t> S V;)rz%?:zsboiler (411)

0 < Vs, < VI () (4.12)

— gasgrid — gasgrid
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c. Flare

Eqs. (4.13) and (4.14). state the total biogas flared (Vhiogas,.,.(t)) and the upper and lower
boundaries, respectively. Vyzon, - is the maximum value of biogas that can be flared in the
WWTP.

%io.qasflare (t) = ‘/biogasgen—flare (t) + %iogasdis—flare (t) (4 13)
O S %iogasfla're (t) S ‘/;)I’L'I;Z};Sflare (4' 14)

4.3.2 Current Power Generation Assets

a. CHP system

The electrical power (P.,(t)) and heating power (Qp(t)) from the CHP system are defined
in (4.15) and (4.16), respectively, and Eq. (4.17) expresses the quantity of heating power
generated from the boilers (Qpoiter(t)). As stated in (4.17), the boilers can be supplied by two
sources, on-site biogas or natural gas imported from the gas grid. 7e,np, Min,,, and nim,,,., are
the electrical and thermal efficiencies for the CHP system, and thermal efficiency for the boilers.
Cppiogass Cpgas aNd Kjy, are the calorific power of biogas and natural gas, and the conversion factor
from MJ to kWh, respectively.

Vio as t)- i e : k'w
Pchp<t) _ biog chp( ) CIZ@;gas 77 chp J (415)

o ‘/;n'Ogaschp (t) ’ Cpbiogas ' nthchp ’ kjw

Qenp(t) = A (4.16)
Viiogasyoino (E) = Cpp. A Vigas. . (T) - . Y
Qboiler(t) — [ b g bozlev‘( ) Cpblogas gAth'Ld( ) Cpgas] ,r]thbozle'r J (417)

Constraints (4.18) and (4.19) define the upper and lower boundaries of the electrical power and
heating power from the CHP units, and constraint (4.20) limits the maximum heating power in
the boilers. P72 and Q%2 are the maximum limits of the electrical power and heating power

chp chp
generation from the CHP system, and @Qj.3%, is the maximum limit for the boilers.
0 < Pap(t) < P> (4.18)
0 < Qu(t) < QI (4.19)
0 S Qboiler(t) S Qgcl)?l);r (420)

b. Grid

Eqgs. (4.21) and (4.22) impose the boundaries for the power imported from the grid (Pyq(t))

and exported to the grid (Puq(t)), respectively. Pre¥ and Ppiy are the maximum imported
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and exported limits, and ug,4(t) is the binary variable that is 1 if the grid is supplying power
during period ¢, and 0 otherwise.

0< PgTid(t) < Pgn;?;( * Ugrid (421)
0 < Powa(t) < P - [1 — tigria (4.22)

c. Balance equation (Electrical component)

Eq. (4.23) defines the power balance equation in the WWTP. P,,,(t) is the power consumption
from the WW'TP.

Pyria(t) + Penp(t) = Puwtp(t) + Poota(t) (4.23)

d. Thermal (Sewage Sludge)

Eq. (4.24) states that the combined heating power generated by the CHP and boilers should
be equal to or higher than the total thermal power required from the anaerobic digester system
(Qua(t)). In this model, it is assumed that the total heating power used in the anaerobic
digestion is equal to the total thermal power required for heating the sludge (Qs(t)), as shown
in (4.25). Eq. (4.26) represents the heating balance equation for the anaerobic digestion system,
where Qaq,,.. (1), mss(t), hss and dgs are the heating loss power in the anaerobic digesters, sludge
mass flow into the digester, specific heat capacity of sludge, and sludge density, respectively.
T,..(t) and T,4(t) are the sludge temperatures in the sedimentation tank and in the anaerobic
digester, respectively. Note that T,4(t) is the decision variable to be determined.

Qad(t) S Qchp(t) + Qboiler(t) (424)
Qad(t) = st(t> (425)
Qss(t) = miss(t) - hos - [Tad,, (1) = T1(1)] - dss + kjuw + Qady,, (1) (4.26)

Constraint (4.27) limits the temperature inside the anaerobic digester. Operational tempera-
tures for the acidogenesis and methanogenesis stages typically range from 25 °C to 35 °C and
32 °C to 42 °C, respectively [15]. Mesophilic temperature regimes, which operate between 30
°C and 40 °C, have long been adopted for anaerobic digestion due to their good operational
performance, low energy demand, and good process stability. In this study, a mesophilic tem-
perature regime was considered, with the operational temperature for the anaerobic digestion
ranging between 34 °C and 40 °C [266], [267].

TR < Tog(t) < T (4.27)

Eq. (4.28) expresses the equation calculating the specific heat of the sludge (hss). Ay, has, and
cts,, are the specific heat capacity of water, the specific heat capacity of digested sludge, and
the total solids concentration in the sludge, respectively.

hss = hw . (]. — CtSss) + hds * Ctsgs (428)
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e. Objective Function

The objective function defined in (4.29) aims to minimise the operating costs of the WWTP, and
it includes two parts: electricity costs and gas costs. Cee,,,(t) and cee,,,(t) are the electricity
prices for importing and exporting from the grid, and ¢y, (¢) is the gas price for importing
natural gas if there is not enough biogas on-site. cge,..(t) and cyqs,,. (t) represent the electricity
and gas network usage prices, respectively, while ce,,, (t) and cee,,,., () correspond to electricity
prices associated with network capacity and other charges (including environmental and system
operator costs), respectively. Ay is the distribution loss factor for the load for a specific location
in the network grid, and Pyuip,,, (t) is the demand capacity of the WWTP.

Pyria(t) - iy + (Cetenmy () 4 Cetenee (t) + Cetepyper (£))

Mm;{

+ watpcap (t> : CElecap (t) - PSOld(t) ' Celeexp <t> : At (429)

+

‘/gasgrid (t) ’ (Cgasimp (t) t Coasuze (t))] }

As mentioned previously, the primary heating source for the anaerobic digester comes from the
CHP units, which operate solely on on-site generated biogas. Boilers serve as a supplementary
heating source and can operate on either this biogas or natural gas supplied from the external
gas network. The proposed optimisation provides an optimal temperature for the anaerobic
digestion process to achieve the minimum operating cost for the WWTP.

4.4 Simulation Results

This section presents the outcomes of the proposed operation model using the current power
generation assets. Firstly, the key assumptions that underpin the analysis and simulation
framework are highlighted. In sequence, the simulation results from the selected case studies
are presented. The findings are analysed and discussed to highlight their implications, uncover
patterns, and assess their alignment with the research objectives.

4.4.1 Inputs and Assumptions

This section presents the main inputs and key assumptions that underpin the analysis and
simulation framework. Subsequently, the simulation results from the selected case studies are
presented. The findings are analysed and discussed to highlight their implications, uncover
patterns, and assess their alignment with the research objectives.

As previously mentioned, a large-scale WWTP located in Sydney, Australia, was used as a
reference to perform the analysis in this study. The considered WWTP treats an average of 500
million liters of sewage wastewater daily and operates the anaerobic digestion at a temperature
of 38°C. Figure 4.3 illustrates the daily biogas production and sewage sludge volume from the
primary settlement tank, which feeds the anaerobic digester. Figure 4.4 shows the electricity
consumption of the WWTP.
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Figure 4.4: Electricity consumption of the WWTP

Table 4.1 shows the historical data for the WWTP, including gas production and utilisation,
power generated from the CHP system, and power imported from the grid, from 2020 to 2022.
As mentioned above, the operating temperature of the anaerobic digestion is fixed as 38°C.
The power generation system in the WW'TP used in this study consists only of a CHP system.
The biogas generated is used first on the CHP, which provides both electricity (used on-site)
and heating power (used to heat the digester). If the thermal power generated by the CHP is
not enough to maintain the temperature of the digester at the determined operating level, the
boiler is used to provide the required difference. If there is not sufficient biogas on-site, natural
gas is imported from the gas network and used in the boiler.
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Table 4.1: Historical data components of the WWTP

Year Biogas gene- Biogas Biogas Biogas WWTP CHP Grid
rated (m®) CHP (m®) boiler (m®) flared (m®) (kWh) (kWh) (kWh)
2020 13,905,311 6,143,317 1,924,351 5,837,644 28,372,386 17,641,459 10,730,927
2021 11,123,326 5,411,314 1,508,443 4,203,568 25,640,542 13,896,518 11,744,024
2022 8,357,947 4,848,034 1,483,518 2,026,395 26,244,362 12,054,349 14,190,013

Some input data, parameters, and assumptions used in the case studies are listed below:

e Methane concentration is 65% (average concentration based on historical data);

e The thermal and electrical efficiencies of the CHP system are 38% and 32%, respectively;

e The thermal efficiency of the boiler system is considered to be 80%;

e The total thermal losses on the anaerobic digestion system are 381 kW;

e CHP has a generating capacity of 2,400 kW electrical power and 2,850 kW thermal power;
e The total volume of the anaerobic digestion system is 31,800 m3, 90% of which is used for
sewage sludge digestion and 10% is used as storage.

The electricity prices (given in ¢/kWh) for buying from the retailer, exporting back to the grid,
and network charges under the Ausgrid EA370 tariff are presented in Table 4.2 .

Table 4.2: Electricity and network prices

Year Electricity Importing Network Usage Electricity
Peak Off-peak Peak Shoulder | Off-peak | Exporting
2020 13.99 7.85 2.74 1.78 1.15 6.55
2021 11.28 6.13 2.80 1.81 1.17 5.11
2022 10.68 5.29 2.85 1.81 1.193 4.41

A fixed gas price of $0.0387/MJ and a network charge of $0.52/day were assumed. In this
study, the WW'TP is considered to sell biomethane directly to the gas market. Unlike several
European countries with well-established feed-in tarriff schemes for biomethane injection, Aus-
tralia currently lacks a nationwide framework. As a result, the exported gas energy price is
assumed to be 30% of the imported gas price.

4.4.2 Case Studies

The optimisation of the operation model aims to minimise the operating costs of the power
generation system for a specific WWTP.

An academic solver, Gurobi, was used to solve the optimisation problem. By minimising the
operating costs, the proposed operation model finds the optimal operating temperature of
the anaerobic digestion. Since the temperature is a decision variable, the optimal digestion
temperature can vary depending on the time period under consideration.

Different case studies were examined, including:

e Base case: Optimised case considering the CHP system only. If the biogas surplus cannot be
stored on top of the digesters, it is flared to maintain the system’s secure and safe operation.
e Case 1: In addition to the base case, it considers a biogas upgrading system which converts
raw biogas into biomethane for injection into the gas network.

e Case 2: In addition to Case 1, it considers co-digestion of sewage sludge and fat, oil, and
grease (FOG) to increase biogas production.
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e Case 3: In addition to Case 2, it considers a 50% increase in the capacity of the CHP system.

a. Base Case

Tables 4.3 and 4.4 show the simulation results based on three different optimisation horizons for
the base case. Table 4.3 illustrates the results for the 1-year and 3-year optimisation horizons
from 2020 to 2022, including the operating digestion temperature, total operating cost, total
biogas consumed by both the CHP system and boiler, the biogas flared, and the total gas
imported from the grid for the WWTP. Over the 3-year optimisation horizon (2020-2022),
the digester operating at T,; = 34°C produced a total of 34.5 million m® of biogas. The
majority of this gas was directed to the CHP, with 26.8 million m? utilised (approximately 78%
of production), while the boiler consumed only 0.8 million m® (about 2%). Despite this high
CHP share, a considerable amount, 6.8 million m?® (20%), was flared due to the lack of storage,
limited boiler operation and/or limited CHP capacity. The CHP system generated approx.
55.8 GWh across the three years, which significantly reduced grid reliance. Nevertheless, grid
imports still reached 24.5 GWh, particularly in 2022 when biogas production declined to 8.6
million m?, the lowest in the period. Although the highest volume of biogas was generated
in 2020, operating costs was about $1.4 million and decreased in 2021 despite lower biogas
production. In 2020, operating costs reached the highest value ($1.48 million), largely due to
higher grid electricity purchases and reduced biogas availability compared to previous years.
Across the 3-year horizon, total operating costs amounted to $3.87 million, confirming the
strong link between biogas availability, CHP utilisation, and cost performance

Table 4.3: Result summary for 1-year and 3-year optimisation horizons - Base case (Current generation
assets)

Biogas Biogas Biogas Biogas Gas Grid CHP Energy Elec. Gas Op.
gen CHP boiler flared grid imp. gen sold costs costs costs

(m?) (m?) (w?) (%) (w) (kWh) (kWh) (kWh) (8$) % 3

Year

°C)

2020 34 14,139,666 9,964,719 211,815 3,963,132 3,842 7,675,034 20,728,273 30,921 1,386,626 5,545 1,392,171
2021 34 11,720,727 9,428,533 266,941 2,025,253 0 6,034,120 19,612,917 6,496 1,003,878 190 1,004,068
2022 34 8,594,513 7,444,189 322,226 828,098 5 10,760,159 15,485,151 949 1,475,500 197 1,475,697

20-22 34 34,454,906 26,836,671 800,983 6,817,252 3,847 24,470,262 55,824,741 37,714 3,866,176 5,932 3,872,109

In this Base Case, Table 4.3 presents the results for the 1-month optimisation horizon from
2020 to 2022, while Figure 4.5 provides a breakdown of electricity consumption at the WW'TP,
generation from the CHP, and imports from the grid. Additionally, Figure 4.6 shows the
monthly biogas production alongside its utilisation in the CHP and boiler systems, as well as
the amount flared.

As shown in Table 4.3 and Figure 4.5, the CHP system ensured a reliable supply of electricity
across all months, generating between 1.6-1.8 GWh per month, far exceeding grid imports
or exports. Electricity imported from the main grid, however, showed significant variability,
ranging from under 200 MWh, in low-demand months, to more than 1.5 GWh when biogas
production was low and, consequently, CHP output was insufficient, as observed in mid-2022.
Electricity exports were minimal, indicating that nearly all generated electricity was consumed
on-site. Operating costs closely followed the level of grid reliance: when imports were low,
costs fell in the range of $47,000-370,000, whereas months of heavy grid dependence saw costs
escalate above $175,000. On average, monthly operating costs remained between $90,000 and
$150,000, highlighting the sensitivity of operating expenses to external electricity purchases.
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Table 4.4: Result summary for 1-month optimisation horizon - Base case (Current generation assets)

Biogas Biogas Biogas Biogas Grid CHP Energy Elec. Gas Op.

Period (°g) gen CHP boiler flared imp. gen sold costs costs costs

(m?) (m’)  (w’) (w’)  (kWh) (kWh) (kWh) (8$) () (8)
Jan-20 34 890,754 744,991 19,077 126,686 790,501 1,549,706 0 137,298 5,371 142,669
Feb-20 40 1,071,685 783,295 5,564 282,825 579,032 1,629,383 2,379 105,673 15 105,688
Mar-20 40 1,170,679 857,429 82 313,167 882,364 1,783,596 0 151,399 16 151,415
Apr-20 34 1,082,287 830,643 0 251,644 824,158 1,727,875 453 143,186 16 143,201
May-20 34 1,168,472 858,393 0 310,080 467,429 1,785,600 1,868 91,857 16 91,874
Jun-20 34 1,438,646 830,703 985 606,958 580,933 1,728,000 9,310 106,372 16 106,388
Jul-20 38 1,376,051 841,374 75,553 459,124 736,056 1,750,199 16,793 127,512 16 127,528
Aug-20 39 1,386,501 858,288 146,235 381,978 725,206 1,785,382 0 128,283 16 128,299
Sep-20 34 1,393,769 830,700 74,188 488,881 462,598 1,727,994 14 90,952 16 90,967
Oct-20 34 1,160,026 855,610 33,894 270,522 507,716 1,779,811 33 95,937 16 95,953
Nov-20 35 993,105 822,032 18,737 152,336 511,525 1,709,963 688 97,309 16 97,324
Dec-20 39 1,111,633 855,425 30,133 226,075 599,468 1,779,426 0 109,761 16 109,777
Jan-21 40 1,267,015 855,459 20,525 391,032 595,598 1,779,497 0 94,877 16 94,893
Feb-21 38 1,195,497 775,310 3,773 416,415 404,525 1,612,773 35 71,473 15 71,488
Mar-21 40 1,035,389 796,245 1,791 237,353 641,637 1,656,321 0 101,712 16 101,728
Apr-21 40 873,108 770,951 32 102,126 695,035 1,603,706 712 106,370 16 106,385
May-21 38 721,299 690,311 0 30,988 1,100,783 1,435,961 0 155,506 16 155,522
Jun-21 34 650,376 642,917 0 7,460 587,460 1,337,374 256 91,793 16 91,808
Jul-21 34 779,937 766,005 2,261 11,672 368,255 1,593,417 3 67,289 16 67,305
Aug-21 34 1,077,673 857,654 58,471 161,548 189,555 1,784,062 3,637 47,239 16 47,255
Sep-21 34 1,018,515 824,678 77,365 116,472 209,192 1,715,468 1,079 48,666 16 48,682
Oct-21 34 916,331 775,933 73,209 7,188 385,543 1,614,071 594 70,204 16 70,220
Nov-21 34 1,118,288 830,703 44,941 242,645 286,561 1,728,000 139 57,995 16 58,011
Dec-21 38 1,167,844 858,390 71,719 237,734 536,621 1,785,594 15 88,835 16 88,852
Jan-22 0 1,176,049 858,386 52,814 264,849 400,320 1,785,587 85 69,710 16 69,726
Feb-22 40 1,048,344 775,199 7,988 265,156 466,234 1,612,543 0 74,537 15 74,552
Mar-22 40 854,718 819,288 0 35,430 955,212 1,704,255 0 131,277 16 131,293
Apr-22 40 847,798 802,718 0 45,079 515,030 1,669,788 0 81,258 16 81,274
May-22 38 617,813 617,813 0 0 896,809 1,285,155 0 122,664 16 122,680
Jun-22 35 621,075 620,796 279 0 675,879 1,291,359 0 96,685 16 96,700
Jul-22 34 408,373 369,288 39,085 0 1,502,020 768,180 0 191,343 16 191,359
Aug-22 34 465,108 368,390 96,718 0 1,379,156 766,313 0 175,028 16 175,044
Sep-22 34 353,877 239,892 113,985 5 1,489,637 499,015 0 187,273 23 187,296
Oct-22 34 454,127 385,083 69,044 0 1,391,985 801,036 0 178,078 16 178,094
Nov-22 34 798,920 752,815 2,069 44,036 776,034 1,565,981 225 110,306 16 110,322
Dec-22 40 1,053,751 858,287 22,778 172,686 262,911 1,785,380 1,146 54,153 16 54,169
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Figure 4.5: Breakdown of electricity components - Base Case (Current generation assets)
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Figure 4.6: Biogas production and utilisation - Base Case (Current generation assets)

As illustrated in Figure 4.6 and Table 4.3, biogas generation was generally high, with most
months exceeding 1 million m3, peaking at around 1.4 million m?® in mid-2020. The lowest
production occurred in Sep-22, with only about 353,800 m? generated. The majority of biogas
was consistently directed to the CHP system, which consumed approximately 800,000-860,000
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m? per month. In contrast, the boiler played only a minor and intermittent role, with consump-
tion remaining minimal in most months but rising to around 100,000 m?® in Aug-20, Aug-22,
and Sep-22, when the CHP utilisation was reduced. When the digester operated at 3840 °C,
monthly biogas generation commonly exceeded 1.1 million m?, as seen in early 2020 and 2021.
In comparison, at 34-35 °C, generation typically dropped to around 850,000-1,000,000 m3.
Surplus gas was often flared, particularly during months of high production combined with low
boiler use, exceeding 600,000 m?® in some cases due to the absence of biogas storage facilities
on-site. In contrast, periods of efficient utilisation, such as mid-2022, saw flaring fall close to
zero. Overall, the results indicate that while the CHP provided a stable and efficient pathway
for biogas conversion, significant surpluses were frequently lost through flaring, representing a
missed opportunity for additional energy recovery and cost optimisation.

b. Case 1

For Case 1, biogas storage and biogas upgrading system were considered. As shown in Figure
4.7, the biogas generated can be directly used in the CHP and boiler, stored ( “charging”)
or upgraded into biomethane and sold to the gas grid. The stored biogas can be further
“discharged” to supply the CHP and boiler, or be upgraded and sold. Natural gas can also be
imported from the grid to supply the boiler.

Biogas Biogas Se
Generated Storage

Boiler

1.5 megﬂsgsn (t) la= Vbio.gasgsn—chp (t) b= megasgen—boiisr(t)
lc= beoﬂasgsn—up (t) 1d = Vbiogascy, (t) 2= Vbiogasm-s (t)
2a = Vbiogasdis_chp(t) 2b= beogasd,-a_bo,-lw(t) 2e= Vbiogasdm_w (t}

3= %asg,-,d(t) 5e = Vbiomer(t)

Figure 4.7: Biogas, biomethane and natural gas components (Case 1 - Operation model)

The biogas upgrading system is required to convert the raw biogas into biomethane to meet
the gas network requirements for grid injection. In Australia, the system operator, AEMO,
defines the lower and upper limits for gas heating values to be 36 MJ/m? and 42.3 MJ/m3,
respectively, which translates to a minimum concentration of 93% of methane in the biomethane.
Additionally, the maximum levels of hydrogen sulphide, sulphur and moisture in the biomethane
are 5.2 mg/m®, 50 mg/m® and 73 mg/m?®, respectively [15], [67]. For Case 1, the following
assumptions were considered:

e The power consumption of the biogas upgrading system is 0.25 kW /m? biogas.
e All converted biomethane is injected into the gas network.

Egs. (4.30) and (4.31) are updated (based on Egs. (4.5) and (4.6)) to consider the biogas
component that will be further stored and upgraded into biomethane.
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%io.gaSgen (t) - ‘/l-n'o.qasgenfchp (t) + %iogasgenfboiler (t> + ‘/bio.gasgcn—up (t) + %iogasch (t) (430)
%iogasdis (t) = ‘/biogasdisfchp (t) + ‘/biogasdisfboiler (t) + ‘/biogasdisfup (t) (431)

Eq. (4.32) describes the biogas to be upgraded (Viiogas,,(t)) to biomethane, and contraint
(4.33) states its upper and lower boundaries, Viiogas., 1S the maximum value of biogas that can

be upgraded. Viiogasgen—up (t) a0d Viiogass,_., () are the portions of the biogas generated and
discharged which will be upgraded to biomethane, respectively.

%iogasup (t) = %iogasgen_up (t> + ‘/biogasdis,up (t) (432)
0 S ‘/biogasup (t) S %I;:;E;);sup (433)

Eq. (4.34) describes the total volume of biomethane converted (Viiomet(t)), and constraint
(4.35) states the upper and lower boundaries, where ngg;j is the upper limit for gas injection
into the gas network. Eq. (4.36) defines the conversion factor from upgrading raw biogas into
biomethane, where £, is the conversion factor from raw biogas to biomethane, and c.a4,,,,,., 15

the methane concentration into the biomethane.

‘/biomet(t) - ‘/biogasup (t) : kup (434)
O S %iomet(t) S Vﬁ?j; : [1 - ugas(t)] (435)
Cehd, :
Foup(t) = oo (4.36)
CCh4biomet

Eq. (4.37) defines the power used in the biogas upgrading system, and constraint (4.38) states
the power used in the upgrading system, where P,)**, and r,;, represent the maximum allowable
power for the upgrading system and the power consumption rate per unit of biogas upgraded,

respectively.
P (t) = [Vbiogasgen—up () A+t Viiogasass—up ()] ry(8) (4.37)
0 < P, (t) < Pm (4.38)
The balance equation in (4.39) is also reformulated (based on Eq. (4.23) to include the power
required from the biogas upgrading system (P, (t)).

Pyria(t) + Penp(t) = Psora(t) + Puwtp(t) + Pup(t) (4.39)

The objective function for Case 1 is updated as shown in (4.40) to incorporate the revenue
from biomethane injection.In this context, cgqs.,,(t) denotes the price of biomethane injected

into the gas network.

Mmzt:{

Pgrid(t) ’ )\dlf ’ (celeimp (t) + Celeuse (t) + Celeother (t))

+ Pw'U)tpcap (t) ’ Celecap (t) - P501d<t) ’ CEleezp (t) ' At (440)

_|_

‘/gasgrid (t)- (Cgasz'mp (t) + Cgasuyse (t)) — Vhiomet (t) - Cgaseap (t)] }

Table 4.5 presents the simulation results based on 1-year and 3-year optimisation horizons
from 2020 to 2022. Over the 3-year optimisation horizon (2020-2022) at T,, = 34°C, total
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biogas production remained 34.45 million m?, consistent with the base case. In this scenario,

24.34 million m? (approx. 71%) of biogas was utilised by the CHP system, while the boiler
consumed 0.8 million m? (around 2%). A significant portion, 9.31 million m?, was upgraded
into biomethane, resulting in approximately 6.37 million m? of biomethane which was injected
into the gas grid. The CHP system produced 50.63 GWh of electricity, slightly lower than
the base case, due to a share of the biogas being diverted for upgrading. Grid electricity
imports accounted for 31.95 GWh, representing the portion of electricity demand not covered
by CHP system. Total operating costs over the three-year period amounted to $2.01 million,
a substantial reduction compared to the base case. This cost saving was primarily attributed
to the added revenue from biomethane injection, which led to negative gas costs (i.e., financial
credits or offsets of up to $2.66 million over 3-years). In summary, the results show that
integrating biogas upgrading enables the WW'TP to maintain on-site electricity generation via
CHP while producing an additional revenue through biomethane injection. This dual benefit
enhances operational flexibility, improves energy efficiency, and significantly reduces overall
operating costs.

Table 4.5: Result summary for 1-year and 3-year optimisation horizons - Case 1 (Current generation

assets)
Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas Op.
Year ¢ en CHP boiler upgrade thane imp. en costs costs costs
°C) g g g
(m®) (m®) (m®) (m?) (m’)  (kWh)  (kWh) (8) () ()

2020 34 14,139,666 8,984,902 212,616 4,942,149 3,381,470 10,917,832 18,690,091 1,779,502 -1,408,504 370,998
2021 34 11,720,727 8,701,151 266,949 2,752,626 1,883,376 8,228,856 18,099,842 1,225,879 -787,393 438,486
2022 34 8,594,513 6,655,228 322,182 1,617,103 1,106,439 12,804,655 13,843,982 1,663,235 -462,489 1,200,746

20-22 34 34,454,906 24,341,300 801,747 9,311,859 6,371,272 31,951,298 50,633,955 4,668,645 -2,658,381 2,010,264

For Case 1, Table 4.6 presents the results for the 1-month optimisation horizon from 2020 to
2022, providing a detailed overview of the system’s operational performance. Figure 4.8 com-
plements this by showing the breakdown of electricity consumption at the WW'TP, generation
from the CHP system, and imports from the grid, while Figure 4.9 illustrates the monthly
biogas production along with its utilisation across the CHP, boiler and upgrading systems.

Table 4.6: Result summary for 1-month optimisation horizon - Case 1 (Current generation assets)

Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas Op.
Period (og) gen3 CH3P Boi:l))er upgrgde thagle imp. gen costs costs Costs

(m”) (w’) () () (w”)  (kWh) (kWh)  (8) (%) (8)
Jan-20 34 890,754 661,649 19,077 210,029 143,704 1,016,374 1,376,340 163,772 -54,722 109,050
Feb-20 39 1,068,261 725,567 2,395 340,298 232,836 781,810 1,509,301 130,636 -97,351 33,285
Mar-20 40 1,170,679 776,473 82 394,124 269,664 1,149,299 1,615,192 183,150 -112,751 70,400
Apr-20 40 1,103,439 751,066 20 352,353 241,084 1,077,326 1,562,343 173,242 -100,800 72,443
May-20 39 1,187,503 793,076 2,580 391,847 268,106 699,393 1,649,730 119,893 -112,099 7,794
Jun-20 35 1,443,332 774,381 3,557 665,394 455,270 855,129 1,610,842 141,665 -190,367 -48,702

Jul-20 34 1,358,353 807,231 18,657 532,464 364,318 923,404 1,679,174 152,666 -152,333 333
Aug-20 34 1,364,281 843,399 55,161 465,722 318,652 872,609 1,754,409 147,294 -133,236 14,058
Sep-20 34 1,393,769 821,657 74,188 497,924 340,685 605,875 1,709,184 109,772 -142,451 -32,679
Oct-20 34 1,160,026 835,958 33,894 290,174 198,540 621,107 1,738,931 109,852 -83,009 26,844
Nov-20 34 989,880 790,972 10,555 188,353 128,873 622,535 1,645,354 110,527 -53,876 56,651

Continued on next page
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Table 4.6 — continued from previous page

Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas Op.
Period (og) gen CHP Boiler upgrade thane imp. gen costs costs Costs
(m?) (m*)  (m°)  (m%) (m®)  (kWh) (kWh)  ($) (%) (8)

Dec-20 36 1,100,944 824,648 3,107 273,190 186,919 731,788 1,715,404 125587 -78,149 47,438
Jan-21 36 1,250,824 792,407 179 458,238 313,531 841,317 1,648,338 120,012 -131,095 -11,083
Feb-21 34 1,180,121 660,575 519,546 355,479 773,044 1,374,106 109,082 -148,638 -39,556
Mar-21 34 1,015,541 649,181 366,360 250,668 1,039,144 1,350,404 141,165 -104,307 36,358
Apr-21 34 856,371 616,875 239,496 163,866 1,074,699 1,283,203 144,273 -68,509 75,764
May-21 34 712,022 603,879 108,143 73,993 1,307,611 1,256,169 175,549 -30,926 144,624
Jun-21 34 650,376 619,745 0 30,632 20,959 643,064 1,289,172 97,344 -8,749 88,595
Jul-21 34 779,937 740,094 2,247 37,596 25724 431,550 1,539,519 73,584 -10,741 62,843
Aug-21 34 1,077,673 840,375 58471 178,826 122,355 266,566 1,748,120 55,119 -51,150 3,970
Sep-21 34 1,018,515 811,876 77,365 129,274 88,451 267,064 1,688,836 54,524 -36,972 17,551
Oct-21 34 916,331 767,766 73,232 75,333 51,544 420,773 1,597,080 73,750 -21,538 52,211
Nov-21 34 1,118,288 807,287 44,941 266,060 182,041 401,645 1,679,292 69,852 -76,110 -6,257
Dec-21 34 1,152,823 826,741 10,686 315,397 215,798 681,291 1,719,759 103,622 -90,225 13,396
Jan-22 34 1,153,505 774,960 421 378,124 258717 668,308 1,612,045 94,537 -108,173 -13,636
Feb-22 34 1,028,247 644,508 0 383,740 262,559 834,027 1,340,684 108,319 -109,781 -1,462
Mar-22 34 838334 639,162 0 199,171 136,275 1,379,696 1,329,564 170,082 -56,971 113,111
Apr-22 34 831,546 601,807 0 229,739 157,190 990,394 1,251,858 124,714 -65,717 58,996

0
0
0
0

May-22 34 609,867 554,020 0 55,847 38,211 1,043,471 1,152,454 135,267 -15,963 119,305
Jun-22 34 619,058 596,642 124 22292 15252 731,696 1,241,115 101,620 -6,363 95,258
Jul-22 34 408,373 368,608 39,172 592 405 1,503,583 766,766 191,522  -153 191,368
Aug-22 34 465,108 368,390 96,718 0 0 1,379,156 766,313 175,028 16 175,044
Sep-22 34 353,877 239,924 113,953 0 0 1,489,570 499,083 187,267 39 187,306
Oct-22 34 454,127 385,083 69,044 0 0 1,391,985 801,036 178,078 16 178,094

Nov-22 34 798,920 712,909 2,069 83,942 57,434 879,807 1,482,969 119,829 -24,002 95,827
Dec-22 34 1,033,551 768,299 736 264,516 180,984 515,083 1,598,190 77,246 -75,667 1,579

As presented in Table 4.6, the operating costs varied significantly across months, largely in-
fluenced by seasonal changes in biogas production and energy demand. In months of high-
production, including June-August 2020, the biogas generation exceeded 1.35 million m3, al-
lowing significant biomethane injection (approx. 455,000 m? in June 2020) which resulted in
revenues generation for the WWTP ($190,367 in June 2020) and reduced overall operational
costs. The CHP system generated about 1.61-1.75 GWh, keeping electricity costs moderate
despite relatively high grid imports (approx. 0.85 GWh in June 2020). In medium-production
months (i.e, Jan-May 2020), biogas production ranged between 0.89-1.19 million m3. The
biomethane injection contributed positively but did not fully offset energy needs, resulting in
modest operating costs (i.e., $33,285 in Feb-20 and $70,400 in Mar-20). CHP generation re-
mained high (approx. 1.38-1.61 GWh), while grid imports varied from 0.7 to 1.15 GWh to
balance electricity demand. During low biogas production months in 2021-2022, including Jun
2021 (around 650,000 m?), Jul 2022 (about 408,000 m?*), and Sep 2022 (354,000 m?), operating
costs fluctuated widely. Lower biogas availability reduced CHP output (down to 0.5 GWh in
Sep 2022) and increased reliance on grid imports (1.49 GWh in Sep 2022), which raised elec-
tricity costs. However, biomethane injection still contributed in several months, except Aug
2022 to Oct 2022, offsetting gas costs and reducing total operating costs.
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Figure 4.9: Biogas production and utilisation - Case 1 (Current generation assets)

In summary, across the three-year period, total operating costs amounted to approx. $2.01
million, with monthly variations ranging from revenue-generating months (i.e., Jun 2020, Sep
2020) to peaks above $175,000 (i.e., Jul 2022 to Oct 2022). These results highlight the critical
role of biomethane upgrading and CHP utilisation in reducing net costs, smoothing seasonal

fluctuations, and maintaining economic efficiency despite variations in biogas production and
electricity demand.
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c. Case 2

Case 2 incorporates biogas storage, biomethane injection, and the co-digestion of sewage sludge
and FOG. Co-digestion is a widely adopted strategy to enhance biogas production and increase
methane yield by mixing two or more feedstocks prior to the anaerobic digestion process [15].

For Case 2, the following additional assumptions were considered (in addition to the assumption
for Case 1):

e The operational cost of co-digestion (including delivery of FOG to the WWTP and its mixing
with sewage sludge) is assumed to be $80/tonne of substrate, covering both transportation and
mixing costs.

e A mixing ratio of 1:0.05 (sewage sludge to FOG) is used for the co-digestion process.

The objective function is updated accordingly, as shown in (4.41), to include the co-digestion
cost component. Vy,,(t) and cy,, represent the volume of FOG collected and transported to
the WWTP, and its associated cost, respectively.

Mmzt:{

Pgrid(t) : )‘dlf : (Celeimp (t) + Celeyse (t) + Celeginer (t))

+ Pw'lUtpcap (t) ’ Celecap (t) - PSOld(t) ’ CEleezp (t) ’ At

+

‘/gasgrid (t) ' (Cgasimp (t> + Cgasuse (t)) - ‘/biomEt(t) : cgasezp (t) + Vfo.g(t) : Cf()g] }
(4.41)

Table 4.7 presents the results for both the 1-year and 3-year optimisation horizons, highlighting
the impact of increased biogas production through co-digestion and its utilisation in the WWTP.

Table 4.7: Result summary for 1-year and 3-year optimisation horizons - Case 2 (Current generation

assets)
Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas AcoD Op.
Year (o‘g gen CHP boiler upgrade thane imp. gen costs costs costs costs

(m?) (m?) (%)  (m?) (m®)  (kWh)  (kWh) (%) (%) (8) (%)

2020 34 20,356,832 9,048,879 205,550 11,102,403 7,596,381 12,324,814 18,823,173 1,977,202 -3,174,217 2,083,572 886,558
2021 34 18,649,060 8,932,845 254,677 9,461,537 6,473,683 9,424,121 18,581,804 1,356,982 -2,706,949 2,038,276 688,309
2022 34 14,036,244 8,116,856 2,999 5,916,389 4,048,056 10,839,048 16,884,411 1,416,910 -1,692,610 1,515,670 1,239,971

20-22 34 53,042,136 26,098,572 463,704 26,479,860 18,117,799 32,587,881 54,289,372 4,751,073 -7,573,642 5,637,519 2,814,950

Over the three-year horizon, total biogas production reached approximately 53.04 million m?,

significantly higher than in the Base case and Case 1 scenarios. Around 26.10 million m? (ap-
proximately 49%) was used in the CHP system, producing 54.29 GWh of electricity, while the
boiler had a minimal consumption of only 0.46 million m3. The remaining amount was used
by the biogas upgrading system, which converted approx. 26.48 million m? of biogas into 18.12
million m? of biomethane which was used for grid injection, generating considerable revenues
and offsetting costs ($3.17 million in 2020, $2.71 million in 2021), reflecting benefits obtained
from biomethane sales. Electricity costs remained moderate due to the CHP’s contribution,
although grid imports were still required, ranging from 9.42 GWh/y to 12.32 GWh/y, to meet
the WWTP’s demand. The overall operational costs, including AcoD expenses, amounted to
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$2.81 million over three years. Notably, AcoD costs had a significant impact on total operat-
ing expenses compared to cases without AcoD operation, underscoring the need to carefully
evaluate its implementation; while co-digestion enhances biogas production, it also entails high
operating costs. Over the three-years period, approximately $7.57 million could be generated
by exporting biomethane to the gas grid, but AcoD operating costs accounted for more than
$5.64 million. Therefore, performing a thorough economic analysis is always necessary to assess
the profitability of integrating AcoD and biomethane injection into plant operations.

Table 4.8 summarises the results for a 1-month time horizon for Case 2, highlighting the ef-
fect of co-digestion on biogas production, biomethane generation, and plant operational costs.
Anaerobic digester temperatures ranged from 34°C to 40°C, peaking during the warmer months
of February to May, which coincided with higher biogas production. The biogas consumed by
the CHP system ranged between approximately 601,000 m? and 1,055,000 m® per month, gener-
ating between 1.25 GWh and 1.75 GWh of electricity. The maximum electricity generation by
the CHP system was observed during August 2020, August 2021, and December 2022. Biogas
upgrading reached up to 1.08 million m?® per month in Jun-20, which translated into substan-
tial revenues for the WWTP, helping to offset operational expenses. Grid electricity imports
varied from around 403,000 kWh to over 1.3 GWh, particularly during months with lower CHP
output or low biogas production. Total operational costs ranged from about $6,360, in Jan
2022, to nearly $170,000 in Oct 2022, while biomethane injection generated revenues in several
months (between $12,800 and $309,000), helping to reduce the total WWTP’s operating costs.
This monthly analysis demonstrates the combined influence of temperature, biogas production,
and biomethane injection on electricity generation, grid dependence, and the plant’s financial
performance, underlining the importance of monitoring seasonal variations and performing a
careful economic assessment when implementing co-digestion strategies.

Table 4.8: Result summary for 1-month optimisation horizon - Case 2 (Current generation assets)

Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas AcoD Op.
Period |, gen CHP boiler upgrade thane imp. gen costs costs costs costs

CO "wd) ) @) @) (m®) (kWh) (kWh) () (5) (5) (3)

Jan-20 37 1,418,189 745,739 15,702 656,748 449,354 953,132 1,551,262 155,964 -184,145 164,586 136,405

Feb-20 40 1,579,480 747,606 5,564 826,310 565,370 857,469 1,555,145 141,353 -236,409 163,212 68,156

Mar-20 40 1,728,006 777,134 82 950,790 650,540 1,287,090 1,616,567 202,914 -272,024 176,873 107,763

Apr-20 40 1,638,703 751,136 20 887,547 607,269 1,210,980 1,562,488 192,301 -253,930 169,947 108,318

May-20 40 1,734,273 806,884 6,422 920,967 630,135 802,950 1,678,453 135,492 -263,491 178,996 50,997

Jun-20 35 1,858,963 775,065 3,290 1,080,608 739,364 957,511 1,612,264 156,449 -309,169 195,627 42,908

Jul-20 34 1,831,469 812,648 18,368 1,000,453 684,520 1,029,132 1,690,443 167,622 -286,234 187,042 68,430

Aug-20 34 1,845,683 843,532 55,161 946,990 647,941 992,649 1,754,687 164,510 -270,937 189,471 83,044

Sep-20 34 1,860,772 821,657 74,188 964,926 660,213 722,626 1,709,184 126,603 -276,070 179,503 30,036

Oct-20 34 1,761,235 837,220 33,894 890,122 609,031 768,470 1,741,556 130,785 -254,666 162,266 38,385

Nov-20 34 1,572,173 795,628 10,555 765,990 524,098 757,260 1,655,038 129,218 -219,150 152,581 62,649

Dec-20 36 1,688,696 825,531 3,107 860,058 588,461 876,668 1,717,241 146,186 -246,064 163,470 63,591

Jan-21 38 1,858,458 820,926 4,520 1,033,011 706,797 925,684 1,707,664 131,656 -295,549 174,619 10,726

Feb-21 37 1,650,314 713,827 1,336 935,150 639,840 766,172 1,484,879 110,970 -267,551 181,309 24,727

Mar-21 40 1,633,111 777,533 1,676 853,902 584,249 894,035 1,617,398 127,347 -244,303 175,143 58,187

Apr-21 40 1,470,301 739,607 32 730,662 499,927 942,189 1,538,505 131,347 -209,042 160,705 83,010

May-21 40 1,393,627 744,063 0 649,563 444,438 1,151,360 1,547,775 157,801 -185,837 145,748 117,712

Continued on next page
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Table 4.8 — continued from previous page

Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas AcoD Op.
Period | gen CHP  Dboiler upgrade thane imp. gen costs costs costs costs

(O ) @) ) @) (m®)  (kWh) (kWh) (8) (%) ¢ 3

Jun-21 39 1,278,110 756,902 3,282 517,927 354,371 479,579 1,574,481 76,683 -148,174 140,186 68,695

Jul-21 34 1,416,980 771,168 860 644,951 441,282 518,750 1,604,158 82,193 -184,518 154,974 52,649

Aug-21 34 1,624,657 840,558 58,471 725,628 496,482 402,886 1,748,501 71,419 -207,601 190,224 54,042

Sep-21 34 1,579,482 812,203 77,365 689,914 472,047 406,543 1,689,516 71,061 -197,383 179,302 52,980

Oct-21 34 1,518,170 796,975 62,346 658,849 450,792 505,892 1,657,841 84,019 -188,494 168,887 64,411

Nov-21 34 1,667,234 807,287 44,941 815,005 557,635 538,881 1,679,292 86,421 -233,174 177,193 30,441

Dec-21 34 1,703,785 826,819 10,686 866,280 592,718 818,849 1,719,922 120,282 -247,844 189,987 62,424

Jan-22 34 1,830,147 774,960 421 1,054,766 721,682 837,468 1,612,045 113,930 -301,774 194,205 6,361

Feb-22 38 1,648,246 711,372 578 936,206 640,624 833,079 1,479,772 111,799 -267,879 169,629 13,549

Mar-22 39 1,414,363 729,456 684,907 468,620 1,313,303 1,517,390 165,109 -195,950 155,701 124,860

Apr-22 40 1,334,768 692,266 642,502 439,607 905,416 1,440,028 117,799 -183,817 130,930 64,911

May-22 38 1,052,957 684,366 368,590 252,193 850,515 1,423,596 110,837 -105,445 117,031 122,423

Jun-22 34 1,072,289 669,017 403,272 275,923 676,390 1,391,666 90,839 -115,369 126,371 101,841

[« Nl Nl el Nen)

Jul-22 35 744,017 627,186 116,831 79,937 994,757 1,304,651 128,970 -33,412 86,778 182,336

Aug-22 34 835,936 711,262 75 124,599 85,252 697,075 1,479,544 96,766 -35,634 103,521 164,653

Sep-22 34 646,579 601,461 277 44,841 30,680 748,724 1,251,138 102,832 -12,814 76,556 166,573

Oct-22 34 768,243 680,361 0 87,882 60,130 799,728 1,415,264 108,412 -25,129 86,367 169,650

Nov-22 34 1,226,172 744,920 1,489 479,763 328,259 912,174 1,549,557 121,463 -137,254 123,186 107,395

Dec-22 36 1,559,187 795,036 3,163 760,988 520,676 583,584 1,653,807 86,078 -217,718 145,396 13,757

Figure 4.10 illustrates the breakdown of the total electricity in the WWTP from 2020 to 2022
for Case 2, and the total operating costs. Figure 4.11 shows the biogas production considering
co-digestion of sewage sludge and FOG, and its utilisation in the CHP, boiler and upgrading
systems in the WWTP. As shown in the figures, in 2020, total biogas production increased from
1.42 million m? in January to a peak of 1.86 million m?® in September, with the CHP system
consistently utilising roughly 45-50% of the produced biogas, generating between 1.55 and 1.75
GWh per month. The boilers had minimal consumption, while biogas upgrading contributed
significantly to biomethane production, which ranged from around 0.66 to 1.08 million m? per
month, providing substantial revenues that partially offset electricity and gas costs. Overall
operational costs in 2020 fluctuated, with the highest total operating costs observed in Jan-
uary ($136,405), and the lowest in September ($30,036), largely reflecting the relationship of
biomethane revenue, AcoD costs, and electricity costs. In 2021, monthly biogas production re-
mained high but showed a slight decrease during mid-year, with the CHP continuing to utilise
a major portion and biomethane production reaching up to 0.94 million m? in January. Opera-
tional costs exhibited greater variation, with very low total operating costs in January ($10,726)
and February ($24,727) due to high biomethane revenues, while May reached the highest net
cost ($117,712), reflecting higher AcoD expenses relative to biomethane benefits. Grid elec-
tricity imports remained similar consumption throughout the year. In 2022, biogas production
declined compared to previous years, particularly from May to September, reaching a minimum
of 0.65 million m? in September. CHP utilisation remained consistent, but biomethane produc-
tion dropped, reducing the revenue offset for operational costs. Notably, operational costs had
its peak in July and August, while January and December benefited from strong biomethane
sales that nearly or completely offset the operating expenses. In summary, the results suggests
that while co-digestion enhances biogas generation and biomethane injection can substantially
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offset costs, operational expenses, especially from AcoD, can be significant and highly variable
month to month. Careful economic assessment is therefore essential to ensure profitability
across different seasons and years.
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Figure 4.10: Breakdown of electricity components - Case 2 (Current generation assets)
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d. Case 3

Case 3 considers the biogas storage, biomethane injection, co-digestion of sewage sludge and
FOG and also a 50% capacity increase of the CHP system. Tables 4.9 and 4.10 show the simu-
lation results based on both 1-year and 3-year, and 1-month optimisation horizons, respectively.
Similarly to Case 2, over the three-year period, total biogas production reached approximately
53.56 million m?, with an average digester temperature of 37 °C. About 32.8 million m? (ap-
prox. 61%) was used by the CHP system, generating 68.20 GWh of electricity, while the boiler
consumed a minimal 0.20 million m3. The upgrading system converted 20.58 million m? of
biogas into biomethane (yielding 14.08 million m® of biomethane) for grid injection, which con-
tributed to revenues and offset operational costs. Overall, total operational costs over three
years accounted for $2.40 million, with biomethane sales reducing the total operating costs,
despite significant AcoD expenses ($5.64 million), highlighting the need to evaluate economic
viability when implementing co-digestion and biogas upgrading strategies.

Table 4.9: Result summary for 1-year and 3-year optimisation horizons - Case 3 (Current generation

assets)
Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas AcoD Op.
Year (°g gen CHP boiler upgrade thane imp. gen costs costs costs costs
(m®) (m®) (m®)  (m?) (m®) (kWh)  (kWh) (8) %) (%) ()

2020 40 20,756,472 12,501,045 115,902 8,139,525 5,569,149 4,403,013 26,004,255 811,971 -2,323.411 2,083,572 572,132
2021 34 18,649,060 10,615,196 19,604 8,014,259 5,483,441 5562,732 22,081,374 839,420 -2,292,853 2,038,276 584,843
2022 40 14,310,429 10,171,330 7,969 4,131,130 2,826,562 6,119,084 21,158,060 877,002 -1,181,811 1,515,670 1,210,362
20-22 37 53,562,164 32,785,964 196,100 20,580,101 14,081,121 17,202,054 68,200,260 2,650,517 -5,884,069 5,637,519 2,403,967

The one-month optimisation results for Case 3 show that biogas production generally ranged
between 1.0-1.9 million m?® per month, except from July to October 2022 when the biogas
production was lower (i.e., between 0.65-0.84 million m?®). Most of the biogas was used by the
CHP system, while a smaller share upgraded to biomethane. Grid electricity imports varied
widely, from about 54,000 kWh to over 820,000 kWh, depending on biogas availability and CHP
utilisation. Operating costs fluctuated significantly, from a revenue of $5,370, in Sep 2020, to
over $180,000, in Jul 2022, largely influenced by AcoD costs, grid purchases, and the extent of
biomethane revenue, which ranged between $6,800 and $238,000. Overall, the results highlight
the strong interdependence between biogas generation, energy self-sufficiency, and operational
costs at the WWTP.

Table 4.10: Result summary for 1-month optimisation horizon - Case 3 (Current generation assets)

Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas AcoD Op.
Period (Q‘g gen CHP Dboiler upgrade thane imp. gen costs costs costs costs
(m®)  (m%)  (m%)  (m%) (m®)  (kWh) (kWh)  (8) (%) (8) (%)
Jan-20 38 1,422,914 907,747 16,377 498,790 341,277 576,639 1,888,265 95,062 -138,440 164,586 121,209
Feb-20 40 1,579,480 919,017 0 660,463 451,896 459,443 1,911,709 75,633 -188,957 163,212 49,888
Mar-20 40 1,728,006 977,565 0 750,440 513,459 820,071 2,033,499 124,965 -214,700 176,873 87,138
Apr-20 40 1,638,703 948,727 0 689,976 472,089 750,565 1,973,510 115,437 -197,400 169,947 87,983
May-20 40 1,734,273 970,460 0 763,813 522,609 423,395 2,018,719 72,910 -218,526 178,996 33,380
Jun-20 40 1,889,248 1,053,177 2,084 833,987 570,623 317,337 2,190,783 61,036 -238,605 195,627 18,058
Jul-20 40 1,867,532 1,122,434 11,131 733,967 502,188 318,105 2,334,849 62,993 -209,987 187,042 40,048
Aug-20 38 1,870,083 1,179,666 4,488 685,930 469,320 228,170 2,453,901 51,597 -196,242 189,471 44,825

Continued on next page
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Table 4.10 — continued from previous page

Biogas Biogas Biogas Biogas Biome- Grid CHP Elec. Gas AcoD Op.
Period | gen CHP  Dboiler upgrade thane imp. gen costs costs costs costs

(O ) @) ) @) (m®)  (kWh) (kWh) (8) (%) ¢ 3

Sep-20 36 1,872,868 1,091,842 8,236 772,791 528,752 112,563 2,271,213 36,223 -221,096 179,503 -5,370

Oct-20 39 1,789,433 1,108,550 7,908 672,976 460,457 149,771 2,305,967 40,676 -192,536 162,266 10,406

Nov-20 40 1,603,100 1,055,738 1,454 545,908 373,516 161,167 2,196,110 41,684 -156,180 152,581 38,086

Dec-20 40 1,710,471 1,074,864 0O 635,607 434,889 301,901 2,235,895 58,421 -181,844 163,470 40,047

Jan-21 40 1,870,326 1,039,504 830,823 568,458 420,460 2,162,341 65,112 -237,699 174,619 2,032

Feb-21 40 1,666,134 916,601 749,533 512,838 297,964 1,906,683 50,921 -214,442 181,309 17,787

Apr-21 40 1,470,301 873,337 596,964 408,449 630,584 1,816,685 87,968 -170,788 160,705 77,885

0
0
Mar-21 40 1,633,111 936,555 0 696,556 476,591 523,907 1,948,190 75,990 -199,283 175,143 51,850
0
0

May-21 40 1,393,627 904,876 488,751 334,408 776,640 1,882,293 105,769 -139,825 145,748 111,691

Jun-21 40 1,281,941 844,889 0 437,061 299,035 276,331 1,757,510 49,965 -125,034 140,186 65,118

Jul-21 39 1,439,996 925,777 1,804 512,416 350,600 164,004 1,925,770 39,549 -146,597 154,974 47,927

Aug-21 34 1,624,657 980,985 6,593 637,079 435,896 88,637 2,040,613 32,099 -182,265 190,224 40,058

Sep-21 34 1,579,482 970,816 7,289 601,377 411,469 54,468 2,019,458 27,957 -172,051 179,302 35,208

Oct-21 34 1,518,170 943,392 5,746 569,032 389,338 178,866 1,962,412 43,407 -162,796 168,887 49,498

Nov-21 35 1,672,792 984,181 1,043 687,568 470,441 139,053 2,047,261 36,245 -196,712 177,193 16,727

Dec-21 38 1,725,542 1,068,297 1,220 656,025 448,859 263,971 2,222,235 50,869 -187,686 189,987 53,169

Jan-22 40 1,866,150 1,037,977 180 827,993 566,521 233,655 2,159,165 44,467 -236,890 194,205 1,782

Feb-22 40 1,658,411 896,357 762,054 521,406 404,719 1,864,571 57,909 -218,025 169,629 9,513

Mar-22 40 1,418,772 948,070 470,702 322,059 805,000 1,972,142 99,040 -134,661 155,701 120,080

Apr-22 40 1,334,768 820,410 514,358 351,929 606,818 1,706,589 78,082 -147,153 130,930 61,859

May-22 38 1,052,957 772,883 280,073 191,629 644,256 1,607,726 83,794 -80,119 117,031 120,707

Jun-22 34 1,072,289 736,190 336,098 229,962 519,864 1,531,398 70,213 -96,149 126,371 100,435

Jul-22 35 744,017 685,742 58,275 39,872 838,312 1,426,458 111,303 -16,657 86,778 181,423

o|lo|lo|lo|loc|lo| O

Aug-22 34 835,936 760,443 75,493 51,663 582,493 1,581,849 81,895 -21,584 103,521 163,832

Sep-22 34 646,579 622,318 277 23,983 16,410 700,123 1,294,525 96,547 -6,847 76,556 166,257

Oct-22 34 768,243 724,943 0 43,300 29,626 695,844 1,508,003 94,967 -12,373 86,367 168,960

Nov-22 39 1,246,447 929,756 26 316,664 216,665 486,909 1,934,047 71,245 -90,588 123,186 103,842

Dec-22 40 1,579,296 956,751 70 622,475 425,904 212,561 1,990,202 42,597 -178,087 145,396 9,907

Figures 4.12 illustrates the breakdown of the total electricity into that consumed (P wwtp),
generated (CHP) and imported (Grid imp), while Figure 4.13 shows the biogas components,
including production and its utilisation, from 2020 to 2022. The total biogas production varied
from around 0.65 million m? in September 2022 to nearly 1.89 million m? in June 2020, mainly
consumed by the CHP system, generating monthly electricity between 1.29 GWh and 2.45
GWh. Biogas upgrading contributed notably to biomethane supply, particularly in the early
months of 2020 and 2021. In terms of costs, electricity expenses ranged from $28,000 to
$125,000 per month, while gas costs were often generated a revenue, reflecting net savings
from internal generation and biogas utilisation, reaching up to $238,605 in June 2020. AcoD
operation costs remained a significant contributor, ranging from $76,556 to $195,627 monthly.
Total operational costs showed substantial variability; for instance, in September 2020, the
total operating resulted in a net revenue of $5,370, whereas in other months, particularly in
mid-2022, costs were considerably higher, exceeding $181,000 in July 2022. These fluctuations
highlight the sensitivity of monthly operational costs to both biogas allocation and seasonal
variations in electricity and gas interactions.
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4.5 Summary

This chapter introduced an optimal operation model for the power generation system of a large-
scale WWTP, with the primary objective of minimising operational costs through the efficient
utilisation of existing generating assets, CHP units and boiler, and reliance on the main grid.
The model was developed based on real-world operational constraints, historical performance
data, and technical specifications from a full-scale plant located in Sydney, Australia. By
formulating the problem as a mixed-integer linear program (MILP), the model identifies the
optimal anaerobic digestion temperature, biogas utilisation strategy and minimal operating
costs to meet the facility’s energy demands. Different case studies were assessed to evaluate
the model’s performance and to explore alternative operational scenarios and strategies. Three
optimisation horizons were considered for the period from 2020 to 2022.

Based on historical WWTP data, total biogas production over the three-year period (2020-2022)
was approximately 33.4 million m?, but decreased over the years from 13.9 million to 8.4 mil-
lion m®. CHP system was the primary user, consuming about 50% of the biogas produced,
and nearly 15% was used in the boiler. Electricity generation from CHP decreased from 17.6
million kWh in 2020 to 12 million kWh in 2022, while grid electricity consumption increased
from 10.7 million to over 14.1 million kWh, likely compensating for the reduced CHP output.
The remaining part of the biogas was flared to meet the technical and safety standards. The
anaerobic digester operated at a temperature of 38 °C. In the Base Case, the optimal temper-
ature was found to be 34°C when the operating cost is minimised over the 3-year optimisation
horizon, resulting in a total cost of approximately $3.87 million. The biogas utilisation in the
CHP system increased significantly (from around 49% to 77.89%) compared to the historical
data. In contrast, the boiler consumption accounted for only 2.3% of the total biogas generated
at the WWTP and about 19.78% was flared. When analysing the 1-year optimisation horizon,
the optimal anaerobic digestion temperatures were found to be 34°C for all three years. Addi-
tionally, the annual operating cost in 2020 and 2022 were around $1.4 million, and in 2021, it
was $1 million.

In Case 1, the total operating cost over the 3-year optimisation horizon decreased to $2 mil-
lion due to the adoption of biomethane injection. Although the electricity costs increased to
$4.67 million (compared to the base case), the benefits of selling biomethane to the grid could
offset around $2.66 million in the total operating costs. The average biogas utilization in the
CHP system was slightly reduced to 70.6%, while around 27% of the biogas was upgraded into
biomethane and injected into the gas grid. The ability to inject biomethane was likely the main
factor contributing to the reduction in the plant’s operating costs. For the 1-year optimisation
horizon analysis, the optimal anaerobic digestion temperatures were found to be 34°C for all
three years, while the annual operating costs in 2020 and 2021 were $371,000 and $438,500,
but increased to $1.2 million in 2022. One possible reason for this increase could be the lower
biogas production compared to 2020 and 2021. In Case 2, over the 3-year optimisation horizon,
the adoption of co-digestion increased the biogas production by nearly 56% compared to Case
1. However, this also led to an increase of around 40% in the total operation costs, which
was estimated at approximately $2.81 million, with the anaerobic digestion temperature set at
34°C. The primary driver of the cost increase may be related to the extra costs for transport-
ing the co-digestion substrate (FOG), which was assumed to be $80/ton in this study. The
biogas utilisation in the CHP system accounted for almost half of the total consumption, 0.8%
used in the boiler, and the remaining amount was upgraded into biomethane and sold to the
gas grid. When analysing the 1-year optimisation horizon, the annual operating cost for 2020
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was $886,500, 2021 was $688,000 and 2022 increased to about $1.24 million, respectively, ,
compared with Case 1. Despite the increased biogas production and higher biomethane ex-
ports, these benefits were insufficient to offset the additional operating costs associated with
co-digestion. Another potential limitation in Case 2 is the constrained capacity of the CHP
system, which is further investigated in Case 3. In Case 3, a 50% increase in CHP system
capacity was considered. As a result, the total operating costs were reduced by almost 17%
(from $2.81 million to $2.4 million), compared to Case 2, while the anaerobic digestion temper-
ature increased from 34°C to 37°C. By expanding the CHP system size, the biogas utilisation
increased to approximately 61.7%, compensating for the decrease in the biomethane injection
into the gas network. This suggests that the alternative of adopting co-digestion may be more
viable and cost-effective option if the current CHP capacity is increased. When analysing the
1-year optimisation horizon, similar reductions in annual operating cost were observed for 2020,
2021 and 2022, decreasing to approximately $572,000, $584,000, and $1.21 million, respectively,
compared to Case 2. Additionaly, the optimal anaerobic digestion temperatures were found to
be 40°C in 2020 and 2022, and 34°C in 2021.
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Chapter 5

Operation Model: Microgrid

5.1 Introduction

This chapter presents the second part of the operation model, where the power generation
system of the WWTP is integrated within a microgrid framework. The proposed microgrid-
based model aims to minimise operating costs, enhance energy resilience, reduce dependence
on the main grid, and optimise the utilisation of on-site biogas. Simulation results based
on different case scenarios were conducted to assess the economic opportunities available to
the WWTP. Various renewable energy technologies are considered in the analysis, including
photovoltaic (PV), battery energy storage systems (BESS), micro-hydro and combined and
heat power (CHP) units. Additionally, the model explores participation in the electricity spot
market and the adoption of co-digestion strategies to evaluate their economic suitability and
viability.

This chapter is organised as follows: Section 5.2 provides background information on anaerobic
digestion, sewage sludge treatment, and biogas utilisation in WW'TPs. Section 5.3 presents the
model framework and its mathematical formulation. Section 5.4 discusses the outcomes of four
different case studies used to evaluate the proposed model’s effectiveness. Finally, Section 5.5
summarises the the key findings from this chapter.

5.2 Background

Municipal wastewater treatment plants (WWTPs) are among the most significant energy con-
sumers within urban water supply systems. They play a crucial role in processing and purifying
wastewater from residential and commercial sources, ensuring that harmful contaminants are
removed before the treated water is safely returned to natural water bodies. The average energy
consumption for wastewater treatment is estimated to range between 0.62 and 0.87 kWh/m3,
excluding pumping energy, with electricity costs accounting for 25-50% of the total operational
expenses of a WWTP. As population growth and stricter efluent discharge standards continue
to drive demand, energy requirements in WWTPs are expected to rise further [1], [2].

The high energy demand of WWTPs translate into significant operating costs. With increas-
ing energy prices and growing environmental sustainability concerns, there is an urgent need
to explore innovative strategies to reduce energy consumption and associated costs in these
facilities. One promising solution is the integration of microgrid systems into wastewater treat-
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ment facilities. Microgrid is a localised energy system capable of generating, distributing, and
operating independently or integrated with the main power grid. Typically, microgrids consist
of a hybrid generation system, comprising distributed energy resources (DERs), both gener-
ation and storage technologies, alongside control systems to manage energy production and
consumption. These systems offer operational flexibility, functioning in both grid-connected
and islanded modes. It has become an important component in modern power systems due to
its ability to effectively deliver reliable, flexible, clean and local controlled power, while meeting
the power supply requirements [268]. The adoption of microgrids is widely recognised as an ef-
fective strategy to address high operational costs and reduce dependence on electricity supplied
by the main grid. However, their successful integration requires addressing challenges such as
technological maturity, economic feasibility, and regulatory frameworks. By leveraging local
energy generation and advanced control strategies, microgrids can enhance energy efficiency,
reliability, and cost-effectiveness. Their dynamic supply-and-demand management capabilities
make them particularly suitable for large-scale facilities with substantial energy consumption
[268]. The deployment of microgrids in wastewater treatment applications offers multiple ben-
efits. From a technical perspective, a microgrid can provide stable power supply, support load
balancing, and reduce reliance on the main grid during peak demand periods. Economically, the
use of renewable energy and energy storage within a microgrid can significantly lower electric-
ity bills by reducing demand charges and enabling participation in demand response programs.
Moreover, environmental benefits arise from reduced greenhouse gas emissions, aligning with
sustainability goals and regulatory pressures. However, realising these benefits requires careful
planning, including system sizing, economic analysis, and optimisation of operational strategies
tailored to the specific energy profiles of WWTPs [269], [270].

This chapter explores the economic and technical feasibility of integrating a microgrid system
into a large-scale WWTP to reduce operating costs and enhance energy sustainability. The pro-
posed approach evaluates microgrid architectures that integrate renewable energy sources, such
as hydropower, PV, combined heat and power (CHP), and battery storage systems while also
considering opportunities in the energy market. A mixed-integer linear programming (MILP)
model is developed to optimise the operation of the WWTP by minimising energy costs while
satisfying load demands. The model includes a detailed mathematical formulation of energy
generation, consumption patterns, and operational constraints under real-world conditions.
Case studies are conducted to assess the cost savings, performance, and technical viability of
different microgrid configurations. While previous studies have explored strategies for micro-
grid operation, the key objective of this study is to evaluate the microgrid performance and
operation strategies for a large-scale WWTP under real-world operating conditions.

Microgrid Configuration

Figure 5.1 illustrates the main components of the WWTP used in this study. The plant receives
influent (raw sewage), which undergoes preliminary treatment to remove large debris. This is
followed by primary treatment, consisting of grit removal and primary sedimentation. The
raw sewage sludge produced in the sedimentation tank is then sent to anaerobic digesters for
treatment, generating biogas as a co-product. The generated biogas can be utilised in the CHP
system to produce both power and heat, and/or boilers to supply additional heat if required. If
the on-site biogas is insufficient to meet the thermal energy demand of the anaerobic digesters,
natural gas can be imported from the gas grid for boiler use. Conversely, any surplus biogas
can be upgraded and injected into the gas network. Following digestion, the digested sludge
is dewatered and disposed of. The plant also incorporates a microgrid system, which includes
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PV system, BESS, micro-hydro, and a CHP system, to supply on-site electricity. Finally, after
treatment, the efuent is discharged through hydro turbines that generate hydroelectric power
from the outflow.

Gas network

Biogas
upgrading

Sedimentation
tank

Anaerobic Digester

Figure 5.1: WWTP system configuration (Microgrid - Operation model)

The injection of biomethane into the gas grid can generate extra revenue for a WW'TP, es-
pecially in cases of surplus biogas production, and this approach has been widely adopted in
several European countries. Technical requirements and standards for biomethane vary be-
tween countries [268]. In Australia, the system operator AEMO defines the acceptable natural
gas quality limits with higher heating values ranging from 37 MJ/m? to 42.3 MJ/m3, which
corresponds to a methane concentration of approximately 93% in the biomethane. Addition-
ally, the maximum allowable concentrations of hydrogen sulphide, total sulphur and moisture
within biomethane are 5.2 mg/m?, 50 mg/m?® and 73 mg/m?, respectively [203], [271].

5.3 Model Framework and Design

This section presents the model framework for the operation of the microgrid system, including
key assumptions and the mathematical formulation.

Chapter 5 builds upon the previous chapter 4. As a result, some equations are not repeated
here, particularly Eqs. (4.1)-(4.28) from Section 4.3, with the exception of Eq. (4.23), which
is updated and reintroduced as Eq. 5.8). Additional equations specific to the microgrid-based
operation model are presented in the following subsections.

5.3.1 Microgrid Configuration

a. Battery Energy Storage System (BESS)

Egs. (5.1)-(5.5) describe the energy of the battery storage system. Eq. (5.1) defines the
battery’s energy state over time, where Fj(t) is the energy stored in the battery at time ¢.
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To prevent deep discharge and overcharge, constraint (5.2) ensures that state-of-charge of the
battery remains within predefined minimum and maximum energy levels, denoted by E™" and
Epr#x, respectively. B, (t) and P, (t) represent the battery discharging and charging power,
and ng;s and 7., are the discharging and charging efficiencies, respectively.

Pbdis (t)

Eb(t) = Eb<t - 1) + nch~Pbch(t> - (51)

EMt < Ey(t) < B (5.2)

Similarly to the biogas model formulation presented in (4.2), constraint (5.3) ensures that the
final energy level of the battery system at the end of each day is equal to the initial energy level
(Eb,,;). This condition maintains daily energy balance in the battery system and supports a
consistent operation pattern across the optimisation horizon. ng represents the number of days
in the optimisation horizon..

Eb(24*d) = Ebimad: 1,273,...,7’Ld (53)

Egs. (5.4) and (5.5) impose the upper boundaries for the battery system’s charging and dis-
charging power, respectively. 7, , and rp,, are the maximum charging and discharging rates
for the battery system, and wu,(t) is a binary decision variable equal to 1 when the battery is
charging at time ¢, and 0 otherwise.

0< By, () <7y, - un(t) (5:4)

0 < Poyo (1) < 7o, - [1— us(0)] (5.5)

b. Micro-hydro

Eq. (5.6) describes the power generated for the hydro turbine system, denoted as (Phya(?)),
where 75, Pw and g are the turbine efficiency, water density and gravitational acceleration,
respectively. V.;(t) is the effluent volumetric flow rate, and H is the available net head (effective
vertical drop). Constraint (5.7) sets the upper limit on power generation from the micro-hydro
system, where PP%F is the maximum allowable hydro power output.

Phyd(t) =Pw" G- ‘/ef<t) -H - Nturd (56)

0 < Phyalt) < PR3 (5.7)

c. Balance equation (Electrical component)

Eq. (5.8) defines the power balance equation for the WWTP, incorporating contributions from
the microgrid components. Py, (t) represents the power generated by the PV system.

Pyria(t) + Ponp(t) + Pou(t) + Poyi, (1) + Prya(t) = Puwip(t) + Psota(t) + By, (8)  (5.8)
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d. Objective Function

The objective function, defined in (5.9), aims to minimise the total operating costs of the
WWTP. It consists of two main components: electricity and gas costs.

Pgrid(t) ’ Adlf ’ (Celeimp (t) + cEleuse (t) + cEleother (t))

Mmzt:{

+ Pw"Utpcap (t) : CElecap (t) - PSOld(t) : Celemp (t> : At (59)

+

Vgasgrid (t) ) (cgasimp (t) + cgasuse (t))] }

5.4 Simulation Results

This section presents the outcomes of the proposed operation model of the microgrid system.
Firstly, the key assumptions that underpin the analysis and simulation framework are high-
lighted. In sequence, the simulation results from the selected case studies are presented. The
findings are analysed and discussed to highlight their implications, uncover patterns, and assess
their alignment with the research objectives.

5.4.1 Inputs and Assumptions

The characteristics and inputs of the WWTP used in this study were detailed in Section 4.4.1
Additionally, other assumptions and inputs are presented in the following. As previously men-
tioned, a large-scale WW'TP located in Sydney, Australia, was used as a reference to perform
the analysis in this study. In addition to the CHP system, the generating system consists of:

e 3 MW solar PV,
e 1 MWh battery, and
e 250 kW micro-hydro.

The gas import price was considered at a fixed rate of $0.0387/MJ, with a network charge of
$0.52/day. Currently, there is no legislated feed-in tariff for renewable gases injected into the
gas network in Australia. Therefore, in this study, we assumed that the WWTP would sell
biomethane directly to the gas market. Thus, the gas export price used the gas market reference
price published by AEMO. Figure 5.2 illustrates the gas energy price for the Gas Supply Hub
(GSH) which includes forecasted and actual gas prices traded in NSW, Australia, from 2020 to
2022 [272]. Figure 5.3 shows the effluent flow from the WWTP in 2021.

In all cases, the biogas production and utilisation are based on the output of the biogas model
proposed in Chapter 3.
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Figure 5.3: Effluent flow from a large-scale WWTP in 2021

5.4.2 Case Studies

To evaluate the effectiveness and robustness of the proposed operational model, it is important
to examine different scenarios. In this section, some case studies are analysed to provide a
comprehensive overview by exploring various contexts, including the adoption of only a tradi-
tional microgrid (i.e., PV, battery, CHP system, micro-hydro), biomethane injection into the
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grid, co-digestion of sewage sludge, participation in market services. By engaging with multiple
real-world scenarios, it becomes possible to assess the model’s adaptability, identify potential
limitations, and refine its components based on empirical evidence. The following case studies
were considered:

e Case 1: This case considers a microgrid that includes PV, battery, hydro, and CHP systems.
Biogas is flared when surplus production exceeds storage capacity.

e Case la: Building on Case 1, this case includes a biogas upgrading system and biomethane
injection into the gas network.

e Case 2: In addition to Case la, this case adopts a co-digestion system and additional biogas
storage.

e Case 3: In addition to Case 1a, it assumes that the WWTP is 100% exposed to the electricity
spot market (both import and export electricity prices are based on the NSW, Australia spot
market from 2020 to 2022).

e Case 4: In addition to Case 3, it assumes that the WW'TP also purchases electricity through
bilateral contracts to avoid high spot market prices. Additionally, the WWTP purchases gas
directly from the gas market.

An academic solver, Gurobi, was used to solve the optimisation problem, and the results are
summarised below. Some additional formulations were necessary to account for co-digestion,
gasification, sludge drying, participation in electricity market, and these are presented in the
following.

a. Case 1

Table 5.1 summarises the optimisation results for 1-year and 3-year optimisation horizons from
2020 to 2022, including the digestion temperature, biogas components, electricity and thermal
energy generated and consumed and operating costs.

Over the 20202022 period, the total production was approximately 34.5 million m® of biogas.
The majority (around 77.8%) of this biogas was used in CHP units, contributing significantly
to electricity and heat generation, while a smaller portion (2.6%) was directed to boilers, and
nearly 20% was flared, indicating potential for better utilisation. Biogas production steadily
declined year by year, dropping from 14.1 million m? in 2020 to 8.6 million m?® in 2022, which
directly impacted CHP performance. As a result, CHP electricity output also decreased from
20.7 GWh in 2020 to 15.5 GWh in 2022, though over the three years, it remained the dominant
electricity source, generating over 55.7 GWh in total. Complementary sources such as PV and
micro-hydro systems, produced approximately 5.08 GWh/y and 0.89 GWh//y, respectively. The
system’s dependence on grid electricity varied: import volumes dropped in to 2.96 GWh in 2021
but reached a peak of 6.27 GWh in 2022. In contrast, electricity exports to the grid peaked in
2021 (2.95 GWh) before reducing in 2022 (1.43 GWh). These trends influenced operating costs,
which were lowest in 2021 (approx. $523,000) and highest in 2022 (approx. $969,000), driven
primarily by reduced self-generation and increased reliance on external electricity. Overall,
while the system was largely self-sufficient in earlier years, the declining biogas availability in
2022 led to higher imports and costs, highlighting the need for improved biogas utilisation
strategies and diversification of energy sources.
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Table 5.1: Result summary for 1-year and 3-year optimisation horizons - Case 1 (Microgrid system)

Period 2020 2021 2022 2020-2022
Temperature in the digester (°C) 34 34 34 34
Biogas production (m?) 14,139,666 11,720,727 8,594,513 34,454,906
Biogas used in the CHP (m®) 9,962,668 9,411,214 7,435,338 26,809,190
Biogas used in the boiler (m®) 271,582 294,319 331,328 897,134
Biogas flared (m®) 3,905,049 2,015,200 827,847 6,748,551
Natural gas imported (m®) 3,842 1,994 0 5,836
Boiler thermal generation (kWh) 1,443,446 1,545,707 1,723,042 4,709,829
CHP thermal generation (kWh) 24,609,760 23,247,557 18,366,755 66,224,072
Thermal energy required for the AD (kWh) 20,432,800 20,272,234 15,087,058 55,792,091
WWTP electricity consumption (kWh) 28,372,386 25,640,541 26,244,362 80,257,289
CHP electricity generation (kWh) 20,724,008 19,576,890 15,466,741 55,767,575
PV generation (kWh) 5,088,570 5,073,374 5,073,685 15,235,630
Micro-hydro generation (kWh) 894,416 892,129 892,129 2,678,673
Electricity bought from the grid (kWh) 4,105,824 2,951,582 6,270,525 13,327,846
Electricity sold back to the grid (kWh) 2,409,303 2,822,359 1,427,574 6,659,236
BESS energy charged (kWh) 319,284 318,714 319,430 956,555
BESS energy discharged (kWh) 288,154 287,640 288,286 863,291
Electricity costs ($) 772,082 519,727 969,289 2,261,282
Gas costs (8) 5,546 2,970 190 8,705
Total operating costs ($) 777,627 522,696 969,479 2,269,987

Similarly, Table 5.2 illustrates the summary results for 1-month optimisation horizon from 2020
to 2022. The biogas generation varied between 350,000 m?® and 1.45 million m?® during this,
achieving its peak in June 2020. The CHP system consistently consumed the largest portion of
biogas each month, with usage ranging from 239,000 m*® (September 2022) to 858,000 m? (i.e.,
May 2020, January 2021 and December 2022). However, as biogas production declined in 2022,
the CHP’s share also dropped notably in the second half of the year. Biogas flaring remained a
significant pathway in 2020 and 2021, sometimes exceeding 400,000 m?/month (e.g., June and
July 2020), but was largely avoided in 2022, indicating improved utilisation. Boiler usage of
biogas varied significantly, spiking above 500,000 kWh/month in late 2022 as CHP generation
fell. The thermal energy generation from CHP units was the main source to supply the heating
demand in the WWTP, consistently exceeding 2 GWh/month in 20202021, but declined grad-
ually to around 1.5 GWh or less by mid-2022. The combined electricity generation from CHP,
PV, and micro-hydro sources remained high and stable in early years (2.2-2.3 GWh/month),
before decreasing in 2022 due to reduced CHP output. The system was generally capable of
exporting electricity in 2020 and 2021, with peaks over 300,000 kWh/month, but exports fell
to zero in many months of 2022 as grid imports rose sharply (notably exceeding 1 GWh/month
in July—October 2022), reflecting increased dependency on external supply. Monthly operating
costs were highly sensitive to biogas availability and energy imports. Total operating costs
were relatively low and stable in 2020 and 2021 (mostly under $90,000/month, with some as
low as $13,000), but surged in mid-2022, peaking at $149,000 in July and $139,000 in Septem-
ber, aligning with the lowest levels of self-generation and highest grid imports. However, by
December 2022, operating costs had dropped again, showing recovery in system performance.
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Table 5.2: Result summary for 1-month optimisation horizon - Case 1 (Microgrid system)

T Biogas Biogas Biogas Biogas Gas Heat Heat CHP, PV Energy Energy Op.
Period C) gegl CHsP Boiier Fla;‘e grigd Boiler CHP & Hyd imp. exp. Costs
() ()  (w) () (w) (kWh) (kWh) (kWh) (kWh) (kWh) ($)
Jan-20 34 890,754 742,941 21,127 126,686 3,842 139,070 1,835,212 2,089,792 413,368 160,325 84,224
Feb-20 40 1,071,685 783,330 12,086 276,268 0 62,853 1,934,980 2,171,279 272,159 234,932 51,231

Mar-20 40 1,170,679 857,429 1,915 311,334 O 9,961 2,118,020 2,302,524 516,794 150,717 95,005
Apr-20 38 1,096,389 830,703 0 265,686 0 0 2,052,000 2,228,765 494,076 168,696 90,436
May-20 38 1,183,697 858,393 3,589 321,715 O 18,662 2,120,400 2,231,384 246,889 224,470 48,046
Jun-20 37 1,452,704 830,703 35,465 586,537 0 184,431 2,052,000 2,059,648 355,934 113,438 70,173
Jul-20 38 1,376,051 841,374 86,629 448,048 0 450,506 2,078,361 2,180,242 436,470 144,605 81,165
Aug-20 39 1,386,501 858,288 154,272 373,941 0 802,279 2,120,141 2,272,242 402,574 161,587 76,928
Sep-20 39 1,416,469 830,703 176,362 409,404 0 917,156 2,052,000 2,229,469 242,400 278,735 43,592
Oct-20 35 1,163,804 855,587 47,864 260,354 0 248,911 2,113,469 2,348,899 217,272 276,013 40,441
Nov-20 35 993,105 822,032 18,741 152,331 O 97,463 2,030,581 2,277,551 235,126 289,321 42,166
Dec-20 39 1,111,633 855,425 30,139 226,069 0 156,737 2,113,068 2,324,018 269,102 211,572 53,297
Jan-21 39 1,262,968 855,446 11,983 395,539 95 63,034 2,113,121 2,323,821 240,819 186,904 47,117
Feb-21 38 1,195,497 775,323 12,084 408,091 0 62,841 1,915,200 2,135,709 187,431 303,492 31,547

Mar-21 39 1,032,081 795,725 1,814 234,542 0 9431 1,965,598 2,176,966 346,444 222,811 57,797
Apr-21 40 873,108 769,698 1,284 102,126 0 6,679 1,901,306 2,109,936 369,001 178,352 62,351
May-21 37 718,980 681,163 7,373 30,444 627 43,111 1,682,607 1,860,351 691,235 12,200 111,884
Jun-21 34 650,376 639,686 3,231 7,460 0 16,803 1,580,150 1,657,319 327,290 57,508 60,313
Jul-21 34 779,937 759,334 8,938 11,666 0 46,479 1,875,705 2,009,736 136,270 181,703 32,081
Jul-21 34 779,937 759,334 8,938 11,666 0 46,479 1,875,705 2,009,736 136,270 181,703 32,081
Aug-21 34 1,077,673 857,653 58,479 161,541 0 304,114 2,118,573 2,267,671 65,553 360,603 14,026
Sep-21 34 1,018,515 824,678 77,644 116,193 0 403,781 2,037,118 2,215,153 68,909 357,921 13,883
Oct-21 34 916,331 771,804 77,346 67,181 1,275 411,919 1,906,507 2,175,163 168,105 341,607 30,278
Nov-21 37 1,129,216 830,703 96,628 201,885 0 502,508 2,052,000 2,298,433 95923 377,379 16,703
Dec-21 38 1,167,844 858,390 71,873 237,580 0 373,770 2,120,393 2,329,585 238,589 243,314 43,521
Jan-22 38 1,168,534 858,393 24,154 285987 0 125,611 2,120,400 2,327,909 154,003 293,450 30,894
Feb-22 40 1,048,344 775,199 8,719 264,426 0 45343 1,914,804 2,136,987 198,446 254,271 35,995
Mar-22 40 854,718 819,288 142 35288 0 736 2,023,803 2,223,402 522,837 84,126 85,054
0
0
0
0
0
0
0
0
0

Apr-22 40 847,798 802,718 0 45,079 0 1,982,873 2,184,343 231,319 228,289 42,692
May-22 36 613,840 611,416 2,424 0 12,606 1,510,319 1,714,564 491,294 21,246 81,358
Jun-22 34 619,058 615,567 3,491 0 18,157 1,520,571 1,607,165 370,974 8,345 65,506
Jul-22 34 408,373 368,364 40,009 0 208,063 909,932 1,203,721 1,069,133 0 149,248
0
0

Aug-22 34 465,108 367,767 97,342 506,217 908,456 1,247,169 900,984 0 128,972
597,761 590,210 993,704 997,506 0 139,761
364,121 948,825 1,361,577 834,143 0 124,581
16,766 1,856,751 2,137,885 397,203 190,745 64,348
118,479 2,120,138 2,328,165 83,837 362,286 18,684

Sep-22 34 353,877 238,932 114,945
Oct-22 34 454,127 384,109 70,018 0
Nov-22 34 798,920 751,661 3,224 44,035
Dec-22 40 1,053,751 858,287 22,783 172,681

The main aspects of the Base Case included:

e CHP remained the primary energy generation source, maximising biogas utilisation whenever
available;
e Flaring was substantially reduced in 2022, indicating better control and system efficiency;
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e Energy imports increased in late 2022 due to lower biogas production, which heavily influenced
operating costs;

e 1-monthl analysis reveals seasonal impacts and biogas limitations that were less apparent in
annual summaries, offering valuable insights for operational planning and system optimisation.

b. Case 1la

In this case, biomethane injection into the gas grid is considered, similar to Case 1 in Chapter
4. The biogas generated can be directly used in the CHP and boiler, stored ( “charged”), or
upgraded into biomethane and sold to the gas grid. The stored biogas can later be “discharged”
to supply the CHP and boiler, or be upgraded and sold. Additionally, natural gas can also be
imported from the grid to supply the boilers.

The balance equation in (5.10) is updated to include the microgrid components and the power
required from the biogas upgrading system to convert raw biogas into biomethane.

Pyria(t) + Pepp(t) + Ppy(t) + Py, (t) + Prya(t) = Puwip(t) + Psowa(t) + Py, (t) + Pup(t)  (5.10)

ch

The objective function for Case la is defined in (5.11), where c¢yqs,,, ..., (t) T€presents the gas
market price of the biomethane injected into the gas network.

Pyria(t) - Adif  (Cetesy (1) + Cetenee (1) + Ceteppn,, (1))

Mm; {

+ pw'thcap (t> ’ cﬁlecap (t> - PSOld(t) ’ Celeezp (t) ’ At (511)

+

‘/gasg'rid (t) ’ (Cgasimp (t) _'_ Cgasuse (t>) - %iomet(t) ' Cgasma'rket (t)] }

Table 5.3 summarises the optimisation results for the 1-year and 3-year optimisation horizons
from 2020 to 2022, including digestion temperature, biogas components, electricity and thermal
energy generated and consumed, and operating costs. Negative values in the operating gas
costs indicate revenue generated for the WWTP. As shown in the table, the annual biogas
production remains consistent with Case 1, totalling 34.45 million m® over the three years.
However, its utilisation pattern shifts significantly due to the introduction of biogas upgrading
to biomethane. A total of 10.26 million m? of biogas was upgraded, resulting in 7.02 million m?
of biomethane. Consequently, less biogas was directed to the CHP unit (22.1 million m?, down
from 26.8 million m® in Case 1) and boilers (2.07 million m?, up slightly from 0.9 million m?).
This change led to a reduction in CHP generation, but an increase in boiler usage to compensate
for thermal demands. Importantly, flaring is entirely eliminated, showing improved overall gas
utilisation.

The CHP system’s electricity output dropped to 46.01 GWh from 55.77 GWh in the base case,
reflecting the reduced biogas utilisation by the CHP. Boiler thermal generation, on the other
hand, more than doubled to 10.82 GWh, while CHP thermal output experienced a marginal
decreased to 54.64 GWh. Despite this shift, the system was still able to meet the thermal
demands of the anaerobic digester, which remained constant at 55.79 GWh. On the electricity
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side, grid imports surged, particularly in 2022, reaching 13.15 GWh, contributing to a three-
year total of 21.5 GWh. Simultaneously, electricity exports dropped dramatically to just 2.51
GWHh, a sharp contrast to the 6.66 GWh exported in the base case. The system maintained
stable PV and micro-hydro generation (15.24 GWh and 2.68 GWh respectively), and BESS
operations remained nearly unchanged. The biogas upgrading system itself consumed 2.57
GWh, which slightly impacted electricity balance but was offset by the additional revenue
potential from biomethane. Additionally, the economic performance significantly improved
under this scenario. Gas costs generate significant revenue with the exportation of biomethane
to the gas grid, reaching $2.89 million over three years, a substantial improvement compared
to the gas costs in the Base Case. While electricity costs increased (from $2.26 million to $3.42
million) due to higher grid reliance, the total operating costs dropped dramatically to $524,864,
a 77% reduction compared to $2.27 million in the Base Case.

Table 5.3: Result summary for 1-year and 3-year optimisation horizons - Case la (Microgrid system)

Period 2020 2021 2022 2020-2022
Temperature in the digester (°C) 34 34 34 34
Biogas production (m®) 14,139,666 1,720,727 8,594,513 34,454,906
Biogas used in the CHP (m®) 9,853,133 8,406,355 3,859,574 22,119,062
Biogas used in the boiler (m?) 213,894 536,567 1,322,036 2,072,497
Biogas upgraded to biomethane (m®) 4,072,639 2,777,804 3,412,904 10,263,347
Biomethane volume (m?) 2,786,542 1,900,603 2,335,145 7,022,290
Natural gas imported (m?) 3,842 1,994 0 5,836
Boiler thermal generation (kWh) 1,141,540 2,805,529 6,875,135 10,822,205
CHP thermal generation (kWh) 24,339,186 20,765,359 9,533,910 54,638,454
Thermal energy required for the AD (kWh) 20,432,800 20,272,234 15,087,058 55,792,091
WWTP electricity consumption (kWh) 28,372,386 25,640,541 26,244,362 80,257,289
CHP electricity generation (kWh) 20,496,156 17,486,618 8,028,556 46,011,330
PV generation (kWh) 5,088,570 5,073,374 5,073,685 15,235,630
Micro-hydro generation (kWh) 894,416 892,129 892,129 2,678,673
Electricity bought from the grid (kWh) 4,619,884 3,735,917 13,149,672 21,505,473
Electricity sold back to the grid (kWh) 1,677,442 821,205 15,193 2,513,840
Biogas upgrading consumption (kWh) 1,018,160 694,451 853,226 2,565,837
BESS energy charged (kWh) 318,355 326,568 320,624 965,547
BESS energy discharged (kWh) 287,315 294,728 289,363 871,406
Electricity costs ($) 896,567 717,486 1,802,678 3,416,731
Gas costs (8) -481,174 -635,203 -1,775,489 -2,891,867
Total operating costs ($) 415,392 82,283 27,189 524,864

Table 5.4 illustrates the summary results for 1-month optimisation horizon from 2020 to 2022
for Case la. As highlighed, the biogas production had its peak in June 2020 at 1.44 million
m?, consistently with a minimum generation of 1 million m? in 2020 and 2021, except in some
months from Apr-21 to Jun-21. This high production was primarily used in the CHP units,
with monthly usage often above 800,000 m? for both electricity and heat generation. However,
starting in mid-2021, a shift in utilisation patterns is evident: biogas to CHP declined, and more
gas was diverted to biogas upgrading (for biomethane) and boilers. Notably, in 2022, biogas-
to-CHP use dropped significantly (falling to zero in June 2022) and staying extremely low

or sporadic through the year, indicating operational constraints or shifting priorities. Instead,
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biogas boiler usage surged, peaking at 226,776 m? in June 2022, alongside a dramatic increase in
biogas upgrading, particularly in April-June 2022, when over 500,000 m?/month was upgraded.
This shift heavily impacted heat and power generation. The heat generated by the CHP system
consistently exceeded 2 million kWh/month, maintaining a strong base load. Combined with
PV and hydro, total renewable electricity generation exceeded 2.3 million kWh in several months
(i,e, 2.34 million kWh in Oct 2020). However, as CHP utilisation dropped in 2022, CHP heat
output plummeted to as low as 4,560 kWh in July 2022, and overall renewable electricity
generation dropped to a low of 326,684 kWh in June 2022. To meet heat demands, heat from
boilers surged, reaching a peak of 1.18 million kWh in June 2022.

These operational shifts directly influenced energy imports and exports. Initially, in 2020 and
early 2021, electricity imported from the main grid was moderate. In contrast, 2022 saw a
dramatic rise in imports, with peak monthly imports of over 1.88 million kWh in July, and
consistently high values throughout the year. Energy exports, on the other hand, declined
steadily, with zero exports recorded in many months of 2022. This translated into significant
changes in operational costs. Based on the high price of gas market rates, as shown in Figure
5.2, the system operated focused on maximising the biomethane exporting in 2022, which
generated a profit in several months, which a peak of around $170,000 in June 2022. In the
same month, the biogas utilisation in the CHP dropped to zero, boiler usage increased to
meet the heat demand in the WWTP, and the biogas was prioritised towards upgrading and
biomethane exportation. However, despite these profits, the system also experienced notable
fluctuations in operational costs later in the year, particularly from August to October 2022,
with costs exceeding $115,000 per month. This pattern underscores the financial impact of
increased reliance on energy imports and the reduced efficiency in biogas resource utilisation.

Table 5.4: Result summary for 1-month optimisation horizon - Case la (Microgrid system)

., Biogas Biogas Biogas Biogas Biome- Gas Heat Heat ggi’: Energy Energy Op.
Period (eac) gex; CH?;P Boi;er upgr;de tha;ne gritg Boiler CHP Hyd imp. exp. Costs
(m?)  (m?) ()  (w)) () (w’) (kWh) (kWh) (kWh) (kWh) (kWh)  (8)
Jan-20 34 890,754 708,172 21,127 161,456 110,470 3,842 139,070 1,749,324 2,017,466 422,686 56,940 66,699
Feb-20 40 1,071,685 769,692 5,566 296,427 202,818 0 28,944 1,901,292 2,142,910 302,394 162,676 19,557
Mar-20 40 1,170,679 857,429 83 313,167 214,272 0 429 2,118,020 2,302,524 558,862 114,493 65,743
Apr-20 40 1,103,439 830,703 20 272,717 186,596 0 102 2,052,000 2,228,765 527,024 133,473 68,061
May-20 40 1,191,309 858,393 6,424 326,492 223,389 0 33,408 2,120,400 2,231,384 284,556 180,514 21,585
Jun-20 35 1,443,332 830,703 3,291 609,338 416,916 0 17,114 2,052,000 2,059,648 464,151 69,358 26,308
Jul-20 34 1,358,353 840,900 17,908 499,545 341,794 0 93,128 2,077,189 2,179,255 514,057 96,408 39,945
Aug-20 34 1,364,281 858,259 55,168 450,854 308,479 0 286,806 2,120,070 2,272,182 466,674 112,914 40,193
Sep-20 34 1,393,769 830,703 74,196 488,870 334,490 0 385,852 2,052,000 2,229,469 301,005 215,123 4,344
Oct-20 34 1,160,026 853,250 33,900 272,876 186,705 0 176,292 2,107,697 2,344,038 246,477 232,160 12,156
Nov-20 34 989,880 810,062 10,558 169,260 115,810 0 54,906 2,001,013 2,252,652 249,115 236,095 21,435
Dec-20 36 1,100,944 838,020 3,109 259,815 177,768 0 16,166 2,070,076 2,287,814 291,599 132,902 21,947
Jan-21 37 1,254,872 831,031 1,131 422,710 289,223 94 6,597 2,052,811 2,273,034 282,613 72,180 -5,463
Feb-21 37 1,191,653 726,489 1,337 463,827 317,355 0 6,953 1,794,572 2,034,128 227,594 126,117 -21,420
Mar-21 39 1,032,081 761,106 168 270,807 185,289 871 1,880,083 2,104,953 368,062 104,704 24,457
Apr-21 39 870,319 729,083 1,383 139,853 95,689 7,194 1,800,979 2,025,449 383,508 73,410 43,777
May-21 38 721,299 681,213 8,827 31,259 21,388 628 50,675 1,682,731 1,860,455 697,775 11,027 107,237
Jun-21 34 650,376 593,217 8,300 48,860 33,431 43,162 1,465,362 1,560,656 378,693 0 54,414
Jul-21 34 779,937 479,750 105,369 194,818 133,297 547,961 1,185,078 1,428,156 584,362 0 4,711
Aug-21 34 1,077,673 767,329 93,242 217,102 148,543 484,898 1,895,454 2,079,781 75,651 128,514 -19,135

Continued on next page
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Table 5.4 — continued from previous page

Biogas Biogas Biogas Biogas Biome- Gas Heat CHP, Energy Energy Op.

Period ("g) gen CHP Boiler upgrade thane grid Boiler H?it{’\gllilp P};/'jc imp. exp. Costs
(¥ (@’ )  (w?) (m)) (m’) (kWh) (kV}\’fh) (kWh) (kWh)  (8)

Sep-21 34 1,018,515 806,680 79,937 131,898 90,246 0 415,706 1,992,658 2,177,714 76,788 295,100 -8,885
Oct-21 34 916,331 728,470 94,060 93,801 64,179 1,275 498,840 1,799,466 2,085,023 172,006 231,818 16,991
Nov-21 34 1,118,288 647,925 119,332 351,031 240,179 0 620,574 1,600,503 1,918,225 186,588 0 -71,353
Dec-21 34 1,152,823 774,809 33,023 344,991 236,047 0 171,734 1,913,931 2,155,722 288,687 33,067 -36,731
Jan-22 34 1,153,505 744,111 19,287 390,108 266,916 0 100,299 1,838,100 2,090,183 211,086 15,193 -35,782
Feb-22 34 1,028,247 632,712 7,947 387,589 265,193 0 41,325 1,562,923 1,840,589 337,476 0 -33,775
Mar-22 34 838,334 610,175 1,155 227,004 155,318 0 6,008 1,507,252 1,788,412 930,446 0 63,983
Apr-22 34 831,546 254,244 46,629 530,673 363,092 0 242,491 628,034 1,043,426 1,276,616 0 -40,195
May-22 34 609,867 49,023 153,918 406,926 278,423 0 800,438 121,096 544,693 1,741,643 0 -70,344
Jun-22 34 619,058 0 226,776 392,282 268,403 0 1,179,330 0 326,684 1,741,180 0 -170,103
Jul-22 34 408,373 1,846 205,226 201,301 137,732 0 1,067,263 4,560 441,302 1,881,864 0 27,273
Aug-22 34 465,108 283,519 136,973 44,616 30,527 0 712,318 700,348 1,071,920 1,087,344 0 125,697
Sep-22 34 353,877 138,193 161,999 53,685 36,732 0 842,461 341,365 784,151 1,220,478 0 134,696
Oct-22 34 454,127 241,066 137,456 75,604 51,729 0 714,828 595,481 1,064,024 1,150,540 0 116,166
Nov-22 34 798,920 423,619 117,206 258,095 176,592 0 609,519 1,046,422 1,455,503 953,427 0 -1,429
Dec-22 34 1,033,551 480,894 107,545 445,111 304,550 0 559,281 1,187,904 1,543,125 617,956 0 -89,187

The main highlights of Case 1 included:

e Biogas upgrading enabled monetisation, turning gas costs into a net revenue stream,;
e CHP usage and electricity generation decreased, leading to higher grid dependence;

e Boiler usage and thermal output increased to maintain digester heating;
e Despite increased electricity costs, total operating costs were significantly reduced, driven by
biomethane income;
e Flaring was entirely eliminated, indicating efficient and environmentally responsible system

operation.

c. Case 2

Co-digestion is integrated with the microgrid system. The operating costs for Case 2 are defined
in (5.12), including the costs associated with the co-digestion component.

+ Pw’LUtpcap (t> : Celecap (t) -

+ Vgasgm'd (t) - (Cgasz-mp (t) + Cgasuse (t>)

~Vbiomet (t) - Cgasmarket (t) + Vfog(t> * Cfog

Min» S | Pyria(t) - Mg (Ceteany (8) + Cetere () + Ceteppn,, (1))
t

Psold(t) * Celeeyp (t) - At

(5.12)

The same assumptions for the co-digestion characteristics adopted in Case 2 of Chapter 4
(Section 5.4.2) are applied here, including substrate (FOG), operational costs, and mixing
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ratio. Additionally, the biogas storage of 60,000 m® is considered. Part of the formulation
defined in Case 2 of Chapter 4 (Section 5.4.2) is reused for this Case 2 (Egs. (4.30) to (4.38).

Optimisation results for Case 2 over 1l-year, and 3-year horizons (2020-2022) is presented in
Table 5.5, and results for 1-month horizon are shown in Table 5.6. The results cover biogas
production and utilisation, biomethane export, natural gas usage, thermal and electricity gen-
eration and consumption, as well as gas, electricity, and total operating costs. As illustrated
in Table 5.5, in Case 2, the integration of co-digestion using sewage sludge and FOG resulted
in a significant boost in biogas production, reaching over 53 million m? from 2020 to 2022,
approximately 54% higher than Case la. This increase enabled a slightly higher biogas utilisa-
tion in the CHP units, totalling 23.1 million m?, and lower utilisation in the boilers, reaching
1.87 million m®. However, the substantial portion of biogas, approximately 28 million m?, was
directed to the upgrading system, resulting in 19.2 million m? of biomethane exported to the
grid. Compared to Case la, the volume of biogas upgraded was nearly three times higher, high-
lighting the system’s prioritisation of revenue-generating biomethane and potential constrains
on CHP generation capacity. Over a 3-years horizon, CHP thermal generation exceeded 57
GWHh, which was sufficient to fully cover the AD thermal demand (55.8 GWh). However, some
additional support was still provided by the boiler’s thermal output (9.75 GWh), as thermal
energy could not be stored or traded based on the WWTP’s configuration. CHP also gener-
ated approximately 48 GWh of electricity complemented by PV and micro-hydro production
of 15.24 GWh and 2.68 GWh, respectively. Compared to Case la, grid importation increased
slightly, while electricity consumption for biogas upgrading rose significantly, from 2.56 GWh to
7 GWh. Conversely, electricity exports decreased by almost 55%, dropping to 1.38 GWh from
2.5 GWh in Case 1a, likely due to the shift toward self-consumption and biomethane upgrading.
Natural gas imports were negligible in both cases, with Case 2 recording only 3,301 m? over
three years. Over 3-years horizon, electricity costs amounted $3.6 million, while gas revenues
reached $7.7 million, primarily driven by large-scale biogas production from co-digestion and
subsequent biomethane export. However, this gain was offset by co-digestion costs, which added
$5.6M to the operational expenses, resulting in total operating costs for approximately $1.54
million. Despite these additional costs, the system achieved net revenue of almost $950,000 in
2022, indicating that co-digestion became economically favourable when combined with high
gas market prices.

Table 5.5: Result summary for 1-year and 3-year optimisation horizons - Case 2 (Microgrid system)

Period 2020 2021 2022 2020-2022
Temperature in the digester (°C) 34 34 34 34
Biogas generation (m3) 20,356,832 18,649,060 14,036,244 53,042,136
Biogas used in the CHP (m®) 9,991,350 8,986,576 4,134,058 23,111,454
Biogas used in the boiler (m?) 205,114 456,498 1,207,450 1,869,314
Biogas upgraded to biomethane (m3) 10,160,367 9,205,986 8,694,736 28,061,367
Biomethane volume (m®) 6,951,830 6,298,832 5,949,030 19,199,883
Natural gas imported (m?) 1,591 1,711 0 3,301
Boiler thermal generation (kWh) 1,078,769 2,386,983 6,279,240 9,746,303
CHP thermal generation (kWh) 24,680,610 22,198,618 10,211,941 57,089,858
Thermal energy required for the AD (kWh) 20,432,800 20,272,234 15,087,058 55,792,091
WWTP electricity consumption (kWh) 28,372,386 25,640,541 26,244,362 80,257,289
CHP electricity generation (kWh) 20,783,671 18,693,573 8,599,529 48,075,670

Continued on next page
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Table 5.5 — continued from previous page

Period 2020 2021 2022 2020-2022
PV generation (kWh) 5,088,570 5,073,374 5,073,685 15,235,630
Micro-hydro generation (kWh) 894,416 892,129 892,129 2,678,673
BESS energy charged (kWh) 318,564 322,241 319,064 959,869

BESS energy discharged (kWh) 287,504 290,822 287,955 866,281

Electricity bought from the grid (kWh) 5,064,152 3,804,016 13,888,718 22,758,059
Electricity sold back to the grid (kWh) 887,272 489,635 4,907 1,381,814
Biogas upgrading consumption (kWh) 2,540,092 2,301,496 2,173,684 7,015,342
Electricity costs ($) 1,004,729 737,144 1,863,663 3,605,699
Gas costs (8) -1,254,987 -2,121,238 -4,327,071 -7,703,452
Co-digestion costs ($) 2,083,572 2,038,276 1,515,670 5,637,519
Total operating costs ($) 1,833,314 654,183 -947,737 1,539,766

Table 5.6: Result summary for 1-month optimisation horizon - Case 2 (Microgrid system)

Biogas Biogas Biogas Biogas Biome- CHP, Energy Energy Elec. Gas AcoD Op.
Period (oacd) gen CHP Boiler upgrade thane P}Yﬁz imp. exp. costs costs costs costs

¥ (@’ (w’)  (m®) (m?) (ka\’/h) (kWh) (kWh)  (8) G (%) ()
Jan-20 34 1,404,014 771,751 12,347 619,916 424,153 2,149,721 405,071 56,965 84,739 -95,392 164,586 153,933
Feb-20 40 1,579,480 788,231 5,566 785,683 537,573 2,181,474 352,416 128,962 70,802 -113,955 163,212 120,059
Mar-20 43 1,744,300 858,099 5,019 881,183 602,915 2,303,916 670,647 85,666 122,071 -106,019 176,873 192,924
Apr-20 40 1,638,703 830,703 20 807,980 552,829 2,228,765 628,258 100,891 114,974 -89,064 169,947 195,857
May-20 40 1,734,273 858,393 6,424 869,456 594,891 2,231,384 378,067 138,285 73,797 -92,509 178,996 160,284
Jun-20 36 1,865,198 830,703 8,398 1,026,097 702,067 2,059,648 549,479 50,510 102,784 -104,863 195,627 193,548
Jul-20 34 1,831,469 852,441 17,908 961,120 657,609 2,203,263 586,814 77,779 108,135 -104,006 187,042 191,170
Aug-20 34 1,845,683 858,393 55,168 932,122 637,768 2,272,460 555,945 82,146 105,315 -103,530 189,471 191,256
Sep-20 34 1,860,772 830,703 74,196 955,872 654,018 2,229,469 380,307 177,675 71,817 -102,203 179,503 149,117
Oct-20 34 1,761,235 856,250 33,900 871,085 596,006 2,350,279 344,283 186,655 65,807 -114,629 162,266 113,444
Nov-20 34 1,572,173 818,926 10,558 742,689 508,155 2,271,091 319,499 181,561 62,530 -113,245 152,581 101,866
Dec-20 36 1,688,696 841,033 3,109 844,555 577,853 2,294,081 383,663 85,068 79,383 -131,629 163,470 111,224
Jan-21 38 1,858,458 841,535 4,542 1,012,381 692,682 2,294,883 387,078 51,117 72,827 -151,463 174,619 95,984
Feb-21 38 1,655,367 741,220 3,774 910,373 622,887 2,064,770 297,555 115,083 55,993 -131,725 181,309 105,577
Mar-21 40 1,633,111 828,394 1,677 803,041 549,449 2,244,922 350,416 93,979 65,732 -123,668 175,143 117,207
Apr-21 40 1,470,301 783,289 671 686,340 469,601 2,138,207 392,630 58,668 71,465 -119,005 160,705 113,165
May-21 40 1,393,627 798,694 1,740 593,193 405,869 2,104,835 610,620 27,771 100,346 -108,831 145,748 137,263
Jun-21 34 1,257,681 685,308 2,591 569,782 389,851 1,752,220 317,359 0 59,248 -160,147 140,186 39,287
Jul-21 34 1,416,980 504,036 97,854 815,089 557,693 1,478,675 689,411 0 107,769 -364,775 154,974 -102,032
Aug-21 34 1,624,657 782,050 86,521 756,086 517,322 2,110,403 152,959 101,700 38,950 -161,677 190,224 67,497
Sep-21 34 1,579,482 809,893 79,366 690,222 472,257 2,184,399 148,111 233,649 30,959 -140,635 179,302 69,626
Oct-21 34 1,518,170 760,439 80,445 677,286 463,406 2,151,524 213,876 194,364 42,461 -135,6564 168,887 75,694
Nov-21 34 1,667,234 673,438 107,700 886,096 606,276 1,971,295 267,230 0 57,895 -286,314 177,193 -51,226
Dec-21 34 1,703,785 790,577 26,023 887,186 607,022 2,188,522 383,685 25,420 73,118 -253,384 189,987 9,720
Jan-22 34 1,830,147 763,316 11,873 1,054,957 721,813 2,130,133 332,193 10,123 64,344 -228,412 194,205 30,137
Feb-22 37 1,642,773 671,394 12,605 958,774 656,004 1,921,054 399,823 0 69,630 -232,550 169,629 6,709
Mar-22 39 1,414,363 708,307 2,591 703,465 481,318 1,992,543 845,430 0 120,833 -194,552 155,701 81,983
Apr-22 34 1,309,008 255,173 46,188 1,007,648 689,443 1,045,357 1,393,928 0 185,104 -400,920 130,930 -84,886
May-22 34 1,039,252 49,197 153,835 836,219 572,150 545,055 1,848,604 0 239,295 -610,308 117,031 -253,982
Jun-22 34 1,072,289 0 226,776 845,512 578,509 326,684 1,854,488 0 238,428 -852,840 126,371 -488,042

Continued on next page
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Table 5.6 — continued from previous page

Biogas Biogas Biogas Biogas Biome- gglz; Energy Energy Elec. Gas AcoD Op.
. ad . .
Period C) gen CHP Boiler upgrade thane Hyd imp. exp. costs costs costs  ccosts
¥’ (m?)  (m®) (m?®) (kwhy (Wh) (kWh)  (8) ) () (%

Jul-22 34 741,414 7,463 202,558 531,393 363,584 452,988 1,952,701 252,059 -573,181 86,778 -234,344

Aug-22 34 835,936 377,751 96,782 361,404 247,276 1,267,938 970,522 131,032 -159,131 103,521 75,422

Sep-22 34 646,579 199,866 132,704 314,008 214,848 912,440 1,157,273 154,809 -164,647 76,556 66,808

Nov-22 34 1,226,172 440,408 113,269 672,495 460,128 1,400,427 1,022,044 138,645 -321,480 123,186 -59,649

0
0
0
Oct-22 34 768,243 290,437 116,085 361,721 247,493 1,166,723 1,119,369 0 150,706 -179,554 86,367 57,519
0
0

Dec-22 34 1,549,097 495,856 101,333 951,908 651,305 1,574,248 713,526 107,697 -377,192 145,396 -124,098

The monthly optimisation results for Case 2 highlight significant operational shifts over the
three-year period, particularly in response to the higher biogas produciton with co-digestion,
as illustrated in Table 5.6. Biogas production was consistently high reaching over 1.8 million
m?, especially from January to June 2020, but reached its minimal generation in Sep-22 (below
0.65 million m?). Biogas utilisation also shifted notably, while CHP usage dominated in the first
two years, it was significantly reduced in 2022, with no usage recorded in June 2022, to prioritise
biomethane upgrading. Boiler usage increased during this period to meet the heat demand,
peaking at 226,776 m® in June 2022. Biomethane upgrading became a primary strategy in
2022, particularly during months with high gas market prices, supporting financial performance.
Microgrid generation was high in 2020 and 2021 (typically exceeding 2 million kWh per month)
but dropped considerably in 2022, particularly between April and July when CHP output and
biogas production declined. As a result, energy imports increased in 2022, peaking at 1.95
million kWh in July, indicating reduced energy self-sufficiency. Electricity exports, which were
frequent in previous years, dropped to zero in most months of 2022. In terms of operating costs,
electricity costs increased significantly in 2022, reaching over $250,000 per month in July and
August due to high grid dependence. However, gas costs were consistently negative, reflecting
revenue from biomethane sales, with a peak income of $852,000 in June 2022. Co-digestion
(AcoD) costs remained steady, ranging from $160,000 to $195,000 per month, and contributed
to the overall cost profile. Total operational costs were generally above $100,000 per month
in 2020 and early 2021, peaking at nearly $194,000 in June 2020. In contrast, several months
in 2022 achieved strong profitability, such as May, June and July, as high gas prices made
biomethane exports highly lucrative, outweighing rising electricity import costs.

The key highlights of Case 2 included:

e Biogas production increased by approx. 54% in Case 2 due to co-digestion;

e More biogas was directed to biomethane upgrading, prioritising higher revenue despite in-
creased boiler usage;

e CHP and boiler thermal output were significantly higher, fully meeting AD heat demands
and allowing greater system flexibility;

e Electricity imports increased in 2022 as a trade-off for reduced CHP use in favour of biomethane
export;

e Operating costs initially was high in 2020 and 2021, but in 2022, the system demonstrated
strong profitability potential, achieving $947,000 in operational costs by taking advantage on
high gas market prices;

e Co-digestion costs had a significant impact on operating expenses but were largely offset by
gas revenues, particularly under favourable market conditions;
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c. Case 3

In this Case 3, the WWTP is assumed to purchase electricity directly from the spot market.
Eq. (5.13) defines the power balance equation, which has been modified to incorporate the
electricity component bought from the spot market (Pypo:(t)).

Papor(t) + Prya(t) + Ppo(t) + Penp(t) + Py, (t) =

5.13

watp(t) + Psold<t) + Pbch (t) + Pup(t) ( )
Constraint (5.14) defines the upper and lower bounds of the power purchased from the spot
market.

0 < Pupur(t) < P - tgria(t) (5.14)
The operating cost equation for is reformulated as defined in (5.15), where ¢t (t) represents

the electricity spot market price. The spot market price considered in this study corresponds
to the state of New South Wales (NSW), Australia.

Mm;{

Psp‘?t(t> ' Adlf : (CSPOt(t) + Cnetuse (t) + CEleother (t))

+ watpcap <t> : cezecaz/) (t> - PSOld(t) : Celeexp (t) : At (5]‘5)

+

‘/.Vgasgrid (t) ’ (Cgasimp (t) + Cgasuse <t>) - ‘/biomet(t) : cga5market (t)] }

Table 5.7 presents a summary of the operational results for Case 3 (Microgrid system) across
different optimisation horizons, including the 1—year horizons for 2020, 2021, 2022, as well
as the aggregated three-year period (2020-2022). The digester temperature was maintained
at a constant 34°C throughout the period. Biogas generation declined year-on-year, similar to
previous cases, dropping from approximately 14.1 million m? in 2020 to 8.6 million m? in 2022,
with a cumulative total of 34.45 million m® over the three years. Most of this biogas was used
in the CHP system (22.17 million m?), followed by upgrading to biomethane (10.64 million
m?), and smaller amounts diverted to boilers (1.64 million m?). The corresponding biomethane
output over the three years was around 7.28 million m3. Thermal generation from the CHP
and boilers was 54.76 GWh and 8.85 GWh, respectively, while CHP also produced 46.11 GWh
of electricity. Energy consumption for biogas upgrading declined steadily, from 1.15 GWh in
2020 to just 0.55 GWh in 2022. Over the 3-year horizon, electricity purchased from the spot
market amounted to more than 21.16 GWh, while electricity exports to the grid declined to just
over 2.07 GWh during the same period. As a result, electricity costs increased sharply, from
$544,000 in 2020 to over $2.15 million in 2022. However, this was partially offset by revenue
from biomethane sales, reflected in negative gas costs totalling $2.22 million over the three
years. Total operating costs in 2020 and 2021 reached a small revenue of $1,500 and $56,000,
respectively, but increased to over $1.31 million in 2022, resulting in a cumulative operating
cost of approximately $1.26 million across the entire period.
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Table 5.7: Result summary for 1-year and 3-year optimisation horizons - Case 3 (Microgrid system)

Period 2020 2021 2022 2020-2022
Temperature in the digester (°C) 34 34 34 34
Biogas generation (m?) 14,139,666 11,720,727 8,594,513 34,454,906
Biogas used in the CHP (m®) 9,275,294 7,039,098 5,853,449 22,167,841
Biogas used in the boiler (m?) 267,523 826,321 548,480 1,642,324
Biogas upgraded to biomethane (m?) 4,596,849 3,855,308 2,192,583 10,644,740
Biomethane volume (m®) 3,145,213 2,637,842 1,500,189 7,283,243
Natural gas imported (m?) 5,068 4,877 30,476 40,421
Boiler thermal generation (kWh) 1,429,747 4,334,283 3,083,963 8,847,992
CHP thermal generation (kWh) 22,911,809 17,387,963 14,459,177 54,758,948
CHP electricity generation (kWh) 19,294,155 14,642,495 12,176,149 46,112,798
PV generation (kWh) 5,088,570 5,073,374 5,073,685 15,235,630
Micro-hydro generation (kWh) 894,416 892,129 892,129 2,678,673
BESS energy charged (kWh) 619,091 664,667 686,426 1,970,184
BESS energy discharged (kWh) 558,730 599,862 619,499 1,778,091
Biogas upgrading consumption (kWh) 1,149,212 963,827 548,146 2,661,185
Electricity bought from the spot market (kWh) 5,392,290 6,672,301 9,096,352 21,160,943
Electricity sold back to the grid (kWh) 1,087,472 611,125 378,880 2,077,477
Electricity costs ($) 544,372 774,906 2,159,138 3,478,416
Gas costs ($) 545,937 -830,917  -844,902  -2,221,756
Total operating costs ($) -1,564 -56,011 1,314,235 1,256,660

Table 5.8 presents a detailed monthly summary of the microgrid system’s performance under
a 1-month optimisation horizon from January 2020 through December 2022. Electricity gen-
eration from the microgrid (CHP, PV, and micro-hydro) remained fairly stable over the years,
generally ranging from 1.4 to 2.3 GWh per month. However, reliance on electricity imports
increased markedly over time. Early months such as May 2020 saw low spot market purchases
(313 MWh), while by July 2022, imports had surged to over 1.08 GWh, a dramatic shift point-
ing to declining internal generation and growing dependency on external supply. This transition
had significant cost implications. The operating costs ranged from strongly net revenue (such
as in Jan-20, from Nov-21 to Feb-22, Dec-22) to significantly positive numbers (i.e., May-22 to
Oct-22), reflecting the interplay between energy generation, market prices, and resource util-
isation. In 2020, the system consistently achieved low or negative operating costs, indicating
profitability or cost neutrality. This was largely driven by high biogas production (over 1.3
million m3 per month), substantial biomethane upgrading volumes, and low reliance on elec-
tricity imports due to adequate generation from CHP, PV, and hydro sources. For instance,
the operating costs in most of the months in 2020 and 2021 generated a net revenue for the
WWTP, whereas in 2022, the lower biogas production, the total operation cost increased. The
most severe case occurred in July 2022, where the operating cost peaked at $434,222, driven by
low biogas generation (408,373 m?®), minimal biomethane output (9,876 m3), and exceptionally
high electricity imports exceeding 1.08 GWh, which alone cost $425,603. Similar high operating
cost, including August and September, where limited gas upgrading further reduced revenue.
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Table 5.8: Result summary for 1-month optimisation horizon - Case 3 (Microgrid system)

Biogas Biogas Biogas Biogas Biome- Gas S\I[_HZ; Energy Energy Elec. Gas Op.
Period (oacd) gen CHP Boiler upgrade thane grid Hyd spot exp. costs costs costs
(m®)  (m®)  (m®)  (m?) (m®)  (m?) (KWh) (kWh) (kWh)  (8) (%) (%)

Jan-20 34 890,754 695,574 20,807 174,284 119,247 3,842 1,991,260 486,024 89,037 -16,836 -22,273 -39,109
Feb-20 38 1,064,837 711,848 1,735 351,253 240,331 0 2,022,585 381,869 105,444 40,607 -49,611 -9,004

Mar-20 40 1,170,679 823,766 1,177 345,737 236,557 0 2,232,497 577,130 52,399 62,318 -41,664 20,653
Apr-20 40 1,103,439 775,443 5,529 322468 220,636 0 2,113,815 567,675 44,569 59,466 -34,854 24,612
May-20 38 1,183,697 808,242 2,767 372,687 254,997 0 2,127,062 312,953 91,332 38,783 -39,820 -1,046
Jun-20 35 1,443,332 811,857 3,291 628,184 429,810 0 2,020,446 481,170 40,552 53,368 -64,396 -11,027
Jul-20 34 1,358,353 832,648 18,680 507,024 346,911 0 2,162,090 521,078 82,083 58,188 -56,610 1,579
Aug-20 34 1,364,281 846,573 56,195 461,513 315,772 0 2,247,873 473,069 89,886 54,274 -50,642 3,632
Sep-20 34 1,393,769 808,528 81,321 503,920 344,787 0 2,183,342 302,814 165,678 36,847 -54,168 -17,320
Oct-20 34 1,160,026 828,106 39,578 292,341 200,023 0 2,291,735 262,806 188,400 29,029 -37,947 -8,918
Nov-20 34 989,880 771,065 16,493 202,323 138431 0 2,171,531 283,587 178,931 24,718 -31,497 -6,779
Dec-20 34 1,093,819 757,149 11,492 325,177 222,490 0 2,119,580 402,445 56,612 35855 -50,457 -14,603
Jan-21 34 1,242,728 693,003 1,584 548,140 375,043 94 1,985,913 551,672 21,638 55324 -82,961 -27,637
Feb-21 34 1,180,121 583,587 6,362 590,173 403,802 0 1,736,867 455,425 24,120 47,475 -85928 -38,453

Mar-21 34 1,015,541 548,478 5,292 461,771 315,948 0 1,662,651 760,774 5,340 70,892  -72,189 -1,297
Apr-21 34 856,371 549,357 7,842 299,172 204,696 0 1,651,590 746,686 20,588 70,402 -53,012 17,390
May-21 34 712,022 579,036 5,029 127,958 87,550 625 1,647,909 949,251 21,760 99,850 -22,133 77,717

Jun-21 34 650,376 556,425 20,495 73,456 50,260 0 1,484,122 524,800 59,481 48,615 -22,248 26,367
Jul-21 34 779,937 449,403 125,086 205,448 140,570 0 1,365,028 727,829 73,236 65,797 -90,176 -24,380
Aug-21 34 1,077,673 688,310 128,376 260,987 178,570 0 1,915,408 207,633 83,109 29,555 -55419 -25864
Sep-21 34 1,018,515 645,622 156,133 216,760 148,310 0 1,842,687 227,805 88,006 28,384 -44,779 -16,394
Oct-21 34 916,331 634,943 137,775 143,613 98,261 1,275 1,800,471 202,847 143,928 33,962 -27,068 6,894
Nov-21 34 1,118,288 560,255 159,191 398,842 272,802 0 1,735,857 468,758 85,107 45,762 -135,699 -89,937
Dec-21 34 1,152,823 674,972 73,940 403,911 276,360 0 1,948,045 533,568 52,575 63,114 -114,685 -51,571
Jan-22 34 1,153,505 748,901 7,714 396,891 271,557 0 2,100,147 293,410 104,046 42,364 -86,246 -43,882
Feb-22 34 1,028,247 611,210 9,673 407,365 278,723 0  1,795862 434,282 45,131 58,386 -99,116 -40,731
Mar-22 40 854,718 748,314 1,917 104,487 71,491 0 2,075,764 643,185 28,144 101,270 -29,763 71,508
Apr-22 40 847,798 666,286 10,777 170,735 116,818 0 1,900,541 428,866 96,236 82,298 -67,434 14,864
May-22 34 609,867 488,321 8,500 113,047 77,348 0 1,458,505 782,476 25,959 244,633 -93,301 151,332

Jun-22 34 619,058 526,607 11,045 81,406 55,699 241 1,422,114 603,894 33,063 219,578 -82,781 136,797
Jul-22 34 408,373 367,669 26,260 14,434 9,876 15,145 1,202,276 1,085,912 8,881 425,603 8,619 434,222
Aug-22 34 465,108 358,296 106,065 747 511 776 1,227,469 940,156 15,594 170,367 748 171,116
Sep-22 34 353,877 237,868 114,413 1,597 1,002 2,194 991,490 1,013,434 9,871 198,412 2,076 200,488
Oct-22 34 454,127 357,710 86,568 9,849 6,739 106 1,306,662 915,087 19,768 179,961 -5,011 174,950
Nov-22 34 798,920 509,751 83,996 205,173 140,381 0 1,634,672 784,346 20,139 113,562 -103,206 10,356
Dec-22 34 1,033,551 496,753 101,639 435,160 297,741 0 1,576,113 619,084 34,062 70,891 -170,871 -99,980

d. Case 4

For this Case 4, it is assumed that the WWTP can buy electricity from both the electricity
spot market and bilateral contrats. It is also considered that the WW'TP purchases natural
gas directly from the gas market.

Consumers can participate in and be exposed to the spot market to take advantage of low
electricity prices during specific time periods. However, to avoid being totally exposed to the
high prices of the spot market (also known as the pool), they can sign bilateral contracts with
energy suppliers (i.e., retailers, generators) to reduce these risks and uncertainties. Typically,
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the prices in bilateral contracts are higher than the average spot price, but they are fixed for
the entire duration of the contract. Additionally, the consumer’s self-production capability is
an important resource for self-protection when spot prices are comparatively high. During this
period, consumers can either take advantage of high prices to generate additional revenue by
selling electricity to the market, or use the generated electricity on-site [11], [273].

Constraints (5.16) and (5.17) define the upper and lower limits of the power purchased through
bilateral contracts and from the spot market, respectively. Pj** and Pl are the maximum
power limits specified in the bilateral contracts and for purchases from the spot market. Py;(¢)

represents the power bought under the bilateral contract.

0 < BPp(t) < P™ (5.16)
O S Pspot(t> S P;;gf (517)

Eq. (5.18) is rewritten to account for purchases from both the spot market and bilateral
contracts (Py;(t)), while Eq. (5.19) defines the power balance equation, reformulated to include
electricity bought from both sources.

0 S Pspot(t) + Pbil(t) S Pgn;?;l( . ugm-d(t) (518)

Papot () + Byt (t) + Prya(t) + Bpo(t) + Fenp (1)

Py, (t) = Puwip(t) + Paia(t) + Py, () + Puy(t) (5.19)

The operating cost in Case 4 is reformulated as defined in (5.20), where ¢;(t) is is the electricity
price from bilateral contracts.

[PSpot(t) Ay - (CSpot(t> + Celeyse (1) + Celeother () +

Mmzt:{

Poit(t) - Mg - (coir(t) + Cetepee () + Cetegppe, (1)) +

+ PWthcap (t) ’ Cnetcap (t) - PSOld(t> ! celeezp (t) ’ At

(5.20)

+ ‘/gasgﬂd (t) ’ <Cgasmarket <t> + Cgasuse (t))

- ‘/biomet(t) : Cgasmav‘ket (t)] }

Table 5.9 shows the simulation results for the 1-year and 3-year optimisation horizons, while
Table 5.10 presents the results for the 1-month optimisation horizon. The results include the
electricity, gas, and total operating costs, as well as total biogas production, including biogas
consumed by the CHP system and boilers and exported to the gas network. Additionally,
electricity purchased from spot and bilateral contracts, and total electricity sold back to the
grid, are highlighted.
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Table 5.9: Result summary for 1-year and 3-year optimisation horizons - Case 4 (Microgrid system)

Period 2020 2021 2022 2020-2022
Temperature in the digester (°C) 34 34 34 34
Biogas generation (m?) 14,139,666 11,720,727 8,594,513 34,454,906
Biogas used in the CHP (m®) 9,294,878 7,057,580 5,775,102 22,127,561
Biogas used in the boiler (m®) 246,831 805,165 447,412 1,499,408
Biogas upgraded to biomethane (m3) 4,597,957 3,857,981 2,371,999 10,827,938
Biomethane volume (m?®) 3,145,971 2,639,671 1,622,947 7,408,589
Natural gas imported (m?) 12,102 12,507 92,909 117,519
Boiler thermal generation (kWh) 1,375,607 4,282,258 3,032,891 8,690,756
CHP thermal generation (kWh) 22,960,186 17,433,617 14,265,644 54,659,447
CHP electricity generation (kWh) 19,334,893 14,680,941 12,013,174 46,029,008
PV generation (kWh) 5,088,570 5,073,374 5,073,685 15,235,630
Micro-hydro generation (kWh) 894,416 892,129 892,129 2,678,673
BESS energy charged (kWh) 620,425 661,248 661,146 1,942,819
BESS energy discharged 559,933 596,776 596,685 1,753,394
Biogas upgrading consumption (kWh) 1,149,489 964,495 593,000 2,706,984
Electricity bought from the spot market (kWh) 5,314,560 6,424,689 4,276,902 16,016,150
Electricity bought from bilateral contracts (kWh) 41,356 224,956 5,107,247 5,373,559
Electricity sold back to the grid (kWh) 1,091,428 626,581 461,313 2,179,323
Electricity costs ($) 536,704 741,076 1,917,504 3,195,284
Gas costs (8) -551,094 -835,274 -988,060 -2,374,428
Total operating costs ($) -14,390 -94,198 929,445 820,856

Table 5.10: Result summary for 1-month optimisation horizon - Case 4 (Microgrid system)

Biogas Biogas Biogas Biogas Biome- CHP, Energy Energy Energy Elec. Gas Op.
Period (O“Cd) gen CHP Boiler upgrade thane PI_Y(?C spot :::(:: exp. costs costs costs
m) @) @) @) @) G kW) S kW) (5)  (8)  (9)
Jan-20 34 890,754 716,333 138 174,284 119,247 2,034,442 444,829 922 91,850 -20,689 -25,629 -46,318
Feb-20 38 1,064,837 711,848 1,735 351,253 240,331 2,022,585 381,007 1,128 105,683 40,584 -49,611 -9,027
Mar-20 40 1,170,679 823,766 1,177 345,737 236,557 2,232,497 577,130 0 52,399 62,318 -41,664 20,653
Apr-20 40 1,103,439 775,443 5,529 322,468 220,636 2,113,815 561,312 6,363 44,569 59,336 -34,854 24,482
May-20 38 1,183,697 808,242 2,767 372,687 254,997 2,127,062 312,667 286 91,332 38,778 -39,829 -1,051
Jun-20 35 1,443,332 811,857 3,291 628,184 429,810 2,020,446 478,102 3,067 40,552 53,201 -64,396 -11,195
Jul-20 34 1,358,353 832,648 18,680 507,024 346,911 2,162,090 514,599 6,480 82,083 57,970 -56,610 1,361
Aug-20 34 1,364,281 846,573 56,195 461,513 315,772 2,247,873 468,170 4,918 89,905 53,929 -50,642 3,287
Sep-20 34 1,393,769 808,528 81,321 503,920 344,787 2,183,342 301,778 1,036 165,678 36,828 -54,168 -17,340
Oct-20 34 1,160,026 828,124 39,560 292,341 200,023 2,291,772 260,229 2,985 188,758 28,949 -37,945 -8,996
Nov-20 34 989,880 771,065 16,493 202,323 138,431 2,171,531 282,224 1,364 178,931 24,680 -31,497 -6,817
Dec-20 34 1,093,819 757,149 11,492 325,177 222,490 2,119,589 401,418 1,316 56,901 34,962 -50,457 -15,496
Jan-21 34 1,242,728 693,014 1,573 548,140 375,043 1,985,936 551,649 0 21,638 55,323 -83,070 -27,747
Feb-21 34 1,180,121 583,587 6,362 590,173 403,802 1,736,867 455,425 0 24,120 47,475 -85,928 -38,453
Mar-21 34 1,015,541 548,562 5,208 461,771 315,948 1,662,826 759,648 953 5,340 70,743 -72,097 -1,355
Apr-21 34 856,371 549,357 7,842 299,172 204,696 1,651,590 739,246 7,581 20,729 70,209 -53,012 17,196
May-21 34 712,022 580,684 3,380 127,958 87,550 1,651,338 917,641 29,508 23,127 92,791 -22,568 70,223
Jun-21 34 650,376 562,991 13,929 73,456 50,260 1,497,782 495,363 19,464 63,024 44,861 -20,846 24,015

Continued on mext page
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Table 5.10 — continued from previous page

Biogas Biogas Biogas Biogas Biome- gglz; Energy Elloe:;gy Energy Elec. Gas Op.
Period oad gen CHP Boiler upgrade thane spot } exp. costs costs costs
°C) Hyd tract

m) @) @) @) @)y GWR) (SO GWR)(8)  (8) ()

Jul-21 34 779,937 447,272 122,387 210,278 143,875 1,360,596 680,685 58,958 79,312 65,977 -92,624 -26,647
Aug-21 34 1,077,673 688,310 128,376 260,987 178,570 1,915,408 207,311 322 83,109 29,545 -55.419 -25874

Sep-21 34 1,018,515 645,622 154,014 218,879 149,759 1,842,687 228,334 0 88,006 28,382 -44,779 -16,397
Oct-21 34 916,331 649,526 121,933 144,871 99,122 1,920,806 269,960 545 151,557 30,768 -26,757 4,010
Nov-21 34 1,118,288 560,255 157,513 400,520 274,040 1,735,857 469,202 0 85,107 45,760 -135,699 -89,939

Dec-21 34 1,152,823 674,972 73,940 403,911 276,360 1,948,045 529,235 4,650 52,893 63,040 -114,685 -51,645
Jan-22 34 1,153,505 748,901 7,714 396,891 271,557 2,100,147 289,307 4,411 104,453 42,208 -86,246 -43,947
Feb-22 34 1,028,247 611,208 9,673 407,367 278,725 1,795,858 431,715 2,571 45,131 58,340 -99,117 -40,777
Mar-22 40 854,718 748,314 1,917 104,487 71,491 2,075,764 623,502 19,682 28,144 100,737 -29,763 70,975
Apr-22 40 847,798 662,994 10,777 174,026 119,071 1,893,694 240,837 206,969 107,770 75,763 -68,897 6,865
May-22 34 609,867 424,831 14,583 170,454 116,626 1,326,435 76,378 887,358 59,821 228,262 -135,130 93,132
Jun-22 34 619,058 369,078 48,003 201,978 138,195 1,094,427 25,894 951,271 48,060 258,779 -210,138 48,641
Jul-22 34 408,373 234,739 46,863 126,771 86,738 925758 102,477 1,204,610 15,351 400,162 -113,001 287,160
Aug-22 34 465,108 429,274 4,031 31,803 21,760 1,375,115 538,263 290,418 44,095 133,814 11,778 145,592
Sep-22 34 353,877 288,216 5,620 60,042 41,081 1,096,222 364,240 574,059 25,047 165,604 2,275 167,879
Oct-22 34 454,127 331,152 11,217 111,758 76,466 1,251,417 453,132 544,361 22,257 180,979 -29,233 151,746
Nov-22 34 798,920 446,730 35,698 316,492 216,547 1,503,578 821,355 119,255 17,465 129,558 -151,895 -22,337
Dec-22 34 1,033,551 458,024 59,741 515,786 352,906 1,495,552 705,018 16,919 35771 77,141 -185,952 -108,812

Comparing the electricity consumption and associated costs between Case 4 and Case 3, both
cases purchased a similar total amount of electricity (approx. 21.39 GWh in Case 4 and 21.16
GWh in Case 3), but the total electricity cost in Case 4 was lower due to the use of bilateral
contracts, which helped avoid higher spot market prices. This cost difference of approximately
$283,000 illustrates the benefit of combining the contract-based electricity strategy to avoid the
volatile prices in the spot market. The contrast is most pronounced in 2022: Case 3 purchased
over 9.1 GWh entirely from the spot market, incurring $2.16 million in electricity costs, while
Case 4 limited its spot market exposure to 4.28 GWh and sourced an additional 5.1 GWh
from bilateral contracts, resulting in a lower electricity cost of $1.92 million. In earlier years
(2020 and 2021), where both scenarios relied mainly on spot purchases, the cost differences
were relatively minor—only around $7,600 in 2020 and $33,800 in 2021. However, the strategic
use of bilateral contracts in Case 4 during 2022 clearly mitigated the financial impact of high
spot market prices, underscoring the advantage of a diversified procurement approach. This
comparison highlights that while energy consumption levels remained comparable, the inclusion
of contract electricity in Case 4 provided critical cost resilience under adverse market conditions,
particularly during periods of heightened price volatility.

5.5 Summary

This chapter presents the second component of the WWTP operation model, extending the
framework presented in Chapter 4 by integrating a microgrid system to enhance energy resilience
and reduce dependence on the main grid. The proposed optimisation model aims to minimise
the plant’s total operating costs by optimally coordinating multiple on-site energy systems,
including CHP units, PV, BESS, and micro-hydro turbines, but also accounting for the biogas
production and utilisation, and potential biomethane injeciton into the gas network. A large-
scale WWTP located in Sydney, Australia, was used as the reference case, and case studies
were conducted to evaluate the system’s performance under various configurations and market
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scenarios. The analysis was conducted through five case scenarios, including co-digestion, biogas
upgrading for biomethane injection into the gas grid, and participation in energy spot markets,
each assessed across three optimisation horizons of 1 month, 1 year, and 3 years.

In the baseline scenario (referred to as Case 1), the optimal AD temperature was identified as
34 °C, resulting in a total operating cost of approximately $ 2.27 million over a 3-year horizon
when the objective was to minimise operational expenses in the WW'TP. The amount of biogas
used in the CHP, boiler and flared was around 77.8%, 2.6% and 19.6%, respectively. When
1-year horizon was analysed, the optimal AD temperature was found to be 34°C for all three
years, 2020, 2021 and 2022, with corresponding annual operating costs of around $777,600,
$522,700, and $969,500, respectively, as shown in Table 5.1. An alternative approach in Case
la explored the use of biomethane injection in place of biogas flaring. This option significantly
reduced the total operating costs, resulting in a $1.5 million reduction over three years. In this
scenario, for a 3-years operation, biogas used in the CHP was reduced to 64.2%, while 29.8% was
upgraded to biomethane, and the remaing portion was used in the boilers. As shown in Table
5.3, the revenue from biomethane sales was notably high in 2022 due to the high prices in gas
market. As a result, total biomethane revenue reached approximately $1.78 million in 2022 and
$2.9 million over three years from 2020 to 2022. When 1-year horizon was analysed, the cost of
purchasing electricity from the grid was about $896,000 in 2020, $717,000 in 2021 and jumped
to $1.8 million in 2022, whereas over a 3-year horizon it was $3.4 million. Case 2 introduced
co-digestion as a strategy to boost biogas production, which increased by nearly 54% for the
scenario with 3-year optimisation horizon, compared to Case 1. However, the added benefits
were offset by the high costs associated with co-digestion operations. Biogas utilisation in the
CHP and boiler accounted for 43.3% and 3.6% for a 3-years horizon, respectively, and more
than 53% was converted into biomethane and exported to the gas network. As illustrated in
Table 5.5, for 1-year horizon, the WWTP could generate $4.3 million in 2022 from gas trading
due to the high prices on gas market. For 3-years horizon, biomethane injection generated
a total benefit of approximately $7.7 million. Despite these earnings, the high co-digestion
operating costs, around $5.64 million over 3-years optimisation horizon, along with $3.6 million
in electricity costs, result in total operating expenses of about $1.54 million over the same
period. In Case 3, the WWTP operated entirely on the electricity spot market, resulting
in total operating costs of approximately $1.25 million over three years. In contrast, Case 4
applied a more diversified strategy by combining spot market participation, bilateral contracts,
and direct gas market purchases. This approach provided a more economical benefit, enabling
the WWTP to reduce the operating costs by around $400,000 and reduce overall operating
costs to $821,000, primarily due to lower gas procurement expenses and also by purchasing
electricity from the bilateral contracts.

When comparing all scenarios, Case 1a emerges as the most economically advantageous option,
primarily due to the profits gained through biomethane export. Case 2 presents a scenario
with increased biogas output, although its overall profitability is limited by high co-digestion
costs. Case 3 highlights the risks of relying exclusively on volatile spot market pricing for
electricity, whereas Case 4 demonstrates that a well-balanced energy procurement strategy
can lead to cost reductions or even generate some profits. Overall, the findings suggest that
integrating a microgrid system with biomethane in-jection can offer a valuable pathway to
reducing WWTP operating costs. Additionally, co-digestion can enhance biogas production
and revenue potential, but its economic viability is more challenging due to the high associated
costs. Exposure to the electricity spot market combined with energy contracts can be another
viable strategy that WW'TP can explore to avoid high energy prices and reduce operating costs.
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Chapter 6

Optimal Planning and Operation

6.1 Introduction

In this chapter, an optimal planning configuration for the power generation system is presented
by integrating a microgrid system into a large-scale WWTP to reduce operating costs and
enhance energy self-sufficiency. The proposed approach evaluates microgrid architectures in-
corporating distributed energy resources (DERs), such as hydropower, PV, CHP units, BESS,
gasification, sludge drying system, water electrolysis and fuel cells. A multi-objective model
is proposed to optimise both investment and operational costs of the microgrid while meeting
electrical and thermal load demands. The model includes a detailed mathematical representa-
tion of energy generation, consumption patterns, and operational constraints under real-world
conditions. Case studies based on different scenarios are conducted to assess cost savings, per-
formance, and the technical viability of various microgrid configurations. The primary aim
of this chapter is to evaluate microgrid performance and planning strategies for a large-scale
WWTP under real-world operating conditions.

This chapter is organised as follows. Section 6.2 provides a background information on microgrid
planning. Section 6.3 gives a brief overview of microgrid planning, highlighting the opportunities
and generation technologies that can be implemented in WWTPs. Section 6.4 presents the
proposed model, introducing the optimisation framework for microgrid planning, including the
mathematical formulation, decision variables, constraints, and objective function. Section 6.5
presents the results of three case studies to evaluate the effectiveness of the proposed model,
including a discussion of the findings. A sensitivity analysis is also conducted at the end of this
section. Finally, Section 6.6 provides the conclusions.

6.2 Background

Municipal WWTPs are among the most significant energy users in the urban water sector.
At the same time, the energy contained in municipal wastewater can be about five to ten
times greater than the energy required for treatment processes [3], [4], [24]. For example, the
total energy content in raw municipal wastewater at the North Toronto WWTP was found
the be approximately nine times greater than the electrical required to operate the entire
treatment plant [274], [275]. Despite this theoretical energy recovery potential, the number of
self-sufficient facilities worldwide remains very limited. More and more WW'TPs are actively
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looking for new solutions and potential alternatives to reduce energy costs and maximise on-
site generation [9]. WWTPs continue to face challenges in reducing their carbon footprint
and meeting sustainability targets. To address these issues, a combination of energy efficiency
measures and renewable energy generation through resource recovery technologies can offer
an effective solution [3]. Renewable energy resources provide a viable alternative to meet
growing energy demand, minimise operating costs from the main grid, and reduce greenhouse
gas emissions. By adopting renewable energy sources, WW'TPs can significantly reduce the
overall energy demand, achieve energy self-sufficient, and in some cases, become energy-positive
[10]. Two main groups of renewable energy resources can be used in WWTP: sector-specific and
non-sector-specific. Sector-specific assets (also called site-specific) are energy technologies that
recover energy embedded in the WWTP resources, such as chemical, hydraulic/kinetic, and
thermal energy from influent/effluent wastewater and sewage sludge. Non-sector-specific types
(also known as non-site specific) are independent of the plant’s capabilities and do not rely on a
specific site or location characteristics. Examples of sector-specific renewable resources include
hydropower, gasification, pyrolysis, anaerobic digestion, microbial fuel cell (MFC), microbial
electrolysis cell (MEC), whereas non-site specific technologies include wind and solar. Some
site-specific resources, such as MEC and MFC, are still in the research and development stages
and have not been widely implemented in large-scale facilities [11].

6.3 Microgrid Planning

High investment costs remain the main barrier to widespread adoption of microgrid systems.
While microgrids offer substantial economic and reliability benefits to energy consumers, these
advantages should be carefully evaluated against the associated investment to ensure a vi-
able return on investment and to support the generation planning deployment. Accurately
assessing the benefits of a microgrid can be challenging due to the intermittency and uncer-
tain nature of renewable energy resources. Additional factors, such as load demand variability,
volatile electricity market prices, and long-term maintenance and operational costs, can add
further complexity [276]. Both planning and operation studies are essential to understanding
potential risks and evaluating opportunities for WWTPs. Microgrid planning focuses on in-
vestment decisions for energy production and typically considers different technical aspects,
including sizing, costs, technology selection, and uncertainties to provide confidence for end
users [277]. Planning a microgrid system should include a critical assessment of generation
potential, techno-economic feasibility, and the potential for future system expansion, with the
main objective of determining the necessary generating capacity to meet the load demand in
real time. Matching generation and demand is particularly challenging when the system relies
on renewable energy sources. The planning process can be considered and formulated as an
optimisation problem, with the objective of determining the more suitable technology, optimal
generation mix, size, and capacity to achieve defined performance goals. Due to its challenges
and complexity, each component can be treated and analysed independently or combined. As
the power sector evolves according to technical, economic, and environmental trends, genera-
tion planning methods continue to develop to meet emerging needs [225]. Adopting a hybrid
configuration of distributed energy resources (DERs) is an effective strategy for WWTPs to
mitigate uncertainty and intermittency. By combining multiple technologies, hybrid systems
can maximise energy generation potential while providing cost-effectiveness, improved energy
efficiency, modularity, and operational flexibility [8]. Although several technological solutions
exist to enhance economic benefits for WW'TPs, implementation in full-scale plants remains
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limited, primarily due to high capital and operating costs. The large number of available tech-
nology options makes determining the optimal planning and operation strategy for WWTP
power generation a complex challenge requiring an integrated and comprehensive approach
[226].

Figure 6.1 illustrates the main components of the microgrid used in this study, including CHP
system, PV, battery and micro-hydro.
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Figure 6.1: WWTP system configuration (Planning model)

As shown in Figure 6.1, the WWTP receives the influent (raw sewage) and a preliminary
treatment removes large debris. This is followed by primary treatment, which includes grit
removal and primary sedimentation. The raw sewage sludge produced in the sedimentation
tank enters the anaerobic digesters, where the sludge is digested, generating biogas as a co-
product. The biogas can be used in the CHP system to produce power and heat, and/or
in boilers to generate additional heat if needed. If on-site biogas is not enough to meet the
thermal energy demand of the anaerobic digesters, natural gas can be imported from the gas
grid to be used for use in the boilers. On the other hand, any surplus biogas can be upgraded
and injected into the gas network. After digestion, the sludge is commonly dewatered before
disposal, primarily to reduce its water content, which ranges from approximately 95% to 99% in
digested sludge, making it easier, safer, and more cost-effective to handle, transport, and dispose
of. Dewatering technologies can reduce the sludge’s volume and weight by up to 70%-80%.

6.4 Model Framework and Design

In this section, the model framework is presented, including the general assumptions and mathe-
matical formulation. To validate the effectiveness of the proposed planning model, a comparison
between simulation results and real data from a large-scale WW'TP is conducted.
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The proposed planning model aims to determine the optimal configuration for the WWTP’s
power generation system while minimising both investiment and operating costs. The model
formulation incorporates some of the equations presented in the biogas modelling (Chapter
3) and the operation models (Chapters 4 and 5). Therefore, some of the formulations from
Chapters 3, 4 and 5 are omitted in this section. The additional formulations and the multi-
objective problem for this planning model are provided below.

6.4.1 Biogas Components

Constraint (6.1) ensures that the biogas volume inside the digester remains within the defined
limits. V3 represents the maximum limit for a single biogas storage unit, and norage 15 the
number of biogas storage units. S,q,,,, is a scaling factor that determines the minimum biogas
storage level relative to the maximum storage capacity.

max

max
adynit Sadmin : nstorzzge S ‘/biogasad (t> S adynit nstorage (61)

Egs. (6.2) and (6.3) define the boundaries for biogas charging and discharging, respectively,
where Thiogas.s wnie A Thiogasais i TEPTESENt the maximum charging and discharging rates, re-
spectively, for a single biogas unit in the anaerobic digestion system.

Vio as 3
0< bthCh() < Tbiogasch,unit * Tlstorage * uad<t> (6.2)

0 < omsell) e Pt - (1= 1) (63)
Constraints (6.4), (6.5) and (6.6) limit the upper and lower boundaries of the total volume of
gas used in the CHP units, boilers and upgrading system, respectively. Vo* V2% and
Vapox  are the maximum gas volumes that can be used in a single unit of CHP, boiler, and
biogas upgrading systems, whereas 7.cxp, Npoiter and n,, are the total number of units for the

CHP, boilers and biogas upgrading systems, respectively.

O S ‘/biOgaSchp (t) S Cr}rll;jnit ’ nChp (64)
0 S ‘/bio.qasboiler (t) + ‘/.vgasg'rid <t> S ‘/E)r;L?;(Tunlt : nboiler (65)
0 S %iogasup (t> S Vur;jin s Nap (66)

Constraint (6.7) defines the lower and upper boundaries for power used in the upgrading system,

max - . . . i .
where P is the maximum power for a single biogas upgrading unit.

0 < Pyy(t) < P™ . p,, (6.7)

UPunit

6.4.2 Microgrid Components

a. CHP system and Boilers

Constraints (6.8) and (6.9) define the upper and lower boundaries of the electrical and thermal
power from the CHP units, while constraint (6.10) limits the maximum thermal power in the
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boilers. P73 —and Q52  represent the maximum electrical and thermal power generation

Chpunit Chpunit
from a single CHP unit, and @ is the maximum thermal power for a boiler unit.

max

boilerunit
0 < Pop(t) < P - Nenp (6.8)
0 < Qenp(t) < Qe . Ny (6.9)
0 < Quoiter (t) < Qboiter,.., - Moiler (6.10)

b. BESS

Constraint (6.11) snures that the battery energy remains within the maximum and minimum

boundaries, where F;"" and Ej'®* are the minimum and maximum energy levels of a single
battery unit, and n, is the number of battery units.

Emin Ny é Eb(t) S B Ty (611)

bunit bunit

Egs. (6.12) and (6.13) impose the boundary limits for maximum charging and discharging
power for the battery storage system, respectively. ry,, .., and rp,, . are the charging and
discharging rates of a single battery unit, respectively.

0 < Py (t) < Toupnie 10 - (1) (6.12)

ch,unit

0 S Pbdis (t) S rbdis,unit ’ nb ' [1 - Ub(t)] (613)

c. PV system

Eq. (6.14) describes the power generated by the PV system, P,,(t), where P3®™* is the maxi-

it
mum power output of a single PV unit, and n,, is the total number of PV units.

0< Py(t) < P .p, (6.14)

— 7 PUunit

d. Micro-hydro

Constraint (6.15) limits the maximum power of micro-hydro system, where Pi4* is the max-
imum power output of a single micro-hydro system unit, and np,q is the total number of
micro-hydro units.

0 S Phyd(t) S prax -nhyd (615)

hydynit

e. Balance equation

Eq. (6.16) defines the power balance equation, where Py, (t) is the power consumed for dewa-
tering the digested sludge.

Pyria(t) + Ponp(t) + Pou(t) + P (1) + Prya(t) =

Puip(t) + Pagta(t) + Po, () + Pup(t) + Paew(t) (6.16)
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f. Thermal (Sewage Sludge)

The dewatering process of digested sludge is primarily used to reduce its overall water content
(approximately 95%-99%), thereby reducing the sludge volume and preparing it to meet en-
vironmental standards for disposal in landfills. Most WWTPs dewater sewage sludge because
it is more economically feasible prior to final disposal, which may include landfilling, inciner-
ation, land application, or further drying/gasification. The main dewatering methods include
centrifuge and belt filter press, which typically reduce the sludge water content to 75%-85%,
and thermal drying, which can further lower the water content to 10%-20% after mechanical
dewatering. In this study, it is assumed that the digested sewage sludge is dewatered using a
centrifuge system, a common technology used in Australia [278].

Thermal equations for sewage sludge is defined in Section 4.3.2. Consequently, some of the
formulation is omitted here. Additional formulations are provided in the following, including
those related to the dewatering process for sewage sludge. Egs. (6.17) and (6.18) define the
total volume of dewatered sludge (Vyss,., (t)) and the power used in the dewatering process
(Piew(t)), respectively. 7ggs,., and kgss,, represent the power consumption rate for sludge
dewatering and the conversion factor from digested sludge to dewatered sludge, respectively.

‘/dssdew (t) - Vjssout (t) : kdssdew (617)

Pdew (t> = ‘/vssout (t) ’ Tdssdew (618)

g. Objective Function

The total investment can be calculated as shown in (6.19). Cpu,.irs Cohpunies CounitsChydunic > Choilerumiss
Cupunie A0 Cstorage,,., are the costs (in $/kW) of the solar PV, CHP, BESS, micro-hydro, boiler,
biogas upgrading and storage systems units, respectively. In this study, operating and mainte-
nance (O&M) costs for all technologies are already incorporated into the capital expenditure
(CAPEX) of each unit system, as they can be accounted for as an incremental percentage of
CAPEX, typically ranging from 2% to 5% [279], [280].

finv = vaunit ) npU + CChpunit : nChp + Cbunit " Mp + chydunit ’ nhyd

(6.19)

+Cb0ilerum't * Npoiler + Cupumt : nup + Cstorageum-t : nstorage

Eq. (6.20) calculates the 1-year operating expenditure (OPEX), f,,, , of the WWTP, which
includes three components: electricity costs, gas costs and sewage sludge disposal costs. cgs,,,,
represents the price associated with sewage sludge disposal.

Pgrid(t) ’ Adlf ’ (Celeimp (t) + Celeuse (t) + celeother (t))

Fopry =D {

t

+ Pw'thcap (t) ' Celecap (t) - PSOld(t) ’ C@leezp <t> ' At

(6.20)

+ Vgasgn‘d (t)- (Cgasimp (t) + Cgasuyse (t>)

- ‘/biomet (t) : Cgasezp (t) + ‘/;lssdew (t> : Cssdisp] }
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The operation model is designed with a 1-year operational horizon to reduce computational
complexity and maintain tractability. However, to accurately assess the long-term economic
performance of proposed objective function, the total OPEX is assessed over the full lifetime
of the microgrid system using a Net Present Value (NPV) approach. This is achieved by
projecting the annual OPEX from the one-year simulation over assumed microgrid operation
lifetime, which is considered to be 12 years in this study. These projected annual OPEX values
are then discounted to their present value using a fixed discount rate, as defined in (6.21),
where N represents the number of years in the microgrid’s operational lifetime (N=12). This
approach allows the incorporation of both the initial CAPEX and the discounted cumulative
OPEX into the proposed objective function, providing a realistic representation of the overall
economic impact over the system’s expected lifespan. The discount rate, denoted as r, reflects

the effect of currency inflation.
N

o foply
Jop = ; A+ (6.21)

A payback period (f,5) can be calculated as shown in (6.22), where C,,, , is the 1-year OPEX
based on current historical data when no microgrid system is yet implemented.

finv

_Jww 6.22
Cophd - foply ( )

fpb:

The objective functions presented in (6.19), (6.21), and (6.22) can be combined into a single
objective function, defined in (6.23), which includes three main components of the proposed
microgrid: CAPEX (f.), total OPEX (f,,), and payback period (f,).

fmo:al'finv+@2'fop+a3'fpb (623)

a1, as and ag are weighting factors applied to investment, operation, and payback period,
respectively, and they must satisfy constraint (6.24). The weighting factors are determined by
the decision-maker.

a; +as +as = 1 (624)

6.5 Simulation Results

This section presents the outcomes of the proposed planning model. First, the key assumptions
that underpin the analysis and simulation framework are outlined. In sequence, the simulation
results from the selected case studies are presented. The findings are analysed and discussed
to highlight their implications, reveal patterns, and assess their alignment with the research
objectives.

6.5.1 Inputs and Assumptions

The WWTP characteristics, input data, parameters, and assumptions used in Sections 4.4.1
and 5.4.1 were also considered in the planning model. Outputs from the biogas model proposed
in Chapter 3 were used as inputs to the planning model, assuming an anaerobic digestion
operating temperature of 38 °C.
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6.5.2 Case Studies

This section presents the case studies and main assumptions considered in the model to evalu-
ate the proposed planning framework. Different case studies were considered to systematically
explore the impact of incorporating different renewable energy technologies and resource recov-
ery strategies in a WWTP. Apart from Case 1, the other cases require additional formulations
to accurately represent the technical and economic aspects of the new components. The use of
multiple case studies is essential to provide a comprehensive overview of the model’s flexibil-
ity, assess the performance of different technological pathways, and identify the most effective
strategies for enhancing energy efficiency and sustainability in WWTP operations.

The investment costs per unit of capacity for different technologies used in this study are
presented in Table 6.1. The weighting factors a;, ay and a3 in (6.24) are assumed to be 0.6,
0.2 and 0.2, respectively. The cost of sludge disposal ranges from $45 to $105 per ton of waste,
based on the Australian Government - DCCEEW (Department of Climate Change, Energy, the
Environment and Water) [281]. The same costs were also applied to the co-digestion operating
expenses.

Table 6.1: Unit costs for different technologies

Technology CAPEX Cost
Boiler $1,800/kW
CHP $2,800/kW

PV $1,000/KW
BESS $500/kW
Micro-hydro $3,800/kW
Biogas upgrade $3,500/m3 h~1
Biogas storage $200/m?
Dryer $1,750/kW
Gasifier $5,800/kW
Electrolyser $3,000/kW
Fuel cell $5,500/kW

The case studies considered in this study are the following:

e Case 1: The microgrid includes a PV, battery, micro-hydro, boiler and CHP systems. Biogas
storage and biogas upgrading system are also included.

e Case 2: In addition to Case 1, gasification of sewage sludge and sludge drying are considered.
e Case 3: In addition to Case 2, water electrolysis and fuel cell systems are included, alongside
with co-digestion of sewage sludge.

In all cases, biogas production and utilisation are based on the model proposed in Chapter 3.
For Case 2 and Case 3, additional formulations are required to account for the adoption of
other technologies, including co-digestion, gasification, sludge drying, water electrolysis, and
fuel cell systems, as detailed in the following sections.
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a. Case 1

Table 6.2 provides a summary of the planning model results, including microgrid capacity,
payback period, CAPEX and 1-year OPEX. The microgrid comprises a CHP unit, boiler, BESS,
biogas upgrading and biogas storage systems, whereas PV and micro-hydro were not selected for
this Case 1. Key observations from Table 6.2 indicate that the CHP unit represents the largest
capacity in the microgrid (2,950 kWe), highlighting its central role in meeting both electrical
and thermal demand. The boiler contributes an additional 230 kW of thermal energy, while
the BESS provides 40 kW of electrical storage to improve operational flexibility. The biogas
storage capacity is 800 m?, and the biogas upgrading system can process up to 190 m®>h~1,
ensuring efficient utilisation of the biogas produced on-site. Additionally, the total CAPEX for
this configuration is estimated at $9.52 million, with a payback period of 5.4 years, suggesting
that, based on the assumptions considered, the investment may offer a reasonable return over
the estimated payback period.

Note that the unit kWe (kilowatts electrical) is used to represent the size of the CHP system,
as it specifically refers to the system’s electrical power output. Since CHP units produce both
electricity and heat, distinguishing between electrical (kWe) and thermal (kWth) outputs is
essential for clarity. In this study, only the electrical generation capacity of the CHP was
considered in the system sizing and optimisation, hence the use of kWe.

Table 6.2: Proposed microgrid configuration - Case 1 (Planning model)

Boiler CHP BESS Biogas sto- Biogas up- CAPEX Payback
(kW) (kWe) (kW) rage (m?) grade (m*h~1) | ($ M) period (y)
230 2,950 40 800 190 9.52 5.4

Table 6.3 illustrates the results for the WW'TP 1-year operation, including the biogas generation
and utilisation, natural gas importation, microgrid generation, power imported and exported
to the grid, and annual OPEX. As highlighted, the total biogas production for 1-year operation
was 11,746,008 m?, mainly used in the CHP unit to generate electricity and heat (approximately
91.8%), while a portion was upgraded to biomethane and sold, generating $292,808 in revenue.
The total electricity demand from the WW'TP, which included the consumption of the WWTP,
biogas upgrading system, battery charging, and sludge dewatering, was approximately 28.05
GWh, met by CHP generation, BESS and main grid. No electricity is exported, and BESS
has limited storage flexibility. Economically, total OPEX is $4.68 million, with electricity costs
reaching around $961,000, gas costs offsetting $292,808 (revenue from biomethane), and sludge
disposal representing the largest expense ($4 million). Key findings from this Case 1 operational
scenario indicate that the CHP unit plays a central role in meeting the WW'T'P’s electrical and
thermal demands, while biogas upgrading offers additional flexibility and revenue potential.

Table 6.3: Result summary for 1-year operation - Case 1 (Planning model)

Biogas production (m?) 11,746,008
Biogas used in the CHP (m?) 10,787,292
Biogas used in the boiler (m?) 57,982

Biogas upgraded to biomethane (m?) 900,735

Biomethane sold (m?) 616,292

Biogas stored (m?) 329,613
Biogas discharged (m?) 329,613
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Natural gas imported (m?) 10,259
CHP thermal generation (kWh) 26,646,742
Boiler thermal generation (kWh) 417,452
Thermal energy required in the AD (kWh) 22,750,097
CHP electricity generation (kWh) 22,439,361
Electricity imported from the grid (kWh) 5,569,815
Electricity exported back to the grid (kWh) 0
WWTP consumption (kWh) 26,801,045
Energy charged by the battery (kWh) 53,810
Energy discharged from the battery (kWh) 43,586
Sludge dewatering consumption (kWh) 882,650
Biogas upgrading system consumption (kWh) 315,257
Electricity costs ($) 961,695
Gas costs ($) -292,808
Sludge disposal costs ($) 4,012,044
1-year OPEX ($) 4,680,930

b. Case 2

In Case 2, sludge gasification and sludge drying systems are incorporated. Figure 6.2 illustrates
the microgrid schematic for this scenario.
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Figure 6.2: Microgrid configuration (Case 2 - Planning model)

Sludge gasification reduces disposal costs while converting sewage sludge into a renewable fuel
gas (syngas) [11]. Syngas can be used in the CHP system or boiler. Its calorific value typically
ranges from 5 to 10.8 MJ/kg [282]-[284], depending on different factors, including sludge mois-
ture content, sludge composition, reactor type, residence time, oxygen equivalence ratio, and
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process temperature [83], [285]. To be used as a feedstock in the gasification process, sewage
sludge should achieve appropriate moisture level (around 10% to 20%). Therefore, dewatered
sludge is further dried before gasification.

Eq. (6.25) is updated to account for total natural gas imports supplying both the boilers and
sludge drying system.
‘/gasg""’id (t) = ‘/gasboiler + %asdryer (625)

Eq. (6.26) expresses the total volume of dry sludge (Vis,,,(t)) obtained from dewatered sludge
for use in the gasification process, where kgeq,,, is the conversion factor from dewatered sludge
to dry sludge. Egs. (6.27) and (6.28) define the power used in the gasification process (Pyqs(1))
and total syngas production (V,,(t), respectively. 74, and Kss.,, represent the gasifier elec-
trical consumption rate and conversion factor from sludge to syngas, respectively. The gasifier
consumption rate, g, is assumed to be 94 kWh/ton biosolid feed, based on [286], while the
conversion factor, kg,,, , is considered 0.72 kg syngas/kg dried sludge [281]. Constraint (6.29)
limits the maximum power consumption of the gasification system, where P%*  is the upper

gasiyni

limit for a single gasification unit, and nges; is the number of gasification units.

Visary = Vitssgen * Kdewsy, (6.26)
Pyasi(t) = Vg, (t) - Tgasi (6.27)
Vign (1) = Viasgy, (1) - Kooy (6.28)
0 < Pyasi(t) < Pt - Ngasi (6.29)

Figure 6.3 illustrates the utilisation of biogas, syngas and natural gas for Case 2.
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Figure 6.3: Biogas, biomethane and natural gas components (Case 2 - Planning model)

Eqgs. (6.30) and (6.31) describe the thermal power generated by the dryer (Qgyyer(t)) and the
thermal energy required to dry the dewatered sludge (Qss,,, (t)), respectively. Eq. (6.32) defines
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the energy consumed by the sludge drying system (Qgryer(t)) as equal to the total thermal
power required for drying the sludge. T, (), hyap and dryer TEDTESEDD the water evaporation
temperature (100 °C), the latent heat of vaporisation of water, and the thermal efficiency of
the dryer, respectively. Constraint (6.33) limits the maximum thermal power consumption of
the drying system, where Qg7¢,  is the upper limit for a single dryer unit, and ng4.y.r is the
total number of dryer units.

[‘/vgasdrye'r (t) ’ Cpgas + ‘/biogasd'ryer (t) ' Cpbiogas _'_ ‘/SyndTye'r (t) ’ cpsyn] ’ nthd'rym' ’ k]w

eryer (t) = At (630)
Qssary (1) = | Visgen (1) = Visa, (t)] ‘ {hw Teu(t) = Taa(t)] + hvap} Kju (6.31)

eryer (t) = std'ry (t> (632)

0 < eryer (t) < Qg}%ﬁrumt * Ndryer (633)

Eq. (6.34) indicates that the syngas volume (Vj,,(t)) can be used in the CHP (Vy,, (1)),
bOﬂer (‘/;ynchp (t)) a‘nd dryer (‘/;yndryer (t))

‘/:Syn(t> - Vsynchp (t> + ‘/Synboile'r (t> + Vsyndv‘yer (t> (634)

Egs. (6.35) and (6.36) are rewritten to account for the portion of biogas used in the drying
system, while Egs. (6.37) and (6.38) are reformulated to consider the syngas allocated to
the CHP units and boilers. Viiogas,en_aryer (t)s Vbiogasass_aryer (t) TEPTEsent the portions of biogas
generated and discharged for drying the sewage sludge before it enters the gasifier, respectively,
and Viiogasy,yer (t) is the total biogas consumed in the drying system.

‘/bio.qasgen (t) - %iogasgenfchp (t) + ‘/biogasgenfboiler (t)

(6.35)
+‘/biogasgen7up (t) + %iogasgenfdrye'r (t) + %iogasch (t)

%iOQasdis (t) = ‘/bio.‘]asdisfchp (t) + ‘/biOQGSdisfboiler (t) + ‘/bio.gasdisfup (t) + %io.qasdisfdryer (t) (6'36)

0 S %iogaschp (t) + ‘/;ynchp (t) S Cr;llsi(nit ’ nChp (637)
0< Vbiogasbouer (t) + ‘/gasboizer (t) + Vsynboiler <t> < %r;?;crumt * Nboiler (638)

Eq. (6.39) states the maximum volume of gas that can be used by the drying system.

0 S %iOgasdryer (t) + ‘/gQSdrye'r (t) + ‘/;yndryer (t) S ‘/dl’f"l;;(’f‘un“ ) nd?"yET (639)
Egs. (6.40), (6.41) and (6.42) are reformulated to consider the syngas produced in the sludge

gasification process and its allocation to the CHP units and boilers. ¢, denotes the calorific
value of the syngas.
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[%iogaschp (t) ’ Cpbiogas + Vsynchp (t) ’ Cpsyn] ’ 7/]echp ’ k]w

P () = 4

hp(t) At (6 0)
‘/bio ASchp t - C iogas + ‘/'S Nechp t e syn ’ 77 hc D ' kw

Qunp(t) = [Viiogaseny (£) - Cpy Ayt () * Cpayul  Mihory * K (6.41)

Qboﬂer(t) _ [‘/biogasboiler (t) ’ Cpbiogas + ‘/gasboiler <t> 'iptgas + ‘/Synbm’ler (t) ’ Cpsyn] ' nthboiler ’ kjw (642)

O S %i‘)gasup <t) S Vun;::n ' nup (643)
Eq. (6.44) is updated to include the power consumed by the gasification process (Pyqs(t)) in
the power balance equation.

Pgrid(t) + Pchp(t) + va<t> + By, (t) + Phyd(t) - (6 44)

Puwtp(t) + Psoia(t) + Pr,,, (t) + Pup(t) + Paew(t) + Pyasi(t) '
Eq. (6.45) is rewritten to account for the investment costs of the gasification and sludge drying
systems in Case 2, where Cyqsi,,,.;; a0d Caryer,,,; Tepresent the costs of a single unit of gasification
and a single unit of sludge drying, respectively.

finv - vaum-t : npv + Cchpum-t : nchp + Chyniz ~ T + Chydum-t : nhyd + Choilerynic * Mhoiler

(6.45)

+Cupum't : nup + Cstorageumt : nstorage + Cgasiumt : ngasi + Cdryerumt : ndryer

Since the gasification and sludge drying systems of sewage sludge are considered in this case,
the 1-year OPEX function is reformulated, as defined in (6.46), to incorporate the volume of
dried sludge (Viss,,, (t)) designated for disposal.

Pyrid (t) - Adif (CEleimp (t) + Cetense (1) + Celepper (t))

Jory =Y {

t

+ watpcap (t) ' CQlecap (t) - PSOld(t) ’ Celeea:p (t) ' At

(6.46)

+ %asgrid (t) ) (Cgasimp (t) + cgasuse (t))

- %iomet(t) ' Cgasewp (t) + ‘/dssd'ry (t) ' Cssdisp] }

Table 6.4 summarises the results of the planning model, including the microgrid configuration,
payback period, and CAPEX for Case 2. The microgrid comprises a boiler with a capacity of
1.6 MW, a CHP unit of 1.78 MWe, a gasifier of 280 kW, and a sludge dryer of 4.07 MW. The
biogas storage and upgrading capacities are 100 m? and 170 m®h~!, respectively, whereas PV,
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micro-hydro, and BESS systems were not included in this configuration. The total CAPEX is
estimated at $17.24 million, with a projected payback period of 5.7 years

Table 6.4: Proposed microgrid configuration - Case 2 (Planning model)

Boiler | CHP | Gasifier | Dryer Biogas sto- Biogas up- CAPEX| Payback
(kW) | (kWe) (kW) (kW) rage (m?) grade (m*h~!) | ($ M) period (y)
1,610 1,780 280 4,070 100 170 17.24 5.7

Table 6.5 illustrates the results for the WW'TP 1-year operation, including the biogas generation
and utilisation, natural gas importation, microgrid generation, power imported and exported
to the grid, and 1-year OPEX. Over the 1-year operation, the WW'TP produced approximately
11.75 million m?® of biogas, of which 37% was used in the CHP, 9% in the boiler, 49% in
the dryer, and 5% was upgraded to biomethane. Syngas production reached 8.65 million m?,
with 58% used in the CHP, 8% in the boiler, and 33% in the dryer. Natural gas importation
accounted for less than 1% of total gas use. The CHP and boiler supplied 15.61 GWh and 7.58
GWh of thermal energy, respectively, to meet the WWTP’s thermal needs for the anaerobic
digester, which required approximately 22.75 GWh, while the dryer generated 27.14 GWh
for the sludge drying process. The WWTP consumed 26.80 GWh of electricity, with 49%
generated by the CHP and 51% imported from the grid; no electricity was exported. The
l-year OPEX accounted for $3.44 million, with gas costs offsetting approximately $31,530,
indicating a minimal revenue generation from biomethane sales. Compared to Case 1, sludge
disposal costs dropped significantly from $4 million to $1.1 million due to the implementation
of sludge dryers, while electricity costs increased to $2.37 million.

Table 6.5: Result summary for 1-year operation - Case 2 (Planning model)

Biogas production (m?) 11,746,008
Biogas used in the CHP (m?) 4,379,985
Biogas used in the boiler (m?) 986,981
Biogas used in the dryer (m?) 5,778,304
Biogas upgraded to biomethane (m?) 600,738
Biomethane sold (m?) 411,032
Biogas stored (m?) 13,700
Biogas discharged (m?) 13,700
Total syngas production (m?) 8,649,966
Syngas used in the CHP (m?) 5,043,757
Syngas used in the boiler (m?) 733,477
Syngas used in the dryer (m?) 2,872,732
Natural gas imported (m?) 90,533
CHP thermal generation (kWh) 15,611,380
Boiler thermal generation (kWh) 7,584,524
Thermal energy required in the AD (kWh) 22,750,097
Dryer thermal generation (kWh) 27,141,284
WWTP consumption (kWh) 26,801,045
CHP electricity generation (kWh) 13,146,426
Electricity imported from the grid (kWh) 16,591,284
Electricity exported to the grid (kWh) 0
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Sludge dewatering consumption (kWh) 882,650
Biogas upgrading system consumption (kWh) 210,258
Gasifier consumption (kWh) 1,843,757
Electricity costs ($) 2,367,301

Gas costs ($) -31,530

Sludge disposal costs ($) 1,103,312

1-year OPEX ($) 3,439,083

c. Case 3

This Case 3 considers water electrolysis and fuel cells as part of the microgrid system. In
addition, the co-digestion is adopted, with assumptions consistent with those defined in Sections
4.4.2 and 5.4.2.

Figure 6.4 illustrates the schematic diagram of the microgrid system.
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Figure 6.4: Microgrid configuration (Case 3 - Planning model)

Egs. (6.47) and (6.48) express the hydrogen volume generated by the water electrolyser system
(Via(t)) and its allocation components, respectively. Constraint (6.49) limits the maximum
hydrogen production of the water electrolyser system. Vja,(t) and kpao,, represent the wa-
ter volume consumed by the electrolysers and the conversion factor from water to hydrogen,
respectively. Via,, (£), Vigyoue, (t); V2, (1), Vazy,,., (t) and Vio, () correspond to hydrogen com-
ponents used in the CHP, boilers, fuel cells, drying system and sold to the gas grid, respectively.
Vi and ny. denote the maximum output of a single electrolyser unit and the total number
of water electrolyser units, respectively. Eq. (6.50) defines the upper limit of water that can

be supplied to the the water electrolysis system (V,52%).
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Via(t) = Viao(t) - kn2ops (6.47)

Via(t) = Voo, (1) + Vagye, (£) + Vaz, oo (t) + Vag, () + Viag,,,.. (1) (6.48)
0 S th(t) S Vhrgj:it * Noe (649)
0 < Via(t) < Vo (6.50)

In Case 3, it is assumed that the converted biomethane can either be exported to the gas grid
(Vbiometoa(t)) or used in the fuel cell system (Viiomet,,(t)), as defined in (6.51) and illustrated
in Figure 6.5.

‘/biomet(t) = ‘/biometsold (t) + V;n'ometfC (t) (651)

Figure 6.5 illustrates the gas utilisation considered in Case 3.
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Figure 6.5: Biogas, biomethane, hydrogen and natural gas components (Case 3 - Planning model)

Eq. (6.52) defines the electrical power (P, (t)) consumed by the water electrolyser system, while
Constraint (6.53) limits its maximum power. r,,. is the power consumption rate of electrolyser,
Prax is the maximum power consumption of a single electrolyser, and n,. denotes the total
number of water electrolysis units.

Pwe(t) - VhZO(t) ' rwe(t) (652)
0< Puelt) < P™™ -y, (6.53)

Eqgs. (6.54) and (6.55) define the thermal (Q.(t)) and electrical (Py.(t)) power generated by
the fuel cell system. Constraints (6.56) and (6.57) limit the maximum thermal and electrical
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power output from the fuel cell system, respectively. Q72> ~and Pr®* maximum thermal and
electrical power outputs of a single fuel cell unit, and n fc is the number of fuel cells units. 7.
and 7, denote the thermal and electrical efﬁciencies of the fuel cell, while ¢, and ¢,
represent the calorific values for biomethane and hydrogen, respectively.

[Vh2fc (t) ' Cph2 + %iometfc (t) ’ Cpbiomet] ) 77thffc ’ k]w

Qsc(t) = AL (6.54)
Py = e et wam&Z;@ — (6.55)
0<Qp(t) < Q- (6.56)
0 < Prolt) < PR,y (6.57)

Egs. (6.58) and (6.59) represent the hydrogen constraints. xps defines the maximum percent-
age of hydrogen allowed to be blended with biomethane for injection into the gas network.
According to AEMO, hydrogen injection into the existing gas network is limited to a maximum
of 10% when blended with biomethane or natural gas.

Vh?sold (t) < %iometsom (t) ' xh?(t) (6'58)

0 g Vh2$old< ) < thQl‘é:)jd ’ [ U/gas(t)] (659)

Egs. (6.60 - 6.65) are updated to consider the hydrogen component. Vi, (%), Via,,.., (t) and
denote the volumes of hydrogen used in the CHP and boilers, respectively, while ¢,,, represents
the calorific value of hydrogen.

0 < Voiogasen, (8) + Vegnen, () + Viz, (8) < Vps ., - nenp(t) (6.60)

- Chpunit

O S ‘/gasboile'r (t> + ‘/biogasboiler (t) + Vsynboiler (t) + Vh2boiler< ) < %ronl?éc’r‘unlt nbOller<t) (661)

0< Vh250ld (t) + %iometsold (t) < ‘/;;rélgij ’ [1 - ugaS(t)] (6'62)
PChp(t) = %io.gaschp (t) ’ Cpbiogas + ngnchp (t) cpsyn + VhQChp( ) cph2] : nechp ’ kjw (663)

QChp(t) = ‘/biogaschp (t) ’ Cpbiogas + ‘/'Synchp (t) Cpsyn + Vh25hp< ) CPh?] ' nthchp ’ kjw (664)
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QbOileT (t) = ‘/gasboiler (t) ’ cpgas + ‘/bio.gasboiler (t) : Cpbiogas+

(6.65)
VSynboile’r' (t) : cpsy’ﬂ + Vh2boiler (t) : cphZ : nthboiler ’ kjw
Eq. (6.66) is updated to include the hydrogen component for the drying system.
erye"'(t) - %asdryer (t> ’ cpgas + %iogasdryer (t) ’ Cpbiogas+
(6.66)

VSyndr'yer (t) : cpsyn + Vh2d’rye'r (t) ’ Cth] ’ T]thd'ryer ’ k]w

Eq. (6.67) is revised to account for the total natural gas import, which can supply both the
boilers and the sludge drying system.

‘/gasgrid (t) = ‘/gaﬂsboile'r <t> + %asdryer <t> (667)

Eq. (6.68) incorporates the power generated by the fuel cell system (Pf.(t)) and the power
consumed by the water electrolyser units (P,.(t)). Eq. (6.69) is updated to include the thermal
energy contribution of the fuel cell system.

Pyria(t) + Ponp(t) + Ppu(t) + Boy,, () + Paya(t) + Pre(t) =

Puuwip(t) + Psota(t) + Pogy, (t) + Pup(t) + Pitew(t) + Pyasi(t) + Pue(t) (568)

Qad(t) S Qchp(t) + Qboiler(t) + ch(t) (669)

Eq. (6.70) is rewritten to consider the investment costs of the water electrolysis and fuel cell
systems in the model, where cye,,.,, and cy,,,, denote the costs of individual water electrolysis
and fuel cell units, respectively.

fiTL'U - vaunit ’ np” + CChpunit : nChP + Cbunit ' nb + Chydunit ’ nh‘yd+
Choilerynit * boiler + Cstorageumt : nstorage + Cupum't : nup+ (670)

CQQSiunit ' ngas'i + Cd"'yerunit ' nd?“yer + Cfcunit ) nfc + cweunit * Nae

The 1-year OPEX function is updated as defined in (6.71).
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Pyria(t) - iy + (Cetenmy () + Cetense (t) + Cetepyner (£))

Fory = ) {

t

+ watpmp (t> : celemp (t) - Psold(t) : Celeezp <t> : At

(6.71)
_l’_

%angid <t) ’ (Cga'simp (t) + Cgasuse (t>) -
[%iometsold (t) + Vh2sold (t)] . Cgasmp (t)

+ Vdssd'ry (t> ' cssdisp _'_ Vf0g<t) ’ Cfo.g] }

Table 6.6 summarises the proposed microgrid configuration for Case 3 in the planning model.
The system includes a CHP unit with a capacity of 3.28 MWe, a gasifier of 300 kW, and a sludge
dryer of 4.28 MW. The biogas storage and upgrading capacities are 200 m® and 320 m®>h1,
respectively. This configuration has the highest CAPEX among all scenarios, approximately
$19.6 million, with a projected payback period of 6 years.

Table 6.6: Proposed microgrid configuration - Case 3 (Planning model)

CHP | Gasifier Dryer Biogas sto- Biogas up- CAPEX| Payback
(kWe) (kW) (kW) rage (m?) grade (m*h~1) | ($ M) period (y)
3,280 300 4,280 200 320 19.57 6

Table 6.7 summarises the 1-year operation results for Case 3. The WWTP produced approx-
imately 17.95 million m? of biogas, of which 57% was used in the CHP, 33% in the dryer,
and 10% upgraded to biomethane. Syngas production reached 9.08 million m?, with 58% used
in the CHP and 42% in the dryer. For this configuration, no boiler was selected; therefore,
the CHP system was responsible for supplying all the thermal energy required by the WWTP
(23.6 GWh required for the anaerobic digestion process), providing a total of 30.3 GWh. The
WWTP consumed 26.8 GWh of electricity, while the biogas upgrading system, sludge dewa-
tering and gasifiers consumed about 3.52 GWh, which 95% was supplied by the CHP and 5%
imported from the grid. Negligible electricity was exported. The 1-year OPEX totaled $3.17
million, with gas costs offsetting nearly $624,000 reflecting revenue from biomethane sales and
additional co-digestion costs of $1.77 million.

Table 6.7: Result summary for 1-year operation - Case 3 (Planning model)

Biogas production (m?) 17,947,941
Biogas used in the CHP (m?) 10,223,240
Biogas used in the dryer (m?) 5,851,497

Biogas upgraded to biomethane (m?) 1,873,204

Biomethane sold (m?) 1,281,666

Biogas stored (m?) 184,566

Biogas discharged (m?) 184,566
Total syngas production (m?) 9,082,464
Syngas used in the CHP (m?) 5,307,208
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Syngas used in the dryer (m?) 3,775,257
Natural gas imported (m?) 2,166
CHP thermal generation (kWh) 30,295,673
Thermal energy required in the AD (kWh) 23,720,267
Dryer thermal generation (kWh) 28,498,348
WWTP electricity consumption (kWh) 26,801,045
CHP electricity generation (kWh) 25,512,146
Electricity imported from the grid (kWh) 4,807,841
Electricity exported to the grid (kWh) 594
Biogas upgrading system consumption (kWh) 655,622
Gasifier consumption (kWh) 1,935,945
Sludge dewatering consumption (kWh) 926,782
Electricity costs ($) 865,706
Gas costs ($) -624,344
Sludge disposal costs ($) 1,158,478
Co-digestion costs ($) 1,765,299
1-year OPEX (8) 3,165,138

6.5.3 Discussions

In this section, the results of the case studies are analysed to assess the performance of the
proposed planning model under various technological configurations and resource integration
strategies. The comparative analysis across these scenarios focused on the 3 main components:
investment cost, operational costs and payback period to decide which mix generation technolo-
gies are more suitable for each scenario. These results underscore the importance of evaluating
diverse configurations to fully understand the model’s capabilities and to identify the most
effective strategies for optimising energy and resource use in WWTPs.

In Case 1, the optimal configuration of the microgrid system for the WWTP included a 230 kW
boiler, 2.95 MWe CHP, 40 kW BESS, 800 m? storage system and a biogas upgrading system
capable of converting up to 190 m® h~! per hour, with a total system CAPEX of $9.52 million.
For this proposed system, the microgrid payback period was calculated to be 5.4 years, and
the 1-year OPEX was $4.68 million. As shown in Table 6.2, the proposed system prioritises
the CHP technology over other generating technologies, likely due to its ability to generate
both electricity and thermal energy required by the plant. PV and micro-hydro systems were
not selected in this Case 1 configuration. Regarding operational expenses, sludge disposal had
a significant impact on the 1-year OPEX, accounting for $4 million. In Case 2, the optimal
configuration of the microgrid system comprised a 1.6 MW boiler system, 1.78 MWe CHP
system, 280 kW gasifier, a 4.1 MW drying system, 100 m? storage unit and a biogas upgrading
system capable of converting up to 170 m®*h~! per hour. The CAPEX was $17.24 million, and
the 1-year OPEX was approximately $3.44 million. The payback period of the entire system
was 5.7 years. Compared with Case 1, the CAPEX cost increased by around 80%, but the
annual OPEX was reduced by almost $1.25 million. The increase in CAPEX was primarily
driven by investments in gasification and drying systems, aimed at reducing sludge management
costs, which account for approximately $1.1 million of the OPEX, as seen in Table 6.5. The
gasification and sludge drying systems consumed about 1.84 GWh and 27 GWh annually and
generated approximately 8.6 million m?® of syngas, which was utilised on-site. In Case 3, the

125



optimal configuration of the microgrid system was comprised of a 3.28 MWe CHP, 300 kW
gasifier, 4.28 MW drying system, 200 m? storage unit and a biogas upgrading system capable
of converting up to 320 m3h~! of biomethane. The system’s CAPEX was $19.57 million, and
the OPEX costs over the one year was approximately $3.17 million, giving a payback period of
the microgrid system of 6 years. Compared to Cases 1 and 2, Case 3 has the highest CAPEX
among the microgrid configurations, but also the lowest OPEX. Although co-digestion increased
the biogas production by around 53%, it had a high OPEX of nearly $1.76 million.

The case studies result show that the optimisation engine mainly prioritised the CHP system
for power and thermal generation for the microgrid system, despite the availability of other
technologies in the model, such as PV, BESS, biogas upgrading system, water electrolysers, and
fuel cells. This outcome is likely influenced by the ability that the CHP has to simultaneously
generate both electricity and thermal energy to meet the WW'TP’s demand and use the free
biogas available on-site. However, to ensure a comprehensive evaluation and identify potential
future opportunities, it is essential to conduct sensitivity analysis on the CAPEX of each
technology. Accurate CAPEX data is notoriously difficult to obtain due to a range of market
variables, including technology brand, original equipment manufacturer (OEM), system size,
and regional pricing differences. Therefore, adopting a range of CAPEX values in the analysis
is a practical and robust approach to capture market uncertainty and provide a more nuanced
understanding of each technology’s economic viability within the microgrid context.

6.5.4 Sensitivity Analysis

Conducting a sensitivity analysis is essential in economic evaluation, as it helps assess how
changes in key input parameters can impact the overall results and outcomes of the proposed
model. In the context of complex systems such as microgrid planning, where multiple technolo-
gies and uncertain market conditions are involved, sensitivity analysis provides critical insights
into the robustness of the chosen configuration. It allows decision-makers to identify which
variables have the greatest influence on outcomes, evaluate risks, and test the resilience of the
economic case under different scenarios. This is particularly important when data uncertainty
is high, such as with unit cost estimation, which often vary widely depending on technology
maturity, supplier, location, and project scale. By exploring a range of input values, sensitivity
analysis enables a more informed and confident decision-making process, reducing the risk of
costly errors and highlighting potential opportunities for future investment or optimisation.

In this section, sensitivity analysis is conducted on three key parameters: (a) unit costs for
each generating technology, and (b) weighting factors (ai, as and a3) applied to the single-
objective function presented in (6.21). These parameters can directly influence the CAPEX,
OPEX and the payback period of the proposed system, and most likely the final results. To
conduct a comprehensive yet manageable sensitivity analysis, different scenarios are considered
and evaluated to determine which component has the greatest impact on the outcome. To
simplify, the sensitivity analysis is conducted for 2 case studies only, Case 1 and Case 3.

a. Impact of unit cost

In this section, the unit costs of the generation technologies in the microgrid system are varied
to evaluate their impact on the overall outcomes.

Table 6.8 presents a range of unit costs for the technologies used in this study, based on market
prices, including CSIRO GenCost 2024-25 report [287], and the costs of biogas upgrading system
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was based on [288].

Table 6.8: Unit cost ranges for different technologies

Boiler CHP PV BESS | Hydro | Gasifier | Dryer Blectro- Fuel cell Biogas Biogas

(S/KW) | (8/kWe) | (8/KkW) | ($/kW) | (8/kW) | ($/KkW) | ($/kW) (g};qi%;) ($/kW) (5575{3;15) it

1,200 ~ | 2,000 ~ | 850 ~ | 300 ~ | 3,500 ~ | 4,500 ~ | 1,200 ~ | 2,250 ~ | 4,000 ~ | 1,800 ~ 150 ~
2,500 3,500 1,250 800 6,500 7,500 2,400 4,750 7,000 4,500 350

The weighting factors and the disposal cost of sludge were kept consistent with the previous
values: a;= 0.6, as= 0.2 and az= 0.2, and $75/m? of sludge, respectively.

- Case 1

A sensitivity analysis was carried out, and the results were examined. In Case 1, the microgrid
system can include the following components: CHP, boilers, PV, BESS, micro-hydro, biogas
upgrading system, and biogas storage. Table 6.9 presents the microgrid configurations based
on different unit costs for the generating technologies. Note that the costs for the CHP is given
in $/kWe and capacity in kWe, boiler, micro-hydro, PV and BESS system units are given in
$/kW and the system sizes in kW, while the unit costs of the biogas upgrading system is given
in $/m?>h~! and the size in m*h~!, and biogas storage is in $/m? and the size in m3. Table
6.10 illustrates the associated values of total CAPEX, 1-year OPEX costs, and payback period
for each scenario outlined in Table 6.9.

As shown Table 6.9, the CHP was proposed as the main generating source across all scenarios,
with an average capacity of approximately 2.9 MWe. Boiler capacity varied between 260 kW
and 300 kW, while the maximum size of the micro-hydro system was set at 70 kW. The biogas
upgrading system was estimated to treat between 190 and 210 m®h~!, and the biogas storage
capacity ranged from 500 m® and 900 m? size. The PV and BESS systems contributed modestly,
with capacities of up to 20 kW and 80 kW, respectively.

Table 6.9: Microgrid configuration - Case 1 scenarios (la-1d)

Boiler CHP Hydro PV BESS Storage Upgrade

Cost | Size | Cost | Size | Cost | Size | Cost | Size | Cost | Size | Cost | Size Cost Size

Unit [$/kW| kW [$/kWe| kWe [$/kW| kW [$/kW| kW [$/kW| kW [ $/m3 | m? [$/m®h—!|m3h"
la |1,200| 300 |2,000]2,910 3,000 70 | 850 | 20 | 300 | 30 | 150 | 900 | 1,800 | 190

1b | 1,525 | 260 | 2,375 2,920 | 3,875 950 0 425 0 200 | 500 2,475 210
1c | 2,175 | 280 | 3,125 2,910 | 5,625 0 1,150 | 20 675 80 300 | 700 3,825 200
1d | 2,500 | 260 | 3,500 | 2,920 | 6,500 1,250 | O 800 0 350 | 500 4,500 210

Additionally, the microgrid CAPEX for scenarios la-1d ranged from $6.9 million to $12 million,
with payback periods ranging from 3.7 years under the lowest unit cost assumptions to 6.8 years
based on the highest. The annual OPEX remained stable across all scenarios (around $4.6-$4.7
million), as shown in Table 6.10.

Table 6.10: CAPEX, 1-year OPEX and payback period - Case 1 scenarios (la-1d)

la 1b 1c 1d
Total CAPEX ($ M) 6.89 7.95 10.75 11.99
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l-year OPEX (8 M) | 4.60 | 4.69 | 468 | 4.69
Payback period (y) 3.7 4.5 6.1 6.8

- Case 3

In Case 3, the microgrid system can include the technologies presented in Case 1, and also
the following components: fuel cell, water electrolysis, gasifier and sludge drying system. The
gasifier and drying systems are electrical and thermal loads, respectively, used in the WW'TP,
aiming to reduce the operating costs associated with sludge disposal.

Tables 6.11 and 6.12 present the unit costs for each technology and the results of the microgrid
configurations based on different unit costs for the generation technologies, respectively. Simi-
larly to Case 1, the CHP was proposed as the main generating source for all Case 3 scenarios
(3a-3d), with a capacity of 3.27 MWe, as illustrated in Table 6.12. The gasifier and dryers were
also fixed at 300 kW and 4.28 MW, respectively, while the maximum size of the micro-hydro
system was set at 80 kW. The biogas upgrading system was estimated to treat up to 260 m®>h—!,
and the biogas storage capacity was set at 300 m®. PV and BESS systems were not selected in
this configuration, and the boiler capacity was minimal (10 kW).

Table 6.11: Unit costs of each tecnology - Case 3 scenarios (3a-3d)

CHP | Boiler ‘ Hydro ‘ PV ‘ BESS ‘ Gasifier ‘ Dryer ‘Electrolyser‘ Fuel cell | Storage | Upgrade

Unit |$/kWe $/kW $/m3 |$/m3>h~!
3a | 2,000 | 1,200 | 3,000 | 850 | 300 | 4,500 | 1,200 2,250 4,000 150 1,800
3b | 2,375 | 1,525 | 3,875 | 950 | 425 | 5,250 | 1,500 2,875 4,750 200 2,475
3c | 3,125 | 2,175 | 5,625 | 1,150 | 675 | 6,750 | 2,100 4,125 6,250 300 3,825
3d | 3,500 | 2,500 | 6,500 | 1,250 | 800 | 7,500 | 2,400 4,750 7,000 350 4,500

Table 6.12: Microgrid configuration - Case 3 scenarios (3a-3d)

CHP | Boiler ‘ Hydro ‘ PV ‘ BESS ‘ Gasifier ‘ Dryer ‘Electrolyser‘ Fuel cell | Storage | Upgrade
Unit | kWe kW m?3 m3h~!
3a 80
3b | 3,270 10 0 0 300 4,280 0 0 300 260
3c 0
3d

As shown in Table 6.13, the microgrid CAPEX for scenarios 3a-3d ranged from $13.8 million
to $25.3 million. The payback period varied accordingly, from 4.1 years in Scenario 3a (lowest
unit cost assumption) to 7.7 years in Scenario 3d (highest unit cosst assumption). The OPEX
remained almost constant across all scenarios, ranging between $3.1-$3.2 million per year.

Table 6.13: CAPEX, 1-year OPEX and payback period - Case 3 scenarios (3a-3d)

3a 3b 3c 3d
Total CAPEX ($ M) | 13.79 | 16.48 | 22.34 | 25.27
1-year OPEX ($ M) 3.09 3.17
Payback period (y) 4.1 50 | 68 | 77
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b. Impact of weighting factors

In this section, the weighting factors a;, as and az applied into the single-objective function are
varied to assess their influence on the CAPEX, OPEX and payback period of the proposed mi-
crogrid configuration. Four different sets of weighting factors, referred to as ( “sub-scenarios”),
were considered, including the baseline case (i):

1) ale.G, a2:0.2, (13:0.2;

iii) a;=0.4, a3=0.5, a3=0.1; and

(
(i) a1=0.3, as=0.3, a3=0.4;
(
(

iv) a;=0.3, as=0.1, a3=0.6;

The unit costs for the generation technologies were selected to be within the range of values
presented in Table 6.8, and the costs of sludge management was assumed to be $75/m? sludge.

- Case 1

Table 6.14 presents the microgrid configurations based on the different sets of weighting factors.

Table 6.14: Case 1 scenarios (1-1d) - Different weighting factors

Boiler CHP Hydro PV BESS Storage Upgrade

Cost | Size | Cost | Size | Cost | Size | Cost | Size | Cost | Size | Cost | Size Cost Size

Unit |[$/kW | kW |$/kWe| kWe |$/kW | kW |$/kW | kW |$/kW| kW | $/m3 | m? |$/m3h~!{m?h~!
i 230 2,950 0 0 40 800 190

ii 470 2,740 110 4,850 1,500 100 290

1 |iii| 1,800 | 700 | 2,800 | 3,210 | 3,800 | 110 | 1,000 | 5,000 | 500 | 1,080 | 200 | 700 3,500 540
iv 320 2,870 0 10 10 500 220

i 300 2,910 70 20 30 900 190

ii 660 2,580 110 5,000 2,450 700 380
la|iii| 1,200 | 740 | 2,000 | 2,540 | 3,000 | 120 | 850 |4,990 | 300 |2,780 | 150 | 400 1,800 320
iv 310 3,010 80 0 0 300 210

i 260 2,920 0 0 0 500 210

ii 550 2,770 100 5,000 1,650 800 240
1b|iii | 1,525 | 580 | 2,375 | 2,650 | 3,875 | 110 | 950 425 {2,220 | 200 | 700 2,475 340
iv 260 2,920 0 0 0 500 210

i 280 2,910 0 20 80 700 200

ii 560 2,800 100 3,050 840 100 260
lc|iii| 2,175 | 400 | 3,125 5,625 1,150 | 5,000 | 675 | 1,270 | 300 | 400 3,825 250
iv 260 2,920 0 0 0 500 210

i 260 2,920 0 0 0 500 210

ii 340 2,860 90 1,480 0 700 210

1d]| iii | 2,500 | 360 | 3,500 | 2,840 | 6,500 | 100 | 1,250 | 4,100 | 800 | 690 | 350 4,500 270
iv 430 2,780 0 0 0 100 280

As illustrated in Table 6.14 and Figure 6.6, the results for Case 1 scenarios (1 - 1d) under
different weighting factors, a;, as, as, reveal notable variations in technology deployment and
associated costs.
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Figure 6.6: Microgrid capacity for different unit costs and weighting factors (Case 1 scenarios)

Across all scenarios, CHP was used in all cases, with installed capacities ranging from ap-
proximately 2.54 MWe to 3.2 MWe, while boiler sizes varied from 260 kW and 740 kW. The
micro-hydro system, despite having a high unit cost of $6,500/kW in scenario 1d, reached a ca-
pacity of up to 100 kW. PV and BESS systems were also deployed, particularly in sub-scenarios
ii and iii, with PV and BESS capacities ranging up to 5 MW and 2.78 MW, respectively. In
sub-scenario iv across all scenarios (1 to 1d), PV, micro-hydro and BESS were generally absent
(except in scenario 1, where PV capacity was minimal, and in scenario la, which included a 80
kW micro-hydro system). In addition, biogas storage capacities ranged between 100 m?® and
800 m?, while upgrading systems were sized between 210 m*h~! and 540 m3*h~!. Overall, the
results presented in the Table 6.14 and illustrated in Figure 6.6 show that, depending on the
unit costs and weighting factors considered, the microgrid configuration capacity, particularly
the PV, BESS and biogas upgrading technologies, can vary significantly.

Table 6.15 summarises the total CAPEX, 1-year OPEX and payback period for the Case 1
scenarios under different weighting factors.

Table 6.15: CAPEX, 1-year OPEX and payback period (Scenarios 1-1d and Sub-scenarios i-iv)

1 1a 1b 1c 1d

i | g | ani | dv | i1 | ai | & | div | i1 | & | & | v | @ | & | @i | v | 1 | @ | i | iv
CAPEX
(8 M | 957 [15:57(18:24] 9.50 | 6.89 |12.06|12.04) 7.06 | 795 |14.01|14.28| 7.95 | 10.75|15.63| 17.87| 10.64|11.99| 14.49| 1863 12.10
OPEX
(8 M) |68 |388(384(469]4.60 | 381 | 459469385 | 382|469 | 468 413|387 | 469 | 436|400 471
Pagxwk 54 61|70 54|37 4.6 3.8 | 45 5.4 4561 |67]69]|60)|68]69]|76]69

As illustrated in Table 6.15 and Figure 6.7, the CAPEX values ranged from $7.06 million to
$18.63 million, with scenario 1d sub-scenario iii exhibiting the highest value. Sub-scenario iv
consistently resulted in lower CAPEX across all main scenarios, reflecting configurations with
reduced or minimal PV, BESS, and micro-hydro components. The annual OPEX remained rel-
atively stable across sub-scenarios, typically around $3.8-$4.7 million, whereas payback periods
varied more significantly, from as low as 3.8 years in scenario la sub-scenario iv to as high as
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7.6 years in scenario 1d sub-scenario iii. Notably, scenario 1a generally demonstrated the most
cost-effective performance, with both low CAPEX and short payback times, while scenario 1d
was the most capital-intensive with longer returns on investment.
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Figure 6.7: CAPEX and 1-year OPEX for different unit costs and weighting factors (Case 1 scenarios)

- Case 3

Table 6.16 presents the microgrid configurations based on the four sets of weighting factors for
some of the scenarios presented in Table 6.12.

Table 6.16: Case 3 scenarios (3-3d) - Different weighting factors

CHP | Boiler ‘ Hydro ‘ PV ‘ BESS ‘ Gasiﬁer‘ Dryer ‘Electrolyser Fuel cell | Storage | Upgrade
Unit | kWe kW m? m3h~!
i | 3,280 0 0 0 0 200 320
ii | 3,100 | 210 110 | 4,280 | 1,290 100 340
3 | iii | 3,080 | 330 5,000 | 1,620 300 | 4,280 0 0 560
iv | 3,280 0 0 0 0 600 240
i | 3,270 10 80 0 0 0 300 260
ii | 2,940 | 300 110 | 5,000 | 2,160 1,600 380
3a | iii | 2,760 | 590 3,200 300 | 4,280 0 20 700 440
iv | 3,270 10 80 0 0 0 300 260
i | 3,270 10 0 0 0 300 260
ii | 3,070 | 250 100 | 5,000 | 1,620 1,000 360
3b | iii | 3,210 | 80 110 1,610 300 | 4,280 0 0 100 460
iv | 3,270 10 0 300 260
i | 3,270 10 0 0 0 300 260
ii | 3,280 0 100 | 1,660 0 500 250
3c | iii | 3,110 | 200 5,000 | 1,250 300 | 4,280 0 0 400 330
iv | 3,270 10 0 0 0 300 260
i | 3,270 10 0 0 0 300 260
ii | 3,280 0 90 1,190 0 500 250
3d | iii 100 | 3,230 | 170 300 | 4,280 0 0 400 280
iv | 3,270 10 0 0 0 300 260

131



Figure 6.8 shows the capacity of each generating technology across the weighting factors.
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Figure 6.8: Microgrid capacity for different unit costs and weighting factors (Case 3 scenarios)

As reported in Table 6.16, the CHP system was implemented across all Case 3 scenarios, with
installed capacities consistently around 3.1 MWe. Boiler capacities showed notable variation,
reaching up to 590 kW, with the highest value observed in scenario 3a sub-scenario iii. Sub-
scenario iv seems to not favour renewable and storage technologies, resulted in minimal (in
scenario 3a) or zero capacities for PV, BESS, and hydro systems across all scenarios. In
contrast, sub-scenario ii favoured more balanced configurations, often including PV and BESS
capacities up to 5 MW and 2.16 MW. Scenario 3a-iii featured the most diverse setup, integrating
a gasifier, dryer, 20 kW fuel cell, and the highest BESS capacity (3.2 MW). Biogas upgrading
capacities ranged between 240 m*h~! and 560 m3h~!, with the highest value observed in
Scenario 3-iii. Water electrolyser and fuel cell systems were not selected in any scenario (expect
in scenario 3a-iii, which included a small 20 kW fuel cell system). The gasifier and dryer
system were kept constant at capacities of 300 kW and 4.28 MW, respectively. This consistent
configuration was due to the sludge volume being the same across all scenarios. Across all
configurations, sub-scenario iv consistently resulted in simplified system designs with reduced
microgrid components.

Table 6.17 presents the total CAPEX, 1-year OPEX and payback period for the cases presented
in Table 6.16. Figure 6.9 illustrates the CAPEX and annual OPEX for the same Case 3
scenarios.

Table 6.17: CAPEX, 1-year OPEX and payback period (Scenarios 3-3d and Sub-scenarios i-iv)

3 3a 3b 3c 3d
i | 6 | &6 | &v | i | i | @i | iv | i | & | i | v | i | i | & | iv | i | i | ii
CAPEX
(8 M) |19:57|24:84|26.66(19.37| 13.79|19.00|19.23| 13.79 | 16.48)| 22.58 | 22.76 | 16.48 | 22.34|24.84| 20.70|22.34| 25.27 | 27.37 |30.22, 25.27
OPEX
(8 My | F17[ 245|233 317 3.09 | 231|220 | 3.09 | 317|234 317 |282|237| 317 |2.89]|263|3.17
ngxmk 6.0 | 6.2 | 65 | 59| 41 4.6 41 | 5.0 5.5 50|68 |68 |73|68]|77|77]|79

132



30.00
27.00
24.00

_21.00

| | (T TR TR | |
i i jii v i

i iii iv

Juy
ca
o
o

$ Millions (AUD,
=
(a1} [=} [l
[=] o o
(=] o [=]

[
o
o

CAPEX 1-year OPEX

W3 (base) W3z m3b m3c m3d

Figure 6.9: CAPEX and 1-year OPEX for different unit costs and weighting factors (Case 3 scenarios)

As illustrated, the CAPEX values varied significantly, ranging from $13.79 million (3a-iv) to
$30.2 million (3d-iii), with sub-scenario iv generally yielding the lowest investment costs due
to simplified system configurations, whereas 1-year OPEX remained relatively stable across all
scenarios (between $2.29 million and $3.17 million), with the highest values consistently ap-
pearing under sub-scenario iv. Scenario 3a showed the most favourable economic performance,
achieving the lowest CAPEX and shortest payback period—down to 4.1 years in sub-scenario
iv. In contrast, scenario 3d-iii had the highest CAPEX and longest payback period of 7.9 years.
Notably, payback periods tended to improve in scenarios where lower-cost configurations were
adopted, especially under sub-scenarios ii and iii.

6.6 Summary

Municipal WWTPs are energy-intensive facilities, and reducing their energy consumption is
critical for improving sustainability and decreasing operational costs. The adoption of micro-
grids can be one of the most effective strategies to achieve these goals. This study explored
the planning problem of microgrid system optimisation aiming to reduce both the investment
and operating costs of electricity, gas and sludge management in a WWTP. The analysis was
conducted through four case scenarios, based on different scenarios and conditions, including
co-digestion, biogas upgrading for biomethane injection into the gas grid, and multiple options
of renewable energy technologies. The analysis was conducted through three case scenarios,
based on different scenarios and conditions. Additionally, a sensitivity analysis was conducted
in two scenarios (Case 1 and Case 3) to further evaluate how variations in CAPEX, sludge
disposal costs, and multi-objective weighting factors (a;, as, az) impact the performance of
proposed microgrid configurations for two case studies.

The microgrid configuration in Case 1 consisted of a 3.05 MWe CHP system, 530 kW boiler,
90 kW micro-hydro, 200 m?® biogas storage, and a 240 m®h~! biogas upgrading system, with
a CAPEX of $11.36 million and a payback period of 6 years. CHP was prioritised due to its
ability to meet both electrical and thermal demands, while PV and BESS were not selected.
OPEX totalled $4.56 million annually, with sludge disposal alone accounting for almost $4
million. In Case 2, a more diversified system was implemented, including CHP, boiler, micro-
hydro, gasifier, dryer, and 400 m?® biogas storage unit, with a higher CAPEX of $15.8 million,
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but lower OPEX ($3.24 million/year), thanks to reduced sludge management costs by about
70%. In Case 3, the system included CHP, micro-hydro, electrolyser, and biogas upgrading
(620 m®*h~1), with a high CAPEX and OPEX of $25.3 million and $1.1 million, respectively.
Although the co-digestion increased the biogas production, the costs of co-digestion accounted
for almost $1.76 million making a significant impact on the costs.

In Section 6.5.4, sensitivity analysis was conducted to investigate the influence of two key
parameters (unit costs of generating technology, weighting factors and sludge disposal costs)
on the CAPEX, OPEX and payback period for Case 1 and Case 3. The results indicate that
the variations in unit costs exert a substantial effect on both CAPEX and the payback period,
whereas OPEX is not heavily impacted. This outcome may be attributed to the fact that the
microgrid configuration capacity does not vary significantly despite changes in unit costs of the
generating technologies. The analysis confirmed the critical role of unit cost assumptions, with
lower costs leading to reduced CAPEX and shorter payback periods in both cases. In Case 1,
CAPEX ranged from $6.9M to $12M and payback periods from 3.7 to 6.8 years, while Case 3
exhibited higher overall investment levels ($13.8M-$30.2M) and longer payback periods (4.1-7.9
years), due in part to more complex configurations (i.e., gasification and dryer systems). Across
all scenarios, CHP was implemented in all cases, while the inclusion of technologies such as PV,
BESS, and hydro varied significantly depending on cost assumptions and weighting factors.
Varying the weighting factors (a1, as and a3) further demonstrated their strong influence on
system design. Sub-scenarios i and iv proposed microgrid configurations with lower CAPEX
and shorter payback periods; however, they also incurred a higher OPEX. In constrast, sub-
scenarios ii and iii promoted a more balanced microgrid system, characterised by higher CAPEX
and longer payback period but lower OPEX, in both Cases 1 and 3. Notably, scenarios 3a-i
and 3a-iv were identified as the most cost-effective, achieving the lowest CAPEX and shortest
payback periods (as low 4.1 years). In contrast, scenario 3d—-iii was the most capital-intensive,
with payback periods extending up to 7.9 years. Overall, the analysis highlights the importance
of carefully selecting economic parameters and objective priorities in microgrid planning, as they
substantially impact both system configuration and financial viability.
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Chapter 7
Conclusion

This chapter summarizes the current studied results and provides suggestions for further work.

7.1 Summary of Outcomes

The literature review of this thesis explored different types of renewable energy recovery tech-
nologies that can be used in WWTPs with the goal of improving energy efficiency, reducing
operational costs, and enhancing sustainability. Anaerobic digestion (AD) remains the most
widely adopted method for sewage sludge treatment due to its technological maturity, oper-
ational efficiency, low costs, and the added benefit of biogas production. Co-digestion and
pre-treatment are commonly employed to enhance biogas yields and overall AD performance;
however, given their additional costs, a thorough economic feasibility assessment is essential
prior to implementation. Thermochemical processes, such as pyrolysis and gasification, are
also mature technologies that can convert sludge into valuable by-products such as syngas and
bio-oil, although further research is needed, particularly with sewage sludge as feedstock, to
optimise conversion efficiencies, minimise emissions and reduce overall costs. The adoption of
PV systems offers an attractive solution for WW'TPs, especially due to their scalability, mod-
ularity, and declining costs. When combined with BESS, additional benefits can be achieved
by offsetting grid electricity consumption, reducing grid reliance, and lowering operating costs.
The applications of hydropower, particularly micro-hydro, are limited and are highly associated
with site-specific and key parameters, such as net head and water flow. However, when condi-
tions are favorable, they can offer unique advantages for energy recovery. Wind technology is
identified as very limited due to uncertainties and variability in wind availability and site con-
straints. Emerging bioelectrochemical technologies, MFCs and MECs, show strong potential
for both energy recovery and wastewater treatment, but they face significant challenges related
to scalability, efficiency and technology maturity. The literature review also highlights several
key barriers to the widespread adoption of renewable technologies in WWTPs, including the
limited scope of existing studies (often small-scale or pilot-based projects), site-specific perfor-
mance variability, early-stage development of emerging solutions and challenges. Additionally,
challenges related to validation and implementation in full-scale plants persist, largely due to
the complexity and non-stop operation of WWTPs, which can limit opportunities for real-world
testing and integration.

Chapter 3 introduces a novel biogas production model for sewage sludge treatment that com-
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bines the simplicity of steady-state models with the dynamic characteristics of semi-continuous
feeding through the FIFO methodology. By capturing time-dependent retention times based
on sludge inflow and maintaining a fixed digester volume, the model realistically simulates the
continuous feeding operation of large-scale anaerobic digesters. Validation against three years of
real data from a full-scale municipal WWTP in Sydney demonstrated that the model forecasts
biogas production with strong accuracy, achieving an average error below 5%, despite real-world
fluctuations and operational complexities. The model addresses challenges inherent to contin-
uous processes, such as variability in feed composition, microbial washout, and the presence of
inhibitory compounds, which can impact digestion efficiency and biogas yield. However, the
assumption of no mixing between sludge parcels inside the digester—while enabling dynamic
retention time modeling—represents a limitation that may affect the model’s representation
of microbial interactions and sludge homogenization. Overall, this work presents a significant
step toward bridging the gap between theoretical batch models and real-world semi-continuous

operations, providing a practical tool to enhance the prediction and management of biogas
production in WWTPs.

Chapters 4 presents an optimal operation model for the power generation system of a large-
scale WWTP, focusing on existing generating infrastructure, including CHP units, boilers and
the plant’s reliance on the main power grid. The primary objective of the proposed operation
model is to minimise operational costs by optimising the use of on-site biogas, incorporating real
operational constraints and performance data. Using a MILP framework and validated with
historical data from a large-scale WW'TP in Sydney, Australia, the model effectively identifies
the optimal anaerobic digestion temperature and operation strategy to enhance energy efficiency
and cost-effectiveness. The proposed operation model uses the ouput from the biogas forecasting
from Chapther 3. Case studies assessment were conducted to evaluate the model’s performance
and explore alternative operational strategies. Overall, the proposed operation model offers a
practical and scalable approach for improving energy efficiency, maximizing the utilisation of
on-site biogas, and advancing toward more sustainable WWTP operations.

Chapter 5 explored the second part of the WWTP operation model, extending the previous
work on Chapter 4, by incorporating a microgrid-based approach to enhance energy resilience
and reduce dependency on external energy sources. The proposed optimisation model aims to
minimise the total operating costs of the plant by coordinating the operation of multiple on-
site energy technologies, including CHP units, PV, BESS, and micro-hydro turbines, while also
considering the biogas utilisation and option of biomethane injection. Case studies were con-
ducted to explore the system’s response under different configurations and market conditions.
The results demonstrate the model’s flexibility and practical relevance, showing how the mi-
crogrid configuration and market strategies can significantly influence energy costs, operational
stability, and renewable integration.

Chapter 6 proposes an optimal planning framework for integrating a microgrid system into a
large-scale WWTP, aiming to reduce both investment and operational costs while enhancing en-
ergy self-sufficiency. The model incorporated various DERs, including PV, BESS, micro-hydro
turbines, CHP units, biogas upgrading technologies, gasification, sludge dyring, water electrol-
ysis and fuel cells, and assessments considered 3 case scenarios. A multi-objective optimisation
approach was formulated to determine the most cost-effective and technically viable generation
mix, accounting for investment, operational expenditures, and payback period. The planning
model was validated using data from a full-scale WWTP in Sydney and assessed through multi-
ple case studies to evaluate different configurations and resource recovery strategies. Simulation
results revealed that, despite the inclusion of several advanced technologies in the microgrid
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model, the optimisation engine consistently prioritised the CHP system for both power and
thermal generation. This is largely due to its dual-output capability and the ability to use on-
site biogas, making it the most cost-effective option under the assumed conditions. To better
understand the economic viability of alternative technologies and capture uncertainties inherent
to real-world planning, a detailed sensitivity analysis was conducted. This analysis evaluated
the effects of key parameters, including CAPEX for generation technologies, the weighting fac-
tors used in the optimisation function, and sludge disposal costs. The results underscored the
importance of accurate cost estimation, as well as the need to assess risks and variability when
planning complex systems. The inclusion of sensitivity analysis provided critical insights into
the robustness of the model’s outcomes and highlighted which parameters most significantly
influence the overall system performance. By doing so, it enables more informed, resilient, and
confident decision-making in the context of long-term energy planning for WWTPs.

7.2 Recommendations and Future Work

This thesis proposes methodologies for both planning investment and operation optimisation
for the microgrid-based MG in WWTPs. Additionally, a biogas model to forecast biogas
production is proposed. Meanwhile, more recommendations are proposed below that would
extend the current research. For Chapter 3, it includes:

1. Incorporate statistical analysis to evaluate the model’s accuracy and benchmark its per-
formance against other mathematical models.

2. Adopt artificial intelligence (AI) to enhance accuracy and predictability by analysing large
volumes of data, identifying patterns, forecasting future events, and generating predictions
quickly and efficiently.

3. Account for uncertainties to improve decision quality and ensure that models remain
realistic and reliable, enabling more informed and robust planning, particularly under
unpredictable conditions.

4. Conduct Lab experiments and compare the results with model predictions for validation
and calibration.

5. Explore hybrid models that incorporate mixing dynamics and microbial kinetics to im-
prove prediction accuracy, especially under co-digestion and variable sludge conditions.

For Chapters 4, 5 and 6, it includes:

1. Include the integration of other renewable energy resources, such as solar thermal, sludge
pyrolysis, thermal treatment, wind and others. This would not only enhance energy
resilience but also open up new revenue streams and cost-saving opportunities.

2. Integrate WWTP process optimisation with the proposed model and Demand Response
strategies or provision of ancillary services to maximize benefits on both operation and
planning models.

3. Incorporate demand-side management strategies, such as load shifting, flexible aeration
control, or sludge dewatering schedules, to improve overall cost-effectiveness and reduce
peak electricity consumption.
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