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Abstract 

This thesis presents an economic analysis of optimal lime and nitrogen fertilizer 

applications to manage soil acidity, nitrogen fertility, and greenhouse gas emissions in 

the Western Australian wheatbelt. Soil acidification due to crop cultivation and nitrogen 

fertilizers limits crop yields worldwide. Lime application is the most common practice to 

mitigate soil acidity. However, little is known about how optimal lime application 

strategies interact with nitrogen fertilizer in soils prone to acidity and how joint decisions 

on lime and nitrogen applications affect greenhouse gas emissions. The economic 

analysis is organised under three research questions. 

The first research question is: Under current use of nitrogen fertilizers by farmers in a 

wheat monoculture system in the Western Australian wheatbelt, what are the optimal 

lime application rates, liming frequency and potential economic returns to different liming 

strategies to manage soil acidity? To address this question I construct a nonlinear 

dynamic optimization model consisting of biophysical and economic components. I find 

that the application of lime to reduce soil acidity is a highly profitable practice. The optimal 

lime application rate depends on the average level of rainfall in the region and the initial 

severity of soil acidity. The economic performance of the system is not sensitive to the 

frequency of lime application, with intervals of 10 or 20 years between lime applications 

resulting in very similar economic returns. When the sub-soil is acidic, the more 

expensive lime application methods that incorporate lime into the sub-soil are more 

profitable than the conventional farming practice of applying lime to the soil surface. If 

only surface lime is applied, optimal lime application rates are much higher than common 

practice, although modest rate increases are almost as profitable as full rate increases.  

The second research question is: What are the optimal lime and nitrogen fertilizer 

application strategies to jointly manage soil acidity and nitrogen fertility, accounting for 

their potential interactions and considering the acidifying effects of different nitrogen 

fertilizers and choice of crops in crop rotation? This question is answered in Paper 2 by 
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extending the dynamic optimization model to determine optimal lime and nitrogen 

application strategies in each rainfall zones using two nitrogen fertilizers with different 

acidifying effects: urea and ammonium sulfate. The expanded model also includes two 

crop rotations: wheat, wheat, lupin (WWL) and wheat, wheat, canola (WWC). 

Importantly, lupin is a legume that fixes atmospheric nitrogen, allowing a reduction in 

chemical fertilizer rates. I find that decisions about the management of soil acidity, crop 

rotation, and nitrogen fertilizer are interdependent. Most importantly, nitrogen-related 

strategies affect optimal decisions for lime application. Application of a less-acidifying 

fertilizer (urea) reduces the rate of soil acidification and hence reduces the optimal rate 

of lime application. Similarly, the inclusion of a legume crop in the rotation reduces soil 

acidity because its nitrogen is less prone to leaching than that from fertilizers. The greater 

leaching of nitrogen that occurs in higher-rainfall zones also contributes to higher optimal 

lime application rates. 

The third research question is: What are the optimal lime and nitrogen fertilizer 

application strategies to jointly manage soil acidity, nitrogen fertility, and greenhouse gas 

emissions? This study accounts for the fact that both lime application and nitrogen 

fertilizers increase greenhouse gas emission. I add a CO2-e emissions component to the 

dynamic optimization model to account for and analyze greenhouse gas emissions 

associated with each crop rotation and nitrogen fertilizer type, nitrogen fertilizer rate and 

lime rate. I also include a tax on CO2-e emissions to internalize the social cost of these 

emissions. Although a carbon tax reduces emissions in all scenarios, the magnitude of 

the reductions is modest. The private cost to farmers in this case study region is also 

small. The imposition of a carbon tax does not substantially alter the results or the 

insights generated in the first two papers. 

This thesis contributes to the literature by providing a better understanding of optimal 

management strategies for lime and nitrogen application at a regional scale which 

benefits farmers and mitigates soil acidity and greenhouse gas emissions. It highlights 
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economic interdependencies between lime and nitrogen fertilizer application strategies 

and emphases on the potential costs and welfare effects of carbon pricing applied to 

agriculture.  
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1.1. Overview 

Acidic soils occupy about 30 percent of the world’s total land, 50 percent of the world’s 

arable lands and 30 percent of Australia’s crop-land (Li et al. 2017; Rengel 2003; Von 

Uexküll and Mutert 1995; Zheng 2010). Soil acidification is a natural process that occurs 

slowly. It causes an imbalance in soil macro and micro-elements and reduces nutrient 

uptake by crops (Anderson et al. 2013). In Australia, the rate of soil acidification is 

increased by continuous crop cultivation, the application of nitrogen fertilizer, and the 

removal of alkalinity in produce (Bolan et al. 2005; Filippi et al. 2018). The Western 

Australian wheatbelt has 70 percent of topsoils and 50 percent of sub-soils classified as 

acidic (See Figure 1.1). Lost production due to soil acidity in the Western Australian 

wheatbelt is estimated at $A1.6 billion annually (Petersen 2015). 

Lime application is the most common treatment for soil acidity that has been practiced 

for centuries (Goulding 2016). The lime application increases soil pH and the availability 

to crops of some nutrients (Briedis et al. 2012; Fornara et al. 2011; Viadé et al. 2011). 

Long-term lime usage also reduces the susceptibility of cropping land to wind and water 

erosion thereby improving soil condition and long-term land value (Gazey and Ryan, 

2015). A 20-year study of lime application in Western Australia has shown improvements 

in soil structure and crop production (Gazey et al. 2014b). Lime application is an 

investment in soil productivity. It has been estimated that the average returns to 

investment in lime application are $A63 per hectare annually or $11 for each $1 invested 

(Petersen 2015). Lime can be applied either on the soil surface or incorporated into the 

sub-soil. Surface lime application is the most common method. However, due to the low 

mobility of lime, it can take a number of years for a lime applied on the soil surface to 

decrease sub-soil acidity (Baligar et al. 2001). The incorporation of lime into sub-soil 

results in a more rapid decrease in top and sub-soil acidity, but this is a relatively new 

and high-cost technology that is not yet widely applied by farmers (Gazey et al. 2014a). 
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Figure 1.1. Percentage of soils in Western Australian’s agricultural regions with a pH at 0 -
30 cm depths below the Department of Primary Industries and Regional Development 
targets of 5.5 for 0-10 cm depth and 4.8 for 10- 20 cm and 20-30 cm depths (Gazey et al. 
2013). 

The costs of liming include the cost of lime at the quarry, transportation costs from quarry 

to farm, the cost of spreading lime, and the cost of incorporating lime into the sub-soil 

(Edmeades et al. 1985; Gazey et al. 2014b). The high cost and medium-term investment 

attributes of liming (Masters 2014) mean that farmers with limited finances, leased land 

or share farming may be unwilling to invest in lime to ameliorate soil acidity and increase 

yield, or may apply lime at lower rates or at a lower frequency than would be economically 

optimal. 

There have been a number of studies estimating the most profitable static levels of lime 

application (Bolton et al. 1976; Bongiovanni and Lowenberg-DeBoer 2000; Hajkowicz 

and Young 2005; Kaitibie et al. 2002; Mulungu et al. 2013; Tumusiime et al. 2011; Wang 

et al. 2003). However, there has not been a systematic economic optimization analysis 

treating lime as an investment in soil pH that yields benefits over the long term. 

The economics of lime application can interact with the economics of other farming 

inputs. Most importantly, there is a close relationship between soil acidity and nitrogen 

fertilizer. The use of nitrogen fertilizers in agriculture has been increased by ten-fold over 

the last century to feed the growing world population (Bodirsky et al. 2014; Robertson 

and Vitousek 2009). However, the increase in the use of nitrogen fertilizers causes 
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environmental problems such as greenhouse gas emissions and soil acidification (Barak 

et al. 1997; Bolan et al. 1991; Sutton et al. 2011). The application of nitrogen fertilizer is 

the main source of global anthropogenic N2O emissions and the nitrogen fertilizer 

production process substantially contributes to the total greenhouse emissions 

worldwide (Anderson 2010; Smith and Gregory 2013). 

The combined effects of lime and nitrogen fertilizer are complex. Most studies concluded 

that lime and fertilizer are complementary inputs (Bekele et al. 2018; Holland et al. 2018; 

Tumusiime et al. 2011; Wang et al. 2003), however contrasting results have been 

reported by Bolton et al. (1976). Liming increases crop yield directly, but also increases 

the marginal product of plant nutrient inputs. Nitrogen fertilizers, especially ammonium-

based fertilizers, increase soil acidity over time (Gazey et al. 2013). This may affect 

optimal liming strategies. Nitrogen fixed by legumes also intensifies soil acidification 

(Bolan et al. 1991). Therefore, the sequence of crops could influence optimal lime and 

nitrogen fertilizer rates. 

Research has been undertaken to determine the management strategies for lime and 

nitrogen fertilizer application and crop rotation individually. However, there has been 

almost no research on the economic interactions between lime and nitrogen fertilizers 

and the effect of crop rotation on optimal lime and nitrogen fertilizer rates as well as the 

effect of soil acidification on the optimal crop rotation. 

A third factor that influences the economics of both lime and nitrogen fertilizer application 

is the link to greenhouse gas emissions. Policy mechanisms that internalize the external 

costs of greenhouse gas emissions would inevitably affect the economics of lime and 

nitrogen fertilizer, and may affect the economic interactions between them. The 

Intergovernmental Panel on Climate Change (IPCC) recognizes that carbon contained 

in lime applied to agricultural soils is soon released to the atmosphere as CO2, with 0.12 

tonne CO2 emitted per tonne of limestone applied and 0.13 tonne CO2 emitted per tonne 
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of dolomite applied (IPCC 2006a). The lime application also influences carbon 

sequestration (Paradelo et al. 2015). Fornara et al. (2011) found that the net carbon 

sequestration measured in limed soils is greater than in un-limed soils. However, 

Gibbons et al. (2014), who analyzed the trade-off between lime application and 

greenhouse gas emissions, concluded that CO2-e emissions from the lime application 

are more than the carbon sequestered in limed soil relative to un-limed soil. Although 

there have been many studies analyzing the effects of lime and nitrogen application on 

greenhouse gas emissions (e.g., Barton et al. 2014; Brock et al. 2016; Gibbons et al. 

2014; Kim and Dale 2008; Sainju et al. 2012; West and McBride 2005), there is no 

currently published research that analyzes the economic implications of interactions 

between lime, nitrogen fertilizer and greenhouse gas emissions. 

This thesis aims to address the knowledge gaps outlined above. It investigates the 

economics of lime application to reduce soil acidity over the long term, accounting in 

detail for its physical and biological effects. It explores the economics of applying lime 

and nitrogen fertilizer, accounting for their biophysical and economic interactions. It also 

discovers the effect of a price for greenhouse gas emissions on the optimal level of lime 

and nitrogen fertilizer. The analysis is conducted in three different rainfall zones in the 

northern part of the Western Australian wheatbelt. 

1.2. Soil constraints and their economic value 

Current global estimates indicate that 20 percent of crop-land is degraded as a result of 

acidification, salinization, erosion, and compaction (DeLong et al. 2015; Lal 2015; 

Nkonya et al. 2016). Soil constraints arising from land degradation reduce soil 

productivity and profitability in the agricultural sector (Stavi and Lal 2015; Utuk and Daniel 

2015). Costs associated with soil degradation have been estimated at US$42 billion per 

year globally (Adhikari and Nadella 2011), and in countries where agriculture is the main 

driver of economic development, soil constraints have been shown to reduce economic 

growth (Alemayehu et al. 2016; Daliakopoulos et al. 2016; Dang and Moody 2016; Gitari 
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et al. 2015; NLWRA 2001; Orton et al. 2018; Sadras et al. 2016; Srivastava et al. 2016; 

Wang et al. 2015). Soil constraints can also affect air and water quality, climate regulation 

and recreational opportunities (Sutton et al. 2016). 

In Australia, losses in agricultural production from soil acidity were estimated in 2005 at 

A$1,585 million per year, with soil sodicity costing an estimated A$1,035 million per year, 

and soil salinity costing an estimated A$187 million per year (Hajkowicz and Young 

2005). A more recent economic analysis by Petersen (2015) found that sub-soil acidity 

costs Western Australian growers about A$1.6 billion per year in lost production 

potential, with annual losses of A$0.9 billion for compaction, A$0.6 billion for sodicity and 

A$92 million for salinity. 

Awareness of soil constraints and investment in better soil management practices can 

reduce the private and public costs of land degradation (Orton et al. 2018). An economic 

evaluation of soil degradation can be used to identify the main drivers of the problem, 

prioritize management responses, reduce poverty, and increase food security and social 

welfare (Nkonya et al. 2016). 

1.3. Modeling to address soil constraints 

Economic models can be used to evaluate soil constraints and help develop options for 

soil management (Hilger et al. 2013). A range of economic models to support farmers’ 

decision making have been developed over the years with respect to soil conservation 

practices. Barrett (1997) and Goetz (1997) developed economic models for optimizing 

control of soil erosion that took into account cropping systems and soil conservation 

policies in Sub-Saharan Africa and the United States. Grepperud (1997) developed a 

dynamic economic model to determine optimal soil conservation decisions in uncertain 

markets for risk-averse land managers in developing countries. He found that risk 

preferences under production and price uncertainty affect the incentive to address soil 

degradation. McConnell (1983) developed an economic model to optimize public and 

private conservation practices for soil erosion control. He concluded that soil depth 
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affects farm economic values and public policies to reduce soil erosion should be 

developed when soil loss results in pollution externalities. Lavoie et al. (1991) built a 

linear programming model to maximize farm income, accounting for the economics of 

soil compaction. They used their model to identify the implications for machinery 

selection and crop planning. 

Economic models can also be integrated with biophysical parameters to determine 

optimal soil management strategies. Such models help to evaluate potential responses 

of farmers to different soil constraints under different complex economic and biophysical 

conditions (Sonneveld 2002). Kruseman and van Keulen (2001) developed a bio-

economic model to address soil degradation that accounted for the direct interaction 

between decision-makers and biophysical processes at regional levels. Holden and 

Shiferaw (2004) used this bio-economic model to study the effect of land degradation 

and drought on social welfare and food security for severely degraded farming systems. 

Various researchers have applied optimization models to issues of soil management to 

maximize profits through the efficient use of resources (Biegler and Grossmann 2004; 

Costa 2016; Kondili 2005). For example, Khan et al. (2008) developed a hydrologic-

economic model using mixed integer non-linear optimization techniques to maximize 

economic farm returns while keeping soil salinity within standard levels. However, 

optimization models of soil management problems have mostly been restricted to small-

scale and short-term problems of simplified systems (Koziel et al. 2008; Leifsson and 

Koziel 2010). Many challenges remain, particularly their application to non-linear, large 

scale, and long-term problems (Yang et al. 2013). 

More recently, optimization models have been integrated with simulation models using 

nonlinear programming to find economically optimal management decisions in 

agriculture (Williams 2013). For example, Jelusic (2015) developed a non-linear 

programming model to evaluate methods for reducing soil compaction in Slovenia. The 

model was designed to find the optimal soil water content that improves soil mechanical 
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and physical properties and reduces soil compaction. Numerous optimization models 

combined with simulation models have been developed to individually manage nutrient 

fertility (e.g., Giasson et al. 2003; Jin et al. 2017; Liang et al. 2018; Peña-Haro et al. 

2011; Sihvonen et al. 2018) or greenhouse gas emissions (e.g., Doole et al. 2013; 

Hartmann et al. 2009; Panichelli and Gnansounou 2008; Tan et al. 2012; Yue et al. 

2013). However, these modeling approaches have not been applied to managing soil 

acidity nor for simultaneously managing soil acidity, nutrient fertility, and greenhouse gas 

emissions. The only published optimization model addressing soil acidity was developed 

by Lukin and Epplin (2003) to estimate the economically optimal lime application rate 

and frequency. The lack of such models may be due to a lack of data for both building 

and validating these models, particularly at the regional level (Sargent 2013). Soil 

problems are diverse in nature and involve complex biophysical and socio-economic 

structures. 

In Western Australia, the Optlime simulation model has been used to investigate the 

long-term impacts of lime application on soil acidity over a 20-year planning horizon 

(Gazey 2008). However, Optlime does not determine the profit maximizing lime 

application, and it does not consider complex interactions between lime and nitrogen 

applications and their effects on greenhouse gas emissions. The current thesis applies 

a combination of dynamic optimization and simulation models to investigate joint optimal 

management strategies for soil acidity, nitrogen fertility, and greenhouse gas emissions. 

1.4. Study region 

The Western Australian wheatbelt is located in the south-west of Australia and occupies 

an area of 155,000 km2. Its climate is classified as Mediterranean with cool to mild wet 

winters and warm to hot dry summers. Rainfall predominantly occurs over winter months 

with rainfall deficits over summer months. However high-intensity thunderstorms or rain-

bearing depressions associated with tropical cyclones may deliver significant rainfall in 

the summer. The annual rainfall over most of the region shows a west to east gradient, 
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declining from about 800 mm in the west to 250 mm in the east (Kobayashi and Oki 

2015). In this thesis, I apply my model in three agricultural zones in the northern 

wheatbelt with different rainfall patterns: high annual average rainfall (>450 mm), 

medium annual average rainfall (325 to 450 mm), and low annual average rainfall (<325 

mm) (labeled “H1”, “M1” and “L1”, respectively in Figure 1.2). 

Farming systems in the study region are dominated by wheat with significant areas of 

barley and oats (ABS 2017). The two main break crops used in rotations to complement 

cereals are narrow-leafed lupin and canola (Seymour et al. 2012). The dominant soil 

types of the region are sand and sand over clay (Petersen 2015). These soils are 

inherently acidic because of their low buffering capacity (Fujii et al. 2017). In this region, 

80 percent of topsoils (0-10 cm) and 50 percent of sub-soils (10-20 cm and 20-30 cm) 

have pH below 5.5 and 4.8, respectively (Gazey and Andrew 2009). In this study, for all 

three rainfall zones of the study region, the soil is assumed to be a yellow sandy-textured 

topsoil horizon over sandy-loam sub-soil horizons with three levels of initial soil acidity: 

acidic topsoil, acidic sub-soil, or both acidic topsoil and sub-soil. For the purpose of this 

study, based on advice from soil scientists working on soil acidity in the region, “acidic” 

soil is taken to mean initial pH of 4.6 or less for the 0-10 cm of soil horizon, 3.8 for the 

10-20 cm horizon and 4.1 for 20-30 cm. In this study, non-acidic soil horizons are 

assumed to have an initial pH of 5.8, 5.8 and 6.5, respectively. 

The acidification problem in this region is commonly treated by application of lime-sand, 

coastal limestone or dolomite (Gazey and Gartner 2009). The lime product used in the 

study is “West-Cost Lime Sand” that has a neutralizing value of 89.3 percent (the ability 

to neutralize soil acidity relative to pure calcium carbonate that is given a value of 100 

percent). 
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Figure 1.2. Western Australian wheatbelt region showing case-study zones H1, M1 and L1 
with average annual rainfall >450 mm, 325-450 mm and <325 mm rainfall patterns (Owen 
et al. 2007). 

1.5. Research questions and approach 

The aim of this thesis is to understand the economics of lime application for management 

of soil acidity in a range of contexts (including its interactions with nitrogen fertility, and 

greenhouse gas emissions) in the Western Australian wheatbelt. The aim is addressed 

as three research questions: 

1.5.1. Research Question 1 

Under current use of nitrogen fertilizers by farmers in a wheat mono-cultural system in 

the Western Australian wheatbelt, what are the optimal lime application rates, liming 

frequency and potential economic returns to different liming methods to manage soil 

acidity? 

To answer this question, a nonlinear dynamic optimization model is constructed in GAMS 

(General Algebraic Modeling System). The model consists of biophysical and economic 

components. The biophysical component is derived from the simulation model “Optlime” 
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that has been built for soil acidity management in Western Australia (Gazey 2008). This 

model uses soil characteristics (initial soil pH, gravel, bulk density, aluminum and 

texture), nitrogen fertilizer, lime quality, lime dissolution, lime leaching and the lime 

application method to estimate the dynamic effect of liming on pH of three soil horizons 

(0-10 cm, 10-20 cm and 20-30 cm). It predicts yields in different rainfall and soil acidity 

conditions. In the economic component, the net return to the lime application is derived 

taking into account the price of grain and cost of different lime application methods. The 

dynamic optimization model integrates the biophysical and economic components to 

determine the pattern of lime application (rate and frequency) that maximizes the net 

present value (NPV) of farm net income. This is analyzed for a continuous wheat 

production system by comparing the economic benefits of different lime application 

methods to address both top and sub-soil acidity while considering the lime carryover 

effects. 

1.5.2. Research Question 2 

What are the optimal lime and nitrogen fertilizer application strategies to jointly manage 

soil acidity and soil fertility, accounting for their potential interactions and considering the 

acidifying effects of different nitrogen fertilizers and choice of crops in crop rotation? 

To answer this question, the dynamic optimization model is modified to jointly determine 

optimal lime and nitrogen fertilizer application strategies in each of the case-study zones 

with different soil-acidity conditions. To analyze the acidifying effects of different nitrogen 

fertilizers and the acid tolerance level of different crops; the nitrogen fertilizer applied  is 

either urea or ammonium sulfate, and the crop sequence is fixed to either wheat, wheat, 

lupin (WWL) or wheat, wheat, canola (WWC), with one crop grown per year. The 

acidifying effects of the nitrogen fertilizers affect soil pH dynamics. The predicted crop 

yield is combined with nitrogen response curves using equations and parameters 

provided by Adams et al. (2000). The net return to lime and nitrogen fertilizer application 
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is maximized taking into account the price of grain and the costs of both nitrogen, lime 

and lime application. 

1.5.3. Research Question 3 

What are the optimal lime and nitrogen fertilizer application strategies to jointly manage 

soil acidity, nitrogen fertility, and greenhouse gas emissions? 

To answer this question, CO2-e emissions are added to the dynamic optimization model. 

This component analyzes the greenhouse gas emissions (CO2-e) associated with each 

rotation and nitrogen fertilizer type, as affected by optimal lime and nitrogen fertilizer 

strategies. Implementing a carbon pricing approach, the dynamic optimization model 

integrates the model’s three components to determine, for each rotation and nitrogen 

fertilizer type, the dynamically optimal strategies for lime and nitrogen fertilizer 

application, with a CO2-e emissions tax. 

1.6. Conceptual framework 

The conceptual framework of the thesis is given in Figure 1.3. It presents how the three 

papers are connected to the overall research objective. Paper 1 (Chapter 2) answers the 

research question 1 in terms of investigating economically optimal lime application 

strategies that maximize the NPV of the farm’s profit. Paper 2 (Chapter 3) addresses 

research question 2 in terms of exploring the economically optimal lime and nitrogen 

fertilizer application strategies while accounting for their potential interactions to 

maximize the NPV of farm profits. Paper 3 (Chapter 4) covers research question 3 to 

determine the socially optimal lime and nitrogen fertilizer application strategies that 

maximize the NPV of the farm’s profit accounting for the costs of greenhouse gas 

emissions. 

 



Chapter 1: Introduction 

13 
 

 

Figure 1.3. Thesis conceptual framework. 

1.7. Thesis outline 

In accordance with the University of Western Australia’s regulations regarding Research 

Higher Degrees, this thesis is presented as a series of journal papers. Following this 

introduction to this thesis, Chapter 2, 3, and 4 present three research papers that cover 

the three research questions. These three chapters contain their own introduction, 

method, results, discussions, and references. Therefore they can be read either 

individually or as part of the thesis. Chapter 5 is a discussion of the results and their 

broader implications, especially their implications for policy-makers. It also identifies 

opportunities for future research in this area. 

Given that the three main chapters are written to be stand-alone papers submitted 

separately to journals, there is unavoidably some repetition of material between them. 

They each need to contain background information about soil acidity and the case-study 

region. 
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2.1. Abstract 

Soil acidification due to crop removal and the use of acidifying fertilizers reduces land 

productivity across agricultural systems worldwide. The standard remedy is to apply lime 

periodically to the soil surface. Lime assimilates into the soil profile over time and reduces 

soil acidity. An alternative approach is to incorporate lime into the sub-soil. This is a more 

expensive lime application method, but it substantially reduces the time required to 

reduce acidity in the sub-soil horizons. This paper presents a dynamic optimization 

model to determine optimal rates, frequency, and methods of lime application for a cereal 

crop. Using the Western Australian wheatbelt as the case study region and wheat as the 

cereal crop, results show that optimal application rates and frequency vary with different 

rainfall levels and soils with different acidity condition. Incorporating lime into the soil 

increases the net present value of income by up to 7 percent compared to the traditional 

surface applications, and reduces both the optimal lime application rates and the time 

required for soil acidity to reach the target level. 

Keywords 

Australia; dynamic optimization; economics; lime application; net present value; soil 

acidity; wheat 

2.2. Introduction 

Acidification of soils is mostly due to crop harvesting, that removes base cations of 

calcium, magnesium, potassium, and sodium (Lukin and Epplin 2003), and the 

application of nitrogen fertilizers, that increases hydrogen ions in the soil (Tian and Niu 

2015). Approximately 50 percent of arable land worldwide are acidic (Li et al. 2017; 

Zheng 2010). According to FAO (2015), acidic soils are concentrated in South America, 

northern and eastern North America, South-East Asia, Central and Southern Africa, and 

northern Europe and Eurasia. About 60 percent of the area of acidic soils is in developing 

countries, mainly in the tropics and subtropics. 
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In the cereal producing zone of Western Australia, the wheatbelt, more than 70 percent 

of topsoil has a pH lower (i.e., more acidic) than the Department of Primary Industries 

and Regional Development (DPIRD) target of 5.5 and almost half of the sub-soils have 

a pH lower than DPIRD’s target of 4.8 (Gazey et al. 2013). The value of lost production 

in this region due to sub-soil acidity has been estimated at $A1.6 billion annually 

(Petersen 2015). 

In Australia, soil acidification is commonly treated by lime application (Gazey and Gartner 

2009). In Western Australia’s agricultural zone, an estimated 1 million tonnes of lime per 

annum is currently applied, and in the next ten years, application of approximately 2.5 

million tonnes of lime will be required annually to achieve soil pH targets of 5.5 and 4.8 

(State of the Environment Report 2011). Liming increases soil pH and modifies the 

composition of the cation exchange complex. A high pH decreases soluble and reactive 

forms of aluminum (which can reach toxic concentrations in many Australian soils at low 

pH), alleviates calcium deficiency, reduce positively charged ions in the soil, and 

increases nutrient availability (Briedis et al. 2012; Fornara et al. 2011; Viadé et al. 2011). 

In the Western Australian wheatbelt, the potential benefits from the widespread lime 

application are estimated to be $A63 ha-1 annually (Petersen 2015). Hence, lime 

applications can be viewed as an investment in soil productivity (Gazey et al. 2014b). 

The decision to apply lime is affected by biophysical and economic factors. The biological 

factors include the crop grown, soil type, initial soil pH, nitrogen fertilizer application, 

rainfall and soil moisture, lime type and quality, and liming methods (Conyers et al. 1995; 

Evans et al. 2001; Goulding et al. 1989; Kirchhof et al. 1995; Liu et al. 2004; Scott et al. 

1992; Wang et al. 1999). A single application of lime takes almost one year to achieve 

maximum effectiveness, and benefits can last six years or more (Sime 2001). Therefore, 

it is important to consider the carryover effects of lime from one crop season to the next; 

the optimal application rate and timing of lime application should account for the residual 

benefit of lime. In the southern plains of Oklahoma, Kaitibie et al. (2002) analyzed the 
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economics of lime application, accounting for the residual benefit. They found that it is 

optimal to apply lime only in the first year of the five year planning horizon. In Indiana, an 

evaluation of the profitability of variable rates of lime application as a stand-alone activity 

was undertaken. The researchers concluded that the annual returns to crop production 

increased with site-specific lime application management (Bongiovanni and Lowenberg-

DeBoer 2000). 

The key economic factors affecting the economics of lime application are; price of lime 

at the quarry, the cost of transporting lime to the farm, the cost of spreading lime, the 

cost of incorporating lime into the sub-soil, the prices of grains, and the farmer’s personal 

discount rate (Edmeades et al. 1985; Gazey et al. 2014b). 

To investigate optimal surface and sub-surface lime application rates, liming frequency 

and potential economic returns to different liming methods, we develop a nonlinear 

dynamic optimization model that integrates a biophysical model of soil pH and wheat 

yield, derived from the Optlime simulation model (Gazey 2008; Sandison and Bathgate 

1997), with an economic model. The model determines the pattern of lime application 

(rate and frequency) that maximizes the net present value (NPV) of income for a 

representative continuous wheat production system for a range of acidity and rainfall 

conditions in Western Australia. The insights from the study are applicable to many 

localities. 

Our study makes two contributions to the literature. The first contribution is to determine 

the optimal lime application rate and frequency accounting for the dynamics of pH 

through soil horizons and time. Many previous studies estimated optimal static lime 

applications (Bolton et al. 1976; Bongiovanni and Lowenberg-DeBoer 2000; Calba et al. 

2006; Hajkowicz and Young 2005; Kaitibie et al. 2002; Lukin and Epplin 2003; Mulungu 

et al. 2013; Wang et al. 2003). A small number of modeling studies estimated soil pH 

change over time by considering the carryover effect of lime (Lukin and Epplin 2003), 

although they ignored the effects of rainfall and the depth to which lime is incorporated. 
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This study is the first to model the dynamic effects of lime on pH for a range of soil 

horizons and to determine optimal rates of lime applications accounting for those 

dynamic effects. 

The second contribution is to investigate the economics of deep placement of lime to 

more effectively treat sub-soil acidity. Surface application is the most common method. 

It involves spreading lime evenly on the surface without incorporation, however, due to 

the low mobility of lime in the soil, the surface lime application does not reduce the acidity 

of sub-surface soil horizons immediately (Caires et al. 2005). The amendment of sub-

soil acidity is particularly difficult to achieve in no-till systems due to the lack of soil 

disturbance (dos Santos et al. 2018; Flower and Crabtree 2011). No-till has become by 

far the most common tillage practice amongst farmers in Western Australia (Llewellyn et 

al. 2012). The deep placement of lime into sub-soil by direct injection during deep ripping 

has shown promising results with a rapid decrease in sub-soil acidity, in particular where 

compaction is also a soil constraint (Gazey et al. 2014a). In this new technique, lime is 

injected into the sub-soil using a slitter blade attached to a tractor (Anderson and 

Hendrick 1983). However, the cost and slow operation of the required machinery and 

the poor distribution of lime are the potential risks of this method (Davies et al. 2015; 

Gazey et al. 2014a; Osman 2013). We, therefore, aim to compare the economic benefits 

of different lime application methods in terms of addressing both top and sub-soil acidity. 

2.3. Method 

2.3.1. Study region and farming system 

The Western Australian wheatbelt is a 155,000 km2 region in the south-west of Australia. 

Its climate is Mediterranean with cool to mild, wet winters and warm to hot, dry summers. 

Rainfall predominately occurs during winter (June to August) with rainfall deficits during 

the summer (December to February), although high-intensity thunderstorms or rain-

bearing depressions associated with tropical cyclones may deliver significant rainfall in 

summer. Rainfall is strongly seasonal, and about 75 percent of the annual rainfall occurs 
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between May to October. Annual rainfall ranges from 250 mm in the north-east to 800 

mm in the south-west (Burbidge et al. 2004; Kobayashi and Oki 2015). For this study, 

three zones with different rainfall patterns in the northern wheatbelt are chosen: low 

annual average rainfall (less than 325 mm), medium annual average rainfall (325 to 450 

mm), and high annual average rainfall (more than 450 mm). 

The Western Australian wheatbelt is crop-dominant and produces about 14 million 

tonnes of grain annually. The most common crops are wheat, barley, oats, canola and 

lupin (Kingwell et al. 2003). Wheat (Triticum aestivum L.) accounts for the largest 

proportion of the cropping area in the region (Seymour et al. 2012). There are about 4200 

rain-fed farms ranging in size from 1000 to 15000 hectares (Wilkinson 2018). Wheat is 

typically sown in May and is harvested in about November-December. In the study 

region, crop production is greatly affected by soil acidity and the resulting aluminum 

toxicity. The most common soil types in the region are sand and duplex (sand over clay). 

Due to their lower buffering capacity, sandy soils are the most susceptible soil types to 

acidification. However, pH recovery in these soils is quicker and less lime is required to 

amend acidity compared to clay soils (Fujii et al. 2017). This farming system is reliant on 

large machinery to boost labor productivity (Kingwell 2011). Reduced-tillage or no-till 

systems are used throughout the region to improve soil and water utilization (Flower and 

Braslin 2006). 

2.3.2. Model structure 

We develop a dynamic optimization model to determine optimal lime application rates 

and frequency for representative crop farms in each of the three case-study zones. The 

model is constructed in GAMS (General Algebraic Modeling System) and solved using 

the CONOPT solver. It consists of a biophysical component derived from Optlime and 

an economic component (see Figure 2.1). 
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Optlime is a simulation model that predicts soil pH responses to lime application, nitrogen 

fertilizer application and crop removal (Gazey 2008). Optlime simulates crop yield as a 

function of soil pH and aluminum toxicity in the soil between 0-30 cm depth (Oliver et al. 

2014). The biological component integrates soil characteristics (soil initial pH, gravel, 

bulk density, aluminum and texture), rainfall, nitrogen fertilizer, lime quality, lime 

dissolution, lime leaching and lime application methods to determine the effect of lime 

application on monthly soil pH dynamics in three soil horizons: 0-10 cm, 10-20 cm and 

20-30 cm. Annual pH (an average of soil pH from May to October-growing season) 

determines annual aluminum concentration over the soil horizons and the resulting yield 

responses. Crop harvesting and nitrogen fertilizer application result in soil acidification 

that changes the annual soil pH at the end of the growing season. The simulated yield is 

an input into the economic model. Based on the price of grain and the cost of lime 

application by different methods, the economic component determines net return to the 

lime application given yield as a function of soil pH and aluminum toxicity in the three soil 

horizons. 

The dynamic optimization model combines biological and economic models to maximize 

NPV of a continuous wheat system over the 80 year time horizon. The decision variables 

are lime application rates and frequency for surface and sub-surface applications. (See 

Appendix 1 for detailed information on the model equations and parameters). The 

optimal lime application and timing problem is highly nonlinear with a large number of 

decision variables. It suffers from the curse of dimensionality as pH for the three different 

soil horizons are all state variables, and there are interactions between the soil horizons. 

To make this problem more tractable, we assume that lime is applied in fixed time 

intervals. We make use of the fact that, after an initial adjustment period, pH states tend 

to follow a repeated cycle of levels, and differentiate between initial application, and 

maintenance applications. Therefore, we use fixed liming intervals of 10 or 20 years 

during the modeling horizon of 80 years. Although the time frame of interest to farmers 
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is much shorter, the 80 years modeling horizon is justified as follows. First, it takes a long 

time for the lime to propagate through the soil horizons in some soil and rainfall conditions 

because of the low dissolution and mobility of lime in the soil. Second, we need to 

accommodate several cycles of lime application, to allow for the system to reach a steady 

state. Finally, a shorter planning horizon may result in running down the soil as it would 

imply that farmers do not care about the health and value of the soil after the end of the 

modeling horizon. Besides, we add a terminal value function assuming that the liming, 

pH dynamics and yields of the last liming interval in the modeling horizon are repeated 

indefinitely. The approach has much in common with the Faustmann (1968) model of 

forestry economics. 

Although there are many crops and crop rotations practiced in the study region, we have 

chosen the continuous wheat production system for reasons of tractability. This is also 

because wheat is a dominant crop in the study region, the wheat monoculture system 

has been practiced by some farmers, and continuous cropping for a range of crops is 

practiced by many farmers. Our model approximates these crop-rotation systems. 
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Figure 2.1. Model structure. 

2.3.3. Treatments 

To examine the impact of rainfall, soil acidity severity and liming methods on optimal lime 

rate and frequency in the wheat cropping system, a combination of three acidic soil layers 

(top, sub and both), three rainfall levels (<325 mm, 325-450 mm and >450 mm) and two 

lime application options (surface and surface plus sub-surface) are assessed. In the 

modeling scenarios, “acidic” soil means initial soil pH levels of 4.6 for the 0-10 cm of soil 

horizon, 3.8 for the 10-20 cm horizon and 4.1 for 20-30 cm. Non-acidic soil horizons are 

assumed to have a pH of 5.8, 5.8 and 6.5, respectively (see initial soil pH, 𝑝𝐻𝑖
0, of 

different acidic soil layers in Table A1.1 of Appendix 1). A soil with an acidic surface layer 

is not necessarily acidic in the sub-soil layers. 

2.4. Result and discussion 

2.4.1. Soil acidity and yields 

The yield and soil acidity responses to optimal lime decisions vary broadly with rainfall, 

the severity of soil acidity conditions and liming options. Figure 2.2 shows results for the 
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325-450 mm rainfall zone, for three broad liming strategies under three soil acidity 

conditions, and for liming every 10 years. The results shown are from the dynamic 

optimization model and lime rates are optimal (maximum NPV) for the conditions 

modeled apart from scenarios which assume no lime application. 

Graphs (a), (d), and (g) are for no lime application. In the graph (a), the crop yield remains 

high despite the acidic topsoil but starts to fall once sub-soils reach high levels of acidity, 

below pH 4.1 in CaCl2. This pH level is identified as critical for wheat production as wheat 

is moderately tolerant of soil acidity (Gazey 2008). In the study region, high sub-soil 

acidity, due to raised aluminum levels that are toxic to plants, decreases root growth and 

yield. In graphs d and g, where sub-soils are initially acidic, yields start low and continue 

to decline slowly, even if the topsoil is not acidic (graph d). Based on the parameters and 

functions of Optlime, the wheat yield is more sensitive to sub-soil acidity than to topsoil 

acidity. 

Graphs b, e, and h are the scenarios where lime is applied to the surface only. In the 

case of topsoil acidity only (graph b), low rates of lime in year 1 and every 10 years 

ameliorate the topsoil acidity and maintain high yields throughout the period. The optimal 

lime rates are given in Table 2.1. Where the sub-soil is acidic but only surface application 

of lime is allowed (graphs e and h), it is optimal to apply a very high initial lime rate to the 

soil surface. This improves sub-soil acidity sufficiently to improve crop yields within three 

years, although sub-soil acidity continues to improve for around 15-20 years. In the 

absence of a further lime application, pH declines after that, but not enough to reduce 

crop yields within 80 years. 

The bottom row of graphs (c, f, and i) are the scenarios where lime can be applied to the 

surface, the sub-surface or both. The first result (c), where there is only topsoil acidity, 

includes only surface lime application, and so it is identical to result (b). In the result (f), 

with only sub-soil acidity, and the result (i), with acidity in all three soil layers, it is optimal 

to apply lime to both the soil surface and the sub-surface. Acidity in the second soil layer 
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(10-20 cm) reduces rapidly. In the third layer, it takes longer to recover. In both cases, 

the crop yield increases within one year and stays high throughout the period. 
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Figure 2.2. Yield and pH at the end of growing season response to liming options (10-yearly) for 325-450mm rainfall zone with 
different soil acidity condition.
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2.4.2. Optimal liming strategies 

Table 2.1 shows the optimal liming strategies for six of the nine scenarios presented in 

Figure 2.2 (excluding results for no liming, as the lime rates are zero). Figure 2.2 is based 

on the rainfall of 325-450 mm per year, but Table 2.1 includes results for the low, medium 

and high rainfall zones. In broad terms, in all three rainfall zones, optimal lime usage is 

lowest where only the topsoil is acidic, highest where the sub-soil is acidic but only 

surface application is used, and intermediate where both surface and sub-surface lime 

application are used. When the sub-soil is acidic, it is optimal to apply high rates of lime 

to the soil surface, or else to invest in the more expensive sub-surface application, 

through the incorporation of lime into the soil. When the sub-surface application is used, 

the total amount of lime used in the first year is reduced from 8-10 tonnes per hectare to 

3-4 tonnes per hectare as there is a limited and delayed capacity of surface liming to 

improve sub-soil acidity. 

The effect of rainfall on optimal liming practices is complex. First, where the surface 

application of lime is used to treat sub-surface acidity, optimal surface application rates 

are lower at higher rainfall levels due to greater rainfall helping to transport lime into the 

soil. Second, optimal surface rates, in particular, maintenance rates, are greater at higher 

rainfall levels where lime is incorporated into the acidic sub-soil layer. This increase is 

related to the higher nitrogen leaching factors and consequently higher acidification rates 

in the subsequent years. This trend is more apparent when surface and sub-surface lime 

application is used to amend both top and sub-soil acidity. Across all rainfall levels, 

optimal lime rates are lower when there is both top- and sub-soil acidity condition 

compared to the scenario with only sub-soil acidity. This perhaps-surprising result (lower 

rates when more of the soil profile is acidic) is explained by the fact that surface-applied 

lime is more soluble when the topsoil is more acidic, facilitating greater transfer of 

alkalinity to lower soil horizon. Most of the optimal lime application rates are influenced 

only slightly by changing lime application frequency from 10-yearly to 20-yearly. All of 
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the optimal application rates for year 1 are the same or only slightly increased when the 

frequency is reduced (Table 2.1 and 2.2). However, increases in optimal maintenance 

rates are larger, approximately doubling in all cases. 

Table 2.1. Optimal lime application rates (t ha-1) with 10-year liming frequency for different acidic 
soil layers, rainfall, and liming options. 

   Lime application rate (t ha-1) 

Annual 
rainfall 
(mm) 

Acidity 
condition 

Liming option 
Surface 
(year 1) 

Sub-
surface 
(year 1)* 

Surface 
maintenance 
(10-yearly)  

<325 

Topsoil 
Surface 0.6 - - 

Surface and sub-surface 0.6 - - 

Sub-soil 
Surface 10.1 - - 

Surface and sub-surface 0.1 3.2 0.1 

Top and 
sub-soil 

Surface 8.6 - - 

Surface and sub-surface 0.8 3.0 0.1 

325-450 

Topsoil 
Surface 0.6 - 0.2 

Surface and sub-surface 0.6 - 0.2 

Sub-soil 
Surface 9.6 - - 

Surface and sub-surface 0.2 3.2 0.5 

Top and 
sub-soil 

Surface 8.1 - - 

Surface and sub-surface 0.9 2.8 0.5 

>450 

Topsoil 
Surface 0.6 - 0.7 

Surface and sub-surface 0.6 - 0.7 

Sub-soil 
Surface 9.4 - 0.1 

Surface and sub-surface 0.6 3.2 0.9 

Top and 
sub-soil 

Surface 7.8 - 0.5 

Surface and sub-surface 1.4 2.8 0.9 

*Optimal lime application rate is incorporated equally to two sub-soil layers 10-20 cm and 20-
30 cm. The base parameter values used to obtain these results are given in Table A1.1 of 
Appendix 1. 
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Table 2.2. Optimal lime application rates (t ha-1) with 20-year liming frequency for different acidic 
soil layers, rainfall and liming options. 

 

NPV responses 

Table 2.3 shows NPVs for each scenario, for both the 10 and 20-year lime application 

frequencies. Sub-soil acidity has a larger impact on profits than does topsoil acidity. This 

is especially true if no lime is applied, but remains true even if lime is applied. Across all 

rainfall levels, the surface lime application is optimal to ameliorate topsoil acidity and 

surface plus the sub-surface lime application is the optimal liming option to amend sub-

soil acidity. Increases in rainfall level improve profits in all acidity conditions. However, 

changes in liming frequency have almost no effect on profits.

   Lime application rate (t ha-1) 

Annual 
rainfall 
(mm) 

Acidity 
condition 

Liming option 
Surface 
(year 1) 

Sub-
surface 
(year 1)* 

Surface 
maintenance 
(10-yearly) 

<325 

Topsoil 
Surface 0.6 - - 

Surface and sub-surface 0.6 - - 

Sub-soil 
Surface 10.1 - - 

Surface and sub-surface 0.2 3.2 0.2 

Top and 
sub-soil 

Surface 8.6 - - 

Surface and sub-surface 0.9 3.0 0.2 

325-450 

Topsoil 
Surface 0.7 - 0.4 

Surface and sub-surface 0.7 - 0.4 

Sub-soil 
Surface 9.6 - 0.0 

Surface and sub-surface 0.5 3.0 1.0 

Top and 
sub-soil 

Surface 8.1 - - 

Surface and sub-surface 1.2 2.8 1.0 

>450 

Topsoil 
Surface 0.8 - 1.6 

Surface and sub-surface 0.8 - 1.6 

Sub-soil 
Surface 9.4 - 0.3 

Surface and sub-surface 0.9 3.0 2.1 

Top and 
sub-soil 

Surface 7.8 - 1.0 

Surface and sub-surface 1.6 2.8 2.1 

*Optimal lime application rate is incorporated equally to two sub-soil horizons 10-20 cm and 
20-30 cm. The base parameter values used to obtain these results are given in Table A1.1 of 
Appendix 1. 
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Table 2.3. Net present value (NPV) responses to different acidic soil layers, rainfall, and liming option and frequency. 

 Frequency Liming option 

Rainfall (mm) 

<325 325-450 >450 

Acidity condition 

Topsoil Sub-soil 
Top and 
sub-soil 

Topsoil Sub-soil 
Top and 
sub-soil 

Topsoil Sub-soil 
Top and 
sub-soil 

NPV ($ ha-1) 10 

No Lime 8,589 5,113 5,068 10,377 5,786 5,735 12,597 6,827 6,766 

Surface 8,648 7,934 8,122 10,569 9,955 10,106 13,436 12,895 13,018 

Surface and sub-surface 8,648 8,486 8,467 10,569 10,394 10,377 13,436 13,255 13,239 

Extra benefit for surface and sub-surface liming 
relative to surface liming (percent) 

- 7.0 4.3 - 4.4 2.7 - 2.8 1.7 

NPV ($ ha-1) 20 
Surface 8,648 7,934 8,122 10,569 9,955 10,106 13,437 12,897 13,024 

Surface and sub-surface 8,648 8,486 8,467 10,569 10,394 10,377 13,437 13,252 13,238 

Extra benefit for surface and sub-surface liming 
relative to surface liming (percent) 

- 7.0 4.3 - 4.4 2.7 - 2.7 1.6 
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Applying lime is substantially more profitable than not applying it (Table 2.4). Surface 

lime application, relative to no lime application, increases profit by 1-7 percent in topsoil 

acidity condition and 55-92 percent in sub-soil acidity condition depending on rainfall 

levels. If there is sub-soil acidity, the best solution is to combine surface and sub-surface 

lime application; this results in up to 96 percent more benefit compared to no lime 

application. Compared to surface liming only, the additional benefit of also sub-surface 

liming is small - less than 5 percent in all cases except the low rainfall zone at 7 percent 

(Table 2.3). In other words, the additional costs of sub-surface liming almost cancel out 

the additional benefits.
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Table 2.4. The ratio of net present value (NPV) with and without lime application.

Liming option 

Annual rainfall (mm) 

<325 325-450 >450 
Acidity condition 

Topsoil Sub-soil Top and sub-soil Topsoil Sub-soil Top and sub-soil Topsoil Sub-soil Top and sub-soil 

No Lime 1 1 1 1 1 1 1 1 1 

Surface 1.01 1.55 1.60 1.02 1.72 1.76 1.07 1.89 1.92 

Surface and sub-surface 1.01 1.66 1.67 1.02 1.80 1.81 1.07 1.94 1.96 
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2.5. Sensitivity analysis 

Due to the uncertainty involved in the estimation and specification of key parameters 

within the model, the sensitivity of the key results (optimal lime application rates and the 

NPV) to alternative values of selected parameters is examined. All sensitivity analyses 

presented are for the 325-450 mm rainfall zone under 10-yearly surface liming as it is 

the most common liming method in the study region. 

2.5.1. Initial soil pH 

Optimal lime rates in the base model are extremely sensitive to changes in initial pH 

(Table 2.5). The first row of results is for the acidic condition in all three soil horizons. In 

subsequent rows, the pH of each soil horizons is increased simultaneously in steps of 

0.2. The first step increase in pH results in a large reduction in the optimal surface rate 

in year one but no change in surface maintenance rates (10-yearly). Further increases 

in pH gradually decrease the surface rate in year one and increase the surface 

maintenance rate in the following years. The first step-change in acidity has a large 

impact on NPV, but after the second step, the benefit of additional decreases in acidity 

is very small. These results reinforce the importance of initial soil acidity condition as one 

of the key parameters in determining the optimal decision rules for lime application. 

Table 2.5. Optimal lime application rate and net present value (NPV) responses to 
alternative values of initial soil pH (CaCl2) in the 325-450 mm rainfall zone under the 10-
yearly surface liming. 

 

2.5.2. Wheat and lime prices 

Both lime rates and NPV are highly sensitive to wheat prices but much less sensitive to 

lime prices. The impacts of ± 30 percentage change in both wheat and lime prices on 

Initial pH (CaCl2) Lime application rate (t ha-1) 

NPV ($ ha-1) 
0-10 cm 10-20 cm 20-30 cm 

Surface 
(year 1)  

Surface maintenance 
(10-yearly)  

4.6 3.8 4.1 8.1 - 10,106 
4.8 4.0 4.3 4.0 - 10,415 
5.0 4.2 4.5 1.8 0.4 10,521 
5.2 4.4 4.7 0.7 0.7 10,548 
5.4 4.6 4.9 0.1 0.7 10,563 
5.6 4.8 5.1 - 0.6 10,572 
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optimal lime rates and NPV responses are given in Table 2.6. The simultaneous change 

in prices: +30 percentage change in wheat price and -30 percent change in lime price 

greatly increases the lime rate and NPV.  
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Table 2.6. Optimal lime application rate and net present value (NPV) responses to ± 30 
percentage change in both wheat and lime prices in the 325-450 mm rainfall zone with top and 
sub-soil acidity under the 10-yearly surface liming. 

 

2.5.3. Distance from the lime pit and discount rate 

Optimal surface lime application rate in year one is very sensitive to distance from lime 

pit, which affects the overall cost of lime application, but less sensitive to discount rate, 

(Table 2.7). For instance, every 100 km increase in the distance from lime pit decreases 

the initial surface lime rate by around one tonne per hectare without increasing the 

subsequent maintenance rates which are about zero. 

Table 2.7. Optimal lime application rate and net present value (NPV) responses to 
alternative values of selected parameters in the 325-450 mm rainfall zone with top and sub-
soil acidity under the 10-yearly surface liming. 

 

2.5.4. Bound on lime rate 

When there is sub-soil acidity but only surface liming is used, optimal rates are much 

higher than those actually applied by farmers in the study region. For example, optimal 

surface liming rates in year one given sub-soil acidity or both top and sub-soil acidity 

conditions are about 8-10 t ha-1. It is interesting to explore results where lime rates are 

Surface lime rate (year 1) (t ha-1) 
 Lime price (percentage change) 

Wheat price (percentage change) -30 Base case +30 

-30 7.2 6.9 6.6 

Base case 8.5 8.1 7.7 

+30 9.6 9.2 8.7 

NPV ($ ha-1) 

 Lime price (percent change) 

Wheat price (percentage change) -30 Base case +30 

-30 7,031 7,011 6,992 

Base case 10,130 10,106 10,084 

+30 13,239 13,212 13,186 

 Lime application rate (t ha-1)  

Parameter 
Surface rate 

(year 1)  

Surface 
maintenance 
(10-yearly) 

NPV ($ ha-1) 

Base case: Distance from lime pit (100 
km) and Discount rate (5 percent real) 

8.1 - 10,106 

Distance from lime pit (200 km) 7.1 - 10,035 

Distance from lime pit (300 km) 6.4 - 9,971 

Discount rate (10 percent real) 7.7 - 4,836 
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constrained to lower, sub-optimal levels, more in line with current farming practices. For 

both 10-yearly and 20-yearly lime application frequency, substantial reductions in initial 

lime rate are possible with minimal impacts on profit (Table 2.8). For example, reductions 

in optimal lime rates from 8-10 t ha-1 to sub-optimal lime rate of 4 t ha-1 reduces NPV by 

only 2 percent. This is consistent with the common observation that payoff curves for 

agricultural inputs are often flat for wide ranges around their maxima (Pannell 2006). The 

fact that farmers in the study region apply less than optimal rates of lime is of little 

economic importance. 

Table 2.8. Percentage change in net present value (NPV) for sub-optimal lime rates, relative 
to optimal rates, in the 325-450 mm rainfall zone for different acidic soil layers under 
different surface liming frequency. 

 

Liming is important in soil acidity management and has major impacts on crop production 

(Holland et al. 2018). The specific rate, or application method, or frequency are not so 

important, as they do not affect NPV much, but liming at a broadly appropriate rate is 

much more profitable than not liming. Lime application is a long-term investment, which 

might make it less attractive to farmers with short planning horizons, such as farmers 

with limited finances, leased land or share farms. These farmers may be unwilling to 

invest in economically optimal levels of lime due to the time delay in the payback in lime 

investment. 

In this study, we have looked at liming solely as a private investment, with all of the 

benefits captured by the farmers who apply the lime, and the suppliers of lime. 

Management of acidity could have some public-good implications such as greenhouse 

gas emissions that have not been represented in this paper. Soil acidity threatens 

Sub-
optimal 

lime rate 
(t ha-1) 

Frequency 10-yearly Frequency 20-yearly 

Acidity condition 

Topsoil Sub-soil Top and sub-
soil 

Topsoil Sub-soil Top and sub-
soil 

2 - -7.0 -8.0 - -9.0 -11.0 
3 - -4.0 -4.0 - -4.0 -4.0 
4 - -2.0 -2.0 - -2.0 -2.0 
5 - -1.2 -0.7 - -1.2 -0.7 
6 - -0.6 -0.2 - -0.6 -0.2 
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ecosystem health and liming has been considered as the most common remedy (Holland 

et al. 2018; Lawrence et al. 2016). Although the dissolution of lime in soil moisture 

increases greenhouse gas emissions (West and McBride 2005), avoiding applying lime 

to mitigate greenhouse gas emissions can result in other adverse environmental effects 

like soil acidification. The physical availability of lime is also limited partly due to 

environmental restrictions on quarries, and this could create problems for farmers in the 

future. 

2.6. Conclusion 

This study applies a dynamic optimization model to explore optimal lime application rate 

and frequency to manage soil acidity over different soil horizons in different rainfall zones 

of the wheatbelt in Western Australia. Optimal lime application rate and frequency 

depend on rainfall level, soil acidity severity, and liming methods. A higher lime rate and 

frequency are required to amend soil acidity in high rainfall zones, in particular with the 

acidic condition in both top and sub-soil horizons. Either 10-year or 20-year intervals 

between lime applications result in almost the same NPV, although, they slightly affect 

optimal lime application rates. The baseline results indicate that with either of the 

available lime application methods, soil acidity could be remediated by applying lime at 

appropriate rates. Integration of surface and sub-surface lime application methods 

results in a slightly higher NPV compared with the surface-only application, but probably 

not be enough to make the sub-surface application a compelling option for most farmers. 

Optimal decision rules are relatively sensitive to changes in a number of important 

economic parameters such as wheat and lime prices, distance from the lime pit and 

discount rate and are extremely sensitive to the initial soil acidity condition. The 

sensitivity analysis also highlights the importance of checking the flatness of the payoff 

functions in determining optimal lime decision rules. Although the unconstrained model 

results indicate that very high initial lime rates are optimal, we find that much lower rates, 

more in line with current best farming practices, are only slightly less profitable. 
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This study has a number of limitations. They stem from the fact that the Oplime model 

assumptions that fertilizers applications and the potential yield are based on optimal 

fertilizer application and average yield for a crop and rainfall zone. The first limitation is 

that we were not able to explore the impact of nitrogen application on the optimal liming 

decision and vice versa. For example, optimal nitrogen application might be different 

when soil acidity is higher. Second, we did not look at the impact of year-to-year weather 

variability on the management decisions. Third, we have not analyzed the externalities 

associated with this decision. Finally, we analyze only the continuous wheat rotation. The 

model can be accommodated to other crops and rotations, which would provide guidance 

for a broad variety of farming practices. 
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3.1. Abstract 

Many agricultural soils are naturally acidic, and agricultural production can acidify soil 

through processes such as nitrogen fixation by legumes and application of nitrogen 

fertilizer. This means that decisions about mitigation of soil acidity (e.g. through 

application of lime), crop rotation and nitrogen fertilizer are interdependent. This paper 

presents a dynamic model to determine, jointly, the optimal lime application strategies 

and nitrogen application rates in a rain-fed cropping system in Western Australia. The 

model accounts for two crop rotations (with and without a legume break crop), for the 

acid-tolerance of different crop types, and for differences in the acidifying effect of 

different nitrogen fertilizers. Results show that liming is a profitable strategy to treat acidic 

soils in the study region, but that there are interactions between nitrogen and acidity 

management. The choice of fertilizer affects optimal lime rates substantially, with the use 

of a more acidifying ammonium-based fertilizer leading to higher lime rates. The optimal 

liming strategy is also sensitive to inclusion of a legume crop in the rotation, as its fixed 

nitrogen can be less acidifying than fertilizer, and allows a reduction in fertilizer rates. 

Higher rainfall zones have greater nitrogen leaching, which contributes to a higher 

optimal rate of lime. We find that the injection of lime into the sub-soil is profit increasing. 

Optimal lime rates in the absence of sub-soil incorporation are higher than usual current 

practice, although the economic gains from increasing rates are small. 

Keywords 

Economics; lime requirements; modeling; nitrogen; rotation; soil acidification 

3.2. Introduction 

It is estimated that about 30 percent of arable lands worldwide have acidic soils (Rengel 

2003), resulting in reduced crop production (Holland et al. 2018). Soil acidification is 

increased by agricultural production due to cation leaching, removal of cations in 

harvested grain, application of nitrogen fertilizers, and the release of nitrogen from the 
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breakdown of legumenous crops in the soil (Filippi et al. 2018). Soil acidity can increase 

crop exposure to certain toxic elements and restricts access to essential nutrients. In 

particularly, crops growing in acidic soils can suffer from aluminium and manganese 

toxicity, and from calcium, magnesium, molybdenum, and phosphorus deficiency (Mullen 

2001). 

Agricultural lime (crushed limestone, CaCO3, and crushed dolomite, MgCa(CO3)2) have 

been used for centuries to mitigate soil acidity (Dodgshon 1978). Lime is traditionally 

applied to the soil surface and is assimilated gradually into the soil profile over a number 

of years (West and McBride 2005). The direct incorporation of lime into the sub-surface 

soil has shown promising results (Gazey et al. 2014a). Globally, sub-soil acidity in 

agricultural soils has been increasing, and application of lime has been insufficient to 

prevent it (FAO 2015). In Australia, top and sub-soil acidity has been increasing (Davies 

et al. 2015; Gazey et al. 2014a; Gazey et al. 2014b; Gazey and Ryan 2015).  

Studies have examined the interaction between liming and fertilizer application in 

determining grain yield. Most studies have observed that lime and fertilizer are 

complementary inputs, in that lime increases the marginal product of fertilizer (Bekele et 

al. 2018; Holland et al. 2018; Tumusiime et al. 2011; Wang et al. 2003). There have been 

a small number of studies with contrasting results (e.g., Bolton et al. (1976)), but overall, 

a positive interaction is the usual result. Optimal decisions on lime and fertilizer should 

be taken jointly and account for dynamics. However, most studies are static and consider 

decisions separately for lime (e.g., Bongiovanni and Lowenberg-DeBoer (2000); Lukin 

and Epplin (2003); Mulungu et al. (2013)) and fertilizer (e.g., Adams et al. (2000); Basso 

et al. (2011); Biermacher et al. (2006); Robertson et al. (2008); Wang et al. (2014a); 

Zhao et al. (2006)). An additional consideration is that nitrogen fertilizer can acidify soil 

if it leads to nitrate leaching. Furthermore, fertilizers that contain nitrogen in the form of 

ammonium (e.g., di-ammonium phosphate, ammonium sulfate etc.) are acidifying even 
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if no nitrate is leached (Malhi et al. 2000). This may affect the optimal fertilizer rate as 

well as the optimal liming strategy. 

Another complexity affecting lime strategies is the sequence of crops. Crops differ in their 

tolerance of acidity (Fageria et al. 2010), and they have different response to nitrogen 

fertilizer in acidic conditions (Rajneesh et al. 2018). It has been shown that, in the 

presence of soil acidity, diverse crop sequences containing acid-tolerant and acid-

sensitive crops lead to more stable net farm income and better economic performance 

compared to mono-cultural systems (Kirkegaard et al. 2008; Zentner et al. 2002). On the 

other hand, just as with nitrogen fertilizer, any nitrogen fixed by legumes that ends up 

leaching as nitrate also leads to acidification. For both these reasons, the sequence of 

crops could influence optimal lime rates, but this too has not previously been studied. 

The effect of acidification on the optimal crop rotation has also not been assessed.  

The rate at which lime neutralizes acidity throughout the soil profile depends on moisture 

availability (Goulding 2016). Furthermore, soil acidification caused by the removal of 

cations in harvested grain is directly linked to crop yield, and yields in turn are often 

strongly linked to climate. Finally, the adverse effects of acidity on crop yield and 

response of crop yield to liming can be greater in high rainfall than low rainfall zones 

(Tang et al. 2003; Wong et al. 2008). As a consequence, optimal liming strategies will 

vary by region depending on rainfall.  

The objective of this study is to determine optimal liming strategies accounting for the 

above complexities: the interaction between fertilizer and acidity, the different 

acidification rates of different nitrogen fertilizers, the differing acid tolerance of different 

crops, the acidifying effect of nitrogen fixed by legumes, the depth of lime application, 

and the effect of rainfall. The strategies evaluated encompass different rates of liming, 

different frequencies of lime application, and different methods of lime application 

(surface versus surface plus sub-surface), as well as different rates of nitrogen fertilizer. 
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The analysis is applied to a case study: three regions of the Western Australian wheatbelt 

with different levels of rainfall. The analysis employs a dynamic optimization model that 

maximizes the Net Present Value (NPV) of net income from crop production. 

3.3. Method 

3.3.1. Study region and farming system 

The approximately 155,000 km2 Western Australian wheatbelt is located in the south-

west of Australia. Farming systems in the wheatbelt are dominated by cropping. The 

region produces about 14 million tonnes of grain annually (Wilkinson 2018). About 81% 

of the cropped area is sown to cereals (usually wheat, but also barley and oats) (ABS 

2017). The two main break crops used to complement cereals are narrow-leafed lupin 

(a legume) and canola (Seymour et al. 2012). This region has a Mediterranean climate 

with hot, dry summers and cool to mild, wet winters. About 75% of annual rainfall occurs 

between May and October. Sand and duplex (sand over clay) are the most common soil 

types in the region (Schoknecht and Pathan 2013).  

Soil acidity (and associated aluminium toxicity) is a significant issue in the wheatbelt and 

more than 70% of topsoils and 50% of sub-soils have a pH lower than minimum target 

of between 5.5 and 4.8 recommend by local farm extension services (Gazey et al. 2013). 

Indeed, elevated soil acidity, in particular sub-soil acidity, is estimated to reduce farm 

revenue by $A1.6 billion year-1 in grain-producing regions of Western Australia (Petersen 

2015). 

For this study, three different rainfall zones from the northern part of the wheatbelt were 

selected: low rainfall (<325 mm annual average), medium rainfall (325 to 450 mm annual 

average), and high rainfall (>450 mm annual average). This study focuses on the sandy 

soil (a yellow sandy-textured topsoil horizon over sandy-loam sub-soil horizons) as this 

tends to be more acidic (Petersen 2015). In this study, three different acidified soil 

profiles are considered: an acidic topsoil (0-10 cm), an acidic sub-soil (10-30 cm), and 
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both top and sub-soil acidic (0-30 cm). The occurrence of an acidic topsoil without the 

subsoil also being acidic is a relatively uncommon scenario in the study area but is 

included to broaden the theoretical coverage of this research. Sub-soil is taken as 

meaning soils in the 10-20 and 20-30 cm horizons where ‘acidic’ soil is taken to mean 

initial pH levels of 4.6 for the 0-10 cm of soil horizon, 3.8 for the 10-20 cm horizon and 

4.1 for 20-30 cm. Non-acidic soil horizons are assumed to have initial pHs of 5.8, 5.8 and 

6.5, respectively. All pH values in this study refer to pH measured in CaCl2. 

3.3.2. Model structure 

A dynamic optimization model is developed to determine optimal lime and nitrogen 

fertilizer application rates, liming frequency and lime application method in each of the 

case-study zones. A perpetually-repeated three year sequence of either wheat, wheat, 

lupins (WWL) or wheat, wheat, canola (WWC) are modeled. The model was constructed 

in GAMS (General Algebraic Modeling System) and solved using the CONOPT algorithm 

(Drud 1996). The model consists of a biophysical component, largely derived from an 

existing simulation model, Optlime (Gazey 2008), and an economic component (Figure 

3.1). 
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Figure 3.1. Model Structure. 

Optlime is a simulation model that predicts soil pH responses to lime application, and 

acidifying processes associated with nitrogen fertilizer use, legumes (if applicable) and 

the removal of agricultural produce (Oliver et al. 2014). Based on the biophysical 

component shown in Figure 3.1, monthly soil pH dynamics across three different soil 

horizons (0-10 cm, 10-20 cm and 20-30 cm) are determined through integrating 

information on soil characteristics (soil initial pH, gravel content, bulk density, organic 

carbon, aluminium level, and texture) with information on crop type, rainfall, nitrogen 

fertilizer rate and type (urea and ammonium sulfate), the nitrogen contained in legume 

residues (where applicable) and also information on lime quality, rate and application 

method (surface and sub-surface). Crop yield is then predicted based on the average 

soil pH over the May to October-growing season (plus rainfall and nitrogen fertility levels). 

More detailed information on soil pH dynamics can be found in Shoghi Kalkhoran et al. 

(2018). 
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The dynamic optimization is run over 80 years to allow the system to reach a steady 

state. Most farmers have planning horizons much shorter than this, but results are shown 

for 80 years because of the slowness of the system to achieve equilibrium under any 

particular management system and the fact that any endpoint condition at the end of 80 

years has a negligible effect on the solution due to discounting. It also takes a long time 

for the lime to disperse through the soil horizons in some soil and rainfall conditions 

because of the low dissolution and mobility of lime in the soil.. The model determines the 

optimal nitrogen fertilizer rate for each crop, a corrective/initial lime application rate for 

year one, and subsequent optimal maintenance applications. Maintenance applications 

are fixed at 10 year intervals (previous research has shown this is the optimal liming 

frequency in the study area, and furthermore, that profit is insensitive to application 

frequency (reference suppressed for anonymity)). To improve the model’s tractability 

when solving, the rate for all maintenance applications is constrained to be equal (i.e., to 

be constant through time). For each given crop phase in the rotation sequence (e.g., for 

wheat grown the year after canola) nitrogen applications were also constrained to be 

constant through time, again for tractability reasons. 

The model’s optimization problem can be written as: 

Max NPV =  ∑ {[(pcr × 𝑦𝑡) − (pfert × 𝑁fert𝑡
) − 𝑤𝑡](1 + 𝑟)−𝑡}𝑇

𝑡=1 +

∑
{[(pcr×𝑦𝑡)−(pfert×𝑁fert𝑡)−𝑤𝑡](1+𝑟)−𝑡}

((1+𝑟)𝛹−1)
𝑇
𝑡=𝑇−Ψ  (3.1) 

subject to equations (3.2) to (3.15) 

where NPV is the net present value of income ($ ha-1) to the crop grower over 80 years 

(𝑇) of the time horizon; 𝑙𝑡,𝑖 is the lime application rate in a given year, applied to a given 

soil horizon (0-10 cm, 10-20 cm, and 20-30 cm), 𝑖, once a year; pcr is the grain price of 

the crop being grown in the rotation in year 𝑡 ($ t-1); 𝑦𝑡 is the yield of the crop being grown 

in the rotation in year 𝑡 (t ha-1);  pfert is the nitrogen fertilizer price ($ kg fertilizer-1); 𝑁fert𝑡 
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is the amount of nitrogen fertilizer applied in a given year (kg fertilizer ha-1); 𝑤𝑡 is the total 

cost of lime and its application ($ ha-1); and 𝑟 is real discount rate, set at 5 percent. Ψ is 

the frequency of maintenance lime applications set at 10 years. The second part of the 

equation (3.1) is the net present value of income of the last Ψ years of the planning 

horizon assuming that their returns are repeated in perpetuity. This terminal value 

function is to account for economic values of lime and nitrogen fertilizer application after 

the modeled time horizon. 

3.3.3. Nitrogen and yield responses 

Unless otherwise stated, the response of wheat and canola to nitrogen fertilizer in either 

rotation is modeled using equations and parameters from Adams et al. (2000), who in 

turn utilized the previous work of Angus et al. (1993), Burgess et al. (1991) and Bowden 

and Burgess (1993). The yield (t ha-1), 𝑦𝑡, of non-legume crops, wheat and canola, as a 

function of lime application and nitrogen fertility in each year 𝑡 is given by: 

𝑦𝑡 = yPotential × 𝛾𝑡
total ×  𝑁sc𝑡

  

∀ 𝑡 = 1, … , 𝑇 (3.2) 

where 𝑦Potential is the yield potential (t ha-1) that can be achieved in an average-rainfall 

year (disregarding the variations from year to year in rainfall and yield) if acidity and 

nitrogen fertility are not limiting production. It is used to account for all other factors that 

affect yield but are not explicitly represented in the model, such as sowing time, status 

of other nutrients, diseases, and weeds. Based on the Planfarm Bankwest series of 

annual reports (e.g., Bankwest (2016)), 𝑦Potential for the three rainfall regions (low, 

medium and high) is 1.8, 2.2, and 2.8 t ha-1 for wheat, 1.01, 1.27, 1.57 t ha-1 for canola, 

and 1.08, 1.48, and 1.69 t ha-1 for lupin respectively. The impact of lime application on 

soil pH and yield is captured by 𝛾𝑡
total, which has a value between 0 and 1 and is 

calculated as the product of three pH scalars for the 0-10 cm, 10-20 cm and 20-30 cm 
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soil horizons (Gazey 2008). Nsc𝑡
 represents the proportion of a non-legume crop’s yield 

potential can be realised accounting for nitrogen fertility. Nsc𝑡
 also takes a value between 

0 and 1, and is given by: 

𝑁sc𝑡
= 2 ×

𝑁up𝑡

a1 × 𝑦𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙
− (

𝑁up𝑡

a1 × yPotential
)2 

∀ 𝑡 = 1, … , 𝑇 (3.3) 

where a1 is equal to 0.04 for wheat and 0.07 for canola. The term 𝑁up𝑡
represents 

nitrogen uptake in a given year in kg ha-1, calculated as: 

𝑁up𝑡
= Nmax × 𝑡𝑎𝑛ℎ (

𝑁avail𝑡

Nmax
) 

∀ 𝑡 = 1, … , 𝑇 (3.4) 

𝑁max = a2 × 𝑦Potential (3.5) 

where 𝑁max is the maximum uptake of nitrogen that could occur if the nitrogen supply in 

the soil is unlimited; a2 is a parameter, set to 0.06 for wheat and 0.07 for canola; 𝑁avail𝑡
 

is the amount of nitrogen available in a given year for plant uptake, calculated as: 

𝑁avail𝑡
= 𝐾𝑓𝑒𝑟𝑡𝑡

× 𝑁fert𝑡
+ 𝐾SON𝑡

× NSON + 𝐾RON𝑡
× 𝑁RON𝑡

 

∀ 𝑡 = 1, … , 𝑇 (3.6) 

where 𝐾fert𝑡
, 𝐾SON𝑡

 and 𝐾RON𝑡
 represent the proportion of three different sources of 

nitrogen, 𝑁fert𝑡
, NSON, and 𝑁RON𝑡

, that become available to the crop over a growing 

season. 𝑁fert𝑡
, NSON, and 𝑁RON𝑡

, are all expressed in kilograms of elemental nitrogen in 

kg N where: 1) 𝑁fert𝑡 is the amount of nitrogen fertilizer applied in a given year, either in 

the form of urea, CO(NH₂)₂, 46 percent nitrogen, or ammonium sulfate, (NH₄)₂SO₄, 21 

percent nitrogen. 2) NSON is ‘stable organic nitrogen’ which is the pool of nitrogen 
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contained in the soil’s organic matter. The proportion of NSON that is actually available to 

the crop over a growing season, 𝐾SON𝑡
, is small. NSON is estimated from the level of 

organic nitrogen in the soil: 

NSON = ((1667 × ρsoil) × C)(1 − ξ) ×
1

CNSON
× 1000  (3.7) 

where ρsoil is the 0-10 cm soil bulk density in g cm-3, set to be 1.5; C is the 0-10 cm soil 

organic carbon content in g cm-3, which is set to be 0.007, 0.008 and 0.010 for the low, 

medium and high rainfall zones respectively (NLWRA 2001); ξ is the fraction of the 0-10 

cm soil horizon that is made up of gravel, small rocks, set to be 0.05; and CNSON is the 

carbon/nitrogen ratio of the soil, set to be 15 (Adams et al. 2000);  It is also assumed that 

60 percent of the total 𝑁SON pool occurs in the 0-10 cm soil horizon. 3) 𝑁RON𝑡
 represents 

the residue of organic nitrogen derived from the previous legume crop.  Thus, in the 

present analysis, 𝑁RON𝑡
 is only a source of nitrogen in the case of the WWL rotation. For 

the first wheat crop following lupin, 𝑁RON𝑡
 is calculated as follows: 

𝑁RON𝑡
=

𝑦𝑡
lupin

LHI
 × LNbm − 𝑦𝑡

lupin ×  LNg 

∀ 𝑡 = 1, … , 𝑇 (3.8) 

and for the second wheat crop after lupin, 𝑁RON𝑡
 is greatly reduced (by a factor of ⅓—

Bowden and Burgess 1993) and is thus predicted by: 

𝑁RON𝑡
= (

𝑦𝑡
lupin

LHI
 × LNbm −  𝑦𝑡

lupin ×  LNg) ×
1

3
 

∀ 𝑡 = 1, … , 𝑇 (3.9) 

where 𝑦𝑡
lupin is the yield (in kg ha-1) of the previous lupin crop in the WWL rotation. The 

variable 𝑦𝑡
lupin is endogenously predicted by the model based on the equation (3.2) 
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though without the Nsc𝑡
 parameter because no nitrogen fertilizer is applied to lupin. LHI 

is the harvest index of the lupin crop, assumed to be 0.25 (Bowden and Burgess 1993); 

LNbm is the proportional nitrogen content of the lupin crop residues and is set at 0.0275 

(Schultz and French 1978); LNg is the nitrogen concentration of the lupin grain, assumed 

to be 0.05 (White et al. 1981).  

𝐾fert𝑡
, 𝐾SON𝑡

 and 𝐾RON𝑡
 vary with rainfall (due to leaching), and soil pH (due to the impact 

of acidity on rooting, and thus nutrient use efficiency) according to the following formula 

(which was derived based upon the results of simulations in the SYN model (Bowden 

and Diggle 2003)): 

𝐾fert𝑡
, 𝐾SON𝑡

 and 𝐾RON𝑡
=

𝑒𝑥𝑝(−64.4826 + 13.7197 ∗ 𝑝𝐻𝑡,20−30𝑐𝑚)

(1+𝑒𝑥𝑝(−64.4826 + 13.7197 ∗ 𝑝𝐻𝑡,20−30𝑐𝑚))
×  b1 +  b2 

∀ 𝑡 = 1, … , 𝑇 (3.10) 

where 𝑝𝐻𝑡,20−30cm is the pH measured at the end of the growing season of a given year 

for 20-30 cm of soil horizon. Note that the three K variables are all calculated with 

equation (3.10), but with different b1 and b2 constants given in Table 3.1. The values 

used for b1 and b2 are shown in the first three columns of Table 3.1 labeled 𝐾fert𝑡
, 𝐾SON𝑡

 

and 𝐾RON𝑡
.  
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Table 3.1. The values taken for b1 and b2 in equation (3.10) and (3.14). 

 

3.3.4. Nitrogen and acidification rate 

Acidification occurs firstly due to the removal of harvested materials and, secondly due 

to the nitrogen cycle. Acidification due to the removal of harvested products is expressed 

in terms of the ‘alkalinity export rate’ in kg CaCO3 equivalent t-1 of harvested grain which 

is set to 2.25 for wheat and canola, and 12.5 for lupin (Gazey 2008). The acidification 

rate in kg CaCO3 ha-1 in a given year due to the nitrogen cycle depends on the source of 

nitrogen, e.g., different fertilizers and also legume-fixed nitrogen, and extent of nitrogen 

leaching. Based on Gazey (2008) the acidification rate for lupin is calculated as: 

𝐴𝑐𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒𝑡 = Nacid × 𝑁leach𝑡
× 𝑦𝑡

lupin × 60 

∀ 𝑡 = 1, … , 𝑇 (3.11) 

And for non-legume crops fertilized with urea, it is calculated as: 

𝐴𝑐𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒𝑡 = Nacid × 𝑁leach𝑡
× 𝑁fert𝑡

 

∀ 𝑡 = 1, … , 𝑇 (3.12) 

Because ammonium-based fertilizers are acidifying, for non-legume crops fertilized with 

ammonium sulfate, the acidification rate is calculated as: 

𝐴𝑐𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒𝑡 = (3.6 + (Nacid × 𝑁leach𝑡
)) × 𝑁fert𝑡

 

∀ 𝑡 = 1, … , 𝑇 (3.13) 

Rainfall 
(mm) 

 𝐾SON𝑡
 𝐾RON𝑡

 𝐾fert𝑡
 

Ammonium sulfate 
and urea leaching 

Legume-fixed nitrogen 
leaching 

<325 
b1 0.001 0.01 0.04 -0.04 -0.03 

b2 0.021 0.26 0.59 0.38 0.19 

325-450 
b1 0.001 0.01 0.05 -0.06 -0.03 

b2 0.019 0.23 0.43 0.55 0.28 

>450 
b1 0.001 0.01 0.05 -0.05 -0.03 

b2 0.018 0.22 0.35 0.63 0.31 
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where Nacid is 3.6 for urea and legume-fixed nitrogen, and 3.5 for ammonium sulfate 

(Gazey 2008). 𝑁leach𝑡
 is the percent of the nitrogen source in question that is leached 

down the soil profile, beyond the reach of the crop’s roots in the given year 𝑡. 𝑁leach𝑡
 

varies with a nitrogen source, soil pH and rainfall, as captured in the following formula, 

which is derived from the results of simulations in Bowden and Diggle (2003): 

𝑁leach𝑡
 =

𝑒𝑥𝑝(−64.4826 + 13.7197 × 𝑝𝐻𝑡,20−30𝑐𝑚) 

(1 + 𝑒𝑥𝑝(−64.4826 + 13.7197 × 𝑝𝐻𝑡,20−30𝑐𝑚)) 
×  b1 +  b2 

∀ 𝑡 = 1, … , 𝑇 (3.14) 

where b1 and b2 are constant leaching factors whose values depend on the source of 

N, fertilizer versus legume-fixed nitrogen, and different rainfall levels, as shown in the 

last two columns of Table 3.1. 

3.3.5. Prices and costs 

The costs and prices of output and inputs are in Australian dollars (AUD) and assumed 

to remain constant in real terms for the duration of the time horizon. Based on the models 

used by Thamo et al. (2017), farm-gate prices of wheat, lupin, canola (non-genetically 

modified) and urea are set to $241, $247, $475 and $660 t-1, respectively, these align 

well with average long-term real prices (e.g., Grain & Graze 3 2018). Ammonium sulfate 

price is set to $400 t-1 at the farm gate. Liming costs are set based on Optlime (Gazey 

2008) and updated in consultation with farmers and contractors. The purchase price of 

the most widely applied lime product in the study region, lime-sand with 89.3 percent 

acidity neutralizing value, is set at $10 t-1 plus an assumed 100 km transport distance to 

the farm at a cost of $0.1 km-1 t-1. The cost of surface application of lime is calculated on 

a per tonne basis and decreases as application rate increases, as follows: 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑡 =
7.4

(𝑙𝑡,𝑖 + 0.09)
+ 4.9 
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∀ 𝑡 = 1, … , 𝑇   𝑖 = 0 − 10 𝑐𝑚 (3.15) 

Sub-surface lime application modeled in this analysis involves ripping and then injecting 

bands of lime within the soil profile. Application costs, independent of liming rate, are 

estimated at $123.72 ($ ha-1) including the cost of ripping, injecting bands of lime within 

the soil profile, labor, and the machinery depreciation. Thus costs are more dependent 

on the area than liming rate. 

3.4. Result and discussion 

For the WWC rotation, both the optimal lime rates and the optimal nitrogen rates are 

generally higher as rainfall increases (Table 3.2). One factor driving this result is the 

higher yield potential of crops in higher-rainfall zones, which makes profit more 

responsive to production inputs. A second factor is that a higher rainfall level increases 

the rate of nitrogen leaching through the soil. This increases the requirement for nitrogen 

fertilizer to replace the leached nitrogen and it contributes to increasing the optimal rate 

of lime because leaching of nitrogen causes acidification. A third factor is that crops in 

high rainfall conditions yield more, which results in greater acidification at harvesting. 

Results are sensitive to the type of nitrogen fertilizer used. Optimal nitrogen rates are 

lower if ammonium sulfate is applied rather than urea. This is largely because urea is 

cheaper per kg of nitrogen. Ammonium sulfate does have the benefit of also supplying 

sulfur, but this benefit is not taken into account in this analytical framework as we assume 

that sulfur is not yield limiting. 

Despite the lower rates of nitrogen applied as ammonium sulfate, it is associated with 

higher liming rates, because it is much more acidifying. Each kilogram of nitrogen applied 

as ammonium sulfate causes acidification that would require 3.6 and 7.1 kg of CaCO3 to 

neutralize if zero and 100 percent of nitrogen is leached, respectively. Urea, on the other 

hand, would cause no acidification in the absence of leaching and would require 3.6 kg 

of CaCO3 to neutralize it if there is 100 percent leaching (Gazey 2008). 
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The optimal liming strategy depends critically on which layers of the soil are acidic. In 

most cases, the optimal placement of the initial, i.e., Year 1, the lime application is 

aligned with which soil layers are acidic (Table 3.2). The exceptions are when only the 

sub-soil is acidic and rainfall is relatively high. The higher leaching of lime that occurs as 

a result of the higher rainfall means that it is optimal to apply some lime at the surface, 

despite the fact that the surface soil is not acidic.  

The optimal rate for surface-applied lime is usually lowest where only the surface soil is 

acidic, intermediate where only the sub-surface is acidic, and highest where both surface 

and sub-surface soil are acidic. In the first case, topsoil acidity only, lime needs to move 

only a short distance through the soil, so its effects on acidity are rapid and strong (Figure 

3.2). Where deeper layers are acidic, higher levels of surface lime are optimal because 

there is more acidity to counter, and because the lime has to move a greater distance, 

which it does only slowly (Figure 3.2). Interestingly, acidity in the sub-soil causes an 

increase in the optimal surface rate of lime even though it is always optimal to apply sub-

surface lime as well (compare surface lime application rates for topsoil versus top and 

sub-soil acidity conditions in Table 3.2).  

Whilst it is generally accepted that the amelioration of sub-soil acidity by surface-applied 

lime is likely to be very protracted (e.g. Li et al. 2019), the amelioration of sub-soil acidity 

by lime applied only to the soil surface shown in Figure 3.2 is relatively rapid. However, 

it can be explained. First, the sandy soil type modeled is poorly-buffered, meaning soil 

pH tends to be more responsive to lime applications. For instance, Mason et al. (1994) 

found 3 t ha-1 lime applied to the 0-10 cm layer increased the pH of the 10-20 cm layer 

within two years in loamy sands of the West Australian wheatbelt. Second, the optimal 

rates of surface-applied lime in Figure 3 to the low and high rainfall scenarios is 15.1 and 

9.9 t ha-1 respectively, which is much higher than rates typically applied commercially, or 

even in field trials (e.g. Whitten et al. 2000). At higher rates, the depth and movement of 
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surface-applied lime is greater (Conyers et al. 2003). The role of rainfall is also evident 

in Figure 3.2. With less rainfall to aid the downward movement of lime, the optimal lime 

rate for the low rainfall (15.1 t ha-1) is actually greater than the optimal rate for the high 

rainfall site (9.9 t ha-1), yet the rate of sub-soil amelioration is nonetheless quicker for the 

high rainfall scenario. 

 

Figure 3.2. pH response to optimal N fertilizer and lime rates in low (<325 mm) and high 
(>450 mm) rainfall zones, with top and sub-soil acidity, for the WWC rotation, when liming 
is restricted to surface application only and the nitrogen fertilizer source is urea . 

In all cases except for topsoil acidity condition, it is economically beneficial to apply a 

relatively low top-up or maintenance lime rate every 10 years. These maintenance 

applications are always to the surface rather than the sub-soil. Maintenance (decadal) 

sub-soil applications are an option in the model but not shown in the results tables as 

they are never part of the optimal solution in any circumstances. 

Nitrogen fertilizer is applied every year, and the optimal rate is similar for wheat and 

canola. As noted earlier, the optimal rate depends mainly on rainfall and to a lesser extent 

on the type of nitrogen fertilizer used. 

Table 3.3 shows the equivalent results for the WWL rotation. The most striking difference 

from Table 3.2, i.e., the WWC results, is that the optimal rate of nitrogen fertilizer for the 

wheat crop that immediately follows the leguminous lupin crop is substantially reduced 

to half or less in most cases, relative to wheat in Table 3.2. As fixed nitrogen is less 
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acidifying than nitrogen obtained from fertilizers that are less prone to nitrogen leaching, 

see Table 3.1, optimal lime rates are reduced in the WWL rotation compared to the 

equivalent WWC rotation: by an average of 42 percent for the initial surface application, 

by 13 percent for the initial sub-surface application, and by 56 percent for the 

maintenance surface applications. In other respects, the liming strategies for WWL and 

WWC follow similar patterns. 
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Table 3.2. Optimal lime and nitrogen fertilizer application rates with corresponding net present values (NPV) for the WWC 
rotation. 

 

  

Annual 
rainfall 
(mm) 

Acidity 
condition 

Nitrogen 
fertilizer  

Lime application rate (t ha-1) Nitrogen fertilizer rate (kg N ha-1) 

NPV ($ 
ha-1) Surface 

(year 1) 

Sub-
surface* 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat Canola 

<325 

Topsoil 
Urea 1.3 - - 55 55 6,642 

(NH₄)₂SO₄ 2.0 - 1.0 43 42 6,115 

Sub-soil 
Urea - 3.8 0.6 54 54 6,465 

(NH₄)₂SO₄ - 6.2 1.8 42 41 5,901 

Top and 
sub-soil 

Urea 1.7 3.0 0.3 55 55 6,445 

(NH₄)₂SO₄ 3.0 3.8 0.9 43 42 5,908 

325-450 

Topsoil 
Urea 1.1 - 0.6 82 84 7,346 

(NH₄)₂SO₄ 2.5 - 1.5 62 63 6,586 

Sub-soil 
Urea 1.7 3.2 0.6 81 84 7,162 

(NH₄)₂SO₄ 3.3 3.8 1.4 60 62 6,376 

Top and 
sub-soil 

Urea 2.3 3.0 0.6 82 84 7,151 

(NH₄)₂SO₄ 3.4 3.4 1.4 62 63 6,383 

>450 

Topsoil 
Urea 1.4 - 1.0 113 110 8,560 

(NH₄)₂SO₄ 2.6 - 1.9 79 78 7,570 

Sub-soil 
Urea 2.0 3.6 1.0 113 110 8,366 

(NH₄)₂SO₄ 3.5 4.0 1.9 78 77 7,356 

Top and 
sub-soil 

Urea 2.6 3.2 1.0 113 110 8,354 

(NH₄)₂SO₄ 3.7 3.6 1.9 79 78 7,358 

* This lime application is divided equally between the 10-20 cm and 20-30 cm soil horizons 
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Table 3.3. Optimal lime and nitrogen fertilizer application rates with corresponding net present values (NPV) for the 
WWL rotation. 

Annual 
rainfall 
(mm) 

Acidity 
condition 

Nitrogen 
fertilizer  

Lime application rate (t ha-1) Nitrogen fertilizer rate (kg N ha-1) 

NPV ($ 
ha-1) Surface 

(year 1) 

Sub-
surface* 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat after 
lupin 

Wheat after 
wheat 

<325 

Topsoil 
Urea 0.6 - - 28 46 6,493 

(NH₄)₂SO₄ 1 - - 15 33 6,270 

Sub-soil 
Urea - 3.4 0.1 27 43 6,319 

(NH₄)₂SO₄ - 3.4 0.8 15 33 6,073 

Top and 
sub-soil 

Urea 1.2 2.8 - 27 45 6,299 

(NH₄)₂SO₄ 0.8 3.4 0.3 16 34 6,061 

325-450 

Topsoil 
Urea 0.6 - 0.4 38 67 7,748 

(NH₄)₂SO₄ 0.8 - 0.7 17 47 7,448 

Sub-soil 
Urea 1.3 3.0 0.4 37 67 7,562 

(NH₄)₂SO₄ 1.7 3.2 0.6 16 46 7,254 

Top and 
sub-soil 

Urea 1.9 2.8 0.4 37 67 7,551 

(NH₄)₂SO₄ 2.2 3.0 0.6 17 47 7,246 

>450 

Topsoil 
Urea 0.8 - 0.7 55 94 9,093 

(NH₄)₂SO₄ 1.0 - 0.9 21 60 8,689 

Sub-soil 
Urea 1.5 3.2 0.6 54 93 8,899 

(NH₄)₂SO₄ 1.7 3.4 0.8 20 59 8,491 

Top and 
sub-soil 

Urea 2.1 3.0 0.6 54 93 8,887 

(NH₄)₂SO₄ 2.4 3.2 0.8 21 59 8,481 

* This lime application is divided equally between the 10-20 cm and 20-30 cm soil horizons 
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Although the results presented so far show that incorporation of lime into the sub-soil is 

economically optimal in the long term, few farmers in the study region are currently using 

the direct injection of lime into the sub-soil method modeled here. Most apply lime only 

to the soil surface (Gazey et al. 2014a). To explore the consequences of this farmer 

practice, Tables 3.4 and 3.5 show results for the same scenarios as Table 3.2 and 3.3, 

except that the option of sub-soil lime application is removed. The model is re-optimized 

in case other aspects of the liming and fertilizer strategies are altered as a result. 

For both rotations, removing the option for deep lime application increases the optimal 

surface lime rate. Across Tables 3.4 and 3.5, rates for the initial surface application are 

between three and 15 times higher, and average eight times higher, than they are in 

Tables 3.2 and 3.3, respectively. The optimal rates of nine to 17 tonnes of lime per 

hectare are much greater than the rates of one to two tonnes that farmers are actually 

applying, which are typically one to two tonnes (Gazey et al. 2014b). With these high 

initial surface application rates, the optimal 10-yearly maintenance applications become 

lower. Indeed, for the low- and medium-rainfall zones, maintenance applications are 

mostly no longer required (Tables 3.4 and 3.5). Restricting lime application to the surface 

and not the sub-soil makes very little difference to optimal rates of nitrogen. 

Despite the large changes in optimal liming strategy when sub-surface liming is omitted, 

changes to profit are small to modest. Across both rotations, the resulting reductions in 

NPV ranged from 2 percent to 16 percent, with an average of 7 percent. Thus, the 

decision not to use deep incorporation of lime is not highly costly for most farmers. It is 

worth noting though that during the process of deep-banding lime the soil profile is also 

ripped at least to 30 cm deep. With sub-soil compaction a major issue in many sandy 

soils of the study region; the ripping during the deep-banding of lime may also be 

beneficial for the amelioration of compaction. However, while in this analysis, the 

expense of this ripping is accounted for as part of the deep-banding cost, no benefit is 
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attributed to reduced compaction, meaning estimates of the benefits of deep-

incorporation are likely to be conservative in many circumstances. 
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Table 3.4. Optimal lime and nitrogen fertilizer application rates with corresponding net present values (NPV) for the WWC 
rotation, when liming is restricted to the surface application only. 

 Annual 
rainfall 
(mm) 

Acidity condition 
Nitrogen 
fertilizer  

Lime application rate (t ha-1) Nitrogen fertilizer rate (kg N ha-1) 

NPV ($ ha-1) Surface 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat Canola 

<325 

Sub-soil 
Urea 13.6 - 55 52 5,743 

(NH₄)₂SO₄ 15.9 - 41 36 5,159 

Top and sub-soil 
Urea 15.1 - 56 54 5,988 

(NH₄)₂SO₄ 16.6 - 45 42 5,467 

325-450 

Sub-soil 
Urea 14.1 - 83 82 6,559 

(NH₄)₂SO₄ 16.1 - 58 58 5,790 

Top and sub-soil 
Urea 13.5 - 83 84 6,798 

(NH₄)₂SO₄ 15.0 1.0 62 63 6,029 

>450 

Sub-soil 
Urea 12.7 0.7 114 110 7,905 

(NH₄)₂SO₄ 13.8 1.5 77 74 6,939 

Top and sub-soil 
Urea 9.9 0.9 114 110 8,048 

(NH₄)₂SO₄ 10.8 1.8 80 77 7,081 
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Table 3.5. Optimal lime and nitrogen fertilizer application rates with corresponding net present values (NPV) for the 
WWL rotation, when liming is restricted to the surface application only. 

Annual 
rainfall 
(mm) 

Acidity condition 
Nitrogen 
fertilizer  

Lime application rate (t ha-1) 
Nitrogen fertilizer rate (kg 

N ha-1) 

NPV ($ ha-1) 
Surface 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat after 
lupin 

Wheat after 
wheat 

<325 

Sub-soil 
Urea 9.8 - 28 47 5,869 

(NH₄)₂SO₄ 10.6 - 16 35 5,655 

Top and sub-soil 
Urea 8.9 - 28 47 6,014 

(NH₄)₂SO₄ 9.0 - 17 36 5,803 

325-450 

Sub-soil 
Urea 9.7 - 39 69 7,200 

(NH₄)₂SO₄ 10.0 - 16 47 6,923 

Top and sub-soil 
Urea 8.8 - 38 68 7,305 

(NH₄)₂SO₄ 9.2 - 17 48 7,022 

>450 

Sub-soil 
Urea 8.8 - 52 92 8,560 

(NH₄)₂SO₄ 8.8 0.6 19 59 8,189 

Top and sub-soil 
Urea 9.1 0.5 54 94 8,669 

(NH₄)₂SO₄ 9.3 0.8 21 60 8,289 
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Given that the optimal lime rates in Tables 3.4 and 3.5 are far above the rates normally 

used by farmers, it is worth asking what happens to farm profits if lower-than-optimal 

rates are used. Figure 3.3 shows the relationship between surface lime rate and NPV for 

each of the rotations, with the model constrained to exclude sub-surface liming. These 

results are for the intermediate rainfall zone, although results for the other zones are 

broadly similar. As is common for many agricultural inputs (Pannell 2006), the 

relationship between lime rate and NPV is remarkably ‘flat’ for large changes in lime rate. 

If the farmer with a WWC rotation used a lime rate of 6 t ha-1 rather than the optimal 14.1 

t ha-1, the loss of NPV would be less than 5 percent. The relatively flat region does not 

extend down to the commonly used rate of 2 t ha-1, which would suffer an 18 percent 

loss. For the WWL rotation, however, even the 2 t ha-1 rate is only 7 percent less 

profitable than the optimal rate of 9.7 t ha-1. Consequently, although currently used rates 

are less than optimal, their financial performance is still strong, and they are far better 

than applying no lime. Farmers may appreciate the advice that a moderate increase in 

their lime rates would generate most of the benefits achievable by much larger increases 

to the economic optima. 

 

Figure 3.3. Percentage change in the net present value (NPV) for alternative lime rates, relative 
to the optimal lime rates (14.1 t ha-1 for WWC, 9.7 t ha-1 for WWL) in the 325-450 mm rainfall zone 
with an acidic sub-soil, when liming is restricted to the surface application only and the nitrogen 
fertilizer is urea. 
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We have already explored the sensitivity of results to a range of factors, including rainfall, 

which soil layers are acidic, type of nitrogen fertilizer, use or non-use of sub-surface 

liming, and crop rotation. Finally, we investigate the impacts of price changes for the two 

relevant input types, lime, and fertilizer. Table 3.6 shows the effects of these prices on 

the optimal initial lime rate when liming is constrained to surface application only, the 

optimal nitrogen rate to apply to wheat, the percentage reduction in NPV if lime 

application is constrained to 2 t ha-1, and the percentage increase in NPV if sub-surface 

incorporation of lime is allowed.
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Table 3.6. The sensitivity of results to prices of urea and lime, for WWL rotation in 325-450 mm rainfall zone, with an acidic sub-soil, when liming is 
restricted to the surface application only and the nitrogen fertilizer is urea. 

  

Change in 
urea price 
(percent) 

Change in 
lime price 
(percent) 

Optimal initial lime rate 
(constrained to surface liming) 

(t ha−1) 

Optimal nitrogen 
rate for wheat after 

lupin (kg N ha−1) 

Optimal nitrogen 
rate for wheat after 
wheat (kg N ha−1) 

Reduction in NPV if 
initial lime rate is 2 t ha−1 

(percent) 

Increase in NPV if 
sub-surface liming 
allowed (percent) 

-30 -30 10.9 59 89 8.1 4.7 
-30 Base 9.9 57 89 7.7 4.9 
-30 +30 8.5 58 88 7.3 5.1 

Base -30 10.4 39 69 7.5 4.8 
Base Base 9.7 39 69 7.1 5.0 
Base +30 8.0 38 69 6.6 5.2 
+30 -30 10.0 21 52 6.8 4.7 
+30 Base 9.4 21 51 6.3 5.0 
+30 +30 7.6 20 51 5.8 5.2 
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The optimal lime and nitrogen rates are sensitive to price changes in different ways. The 

optimal initial lime rate is somewhat affected by the lime price and slightly affected by 

the price of nitrogen via its effect on nitrogen application rates. The latter effect is 

substantial, with nitrogen rates ranging from 51 to 89 kg ha-1 in response to price 

changes. On the other hand, the optimal nitrogen rate is almost unaffected by the lime 

price. 

The effect of constraining the initial surface lime application rates to 2 t ha-1 is relatively 

insensitive to price changes, ranging from 6 to 8 percent. Similarly, the benefit of allowing 

sub-surface liming is insensitive to either of the price changes, remaining at around 5 

percent in all cases. 

There are avenues for further research with this model. For instance, to reduce the 

number of confounding factors the only factor varied between the three different soil 

profiles analyzed was initial pH. Investigation of more nuanced scenarios, such as 

different initial pHs simultaneous with inherently different pH buffering capacities, could 

be relevant to the real-world situation facing farmers in the study area, but is beyond the 

scope of the present analysis. Similarly, the trade-offs between different lime qualities 

(with different costs) and how they could affect the optimal strategy is relevant to farmers 

in the study area and a prospect for further investigation. 

3.5. Conclusion 

A dynamic optimization model has been used to explore optimal lime and nitrogen 

fertilizer application rates that maximize the NPV of farm net income for alternative crop 

rotations and nitrogen fertilizer types in the northern wheatbelt of Western Australia, a 

region with high soil acidity. There are important interactions between the management 

of acidity and nitrogen. In particular, the optimal liming strategy is affected by the type of 

nitrogen fertilizer applied, since different fertilizers are more or less acidifying. In addition, 

the economics of liming depends on whether the crop rotation includes a legume (lupin 
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in this case), which can reduce the optimal application rates for acidifying nitrogen 

fertilizers. The level of rainfall causes a further interaction between nitrogen and acidity: 

the higher the average rainfall in the farming area, the greater is the level of leaching of 

nitrogen, which increases the optimal rate of lime to counteract the resulting soil 

acidification. The results highlight that sound understanding of the role of nitrogen, and 

accounting for the specific nitrogen-related practices used, is important for identification 

of optimal acidity-management practices. 

We have identified two aspects of lime management where current practice by most 

farmers departs from the strategy that the model identifies as economically optimal. 

Firstly, incorporation of lime into the sub-soil, although costly, increases the NPV of crop 

production by reducing sub-soil acidity more effectively and more rapidly. However, the 

loss of NPV from not practicing sub-soil liming is only small to moderate, averaging 7 

percent across the range of scenarios examined. Secondly, in circumstances where lime 

is only applied to the surface, not the sub-surface, the optimal lime rate is found to be 

much higher than farmers use in practice. Again, however, the loss of NPV from using 

lower than optimal lime rates in these circumstances is found to be modest, particularly 

for the WWL rotation. 
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4.1. Abstract 

Soil acidity is a major limiting factor for crop production in many farming systems 

worldwide. Lime application is the most common practice to mitigate soil acidity. There 

are complex economic interactions between application of lime and nitrogen fertilizer, 

with the greenhouse gas emissions associated with the use of these inputs adding further 

complexity. We employ a non-linear dynamic optimization model to determine 

economically optimal application strategies for lime and nitrogen fertilizer accounting for 

the social cost of the resulting emissions of greenhouse gases. The model is applied in 

three zones with different rainfall levels, in the northern wheatbelt of Western Australia. 

Rainfall has important influences on results through its effect on the dissolution and 

leaching of lime, leaching of nitrogen, and the yield potential of crops. Results show that 

nitrogen-related decisions, such as the type of nitrogen fertilizer and crop rotation, have 

a substantial impact on optimal lime application rates and resulting emissions. For 

example, the use of ammonium sulfate, rather than urea, reduces emissions. Similarly, 

by allowing a reduction in nitrogen fertilizer use the incorporation of legume crops like 

lupin can reduce emissions by 50 percent, relative to a wholly non-legume crop rotation. 

Although carbon pricing reduces emissions, the magnitude of the reductions is modest 

in all modeled scenarios. The private cost to farmers of a carbon tax in this case study 

region is small, although the net social benefit of the carbon tax in this case study is 

smaller still, even without accounting for the transaction costs of operating the tax 

system. 

Keywords 

Carbon pricing; emissions; lime application; nitrogen; optimization; soil acidity. 

4.2. Introduction 

Around four billion hectares of land in the world are acidic (Baligar et al. 2001). Soil 

acidity is a major factor limiting crop yields. The main reason for decreased plant 
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production on acid soils is an imbalance in macro and micro elements in the soil, 

including toxicity from an excess of hydrogen (H+) and/or aluminum (Al3+) (Moore 2001).  

In Australia, losses in agricultural production from soil acidity were estimated in 2005 at 

A$1,585 million per year (Hajkowicz and Young 2005). A more recent economic analysis 

by Petersen (2015) found that sub-soil acidity costs Western Australian grain growers 

about A$1.6 billion per year in lost production. 

A key cause of soil acidification is the application of nitrogenous fertilizers (Caires et al. 

2006; Grennfelt and Thörnelöf 1992). Global usage of nitrogen fertilizer between 1960 

and 1995 increased seven-fold and is expected to increase another three-fold by 2050 

(Tilman et al. 2002) through increased cropping intensity. 

Lime (CaCO3) is widely used to amend soil acidity (Dodgshon 1978; Holland et al. 2018). 

Lime application is an investment in soil productivity. It has been estimated that the 

average returns to investment in the lime application in the study region are A$63 per 

hectare annually or A$11 for each A$1 invested (Petersen 2015). The combined effects 

of lime and nitrogen fertilizer are complex. Most studies have concluded that lime and 

fertilizer are complementary inputs (Bekele et al. 2018; Holland et al. 2018; Tumusiime 

et al. 2011; Wang et al. 2003). However, contrasting results have been reported by 

Bolton et al. (1976). Nitrogen fertilizers, especially ammonium-based fertilizers, increase 

soil acidity over time (Gazey et al. 2013). This may affect optimal liming strategies. 

Lime dissolves in soil moisture and increases calcium (Ca2+) and bicarbonate (HCO3
-) 

ions concentrations in the soil exchange complex. Consequently, Al3+ ions are replaced 

by Ca2+ ions and soil pH is increased because the acid hydrolysis of Al3+ is greatly 

decreased. Concurrently, HCO3
- reacts with the available H+ to yield carbon dioxide 

(CO2) and water (Helyar and Porter 1989). These processes reduce the concentration of 

H+ (that causes soil acidity), and they mitigate Al3+ toxicity and Ca2+ deficiency, both of 

which inhibit crop growth.  



Chapter 4: Paper 3 - Soil acidity, lime application, nitrogen fertility, and greenhouse gas 
emissions: optimizing their joint economic management 

86 
 

Globally, agriculture accounts for around 11 percent of anthropogenic greenhouse gas 

(GHG) emissions (Fellmann et al. 2018). Within Australia, the figure is 13 percent 

(Climate Council 2018). As other sectors of the economy, such as electricity generation, 

reduce their emissions there is likely to be an increasing attention on the need to mitigate 

agricultural emissions. Indeed, some have suggested that in the longer-term, an ideal 

policy response could be to apply a carbon price to agricultural emissions (Garnaut 

2011). A contributor to agricultural emissions is the CO2 produced when lime dissolves 

(West and McBride 2005). Emissions from lime dissolution vary depending on a range 

of factors, including soil characteristics, rainfall, and the quality of lime applied (Costa 

2012; Hati et al. 2008; Paradelo et al. 2015; Shaaban et al. 2017). Lime application to 

acidic soils can also increase GHG emissions indirectly, by increasing grain production 

(Barton et al. 2014), resulting in higher optimal rates for nitrogen fertilizer.  

Numerous studies have analyzed economically optimal ways to reduce agricultural 

emissions (e.g., Barton et al. (2014); Beach et al. (2015); Burney et al. (2010); Eory et 

al. (2013); Gibbons et al. (2014); MacLeod et al. (2015); Wang et al. (2014b)). However, 

none of these studies has accounted for the complex economic interactions and 

interdependencies between lime and nitrogen fertilizer applications linked to GHG 

emissions. In this paper, we aim to address this knowledge gap.  

Our study’s first contribution is to simultaneously optimize application strategies for lime 

and nitrogen fertilizer accounting for the external costs (externalities) of GHG emissions. 

The analysis employs a dynamic optimization model that maximizes the Net Present 

Value (NPV) of farm net income over the long term.  

The second contribution is to examine the effects of carbon pricing on optimal lime and 

nitrogen applications, including the resulting impacts on GHG emissions from crop farms. 

Currently, there is no clear market price for GHG emissions in most countries, including 

Australia (Brown and Li 2019; Department of Environment and Energy 2014). However, 
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the study investigates the impact of a potential future price, in the form of a tax on GHG 

emissions, a so-called carbon tax. From the analysis we estimate the net social benefits 

of a carbon tax on representative farms in the study area.  

4.3. Method 

4.3.1. Study region and farming system 

The Western Australian wheatbelt has a Mediterranean climate, and its agricultural 

production depends on winter rainfall. The farming systems in this area are dominated 

by cropping. This wheatbelt region produces about 14 million tonnes of grain annually 

(Wilkinson 2018) and about 81 percent of the cropped area is sown to cereals (wheat 

and barley) mainly in rotation with narrow-leafed lupin, a legume, Lupinus agustifolius 

L., or canola, a non-legume, Brassica napus L. (Seymour et al. 2012). Average yields 

across the wheatbelt area are 2.2 t ha−1 for wheat, 2.5 t ha−1 for barley, 1 t ha−1 for 

canola and 1.4 t ha−1 for lupin (Bankwest 2018). The farms are large and highly 

mechanized. Typical farm sizes in the northern wheatbelt are 1,000 to 15,000 hectares 

(Wilkinson 2018). 

Based on Bankwest (2017), three zones from the north of the Western Australian 

wheatbelt with different levels of rainfall are chosen as the study area: low rainfall (<325 

mm annual average), medium rainfall (325 to 450 mm annual average), and high rainfall 

(>450 mm annual average). Two crop rotations are represented: wheat-wheat-lupin 

(WWL) and wheat-wheat-canola (WWC). A range of other rotations are used in 

practice, but these two are widely used.  

The nitrogen fertilizer types considered in the analysis are urea (CO(NH₂)₂, 46 percent 

nitrogen) and ammonium sulfate ((NH₄)₂SO₄, 21 percent nitrogen). These both cause 

soil acidification.  

Dominant soil types in the study region are deep sands and shallow sandy duplex, both 

of which are inherently acidic. In our analysis we consider a variant of the former soil 
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type-a yellow sandy-textured topsoil horizon over sandy-loam sub-soil horizons-which 

is a typical acidic soil in the study region.  

4.3.2. Acidity in the study region 

More than half of the surface and sub-surface soils of the wheatbelt area are acidic, 

with aggregate costs of more than $5001 million per annum in lost production (Herbert 

2009). Soil acidification is an ongoing problem (due to the removal of harvested produce 

and the leaching of nitrate) and, on many farms, the current rate of lime application is 

insufficient to reverse acidification (Gazey et al. 2014b). Acidic soils in the region have 

relatively high levels of free Al3+, meaning crops often suffer from Al3+ toxicity (Moore 

2001).  

Farmers’ decisions to apply lime are affected by several factors: (i) management 

factors, such as the crop rotation and the type of nitrogen fertilizer used, (ii) biophysical 

factors such as initial soil pH and rainfall level (Conyers et al. 1995; Evans et al. 2001; 

Goulding et al. 1989; Kirchhof et al. 1995; Liu et al. 2004; Scott et al. 1992; Wang et al. 

1999), and (iii) economic factors, such as the cost of lime application, crop prices, and 

the farmer’s access to funds (Edmeades et al. 1985; Gazey et al. 2014b).  

We initialize our model with three different types of acidic soil profiles: an acidic topsoil 

(0-10 cm), an acidic sub-soil (10-30 cm), and both an acidic top and sub-soil (0-30 cm) 

where ‘acidic’ is defined as an initial pH level of 4.6 for the 0-10 cm of soil horizon, 3.8 

for the 10-20 cm horizon and 4.1 for the 20-30 cm horizon. Non-acidic soil horizons are 

assumed to have initial pHs of 5.8, 5.8 and 6.5, respectively, for the same three soil 

horizons (see Figure 4.1). All pH values in this study are pH measured in CaCl2. Common 

practice in the region is to spread (broadcast) lime on the soil surface. However, lime is 

slow to move through the soil, so to speed up the neutralization of sub-soil acidity, an 

                                                
1 In this study all prices are expressed in Australian dollar (AUD). 
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option is to incorporate lime into the sub-surface (Davies et al. 2015). In our model both 

options are possible: lime can be applied to the soil surface and/or incorporated into sub-

surface soil (10-20 cm and 20-30 cm horizons). 

 

Figure 4.1. Initial soil profile diagram. 

4.3.3. Model Structure 

Our model is built in GAMS (General Algebraic Modeling System) and uses the CONOPT 

solver to dynamically optimize lime and nitrogen fertilizer application rates for each 

rainfall zone of the study area and for each of the three types of initial soil profiles. The 

model structure is depicted in Figure 4.2; it is non-linear and has biophysical, GHG 

emissions, and economic components. Consistent with usual practice, GHG emissions 

are defined as units of weight of CO2 equivalents (CO2-e) where one tonne of methane 

(CH4) equals 25 tonnes of CO2-e, and one tonne of nitrous oxide (N2O) equals 298 

tonnes of CO2-e in terms of Global Warming Potential. 
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Figure 4.2. The model structure. 

4.3.3.1. Biophysical component 

The biophysical component is derived from the Optlime model (Gazey 2008). In Western 

Australia, Optlime has been widely used as a simulation model to investigate the long-

term impacts of lime application on soil acidity over a 20-year planning horizon (Andrew 

and Gazey 2010; O'Connell et al. 1999). Its parameters are based on extensive research 

from across the grain-growing region. Limitations include that it does not determine the 

profit maximizing rate of lime application, it does not consider interactions between lime, 

and nitrogen fertilizer and greenhouse gas emissions, and it does not consider year-to-

year weather variability. 

The biophysical component consists of different interacting sub-components which are 

used to predict soil pH dynamics (across 0-10 cm, 10-20 cm, and 20-30 cm soil horizons) 

and crop yield. Captured in these pH dynamics are all processes associated with soil 

acidification in modern agricultural production: acidification from the application of 

ammonium-based nitrogen fertilizer, nitrogen leaching and product removal, and 

countering this, the effect of lime applications, taking into account lime rate, quality, and 

application method (surface and/or sub-surface). Also captured in these dynamics are 
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interactions with rainfall and soil properties (initial soil pH, buffering capacity, texture, soil 

gravel, organic carbon, and aluminum levels). In the original Optlime model, crop yield 

is a function of soil pH and rainfall. However, for the biophysical component of this model 

nitrogen nutrition has been added, so that crop yield is a function of soil pH, rainfall, and 

nitrogen fertility (from both fertilizer and legume rotations). In the case of lupin, no 

nitrogen is applied, and some of the nitrogen fixed by this leguminous crop carries over 

to benefit subsequent cereal crops. The modeling of nitrogen fertility (and the biophysical 

component more generally) is described in more detail by Shoghi Kalkhoran et al. (Under 

Review). In brief, yield in response to nitrogen application is modeled as a function of 

yield potential and nitrogen available for uptake in a given year, which depends on the 

nitrogen fertilizer rate, stable organic nitrogen and residue organic nitrogen from a 

previous legume crop. The response function to nitrogen fertilizer follows the usual shape 

for such functions, with a modest yield at zero fertilizer rate, increasing at a decreasing 

rate to a maximum yield. 

4.3.3.2. Emissions component 

The GHG component models the emissions associated with each rotation, as affected 

by lime and nitrogen fertilizer strategies. The total GHG emissions in year 𝑡, denoted as 

𝐺𝐻𝐺𝑡, are calculated as: 

𝐺𝐻𝐺𝑡 = (𝐺𝐻𝐺pre𝑡
+ 𝐺𝐻𝐺on𝑡

)/1000 

∀ 𝑡 = 1, … , 𝑇 (4.1) 

where 𝐺𝐻𝐺pre𝑡
 is the total emissions occurring ‘pre-farm’ (kg CO2-e ha−1) in 

year 𝑡, and 𝐺𝐻𝐺on𝑡
 is the total emissions occurring on farm (kg CO2-e ha−1) in 

year 𝑡. Pre-farm means that the emissions occur prior to the inputs reaching the 

farm. The divisor 1000 converts the total CO2-e emissions, 𝐺𝐻𝐺𝑡, from kg CO2-e 

ha−1 to tonnes CO2-e ha−1. The total pre-farm is given by: 
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𝐺𝐻𝐺pre𝑡
= 𝐿PT𝑡 + 𝑁PT𝑡 + 𝐷PT𝑡 

∀ 𝑡 = 1, … , 𝑇 (4.2) 

where 𝐿PT𝑡 is the emissions from lime production and transportation in a given 

year (kg CO2-e ha−1); 𝑁PT𝑡 is the emissions from nitrogen fertilizer production and 

transportation in a given year (kg CO2-e ha−1); 𝐷PT𝑡 is the emissions from the 

production and transport of diesel fuel that is used on-farm in a given year (kg 

CO2-e ha−1).  

Total on-farm CO2-e emissions are: 

𝐺𝐻𝐺on𝑡
= 𝑁DR𝑡 + 𝑁IDR𝑡 + 𝑅cr𝑡

+ 𝐵cr𝑡
+ 𝑈h𝑡 + 𝐷on𝑡

+ 𝐿d𝑡
 

∀ 𝑡 = 1, … , 𝑇 (4.3) 

where 𝑁DR𝑡 is the direct N2O emissions from nitrogen fertilizer application in a given year 

(kg CO2-e ha−1); 𝑁IDR𝑡 is the indirect N2O emissions from nitrogen fertilizer application in 

a given year (kg CO2-e ha−1); 𝑅cr𝑡
 is the direct N2O emissions from crop residues in a 

given year (kg CO2-e ha−1); 𝐵cr𝑡
 is the emissions from burning crop residues in a given 

year (kg CO2-e ha−1); 𝑈h𝑡is the emissions from urea hydrolysis (a chemical reaction 

whereby urea reacts with the water in the soil immediately after application, releasing 

CO2) in a given year (kg CO2-e ha−1); 𝐷on𝑡
 is the emissions from diesel that is combusted 

on-farm (kg CO2-e ha−1) to apply lime and nitrogen; and 𝐿d𝑡
 is the emissions from lime 

dissolution in a given year (kg CO2-e ha−1).  

Methods used to quantify the emissions from each of the sources listed above are 

provided in Appendix 2. Under the Tier 1 Intergovernmental Panel on Climate Change 

(IPCC) emissions accounting methodologies (IPCC 2006b), all applied lime is assumed 

to dissolve, and thus all emissions from lime dissolution are assumed to occur, in the 



Chapter 4: Paper 3 - Soil acidity, lime application, nitrogen fertility, and greenhouse gas 
emissions: optimizing their joint economic management 

93 
 

year of lime application. In reality, lime does not completely dissolve in the year of 

application, particularly in the conditions of the study area (e.g., Whitten et al. 2000). 

Dissolution rates depend on a number of interacting factors such as particle size, rainfall, 

and soil pH. Biophysically, whether the lime dissolves over one or many years may seem 

immaterial: the total emissions that will ultimately occur due to the dissolution will be the 

same. However, because of the time-value of money (and thus the effect of financial 

discounting), assumptions of near instantaneous dissolution inflate the apparent social 

cost of lime emissions. We therefore test two scenarios in this study for the emissions 

from lime dissolution: a) Scenario 1 (IPCC assumption): complete lime dissolution in the 

year of application. b) Scenario 2 (Optlime assumption): lime dissolution (and hence 

emissions) occurs at the rate predicted by biophysical component of our model (which is 

based on Optlime) in the years after lime application. Lime dissolution rate is one of the 

key processes captured in the Optlime model. More information on these scenarios is 

provided in Appendix 2. 

Equations (4.2) and (4.3) do not capture all emissions associated with crop production 

in the study region. Not accounted for are the pre-farm emissions associated with the 

manufacture and transportation of non-nitrogen fertilizer, herbicides, pesticides, and 

farm machinery and the on-farm emissions from the diesel used for seeding, spraying, 

and harvesting. Whilst some of these can be substantial sources of emissions, they are 

omitted because the focus of our analysis is the emissions associated with different 

break crops, lime, and nitrogen fertilizer strategies, and not with the totality of crop 

production in the study region. Most of the omitted emissions are unlikely to differ 

substantially between the different break crop, lime and fertilizer options we analyze, 

e.g., regardless of the choice between these options, a pass by the same tractor and 

machinery being used in exactly the same manner is required to sow the crop. Indeed, 

based on the results of lifecycle analysis of wheat, canola and lupin production in the 

Western Australian wheatbelt (Barton et al. 2014; Biswas et al. 2011) the omitted 
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emissions are unlikely to differ by more than around 15 kg CO2-e ha-1 yr-1  between the 

different break crop, fertilizer, and lime strategies. Moreover, any differences between 

lupin and canola break crops would only affect one year of the three-year rotations we 

analyze. 

4.3.3.3. Optimization 

Through the integration of its three components, our model determines the dynamically 

optimal strategies for lime and nitrogen fertilizer application for each rotation, accounting 

for the cost of paying a carbon price for each unit of emissions. This model maximizes 

NPV over an 80-year time horizon. This long timeline is used to allow the model to reach 

equilibrium. The dynamic optimization problem is written as: 

Max NPV =  ∑ {[(pcr × 𝑌𝑡) − (pfert × 𝑁𝑡) − 𝑤𝑡 − (pc × 𝐺𝐻𝐺𝑡)](1 + 𝑟)−𝑡}𝑇
𝑡=1 +

∑
{[(pcr×𝑌𝑡)−(pfert×𝑁𝑡)−𝑤𝑡−(pc×𝐺𝐻𝐺𝑡)](1+𝑟)−𝑡}

((1+𝑟)Ψ−1)
𝑇
𝑡=𝑇−Ψ  (4.4) 

subject to equations (4.1) to (4.3) 

where NPV  is the net present value of income over the 𝑇 (80) years ($ ha-1); 𝐿𝑡,𝑖 is the 

lime rate applied to a given soil horizon 𝑖 (0-10 cm, 10-20 cm and 20-30 cm) in year 𝑡 (t 

ha-1); pcr is the price of grain from the crop grown in year 𝑡 ($ t-1); 𝑌𝑡 is the crop yield in 

year 𝑡 (t ha-1) and is a function of lime and nitrogen applications; pfert is the price of the 

nitrogen fertilizer ($ t-1); 𝑁𝑡  is the nitrogen fertilizer rate applied in year 𝑡 (kg ha-1); 𝑤𝑡 is 

the cost of lime application ($ ha-1); pc is the carbon price ($ t CO2-e-1); 𝐺𝐻𝐺𝑡 is the total 

emissions (both pre- and on-farm) in year 𝑡 (t CO2-e ha-1); 𝑟 is the real discount rate, 

which is set to 0.05; and Ψ is the frequency of maintenance lime applications, which is 

every 10 years. The second part of equation (4.4) is a terminal value function; it is the 

NPV of the last Ψ years of the planning time horizon, repeated to infinity to capture 

economic values of lime and nitrogen fertilizer application after the time horizon. 
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The model’s decision variables are the lime application rate for year one (corrective rate), 

subsequent ‘maintenance’ lime rates, and also the optimal nitrogen application rates for 

wheat and canola, the leguminous lupin does not require nitrogen fertilizer. Maintenance 

lime applications are assumed to occur at 10-yearly intervals. Intervals of 5 and 20 years 

were also tested and it was found that the economic performance of the system is highly 

unresponsive to different liming intervals. To increase the model’s tractability when 

solving, the maintenance rates of lime application are constrained to be the same for 

each application. Similarly, nitrogen fertilizer application rates are constrained to be the 

same for each given crop phase in the rotation, e.g., for every wheat crop that is the first 

wheat crop after a year of lupin crop, the rates are the same. 

The model input and output prices are assumed to remain constant in real terms for the 

duration of the time horizon. The prices of wheat, lupin, canola, and urea are set at $241, 

$247, $475 and $660 t-1 (Thamo et al. 2017). The price of ammonium sulfate is set at 

$400 t-1. Following Gazey (2008), the cost of lime application (lime-sand with 89.3 

percent acidity neutralizing value) is calculated as: 

𝑤𝑡 = [𝐿𝑡,1 × (ϑ + dl × φ) + 𝐿𝑡,1 × (
7.4

(𝐿𝑡,1+0.09)
+ 4.9)] + [∑ 𝐿𝑡,𝑖

3
𝑖=2 × (ϑ + dl × 𝜑) +

(if ∑ 𝐿𝑡,𝑖
3
𝑖=2 > 0 then 123.72)]  

∀ 𝑡 = 1, … , 𝑇 (4.5) 

where 𝐿𝑡,1 is the lime rate applied in a given year 𝑡 to the soil horizon 0-10 cm (t ha-1); ϑ 

is the purchase price of lime at the quarry, set at $10 t-1; dl is the average distance for 

the lime freight from the lime source to the quarry, which is assumed to be 100 km; φ is 

the freight rate, set at $0.1 km-1 t-1; 𝐿𝑡,2 and 𝐿𝑡,3 are the lime rates applied in a given 

year 𝑡  to the sub-soil horizons 10-20 cm and 20-30 cm. It is assumed that the sub-

surface lime application is split 50-50 between the sub-soil horizons. The cost of sub-

surface lime application including ripping and then injecting bands of lime within the soil 
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profile, labor, and depreciation of machinery is set at $123.72 ha-1 based on a personal 

communication with technical experts from the study region about current farm practices. 

In addition to the cost of lime and nitrogen fertilizer, the cost of negative externalities 

caused by the emissions associated with the crop production can be deducted from the 

NPV. When calculating the cost of these externalities, a carbon price of $20 t CO2-e-1 is 

assumed to apply to all emissions. This price is similar to the $23 t CO2-e-1 used in the 

carbon tax mechanism implemented by the Australian government in 2012 (Meng et al. 

2013) (and then repealed 2014). However, we examine the sensitivity of emissions to 

alternative carbon prices within the range $0 to $70 t CO2-e-1. 

4.3.4. Net social benefit of carbon pricing 

As the objective function of the model provides a measure of farm profit, a comparison 

of the objective function with and without a tax on emissions provides an estimate of the 

cost to the cropping enterprise of the imposition of the carbon tax. However, this ignores 

the benefits to the community that are generated by the carbon tax. If we assume that 

the carbon tax is set at a level equal to the marginal social cost of carbon emissions, we 

can easily calculate the gross social benefits from a carbon tax policy, and we can then 

use the model results to estimate the net social benefits.  

The conceptual framework for calculating the net social benefit of carbon pricing is 

depicted in Figure 4.3 It is assumed that the demand curve is perfectly elastic 

(horizontal), because changes in production by farmers in a region the size of our case 

studies would not appreciably affect the global market prices of grains. The supply curve, 

labeled marginal private cost (MPC), intersects with the demand curve at Q1, which is 

the privately optimal level of grain production. The introduction of a tax on carbon 
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emissions raises the cost of crop production so the supply curve rises to MSC (marginal 

social cost) and crop production falls to Q2, the socially optimal level.  

 

Figure 4.3. The present value net social benefit of carbon pricing (shaded area A).  

The producer surplus ( profit) without the carbon tax is equal to the area C+D+B, 

and producer surplus falls to area C with a carbon tax in place. The social cost 

of emissions is D+B+A if there is no carbon tax (and farmers produce at Q1) and 

the social cost of emissions falls to D with the carbon tax in place, so the benefits 

from reducing the negative externalities are A+B. Area D in Figure 3 is the tax 

paid by farmers after they have adjusted their production down to Q2. (The tax is 

a transfer payment: the cost to farmers is cancelled out by a benefit to the rest of 

society as the collected revenue is able to be spent on beneficial activities or to 

substitute for other taxes.) Area B is a deadweight loss (a cost to farmers) from 

reduced crop production as a result of the tax. Combining all of these insights, 

we can see that area A is the net social benefit of the carbon tax. Assuming that 

the tax (and social cost) of carbon emissions (pc) is constant in real terms, this 

can be calculated as:  

A = (pc × [∑ 𝐺𝐻𝐺𝑡c0
𝑇
𝑡=1 − ∑ 𝐺𝐻𝐺𝑡c1

𝑇
𝑡=1 ]) − B (4.6) 
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where 𝐺𝐻𝐺𝑡c0
 and 𝐺𝐻𝐺𝑡c1

 are the total emissions (t ha-1) over the 𝑇 (80) years without 

and with carbon pricing and B is the deadweight loss from reduced production. The latter 

can be calculated as the reduction in producer surplus minus the area D: 

B = 𝑁𝑃𝑉c0 − 𝑁𝑃𝑉c1 − (∑ 𝐺𝐻𝐺𝑡c1
𝑇
𝑡=1 × pc) (4.7) 

4.4. Result and Discussion 

The initial results are based on the official IPPC assumption that complete lime 

dissolution occurs in the year of lime application. We start by examining GHG emissions 

when the carbon tax is zero as a baseline. GHG emissions from on-farm and pre-farm 

sources vary depending on the nitrogen fertilizer type and the crop rotation (Figure 4.4). 

Total emissions are nearly 50 per cent higher for the canola rotation than for the lupin 

rotation because nitrogen fixation by the lupin crop allows less nitrogen fertilizer to be 

applied. This reduces emissions associated with fertilizer manufacture and transport, 

and also N2O emissions from fertilizer applications. Figure 4.4 shows the emissions 

associated with nitrogen fertilizer application are much more substantial than those 

associated with liming, so from an emissions perspective any practice that reduces 

nitrogen applications is beneficial (Brock et al. 2016). The on-farm sources contribute as 

much as three times more emissions than pre-farm sources.  
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Figure 4.4. CO2-e emissions for the WWC and WWL rotations for different nitrogen fertilizer 
types and medium rainfall (325-450 mm) zone with top and sub-soil acidity condition under 
lime dissolution scenario 1 (IPCC assumption) when liming method is surface plus sub-
surface application and the price of carbon emissions is zero.  

Emissions are higher when urea is used as the form of nitrogen fertilizer, compared with 

ammonium sulfate. This is primarily because of additional emissions from the process of 

urea hydrolysis in the soil. There is no comparable process for ammonium sulfate. On 

the other hand, ammonium-based fertilizers are more acidifying, meaning that lime 

applications (and thus emissions associated with liming) are higher when ammonium 

sulfate is used (Figure 4.4). 

Total emissions are between 0.303 and 0.764 t CO2-e ha−1 yr−1 for the WWC rotation 

and between 0.152 and 0.430 t CO2-e ha−1 yr−1 for the WWL rotation (Table 4.1). 

The reductions in emissions occur primarily in the lupin phase of the rotation, both 

in the year lupin is grown, and in following year when wheat is subsequently grown 

(Figure 4.5). With higher rainfall more nitrogen is applied, and nitrogen leaching and 

thus acidification is also greater. This means more emissions from nitrogen 
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application, and from liming to offset the acidification, and so on a per hectare basis 

emissions increase with rainfall in Table 4.1. 

Table 4.1. Emissions for the WWC and WWL rotations when the carbon price is zero. 
Results shown are for different rainfall zones with different soil acidity conditions under lime 
dissolution scenario 1 (IPCC assumption). 

Annual rainfall 
(mm) 

Acidity condition Nitrogen fertilizer 
Average CO2-e emission (t ha-1 yr-1) 

WWC WWL 

<325 

Topsoil 
Urea 0.375 0.215 

(NH₄)₂SO₄ 0.303 0.152 

Sub-soil 
Urea 0.411 0.233 

(NH₄)₂SO₄ 0.352 0.179 

Top and sub-soil 
Urea 0.405 0.232 

(NH₄)₂SO₄ 0.325 0.180 

325-450 

Topsoil 
Urea 0.556 0.305 

(NH₄)₂SO₄ 0.410 0.218 

Sub-soil 
Urea 0.572 0.321 

(NH₄)₂SO₄ 0.428 0.232 

Top and sub-soil 
Urea 0.576 0.325 

(NH₄)₂SO₄ 0.431 0.237 

>450 

Topsoil 
Urea 0.743 0.410 

(NH₄)₂SO₄ 0.510 0.264 

Sub-soil 
Urea 0.760 0.426 

(NH₄)₂SO₄ 0.529 0.280 

Top and sub-soil 
Urea 0.764 0.430 

(NH₄)₂SO₄ 0.534 0.285 
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Figure 4.5. Emission for the WWC and WWL rotations in different years in medium rainfall 
(325-450 mm) zone with top and sub-soil acidity condition under lime dissolution scenario 
1 (IPCC assumption) when nitrogen fertilizer is urea, liming method is surface plus sub-
surface application and the carbon price is zero. 

Tables 4.2 and 4.3 present the optimal lime and nitrogen fertilizer rates, their associated 

emissions, and NPVs for the WWC and WWL rotations when the carbon price is $20 t 

CO2-e-1 (numbers in parentheses show absolute changes for lime and nitrogen fertilizer 

rates, emissions, and the NPVs relative to carbon price zero). Sub-soil acidity requires 

higher lime application rates than does topsoil acidity, and in many cases, the presence 

of sub-soil acidity means that sub-surface application of lime is worthwhile, despite its 

high cost relative to the surface application. Rates of both inputs are higher for the canola 

rotation (Table 4.2) than for the lupin rotation (Table 4.3). 

The imposition of $20 t CO2-e−1 a tax on emissions reduces the optimal lime and nitrogen 

fertilizer applications and resulting emissions across all crop rotations, rainfall, and soil 

acidity conditions. Across all scenarios for the WWC rotation in Table 4.2 implementing 

carbon pricing reduces emissions by an average of 5.6 percent and up to 8 percent, and 
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for the WWL rotation in Table 4.3 by an average of 6.4 percent and up to 10 percent. 

The WWL rotation still emits about half that of the WWC rotation-a similar proportion as 

when the carbon price is zero. Carbon pricing reduces the NPV of profits by an average 

of 3 percent and up to 4 percent for the WWC rotation (Table 4.2) and by an average of 

1.7 percent and up to 2.2 percent for the WWL rotation (Table 4.3).



Chapter 4: Paper 3 - Soil acidity, lime application, nitrogen fertility, and greenhouse gas emissions: optimizing their joint economic management 

103 
 

Table 4.2. Lime application and nitrogen fertilizer rates, emissions and net present values (NPV) for the WWC rotation when the carbon price is $20 
t CO2-e-1 (numbers in parentheses show changes relative to carbon price zero). Results shown are for different rainfall zones with different soil acidity 
conditions under lime dissolution scenario 1 (IPCC assumption).   

Annual 
rainfall 
(mm) 

Acidity condition Nitrogen fertilizer 

Lime application rate (t ha-1) 
Nitrogen fertilizer rate 

(kg N ha-1) 
NPV ($ ha-1) 

Average  CO2-e 
emission (t ha-1 yr-1) Surface 

(year 1) 
Sub-surface* 

(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat Canola 

<325 

Topsoil 
Urea 1.1 (-0.2) - (-) - (-) 53 (-2) 52 (-3) 6,356 (-151) 0.361 (-0.014) 

(NH₄)₂SO₄ 1.8 (-0.1) - (-) 1.0 (-) 41 (-2) 40 (-2) 5,865 (-126) 0.291 (-0.013) 

Sub-soil 
Urea - (-) 3.9 (0.1) 0.2 (-0.4) 52 (-2) 51 (-3) 6,155 (-176) 0.382 (-0.029) 

(NH₄)₂SO₄ - (-) 4.7 (-1.5) 1.6 (-0.2) 40 (-3) 39 (-3) 5,604 (-173) 0.324 (-0.029) 

Top and sub-soil 
Urea 1.6 (-0.1) 3.0 (-) 0.3 (-) 52 (-3) 52 (-3) 6,125 (-184) 0.391 (-0.014) 

(NH₄)₂SO₄ 3.0 (-) 3.5 (-0.2) 0.8 (-0.1) 41 (-2) 40 (-2) 5,619 (-164) 0.311 (-0.014) 

325-450 

Topsoil 
Urea 1.0 (-0.1) - (-) 0.6 (-) 78 (-5) 79 (-5) 6,979 (-218) 0.530 (-0.027) 

(NH₄)₂SO₄ 2.2 (-0.2) - (-) 1.4 (-0.1) 57 (-4) 59 (-4) 6,284 (-168) 0.387 (-0.022) 

Sub-soil 
Urea 1.7 (-) 3.1 (-0.1) 0.5 (-) 77 (-5) 78 (-5) 6,765 (-248) 0.544 (-0.029) 

(NH₄)₂SO₄ 3.1 (-0.2) 3.7 (-0.1) 1.3 (-0.1) 56 (-4) 58 (-4) 6,039 (-203) 0.403 (-0.025) 

Top and sub-soil 
Urea 2.3 (-) 2.8 (-0.1) 0.6 (-) 77 (-5) 79 (-5) 6,751 (-251) 0.548 (-0.028) 

(NH₄)₂SO₄ 3.3 (-0.1) 3.3 (-0.1) 1.3 (-0.1) 57 (-4) 59 (-4) 6,046 (-203) 0.407 (-0.023) 

>450 

Topsoil 
Urea 1.3 (-0.1) - (-) 0.9 (-0.1) 106(-8) 102 (-8) 8,098 (-288) 0.698 (-0.045) 

(NH₄)₂SO₄ 2.4 (-0.3) - (-) 1.8 (-0.2) 72 (-7) 72 (-6) 7,212 (-204) 0.474 (-0.036) 

Sub-soil 
Urea 1.9 (-0.1) 3.5 (-0.1) 0.9 (-0.1) 104 (-8) 101 (-8) 7,872 (-321) 0.713 (-0.047) 

(NH₄)₂SO₄ 3.2 (-0.3) 3.9 (-0.2) 1.7 (-0.2) 71 (-7) 70 (-7) 6,961 (-241) 0.490 (-0.039) 

Top and sub-soil 
Urea 2.6 (-0.1) 3.2 (-0.1) 0.9 (-0.1) 105 (-8) 102 (-8) 7,856 (-324) 0.718 (-0.046) 

(NH₄)₂SO₄ 3.6 (-0.2) 3.5 (-0.1) 1.7 (-0.2) 72 (-7) 72 (-6) 6,962 (-242) 0.497 (-0.037) 

* This lime application is divided equally between the 10-20 cm and 20-30 cm soil horizons 
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Table 4.3. Lime application and nitrogen fertilizer rates, emissions and net present values (NPV) for the WWL rotation when the carbon price is $20 
t CO2-e-1 (numbers in parentheses show changes relative to carbon price zero). Results shown are for different rainfall zones with different soil acidity 
conditions under lime dissolution scenario 1 (IPCC assumption).  

Annual 
rainfall 
(mm) 

Acidity condition 
Nitrogen 
fertilizer 

Lime application rate (t ha-1) 
Nitrogen fertilizer rate 

(kg N ha-1) 
NPV ($ ha-1) 

Average  CO2-e 
emission (t ha-1 yr-1) Surface 

(year 1) 

Sub-
surface* 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat 
after lupin 

Wheat after 
wheat 

<325 

Topsoil 
Urea 0.5 (-0.1) - (-) - (-) 25 (-2) 44 (-2) 6,276 (-86) 0.207 (-0.009) 

(NH₄)₂SO₄ 0.8 (-0.2) - (-) - (-) 12 (-2) 31 (-2) 6,083 (-63) 0.144 (-0.008) 

Sub-soil 
Urea - (-) 3.2 (-0.1) 0.1 (-) 24 (-2) 43 (-2) 6,079 (-110) 0.224 (-0.009) 

(NH₄)₂SO₄ - (-) 3.6 (-0.2) 0.3 (-) 13 (-2) 31 (-2) 5,866 (-92) 0.172 (-0.007) 

Top and sub-soil 
Urea 1.2 (-) 2.8 (-0.1) - (-) 24 (-3) 43 (-3) 6,057 (-114) 0.222 (-0.009) 

(NH₄)₂SO₄ 0.9 (0.1) 3.2 (-0.3) 0.2 (-) 13 (-2) 31 (-2) 5,843 (-95) 0.172 (-0.008) 

325-450 

Topsoil 
Urea 0.5 (-0.1) - (-) 0.4 (-) 33 (-5) 63 (-5) 7,473 (-119) 0.288 (-0.018) 

(NH₄)₂SO₄ 0.6 (-0.2) - (-) 0.7 (-) 13 (-4) 43 (-4) 7,213 (-85) 0.204 (-0.015) 

Sub-soil 
Urea 1.3 (-) 2.8 (-0.1) 0.4 (-) 32 (-5) 62 (-5) 7,258 (-148) 0.302 (-0.019) 

(NH₄)₂SO₄ 1.6 (-0.1) 3.0 (-0.2) 0.5 (-0.1) 12 (-5) 41 (-5) 6,988 (-116) 0.215 (-0.017) 

Top and sub-soil 
Urea 1.9 (-) 2.6 (-0.1) 0.4 (-) 33 (-5) 62 (-5) 7,243 (-152) 0.307 (-0.018) 

(NH₄)₂SO₄ 2.2 (-) 2.7 (-0.2) 0.5 (-0.1) 13 (-4) 42 (-4) 6,977 (-120) 0.221 (-0.016) 

>450 

Topsoil 
Urea 0.6 (-0.1) - (-) 0.6 (-) 47 (-8) 86 (-8) 8,752 (-158) 0.379 (-0.031) 

(NH₄)₂SO₄ 0.8 (-0.2) - (-) 0.8 (-0.1) 14 (-7) 53 (-7) 8,412 (-103) 0.240 (-0.024) 

Sub-soil 
Urea 1.5 (-) 3.1 (-0.1) 0.5 (-0.1) 46 (-8) 85 (-8) 8,527 (-189) 0.394 (-0.032) 

(NH₄)₂SO₄ 1.6 (-0.1) 3.2 (-0.2) 0.6 (-0.1) 12 (-8) 51 (-8) 8,183 (-134) 0.251 (-0.028) 

Top and sub-soil 
Urea 2.2 (-) 2.9 (-0.1) 0.5 (-0.1) 47 (-8) 86 (-8) 8,510 (-193) 0.399 (-0.032) 

(NH₄)₂SO₄ 2.3 (-0.1) 2.9 (-0.2) 0.7 (-0.1) 13 (-7) 52 (-7) 8,168 (-138) 0.259 (-0.027) 

* This lime application is divided equally between the 10-20 cm and 20-30 cm soil horizons 
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Figure 4.6 depicts the absolute change in NPV and CO2-e emissions when the carbon 

tax is $20 t CO2-e-1 relative to when the carbon tax is zero for the WWC and WWL 

rotations. In general, absolute reductions in both NPV and emissions are higher when 

rainfall is higher, they are both higher for canola than for lupin, which has lower emissions 

due to less nitrogen fertilizer being applied, and both are higher when nitrogen is applied 

as urea rather than ammonium sulfate because the former has higher emissions. There 

are no clear trends with the acidity in different soil layers. 

 

Figure 4.6. Absolute change in net present values (NPV) and emissions when the carbon 
price is $20 t CO2-e-1 relative to when the carbon price is zero for the WWL and WWC 
rotations. Results shown are for different nitrogen fertilizer types and different rainfall zones 
with different soil acidity conditions under lime dissolution scenario 1 (IPCC assumption)  
when liming method is surface plus sub-surface application. 

The sensitivity of the GHG emissions to the tax rate is examined for different rotations 

by varying the carbon tax within the range $0 to 70 t CO2-e−1 (see Figure 4.7). The 

emissions are not highly responsive to tax changes. Increasing the tax from zero to $70 
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t CO2-e−1, total emissions over 80 years decrease from about 23 to 19 t ha−1 in the WWC 

rotation and from 13 to 10 t ha−1 in the WWL rotation. The price elasticity of emissions 

(the percentage change in emissions relative to the percentage change in the carbon 

tax) is an average of -0.06 for the WWC rotation and an average of -0.09 for WWL. Thus, 

in this farming system, emissions are relatively unresponsive to carbon pricing.  

 

 

Figure 4.7. Total emission responses to changes in carbon price for the WWC and WWL 
rotations in the medium rainfall (325-450 mm) zone with top and sub-soil acidity condition 
when nitrogen fertilizer is urea, liming method is surface plus sub-surface application under 
lime dissolution scenario 1 (IPCC assumption). 

We can explore the impact of carbon pricing on social welfare via its influence on lime 

and nitrogen management, as illustrated in Figure 4.3. Table 4.4 shows the net social 

benefit of the carbon tax for different rainfall zones and for different carbon taxes (where 

the social cost of emissions is assumed to be equal to the carbon tax). For this context, 

and for these practices, the impact of a carbon tax on farm profits would be small to 

modest, ranging from a 3-4 percent reduction at a carbon tax of $20 t CO2-e−1 to 7-9 

percent at a tax of $50 t CO2-e−1. This is result is context-specific. We note that a variety 

of results have been obtained in other studies of the effect of carbon pricing on the 

profitability of agriculture. For example, Tang et al. (2018) analyzed a mixed crop-

livestock farming system in Western Australia and found that a A$20 t CO2-e−1 carbon 

tax would reduce emissions by 13.5 percent and farm profits by 4 percent. By contrast, 
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Petersen et al. (2003) found that profits on a livestock-dominant farm in south-western 

Australia would be highly sensitive to a carbon tax, reflecting the relatively high emissions 

from livestock. Depending on the wool price, farm profits would fall to zero at a carbon 

price between A$11 and A$43 t CO2-e−1. Ozkan et al. (2012) found that profits for a dairy 

farm in the Australian state of Victoria would be reduced by around 6-7 percent (carbon 

tax A$15 t CO2-e−1) or 10-11 percent (carbon tax A$25 t CO2-e−1). At a more aggregated 

level, Bakam and Matthews (2009) showed that the cost of a carbon price to the 

agriculture sector depends on the degree of compliance with the policy, and on details 

of the design of the carbon pricing scheme. For a cap-and-trade scheme in Scotland, 

they found that farmers face reductions in gross margin of up to 50 percent for a 30 

percent reduction in emissions. On the other hand, Peters et al. (2001) found that a 

carbon price of US$14 t CO2-e−1 would reduce U.S. farm profits in aggregate by only 

0.02 percent, and even a charge of US$100 would only reduce farm profit by 2.1 percent.  

Interestingly, the net social benefits of the carbon tax calculated in this study are even 

smaller than the modest impact on farmers’ profits: 76 to 97 percent as large. This is not 

to say that the tax does not have benefits overall; the reduction in externalities has 

benefits that are more than the reduction in farm profits (i.e., the net benefits are positive). 

However, the size of the net benefits is small. An additional benefit that is not captured 

in our model is the potential for a carbon tax to create an incentive for farmers to innovate 

in order to reduce the cost to them of the carbon tax. As well as benefiting the farmers, 

this would reduce the cost to society to achieve any particular emissions abatement 

target. 

Appendix 2 shows results in which we change the assumption regarding the dissolution 

of lime in the soil from the standard IPCC assumption that it all dissolves in the year of 

application to the more realistic assumption used in the Optlime model that lime dissolves 

over a number of years, depending on physical conditions in the soil. The results suggest 
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that lime application rates, total emissions, and NPV are all relatively insensitive to what 

is assumed about the lime dissolution rate (see Figure A2.1 and Table A2.1 and A2.2 of 

Appendix 2). 

The study has implications for agencies responsible for agricultural policy and 

agricultural extension. It shows how decisions about nitrogen fertilizer and liming would 

be jointly affected by the imposition of a carbon tax. Extension advice that provides 

specific recommendations about economically optimal rates should be stated 

conditionally on variables such as average rainfall, initial acidity condition, fertilizer type, 

and, if relevant, the level of carbon tax. In relation to climate policy, the study shows that 

the response of these grain farmers to a carbon price, in terms of reducing their 

emissions, would not be large. Once transaction costs of such a scheme were accounted 

for, it may not be worth the cost of imposing a carbon tax on these farmers, depending 

on judgements about the social cost of carbon emissions.  
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Table 4.4. The present value (PV) net social benefit of carbon pricing, the total emissions and net present values (NPV) before and after carbon 
pricing (over 80 years) for different carbon prices in different rainfall zones with top and sub -soil acidity condition for the WWC rotation when the 
nitrogen fertilizer is urea and liming method is surface plus sub-surface application under lime dissolution scenario 1 (IPCC assumption).  

Annual 
rainfall 
(mm) 

Carbon price 
($ t CO2-e-1) 

CO2-e emission 
before carbon pricing 

(t ha-1) 

CO2-e emission 
after carbon pricing 

(t ha-1) 

NPV before 
carbon pricing 

($ ha-1) 

NPV after 
carbon pricing 

($ ha-1) 

Decline in NPV 
($ ha-1) 

PV net social benefit of 
carbon pricing ($ ha-1) 

<325 

20 16.2 15.7 6,310 6,126 184 140 

30 16.2 14.9 6,310 6,037 273 213 

50 16.2 14.4 6,310 5,867 443 368 

325-450 

20 23.0 21.9 7,002 6,752 250 210 

30 23.0 21.4 7,002 6,630 372 319 

50 23.0 20.3 7,002 6,397 605 546 

>450 

20 30.6 28.7 8,181 7,857 324 287 

30 30.6 27.8 8,181 7,701 480 438 

50 30.6 26.0 8,181 7,405 776 752 
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4.5. Conclusion 

There is a complex interplay between soil acidity, nitrogen fertility, and GHG emissions 

in farming systems with acidity-prone soils. In our case study, in the northern part of the 

Western Australian wheatbelt, both lime and nitrogen applications emit GHGs that would 

increase a farmer’s liability to pay a carbon tax if such a scheme was applied to 

agriculture. Higher rates of nitrogen application result in increased soil acidification, in 

turn causing higher optimal rates of lime application to counter that acidity. Other nitrogen 

related decisions, such as the type of nitrogen fertilizer and the crop rotation, also affect 

soil acidification, lime rates, and emissions. In our example, incorporating the legume 

crop lupin reduces CO2-e emissions by about 50 percent. Input rates, acidification, and 

emissions are also affected by the level of rainfall and by which soil layers are acidic.  

Imposition of a tax on carbon emissions would reduce the optimal application rates for 

nitrogen fertilizer and lime, but the reductions in emissions from the farming system in 

our case study would be modest. For example, if the carbon tax is $20 t CO2-e−1, 

emissions are reduced by between 4 and 10 percent, depending on the context (rainfall, 

fertilizer type, etc.). If a carbon tax of $20 t CO2-e−1 was applied to crop production in this 

region, the effect on farm profits would be modest, with a reduction of 3 to 4 percent. 

Importantly, the net social benefits of a carbon tax (the benefit from reduced externalities 

minus the deadweight loss from reduced crop production) would be even less than the 

private costs to farmers.  

This study has a number of limitations. Firstly, for reasons of model tractability, we did 

not represent year-to-year weather variability or stochastic prices in the dynamic model. 

Secondly, our representation of an emissions tax on broadacre dryland farming is 

relatively simple and does not include transaction costs to the farmers or to the 

government. We have not attempted to explore how an emissions tax system could be 

designed and implemented most efficiently. Thirdly, we did not model the effects of 

nitrogen fertilizer on crop quality, particularly the grain protein level in wheat grain. Thus 
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our model slightly underestimates the economic effect of reducing nitrogen fertilizer 

rates. These are all topics for which further research may be beneficial. 
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5.1. Introduction 

The acidification of arable lands is largely due to crop harvesting and the application of 

nitrogen fertilizer. Worldwide, soil acidification is most commonly addressed by the 

application of lime. While helping to mitigate soil acidification, lime application is a source 

of greenhouse gas emissions. 

The objective of this study was to determine socially optimal decision rules for lime and 

nitrogen fertilizer applications that account for their interactions to maximize economic 

and social benefits and for the social costs of greenhouse gas emissions from application 

of both lime and nitrogen fertilizer. This objective was achieved using a dynamic 

optimization model for lime and fertilizer application in the Western Australian wheatbelt. 

The key research findings and policy implications for the three research questions are 

given below, followed by an overview of the research contribution and significance of the 

thesis as a whole. This chapter concludes with a discussion of the limitations of the 

current research and suggestions for future research. 

5.2. Research questions, key findings, policy and management implications 

5.2.1. Research question 1 

Under current use of nitrogen fertilizers by farmers in wheat mono-cultural systems in 

the Western Australian wheatbelt, what are the optimal lime application rates, liming 

frequency and potential economic returns of different liming methods to manage soil 

acidity? 

I addressed this research question in Chapter 2. I used a nonlinear dynamic model to 

determine optimal lime application rates, frequencies, and methods to mitigate soil 

acidity in different soil horizons. To simplify the analysis and maintain an initial focus on 

acidity alone, the optimal results were derived for a continuous wheat production system 

under fixed nitrogen applications for three rainfall zones of the Western Australian 

wheatbelt. 
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5.2.1.1. Key findings 

The key findings of Chapter 2 were as follow. First, application of lime to acidic soils in 

the study region is generally an economically beneficial practice. Second, the optimal 

lime application rate depends on the level of rainfall and the initial severity of soil acidity; 

the highest lime rate is required in high rainfall zones when top and sub-soil are acidic. 

Third, the economic performance of the system is not sensitive to the frequency of lime 

applications, with very similar economic returns for model runs with 10-year and 20-year 

intervals between lime applications. Fourth, there are economic benefits in excess of the 

extra costs for incorporating lime into the sub-soil (in those cases where sub-soil is 

acidic). Lime incorporation reduces optimal lime rates and the time required to reduce 

sub-soil acidity. On the other hand, the estimated net economic gains from switching 

from surface application to surface and sub-soil application are modest. Fifth, if lime is 

applied only to the soil surface, the economically optimal rate is substantially higher than 

the rates typically used by Western Australian farmers. However, again, the gains from 

switching from the usual farmer practice to the economically optimal practice (according 

to my model) are small to moderate. 

5.2.1.2. Policy and management implications 

Lime application is a profitable way to amend soil acidity in the study region. For several 

decades, there have been programs to promote lime application by farmers, and this 

study lends support to the argument that these programs are likely to be beneficial. I 

have shown that optimal lime strategies are sensitive to rainfall and initial soil acidity, so 

farmers can benefit from understanding how their local conditions affect their optimal 

strategy, rather than using a generic strategy. This information can be used to adjust 

management recommendations made in future lime extension programs. 

A novel finding, not noted in previous studies, is that the net benefits of lime application 

are not sensitive to the frequency of lime application. The additional benefits from more 

frequent applications approximately match the additional costs. This information is highly 
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relevant to farmers. It means that they do not need to be concerned about getting the 

application frequency exactly right and that they can potentially factor in other 

considerations, such as the work schedule and cash flow constraints, when selecting 

their application frequency. This too could be emphasized in future lime extension 

programs. 

Given the lime application rates that are currently used by most farmers in the study 

region, it appears that they may be unaware that they could benefit from substantially 

higher rates. On the other hand, there may be reasons why extension programs would 

be reluctant to promote that message. First, the economic benefits (in net present value 

terms) from substantially increasing lime rates are moderate, and most of those benefits 

can be captured by much smaller increases in rates. Second, there is a possibility that 

supplies of good quality lime in reasonable proximity to farms may be exhausted at some 

point. The model does not account for this possibility when selecting the optimal rate. 

The finding that sub-surface application of lime is slightly more profitable than surface 

application suggests that it may be worth conducting research to find cheaper methods 

for sub-surface application. As it is a relatively new technique that is not yet widely 

applied, it seems possible that cheaper methods can be developed. 

No external costs were represented in this version of the model. When nitrogen fertilizer 

and greenhouse gas emissions are excluded from the analysis, lime application in the 

case-study region is predominantly a private economic issue. This means that the main 

potential justification for a policy response is information failures on the part of 

landholders. In this study, model results suggest that there may be information failures 

in relation to the optimal liming strategy, but that the economic costs of using the most 

common sub-optimal strategies are not high. 
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5.2.2. Research question 2 

What are the optimal lime and nitrogen fertilizer application strategies to jointly manage 

soil acidity and soil fertility, accounting for their potential interactions and considering the 

acidifying effects of different nitrogen fertilizers and choice of crops in crop rotation? 

I addressed this research question in Chapter 3. I enhanced and expanded the dynamic 

optimization model in each rainfall zone to simultaneously determine the optimal lime 

and nitrogen fertilizer application strategies. I included in the model two types of nitrogen 

fertilizers (urea and ammonium sulfate) and two crop rotations (wheat, wheat, lupin-WWL 

and wheat, wheat, canola-WWC), as opposed to continuous wheat in the previous 

chapter. 

5.2.2.1. Key findings 

The model results show that the interactions between lime application and nitrogen 

fertilizer are economically important. First, the choice of nitrogen fertilizer type has a 

substantial effect on soil acidity, and thereby on the optimal lime application rate, with 

ammonium sulfate being the more acidifying option. Effectively, this increases the cost 

of nitrogen application as ammonium sulfate, resulting in a lower optimal nitrogen rate 

than would be the case if it was not so acidifying. Second, the wheat, wheat, lupin rotation 

is less acidifying than the wheat, wheat, canola rotation because nitrogen fixed by the 

legume crop lupin is less prone to acidify the soil than is nitrogen applied in chemical 

fertilizer. As a result, the optimal rate of lime application is lower in the WWL rotation 

than in WWC. Third, rainfall has several effects on the interaction between lime and 

nitrogen fertilizer: a) higher average rainfall increases the potential crop yield, and that 

in itself increases the economically optimal rates of both nitrogen fertilizer and lime; b) 

the higher optimal fertilizer rate increases nitrogen leaching, which increases soil 

acidification; c) higher rainfall increases leaching of nitrogen, which increases soil 

acidification; d) higher rainfall increases the movement of lime from the soil surface to 

deeper soil layers, reducing the lime rate required to offset a given level of acidification; 



Chapter 5: Discussion 

122 
 

and e) the greater leaching of lime under higher rainfall means that it becomes profitable 

to make regular maintenance applications of lime in later years. The results related to 

the economics of lime application reported in the previous paper still hold in this study. 

5.2.2.2. Policy and management implications 

Leaching of nitrogen to groundwater or losses in surface water to streams are not issues 

of concern in the study region. Groundwater in the region is not utilized in any way 

because it is too saline. The few rivers are small and do not pass through major towns. 

This means that nitrogen pollution is not a significant negative externality in the case-

study region. Therefore, the main policy issue arising from this study relates to 

information, rather than externalities. The relatively complex story regarding the 

economic interactions between lime and nitrogen should be considered as a possible 

topic for extension by the state government’s extension service. 

Messages for farmers could include that their decision about fertilizer type should not be 

taken independently of the consideration of the resulting impacts on lime applications.  

It is economically beneficial to apply a less acidifying fertilizer like urea rather than the 

more acidifying ammonium sulfate. Lupin crops are already grown by many farmers in 

the region, because the lupin seeds are readily saleable as high-quality livestock feed. 

The results of this study point to additional research for including lupin in the rotation to 

reduce soil acidification as a result of lower applications of nitrogen fertilizer. 

5.2.3. Research question 3 

What are the optimal lime and nitrogen fertilizer application strategies to jointly manage 

soil acidity, nitrogen fertility, and greenhouse gas emissions? 

I addressed this research question in Chapter 4. I added the CO2-e emissions component 

to the dynamic optimization model to explore the greenhouse gas emissions from each 

rotation and each source of nitrogen, as affected by optimal lime and nitrogen fertilizer 
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strategies in three rainfall zones. The aim was to investigate the effects on optimal 

application strategies for lime and nitrogen fertilizer from internalizing the negative 

externalities of greenhouse gas emissions. A secondary aim was to estimate the benefits 

and costs of internalizing those negative externalities. 

5.2.3.1. Key findings 

There are complex economic interactions between soil acidity, nitrogen fertility, and 

greenhouse gas emissions. Optimal strategies for managing soil acidity and greenhouse 

gas emissions are driven mainly by nitrogen-related decisions, such as the type of 

nitrogen fertilizer and crop rotation. The imposition of an emissions tax of $20 per tonne 

CO2-e emitted by farmers would result in lower rates of nitrogen application, lower rates 

of lime application, and, as a result, lower emissions of greenhouse gases and lower 

profits. Specifically, this carbon price reduces greenhouse gas emissions by 4 to 11 

percent, and profits by 1 to 4 percent, depending on rainfall, depth of acidity, and type of 

nitrogen fertilizer. Emissions for the WWL rotation are about half those for the WWC 

rotation, and nitrogen rates have a bigger effect on emissions than do lime rates. The 

level of greenhouse gas emissions is not highly responsive to further increases in the 

carbon tax. Compared with no carbon tax, a tax of $70 per tonne CO2-e reduces 

emissions by only about 20 percent. 

For this case study, the net social benefit of imposing a carbon price was small to modest, 

ranging from 2 to 10 percent of the farmer’s profits per hectare. In each scenario, the net 

social benefits were less than the cost to farmers. 

5.2.3.2. Policy and management implications 

Both of the management practices that have been the focus of this thesis, application of 

lime to reduce soil acidity and application of fertilizer to provide nitrogen to crops, result 

in the emission of greenhouse gases. Hence, any policy that internalizes the external 

costs of those emissions will have an impact on both management practices. As we saw 
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in the previous chapter, the interaction between these two practices is very complex, so 

the precise impacts of a greenhouse gas emissions policy would be difficult to anticipate 

and impossible to quantify without a detailed model of the production system, as 

presented here. 

Unsurprisingly, results show that a tax on emissions would lower farm profits and would 

reduce the privately optimal application rates for both lime and nitrogen fertilizer. Less 

easy to anticipate was the magnitudes of the impacts. For a tax of $20 per tonne CO2-e, 

the effects on profits were relatively small, and the optimal rates of lime and fertilizer 

were not highly responsive to increases in the tax up to $70. 

The net social benefit of a $20 emission tax (assuming that the $20 tax accurately reflects 

the social cost of emissions) was less than the private costs to farmers from paying the 

tax. More specifically, the private costs were more than half of the gross social benefits. 

This raises the question of whether the policy would generate positive net benefits once 

the transaction costs of applying the policy were accounted for. Relatively modest 

transaction costs would be sufficient to offset the benefits. 

Policy makers may also be interested in the distributional consequences of an emissions 

tax policy. The costs are borne by emitters (farmers in this case), but there could be a 

concern that the gross social benefit is only slightly larger than the private costs of the 

policy, even without factoring transaction costs. 

5.3. Contribution and significance of the thesis 

Paper 1 (Chapter 2) is the first study to present a dynamic optimization model assessing 

the economic benefits of lime application and its carryover effects in a range of contexts. 

It is the first to economically analyze the option of sub-surface lime application as an 

alternative to a surface lime application. It shows that the sub-surface lime application is 

economically superior to the surface-only application when the sub-soil is acidic. It finds 

that, when a long-term economic perspective is taken, the optimal rate of lime to the soil 
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surface to treat sub-surface acidity is far higher than most farmers currently apply. On 

the other hand, it shows that large increases in lime rate result in only a small increase 

in net present value. Finally, it highlights the importance of rainfall as a driver of the 

optimal liming strategy. 

No previous study of the economics of lime application has analyzed the complex 

dynamic interactions between lime and nitrogen fertilizer. In paper 2 (Chapter 3), I 

examined how specific nitrogen-related practices are essential for the identification of 

optimal soil acidity-management practices. This study is the first that presents insights 

from a dynamic optimization model that simultaneously determines optimal joint 

strategies for lime application and nitrogen application. It is also the study to explore how 

these strategies interact with the decision to include a legume in the crop rotation. It is 

also the first economic study to compare the economic performance of different nitrogen 

fertilizers with different acidification rates and to show how this interacts with the optimal 

use of lime. It shows that the optimal liming strategy is highly sensitive to the type of 

nitrogen fertilizer used, and to the inclusion of a legume crop. I also re-explore the role 

of rainfall in this more complex context, and find that it influences the optimal 

management system through several avenues: increased leaching of lime increased 

leaching of nitrogen, and increase crop yield potential. 

In paper 3 (Chapter 4), I expanded my analysis to incorporating greenhouse gas 

emissions and an emissions tax into the dynamic model. Mine is the first study to 

determine socially optimal lime and nitrogen fertilizer strategies, accounting for the 

complex economic interactions and interdependencies between lime and nitrogen 

fertilizer applications linked to greenhouse gas emissions. This study illustrates that 

policies such as emissions taxation can have complex impacts on various aspects of a 

production system.  As expected, an emissions tax was found to reduce both optimal 

lime and optimal nitrogen rates, although only by a modest amount. Also modest were 

the impacts of the emission tax on farm profits, and the net social benefits of the tax. 
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Comparing the results of this study with the current soil management strategies can help 

policy makers and farmers to understand better which farm management practices will 

perform best from a private and a public economic perspective. The results provide 

guidance on aspects of farm management in this region which could become priorities 

for agricultural extension in the future. It also shows that some of the cases where current 

farmer practices depart from economic optimality are not important targets for the 

extension, because the resulting economic losses are small. From the perspective of 

climate-change policy, they provide estimates of the private costs and public benefits of 

an emissions tax applied to this farming system. They also provide estimates of the 

changes in management and outputs that would result from a tax. 

5.4. Study limitations and future research directions 

In this thesis, I have assumed that the climatic conditions are identical for each year of 

the model. This creates uncertainty about robustness of policy implications in terms of 

weather variability. Similarly, the potential yields of crops were chosen based on an 

average year. Future studies could explore the economic consequences of year-to-year 

weather variability, and year-to-year variation in crop yield potential, for the management 

strategies analyzed in this thesis. It is known that most Australian farmers are risk averse 

(Ghadim and Pannell 2003), so variation in yield would likely influence the optimal 

strategies to some degree. However, it would be challenging to build yield and weather 

variability into my existing dynamic optimization model. It often is not feasible to build risk 

and dynamics into the same model. It may be necessary to take a simulation approach 

to make the analysis tractable. 

In this thesis, I estimated the benefits of deep-banding lime only in terms of its placement 

of lime within deep acidic soils, resulting in more effective and more rapid treatment of 

deep soil acidity. However, the deep cultivation that is required to place lime at depth is 

known to have other benefits as well, including reductions in soil compaction and water 

repellence (Blackwell et al. 2016; Dempster et al. 2019; Roper et al. 2015). Hence, future 
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research could quantify the range of benefits resulting from sub-surface liming, allowing 

them to be included in the economic model. 

In this thesis, lime and nitrogen application is assumed to be applied at a uniform rate 

over the paddock. I did not evaluate the benefits of precision strategies due to a lack of 

data availability. However, precise soil sampling and spatial information across a 

paddock would allow input rates to be adjusted spatially to provide the best possible 

returns. Although some work has been done to investigate the benefits of precision lime 

and nitrogen application strategies (Basso et al. 2016; Campbell and Torpy 2017), more 

research is needed to understand the potential economic and environmental benefits of 

precision farming in the context of liming, particularly in Western Australia. 

In Chapter 4, I examined the effect of charging an emissions tax for greenhouse gas 

emissions associated with the application of lime and nitrogen fertilizers. The analysis 

did not include emissions from other sources, potentially including the pre-farm 

emissions associated with the production and transportation of non-nitrogen fertilizer, 

herbicides, pesticides, and farm machinery or the on-farm emissions associated with the 

diesel used for seeding, spraying, and harvesting. There is thus scope for a more 

comprehensive analysis of greenhouse gas emissions and the effect of an emissions 

tax. 

I noted that water pollution from nitrogen application was not a matter of concern in the 

case-study region. However, there are other regions where this could be a matter 

warranting detailed assessment. It would be interesting to see how a tax to internalize 

the social costs of nutrient pollution would interact with the management of acidity, soil 

fertility, and greenhouse gas emissions. 

In this thesis, I did not examine the impacts of alternative greenhouse gas emissions 

mitigation policies such as an emissions trading scheme or subsidies (e.g., Emission 

Reduction Funds) on optimal lime and nitrogen application strategies and their resulting 
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greenhouse gas emissions. The different policies would have substantially different 

distributional consequences, so an analysis of the different financial impacts on farmers 

would be valuable to policy-makers. 

My research focused on cropping-dominant farming systems because this is most 

relevant to the study region. However, in some locations pasture and livestock production 

systems play an important role in faming enterprises. In these locations, soil acidification 

is a major problem in intensively grazed pastures (DPIRD 2018), in particular where 

nitrogen fertilizers have been top-dressed after each grazing. Livestock production 

systems are also associated with high greenhouse gas emissions (Salmon et al. 2018). 

For these reasons a potential extension of the analysis of the modeling framework to 

livestock systems would provide new insights. 

There is a possibility that supplies of good quality lime in reasonable proximity to farms 

may be exhausted at some point. My model does not account for this possibility when 

selecting the optimal lime rate. To do so would require a model of exhaustible resources 

(Hotelling 1931), but one that is much more complex than Hotelling’s original model. It 

would need to represent a diversity of lime sources of different qualities, and the spatial 

relationship between farms and those sources. 

My model of the greenhouse gas emissions tax did not account for the transaction costs 

to the government or the farmers from the implementation of the tax. There is evidence 

that the transaction costs of agri-environmental programs can often be substantial. For 

example, Coggan et al. (2010) reviewed published estimates of program transaction 

costs and found that “Across those that included both public and private transaction 

costs, transaction costs ranged from 21 to 50 percent of total policy costs” (p. 1779). One 

avenue for research would be to estimate the likely transaction costs (both public and 

private) of an emission tax in agriculture. It would be interesting to see whether the 

modest benefits of such a tax estimated here would be sufficient to outweigh the 

transaction costs. 
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A1.1. Biophysical model 

A1.1.1. Soil pH dynamic model and lime application 

Following Gazey (2008), soil pH (CaCl2)  𝑝𝐻𝑡,𝑚,𝑖 in each year 𝑡, month 𝑚, and soil horizon 

(0-10 cm, 10-20 cm and 20-30 cm) 𝑖 is calculated as: 

𝑝𝐻1,1,𝑖 = 𝑝𝐻𝑖
0 

∀  𝑖 = 1, … ,3 (A1.1) 

𝑝𝐻𝑡,𝑚+1,𝑖 = Δ𝑝𝐻1𝑡,𝑚,𝑖 + 𝑝𝐻𝑡,𝑚,𝑖
Ι  

∀ 𝑡 = 1, … , 𝑇      𝑚 = 1, … ,8,10,11   𝑖 = 1, … ,3 (A1.2) 

𝑝𝐻𝑡,𝑚+1,𝑖 = Δ𝑝𝐻1𝑡,𝑚,𝑖 + 𝑝𝐻𝑡,𝑚,𝑖
Ι + Δ𝑝𝐻2𝑡,𝑖 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 9   𝑖 = 1, … ,3 (A1.3) 

𝑝𝐻𝑡+1,1,𝑖 = Δ𝑝𝐻1𝑡,12,𝑖 + 𝑝𝐻𝑡,12,𝑖
Ι  

∀ 𝑡 = 1, … , 𝑇 − 1   𝑖 = 1, … ,3 (A1.4) 

The main difference between pH calculation of top and sub-soil horizons is that sub-soil 

horizons undergo acidity amelioration not only due to lime applied directly to the sub-soil 

(by banding) but also from excess alkalinity that leaches in from soil horizons above. 𝑝𝐻𝑖
0 

is the initial pH values for soil horizons. Δ𝑝𝐻1𝑡,𝑚,𝑖 is the pH change due to alkalinity leach 

(CaCl2) in every given year, month and soil horizon. 𝑝𝐻𝑡,𝑚,𝑖
Ι  is the interim pH value for 

every year, month and soil horizon. Δ𝑝𝐻2𝑡,𝑖 is the annual pH change due to acidification 

(CaCl2) in the limed soil resulted by the crop removal and the nitrogen cycle (the 

calculation is presented in the next section). 

Δ𝑝𝐻1𝑡,𝑚,1 = (−𝑔𝑡,𝑚,1) 𝑝𝐻𝑡,𝑚,1
Β⁄  

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12 (A1.5) 

Δ𝑝𝐻1𝑡,𝑚,𝑖 = (𝑔𝑡,𝑚,𝑖−1 − 𝑔𝑡,𝑚,𝑖) 𝑝𝐻𝑡,𝑚,𝑖
Β⁄  



Appendix 1: Supplementary material for Chapter 2 

132 
 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 2,3 (A1.6) 

𝑝𝐻𝑡,𝑚,𝑖
Ι = 𝑝𝐻𝑡,𝑚,𝑖 + Δ𝑝𝐻3𝑡,𝑚,𝑖 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A1.7) 

𝑔𝑡,𝑚,𝑖 = 𝜃𝑚,𝑖 × 𝑒𝑡,𝑚,𝑖 × Min {𝑒max, 10(𝑝𝐻𝑡,𝑚,𝑖
Ι −𝑝𝐻q)} 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A1.8) 

𝑒𝑡,𝑚,𝑖 = Max[0, (𝑝𝐻𝑡,𝑚,𝑖
Ι − Max{𝑝𝐻𝑖

0, 𝑝𝐻𝑖
min} × 𝑝𝐻𝑡,𝑚,𝑖

Β ] 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A1.9) 

Δ𝑝𝐻3𝑡,𝑚,1 = 𝜙𝑡,𝑚,1 − 𝑧1𝑡,𝑚,1 𝑝𝐻𝑡,𝑚,1
Β⁄  

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12 (A1.10) 

Δ𝑝𝐻3𝑡,𝑚,𝑖 = 𝜙𝑡,𝑚,𝑖 + 𝑧1𝑡,𝑚,𝑖−1 − 𝑧1𝑡,𝑚,𝑖 𝑝𝐻𝑡,𝑚,𝑖
Β⁄  

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 2,3 (A1.11) 

where 𝑔𝑡,𝑚,𝑖 is the leaching of alkalinity to the next soil horizon in a given year and month 

(t CaCO3 equivalent ha-1). 𝑝𝐻𝑡,𝑚,𝑖
Β  is the pH buffer capacity (t CaCO3 per hectare per pH 

unit per 10cm of soil depth) in any given year, month and soil horizon.  𝜃𝑚,𝑖 is the soil 

water content taking values between zero and one, which can vary between soil horizons 

and from month to month according to the seasonal patterns. 𝑒𝑡,𝑚,𝑖 is the excess alkalinity 

of lime equivalent (t ha-1). 𝑒max is the constant indicating the maximum proportion of the 

excess alkalinity that can leach in any month. 𝑝𝐻q is the equilibrium pH (CaCl2) above 

which lime does not dissolve into the soil solution. 𝑝𝐻𝑖
min is the minimum pH (CaCl2) at 

which the excess alkalinity can leach from soil horizons. Δ𝑝𝐻3𝑡,𝑚,𝑖 is the pH change due 

to liming (CaCl2). 𝜙𝑡,𝑚,𝑖 is the net dissolution of lime (t ha-1) in any given month and soil 

horizon. 𝑧1𝑡,𝑚,𝑖 is the weight of lime leached (t ha-1) in any given year, month and soil 

horizon calculated as: 
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𝑧1𝑡,𝑚,𝑖 =  𝜙𝑡,𝑚,𝑖 × [𝜐 + Min{𝜐max, 10(𝑝𝐻𝑡,𝑚,𝑖−𝑝𝐻q)}] 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3  (A1.12) 

where 𝜐 is the proportion of dissolved lime that moves down through the soil profile 

regardless of pH. 𝜐max is the maximum proportion of dissolved lime that can leach in any 

month with a value between zero and one. The pH buffer capacity, 𝑝𝐻𝑡,𝑚,𝑖
Β , is calculated 

as: 

𝑝𝐻𝑡,𝑚,𝑖
Β = 0.5 × 𝜌𝑖

soil × (1 − 𝜉𝑖) × (0.66 + 45 × 𝑜𝑖 + 0.63 ×  𝑥𝑡,𝑚,𝑖) 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A1.13) 

where 𝜌𝑖
soil is the soil bulk density (g cm-3). 𝜉𝑖 is the percentage of soil gravel. 𝑜𝑖 is the 

amount of soil organic carbon (g cm-3). 𝑥𝑡,𝑚,𝑖 is the percentage of exchangeable 

aluminum (meq 100g-1) computed by the following equation where 𝑎 and 𝑏 are constants 

depending on the exchangeable aluminum category of the soil horizons:  

𝑥𝑡,𝑚,𝑖 = 𝑎 × exp𝑏×𝑝𝐻𝑡,𝑚,𝑖 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A1.14) 

𝜙𝑡,𝑚,𝑖 = Max [0, Min {0.0001 × 𝑟𝑡,𝑚,𝑖
𝜙

× 𝑠𝑡,𝑚,𝑖, (𝑞 − 𝑝𝐻𝑡,𝑚,𝑖) × 𝑝𝐻𝑡,𝑚,𝑖
𝛣 , 𝑧2𝑡,𝑚,𝑖}] 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A1.15) 

where 𝑟𝑡,𝑚,𝑖
ϕ

 is the net rate of lime dissolution in the given year, month and soil horizon. 

The multiplier of 0.0001 converts the lime dissolution from (mol ha-1) to (t ha-1). 𝑠𝑡,𝑚,𝑖 is 

the surface area of lime available (m2 ha-1) in a given year, month and soil horizon. 𝑧2𝑡,𝑚,𝑖 

is the weight of lime available (t ha-1) in a given month and soil horizon.  

𝑟𝑡,𝑚,𝑖
ϕ

= 10000 × k × 𝜃𝑚,𝑖 × (10−𝑝𝐻𝑡,𝑚,𝑖 − 10−𝑝𝐻q
) 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,12   𝑖 = 1, … ,3 (A.116) 
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where k is a constant number that reflects the rate of lime dissolution (moles m-2 per 

month). The multiplier of 10000 converts the unit of the surface area from cm2 to m2. 

𝑧21,1,𝑖 = 𝜆total × 𝑙𝑡,𝑖 

∀ 𝑖 = 1, … ,3 (A1.17) 

𝑧2𝑡,𝑚+1,𝑖 = 𝑧2𝑡,𝑚,𝑖 − 𝜙𝑡,𝑚,𝑖 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,11   𝑖 = 1, … ,3 (A1.18) 

𝑧2𝑡+1,1,𝑖 = 𝑧2𝑡,12,𝑖 − 𝜙𝑡,12,𝑖 + 𝜆total × 𝑙𝑡+1,𝑖 

∀ 𝑡 = 1, … , 𝑇 − 1    𝑖 = 1, … ,3 (A1.19) 

where 𝜆total is the total neutralizing value of applied lime (percent). 𝑙𝑡,𝑖 is the lime 

application rate (t ha-1) applied once a year in January into a given soil horizon. 

 𝑠1,1,𝑖 = 𝑠lime × 𝑙𝑡,𝑖 

∀ 𝑖 = 1, … ,3 (A1.20) 

𝑠𝑡,𝑚+1,𝑖 = 𝑠𝑡,𝑚,𝑖 × (1 − 𝜙𝑡,𝑚,𝑖/𝑧2𝑡,𝑚,𝑖) 

∀ 𝑡 = 1, … , 𝑇   𝑚 = 1, … ,11   𝑖 = 1, … ,3 (A1.21) 

𝑠𝑡+1,1,𝑖 = 𝑠lime × 𝑙𝑡+1,𝑖 + 𝑠𝑡,12,𝑖 × (1 −
𝜙𝑡,12,𝑖

𝑧2𝑡,12,𝑖
) 

∀ 𝑡 = 1, … , 𝑇 − 1   𝑖 = 1, … ,3 (A1.22) 

where 𝑠lime is the surface area of lime (m2 t-1) that is estimated using lime quality 

attributes such as the particle size distribution and the neutralizing value. 

𝑠lime = ∑ 4 × 𝜋 × (𝑛𝑗
mid 2000⁄ )2 × 𝜆𝑗  × 𝑛𝑗

5
𝑗=1  (A1.23) 

where 𝑗 is the 𝑗th sieve range (0- 0.125 mm, 0.125 - 0.25 mm, 0.25 - 0.5 mm, 0.5 - 1mm, 

more than 1 mm based on Lime Western Australia Product Information Sheets). These 
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indicate ranges of particle sizes for the applied lime. 𝑛𝑗
mid is the midpoint of the particle 

size diameter (mm) for 𝑗th sieve range. The divisor of 2000 converts the diameter in mm 

into radius expressed in m. 𝜆𝑗 is the neutralising value of product (percent) that falls into 

the sieve range 𝑗. 𝑛𝑗 is the number of particles in each sieve range per t of the product 

calculated as: 

𝑛𝑗 = 𝑢𝑗 (
4

3
× π × 𝜌lime × (𝑛𝑗

mid 2000⁄ )
3

)⁄  

∀ 𝑗 = 1, … ,5 (A1.24) 

where 𝜌lime is the bulk density of lime in t m-3 and 𝑢𝑗 is the proportion of the product that 

falls into the 𝑗th sieve range. 

A1.1.2. Yield model 

To estimate the yield, the annual pH in every given year and soil horizon, 𝑝𝐻𝑡,𝑖
annual, is 

calculated by getting the average of monthly pH, 𝑝𝐻𝑡,𝑚,𝑖, in six months of the growing 

season (𝑚 = 5,6,7,8,9,10). The annual aluminum level, 𝑥𝑡,𝑖
annual, in every given year and 

soil horizon, is also calculated based on the annual pH. This relationship is calibrated for 

many soil types in Western Australia, which typically have moderate level of toxic 

aluminum. 

𝑝𝐻𝑡,𝑖
annual = 1/6 × (Σ𝑚=5

10 𝑝𝐻𝑡,𝑚,𝑖) 

∀ 𝑡 = 1, … , 𝑇      𝑖 = 1, … ,3 (A1.25) 

𝑥𝑡,𝑖
annual = 𝑎 × exp𝑏×𝑝𝐻𝑡,𝑖

annual
 

∀ 𝑡 = 1, … , 𝑇   𝑖 = 1, … ,3 (A1.26) 

To calculate the yield (t ha-1), 𝑦𝑡, in a given year, the yield index, 𝛾𝑡
total, in a given year 

with a value between zero and one is considered to scale the water-limited potential yield 

(t ha-1), yPotential, according to the severity of acidity through the soil profile. A single 
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value of the potential yield used for each rainfall pattern (low, medium and high) is the 

yield which could realistically be gained if acidity did not limit production in an average-

rainfall year.  

𝑦𝑡 = yPotential × 𝛾𝑡
total 

∀ 𝑡 = 1, … , 𝑇 (A1.27) 

The yield index, 𝛾𝑡
total, is calculated as the product of three individual yield indices, 𝛾𝑡,𝑖, 

over 0-30 cm of soil horizon: 

𝛾𝑡
total = 𝛾𝑡,1 × 𝛾𝑡,2 × 𝛾𝑡,3 

∀ 𝑡 = 1, … , 𝑇 (A1.28) 

The yield index for the 0-10 cm soil horizon is calculated on the basis of annual pH and 

the yield indices for the sub-soil horizons are calculated on the basis of annual aluminum 

toxicity as: 

𝛾𝑡,1 = 1 − exp−𝛼1×(𝑝𝐻𝑡,1
annual−𝛽1) 

∀ 𝑡 = 1, … , 𝑇 (A1.29) 

𝛾𝑡,𝑖 = 𝛼𝑖 [𝛼𝑖 + (1 − 𝛼𝑖) × exp(−𝛽𝑖 𝑥𝑡,𝑖
annual⁄ )]⁄  

∀ 𝑡 = 1, … , 𝑇     𝑖 = 2,3 (A1.30)  

where 𝛼𝑖  and 𝛽𝑖 are parameter values for the yield index calculation. 

A1.1.3. Final soil pH at the end of growing season 

Acidification occurs due to the crop removal and due to the nitrogen cycle. Acidification 

due to product removal or alkalinity export (t CaCO3 equivalent per ha),𝑐1𝑡, is calculated 

on the basis of yield using the alkalinity export rate, 𝑟1, (kg CaCO3 equivalent per t of 

harvested crop) as: 
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𝑐1𝑡 = 𝑟1 × 𝑦𝑡  1000⁄  

∀ 𝑡 = 1, … , 𝑇 (A1.31) 

where 1000 converts 𝑐𝑡
1 unit from kg to t. 

Acidification due to the nitrogen cycle in a given year (t CaCO3 ha-1), 𝑐2𝑡 , depends on the 

acidification rate (kg CaCO3 ha-1), 𝑟2, and also the total yield index, 𝛾𝑡
total: 

𝑐2𝑡 = 𝑟2 ×  𝛾𝑡
total 1000⁄  

∀ 𝑡 = 1, … , 𝑇 (A1.32) 

where 1000 converts 𝑐𝑡
2 unit from kg to t. 

The pH change due to acidification in limed soil, Δ𝑝𝐻2𝑡,𝑖, in a given soil horizon is: 

Δ𝑝𝐻2𝑡,𝑖 = −ℎ𝑖 × (𝑐1𝑡 + 𝑐2𝑡) 𝑝𝐻𝑡,𝑖
Β⁄  

∀ 𝑡 = 1, … , 𝑇   𝑖 = 1, … ,3 (A1.33) 

where ℎ𝑖 is the distribution of soil acidity through soil horizons, based on the soil type of 

the soil horizons. 𝑝𝐻𝑡,𝑖
Β  is the growing season pH buffer capacity in the limed soil 

calculated as: 

𝑝𝐻𝑡,𝑖
Β = 0.5 × 𝜌𝑖

soil × (1 − 𝜉𝑖) × (0.66 + 45 × 𝑜𝑖 + 0.63 × 𝑥𝑡,𝑖) 

∀ 𝑡 = 1, … , 𝑇   𝑖 = 1, … ,3 (A1.34) 

To account for the influence of acidification due to the product removal and the nitrogen 

cycle in soil pH, the pH change due to acidification (CaCl2), Δ𝑝𝐻2𝑡,𝑖 is added to 𝑝𝐻𝑡,𝑚,𝑖 

calculation at the end of growing season period (𝑚 = 10) as it can be seen in equation 

(A1.3). 
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To calculate the final pH at the end of growing season (CaCl2), 𝑝𝐻𝑡,𝑖
f , in every given year 

and soil horizon, the change in pH due to acidification, Δ𝑝𝐻2𝑡,𝑖, is combined with the 

annual pH, 𝑝𝐻𝑡,𝑖
annual: 

𝑝𝐻𝑡,𝑖
f = 𝑝𝐻𝑡,𝑖

annual + Δ𝑝𝐻2𝑡,𝑖 

∀ 𝑡 = 1, … , 𝑇   𝑖 = 1, … ,3 (A1.35) 

In addition, we add constraints 5.25 for the topsoil and 4.8 for the sub-soil horizons in 

order to reach the Department of Primary Industries and Regional Development (DPIRD) 

pH targets by the end of the time horizon, the best pH conditions for the nutrient 

availability and appropriate for most crops (Nachtergaele et al. 2009). These constraints 

are incorporated into the model as low bounds on the  𝑝𝐻𝑡,𝑖
annual variable in every given 

soil horizon: 

𝑝𝐻80,1
annual ≥ 5.25 (A1.36) 

𝑝𝐻80,𝑖
annual ≥ 4.8 

∀ 𝑖 = 2,3 (A1.37) 

A1.2. Economic model 

The model determines the optimal rate of lime application in year one (amelioration rate) 

and optimal frequency and rates of subsequent lime applications (maintenance 

applications). The planning time horizon for the dynamic optimization model is 80 years. 

This time horizon is selected to allow the system to reach a steady state, although the 

time frame of interest to farmers is clearly much shorter. The objective is to maximize the 

present value of returns less the direct costs of applying lime to grow wheat. 

Following Gazey (2008), the total cost of lime application ($ ha-1), 𝑤𝑡, disregarding the 

cost of the other inputs in production of wheat as they are kept constant, is estimated as 

the cost of surface lime application ($ ha-1), 𝑤1𝑡, plus, if selected by the model, the cost 
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of deep banding of lime to the sub-soil horizons ($ ha-1), 𝑤2𝑡, in every given year. These 

costs are calculated as: 

𝑤𝑡 = 𝑤1𝑡 + 𝑤2𝑡 

∀ 𝑡 = 1, … , 𝑇 (A1.38) 

𝑤1𝑡 = (𝑤3 + d × φ) × 𝑙𝑡,1 + 𝑤4 × 𝑙𝑡,1 

∀ 𝑡 = 1, … , 𝑇 (A1.39) 

𝑤2𝑡 = ([𝑤3 + d × φ] × ∑ 𝑙𝑡,𝑖

3

𝑖=2
) + 𝑤5 + 𝑤6 

∀ 𝑡 = 1, … , 𝑇 (A1.40) 

𝑙1,𝑖 = 𝑙𝑖
a 

∀ 𝑖 = 1, … ,3 (A1.41) 

𝑙𝑡,𝑖 = 𝑙𝑖
m 

∀ 𝑡 = 𝑛Ψ + 1   𝑛 = 1, … ,15   𝑖 = 1, … ,3 (A1.42) 

𝑙𝑡,𝑖 = 0 

∀ 𝑡 ≠ 𝑛Ψ + 1   𝑛 = 1, … ,15   𝑖 = 1, … ,3 (A1.43) 

where 𝑤3 is the lime purchase cost ($ ha-1); d is the average distance for the lime freight 

from the lime source (km); φ is the freight rate ($ km-1 t-1); 𝑤4 is the lime spreading cost 

($ t-1); 𝑤5 is the total cash cost of deep banding of lime ($ ha-1); 𝑤6 is the depreciation 

cost of machineries for deep banding of lime ($ ha-1); 𝑙𝑖
a is the amelioration lime 

application in year one; 𝑙𝑖
m is the repeat maintenance lime application in subsequent 

periods with Ψ interval; and Ψ is a predetermined lime application frequency. Ψ is set at 

10- and 20-year intervals in the model. This limited number of options for application 

frequency is specified in order to reduce the number of decision variables in the model, 

to improve its tractability. 
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The overall model is: 

Max
{𝑙𝑡,𝑖}

NPV =  ∑ {[pcr × 𝑦𝑡 − 𝑤𝑡](1 + 𝛿)−𝑡}𝑇
𝑡=1 +

∑ {[pcr × 𝑦𝑡 − 𝑤𝑡](1 + 𝛿)−𝑡} ((1 + 𝛿)Ψ − 1)⁄𝑇
𝑡=𝑇−Ψ  (A1.44) 

subject to equations (A1.1) to (A1.43) 

In the above equation, NPV is the net present value of income ($ ha-1) to the wheat grower 

over the 𝑇 years of the planning time horizon. pcr is the wheat price ($ t-1). The second 

part of the equation. (A1.44) is the net present value of income of the last Ψ years of the 

planning horizon assuming that their returns are repeated in perpetuity (Oderwald and 

Duerr 1990). Ψ is smaller than the time horizon and its value is set to allow enough time 

for the steady state to be reached. This terminal value function has been added to lock 

in the steady state equilibrium after the steady state has been reached. This helps to 

account for economic values of the lime application after the time horizon. 

A1.3. Model parameters  

Some of the parameter values were obtained from published studies and unpublished 

documentation of Optlime, version 2008.1 (Gazey 2008). Where no published data were 

available, we had to rely on expert opinion for estimation of some parameters (see Table 

A1.1). The opinions were sought from the most appropriate experts and researchers in 

the field of soil acidity management in DPIRD and other experts and researchers. 

The rotation is assumed to be continuous wheat with no break crops. The dominant soil 

type for all the three representative rainfall patterns of the study region is yellow sand, 

with sandy texture for the topsoil horizon and sandy-loam for sub-soil horizons (Petersen 

2015). Levels of toxic aluminum are very difficult to predict; therefore, aluminum levels 

over the soil horizons are categorized as moderate based on information of many soils 

in the Western Australian wheatbelt. This is used for estimating parameters 𝑎 and 𝑏 to 
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calculate the percentage of exchangeable aluminum (meq 100g-1) in a given month and 

year, 𝑥𝑡,𝑚,𝑖 and  𝑥𝑡,𝑖
annual, respectively (Gazey 2008). 

The most widely applied lime product in the study region is lime-sand from the west 

coast. The soil water content, 𝜃𝑚,𝑖, is assumed to vary between soil horizons and from 

month to month according to rainfall levels (see Table A1.2). The potential 

yield, 𝑦Potentail, is assumed to be for an average rainfall year. Variations from year to 

year in rainfall and yield are not represented. All pH values mentioned in this paper refer 

to pH measured in CaCl2. 

Based on expert knowledge about fertilizer application in the study region, the most 

common nitrogen fertilizer sources are assumed to be urea (46 percent N) and di-

ammonium phosphate-DAP (18 percent N, 20 percent P). Based on Bankwest (2016), 

the urea application rate for the low-rainfall zone is estimated to be 50 kg urea ha-1 

delivered in one application per year at seeding time,100 kg urea ha-1 for the medium-

rainfall zone and 130 kg urea ha-1 for the high-rainfall zone. Likewise, the DAP application 

rate is estimated to be 20 kg DAP ha-1 for the low-rainfall zone, 30 kg DAP ha-1 for 

medium rainfall and 50 kg DAP ha-1 for high rainfall. The average nitrogen leaching 

factors based on soil type and rainfall are assessed to be 37, 52 and 67 percent for low, 

medium and high rainfall, meaning that these percentages of mineral nitrogen are 

leached from one soil horizon to the next each year. The acidifying effect of applied 

nitrogen is represented by the acidification rate, 𝑟2. Lime application rate in any one year, 

𝑙𝑡,𝑖, is bounded between zero and 30 t ha-1 and lime application frequency, Ψ, at 10 and 

20 years based on advice of technical experts about current farm practices in the region; 

however, through sensitivity analysis, we test how alternative upper bound on lime rate 

would affect the results. Deep lime placement is split 50-50 between 10-20 cm and 20-

30 cm of soil horizons. The deep banding of lime is a machinery-intensive and costly 

process. Costs (Optlime prices update in consultation with farmers) include the direct 
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cash costs of the operation (including labour),𝑤5, plus additional depreciation cost of 

machineries (tractor and ripper), 𝑤6. The prices of output and inputs are in Australian 

dollar (AUD) and are assumed to be constant in real terms for the duration of the time 

horizon. Subsequently, we test the sensitivity of the results to alternative values of 

selected parameters such as wheat and lime prices, distance from lime pit, discount rate, 

and initial soil pH.
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Table A1.1. Values of the parameters. 

Parameter Description 
Soil horizon (cm) 

Source 
0-10 10-20 20-30 

𝒑𝑯𝒊
𝟎 

Initial pH for topsoil acidity (CaCl2) 4.6 5.8 6.5 

Technical expert advice Initial pH for sub-soil acidity (CaCl2) 5.8 3.8 4.1 

Initial pH for top and sub-soil acidity (CaCl2) 4.6 3.8 4.1 

𝜶𝒊 
Parameter value for yield index calculation for wheat with pH 

tolerance class of 3 
4.5 0.2 0.3 

(Oliver et al. 2014) 

𝜷𝒊 
Parameter value for yield index calculation for wheat with pH 

tolerance class of 3 
3.5 12.6 19 

𝝃𝒊 Proportion of soil gravel 0.05 0.20 0.20 

(Gazey 2008) 
𝝆𝒊

𝐬𝐨𝐢𝐥 Soil bulk density (g cm-3) 1.5 1.5 1.5 

𝒉𝒊 Distribution of soil acidity through soil horizons 0.03 0.18 0.17 

𝒑𝑯𝒊
𝐦𝐢𝐧 

Minimum pH at which excess alkalinity can leach from soil 
horizons (CaCl2) 

5 5 5 

𝒐𝒊 Soil organic carbon (g cm-3) 

Rainfall (mm)    

(NLWRA 2001) 
<325 0.007 0.001 0.001 

325-450 0.008 0.001 0.001 

>450 0.01 0.001 0.001 

𝐲𝐏𝐨𝐭𝐞𝐧𝐭𝐢𝐚𝐥 Potential yield (t ha-1) 

<325 1.8  

(Bankwest 2017) 325-450 2.2  

>450 2.8  

𝒓𝟐 Acidification rate (kg CaCO3 ha-1) 
<325 41  

(Gazey 2008) 

325-450 105  
>450 180  

𝒓𝟏 Alkalinity export rate (kg CaCO3 equivalent t-1 of harvested crop) 2.25  

𝒑𝑯𝐪 
pH equilibrium above which lime does not dissolve into the soil 

solution (CaCl2) 
7.5  

𝒆𝐦𝐚𝐱 
Maximum proportion of excess alkalinity that can leach in any 

month 
0.1  

𝝊 Proportion of dissolved lime that moves down regardless of pH 0.1  
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𝝊𝐦𝐚𝐱 
Maximum proportion of dissolved lime that can leach in any 

month 
0.1  

𝒂 
Constant number depending on the exchangeable aluminum 

category of the soil horizons 
155000  

𝒃 
Constant number depending on the exchangeable aluminum 

category of the soil horizons 
-2.65  

𝒌 
Constant number that reflects the rate of lime dissolution (moles 

m-2 per month) 
1  

𝝆𝐥𝐢𝐦𝐞 Bulk density of lime  (t m-3) 1.2  

𝝋 Freight rate ($ km-1 t-1) 0.1  

𝒅 The average distance for lime freight from lime source (km) 100  

𝜹 Discount rate 0.05  

𝒘𝟑 Lime purchase cost at pit ($ ha-1) 10  

𝒘𝟒 Lime spreading cost ($ t-1) 10  

Technical expert advice 𝒘𝟓 Cash costs of the operation (including labor) ($ ha-1) 44.97  

𝒘𝟔 Depreciation cost of machinery ($ ha-1) 78.75  

𝐩𝐜𝐫 Wheat farm gate price ($ t-1) 241  
Model of (Thamo et al. 

2017) 

West coast lime-sand characteristics 
Sieve (mm)  

(Gazey and Gartner 2009) 
 

𝑗 = 1 𝑗 = 2 𝑗 = 3 𝑗 = 4 𝑗 = 5 

𝒖𝒋 
Proportion of product that falls into the 𝑗th sieve 

range 
0.05 0.60 0.30 0.04 0.01 

𝝀𝒋 
Neutralising value of product that falls into the 

𝑗th sieve range 
0.90 0.90 0.90 0.80 0.60 

𝒏𝒋
𝐦𝐢𝐝 

Midpoint of the particle size diameter for 𝑗th 
sieve range (mm) 

0.062 0.187 0.375 0.75 1.25 

𝝀𝐭𝐨𝐭𝐚𝐥 Total neutralizing value of applied lime 0.893  
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Table A1.2. Soil water content for different soil horizons and rainfall levels on monthly basis .

Month 

Annual rainfall (mm) 

<325 325-450 >450 <325 325-450 >450 <325 325-450 >450 

Soil horizon (cm) 

0-10 10-20 20-30 

January 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.4 

February 0.0 0.0 0.1 0.0 0.1 0.2 0.0 0.2 0.5 

March 0.0 0.0 0.2 0.0 0.1 0.4 0.1 0.3 0.6 

April 0.0 0.1 0.4 0.1 0.3 0.5 0.2 0.5 0.7 

May 0.0 0.2 0.6 0.2 0.5 0.7 0.4 0.6 0.8 

June 0.2 0.5 0.8 0.5 0.7 0.9 0.6 0.8 0.9 

July 0.6 0.9 0.9 0.9 0.9 1.0 0.9 1.0 1.0 

August 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

September 0.6 0.9 0.9 0.9 0.9 1.0 0.9 1.0 1.0 

October 0.2 0.5 0.8 0.5 0.7 0.9 0.6 0.8 0.9 

November 0.0 0.2 0.6 0.2 0.5 0.7 0.4 0.6 0.8 

December 0.0 0.1 0.4 0.1 0.3 0.5 0.2 0.5 0.7 
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A2.1. Pre-farm CO2-e emissions 

A2.1.1. Lime production and transport 

The emissions from lime production and transportation (kg CO2-e ha-1) in a given year 𝑡, 

𝐿PT𝑡, are calculated as: 

𝐿PT𝑡 = (0.017 × 1000 × ∑ 𝐿𝑡,𝑖

3

𝑖=1
) + (dl × ql × ∑ 𝐿𝑡,𝑖)

3

𝑖=1
 

∀ 𝑡 = 1, … , 𝑇 (A2.1) 

where the multiplier 0.017 represents the emissions from the production (quarrying and 

screening) of lime (kg CO2-e kg lime-1) (Barton et al. 2014); the 1000 multiplier converts 

lime application rate from t to kg; 𝐿𝑡,𝑖 is the lime rate (t ha-1) applied in a given year 𝑡 and 

to a given soil horizon 𝑖 (0-10 cm, 10-20 cm and 20-30 cm); dl is the average distance 

for the lime freight from the lime source to the quarry, which is assumed to be 100 km; ql 

is the emissions from transporting lime by a 50 tonne truck, set at 0.236 (kg CO2-e t lime-

1 km-1) (T. Grant pers. comms.). 

A2.1.2. Nitrogen fertilizer production and transport 

The emissions from nitrogen fertilizer production and transportation (kg CO2-e ha-1) in a 

given year 𝑡, 𝑁PT𝑡, are calculated as: 

𝑁PT𝑡 = (a × 𝑁𝑡) + (dn × qn × 𝑁𝑡 1000⁄ ) 

∀ 𝑡 = 1, … , 𝑇 (A2.2) 

where a represents the emissions from the production of nitrogen fertilizer (kg CO2-e kg 

fertilizer-1), set at 0.863 for urea and 0.416 for ammonium sulfate (Cowie and Cowie 

2013); 𝑁𝑡  is the nitrogen fertilizer rate applied in year 𝑡 (kg of fertilizer product ha-1); dn 

represents the distance that nitrogen fertilizer is freighted from the fertilizer works to the 

farm, which is assumed to be 475 km; qn is the emissions from transporting by a 50 
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tonne truck, set at 0.236 (kg CO2-e t fertilizer-1 km-1) (T. Grant pers. comms.); The divisor 

1000 converts nitrogen fertilizer from kg to t. These emissions are zero for lupin years. 

A2.1.3. Diesel production and transport 

The emissions from diesel production and transportation (kg CO2-e ha-1) in a given 

year 𝑡, 𝐷PT𝑡, are calculated as: 

𝐷PT𝑡 = 𝐷on𝑡
/2.7 × FD 

∀ 𝑡 = 1, … , 𝑇 (A2.3) 

where 𝐷on𝑡
 are the emissions from on-farm diesel use in a given year (kg CO2-e ha-1); 

the multiplier 2.7 converts 𝐷on𝑡
 from kg CO2-e ha-1 to ltr diesel ha-1; FD is the Scope 3 

NGA emission factor (Department of Climate Change and Energy Efficiency 2010) 

representing indirect emissions from the extraction, production and transportation of 

diesel fuel, set at 0.2 (kg CO2-e ltr-1). 

A2.2. On-farm CO2-e emissions 

Unless otherwise stated, on-farm emissions are estimated following the methodology 

used to inventory and report Australia’s emissions in accordance with the United Nations 

Framework Convention on Climate Change (Department of the Environment and Energy 

2018). Note that none of the emissions associated with nitrogen fertilizer use occur when 

lupin is grown as it is a legume crop and so has no nitrogen fertilizer applied to it. 

A2.2.1. Direct N2O emissions from nitrogen fertilizer 

The direct N2O emissions from nitrogen fertilizer application in a given year 𝑡 (kg CO2-e 

ha-1), 𝑁DR𝑡, are calculated as: 

NDRt = Nft × Fn × 1.571 × 298 

∀ 𝑡 = 1, … , 𝑇 (A2.4) 
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where 𝑁f𝑡 is the elemental nitrogen (kg N ha-1) applied as either urea or ammonium 

fertilizer in a given year; Fn is the emission factor for the fraction of nitrogen fertilizer that 

is emitted as N2O, set at 0.002; the multiplier 1.571 is the standard conversion factor to 

convert of the elemental mass of nitrogen to the molecular mass of N2O; and the 

multiplier 298 is the global warming potential of N2O over 100 years, which converts the 

N2O emissions to CO2-e. 

A2.2.2. Direct N2O emissions from crop residues 

As crop residues decompose the nitrogen they contain can be emitted as N2O. In a given 

year 𝑡, these emissions 𝑅cr𝑡
 (kg CO2-e ha-1) are calculated as: 

𝑅cr𝑡
= [(𝑌𝑡 × Gh × (1 − GA − Gr) × M × NA) + (𝑌𝑡 × Gh × GAB × M × NB)] × FR × 1.571 ×

298  

∀ 𝑡 = 1, … , 𝑇 (A2.5) 

where 𝑌𝑡 is the yield of the crop grown in a given year (kg ha-1); Gh is the ratio of above-

ground crop residue to the harvested grain (kg residue kg grain-1), set at 1.5 for wheat, 

2.1 for canola and 1.37 for lupin; GA is the fraction of above-ground crop residue that is 

burnt, set at 0.06 and Gr is the fraction of above-ground crop residue that is typically 

removed, set at 0.11 for the Western Australian wheatbelt region where conservation 

agriculture is commonly practiced (Department of the Environment and Energy 2018); M 

is the dry matter content (kg dry weight kg residue-1), set at 0.88 for wheat, 0.96 for 

canola and 0.87 for lupin; NA is the nitrogen content of above-ground residues (kg N kg 

residue-1), set at 0.006 for wheat and 0.009 for both canola and lupin; GAB is the ratio of 

below-ground crop residue to the above-ground residue, set at 0.29, 0.33 and 0.51 for 

wheat, canola and lupin respectively; NB is the nitrogen content of below-ground 

residues, set at 0.01 for all crops; FR is the IPCC emission factor for the fraction of 

nitrogen in residues that is emitted as N2O, set at 0.01; the multiplier 1.571 is the 
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molecular conversion factor and the multiplier 298 is the global warming potential used 

to convert N2O emissions into CO2-e. 

A2.2.3. Indirect N2O emissions from N fertilizer  

The indirect N2O emissions from nitrogen fertilizer applied in a given year 𝑡 (kg CO2-e 

ha-1), 𝑁IDR𝑡, are calculated as: 

𝑁IDR𝑡 = 𝑁IDRv𝑡
+ 𝑁IDRf𝑡 + 𝑁IDRR𝑡 

∀ 𝑡 = 1, … , 𝑇 (A2.6) 

where 𝑁IDRv𝑡
 is the indirect N2O emissions from NH3 volatilization in a given year 𝑡 (kg 

CO2-e ha-1). It is the fraction of nitrogen applied as fertilizer that volatizes into the 

atmosphere as NH3 and is subsequently emitted as N2O while depositing back to the 

land. 𝑁IDRf𝑡 is the indirect N2O emissions from the leaching and run-off of nitrogen from 

nitrogen fertilizer in a given year 𝑡 (kg CO2-e ha-1). 𝑁IDRR𝑡 is the indirect N2O emissions 

from the leaching of nitrogen contained in crop residues in a given year 𝑡 (kg CO2-e ha-

1)2. 

The indirect N2O emissions 𝑁IDRv𝑡
 are calculated as: 

𝑁IDRv𝑡
= 𝑁f𝑡 × 0.1 × Fn × 1.571 × 298 

∀ 𝑡 = 1, … , 𝑇 (A2.7) 

where the multiplier 0.1 represents the proportion of applied nitrogen that volatilizes as 

NH3 (IPCC 2006). 

The indirect N2O emissions 𝑁IDRf𝑡 are calculated as: 

                                                
2 N2O can also be emitted indirectly from the leaching of N that has mineralised from soil carbon 
Department of the Environment and Energy (2018). National Inventory Report 2016 Vol 1, 
Commonwealth of Australia, Canberra.. However, these emissions are omitted on the basis that 
they would not necessarily differ between the different rotations, lime and fertilizer strategies 
analyzed in this study. 
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𝑁IDRf𝑡 = 𝑁f𝑡 × 0.223 × 0.3 × Flr × 1.571 × 298 

∀ 𝑡 = 1, … , 𝑇 (A2.8) 

where the multiplier 0.223 represents the proportion of the nitrogen available for leaching 

and runoff and the multiplier 0.3 is the IPCC default value for the fraction of available 

nitrogen that is actually lost through leaching and runoff; Flr is the IPCC emission factor 

for the fraction of leached nitrogen that is emitted as N2O, set at 0.0075. 

The indirect N2O emissions 𝑁IDRR𝑡 are calculated as: 

𝑁IDRR𝑡 = [(𝑌𝑡 × Gh × (1 − GA − Gr) × M × NA) + (𝑌𝑡 × Gh × GAB × M × NB)] × 0.223 ×

0.3 × Fl × 1.571 × 298  

∀ 𝑡 = 1, … , 𝑇 (A2.9) 

A2.2.4. Burning crop residues 

The emissions from burning crop residues in a given year 𝑡 (kg CO2-e ha-1), 𝐵cr𝑡
, are 

calculated as: 

𝐵cr𝑡
= 𝐵crn𝑡

+ 𝐵crc𝑡
 

∀ 𝑡 = 1, … , 𝑇 (A2.10) 

where 𝐵crn𝑡
 and 𝐵crc𝑡

 are the N2O and CH4 emissions emitted from the combustion of 

crop residues in a given year 𝑡 (kg CO2-e ha-1). Note: the CO2 emitted by burning crop 

residues is not counted as these emissions are equal to the CO2 that the growing crop 

removed from the atmosphere. 

The emissions 𝐵crn𝑡
 are calculated as: 

𝐵crn𝑡
= 0.0076 × NA × 𝑇𝑀𝑡 × 1.571 × 298 

∀ 𝑡 = 1, … , 𝑇 (A2.11)  
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where the multiplier 0.0076 represents the emission factor for the fraction of nitrogen in 

the residue that is emitted as N2O. 𝑇𝑀𝑡 is the total mass of crop residue assumed to be 

burnt in Western Australian cropping systems in a given year 𝑡 (kg ha-1), calculated as: 

𝑇𝑀𝑡 = 𝑌𝑡 × Gh × 0.5 × M × 0.94 × GA 

∀ 𝑡 = 1, … , 𝑇 (A2.12) 

where the multiplier 0.5 is the fraction of above-ground crop residue remaining at the 

time of burning and the multiplier 0.94 is the burning efficiency. 

The emissions 𝐵crc𝑡
 are calculated as: 

𝐵crc𝑡
= 𝑇𝑀𝑡 × Cr × 0.0035 × 1.33 × 25 

∀ 𝑡 = 1, … , 𝑇 (A2.13) 

where Cr is the fraction of the crop residue that is carbon, set at 0.4 for all crops. The 

multiplier 0.0035 represents the emission factor for the fraction of this carbon emitted as 

CH4. The multiplier 1.33 is the standard conversion factor to convert the elemental mass 

of carbon to the molecular mass of CH4. The multiplier 25 is the IPCC AR4 global 

warming potential of CH4 over 100 years, and converts CH4 emissions to CO2-e. 

A2.2.5. Urea hydrolysis 

When urea, CO(NH2)2, dissolves in soil, the carbon contained in the urea is released as 

CO2. Emissions from urea hydrolysis in a given year 𝑡 (kg CO2-e ha-1), 𝑈h𝑡, are calculated 

as: 

𝑈h𝑡 = 𝑁𝑡 × 0.2 × 3.667 

∀ 𝑡 = 1, … , 𝑇 (A2.14) 

where 𝑁𝑡 is the amount of urea applied in a given year (kg ha-1); the multiplier 0.2 is the 

emission factor for the proportion of carbon in the urea; and the multiplier 3.667 converts 
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the elemental mass of carbon to the molecular mass of CO2. The urea hydrolysis does 

not occur with ammonium sulfate fertilizer nor with lupin crops.  

A2.2.6. Diesel use 

The emissions from on-farm diesel use represent the emissions from lime and nitrogen 

fertilizer application. Diesel consumption for these tasks is appraised as: 

 Lime applications to the soil surface are assumed to use 0.37L of diesel per tonne 

of lime applied per ha, based on Barton et al. (2014). 

 Sub-surface lime placement involves ripping the soil profile and then injecting 

bands of lime at depth. Fuel use is therefore estimated at 6.9L per ha for ripping 

(Davies and Johnston 2012) plus 0.37L of diesel per tonne per ha of lime applied 

to the sub-soil. 

 Fertilizer application is assumed to use 0.81L per ha (Biswas et al. 2010). For the 

sake of simplicity, this is assumed for all application rates unlike lime which tends 

to be applied at rates measured in tonnes, fertilizer is applied at much lower rates, 

meaning changes in these rates does not have a large bearing on the fuel used 

to apply fertilizer. 

Therefore formally, emissions from on-farm diesel use in a given year (kg CO2-e ha-1), 

𝐷on𝑡
, are calculated as: 

𝐷on𝑡
= [(0.37 × ∑ 𝐿𝑡,𝑖

3

𝑖=1
) + (if ∑ 𝐿𝑡,𝑖

3

𝑖=2
> 0  then 6.9) + (if 𝑁f𝑡 > 0 then 0.81)] × 2.7 

∀ 𝑡 = 1, … , 𝑇 (A2.15) 

where 𝐿𝑡,𝑖 is the lime rate applied in a given year for soil horizons 0-10 cm, 10-20 cm, 

and 20-30 cm (t ha-1) in  a given year 𝑡, and the multiplier 2.7 is the emission factor for 

the CO2-e produced per litre of diesel used (Department of Climate Change and Energy 

Efficiency 2010). 
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A2.2.7. Lime dissolution 

Lime produces CO2 while dissolving in wet soil. In estimating these emissions from lime 

dissolution two scenarios are tested. 

A2.3. Scenario 1 (IPCC assumption) 

Following Tier 1 IPCC emissions methodologies (IPCC 2006), lime dissolution and the 

associated emissions are assumed to occur entirely in the year of application. In which 

case the emissions from lime dissolution in a given year 𝑡 (kg CO2-e ha-1), 𝐿d𝑡
, are 

calculated as: 

𝐿d𝑡
= 1000 × ∑ 𝐿𝑡,𝑖

3

𝑖=1
× λ × FL × 3.667 

∀ 𝑡 = 1, … , 𝑇 (A2.16) 

where the multiplier 1000 converts lime application rates from t ha-1 to kg ha-1; λ is the 

total neutralizing value of the lime that converts the applied lime rate to pure CaCO3, set 

at 0.893 based on the most common lime type in the study region; FL is the emission 

factor for limestone, set at 0.12; and the multiplier 3.667 converts the elemental mass of 

carbon to the molecular mass of CO2.. Detailed GAMS codes are provided in Appendix 3 

under lime dissolution scenario 1 (IPCC assumption) for the WWL rotation in the medium 

rainfall zone with top and sub-soil acidity condition when the carbon price is set to $20 t 

CO2-e-1. 

A2.4. Scenario 2 (Optlime assumption) 

In reality, lime does not completely dissolve in the year of application, especially in the 

conditions of the study region (Gazey 2008; Whitten et al. 2000). The protracted nature 

of the lime dissolution process results in the dissolution of lime for many subsequent 

years, even in the absence of further applications. As lime dissolution is one of the key 

processes captured in the Optlime model, the emissions can, therefore, be predicted 
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based on the rate of lime dissolution endogenously calculated in the model. In this 

scenario equation (A2.16) is adjusted, becoming: 

𝐿d𝑡
= 1000 × (∑ ∑ 𝑟𝑡,𝑚,𝑖

ϕ

12

𝑚=1

3

𝑖=1
) × FL × 3.667 

∀ 𝑡 = 1, … , 𝑇 (A2.17) 

where 𝑟𝑡,𝑚,𝑖
ϕ

 is the net rate of lime dissolution in the given year 𝑡, month 𝑚, and soil horizon 

𝑖, as calculated endogenously in the model. This rate depends on a number of interacting 

factors such as lime particle size, rainfall, and soil pH. 

Changing the lime dissolution scenario from the IPCC assumption to Optlime assumption 

affects the lime dissolution rates between the liming intervals (Figure A2.1). However, 

lime and nitrogen application rates are almost unresponsive to this change. The 

response of NPV and emissions to this change is also less than one percent (Table A2.1 

and A2.2). 

 

Figure A2.1. Emission from lime dissolution under different lime dissolution scenarios for 
the WWC rotation in medium rainfall (325-450 mm) zone with top and sub-soil acidity 
condition when nitrogen fertilizer is urea, liming method is surface plus sub -surface 
application and the carbon price is zero.
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Table A2.1. Lime application and nitrogen fertilizer rates, net present values (NPV) and emissions under lime dissolution scenario 2 (Optlime 
assumption). The numbers in parentheses show changes relative to lime dissolution scenario 1 (IPCC assumption). Results shown are for the WWC 
rotation in medium annual rainfall zone (325-450 mm) with different soil acidity conditions when the carbon price is set to $20 t CO 2-e-1. 

 

Table A2.2. Lime application and nitrogen fertilizer rates, net present values (NPV) and emissions under lime dissolution scenario 2 (Optlime 
assumption). The numbers in parentheses show changes relative to lime dissolution scenario 1 (IPCC assumption). Results shown are for the WWL 
rotation in medium annual rainfall zone (325-450 mm) with different soil acidity conditions when the carbon price is set to $20 t CO2-e-1.

Acidity condition 
Nitrogen 
fertilizer 

Lime application rate (t ha-1) Nitrogen fertilizer rate (kg N ha-1) 

NPV ($ ha-1) 
Average  CO2-e 

emission (t ha-1 yr-1) 
Surface 
(year 1) 

Sub-
surface* 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat Canola 

Topsoil 
Urea 1.0 (-) - (-) 0.6 (-) 78 (-) 79 (-) $6,980 (1) 0.530 (-) 

(NH₄)₂SO₄ 2.3 (-) - (-) 1.4 (-) 58 (-) 59 (-) $6,291 (6) 0.387 (-) 

Sub-soil 
Urea 1.7 (0.1) 3.1 (-0.1) 0.5 (-) 77 (-) 79 (-) $6,773 (7) 0.543 (-) 

(NH₄)₂SO₄ 3.3 (0.2) 3.6 (-0.1) 1.3 (-) 57 (1) 58 (1) $6,056 (17) 0.398 (-) 

Top and sub-soil 
Urea 2.3 (-) 2.8 (-) 0.6 (-) 77 (-) 79 (-) $6,755 (3) 0.549 (-) 

(NH₄)₂SO₄ 3.3 (0.1) 3.3 (-) 1.3 (-) 58 (-) 59 (-) $6,055 (8) 0.407 (-) 

* This lime application is divided equally between the 10-20 cm and 20-30 cm soil horizons 

Acidity condition 
Nitrogen 
fertilizer 

Lime application rate (t ha-1) Nitrogen fertilizer rate (kg N ha-1) 

NPV ($ ha-1) 
Average  CO2-e 

emission (t ha-1 yr-1) 
Surface 
(year 1) 

Sub-
surface* 
(year 1) 

Surface 
maintenance 
(10-yearly) 

Wheat after 
lupin 

Wheat after 
wheat 

Topsoil 
Urea 0.5 (0) - (0) 0.4 (0) 33 (0) 63 (0) $7,474 (0) 0.288 (0) 

(NH₄)₂SO₄ 0.6 (0) - (0) 0.7 (0) 13 (0) 43 (0) $7,214 (1) 0.204 (0) 

Sub-soil 
Urea 1.3 (0.1) 2.8 (0) 0.3 (0) 32 (0) 62 (0) $7,263 (4) 0.302 (0) 

(NH₄)₂SO₄ 1.7 (0.1) 2.9 (-0.1) 0.5 (0) 12 (0) 42 (1) $6,995 (6) 0.215 (0) 

Top and sub-soil 
Urea 1.9 (0) 2.6 (0) 0.4 (0) 33 (0) 62 (0) $7,245 (2) 0.307 (0) 

(NH₄)₂SO₄ 2.2 (0) 2.7 (0) 0.5 (0) 13 (0) 43 (0) $6,980 (3) 0.222 (0) 

* This lime application is divided equally between the 10-20 cm and 20-30 cm soil horizons 
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Appendix 3: GAMS codes  
 

 

(An example for lime dissolution scenario 1 (IPCC assumption) for the WWL 

rotation in the medium rainfall zone with top and sub-soil acidity condition when 

the carbon price is set to $20 t CO2-e-1)
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OPTION RESLIM = 50000; 

OPTION limrow = 0; 

OPTION limcol = 0; 

 

Sets 

yr year /yr1*yr80/ 

lastdecade(yr) /yr71*yr80/ 

lupinyr(yr) /yr3,yr6,yr9,yr12,yr15,yr18,yr21,yr24,yr27,yr30,yr33,yr36,yr39,yr42,yr45,yr48,yr51,yr54,yr57,yr60, 

            yr63,yr66,yr69,yr72,yr75,yr78/ 

wheatyr(yr) /yr1,yr4,yr7,yr10,yr13,yr16,yr19,yr22,yr25,yr28,yr31,yr34,yr37,yr40,yr43,yr46,yr49,yr52,yr55,yr58, 

            yr61,yr64,yr67,yr70,yr73,yr76,yr79, 

            yr2,yr5,yr8,yr11,yr14,yr17,yr20,yr23,yr26,yr29,yr32,yr35,yr38,yr41,yr44,yr47,yr50,yr53,yr56,yr59, 

            yr62,yr65,yr68,yr71,yr74,yr77,yr80/ 

wheatyr1(wheatyr) /yr4,yr7,yr10,yr13,yr16,yr19,yr22,yr25,yr28,yr31,yr34,yr37,yr40,yr43,yr46,yr49,yr52,yr55,yr58, 

                  yr61,yr64,yr67,yr70,yr73,yr76,yr79/ 

wheatyr2(wheatyr) /yr5,yr8,yr11,yr14,yr17,yr20,yr23,yr26,yr29,yr32,yr35,yr38,yr41,yr44,yr47,yr50,yr53,yr56,yr59, 

                  yr62,yr65,yr68,yr71,yr74,yr77,yr80/ 

noapplication(yr) /yr2*yr10,yr12*yr20,yr22*yr30,yr32*yr40,yr42*yr50,yr52*yr60,yr62*yr70,yr72*yr80/ 

application(yr) /yr1,yr11,yr21,yr31,yr41,yr51,yr61,yr71/ 

melioyr(yr) /yr1/ 

maintyr(yr) /yr11,yr21,yr31,yr41,yr51,yr61,yr71/ 

lag1(wheatyr1,lupinyr)/yr4.yr3,yr7.yr6,yr10.yr9,yr13.yr12,yr16.yr15,yr19.yr18,yr22.yr21,yr25.yr24, 

                       yr28.yr27,yr31.yr30,yr34.yr33,yr37.yr36,yr40.yr39,yr43.yr42,yr46.yr45, 

                       yr49.yr48,yr52.yr51,yr55.yr54,yr58.yr57,yr61.yr60,yr64.yr63,yr67.yr66, 

                       yr70.yr69,yr73.yr72,yr76.yr75,yr79.yr78/ 

lag2(wheatyr2,lupinyr)/yr5.yr3,yr8.yr6,yr11.yr9,yr14.yr12,yr17.yr15,yr20.yr18,yr23.yr21 

                      ,yr26.yr24,yr29.yr27,yr32.yr30,yr35.yr33 

                      ,yr38.yr36,yr41.yr39,yr44.yr42,yr47.yr45,yr50.yr48,yr53.yr51,yr56.yr54,yr59.yr57, 

                      yr62.yr60,yr65.yr63,yr68.yr66,yr71.yr69,yr74.yr72,yr77.yr75,yr80.yr78/ 

LTall lime type /westcoastlimesand,southcoastlimesand,southwestcrushedlimestone,inlanddolomite/ 

Clall climate /Lessthan325mm,325-450mm,450-750mm,Greaterthan750mm/ 

Slayer soil layer /0-10cm,10-20cm,20-30cm/ 

Allevel Al level /high,moderate,low/ 

m month /Jan,Feb,Mar,Apr,May,Jun,Jul,Aug,Sep,Oct,Nov,Dec/ 

t(yr,m) time /#yr.#m/ 
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ts(Slayer) topsoil layer /0-10cm/ 

ms(Slayer) topsoil layer /10-20cm/ 

ss(Slayer) subsoil layer /10-20cm,20-30cm/ 

ds(Slayer) subsoil layer /20-30cm/ 

tsss(Slayer) subsoil layer /0-10cm,10-20cm/ 

NS Nitrogen sources /Ammoniumsulphate,DAP,Urea,LiquidUAN,legumefixedN/ 

Nso /UAS,LFN/ 

PL application rates /kgofNperkgofproduct,0nitrogenleaching,100nitrogenleaching,Nrate/ 

Crop /wheat,lupin/ 

K /ron,son,fert/; 

 

Scalar dimlast; 

dimlast=card(lastdecade); 

Display dimlast; 

 

Table Nleaching(Clall,Slayer) nitrate leaching estimates refrence table 

                    0-10cm         10-20cm            20-30cm 

Lessthan325mm        0.50           0.30               0.30 

325-450mm            0.65           0.45               0.45 

450-750mm            0.80           0.60               0.60 

Greaterthan750mm     0.95           0.75               0.75; 

 

Table SWcontent(yr,m,Slayer,Clall) soil water content scalar(0-1) 

                     Lessthan325mm  325-450mm  450-750mm Greaterthan750mm 

#yr.Jan.0-10cm        3.48362E-10    0.0004      0.05        0.21 

#yr.Feb.0-10cm        1.12535E-07    0.0032      0.11        0.26 

#yr.Mar.0-10cm        1.49453E-05    0.02        0.21        0.30 

#yr.Apr.0-10cm        0.000816       0.08        0.37        0.34 

#yr.May.0-10cm        0.018316       0.24        0.57        0.37 

#yr.Jun.0-10cm        0.169013       0.53        0.78        0.40 

#yr.Jul.0-10cm        0.64118        0.85        0.94        0.42 

#yr.Aug.0-10cm        1.00           1.00        1.00        0.42 

#yr.Sep.0-10cm        0.6411         0.85        0.94        0.42 

#yr.Oct.0-10cm        0.1690         0.53        0.78        0.40 

#yr.Nov.0-10cm        0.0183         0.24        0.57        0.37 
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#yr.Dec.0-10cm        0.0008         0.08        0.37        0.34 

#yr.Jan.10-20cm       0.0003         0.02        0.14        0.37 

#yr.Feb.10-20cm       0.0031         0.05        0.24        0.48 

#yr.Mar.10-20cm       0.0183         0.13        0.37        0.60 

#yr.Apr.10-20cm       0.0773         0.27        0.53        0.72 

#yr.May.10-20cm       0.2369         0.48        0.70        0.83 

#yr.Jun.10-20cm       0.5273         0.72        0.85        0.92 

#yr.Jul.10-20cm       0.8521         0.92        0.96        0.98 

#yr.Aug.10-20cm       1.00           1.00        1.00        1.00 

#yr.Sep.10-20cm       0.8521         0.92        0.96        0.98 

#yr.Oct.10-20cm       0.5273         0.72        0.85        0.92 

#yr.Nov.10-20cm       0.2369         0.48        0.70        0.83 

#yr.Dec.10-20cm       0.0773         0.27        0.53        0.72 

#yr.Jan.20-30cm       0.0043         0.09        0.37        0.55 

#yr.Feb.20-30cm       0.0183         0.17        0.48        0.64 

#yr.Mar.20-30cm       0.0621         0.29        0.60        0.73 

#yr.Apr.20-30cm       0.1690         0.45        0.72        0.82 

#yr.May.20-30cm       0.3678         0.64        0.83        0.89 

#yr.Jun.20-30cm       0.6411         0.82        0.92        0.95 

#yr.Jul.20-30cm       0.8941         0.95        0.98        0.99 

#yr.Aug.20-30cm       1.00           1.00        1.00        1.00 

#yr.Sep.20-30cm       0.8948         0.95        0.98        0.99 

#yr.Oct.20-30cm       0.6411         0.82        0.92        0.95 

#yr.Nov.20-30cm       0.3678         0.64        0.83        0.89 

#yr.Dec.20-30cm       0.1690         0.45        0.72        0.82; 

 

Table ANS(NS,PL) acidifying effect of various Nitrogen Sources under 0% and 100% leaching 

                     kgofNperkgofproduct    0nitrogenleaching   100nitrogenleaching 

Ammoniumsulphate            0.21                  3.60                 7.10 

DAP                         0.18                  1.80                 5.40 

Urea                        0.46                  0.00                 3.60 

LiquidUAN                   0.42                  0.00                 3.60 

legumefixedN                1                     0                    3.60; 

 

Table aAl(Allevel,Slayer) a values for exch Al curve calculation 
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            0-10cm         10-20cm           20-30cm 

low         160000         160000            160000 

moderate    155000         155000            155000 

high        150000         150000            150000; 

 

Table bAl(Allevel,Slayer) a values for exch Al curve calculation 

            0-10cm         10-20cm           20-30cm 

low         -2.80          -2.80             -2.80 

moderate    -2.65          -2.65             -2.65 

high        -2.50          -2.50             -2.50; 

 

 

Table Pyield(Crop,Clall) potential yield for each climate (tonne per hectare) 

             Lessthan325mm  325-450mm  450-750mm   Greaterthan750mm 

wheat            1.8          2.2        2.8             5.06 

lupin            1.08         1.48       1.69            3.23; 

 

Table O(Slayer,Clall) 

             Lessthan325mm    325-450mm   450-750mm   Greaterthan750mm 

0-10cm            0.007         0.008       0.01             0 

10-20cm           0.001         0.001       0.001            0 

20-30cm           0.001         0.001       0.001            0; 

 

Table KK1(K,Clall) Kvalues for different N sources 

             Lessthan325mm    325-450mm   450-750mm   Greaterthan750mm 

son            0.001           0.001       0.001           0 

ron            0.01            0.01        0.01            0 

fert           0.04            0.05        0.05            0; 

 

Table KK2(K,Clall) Kvalues for different N sources 

             Lessthan325mm    325-450mm   450-750mm   Greaterthan750mm 

son            0.021           0.019       0.018           0 

ron            0.26            0.23        0.22            0 

fert           0.59            0.43        0.35 
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Table KKN1(Nso,Clall) Nleaching rates based on N source 

             Lessthan325mm     325-450mm       450-750mm   Greaterthan750mm 

UAS            -0.04             -0.06           -0.05            0 

LFN            -0.03             -0.03           -0.03            0; 

 

Table KKN2(Nso,Clall)  Nleaching rates based on N source 

             Lessthan325mm    325-450mm    450-750mm   Greaterthan750mm 

UAS            0.38             0.55         0.63            0 

LFN            0.19             0.28         0.31            0; 

 

Scalars 

J               Rate (constant)                              /1/ 

pHEquilibrium   Equilibrium pH (CaCl2)                       /7.5/ 

LimeLeachMax    Max prop'n of dissolved lime (scalar)        /0.1/ 

LimeLeak        Prop'n of dissolved lime (scalar)            /0.1/ 

AlkaliLeachMax  Max prop'n of excess alkali (scalar)         /0.1/ 

LimeBD          Lime bulk density (t per m3)                 /1.20/ 

limecost        lime cost ($ per t)                          /10/ 

Distance        distance of lime source to farm (km)         /100/ 

Freightrate     freight rate ($ per km per t)                /0.10/ 

Cashcost        cost of lime deep banding ($ per ha)         /42.65/ 

vardepcost      depreciation cost ($ per ha)                 /28.13/ 

DR              discount rate (%)                            /0.05/ 

epsilon                                                      /0.0001/ 

ureaprice       cost of urea ($ per t)                       /660/ 

ASprice         cost of AS                                   /400/ 

Cprice          carbon price($ per t)                        /20/; 

 

Parameters 

SW(yr,m,Slayer) 

Nl(Slayer) 

PY(Crop) 

K1(K) 

K2(k) 

KN1(Nso) 
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KN2(Nso) 

NV(LTall) nutralising value of lime type (%) 

/westcoastlimesand = 0.893, southcoastlimesand = 0.75, 

southwestcrushedlimestone = 0.80, inlanddolomite = 0.70/ 

SA(LTall) lime surface area (m2) 

/westcoastlimesand = 21837.33, southcoastlimesand = 15460, 

southwestcrushedlimestone = 18293, inlanddolomite = 12273/ 

inipH(Slayer) initial pH (CaCl2) 

/0-10cm = 4.6,10-20cm = 3.8,20-30cm = 4.1/ 

soilG(Slayer) initial soil Gravel(%) 

/ 0-10cm = 0.05,10-20cm = 0.20,20-30cm = 0.20/ 

OC(Slayer) initial soil Organic carbon 

BD(Slayer) initial soil bulk density 

/0-10cm = 1.50, 10-20cm = 1.50, 20-30cm = 1.50/ 

SWC(Slayer) initial Saturated water content 

/0-10cm = 0.42, 10-20cm = 0.42, 20-30cm = 0.42/ 

pHleach(Slayer) min pH before dissolved lime (CaCl2) 

/0-10cm = 5,10-20cm = 5,20-30cm = 5/ 

aYI(Crop,slayer) topsoil parameter a for yield index curves 

/wheat.0-10cm =4.5, wheat.10-20cm = 0.2031, wheat.20-30cm = 0.2878, 

lupin.0-10cm=5.25, lupin.10-20cm=0.3041, lupin.20-30cm=0.2625/ 

bYI(Crop,Slayer) topsoil parameter b for yield index curves 

/wheat.0-10cm = 3.55, wheat.10-20cm = 12.6, wheat.20-30cm = 19.01, 

lupin.0-10cm=3.475, lupin.10-20cm=15.3, lupin.20-30cm=28.5/ 

deepsand(Slayer) distribution of acidity through profile 

/0-10cm = 0.03,10-20cm = 0.18, 20-30cm = 0.17/ 

duplex(Slayer) distribution of acidity through profile 

/0-10cm = 0.5,10-20cm = 0.25, 20-30cm = 0.1/ 

loamclay(Slayer) distribution of acidity through profile 

/0-10cm = 0.5, 10-20cm = 0.25,20-30cm = 0.1/ 

dummy(yr,m) 

/#yr.Jan=0,#yr.Feb=0,#yr.Mar=0,#yr.Apr=0,#yr.May=0, 

#yr.Jun=0,#yr.Jul=0,#yr.Aug=0,#yr.Sep=0,#yr.Oct=0,#yr.Nov=1,#yr.Dec=0/ 

price(Crop) /wheat=241, lupin=247/ 

Rag(Crop)  ratio of above-ground crop residue 
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/wheat=1.5, lupin=1.37/ 

DM(Crop) dry matter content 

/wheat=0.88, lupin=0.87/ 

NCag(Crop) nitrogen content of above ground residue 

/wheat=0.006, lupin=0.009/ 

Rbg(Crop) ratio of below-ground crop residue to above-grund residue 

/wheat=0.29, lupin=0.51/ 

Alkalinityexportrate(Crop) acidification due to product removal 

/wheat=2.25, lupin=12.5/; 

 

Positive Variables 

AS(yr)                                     amonium solfate rate(kg per ha) 

Actualyieldlimed(yr)                       actual yield annually(t per ha) 

initial(tsss) 

maintenance(tsss) 

Navail(wheatyr) 

NRON(wheatyr) 

Nsoil; 

 

Variables 

L(yr,Slayer)                               lime rate(t per ha) 

pHstart(yr,m,Slayer)                       starting pH(CaCl2) 

ExchAl(yr,m,Slayer)                        exchangable Al(me%) 

pHBC(yr,m,Slayer)                          pH buffer capacity 

R(yr,m,Slayer)                             rate of lime dissolution(mol per m2 per month) 

SAoflimeavailable(yr,m,Slayer)             surface area of lime available(m2 per ha) 

weightoflimeavailable(yr,m,Slayer)         weight of lime available(tonne per ha) 

Q(yr,m,Slayer)                             weight of limr dissolved(t per ha) 

weightoflimeleached(yr,m,Slayer)           weight of lime leached(t per ha) 

changeinpHduetoliming(yr,m,Slayer)         change in pH due to liming(CaCl2) 

pHinterim(yr,m,Slayer)                     interim pH(CaCl2) 

E(yr,m,Slayer)                             excess alkalinity(t CaCo3 equ per ha) 

LeachingAlkalinity(yr,m,Slayer)            leaching of excess alkali(t CaCo3 equ per ha) 

AnnualpHlimed(yr,Slayer)                   average pH(May-Oct)(CaCl2) 

ExchAllimed(yr,Slayer)                     annual exchangable Al(me%) 



Appendix 3: GAMS codes 

167 
 

YIlimed(yr,Slayer)                         yield index 

totalYIlimed(yr)                           total yield index 

Totalacidilimed(yr)                        total acidification(t CaCO3 equ per ha) 

GspHBClimed(yr,Slayer)                     annual pHBC(t CaCO3 per pH unit per 10 cm) 

changeinpHduetoalkalileach(yr,m,Slayer)    change pH due to alkali leach(CaCl2) 

pHchangeduetoacidilimed(yr,Slayer)         pH change due to acidification(CaCl2) 

NPV(yr)                                    Net Present Value($ per ha) 

NPVend                                     Net Present Value($ pe ha) 

P(yr,m,Slayer) 

Q_(yr,m,Slayer) 

pHinterim0(yr,m,Slayer) 

pHinterim1(yr,m,Slayer) 

NPVend1 

Lpt(yr) 

ASpt(yr) 

Fpt(yr) 

DN(yr) 

Dcr(yr) 

IDN(yr) 

Bcr(yr) 

Fu(yr) 

Lds(yr) 

TotalGHG(yr) 

PrFarmGHG(yr) 

OnFarmGHG(yr) 

AveGHG 

limeBenefit(yr) 

surlimeCost(yr) 

fixcost(yr) 

Cashcostdeepbandedlime(yr) 

totalcostoflime(yr); 

 

pHstart.up(yr,m,Slayer)=14; 

pHstart.lo(yr,m,Slayer)=1; 
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Equations 

ASequality(wheatyr1) 

ASequality1(wheatyr2) 

tseqss(yr) 

Beq(yr,tsss) 

Deq(noapplication,slayer) 

Xeq(maintyr,tsss) 

pHstart1eq(yr,m,Slayer) 

pHstart2eq(yr,m,Slayer) 

pHstart3eq(yr,m,Slayer) 

ExchAleq(yr,m,Slayer) 

pHBCeq(yr,m,Slayer) 

Req(yr,m,Slayer) 

SAoflimeavailable1eq(yr,m,Slayer) 

SAoflimeavailable2eq(yr,m,Slayer) 

SAoflimeavailable3eq(yr,m,Slayer) 

weightoflimeavailable1eq(yr,m,Slayer) 

weightoflimeavailable2eq(yr,m,Slayer) 

weightoflimeavailable3eq(yr,m,Slayer) 

Peq(yr,m,Slayer) 

Qeq(yr,m,Slayer) 

Q_eq(yr,m,Slayer) 

weightoflimeleachedeq(yr,m,Slayer) 

changeinpHduetoliming4eq(yr,m,Slayer) 

changeinpHduetoliming5eq(yr,m,Slayer) 

pHinterimeq(yr,m,Slayer) 

pHinterimeq_min(yr,m,Slayer) 

pHinterimeq_max(yr,m,Slayer) 

Eeq(yr,m,Slayer) 

LeachingAlkalinityeq(yr,m,Slayer) 

changeinpHduetoalkalileacheq(yr,m,Slayer) 

changeinpHduetoalkalileach_eq(yr,m,Slayer) 

AnnualpHlimedeq(yr,Slayer) 

ExchAllimedeq(yr,slayer) 

topsoilYIlimedeq(wheatyr,ts) 
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topsoilYIlimed1eq(lupinyr,ts) 

subsoilYIlimedeq(wheatyr,ss) 

subsoilYIlimed1eq(lupinyr,ss) 

totalYIlimedeq(yr) 

Actualyieldlimedeq(wheatyr) 

Actualyieldlimed1eq(lupinyr) 

Nsoileq 

Navaileq(wheatyr) 

NRONeq(wheatyr1) 

NRON1eq(wheatyr2) 

NRON2eq(wheatyr) 

NRON3eq(wheatyr) 

Totalacidilimedeq(wheatyr) 

Totalacidilimed1eq(lupinyr) 

GspHBClimedeq(yr,Slayer) 

pHchangeduetoacidilimedeq(yr,Slayer) 

TotalGHGeq(yr) 

PrFarmGHGeq(yr) 

OnFarmGHGeq(yr) 

AveGHGeq 

Lpteq(yr) 

ASpteq(wheatyr) 

ASpt1eq(lupinyr) 

Fpteq(yr) 

DNeq(wheatyr) 

DN1eq(lupinyr) 

Dcreq(wheatyr) 

Dcr1eq(lupinyr) 

IDNeq(wheatyr) 

IDN1eq(lupinyr) 

Bcreq(wheatyr) 

Bcr1eq(lupinyr) 

Fueq(wheatyr) 

Fu1eq(lupinyr) 

Ldseq(yr) 
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limeBenefiteq(wheatyr) 

limeBenefit1eq(lupinyr) 

surlimeCosteq(yr) 

Cashcostdeepbandedlimeeq(yr) 

totalcostoflimeeq(yr) 

NPVeq(yr) 

NPVendeq 

NPVend1eq 

FCeq; 

 

ASequality(wheatyr1)..                      AS(wheatyr1) =e= AS("yr4"); 

 

ASequality1(wheatyr2)..                     AS(wheatyr2) =e= AS("yr5"); 

 

tseqss(yr)..                                L(yr,"10-20cm") =e= L(yr,"20-30cm"); 

 

Beq(melioyr,tsss)..                         L(melioyr,tsss) =e= initial(tsss); 

 

Deq(noapplication,slayer)..                 L(noapplication,slayer) =e= 0; 

 

Xeq(maintyr,tsss)..                         L(maintyr,tsss) =e= maintenance(tsss); 

 

pHstart1eq("yr1","Jan",Slayer)..            pHstart("yr1","Jan",Slayer) =e= inipH(Slayer); 

 

pHstart2eq(yr,m+1,Slayer)..                 pHstart(yr,m+1,Slayer) =e= pHinterim(yr,m,Slayer) 

                                            +changeinpHduetoalkalileach(yr,m,Slayer) 

                                            +(dummy(yr,m)*pHchangeduetoacidilimed(yr,Slayer)); 

 

pHstart3eq(yr+1,"Jan",Slayer)..             pHstart(yr+1,"Jan",Slayer) =e= 

                                            pHinterim(yr,"dec",Slayer) 

                                            +changeinpHduetoalkalileach(yr,"dec",Slayer); 

 

ExchAleq(yr,m,Slayer)..                     ExchAl(yr,m,Slayer) =e= aAl("moderate",Slayer) 

                                            *exp(pHstart(yr,m,Slayer)*bAl("moderate",Slayer)); 
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pHBCeq(yr,m,Slayer)..                       pHBC(yr,m,Slayer) =e= 0.5*(1- soilG(Slayer)) 

                                            *BD(Slayer)*(0.63*ExchAl(yr,m,Slayer)+45*OC(Slayer)+0.66); 

 

Req(yr,m,Slayer)..                          R(yr,m,Slayer) =e= 10000*J*SW(yr,m,Slayer)*(10**(-pHstart(yr,m,Slayer)) 

                                            -(10**(-pHEquilibrium))); 

 

SAoflimeavailable1eq("yr1","Jan",Slayer)..  SAoflimeavailable("yr1","Jan",Slayer) =e= L("yr1",Slayer)* 

                                            SA("westcoastlimesand"); 

 

SAoflimeavailable2eq(yr,m+1,Slayer)..       SAoflimeavailable(yr,m+1,Slayer) =e= SAoflimeavailable(yr,m,Slayer) 

                                            *(1-Q(yr,m,Slayer)/(weightoflimeavailable(yr,m,Slayer)+0.003)); 

 

SAoflimeavailable3eq(yr+1,"Jan",Slayer)..   SAoflimeavailable(yr+1,"Jan",Slayer) =e= (L(yr+1,Slayer) 

                                            *SA("westcoastlimesand"))+SAoflimeavailable(yr,"dec",Slayer) 

                                            *(1-Q(yr,"dec",Slayer)/(weightoflimeavailable(yr,"dec",Slayer)+0.0001)); 

 

weightoflimeavailable1eq("yr1","Jan",Slayer).. weightoflimeavailable("yr1","Jan",Slayer) =e= L("yr1",Slayer) 

                                               *NV("westcoastlimesand"); 

 

weightoflimeavailable2eq(yr,m+1,Slayer)..      weightoflimeavailable(yr,m+1,Slayer) =e= 

                                               (weightoflimeavailable(yr,m,Slayer)-Q(yr,m,Slayer)+2*epsilon 

                                               +Sqrt( Sqr(weightoflimeavailable(yr,m,Slayer)-Q(yr,m,Slayer) 

                                               -epsilon)+Sqr(epsilon)))/2; 

 

weightoflimeavailable3eq(yr+1,"Jan",Slayer)..  weightoflimeavailable(yr+1,"Jan",Slayer) =e= 

                                               weightoflimeavailable(yr,"dec",Slayer)-Q(yr,"dec",Slayer) 

                                               +(L(yr+1,Slayer)*NV("westcoastlimesand")); 

 

Peq(yr,m,Slayer)..                          P(yr,m,Slayer) =e= (((pHEquilibrium-pHstart(yr,m,Slayer)) 

                                            *pHBC(yr,m,Slayer))+ weightoflimeavailable(yr,m,Slayer)- 

                                            sqrt(sqr(((pHEquilibrium-pHstart(yr,m,Slayer))*pHBC(yr,m,Slayer)) 

                                            -weightoflimeavailable(yr,m,Slayer))+sqr(epsilon))+epsilon)/2; 

 

Qeq(yr,m,Slayer)..                          Q(yr,m,Slayer) =e= 0.001*(0+Q_(yr,m,Slayer)+ 

                                            Sqrt( Sqr(0-Q_(yr,m,Slayer))+Sqr(epsilon/1000)))/2; 
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Q_eq(yr,m,Slayer)..                         Q_(yr,m,Slayer) =e= ((0.1*R(yr,m,Slayer)*SAoflimeavailable(yr,m,Slayer)) 

                                            +1000*P(yr,m,Slayer)-Sqrt( Sqr((0.1*R(yr,m,Slayer) 

                                            *SAoflimeavailable(yr,m,Slayer))-1000*P(yr,m,Slayer)) 

                                            +Sqr(epsilon/100)))/2; 

 

weightoflimeleachedeq(yr,m,Slayer)..        weightoflimeleached(yr,m,Slayer) =e= Q(yr,m,Slayer)*(LimeLeak+ 

                                            (LimeLeachMax+(10**(pHstart(yr,m,Slayer)-pHEquilibrium)) 

                                            -sqrt(sqr(LimeLeachMax-(10**(pHstart(yr,m,Slayer)-pHEquilibrium))) 

                                            +sqr(epsilon))+epsilon)/2); 

 

changeinpHduetoliming4eq(yr,m,"0-10cm")..   changeinpHduetoliming(yr,m,"0-10cm")*pHBC(yr,m,"0-10cm") =e= 

                                            Q(yr,m,"0-10cm")-weightoflimeleached(yr,m,"0-10cm"); 

 

changeinpHduetoliming5eq(yr,m,Slayer)..     changeinpHduetoliming(yr,m,Slayer)*pHBC(yr,m,Slayer) =e= 

                                            weightoflimeleached(yr,m,Slayer-1)+Q(yr,m,Slayer) 

                                            -weightoflimeleached(yr,m,Slayer); 

 

pHinterimeq(yr,m,Slayer)..                  pHinterim0(yr,m,Slayer)=e= pHstart(yr,m,Slayer) 

                                            +changeinpHduetoliming(yr,m,Slayer); 

 

pHinterimeq_min(yr,m,Slayer)..              pHinterim1(yr,m,Slayer)=e= ((pHinterim0(yr,m,Slayer)+14) 

                                            -Sqrt( Sqr(pHinterim0(yr,m,Slayer)-14)+Sqr(epsilon)))/2; 

 

pHinterimeq_max(yr,m,Slayer)..              pHinterim(yr,m,Slayer) =e= ((pHinterim1(yr,m,Slayer)+1)+ 

                                            Sqrt(Sqr(pHinterim1(yr,m,Slayer)-1)+Sqr(epsilon)))/2; 

 

Eeq(yr,m,Slayer)..                          E(yr,m,Slayer)=e= (((pHinterim(yr,m,Slayer)-((pHleach(Slayer)+inipH(Slayer) 

                                            +sqrt(sqr(pHleach(Slayer)-inipH(Slayer))+sqr(epsilon))-epsilon)/2)) 

                                            *pHBC(yr,m,Slayer))+sqrt(sqr(-((pHinterim(yr,m,Slayer)- 

                                            ((pHleach(Slayer)+inipH(Slayer)+sqrt(sqr(pHleach(Slayer)-inipH(Slayer))+ 

                                            sqr(epsilon))-epsilon)/2))*pHBC(yr,m,Slayer)))+sqr(epsilon))-epsilon)/2; 

 

LeachingAlkalinityeq(yr,m,Slayer)..         LeachingAlkalinity(yr,m,Slayer) =e= SW(yr,m,Slayer)*E(yr,m,Slayer) 

                                            *((AlkaliLeachMax+(10**(pHinterim(yr,m,Slayer)-pHEquilibrium))- 
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                                            sqrt(sqr(AlkaliLeachMax-(10**(pHinterim(yr,m,Slayer) 

                                            -pHEquilibrium)))+sqr(epsilon))+epsilon)/2); 

 

changeinpHduetoalkalileacheq(yr,m,"0-10cm").. changeinpHduetoalkalileach(yr,m,"0-10cm") 

                                              *pHBC(yr,m,"0-10cm") =e= -LeachingAlkalinity(yr,m,"0-10cm"); 

 

changeinpHduetoalkalileach_eq(yr,m,Slayer)..  changeinpHduetoalkalileach(yr,m,Slayer)*pHBC(yr,m,Slayer) =e= 

                                              LeachingAlkalinity(yr,m,Slayer-1)-LeachingAlkalinity(yr,m,Slayer); 

 

 

AnnualpHlimedeq(yr,Slayer)..               AnnualpHlimed(yr,Slayer) =e= (sum(t(yr,m)$(ord(m) ge 5 and ord(m) le 10) 

                                           ,pHstart(yr,m,Slayer)))/6; 

 

ExchAllimedeq(yr,slayer)..                 ExchAllimed(yr,slayer) =e= aAl("moderate",slayer) 

                                           *exp(bAl("moderate",slayer)*AnnualpHlimed(yr,slayer)); 

 

topsoilYIlimedeq(wheatyr,ts)..             YIlimed(wheatyr,ts) =e= 1-exp(-aYI("wheat",ts) 

                                           *(AnnualpHlimed(wheatyr,ts)-bYI("wheat",ts))); 

 

topsoilYIlimed1eq(lupinyr,ts)..            YIlimed(lupinyr,ts) =e= 1-exp(-aYI("lupin",ts) 

                                           *(AnnualpHlimed(lupinyr,ts)-bYI("lupin",ts))); 

 

subsoilYIlimedeq(wheatyr,ss)..             YIlimed(wheatyr,ss) =e= aYI("wheat",ss)/(aYI("wheat",ss) 

                                           +(1-aYI("wheat",ss))*exp(-bYI("wheat",ss)*1/ 

                                           ((ExchAllimed(wheatyr,ss) 

                                           +epsilon+Sqrt(Sqr(ExchAllimed(wheatyr,ss)-epsilon)+Sqr(epsilon)))/2))); 

 

subsoilYIlimed1eq(lupinyr,ss)..            YIlimed(lupinyr,ss) =e= aYI("lupin",ss)/(aYI("lupin",ss)+(1-aYI("lupin",ss)) 

                                           *exp(-bYI("lupin",ss)*1/((ExchAllimed(lupinyr,ss)+epsilon+ 

                                           Sqrt(Sqr(ExchAllimed(lupinyr,ss)-epsilon)+Sqr(epsilon)))/2))); 

 

totalYIlimedeq(yr)..                       totalYIlimed(yr) =e= YIlimed(yr,"0-10cm") 

                                           *YIlimed(yr,"10-20cm")*YIlimed(yr,"20-30cm"); 

 

Actualyieldlimedeq(wheatyr)..              Actualyieldlimed(wheatyr) =e= totalYIlimed(wheatyr)*PY("wheat")* 
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                                           (2*(0.06*PY("wheat")*1000*tanh(Navail(wheatyr)/(0.06*PY("wheat")*1000))) 

                                           /(PY("wheat")*1000*0.04)-((0.06*PY("wheat")*1000*tanh(Navail(wheatyr)/ 

                                           (0.06*PY("wheat")*1000)))/(PY("wheat")*1000*0.04))**2); 

 

Actualyieldlimed1eq(lupinyr)..             Actualyieldlimed(lupinyr) =e= totalYIlimed(lupinyr)*PY("lupin"); 

 

Nsoileq..                                  Nsoil =e= ((1667*BD("0-10cm"))*OC("0-10cm"))*(1-soilG("0-10cm")) 

                                           *1/15*1000; 

 

Navaileq(wheatyr)..                        Navail(wheatyr) =e= ((exp(-64.4826+13.7197* 

                                           AnnualpHlimed(wheatyr,"20-30cm"))/ 

                                           (1+exp((-64.4826+13.7197*AnnualpHlimed(wheatyr,"20-30cm")))) 

                                           *K1("fert")+K2("fert"))*(ANS("Ammoniumsulphate","kgofNperkgofproduct") 

                                           *AS(wheatyr)))+((exp((-64.4826+13.7197*AnnualpHlimed(wheatyr,"20-30cm"))) 

                                           /(1+exp((-64.4826+13.7197*AnnualpHlimed(wheatyr,"20-30cm"))))*K1("son") 

                                           +K2("son"))*Nsoil)+((exp((-64.4826+13.7197* 

                                           AnnualpHlimed(wheatyr,"20-30cm")))/(1+exp((-64.4826+13.7197 

                                           *AnnualpHlimed(wheatyr,"20-30cm"))))*K1("ron")+K2("ron"))*NRON(wheatyr)); 

 

NRONeq(wheatyr1)..                         NRON(wheatyr1) =e= sum(lag1(wheatyr1,lupinyr),Actualyieldlimed(lupinyr)) 

                                           *1000*((0.0275/0.25)-0.05); 

 

NRON1eq(wheatyr2)..                        NRON(wheatyr2) =e= sum(lag2(wheatyr2,lupinyr),Actualyieldlimed(lupinyr)) 

                                           *1000*((0.0275/0.25)-0.05)*1/3; 

 

NRON2eq("yr1")..                           NRON("yr1") =e= PY("lupin")*1000*((0.0275/0.25)-0.05) ; 

 

NRON3eq("yr2")..                           NRON("yr2") =e= PY("lupin")*1000*((0.0275/0.25)-0.05)*1/3; 

 

Totalacidilimedeq(wheatyr)..               Totalacidilimed(wheatyr) =e= 

                                           (((ANS("Ammoniumsulphate","0nitrogenleaching") 

                                           +((ANS("Ammoniumsulphate","100nitrogenleaching") 

                                           -ANS("Ammoniumsulphate","0nitrogenleaching")) 

                                           *(exp((-64.4826+13.7197*AnnualpHlimed(wheatyr,"20-30cm")))/ 

                                           (1+exp((-64.4826+13.7197*AnnualpHlimed(wheatyr,"20-30cm")))) 
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                                           *KN1("UAS")+KN2("UAS"))))*ANS("Ammoniumsulphate","kgofNperkgofproduct") 

                                           *AS(wheatyr)/1000)*totalYIlimed(wheatyr))+ 

                                           (Actualyieldlimed(wheatyr)*(Alkalinityexportrate("wheat")/1000)); 

 

Totalacidilimed1eq(lupinyr)..              Totalacidilimed(lupinyr) =e= 

                                           (((ANS("legumefixedN","0nitrogenleaching") 

                                           +((ANS("legumefixedN","100nitrogenleaching") 

                                           -ANS("legumefixedN","0nitrogenleaching")) 

                                           *(exp((-64.4826+13.7197*AnnualpHlimed(lupinyr,"20-30cm")))/ 

                                           (1+exp((-64.4826+13.7197*AnnualpHlimed(lupinyr,"20-30cm")))) 

                                           *KN1("LFN")+KN2("LFN"))))*ANS("legumefixedN","kgofNperkgofproduct") 

                                           *(Actualyieldlimed(lupinyr)*60)/1000)*totalYIlimed(lupinyr)) 

                                           +(Actualyieldlimed(lupinyr)*(Alkalinityexportrate("lupin")/1000)); 

 

GspHBClimedeq(yr,Slayer)..                 GspHBClimed(yr,Slayer) =e= 0.5*(1-soilG(Slayer))*BD(Slayer) 

                                           *(0.63*ExchAllimed(yr,Slayer)+45*OC(Slayer)+0.66); 

 

pHchangeduetoacidilimedeq(yr,Slayer)..     pHchangeduetoacidilimed(yr,Slayer)*GspHBClimed(yr,Slayer) =e= 

                                           -Totalacidilimed(yr)*deepsand(Slayer); 

 

TotalGHGeq(yr)..                           TotalGHG(yr) =e= (PrFarmGHG(yr)+ OnFarmGHG(yr))/1000; 

 

PrFarmGHGeq(yr)..                          PrFarmGHG(yr) =e= Lpt(yr)+ASpt(yr)+Fpt(yr); 

 

OnFarmGHGeq(yr)..                          OnFarmGHG(yr) =e= DN(yr)+Dcr(yr)+IDN(yr)+Bcr(yr)+Fu(yr)+Lds(yr); 

 

AveGHGeq..                                 AveGHG =e= sum(yr,TotalGHG(yr))/80; 

 

Lpteq(yr)..                                Lpt(yr) =e= (sum(slayer,L(yr,slayer))*1000*0.017)+ 

                                           (sum(slayer,L(yr,slayer))*Distance*0.236); 

 

ASpteq(wheatyr)..                          ASpt(wheatyr) =e= (AS(wheatyr)*0.416)+(AS(wheatyr)/1000*475*0.236); 

 

ASpt1eq(lupinyr)..                         ASpt(lupinyr) =e= 0; 
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Fpteq(yr)..                                Fpt(yr) =e= Fu(yr)/2.7*0.2; 

 

DNeq(wheatyr)..                            DN(wheatyr) =e= ANS("Ammoniumsulphate","kgofNperkgofproduct") 

                                           *AS(wheatyr)*0.002*1.571*298; 

 

DN1eq(lupinyr)..                           DN(lupinyr) =e= 0; 

 

Dcreq(wheatyr)..                           Dcr(wheatyr) =e= ((Actualyieldlimed(wheatyr)*1000*Rag("wheat") 

                                           *(1-0.06-0.11)*DM("wheat")*NCag("wheat"))+ 

                                           (Actualyieldlimed(wheatyr)*1000*Rag("wheat") 

                                           *Rbg("wheat")*DM("wheat")*0.01))*0.01*1.571*298; 

 

Dcr1eq(lupinyr)..                          Dcr(lupinyr) =e= ((Actualyieldlimed(lupinyr)*1000*Rag("lupin") 

                                           *(1-0.06-0.11)*DM("lupin")*NCag("lupin"))+ 

                                           (Actualyieldlimed(lupinyr)*1000*Rag("lupin") 

                                           *Rbg("lupin")*DM("lupin")*0.01))*0.01*1.571*298; 

 

IDNeq(wheatyr)..                           IDN(wheatyr) =e= (ANS("Ammoniumsulphate","kgofNperkgofproduct") 

                                           *AS(wheatyr)*0.1*0.002*1.571*298)+ 

                                           (ANS("Ammoniumsulphate","kgofNperkgofproduct") 

                                           *AS(wheatyr)*0.223*0.3*0.0075*1.571*298)+ 

                                           (((Actualyieldlimed(wheatyr)*1000*Rag("wheat")*(1-0.06-0.11) 

                                           *DM("wheat")*NCag("wheat"))+(Actualyieldlimed(wheatyr)*1000* 

                                           Rag("wheat")*Rbg("wheat")*DM("wheat")*0.01))*0.223*0.3*0.0075*1.571*298); 

 

IDN1eq(lupinyr)..                          IDN(lupinyr) =e= (((Actualyieldlimed(lupinyr)*1000*Rag("lupin") 

                                           *(1-0.06-0.11)*DM("lupin")*NCag("lupin"))+ 

                                           (Actualyieldlimed(lupinyr)*1000*Rag("lupin") 

                                           *Rbg("lupin")*DM("lupin")*0.01))*0.223*0.3*0.0075*1.571*298); 

 

Bcreq(wheatyr)..                           Bcr(wheatyr) =e= ((Actualyieldlimed(wheatyr)*1000*Rag("wheat") 

                                           *0.5*DM("wheat")*0.94*0.06)*0.4*0.0035*1.33*25)+ 

                                           ((Actualyieldlimed(wheatyr)*1000*Rag("wheat")*0.5 

                                           *DM("wheat")*0.94*0.06)*NCag("wheat")*0.0076*1.571*298); 
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Bcr1eq(lupinyr)..                          Bcr(lupinyr) =e= ((Actualyieldlimed(lupinyr)*1000*Rag("lupin") 

                                           *0.5*DM("lupin")*0.94*0.06)*0.4*0.0035*1.33*25)+ 

                                           ((Actualyieldlimed(lupinyr)*1000*Rag("lupin")*0.5 

                                           *DM("lupin")*0.94*0.06)*NCag("lupin")*0.0076*1.571*298); 

 

Fueq(wheatyr)..                            Fu(wheatyr) =e= ((0.37*L(wheatyr,"0-10cm"))+ 

                                           (1/(1+EXP(6-500*sum(ss,L(wheatyr,ss))))*6.9)+(sum(ss,L(wheatyr,ss))*0.37)+ 

                                           (1/(1+EXP(6-500*(ANS("Ammoniumsulphate","kgofNperkgofproduct") 

                                           *AS(wheatyr))))*0.81))*2.7; 

 

Fu1eq(lupinyr)..                           Fu(lupinyr) =e= ((0.37*L(lupinyr,"0-10cm"))+ 

                                           (1/(1+EXP(6-500*sum(ss,L(lupinyr,ss))))*6.9)+ 

                                           (sum(ss,L(lupinyr,ss))*0.37))*2.7; 

 

Ldseq(yr)..                                Lds(yr) =e= sum(slayer,L(yr,slayer))*1000*NV("westcoastlimesand")*0.12*3.667; 

 

limeBenefiteq(wheatyr)..                   limeBenefit(wheatyr) =e= price("wheat")*Actualyieldlimed(wheatyr); 

 

limeBenefit1eq(lupinyr)..                  limeBenefit(lupinyr) =e= price("lupin")*Actualyieldlimed(lupinyr); 

 

surlimeCosteq(yr)..                        surlimeCost(yr) =e= L(yr,"0-10cm")*(limecost+ 

                                           (Distance*Freightrate))+L(yr,"0-10cm")* 

                                           (7.443247257/(L(yr,"0-10cm")+0.095719293)+4.977201135); 

 

FCeq(yr)..                                 fixcost(yr) =e= 1/(1+EXP(6-500*sum(ss,L(yr,ss))))*123.72; 

 

Cashcostdeepbandedlimeeq(yr)..             Cashcostdeepbandedlime(yr) =e= (sum(ss,L(yr,ss))) 

                                           *(limecost+(Distance*Freightrate))+fixcost(yr); 

 

totalcostoflimeeq(yr)..                    totalcostoflime(yr) =e= surlimeCost(yr)+Cashcostdeepbandedlime(yr); 

 

NPVeq(yr)..                                NPV(yr) =e= (limeBenefit(yr)-totalcostoflime(yr)- 

                                           (ASprice/1000*AS(yr))-(TotalGHG(yr)*Cprice))*((1+DR)**(-ord(yr))); 

 

NPVend1eq..                                NPVend1 =e= sum(yr,NPV(yr)); 
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NPVendeq..                                 NPVend =e= NPVend1 +sum(lastdecade,NPV(lastdecade)/((1+DR)**dimlast-1)); 

 

Model optlime 

/pHstart1eq,pHstart2eq,pHstart3eq,ExchAleq,pHBCeq,Req,SAoflimeavailable1eq,SAoflimeavailable2eq,SAoflimeavailable3eq, 

weightoflimeavailable1eq,weightoflimeavailable2eq,weightoflimeavailable3eq,Peq,Qeq,Q_eq,weightoflimeleachedeq, 

changeinpHduetoliming4eq,changeinpHduetoliming5eq,pHinterimeq,pHinterimeq_min,pHinterimeq_max,Eeq, 

LeachingAlkalinityeq,changeinpHduetoalkalileacheq,changeinpHduetoalkalileach_eq,AnnualpHlimedeq,ExchAllimedeq, 

topsoilYIlimedeq,topsoilYIlimed1eq,subsoilYIlimedeq,subsoilYIlimed1eq,totalYIlimedeq,Actualyieldlimedeq, 

Actualyieldlimed1eq,Totalacidilimedeq,Totalacidilimed1eq,GspHBClimedeq,pHchangeduetoacidilimedeq, 

limeBenefiteq,limeBenefit1eq,surlimeCosteq,FCeq,Cashcostdeepbandedlimeeq,totalcostoflimeeq,NPVeq,NPVendeq, 

NPVend1eq,TotalGHGeq,PrFarmGHGeq,OnFarmGHGeq,AveGHGeq,Lpteq,ASpteq,ASpt1eq,Fpteq,DNeq,DN1eq,Dcreq,Dcr1eq,IDNeq, 

IDN1eq,Bcreq,Bcr1eq,Fueq,Fu1eq,Ldseq,tseqss,Beq,Deq,Xeq,NRON1eq,NRONeq,NRON2eq,Navaileq,NRON3eq,Nsoileq 

,ASequality,ASequality1/; 

 

PY(Crop)=Pyield(Crop,"325-450mm"); 

SW(yr,m,Slayer)=SWcontent(yr,m,Slayer,"325-450mm"); 

Nl(Slayer)=Nleaching("325-450mm",Slayer); 

OC(Slayer)=O(Slayer,"325-450mm"); 

K1(K)=KK1(K,"325-450mm"); 

K2(K)=KK2(K,"325-450mm"); 

KN1(Nso)=KKN1(Nso,"325-450mm"); 

KN2(Nso)=KKN2(Nso,"325-450mm"); 

inipH("0-10cm")=4.6; 

inipH("10-20cm")=3.8; 

inipH("20-30cm")=4.1; 

 

Set 

sc/0*2/; 

 

Alias(sc,tsm,ssa,ssm,tsa); 

 

Parameter 

resultsNPV0(tsa,tsm,ssa,ssm) 

resultsNPV1(tsa,tsm,ssa,ssm) 
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resultsLime(tsa,tsm,ssa,ssm,application,tsss) 

init(sc) 

ActualY(tsa,tsm,ssa,ssm,yr) 

AnnualpH(tsa,tsm,ssa,ssm,yr,slayer) 

pHchange(tsa,tsm,ssa,ssm,yr,slayer) 

totalYI(tsa,tsm,ssa,ssm,yr) 

AS1(tsa,tsm,ssa,ssm,yr) 

Lpt1(tsa,tsm,ssa,ssm,yr) 

ASpt1(tsa,tsm,ssa,ssm,yr) 

Fpt1(tsa,tsm,ssa,ssm,yr) 

DN1(tsa,tsm,ssa,ssm,yr) 

Dcr1(tsa,tsm,ssa,ssm,yr) 

IDN1(tsa,tsm,ssa,ssm,yr) 

Bcr1(tsa,tsm,ssa,ssm,yr) 

Fu1(tsa,tsm,ssa,ssm,yr) 

Lds1(tsa,tsm,ssa,ssm,yr) 

TotalGHG1(tsa,tsm,ssa,ssm,yr) 

PrFarmGHG1(tsa,tsm,ssa,ssm,yr) 

OnFarmGHG1(tsa,tsm,ssa,ssm,yr) 

AveGHG1(tsa,tsm,ssa,ssm); 

init(sc) = (ord(sc)-1); 

 

Display init; 

 

Loop(tsa,loop(tsm,loop(ssa,loop(ssm, 

L.fx(yr,slayer)=0; 

L.fx(melioyr,ts)=init(tsa); 

L.fx(melioyr,ss)=init(ssa); 

L.fx(maintyr,ts)=init(tsm); 

L.fx(maintyr,ss)=init(ssm); 

AS.fx(yr)=1; 

 

Solve optlime using nlp maximizing NPVend; 

L.lo(application,ts)=0; 

L.up(application,ts)=20; 
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L.lo(application,ss)=0; 

L.up(application,ss)=20; 

AS.fx(lupinyr)=0; 

AS.lo(wheatyr)=0; 

AS.up(wheatyr)=300; 

 

Solve optlime using nlp maximizing NPVend; 

display L.l; 

display AS.l; 

display NPVend.l; 

 

resultsNPV1(tsa,tsm,ssa,ssm)=NPVend.l; 

resultsNPV0(tsa,tsm,ssa,ssm)=NPVend1.l; 

resultsLime(tsa,tsm,ssa,ssm,application,tsss)=L.l(application,tsss); 

ActualY(tsa,tsm,ssa,ssm,yr)=Actualyieldlimed.l(yr); 

AnnualpH(tsa,tsm,ssa,ssm,yr,slayer)= AnnualpHlimed.l(yr,slayer); 

pHchange(tsa,tsm,ssa,ssm,yr,slayer)=pHchangeduetoacidilimed.l(yr,slayer); 

totalYI(tsa,tsm,ssa,ssm,yr)=totalYIlimed.l(yr); 

AS1(tsa,tsm,ssa,ssm,yr)=AS.l(yr); 

Lpt1(tsa,tsm,ssa,ssm,yr)=Lpt.l(yr); 

ASpt1(tsa,tsm,ssa,ssm,yr)=ASpt.l(yr); 

Fpt1(tsa,tsm,ssa,ssm,yr)=Fpt.l(yr); 

DN1(tsa,tsm,ssa,ssm,yr)=DN.l(yr); 

Dcr1(tsa,tsm,ssa,ssm,yr)=Dcr.l(yr); 

IDN1(tsa,tsm,ssa,ssm,yr)=IDN.l(yr); 

Bcr1(tsa,tsm,ssa,ssm,yr)=Bcr.l(yr); 

Fu1(tsa,tsm,ssa,ssm,yr)=Fu.l(yr); 

Lds1(tsa,tsm,ssa,ssm,yr)=Lds.l(yr); 

AveGHG1(tsa,tsm,ssa,ssm)=AveGHG.l; 

TotalGHG1(tsa,tsm,ssa,ssm,yr)=TotalGHG.l(yr); 

PrFarmGHG1(tsa,tsm,ssa,ssm,yr)=PrFarmGHG.l(yr); 

OnFarmGHG1(tsa,tsm,ssa,ssm,yr)=OnFarmGHG.l(yr);)))); 

 

Display resultsNPV1; 

Execute_unload'10-MP3-AS-WWL-GHG-Ld100-P20-1.gdx', 
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resultsNPV1,resultsNPV0,resultsLime,ActualY,AnnualpH,pHchange,totalYI, 

AS1,Lpt1,ASpt1,Fpt1,DN1,Dcr1,IDN1,Bcr1,Fu1,Lds1,TotalGHG1,PrFarmGHG1,OnFarmGHG1,AveGHG1; 

Execute '=gdx2xls 10-MP3-AS-WWL-GHG-Ld100-P20-1.gdx'; 

 




