University of
Southern
Queensland

WATER-ENERGY-FOOD (WEF) NEXUS IN
AGRICULTURAL SYSTEMS

A Thesis submitted by

Shan Gao
(B.Sc., M.Sc.)

For the award of

Doctor of Philosophy

2024



ABSTRACT

Water and energy are often the two limiting factors in agricultural production in
Australia which has also incurred considerable greenhouse gas (GHG) emissions.
From a Water-Energy-Food (WEF) nexus perspective, agricultural water, land and
energy uses, and crop production are intertwined. As such, this study develops a
WEF nexus model to optimize resource uses, economic and environmental
performances in an irrigated agricultural system with multiple scenarios designed in
contrast to basic situations in the study area. In a baseline scenario, the optimized
irrigated areas of wheat (72%; 7,768 ha) are remarkably higher than those of cotton
(28%:; 3,003 ha) under cotton irrigation application rate of 7.74 ML/ha and wheat
irrigation application rate of 2.02 ML/ha. The gross margins per ha irrigated area are
AU$4,132/ha in cotton cultivation, being higher than AU$1,584/ha in wheat
cultivation. GHG emission intensities are also higher in cotton (3.25 tCO2e/ha and
0.52 tCO2elt) than those in wheat (2.69 t CO2e/ha and 0.45 tCO2elt). In
comparison, for different crop prices the highest profits (approximately AU$32
million) are generated in the specific scenario involving cotton lint price over
AU$650/bale and wheat price below AU$400/t. For alternative energy sources in
irrigation, solar-powered irrigation can generate higher profits, AU$25.61 million, and
lower total GHG emissions (27 ktCO2e). For methods in disposing crop residues, the
economic performances are the best in the combustion scenario (total profits
AU$38.44 million). The best environmental performances are in a mulching scenario
(28 ktCO2e). For other influential factors, rainfall and power feed-in tariffs show more
complex influences than the other factors. Across all scenarios, the maximal total
profits (AU$60.77 million) are in the scenario involving combustion with an assumed
efficiency of power generation being high (70%). This study contributes to the
sustainable management of water, energy, land resources, and also effective crop
residue disposals. It can be adopted as a generic model, applicable to a farm scale
and extended to incorporate climate change and residue management in other

agricultural systems that require more cost-effective production and sustainability.
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CHAPTER 1: INTRODUCTION

1.1. Overview

During the past decades, global demands for water, energy and food have
been rising rapidly due to population increase, urbanization, and climate change
(Hajkowicz et al. 2012, 2014; Mehran et al. 2017; Shah et al. 2018). Between 2009
and 2050, the global demand, on average, is projected to grow by 20%-30% for
water (Boretti et al. 2019), by over 50% for energy (Yoon et al. 2010; Kahan 2019)
and by 60%-70% for food (Bruinsma 2009; FAO 2009; Alexandratos et al. 2012;
Hunter et al. 2017). Meanwhile, global greenhouse gas (GHG) emissions have been
rising at the rate of 1.5% per annum over the last decade, stabilizing only briefly
between 2014 and 2016 (UNEP 2019). Agriculture directly contributes roughly 10-
12% of global GHG emissions and 13-18% if indirect sources are included
(Vermeulen et al. 2012; Tubiello et al. 2013; Maraseni et al. 2018; Maraseni et al.
2020).

Under the varying climatic conditions, Water-Energy-Food (WEF) nexus was
proposed as a conceptual framework to explore the inextricable connections among
these three important resources (Biggs et al. 2015; Abdul Salam et al. 2017;
Venghaus et al. 2018). WEF nexus is a cognition of the overall systematic
interlinkages, within which dynamics in one sector of resource (either water, energy,
or food) can have impacts on the other one or two either directly or indirectly (Abdul
Salam et al. 2017). As such, it would imply that any resolution to a problem relating
to one of the three resources, such as water issue, must equally or equivalently
consider the other two resources, or more internal and external factors, in this
interconnected nexus system (Smedley 2013).

Coined during the 2011 Bonn Conference (Hoff 2011b) and further highlighted
at the World Economic Forum (2011), the WEF nexus framework has been
demonstrated to be capable of coordinating and managing competing resources with
minimized trade-offs and maximized synergies. As a vital concept in natural resource
management, it has been increasingly conceptualized on interlinkages between the
three sectors across both temporal and geographical scales, and cumulatively
operationalised for application since 2015 (Hamidov et al. 2020). It has also been
enabled to serve purposes of facilitating sustainable development (Bhaduri et al.

2015; Leck et al. 2015) and further aligning with multiple Sustainable Development



Goals (SDGs) established by the United Nations Development Programme (UNDP
2021).

1.2. Problem statement

The Australian agriculture and irrigation sector is currently one of the largest
users of fresh water. It accounted for over 92% (9700 GL) of the total national
agricultural water use in 2017-18 (ABS 2019; Maraseni et al. 2021). As the sector
relies significantly on energy consumption in water delivery, transportation,
distribution, and so on, irrigated cropping areas are also major users of energy for
pumps and other activities (DAWE 2019b). Operating irrigation networks that involve
piping often requires high energy usage as opposed to other farming activities, which
leads to massive GHG emissions due to the conventional use of diesel fuel
(Maraseni et al. 2012; Mushtaq et al. 2013; Hafeez et al. 2014). Moreover, minor
changes in water and energy availability can significantly influence food production
(Karabulut et al. 2018), in particular crop production, under varying climatic situations
(Elliott et al. 2014; Sridharan et al. 2019; Scardigno 2020).

Furthermore, global climate change has adversely affected agricultural
cropping systems in many countries including Australia (Anwar et al. 2013; Challinor
et al. 2014; Rodriguez et al. 2014) in various ways including increased surface air
temperature (CSIRO et al. 2012) and carbon fertilisation, and reduced water
availability (Stokes et al. 2010). In crop planting, water, energy, food and land are
commonly intertwined, which are all affected by climate change.

The impacts of climate change and extreme weather events on energy
systems can also be significant, such as peak electricity demand (Perera et al.
2020). Implications on cropping are changes of evapotranspiration, therefore
impacting on crop water demand and crop production. The fluctuation of water
demand directly resulting from climate change will require water and land resource
allocation change or re-allocation. Climate change may also impose negative
impacts on soil, such as accelerating soil erosion along with water loss, which will
further degrade arability of land (Borrelli et al. 2020; Dosdogru et al. 2020; Guo et al.
2020; Hung et al. 2020; Santy et al. 2020).

In addition, food waste is a non-negligible problem in many countries. It is
estimated that around 1.3 billion tonnes of food is wasted or lost worldwide annually,
accounting for approximately one third of total food production (FAO 2014a). Food



waste incurs water and energy waste, as producing, processing and consuming of
food contribute to approximately 70% of global water withdrawal and 30% global
energy consumption (Garcia et al. 2016). Considering waste in conjunction with the
WEF nexus enhances comprehensiveness, broadens the horizons of sustainability,
and provides valuable insights into the principles of the circular economy and bio-
economy, and thereby promotes the widespread adoption of findings (Del Borghi et
al. 2020; Udugama et al. 2020).

During agricultural activities, waste is generated in the forms of such as
wastewater, food waste and loss, livestock manure and crop residues. It may incur
impacts on the environment. For example, wastewater or sewage generated would
influence water security (Falconer et al. 2020; Petrariu et al. 2021), while agricultural
waste could also be taken as biofuel or biomass that might facilitate prospective
renewable energy generation (Makarichi et al. 2018; Malav et al. 2020; Melikoglu et
al. 2020). Crop residues could be recycled as potential animal feedstuff and animal
manure could be reused for potential fertilizers in the field (Slorach et al. 2020;
Petrariu et al. 2021; Santeramo et al. 2021). Notably, crop residues have commonly
been utilised for bio-energy and bio-mass generation at an international level
(Duque-Acevedo et al. 2020).

However, the WEF frameworks and models that have been developed in
studies so far are complicated if applied on a relatively larger geographical scale.
They are made of large numbers of components and require massive datasets. The
other ones are insufficiently integrated or deficient to study agricultural systems on a
relatively smaller geographical scale. In particular, there have been few studies
targeted at a farm or local scale.

Also, sectors especially food waste are rarely linked with WEF nexus.
Agricultural WEF nexus has mainly focused on value chains up till post-harvest and
not been expanded to include crop residue disposal after post-harvesting process.
The dominating method to manage crop residues in Australia is ploughing into soils,
as one of conventional agricultural methods, without taking any further actions. It
would be valuable to develop a WEF nexus model incorporating waste component
and climatic factors. In these regards, the research goal and specific objectives are

proposed in the following section.
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1.3. Research objectives

It is presumed through this study that a cropping system can achieve optimal
total profits under coordinated resource constraints. Accordingly, this study aims to
develop a WEF nexus-based optimization model for an irrigated single crop rotation
system (cotton grown in summer and wheat grown in winter), coupled with
constrained water availability and land use. This is to achieve optimal conjunctive
performances of resource use (land and water), economic benefits, and environment
(GHG emissions).

As such, the specific objectives of this work are:

(1) To develop an integrated optimization model on an agronomic framework
in the form of total profits of a cropping system, and quantify the inputs and
outputs of the cropping system and explore potential inherent connections
between crop yields, resource uses (water, land, energy), and waste (crop
residues, GHG emissions);

(2) To find out optimal outcomes on performances of land and water uses,
profitability and GHG emissions for the cropping system under a series of
water and land constraints with locally common conditions as a baseline

scenario (business-as-usual);

(3) To find out optimal outcomes on performances of land and water uses,
profitability and GHG emissions for the cropping system with different crop
prices or alternative energy sources in irrigation, relative to the baseline

scenario;

(4) To find out optimal outcomes on performances of land and water uses,
profitability and GHG emissions for the cropping system with alternative
methods to process, dispose and/or utilize crop residues, relative to the

baseline scenario;

(5) To explore and investigate effects of other potentially influential factors on
the optimal outcomes on performances of land and water uses, profitability
and GHG emissions for the cropping system, relative to the baseline

scenario.



1.4. Outline of the Thesis

Throughout this work, eight chapters are mapped out with the following
description:

Chapter 1. Introduction

The research background guiding this work is described in this chapter. It also
presents objectives, and the general study outline.

Chapter 2. Literature review

To get insights into WEF nexus related topics, reviews on peer studies,
reports, and policies are conducted. This covers possible WEF nexus related
methods, which facilitates an integrated model development for this study. Also, the
review covers facets like water use, energy use and types, and crop production, as
well as climate change and carbon policy related topics that likely intervene with the
nexus and its elements. This will help to design consistent and coherent scenarios
associated with varied resource and energy uses, relevant carbon price policies, and
crop residue management methods.

Furthermore, agricultural residues related topics are reviewed, in particular
crop residue management and disposal solutions, for a design of crop residue
disposal related scenarios in this study. This is one of the novelty parts in this study,
as crop residues are rarely correlated with WEF nexus.

Chapter 3. Methodology

This chapter describes the selected study area, crops, and data collection
methods and tools used. It also details model development (including crop vyield,
irrigation water and energy, variable costs and associated GHG emissions), model
solving method, and sensitivity analysis. Scenario designs are made in this chapter
as guidance for further scenario analysis in the later chapters. Two series of agri-
environmental scenarios are designed, relative to a baseline scenario that contains
common farming conditions within the study area. These two series of scenarios will
be implemented in Chapter 5 and Chapter 6 by three models, respectively. The first
one, the basic integrated model, is used for scenarios in Chapter 5, while the second
and the third ones are two further developed (extended) models for scenarios in
Chapter 6 regarding methods for processing, disposing and utilizing crop residues.

Chapter 4. Basic case study: business as usual

This chapter applies the basic model developed in Chapter 3 to the real local
situations. This application of the basic model is also the baseline scenario



(business-as-usual), adopting common farming practices in the selected study area.
The two subsequent chapters for scenario design and analysis are conducted and
compared with the baseline scenario.

Chapter 5. Scenario study 1 - impacts of crop prices, energy sources in
irrigation and associated costs

This chapter further applies the basic model to designed scenarios involving
different crop prices and alternative energy sources in irrigation (diesel fuel, on-grid
electricity, solar photovoltaic (PV)) coupled with different energy costs, and
compares key results with those in the baseline scenario and have discussions.

Chapter 6. Scenario study 2 - impacts of alternative crop residue
disposal methods

This chapter applies two further developed models to scenarios with three
dominant crop residue disposal methods (mulching, composting, combustion), and
compares key results with those in the baseline scenario and have discussions.

Chapter 7. Further discussions

In this chapter, more potential factors, including rainfall, costs of processing
and disposing crop residues, efficiency of power generation by combustion, will be
explored to examine how they may influence the cropping system. Associated
implications will be discussed. Subsequently, limitations will be discussed throughout
the whole work.

Chapter 8. Conclusions and prospects

This chapter gives a summary of research gaps, key findings, study
limitations, recommendations for stakeholders and future research, and major

contributions of this work.



CHAPTER 2: LITERATURE REVIEW

For the purpose of having an overall picture on Water-Energy-Food (WEF)
nexus in line with the research objectives, the literature review in this chapter covers
important aspects associated with WEF nexus, mainly from publications during the
past decade and other sources. First, it covers WEF nexus related studies and
existing methods and tools to provide insights into model development, including:

e Background of WEF nexus;

e Peer WEF nexus studies;

e Models and tools for WEF nexus.

Subsequently, reviews are also conducted for the three core resources
(water, energy and food), their potential correlations with each other, external
factors, and their possible interactions with the nexus system:

e Crop production and its functional relationships with water application;

e Different energy sources in irrigation and associated greenhouse gas

(GHG) emissions;
e Relevant carbon policies on climate change and GHG emissions;

e Agricultural crop residues and their prospective linkages with WEF nexus.

2.1. WEF nexus
2.1.1. A brief history of WEF nexus

The concept of “Nexus” emerged at the earliest in 1983 as in the human-
environment realm (Scott et al. 2015; Endo et al. 2017; Liu et al. 2018). Prior to
1983, an even earlier associated implicit perspective could be traced backward to
the 1970s when it was applied to areas, such as agricultural water and linkages
between socialism and political traditions (Lele et al. 2013). This perspective
highlighted the interconnectivities among the three-pronged WEF resources.
Subsequently, the Food-Energy Nexus Programme of the United Nations University,
which was launched in 1983 and finalized in 1987 (Sachs et al. 1990), has brought to
the public an initial conception on the “food-energy” nexus.

Prior to 2011, the predominant status of nexus research was a focus on dual-
sector interactions, such as, water-energy, water-food or food-energy (Endo et al.
2017; Purwanto et al. 2021). The concept of “WEF nexus” commonly known to the

public was preliminarily coined in the Bonn (2011) conference, headed “The Water,



Energy, and Food Security Nexus - Solutions for the Green Economy”. It was a
remarkable milestone when the WEF nexus was imprinted (Hoff 2011a). Afterwards,
a few studies began to transition from segmented analytical approaches to
systematic insights into WEF nexus, laying the foundation for succeeding research
(Zhang et al. 2019).

2.1.2. Status quo of WEF nexus

Since 2011, the number of nexus publications has grown exponentially. These
publications include dual-sectoral nexus such as Water-Energy, Energy-Food, three-
pronged nexus such as WEF, Water-Energy-Carbon, Water-Energy-Land, and multi-
sectoral nexus such as WEF-Climate, WEF-Waste, WEF-Land-Climate, WEF-Land-
Environment, WEF-Land-Ecology, WEF-Society-Economy. The majority of them
were published after the 2011 Bonn Conference (Hoff 2011a, 2011b) with the dual-
sectoral nexus, Water-Energy nexus, still being a popular topic in the major trend
and notably popular in the agricultural industry. In the beginning, the WEF nexus
studies concentrated on larger spatial scales, such as global, transboundary and
national scales, and less on smaller scales, such as local, urban, farm, or household.

For an overview on the situation of WEF nexus research, publications in the
Web of Science have been searched via a generic key words combination “water
energy food nexus” (Figure 2.1). A total of 918 WEF nexus related publications have
been located from all the databases. The overall trend of publications since 2010 has
been growing, when it has turned at 2016/17 in a sharp rise. The trend may imply an

incremental prevalence of WEF nexus research over the years.
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Figure 2.1. Number of publications for WEF nexus studies from 2011 to 2021.
By research areas, the top 10 WEF nexus studies have distributed in

Environmental Sciences & Ecology, Engineering, Science Technology, Water
Resources, Energy Fuels, Agriculture, Geology, Meteorology Atmospheric Science,

Business Economics and Computer Sciences (Figure 2.2).
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Figure 2.2. Number of publications for WEF nexus studies in various research areas. The top 10 areas
in order are: (1) Environmental Sciences & Ecology, (2) Engineering, (3) Science Technology, (4) Water
Resources, (5) Energy Fuels, (6) Agriculture, (7) Geology, (8) Meteorology Atmosphere, (9) Business Economics,

(10) Computer Science.

The Environmental Sciences & Ecology has been the primary focus paired
with an approximately 63% of the total, followed by Engineering 31%, Science
Technology 24%, Water Resources 21%, Energy Fuels 12%, Agriculture 5%,



respectively. Environmental resources have drawn the highest attention and among
them water resources and energy fuels are two pivotal areas in the nexus research.
By locations for the publications, USA and China have contributed over half of
the total (33% and 22% respectively), followed by England 14%, Germany 9.8%,
Netherlands 6.7% and Italy 5.6%, respectively (Figure 2.3). Among the top 10, most
are from European countries, while Australia is lagged behind, indicating that WEF

nexus studies are far from being sufficiently conducted in Australia.
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Figure 2.3. Number of publications for WEF nexus studies in different countries/regions. The top 10
nations/regions in order are (1) USA, (2) China, (3) England, (4) Germany, (5) Netherlands, (6) Italy, (7) Brazil,
(8) Canada, (9) Sweden, (10) Spain.

Despite a considerable number of WEF nexus studies emerging in the past
decade, this concept is still evolving and is still transitioning towards
operationalization and implementation (Simpson et al. 2019a). The slow evolvement
of nexus indicates a deficiency in adoption of national policies, execution of
programs and establishment of institutions (FAO 2018), and an irrelevance between
nexus governance and nexus resource availability and accessibility (Allouche et al.
2019). The intrinsic interlinkages have not yet technically been captured and tackled
between the three pronged resources for discernible nexus governance and
resource management outcomes (Albrecht et al. 2018; Galaitsi et al. 2018; Simpson
et al. 2019a). Moreover, existing WEF nexus frameworks lack robust capabilities to
sufficiently tackle other issues, such as insecurity of ecosystems and their services,

low engagement of participatory stakeholders, under-represented perspectives of the
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local people, and a lack of context-specific and feasible policy implementation
guidance on planning, analysis and evaluation (Purwanto et al. 2021).

Another frequent criticism of the WEF nexus is there being a lack of
innovations in methods. Instead, it is methods developed earlier that have been
restructured to serve for new ones (Simpson et al. 2019c). The applications of these
methods have not sufficiently achieved expected outcomes, especially when they
are “pieced together” by incompatible submodules. Bigger concerns have also been
reflected for a serious lack of supportive available datasets particularly at appropriate
geographical and temporal scales (McGrane et al. 2018; Lawford 2019). These data
collections usually overlook the context of stakeholders, like the livelihoods,
humanity and distributional justice as well as database harmonisation (Leese et al.
2015; Wichelns 2017). An additional number of remarkable gaps on the nexus
approaches have simultaneously been identified by researchers as well, such as
deficiency to address agricultural energy productivity and resource security
amelioration (Purwanto et al. 2021; Zarei et al. 2021).

In responses to these deficiencies and gaps, a highly emphasized point
concerning WEF nexus in peer reviewed studies over the past decade has been to
develop an integrated quantitative method, which is urgently needed to address the
complicated intrinsic nature of the nexus. This further needs successful
collaborations between private and non-private sectors and translation into effective
and implementable policies (van Gevelt 2020). In addition to policy adoptions,
measures should be taken to potentially transform “conceptualisation” of the nexus
into “implementation” , such as the operationalisation of nexus frameworks on
natural resources at multiple spatial scales (global, national, regional, basin,

transboundary, local and urban scales) (McGrane et al. 2018).

2.1.3. Peer WEF nexus studies

As abovementioned in 2.1.2, there has been exponential growth on the
number of publications about WEF nexus during the past decade. For studies
conducted as of 2016, researchers have spotlighted an identification of methods
relating to nexus quantification, optimal management, and integrated or systematic
approaches (Chang et al. 2016; Veldhuis et al. 2017; Wicaksono et al. 2017; Zhang
et al. 2017; Mannan et al. 2018; Vakilifard et al. 2018; Torres et al. 2019; Endo et al.
2020; Al-Saidi et al. 2021). The subsequent three years have noteworthily seen
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above 80% of the studies highlighting nexus quantifications both on resources and
on their underlying interactions (Naidoo et al. 2021; Pefia-Torres et al. 2022).

Among the empirical studies, nearly 63% are classified as environmental
management which are the biggest group. The approach applied most frequently is
scenario analysis, followed by foot printing and Life Cycle Assessment (LCA)
respectively. The second biggest group is pertaining to economic approaches, in
which Input-Output Analysis (IOA) and Trade-off Analysis respectively are often
applied (Albrecht et al. 2018; Roidt et al. 2019; Jacobson et al. 2022). Peer studies
using these restructured methods are still limited in analysing and evaluating more
nexus resources. It would take further endeavours for researchers to cross the
hurdle for incorporating the methods compatibly with each other or with multi-
dimensional indices in a quantitative, integrated and systemic manner.

Other studies such as those by Endo et al. (2015) and Zhang et al. (2018)
have listed and compared currently available modelling approaches for WEF nexus,
such as Ecological Network Analysis (Ulanowicz 2004), LCA (Kl6pffer 2006), System
Dynamics Modelling (Coyle 1997), Agent-Based Modelling (Janssen 2005; Crooks et
al. 2011). Given contextual scenarios, these approaches should be further tailored
and be fitted together to achieve specific study objectives. In addition, some
empirical WEF nexus studies by sectors and spatial scales have been sorted as

below.

2.1.3.1. WEF nexus by sectors

The three core nodes of the “nexus” in this study are water, energy and food.
To align with different research goals, more sectors can be linked and embedded,
such as land cover, carbon emissions, ecosystem, waste management. The
literature review mainly highlights the nexuses with the three core resources (namely
WEF)at a minimum. Those with only two-pronged resources (such as Water-Energy,
Water-Food) have been excluded. By filtering and narrowing down to the most
relevant WEF nexus studies and being rigorously subject to “WEF(-X) nexus”
selection criteria, four major types have been categorised: (1) WEF nexus, (2) WEF-
Land (WEF-L) nexus, (3) WEF-Waste (WEF-W) nexus and (4) WEF-X nexuses. The
“X” in the fourth group represents all the other possible sectors, such as

“‘Environment”, “Ecology”, “Carbon”, “Climate Change”, “GHG emissions”.
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This categorization stresses the importance of the resources and sectors
involved within the nexus and their intrinsic linkages with one another, as well as
potential extrinsic connections with other components outside the nexus framework.
Using the Web of Science databases, 145 core studies are selected with the highest
number of over 80% studies in “WEF nexus” by the category of “Sector” (Figure
2.4). It reveals the WEF nexus publications have predominantly contributed to the
three core resources. While sectors, such as waste, land, ecology, are commonly
studied in a separate mode, their interactions with the WEF nexus are less
constantly identified, linked to the nexus concept, or integrated to establish and
develop a systematic nexus system.
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Figure 2.4. WEF nexus by sectors, categorized into (1) WEF nexus, (2) WEF-Land (WEF-L) nexus, (3)
WEF-Waste (WEF-W) nexus, and (4) WEF-X nexuses. The “X” in the fourth group symbolizes all the other

possible sectors, such as “Environment”, “Ecology”, “Carbon”, “Climate Change”, “GHG emissions”, and so on

(1) WEF nexus

Over the first few early years (2011-2015) and since the initial conception of
WEF nexus in 2011, academic studies have placed their foci on a preliminary stage,
such as conceptualisation, general governance and policy oriented, and qualitative
thinking and approaches for nexus evaluation. For instance, Bazilian et al. (2011) put
forward a generic framework exploring underlying interactions among the resources
at a relatively high level of aggregation. They gave attention to socio-economic
spheres probably connectively affecting the WEF nexus, and finally advocated for
development of an integrated modelling approach. Likewise, Ringler et al. (2013)
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brought broader contexts into the nexus, such as human wellness, environmental
guality and social equity, and saw how these facets could interlink with the three core
component of WEF nexus for the sake of improvement on resource utilization
efficiency.

In the meantime, some studies have centred on one of the core WEF
resources as an entry point or focus, taking the nexus as an auxiliary approach. For
instance, Lawford et al. (2013) targeted at water issues, explored international water
policies and regulations, and made a summary on primary factors impacting on the
water policies along with a simple WEF nexus concept. Similarly, de Vito et al.
(2017) addressed irrigation water in agriculture and Belinskij (2015) studied water-
related laws, slightly touching on WEF concepts. In studying energy use, Flammini et
al. (2014) and Cameron et al. (2019) aimed at energy sources as the entry point to
explore the WEF nexus in the context of Sustainable Development Goals (SDGS),
like Lopez-Diaz et al. (2018) who also primarily examined energy sustainability and
renewables research. Studies making food sectors as the centric point in the nexus
involved food supply chain or production (Al-Ansari et al. 2015a; Al-Ansari et al.
2017; Laso et al. 2018), crop production (El Gafy et al. 2017; Lee et al. 2020), a
whole agricultural system (Al-Ansari et al. 2015b), and households’ food
consumption (Jeswani et al. 2015; Batlle-Bayer et al. 2020). In particular, food supply
chains that may relate to food loss and waste constantly applied footprint
approaches to investigate trade-offs and synergies between the resources, among
which LCA (Klopffer 2006) has been a popular tool.

At this stage, WEF nexus studies mainly concentrated on the three core
sectors without inclusion of extra sectors. They tended to focus on broader
contextual facets such as society, economy, environment, humanity. Subsequently,
achieving relevant SDGs in developing countries by means of WEF nexus
framework emerge as an alternative direction in some research (Guta et al. 2017).
This was naturally paired with external components such as climate, waste, land,
which were internalized into nexus frameworks. These WEF nexus systems
highlighted external connectivity and interactions with those extrinsic
elements/components with the core three resources (Bazilian et al. 2011; Bhaduri et
al. 2015).

On the other hand, studies such as Rasul et al. (2016) and Khacheba et al.
(2018) were dedicated to examining dual interactions within WEF nexus, namely
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Water-Energy, Energy-Food, Food-Water, and to simultaneously considering
impacts of climate change on the whole nexus system in accordance with “Climate
Action” goals. Yillia (2016) and Stephan et al. (2018), instead, were committed to
making general guidance and directions for an overall nexus evolvement in line with
multiple SDGs in developing regions. While attempting to conceptualize nexus
frameworks, Ferroukhi et al. (2015) further detailed outlooks and prospects of nexus
frameworks from the lens of renewable energy advancement consistent with “Clean
Energy” goals. This focus was similar to the work by Flammini et al. (2014), who also
explored the WEF nexus for alternative energy sources as the entry point to achieve
potential clean energy outcomes.

With an outlook for development of integrated methods, some attention has
been paid to fitting existing models together into integrated ones, such as Water
Evaluation and Planning (WEAP) (Yates et al. 2005; Sieber 2006), Multi-Scale
Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM) (Giampietro
et al. 2009), Climate-Land-Energy-Water systems (CLEWSs) (Howells et al. 2013)
and WEF Nexus Tool 2.0 (Daher et al. 2015). These studies often focused on
decision-making levels in a qualitative pattern (Mohtar et al. 2016). Notwithstanding
that integrated frameworks were evolving, the quantification methods were limited to
dual relationships between resources (Mayor Rodriguez 2016) and evaluations on
social phenomena, trends, and public policies (Martinez-Hernandez et al. 2017a). In
this regard, optimal management methods began to emerge as a new focus in
subsequent studies, which were paried with other existing models, such as LCA and
Multi-Scale Modelling (Garcia et al. 2016; Belmonte et al. 2017).

Typical examples of the optimal management on WEF nexus were commonly
in the form of mathematical programming, notably using constrained non-linear
programming (Hang et al. 2016; Maraseni et al. 2021). Another mathematical
programming method frequently applied was Multi-Objective Optimization
Programming in conjunction with technical, policy and resource constraints, among
which some studies worked to resolve water-energy related problems within the
WEF nexus, such as hydropower (Dhaubanjar et al. 2017), reservoirs (Uen et al.
2018; Si et al. 2019). Others were conducted in series, which were significantly
devoted to studying irrigated agricultural systems by means of various mathematical
programming (Li et al. 2015; Li et al. 2016b; Li et al. 2016c; Li et al. 2017; Li et al.
2019b). These studies incorporated extra components such as land, waste and
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climate into the nexus and further explored complex interactions among different
targeted systems. One of these innovative studies combined a forestry system with a

cropping system (agri-forestry system) (Li et al. 2021).

(2) WEF-Land nexus

Other than WEF-X nexus (over 9%), “land use” is the most frequently affiliated
sector to the WEF nexus frameworks (WEF-Land nexus) with approximately 5.5%
out of the total associated publications reviewed. In the beginning stage of WEF
nexus development, WEF nexus and “Land” sector did not make robust links. “Land”
would often be disregarded among WEF nexus studies in the first few years since
2011. In the following years, “Land” was conceptualized in the nexus but merely
restricted to generic “usable” land for any human activities exploiting it (Ringler et al.
2013). The WEF nexus then came to specify land use types including energy related
activities occupying land use such as coal mining (Simpson et al. 2019b), ecological
land use like ecosystem land cover (Karabulut et al. 2018), watershed (Wolde et al.
2021) and wetlands (Rai 2021), food manufacturing land cover (Laso et al. 2018).

In particular, It was common that researchers would contextualize the “Land”
sector into “agricultural land” (Ibrahim et al. 2019). These WEF-Land nexus
publications tended to associate land conceptions with occupations and applications
for associated agroforestry activities such as cropping, irrigation and pumping, on-
farm and pre-farm operations, livestock raising, forestry. These types were
specifically divided into land use (Holt et al. 2017) for plasticulture (an intensive
production system used for growing high-value crops), farmland with on-farm and in-
field land cover (Siciliano et al. 2017), arable crop-pasture land (Ibrahim et al. 2019),
crop-livestock agricultural land (Nie et al. 2019; Li et al. 2020), arable crop-forestry
agricultural land (Li et al. 2021), agricultural land relating to photovoltaic technology
utilization (Neupane Bhandari et al. 2021; Sargentis et al. 2021), irrigation land (Yue
et al. 2021b).

(3) WEF-Waste nexus

WEF-Waste nexus related studies take up about 3.5% among the reviewed
publications. Studies focusing on waste management alone are innumerable, while
studies about “Waste” sectors linking to WEF nexus are few. WEF-Waste nexus is

still in its infancy at the stage of conceptualization (Sarker et al. 2016) and relevant
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studies are mostly literature reviews (Kibler et al. 2018). Besides, “Waste” would be
mostly conceptualized as food waste and food loss over the supply chain involving
production, manufacture and processing. Waste in the agricultural industry, farming
or cropping is rarely considered in conjunction with WEF nexus (Kibler et al. 2018;
Slorach et al. 2020; Subramanian et al. 2021; Zhao et al. 2021; Skawinska et al.
2022).

Other waste types could include general agricultural and organic waste
(Garcia et al. 2017), mixed agri-food waste (Del Borghi et al. 2020). Only a few
studies such as Ji et al. (2020) delved into a certain type of agricultural waste like
crop biomass to explore an optimal management pattern within WEF nexus
frameworks. Ji et al. (2020) developed an Interval Fuzzy Linear Fractional
Programming (IFLFP) model for planning regional food production with consideration
of ecological protection, water resource conservation, biomass energy supply, and
WEF nexus. The main advantages of this model are the capabilities to unveil
uncertainties by setting up different characters as interval values and fuzzy sets and
to provide efficiency measurement on the studied system by allocating ratios on
conflicting objective functions. One of the few WEF-Waste nexus studies in Australia
was by Feng et al. (2020), who presented a range of bio-mass processing
technological options for waste-to-energy scenarios. It built up an array of economic
and environmental indicators to optimize these scenarios based on an WEF-Waste

nexus.

(4) WEF-X nexus

Compared to the previous three types of nexus, WEF-X nexus has emerged
in a later stage, inclusive of WEF-Environment nexus (Geressu et al. 2020;
Nasrollahi et al. 2021; Yue et al. 2021a), WEF-Ecosystem nexus (Europe 2018;
Karabulut et al. 2018), WEF-Climate Change nexus (Laso et al. 2018; Laspidou et al.
2019; Li et al. 2021; Yue et al. 2021b), WEF-Carbon or WEF-GHG emissions nexus
(Al-Ansari et al. 2017; Maraseni et al. 2021; Zhang et al. 2021a), and so on.

WEF-Carbon nexus and WEF-GHG emissions nexus are often used by
researchers interchangeably. These studies primarily focused on GHG emissions
and potential linkages with WEF frameworks. Targeted entities in a WEF-
Environment nexus or a WEF-Ecosystem nexus could be standalone

environmental/ecological systems containing a diversity of variables. For instance,
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Cristiano et al. (2021) took “green roofs” for the “Ecosystem” concept, which
contained a range of ecosystem indices, similar to De Roo et al. (2021) involving
multiple climatic indicators. These four nexuses have much overlap with the WEF-
Climate Change nexus, which involves variables like precipitation, temperature,

radiation, wind speed.

2.1.3.2. WEF nexus by different geographical scales

Different geographical scales in WEF nexus studies make differences in
targeted systems including associated concepts and compositions. For instance,
when it comes to a farm scale of WEF nexus, concepts (such as agroecology,
irrigation, food security), nexus elements, and externally intervening factors have a
disparity from those on an urban scale of WEF nexus. An urban WEF nexus involves
additional pertinent concepts such as urbanisation, megapolitan land use, multiple
types of wastes, societal stability. It contains its own particular compositions as
opposed to a farm, such as urban consumable water versus agricultural water
sources directly from nature, various energy sources in urban areas versus
homogeneous energy sources on farms, manufactured food, food waste and loss in
cities versus biomass waste from farming systems.

Figure 2.5 presents different spatial scales of the WEF nexus studies from
small scales, such as household, farm and local, to large ones, such as national and
global. Unlike the distribution pattern by sectors, the pattern by scales reflects less
disparity among the geographical characteristics, except for remarkably high figures
in national and global scales of nearly 23% and 19% respectively. Farm and local
scales are the smallest foci, as well as household and urban scales. The national
and sub-national scales are based on a geographical governance area
categorization. They incorporate such factors into a systematic nexus framework as
socio-economy, humanity, culture. Similar to an urban scale of WEF nexus, they can
be even more sophisticated than large-scale nexuses such as transboundary basins,

regional.
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Figure 2.5. WEF nexus by spatial scales, from small scales, such as household, farm and local, to large
ones, such as national and global.

A global, national, sub-national or multi-scale of WEF nexus features a
sophisticated system with massive characteristics and components included, highly
requiring extensive datasets, appropriate inter-linkages among a complexity of
internal and external elements, efficient modelling approaches, and effective and
compatible modules to be fitted in the whole framework. These large-scale WEF
nexus studies could manage to align their objectives with global SDGs (Yillia 2016;
Saladini et al. 2018; Stephan et al. 2018), or evaluate resource consumptions by
multiple industries (Hang et al. 2016; Guta et al. 2017) or single industry (Mayor
Rodriguez 2016; Belmonte et al. 2017) such as the agricultural sector in particular
(Hamidov et al. 2020).

Among small-scaled studies, urban WEF nexus (Heard et al. 2017) emerged
and worked to systematically simulate mechanisms of urban areas (Newell et al.
2019; Zhang et al. 2019). These studies discussed identification of comprehensive
internal urban resource uses (Li et al. 2019a). While in the meantime, they also took
on board essential affiliated sectors interacting with the nexus, for example urban
environment quality and waste management, and determined urban system patterns
in running, transforming and serving the public by resource distribution, allocation,
and consumption (Walker et al. 2014; Gondhalekar et al. 2017; Li et al. 2019a). In

addition, underlying interactions with exogenous intervening factors were
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established, such as climate change (Gondhalekar et al. 2017), rural agricultural
communities (Sukhwani et al. 2019; Granero de Melo et al. 2020).

Furthermore, many current agricultural nexus studies on a farm scale focus
on Water-Energy nexus only, in which the “food” sector and its correlations to the
nexus are not explicitly considered. These studies contain methods that are
comparatively simple in quantifying and simulating trade-offs within agricultural
systems, which can be effective but not comprehensive or not user-friendly. Delving
into higher resolutions of spatial scales, such as local or farm level, can further
require WEF nexus framework to be contextualised, data-precise and applicable to
real cases in targeted areas. It also requires extensive data availability and
accessibility. These have added up to difficulties in researching WEF nexus
particularly on a farm scale, which has led to the nexus being rarely studied on this
scale.

In brief, a general trend of WEF nexus research on geographical scales has
been directed from larger ones (global, national and sub-national in big countries)
during the initial stage towards smaller ones (basin, regional, and sub-regional)
during recent years. A bit more sectors and components have been added to WEF
nexus for an integrated system and comprehensive approaches. The elements
involved are becoming diversified and simulated by quantification methods
developed. However, a long way is still lying ahead for the evolvement of WEF
nexus on small scales, in particular for local, farm, communities and households.

These should be contextualised on a case-by-case basis.

2.1.3.3. Agricultural WEF nexus in particular

By regions, agricultural WEF nexus studies have occupied nearly one third
among all WEF nexus studies around the world. Australia’s agricultural WEF nexus
studies take up about 1.4% among all WEF nexus studies. It implies Australian
researcher’s insufficient attention apportioned to WEF nexus in agricultural industries
as opposed to a total large number of publications in agriculture at an international
level (Figure 2.6). By geographical scales, agricultural WEF nexus research has
gradually been increasing in recent years on multiple spatial scales, such as regional
(Li et al. 2019c; Hamidov et al. 2020), watershed (Smidt et al. 2016; Yang et al.
2016; Sadeghi et al. 2020), national (Nhamo et al. 2018), sub-national (Fabiani et al.
2020). Typical instances about integrated agricultural WEF nexus models in recent
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years include constrained single objective nonlinear programming model for
optimization on profitability of an irrigated cropping system on a regional scale
(Maraseni et al. 2020) and constrained multi-objective non-linear programming
model, Agricultural Water-Energy-Food Sustainable Management (AWEFSM) model,
developed by Li et al. (2019c) for optimization on total revenues and total GHG

emissions, respectively, of an irrigated agricultural system on a regional scale.
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Figure 2.6. WEF nexus related studies targeting at (1) agricultural industry in Australia, (2) agricultural
industry in nations/regions excluding Australia (international), (3) non-agricultural industries in Australia, and (4)
non-agricultural industries in nations/regions excluding Australia (international).

As mentioned earlier, footprints can often be bound with index-based
approaches to visualize an overall ranked performances on economic returns and
environmental resource consumption. For instance, Bellezoni et al. (2018) developed
the resource-environmental footprint quantification methods in conjunction with an
economic-ecological Input-Output (I0) framework for analysis of ethanol production
from sugarcane in Brazil. A hybrid extended 10-WEF nexus index framework was
further designed for effective biofuel policy development, collectively addressing
impacts on environmental, social and economic spheres. Analogously, El Gafy et al.
(2017) and Ozturk (2017) took advantage of a binding framework with dynamic
modelling and WEF nexus index-based footprint approaches to determine resources
footprints and their dynamic behaviours and correlations in crop production and
resource consumption at a national level. In addition, LCA was an applicable method
not only alone (Al-Ansari et al. 2015b) but also coupling with other models and tools
such as resource sustainability indicators (Irabien et al. 2016) and linear

programming (Yuan et al. 2018).
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2.1.4. A summary of research gaps in WEF nexus

Although the WEF nexus has been well conceptualized, more research is
needed for further methodology development and implementation. On the one hand,
WEF nexus research can be developed and navigated towards being more
guantitative and being further incorporated onto a governance and policy-making
level. On the other hand, there has generally been a lack of well-established nexus
methodology. Many existing methods are overly complicated, with extensive data
requirements, potential incompatibility between modules, and multitudes of
uncertainties involved. They are partly remedied but remain unsuitable for a wide
range of real cases and need to be reconstructed for specific contexts. Regarding
development of models and tools, there has not been an “all-powerful” approach
likely to unravel problems all in one effort. Delving into higher resolutions of spatial
scales, such as local or farm level, can require WEF nexus framework to be
contextualised, data-precise and applicable to real cases in targeted areas. It also
indicates challenging data availability and accessibility.

Agricultural WEF nexus studies still account for a relatively small proportion
out of the total WEF nexus studies. Most WEF nexus studies have major foci on
environmental management areas. Among nations, the number of WEF nexus
studies conducted in Australia is relatively low as opposed to that in USA and China,
which have produced the most WEF nexus publications of all.

Furthermore, many current agricultural nexus studies focus on Water-Energy
nexus, in which the “food” sector and its correlations to the nexus are not explicitly
built up. These studies contain methods that are comparatively simple in quantifying
and simulating trade-offs within agricultural systems, which can be effective but not
comprehensive or not user-friendly.

Another notable issue is a severe shortage of agricultural WEF nexus
research linking up “Waste” components. However, organic waste, such as crop
residues and animal manure, is not ignorable in a farming system. Only a few
studies pertaining to WEF-W nexus have been applied to regional waste disposal
systems with all waste types mixed up (municipal waste, crop residue and animal
manure, and other organic waste). The pre-farm or off-farm crop residues in

Australia are commonly disposed by means of conservative agricultural ways, such
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as ploughing into soil, instead of methods such as compost, anaerobic digestion, co-

fermentation, combustion, incineration, gasification.

2.2. Models and tools for WEF nexus
2.2.1. Overview

As mentioned above, approaches and methods in assessing WEF nexus are
inclined to be conceptual and qualitative, merely limited to general policy description
and governance in the preliminary stage of nexus development. Subsequently,
guantification methods emerged in identifying WEF nexus resources and its
intricacies. Some studies such as Albrecht et al. (2018), Kaddoura et al. (2017) and
Dai et al. (2018) undertook a systematic comparative analysis on multiple existing
methods, pointing out their common limitations and proposing prospective
opportunities for future development of the nexus. These models and tools
developed are highly complex, given their large geographical scales (such as global,
transboundary, national), extensive data requirements, dataset availability and
accessibility, compatibility of sub-models, calculation and quantification criteria, and
multitudes of uncertainties (Bian et al. 2021; Purwanto et al. 2021).

However, as to types of models and methods, Zhang et al. (2019) has
categorised nexus modelling methods and tools based on model functionality.
Models and methods roughly fall into three groups: (1) resource-environmental
footprint quantification methods, (2) assessment and systematic simulation methods,
(3) optimal management methods. Appendix A compares some important existing

models and tools.

2.2.2. Resource-Environmental Footprint Quantification

Roughly 75% of this group adopted quantitative approaches, 60% of which
assessed WEF nexus by means of resource and environmental footprint
management approaches, mostly using scenario analysis, followed by foot printing
and LCA. The second biggest group used economic approaches, in which IOA and
Trade-off Analysis were most frequently employed (Albrecht et al. 2018). Studies
such as Endo et al. (2015) and Zhang et al. (2018) listed existing quantification tools,
such as ecological network analysis, Data Envelopment Analysis (DEA), I0OA, LCA,
matter-element model, system dynamics modelling, agent-based modelling,

integrated index. These methods could be used for generic quantification of nexus in
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economic or environmental performances. For specific cases, new models could be
developed by combining these existing tools to deal with more complex cases, such
as IOA-LCA (Sherwood et al. 2017) for ecological-economic indicators, extended
matter-element model (Wang et al. 2018) for resource flow quantification on the

nexus.

2.2.3. Assessment and Systematic Simulation

Simulation models like Q-Nexus, WEF Nexus Assessment 1.0 and 2.0 and
NexSym were used to identify and simulate the sectors’ interactions within the nexus
(Daher et al. 2015; Martinez-Hernandez et al. 2017b; Daher et al. 2018; Karnib
2018). These models could also quantify sectoral dynamics to achieve synergies and
reduce trade-offs. Other models, such as CLEWs and Global Biosphere
Management Model (GLOBIOM), sought to identify land use in lieu of the food
sector. For instance, the GLOBIOM system can possibly run optimal application and
conversion from one certain type of land use to another, taking into account resource
(namely, land and water) constraints and environmental management standards,
greenhouse gas emission, and so on (Ermolieva et al. 2015). These methods were
typically applied to relatively larger scales such as global and national levels.
Likewise, models like Multi-Scale Integrated Analysis of Societal and Ecosystem
Metabolism (MuSIASEM) (Giampietro et al. 2009) focused on social-economic
aspects along with ecosystem perspectives in a broad point of view.

Assessment and systematic simulation methods evolved towards integrated
approaches. One common approach may be an index-base type, evaluating multi-
dimensional implications with the WEF nexus. Different indices have been proposed,
considering a range of influential factors linked with research objectives. For
instance, de Vito et al. (2017) designed three indicators (irrigation water footprint,
energy footprint for irrigation, irrigation water cost footprint), to analyse the WEF
nexus from these three indicators for water-energy efficiency and overall effect on
farming economy. Other studies like Gaddam et al. (2022) developed dual
interaction indicators between sectors within an overall Water-Energy-Land-Food
nexus system, such Food-Water, Food-Energy, Land-Water, Water-Energy, to
evaluate the efficiency of this multiscale system. Furthermore, Nhamo et al. (2019)
utilised multitudes of indicators and implemented an integral evaluation on WEF

nexuses by ranking and pairing various functionalities with the individual indicators in
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correspondence to different study objectives. Usually, index-based methods
calculated and normalised the indices, ranked and rated the results for
environmental performances of resources and the whole nexus system, such as a
Water-Energy-Food Nexus Index (WEFNI) which has been more popular in the past
few years (Segovia-Hernandez et al. 2023). Typical studies such as El-Gafy (2017)
and Karamian et al. (2021) applied this developed WEFNI to agricultural systems on
a national and a provincial scale, respectively, and evaluated the overall efficiency of
consumed agricultural inputs/resources, food and economic productivity to examine
performances of farm management.

In a further step, index-oriented approaches may be integrated with other
models to achieve more research objectives, like Nhamo et al. (2019) having applied
a Multi-Criteria Decision Making (MCDM) model to multi-dimensional decision
making. Another typical example was a set of indexes developed and applied for
sustainability goals being integrated with LCA, such as Laso et al. (2018) who
developed a weighted aggregated index based on calculation and normalisation for
sustainability implications of food and food waste. In contrast, some other studies
tended to centre on indexes alone without matching existing or developing models.
Such methods were oriented towards qualitative research particularly in the early
stages of nexus development. Along the way through nexus progression, such
index-based methods and models were directed towards more closely linking

sustainability goals with WEF nexus (Saladini et al. 2018).

2.2.4. Optimization

The third category is optimization methods, aimed at achieving the overall
best outcomes for the nexus system under policy-oriented, economical, societal,
technological, resource-environmental or ecological conditions. These methods are
capable of considering synergies and trade-offs among conflicting nexus resources
and sectors. One common approach used for an integrated optimal evaluation was
modelling each sector one by one and their relationships respectively as well as
other additional components interacting with the nexus system (Tian et al. 2018).
This method may still appear insufficiently robust in setting up sectoral relationships.
Workloads can be large, especially when it comes to a large volume of datasets in
complicated cases. Results obtained would not likely provide adequately prompt
feedback on improvement of the model.
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In this regard, numerous integrated methods have evolved towards a form of
optimal management, typically like Water, Energy and Food security
nexus Optimization (WEFO) model (Zhang et al. 2017). These types of models are
more capable of resolving issues in an “all-in-one-effort” manner. In nature, they
attempt to determine nexus sectoral inputs and outputs by functional relationships
and to explore optimal outcomes of conflicting objectives and trade-offs between
resources by means of mathematical programming.

The simplest mathematical programming model is linear programming (LP).
For example, WEFO utilised constrained LP to optimize the total costs caused by
water applied, energy consumed, and food produced. Existing complex models such
as CLEWs, GLOBIOM and WEFO serve as an optimization approach as well, but
they may not suit specific study objectives as these models’ structures are relatively
fixed up.

Fitting with other existing models could be another option to resolve specific
problems. For instance, targeting at both optimization and environmental footprints,
Yuan et al. (2018) developed an integrated framework combining LCA and LP to
assess minimal environmental impacts on spatial distribution of crop bioenergy
production under different climatic conditions.

Likewise, Laso et al. (2018) applied LCA and LP with a weighted aggregated
index of Water-Energy-Food-Climate Nexus Index (WEFCNI) while in the meantime
incorporating waste component into WEF nexus. An optimization practice was
conducted to evaluate the best overall environmental performances on food waste-
to-food strategies in a food and food waste/loss disposal system. It highlighted the
interconnectivity of food and food waste/loss to explore how to reduce food loss and
waste in accordance with the SDG target 12.3 “Halving Food Waste”, while boosting
the development of the circular economy.

In contrast, Lépez-Diaz et al. (2018) and Feng et al. (2020) employed a
Mixed-Integer Linear Programming (MILP) model with various constraints to evaluate
a regional Water-Energy-Food-Waste (WEFW) nexus system. This programming
incorporated simplicity of model structures with multiple functional objectives and
potentially refrained from model uncertainties by quantifying the parameter values
into integers.

Single objective constrained non-linear programming has been developed and
applied frequently (An-Vo et al. 2015; Maraseni et al. 2021). Compared with linear
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programming, non-linear programming can not only tackle relatively more
complicated problems, as real cases are usually non-linear, but also avoid utilising
overly complex model structures, which may benefit those who are targeting at
developing easy-to-use and user-friendly models.

Slightly more complex non-linear programming models can include multiple
objectives for conflicting problems to achieve compromised synergies and abate
trade-offs, such as AWEFSM model (Li et al. 2019c). This study employed multi-
objective non-linear programming with a series of constraints for optimization on the
total revenues and total GHG emissions in irrigated agricultural systems on a
regional spatial scale. This model could be the most integrated method for WEF
nexus assessment so far, due to its strong capabilities to reveal the nature of
conflictions among sectors and resources, to accommodate underlying relationships
of different components, and to attain promising “multi-wins” outcomes for resource
conflicts. Nonetheless, it would accordingly contain numerous uncertainties and
require high calculation levels, extensive data inputs and adequate apprehension of
advanced mathematical skills by researchers.

In response to in-built uncertainties in models, some mathematical
programming methods integrated uncertainty analysis methods, such as stochastic
theory (Karan et al. 2018; Liu et al. 2020; Cansino-Loeza et al. 2021) and fuzzy
theory (Martinez et al. 2018; Li et al. 2019c). They essentially left the uncertain
parameters as “vague” values being incorporated into the models and further
reduced the uncertainties by assigning those parameters more definite or a
numerical range of values during calculation. These theories, in particular “fuzzy
theory”, have commonly been noted in Mo Li’s series of studies since 2015 (Li et al.
2015). Their studies would often apply multi-objective modeling for optimization on
WEF nexus in irrigated agriculture under uncertainties of modelling parameters (Li et
al. 2016b; Li et al. 2017; Li et al. 2019b; Li et al. 2020; Li et al. 2021).

In short, the advancement of optimal management methods has witnessed a
prevalence in mathematical programming that may be generally grouped into
constrained linear programming coupled with existing models (such as LCA, 10A,
MCDM), constrained multi-objective mixed-integer linear Programming, and

constrained single- or multi-objective non-linear programming.
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2.2.5. Summary

In a short summary, prevalent models and tools to assess WEF nexus can fall
into three major categories as noted above. While methods in early stages were on a
gualitative and descriptive basis, models like these types have been transitioning
towards a quantitative basis factoring more facets in.

Resource-environmental footprint quantification models are primarily targeted
at resource use and environmental performances by tracking their footprints in
studied systems. Typical instances are LCA and/or IOA. This type quantifies
resource consumption and environmental impacts effectively and in an integrated
way and may not be difficult to use. But it can also be restricted to merely
environmental and ecosystem areas and not be sufficing for objectives in other areas
such as agriculture that emphasizes economic parts or urban systems that
simultaneously give attention to societal stability, public wellness and welfare and
humanity.

Assessment and systematic simulation models may similarly design indicators
to assist with quantification and an integrated evaluation on the nexus. This type can
cover more areas and industries as opposed to the first type. However, they are
more complicated themselves and may be a bit more difficult to understand. These
models require researchers to consider a number of factors for targeted systems in
conjunction with possible extensive data inputs and a high level of calculations.

Optimization models have become more prevalent as these models have
advantages identical to the first two types while avoid some disadvantages. These
models essentially have a simple rationale and structure and are easy for
researchers to comprehend. Meanwhile, they can cover more factors and elements
according to specific study objectives and provide insights into optimal balance of
synergies and trade-offs among conflicting resource use and sectors in targeted
systems. Unlike assessment and systematic simulation, this type of models may
combine existing models without compatibility issues. The disadvantage is high
requirement for researchers’ mathematical knowledge and skills.

Based on the reviews on both WEF nexus studies and associated models and
tools, the subsequent sections in this chapter provide further reviews on sub-
modules and linkages of an agricultural WEF nexus for irrigated cropping systems in

Australia. This is to gain knowledge in possibly filling up relevant research gaps as
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abovementioned and further to develop an appropriate modelling method in line with
our research objectives.

2.3. Crop production and water inputs
2.3.1. Overview

Crop yield and productivity could be considered as a priority in agricultural
WEF nexus, as in farming they are essential benchmarks for agricultural economic
growth. Productivity unveils how efficiently inputs (labour, capital, land, materials,
and services) are applied to produce outputs (crops, wool, and livestock) over time.
Growth in the ratio of outputs produced to inputs used can be converted to enhanced
profitability and competitiveness for farmers. Crop industries contribute significantly
to the national economy and numbers of regional communities. For instance, in
Australia cotton and sugar bring a gross value of production over $2 and $1 billion,
respectively, while grains and oilseeds’ annual gross value of production totals
around $9-13 billion (DAFF 2022b).

In general, different amounts of resource inputs will bring different amounts of
outputs. This can reflect in a functional relationship between water inputs and crop
outputs in the form of mathematical equation with multi-variates. Thus, to explore
potential relations between crop yields with other resource inputs, a crop water

production function (CWPF) is an entry point to work on.

2.3.2. Crop Water Production Function (CWPF)

Some yield models involve various kinds of farm inputs as independent
variables as multi-input production functions, such as water, fertilizers, and soil
management (Nathan 1971; Foster et al. 2018). A typical example is the Cobb-
Douglas production functional model (Praveen et al. 2019; Smirnov et al. 2019).
However, irrigation is fundamental to agricultural productivity and is the most
valuable resource for crop production (FAO et al. 2011). Therefore, a crop water
production function is central among these crop yield models and pivotal to an
irrigated cropping system (Foster et al. 2018).

A crop water production function refers to the functional relationship between
the crop yields and the quantity of water resources consumed to produce the yields
on the basis of consistent agricultural production level and techniques (Zhang 2009).
It is a useful tool to develop proper irrigation strategies and determine potential crop
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yields in water deficiency situations (Kipkorir et al. 2002; Garcia-Tejero et al. 2013;
Pushpalatha et al. 2020). Also, it is important to economically analyse water use in
cropping, which depicts, in mathematical patterns, how crop yields are responsive to
different levels of water inputs within a given set of climatic conditions and farm
management practices (Steduto et al. 2012).

Thus, crop water production functions can be built in agronomic models for
evaluation of farm performances (Foster et al. 2018). The following parts present two
main categorized approaches to estimate crop water production functions
(Choudhury et al. 2014; Dahikar et al. 2014; Ramesh et al. 2015; Foster et al. 2018;
Khaki et al. 2019): (1) Empirical Estimation Approaches (EEAs) and (2)
Mathematical Modelling Approaches (MMAS).

2.3.3. Empirical Estimation Approaches (EEAS)

EEAs for predicting crop yields use statistical methods to fit functional
relationships between observational data for crop yields and different levels of
applied irrigation water inputs. The observational data are usually derived from farm
surveys or real in-field experiments. Those experiments are most commonly carried
out throughout numerous years to capture variability in the crop water production
function caused by inter-annual differences in weather conditions during the growing
season, such as precipitation and temperature, which have impacts on water
demands and lengths of growing seasons for crops (Foster et al. 2018).

Field experiments or farm surveys can be well designed, so models can
possibly grasp reliable linkages of crop yields and irrigation water applications.
However, EEAs are rigorously subject to critical limitations, in particular massive and
lengthy experiments with reliable data, thus making it time consuming and costly to
gain satisfying CWPFs. Hence, such approaches are not quite readily applicable to
irrigated farming systems due to disparities among constraints of technology. In this
regard, Mathematical Modelling Approaches (MMASs) can work as an alternative or

supplement to empirical models when necessary.

2.3.4. Mathematical Modelling Approaches (MMAS)

MMAs can help to obtain two major groups of CWPFs: 1) Crop Coefficient
Models (CCMs) and 2) Process-based Crop Growth Models (PCGMs) (Foster et al.
2018).
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2.3.4.1. Crop Coefficient Models (CCMs)

In terms of crop growth period, this group of models can be subdivided into
two types, respectively based on: (a) the whole crop growth period and (b) each
individual crop growth stage. The former one is broadly applied to planning, design
and macroeconomic analysis, though it is limited to reflecting accurate impacts of
water deficit on different crop growth stages. The latter one can manifest the water
amount used and implications on yields by water supply time at each crop growth
stage, and yet it is comparatively complex (Zhang 2009).

e CCMs on the whole crop growth period with either “irrigation water

application rate” or “crop evapotranspiration”

In the CCMs, there are two concepts which involve related water use, namely
“applied irrigation water” (Wirri) and “evapotranspiration” (ETc) (Doorenbos et al.
1979; Igbadun et al. 2007; Geerts et al. 2009). Wirri refers to the amount of water
delivered to crops in field by irrigation system (ML/ha) and ETc is the amount of
water lost, retained and used by both evaporation in field and transpiration in crops
(Allen et al. 1998a). The “crop evapotranspiration” and “crop water
need/demand/requirement” are often used interchangeably (Rao et al. 1977; Al-Kaisi
2000; Al-Kaisi et al. 2009; Smilovic et al. 2016; Satpute et al. 2021).

e CCMs on the whole crop growth period with Wirri

These CWPFs are based on the whole crop growth period with irrigation
water as the core independent variable. The forms of the functions are mainly
guadratic/parabolic (Li et al. 2019c), cubic (An-Vo et al. 2015; Maraseni et al. 2021),
and non-linear (Rajput et al. 1986). In general, the crop yield will increase as
irrigation water application rate rises until a maximal yield point is reached with a full
irrigation water quantity correspondingly. Afterwards, when the water amount
continues to be growing, the yields will drop. The increasing and decreasing rates of
yields are determined by the empirical coefficients. The models can reflect an overall
relationship between the yield and irrigation water under ideal or set conditions. The
coefficients are seriously dependent on climatic conditions, soil types, irrigation
practices, crop types and species, so they will vary in different regions. These
empirical coefficients must be determined by certain experimental methods.

e CCMs on the whole crop growth period with ETc
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These CWPFs are based on the whole crop growth period with
evapotranspiration or crop water need as the independent variable. The forms of the
functions are mainly linear, quadratic/parabolic model (Peng et al. 2003; Zhang
2009), and Stewart model (Doorenbos et al. 1979). They are suitable for low-yield
irrigated areas with insufficient irrigation water, low management level and
insufficient agricultural production materials (Zhang 2009).

With the improvement of water resource management, crop yield and crop
water need show a nonlinear relationship, in which the yield increases significantly in
the beginning and subsequently rises slowly until it arrives at the maximum point.
Thereatfter, yield falls with the increase of water need. An ideal form of this overall
pattern is a quadratic or parabolic model, which is appearing symmetrical by the
maximal crop yield point. The cubic function is not rigorously symmetrical and can be
closer to a real crop water production relationship.

e CCMs on each individual crop growth stage with “crop evapotranspiration”

CWPFs on each individual crop growth stage only take crop water need as
the core independent variable. Crop yields are not only related to the overall crop
water need, but also closely associated with the allocation of water supply on the
whole growing period. This allows for water demand in every specific growing stage,
that is, sowing to tillering, tillering to jointing, jointing to heading, heading to filling,
and filling to harvest, respectively (Zhang 2009; Steduto et al. 2012). An additive
model and a multiplicative model are two main ones in CCMs.

The additive model is suitable for grain yield estimation in semi-arid and sub-
humid regions, and for biological yield estimation on forage and forage crops in arid
regions. But it assumes that the influences of water deficit on yields at each growth
stage are mutually independent. In fact, when a crop is in shortage of water at some
growth stage, it will not only affect the growth of the current stage, but also the
subsequent growth stages, and eventually result in the yield reduction. Crops can
even die of water shortage at any stage, regardless of other stages, and result in no
yield.

With this concern, the multiplicative model has been developed to
compensate for this deficiency. Compared with the additive model with the form of all
submodules adding up together, the multiplicative model is in the form of all
submodules multiplying/timing together. Thus, the advantage of the multiplicative

models lies in the interlinkages between every individual growth stage when water
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shortage occurs in a certain stage. This entails water shortage in each stage, which
not only impacts the current stage, but also reflects the overall impacts of water
deficit in multiple stages on the yield through this continuous multiplication. The
multiplicative model features its high sensitivity to the total output given interacting
implications between different stages. It is regarded that the multiplicative model is
more sensitive and realistic than the additive model towards the target response of
the constituent yield (Rajput et al. 1986; Wang et al. 2001).

2.3.4.2. Process-based Crop Growth Models (PCGMs)

Process-based crop growth models refer to mathematical models simulating
the growth, development, and yields of a crop under certain environmental
conditions, such as weather, soil type, and management practices, for example
irrigation or fertilizer applications (Monteith 1996; Foster et al. 2018). Unlike crop
coefficient models, which mainly take water as the key input variable and are highly
determined by empirical coefficients, crop growth models integrate more
environmental inputs. With the advancement of information technology, these
models can be obtained by software with simulations on crop growth processes. In
this way, CWPFs generated by robust computing power are more precise in
predicting natural crop-water correlations on the whole and on each crop growth
stage, compared with additive and multiplicative models. They can also bridge the
deficiency of the crop coefficient models in a way, such as uncertainties and
reliability of the coefficients, and at the same time averts the disadvantage of
empirical estimation models about being too time consuming and troublesome.

In spite of being as a powerful tool to simulate crop growth and estimate crop
yield, the process-based crop growth models may show up disadvantages like high
demands for appropriate experimental/observation data to be calibrated and
validated with parameter rectification. When it comes to CWPF simulations, the tool
requires massive datasets to “train” the model (Monteith 1996; Foster et al. 2018).
Subsequently, decisions by farmers on temporal precision, application rates of water,
and irrigation plan may significantly impact the crop yield responses to total seasonal
water demands and further accuracy of CWPF determination, as these practices
cannot be incorporated and reflected in the modelling process engaged in software
(Shani et al. 2009; Smilovic et al. 2016).
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2.3.5. Summary

On the whole, a crop water production function (CWPF) serves as the
foremost and one of the vital parts in an overall agricultural WEF nexus model for the
potential relationship of crop yields and irrigation water application. Two dominant
approaches for determining CWPFs are found and reviewed, namely empirical
estimation approaches (EEAs) and mathematical modelling approaches (MMAS).
While EEAs are relatively early developed CWPFs highly reliant on field
experiments, MMASs are more accurate for the estimation and continue evolving by
integrating information technology.

MMAs are divided into crop coefficient models (CCMs) and process-based
crop growth models (PCGMs). CCMs are much less replying on empirical
coefficients gained from field experiments and can be estimated using available
experimental coefficients in peer studies. These coefficients can also be simulated in
PCGMs. PCGMs are usually derived by using statistical data and simulating.

CCMs based on each crop growth stage consider the impacts of water inputs
on each stage. CCMs on the whole crop growth period are commonly applied to
macroeconomic analysis without deliberating these influences between each growth
stage. CWPFs of this type are based on assumptions of decent irrigation schedule

during the whole crop growth.

2.4. Agricultural energy use and GHG emissions
2.4.1. Overview

In the WEF nexus, energy is as important as water. Trade-offs between
irrigation water use and corresponding energy consumption have commonly been
studied in a dual Water-Energy nexus. Water application directly affects energy
application and further determines GHG emissions incurred.

During the past over 40 years, both energy consumption and production have
been growing steadily (DCCEEW 2022d, 2022c). In 2020-21, energy consumption
for fossil fuels occupied up to 92% out of Australia’s primary energy mix, in which oil
took up 36% in contrast to coal 29% and gas 27% while consumption for renewable
energy sources accounted for 8% (DCCEEW 2022d).

The allocations of alternative fuel types among total energy production have
mainly changed in natural gas and renewables (DCCEEW 2022d, 2022c). It has

indicated a transition from conventional fuel types to more environmentally friendly
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types. The energy productivity has improved over the past ten years by 28%,
contributing to a growth of Australian economy by 1.5% up to $2.0 trillion. This also
entails a shift in the economy away from highly energy-intensive industries towards
less energy-intensive ones as well as increased use of renewable energy for
electricity generation instead of combustion-based generation sources (DCCEEW
2022b).

Energy use efficiency has been increasingly vital given incremental costs and
insufficiency of energy sources and associated GHG emissions resulting in global
warming (Chen et al. 2015a). Fossil fuels used to be inexpensively available, having
enhanced agricultural productivity a lot. However, due to increasing fossil fuel prices
over the last couple of years, agricultural production growth will be more severely
constrained with arising environmental security issues (Go et al. 2019; Oakleaf et al.
2019). With projections for exponentially rising population up to 9.6 billion in 2050
(Hara 2020) and a “peak” fossil fuel availability by 2040 (Bardi 2019), a low-carbon
energy transition ought to be necessitated from a net-energy perspective for the

good of both global economy and environment (Delannoy et al. 2021).

2.4.2. Energy sources and types
There are many energy sources for agriculture production with renewables

and non-renewables (Table 2.1).

Table 2.1 Classification of energy sources (Chen et al. 2015a).

Biological Renewables

Non-renewable (Limited) Renewable (Unlimited) )
(Reproducible)
Oil Solar Wood
Coal Wind Energy crops
Natural gas Hydropower Biomass fermentation (ethanol)
Liquefied petroleum gas (LPG) Tidal and wave energy Biodiesel

Compressed Natural Gas
(CNG),

Geothermal Biogas (Anaerobic digestion)
Coal Seam Gas (GSG),
Liquefied Natural Gas (LNG)
Nuclear power (Uranium) Animal and human power

Note: The energy sources are divided into three major groups, namely (1) non-renewable energy, such as oil,
coal, natural gas, that is limited to extract, (2) renewable energy, such as solar, wind, hydropower, that is
unlimited to utilize, and (3) biological renewable energy that can be converted and reproduced from sources such

as wood, energy crops, biodiesel.
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In particular, fossil fuel currently remains predominant over the other types of
energy supply in the agricultural sector (Oakleaf et al. 2019). The common energy

sources for agriculture involve diesel, petrol and electricity (Chen et al. 2015a).

2.4.2.1. Fossil energy

Fossil fuels or oils are commonly applied to on-farm machinery operation like
tractors, or maintenance and repairs, as well as off-farm activities like logistics of
nutrients, fertilizers, seeds and others. In fewer cases, gas may be utilised for
multiple cases such as aviation for herbicides, heating, and drying (Chen et al.
2015a; Woods 2017).

2.4.2.2. Electricity

Electricity is commonly used as an energy source for agriculture. It features a
premium power and being clean on-site, which is an edge over fossil fuels and
gases. However, due to potential capital costs for distant locations of networks from
farming areas, it would not be suitable for remote areas (Jamal et al. 2016). Grid
electricity could be seen in use for two primary respects within agriculture: (1) water
pumping for crop irrigation, cleaning and animal drinking, and (2) stationery
operations, such as various machines and appliances of heating, cooling and
ventilation (Chen et al. 2015a).

Whether on-grid electricity would contribute to a large volume of GHG
emissions is mainly dependent on resources used to generate it. The Australian
Government tracked the nation’s GHG emissions through the National Greenhouse
Gas Inventory in 2019 and found that, among all industries, energy production by
burning fossil fuels to produce electricity was the largest contributor to Australia’s
carbon emissions at 33.6% followed by transport (17.6%), agriculture (14.6%), and
industrial processes (6.2%) (CSIRO 2021). 2020-2021 has seen a peak total
electricity generation in Australia throughout the past over 40 years, approximately
steady at 266 TWh (956 PJ). In 2021, fossil fuels accounted for 71% of total
electricity generation, including coal (51%), gas (18%) and oil (2%). The share of
coal in the electricity mix has continued to decline, in contrast to the beginning of the

century when coal’s share was over 80% of electricity generation (DCCEEW 2022a).
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2.4.2.3. Renewable energy

Renewable energy is a source of energy, naturally occurring and theoretically
inexhaustible. It can fall into categories of those with the sun as the energy source
(solar energy) and those with another source (non-solar energy) (Yusaf et al. 2011,
Chen et al. 2015a). The solar energy involves solar power, wind energy, biomass
and biofuels, while the non-solar energy includes tidal energy and geothermal
energy (Chen et al. 2015a).

Renewables accounted for 29% of total electricity generation in 2021, with
solar (12%), wind (10%) and hydro (6%) included. Around 17% of Australia’s
electricity was generated by business and households outside the electricity sector in
2020-21 (DCCEEW 2022a). As opposed to hydro which is mainly used in Tasmania
and unchanged much over the decades, solar and wind source uses have increased
significantly.

Renewable energy can be better fitted into rural and remote contexts and at
times offer the lowest cost choices for energy access (Chen et al. 2015b). In various
instances, it can contribute to getting energy access, diversifying farm revenues,
refraining from waste disposal, lowering reliance on fossil fuels causing GHG
emissions, and realizing SDGs. However, high upfront capital costs are still the main
obstacle hindering renewable energy techniques from advancing (Chen et al.
2015a).

2.4.3. Energy use for farming

Energy uses for purposes of farming are divided generally into on-farm and
off-farm uses (Saunders et al. 2006; Chen et al. 2010; Chen et al. 2015a). It may be
further grouped into direct energy use, meaning fuels and electricity applied
throughout agricultural production, and indirect energy use involved in and
associated with the agricultural production, including all other inputs from machinery,
equipment and agro-chemicals.

Australian farmers have opportunities to be assisted with reducing their
energy expenses on the overall farm budget. These direct initiatives by the farmers
to better manage the energy costs can be: (1) ameliorating systems and practices,
(2) changing or modifying equipment, (3) swapping to alternate, less expensive and

more environmental and renewable energy sources, and (4) purchasing energy more
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strategically or economizing on energy procurement (such as bulk energy
purchasing) (DCCEEW 2021).

For instance, cotton cultivation has energy expenses as one part of the fastest
rising costs for electricity and diesel, occupying up to 50% of the total cultivation
input costs. This can provide significant opportunities for Australian farmers to
reduce their energy expenditures and optimize profits. In this regard, the Cotton
Research and Development Corporation (CRDC) has developed energy-efficiency
information for cotton cultivation businesses to implement and reduce operating
costs (DCCEEW 2021).

2.4.4. Associated GHG emissions from farming

Energy use, especially fossil fuel use, involves noteworthy environmental
issues, for example the considerable amount of GHGs discharged over the
processes. In Australia, it is recognized that agriculture is responsible for 14% of the
national GHG emissions as the second largest emitter (Panchasara et al. 2021). It
has been well established that GHG emissions from the energy consumption of
many industries have incurred an ascending carbon dioxide (CO2) concentration in
the atmosphere, which further leads to global warming (Yoro et al. 2020). The most
direct influence caused by global warming will likely be a rise in surface temperature

on the earth between 1°C and 4°C by 2100 (Alfonso et al. 2021), which further brings

down on both short-term impacts, such as extreme weathers (Zhang et al. 2020a),
and long-term consequences, such as damages on earth’s ecosystems and human
survival (Sun et al. 2019).

In responses to these problems, the National Greenhouse and Energy
Reporting (NGER) scheme has been mapped out and set up by the NGER Act 2007
(FRL 2007) as a national framework for reporting and disseminating business
information about GHG emissions, energy production and consumption, and other
information specified under NGER legislation (Australian Government 2022b). The
GHGs reported under this scheme involve carbon dioxide (CO2), methane (CH4),
nitrous oxide (N20), sulphur hexafluoride (SF6) and specified kinds of hydro
fluorocarbons and perfluorocarbons.

GHG emissions are gauged in kilotonnes of carbon dioxide equivalence

(CO2e). It signifies that the amount of a GHG a business lets off is determined as an
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equivalent amount of CO2 which has a global warming potential of “one”. For
instance, one tonne of CH4 discharged into the atmosphere will cause the same
amount of global warming as 25 tonnes of CO2. So, the one-unit tonne of CH4 is
expressed as 25 tonnes of CO2 equivalence, or 25 t CO2e (Australian Government
2022a).

Global warming potentials (GWPs) are values that allow direct comparison on
the impact of different GHGs in the atmosphere by comparing how much energy one
tonne of a gas will absorb compared to one tonne of CO2. The GWPs have been
revised since 1 July 2020 to maintain the accuracy and comparability of Australia’s
national emissions estimates with the global community (Australian Government
2022c). The GHG emissions that should be reported under the NGER scheme
include three major scopes:

e Scope 1 emissions (on-farm)

Scope 1 GHG emissions are those released to the atmosphere as a direct
result of an activity, or series of activities at a facility level. Scope 1 emissions are
sometimes referred to as direct emissions (Australian Government 2022a).
Examples for the agricultural sector are CH4 and N20 from the diesel fuel
combustion in machinery like trucks and production of electricity by burning coal and
from enteric fermentation (by cows and sheep) and manure (Australian Government
2022a; Ekonomou et al. 2022a).

e Scope 2 emissions (off-farm)

Scope 2 GHG emissions are those released to the atmosphere from the
indirect consumption of an energy commodity, such as those from the use of
electricity produced by the burning of coal in another facility, such as a power plant.
An example for the agricultural sector is the emissions from the electricity consumed
by on-farm activities, such as irrigation, and yet generated by a separately located
and owned power plant (Australian Government 2022a; Ekonomou et al. 2022a).

e Scope 3 emissions (pre-farm)

Scope 3 GHG emissions are those not reported under the NGER Scheme,
but can be used under Australia's National Greenhouse Accounts (DCCEEW
2022€). Scope 3 emissions are indirect GHG emissions other than scope 2
emissions that are generated in the wider economy. They occur as a consequence

of the activities of a facility but from sources not owned or controlled by that facility's
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business (Australian Government 2022a). Examples for farming are extraction,
production and manufacture of purchased materials, such as urea, and
transportation of purchased fuels, such as diesel and petrol (Australian Government
2022a; Ekonomou et al. 2022a).

2.4.5. Summary

Energy sources and types can be generally categorised into fossil fuels, on-
grid electricity and renewable energy. In renewables, solar, wind and hydropower are
increasingly used, while the biomass such as wood, energy crops, agricultural
residues and biogas are limited but promising with considerable availability.
Considering alternative energy sources, in particular renewables, for farming can be
more economically viable, effectively help to reduce GHG emissions, and potentially
achieve sustainable goals for agricultural industries. These emissions can fall into
on-farm (Scope 1), off-farm (Scope 2) and pre-farm (Scope 3) emissions for better

estimation under current GHG emission management framework and regulations.

2.5. Climate change and related carbon policies
2.5.1. Overview

Speaking of GHG emissions, climate change is highly associated. It is known
that Australia features high variability of climatic conditions as there is usually lower
average rainfall and higher rainfall variability than most other countries.
Consequently, Australian agriculture is more susceptible to climate associated risks
than nearly any other nations throughout the world. Notwithstanding Australian
farmers are acclimated to this variability, climate change over the past decades
caused by complex factors has still emerged along with new challenges. Climate
modelling methods has predicted foreseeable future rainfall changes and more
severe floods and droughts. Also, climate in Australia has seen slumps in average
winter precipitation in southern Australia and overall spikes in temperature (DAFF
2022a).

2.5.2. Climate change impacts

There are two major types of climate change impacts: (1) direct impacts due
to changes in climate itself triggered by anthropogenic factors, and (2) indirect
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impacts due to changes in policies, programs, and activities aimed at addressing
issues relating to climate changes (Li et al. 2021).

Regarding climate changes incurred by anthropogenic factors, there is an
array of new scenarios, Representative Concentration Pathways (RCPs) (Van
Vuuren et al. 2011; Wayne 2013), devised by the Intergovernmental Panel on
Climate Change (IPCC) and outlined in the fifth evaluation report (AR5) (Allen et al.
2014). RCPs offer continuing projections for emissions and concentrations of
radioactive gases and particulates over time and a broad range of anthropogenic
climatic forcings (Jubb et al. 2013).

In terms of policy-based implications, a number of countries across the world
have carried out two primary mechanisms to curb carbon emissions, namely cap-
and-trade mechanism and carbon tax mechanism (Song et al. 2017). The cap-and-
trade regulation is market-based and commonly applied by numerous nations or
areas such as New Zealand, California, and particularly the European Union
(Goulder et al. 2013; Toptal et al. 2014; Du et al. 2020). This carbon trading
framework allocates businesses with free available emission credits on a “cap”
volume, based on which businesses can trade those credits (buy when in deficit and
sell when in surplus) at their own discretion and convenience (Xu et al. 2021). The
carbon tax regulation is price-based and also conducted in multiple countries
including Sweden and Canada. In essence, the business owners will be allotted with
a constant tax rate for charges on equivalent carbon emitted (Goulder et al. 2013; Xu
et al. 2021).

2.5.3. Australia’s Emissions Reduction Fund (ERF) scheme

The ERF is the most commonly operated scheme, associated with carbon
pricing, tariffs or costs based on a policy-market combined framework. The ERF
scheme offers landholders, communities and businesses the opportunity to manage
projects in Australia which refrain from discharging GHG emissions or eliminating
and sequestering carbon from the atmosphere.

Under this scheme, eligible participants can earn Australian Carbon Credits
Units (ACCUSs). This ACCU Scheme has replaced the ERF Scheme. Each ACCU
equates to one tonne of CO2e emissions averted or sequestered by the project. The
units can be sold either to the Australian Government via a carbon abatement

contract or to private businesses in the secondary market (CER 2022b).
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Sources of demand for ACCUs include (1) ERF auctions, (2) safeguard
mechanism, (3) voluntary markets, and (4) state and territory governments. The ERF
auctions in particular have been the predominant one, where participants may bid for
a contract to sell their ACCUs to the Clean Energy Regulator (CER). Contract
holders may also purchase ACCUs from un-contracted projects to meet contractual
obligations (CER 2022a). In terms of the safeguard mechanism, it requires facilities
to keep net emissions no higher than the baseline set by the CER. Businesses with
excess emissions over the limit will be able to surrender the ACCUs to offset these

excess emissions (CER 2019).

2.5.4. Summary

There are two major types of climate change impacts identified: direct impacts
triggered by anthropogenic factors and indirect impacts brought on by policy-oriented
changes aimed at unravelling issues relating to climate changes. In response to the
direct impacts, Representative Concentration Pathways (RCPs) are proposed for
projecting future climatic scenarios with parameters such as CO2e concentrations,
GHG emissions, temperatures in different industries. Policies regarding carbon
pricing are carbon taxation and carbon credit related. The carbon credit policies in
Australia are contained in the Emissions Reduction Fund Scheme. Overall it aims to
better manage projects in Australia and avoid emitting GHG emissions or removing

and sequestering carbon from the atmosphere.

2.6. Agricultural crop residues and WEF nexus
2.6.1. Overview
Biomass, as an alternative energy source, is attracting increasing attention
compared to other clean energy sources because of its high availability, accessibility,
and renewability as well as its friendliness to the natural environment. Biomass is a
type of organic matters sourced from plants or animals, such as agricultural crop
residues, forests, energy plants/crops, agro-industrial wastes (Akkoli et al. 2018).
Today, approximately 60 EJ of biomass is utilized for energy generation
across the globe. Over 60% is applied for conventional heating and cooking, while
the rest of them is converted into heat and fuels in transport and electricity based on
modern techniques (Perea-Moreno et al. 2019). Agricultural crop residues, as an
essential part of the biomass, have been subject to limited uses for energy

42


https://www.cleanenergyregulator.gov.au/ERF/Pages/Want%20to%20participate%20in%20the%20Emissions%20Reduction%20Fund/Step%202-Contracts%20and%20auctions/Participating-in-an-auction.aspx
https://www.cleanenergyregulator.gov.au/NGER/Pages/The%20safeguard%20mechanism/The--safeguard--mechanism.aspx
https://www.cleanenergyregulator.gov.au/NGER/Pages/The%20safeguard%20mechanism/The--safeguard--mechanism.aspx
https://www.cawcr.gov.au/projects/Climatechange/wp-content/uploads/2016/11/ACCSP_RCP.pdf

generation, such as heat or combined heat-and-power production, liquid biofuel
production, at various scales, but the residue quantity is substantial (Bentsen et al.
2018).

Among all the residues utilized to generate energy, a number of studies (Ji et
al. 2018; Jiang et al. 2019; Masud et al. 2019; Samadi et al. 2020) have showcased
the major types of biomass feedstocks in conversion-to-energy technological
methods, including livestock wastes, crop residues, forestry residues, energy crops
(arable/annual, perennial), and industrial domestic wastes (municipal, sewage
sludge, fat and oil). Main conversion methods include biological synthesis, physio-
chemical conversion (mechanic extraction or esterification), bio-chemical conversion
(fermentation, anaerobic digestion), and thermo-chemical conversion (liquefaction,
pyrolysis, gasification, charcoal). The end products potentially gained are primarily
liquid fuel, gaseous fuel, and solid fuel. Most of them are in an early stage of
commercial deployment such as torrefaction, pyrolysis, gasification, while a small
number of methods are in a stage of commercial establishment including anaerobic

digestion and biogas upgrading (Agency 2017).

2.6.2. Crop residues

US, China, and India and are the major countries producing the highest
number of studies on crop residue treatment methods at present. When examining
crop residue treatment/conversion methods, these studies typically explore respects
pertinent to soil environment, climate, crop residue properties and traditional
agricultural practices. The main focus of these studies is to make good use of
agricultural residues stemming from cereal crops, mainly wheat and corn which are
the biggest part producing the residues out of the cereals. Numerous researchers
have been devoted to studying this topic, who are mainly from government and
academic institutions. (Kumar et al. 1999; Cropping 2005; Kruidhof et al. 2009;
Turmel et al. 2015; Searle et al. 2017; Hiel et al. 2018; Ken Flower et al. 2019;
Flower et al. 2020).

2.6.2.1. Crop residues in Conservative Agriculture
In conservative agriculture, crop residues are a kind of useful resources that
significantly benefits broad-acre farming systems. They potentially contribute to

water and soil conservation and soil fertility. In this regard, crop residue retention has
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been adopted in both summer and winter crop cultivation areas coupled with
developed techniques to manage the residues and minimize relevant disadvantages
(Flower et al. 2020). With crop residue retention as one of the three key principles of
conservative agriculture (FAO 2022), crop residue management commences from
harvest stage and goes on until seeding stage.

Appropriate level of crop residues should be retained to prevent erosion,
maintain, or improve soil organic carbon, maximize infiltration of water into the soll
and promote crop yields and quality, especially under water stress conditions. Some
studies suggest that 2-3 t/ha retained in field at harvest is adequate to reap those
benefits (Kirkegaard et al. 2014; Giller et al. 2015). Some others have recommended
a level of 70% ground cover for minimizing soil erosion (Scott et al. 2010; Scott et al.
2013). A large number of studies have been conducted for crop residue
management, but many of them focus on agricultural processing and treatment
methods and few determine optimal quantity of crop residues that are most
beneficial to agricultural systems (Kitonyo et al. 2018).

Of all agricultural businesses managing crop residues, the main crop residue
management practices undertaken can be to leave stubble intact, ploughing crop
residue into the soil, and removal of crop residue by baling, burning or heavy
grazing. For instance, in Queensland the most common crop residue management
practice undertaken is to plough crop residue into the soil (55%) (ABS 2011; Ken
Flower et al. 2019).

Table 2.2 compares three alternative crop residue management practices in a
conventional agricultural mode in Australia. Now that Australian farmers burn fewer
than 4% of crop residues (Umbers et al. 2017), ploughing the residues into ground to
fertilize the soil has been the major crop residue management practice (Murray
2022). It entails a remarkable transition from the farming systems 30 years ago when
little stubble was retained (Flower et al. 2020). In comparison with other conventional
practices on crop residue management, such as surface retention and removal,
incorporation (ploughing into soil) can be the most economically viable and
environmentally friendly solution for farmers as an agricultural engineering method
(Kaur et al. 2019; Fu et al. 2021). It can help to increase crop yields (7.8%), soil
nutrient stratification/reserves (1.9%-15.2%) and water content (5.9%) and improve
soil structure and ecosystem, and so on (Pratley et al. 2019; Singh et al. 2020; Zhao
et al. 2020). Whereas it can simultaneously be challenged against increasing soll
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acidification, greenhouse gas (GHG) emissions (by 31.7%, 130.9%, and 12.2% for

CO2, CH4, and N20, respectively) (Zhao et al. 2020), labour intensity, fallow periods

and nitrogen immobilization (Goswami et al. 2020) as well as soil erosion if

excessive residues are retained (Pratley et al. 2019; Singh et al. 2020).

Table 2.2 Comparisons of different residue management strategies for advantages and disadvantages
(Pratley et al. 2019; Singh et al. 2020).

Residue management

Advantages

Disadvantages

Surface retention

| erosion

1 soil moisture

1 soil organic matter and nutrient
reserves

1 soil physical and biological quality
| prevalence of some weed and
disease species.

| ease of planting and crop
establishment

| nutrient availability due to
stratification and/or immobilization

| air temperatures (frost)

1 in some weed and disease species
| effectiveness of pre-emergence

herbicides

Incorporation

1 ease of seeding operations

1 speed of nutrient cycling and crop
availability

| nutrient stratification

| prevalence of some weed and
disease species.

1 effectiveness of pre-emergence
herbicides

1 rates of organic matter decomposition
| soil physical and biological quality
| soil moisture

1 erosion

Removal

(baling, burning)

1 ease of seeding operations
| prevalence of some disease species.
1 effectiveness of pre-emergence

herbicides

1 nutrient loss
| soil physical and biological quality
| soil moisture

1 erosion

Note: Three major conventional residue management methods in the Australia’s agricultural sector are available,

namely surface retention (leaving residues to the surface of land), incorporation (ploughing residues into soil),

removal (primarily turning residues into bales or burning them). In the table, the symbols “ 1 ” and “ | ” signify

increase and decrease respectively.

However, crop residues have noteworthily been one of prospect biomass and

bioenergy sources and researched in many studies around the world on conversions

to biofuels for purposes of environmental sustainability (Gregg et al. 2010; Scarlat et
al. 2010; Jiang et al. 2012; Hiloidhari et al. 2014; Cherubin et al. 2018; Ali et al. 2019;

Prasad et al. 2020; Koul et al. 2022). Environmental methods for converting crop

residues to biomass or bioenergy is of high significance, as making full use of crop

residues in environmental ways can be environmentally, socially and economically
beneficial (Simon et al. 2010; Archer et al. 2012; Qiu et al. 2014; Chen 2016; Zhang
et al. 2021b; Yong et al. 2022).
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2.6.2.2. Crop residues for bioenergy and biomass

In terms of energy production, crop residues can be promising as potential
biomass and bioenergy sources, in particular compared with traditional fossil fuels
which are challenged for decreasing availability and environmental contamination
(Akkoli et al. 2018). Crop residues are demonstrated as better energy sources
because they are usually surplus, generated in billions of tonnes annually across the
world (Chen et al. 2019; Scarlat et al. 2019a), and can be used for energy supplying
especially in rural areas (Akkoli et al. 2018).

Residue availability and accessibility is a popular topic in studies about
utilizing crop residues for bioenergy and biomass production, as there is disparity of
crop residue availability and accessibility from region to region and from season to
season (Bentsen et al. 2018; Jusakulvijit et al. 2021). Some studies have found out
that transport infrastructure and logistic distance are important to the efficiency of
conversion from crop residues to usable biomass or bioenergy. Facilities that
process and disposing crop residues are necessary to be situated in the vicinity of
the farming areas (lye et al. 2013a; lye et al. 2013b; Zhao et al. 2016; Maraveas
2020).

Crop residues can roughly be classified into primary and secondary residues.
Primary crop residues refer to the plant materials available on the field after
harvesting, such as straw, stalk, stubble and leaves, while secondary crop residues
refer to processed residues, such as husks, hulls, bagasse, corncob, coffee pulp
(Honorato-Salazar et al. 2020). The amount of primary residues are calculated by
the Residue Index (RI) of each crop, which is defined as the ratio of the dry weight of
the amount of residues generated to the total amount of primary crop harvested for a
particular cultivar (Smeets et al. 2004; Rosillo-Calle et al. 2007; Honorato-Salazar et
al. 2020). Rl is generally obtained from the Harvest Index (HI), which is defined as
the ratio of harvested product to total aboveground biomass of the crop at the time of
harvesting (Smeets et al. 2004; Unkovich et al. 2010).

2.6.3. Potential linkages for WEF nexus and crop residues

Except uses for bioenergy and biomass, other uses of crop residues are not
well known because of limited data collection on residue generation and application
(Bentsen et al. 2018). Moreover, very limited numbers of studies have been
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conducted to examine connections between WEF nexus and wastes, in particular,
crop residues.

Ji et al. (2020) has adopted an IFLFP model, developed for planning regional
food production taking into account WEF nexus and its interlinkages with energy
generation from crop residues, water conservation, and ecological protection. The
linkage between crop residues and WEF nexus was quantified in a functional
relationship between crop yields and crop residue yields. This study used multi-
objective non-linear programming to achieve a synergistic status of both agronomic
and environmental benefits.

Likewise, Pastori et al. (2021) have developed a multi-objective linear
programming model, paired with constraints of local crop residue resources and
environmental management on bioenergy systems, to evaluate bioenergy potentials
and the intricacies of the residues with WEF nexus. The relationship between crop
residues and WEF nexus is similarly quantified in a functional relationship between
crop residues and crop yields by means of parameters such as residue-yield

coefficient, residue heating value potentials, and efficiency conversion factors.

2.6.4. Summary
Prevailing crop residue management style in Australia is to incorporate the

residues into the soil, as a conservative agricultural method, at the stages of in-
harvest and post-harvest. However, these residues have significant potential for
conversions to energy use. Despite a lack of studies about combining crop residues
with WEF nexus, there have been a plethora of studies on conversion-to-bioenergy
methods from crop residues as a biomass resource, which can provide an entry
point for a model development that integrates crop residues into the WEF nexus

framework.

2.7. Conclusion
As aforementioned, main research gaps in WEF nexus studies can be
outlined as:
e Difficulties in implementation due to complex contexts and policy
background;

e Lack of all-round robust models - overly complicated methods for large
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scales while not integrated enough for small scales, such as local or farm;

e Limitations in nexus optimization;

e Lack of waste components.

Research about WEF nexus has been generally well conceptualized and
more studies should be carried out for quantitative methods, implementation, and
engagement with governance, policymaking and stakeholders. In methodology
development, researchers will need to consider data requirements, potential
compatibility between sub-modules and various uncertainties in order to promote
integration and accuracy of models. There is a need to make studies dive into
smaller spatial scales such as local or farm level, which are one of the major
research gaps. This can facilitate WEF nexus framework to be more contextualised,
data-precise, and applicable to real cases in targeted areas by potentially addressing
challenging data availability and accessibility.

In terms of WEF nexus in agriculture, major research gaps may be specified
as:

o relatively small proportions of WEF nexus studies contributing to

agriculture, compared with the whole number of WEF nexus studies;

e many agricultural nexus studies have a local or farm scale focus on a dual
Water-Energy nexus without an emphasis on “Food” (crop yield or
production);

e there are limited components engaged in the nexus, particularly waste.

For specific models and tools, they can fall into three major categories by their
functionalities:

e resource-environmental footprint quantification,

e assessment and systematic simulation,

e optimization.

Resource-environmental footprint quantification models primarily target at
resource use and environmental performances by tracking their footprints in studied
systems. Assessment and systematic simulation models may be more complex, as
this type can cover more areas and industries as opposed to the first type.
Optimization models have become more prevalent, as these models bear
advantages identical to the first two types while avoiding some disadvantages by

combining simplicity in structures and integration with more components. Most

48



importantly, they can offer direct optimal results of studied systems and trade-offs in
conflicting resource uses. But they may require researchers to have a high level of
mathematical knowledge and skills.

With study goals and literature review mentioned all above, the next chapter
will present study scope, model development, sensitivity test design and scenario

design by aligning with the goals and considering major research gaps.
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CHAPTER 3: METHODOLOGY

3.1. Introduction

This work primarily aims at optimizing the total profits of an irrigated single
crop rotation system based on insights of Water-Energy-Food (WEF) nexus. The
nexus is quantified as potential dual relationships between water application in
irrigation practices, energy consumption in both irrigation activities and non-irrigation
activities on farm, and responsive crop yields. Irrigated land use and greenhouse gas
(GHG) emissions are considered as well. As such, this chapter will describe the
study scope, methods of data collection, model development and scenario design to

achieve Objective (1) depicted in Chapter 1.

3.2. Study scope
3.2.1. Study area

The site selected for this study is Toowoomba Region (Figure 3.1), one of the
four sub-regions within the Darling Downs region of Southern Queensland.

"\i Australia }N\ Toowoomba Region

Queensland
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b il | )F‘Jf;‘t . Towns within Toowoomba Region
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@ Towns around Toowoomba Region

Major Roads

Figure 3.1. Study area, Toowoomba Region, made by ArcMap 10.8.1, data sourced from Queensland
Spatial Catalogue (QSpatial) (ABS 2021).

The Toowoomba Region included an agriculture hub situated at the

intersection of the New England Highway and Warrego Highway, interlinking
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industries in the regional areas and metropolitan areas. This region is a centre for
agricultural activities in Southern Queensland.

As divided by type of industry, agriculture, forestry and fishing were the
largest businesses operating within the Toowoomba Region from 2017 to 2021. The
proportion for these agricultural businesses out of the total businesses has stayed
steady throughout these years at over 20%, followed by the construction industry
(over 15%). The gross value of crop production took up 34.33% of the gross value of
agricultural production. The total land uses in 2021 were 1,295,721 ha, in which
agricultural land uses were 899,871 ha (69.45%). The broadacre crops occupied
most part of the agricultural uses, up to 30% (ABS 2022a). Figure 3.2 shows all the
types of land use within Toowoomba Region for the latest situations during 2019-20

(Queensland Government 2022c).

N Toowoomba Region
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All types of land usc within Toowoomba Region in 2019/20
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I Grazing irrigated modified pastures || Irrigated seasonal hatti B nature ) [ | River
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B . || Grazing native vegetation I Land in transition __ Perennial horticulture Transport and communication
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- Intensive horticulture : Manufacturing and industrial - Production native forests [Jll Waste treatment and disposal

Figure 3.2. All types of land use in Toowoomba Region, made by ArcMap 10.8.1, data sourced from
QSpatial (Queensland Government 2022c).

The map shows two types of land uses occupying the most part of the area:
cropping areas (light green in the middle part); and grazing native vegetation areas
(yellow in the north-eastern and south-western parts). The irrigated cropping areas
are mainly distributed in the south-east and middle within the whole green cropping
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areas. These areas are in the proximity of main water resources and catchments
within the region.

Most part of the Toowoomba Region is located within the Upper Condamine
with a small area in the southwest crossing over to Border Rivers (Queensland
Government 2022a). This has provided water supply for agricultural uses, especially
for on-farm irrigation activities in this region. In Figure 3.3, the light blue areas are
the main areas of un-supplemented surface water resources, while the dark blue
areas represent the distribution of un-supplemented underground water resources.
The supplemented and unallocated surface water resources are primarily derived
from the Condamine River (Queensland Government 2022a), in which some

irrigation water is provided from irrigation schemes by Sunwater (2019a).

N Catchments of surface water and underground water
A in Toowoomba Region

Supplemented surface water
UnAllocated surface water
N { - Unsupplemented groundwater
S PN A E Unsupplemented surface water
- Irrigated cotton & winter wheat
0 125 25 50 Kilometers | | Teowoomba Region
L B . Toowoomba City

Figure 3.3. Catchments within Toowoomba Region, made by ArcMap 10.8.1, data sourced from
(Queensland Government 2022c).

A water allocation is announced for water access entitlements on a seasonal
basis depending on how much water is available in the water resource from which
the allocation is drawn. Two different types of water allocations are recognized (BoM
2024):

e Supplemented allocations - water allocations supplied from water supply

schemes;
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e Un-supplemented allocations - water allocations taken from the natural flow

of the river or from groundwater.

The Toowoomba Region has a warm and humid climatic condition (sub-
tropical climate) with warm summers and cool winters (DES 2019). According to the
Bureau of Meteorology (BOM), the average annual precipitation is 735 mm (28.9 in),
normally reaching the peak in the warm season. Most rainfalls usually occur from
November to March, during which January and February see the maximal downpour
(BOM 2022).

As large geographical scales of regions can have various climatic conditions
in different parts, they will present a disparity in climate data like precipitation and
temperature (Queensland Government 2022a). This occurs in arid or semi-arid
nations like Australia in particular, where it is much drier in the inland. However,
Toowoomba Region, as a local scale, has similar climatic conditions in different
geographical parts. This consistency of climatic situations on the geographical scale
can reduce the uncertainty and deviation in parameters such as rainfall in developing

the model.

3.2.2. Crop selection
3.2.2.1. Background

ABARES (2022a) outlines yearly key crops for each state, including
Queensland where farmers manage to plant grain sorghum and cotton in summers,
and wheat, barley and chickpeas in winters (DAF et al. 2015; DAF 2018; ABARES
2020; DAWE 2020b). Among the top commodities by value in a larger Darling
Downs — Maranoa Region, following cattle and calves, cotton and winter wheat are
ranked at the second and the third places accounting for AU$457 million and
AU$452 million of the total value, respectively, as the top two crops with the highest
economic values. Across the distributions of land uses, the most intensive areas for
cropping range from Dalby to Toowoomba, covering most part of Toowoomba
Region (ABARES 2022Db).

In southern Queensland, Toowoomba Region is where wheat and particularly
cotton are most commonly grown (DAF et al. 2015; DAF 2018; DAWE 2019a;
ABARES 2020; DAWE 2020b). Single crop rotation implementation of cotton grown
in summer and wheat in winter is common as one of the most profitable rotation

practices in Toowoomba Region. Give certain land for cropping, part of the areas are
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used for cultivating cotton in summer and subsequently left for fallow management,
while the other part are used for growing wheat in winter (Graham 2022a; Scobie
2022). Figure 3.4 indicates the major irrigated cropping areas including cotton and
winter wheat mainly distributed in the south-east and middle within the Toowoomba
Region coupled with natural catchments and schemed water resources in the
vicinity.

Figure 3.4. Irrigated cropping areas, including cotton and winter wheat cultivation, within Toowoomba
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Region, made by ArcMap 10.8.1, data sourced from QSpatial (Queensland Government 2022c).

3.2.2.2. Cotton

Cotton is among the top four water-intensive crops on Australian farms in
2018-19 (ABS 2020). The average irrigation demand for cotton cultivation in
Australia is 6-7 ML per hectare (Cotton Australia 2022a). The growing season lasts
approximately six months, commencing in September/October (planting) and ending
in March/April (picking). Due to the large amount of water pumped and delivered by
irrigation systems on farm, the irrigation activities require substantial energy use and

therefore are energy intensive (Cotton Australia 2022a).
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Agriculture is the main contributor to most countries’ economy with cotton
being one of the important crops in agriculture, and Australia is among the top ten
cotton-producing countries (Khan et al. 2020). According to Cotton Australia (2022b),
cotton is grown in over 100 Australian communities, crossing over both Queensland
and New South Wales (NSW) which are the primary two states producing cotton for
the nation. Smaller areas for growing cotton are in Northern Victoria as well as some
cotton trials ongoing in northern Queensland, northern Western Australia, and the
Northern Territory.

The number of cotton farms in Australia totals up to 1,500. Roughly 90% of
them are family owned. The farms cultivate part of the finest quality and highest
yielding cotton across the globe. The number of farms planting cotton fluctuates
annually, dependent on available water resources and at the farmers’ discretion of
whether to grow cotton in that year, for instance, what is the likelihood to achieve the
maximal profitability from cotton growing (Cotton Australia 2022c; QFF 2022).

3.2.2.3. Wheat

Wheat is the major winter crop grown in Australia with sowing commencing in
autumn and harvesting in spring and summer (determined by seasonal conditions).
The main wheat producing states are Queensland, NSW Victoria, South Australia,
and Western Australia. Queensland and NSW are the major states producing wheat
that is for domestic consumption and feedstock (DAFF 2021). Wheat Quality
Australia (2021) divides primary wheat growing zones into four key areas as
“Classification Zones”. These Classification Zones features different environmental
conditions where different classes of wheat are grown, based on which physical
attributes and defects are evaluated other than the genetic attributes of the wheat
variety.

Most wheat grown is rainfed. In Queensland specifically, irrigated wheat is a
small proportion of wheat grown. Most irrigated land is set aside for cotton
production as it is the most profitable irrigated broadacre crop. Irrigated wheat is
grown as part of a rotation, normally with cotton, and to provide some groundcover
(Graham 2022b). The irrigated wheat cultivation areas in Queensland during the
2020-21 period were 39,744 ha, around 2.3% of the total cereal cropping areas (ABS
2022b). In the Darling Downs-Maranoa region, the areas of irrigated cereals were
22,978 ha, nearly 1.7% of the total cereal area grown in 2020-21 (Graham 2022b).
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3.2.2.4. Summary of reasons for selecting cotton and irrigated wheat

These two crops are selected firstly because they are two of the most
commonly grown crops in the Toowoomba Region. Datasets about cotton and wheat
are readily accessible in this local area. Organisations such as the Department of
Agriculture and Fisheries (DAF), Grains Research and Development Corporation
(GRDC), Cotton Australia have all set up branch offices in Toowoomba, as well as
the University of Southern Queensland in Toowoomba. This makes it easier to
collect data by interview.

Cotton is one of the most important cash crops in Australia, considerably
contributing to the economy. Coupled with rotation of irrigated wheat, this will help to
achieve our goals to study the Water-Energy-Food nexus, as the water-energy dual
relationship is still one indispensable part in irrigated crop systems. Besides, cotton
cropping consumes plenty of water and correspondingly cause intensive energy use
in irrigation activities, which will incur large amount of GHG emissions due to
traditional fossil fuel uses. Then it will be necessitated to correlate carbon policies
and climate change with the nexus. Thus, this can help to improve the integrality of
our model.

Moreover, a rotation practice of summer cotton and winter wheat is one of the
most common methods in Toowoomba Region. Irrigated wheat grown in the
Toowoomba Region in winter is usually supplementary to cotton grown in summer.
Planting irrigated wheat separately in large areas is not as common as planting
irrigated cotton. Compared with rainfed wheat, irrigated wheat is rarer, even in a
greater area in Australia. This can be a research gap in combination of cotton and
irrigated wheat in a rotation system.

It is of high significance to incorporate them into one single crop rotation
system and explore optimal agronomic performances in conjunction with balanced
resource use and environmental performances under a WEF nexus framework.
Thus, the selected crops for this study are cotton, grown in summer, and wheat,

grown in winter, in the Toowoomba Region in a single crop rotation practice.

3.2.3. Irrigation practices
Current predominant types of irrigation methods in Australia include surface,

sprinkler and drip irrigation (Irrigation Australia 2020). Among them, surface irrigation
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(such as border check, furrow, flood, basin) occupies approximately 60% of total
usage in contrast to sprinkler (large mobile machines with a centre pivot, linear or
lateral movement) taking up 13% and drip or trickle (above ground) taking up 9%
(Irrigation Australia 2020). In Toowoomba Region, above 80% of total irrigation
systems are surface irrigation. Compared with that, the overhead irrigation (centre
pivot/lateral move) takes up 10 to 20% out of total irrigation systems (Graham 2022a;
Queensland Government 2022d). Hence, this study uses surface irrigation as the
main irrigation practice and main datasets for this irrigation system are accessible

from the database, AgMargins, as stated in the next section.

3.3. Data collection and tools

The data for input variables and parameters in the model is mainly collected
from authentic online available databases, governmental and organisational
websites (such as ABARES, ABS, BOM, DAWE, DAF, CSIRO, FAO, GRDC), peer
literature review, local reports, and so on. Table 3.1 lists major databases used in

conjunction with modelling methods and tools for data processing and analysis.

Table 3.1. Major databases and associated tools used for data processing and analysis in this study.

Database Data contents Application Associated tools References
Rates and variable Variable costs
] costs for activities in incurred by pre-farm, Queensland
AgMargins ) ) Excel
farming, crop yields on-farm and off-farm Government (2022c)
and prices activities
Crop yields, water
ABS, Water and land
use on farm, land ) Excel ABS (2022b)
ABARES entitlements
use
) Mapping and GIS ) Queensland
QSpatial Map making ArcGIS, QGIS
datasets Government (2022c)
o Crop Water
Evapotranspiration ) ) Queensland
SILO ) Production Functions  Excel
(ET), rainfall Government (2022¢)

(CWPFs) modelling

Resources and )
) SimaPro, Farm
materials use and

Resources and ) Greenhouse ALCAS (2020)
] ] associated GHG ]
AusLCI materials use during o Accounting Ekonomou et al.
] emissions caused by
life cycles Framework Tools, (2022a)

pre-farm, on-farm
. Excel
and off-farm activities

As mentioned above, the AgMargins database outlines major pre-farm, on-

farm, and off-farm activities. It is a web-based gross margin calculator and reporting
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tool for broadacre and horticultural crops across Queensland. It enables
landholders/farmers to readily update crop production profits and costs for further
assessment and farm management decisions (Queensland Government 2022d).
This database has most recently been updated in October 2022 and is maintained
by the Broadacre Cropping Systems Team in the Department of Agriculture and
Fisheries (DAF) (Queensland Government 2022d). To verify the validity and
reliability of this database, email interviews have been conducted with the team
leader, Graham Harris, who is also the Principal Development Extension Officer in
DAF. The Team is responsible for collecting, recording, filing, rectifying and verifying
the datasets (Graham 2022b).

Table 3.2 outlines a summary of variable costs (growing costs, excluding
water cost) on cotton and winter wheat in Toowoomba Region with the latest
available data in the annual period of 2020-2021. Both the cotton and winter wheat
are watered in surface irrigation practices as the most common irrigation practice as
well as other common cropping practices available within the Toowoomba Region
(Graham 2022a, 2022b; Scobie 2022).

Table 3.2. Summary of variable costs (in AU$/ha) for irrigated cotton and winter wheat.

Total
) . Crop ) Post- Fallow )
Crop Planting  Nutrition ] Harvesting Other Variable
Protection Harvest Management
Costs
Cotton 488 357 143 281 730 63 193 2,831
Wheat 60 337 38 30 54 53 57 808

Note: The irrigation practice is surface irrigation. These median values are based on Toowoomba Region,
2020/21 and drawn from the database AgMargins (Queensland Government 2022d). “Post-Harvest” is separate
from “Fallow Management”, mainly inclusive of cartage and ginning on cotton and cartage on wheat after harvest
and before subsequent fallow. All the other fallow activities are included in “Fallow Management”, such as
conventional crop residue management (incorporation into soil). The “Other” category includes crop insurance,

contracts for consultancy, research & development (R&D) levy, voluntary levy.

3.4. Model development

The overall integrated optimization model is based on a profitability function.
Within this model, sub-models are developed including crop yield models, water use
simulation, energy use accounting and its responsive GHG emissions. On top of
these, the integrated model is further developed aligned with scenario designs such
as alternative energy sources (on-grid electricity, solar photovoltaic) and crop

residue disposals.
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Figure 3.5 shows a schematic diagram of the study framework, which

consists of 4 core stages: (1) WEF nexus conceptualisation (study goals and scope

definition, literature review), (2) model development paired with scenario designs, (3)

model application to the selected study area and crops (or baseline scenario), and

(4) scenario analysis compared with the baseline scenario.
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Figure 3.5. Study framework, including 4 main stages: (1) WEF nexus conceptualisation (study goals

and scope definition, literature review), (2) model development paired with scenario designs, (3) basic model

application as a baseline scenario (business as usual) to Toowoomba Region, and (4) scenario analysis

compared with the baseline scenario.
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In the conceptualisation, the main dual relationships between these internal
sectors within the nexus system include water used for irrigating and processing
crops (water-to-food), energy used to pump and deliver irrigation water (energy-to-
water), energy consumed for processing, agrochemicals and agro-machinery on
crops (energy-to-food), crop residue collected to generate bioenergy (waste-to-
energy), and energy utilized to process and dispose crop residue (energy-to-waste).
Outside of the WEF nexus, climatic factors and land use interact with the nexus
system as external factors. The agricultural WEF nexus system itself influences the
natural environment and resources, for example, by potentially causing climate
change due to GHG emissions and land degradation due to land use. On the other
way around, climate and land use change affect crop production, water resources
and further economic returns.

A model framework is developed, subsequent to conceptualisation, in the
form of non-linear mathematical programming subject to water and land constraints.
Sub-models are synchronously developed for the sectors and their
interconnectivities. Sensitivity analysis is implemented for analysing, determining,
and sorting out uncertain parameters.

After the model development, the model will be applied to the selected single
crop rotation system in Toowoomba Region with common farm practices in order to
explore optimal land and water use, total profits, and associated GHG emissions.
Relative to this baseline scenario, two series of scenarios are designed upon the
basic model for potentially impactful factors like crop prices, energy sources in
irrigation and carbon related policies, and upon further developed models for
potentially impactful factors like alternative environmental methods to dispose crop

residues.

3.4.1. Crop yield modelling
3.4.1.1. Crop Water Production Function (CWPF) selected for the study

A crop water production function refers to the functional relationship between
the crop yields and the quantity of water resources consumed to produce the yields
on the basis of consistent agricultural production level and techniques (Zhang 2009).
It is a useful tool to develop proper irrigation strategies and determine potential crop
yields in water deficiency situations (Kipkorir et al. 2002; Steduto et al. 2012; Garcia-
Tejero et al. 2013; Pushpalatha et al. 2020).
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On the basis of literature review, CWPFs are divided as follows:

(1) Empirical estimation models for predicting crop yields can be derived by

employing curve fit methods for relationships between crop yields and
different levels of applied irrigation water inputs. The data for different
applied irrigation amount and the corresponding crop yields are
observational, empirical and gleaned from real in-field experiments carried

out on crops in years;

(2) Mathematical models (crop coefficient models):

These are existing mathematical functions structured by numbers of empirical

studies in the past and indicate functional relationships between crop yields and

water inputs yet with undetermined coefficients. These in-built coefficients can be

obtained from empirical studies or estimated by curve fitting with experimental data.

(3) Process-based crop growth models:

They can be obtained using software. By simulating crop growth and further

estimate crop yields, a functional relationship between crop yields and water inputs

can be estimated.

In order to select the most appropriate CWPF for this study, advantages and

disadvantages have been considered and summarized, based on the literature

review in Chapter 2, as below:

For empirical estimation models, they may be closer to real relationship of
crop yield and water use on a small scale typical like a farm scale, in that
the data for estimating the models are based on real in-field experiments.
Nevertheless, obtaining these observational data will take numerous years
to capture variability in the crop water production function caused by inter-
annual differences in weather conditions during the growing season. The
massive data collection and extensive experiments make it time
consuming and costly. Besides, it is not applicable to larger geographic
scales such as a regional scale.

For process-based crop growth models, they are more readily obtained by
using software and simulating crop growth. It can be much less time
consuming. These crop growth models can much satisfy needs of
researchers who study crop growing patterns interacting with surrounding

and climatic environment. They are becoming more popular among
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agricultural researchers. However, in terms of estimating process-based
crop growth models, it similarly demands for extensive and precise
experimental/observational data used for simulations in the software (such
as APSIM, AquaCrop, CROPWAT). Also, it is challenging to ensure
irrigation scheduling exactness for the daily intervals, in particular for high
levels of climatic uncertainties farmers commonly face.

In terms of crop coefficient models, those with evapotranspiration being
the independent variable on individual each crop growth stage have
included influences of water deficits between each stage. But they are
complicated due to multiple uncertain coefficients. It would be impossible
to determine them without massive experimental data inputs.

In terms of crop coefficient models, those with irrigation water application
rate as the independent variable on the whole crop growth period have
revealed a general pattern on the crop water relationship. But they may be
challenged against being limited to irrigation water sources without
considering other water sources such as rainfall.

In terms of crop coefficient models, those with evapotranspiration as the
independent variable on the whole crop growth period share a similar
simple model structure to those with irrigation water application rate as the
independent variable on the whole crop growth period. The only challenge
is still the determination on coefficients. These models are widely used in

planning and design, and macroeconomic analysis.

Therefore, the CWPF selected in this study is the Stewart model (Doorenbos

et al. 1979; Steduto et al. 2012), which is one of the crop coefficient models. The

main reasons for selecting this model are as below:

The CWPF with evapotranspiration on the whole crop growth period better
unveils the real crop needs for water resources, taking on board effective
rainfall, and macro-statistical relations between crop production and water
use.

Due to limited data sources for crop simulations, funds and timeframe in
our study, determining models’ coefficients by in-field experiments, farm
surveys or software simulations would not be practical. Compared with the

Stewart model, the other models still require massive empirical data to fit
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in and determine the coefficients, which will be costly and take years to
achieve.

e In contrast, the Stewart model coefficients can be derived from the Stewart
model publication (Doorenbos et al. 1979). This publication has been
regarded as one of FAQO’s milestone publications and widely used
worldwide for a broad range of applications (Steduto et al. 2012; Varzi
2016). In this model, the in-built yield response factor (K,,) captures the
essence of the complex linkages between crop yield and water use, in
which multiple physical, chemical and biological processes are engaged.

e The model allows for the effects of water deficits on crop yield. This would
help to examine effects of deficit irrigation practices on the WEF nexus
system and to improve water efficiency and crop productivity of cotton, in
particular, which is water demanding.

The Stewart model reveals relative yield reduction is in response to the

corresponding relative reduction in evapotranspiration (ET), expressed as:

Y, ET,
1— ) =K (1 - ) 1
( Ymax Y ETmax ( )

where Y,,,, and Y, are the maximum and actual yields; ET,,,, and ET, are the

maximum and actual evapotranspiration; K, is a yield response factor representing
the effect of a reduction in evapotranspiration on yield losses. Further breakdowns of
the model and possible values of the involved parameters are discussed in the

succeeding sections.

3.4.1.2. Yield response factor
In the FAO CWPF model, the yield response factor K, values are crop
specific and vary over the growing season with:
e K, >1: crop response is very sensitive to water deficit with proportional
larger yield reductions when water use is reduced because of stress.
e K, <1: crop is more tolerant to water deficit, and recovers partially from
stress, exhibiting less than proportional reductions in yield with reduced
water use.

e K, =1:yield reduction is directly proportional to reduced water use.
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K, values for various crops can be derived from the publication by Steduto et

al. (2012), which has been listed in Appendix B. The values for cotton and winter
wheat are displayed as below in Table 3.3.

Table 3.3. Seasonal Ky values for cotton and winter wheat (Steduto et al. 2012).

Crop Ky Crop Ky
Cotton 0.85 Winter wheat 1.05

As aforementioned, coefficients in CWPFs are mostly estimated through
either real massive and lengthy in-field experiments, which would take years, or
simulations with software, which highly require precise datasets about soil profile and
climatic conditions and specific decisions about cropping practice management.
Because of limited precise data sources for estimation on the coefficients, limited
funding and limited timeframe in the study, the coefficient K,, values are mainly
derived from the publication by Steduto et al. (2012). This publication has been
based on the analysis of an extensive quantity of studies on crop-yield and water
relationships under deficit irrigation practices. These coefficients in conjunction with
crop coefficients K. have been systematically researched and estimated in extensive

studies by Food and Agriculture Organization (FAO).

3.4.1.3. Estimation of CWPF model parameters

The maximum crop yield values (Y;,,,) are estimated from available data in
both ABS database and AgMargins for the Toowoomba Region over the past five to
ten years. The maximum crop evapotranspiration (ET,,4,) iS estimated from a series
of crop evapotranspiration (or, crop water need/requirement/demand, ET,) values
determined based on FAO guidelines for crop-water requirements, which can be
calculated by:

ET, = K, - ET, (2)
where ET, is the reference crop evapotranspiration and K, is the crop
coefficient.

Table 3.4 lists K, values for cotton and winter wheat. Other typical K, values
of various crops are listed in Appendix C. The values of ET, for Toowoomba Region
are derived from the web-based database, SILO (Queensland Government 2022¢),
from 2010/11-2020/21. The FAO Penman-Monteith equation is adopted for

estimating the reference crop evapotranspiration (ET,) (Allen et al. 1998b).
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Table 3.4. Values of crop factors (K,) for cotton and winter wheat and growth stages.

Crop Initial Crop development Mid-season Late-season
Cotton 0.45 0.75 1.15 0.75
Winter wheat 0.35 0.75 1.15 0.45

Note: The numbers indicate average values of K. for crops on every growth stage, including initial, crop
development, mid-season and late-season stage. The K, also depends on climate and particularly relative
humidity and windspeed. The values shown above should be decreased by 0.05 if the relative humidity is higher
than 80% and the windspeed is lower than 2 m/sec, such as K, = 1.15 turns K, = 1.10. The values should be
increased by 0.05 if the relative humidity is lower than 50% and the windspeed is higher than 5 m/sec, such as K,
=1.05 turns K, = 1.10. While the relative humidity is between 50% and 80% and the windspeed is between 2
m/sec and 5 m/sec, the values remain the same as in the table.

Figure 3.6 shows all the 16 climate stations that can be found and selected
for this study in the best proximity of the major irrigated cropping areas within
Toowoomba Region. Other large numbers of stations are distant from the centralized
irrigated cropping areas that will not be able to represent the most accurate ET, and
effective rainfall (Pgs,) values for the irrigated cotton and winter wheat. Accordingly,

Appendix D lists details about these stations, including names, serial numbers, and
exact locations.
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Figure 3.6. Selected climate stations for ET, and Pgs; within Toowoomba Region, made by ArcMap

10.8.1, data sourced from QSpatial (Queensland Government 2022c)
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Using the above equation, the ET, values for each four growing stages on a
daily basis are calculated. All the specific daily ET, values in each growth stage add
up to total values for the whole growth periods of cotton and wheat respectively.
Table 3.5 shows minimum, maximum and average values of evapotranspiration for
cotton winter wheat recorded in Toowoomba Region during 2010/11 — 2020/2021.
The ET,,,, values for cotton and wheat are estimated from these estimated ET.,

values on the whole growth period.

Table 3.5. Minimum, maximum and average values of evapotranspiration (ET,).

Crop Min. (mm) Max. (mm) Ave. (mm)
Cotton 648.22 945.42 843.87
Winter wheat 224.42 326.40 271.92

Note: The data is for cotton and winter wheat on the whole growth period, based on 16 climate stations during
2010/11 — 2020/2021 (Queensland Government 2022¢).

3.4.1.4. Modelling of crop water requirement

As the terms “crop evapotranspiration” and “crop water need” are often used
interchangeably (Rao et al. 1977; Al-Kaisi 2000; Al-Kaisi et al. 2009; Smilovic et al.
2016; Satpute et al. 2021), the symbol ET, is equating to crop water need
(requirement, demand). Crop water demand (ET,) consists of four major parts: 1) soil
water, 2) groundwater, 3) rainfall and, 4) irrigation (Zhang 2009). During the whole
period of crop growth, farmland water balance can be expressed as:

ET, = Pgss + Wy + S+ CR— DP (3)
where Pg; is the effective precipitation during the whole crop growth period;
W, is the irrigation water application; S is the water stored by soil; CR is the water
amount used by crops via underground water table through crops’ capillaries
(Capillary Rise); DP is water through deep percolation.

When the build-up of soluble salts in the soil becomes or is expected to
become excessive, the salts can be leached by applying more water than actual crop
need during the growing season. This extra water moves at least a portion of the
salts below the root zone by deep percolation (leaching). Leaching is the key factor
in controlling soluble salts brought in by the irrigation water. Over time, salt removal
by leaching must equal or exceed the salt additions from the applied water.
Otherwise, salts will build up and eventually reach damaging concentrations. Hence,

estimating a leaching requirement is necessary. The terms of “leaching fraction (LF)”
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and “leaching requirement (LR)” are often used interchangeably. They both refer to
that portion of the irrigation which should pass through the root zone to control salts
at a specific level. While LF indicates that the value be expressed as a fraction, LR
can be expressed either as a fraction or percentage of irrigation water (Ayers et al.
1985).

Given there is a dynamic water balance in the farmland soil ecology between
the leaching, the soil water and the water utilized by crops, the crop water need is
primarily affected by effective precipitation and irrigation (Allen et al. 1998b; Scobie

2022). Thus, Equation (3) can be simplified as:
ET, = Pgpp + Wi (4)

3.4.1.5. Estimation of effective rainfall

When precipitation cannot suffice for crop growing, irrigation will be
supplementary. Irrigated crops are watered either by combination of irrigation and
rainfall or by irrigation alone, while rain-fed crops depend on natural rains as the
main water source. Rains falling on the soils will not be fully utilized by the crops.
Part of the rainwater percolates through the soil to the root zones, while part flows
away over the land (run-off). Water via deep percolation and run-off cannot naturally
be used by plants unless it is manually collected and used, which may be
“‘ineffective”. Thus, the remainder stored in soil and used by plants is called
“effective” rainfall. The ratio of effective precipitation is dependent on local climatic
contexts, soil texture and structure, and the depth of the root zone. For example, if
there is a high volume of rainfall, a relatively high proportion of water is lost via deep
percolation and overland flows (Brouwer et al. 1986b). When taking into account
effects of rainfall on crops yields, effective rainfall is an essential parameter to be
factored in.

There are multiple existing effective rainfall estimation methods, which may
well suit different purposes, such as direct measurement techniques, empirical
methods, soil water balance methods (Patwardhan et al. 1990). Ali et al. (2017) has
summarised a suite of effective precipitation calculation methods, including:

e United States Department of Agriculture Soil Conservation Service

(USDA-SCS) method
e ET-Rainfall Ratio method
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e U.S. Bureau of Reclamation method

e Soil Water Balance method

e Renfro Equation

e Other empirical methods, such as Indian-1 and Indian-2 methods,

Japanese method, Vietham method, Burma method

The comparative results from these methods for the rice growing period in
the study by Ali et al. (2017) reveals a relatively low deviation from standard results
by Japanese method and Indian-1 method for -2.2% and 6.8%, respectively.

Despite a better accuracy of estimation for Japanese and Indian-1 methods
as well as their simplicity, other methods like USDA-SCS method in particular are
more popular, which is also advised by FAO (2021b). Japanese and Indian-1
methods have limitations, which considerably restrict them to be applied for a
broader range of situations. They are mainly applicable to specific local contexts in
the northern hemisphere (Ali et al. 2017).

In contrast, the USDA-SCS method is selected for estimating the effective
rainfall in this study, as it is widely used for effective rainfall estimation. Ali et al.
(2017) also suggests the USDA-SCS method is robust in estimating effective
precipitation by using correction coefficients that are embedded in the FAQO’s
CropWat software. The data for precipitation in the Toowoomba Region during the
crop growth periods are collected from SILO (Queensland Government 2022e).

Perr = (Prain * (125 — 0.2 % 3 * Ppgi)) /125 for Ppain < 250/3mm  (5)
Pgpr =125/3 4 0.1 * Prgin for Prgin > 250/3mm  (6)
where Pr,in represents precipitation in mm, and in red are correction factors
that the software CropWat applies to adjust formulas in the case of decade and daily
rainfall data (for effective rainfall calculations daily data are aggregated per decade)
(FAO 2021b).
The numerical ranges (minimum and maximum values) of Pr,;, and Py for

cotton and winter wheat (whole growth period) during 2010/11-2020/21 are listed
below in Table 3.6.
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Table 3.6. Minimum, maximum and average values of rainfall (Pg,;,) and effective rainfall (Pgsf)

(Queensland Government 2022¢).

Crop Min. (mm) Max. (mm) Ave. (mm)
Cotion Prain 180 1,118 465

Pesy 128 237 171

Prain 16 240 126

Winter wheat
Pesr 16 148 96

Note: The data is for cotton and winter wheat on the whole growth period derived from 16 climate stations during
2010/11 — 2020/2021.

3.4.2. Profit of cropping systems

The profit of a cropping system equals the difference between total revenues
and total costs, specifically the net return after subtracting the input energy cost and
water cost from the output income of that crop. The profit function is accordingly
expressed as:

Profic = Z(Ri - C) (7)

where P, is the function for the total profit (AUS$) of a cropping system, in
which crops are planted; i is the index of one specific crop; R; represents all
revenues from crop i (AUS); C; is all costs for growing crop i (AU$).

The revenues of growing crop i (R;) at the irrigated level can be primarily

denoted as follows:
Ry =pyi" Y- 4 (8)

where py; represents the price for the crop i (AU$/); Y; is the yield of crop i

(t/ha); A; is the irrigated area of crop i (ha).

The total variable costs C; in the integrated model stem from three major

parts:

(1) Water costs, meaning the costs of irrigation practices including those from
surface water and groundwater use and those from energy use (diesel or
electricity) of collecting, pumping and delivering water in irrigation;

(2) Greenhouse gas (GHG) emission costs, which are the costs of emissions
from energy use in irrigation and from all the other pre-farm, on-farm, and
off-farm energy use;

(3) All the other variable costs (excluding water costs), including:

¢ Seeding and planting;
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e Nutrition;
e Crop protection;
e Harvesting;
e Post-harvesting;
e Fallow management and crop residue disposal (incorporation into soil)
e Other (labor, crop insurance, levies, and so on).
Thus, the total costs for growing crop i can be generally expressed as:
C; = Cyi + Cgi + Cpy (9)
where Cy,; is the irrigation water cost for crop i; Cg;; is the GHG emission cost

caused by crop i; Cg; is all the other variable cost for growing crop i.

3.4.3. Irrigation water and energy use

The conjunctive consumable water (W;, ML/ha) used for irrigation in the model
consists of surface water and groundwater as well as overland flow water stored in
ring tanks (An-Vo et al. 2015; Graham 2022b). It generates part of water costs
relating to water allocations from irrigation supply schemes (such as Leslie Dam) or
bores. Besides the free-of-charge overland flow water, rainfall is another water
source without costs involved. Irrigation water license is in fact a fixed charge
associated with a water permit or license allocation. It is not included in the water
costs of the model, as this fixed cost for the water allocation must be paid
irrespective of water applied in that water year (Graham 2022b). Irrigation related
energy is predominantly diesel, as diesel pumping is common in Queensland
irrigation, especially in the cotton industry where the pump stations are often
remotely located (Scobie et al. 2020). Thus, the diesel cost is included in the water
costs. In addition, oil, repairs and maintenance costs also apply to irrigation activities
as part of water costs while applying water to cropping (Graham 2022b).

3.4.4. Energy and resource inputs from the other farm activities

These inputs are other variable costs in growing crops, excluding the
expenditures related to irrigation practices and costs incurred by emitting GHGs.
Together with inputs from irrigation (water and diesel fuels), datasets of these energy
and resource inputs are accessible from AgMargins (Queensland Government

2022d). In conjunction with datasets from AgMargins, datasets from Australian Life
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Cycle Inventory (AusLCI) (ALCAS 2020) are also accessed for each item of farming
activities with given amount of resource, materials and energy used, such as
agrochemicals, fertilizers, diesel and petrol. These itemed resource and energy

inputs are for further GHG emissions calculation.

3.4.5. GHG emissions modelling

The itemed energy and resource uses are derived and estimated based on
data from AgMargins and AusLCI, and entered into the model of the Greenhouse
Accounting Frameworks (GAF) for Australian Primary Industries (Ekonomou et al.
2022a). This tool contains GHG accounting methods for various crops, including
cotton and wheat, with different specific parameters and inputs, such as emission
factors for on-grid electricity use in Scope 2 and Scope 3 from different states
(Appendix E).

In this thesis, GHG emissions are divided into the emissions from irrigation
water and the emissions from all the other activities for crop production. The GHG
emissions for these two parts are calculated, respectively. The GAF tool takes cares
of carbon emissions excluding the irrigation activities, while emissions from the
irrigation are determined by Equation (10) below. The emissions from the direct
energy use in irrigation (t/ha) is denoted as:

Gwi = fp - E; (10)
where fg, is the emission factor for diesel fuels. In the alternate energy
scenario design, the on-grid electricity will be added in.

The total GHG emission from the whole cropping system is represented as:

n
Gi =) (Gwi- Wi~ A+ Gri - 4) (11)

i=1
where Gy, is the GHG emissions from irrigation activities (tCO2e/ML); Gg; is
all the other GHG emissions for growing and producing crops (excluding emissions
caused by irrigation activities) (tCOZ2e/ha).
Accordingly, the carbon costs for the cropping system (C;) can then be

expressed as:

n n
Ce =Z(pG'Gi) =Z(pG'GWi'Wi'Ai+pG'GFi'Ai) (12)
i=1 i=1
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where p; represents carbon price (AU$/tCO2e). The data for carbon prices
can be accessed via the Emissions Reduction Fund (ERF) website (Australian
Government 2023).

3.4.6. The integrated optimization model

The gross profits denoted by P,,;.for crop production of the whole cropping

system is represented as:

n
Profit = zpi(Wi'Ai) (13)
-1

where the key independent variables are water application rate (W;) and

irrigated area (4;).

3.4.6.1. Objective function
A nonlinear programming (NLP) model is hereby generated with the aim of
maximizing the profits in the Equation (14), subject to several land, water, technical
and administrative constraints. The model is denoted in the form of vector functions
as follows:
maximise Porie = f(x) x €R™
subject to c;(x) = 0, i€EE
c(x) =0, i€l (14)
where the objective function f(x) represents the right hand side of Equation
(14) with x as a vector of the input variables including the water use and irrigated
areas of each crop, and soon ¢;(x), i=1, 2,...,nare additional constraint
functions. E and I are the index sets of equality and inequality constraints
respectively. The objective function is a nonlinear function while the constraint

functions can be either linear or nonlinear.

3.4.6.2. Constraints
e Water Availability Constraint
Total water use should not exceed the corresponding announced water

allocation or total water use available for the water year, as represented as:

D W4y sw (15)
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where W; is the irrigation water application in field (ML/ha) of crop i and W is
the water allocated (out of the total water entitlement) or total actual water use for the
irrigation system during a certain water year. The allocated water entitlement
(surface water +groundwater) for irrigation of both cotton and winter wheat within
Toowoomba Region during the water year 2020-2021 is 50,719.33 Megalitres (ML)
(ABS 2022b).
e Irrigation Water Constraints
As the CWPF (Stewart model) used for this study is mainly applicable to
cropping with deficit irrigation, the irrigation water application rate (W;) should not
exceed the maximal rate (W;/"%*) for each crop respectively, and should be non-
negative, as denoted below:
0< W, <wme (16)
e Allowable Irrigated Area Constraints
Factors such as management considerations, market conditions, machinery
capacity of the farm, and climatic conditions restrict the minimal or maximal land
acreages for certain crops to meet the regulations on local land use in the area.
TAPM" < A; < TAP™ (17)
where TA™™ and TA™%* represent minimal and maximal values, respectively,
of the irrigated area under crop i. The available arable land for irrigated cotton in
Toowoomba Region during 2020-2021 is 11,651.59 ha with a numerical range from
55.51 ha to 14,766.28 ha during 2010/11-2020/2021. For irrigated cereal grains, it is
7,767.61 ha during 2020-2021 with a numerical range from 278.11 ha to 7,767.61 ha
during 2010/11-2020/2021 (ABS 2022b).
e Non-Negativity Constraints

The non-negativity constraints ensure that the solution remains feasible.

Wi, A; =0 (18)

3.4.7. Problem solving

There are several methods to solve a constrained non-linear optimization
model. Some methods are designed to solve mathematical models with higher order
parameters, which require complex calculations and skilled coding techniques, such
as Sequential Least Squares Programming (SLSQP) and Trust-Region Constrained

implemented in Python-based software, and Sequential Quadratic Programming
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(SQP) implemented in C-language-based software. These methods require users to
be highly familiar with the mathematical rationales and logics, and well skilled in
coding. They are not friendly to all users.

In this thesis, the integrated model is developed with a simple structure with
parameters being in no higher orders. It would not be necessary to adopt complex
model solving methods like those mentioned above. Instead, for better operability,
the method selected to solve the model is sourced from Excel to achieve the most
probable optimums in a more cost effective manner. These methods and tools built
in Excel are simple, cost-effective, user friendly, and ready to use with good
visualization. There are three solving methods built in Excel. Comparisons between

them are outlined in Table 3.7.

Table 3.7. Comparisons among different solving methods built in Excel.

Methods Advantages Disadvantages

1. Highly dependent on initial

condtions.

Generalized Reduced Gradient Fastest, no high requirement for
2. No secured values on global

(GRG) Nonlinear calculation capacit. . .
optimum solution.

3. Functions should be smooth.

More robust than GRG Nonlinear ] ] o
Very slow and require high criteria

Evolutionary and morel likely to spot a globally ]
for calculations

optimum solution.

) . ] Very robust for linear problems
Simplex Linear Programming

(LP)

and secured globallyoptimum Only limited to linear problems

solution

Note: The in-built tool in Microsoft Excel is “Excel Solver”. Within the Slover, there are three main methods: GRG
Nonlinear, Evolutionary, and Simplex LP.
The GRG Nonlinear and Evolutionary are better for nonlinear problems, while

Simplex LP is limited to linear problems only. The Simplex LP is disadvantaged for a
wider range of application due to restriction in programming types, as most cases
are nonlinear programming based. To simplify Evolutionary calculations, some
settings can be chosen, such as Mutation Rate and Population Size. However, it
may reduce result returns to execute this solution simplification. Even though the
speed of GRG Nonlinear brings a compromise on results returned, a GRG Multistart
setting built in the Excel can bridge the gap, reaching a nice comprise between the
robustness of Evolutionary and the speed of GRG Nonlinear (Diaz de los Rios et al.

2020; Sen 2020; EngineerExcel 2022; Zakwan 2022). Therefore, the GRG Nonlinear
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method with a GRG Multistart setting is selected for solving the single objective

constrained non-linear multivariate programming model in our study.

3.5. Sensitivity analysis

During the modelling process, there might be underlying errors or inaccessible
parameters. This will lead to model uncertainties (Wagener et al. 2005; Sun et al.
2016). Due to the uncertainties of inputs and processes, it is essential to
guantitatively ascertain and analyse the effects of model uncertainty on model
reliability by examining model parameters (Boote et al. 1996; Green et al. 2003). In
this regard, sensitivity analysis can be used in the construction, validation, and
application of the model. It can determine sensitive parameters, help data mining
and scenario setting, and reduce the model’s simulative error level, so as to provide
better support for decision making.

Chen et al. (2017) and Saltelli et al. (2019) compare different functions,
mathematical theories and methods for Sensitivity Analysis coupled with
summarized applications, advantages and limits. After comparative analysis on the
methods (Appendix F), it is determined that the Morris sensitivity analysis method is
the most appropriate one for this study. It is suitable for non-linear models (non-
linear response between inputs and outputs) with relatively low computational cost. It
is easy for application and suitable for quickly identifying and screening potentially
vital sensitive parameters in the model (Looss et al. 2015; Chen et al. 2017).

The sensitivity analysis is implemented via Python-based open-source
software, SALib, by being coded into Python algorithms. SALIb is an open-source
library written in Python for performing sensitivity analysis. It contains Python-based
implementations of commonly used sensitivity analysis methods, including Sobol
(Sobol 2001; Saltelli 2002; Saltelli et al. 2010), Morris (Morris 1991; Campolongo et
al. 2007), FAST (Cukier et al. 1973; Saltelli et al. 1999), and so on

3.6. Scenario design
3.6.1. Introduction

Scenarios are claimed to systematically envision and construct potential
future situations in support of strategic decision making and for a better
understanding the problems involved in the situations (Alcamo 2008). Likewise,
scenario analysis are effective in dealing with uncertainties (Postma et al. 2005). It
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has become a popular approach in organizational planning and participatory
exercises in pursuit of sustainable development (Duinker et al. 2007).

In order to investigate how different practices and policies influence optimized
synergies of resource use (water and land), economic benefits, and associated
environmental performances (GHG emissions) in the single crop rotation system,
potential scenarios will be designed relative to a baseline scenario (business-as-
usual) in Chapter 4. The scenarios will be divided into two series upon the developed
models, presented, and discussed in detail in subsequent chapters respectively.

The integrated models developed in this study are (1) the basic core model
that has developed in Section 3.4 Model Development, and (2) two further developed
models upon the basic model (to be presented in Section 3.6.2). They involve an
additional value chain commencing at the post-harvest or fallow stage, where usually
farmers manage the crop residues by ploughing into soil, and ending at a disposal
stage, where crop residues are processed, disposed, and utilized by being converted
into certain end products.

In Chapter 4, the model developed in the above sections will be used in a
baseline scenario with common conditions in Toowoomba Region. After preliminary
result analysis, relevant discussions, and sensitivity analysis are conducted in
Chapter 4, potentially influential factors will be accordingly considered for scenario
design in Chapter 5, such as crop prices, rainfall, alternative energy sources and
associated costs in irrigation, and carbon price policies. Thus, Chapter 4 and
Chapter 5 are about applications of the basic core model to different scenarios.

Chapter 6 will present scenarios analysis for alternative crop residue disposal
methods (mulching, composting, incineration/combustion with energy recovery) and
compare them with the baseline scenario. In Chapter 7, other potentially impactful
scenarios will be presented and discussed accordingly. So, these chapters will be
about applications of the two further developed models to different scenarios.

The conventional and common crop residue management practice in Australia
is mainly incorporating into soil, which is included in the stage of post-harvest and
fallow management (Woods 2017; Graham 2022b). One of the further developed
models will be used in scenarios with a mulching or a composting method displacing
the conventional crop residue management practice (incorporating/ploughing into
soil). The other model will be for scenarios with an incineration/combustion (with

energy recovery) method replacing the conventional crop residue management
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practice. The model development of the extra components upon the basic model are
described in the succeeding sections.

3.6.2. Environmental management in crop residues

As per literature review in Chapter 2, there has been a lack of studies on
disposing crop residues incorporated in an agricultural WEF nexus system. It will be
significant to compare and analyse different strategies for crop residue disposals
regarding potential impacts on the WEF nexus based cropping system. In this
regard, this series of scenarios implement optimization, upon the baseline situation,
by considering 3 different environmental methods for crop residue disposals, (1)
mulching, (2) composting, and (3) combustion/incineration with energy recovery.

They are the main locally available disposal methods.

3.6.2.1. Yield of crop residues

Agricultural crop residues are divided into primary and secondary crop
residues. Primary crop residues refer to the plant material available on the field after
harvesting of the main product such as straw, stalk, stubble and leaves, while
secondary crop residues refer to processed residues such as husks, hulls, bagasse,
corncob, coffee pulp (Honorato-Salazar et al. 2020). The amount of primary residues
is calculated by the Residue Index (RI) of each crop, which is defined as the ratio of
the dry weight of the amount of residue generated to the total amount of primary crop
harvested for a particular cultivar (Smeets et al. 2004; Rosillo-Calle et al. 2007;
Honorato-Salazar et al. 2020). Rl is generally obtained from the Harvest Index (HI),
which is defined as the ratio of harvested product to total aboveground biomass of
the crop at the time of harvesting (Smeets et al. 2004; Unkovich et al. 2010). So, RI
equals (1/HI)-1. As for secondary residues, a processing residue coefficient (amount
of residue/amount of raw material) is used to calculate the quantity of residue.
Values of HI and processing residue coefficient have been obtained from peer
studies about crop residues.

So, the quantity of crop residues yielded (Qc ;) that is usable for biofuel and

biomass production is denoted as:

Qcri = Pcgu,i - (RIj1 + Rlj3) " Y, - A; (19)
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where RI;; and RI;, are the primary and secondary residue index of crop i,
respectively; Pcgy ; is the conjunctive coefficient for collectable and utilizable potential

mass of the crop residues from crop i.

3.6.2.2. Life-cycle costs in crop residue management

The method to calculate the life cycle costs of a specific disposal method is
based on and adapted from the study by Li et al. (2018). To specify the logistic
processes of crop residues that are scattered around the cropping areas, several
assumptions are made:

e Crop residues are evenly distributed within the cropping areas of the

studied region without disparity in collection and transportation processes;

e The quantity of different types of crop residues is summable;

e The life cycle of one environmental disposal method is defined to be the
workflow/process from the crop residue collections to the completed end
products.

The major life-cycle costs for the disposals can include those associated with
energy use, potential maintenance, potential labour, processing cost, transportation
cost, and other cost (for instance loading and storage) (Li et al. 2018). According to
situations in Toowoomba Region, these costs embedded within the crop residue
disposal practices primarily comprise commercial costs of logistics, processing and
disposal, and carbon costs of logistics, process and disposal (Zhang et al. 2020b).

The logistic costs can be calculated by the mean value of transport distance
(freight to site) (L;) multiplying the quantity of residues provided (Q.r ;) and the
charges for logistics (p;o4:,:), €Xpressed as below:

Clogii = Plogi,i " Qcr,i " Li (20)

The processing and disposal costs can be calculated by the quantity of
residues provided (Qcg ;) multiplying the commercial charges per unit mass of

residues for the disposal services (Py;sp,i), €Xpressed as below:

Caisp,i = Paisp,i " Qcr,i (21)

3.6.2.3. GHG emissions in the crop residue disposal scenarios
Correspondingly, potential GHG emissions are estimated on these two major

parts: (1) logistics; (2) pre-treating, processing, and disposal.
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Giogii = YGiogii * Qcr,i * Li (22)
Gaisp,i = Gaisp,i " Ucrii (23)
where G, 4;; is the GHG emissions from transporting residues of crop i, with
Jiogi,i being the unit GHG emissions obtainable from the database AusLCl (ALCAS
2020); Ggisp,i is the GHG emissions from disposing residues of crop i, with gg;sp i
being the unit GHG emissions obtainable from AusLCI (ALCAS 2020).

3.6.2.4. End products and economic benefits

In this study, the three alternative crop residue disposal methods bring main
end products of heavy and fine mulch, high-grade compost, which can be used as
soil conditioner/booster back to farms, and electricity exported back to the grid or
reused on farms (Phoenix Power Recycles 2022; Remondis 2022; WestRex 2023;
Zilch Waste Recycles 2023). Through literature review about agricultural residues,
economic benefits may be generated in such practices featuring biomass and/or
bioenergy recovery. These benefits can be regarded as either revenues or avoided
costs that will render the cropping system more profitable.

For mulching and composting, the benefits mainly include (1) avoided costs
from conventional crop residue management (incorporation with soil in the basic
scenario) and (2) avoided carbon costs imposed on GHG emissions from this
conventional management (GHG emissions from ploughing into soil).

B = Cavoii " Ai + D6 * Gavoiyi " Ai (24)
where B; is the avoided costs as benefits; C,,,; ; is the avoided costs per ha
land use by displacing the conventional practice; p. is the carbon price (AU$/tCO2e);
Gavoi i 1S the avoided GHG emissions per unit ha of land use.

For incineration/combustion with energy recovery, additional economic
benefits are gained from recycling the power generated, including avoided costs by
reusing the power and associated avoided carbon costs.

B; = Cavoi,i " Ai + D6 " Gavoii " Ai + (Petec + P f) * Qcri " LHI; * Eejec (25)

where p.;.. is the feed-in tariff for the power returned to the grid; f is the factor
regarding how much GHG emissions would supposedly be incurred by generating
one unit kwWh of grid electricity (tCO2e/kWh) under local conditions and techniques;

LHI; is the lower heating value; E, .. is the efficiency for generating power at the
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waste facilities. A lower heating value (LHV) is adopted in this study given energy
losses in water vapor, as opposed to a higher heating value (HHV). The energy loss
is in the form of heat contained in water vapor discharged during and after

processing the crop residues (Paul et al. 2020; Song et al. 2020).

3.7. Conclusion

This chapter has described the study scope, methods of data collection, and
processes of model development and scenario design.

e Definitions of study boundary and data collection

The geographical scope of this study is defined by selecting the Toowoomba
Region (local scale) as the study area. The temporal scope is confined to the water
year of 2020-2021 (summer to winter). Crop selected are cotton and winter wheat,
which constitute a suite of single crop rotation practices commonly implemented in
Toowoomba Region. The most common irrigation system applied in Toowoomba
Region is surface irrigation.

Core bulk datasets are drawn from SILO (Queensland Government 2022¢)
and AgMargins (Graham 2022b) for crop water yield model and variable costs. Other
datasets are also utilized, such as AusLCI (ALCAS 2020) database for carbon
emissions and crop residue scenarios, and other data from interviews, peer studies,
websites, and so on.

e Model development

The overall model structure is to optimize the cropping profits with sub-models
of crop water production function, water cost, other variable cost and carbon cost.
The Stewart model (Doorenbos et al. 1979; Steduto et al. 2012) is adopted as the
CWPF. The irrigation water combines surface water and underground water, and
diesel fuels are commonly used in irrigation (basic situation). Other pre-farm, on-farm
and off-farm activities incurring variable growing costs are included. GHG emissions
are divided into those from irrigation and those from all the other activities except for
irrigation. The whole model is structured as a constrained non-linear multivariate
mathematical programming function, subject to water and land constraints. It is
solved via Excel with an in-built modular solver, GRG Nonlinear.

e Sensitivity analysis method
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The sensitivity analysis is performed via Morris Method (Morris 1991;
Campolongo et al. 2007) on the Python-based open-source software, SALib, with
coded Python algorithms.

e Scenario design

In Chapter 4, the model developed in above sections will be used in a
baseline scenario with common conditions in Toowoomba Region. After preliminary
result analysis, relevant discussions, and sensitivity analyses are conducted, in order
to the key parameters or factors that impact the model outputs.

Potentially influential factors will be accordingly considered for scenario
design in Chapter 5, such as crop prices, rainfall, alternative energy sources and
associated costs in irrigation, and carbon price policies.

Chapter 6 will present scenarios analysis for alternative crop residue disposal
methods (mulching, composting, incineration/combustion with energy recovery) and
compare them with the baseline scenario. In Chapter 7, other potentially impactful
situations will also be presented and discussed accordingly based on results in
Chapter 4 - 6.
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CHAPTER 4: APPLICATION OF THE BASIC MODEL FOR A
SINGLE CROP ROTATION SYSTEM IN THE TOOWOOMBA
REGION

4.1. Introduction

This chapter applies the basic core model developed in Chapter 3 to a single
crop rotation system (cotton grown in summer and wheat grown in winter) within the
Toowoomba Region with the most common situations. The general conclusions of
this study may also apply to individual farms in this area. This is to achieve Objective
(2) described in Chapter 1.

4.2. Model inputs
4.2.1. Crop yield and price
4.2.1.1. Maximum crop yield and maximum crop water requirement

The maximum crop yield values (Y;,4, ;) are 6.21 t/ha for cotton (lint and seed)
and 6.00 t/ha for winter wheat within Toowoomba Region during 2015/16 and
2020/21. The maximum crop water requirement is 9.45 ML/ha for cotton and 3.26

ML/ha for wheat (Queensland Government 2022e).

4.2.1.2. Effective precipitation

The mean value of effective rainfall is 171 mm (1.71 ML/ha) for cotton and
125 mm (1.25 ML/ha) for wheat. Correspondingly, the mean value of actual rainfall is
462 mm (4.62 ML/ha) during cotton cultivation and 173 mm (1.73 ML/ha) during

wheat cultivation (Queensland Government 2022¢).

4.2.1.3. Maximum irrigation water application rate

Under a deficit irrigation practice, the combined uses of irrigation water
application rate and effective precipitation should not exceed the maximum crop
water requirement. Thus, the upper limit of irrigation water application rate should not
be over 7.74 ML/ha for cotton and 2.02 ML/ha for wheat (Queensland Government
2022e).
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4.2.1.4. Price of cotton and wheat

The most recent market price in the Toowoomba Region is AU$550/bale for
cotton lint, AU$190/t for cotton seed, and AU$400/t for irrigated winter wheat
(Woods 2017; Queensland Government 2022d). Cotton per unit mass can produce
about 42% cotton lint and 58% cotton seed (Baffes 2021).

4.2.2. Water inputs and land use with associated costs
4.2.2.1. Water costs from irrigation
The conjunctive water used for irrigation in cropping are surface water and
groundwater combined with overland flow water stored in ring tanks (An-Vo et al.
2015; Graham 2022b). Water costs mainly include charges for irrigation water used,
diesel fuels used in operating the irrigation machinery (surface irrigation) and
operations of machinery (olil, repairs and maintenance). The whole water costs for
either cotton or wheat are AU$72/ML irrigation water applied (Woods 2017;
Queensland Government 2022d), including:
e Cost of irrigation water used, AU$20/ML water applied;
e Cost of diesel used, AU$21.41/ML water applied, paired with bulk
supply diesel price of AU$0.62/L diesel used;
e Cost of machinery operations, AU$30.59/ML water applied (Graham
2022a).

4.2.2.2. Water availability for irrigation

Total water use should not exceed the corresponding announced water
allocation or total water uses available for the water year. The water sources for the
irrigated cropping areas in Toowoomba Region can be broken down into:

e Surface water (57%) taken from irrigation channels or irrigation
pipelines, on-farm dams or tanks, rivers, creeks, and lakes,
recycled/re-used water from off-farm sources (such as re-use
schemes, mines), town or reticulated mains supply;

e Groundwater (43%) taken from bores, springs, or wells (ABS 2022b).

The allocated water entitlement for irrigation of both cotton and wheat within
Toowoomba Region during the water year 2020-2021 was 38.92 Gigalitres (GL)
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(ABS 2022b). The maximal and minimal water use for irrigated cotton and wheat
rotation was 66.04 GL in 2012/13 and 231.28 GL in 2015/16 (ABS 2022b).

4.2.2.3. Irrigated Area
The watered areas for irrigated cotton in Toowoomba Region ranges from 56
ha in 2015/16 to 11,652 ha in 2020/21 (ABS 2022b).

4.2.3. Energy and resource inputs from the other cropping activities

These inputs are from all the other pre-farm, on-farm and off-farm activities
incurring costs in growing cotton and wheat, excluding the water costs and the costs
incurred by emitting GHGs. These growing costs are AU$2,255/ha for cotton and
AU$628/ha. The resource and energy inputs and associated costs are derived from
the databases, AgMargins (Graham 2022b; Queensland Government 2022d) and
Australian Life Cycle Inventory (AusLCl) (ALCAS 2020; lifecycles. 2020).

4.2.4. Estimation of GHG emissions and associated costs

The energy and resource inputs are entered into the tool of the Greenhouse
Accounting Frameworks (GAF) for Australian Primary Industries (Ekonomou et al.
2022a). The estimated GHG emissions are 3.26 tCO2e/ha for cotton (0.10
tCO2e/ML/ha from irrigation and 2.48 tCO2e/ha from the other activities) and 2.74
tCO2e/ha for wheat (0.12 tCO2e /ML/ha from irrigation and 2.49 tCO2e/ha from the
other activities).

Under this estimation, the intensities of GHG emissions from irrigation per ML
irrigation water applied per ha irrigated area in cotton cultivation and in wheat
cultivation are close. For instance, under an actual average irrigation water
application rate of 8 ML/ha on cotton (Australian Government 2023), the intensity of
GHG emissions from irrigation in cotton cultivation is 0.78 tCO2e/ha. Under an actual
average irrigation water application rate of 2.5 ML/ha on wheat (Australian
Government 2023), the intensity of GHG emissions from irrigation in wheat
cultivation is 0.25 tCO2e/ha. Both are around 0.11 tCO2e/ML/ha after being
converted to a “per ML per ha” unit.

Regarding carbon cost, the average carbon price (AU$15.99/tCO2e) from the
latest auction of the Australian government's emission reduction funds is utilized

(Australian Government 2021).
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Given water application rates of 8 ML/ha on cotton and 2.5 ML/ha on wheat,

an example of GHG emission intensity (tCO2e/ha) from variable resources applied

estimated by this tool is shown in Table 4.1 below.

Table 4.1. Summary of outputs from the Greenhouse Accounting Frameworks (GAF) Tool for cotton and
wheat, GHG emission intensity in tCO2e/ha.

Crop

Cotton (tCO2e/ha)

Wheat (tCO2e/ha)

Scope 1: GHG emissions (on-farm)
Fuel

Lime

Urea

Fertilizer

Atmospheric Deposition

Leaching and Runoff of Nitrogen
Crop residues (returned to soil)
Sub-total

Scope 2: GHG emissions (off-farm)
Electricity
Sub-total

Scope 3: GHG emissions (pre-farm)
Fertilizer (urea + superphosphate)
Herbicides/pesticides

Electricity

Fuel

Lime

Sub-total

Net GHG emissions

1.03
0.19
0.53
0.06
0.57
2.38

0.20
0.20

0.47
0.12
0.03
0.05

0.68

3.26

0.36
0.34
0.79
0.09
0.27
1.85

0.83
0.04

0.02

0.89

2.74

Note: The fuels used is mainly diesels with few petrol fuels. The major crop residue disposal method is ploughing

to the soil, as field burning is rare now in Australia. The electricity for cotton cultivation (off-farm) is used by

machinery except irrigation. Irrigation activities primarily use diesel fuels in this case (baseline scenario). There is

no forestry system considered in this study, so carbon sequestration in trees is zero value and excluded in this

table.

4.2.5. An overview of main model inputs

The major model inputs are outlined in conjunction with average values of

latest data indicated below in Table 4.2. Except four key independent variables

(irrigated areas and water application rates on both cotton and wheat), data for the

key 13 parameters are entered into the model for running and solving in Excel.
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Table 4.2. Summary of input parameters and mean values from the latest data in 2020/21.

No. Inputs Mean value References

1 Price of cotton lint (AU$/bale) 550 Graham (2022b)

2 Price of cotton seed (AU$/t) 190 Graham (2022b)

3 Effective rainfall for cotton (ML/ha) 1.71 Queensland Government (2022¢)

4 Water cost (AU$/ML water use) 72 Graham (2022b)
Growing cost of cotton (excl. water cost)

5 2,255 Graham (2022b)
(AU$/ha)

6 Price of carbon (AU$/tCO2e) 15.99 Australian Government (2023)

. GHG emissions from irrigation in cotton 0.10 Queensland Government (2022d)
cultivation (tCO2e/ML/ha) Ekonomou et al. (2022b)
GHG Emissions from all other activities in Queensland Government (2022d)

8 cotton cultivation (tCO2e/ha) 248 Ekonomou et al. (2022b)

9 Price of wheat (AU$/t) 400 Graham (2022b)

10 Effective rainfall for wheat (ML/ha) 1.25 Queensland Government (2022¢)
Growing cost of wheat (excl. water cost)

11 628 ABS (2022b)
(AU $/ha)

1 GHG emissions from irrigation in wheat 0.10 Queensland Government (2022d)
cultivation (tCO2e/ML/ha) Ekonomou et al. (2022b)

13 GHG Emissions from all other activities in 2 49 Queensland Government (2022d)
wheat cultivation (tCO2e/ha) Ekonomou et al. (2022b)

4.3. Sensitivity test inputs

The algorithms of sensitivity tests are written into Python language codes
(Appendix G) and are run in the web-based software, Jupyter Notebook, embedded
in the integrated software, Anaconda. Values of key input parameters are outlined
below in Table 4.3. The model in this baseline scenario contains 13 key parameters
with uncertainties, inclusive of the 4 key independent variables of the model, water
application rates and irrigated areas for cotton and wheat respectively. These
independent variables are also included in the sensitivity tests to examine and verify
their comparative importance, as a benchmark, with other parameters. This will also
help to better quantify and visualize the importance of other parameters and how

they could potentially be interacting with each other.
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Table 4.3. Summary of numerical ranges for each parameter in the model.

No. Parameters Lower value Upper value References
Water application rate of cotton

1 0 8.17 Queensland Government (2022e)
(ML/ha)
Irrigated area of cotton (ha) 56 11,651 ABS (2022b)
Price of cotton lint (AU$/bale) 480 550 Graham (2022b)
Price of cotton seed (AU$/t) 0 190 Graham (2022b)
Effective rainfall for cotton

5 1.28 2.37 Queensland Government (2022¢)
(ML/ha)

6 Water cost (AU$/ML water use) 72 168 Graham (2022b)
Growing cost of cotton

7 1,483 2,257 Graham (2022b)
(excl. water cost) (AU$/ha)

8 Price of carbon (AU$/tCO2e) 13.95 15.99 Australian Government (2023)
Water application rate of wheat

9 0.00 3.11 Queensland Government (2022¢)
(ML/ha)

10 Irrigated area of wheat (ha) 278 7,768 ABS (2022b)

11 Price of wheat (AU$/t) 220 400 Graham (2022b)
Effective rainfall for wheat

12 0.16 1.48 Queensland Government (2022¢)
(ML/ha)
Growing cost of wheat

13 573 639 ABS (2022b)

(excl. water cost) (AU%$/ha)

Note: The model in this baseline scenario contains 13 parameters with uncertainties. Among them, water
application rates and irrigated areas for cotton and wheat are core independent variables. The importance of all
these uncertain parameters listed in this table will be measured in the Sensitivity Analysis (SA).

In relation to scenarios of crop residue disposals, the basic core model is
further developed into two more models, which contain extended value chains. One
is for applications to mulching/composting related scenarios and the other is for
applications to combustion related scenarios. As combustion involves energy
recovery, four additional parameters are included on top of the mulching/composting
model.

Table 4.4 lists extra components/parameters integrated into the model to
study scenarios of crop residue disposals with mulching/composting and

incineration/combustion associated scenarios, respectively.

87



Table 4.4. List of additional parameters for crop residue disposals related scenarios.

No. Parameters Lower value Upper value References

Disposal Method(s): Mulching or Composting

Zilch Waste Recycles (2023)

1 Cost of logistics (AU$/hr) 130 250 Cleanaway (2023)
Phoenix Power Recycles (2022)
2 Average time of freight-to-site for g7 1.03 Geographic Information System
crop residues (hr) 2 (GIS) based software @
Conjunctive coefficient of Graham (2022a)
3 collected and utilized cotton 0.4 0.8 WestRex (2023)
straw/stalk
SoilWealth (2017)
WestRex (2023)
5 Cost of treatment, processing 10 920 Zilch Waste Recycles (2023)
and disposal on residues (AU$/t) Remondis (2022)
Cleanaway (2023)
Phoenix Power Recycles (2022)
6 Cost of reapplying end products g g 140 SoilWealth (2017)
to farms (AU$/ha)
Avoided cost from cotton
7 straw/stalk (ploughing into soil) 0.0 63.5 Graham (2022b)
(AU$/ha)
8 GHG emissions from logistics 0.0 0.0004 ALCAS (2020)
(tCO2e/tkm)
9 Average distance of freight-to- 447 84.8 GIS based software
site for crop residues (km)®
GHG emissions from treatment,
10 processing and disposal on 0.04 19.88 ALCAS (2020)
residues (tCO2e/ha)
Avoided GHG emissions from
1 cotton straw/stalk (ploughing into 0.0 0.6 Ekonomou et al. (2022b)
soil (tCO2e/ha)
12 Conjunctive factor of collected 0.4 0.8 Graham (2022a)
and utilized wheat straw
13 Residue Index of wheat 0.0 15 Ekonomou et al. (2022b)
14 Avoided cost from wheat straw 0.0 53 Graham (2022b)
(ploughing into soil) (AU$/ha)
Avoided GHG emissions from
15 wheat straw (ploughing into soil ~ 0-0 0.3 Ekonomou et al. (2022b)
(tCO2e/ha)
Disposal Method(s): Combustion
16 Feed-in tariff of electricity 0.12 0.26 Ergon Energy (2022b)
(AUS/KWh)
Kang et al. (2020)
17 Lower heating value (LHV) of 3800 4200 Paul et al. (2020)
cotton straw/stalk (kWh/t) ©
Song et al. (2020)
Efficiency for generating )
18 electricity by combustion in 0.2 0.6 Remondis (2022)
power plants ¢
Kang et al. (2020)
19 Lower heating value (LHV) for 3600 4100 Paul et al. (2020)

wheat straw (kWh/t)

Song et al. (2020)
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Note: 28 parameters for the mulching/composting model and 32 parameters for the combustion model (inclusive
of the 28 parameters) ©.

a.b The Average time (hr) and distance (km) of freight-to-site for collecting, transporting and delivering crop
residues are estimated based on GIS software including ArcMap and QGIS in conjunction with Google Map.

¢ A lower heating value is used in this study given energy losses in water vapor, as opposed to a higher heating
value (HHV). The energy loss is in the form of heat contained in water vapor discharged during and after
processing the crop residues.

4 The efficiency to generate electricity by combustion technology is used in conjunction with a LHV, namely in this
study the percentage of electricity/power generated from crop residues per unit tonne.

¢ A list of additional 15 parameters included in the model with the numerical range of values. The extended model
for mulching or composting contains 28 parameters for a sensitivity test inclusive of those 13 original parameters
in the basic core model. The extended model for combustion contains 32 parameters for a sensitivity test
inclusive of those 28 parameters in the mulching/composting model. Water application rates and irrigated areas
for cotton and wheat are the two key independent variables. All the other uncertain parameters listed in this table

are measured in this sensitivity analysis.

4.4. Key results and discussions
4.4.1. Application of the basic core model

This baseline simulation results are based on the total irrigated cropping area
(11,652 ha) and total available water resource (surface + ground, 38.92 GL).
Cropping is subject to a deficit irrigation practice employing regular surface irrigation
systems in the Toowoomba Region. The maximal crop water requirement is
9.45ML/ha for cotton cultivation and 3.26ML/ha for wheat cultivation. These include
average values of effective rainfall, 1.71ML/ha during cotton cultivation and

1.25ML/ha during wheat cultivation.

4.4.1.1. Resource use performances (land and water)

The optimal results for irrigated areas and water uses are presented in Figure
4.1. The irrigated areas total up t010,770 ha, nearly reaching the maximum (11,652
ha), where cotton cultivation occupies only 28% (3,003 ha) while wheat cultivation
takes up 72% (7,768 ha). The total water uses are equal to the maximal water
availability constraint 38.92 GL with cotton using 23.25 GL more than wheat using
15.67 GL. The water application rate on cotton (7.74ML/ha) is significantly higher

than wheat (2.02ML/ha), both having reached the maximal water application rates.
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Figure 4.1. Optimal results for irrigated areas, water uses and water application rates in the basic core
model applied to the single crop rotation (cotton grown in summer and wheat grown in winter) in Toowoomba
Region.

4.4.1.2. Economic performances (gross margins and profits)

The optimal results for gross margins and profits are presented in Figure 4.2.
While the water application rates on both crops peak, cotton and wheat yields reach
the maximum, 6.21 t/ha (11.48 bale cotton lint/ha and 3.60 t cotton seed/ha) and
6t/ha, respectively. The gross margins per ML water used are AU$534/ML generated
by cotton, smaller than AU$785/ML generated by wheat. The gross margins per
hectare for cotton are AU$4,132, which are larger than the AU$1,584 per hectare for
irrigated wheat. Under a cotton lint price AU$550/bale, cotton seed price AU$190/t
and wheat price AU$400/t, total profits of AU$24.71 million are gained paired with
total revenues of AU$39.65 million and total costs of AU$14.94 million. Cotton

cultivation contributes to AU$12.41 million, which is close to wheat cultivation

90



AU$12.30 million. This is because the optimized water applied in cotton cultivation is
approximately 3 times of that in wheat cultivation while optimized irrigated areas in

cotton cultivation are only half of the optimized areas in wheat cultivation.

= Cotton

m Wheat

0 1,000 2,000 3,000 4,000 5,000

Gross margins per irrigated area (AU$/ha)

H Cotton

B Wheat

0 200 400 600 800 1,000

Gross margins per ML water applied (AU$/ML)

u Cotton

mWheat

12.25 12.30 12.35 12.40 12.45
Profit (AU$million)

Figure 4.2. Optimal results for gross margins per hectare of irrigated areas and per megaliter of water

applied and profits for cotton and wheat, respectively.

To examine the total variable costs (AU$14.94 million), a further breakdown is
presented below in Figure 4.3 inclusive of costs from main farming activities and
items in conjunction with carbon cost. As a whole, the biggest part of total costs is
incurred by applying nutrition (fertilizers) (24.65%), followed by irrigation (18.75%)
and post-harvest (17.49%) activities. The post-harvest activity is set apart from crop
residue management (ploughing into soil, 4.02%). The post-harvest mainly includes
cartage of cotton and wheat and ginning of cotton. Irrigation does not contribute to a
larger part than nutrition (fertilizers), as there is a low level of water cost in the
Toowoomba Region (AU$72/ML water applied). The nutrition (fertilizers) cost is
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AU$357 for cotton and AU$336 for wheat. Besides the major activities, crop residue
management contributes to around 4% of the total costs, larger than the carbon cost
(3.3%).

Baseline Scenario:

Cotton lint price AU$550/bale
Wheat price AU$400/t

Carboncost Planting
3.32% == 12.90%

Other (levy,
insurance, etc.)
6.82%

Crop residue
management

4.02%
_Crop protection

\_Harvesting 4.87%

7.18%
Figure 4.3. Breakdown of total variable costs from multiple growing activities inclusive of carbon cost

imposed on GHG emissions from the cropping system.

4.4.1.3. Environmental performances (GHG emissions)

The optimal results for GHG emissions are presented in Figure 4.4. The total
GHG emissions from wheat cultivation (21 ktCO2¢e) are more than those from the
cotton cultivation (9.8 ktCOze). These total up to 31 ktCO2e. The GHG emission
intensity of cotton cultivation per hectare is 3.25 tCO2e/ha, higher than wheat
cultivation at 2.69 tCO2ze/ha. This is caused by a significantly smaller irrigated land
allocated to cotton than wheat. The GHG emission intensity from cotton is 0.52
tCO2elt cotton produced (equivalently 0.28 tCOze/bale cotton lint produced) higher
than wheat 0.45 tCOze/t wheat produced.
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Figure 4.4. Optimal results for GHG emissions per hectare of irrigated areas, GHG emissions per tonne
of crop production, and sub-total GHG emissions for each crop.

Figure 4.5 presents a breakdown of GHG emission sources from major
resources and materials used and crop residues generated. The graph shows that
nutrition (fertilizers) applied to on-farm and pre-farm activities (38% and 26%
respectively) occupies most of the GHG emission sources, reaching above 60%.
This is followed by conjunctive energy use (over 20%: diesel and petrol fuels 19%,
electricity 2%) and crop residues (13%). In cotton cultivation, GHG emissions
generated by combined energy usage is 40%, slightly higher than those by collective
fertilizer application 38%. In wheat cultivation, there is a significantly lower
percentage of GHG emissions by energy usage (13%) than emissions by fertilizer
application (up to 76%). Crop residues show a noteworthy amount of GHG

emissions in cotton (18%) compared with other GHG emission sources.
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Baseline Scenario:
Cotton lint price AU$550/bale
Wheat price AUS400/t
Electricity Herbicides/pesticides

29 \ / 2%

Fuel
19%

Crop residues
13%

Cotton

Herbicides/pesticides

Wheat
7 Herbicides/pesticides
1%
Electricity
0%

/

Figure 4.5. Breakdown of GHG emissions from resources and waste, including fertilizers both on-farm
and off-farm, herbicides and/or pesticides, fuels (diesel and petrol) and on-grid electricity used for irrigation and

other on-farm machinery, and crop residues incorporated into soil.

94



4.4.2. Sensitivity analysis
4.4.2.1. Results of sensitivity tests on the basic core model
Figure 4.6 shows the overall ranking of all 13 parameters involved in the

basic core model.
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Figure 4.6. An overall ranking of the 13 parameters involved in the basic core model. The left-hand
horizontal bar chart is the ranking of absolute mean values for each parameter’s elementary effect (u*) from
highest to lowest. The right-hand diagram provides comparisons of standard deviation (¢) and absolute mean

value (u*) as a/u* for elementary effects.

The left-hand bar chart shows the mean absolute value u* of elementary
effects for each parameter. The elementary effects refer to the overall distribution of
model outputs responsive to a certain parameter’s inputs. By examining the
dispersion of one input parameter’s model output, the corresponding input parameter
is estimated for its comparative sensitivity and ranked together with other parameters
for their relative importance. Here in this thesis, the model output is total profits of the
cropping system and thereby the elementary effects are specifically in the unit of
AUS$ million.
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This u* metric indicates a general sensitivity of a parameter in the model. The
higher the computed value of u* is, the more variable or uncertain the output of the
model is to the input parameter and thus the more sensitive this parameter is to the
model. In the right-hand graph, a standard deviation of elementary effect (o) implies
the nonlinear effects a parameter has on the output (Campolongo et al. 1999;
Herman et al. 2019). Compared with u* metric and o metric respectively, a
conjunctive metric, o/u*, is more accurate in measuring an overall
importance/sensitivity of a parameter to the model. Each dot in the graph
corresponds to a parameter with a value of a/u*. The points close to the origin point
refer to unimportant parameters. These parameters can be disregarded. By contrast,
those deviated from the origin point are important. The farther away from the origin
point in the y-axis, the stronger degree of nonlinearity or nonlinear interactions the
parameters have on the model and therefore the more important/sensitive they are
to the model.

In this basic model, the most five influential parameters in the order of
importance/sensitivity are:

(1) irrigated area for cotton

(2) water application rate for cotton

(3) water application rate for winter wheat

(4) irrigated area for winter wheat.

(5) Growing costs of cotton, exclusive of water cost.

The first four are the core independent variables that are addressed in running
and solving the integrated model. The first two are remarkably more sensitive than
all the others. Except growing costs for wheat and carbon price, the others do not
have very much difference in importance, which means their effects on the model
are close and their importance are much lower than irrigation water and land use in
cotton cultivation. Including the growing cost of cotton, all their u* values are below
0.5x10’. In contrast, u* values for irrigated areas and water application rate in cotton
growing are both more than 2.0x10".

On the right half of the figure, the two most discrete points correspond to the
irrigated areas for cotton and the water application rate for cotton with ¢ values up to
around 1.6x107. They have a larger non-linear effect on the model than the other

parameters, followed by the water application rate for winter wheat and the irrigated
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areas for winter wheat. This is because the water and land use of cotton cultivation
are intercorrelated with more variables than the other parameters in the model. In
contrast, the other parameters are distributed around the solid line and the values of
both ¢ and p* are much lower. So, they have significantly lower sensitivity and
nonlinear effects on the model.

As such, these input parameters can be classified into three groups: (1)
parameters with negligible effects, (2) parameters with linear effects on the model or
fewer interactions with other parameters, and (3) parameters with nonlinear effects
on the model or more interactions with other parameters (Franczyk 2019), as
indicated in Table 4.5.

Table 4.5. Classification of input parameters in the basic core model as per the results of the sensitivity

analysis.
Level Category Parameter
] Water application rate for cotton

@) High effects )
Irrigated area for cotton

2) Medium effects All the other parameters

o Growing cost for wheat (excl. water cost)
3) Negligible or low effects

Price for carbon

Note: (1) negligible or low effects, 2) medium effects, namely linear effects on the model or fewer interactions
with other parameters, and (3) high effects, namely nonlinear effects or more interactions with other parameters.

4.4.2.2. Results of sensitivity tests on the two further developed models
applied for crop residue disposals

As noted above, there are two further developed models upon the basic core
model for crop residue disposals: one developed and applied for scenarios with
mulching/composting, and the other for scenarios with combustion, both replacing
the conventional agricultural disposals of ploughing crop residues into soil in the
baseline scenario. Figure 4.7 presents the result of sensitivity analysis on the
mulching/composting scenario model. The first ten parameters in the order of
importance/sensitivity are:

(1) Residue index (RI) of cotton

(2) Irrigated areas of cotton cultivation

(3) Costs of treatment, processing, and disposal on crop residues

(4) Water application rate of cotton

(5) Conjunctive factor of collected and utilized cotton straw/stalk

(6) Effective rainfall during cotton cultivation
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(7) Price of cotton lint
(8) Cost of logistics
(9) Average time of freight to site for crop residues

(10) Price of cotton seed.
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Figure 4.7. An overall ranking of totally 28 parameters involved in a further developed model for either
mulching practice or composting practice with comparisons of standard deviation () and mean absolute value

(u*) as o/u* for elementary effects.

u* values for these ten parameters range from 0.1x10° up to 1.7x10°. u*
values for all the other parameters are below 1.0x10°. As opposed to the sensitivity
test on the basic model, most parameters in this model are spread out beyond the
solid line o/u* = 1. The values of ¢ range from about 0.1x10° up to approximately
2.2x10°. This implies the parameters in this model have more interactive effects
between each other and nonlinear effects on the model than those shown on the
basic core model. This verifies that these parameters intertwine with more other
variates in this further developed model than those in the basic core model.

In comparison, the first five are far more outstanding than the others, among
which the irrigated land and water application rate of cotton are the key independent
variables that are addressed in model running and solving. The other three can fall
into two categories:

(1) Logistics on crop residues — RI of cotton, and conjunctive factor of
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collected and utilized cotton straw/stalk

(2) Processing and utilization on crop residues — cost of treatment, processing

and disposal on crop residues.

The RI reveals a main theoretical factor of crop residue yields generated
directly from crop yields, while the conjunctive factor is the actual efficiency of
utilizing residues towards converted end products after the disposal stage within the
life cycle. The cost of treatment, processing and disposal on crop residues reflects a
general situation of market price on organic residue disposals with privately owned
businesses/facilities. Organic residue disposals are uncommon in Australia (Graham
2022Db; Scobie 2022). The most common method of managing crop residue is to
incorporate/plough the residues into soil. The cost of crop disposals has much
variability in different localities and waste facilities due to immature market and price
policies. This can explain why this cost is of high sensitivity in the model.

Relative to the sensitivity analysis on the basic core model, these three
parameters associated with crop residue disposals are remarkable in sensitivity also
due to their intricate relationships with higher orders of independent variables (water
and land), thus making them non-linearly interacting with other parameters and
influencing the model outcomes. Table 4.6 lists the parameters classified into the

three groups.

Table 4.6. Classification of input parameters (mulching/composting model) as per the results of the

sensitivity analysis.

Level Category Parameter

Residue index (RI) of cotton
Irrigated area of cotton cultivation
Costs of treatment, processing, and disposal on crop
1) High effects residues
Water application rate of cotton
Conjunctive factor of collected and utilized cotton
straw/stalk
Effective rainfall during cotton cultivation
Price of cotton lint
2) Medium effects Cost of logistics
Average time of freight to site for crop residues
Price of cotton seed

3) Negligible or low effects All the other parameters

Note: (1) negligible or low effects, (2) medium effects, namely linear effects on the model for fewer interactions
with other parameters, and (3) high effects, namely nonlinear effects more interactions with other parameters.
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Furthermore, Figure 4.8 manifests the result of sensitivity analysis on the

combustion scenario model. Comparatively, this combustion model shows a similar

pattern of ranking to the mulching/composting model (Figure 4.7) with eleven

remarkable parameters in the order of importance/sensitivity:

1) RI of cotton;

2) Irrigated areas of cotton;

3) Efficiency of electricity generation by power plant/waste facilities;

4) Feed-in tariffs on generated electricity returned to the grid;

5) Water application rate of cotton;

6) Conjunctive factor of collected and utilized cotton straw/stalk;

7) Cost of treatment, processing, and disposal on crop residues;

8) Effective rainfall during cotton cultivation;

9) Price of cotton lint;

10) Lower heating value (LHV) of cotton straw/stalk;

11) Price of cotton seed.
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Figure 4.8. An overall ranking of totally 32 parameters involved in the further developed model for

combustion practice with comparisons of standard deviation (¢) and absolute mean value (u*) for as o/p*

elementary effects.

The whole ranking in Figure 4.8 varies slightly with 4 extra parameters

included in this scenario. Two of them are specifically important: the efficiency of
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electricity generation by power plants/facilities that process and dispose the crop
residues, and feed-in tariffs of electricity that is generated and exported back to the
network. This means the energy recovery involved in incineration/combustion
technically demonstrate important effects on the model outputs.

u* values for these eleven parameters range from around 0.5x10° up to
approximately 6.5x10°. Values of ¢ range from around 0.1x10° up to around
9.5x10°. All the other parameters are close to the origin point. As opposed to the
sensitivity tests on both the basic model and the mulching/composting model, most
parameters in this model are even farther away and above from the solid line o /u* =
1. This unveils that parameters in this further developed model for
incineration/combustion are more intertwined between each other, imposing stronger
nonlinear effects on the model. These results of sensitivity analysis on both
mulching/composing model and incineration/combustion scenario model indicate that
the model outputs can be notably varied by identical levels of changes in parameter
inputs. Table 4.7 lists the parameters classified into the three groups.

Table 4.7. Classification of input parameters (Incineration/combustion model) as per the results of the
sensitivity analysis.

Level Category Parameter

Residue index (RI) of cotton
Irrigated area of cotton
Efficiency of electricity generation by power plant/waste
facilities
] Feed-in tariff on generated electricity returned to the grid

Q) High effects o
Water application rate of cotton
Conjunctive factor of collected and utilized cotton
straw/stalk
Costs of treatment, processing, and disposal on crop
residues
Effective rainfall during cotton cultivation

) Price of cotton lint

(2) Medium effects )
Lower heating value (LHV) of cotton straw/stalk
Price of cotton seed

3) Negligible or low effects All the other parameters

Note: (1) negligible or low effects, (2) medium effects, namely linear effects or fewer interactions with other
parameters, and (3) high effects, namely nonlinear effects or more interactions with other parameters.
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4.4.3. Discussions
4.4.3.1. Application of the basic core model (business as usual)

The core model developed in this study basically integrates water, energy,
crop production, land, GHG emissions into one agronomic framework in the form of
total profits. The key independent variables in this model are irrigated land use and
water application rates for each crop in the cropping system. In essence, if these two
key variables of each crop change, the other parameters will change accordingly as
they are correlated to the independent variables. For instance, energy uses in
irrigation (direct energy) and water costs are primarily determined by both irrigated
land uses and water application rates. So are the GHG emissions from the direct
energy and associated carbon costs from these emissions. The energy uses from
other farming activities (indirect energy) and associated variable costs are primarily
influenced by irrigated areas, and so are the GHG emissions from these indirect
energy use in farming and related carbon costs. Crop yields are mainly determined
by water application rates, given definite effective precipitation, while crop
productions are affected by both irrigated land uses and water application rates.

What is noteworthy in this business-as-usual situation is that the optimized
irrigated areas of wheat cultivation (7,768 ha, 72%) are significantly higher than
those of cotton cultivation (3,003 ha, 28%). This is uncommon as cotton is usually
one of the most profitable cash crops and thereby more land is supposed to be
allocated to cotton cultivation. This often happens to crops rotated with rainfed wheat
cultivation (Graham 2022a).

However, in this study the wheat cultivation is supplied with both irrigation and
precipitation (irrigated wheat). Irrigated wheat is commonly working as a supplement
to cotton cultivation in a single crop rotation across Darling Downs Region including
Toowoomba Region (Graham 2022a, 2022b; Scobie 2022). The irrigated wheat yield
in Toowoomba Region is as high as 6t/ha while the rainfed wheat is no more than
3.5t/ha. Moreover, irrigated wheat price is as high as AU$400/t while rainfed wheat
price is no greater than AU$340/t. These two factors may have primarily led to an
edge of irrigated wheat over rainfed wheat, thus narrowing the gap between cotton
and wheat in market competitiveness. In particular, the price gap between cotton and
irrigated wheat is reduced, thus making the wheat cultivation appear more profitable
and economically viable. This can explain why more irrigated land is assigned to

wheat cultivation.
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In spite of significantly more land allocated to wheat, cotton growing maintains
its economic advantage with over AU$4,000/ha gross margins generated and so
makes its total profit a bit higher than that of irrigated wheat. The gross margins of
cotton related to water use are over AU$500/ML, lower than wheat’'s AU$800/ML,
having demonstrated cotton’s characteristic in high water consuming. But mainly due
to more land for wheat growing, the total GHG emissions from cotton growing are
remarkably fewer than those from irrigated wheat growing. The emissions from
wheat (over 20 ktCO2e) more than double those from cotton (below 10 ktCO2e).

With an overall analysis on performances of resource uses (land and water),
economic benefits and environment (GHG emissions), cotton cultivation still has an
edge over wheat cultivation in using fewer land, making higher profits and
discharging less GHGs. This is generally aligned with other studies about benefits of
cotton cultivation (DAWE 2019a; Lu et al. 2022; Scobie 2022; Rizwan et al. 2023).
Even though the situation of allocated irrigated land to cotton and wheat may seem
contradictory to normal studies, this can be incurred by a reduced advantage of

cotton cultivation over wheat due to higher competitivity of the irrigated wheat.

4.4.3.2. Sensitivity analysis

Sensitivity reflects how important a parameter potentially is to the model. The
greater change it incurs (within a certain numerical range of its inputs) on the model
output, the more sensitive/important it will be to the model. Compare with Sobol
method, sensitivity analysis with Morris method gauges the importance of
parameters in a qualitative way but with less computational requirement. The values
of sensitivity in the results indicate a relativity of importance between parameters.
The results of sensitivity analysis on both the basic model and the further developed
models have further verified the high importance of the irrigated land and water
application rates as the independent variables. In contrast, the basic core model has
a generally lower absolute mean values and standard deviation on parameters for
elementary effects than the further developed models. This entails an overall higher
sensitivity of parameters in the further developed models than that in the basic
model.

A general higher sensitivity of multiple parameters also unveils complexity of
the model. For example, the two additional models further developed for crop

residue disposal related scenarios are much more complex than the basic core
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model. This is not only because they contain more parameters but also the
parameters are interconnected, thus making interactions between them inclined to
be nonlinear/irregular. This contributes to overall higher values of sensitivity for many
parameters.

Parameters in the basic core model tend to be affecting the model in more of
a linear pattern, while in the further developed models they tend to be influencing in
more of a non-linear pattern. The more intertwined parameters are in the model, the
higher orders of them are and therefore the more non-linear effects they will likely
have on the model. Crops residues are closely related to crop yields which in turn
are closely associated with water application rates and irrigated land. This makes
some parameters particularly like GHG emissions from crop residue disposal
activities become more correlated with the two key independent variables by multiple

times of iteration (higher order).

4.5. Conclusion

This chapter has presented the application of the basic core model developed
in Chapter 3, including key data inputs, sensitivity tests, and the results of
optimization and sensitivity analysis. This basic model is applied to common
conditions within the Toowoomba Region as a business-as-usual/baseline scenario.
The optimized irrigated areas of wheat taking up 72% (7,768 ha) are greater than
those of cotton which only occupies 28% (3,003 ha). The water use of cotton (23.25
GL) is more than that of wheat (15.67 GL) under a higher application rate of cotton
7.74 ML/ha than wheat 2.02 ML/ha. The gross margins per ha irrigated area are
AU$4,132/ha by cotton, higher than AU$1,584/ha by wheat. GHG emissions in
relation to water use and crop yields are higher from cotton cultivation (3.25
tCO2e/ha, 0.52 tCO2e/t) than from wheat cultivation (2.69 tCO2ze/ha, 0.45 tCO2elt),
while total GHG emissions of wheat cultivation (21 ktCOze) are greater than cotton
cultivation (9.8 ktCO:ze).

The results of sensitivity tests reveal that the key parameters or factors
impacting the model outputs are water application rates and irrigated areas. The
implications from these two factors are the most obvious on cotton cultivation with
the largest u* values (mean absolute value for elementary effects), both above
AU$20 million. These two parameters of cotton have large elementary and

nonlinear/irregular effects on the model. In contrast, the effects of all the other
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parameters have close effects or sensitivity on the model and close to the origin
point of the coordinate system, meaning they are not important.

Relative to the basic core model, two additional models are further developed
particularly for scenarios of crop residue disposals, one for either mulching or
composting scenario and the other for incineration/combustion scenario. As opposed
to sensitivity tests in the basic core model, the results of the two models further
developed unveil significantly higher impacts of parameters on model outputs. For
mulching or composting, the mean absolute value (u*) is up to AU$1.7 billion and the
standard deviation (o) is up to Au$2.2 billion. For combustion, the mean absolute
value (u*) is up to AU$6.5 billion and the standard deviation (o) is up to AU$9.5
billion in ¢. Inclusion of additional parameters in scenarios of crop residue disposals
complicate the parameters’ interactions and effects on model outputs.

Combined with the literature review, and the results of optimization and
sensitivity analysis, scenarios on top of the basic model are designed and presented
in Chapter 5 in relation to different crop prices and alternative energy sources plus
their costs. In Chapter 6, the other two further developed models are employed and
applied to scenarios regarding three alternative crop residue disposal methods,
namely mulching, composting, and combustion with energy recovery, in addition with

influences of logistics (transport on crop residues).
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CHAPTER 5: IMPACT OF CROP PRICES AND ENERGY
SOURCES

Drawing insights from the literature review, the ranking of major parameters'
importance through sensitivity analysis, and the optimized results of the basic
scenario presented in Chapter 4, this chapter focuses on investigating potential
influences of the most critical factors/parameters on the single crop production
system. As described in Chapter 3, scenarios will be implemented in two series
within the subsequent chapters. This chapter will particularly explore impacts of crop
prices (different prices of cotton lint and wheat), and alternative energy sources in
irrigation and associated costs on optimization of the cropping system. This is to

achieve Objective (3) described in Chapter 1.

5.1. Different cotton and wheat prices

Cotton is usually the main crop using more water when being rotated with
rainfed wheat (Graham 2022a). However, from the preliminary results in Chapter 4,
irrigated areas allocated to irrigated wheat cultivation are greater than those areas
allocated to cotton cultivation. This is primarily caused by a higher yield (6t/ha) and
higher market price (AU$400/t) of irrigated wheat adopted in this study, compared
with rainfed wheat having a lower yield (below 3.5t/ha) and lower market price
(below AU$340/t) in Toowoomba Region (Graham 2022a). The average wheat yield
and market price across Australia over the last decade are mostly based on rainfed
wheat with no more than 3t/ha and no higher than AU$300/t (ABARES 2022c,
2022a). However, the market price will be varying year to year. Thus, to determine
how this will impact optimized performances of the cropping system, different levels
of cotton lint and/or wheat prices are assumed in the following scenarios:

Baseline Scenario: Cotton lint price (AU$550/bale) and wheat price
(AU$400/t).

Scenario 1: The same as baseline scenario but with different cotton lint
prices (AU$400/bale, AU$450/bale, AU$500/bale, AU$600/bale, AU$650/bale,
AU$700/bale).

Scenario 2: The same as baseline scenario but with different wheat prices
(AU$200/t, AU$250/t, AU$300/t, AUS350/t, AU$450/t, AUS500/1).
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5.2. Alternative energy sources and costs in irrigation

For variable costs, water costs stand out as a critical factor based on the
ranking of the sensitivity test. Water costs are mainly affected by energy types used
in irrigation and relevant energy rates/tariffs (Garcia et al. 2019; Qin et al. 2020).
Energy costs have been increasing significantly over the last few years, with the bulk
diesel price from around AU$0.4/L in 2016 up to approximately AU$1.8/L in 2022
(Graham 2022a). In addition, GHG emissions from fuels used in irrigation activities
(roughly one third of the total) are higher than those from the other activities in
cropping (Ekonomou et al. 2022b). Different types of energy used in irrigation can
have different levels of GHG emissions (Maraseni et al. 2012; Mushtaq et al. 2013;
Hafeez et al. 2014; Zou et al. 2015; Jamali et al. 2021). Furthermore, changes in
energy types can in turn affect costs associated with GHG emissions and influence
total profits and total gross margins (TGMs) or gross margins (GMs) on cotton and
wheat separately. The different types and amount of energy that can be consumed in

irrigation are outlined below in Table 5.1.

Table 5.1. Different energy types and cost used in irrigation.

No. Inputs Mean value References
] ] Queensland Government (2022d)
1 Price of diesel (AU$/L) 0.62
Graham (2022a)
Amount of diesel consumed per ML
2 o ) 34 ALCAS (2020)
irrigation water applied (L/ML)
3 Price of on-grid electricity (AU$/kWh) 0.26 Ergon Energy (2022b)
Amount of on-grid electricity consumed per
4 o ] 103 ALCAS (2020)
ML irrigation water applied (kwWh/ML)
5 Cost of solar photovoltaic (PV) (AU$/ML) 51 Ergon Energy (2022b)
Amount of solar PV electricity consumed
6 103 ALCAS (2020)

per ML irrigation water applied (kwh/ML)

Note: The costs of diesel and on-grid electricity are based on an average bulk price. The capital cost of solar PV
is assumed to be averaged on an amount per ML irrigation water applied. The other costs included in models

developed throughout the study are primarily variable costs.

The majority of pumps in irrigated agriculture operate on diesel (Cottoninfo
2017; Graham 2022a; Murray 2022; Scobie 2022). Pumping with solar photovoltaic
(PV) technology have been applied to the cotton industry (Cottoninfo 2017). The
basic scenario is to conduct optimization with diesel fuel use in irrigation. Here, other
two alternative energy types replace the diesel use in irrigation activities, on-grid

electricity or solar PV generated electricity. On top of that, different diesel and
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network electricity tariffs are assumed to explore how energy costs can impose
impacts on the cropping system, including:

Baseline Scenario: Diesel price (AU$0.62/L) in irrigation.

Scenario 1: The same as baseline scenario but with different diesel prices
(AU$0.3/L, AU$1.0/L, AUS1.5/L, AUS$2.0/L, AU$3.0/L) in irrigation.

Scenario 2: The same as baseline scenario but replacing the diesel with on-
grid electricity in irrigation activities with an average electricity tariff (AU$0.26/kWh).

Scenario 3: The same as baseline scenario but replacing the diesel with on-
grid electricity in irrigation activities and setting different electricity tariffs
(AU$0.1/kWh, AU$1.0/kWh, AU$1.5/kWh, AU$2.0/kWh, AU$3.0/kWh).

Scenario 4: The same as baseline scenario but replacing the diesel with solar

PV power.

5.3. Key results and discussions
5.3.1. Changing cotton and wheat prices
5.3.1.1. Resource use performances (land and water)

The optimal results of irrigated areas and water applications are displayed as
below in Figure 5.1. In the Baseline Scenario, the gap of cotton lint price
(AU$550/bale) over the wheat price (AU$400/t) is not large enough, more land use is
preferable to grow irrigated wheat rather than cotton (Chapter 4), when cotton
cultivation only occupies less than 30%. This has a significant difference from usual
cases where cotton cultivation takes precedence over wheat cultivation, probably
because wheat is commonly grown in a rainfed mode in conjunction with low yields,
less than 3.5t/ha, and low prices, less than AU$350/t, in Toowoomba Region (ABS
2022c; Queensland Government 2022d). In Scenario 1, when increasing the cotton
lint price to around AU$600/bale and the same wheat price (AU$400/t), more land
will be allocated to cotton cultivation (increased by 5%). The influences of prices
begin to become more obvious when the cotton lint price continues to increase to
above AU$650/bale. At this point, the land is almost used for cotton cultivation
(increased to 98% of the total) within the land constraints and the wheat is shifted to
a rainfed mode (zero irrigation water application rate). This means irrigated wheat is
not so worthwhile to grow anymore. In Scenario 2, when setting the wheat price to a
low level (below AU$300/t) and keeping the cotton lint price the same
(AU$550/bale), the irrigated areas are mainly for cotton cultivation (95%). If the
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wheat price is increasing from AU$350/t to a high level, more land is allocated to

irrigated wheat cultivation again, as same as the baseline scenario.
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Figure 5.1. Optimal resource uses for cotton and wheat cultivation in the baseline simulation and

o
-
~

optimization scenarios with different levels of cotton lint prices (Scenario 1) and wheat prices (Scenario 2). The
legend on the left side of the figure shows different scenarios with different prices of cotton lint and wheat. This

applies to the other relevant figures as well.
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The total irrigated areas will peak at the maximum available irrigated land use
as the prices of cotton and lint and wheat are relatively high (cotton lint above
AU$650/bale and wheat above AU$350/t). Most available irrigated land will be
utilized if the prices are at a medium level (cotton lint AU$500-650/bale and wheat
AU$350-400/t). When the wheat price is below AU$300/t, 50% of total areas are
used as the optimized land use for cotton and wheat cultivation. The rest of land is
on a fallow practice or used for cultivation of other crops.

In most scenarios, the total water consumed reaches the maximal available
water resources (38.92 GL). When the price gap between cotton and wheat is large
enough, water is mainly consumed by cotton, for example cotton lint price over
AU$650/bale and wheat price below AU$400/t, or cotton lint price over AU$550/bale
and wheat price below AU$300/t. In high cotton lint price situation over AU$650/bale
with wheat price below AU$400/t, the water application rate on cotton does not reach
the maximal limit. It is becoming lower when cotton lint price is increasing (shifting to

a deficit irrigation more).

5.3.1.2. Economic performances (gross margins and profits)

The optimal results of profits for both cotton and wheat, GMs and total profits
are presented in Figure 5.2. The profits and GMs per hectare generated by wheat
price changes are comparatively stable (AU$1,583/ha), while the profits and GMs
from cotton increase as the cotton lint price increases. Those values for cotton
cultivation reach the maximum at the point of cotton lint price AU$700/bale paired
with few profits and GMs per hectare by wheat cultivation. GMs per hectare irrigated
area for cotton is the highest with AU$4,706/ha at a cotton lint price of AU$600/bale,
but they drop as the wheat price rises. This is mainly because of there being more
irrigated areas allocated to cotton cultivation. The wheat price AU$300/t can be a
break-even point for irrigated wheat cultivation, as the wheat cultivation does not
make profits when its price is below AU$300/t. If its price rises above this level, the
situation will be akin to the baseline scenario. For instance, in a situation with low
wheat prices (below AU$300/t), the GMs of wheat decrease to AU$175/ha and in a
situation with higher cotton lint prices (over AU$650/bale) it turns into negative.
However, while increasing either cotton lint price or wheat price, the total profits will

be increasing linearly. The total profits will be rising at a slightly larger rate by
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increasing cotton lint prices (total profits increased by 7-12%) than by increasing

wheat prices (total profits increased by 7-8%).
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Figure 5.2. Profits, GMs per ha for cotton and wheat cultivation, and total profits in the baseline
simulation and optimization scenarios with different levels of cotton lint prices (Scenario 1) and wheat prices

(Scenario 2).

To examiner total costs generated by different farming activities in the
cropping system, a breakdown is presented below in Figure 5.3. In most scenarios,
the proportion of irrigation cost remains around 19%, except under cotton lint price
AU$700/bale and wheat price AU$400/t where irrigation takes up less than 10%. In
this situation, cotton has an obvious advantage over wheat in prices. The majority of
irrigated land is allocated to cotton cultivation (98%) and the remainder is for wheat
cultivation in a rainfed mode. Under a larger allocated land to cotton and idential total

contrained available water resources, the water application rate of cotton is reduced
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to only 3.42ML/ha with a yield of 3.8t/ha (equivelantly cotton lint 7.02bale/ha). Mainly

because of the reduced water application rate, the total irrigation cost accordingly

decreases.
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Figure 5.3. Breakdowns of total costs from multiple cultivation activities inclusive of carbon cost

imposed on GHG emissions from the single crop rotation system in each scenario.

In contrast, costs of planting, crop protection, harvest, and post-harvest

(mainly cartage and/or cotton ginning) increase as cotton price rises and decrease

as wheat price rises. Cost of post-harvest varies most remarkably, increasing

roughly by 0.5% corresponding to every AU$10/bale increase in cotton lint price and

decreasing roughly by 1% corresponding to every AU$10/t increase in wheat price. It

is an opposite situation for all the other costs, where they decrease as cotton price

rises and increase as wheat price rises. Among them, cost of nutrition (fertilizers)

varies notably, decreasing roughly by 0.8% corresponding to every AU$10/bale
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increase in cotton lint price and increasing roughly by 1.2% corresponding to every
AU$10/t increase in wheat price.

5.3.1.3. Environmental performances (GHG emissions)

The optimal results of GHG emission intensities are presented below in
Figure 5.4. The GHG emissions generated by wheat price changes do not differ
much, while the emissions from cotton increase as the cotton lint price increases.
The emissions reach the maximum at the point of cotton lint price AU$700/bale with
few GHG emissions from wheat cultivation. When cotton lint price increases from
AUS$550/bale to above AU$650/bale, GHG emissions per hectare irrigated area for
cotton decrease accordingly from 3.26tCO2e/ha to 2.83tCO2e/ha. If the wheat price
is too low (below AU$300/t) or cotton lint price is relatively high enough (over
AU$650/bale), the GHG emissions per hectare irrigated area for wheat fall from
2.74t1C0O2e/ha to 2.49tC0O2e/ha.
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Figure 5.4. GHG emission intensities in units, per hectare of irrigated land use and per ton of crop
produced, in the baseline simulation and optimization scenarios with different levels of cotton lint prices (Scenario

1) and wheat prices (Scenario 2).

The optimal results of GHG emissions for cotton and wheat, respectively, and
total GHG emissions are shown in Figure 5.5. The total GHG emissions have the

highest amount (31-33kt) when both prices are high (cotton lint price above

113



AU$600/bale and/or wheat price above AU$300/t); when the prices are low (cotton
lint price below AU$600/bale and wheat price below AU$300/t), the GHG emissions
are approximately half of the other scenarios. GHG emissions for either cotton or
wheat are significantly influenced by irrigated areas. The highest levels of emissions
in the cotton cultivation with a high price (cotton lint prices AU$700/bale) and in most
wheat cultivation with high prices commonly are closely related to most irrigated
areas being allocated and used (72% - 98%). This trend of allocation for irrigated
land can be driven by the level of price for a crop alone or comparative advantage of

prices between different crops.
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Figure 5.5. GHG emissions for cotton and wheat and total GHG emissions in the baseline simulation

and optimization scenarios with different levels of cotton lint prices (Scenario 1) and wheat prices (Scenario 2).

To further examine how the GHG emissions can change between scenarios,
Figure 5.6 provides a breakdown of different emission sources for each scenario. In
most scenarios, the top three GHG emission contributors are fertilizers applied on-
farm (25%-38%)), fertilizers applied pre-farm (15%-26%), and fuels (diesel and petrol)
(19%-32%). While fuels cause more GHG emissions, fertilizers make less. The
primary variable contributor is conjunctive energy sources (fuel and on-grid
electricity). Their GHG emissions are determined mainly by irrigated land allocated to
cotton cultivation. When cotton cultivation dominates, fuel and electricity uses are

114



increased by 5%-13% and by 5%-7%, respectively, with irrigated areas allocated to

cotton changing from 28% to 98%.
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Figure 5.6. Breakdown of GHG emissions from different resources used pre-farm, on-farm and off-farm

in Baseline Scenario, Scenario 1, and Scenario 2 with different levels of cotton lint prices and wheat prices.

5.3.1.4. Discussions

It has been found out that if the price gap between the cotton lint and wheat is

relatively larger, such as cotton lint over AU$650/bale and wheat below AU$400/t or

cotton lint over AU$550/bale and wheat below AU$300/t (a price gap larger than

“250” in a numerical value), the irrigated areas are more likely to be allocated to

cotton cultivation than wheat cultivation. Cotton cultivation is dominant (more than

95%) with very little wheat grown (less than 5%). This is because the cotton

cultivation is more profitable than wheat cultivation in this case. The water

application rate of cotton does not reach the cap of the constrained water use per
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hectare (deficit irrigation for cotton cultivation), while that of wheat is approximately
zero or converted to rainfed wheat cultivation. Therefore, when the price gap is
enlarged, the land allocation will be aligned with the usual cases where land use by
cotton cultivation takes precedence over land use by wheat cultivation (Graham
2022b).

However, just as what is indicated in the baseline scenario (Chapter 4), if the
price gap between the cotton lint and wheat is relatively smaller, for example with
cotton lint below AU$650/bale and wheat over AU$400/t or cotton lint below
AU$550/bale and wheat over AU$300/t (a price gap smaller than “250” in a
numerical value), more irrigated areas are likely to be allocated to wheat cultivation
than cotton cultivation. In this case, less than 30% of areas are for cotton cultivation
and over 70% are for wheat cultivation. As such, wheat cultivation is more profitable
than cotton cultivation. The water application rates of both cotton and wheat most
likely reaches the cap of the constrained water use per hectare (full irrigation for
both).

If the price gap continued to fall, the benefits of cultivation cotton would also
decline and possibly the irrigated wheat would be the only crop. However, this
situation is very rare. In reality, wheat is mostly grown in a rainfed mode and wheat
price is much lower or wheat is much less economically competitive than cotton in
market (Graham 2022a). However, this study discusses irrigated wheat, instead of
rainfed wheat, as a supplement to cotton cultivation in the rotation. The irrigated
wheat in the Toowoomba Region has a higher yield (up to 6t/ha) than rainfed wheat
(less than 3.5t/ha) (Woods 2017; Graham 2022b; Queensland Government 2022d).
These can explain why more land is allocated to irrigate wheat cultivation than cotton
in the baseline scenario and part of the scenarios designed.

When focusing on the crop prices alone, the irrigated wheat cultivation will not
make profits if its price is lower than AU$300/t. In the normal range of cotton lint
prices in the market (over AU$450/bale), cotton cultivation will mostly be profitable.
When cotton lint price is below AU$600/bale, more wheat is grown than cotton in
areas (cotton less than 30% and wheat more than 70%); when cotton lint price is
between AU$600/bale and AU$650/bale, still more wheat is grown than cotton but
with a bit more cotton (cotton more than 30% and wheat less than 70%); when

cotton lint price is beyond AU$650/bale, cotton will be the main crop (over 95%). In
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essence, the key issue here is not conflicting against usual cases where cotton
cultivation is superior to wheat cultivation.

Among these scenarios, the optimal situations brought by price changes can
be associated with relatively high cotton lint prices (over AU$600/bale) and low
wheat prices (below AU$400/t). As seen from the results, in such situations, the
resource uses in total amount and in intensity do not have much difference, as in
most scenarios resource uses have reached the limit. The gross margins are higher
and the GHG emission intensities are lower in these situations. Prices retaining at
around these levels would most likely contribute to the highest profits and meanwhile
the lowest GHG emissions.

5.3.2. Changing energy sources and costs in irrigation
5.3.2.1. Resource use performances (land and water)

Under the constrained water availability and deficit irrigation conditions, the
water application rates and allocated irrigated areas are optimized. The water
application rates for cotton and wheat cultivation both reach the highest amount,
7.74ML/ha and 2.02 ML/ha, respectively. The total water use gets to the maximal
water availability 38.92GL. The irrigated areas for cotton cultivation are 3,003 ha, not
reaching the upper limit, while the areas for wheat cultivation reach the maximal limit

of 7,768 ha. Total irrigated areas amount to 10,771 ha.

5.3.2.2. Economic performances (gross margins and profits)

The optimal results of TGMs and total profits are displayed in Figure 5.7. By
converting to on-grid electricity or solar PV generated electricity with different levels
of diesel and electricity tariffs, differences are mainly showing up in profits and gross
margins. Converting from the baseline scenario with diesel use in irrigation (diesel
price AU$0.62/L) to a scenario with on-grid electricity use in irrigation (electricity tariff
AU$0.26/kWh) causes 0.9% decrease in both total gross margins (TGMs) (from
AU$2294/ha to AU$2273/ha) and total profits (from AU$24.71 million to AU$24.48
million). With unchanged total revenues in both scenarios (AU$39.65 million), water
cost with diesel use is AU$557/ha, close to water cost with on-grid electricity use
AU$602/ha.
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Figure 5.7. Total gross margins per hectare irrigated area (TGMs) and total profits in the baseline
simulation (bulk diesel price AU$0.62/L) and optimization scenarios with alternative energy sources in irrigation
and different corresponding energy tariffs: Scenario 1 — different diesel costs, Scenario 2 — converting to on-grid
electricity with an average electricity tariff, Scenario 3 — electricity in irrigation with different levels of electricity
tariffs, Scenario 4 — converting to solar PV generated electricity.

The solar PV in irrigation shows an outstanding economic performance, in
contrast to the diesel and on-grid electricity use, due to low cost during water
pumping and delivering. While converting to solar PV power use in irrigation from
diesel use, the water cost is reduced by nearly 30% (from AU$557/ha to
AU$392/ha). There is 3.6% increase in both TGMs (from AU$2294/ha to AU$2378)
and total profits (from AU$24.71 million to AU$25.61 million). The profits are about
AU$12.41 million generated by cotton cultivation and about AU$12.30 million by
wheat. Gross margins are AU$4,132/ha generated by cotton and AU$1,583/ha by
wheat. Within Scenario 1 with different diesel prices, TGMs decrease by AU$124/ha
and total profits decrease by AU$1.34 million relative to each AU$ increase in diesel
price. Within Scenario 2 with different on-grid electricity tariffs, TGMs decrease by
AUS$372/ha and total profits decrease by AU$4.01 million relative to each
AUS$ increase in on-grid electricity tariff.

Figure 5.8 gives a breakdown of the total costs incurred by various farming
activities involved in the single-crop system.
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Figure 5.8. Breakdowns of total costs from multiple growing activities in each scenario.
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It shows the dynamics as diesel price and electricity tariff increases. The
changes incurred by electricity tariff increase (16%-54%) are more notable than
those by diesel price increase (16%-33%). Water cost with solar PV power use is the
lowest (14%) compared with water cost with diesel use for a low diesel price
(AU$0.3/L) or on-grid electricity use for a low electricity tariff (AU$0.1/kWh).

5.3.2.3. Environmental performances (GHG emissions)

The different levels of energy prices/tariffs do not have a significant effect on
GHG emissions. The total GHG emissions of the cropping system within the
Toowoomba Region are around 31 ktCO2e for either diesel or on-grid electricity use,
while they are about 27 ktCO2e for solar PV power use. This is mainly due to a close
GHG emission intensity (per ha) between diesel use and on-grid electricity use
scenarios (cotton 3.26 tCO2e/ha and wheat 2.74 tCO2e/ha) and a remarkably lower
intensity in the solar PV power use scenario (2.48 tCO2e/ha) particularly from cotton
cultivation:

e Diesel use: cotton 3.26 tCO2e/ha and wheat 2.74 tCO2e/ha;

e On-grid electricity use: cotton 3.25 tCO2e/ha and wheat 2.73 tCO2e/ha;

e Solar PV power use: cotton 2.48 tCO2e/ha and wheat 2.50 tCO2e/ha.

The subtle difference in emission intensity between diesel use and electricity
use is caused by the irrigation activities, where on-grid electricity use in irrigation
incurs 0.01 tCO2e/ha lower emission intensity than diesel use. Figure 5.9 presents
results for GHG emission intensity for cotton and wheat cultivation (per hectare of
irrigated area, tCO2e/ha, and per tonne of crop production, tCO2e/t). The results for
diesel and on-grid electricity use are close because of identical optimized water
application rates and irrigated areas in all the scenarios. The results reveal that
different types of energy sources in irrigation, particularly renewables, can affect the
cropping system while the energy tariffs can have a limited effect. The effects show
up mainly in economic performances. The essential factors that determine the
substantial changes in the cropping system are primarily the two key parameters of

water application rate and irrigated areas, as indicated in sensitivity analysis as well.
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Figure 5.9. GHG emissions per hectare of irrigated area and per tonne of crop production for cotton and
wheat cultivation in the baseline simulation and optimization scenarios with alternative energy sources in
irrigation: diesel fuel, on-grid electricity, and solar PV.

Figure 5.10 provides a direct overview of GHG emissions sourced from
different farming activities by diesel, on-grid electricity, and solar PV power use in
irrigation. The electricity use in diesel scenario and solar PV power scenario refers to
on-grid electricity applied to cotton ginning (2% and 3% respectively). The
proportions of GHG emissions from conjunctive energy use (diesel and electricity) in
the first two graphs are close (21%), while by changing to solar PV power the
proportion is reduced to 10%.
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Figure 5.10. Breakdown of GHG emissions from different resources used pre-farm, on-farm and off-
farm in scenarios with diesel, on-grid electricity and solar PV power used in irrigation respectively.

5.3.2.4. Discussions

Changes of energy types in irrigation primarily contribute to changes of water
costs. The eventual effects on the optimal results tend to be in a linear way and
mainly result in changes in economic performances and GHG emissions. Changing
to a different energy source in irrigation does not significantly change optimized
results, as different energy types do not influence water application rates and
allocated irrigated land under deficit irrigation conditions. The water application rates
and irrigated areas for cotton and wheat are close to those in the baseline scenario
(cotton 7.74 ML/ha, 3,003 ha and wheat 2.02 ML/ha, 7,768 ha).

Changing to different levels of energy tariffs does not significantly change the
optimal results. The energy tariffs can be regarded as factors within the water cost
module in the integrated model that are more limited in interacting with the core
factors (water application rate and irrigated areas) than energy types. The effects are
only related to economic performances of the cropping system in a linear pattern.
The water application rates and irrigated areas for cotton and wheat are also close to
those indicated in the baseline scenario (cotton 7.74 ML/ha, 3,003 ha and wheat
2.02 ML/ha, 7,768 ha).
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The optimal situation among all scenarios in this section regarding alternative
energy uses is where solar PV power is used in irrigation. Given identical
performances of resource uses, solar PV power can generate the highest profits and
the least GHG emissions in contrast to the other energy sources. However, if cutting
down the other two energy sources’ costs/tariffs as low as possible, the optimized

results would be close to those shown in solar PV power use.

5.4. Conclusion

This chapter has discussed critical factors that potentially influence the core
model developed in this study. Based on literature review and the results of
sensitivity analysis on the model in Chapter 4, two major categories of key
parameters are selected, from the perspectives of food and energy respectively, to
investigate how they would change the optimal outcomes of the single crop rotation
system, namely (1) different levels of crop prices, (2) alternative energy types in
irrigation activities and different levels of energy costs.

It has been found that in terms of effects by crop prices on the cropping
system, the relative advantage of price for one crop over the other primarily affects
the trade-offs and synergies of resource use and optimized economic performances.
If the price gap between the cotton lint and wheat is relatively larger, such as cotton
lint over AU$650/bale and wheat below AU$400/t or cotton lint over AU$550/bale
and wheat below AU$300/t, the irrigated areas are more likely to be allocated to
cotton cultivation than wheat cultivation. If the price gap between the cotton lint and
wheat is relatively smaller, such as cotton lint below AU$650/bale and wheat over
AUS$400/t or cotton lint below AU$550/bale and wheat over AU$300/t, more irrigated
areas are likely to be allocated to wheat cultivation than cotton cultivation. The
highest profits can be generated in the scenario with cotton lint over AU$650/bale
and wheat below AU$400/t, which is approximately AU$32 million. The land use and
GHG emissions are almost the highest as well among all scenarios, which are
11,651 ha and 32.84 ktCO2e.

Regarding alternative energy sources in irrigation and different tariffs, it has
been found that they mainly have impact on profits, gross margins and GHG
emissions. Optimal results brought by changes in energy types are close in diesel
and network electricity use, while solar PV application can incur less water cost
(AU$14.04 million) and less GHG emissions (27 ktCO2e). Solar PV application can
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make a total profit up to AU$26 million. When incremental tariffs are imposed on
energy sources (diesel and on-grid electricity), obvious changes can be only seen in
profits and TMGs. If making the energy costs as low as possible, the profits and
GHG emissions will be close to the solar PV scenario.

The above results are obtained upon the basic core model developed in this
thesis. The next chapter will apply two further developed integrated models to
scenarios with alternative crop residue disposal methods. The value chain involved
in the model has been extended. The three alternative environmental methods to
dispose crop residues are mulching, composting, and combustion (with energy
recovery) paired with different transport distances in each disposal method

considered.
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CHAPTER 6: IMPACT OF ALTERNATIVE CROP RESIDUE
MANAGEMENT PRACTICES

Relative to the baseline scenario in Chapter 4, this chapter will explore how
conversions to alternative environmental practices for disposing crop residues would
influence the optimized outcomes of the cropping system. The two integrated models
in this chapter are developed on the basis of the core model that has been applied to
the baseline scenario in Chapter 4 and scenarios in Chapter 5. This is to achieve
Objective (4) described in Chapter 1.

6.1. Managing crop residues with and without carbon costs

In the baseline scenario, the optimization contains a conventional method of
managing crop residues (cotton straw/stalk and wheat straw), which is direct
incorporation into soil when and after harvesting, which is common in Australia. This
is part of the practices involved in crop residue retention as one of the three key
principles of conservative agriculture (Findlater et al. 2019; FAO 2022; Sumberg et
al. 2022). When changing to a different crop residue disposal practice that extends
the value chain to a disposal stage in the life cycle, additional GHG emissions are
incurred both by logistics and disposal (lye et al. 2013a; lye et al. 2013b; Zhao et al.
2016; Maraveas 2020).

However, most of the methods designing the existing waste facilities or
biomass power plant locations and supply chains only consider the minimization of
transportation costs, having disregarded the GHG emissions during the logistics
(Zhao et al. 2016). The processes of treating and disposing residues in waste
facilities do not take GHG emissions into account, either (Phoenix Power Recycles
2022; Remondis 2022; Cleanaway 2023; WestRex 2023; Zilch Waste Recycles
2023). Relevant avoided costs and avoided GHG emissions can also be considered
in conjunction with GHG emissions and associated carbon costs incurred during the
processes of disposing the residues. In a combustion/incineration disposal method, a
certain amount of power can be generated and returned to the electricity network,
which generated avoided GHG emissions and associated avoided carbon costs for
generating this amount of power.

Relevant parameters for logistics of commercial crop residue disposal

services with data gleaned from local private businesses are shown in Appendix H.
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These parameters are integrated in the further developed models and are outlined

with their values below in Table 6.1.

Table 6.1. List of additional parameters for all three practices.

No. Inputs Mean value References
Zilch Waste Recycles (2023)
1 Cost of collection & transport @ (AU$/hr) 190 Cleanaway (2023)
Phoenix Power Recycles (2022)
Average time for freight to site ° (hr) 0.83 See note b
Average distance for freight to site ¢ (km) 67 See note ¢
Conjunctive coefficient of collected,
4 utilized and disposed residues to the total  0.50 Graham (2022a); WestRex (2023)
yielded residues ¢
) ] Cotton: 1.90
5 Residue index (RI) Ekonomou et al. (2022a)
Wheat: 1.50
Cost of spreading )
6 140 SoilWealth (2017)
mulches/composts/ashes (AU$/ha)
) Cotton: 63
7 Avoided cost (AU$/ha) © Graham (2022b)
Wheat: 53

GHG emissions from collection &
8 0.0004 ALCAS (2020)
transport (tCO2e/tkm)

Cotton: 0.60

9 Avoided GHG emissions (tCO2e/ha) |
Wheat: 0.30

Ekonomou et al. (2022a)

Note: The parameters are integrated on top of the basic core model and remain the same for the three scenarios,
namely relevant costs and GHG emissions by logistics, and avoided cost and GHG emission in a conversion
from “incorporation of residues into soil” to either mulching, composting, or combustion.

@ The cost for services of logistics (collecting, transporting and delivering residues) are based on general time
spent on the road.

b.¢c The average time and distance for freight to site are estimated by means of ArcMap and Google Map with an
average limited speed around 80km/hr.

4 The coefficient of disposed residues to total residues means there is an up to 50% residue loss from collecting
to end products in a typical process, and the rest 50% are disposed in the facilities.

ef The avoided cost and GHG emissions are from the conventional crop residue management practice, namely

ploughing into soil directly, due to conversion to mulching.

The major differences between these disposal methods exist in the different
technologies for treating, processing and disposing the waste/residues. Accordingly,
the GHG emissions and associated carbon costs incurred during the processes of
each disposal method will vary. The different parameters and data are listed below in
Table 6.2.
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Table 6.2. List of additional parameters that differ in the three practices.

No. Inputs Mean value References
SoilWealth (2017)
Mulching: 40 Zilch Waste Recycles (2023)

Cost of treatment and

1
disposal (AUS$/t)
) GHG emissions from
treatment & disposal
3 Lower heating value

(LHV) (kWhtt) @

Composting: 45

Combustion: 50

Mulching: 0.04 (tCO2e/ha)
Composting: 2.60 (tCO2e/ha)
Combustion: 6.36 (tCO2e/ha)
For combustion only:

Cotton straw: 4,161

Wheat straw: 4,102

Remondis (2022)
Cleanaway (2023)
Phoenix Power Recycles (2022)

ALCAS (2020)

Kang et al. (2020)

Paul et al. (2020)
Song et al. (2020)

Efficiency for generating For combustion only: )
4 o ] Remondis (2022)
electricity by combustion®  30%

Note: These parameters are integrated on top of the basic core model but vary from each of the three scenarios,
namely cost for treating, processing and disposing the crop residues and GHG emissions during the process of
treatment and disposal. Particularly, combustion can generate a certain amount of electricity that can be reused
for cropping.

@ A lower heating value is used in this study given energy losses in water vapor, as opposed to a higher heating
value (HHV). The energy loss is in the form of heat contained in water vapor discharged during and after
processing the crop residues.

b The efficiency to generate electricity by combustion technology is used in conjunction with a LHV, namely in this

study the percentage of electricity/power generated from crop residues per unit tonne.

Here, these three methods to dispose crop residues are incorporated into the
scenarios, replacing the conventional ploughing-into-soil method, namely mulching,
composting, and incineration/combustion (with power recovery). These are the main
disposal methods available in Toowoomba Region. Regular GHG emissions are
integrated with or without considering an average carbon price policy in the three
scenarios of crop residue disposals as below:

e Baseline Scenario: The common conventional crop residue management

practice (ploughing into soil) with and without carbon cost.

e Scenario 1: Substituting mulching for the ploughing practice in the baseline

scenario with and without carbon cost.

e Scenario 2: Substituting composting for the ploughing practice in the

baseline scenario with and without carbon cost.

e Scenario 3: Substituting combustion for the ploughing practice in the

baseline scenario with and without carbon cost.
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6.2. Impact of logistic distances (freight to site from waste facilities)

Among the additional factors considered for the crop residue management
scenarios, the logistics/transport proves to be another important aspect other than
the disposal methods that can be impactful on optimized land and water uses, profits
and GHG emissions of the cropping system. There have been numerous studies
worldwide investigating how transport distances and distribution of crop residues
affect biomass and bioenergy potentials and development (lye et al. 2013b; Monforti
et al. 2013; Okello et al. 2013; Bentsen et al. 2018; Scarlat et al. 2019b). They have
demonstrated locations of waste facilities or power plants are of vital importance to
crop residues’ potentials. In particular, transportation costs and logistical distances
can significantly impact the economic viability and interest in converting crop
residues to biomass/bioenergy (Jiang et al. 2012; Qiu et al. 2014; Pastori et al.
2021). To make crop residues an economically viable option, areas producing crop
residues are supposed to be geographically close to the waste facilities or power
plants. This can significantly reduce biomass transportation cost and enhance
utilization of the residues (Chen 2016).

The nearest local waste facility to the major irrigated cropping areas in
Toowoomba Region is situated around Toowoomba City with an average distance of
66.7km (approximately 50 minutes one way), which is regarded as a long distance
for delivering crop residues to processing and disposal. Here, different freight-to-site
distances in lengths of time (min) from main irrigated cropping areas of cotton and
wheat up to the waste facilities are incorporated into each of the three disposal
scenarios above. This is to investigate how the distances of waste facilities to
cropping areas/farms would impact the optimized land and water uses, profits and
GHG emissions of the single-crop rotation system. Different distances are set as
short distance (10 min), medium distance (30 min), and long distance (50 min).

6.3. Results and discussions
6.3.1. Changing to a different crop residue management practice

While transferring to a different crop residue disposal practice, GHG
emissions are considered throughout the life cycle from seeding up to the final
disposal stage. Meanwhile, the scenarios are designed with and without carbon
costs to examine if a regular carbon price policy would be impactful on the optimal

results of our extended models.
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6.3.1.1. Resource use performances (land and water)

In terms of relevant resource use performances (mainly irrigated land use and
water use) within Toowoomba Region in these scenarios, total water use amounts to
the maximal water availability (38.92GL), in which cotton cultivation consumes
23.25GL and wheat cultivation consumes 15.67GL. Optimized total irrigated areas
are close for the baseline scenario, mulching scenario and composting scenario
(10,771 ha) with cotton cultivation taking up 3,003 ha and wheat cultivation taking up
7,768 ha. In these scenarios, water applications reach the upper limit with 7.74
ML/ha for cotton and 2.02 ML/ha for wheat.

The irrigated areas reach the upper limit of the available irrigated land in the
combustion scenario (11,652 ha). This slight difference from the other three
scenarios is mainly caused by the change in cotton cultivation taking up 3,884 ha
and wheat cultivation remaining at 7,768 ha. The water application rate of cotton is

reduced to 5.99 ML/ha compared with that of wheat remaining at 2.02 ML/ha.

6.3.1.2. Economic performances (gross margins and profits)

The optimal results of gross margins (GMs) and total profits are shown in
Figure 6.1. The results indicate that, within the given land resource and water
availability constraints, changing the method of crop residue disposal would notably
change the economic performances. In contrast, removal of a regular carbon pricing
policy (AU$15.99/tCO2e) in each scenario (including the baseline scenario) would
promote the economic performances but in a very limited degree. When converting
an “incorporation into soil” practice (baseline scenario) to a mulching practice
(scenario 1), the total profits decrease from AU$24.71 million to AU$21.01 million
(with a carbon price) and from AU$25.20 million to AU$21.53 million (without a
carbon price). Compared with the baseline scenario, under a carbon price policy, the
GMs for cotton decrease from AU$4,132/ha to AU$3,751/ha, while the GMs for
wheat decrease from AU$1,583/ha to AU$1,262/ha; with no carbon price, the GMs
for cotton decline from AU$4,184/ha to AU$3,797/ha, while the GMs for wheat
decline from AU$1,627/ha to AU$1,303/ha.
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Figure 6.1. GMs for cotton and wheat cultivation, respectively, and total profit in the baseline simulation

(ploughing into soil) and optimization scenarios of scenario 1: mulching, scenario 2: composting and scenario 3

combustion with and without a carbon price policy.

When converting an “incorporation into soil” practice (baseline scenario) to a
composting practice (scenario 2), the total profits decrease from AU$24.71 million to
AU$20.44 million (with a carbon price) and from AU$25.20 million to AU$21.26
million (without a carbon price). Under a carbon price policy, the GMs for cotton
reduce from AU$4,132/ha to AU$3,681/ha, while the GMs for wheat reduce from
AU$1,583/ha to AU$1,208/ha; with no carbon price, the GMs for cotton reduce from
AUS$4,184/ha to AU$3,768/ha, while the GMs for wheat reduce from AU$1,627/ha to
AUS$1,281/ha.

When converting an “incorporation into soil” practice (baseline scenario) to a
combustion practice (scenario 3), the total profits increase from AU$24.71 million to
AU$36.97 million (with a carbon price) and from AU$25.20 million to AU$38.44
million (without a carbon price). This is mainly caused by an increase in irrigated land
uses in cotton and avoided energy cost from energy recovery during combustion
processes. Compared with the baseline scenario, under a carbon price policy, the
GMs for cotton rise from AU$4,132/ha to AU$4,324/ha, while the GMs for wheat rise
from AU$1,583/ha to AU$2,598/ha; with no carbon price, the GMs for cotton rise
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from AU$4,184/ha to AU$4,456/ha, while the GMs for wheat rise from AU$1,627/ha
to AU$2,720/ha.
It can be found out that the carbon price policy does not incur a significant
impact on either profits or GMs. A comparison of changes for a removal of carbon
costs caused by these different disposal methods are presented below:
e Baseline Scenario: An exclusion of the carbon price from the ploughing-
into-soil practice gives rise to a sharp increase in profits by 2.0%, in GMs
for cotton by 1.2% and in GMs for wheat by 2.8%.

e Scenario 1: An exclusion of the carbon price from the mulching practice
brings a slight burgeon in profits by 2.5%, in GMs for cotton by 1.2% and
in GMs for wheat by 3.2%.

e Scenario 2: An exclusion of the carbon price from the composting practice
brings a slight burgeon in profits by 4.0%, in GMs for cotton by 2.4% and
in GMs for wheat by 6.0%.

e Scenario 3: An exclusion of the carbon price from the combustion practice
incurs a small increase in profits by 4.0%, in GMs for cotton by 3.1% and
in GMs for wheat by 4.7%.

In brief, composting is the least profitable option compared with the other
three: ploughing into soil (baseline/business-as-usual), mulching, and combustion. If
converting to a mulching practice for disposing crop residues, the total profits will be
reduced by 14%-15%; if converting to a composting practice, the total profits will be
reduced by 15%-17%; if converting to a combustion practice, the total profits will be
noteworthily beneficial in economic returns, increased by 49%-53%. When looking at
the GMs for either crop, the values for cotton do not present a big disparity between
each disposal practice (a gap less than AU$800/ha), but the results for wheat are a
bit outstanding in converting to the combustion practice (a gap approximately
AU$1,500/ha). Consistent to the results of total profits, composting shows the lowest
GMs in both cotton and wheat while combustion has the highest GMs.

6.3.1.3. Environmental performances (GHG emissions)

In terms of GHG emissions, the optimized results are presented in Figure 6.2.
The results reveal that a combustion practice incurs higher GHG emissions than the
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other three practices, approximately three times of the ploughing practice and
mulching practice and twice of the composting.
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Figure 6.2. Total net GHG emissions from the whole cropping system, GHG emissions per hectare of
irrigated land, and GHG emission per tonne of crop production for cotton and wheat cultivation, respectively, in
the baseline simulation (ploughing into soil) and optimization scenarios: 1. mulching, 2. composting, and 3.
combustion, with and without a carbon price policy.

Since all scenarios involve a regular carbon price policy, an exclusion of this
regular carbon price policy is imposed as well to examine if the policy would have
any influences on the outcome. The carbon pricing policy does not result in
significant changes in GHG emissions. This is a single variate in the model that does
not have an essential effect on the key independent variables (land and water) and
thus does affect associated GHG emissions directly. The effect is in a limited linear

manner on the optimal outcomes of the model.
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By transferring an “incorporation into soil” practice (baseline scenario) to a
mulching practice (scenario 1), the total net GHG emissions decrease from 31
ktCO2e to 29 ktCO2e. The GHG emission per hectare of irrigated area for cotton
reduces from 3.26 tCOZ2e/ha to 2.86 tCO2e/ha, while this data for wheat reduces
from 2.74 tCO2e/ha to 2.60 tCO2e/ha. The GHG emission per ton of crop production
for cotton reduces from 0.53 tCO2e/t cotton produced (eq. 0.28 tCO2e/bale) to 0.46
tCO2elt cotton produced (eq. 0.25 tCO2e/bale), while this data for wheat reduces
from 0.46 tCO2e/ha to 0.43 tCO2e/ha.

When converting an “incorporation into soil” practice (baseline scenario) to a
“‘composting practice” (scenario 2), the total net GHG emissions increase from 31
ktCO2e to 52 ktCO2e. The GHG emission per hectare of irrigated area for cotton
rises from 3.26 tCO2e/ha to 5.42 tCO2e/ha, while that for wheat reduces from 2.74
tCO2e/ha to 4.54 tCO2e/ha. The GHG emission per ton of crop production for cotton
rises from 0.53 tCO2e/t cotton produced (eq. 0.28 tCO2e/bale) to 0.87 tCO2e/t
cotton produced (eq. 0.47 tCO2e/bale), while that for wheat rises from 0.46
tCO2e/ha to 0.76 tCO2e/ha.

When converting an “incorporation into soil” practice (baseline scenario) to a
combustion practice (scenario 3), the total net GHG emissions surge from 31
ktCO2e to 91 ktCO2e. The GHG emission per hectare of irrigated area for cotton
spikes from 3.26 tCO2e/ha to 8.23 tCO2e/ha, while that for wheat reduces from 2.74
tCO2e/ha to 7.65 tCO2e/ha. The GHG emission per ton of crop production for cotton
rises from 0.53 tCO2e/t cotton produced (eq. 0.28 tCO2e/bale) to 1.57 tCO2e/t
cotton produced (eg. 0.85 tCO2e/bale), while that for wheat rises from 0.46
tCO2e/ha to 1.28 tCO2e/ha.

Generally, mulching practice discharges the least total GHG emissions in
contrast to the other three, which is slightly lower than the baseline scenario.
However, replacement with a composting or combustion practice implemented on
the residues will roughly double or triple the emissions. Likewise, the GHG emission
intensities show the highest level in the combustion practice followed by composting.
The GHG emission intensities in ploughing-into-soil and mulching are nearly equal.
In all four scenarios, it can be noted that the GHG emission intensities close between
cotton and wheat. The total emissions of combustion are considerably greater than

the others.
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6.3.1.4. Discussions

On the whole, changing the type of crop residue disposal method would exert
significant influences on the optimal results of our studied cropping system. The
most remarkable influences are caused by combustion/incineration (with energy
recovery) related scenarios. In particular, when converting to a combustion scenario,
the optimal irrigated land use and water application rate in cotton cultivation change
from 3,003 ha and 7.74ML/ha to 3,884 ha and 5.99ML/ha. This mild change, instead,
considerably increase the total profits (around AU$38 million) and total GHG
emissions (over 90 ktCO2e), doubling or tripling the other scenarios.

The outstanding economic performance indicates that converting to a different
crop residue disposal practice especially with economic returns would have a major
impact on the optimal outcomes of the cropping system. This impact tends to be
non-linear, which means the key independent variables (land and water) have been
reallocated. Contrastingly, disposal practices such as mulching and composting do
not incur changes in the key variable land and water resources.

Regarding the total GHG emissions, the techniques involved in combustion
within Toowoomba Region contain high GHG emission intensity, 6.36 tCO2e/ha, as
opposed to mulching 0.04 tCO2e/ha and composting 2.60 (tCO2e/ha) (ALCAS 2020;
lifecycles. 2020). This primarily leads to the high levels of GHG emissions in all
combustion scenarios. It implies that a combustion with energy recovery practice
would be a financially beneficial option for farmers while it would not be adequately
environmentally friendly under current treatment techniques on residues. From an
angle of resource and energy reuse, it can be environmentally sustainable, but the
avoided GHG emissions (0.74 tCO2e/ha) are insufficiently offsetting the emissions
from the disposal itself.

As opposed to the notable impacts incurred by changes on the type of
disposal method, a carbon price policy would change the optimized profits slightly by
less than 5%. The carbon price, as a univariate parameter, does not essentially
impact the key variables and so the limited effects only show up in economic
performances. The carbon price imposed on the system is a regular price in 2021
and has increased to AU$17.12 in 2023 (Australian Government 2023). As the
carbon price policy offers a low level of carbon charging rates, the effects on

cropping system are limited.
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6.3.2. Different transport distances in logistics

This section further discusses how distances of transport to collect and deliver
crop residues could affect the optimal results of the single crop rotation system. In
the baseline scenario, the average distance is 66.7km (approximately 50 minutes
one way) from the waste facilities in Toowoomba City to the major irrigated cropping
areas. Different distances are set as short distance (10 min), medium distance (30

min), and long distance (50 min).

6.3.2.1. Resource use performances (land and water)

In relation to resource uses, total water uses amount to the cap of the
constrained water availability (38.92GL), in which cotton cultivation consumes
23.25GL and wheat cultivation consumes 15.67GL. Total irrigated areas are close
among the baseline scenario, mulching scenario and composting scenario (10,771
ha) with cotton cultivation taking up 3,003 ha and wheat cultivation taking up 7,768
ha. The water applied reaches the maximal allowable amount, 7.74ML/ha for cotton
and 2.02ML/ha for wheat.

The irrigated areas in the combustion scenario reaches the upper limit of the
constrained available irrigated land (11,652 ha) with the primary change in cotton
cultivation taking up 3,884 ha and wheat cultivation remaining at 7,768 ha. The water
application rate of cotton is correspondingly reduced to 5.99ML/ha with that of wheat
maintaining at 2.02ML/ha.

6.3.2.2. Economic performances (gross margins and profits)

Figure 6.3 shows the trends of impacts that different logistic distances in
lengths of time (min) would have on total profits. The total profits made by
implementing a combustion practice on crop residues are significantly more than
profits incurred by implementing ploughing into soil, mulching, and composting. The
baseline scenario has the second highest total profits. The transport distance does
not have remarkable influences on the profits. On each km increase in
logistic/transport distance, the total profits will decline by AU$10,072 for mulching,
AU$10,258 for composting, and AU$10,631 for combustion.
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Figure 6.3. Total profits on different average freight to site distances for the baseline scenario

(ploughing into soil) and optimization scenarios: 1. mulching, 2. composting, and 3. combustion.

To examine how the distance would change the total costs, a breakdown of
total charged costs and avoided costs generated by different farming activities in the
cropping system is presented below in Figure 6.4. Proportions in different charged
costs do not vary significantly in all three alternative disposal scenarios as the
distance from cropping areas to waste facilities increases, such as logistic cost
ranging from 0.7% to 3%. Avoided costs are primarily incurred by changing the
original crop residue management practice (costs of ploughing into soil, around 3%)
and associated GHG emissions (carbon cost, about 0.3%). The avoided energy cost
in the combustion scenario, which can offset approximately 80% of the total charged
costs. This avoided energy cost is incurred by major energy recovery (electricity)
from waste facilities. This can clarify why all combustion/incineration (with energy
recovery) related scenarios contribute to total profits significantly with an economic

edge of AU$13 million — AU$18 million over the other scenarios.
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residue disposal with different logistic distances in Toowoomba Region. A short distance for transport of crop
residues is approximately 14 km on average (0.17 hr), while a medium one is 40 km (0.5 hr) and a long one is 67
km (0.83 hr).

6.3.2.3. Environmental performances (GHG emissions)

Generally, the level of total GHG emissions caused by conducting a
combustion practice are remarkably higher (between 90 ktCO2e and 95 ktCO2e)
than those by the other three scenarios. Though the baseline scenario has the
second highest total profit, the associated GHG emissions (between 30 ktCO2e and
35 ktCO2e) are much lower than the composting scenario (50 ktCO2e and 55
ktCO2e). The mulching scenario makes the lowest level of GHG emissions (25
ktCOZ2e and 30 ktCO2e).

Likewise, the transport distance has no obvious influences on the emissions.
Within the Toowoomba Region, on each km increased transport distance, the total
GHG emissions increase by 20.89 tCO2e for mulching, 20.70 tCO2e for composting
and 21.64 tCO2e for combustion. The effects are in a linear pattern with a mild

upward trend (Figure 6.5).

Total GHG emissions (ktCO2e)

10 30 50

Average freight to site {min)
Figure 6.5. Total GHG emissions on different average freight-to-site distances for the baseline scenario

(ploughing into soil) and optimization scenarios: 1. mulching, 2. composting, and 3. combustion.

Figure 6.6 gives a breakdown of GHG emission sources for all activities.
Apart from all the major farming related activities as the main GHG emission sources
in all the three scenarios, processing crop residues in composting and combustion

scenarios cause significant GHG emissions, around 41% and 67.5% respectively.
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management related activities, and avoided GHG emissions. The biggest part, all farming related activities, refers

to GHG emissions from all pre-farm, on-farm, and off-farm activities.

The proportion of GHG emissions caused by logistics is changed slightly
between each scenario (below 5%). The avoided GHG emissions contribute to a
certain part in all three scenarios (around 10%). Despite a significant amount of total
GHG emissions generated in combustion (up to 91 ktCO2e), the avoided GHG
emissions are 12.7 ktCO2e. With the same amount of avoided GHG emissions (4.1
ktCO2e), composting causes 51 ktCO2e while mulching brings up to 28 ktCO2e. By
contrast, mulching shows a better GHG emission performance by offsetting a higher
percentage of GHG emissions.

6.3.2.4. Discussions

With an overview, the limited effects incurred by logistics mainly present in
economic and environmental performances, as changes to different transport
distances does not result in changes in the core independent resource variables. In
this case, impacts of distances are in a linear mode with a subtle downward trend.
Like the carbon price, transport distance is also a univariate factor that appears to be
not sensitive to the system and has not correlated with many other
parameters/factors in the system (low order).

The trend of profits indicates that changing from a near location (short
distance) of waste facilities to a remote location (long distance) incurs a decrease by
less than AU$2 million, which is mainly shown in an increase in the logistic cost. As
to the GHG emissions, the trend shows that changing from a near location (short
distance) of waste facilities to a remote location (long distance) incurs an increase by
less than 2 ktCO2e. These changes are comparatively small to the total profits and
total GHG emissions of the whole system, but by examining the results alone they
are actually consistent with other studies researching logistic costs engaged in
transporting crop residues (Ramamurthi et al. 2014; Suardi et al. 2019; Wang et al.
2021). Thus, it implies that transport distance would not be the major
parameter/factor affecting the optimal performances of the cropping compared to the
other parameters/factors in the system.
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6.4. Conclusion

This chapter has discussed critical factors that potentially influence the
extended models regarding crop residue disposals. Based on literature review and
the results of sensitivity analysis on the model in Chapter 4, three main factors are
considered in this chapter, to investigate how they would change the optimal
outcomes of the single crop rotation system: (1) alternative crop residues (mulching,
composting, combustion), (2) a regular carbon price policy on each practice, and (3)
different logistic distances to collect and deliver crop residues.

By reviewing the results within this chapter, it has been found out that
changing to a different practice of disposing crop residues is impactful on economic
returns and GHG emissions. Under identical constrained resource use, the economic
performances are the best in a combustion practice (total profits around AU$38.44
million without carbon cost), followed by the conventional agricultural practice,
ploughing into soil (total profits around AU$25.20 million without carbon cost), and
appear the worst in a composting practice (total profits around AU$21.26 million
without carbon cost). The GHG emissions manifest the best outcomes in the
mulching practice (28 ktCO2e), closely followed by ploughing into soil (31 ktCO2e).
Emissions from composting and combustion almost double and triple as opposed to
ploughing (51 ktCO2e and 91 ktCO2e, respectively). A regular carbon price policy
(AU$15.99/tCO2e) or different logistic distances imposes limited linear changes on
optimized outcomes in profits, GMs and GHG emissions.

Given the key results in Chapter 4, 5 and 6, the next chapter will further
discuss potential factors that may affect the optimal results. Also, limitations
throughout this study are to be discussed to provide advice about further peer

studies in the future.
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CHAPTER 7: FURTHER DISCUSSIONS

Drawing insights from key results and preliminary discussions in the previous
three chapters, this chapter will explore other factors that are possibly influential on
optimized model outcomes and their potential implications. These potentially
impactful parameters have been selected from the ranking in the Sensitivity Analysis
in Chapter 4 conjunctively considering findings in the Scenario Analysis in Chapter 5
and 6. Subsequently, limitations of the study will be discussed in conjunction with
possibilities of reducing the gaps. This is to achieve Objective (5) described in
Chapter 1.

7.1. Other possibly impactful factors and potential implications
7.1.1. Rainfall

Rains falling on soils will not be fully used by crops. Some of the rainwater
percolates through the soil to the root zones, while some runs away over the land
(run-off). Water via deep percolation and run-off cannot naturally be used by plants
(unless manually collected and used), which claims to be “ineffective”. Therefore, the
remainder stored in soil and used by plants is called “effective” rainfall (Ali et al.
2017; Luo et al. 2022). The effective rainfall will likely affect water application rates in
irrigation activities in a direct way, in particular under a deficit irrigation practices as
in this study. As the water application is constrained under the maximal crop water
requirements, certain amount of effective rainfall will change the water application
rates.

As per the ranking in the sensitivity analysis on the basic model, the sensitivity
of effective rainfall as a parameter in the models is remarkable, close to water
application rates and irrigated land. This factor has not been selected for scenario
analysis in the previous chapters, as rainfall is usually closely associated with water
allocation for the water year (Bewsher Consulting Pty Ltd 2019; MDBA 2022a). The
water allocation may vary from year to year, depending on what year it is, namely
wet year or dry year (Sunwater 2019b; MDBA 2022b). Estimation of water
allocations is a complicated process with decision making given various factors
(MDBA 2022b). There has not been a reliable model to build up a relationship

between rainfall and water allocations.
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Thus, in this scenario analysis it is assumed that the water allocations remain
the same under different precipitation conditions. Different levels of rainfall are
designed for a dry, moderate, and wet year respectively in Table 7.1 to generally

examine how effective rainfall affects the optimized system performances/outcomes.

Table 7.1. Rainfall and corresponding effective rainfalls during each crop cultivation in a dry, moderate,

and wet year, respectively, in Toowoomba Region.

Dry year Moderate year Wet year Average year
Summer rainfall (mm) 180 433 1,118 465
Effective rainfall during

128 168 237 171

cotton cultivation (mm)
Winter rainfall (mm) 16 139 240 126
Effective rainfall during

I 16 108 148 96
wheat cultivation (mm)

Key results show that the values of irrigated land, profits and greenhouse gas
(GHG) emissions do not have significant differences among the baseline scenario
(average rainfall), the moderate year, and the wet year. But in the dry year, total
irrigated land is below 5,000 ha; total profits are below AU$20 million; total GHG
emissions are roughly half of those in other three scenarios. In a dry year, irrigated
land allocated to cotton is more than that in a moderate or wet year, and water is
more supplied via irrigation for cotton. Combined with results and discussions in
Chapter 4 and 5, this has weakened the advantage of wheat cultivation over cotton
cultivation. It indicates in this case cotton cultivation will take precedence over wheat
cultivation. However, when there is more rainfall supplementary to irrigation in wheat
cultivation, wheat will be grown in more allocated irrigated areas than cotton under a
high wheat price (AU$400/t) as indicated in the scenarios discussed in previous
chapters.

The crop water requirements in all these effective rainfall related scenarios
reach the maximal amount (cotton: 9.45 ML/ha; wheat: 3.26 ML/ha), except for
cotton in a wet summer (8.81 ML/ha). Accordingly, maximal crop yields have been
reached (cotton: 6.21 t/ha, or cotton lint: 11.48 bale/ha; wheat: 6 t/ha), except in a
wet summer (cotton: 5.85 t/ha, or cotton lint: 10.82 bale/ha). The total water uses
reach the maximal water availability 38.92GL for all. Results of water application
rates and irrigated land for cotton and wheat in years with a dry, moderate, and wet
year are listed below:

e Inadryyear,

water application rate: cotton 8.17 ML/ha, wheat 3.11 ML/ha;
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irrigated land: cotton 4,657 ha, wheat 278 ha.

¢ In a moderate year,

water application rate: cotton 7.77 ML/ha, wheat 2.19 ML/ha;
irrigated land: cotton 2,823 ha, wheat 7,768 ha.

e In awet year,

water application rate: cotton 6.45 ML/ha, wheat 1.79 ML/ha;
irrigated land: cotton 3,884 ha, wheat 7,768 ha.

Figure 7.1 shows the total irrigated areas, total profits and total GHG

emissions in the three different types of water years.
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Figure 7.1. Total irrigated areas, total profits, and total GHG emissions in a dry, moderate, and wet
year. On top of the baseline scenario, the other three represent the dry year, the moderate year, and the wet

year, respectively.
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Under a deficit irrigation practice and highly restricted water resource
conditions, the rainfall, or effective rainfall, essentially changes the upper limit of
water application rates on the crops, which in turn changes the optimal water
application rates. This is different from scenarios with parameters that appear not so
impactful, such as energy costs and logistic distances for transporting crop residues,
where the upper limits of water application rates remain fixed. If there is no
significant change caused by a certain factor on the actual water application rates
and irrigated land, this factor will have limited effects on the optimized outcomes.
The effects will present in a linear pattern, which means when continuing changing
(increasing/decreasing) the parameter the optimized outcomes (either profits or GHG

emissions) will change (increasing/decreasing) linearly.

7.1.2. Cost of processing and disposing crop residues

Costs imposed on crop residue treatment, processing and disposal (mulching,
composting, and combustion with energy recovery at facilities) vary widely, ranging
from AU$0/t to AU$90/t crop residues, depending on the individual business and
market. For instance, composting can be free in some private businesses like
WestRex (2023), while can be up to AU$90/t like Phoenix Power Recycles (2022).
WestRex (2023) mainly charge for logistics and re-sale of end products, high-grade
and certified compost, which can be re-applied to farms. In contrast, Phoenix Power
Recycles (2022) charge fees not only for the treatment and disposal work but also
for logistics and re-sale (prescription compost as soil conditioner/booster).

There has been a lack of policies and regulations of this kind of costs imposed
on crop residue disposals. The pricing for disposing crop residues is estimated under
other types of green residues. A very common and typical mode about this in
Australia is that local municipalities or regional councils take in green wastes and
send them to landfill. These green wastes are commonly forestry residues and green
residues collected from local residential communities (Toowoomba Regional Council
2022a). The commercial charges on disposing these green wastes can be as high as
AU$50/t and beyond (Toowoomba Regional Council 2022b).

As per the sensitivity analysis on the two extended models related to crop
residue disposals, the costs of disposing crop residues are important compared to
other factors/parameters. According to the wide range of commercial quotes on

disposing crop residues in either mulching, composting or combustion, here low,
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median and high charges are imposed to investigate how these different costs would
affect the optimized outcomes of the models. Table 7.2 outlines a low, median, and
high level of commercial fees charged by the private businesses for the three

alternative disposal services.

Table 7.2. Low, median, high commercial charges for mulching, composting, and combustion (energy

recovery), as well as crop residue management costs in the baseline scenario.

Low charge Median charge High charge

Cotton stalk:
Baseline:

63
Ploughing into soil

Wheat straw:
(AUS$/)

53
Mulching (AU$/t) 10 40 70
Composting (AU$/t) 0 45 90
Combustion (AUS$/t) 30 50 70

As the costs of processing and disposing crop residues increase on the same
numerical range from AU$0/t to AU$90/t, the combustion scenarios are the most
profitable, decreasing in the slowest way from AU$38.06 million to AU$35.89 million
(AU$24,111 decreased on each AU$1/t increased). It is followed by mulching
scenarios, decreasing from AU$22.65 million to AU$19.49 million (AU$53,670
decreased on each AU$1/t increased). Composting scenarios can be the least
economically beneficial, decreasing in the fastest way from AU$22.81 million to
AU$18.07 million (AU$35,113 decreased on each AU$1/t increased) (Figure 7.2).

40.00

35.00

30.00
= Scenario 3: combustion

Scenaria 2: camposting

Scenario 1: mulching 25.00

Total profit (AUSmillion)

Baseline: ploughing into soil

20.00

15.00
0 45 90

Cost of treatment and processing on crop residues (AUS/t erap residues)

Figure 7.2. Total profits in trends for the four major crop residue management/disposal methods in this
study: ploughing crop residues into soil (baseline), mulching, composting, and combustion (energy recovery) with

different levels of commercial charges imposed on each method.

These costs of processing crop residues do not create direct effects on GHG
emissions, because this factor, cost of treating, processing, and disposing cotton
stalk/straw, is an economic parameter and affects the economic performances most

directly. While converting an “incorporation into soil” practice (baseline scenario) to a
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mulching practice (scenario 1) in disposing the residues, the total net GHG
emissions decrease from 31 ktCO2e to 29 ktCO2e; when converting an
“incorporation into soil” practice (baseline scenario) to a “composting practice”
(scenario 2), the total net GHG emissions increase from 31 ktCOZ2e to 52 ktCO2e;
when converting an “incorporation into soil” practice (baseline scenario) to a
combustion practice (scenario 3), the total net GHG emissions surge from 31
ktCO2e to 91 ktCO2e.

These key results and trends indicate that the costs of processing and
disposing crop residues have a limited effect on the optimized outcomes. The major
effect shows up mainly on optimized profits and it is in a linearly decreasing pattern

as this cost is increasing.

7.1.3. Coefficient of collected and utilized residues

Throughout the logistics process from collecting crop residues on farms to
disposing the crop residues at facilities, there is a considerable quantity of residues
lost (Chen 2016; Ali et al. 2019; Scarlat et al. 2019a; Flower et al. 2022). The ratio of
crop residues that are collected on a farm and utilized for end products at waste
facilities to the total theoretical crop residues yielded from crops is roughly 50%
(WestRex 2023), which is named the conjunctive coefficient of collected and utilized
crop residues in this thesis. According to the sensitivity analysis, the coefficient of
utilized cotton stalk/straw is significantly more sensitive than that of utilized wheat
straw. The coefficient of utilized wheat straw is close to the origin point and can be
disregarded (Figure 4.7 and Figure 4.8). In addition, this efficiency in collecting and
utilizing/converting crop residues during logistics are essential to potentials of
biomass (Ramamurthi et al. 2014; Scarlat et al. 2019b; Wang et al. 2021). Thus, the
coefficient of utilized cotton stalk/straw will be tested to examine how increased
efficiency about collecting and utilizing cotton straw/stalk would influence the
optimized outcomes. Here, three values of the coefficient are set in each residue
disposal practice: 50%, 70%, and 90%.

Key results show that the overall effects are limited, showing primarily on
profits and GHG emissions. Total profits generated by scenarios with composting are
a bit lower than those generated by mulching (about an average gap of AU$0.6
million). As the efficiency increases, total profits by mulching decrease from
AU$21.07 million to AU$20.31 million (AU$18,794 decreased per 1% efficiency of
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utilization on cotton residues increased), while total profits by composting decrease
from AU$20.44 million to AU$19.52 million (AU$23,058 decreased per 1% efficiency
of utilization on cotton residues increased). On the contrary, total profits by
combustion increase remarkably from AU$36.97 million to AU$40.81 million
(AU$95,888 increased per 1% efficiency of utilization on cotton residues increased).
The downtrend of total profits generated in either mulching or composting at an
incremental efficiency of cotton residues utilization is caused by an increasing
commercial cost imposed on processing these residues. The uptrend shown in
combustion is primarily due to the avoided costs in combustion, from energy
recovery offsetting a considerable part of energy costs (up to AU$2,947/ha for cotton
cultivation and AU$1,462/ha for wheat cultivation) and a certain amount of avoided
carbon costs (up to AU$21.42/ha for cotton cultivation and AU$10.62/ha for wheat
cultivation) (Figure 7.3).
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Total profit (AUSmillion)
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Conjunctive coefficient of collected and utilised cotton straw/stalk
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Conjunctive coefficient of collected and utilised cotton straw/stalk

Figure 7.3. Total profits and total GHG emissions for different conjunctive coefficient of collected and

utilized cotton straw/stalk in scenarios with mulching, composting and combustion, respectively.

Regarding total GHG emissions, an increasing efficiency on collection and
utilization of cotton stalk/straw create subtle changes in scenarios with mulching. The
emissions are slightly below 30 ktCO2e. As the efficiency increases, total GHG
emissions in scenarios with composting increase apparently from about 50 ktCO2e

to approximately 60 ktCO2e (nearly 0.25 ktCO2e increased per 1% efficiency of
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utilization on cotton residues increased). The uptrend for the scenarios with
combustion is more remarkable from about 90 ktCOZ2e to approximately 110 ktCO2e
(nearly 0.5 ktCO2e increased per 1% efficiency of utilization on cotton residues
increased). This suggests the mulching practice being a more environmentally
friendly method to managing, processing, and disposing crop residues in contrast to
the other three scenarios.

7.1.4. Efficiency of energy recovery at facilities

In this study, the efficiency of energy recovery, or power generation, is the
part of energy contained in crop residues convertible to usable electricity at the
waste facilities. It is a coefficient of generated electricity from a theoretical lower
heating value of crop residue determined by the capacity, techniques, and methods
owned by the waste facilities (Ali et al. 2019; Jiang et al. 2019; Momayez et al. 2019;
Siwal et al. 2021; Van Fan et al. 2021). In the regular combustion/incineration
scenario, this efficiency for generating electricity by combustion is generally 30%
(Remondis 2022).

According to the sensitivity analysis particularly on the combustion practice
engaged model, this efficiency is more sensitive than (1) the costs of processing and
disposing residues and (2) the conjunctive coefficient of collected and utilized cotton
residues. Also, from the key results related to combustion scenarios in Chapter 6,
the energy recovery strategy has worked with positive results in particularly
performances of profits. It can concurrently be challenged against its intensive GHG
emissions, which triples those from the other crop management/disposal strategies,
due to the embedded techniques in the local waste facilities that considerably emit
GHGs (ALCAS 2020; lifecycles. 2020). However, according to literature in Chapter 2,
numerous studies have advocated for a better usage of crop residues as a good
biomass/bioenergy source. In these regards, it is still worthwhile to further assess
how increased efficiency of generating electricity at the waste facilities by
combusting crop residues would impact the optimized outcomes. Here, three values
of the efficiency are set in combustion: 30%, 50%, and 70%.

Key results show that while enhancing the efficiency of power generation by
combusting crop residues (from 30% to 70%), the total profits increase from
AU$36.97 million to AU$60.77 million (almost AU$0.6 million increased per 1%
power efficiency increased). The total GHG emissions correspondingly decrease
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from 91.43 ktCO2e to 80.69 ktCO2e (about 2.3 ktCO2e decreased per 1% power
efficiency increased). This reveals an increase in efficiency of power recovery during
a combustion practice in disposing crop residues does significantly promote
economic returns in the form of avoided energy costs, while it mitigates a certain
amount of GHG emissions. When the efficiency is enhanced to a high level (70%),
the total GHG emissions are nearly 30 ktCO2e greater than those caused by
composting related scenarios. Figure 7.4 presents the main impacts on the total
profits and total GHG emissions in the combustion related scenarios (energy
recovery), in comparison with the baseline scenario, the regular mulching related

scenario and the regular composting related scenario.
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Figure 7.4. Total profits and total GHG emissions for different power generation efficiency in
combustion at facilities in comparison with total profits and total GHG emissions from the baseline scenario,

mulching scenario and composting scenario.

7.1.5. Feed-in tariffs of electricity

Electricity converted by solar power systems can be used in individual
households of residential communities (Ergon Energy 2022a). Any unused electricity
can be exported back to the electricity grid. Individuals may be eligible for a payment
for the exported electricity, which is called a solar feed-in tariff and served as a

dominant feed-in tariff policy in Queensland (Queensland Government 2022b). There
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has been a lack of pricing policies and regulations feed-in tariffs on other types of
renewable energy in Queensland. Here in this thesis, the power feed-in tariff on the
energy recovery involved in the combustion scenario model is designed to be
identical to the regular tariff (AU$0.26/kWh) imposed on farming. This assumes that
the generated power by combustion is returned to the farming areas to offset part of
energy use. However, this energy recovery feed-in tariff (AU$0.26/kWh) is still a bit
high in comparison with a regular level of solar feed-in tariff (as low as
AU$0.09/kWh) (Ergon Energy 2022a). Thus, in this section lower levels of feed-in
tariffs are attempted in scenarios to explore how different feed-in tariffs on recovered
energy can affect the optimized outcomes with AU$0.06/kWh, AU$0.16/kwh, and
AUS$0.26/kWh.

When the power feed-in tariffs are lower than AU$0.16/kWh, the resource use
performances for the cropping system are as below:

e Water application rates: cotton 7.74 ML/ha, wheat 2.02 ML/ha,;

e Irrigated land: cotton 3,003 ha (28%), wheat 7,768 ha (72%);

e Total irrigated areas 10,770 ha (not reaching the maximal limit);

e Total water uses 38.92 GL (reaching the maximal water availability

constraint).

When the power feed-in tariffs are higher than AU$0.16/kWh, the resource
use performances for the cropping system will change, mainly in cotton growing, as
below:

e Water application rates: cotton 5.99 ML/ha, wheat 2.02 ML/ha;

e Irrigated land: cotton 3,884 ha (33%), wheat 7,768 ha (67%);

e Total irrigated areas 11,652 ha (reaching the maximal limit);

e Total water uses 38.92 GL (reaching the maximal water availability

constraint).
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Figure 7.5 presents the impacts on the total profits and total GHG emissions

in the combustion related model, in comparison with the other scenarios.
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Figure 7.5. Total profits and total GHG emissions for different energy recovery feed-in tariffs in
combustion at facilities in comparison with total profits and total GHG emissions from the baseline scenario,
mulching scenario, and composting scenario.

When the feed-in tariff in the combustion related scenarios decreases from
AU$0.26/kWh to AU$0.06/kWh, the total profits accordingly decrease from AU$36.97
million to AU$23.50 million (AU$67.37 million decreased per AU$1.0/kWh tariffs
decreased). When it comes to around AU$0.08/kWh, the total profits are almost
equal to the baseline scenario (AU$24.71 million). The total GHG emissions are 88
ktCO2e with a tariff lower than AU$0.16/kWh and 91 ktCO2e with a tariff greater
than AU$0.16/kWh. It indicates that an increase in power recovery feed-in tariffs
would enhance the overall economic performance and meanwhile not comprise the
environmental performance. This can attribute to the role of feed-in tariffs played in
positively impacting economic returns and meanwhile not impacting GHG emissions
significantly. This parameter/factor can be perceived as univariate that imposes
irregular/non-linear effects on the optimized outcomes of the cropping system
particularly profits.
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7.1.6. Implications for land and water uses

The key results and discussions in the previous chapters indicate that
changes are seen in either resource use performances (total land use, total water
use), economic performances (gross margins, profits) or environmental
performances (mainly GHG emissions), when the two key independent variables,
irrigated areas and water application rates, change.

The two key variables present the optimized solutions in pairs as they usually
change interconnectedly. The more optimal solutions of the two variables are found
under the impacts of a certain factor, the more essential and noteworthy this factor
will be. For instance, crop prices, as an important factor investigated in Chapter 5,
are remarkably influential as there are four pairs of optimal solutions on these two
variables in cotton cultivation and two pairs of them in wheat cultivation.
Contrastingly, for other factors like energy types, the optimal solutions for both cotton
and wheat only have one certain pair. As such, the crop prices are regarded as a
more influential factor than the energy types. The different pairs of optimal solutions
on these two independent variables for the two crops are obtained from all scenarios

including those in section 7.1 and listed in Table 7.3 as below.

Table 7.3. A summary of optimized water application rates and irrigated areas.

Crops Water application rate (ML/ha) Irrigated land (ha)

Cotton 3.42 11,373
5.99 3,884
6.45 3,884
7.74 3,003
7.74 5,026
7.77 2,823
8.17 4,657

Wheat 0.00 278
1.79 7,768
2.02 7,768
2.19 7,768
3.11 278

The most frequently gained pairs of optimal water application rates and
irrigated areas across all the scenarios are:
e Cotton: water application rate 7.74 ML/ha paired with irrigated land 3,003
ha;
e Wheat: water application rate 2.02 ML/ha paired with irrigated land 7,768
ha.
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Most scenarios present such paired optimal solutions because they commonly
feature a high level of wheat price (AU$400/t). The edge of cultivating cotton is not
obvious from the point of economic returns with this high wheat price. This promotes
the advantage of cultivating irrigated wheat relative to cultivating cotton considering
maximization of the total profits for the cropping system.

The second most frequently gained paired optimal solutions are:

e Cotton: water application rate 5.99 ML/ha paired with irrigated land 3,884

ha;

e Wheat: water application rate 2.02 ML/ha paired with irrigated land 7,768

ha.

A much lower wheat price may also result in a big change in the optimal
solutions, like wheat prices below AU$300/t, leading to:

e Cotton: water application rate 7.74 ML/ha paired with irrigated land 5,026

ha;

e Wheat: water application rate O ML/ha paired with irrigated land 278 ha.

When some factors/parameters change in scenarios, leading to a change of
optimized results on the two key variables, the impacts of the factors are displayed in
a non-linear pattern. For example, the optimal results of either gross margins, profits
or GHG emissions towards different crop prices will be changing generally in a
discontinuous/non-linear pattern, showing irregularity. Opposed to this, factors like
energy costs will exert influences on the cropping system in a generally linear
pattern. In such scenarios, the optimal water application rates and irrigated land are
normally not changing. This is due to strictly constrained irrigated land availability
and water application rates.

There has been deficit irrigation implemented in the cropping system, in which
water application rates are supposed to not exceed the maximal crop water
requirements for each crop. Under these restricted conditions, there will be a limited
guantity of optimal solutions that can be found by model solving in maximizing the
total profits of the cropping system. The unchanged water application rates and
irrigated land will likely lead to a linear pattern of results on profits and/or GHG
emissions. Therefore, the impacts of these factors will be like functions
demonstrating a regular linearity, such as carbon price, transport distance on crop

residues, costs of processing and disposing crop residues.
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As mentioned above, the factors can be classified into univariate and
multivariate ones, which contain single variable/parameter and multiple
variables/parameters, respectively. Table 7.4 summarizes factors in all scenarios in

this study paired with their impacts on the cropping system.

Table 7.4. A summary of univariate and multivariate factors involved in all scenarios within this study as

well as impacts imposed on the cropping system.

No. Factors Parameter type Impacttype Major affected performances
] Univariate, ) Resource (land and water), economic,
1 Crop price ) Non-linear ) o
economic environmental (GHG emissions)
Multivariate, ) ] ) o
2 Energy types Linear Economic, environmental (GHG emissions)
resource
Univariate, ) ) ) o
3 Energy costs ) Linear Economic, environmental (GHG emissions)
economic
Methods of crop Multivariate, ] Resource (land and water), economic,
4 . ) Non-linear . o
residue management integrated? environmental (GHG emissions)
Univariate, ) .
5 Carbon costs ) Linear Economic
integrated

Logistic distance in Univariate, . . ) o
6 ] ) ) Linear Economic, environmental (GHG emissions)
transporting residues  technical

) ) Univariate, ] Resource (land and water), economic,
7 Effective rainfall ) Non-linear . .
environmental environmental (GHG emissions)
Costs of processing o
) ) Univariate, ) )
8 & disposing crop ) Linear Economic
) economic
residues
Conjunctive
coefficient of Multivariate, ] ] ) o
9 . ) Linear Economic, environmental (GHG emissions)
collected & utilized technical
cotton straw/stalk
Efficiency of power
generation by Univariate, ] ] ) o
10 . ) Linear Economic, environmental (GHG emissions)
combustion (energy  technical
recovery)
Feed-tariff towards Univariate, ) Resource (land and water), economic,
11 . ) Non-linear . L
power generation economic environmental (GHG emissions)

@ An integrated type of parameters is combined with more than one characteristics, such as methods of crop
residue management including resource use, prices and/or costs, GHG emissions, techniques, etc, unlike a cost
that only features an economic index.

b A technical type of parameters is referring to parameters with features other than those resource, economic or

environmental related.

The four most essential factors are crop prices, effective rainfall (or rainfall),
types of crop residue management practices, and power feed-in tariffs, as they all

essentially influence the optimized resource use (land and water) and in turn change
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economic and environmental performances. They commonly feature a non-linear
pattern of impacts on the cropping system and contribute to enhancing revenues. By
contrast, if economic and/or environmental performances are changed, the factors
may not have remarkable effects, such as alternative energy used in irrigation, costs
associated with processing and disposing crop residues. Cost related factors usually
have limited effects, mainly showing on economic performances (gross margins,
profits), in a linear pattern. Crop residue management practices like mulching and
composting involve avoided costs as well. However, the avoided costs or additionally
achieved revenues are not influential to change the optimal water and land
allocations.

7.2. Study limitations and possible solution
This section will outline and discuss all related limitations throughout this
thesis which have potentially influenced the outcomes. Accordingly, viable solutions

are to be proposed given adequate research conditions.

7.2.1. Crop water production function
7.2.1.1. Limitations

As stated in Chapter 3, the Stewart model (Doorenbos et al. 1979; Steduto et
al. 2012) is selected as the main crop water production function (CWPF) to estimate
responsive crop yields to different levels of water application rates. This crop yield
model is primarily applied to a deficit irrigation practice, as it is essentially a linear
mathematic function with local maximal crop yields and corresponding local maximal
crop water demand as two key coefficients. The water application rate of one specific
crop should not exceed the capped water application rate obtained by the difference
between crop water demand and local average effective precipitation. Thus,
responsive crop yields with water application rates higher than this capped value
cannot properly be estimated. This little limitation is not technically affecting the work
as this thesis aims at studying agricultural Water-Energy-Food (WEF) nexus of a
single crop rotation system under a deficit irrigation practice mainly. But still it may be
of vital importance for other peer researchers that would wish to conduct similar
studies under a deficit and/or a full irrigation practice.

An indirect impact of this limitation may be limited optimal results derived in

model running, as the intervals on one of the core independent variables, water
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application rate, are strictly constrained under the maximal crop water requirement
and not many optimized solutions can be found. This can explain why optimal irrigated
land use and water application rates do not change in some scenarios with varied
conditions. Accordingly, the optimized outcomes of land and water resource uses,
economic returns and GHG emissions will not vary significantly.

Another limitation about the CWPF selected for this study is the crop vyield
response factor and crop coefficients embedded in the model. The crop yield response
factor represents the effect of a reduction in evapotranspiration on yield losses. The
crop coefficients for each growth stage are mainly used to estimate evapotranspiration
of that crop. Values for these two types of coefficients are derived from Steduto et al.
(2012) and Brouwer et al. (1986a) respectively. Coefficients involved in a CWPF can
only be accurately determined by experiments or software. It is rather time-consuming
and cost-consuming and requires extensive precise crop growth data to simulate each
crop growth stage, as stated in the literature review in Chapter 2. It is impossible to
conduct either in-field experiments or software simulations due to restricted funding
and time in our study.

The main issue that has been incurred and impacting the work is that the crop
yields (cotton and wheat) may not have perfectly been determined as the coefficients
are not locally contextualized. However, the values are based on the analysis of an
extensive amount of the available literature on crop-yield and water relationships and
deficit irrigation (Steduto et al. 2012). This is the only and best way to determine the
crop yield response factor and the maximal crop water demand under a limited

timeframe and funding of this study.

7.2.1.2. Potential solutions

Under sufficient research conditions, it will still be recommended to simulate
crop growth and determine crop yield models by means of software for future
studies. Classic software packages simulating crop growth include Aqua Crop
(Steduto et al. 2009; Foster et al. 2017; FAO 2021a), Agricultural Systems Modelling
and Simulation (APSIM) (Keating et al. 2003; APSIM 2021), Decision Support
System for Agrotechnology Transfer (DSSAT) (Hoogenboom et al. 2004; DSSAT
2021) and CROPWAT (Smith et al. 2002; FAO 2021b). They are powerful in
presenting detailed crop physiological responses to water deficits and enabled to
predict natural crop-water production relationships in finer temporal scales (daily)
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than the above additive and multiplicative models (each growing stage lasting for
dozens of days).

These software packages also embrace a broad array of functionalities
determining associated environmental conditions and irrigation management
practices, such as precipitation, evapotranspiration, temperature, CO2, soil profile,
groundwater table, irrigation mode and scheduling, field practices. In this case, these
programs can better serve to simulate the crop growing as realistic as possible on a
daily basis in conjunction with all potential surroundings and climatic conditions as a
whole cropping system, as well as to possibly predict the crop yields in an more
accurate way (Foster et al. 2018).

In this way, a full functional model can be obtained involving both deficit
irrigation and full irrigation conditions. These functions can be in either a generally
cubic form (An-Vo et al. 2014; An-Vo et al. 2015; Maraseni et al. 2021) or a
qguadratic/parabola form (Peng et al. 2003; Zhang 2009). The crop yields are
increasing as the water application rate increases; crop yields will peak when water
application reaches the full irrigation point (or minimal crop water requirement); then
yields will be declining as the water application rate increases.

If there are adequate datasets, coefficients of well-established crop models
(namely Crop Coefficient Models) can be determined by curving fitting. Usually these
functions are in a quadratic/parabola form (Peng et al. 2003; Zhang 2009). The data
can be either primary or secondary. Primary datasets are usually derived by real in-
field experiments that would take years. Secondary datasets are supposed to reflect
crop yields responsive to both deficit and full irrigation conditions rather than to present
crop yields responsive to only full irrigation practices throughout years.

Alternatively, a linear crop coefficient model can be used to simulate crop yields
under deficit irrigation conditions, while the limitation is the inability to simulate the full

irrigation part as discussed. The coefficients are expected to be curve fitted as well
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based on high data requirement like a quadratic/parabola model. One possible way to
reduce the limitation of this linear function about the full irrigation part (beyond the
point of maximal crop water demand) is simulating the coefficient of the function for

the full irrigation part, as indicated in the dash lines below in Figure 7.6.

Crop yields (tha)

h“-“--.
/

v

Water application rate (ML/ha)

Figure 7.6. Linear crop water production function (CWPF) with supplementary part for full irrigation
conditions. The left solid line in dark green is the Stewart model, while the dash lines are assumed/simulated
models under full irrigation conditions, supplemented to the solid line. CWR refers to crop water requirement and
responsively a maximal crop yield (Ymax) is gained. a0, a1, a2, a3 are values of slopes for these lines, where a0
and a1 have the same absolute values. These values are determined by native maximal crop yields, crop yield

response coefficient, and native maximal crop water requirement.

As it is uncertain how the crop yields decline as the water application increases
after the peak point, the slope of the simulated part (mainly the crop response
coefficient) is still needed by curving fitting based on adequate datasets. An ideal
CWPF is a quadratic/parabola which presents the relationship of crop yields and water
use in a symmetrical pattern. Thus, Simulation 1 would be the theoretical
supplementary to the Stewart model (deficit irrigation) for a full irrigation condition,
when water application exceeds the crop water requirement and responsively crop
yields begin to drop. This function is a discontinuous function, namely a piecewise
mathematical function with two symmetrical linear functions on both sides, and hence
a0 and a1 have the same absolute values of slopes. There will accordingly be two

symmetrical functions to be established for further model solving. It should be noted
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that the results may be presented with slight deviations. So, during the model
development, the peak point needs rectifying and validating when necessary.

7.2.2. Water allocation and rainfall
7.2.2.1. Limitations

As noted in Section 7.1.1, water allocation varies from year to year,
depending on what year it is, namely wet year or dry year (Sunwater 2019b; MDBA
2022b). While studying impacts of rainfall on the cropping system, changes in rainfall
will likely result in changes in total allocated water availability. However, there has
not been a reliable model to establish a functional relationship between rainfall and
water allocation, especially not on a high-resolution scale, such as local or farm.
Estimation of water allocation is a complicated process with decision making
considering many other factors, such as sustainable diversion limits and carryover,
droughts (MDBA 2022b). Additionally, water entitlement and allocation are based on
catchments, and thereby making it tough to estimate water allocation for a local
governmental area scale. Moreover, agricultural sectors are usually defined as a
medium priority for water use and divided into cropping, forestry, livestock, fishery,
and so on. As such, an accurate amount of water that is specifically allocated to

cropping is not possible to estimate.

7.2.2.2. Potential solutions

If conditions permit, it is still constructive to build up a functional relationship
between water allocation and effective rainfall by referring to policies and regulations
regarding water entitlement, allocation and trading, and by communicating with
organizations like Murray Darling Basin Authority (MDBA) for data access and
specific mechanisms on water allocation. Such organizations may be able to provide
information about how allocations are calculated. In particular, access to water
allocation to a small scale such as a local farm will facilitate model development
under constrained conditions like water resource.

Particularly, data collection of water allocation to specific farms is very
challenging. The total maximal water availability/allocation is one of the key resource
constraints influencing optimal model outcomes. Effective communications or

collaborations with farmers or any other stakeholders are supposed to be
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implemented throughout gathering essential information like exact water allocation.
This will significantly contribute to WEF nexus research on a farm scale.

7.2.3. Solar energy use in irrigation
7.2.3.1. Limitations

As indicated in the sensitivity analysis and key results in 7.1.5, a power-by-
combustion feed-in tariff rate is notably influential on the cropping system,
particularly on energy use in irrigation. A solar feed-in tariff policy could change the
economic performances by generating revenues or avoiding some energy costs and
may further affect GHG emissions (Scobie et al. 2020).

The energy use for irrigation in this study is diesel fuel, on-grid electricity and
solar photovoltaic (PV) power. However, the solar PV power used on irrigation driven
by photovoltaic panels/modules have not been popularized in Toowoomba Region,
so it is not practical to assume what is the commonly used type of solar PV systems.
In this study, it is assumed that there would be enough solar PV facilities in the
cropping areas, that the land occupied by the facilities would not be considered in
the total land uses, and that farmers could receive premium prices for the irrigation
practices with solar PV powers. So, it would not be feasible to conduct in-depth
research into how solar PV power use impacts the optimal performances of cropping
with further policy considerations in particular regarding a solar feed-in tariff.
Moreover, solar feed-in tariff policies are usually designed for residential
communities or small-scale businesses (Ergon Energy 2022a). This has added up
more uncertainties in determining average tariffs that are applied to the whole

Toowoomba Region.

7.2.3.2. Potential solutions

To quantify the annual capability of solar PV systems generating electricity, it
has to be found out which is the most commonly or typically used system in the local
area. This can be combined with considerations of climatic conditions from year to
year: estimating rainfall, water allocation, and overall daylight lengths for the total
capacity for generating solar power throughout a wet, moderate, and dry year,
respectively. In this way, scenarios can be designed by correlating irrigation water

with solar energy.
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The optimal economic feasibility of solar energy occurs when the solar energy
includes photovoltaic technology and remains eligible for a feed-in tariff. Such
renewable energy is currently incentivized due to its capacity to reduce on-farm
energy costs. Ergon has been evolving the solar feed-in tariff structures and the
power generated, remained, and exported back to the grid is critical to a solar PV
system investment (AgEcon 2019). Farmers are also encouraged to compare
different solar feed-in tariffs with different providers to get the best quote for their
farm businesses (QCA 2022). Regarding potential impacts of different feed-in tariffs,
relevant studies can expect to design scenarios with different levels of the tariffs.

Otherwise, it would be easier to include this policy in a study on a farm scale,
as feed-in tariff policies are usually designed for residential communities or small-
scaled businesses and solar PV systems can be well fitted on farms. However,
datasets can only be accessed by effective negotiations with farm owners, not only
about the solar energy but also about the water allocation and use on the farms,

provided that there is sufficient funding.

7.2.4. Projections of GHG emissions
7.2.4.1. Limitations

The Representative Concentration Pathways (RCPs) (Van Vuuren et al. 2011,
Wayne 2013) scenarios are enabled to predict GHG emissions from various
industries in the coming decades and centuries. They are basically environmental
and climatic factors oriented scenario models and can supply reliable outputs
relating to environmental changes in the future. However, the model developed in
this study is based on an agronomic framework, involving a variety of economic
parameters. This has made it impossible to project outputs of these parameters for
the future decades or even centuries.

This study develops models incorporating a regular carbon price policy to see
if a carbon price could impact the cropping system in a preliminary attempt. From the
sensitivity analysis, the carbon price policy does not significantly influence optimal
outcomes. The key results in crop residue disposal related scenarios with and
without a carbon policy also indicate the carbon price policy has a limited effect on
the cropping system in a linear trend, where profits are slowly decreasing while the
carbon costs are increasing. Policies, programs, and activities such as GHG

emissions reductions are not conducted as these will involve a broad variety of farm
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inputs reductions as well as their costs changes. How those inputs are reduced in
proportion cannot be determined. Due to a limited timeframe, no further actions on

carbon price policies or GHG emissions reductions targets are taken.

7.2.4.2. Potential solutions

One possible solution is to have in-depth designs of GHG emissions
reductions related scenarios by dividing farming activities into several parts
(agrochemicals and machinery, irrigation, crop residue management, and so on) and
studying GHG emissions from each part.

Another way is akin to Li et al. (2021) who utilized the RCPs scenarios to
project evapotranspiration of their cropping and forestry systems for future decades.
The models they have developed are primarily about resource uses, environmental
impacts and climatic changes. The series of studies by Li et al. (2015) since 2015
have often applied multi-objective modeling for optimization on WEF nexus in
irrigated agriculture under uncertainties of modelling parameters (Li et al. 2016b; Li
et al. 2017; Li et al. 2019b; Li et al. 2020; Li et al. 2021). This is a good way that the
model development separates economic parameters based sub-models and
environmental parameters based sub-models for different objective functions in a

compatible and integrated model.

7.2.5. Crop residues
7.2.5.1. Limitations

Linking crop residues to the agricultural WEF nexus framework is the biggest
research gap in this study, and it is challenging to overcome because of a severe
lack of information and datasets. Disposal methods for processing, disposing and
utilizing crop residues are very limited locally and there is no advanced technology
such as anaerobic digestion, co-fermentation, co-fire, gasification. Local authorities
like city councils or municipalities do not provide services on processing and
disposing crop residues (Toowoomba Regional Council 2022a). It is not common for
private businesses to deal with crop residues either. A small number of them may do
but usually they take in crop residues as a generic category of green waste like other
green waste (forestry residues, municipal green waste, and so forth). The costs
between existing simple disposal methods have much difference. It is an arduous

task to determine an average value of these costs for a local scale.
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7.2.5.2. Potential solutions

In these regards, an entry point can be an attempt to conceptualize and
contextualize the “Waste” component to be correlated to targeted agricultural WEF
nexus. Besides crop residues, other types of agricultural residues or waste include
forestry residues, livestock manure, which can be incorporated as well if the WEF
nexus framework is to be expanded to include forestry (Guta et al. 2018; Melo et al.
2021), livestock or fishery (Vogeler et al. 2019; Li et al. 2020; de Castro Sobrosa
Neto et al. 2021).

Challenges about availability and accessibility of relevant datasets and
policies can be addressed possibly by referring to relevant research conducted in
other nations particularly China, US, and India, which produce the highest quantity of
such studies. Those studies involve advanced environmental technologies for
disposing agricultural residues, such as anaerobic digestion, co-fermentation, co-
digestion. It would further address the challenge to estimate economic parameters
such as costs of these methods, as those studies mostly focus on environmental
performances.

Methods such as gasification, pyrolysis, torrefaction, co-firing are usually
related to bio-energy and/or bio-mass recovery that enhances performances of
energy use and environment. Relevant information and data about these high-end
methods are supposed to be accessed by collaborating with privately owned

businesses/facilities or institutions.

7.3. Conclusion

Based on the key results and discussions in Chapter 4, 5 and 6, this chapter
gives further discussions on other potential factors having effects on the cropping
system and limitations coupled with possible solutions. These potential factors are
selected from all the parameters ranked by importance in the sensitivity analysis on
either the basic model or extended models. These include:

(1) Effective rainfall;

(2) Cost of processing and disposing crop residues involved in mulching,

composting and combustion;
(3) Conjunctive coefficient of collected and utilized cotton straw/stalk;
(4) Efficiency of energy recovery at facilities;
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(5) Power feed-in tariff rate.

It has been found that factors (1) and (5) demonstrate more complex impacts
than the other factors, as they will change the original optimized water application
rates (cotton: 7.74ML/ha; wheat: 2.02ML/ha) and irrigated land (cotton: 3,002.94 ha,;
wheat: 7,767.61 ha). In turn, economic performances (profits, gross margins, and so
on) and environmental performances (total GHG emissions, GHG emission intensity,
and so on) will be influenced and presenting a non-linear/discontinuous pattern. The
other three factors have indicated limited effects on the optimized water application
rates and irrigated land. Rather, they impose linear patterns of effects on the
cropping system’s economic performances and/or environmental performances.

Throughout all the scenarios, it is implied that the significant changes incurred
are attributed to essential changes of the two independent variable, namely the
resource uses of water application rates and irrigated areas on each crop. They are
the core variates of the integrated models developed in this study, interrelating other
parameters and thus impacting them correspondingly. The most gained optimums
among all scenarios are:

e Cotton: water application rate 7.74 ML/ha paired with irrigated land 3,003

ha;

e Wheat: water application rate 2.02 ML/ha paired with irrigated land 7,768

ha.

It has been found that the most influential factors towards these core variates
in the modelled single crop rotation systems are crop prices (cotton lint and wheat),
effective rainfall (or rainfall), alternative crop residue management practices
(particularly combustion/incineration with energy recovery), and power feed-in tariff
policies. These factors essentially changed optimums of the core variates and
performances of the cropping system show significant differences among scenarios.

Limitations of this study mainly include:

(1) Insufficient approaches to derive more robust crop water production

models due to limited funding and timeframe;

(2) Lack of models and datasets to establish certain relationships between

water allocation and rainfall;

(3) Unviability to determine common technical parameters of solar power

systems and associated solar feed-in tariff policies applied to cropping on

165



a local scale;

(4) Unsuitability of GHG emission projections in economic models;

(5) Lack of datasets and policies about disposal methods/practices.

These limitations mostly restrict further development of methods and models
in our study. Due to a lack of practical approaches to determine a crop water
production function for full irrigation conditions, optimal outcomes of the models are
derived under deficit irrigation practices. The most direct consequence is that there
have been limited optimal solutions across all scenarios discussed throughout this
study. In most scenarios, the optimal solutions of the core variates remain stable,
unless there are key factors correlating revenues of the cropping system (such as
crop prices, rainfall, native maximal crop yields) or significantly affecting the costs
(such as different crop residue disposal practices, on-grid/solar power feed-in tariffs).
Possibilities of achieving further optimal solutions are restricted, albeit the crop water
production function adopted in this study satisfies our study goal to research
cropping systems under strictly deficit irrigation conditions.

A lack of robust models and datasets to effectively develop the relevancy of
water allocation and precipitation has limited further delve into potential impacts of
rainfall, water availability and even water trading policies on cropping. It may make
the models more complicated to take into consideration water resource and, in
particular, trading policy.

Owing to the disparity of technical parameters among different solar power
systems, it has been challenging to determine a certain type of solar system that can
be applied to our study area, the Toowoomba Region, while popularity of solar power
application is still underway. What is more, employing solar feed-in tariffs to solar
energy use in cropping has been an arduous task because of varying climatic
conditions leading to uncertain quantity of power generation by solar systems.
Additionally, the varying climatic situations will most likely associate with rainfall and
water allocations as mentioned above. This would complicate the process of model
development.

The carbon prices in both sensitivity analysis and scenarios analysis reveal its
limited effects on the models. Thus, no further actions have been taken to research
GHG emissions and associated carbon policies. Many scholars have studied
projections of GHG emissions in the future decades in response to global climate
change. The predictions on these climatic parameters for the future would not be
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possible to be combined with economic parameter oriented models as the economic
factors cannot be effectively determined for the future which are intertwined with
many external factors and keep changing irregularly.

Application of disposal methods to crop residue management is the biggest
research gap in this study. No studies have dived into an agricultural Water-Energy-
Food nexus system linking crop waste in particular. There has been a severe lack of
information and experience that can be supplied regarding disposal methods on crop
residues. In the market, private companies commonly do not take over such
businesses of coping with crop residues. Data is limited to better solve the models.
Scenarios cannot be further designed as there are few feasible environmental
solutions to crop disposals. The only three types of environmental practices found in
Toowoomba Region are mulching, composting and combustion/incineration with
energy recovery.

With all discussed above in this chapter as well as previous chapters,
conclusions will be made in the next chapter in line with recommendations about

potential directions and outlooks for future studies.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

Due to the increased demand for water resources, energy and food
production on a global level, Water-Energy-Food (WEF) nexus has been coined and
studied to be effectively responsive to ensuing issues. Climate change caused by
anthropogenic greenhouse gas (GHG) emissions and food waste are also two
noteworthy aspects to be addressed aligned with multiple Sustainable Development
Goals (SDGSs). In agricultural industries in arid or semi-arid areas like most part of
Australia particularly, water and energy use are often significant constraints. They
are correlated and in turn affect and being affected by crop production. Research of
agricultural WEF nexus can thus help to enhance typical Australian cropping
systems’ performances.

In relation to these factors, this thesis has developed an integrated
optimization model, based on insights into Water-Energy-Food (WEF) nexus, for a
single crop rotation system (cotton cultivation in summer and wheat cultivation in
winter) in the Toowoomba Region, Queensland, Australia. The overall study goal is
to achieve an optimal balancing of resource use (water and land), economic benefits,

and associated environmental performances (GHG emissions).

8.1. WEF nexus: major research gaps

With that aim, major research gaps regarding WEF nexus have been found
out through literature review, including:

e Difficulties in implementation due to complex contexts and policy

background;

e Lack of all-round robust models - overly complicated methods for large

scales while not integrated enough for small scales, such as local or farm;

e Limitations in nexus optimization;

e Lack of waste components.

The main research gaps pertaining to agricultural WEF nexus involve few
numbers of WEF nexus studies engaging in agriculture compared with total number
of WEF nexus studies, lack of research with depth in small scales like local or farm
where the foci are on a dual Water-Energy nexus without “Food” component (crop
yield or production) being robustly connected or highlighted. There have also been

limited other components engaged in the nexus, particularly waste.
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Accordingly, this study has developed an integrated model to optimize the
total cropping profits with sub-models of crop yields, water costs, other variable
costs, and associated carbon costs. The model developed employs mathematical
programming and optimization under coordinated resource and technical constraints.
It is applied to one of the common cropping systems in Australia. The study area is
Toowoomba Region located in Southern Queensland of Australia. The selected
crops are cotton grown in summer and wheat grown in winter, constituting a single-
crop rotation system. The total irrigated study area is at maximum 11,651.59 ha.

With basic situations in Toowoomba Region as a baseline, a business-as-
usual scenario involving common farm practices is first studied. Different scenarios
are then designed by considering: (1) different crop prices (cotton lint and wheat), (2)
alternative energy sources and associated costs involved in irrigation (diesel, on-grid
electricity, and solar photovoltaic power), (3) alternative methods to process, dispose
and utilize crop residues (mulching, composting, combustion/incineration with energy
recovery). Other potentially influential factors are further considered to investigate

how they would impact the optimized performances of the cropping system.

8.2. Key findings

In the baseline scenario with the assumed cost structure for cotton and wheat
production in Toowoomba Region, it has been found that the optimized irrigated
areas of wheat (72%; 7,768 ha) are remarkably higher than those of cotton (28%;
3,003 ha) under cotton irrigation application rate of 7.74 ML/ha and wheat irrigation
application rate of 2.02 ML/ha. The gross margins per ha irrigated area are
AU$4,132/ha in cotton cultivation, being higher than AU$1,584/ha in wheat
cultivation. GHG emission intensities are also higher in cotton (3.25 tCO2e/ha and
0.52 tCO2elt) than those in wheat (2.69 t CO2e/ha and 0.45 tCO2elt).

Among scenarios with different crop prices, the scenario of cotton lint price
AU$700/bale and wheat price AU$400/t generate the maximal total profits of the
cropping system in the Toowoomba Region over the year, AU$31.72 million. Such
outcomes will most likely occur when the cotton lint price is high and the wheat price
is low with their price gap being more than AU$250 per unit in values. This implies
crop price is one of the major factors influencing economic returns of cropping. The
land use and GHG emissions are the highest as well, which are 11,651 ha and 33

ktCO2e, respectively. The scenario giving rise to the highest GHG emissions is the
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one with cotton price AU$650/bale and wheat price AU$400/t for 33 ktCO2e, slightly
greater than the one with cotton price AU$700/bale and wheat price AU$400/t for 33
ktCO2e.

In contrast, impacts of alternative energy sources used in irrigation are less
remarkable than those caused by crop prices. It has been found that optimized total
profits in scenarios involving diesel and on-grid electricity are AU$24.71 million and
AU$24.48 million, respectively. Solar photovoltaic (PV) power use can generate
higher total profits than diesel or on-grid electricity, AU$25.61 million, and lower total
GHG emissions, 27 ktCOZ2e. This can be achieved by cutting down costs of diesel or
network electricity.

If there is no additional value chain considered in the cropping system,
namely the life cycle of farming commencing from land preparation and ending at
fallow, crop prices are the major factor influencing the trade-offs and synergies of
resource uses, economic performances, and GHG emissions of the system. They
affect it in two main ways: (1) the relative advantage of price for one crop over the
other, and (2) the absolute price for crop. A higher cotton market price and a lower
wheat market price will likely be the most profitable with identical levels of land and
water consumption and GHG emissions. Such a scenario can achieve an optimal
balancing of resource uses (water and land), economic benefits, and associated
environmental performances (GHG emissions).

In scenarios on the further developed models for crop residue disposal, those
with a combustion (energy recovery) practice for crop residue disposal reveal high
total profits coupled with high GHG emissions at the same time. It has been found
that the economic performances are the best in the combustion scenario (total profits
around AU$38.44 million without carbon costs), followed by the ploughing-into-soil
scenario (baseline) (total profits around AU$25.20 million without carbon costs). A
composting scenario produces the lowest total profits (around AU$21.26 million
without carbon costs). The best environmental performances are in a mulching
scenario (28 ktCO2e), followed by the ploughing-into-soil scenario (31 ktCO2e).
GHG emissions from composting and combustion almost double or triple as opposed
to ploughing (51 ktCO2e and 91 ktCO2e, respectively). Carbon price policies
(AU$15.99/tCO2e) or different logistic distances impose only a limited effect on the
system performances. The scenario without carbon costs and with a short logistic

distance has total profits of AU$38.98 million coupled with total GHG emissions of 90
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ktCOZ2e. The total GHG emissions are 91 ktCO2e in the scenario without carbon
costs and a long logistic distance, where the total profits are AU$38 million.

Regarding other potentially influential factors, it has been found that rainfall
and power feed-in tariffs show more complex influences than the other factors, as
they change the core variables, water application rates (cotton: 7.74ML/ha; wheat:
2.02ML/ha) and irrigated land (cotton: 3,003 ha; wheat: 7,768 ha). The other factors
have shown only limited effects on the optimized performances. Across all scenarios,
the maximal total profits (AU$60.77 million) are gained in the scenario involving
combustion with an assumed efficiency of power generation being high (70%).

Among rainfall related scenarios, a wet year has a higher profitability than a
moderate or a dry year, AU$27.29 million. Rainfall has notable but still limited
impacts on each crop, as crop yields reach the maximum in most scenarios. More
rainfall leads to more land allocation to cotton cultivation and in turn generates higher
total revenues (increased by over AU$3 million).

If the costs of processing and disposing crop residues low (AU$30/t) in a
combustion practice are lowered, the total profits will be AU$38.06 million with total
GHG emissions of 91 ktCO2e. When enhancing the efficiency of utilizing cotton
residues up to 90%, the total profits will be increased to AU$40.81 million with the
highest GHG emissions of 109 kt CO2e. When increasing the efficiency of power
generation in the combustion up to 70%, the total profits will be further increased to
AU$60.77 million while the total GHG emissions are reduced to 81 ktCO2e. When
keeping the power feed-in tariff for combustion energy recovery at a high level
(AU$0.26/kWh), the total profits will be AU$36.97 million but the GHG emissions will
still be high, 91 ktCO2e.

If the value chain is extended by replacing the conventional crop residue
management practice (ploughing into soil) with an alternative disposal method, a
practice with energy recovery can be the most impactful factor influencing the trade-
offs and synergies of resource use, economic performances, and GHG emissions of
the cropping system. In particular, increase in efficiency of power generation in this
practice will significantly promote economic returns. Increasing efficiency of
collection and utilization on crop residues will also increase economic returns and
greatly increase GHG emissions. However, those scenarios involving a ploughing-in-
soil or mulching practice for crop residue management manifest significantly lower

total profits coupled with lower GHG emissions simultaneously.
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8.3. Study limitations

Throughout this study, major limitations of this study include insufficient
approaches to derive more robust crop water production models, lack of models and
datasets to establish certain relationships between water allocation and rainfall,
unviability to determine common technical parameters of solar power systems and
associated solar feed-in tariff policies applied to cropping on a local scale,
unsuitability of GHG emission projections in economic models, and lack of datasets
and policies about agri-environmental crop residue management practices. In
general, while the overall goal of this study is mostly achieved, these limitations
primarily restrict further model development in this work.

In the first instance, the Crop Water Production Function (CWPF) adopted in
this work is usually used for cropping under deficit irrigation conditions. This is
aligned with our study goal as this work aims at researching an agricultural Water-
Energy-Food (WEF) nexus system in strictly constrained water and land resources.
This CWPF is technically a linear model, no more accurate than a quadratic/parabola
or a cubic model in estimating crop yields particularly under full irrigation conditions.
But a quadratic/parabola or a cubic model is challenging to derive as it would be very
time consuming, no matter by means of real fieldwork or software simulations, and
also highly data demanding (extensive and accurate datasets for each crop). Due to
limited timeframe and research funding, it is not practical to carry out the work. If
there is a need to study both deficit and full irrigation conditions in future research
and research conditions allow, it is still highly recommended to use software
packages and simulate the relationships between crop yields and water use.

Due to lack of models and datasets to establish certain relationships between
water allocation and rainfall, no in-depth scenarios are further designed for
evaluating more precise impacts of rainfall on the cropping system. Rainfall within a
water year is linked with water entitlements and allocations. Allocations to a certain
local area is however subject to many other considerations. Besides, it is not
practical to do so without support from farm owners if the study is based on a farm
scale. Collaboration with specific farm owners is not feasible in this study because of
limited resources. If these issues can be resolved, however, scenarios regarding
impacts of water trading policies can be further designed, integrated, and

implemented.
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Solar feed-in tariff policies are not applied to the cropping system in this work.
The use of solar photovoltaic (PV) power in irrigation particularly is yet to be
popularized and just used on a number of cotton farms but not for other crops except
cotton and wheat (Scobie et al. 2020). There have been too many uncertainties to
apply a solar feed-in tariff further to the cropping system. This work primarily
explores how solar PV power influence the cropping system without solar feed-in
tariff policies, but this can be a good prospect for future studies.

Likewise, pertaining to carbon price policies, this work mainly investigates
how a regular carbon price imposed on the cropping activities would influence the
optimal outcomes. The sensitivity analysis indicates the carbon price policies have
limited impacts on the outcome. Moreover, future scenarios about GHG emission
projections, Representative Concentration Pathways (RCPs), do not match with the
agronomic model in this work. As such, no in-depth scenarios about carbon policies
or GHG emissions are further designed. However, this can also be a good prospect
for future studies, as cropping on a local or farm scale does not usually consider
carbon policies or GHG emissions. In addition to indirect impacts due to changes in
policies, programs, and activities addressing climate change issues, direct impacts
due to changes in climate itself can be considered in scenarios with GHG emission
projections for future studies.

Lack of information about environmentally technical disposal practices on crop
residues is one cause resulting in the research gap of WEF nexus connecting with
crop residues (Agricultural WEF-Waste nexus). Mulching, composting, and
incineration/combustion with energy recovery are the three dominant disposal
methods, with which local private waste facilities can provide services for commercial
purposes. Data collected for these practices are limited and can be used for this
work. But the data reveals uncertainties of parameters, like the costs/quotes showing
much difference in different companies. On account of constrained fund and
timeframe in this study, no further scenarios are designed for more insights into crop
residue related parameters or more alternative crop residue disposal methods such
as anaerobic digestion, co-digestion, or co-fermentation. However, this direction

would be promising to narrow this research gap.
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8.4. Recommendations for stakeholders
8.4.1. Practical recommendations for farmers

Crop prices are usually expected to be the most influential factor as crop
prices directly affect the total revenues. In a typical single crop rotation system, there
is need to be well aware of the price gap between the more profitable crop and the
less one, like cotton and wheat in this thesis. Usually, summer crops have
significantly higher water requirement and the responsive crop yields are higher than
winter crops. Summer crops are sold at a higher price in the market and thus they
are more profitable. It is recommended to improve crop yields and quality so as to
make them more competitive in the market. If the price of summer crop higher
enough than the winter crop, the most overall economic benefits will be generated. If
the price gap is not large enough and both crops’ prices are low, adjusting land
allocation with a bit more to the winter crop will be better.

Under constrained water resources or deficit irrigation practices in particular,
rainfall in wet years is supposed to be fully used. This would help to improve water
use efficiency by reducing water application rates. Rainfall has particularly a notable
effect on summer crops. While crop water need is partly met, more land can be
assigned to summer crop cultivation.

Even though energy types and costs may have limited effects on cropping, it
will still be worthwhile to take advantage of renewable energy sources like solar
power, which is common in Queensland because of both the geo-climate advantage
(abundant sunshine throughout years) and policy advantage (solar PV power being
promoted by the government). It contributes to saving significant amount of
traditional and non-renewable energy sources and associated costs, and avoiding
associated GHG emissions, especially in irrigation activities which is one of the
largest water and energy users in agriculture. In this way, the overall benefit can be
maximized in contrast to that generated by use of conventional energy sources like
diesel fuels or on-grid electricity. Furthermore, solar power use paired with feed-in
tariffs are remarkably economically more viable than that without a tariff (AgEcon
2019; Currey et al. 2020). Thus, farmers should be encouraged to make full use of
solar feed-in tariff policies for potentially extra economic returns by exporting
remaining generated power to the network. They may be offered good prices of
selling the electricity by selecting an appropriate energy service provider like Ergon
Energy (2022a).
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When it comes to considering environmental practices on crop residue
disposals, farmers should be encouraged to select those involving bio-energy and/or
bio-mass recovery as end products, which will generate additional revenues or
avoided costs for cropping. In particular, combustion/incineration with energy
recovery can be the most profitable. It produces electricity and/or heat that can be
re-utilized in the upper stream value chain (such as back to farming) to avoid some
costs or re-sold for extra economic returns. The electricity would also displace
network electricity generated by coals, other fuel resources and even solar energy.
The heat would likely produce hot water and so avoid the need to use natural gas to
mitigate GHG emissions (Anshassi et al. 2021; Amulen et al. 2022). Likewise,
anaerobic digestion would produce digestate, which displaces urea and ammonium
nitrate used on farms, and biogas, which displaces natural gas (Anukam et al. 2019;
Li et al. 2019d; Pramanik et al. 2019).

To avoid extra costs, businesses charging less for costs of processing and
disposing crop residues should be chosen as a priority. Despite a wide range of
costs/quotes offered by those private companies, the services may not differ much in
the same type of service (such as mulching). The significantly different prices/quotes
may be caused by undeveloped regulations on crop residue disposal in the markets.
Regarding logistics on crop residues, it is recommended to improve efficiency on
collecting and utilizing crop residues and have the residues disposed as near as

possible to cropping/farming areas.

8.4.2. Recommendations for policy makers

Relevant policy rules and regulations are needed pertinent to water allocation,
solar feed-in tariffs, carbon costs and GHG emissions, regulations on markets of
crop residue disposal by businesses, and viable feed-in tariffs for power generated
from combustion/incineration.

Access to specific water allocations to certain areas based on a Local
Governmental Area standard is unpractical. Information for more precise allocations
to specific farms are supposed to be available via effective communication and
cooperation with farm owners. If these statistics are accessible through government
databases websites, it will be beneficial to use the model to achieve more accurate

outcomes. Or alternatively, it is recommended that relative authorities
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provide/disclose calculation methods on water allocations to specific local areas and
farms.

The Murray Darling Basin Authority (MDBA) used to roll out Generation 2
Hydrological Models for Border Rivers, Condamine, Balonne and Moonie Valleys
(Bewsher Consulting Pty Ltd 2019). These models provide a general relationship
between rainfall and water entitlement. Similar hydrological models are expected to
be released by authorities. It would facilitate further model development with
potential functional relationships between effective rainfall and specific water
allocation by jointly utilizing calculation methods on water allocations to specific local
areas and farms. Then in-depth scenarios about water trading can be further
designed. This will enhance accuracy of data and help to better examine the impacts
of water trading.

In considering policy, network and retail within Australia in applying solar
renewables, five ways should be considered: policy installation incentives; network
contexts; feed-in tariffs and eligibility; connection to embedded generation, and
avoided emissions (Powell et al. 2019). In particular, installation policies with network
connections would incentivize both farmers and business owners to prompt
advancement of solar energy applications to native farming communities.
Queensland’s feed-in tariffs are restricted to very small scales like residential
communities or small businesses (Ergon Energy 2022a; QCA 2022; Queensland
Government 2022b). This may be more beneficial for small farm owners. But for a
larger spatial scale like a local area, these policies are yet to be facilitated and made
uniform throughout the whole local farming areas.

Neither farmers nor private businesses have good awareness of the
importance of considering GHG emissions and associated carbon costs (Zhao et al.
2016; Graham 2022a; Scobie 2022) (Phoenix Power Recycles 2022; Remondis
2022; Cleanaway 2023; WestRex 2023; Zilch Waste Recycles 2023). This study
indicates the carbon costs as a parameter in the models are limited influencing
factors. Policy makers are encouraged to popularize carbon pricing policies (such as
Australia’s Emissions Reduction Fund (ERF) scheme) and further GHG emissions
reduction targets on small/higher-resolution scales of commercial activities like on
farms or in local areas. This would not only be highly aligned with GHG emissions
mitigation initiatives advocated worldwide today but also promote further
development of relevant carbon policies including carbon trading.
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Businesses providing services for managing crop residues should be
regulated with policies particularly on commercial charges/quotes. The end products
are expected to be further classified with standardized prices, as some generated
bio-mass must be subject to specific legislations about waste and chemicals
classification (Tursi 2019; Remondis 2022). These includes further developing and
designing power feed-in tariffs for electricity generated by combustion/incineration in
the waste facilities or power plant. The power feed-in tariffs have noteworthy impacts
on cropping as indicated in this study. This policy resembles a solar feed-in tariff.
They can be integrated into a more systematic policy framework regarding
renewables feed-in tariffs. Then, it would be better to link them with other Renewable
Energy Schemes (Ergon Energy 2022a) based on existing farming tariff policies
(Ergon Energy 2022b).

8.4.3. Infrastructure related recommendations for businesses

Suggestions for businesses concerning improvement on infrastructure include
solar photovoltaic (PV) systems, setting up facilities for on-site disposal, improve
power generation facilities.

Cotton Australia (2018) has published a number of grid-connected solar
irrigation case studies, concluding cotton growers have met a good opportunity to
adopt renewable energy pumping systems for reducing both on-farm costs and GHG
emissions. The commercial viability in solar will be highest at the time when solar
energy produced can be employed throughout the year and variable electricity costs
are high. In the first instance, a wider spread electricity network should be
established for the sake of a better access to the grid and for further consideration of
grid-connected solar installations. These will help to promote feed-in tariff policies as
well as other possible renewables incentives promoted by authorities. Meanwhile,
businesses should be encouraged to advance batteries technology for long-term
pump use, as this is also a key factor for the consideration of grid-connected solar
installations.

During crop residue management/disposals, the logistic distance plays a part
in impacting economic viability and interest (Jiang et al. 2012; Qiu et al. 2014;
Pastori et al. 2021). Longer distance in transporting and delivering crop residues will
also cause greater GHG emissions due to fossil fuels being the primary energy

sources in logistics. Commercial waste facilities would be recommended to establish
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their sites in proximity to farms. For larger scales, scattered on-site facilities within
major cropping/farming areas can be a good idea. This can contribute to making
crop residue management an economically viable option by reducing logistic costs.
Also, this could increase the efficiency of crop residue collection and utilization that
would have been lost during long logistic distances (waste loss avoidance).
Furthermore, establishing waste facilities/power plants near major cropping areas
would more practically return the power generated to the farms for re-use. This again
highlights the importance of access to electricity network paired with grid-connected
power installations as grid-connected solar installations.

In light of power recovery by combustion/incineration of crop residues,
improvement of the efficiency of power generation would be another idea worthwhile
considering. An increased efficiency of power generation would boost the economic
benefits of cropping and simultaneously cut off GHG emissions during the
processing and disposal of residues. This will encourage businesses/commercial
activities in managing crop residues to meet the goal of GHG emissions mitigation

and being carbon smart.

8.5. Recommendations for future studies
8.5.1. Multiple crop rotation

Crops may have a different market advantage between one another. This
advantage can be reflected in crop quality, price, market share and so on. Like
cotton and wheat in this study, irrigated wheat compared with rainfed wheat has
significantly higher yields and market prices, indirectly narrowing the advantage gap
between cotton and wheat. That explains why more land is allocated to irrigated
wheat in a number of scenarios in this study. Given the factors of different crop
characteristics (mainly water responsiveness and maximal yields), seasonality
(mainly rainfall) and native crop market (crop prices), multiple crop rotations will be
recommended by applying the integrated models developed in this study. It can be
extended to a multi-crop rotation system with water demanding summer crops,
exemplified by cotton, and winter crops, exemplified by winter wheat. Usually there
will be 2-3 crops grown in summer and 2-3 crops grown in winter in a multi-crop
rotation system. This would bring a greater diversity of paired optimal solutions
achieved. A multiple crop rotation could offer a greater range of options and

possibilities for better resilience of the agro-ecological system to resist potential risks
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such as drought. Thus, it would be of high significance to study WEF nexus in a

multiple rotation system and explore more solutions.

8.5.2. Crop water production models

As discussed in the section 7.2.1, it is recommended to simulate crop growth
and determine crop yield models by means of software such as AquaCrop or APSIM,
if conditions allow, especially considering transferring to a multi-crop rotation system.
Otherwise, if there are adequate datasets, coefficients of well-established crop
models (namely Crop Coefficient Models) can be determined by curve fitting. The
Stewart model adopted in this study cannot simulate cropping under full irrigation

conditions.

8.5.3. Alternative irrigation systems

The most used irrigation system for cotton cultivation in the Toowoomba
Region is surface irrigation (80% - 90%), followed by center pivot (10% - 20%).
There is an increasing number of center pivot irrigation systems that have been
installed particularly in the Toowoomba Region, but there are insufficient datasets of
center pivot systems for wheat cultivation (Queensland Government 2022a)
(Graham 2022). This has made it difficult to research impacts of different irrigation
practices on the cropping system in this study. Irrigation systems show differences in
various ways, including machinery designs, applicability for different purposes,
irrigation efficiency. Different types of irrigation systems can be a

complicated/multivariate factor notably for further scenario design and analysis.

8.5.4. Water trading policies and solar power

Water markets are a key mechanism by which Australia manages water
scarcity while still supporting economic growth. Agricultural water use may be
constrained by permanent entitlements to water and seasonal allocations of water
(DAWE 2020a). Water trading — both in and out of a region - will likely have
significant and diverse impacts on GHG emissions (Maraseni et al. 2020).

As abovementioned in the section 7.2.2 and 7.2.3, rainfall is related to water
allocation in a certain water year. The time length of sunshine throughout that year
impacts solar systems’ capacity for power generation and further solar feed-in tariff

policies. Our developed models can be made more comprehensive by establishing a
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more definite relationship between rainfall and water allocation and integrating water
trading policies alongside interactions with additional solar power availability and a
solar feed-in tariff policy. This will naturally interlink more water related factors with

energy related factors, contributing to a more robust water-energy-food nexus.

8.5.5. Agri-voltaic systems for all farming activities

During the past few years, agrivoltaic systems have gained attention for their
applications in farming (Toledo et al. 2021; Trommsdorff et al. 2021; Zainol Abidin et
al. 2021; Al Mamun et al. 2022). One major concern is considerable land occupation
by these systems. This could possibly be addressed by utilising the Water-Energy-
Food (WEF) nexus. The land occupation could be incorporated into total land use to
investigate synergies and trade-offs between the land use and energy productivity
and to further explore optimal agricultural land use for energy production (Willockx et
al. 2022). This would relate to solar radiation (Pulido-Mancebo et al. 2022) and
cooling provided by shading (Williams et al. 2023), which, in turn, is impactful to crop
yields. This is a promising direction as these solar systems combine food, energy
and land, aligned with WEF nexus framework (Perederii 2021; Trommsdorff et al.
2021). Compared with individual on-farm solar irrigation systems, agrivoltaic systems
are well suited to larger geographical scales, like local areas or large farms. They
have the capacity to generate a greater amount of energy and suffice the need of a
broader range of farming activities including irrigation. Their grid-connected

installations would be more economically viable with solar feed-in tariffs.

8.5.6. Carbon pricing and trading, and GHG emission projections

As one step above and beyond for the future, the Australia-European Union
(EV) Emissions Trading System (ETS) linking negotiations are a successful bilateral
cooperation in August 2012, which agreed to link the EU ETS and the Australian
Carbon Pricing Mechanism. Similar carbon trading systems have been rolled out in
other nations, including the Switzerland ETS and the EU ETS (Welfens et al. 2017),
ETSs in the United States (Murray et al. 2015), South Korea (Choi et al. 2017) and
Vietnam (Nong et al. 2020), and the Carbon Emissions Trading Scheme (CETS) in
China (Jiang et al. 2016; Yang et al. 2020). They have been built up with the main
purpose of managing, regulating and governing businesses and industries within

each nation to limit their carbon emissions based on pricing mechanisms (Lin et al.
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2017; Hu et al. 2020). For future scenarios about carbon trading, similar policies
could likewise be advocated and promoted. Apart from linking current carbon pricing
policies with carbon trading mechanisms, GHG emissions reduction targets can also
be set and designed in future studies. It would be promising for researchers to
further integrate future scenarios regarding predictions on GHG emissions into the
targets, as GHG emissions mitigation in response to global climate change is a long-

term and arduous task that must be tackled in the long run.

8.5.7. Crop residue disposal methods

To make the best use of crop residues, Waste Hierarchy (Waste Classification
Processing) (Pires et al. 2019; Zhang et al. 2022) can be employed to systematically
investigate impacts of various environmental methods from disposing crop residues.
The conventional practice, ploughing crop residues into soil, can be classified as
“Prevention” in the hierarchy. Valorization (feeding to livestock) (De Menna et al.
2020), as a “Reuse” stage of the Waste Hierarchy, could also be advised to replace
animal feeds like soybean meal, corn gluten meal (Pinotti et al. 2021).
Combustion/incineration with energy recovery and anaerobic digestion fall into the
“‘Recovery” category. Composting and most other bio-mass production methods
belong to “Recycling”.

Notably, landfilling, as part of the “Disposal’ stage, is commonly adopted by
regional councils or municipalities throughout Australia to deal with green waste from
native residential communities. The commercial charges are regulated and
standardized, but these councils/municipalities do not apply this service to crop
residues. It would also be worthwhile to compare landfilling with other types of
disposal methods in scenarios about managing crop residues for their economic and

environmental performances.

8.5.8. Forestry residues

Apart from crop residue, forestry residue can also be productively used for
medium-to-large-scale bioenergy production (power recovery) (lye et al. 2013b;
ALCAS 2020). Forestry being incorporated into cropping systems would likely be a
promising direction towards a more integrated and systematic agricultural WEF
nexus (Li et al. 2021). A forestry system can also facilitate a sustainable cropping

system such as carbon sequestration of GHG emissions from cropping by forestry,
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and conservation on soils and farming land by forestry’s ecological featuring

services. This will likely address challenges in relation to the high rate of

deforestation continually downsizing forest areas (lye et al. 2013b), including re-

afforestation preventing further forest land transitioning to farming land.

8.6. Contribution of this thesis

To sum up, the major contributions of this thesis are:

An integrated optimization model is developed to investigate the
agricultural WEF nexus by means of constrained non-linear programming.
Basing the study on a local geographical scale with common and existing
situations in Toowoomba Region, the model is applied, and the outcomes
can also be applied to a farm scale.

Maximization on profitability of a typical single crop rotation system (cotton
and wheat) located in the Toowoomba Region is achieved for optimal
performances of water and land resource uses, economic benefits, and
GHG emissions.

The interactions are identified between different components/sectors, in
particular definite functional relationships between crop yields and water
applications, relationships between crop yields and crop residues,
relationships between water use, energy use and associated GHG
emissions, and so on. This has reinforced dual connections between each
sector as references for future studies especially utilizing mathematical
programming for optimization.

The waste component/sector (crop residues) are incorporated into the
WEF nexus system to reduce the research gap in this realm as references
for future research.

Recommendations are developed for stakeholders (farmers, policy
makers, and potential businesses) and future research based on the key
findings throughout this thesis.

8.7. Significance of the thesis

In a nutshell, the abovementioned key findings and recommendations are

targeted at stakeholders including farmers, policy makers, infrastructure related
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businesses, and also researchers. The significance can be specified from the angles
of all stakeholders, as below:

(1) Farmers:

e The outcomes of this study indicate crop prices, other than water
application and land use, are the most influential factor for farmers as crop
prices directly affect the total revenues.

e The results show that integrating rainfed mode into the cropping system
would help to improve water use efficiency by reducing water application
rates. In particular, rainfall is usually expected to have a more notable
effect on summer crops.

e According to the key findings, it is worthwhile to make more use of
renewable energy sources like solar power, which is common in
Queensland that has both a geo-climate advantage (abundant sunshine
throughout years) and a policy advantage (solar PV power being promoted
within the state). It contributes to saving significant amount of traditional
and non-renewable energy sources and associated costs, and avoiding
associated GHG emissions, especially because irrigation is one of the
largest water and energy users in agriculture. Solar power use paired with
feed-in tariffs are economically more viable than that without a tariff. This
will generate additional revenues or can reduce costs for cropping.

e From the outcomes of crop residue disposal scenarios, alternative
disposal methods such as combustion/incineration with energy recovery
can be the most profitable option. It produces electricity and/or heat that
can be re-utilized in the upper stream value chain (such as back to
farming) to avoid some costs or re-sold for extra economic returns. The
electricity would displace network electricity generated by coals, other fuel
resources and even solar energy. The heat would likely produce hot water
and so avoid the need to use natural gas to mitigate GHG emissions. It is
significant to help farmers in exploring different financially viable,
economically rewarding and environmentally beneficial crop residue
disposal ways by collaborating with infrastructure related businesses.

e The major barriers for farmers to uptake such findings/recommendations

are related to climate change (GHG emissions and carbon price policies)
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and crop residue disposal. Farmers usually do not consider GHG
emissions and associated carbon costs incurred by farming activities.
However, this study presents outcomes implying that GHG emissions and
associated carbon costs could potentially impose some influences. This
can increase farmers awareness for environmental protection while in the
meantime decreasing their concerns about profitability. It can apply to the
crop residue disposal as well. The key findings of this study show a cost-
effective disposal method can not only generate considerable revenues

but also mitigate GHG emissions.

(2) Policy makers:

Statistics accessible government databases/websites will be beneficial in
attaining more accurate model outcomes.

Models providing a better relationship between rainfall and water
entitlement would facilitate further model development with potential
functional relationships between effective rainfall and specific water
allocation by jointly utilizing calculation methods on water allocations to
specific local areas and farms. This will enhance accuracy of data and
develop better models to evaluate the impacts by water trading.

In terms of power network establishment, installation policies with network
connections would incentivize both farmers and business owners to
promote solar energy applications to native farming communities. This
would not only be highly aligned with GHG emissions mitigation initiatives
advocated worldwide today but also promote further development of

relevant carbon policies for the future.

(3) Businesses:

Building up and developing power networks with solar power facilities will
promote feed-in tariff policies as well as other possible renewables
incentives promoted by authorities.

Establishment of waste facilities in the proximity to major farming areas
can contribute to making crop residue management an economically
viable option by reducing logistic costs. Also, this could increase the
efficiency of crop residue collection and utilization that would have been

lost during long logistic distances (waste loss avoidance). Furthermore,
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establishing waste facilities/power plants near major cropping areas would
more practically return the power generated to the farms for re-use. This in
turn highlights the importance of access to electricity network paired with
grid-connected power installations as grid-connected solar installations
and will simultaneously align businesses/commercial activities in
managing crop residues to meet the goal of GHG emissions mitigation and

carbon smart.

(4) Researchers:

A multiple crop rotation could offer a greater range of options and
possibilities for better resilience of the agro-ecological system to resist
potential risks such as drought.

Developing agri-voltaic systems is a promising direction as these solar
systems combine food, energy and land, aligned with the overall WEF
nexus framework. Compared with individual on-farm solar irrigation
systems, agrivoltaic systems are well suited to larger geographical scales,
like local areas or large farms. They have the capacity to generate a
greater amount of energy and suffice the need of a broader range of
farming activities including irrigation. Their grid-connected installations
would be more economically viable with solar feed-in tariffs.

Associated with alternative waste disposal methods, the Waste Hierarchy
would be of high significance in designing and developing those methods.
It would be worthwhile to compare different types of disposal methods in
scenarios about managing crop residues for their economic and
environmental performances.

Forestry being incorporated into cropping systems would likely be a
promising direction towards a more integrated agricultural WEF nexus. A
forestry system can also facilitate a sustainable cropping system such as
carbon sequestration of GHG emissions from cropping by forestry, and
conservation on soils and farming land by forestry’s ecological featuring
services. This will likely address challenges in relation to the high rate of
deforestation continually downsizing forest areas, like re-afforestation

preventing further forest land transitioning to farming land.
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APPENDIX A

Table A.1. Comparative analysis of existing multi-sectoral nexus models and tools in chronological order in

publication.
Model Spatial Scale Model Type  Functions References
Assess metabolic pattern
) ) of energy, food and water Giampietro et al.
MuSIASEM National, regional  Integrated ) )
related to socio-economic (2009)
and ecological variables.
Assess climate impacts on
CLEWS Multi-scales Integrated resources and supply help  Howells et al. (2013)
in policies evaluation.
Nexus o o
) ] o Qualitative and quantitative
Assessment National, regional  Quantitative FAO (2014b)
assessment of Nexus.
1.0
Nexus o
) ) ) Quantitative assessment
Assessment National Simulation Daher et al. (2015)
and forecast of WEFN.
2.0
Long-term land use
GLOBIOM Global Integrated planning under risk Ermolieva et al. (2015)
conditions.
Simulate interactions
) . . among natural and human  Kraucunas et al.
PRIMA Regional Simulation )
systems for integrated (2015)
regional modelling.
Evaluate regional input-
DEA Local, urban Quantitative  output efficiency Li et al. (2016a)
holistically.
Quantitatively assess the
. interconnections and trade-
WEFO Multi-scales Integrated ] Zhang et al. (2017)
offs in resource systems
and environmental effects.
Explicit dynamic modelling
) ) of local techno-ecological Martinez-Hernandez et
NexSym Local Simulation . .
interactions relevant to al. (2017b)
WEF operations.
Characterize WEF usage
EIO-LCA National, regional  Quantitative  and intensities of every Sherwood et al. (2017)
economic sector.
Integrated quantitative
assessments on inter-
Q-Nexus Multi-scales Quantitative  sectoral linkages and Karnib (2017, 2018)

competing demand for

WEF resources.
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Model Spatial Scale

Model Type

Functions

References

Extended
Matter Element  Multi-scales
Model

I0A Multi-scales

AWEFSM Regional

Quantitative

Quantitative

Integrated

Quantitatively evaluate the
sustainability of WEF
nexus.

Evaluate the interactions
between economic factors
and natural resources,
investigate both the
physical flows and
monetary flows through
economic trade networks,
and detect the driving force
of resources consumption
from an economic structure
perspective.

Sustainable management
of limited water-energy-
food resource in an
agricultural system by
incorporating multi-
objective programming,
nonlinear programming,
and intuitionistic fuzzy
numbers into a general

framework.

Wang et al. (2018)

Xiao et al. (2019)

Li et al. (2019c)
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APPENDIX B

Table B.1. Seasonal K,, values for various crops (Steduto et al. 2012).

Crop K, Crop K,
Alfalfa 11 Safflower 0.8
Banana 1.2-1.35 Sorghum 0.9
Beans 1.15 Soybean 0.85
Cabbage 0.95 Spring wheat 1.15
Cotton 0.85 Sugar beet 1.0
Groundnuts 0.70 Sugarcane 1.2
Maize 1.25 Sunflower 0.95
Onion 11 Tomato 1.05
Peas 1.15 Watermelon 1.1
Pepper 1.1 Winter wheat 1.05
Potato 11
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Table C.1. Values of crop factors (K,) for cotton and winter wheat and growth stages (Brouwer et al. 1986a).

APPENDIX C

Crop Initial crop Mid-season Late-season
development
Barley/Oats/Wheat 0.35 0.75 1.15 0.45
Bean, green 0.35 0.70 1.10 0.90
Bean, dry 0.35 0.70 1.10 0.30
Cabbage/Carrot 0.45 0.75 1.05 0.90
Cotton/Flax 0.45 0.75 1.15 0.75
Cucumber/Squash 0.45 0.70 0.90 0.75
Eggplant/Tomato 0.45 0.75 1.15 0.80
Grain/small 0.35 0.75 1.10 0.65
Lentil/Pulses 0.45 0.75 1.10 0.50
Lettuce/Spinach 0.45 0.60 1.00 0.90
Maize, sweet 0.40 0.80 1.15 1.00
Maize, grain 0.40 0.80 1.15 0.70
Melon 0.45 0.75 1.00 0.75
Millet 0.35 0.70 1.10 0.65
Onion, green 0.50 0.70 1.00 1.00
Onion, dry 0.50 0.75 1.05 0.85
Peanut/Groundnut 0.45 0.75 1.05 0.70
Pea, fresh 0.45 0.80 1.15 1.05
Pepper, fresh 0.35 0.70 1.05 0.90
Potato 0.45 0.75 1.15 0.85
Radish 0.45 0.60 0.90 0.90
Sorghum 0.35 0.75 1.10 0.65
Soybean 0.35 0.75 1.10 0.60
Sugar beet 0.45 0.80 1.15 0.80
Sunflower 0.35 0.75 1.15 0.55
Tobacco 0.35 0.75 1.10 0.90

This table gives average Kc values for the various crops and growth stages. The Kc is also dependent

on the climate and, in particular, on the relative humidity and the windspeed. The values indicated above should

be reduced by 0.05 if the relative humidity is high (RH > 80%) and the windspeed is low (u < 2 m/sec), such as
Kc = 1.15 turns Kc = 1.10. The values should be increased by 0.05 if the relative humidity is low (RH < 50%) and

the windspeed is high (u > 5 m/sec), such as Kc = 1.05 becomes Kc = 1.10.
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APPENDIX D

Table D.1. Climate stations for irrigated cropping areas of Toowoomba Region by alphabetical order.

No. Station Name Station ID Latitude Longitude Altitude (m)
1 Bon Accord 41153 -27.6000 151.2000 351.0
2 Bowenville 41008 -27.3033 151.4931 383.0
3 Brookstead Post Office 41314 -27.7578 151.4483 388.3
4 Cambooya Post Office 41011 -27.7072 151.8650 476.0
5 Cecil Plains Homestead 41016 -27.5331 151.2025 340.0
6 Condamine Pains 41019 -27.7233 151.2869 370.0
7 Ellangowan 41404 -27.9583 151.6636 403.0
8 Glen Royal 41504 -27.7358 151.4117 377.0
9 Gunbower 41270 -27.8242 151.5803 408.0
10 Jondarayan Station 41147 -27.4000 151.5667 379.0
11 Mirrabrooka 41225 -27.8393 152.0615 506.0
12 Mount Irving 41072 -27.4831 151.6003 396.0
13 Nobby Tooth St 41075 -27.8530 151.9023 483.0
14 Oakey Aero 41359 -27.4034 151.7413 405.7
15 Oakey Post Office 41077 -27.4500 151.7167 402.0
16 Pampas 41250 -27.7894 151.4133 390.0
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APPENDIX E

Table E.1. Emission factors (in kg CO2e/kWh) for on-grid electricity use in Scope 2 and Scope 3 from different
states and across Australia (Ekonomou et al. 2022b).

State or Territory Scope 2 Emission Factor Scope 3 Emission factor
NSW 0.81 0.09
ACT 0.81 0.09
Vic 1.02 0.1
QLD 0.81 0.12
SA 0.44 0.1
SW WA 0.69 0.04
NW WA 0.59 0
TAS 0.15 0.02
NT 0.63 0.08
Australia 0.73 0.09

Table E.2. Global Warming Potential and Conversion Factors (Ekonomou et al. 2022b).

Gas CO2e Conversion Factor
CcO2 1 3.67
CH4 28 1.33
N20 265 1.57
CF4 6,630

C2F6 12,200

SF6 22,800

NF3 17,200

NOXx 3.29
CcO 2.33
CO2 Lime 3.67
NMVOC 117
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APPENDIX F

Table F.1. Summary of sensitivity analysis methods (Chen et al. 2017; Saltelli et al. 2019).

Method Strength Weakness Application
] Ranking by importance
) Not applicable for non-
Simple, low of parameters and

One-at-a-time (OAT)

Differential Analysis
(DA)

Regression Analysis
(RA)

Morris

Sobol

Fourier Amplitude
Sensitivity Test (FAST)

computational cost, easy

for application

Applicable for screening
potentially important

parameters

Relatively simple and low
computational cost

Applicable for non-linear
models, relatively low
computational cost, easy
for application, and
suitable for screening
potentially important
parameters

Applicable for non-linear
models, capable to
quantify first-
order/higher-order
sensitivity; The results
will be eminent for
models with highly
interactive parameters.
Applicable for
monotone/non-monotone
models, relatively low
computational cost,
capable to quantify first-

order sensitivity

linear models, incapable
to calculate higher-order

sensitivity

Not applicable for non-
linear models, incapable
to calculate higher-order
sensitivity, demand for
use of specific software,
high computational cost
Not applicable for non-
linear models; The
outcomes will be poor for
models with highly
interactive parameters;
The results for analysis
may be a bit poor with
too narrow sampling

ranges for parameters.

Incapable to quantify
sensitivity

High requirements for
quality of samples, high
computational cost, not
considering relevance of

parameters

Not applicable for
calculating higher-order
sensitivity, not suitable
for discrete parameters,
not considering

relevance of parameters

parameter correction in
empirical or semi-
empirical models
Ranking by importance
of parameters,
identification for
potentially important
parameters, parameter

correction

Ranking by importance
of parameters, model
correction, uncertainty
analysis

Screening potentially
important parameters
among multiple
parameters, model
correction, uncertainty

analysis

Ranking by importance
of parameters in complex
models, studies of
influence by parameter
interactions on models,
parameter correction,

uncertainty analysis

Ranking by importance
of parameters in complex
models, studies of
influence by parameter

interactions on models,
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Method

Strength

Weakness

Application

Regional Sensitivity
Analysis (RSA)

Fewer assumption
requirements, no need to
modify models,
visualized results for
analysis, suitable for
screening important

parameters

Incapable to calculate
higher-order sensitivity,
incapable of quantifying
sensitivity, weak in the
ability to identify
parameters of general
sensitivity, results for
analysis affected by

sampling space

parameter correction,

uncertainty analysis

Identification on
parameter sensitivity in
complex models,
parameter correction,

uncertainty analysis
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APPENDIX G

(1) Python codes for sensitivity tests on the basic model:

import numpy as np
from SALib.analyze import morris
from SALib.sample.morris import sample
from SALib.plotting.morris import (
horizontal_bar_plot,
covariance_plot

)
import matplotlib.pyplot as plt

# Define the model function
def BaselineRainfall(x):
x1, x2, x3, x4, x5, x6, X7, x8, x9, x10, x11, x12, x13 = X
y = (0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2-X6*X 1 *X2-X 7*X2-
x8*0.1*x1*x2-x8*2.48*x2+x11*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10-x6*x9*x10-x13*x10-
x8*0.1*x9*x10-x8*2.49*x10

return y

# Define the bounds and levels for the input parameters
problem = {
‘num_vars": 13,
'names': ['Irrigation Water of Cotton (ML/ha)', 'Irrigated Area of Cotton (ha)', 'Price of Cotton
Lint (AU%/bale)', 'Price of Cotton Seed (AU$/t)", 'Effective Rainfall of Cotton (ML/ha)', 'Water Cost
(AU$/ML)', 'Other growing Cost of Cotton (AU$/ha)’, 'Price of Carbon (AU$/t CO2e)','Irrigation Water
of Wheat (ML/ha)','Irrigated Area of Wheat (ha)','Price of Wheat (AU$/t)','Effective Rainfall of Wheat
(ML/ha)','Other growing cost of Wheat (AU%$/ha)'],
‘groups’: None,
'bounds": [[0.0, 8.17],
[55.51, 11650.60],
[480.0, 550.0],
[0.0, 190.0],
[1.2829, 2.3678],
[72.0, 168.04],
[1483.0, 2257.0],
[13.95, 15.99],
[0.0, 3.11],
[278.11, 7767.61],
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[220.0, 400.0],
[0.1559, 1.4775],
[573.0, 639.0]]

# Generate the Morris samples

param_values = sample(problem, N=1000, num_levels=4, optimal_trajectories=None)

# Evaluate the model for each sample
y = np.zeros([param_values.shape[0]])
for i, X in enumerate(param_values):

y[i] = BaselineRainfall(x)

# Perform the Morris sensitivity analysis
Si = morris.analyze(problem, param_values, y, conf_level=0.95, print_to_console=True,

num_levels=4, num_resamples=100)

# Print the results

print('Mu:', Sii'mu'])
print('Sigma:’, Si['sigma’)
print(‘Mu_star:’, Si['mu_star")

print(‘Mu_star_conf:', Si['mu_star_conf")
fig, (ax1, ax2) = plt.subplots(1, 2)
horizontal_bar_plot(ax1, Si, (Australian Government 2022a), sortby="mu_star")

covariance_plot(ax2, Si, (Australian Government 2022a))

plt.show()
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(2) Python codes for sensitivity analysis on the further developed model

regarding crop residue management with a mulching or composting method:

import numpy as np
from SALib.analyze import morris
from SALib.sample.morris import sample
from SALib.plotting.morris import (
horizontal_bar_plot,
covariance_plot,
sample_histograms,

)
import matplotlib.pyplot as plt

# Define the model function
def CropResidueMulchCompost(x):

x1, X2, X3, x4, x5, X6, X7, X8, x9, x10, x11, x12, x13, x14, x15, x16, x17, x18, x19, x20, x21,

X22, X23, x24, X25, x26, X27, X28 = x

y = (0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*X2-X6*X 1 *X2-X7*X2-
x8*0.1*x1*x2-x8*2.48*x2+x11*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10-x6*x9*x10-x13*x10-
x8*0.1*x9*x10-x8*2.49*x10-
x14*x15*2*x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2/25-
x18*x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2-x19*x2+x20*x 2-
X8*x21*x22*(x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2+20*2)-
X8*X23*Xx2+x8*x24*x2-x14*x15*2*x25*x26*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10/25-
x18*x25*x26*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10-x19*x10+x27*x10-
x8*(x21*x22*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10+20*2)-x8*x23*x10+x8*x28*x 10

return y

# Define the bounds and levels for the input parameters
problem = {

‘num_vars'": 28,

'names": ['lIrrigation Water of Cotton (ML/ha)', 'lrrigated Area of Cotton (ha)', 'Price of Cotton

Lint (AU%/bale)', 'Price of Cotton Seed (AU$/t)', 'Effective Rainfall of Cotton (ML/ha)', 'Water Cost

(AU$/ML)', 'Other growing Cost of Cotton (AU$/ha)’, 'Price of Carbon (AU$/t CO2e)','Irrigation Water
of Wheat (ML/ha)','Irrigated Area of Wheat (ha)','Price of Wheat (AU$/t)','Effective Rainfall of Wheat
(ML/ha)','Other growing cost of Wheat (AU$/ha)', 'Logistic cost (AU$/hr)', 'Average time for freight to

site (hr)', 'Coefficient of disposed cotton straw', 'Residue index of cotton’, 'Disposal cost (AU$/)’,

'Reapplication cost (AU%/ha)’, 'Avoided cost from cotton (AU$/ha)’, 'GHGs from logistics (tCO2e/tkm)’,

'Average distance for freight to site (km)', 'GHGs from disposal (tCO2e/ha)’, 'Avoided GHGs from
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cotton (tCO2e/ha)', 'Coefficient of disposed wheat straw’, 'Residue index of wheat', 'Avoided cost from
wheat (AU$/ha)’, 'Avoided GHGs from wheat (tCO2e/ha)],

‘groups’: None,

'bounds': [[0.0, 8.17],
[55.51, 11650.60],
[480.0, 550.0],
[0.0, 190.0],
[1.2829, 2.3678],
[72.0, 168.04],
[1483.0, 2257.0],
[13.95, 15.99],
[0.0, 3.11],
[278.11, 7767.61],
[220.0, 400.0],
[0.1559, 1.4775],
[573.0, 639.0],
[130.0, 250.0],
[0.57, 1.03],

[0.4, 0.8],
[0.0, 1.9],
[10.0, 90.0],
[0.0, 140.0],
[0.0, 63.49],
[0.0, 0.4],
[44.7,84.8],
[0.04, 19.88],
[0.0, 0.6],
[0.4, 0.8],
[0.0, 1.5],
[0.0, 52.83],
[0.0, 0.3]]

# Generate the Morris samples

param_values = sample(problem, N=1000, num_levels=4, optimal_trajectories=None)

# Evaluate the model for each sample
y = np.zeros([param_values.shape[0]])
for i, x in enumerate(param_values):

yl[i] = CropResidueMulchCompost(x)
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# Perform the Morris sensitivity analysis
Si = morris.analyze(problem, param_values, y, conf_level=0.95, print_to_console=True,

num_levels=4, num_resamples=100)

# Print the results

print('Mu:', Sifmu')
print('Sigma:', Si['sigma’)
print(‘Mu_star:', Si['mu_star")

print(‘Mu_star_conf:', Si['mu_star_conf")
fig, (ax1, ax2) = plt.subplots(1, 2)
horizontal_bar_plot(ax1, Si, (Australian Government 2022a), sortby="mu_star")

covariance_plot(ax2, Si, (Australian Government 2022a))

plt.show()
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(3) Python codes for sensitivity analysis on the further developed model
regarding crop residue management with an incineration/combustion (with energy

recovery) method:

import numpy as np
from SALib.analyze import morris
from SALib.sample.morris import sample
from SALib.plotting.morris import (
horizontal_bar_plot,
covariance_plot,
sample_histograms,

)
import matplotlib.pyplot as plt

# Define the model function
def CropResidueCombustion(x):
x1, X2, X3, x4, x5, X6, X7, x8, x9, x10, x11, x12, x13, x14, x15, x16, x17, x18, x19, x20, x21,
X22, X23, X24, x25, x26, x27, x28, x29, x30, x31, x32 = X
y = (0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2-X6*X 1 *X2-X 7*X2-
x8*0.1*x1*x2-x8*2.48*x2+x11*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10-x6*x9*x10-x13*x10-
x8*0.1*x9*x10-x8*2.49*x10-
X14*x15*2*x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2/25-
x18*x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85%6.21*(x1+x5)/(9.4542)+0.9315)*x2-x19*x2+x20*x2-
X8*x21*x22*(x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x 1+x5)/(9.4542)+0.9315)*x2+20*2)-
X8*X23*X2+x8*x24*x2-x14*x15*2*x25*x26*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10/25-
x18*x25*x26*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10-x19*x10+x27*x10-
x8*(x21*x22*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10+20*2)-
Xx8*x23*x10+x8*x28*x10+x29*x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x
2*x30*x31+x8*0.12/1000*x16*x17*(0.42*4.4*x3+0.58*x4)*(0.85*6.21*(x1+x5)/(9.4542)+0.9315)*x2*x3
0*x31+x29*x25*x26*(1.05*6.00*(x9+x12)/(3.2640)-
0.3)*x10*x32*x31+x8*0.12/1000*x25*x26*(1.05*6.00*(x9+x12)/(3.2640)-0.3)*x10*x32*x31

returny

# Define the bounds and levels for the input parameters
problem = {
'num_vars': 32,
‘names': ['Irrigation Water of Cotton (ML/ha)', 'Irrigated Area of Cotton (ha)', 'Price of Cotton
Lint (AU$/bale)', 'Price of Cotton Seed (AU$/t)', 'Effective Rainfall of Cotton (ML/ha)', 'Water Cost
(AU$/ML)', 'Other growing Cost of Cotton (AU$/ha)', 'Price of Carbon (AU$/t CO2e)','Irrigation Water
of Wheat (ML/ha)','Irrigated Area of Wheat (ha)','Price of Wheat (AU$/t)','Effective Rainfall of Wheat

244



(ML/ha)','Other growing cost of Wheat (AU$/ha)’, 'Logistic cost (AU$/hr)', ‘Average time for freight to
site (hr)', 'Coefficient of disposed cotton straw', 'Residue index of cotton', 'Disposal cost (AU$/t)',
'Reapplication cost (AU%/ha)’, 'Avoided cost from cotton (AU$/ha)’, 'GHGs from logistics (tCO2e/tkm)’,
'Average distance for freight to site (km)', 'GHGs from disposal (tCO2e/ha)’, 'Avoided GHGs from
cotton (tCO2e/ha)', 'Coefficient of disposed wheat straw’, 'Residue index of wheat', 'Avoided cost from
wheat (AU$/ha)’, 'Avoided GHGs from wheat (tCO2e/ha)’, 'Price of on-grid electricity (AU$/kWh)',
'‘Lower Heating Value of cotton straw (kWh/t)', 'Electricity generation efficiency of regular power
plants', 'Lower Heating Value of wheat straw (kWh/t)1,
‘groups': None,
'‘bounds': [[0.0, 8.17],

[55.51, 11650.60],

[480.0, 550.0],

[0.0, 190.0],

[1.2829, 2.3678],

[72.0, 168.04],

[1483.0, 2257.0],

[13.95, 15.99],

[0.0, 3.11],

[278.11, 7767.61],

[220.0, 400.0],

[0.1559, 1.4775],

[573.0, 639.0],

[130.0, 250.0],

[0.57,1.03],

[0.4, 0.8],

[0.0, 1.9],

[10.0, 90.0],

[0.0, 140.0],

[0.0, 63.49],

[0.0, 0.4],

[44.7, 84.8],

[0.04, 19.88],

[0.0, 0.6],

[0.4, 0.8],

[0.0, 1.5],

[0.0, 52.83],

[0.0, 0.3],

[0.12, 0.24],

[3800.0, 4160.83],

[0.2, 0.6],
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[3600.0, 4101.67]]

# Generate the Morris samples

param_values = sample(problem, N=1000, num_levels=4, optimal_trajectories=None)

# Evaluate the model for each sample
y = np.zeros([param_values.shape[0]])
for i, x in enumerate(param_values):

y[i] = CropResidueCombustion(x)

# Perform the Morris sensitivity analysis
Si = morris.analyze(problem, param_values, y, conf_level=0.95, print_to_console=True,

num_levels=4, num_resamples=100)

# Print the results

print(‘Mu:', Si['mu'])
print('Sigma:', Si['sigma’)
print(‘Mu_star:’, Si['mu_star")

print(Mu_star_conf:', Si[mu_star_conf'])
fig, (ax1, ax2) = plt.subplots(1, 2)
horizontal_bar_plot(ax1, Si, {}, sortby="mu_star", unit=r"AUD/year")

covariance_plot(ax2, Si, {}, unit=r"AUD/year")

plt.show()
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APPENDIX H

Table H.1. Summary of costs associated with services for disposing the crop residues provided by local

companies.
Services and indicative costs
. Collection & Treatment & Re-application
No. Business . End products
transport: disposal of end
) ] (re-sale)
freight to site (quote) products
1 SoilWealth Nurturing ___a Composting Compost (——) AU$140/ha
Crops (AU$45-80/t ©) for spreading
X Composting Compost
WestRex —) (AU$50-701)
) AU$130-175/hr Mulching Mulch
3 Zilch Waste Recycles
b (AU$371) (AUS$20-29/t)
Mulching
(AU$10-50/t) Mulch (——)
Composting
) Compost (—)
4 Remondis E— (AUS$30-801/t)
icity d (——
Combustion Electricity < ( )

(AU$30-70/t)

5 Cl y AU$250/h Mulehing Mulch ( )
eanawa r ulch (——
(AU$70/)
Phoenix Power Composting Compost
6 AU$180/hr
Recycles (AUS90/t) (AU$35/)
a“——"means there is no charge for this part.

b The unit cost for collection and transport for crop residues is on an AU$ per hour basis (AU$/hr).

¢ The unit tonne “t” here means crop residues per unit tonne.

d “Electricity" is the generated power by the combustion processing that can be returned to the network for some
returns.

Note:

Four major parts of costs are identified: 1) collection & transport, namely gathering and delivering crop residues
by freight from targeted cropping areas/farms to site/facility for disposal, 2) treatment & disposal, namely facilities
processing and disposing residues to environmental-friendly end products, 3) re-sale of end products, namely

selling the end products after disposal, 4) re-application, namely returning and applying end products to farms.
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https://www.soilwealth.com.au/resources/articles-publications-and-case-studies/what-is-compost-worth-using-compost-in-australian-vegetable-systems/
https://www.soilwealth.com.au/resources/articles-publications-and-case-studies/what-is-compost-worth-using-compost-in-australian-vegetable-systems/
https://www.westrex.com.au/
https://zilchwaste.com.au/
https://www.remondis.com.au/en/home/
https://www.cleanaway.com.au/
https://www.phoenixpower.com.au/organic-products/organic-compost/pc100-prescription-compost.htm
https://www.phoenixpower.com.au/organic-products/organic-compost/pc100-prescription-compost.htm

