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Abstract 

The three major components of sustainable development are generally 

recognised to be a functioning economy, a healthy environment, and a society that 

meets its needs without compromising the ability of others and future generations 

to meet their own needs. Studies from a range of disciplines have acknowledged 

that the extreme form of the exploitation of the environment by modern Western 

society is not sustainable in the long term. Many indices of sustainable 

development use average or median values; however, the present generation is not 

homogeneous in its income and in its use of resources. Therefore, indicators of 

sustainable development may be different for these different income levels. In this 

thesis sustainable development is modelled from the perspective of the economy, 

the environment, and society separated into three household income groups; the 

‘poor’, ‘average-wealth’ and ‘rich’, with their respective incomes characterised 

specifically by incomes at the 10th, 50th, and 90th percentile levels. 

The observation that sustainable development may need to be considered 

from the perspective of income levels has arisen because in many countries over 

the past 30 years or so, there has been an increase in the disparity between the 

income of the poor and the rich. Therefore it was hypothesised that measuring 

sustainable development from the perspective of poor households would provide 

different insights into sustainable development of economic and environmental 

indicators compared to measuring sustainable development from the perspective of 

the rich and average-wealth households.  

Because of its geographic isolation, a strong economy with increasing 

exploitation of mineral resources, a large agricultural sector, a high household use 

of energy resources, growing income inequality, and reliable data sources, the 
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Australian state of Western Australia (WA) was chosen as an ideal study site for 

this research. 

A multi-dimensional measurement tool, the Index of Sustainable 

Functionality (ISF), was used to model indicators of sustainable development from 

the perspectives of rich, average-wealth and poor households, as well as the 

environment and the economy. The research focussed on the economy, land-use, 

water resources and energy consumption in relation to household disposable 

income.  

The Introduction (Chapter 1) describes key terms and the motivation for this 

research. It focuses on the definition of sustainable development, change in 

income disparity over time and aspects of the methodology that appear in the 

subsequent chapters.  

Chapter 2 describes the ISF methodology. Previous ISF research found that 

the economy was growing but that the environment and society (using average 

indicators) were not benefiting as a whole. The focus of this Chapter built upon 

that research to model the economy from the perspectives of the rich, average-

wealth and poor. Because the mineral sector accounted for the majority of the 

gross domestic product, WA was compared with other economies that have 

similarly high mineral sales but different levels of household and environmental 

well-being. It was found that the benefits of non-renewable mineral sales are not 

distributed equally to all households, not being saved for future generations, nor 

improving the environment. It was suggested that future generations and the 

environment would benefit from a state wealth fund that saves a portion of mineral 

export sales when commodity prices are relatively high. The future generations 



 

 

v 
 

would benefit because the fund can used by the government to offset, among other 

complex range of factors, the cost of public and environmental infrastructure when 

it no longer has the high rate of income from the mineral sector. 

Recent research suggested that land-use change may have contributed to a 

substantial rainfall decline across southwest Western Australia with implications 

for the sustainable development of water resources and agricultural production. 

However researchers have not agreed on the full impact of land-use change on 

declining rainfall. Chapter 3 added to the literature by quantifying the impact of 

deforestation on intra-regional rainfall and surface water resources. Empirical 

evidence was presented that showed for the first time, using a novel ‘rainfall ratio’ 

method, that of a 30% decline in rainfall over the past 40 years or so, deforestation 

had caused at least 54-60% of this decline. It was further found that the loss of 

rainfall continues to affect the environment and low-income households via a 

reduction in fresh surface water resources, while at this stage placing no economic 

burden on median and high-income households.  

Because of an increasing population and an increasing use of energy, with 

implications for carbon dioxide emissions and water consumption, Chapter 4 

investigated household energy consumption by comparing various combinations 

of the use of fossil fuel in electricity generation and transport, and renewal 

generation of electricity and electric vehicles. It was found, that given current 

technology there is no single way for households to consume energy that allows 

society to meet all of the objectives of sustainable development. Furthermore 

aggregate indicators of environmental and social sustainable development were the 

most functional when households use energy differently according to their level of 

income. It was further found that only the rich were in a position to improve the 
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sustainable of energy use; however, it was also found that they have little incentive 

to do so from their own perspective.  

In summary the research showed the importance of incorporating the 

perspective of low-income groups into sustainable development research by 

presenting some sustainable development issues related to Western Australia. 

Whereas previous research used average values to measure sustainable 

development that given the gap between incomes of the rich and the poor, the 

average-wealth or median-income perspective does not adequately represent 

society. The rich are largely meeting their needs regardless of environmental and 

general economic circumstances, while the poor are impacted the most by how 

society chooses to make use of resources. The complexity of non-linear 

relationships between factors that affect sustainable development, for example 

household income, mineral sales, energy use, energy expenses, carbon emissions, 

vehicle emissions, land-use change / climate interaction, and water availability 

was shown. It was found that there is no single way to achieve sustainable 

development. However the ISF allowed greater understanding of these interactions 

and provided a tool to show why the gap between rich and poor is affecting 

sustainable development. 

In particular for the case of the use of energy, because the poor have the least 

flexibility with their use of resources and the rich have the flexibility and income 

to make more sustainable use of resources but the least incentive to do so, the 

income disparity has the biggest negative impact on the poor. This research has 

important implications for other parts of the world, especially where there is either 

high or growing inequality.  
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emissions, vehicle emissions, and inequality. The key to carbon emission reductions is the use of 

renewable energy. However because electricity expense increases are high relative to their 

income, and there is continuance of the health effects from ICEV emissions, Scenario 5 is 

dysfunctional from the perspective of low‐income households. As such substantial benefits 

accrue to low‐income households from a reduction in vehicle emissions via increased rates of EV 

use, and low energy expenses, i.e. moving from Scenario 1 to Scenario 2. This is achieved by 

median‐high income households using EV. Scenario 4 has the lowest water consumption rates 

because solar PV and natural gas generate most of the electricity. Scenario 3 uses parabolic 

concentrated solar power with storage to generate electricity and therefore water consumption 

is higher than under Scenario 4. Scenario 5, with high rates of on‐grid renewable energy is 

surprisingly unsustainable, and is even less sustainable than current energy use. ................... 139 
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Notation 

There are differences between the notations used in each chapter. As such, 

each chapter introduces and specifies its own notations. Common notations used 

across all chapters are shown below: 

$  Australian dollars unless otherwise noted. 

ISF Index of Sustainable Functionality - a multi-dimensional 

measurement tool to measure sustainable development from different perspectives. 

GDP Gross Domestic Product - a measure of economic production.  

GL Gigaliter of water, equivalent to 1 ×106 m3 or 810.7 acre foot. 

I  Indicator for the ISF. 

J  Perspective identifier for the ISF. 

K  System identifier for the ISF. 

kL  kiloliters of water (1 kL = 1 m3). 

L  number of functions in the ISF matrix. 

M  million. 

WA The Australian state of Western Australia. 

t  ton (1,000 kg). 

W  Weighting for the ISF. 
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Preface 

This thesis was written entirely while at the Centre for Water Research 

(CWR) at The University of Western Australia (UWA). The work was undertaken 

during my enrolment in the Doctor of Philosophy course, which included 

completing six unit courses as well as three research papers. Chapter 1 presents the 

motivation for this study, and links the following three chapters. Chapters 2, 3 and 

4 comprise these three papers that are published or submitted for publication in 

international journals. The major outcomes of the research are then summarised in 

Chapter 5. 

As each paper applies similar methodology, some of the introductory, 

methodological and reference material in each chapter reappears. I apologise in 

advance for any repetition and variation in formatting. The format changes were 

necessary to match different journal requirements.  

My contribution to each paper and the contribution of my co-authors are as 

follows: 

Paper 1 (Chapter 2) 

This paper was first-authored by the candidate and co-authored by Professor 

Jörg Imberger and Lord Ron Oxburgh. It was published as: 

Andrich, M.A., J. Imberger, J, and E.R. Oxburgh (2010), Raising Utility and 

Lowering Risk through Adaptive Sustainability: Society and Wealth Inequity in 

Western Australia, Journal of Sustainable Development, 3(3), 13-35. 

The candidate obtained and analysed all of the data, performed the research, 

and wrote the majority of the paper under the supervision and direction of 
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Professor Imberger and Lord Oxburgh. Professor Imberger developed the 

framework methodology and suggested the research idea, as well as providing 

direction for the research. Lord Oxburgh provided substantial edits as well as 

showing the need to incorporate capital investment in the economic analysis.  

Paper 2 (Chapter 3) 

Paper 2 was first-authored by the candidate and co-authored by Professor 

Imberger. It has been submitted to the International Journal of Sustainable 

Development and World Ecology and is under review. The title is: 

Andrich, M.A., and J. Imberger (2012), The effect of land clearing on 

rainfall and fresh water resources in Western Australia: A multi-functional 

sustainability analysis.  

The candidate wrote the paper with the assistance of Professor Imberger who 

edited the manuscript and made corrections. Professor Imberger had the idea to 

compare the inland to coastal rainfall ratios to analyse rainfall data, and the 

candidate then tested this approach and built a statistical analysis into the method. 

Professor Nazim Khan from the UWA statistics department suggested the type of 

statistical tests that were used for the paper. Lord Oxburgh, who is not a co-author 

for this paper, did however provide assistance editing drafts of the paper, thoughts 

on structuring the manuscript, and formulated the regional rainfall assessment 

method. Both Professor Khan and Lord Oxburgh were acknowledged in the 

journal submission as contributors to the research. As well as writing the paper, all 

of the economic calculations, sustainability assessment calculations, and statistical 

analyses were carried out by the candidate. 
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Paper 3 (Chapter 4) 

This paper was first-authored by the candidate and co-authored by Lord 

Oxburgh and Professor Imberger. It has been submitted to Energy for Sustainable 

Development as: 

Andrich, M.A., J. Imberger, and E.R. Oxburgh (2012), Inequality as an 

obstacle to sustainable electricity and transport energy use. 

The candidate sourced the data, developed the energy-use scenarios, 

calculated the results, and wrote the paper under the supervision of Professor 

Imberger and Lord Oxburgh. Lord Oxburgh provided knowledge of the energy 

data sources, assisted with editing the manuscript and provided research direction 

and corrections. Professor Imberger edited the manuscript and provided the idea to 

incorporate an off-grid energy-use scenario. 

I certify that, except where specific reference is made in the text as to the 

work of others, that the contents of this thesis are original. Furthermore this 

research has not been submitted to any other university. 

I have the permission of all the co-authors to include the above manuscripts 

in my thesis. 

 

 

Mark A. Andrich     Jörg Imberger 

       (Coordinating supervisor) 

 



 

 

xxi 
 

Preface to the revised edition 

Examiners made the comment that given that the considerations in this paper 

appear important to the WA economy, they would have liked to have seen how the 

research in Chapter 2 could contribute to the political discourse in Western 

Australia.  In reply to this question, just a few months after publishing our paper 

and after sending this research to state officials including the State Premier, the 

Premier, was quoted repeating our research conclusions, saying at a state mining 

conference that “the state is considering introducing a Norway-style sovereign 

wealth fund” to “put some share of royalty income or some share of budget 

surpluses into a fund for the future” 1 

In 2012 the Federal Government of Australia introduced a mining tax in 

response to large mining profits, however there has been no indication that any 

revenue from these resource sales will be saved. After publishing this paper and 

following discussions with current and former politicians, I now believe that the 

most sensible approach for Australia, each of its states, and for low-income 

households and the environment, is for each state to have its own wealth fund to 

save some portion of royalties from the sale of non-renewable exports; the Federal 

Government should have its own savings from offshore oil and gas revenue. The 

interest earned on these funds should be committed to long-term sustainability 

initiatives that benefit society and the environment. 

                                                 

 

 

1 Le May, R. (March 25, 2011) “Barnett considers sovereign wealth fund”. Australian 
Associated Press via the Sydney Morning Herald, available from http://news.smh.com.au/breaking-
news-national/barnett-considers-sovereign-wealth-fund-20110325-1c9y3.html.  
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Chapter 1. Introduction 

1.1 Overview 

The concept of sustainable development (sustainability) was defined in a 

seminal sustainability report by Brundtland (1987) as follows: 

“Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs. It 

contains within it two key concepts:  

 the concept of 'needs', in particular the essential needs of the world's poor, to 

which overriding priority should be given; and  

 the idea of limitations imposed by the state of technology and social 

organization on the environment's ability to meet present and future needs.” 

However since this definition of sustainable development was put forward, 

little has changed with regards to society and the environment’s need for inter and 

intra-generational equity. For example the Occupy movement (Schneider, 2011; 

Mallory, 2011) has recently highlighted growing inequality around the world.  

Over the past 40 years or so there has been an increasing gap between high 

income and low income households in English speaking countries world-wide, 

including in Australia (Piketty and Saez, 2006).  

Figure 1.1 shows that inequality in Western Australia has increased by 10% 

in 30 years, as measured by the 90th percentile income level compared to the 10th 

percentile income level.  
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Figure 1.1.  Household disposable incomes in Western Australia (ABS 6523.0, 

2011). The inequality ratio (P90/P10) has increased by more than 10% in fewer 

than 30 years. 

Even as inequality has increased, most sustainability analyses still use 

average metrics to measure sustainability of the environment, society and the 

economy; for example per capita carbon emissions and energy intensity (Luken 

and Castellanos-Silveria, 2011 ), per capita meat consumption (Eason and 

Cabezas, 2012), and per capita GDP and industrial output (Heil and Selden, 2001). 

Given the definition of sustainable development by Brundtland (1987), it follows 

that measuring sustainability from the perspective (Offermans et al., 2011) of the 

poor, “to which overriding priority should be given”, is critical to sustainable 

development. The term perspective is defined as perceptual screens through which 

the world can be interpreted. 

Recently the use of perspectives has been incorporated into sustainability 

research; either from the perspective of a country, for example from the 

perspective of Australia (Attiwill and Adams, 2008), or from a social perspective 

(e.g. hierarchist, egalitarian, individualist and fatalist perspectives) (Hoekstra, 

1999; Haasnoot et al., 2011).  The present research was new because it separated 

society into high, median and low-income groups, thereby measuring indicators of 

sustainable development from perspectives that could be easily quantified. In each 
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of the chapters that form the thesis, both how to measure, and the importance of 

measuring sustainable development from the perspective of all three income-level 

groups was shown.  

1.2 Motivations 

There were several motivations for this research. The first motivation arose 

from a general recognition that given the world’s population growth, technological 

development and environmental constraints, there is an increasing need for 

“sustainable development”. The motivation was to better understand the 

relationship between income and environmental indicators of sustainable 

development. 

The second motivation was to expand upon the multi-dimensional 

sustainability methodology, the Index of Sustainable Functionality (ISF) (Imberger 

et al., 2007; Kristiana et al., 2011a,b) by including the perspectives of household 

income. Finally, investigating the effect that land-use change has had on sub-

regional scale rainfall in southwest Western Australia, where water restrictions are 

imposed, was a motivating factor that arose during the course of the thesis.  

1.3 Notes on terminology and methodology 

Each chapter in this thesis describes the terms in that chapter. Nevertheless 

there are several terms used repeatedly in this thesis that are related to the ISF in 

particular and deserve an introduction. According to the ISF, the definition of 

sustainability is as follows: 

“An action on a system in a domain is sustainable, from a particular perspective, 

if that system does not lose its functionality as defined from that perspective” 
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In ISF terms, ‘functionality’ refers to the ability of a system to meets its 

objectives, in relation to the purpose of that system and the perspective that it 

represents (Imberger et al., 2007). Functionality is measured from zero to one, 

with one being ‘fully functional’ and zero ‘dysfunctional’. For example, an 

indicator of fully functional electricity production from an environmental 

perspective would be that it emits no CO2 and requires no water to produce. 

Functionality therefore represents sustainability for defined systems, from defined 

perspectives.  

Figure 1.2 shows the steps in ISF the methodology that this thesis follows. 

 
Figure 1.2. The Index of Sustainable Functionality (ISF) methodology. 
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Equation 1.1 describes the ISF aggregation of indicators used to measure ISF 

values:  

 
1 1 1 1

1
  

i ii i
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W
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L M   

      
    

  
    (1.1) 

 

where i = subdomain 1, 2, 3, … 

j = perspective 1, 2, 3, … 

k = system 1, 2, 3, … 

l = function 1, 2, 3, … 

L = number of functions in the matrix element (j, k) 

I = indicator 1, 2, 3, … 

M = normalised indicator 1, 2, 3, … 

W = weightings. 

Weightings for all systems (Ki) and perspectives (Ji) are considered equal 

and Equation 1.2 is required.  
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       (1.2) 

   

1.4 Research limitations 

There are several limitations to this research. Firstly because indicators need 

to be selected to measure sustainability, the research is limited by availability of 

data. Fortunately there was substantial and (mostly) reliable data available from 
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the Australian Bureau of Statistics, the Bureau of Meteorology and other reputable 

Australian and international government agencies.  

These data then need to be put into context, often requiring comparisons 

with other local and international data and indicators that might be collected in a 

different way, or at a different time. Normalising data also requires the 

development of lower and upper bounds that presents the data accurately and 

fairly; and this can be somewhat subjective. In choosing data, indicators can either 

be removed or preferentially weighted depending on their importance. It is 

therefore extremely important that indicators represent sustainability criteria that 

can be justified. It is also important that as many indicators as possible are 

included (to avoid selection bias), and that the results and conclusions are not 

sensitive to small changes in normalisation parameters or weightings. Similarly it 

was important to minimise the use of assumptions and clearly define them. 

Because indicators from different data sets are normalised and then 

aggregated, often the underlying relationships in the data can be hidden. For this 

reason it was found that it was as important to show the underlying indicators and 

their relationships in addition to the aggregated results. These factors, combined 

with the non-linear effects that each indicator may have on another indicators, 

meant that it was difficult to independently test hypotheses and provide margins of 

error.  

Further limitations are imposed by the interaction between local, regional 

and global data. This is especially the case with economic and climate data. For 

this reason it was important to specify the domain that was being analysed, as well 

as the time frame. The Australian state of Western Australia was chosen for this 
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research primarily because it is geographically isolated from the rest of Australia 

and the world, making it more easily separated and studied. Because of a lack of 

expertise in political and social matters it was deemed more practical to focus on 

understanding the interactions between sustainability indicators and making 

conclusions that exclude any political considerations. Nevertheless social and 

economic indicators were necessary, and we relied on other people’s research in 

order to develop a number of indicators to measure functionality. This in itself is a 

limitation, but a necessary one because so many environmental, economic and 

social factors are inter-related. 
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Chapter 2. Adaptive Sustainability: Society and Wealth 

Inequity in Western Australia2 

Abstract 

The Index of Sustainable Functionality makes it possible to analyse the 

sustainability of multiple systems within a domain from various perspectives. 

To illustrate how changes to wealth distribution can impact sustainability of 

the economy, environment and society, the resource rich state of Western 

Australia’s sustainable functionality was calculated from different wealth level 

perspectives. How wealth inequity may affect the stability of major systems 

including the social, terrestrial, water and mineral industry are discussed as are 

reasons behind changes in wealth and income distribution over the past 30 

years. The ISF results show that from the perspective of society’s richest 20%, 

poorest 20% and average wealth levels; and from the perspective of the 

environment, system decline can occur even when the economy reaches full 

functionality. Suggestions to improve functionality and long-term stability are 

made, with the major suggestion the introduction of a fund modelled on 

Norway’s sovereign wealth fund. 

2.1 Introduction 

Wealth inequity has increased in the Australian state of Western Australia 

(along with the rest of the English speaking world) over the past 30 years, creating 

                                                 

 

 

2 Published as: “Andrich, M.A., J. Imberger, and E.R. Oxburgh (2010), Raising Utility and 
Lowering Risk through Adaptive Sustainability: Society and Wealth Inequity in Western 
Australia. J. Sust. Dev., 3(3), 13-35.” Centre for Water Research Reference No. 2315.   
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larger income differences between the rich, average wealth holders and the poor 

(Piketty and Saez, 2006). In this paper we aim to measure the sustainability of 

social, environmental and economic systems from the perspective of different 

wealth levels of society, the economy and the environment. The objective is to 

improve our understanding of how wealth inequity can impact the sustainability of 

social and environmental systems. Looking at sustainability from the view point of 

different wealth levels is important as wealth inequity is continuing to increase and 

has been shown to detrimentally influence the health of societies (Wilkinson and 

Pickett, 2009; Sapolsky, 2005), the economy, and the natural environment (Torras 

and Boyce, 1998). Wealth distribution thus has implications for the sustainable 

development of society.  

Western Australia (WA) was chosen as the domain for this study as its 

population and environment are geographically isolated, and the economy is based 

predominantly on well defined mineral sales; Western Australia is one of the few 

remaining political entities where innovative change may still be possible. 

Western Australia is one of the largest and wealthiest regions in the world 

with high natural resource wealth, a population of 2.2 million people and an 

average population density of only one person per square kilometre. WA covers a 

third of the Australian continent in area and has the highest Gross State Product 

(GSP) per capita of any state in Australia at US $53,178 compared with the state 
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average of US $41,2913. Western Australia’s per capita production is therefore 

similar to Norway’s ($53,451) that according to the World Bank is the top country 

world-wide4.  It is easy to see how this amount of production is achieved as 

according to the Department of Mines and Petroleum (2008), WA accounts for 

19% of the world’s iron ore production, 20% of alumina, 15% of nickel, 9% of 

(industrial) diamonds, 7% of liquefied natural gas (LNG), and 6% of gold with a 

total sales value of over $US 65 billion per annum in 2008 dollars. 

WA was established as a British colony in 1826 with agricultural and 

livestock industries. The discovery of gold in the 1890s, nickel and iron ore in the 

1960s, and major natural gas fields in the 1970s through to today has meant that, 

over time, large multinational mining and oil companies such as BHP Billiton, Rio 

Tinto, Barrick Gold, Exxon, Shell and Chevron (to name a few) have invested in 

the state and currently sell approximately 90% of the mineral resources sales5. 

Population increases have occurred rapidly through immigration and natural 

growth. The population has grown from 40 thousand in 1890 to 2.2 million today, 

representing a 3.4% annual growth over last 120 years.  

Environmentally, Western Australia is one of the world’s international 

biodiversity hotspots (Conservation International, 2009), renowned for both the 

diverse terrestrial biodiversity and the low nutrient endemic biodiversity of the 

                                                 

 

 

3 2007 numbers calculated using World Bank key statistics (available from: 
http://www.worldbank.com) and ABS Cat. No. 1383.0 (2009) data with an AUD/USD exchange 
rate of 0.90. 

4 Countries with small populations that are used as tax havens such as Luxembourg and 
Lichtenstein are not included. 

5 Some of the largest exporters of state resources include BHP Billiton, Rio Tinto and Shell. 
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coastal waters; the Southwest region of WA alone, with less than 20% of the total 

area, maintains 5710 known native species of flora and fauna, with a high rate of 

endemism (79%) (Beard, 2000). This change has occurred since colonisation due 

to clearing for agriculture and development to cater to the increasing population, 

clearing land for the continued expansion of the wheat and forestry products 

industries and the increasing over fishing of the Western Australian coastal waters. 

This growth has led to significant reductions in habitat for much of the endemic 

terrestrial and marine flora and fauna. To protect the environment, social fabric 

and economy of Western Australia, the State Sustainability Strategy (2003) was 

developed. The report defined sustainability as follows: 

“Sustainability is meeting the needs of current and future generations 

through the integration of environmental protection, social advancement and 

economic prosperity”.  

This definition is essentially an adaptation of the Brundtland report that uses 

the triple bottom line (see definition of terms Appendix 2A), now regularly used in 

industry that segments sustainability according to the economy, society and 

environment. The weakness of this definition is that it is impossible to forecast 

what future generation’s needs may be; and what is one person’s need may be 

another person’s greed. 

Many indices have been advanced to measure sustainability (Singh et al., 

2008), for example the composite sustainable development index (Krajnc and 

Glavic, 2005), but there is still no standardized methodology to enable consistent 

measurement and identification of sustainable options (Azapagic and Perdan, 

2000). Recently Imberger et al. (2007) provided a well defined definition of 

sustainability: 
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“An action on a system in a domain is sustainable, from a particular 

perspective, if that system does not lose its functionality as defined from that 

perspective”. 

This definition is robust once a system in the domain and the various 

associated perspectives are defined, the functionality of the system is defined in an 

unambiguous way, and this functionality is measurable with normalized 

indicators; a value of one implying fully functional and a value of zero meaning no 

remaining functionality (Kristiana et al., 2010). The technicalities of this definition 

of sustainability may be illustrated with a simple example. Suppose we define a 

rural precinct as the domain, such as the wheat belt of the South West of Western 

Australia.  One system could be the wheat industry from the farmer to the 

exporter. Two perspectives could be the local wheat industry and that section of 

the local community that has traditionally lived there for the biodiversity. The 

function of the wheat industry from that industry’s perspective is to make a profit; 

sales could be an indicator and if profits exceed costs this activity would be fully 

sustainable. The difficulty here is already clear, do we include all externalities in 

the measure of cost. Nevertheless, once agreed upon, sales minus costs become a 

quantitative measure of sustainability from the wheat industry’s perspective. From 

the “green” community the function of the wheat industry could be to provide 

wheat for domestic consumption in the precinct and the indicator then becomes 

production minus local consumptive need. This group of people would further, 

most likely, add an indicator such as the number of species that inhabit the 

precinct. Fully functional would mean a number equal to or great than that present 

before the wheat industry and anything less, would in the eyes of the green 

constituents, mean less than fully functional.   
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Imberger et al. (2008) and Kristiana et al. (2010) showed that this 

methodology allowed for a more rational debate between conservationists and 

developers as a weighting was attached to each indicator, reflecting the importance 

the community as a whole attaches to a particular functionality. We are thus left, 

in ISF terms, with a consensus functionality and a functionality as viewed by 

vested interests; hence the methodology clearly declares people’s priority and also 

allows for community change of priorities (change in weightings) without 

corrupting the absolute changes as these are reflected in the values of the 

indicators.    

The importance of defining functionality from different perspectives is 

perhaps best illustrated by the use of the Gross Domestic Product or GDP. 

Originally it was defined simply as a measure of the flux of money. It is used, 

almost universally, as a measure of economic progress or well being. 

Nevertheless, if one takes the flux of money as a result of lawyer’s fees in a 

murder case, then these contribute to the GDP and from the layer’s perspective 

this a good thing, but from society’s perspective not having a murder take place in 

the first instance would be better, but this would contribute negatively to the GDP 

(see also Willard, 2002; Costanza and Patten, 1995; Nourry, 2007; Fricker, 1998). 

Numerous publications exist that examine systems and domains using the 

triple bottom line (Willard, 2002; Krajnc and Glavic, 2005); this is an implicit 

recognition for a need to define perspectives. However, so far society’s 

perspective has always been lumped into an average perspective. With the growth 

of wealth inequity (Headey et al., 2004), it is intuitively obvious that the world 

looks different whether a person in the bottom or top income or wealth bracket. In 

Australia, over the 3 year period from 2003 to 2006 the number of households who 
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had negative wealth nearly doubled as did the number of households that had a 

wealth of greater than AUD $10 million (ABS 6554, 2009; Headey et al., 2004). 

Further, not only does the world look different from different perspectives, but 

also, as shown by Torras and Boyce (1998), income equality, education and power 

variables are highly correlated to pollution levels and that the “results provide 

fairly robust support for the hypothesis that greater inequality in the distribution of 

power, and or wealth, leads to more pollution”; the environment is impacted by 

wealth inequity. (See also Wilkinson and Pickett, 2009). 

Wealth and income distribution are commonly measured using ratios such as 

P90/P10 and P80/P20. The former ratio, for example, directly measures the wealth 

or income of the 90th percentile individual or household relative the wealth or 

income of the 10th percentile household or individual. Household wealth 

distribution6 by Australian states in 2004 is shown in Table 2.1 where it is seen 

that Western Australia had the lowest wealth inequity (highest equality) among the 

Australian states. The highest to lowest wealth quintile ratio (P90/P10) also puts 

WA among the lowest inequality states. These figures may, however, be skewed, 

if it is remembered that in Western Australia, by the nature of being dominated by 

multinationals, the very wealthy live mostly out of the State.   

 

                                                 

 

 

6 P80 is defined as the mean wealth of the 4th highest quintile, and P20 as the mean wealth 
of the lowest quintile. Strictly speaking it should be P70/P10 but the upper end quintile values are 
unavailable, and the implications for discussion purposes are the same. Note that wealth inequality 
is significantly larger than disposable income inequality. 
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Table 2.1. Wealth inequity of Australian states in 20047. 

 

State of Australia P80/P20 Ratio P90/P10 Ratio Mean Wealth GSP per Capita 

 

Western Australia (WA) 19.18 (lowest)       53.92       $418,389       $59,087 (highest) 

Victoria (VIC) 19.70       58.70        $484,474       $46,078 

Queensland (QLD) 20.08       54.97       $407,327       $43,711 

Tasmania (TAS) 20.16       45.39       $328,019       $38,595 

New South Wales (NSW) 20.34       56.49        $564,879       $45,877  

South Australia (SA) 20.59        49.34       $357,911       $41,930 

     

 

Figure 2.1 shows relative child poverty rates correlating in Australia with 

inequality, and that both of these measures of social cohesiveness have become 

worse since 1980. There is a sharp drop in inequality in 2003, possibly a result of 

the dot-com crash reducing relative poverty rates, although the overall trend 

upward over decades is strong. While we must consider that this correlation may 

not be causal, recent studies by Sapolsky (2005) have shown that social inequality 

causes stress that leads to, among other social problems, immune related health 

and mental deficiencies among populations of primates, including humans.  

 

                                                 

 

 

7 Latest data available at time of publication, and the source for this table, was ABS 6530.0 
(2004). 
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Figure 2.1 Changes in income inequality (P90/P10) (ABS 6554, 2009) and relative child 

poverty in Australia (LIS, 2009). 

In a previous sustainability analysis of Western Australia, using the Index of 

Sustainable Functionality (ISF), described in more detail in Section 2.2, Imberger 

et al. (2007) showed that for the 20 years to 2003, the functionality of the West 

Australian economic system improved, while the individual and social systems did 

not. This result resembles other reports that show continued expansion of the 

Australian economy (since 1973-74) may be making the average Australian 

poorer, not richer (Lawn and Sanders, 1999) and introducing a greater element of 

“relative poverty”. Financial assets, especially equity investments and 

superannuation, are heavily concentrated in the hands of high-income earners 

(Creedy and Tan, 2007), and this may be causing social and environmental 

outcomes that are not intended but are a consequence of increasing wealth inequity 

and the so called “relative poverty” factor described by Patel and Kleinman (2003) 

and Murali and Oyebode (2004). 
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The connection between strong wealth inequity and social malaise provides 

the impetus for investigating sustainability from the perspective of wealth levels to 

determine whether: 

(1) Wealth inequity can lead to instability in social, environmental, or 

economic systems; and 

(2) The ISF can be used to analyse changes in wealth inequity over time and 

suggest improvements based on measured results. 

Therefore in this paper we look at Western Australia’s sustainability from 

the perspective of the wealthiest 20%, poorest 20% and mid-wealth level of 

households, as well from the economic and environmental perspectives. We do 

this using the Index of Sustainable Functionality (ISF) developed by Imberger et 

al. (2007) that takes a quantitative approach to measuring sustainability. 

2.2 The Index of Sustainable Functionality 

To summarise, the Index of Sustainable Functionality (ISF) measures the 

sustainability of a geographical region (domain), in this case WA, taking both 

systems and perspectives into account. The steps for calculating the ISF are 

described in Figure 2.2 and a number of terms used are in the definition of terms. 

Table 2.2 shows the Systems/Perspectives matrix that is used to assess the ISF.  
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Figure 2.2. The Index of Sustainable Functionality (ISF) methodology. 
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Table 2.2. ISF Systems / Perspectives matrix. See Appendix 2B for details of the indicators 

(Ii) that make up the functions (Fi). 

System  Social ( ) Terrestrial ( ) Water ( ) Minerals 
Industry ( ) 

Perspective      
 
Wealthiest ( ) 

 
F1.  A feeling of 
security   
F2. Provide fulfilment  
F3. Provide housing 
F4. Quality healthcare 
F5. Roads clear of 
congestion 
 

 
F12. Provide clean 
air 
F13. Provide 
accommodation 
F14. Provide 
natural resources 
F15. Provide 
renewable energy 
F16. Provide food 

 
F17.  Maintain 
clean ground 
water 
F18. Provide 
low cost 
drinking water 
 

 
F19. Provide a 
return on 
assets 
 

 
Poorest ( ) 

 
F1,F2,F3,F4 & 
F6. Provide public 
transport 

 
F12,F13,F14,F15 & 
F16 

 
F17 & F18 

 
F20. Provide 
employment 
 

 
Average 
Wealth ( ) 

 
F1,F2,F3,F4,F5,F6  

 
F12,F 13,F14, F15& 
F16 

 
F17 & F18 

 
F 20 
 

 
Environmental 
( ) 

 
F7. Use renewable 
energy 
F8. Provide protection 
of land 
F9. Provide protection 
of water resources 
from pollution 

   
F8. Provide 
protection of 
land 
F9. Provide 
protection of 
water 
resources from 
pollution 

 
Economic ( ) 

 
F10. Provide a 
growing economy 
F11.  Make productive 
use of human capital 

 
 

  
F19. Provide a 
return on 
assets 
F20. Provide 
employment 
 

 

The ISF was chosen for this paper because, as well as being multi-

dimensional, it also allows indicators to be chosen that are directly calculated for 

the state8. To date the ISF has been successfully used to assess the impact of a 

                                                 

 

 

8 A number of indices such as the Happy Planet Index and Gross Production Index can also 
be used to assess sustainability of regions; however because of the composition of these indices, 
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major development (Marina Bay) in Singapore (Kristiana et al., 2009), the 

sustainability of the Gold Coast in Australia (Cirella et al., 2006), and of Western 

Australia from 1970 through to 2003 (Imberger et al., 2007).   

To summarise the ISF, for the domain ( ) of Western Australia, there are a 

number of systems ( ) (such as the social and mineral); and ( ) perspectives in 

which to look at such systems (for example from the perspective of the wealthy or 

poor). Functions ( ) are the outcomes that each system provides, where are 

the number of functions in the matrix element	 , , as measured by their 

respective indicators	 . For example, a function of the terrestrial system from a 

social perspective might be to produce food for consumption; with indicators 

developed to analyse the performance of the system (e.g. how much food is 

produced). The set of objective indicators are then normalised ( ) to values 

between zero and one. Following on from this example, if not enough food is 

produced for society to grow and prosper; the normalised outcome would clearly 

be less than one. Weightings ( ) represent the importance allocated to each 

system (for example whether water is more important than mining to the 

community, and if so by how much). In this way, the ISF methodology also 

introduces a clear demarcation between the objective indicators that reflect the 

functionality of systems and the relative importance of these functions as 

                                                                                                                                       

 

 

significantly more data would have needed to be inferred from national statistics, making the 
results less specific to Western Australia. 
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determined by community consensus. This is calculated by and reflected in the 

weightings further described in Section 2.2.3.  

As data capturing improves and new perspectives or indicators emerge, 

improvements to systems can be made by implementing the ISF methodology and 

measuring indicators in real-time. When the ISF uses community evaluated 

weightings reflecting current value systems, the ISF becomes an objective measure 

and can contribute to Adaptive Sustainability, where feedback from previous 

results can be used to improve long-term functionality. Thus the ISF offers a 

quantitative measure of sustainability and provides the opportunity to dissect and 

identify areas of unsustainable practices that might require further investigation or 

can be improved upon. 

2.2.1	Domain,	systems	and	perspectives	

The Domain chosen was Western Australia and includes offshore areas 

totalling 2.5 million square kilometres (one third of Australia). These areas are 

included in Western Australia’s GSP and export income accounts.  

The systems and perspectives used in the ISF calculations are provided in 

the Systems/Perspectives matrix (Table 2.2). Each system (social, terrestrial, water 

and mineral industry) has its own perspectives and both systems and perspectives 

should not be viewed in isolation.  

Perspectives were chosen to provide results that could assess whether wealth 

inequity leads to instability in any systems or in WA overall. As such the 

perspectives of the wealthy, poor, mid-wealth, environment and economy were 

included in the ISF analysis. The wealthiest of the population are defined as 
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having a mean annual income (P90), as provided by the Australian Bureau of 

Statistics, in the top 20% of society that reside in WA. Similarly the poorest 20% 

of the population has a lowest quintile mean income (P10). For the average wealth 

household, the mean income of the median wealth holder was used (P50).  

Western Australia is a useful example for this analysis as it is growing rapidly, and 

over the past 30 years there has been a significant change in wealth distribution. 

2.2.2	Functions	and	indicators		

Functions and indicators that feed into the Systems / Perspectives matrix 

(Table 2.2) are described in Appendix 2B. The ISF requires careful selection of 

data such that it is both available over time and can be used as an indicator of 

system functionality. The choice of functions and indicators were made by reading 

research reports and published papers on sustainability, financial markets, 

government policy, health trends, environmental functionality and social 

responsibility. Data that reflected the systems functionality was tested for 

suitability, availability and as having lower and upper bounds defining non-

functioning and fully functioning respectively (for normalisation). For example, 

infant mortality ( , ) was used as a measure of the progress of society as it was 

described as important measure of progress by Freemantle et al. (2006). Therefore 

as infant mortality data exists from a reputable source (Australian Bureau of 

Statistics), and has been measured over time through surveys in 1980, 1990, 2000 

and 2006, it was included as one indicator of functionality for the social system. 

The same methodology was applied to the economic perspective where growth 

(change in GSP) ( , ) and employment ( , ) are indicators that represent 

economic system functionality and are available over time.  
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Judgement regarding what is, for example, “significant” environmental 

damage or “fully functional” employment is open for argument and therefore the 

choice of indices, data and normalisation functions (also described in Appendix 

2B) must be checked for sensitivity. It is important that upper and lower bounds, 

including the reasons for choosing them, be transparent so that results can be 

reproduced and accurately identify changes over time. Bounds that are absolute 

should be chosen wherever possible, but this is not critical. By way of example, 

the ISF report on Western Australia (Imberger et al., 2007) used a 2% renewable 

energy upper bound as fully functional as this was the State’s target at the time. In 

2009 the use of renewable energy was over 3% of production, so the targets are 

moving, but the indicator ( , ) still represents a fully functional situation. When 

the ISF is recalculated using higher targets, the improvement over time will be 

captured in this change. Cleary, absolute bounds are preferable when data are 

available. In this example the fully functional bound would be that which makes 

Western Australia carbon and water neutral, bringing into focus the fact that 

bounds and indicators are sometimes conditional on other indicators.    

The Centre for Water Research Real Time Management System9 previously 

used to evaluate functionality in surface water systems was used to calculate the 

ISF using encapsulated fixed data and variable bounds for indicator normalisation. 

Using this program it was possible to calculate the ISF from each perspective for 

                                                 

 

 

9 Formerly ARMS (Aquatic Real-time Management System) developed by the Centre for 
Water Research calculates the ISF using raw data and is used to show time series changes in 
systems, perspectives and functions. 
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each system as well as test the robustness and sensitivity of results by changing 

indicator bounds and weightings.  

2.2.3 Weightings and aggregation  

System weightings for ISF aggregation were based on results from Google 

Trends (Ginsberg et al., 2009) and are provided in Table 2.3. Google Trends 

provides the ability to measure the amount of traffic over the internet on a 

particular topic in a geographical area.  While difficult to know if this matches 

society’s values exactly, it is most likely a reasonable measure of importance and 

as such was used for system weightings by using the search terms “people”, 

“mining”, “water” and “land” for Western Australia.  

Table 2.3. System Weightings ( ) 10 

System (Google search term)  Google Trends 
Result for WA 

ISF System 
Weighting ( ) 

Water (water) (W1) 1.38 0.375 

Social System (people) (W2)  1.00 0.272 

Terrestrial Environment (land) (W3) 0.68 0.185 

Minerals Industry (mining) (W4) 0.62 0.169 

Total: 4.74 1.000 

 

The robustness of this method was tested by using the same terms in other 

Australian states with results that matched expectations. As an example, the term 

“financial services” was more important in New South Wales (NSW) than in 

                                                 

 

 

10 Results recorded October  5,  2009. Google Trends (available from www.google.com/trends) was first 
used to predict outbreaks of flu across states in the U.S. and other regions around the world. Increased 
search terms of the word “flu” were leading indicators of actual flu outbreaks (Ginsberg et al., 2009). 
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Western Australia, which is understandable given that the financial services 

industry is a larger factor in the economy and daily lives of people in NSW 

compared with those in WA. 

Equation 2.1 describes the ISF aggregation of indicators:  

	 ∑ ∑ ∑ ∑ 	     (2.1) 

where weightings for perspectives, functions and indicators were considered 

equal and Equation 2.2 is required. 

∑ ∑ 1       (2.2) 

For further information on the ISF that includes a full introduction and other 

examples of its application, the reader is referred to Imberger et al. (2007). 

2.3. Results  

After normalising and aggregating the indicators used in Equation 2.1 and 

plotting using a 3-year moving average, the ISF results are shown in Figures 2.3- 

2.6. A 3-year moving average was used for all figures as it provides the best 

results in terms minimising sensitivity and volatility over years where annual data 

might be unavailable, while still capturing short-term changes in functionality. 

Data were checked for sensitivity and data aggregated only where at least three 

indicators were available.  

Reviewing the aggregate ISF result plotted against real gross state product 

(GSP) per capita (Figure 2.3) shows that the rate of increase of real GSP is higher 

than the ISF over the period 1990 to 2009. Removing the mineral system from the 

ISF (ISF without Mineral System) shows a greater disparity between the increase 
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in GSP and the ISF aggregate for Western Australia. While the real GSP per capita 

has increased, in this period, by 60% to $64,000, the ISF has improved overall by 

less than 10%. Without the mineral system the ISF has decreased by 16% from 

0.58 to 0.49. This shows that: 

(1) The increase in gross state product is not leading to any significant 

improvement in sustainability; and 

(2) The mineral system is becoming increasingly important to the state, 

especially in 2007 and 2008, with the assumed weightings.  

 

Figure 2.3. Total ISF with and without the mineral system compared to real Gross State 

Product per capita (in 1990 dollars) over time. 

The second point deserves comment. The overall ISF shown in Figure 2.3 

includes the weight for each system, as determined from the frequency of searches 

on Google. It is thus a true measure of people’s interest, but will be strongly biased 

towards people’s interest and aspirations “what are my shares doing” rather than 

the importance to people’s life. Clearly, it also is biased towards the wealthy that 
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use the internet as a source of information; a poor person with no internet, shares 

or wealth to think about would not show up in a Google statistic. 

Figure 2.4 (all systems) shows a terrestrial system maintaining its functional 

level from 1990 to 2004 but displayed a sharp decline from 2005 onwards; this 

was caused, in part by a decline in the value of agriculture, forestry and fishing 

( ). The water system was close to semi-functionality (ISF 0.55 to 0.60) and 

showed little change from 1995 to 2007. The striking result is the improvement in 

the minerals system from 1993 until 2008 that occurred during constant or slightly 

declining functionality for all other systems.  

 
Figure 2.4. Contribution to the WA ISF from each system. Data before 1996 were not 

available for the water and mineral systems. System weightings were made according to 

Table 2.3. 

Aggregating the perspectives across all systems (Figure 2.5) shows a steady 

improvement from the perspective of the average wealth holder from 1993 to 

2008; and similarly for the poor to 2006, but then a decline to 2008.  
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Figure 2.5. The aggregate system ISF from each perspective without weightings. showing 

that the high value for the economic perspective (grey squares) is high, as is the ISF viewed 

from a wealthy perspective (dark grey triangles). 

 

The notable results from Figure 2.5 include:  

(1) The relative dysfunction from the two lower wealth level perspectives 

(relative to the economy), but especially from that of the poor after 2005, while the 

ISF from the wealthy perspective pretty much tracks that of the economy, to about 

2000, after which time the economy is showing a decreasing relative benefit to 

even the wealthy; money is increasingly moving offshore. 

(2) From an environmental perspective these results confirm the low 

functionality already alluded to by Imberger et al. (2007), but also show that the 

rally between 2004 and 2007 was short lived. 

(3) The average (“middle” or median) wealth holders show steady overall 

progress regardless of environmental or economic changes.  
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(4) The wealthy are fine no matter what the economy is doing; although the 

functionality of the wealthy (and average-wealth household) is significantly lower 

in the social system than for all systems (Figure 2.5 vs. Figure 2.6). 

 
Figure 2.6. The ISF of the Social System from different perspectives. 

In Figure 2.6 we show in more detail, how the social system (unweighted 

and separated from the aggregate of all systems) appears from the different wealth 

perspectives. These results show an improving social system ( ) from the 

perspective of the economy ( ) from 1993 to 2008. Other noticeable trends 

include the volatility of the economic perspective, the long-term decline from the 

environmental perspective, and the large drop from the perspectives of the wealthy 

( ), mid-wealth ( ) and especially the poor ( ) from 2005 to 2008, after a slight 

overall gain for all from 2001 to 2005. The initial improvement of the social 

perspectives in the growing economy of 2003 to 2005 appears to have been 

reversed during the very strong growth period 2006 to 2008. The precipitous drop 

in functionality coincided with very high housing costs and strong population 

growth. From the perspective of the poor, a steady improvement between 1982 

and 1994 was wiped out by 1998 (coinciding with Asian Financial Crisis) and 
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dropped further through to 2009. During the 27 years to 2009, functionality from 

the economic perspective was significantly greater than from the other 

perspectives, with close to full functionality occurring in 2007/08. Overall there 

was a decline in the social system from all perspectives except the economic 

(marginal increase) over the three decades to 2009. From the perspectives of both 

the wealthy and mid-wealth, there was a significant departure coinciding with the 

1992 recession, leading to an increase from 1994 from both perspectives until 

2005 when housing costs grew substantially faster than wages ( ) and crime 

increased ( ). The overall reduction in ISF values from 2007 is a result of high 

living costs relative to wages that do not increase proportionately.  

In summary, the above results show that the functionality of all systems 

from all perspectives (except the economic) has not improved, despite the very 

high economic growth and full employment conditions in the period from 2004 to 

2008. We can also see the importance of the mineral system to the state, but, as 

pointed out above, this is more an illusionary importance as it is based on a 

weighting of “the gold at the end of the rainbow”. From the poor perspective the 

social system showed a one-third decline in functionality from 1980 to 2008 while 

real GSP per capita increased substantially. Spending on social and environmental 

improvements has therefore not kept pace with the rise in gross state product; 

prices of items such as water, electricity, health care etc. are all rising at a rate 

commensurate with the increase in income of the wealthy sector (as shown by the 

stability of the wealthy perspective results).  Land-use change and pollution 

accounts for much of the impact on the environment.  
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2.4. Discussion 

The likely explanation of the above described trends is first, that the resource 

wealth is mostly benefiting the upper 20% wealthy and overseas shareholders; the 

resource industry seems to be almost irrelevant to the average and below average 

wealth sector of the Western Australian community. Second, the resources 

industry in Western Australia dominates the economy and is an industry that 

benefits by maximizing the extraction rate. This means that labour is always in 

demand, skewing the salary scales in the state, making it difficult for the 

maintenance of other economic activities (see Figure 2.7 where mineral export 

related WA Government revenue is half that of WA mining salaries). 

2.4.1	Destination	of	resource	wealth	

Western Australia accounts for one third of Australia’s total export income, 

mostly in the form of commodity sales that were AUD $71.8 billion ($US 65 

billion) in 2008. Although WA produces 6% of sea-borne liquefied natural gas 

(LNG) 65% of Australia’s gold (24 t / annum) and holds 6% of the world’s total 

gold deposits (Geoscience Australia, 2008), the largest component of exports is the 

19% of the world’s iron ore that is produced in the state, making it the third largest 

producer in the world with export income over US $25 billion per year (DMP, 

2008). The iron ore is primarily used in steel manufacturing in Japan, China and 

South Korea. 

During 2008 revenue of one dollar of minerals sold from Western Australia 

was estimated to be distributed according to the numbers shown in Figure 2.7. The 

largest component of the revenue (BHP, 2008) goes to the company as profits for 

shareholders. The shareholders of these companies (primarily Rio Tinto, BHP 
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Billiton, Shell and Chevron) are based world-wide, and we have estimated that 

less than 3% of shareholders (by value) reside in Western Australia. The capital 

inflow for project development is considered as part of the local spending. 
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Figure 2.7. Destination per dollar of WA mineral export revenue (including oil & gas) for 

2007-2008 financial year (period of high commodity prices). Estimates based on annual 

reports (BHP, 2008; Rio Tinto 2008) and WA Government Department of Treasury and 

Finance reports (2009). EBITDA was 35% of sales, and salaries totalled $9 billion (Rio 

Tinto, 2008); federal taxes were 30% of EBITDA, suppliers were 20 – 60% (avg. 40%) 

local and received $26 billion; WA royalties were $3.35 billion (DTF, 2009).An error 

margin of approximately ±10% exists in these estimates. Capital investments are 

considered part of local spending. 

 

The majority of iron ore employees, contractors and suppliers are based in 

Western Australia. According to the Department of Mines and Petroleum (2008) it 

is estimated that 23,000 people are employed as a result of the iron ore sales, 

which is 2.6% of the 1.3 million people employed in the state (ABS 6202.0, 2008). 

For the mineral industry in total, including contractors and payments to oil and gas 

workers, 66,000 employees (5% of workforce; 3% of population) received, on 

average, $120,000 each ($7,900 million in total). Local and international suppliers 

share the operations expenditure and thus, it is estimated that between 21 cents and 

30 cents of each dollar of mineral sales (including royalties and federal 

government payments) remains in Western Australia. 
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In 2008 royalty payments (including oil and gas grants) were $3,667 million 

(DTF, 2009), the general public received 4.8 cents in the dollar in the form of 

taxes and royalties, which was $1,665 each. BHP (2007) states that its economic 

contribution “comprised $1,108 million to the Federal Government, $344 million 

to State Government, $6 million to Local Government and $12.5 million in direct 

community contributions.” Revenue was over $6,500 million and earnings over 

$3,400 million. Thus in this case 5% of sales went directly to the state, even when 

including the amount returned from the federal portion (distributed almost 

proportionately to state population).   

The above estimates are consistent with research by Ye (2008) who showed 

that $20.4 billion (NPV) would be returned to the West Australian population over 

20 years to 2025 when assuming high growth (“Scenario 1”) iron ore exports. This 

equated to $510 per person in 2003 Australian dollars.  

When taking into account research by Layman (2006) and Ye (2008) that 

included “the effect of an inflow of labour and capital into a home state from other 

states or regions” and “deviations in per capita consumption aggregated over the 

population that would have been there without the project”, the result was a net 

benefit of $11.8 billion over 20 years in 2003 dollars. With a population of 1.9 

million people in 2003 this equated to $6,200 per person in 2003 dollars. The 

value is likely to be higher in the future however as iron ore prices continued to 

increase from 2006 onwards. 

Oil and gas are Western Australia’s second largest export, but as the 

majority of reserves are found in federal waters, the royalties to the state 

(including Commonwealth grants) are even smaller than for iron ore (DTF, 2009). 

This is the case even though the sales are included in WA’s GSP.  
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Thus, in summary: 

(1) Approximately $200 billion of iron ore sales over 20 years (asset 

depletion, not including extraction cost, of $105,000 per capita)  was expected to 

return, on average, $6,200 to each West Australian (non resource industry 

employees) in total over 20 years from 2005 in 2003 dollars ($310 per person per 

year). 

(2) Between 20 and 40 cents of every dollar of mineral sales (including oil 

and gas) contributes to the West Australian economy in terms of spending; i.e. 60 

to 80 cents of each dollar in Gross State Product, does not reach the state11. 

Western Australia’s high mineral wealth and low population means the state 

maintains low unemployment rates and a strong balance of trade during periods of 

high commodity prices12. Low state government surpluses ($647 million in 2008-

09) (DTF, 2009) can be explained by low royalty rates (as little as 2.5% for BHP 

and Rio Tinto iron ore fine production to 7.5 % for coal) and a federal taxation 

structure that returns less to the state than is removed ($8 billion net outflow in 

2008), as the goods and services tax (GST), company tax and personal income tax 

are collected at a national level and distributed with reduced flow-back to 

                                                 

 

 

11 $68 billion worth of resource sales occurred in 2008 and the population was 2.1 million 
(ABS 1367.5, 2009). It was estimated from the Rio Tinto annual report that company EBITDA was 
35% of sales, and salaries totalled $9 billion (Rio Tinto, 2008); federal taxes were 30% of 
EBITDA, suppliers were estimated to be 20 – 60% (avg. 40%) local and received $26 billion; WA 
royalties were $3.35 billion (DTF, 2009). 

12 In 2008 iron ore prices as well as natural gas prices were high compared to historical 
averages (DMP, 2008; DTF, 2009); Western Australian exports were $68 billion and imports just 
$27 billion (ABS 1367.5, 2009).  
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wealthier states under the principal of “horizontal fiscal equalisation” (DTF, 

2009).  

2.4.2	Income	distribution	patterns		

Piketty and Saez (2006) showed that since 1980, among English speaking 

countries including Australia, wealth has been increasingly generated from high 

end salaries, rather than earnings from capital or business income. Over the same 

period the share of total income of the top 1% income earners in Australia went 

from under 5% in 1980 to over 9% by 2000 (Atkinson and Leigh, 2006). 

In the United States between 1972 and 2001, income (in inflation adjusted 

dollar terms) at the 99th percentile rose 87%; at the 99.9th percentile rose 181%; 

and at the 99.99th percentile rose 497% (Krugman, 2006).  At the same time the 

average hourly wage, since 1970, for non-supervisory workers actually decreased 

during this period. Krugman (2006) suggested that “the growth of inequality may 

have as much to do with power relations as it does with market forces”. Recent 

studies point to a similar trend in Australia (Atkinson and Leigh, 2006); and 

paradoxically disclosure of executive pay is often cited as one of the causes of this 

escalation which has continued to climb in the face of attempts to curb its growth 

(Kovacevic, 2009).  

In Australia, CEO pay has increased among the top 50 publicly listed firms 

from 18 times the average worker salary in 1980, to 27 times in 1992 to 98 times 

in 2002 (Atkinson and Leigh, 2006). This has resulted in the increasingly 

disproportionate allocation of income to the top 1% of income earners. According 

to Mandelbrot and Taleb (2005) “we live in a world of winner-take-all extreme 

concentration” where “one percent of the U.S. population earns 90 times what the 
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bottom 20% does, and half the capitalization of the stock market (close to 10,000 

companies) is in fewer than 100 corporations.” The situation is similar in Australia 

where 50% of company profits are generated by just 10 corporations (BRW, 

2008)13. 

Although WA accounts for a third of Australia’s export income, few 

executives of Australia’s largest corporations live in WA14, and even fewer 

executives of multi-national corporations reside in the state15. As a result Western 

Australia does not display the extreme income peak and appears slightly more 

equitable than the rest of Australia (Table 2.1). As the power centres are outside 

WA, this may be contributing to decisions that do not improve the environment or 

the social systems, hence the declining environmental and social systems, 

especially for the poorest 20% as observed in the results.  

2.4.3	Comparison	with	natural	systems	

In natural systems it has long been recognised that diversification leads to 

stability (Patten and Jorgensen, 1995) and that ecosystems that rely on one source 

of nutrients are more susceptible to instability (Gunderson and Holling, 2001; 

Gotts, 2007). Thus reliance on one source for nutrients is more likely to lead to 

instability and large dramatic changes including declines. After reviewing the ISF 

                                                 

 

 

13 Calculations made from Business Review Weekly data, “Australia’s top 1000 
enterprises”, December 2008 (BRW, 2008). 

14 Only one company (Wesfarmers) had its head office in Western Australia among the top 
50 largest Australian companies by revenue in 2008 (BRW, 2008). 

15 Out of the largest exporters of state resources, BHP, Rio Tinto, Shell and Chevron, BHP 
has three of its 12 executive board members residing in Australia, and none in WA. Similarly Shell 
and Chevron have no WA residents as board members, and Rio Tinto has one. 
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results, we propose that an analogy may be drawn to a state that is increasingly 

reliant on a single economic activity, non-renewable resource sales; this will, most 

likley reduce the its resilience to external shocks such as price fluctuations or 

withdrawal of a large market sector, such as China. Declining agriculture and 

manufacturing sectors, as a proportion of total economic activity, have meant an 

increase in the power of the mineral industry in relation to other sectors of the 

economy as the State relies more heavily on only mineral activity for revenue and 

employment.  

This decline is represented in Table 2.4 that shows the changes in select 

industries as a percentage of total production in Western Australia from 1990 to 

2008. Noticeable in this table is the dramatic drop in agriculture, education and 

finance as a proportion of activity. This shows that diversification has decreased 

over time. The number of patents filed by residents of the state on a per capita 

basis has also reduced (by 16% from 1995 to 2007) (IP Australia, 2007), 

indicating reduced diversity of intellectual activity over this period that will lead to 

instability in the long term.  

Table 2.4. WA economic activity by sector (%)16 

Year Agriculture Mining Manufacturing Education Finance Total 

1990 4.51 26.79 7.97 4.30 5.17 48.74 

2008 2.46 29.82 8.49 2.64 4.11 47.52 

Change -2.05 3.03 0.52 -1.66 -1.06 -1.22 

 

                                                 

 

 

16 Activity shown as percentages based on data provided by ABS 5220.0 (2009), available 
from the Australian Bureau of Statistics (www.abs.gov.au).  
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Thus the increasing reliance on mineral exports may be leaving WA open to 

greater instability and declines in system functionality on two fronts (during 

periods of rapidly increasing or decreasing prices). Given the results of the study, 

that indicate an improving economic system, but a decline of overall sustainability 

or stability of societal systems (Figure 2.6), it is worth investigating alternatives to 

the English speaking country model that has recently trended toward increased 

wealth inequity.  

2.4.4	Comparison	with	Norway	

Norway is similarly endowed with natural resources (mostly oil and gas), 

with a similar GDP and population to Western Australia, but maintains much 

greater equity in wealth and income distribution among its population (LIS, 2009). 

While there are significant differences, such as Norway being a small country and 

Western Australia being a very large state of Australia, there are many similarities, 

including the fact that WA maintains full ownership of its land based resources. 

As such WA maintains the ability to implement royalty structures as well as 

control when and how these resources are developed. By way of international 

comparison, Norway has similarly high mineral (oil and gas) wealth and export 

values to WA’s total mineral production17. 

                                                 

 

 

17 Norway is the world’s sixth largest exporter of oil and third largest exporter of gas (EIA, 
2009). Norway exported US $68 billion worth of oil in 2008 (EIA, 2009) while WA exported $US 
65 billion worth of minerals (mostly iron ore and LNG) in the same year. 
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Contrary to the current West Australian scenario, where mining laws are 

structured such “that no person should hold any mineral rights without being 

required to develop them” (Hunt, 2001), are the models offered by Saudi Arabia 

and Norway. King Abdullah of Saudi Arabia, for example, said regarding new oil 

finds, “leave it in the ground, with grace from God, our children need it.” (FT, 

2008). Norway by comparison (noted for best resource wealth management 

practices world-wide) is not keeping its wealth in the ground, but is similarly 

keeping it for future generations (and diversifying its assets at the same time) 

through the use of a sovereign wealth fund (NMF, 2008). As mentioned in the 

introduction, it was Norway’s Prime Minister Brundtland that introduced the 

current definition of sustainability during the 1980s.  

Norway is one of the most equitable countries in the world with a P90/P10 

income ratio of 2.8 (Western Australia’s is 4.1). According to UNICEF (2007) 

Norway has one of the lowest child poverty rates (one third of WA’s). Figure 2.8 

shows a comparison of income inequality (P90/P10) ratios and child poverty rates 

across the United States, Norway, Australia and WA in 2004 using data from the 

Luxembourg Income Study (LIS, 2009).  
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Figure 2.8 Comparison of Income Inequality and Child Poverty Rates between Western 
Australia, Australia, Norway and the United States of America in 2003 (LIS, 2009; ABS 
6523.0, 2004). 

Figure 2.8 shows a trend of lower social dysfunctions among more equal 

societies. Norway has therefore been able to retain the benefits while side-stepping 

the pitfalls of high natural resource wealth by creating a sovereign wealth fund 

(NMF, 2008) that channels export earnings from its resource wealth into other 

investments while at the same time maintaining one of the world’s most equitable 

societies (LIS, 2009). Some of the best performing indicators of social progress 

(such as low child poverty and infant mortality rates) are found in Norway, and 

according to the Norwegian ministry of finance the fund (established in 1990) is 

the largest in the world and has a value of $400 billion (NMF, 2008)18.  

Other positive effects of saving and diversifying include lower exchange 

rates (helping other exporters) and stability during periods of high volatility in 

international markets. This was seen in the 2008 financial crisis where the 
                                                 

 

 

18 The Norwegian sovereign wealth fund had US $450 billion in assets as of Sept, 2009.   
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Australian dollar fell 35% against the USD in a matter of months while the 

Norwegian Kronar was considered safe by comparison (appreciated against the 

USD). Furthermore the number of patents per capita filed for Norway increased by 

100% from 1995 to 2007 (US PTO, 2009). This represents a dramatic departure 

from the 16% decline in per capita patents in WA over the same period (IP 

Australia, 2007). 

Thus for long-term sustainability of all systems, from each wealth level 

perspective and overall, rather than just for economic progress for the economy’s 

sake (economic perspective), Western Australia should follow the Norwegian 

model of non-renewable resource management. Figure 2.9 shows the approximate 

effect on the destination of export revenue with a 5% contribution from mineral 

exports to a WA Wealth Fund. It should be recognised that this includes a critical 

assumption that the investment decisions and size of projects are the same even 

with this effective reduction in the project revenue and profits. 

 
Figure 2.9 Approximate destination of $1 in mineral revenue with the introduction of a 5% 
contribution to a wealth fund in WA (2008 dollars). Assumes no change in investment decision 
or production decision making. 

International
Australia (not 
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Australia 
(WA)

WA Wealth 
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2.4.5	ISF	with	Introduction	of	a	Wealth	Fund	

Figure 2.10 shows the effect on wealth inequity in WA if a 5% contribution 

($3.5B in 2008) was directly allocated toward the poorest 20% of the population. 

Although a fund modelled on Norway’s is advocated rather than this direct 

allocation, under this scenario disposable household income for the poor would 

rise 50% (from $308 per week to $461 per week) reducing income inequality 

among the population (P90/P10) by 18%. As WA’s major mineral commodity 

prices fluctuate more than 5% each year without disruption to long-term projects19, 

the introduction of a wealth fund during periods of high commodity prices would 

be unlikely to significantly impact exports or employment rates. Projects that 

would be compromised by a 5% revenue change during high commodity price 

periods are not sustainable in the long term regardless and if commodity prices 

were to fall below a certain level then percentage contributions could change in 

line with a commodity prices, as per the Norwegian fund model. Obviously there 

is also a need to recognise the capital contribution of each project and the specific 

nature of certain industries (such as long-term LNG contracts).  

                                                 

 

 

19 The WA Commodity Price Index (WACPI) can move 20% in one year as seen in Ye 
(2008). Investments in iron ore and liquid natural gas projects are long-term (20+ years) and have 
high profit margins when commodity prices are high. 
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Figure 2.10. Gross weekly income for WA net worth quintiles (ABS, 6530, 2004, Table 8) with 
and without a 5% mineral revenue contribution provided directly to the lowest net worth 
quintile. Inequality would be reduced by 18%.  

 

In Norway fund assets are invested internationally in order to avoid 

overheating the local economy and to reduce the likelihood of corruption (NMF, 

2008); with earnings spent on programs that improve societal outcomes. Similarly 

Figure 2.11 shows the effect on functionality in WA of a fund that has collected an 

average of 5% of mineral exports (on top of current royalties) when commodity 

prices reached certain levels20.  

The introduction of this fund has been introduced to the ISF calculations 

using ‘controllable drivers’ to make a theoretical assessment on how much 

sustainability (as measured by the ISF) could be improved. ‘Drivers’ of the ISF are 

                                                 

 

 

20 Numerous price indices track daily prices for commodities including iron ore. WA could 
adjust royalties when prices are well above historical averages. In this example, an additional 1% 
increase in royalties leads to a revenue contribution into a wealth fund when the iron ore price is 
$71-$80 / ton, 2% if $81-$90 / ton, etc. and10% if $161 / ton or more. 
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those indicators or bounds that affect the ISF results and can be manipulated. We 

define controllable drivers as those drivers located inside the domain that are 

changeable through policies, tools or systems using current technology. 

Uncontrollable drivers are affected by changes outside the state or are a direct 

result of controllable drivers. Appendix 2C lists the controllable drivers that were 

adapted to produce the ISF results that included the (theoretical) introduction of a 

sustainability fund (Figure 2.11).  

 
Figure 2.11. ISF with introduction of WA sustainability fund contributing to the poorest 

20%, environment and infrastructure.  

 

The result of the introduction of a sustainability fund is a dramatic 18-25% 

improvement in overall functionality compared with the current ISF between 1990 

and 2008. Under this scenario fund interest and dividends are invested in long-

term projects to protect the natural environment and improve social functions of 

society through spending on public transport, education and water assets. 

2.6 Conclusion 

The Index of Sustainable Functionality showed that, for the resource rich 

state of Western Australia, the economic functionality has improved over the past 
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three decades, while from all wealth-level perspectives, and especially for the 

poorest 20% of society, there has been a reduction in social functionality and the 

environmental system has continued to decline.  

Western Australia’s wealth distribution is more equal than other Australian 

states and this may be correlated to indicators of social functionality. Wealth 

inequality in Western Australia is “visibly” low as many of the very top 

beneficiaries of the Western Australian economy live outside the state. The case of 

Western Australia is a good example which shows that changing wealth 

distribution can lead to loss of functionality from the social perspective even when 

the economy is at record growth rates and low in unemployment.  

The mineral industry system, although fully functional from an economic 

perspective using standard measures such as GDP growth and employment rates, 

is less diversified than it was 20 years ago. Declines in agriculture, education and 

finance as a proportion of economic activity have occurred as the mineral system 

reached full functionality. This means that the state is becoming more reliant on 

the mineral industry and less resilient to external shocks (including large price 

increases or decreases). During the same period the environmental and social 

systems have declined, most likely due to the flow of resource wealth out of the 

state and changes to income distribution patterns that have favoured the top 1% of 

income earners. Innovation, as measured by patents filed per capita, has also 

decreased during the same period. Norway which has similarly high mineral sales, 

by way of comparison, has managed to increase its innovation rate during the 

same period of high commodity prices. 

Saving a proportion of mineral export revenue in a state fund that receives 

revenue from mineral sales in proportion to commodity prices (similar to how a 
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progressive income tax structure works, and similar to Norway’s sovereign wealth 

fund), that promotes long-term social, educational and environmental initiatives 

would improve sustainability from all wealth level perspectives. Under our model, 

a long-term contribution of 5% of mineral exports to a West Australian wealth 

fund was shown to increase the functionality from the social perspective by up to 

18-25%.  

To further explain and understand the impact of wealth inequity on the 

sustainable development of society, more data needs to be gathered on the 

wealthiest 1%, as well as those with negative wealth (net debt) who are not 

measured (regularly) by the Australian Bureau of Statistics. In this study the 

political aspects of including a wealth fund modelled on Norway’s petroleum fund 

has not been reviewed. Finally, the paper shows that the ISF methodology can be 

applied to countries, states or regions to measure risk in wealth inequity, and show 

changes (and potential solutions) that may otherwise not have a framework to be 

investigated or assessed. 

Appendix 2A. Definition of terms. 

Adaptive Sustainability: Adaptive refers to introduction of feedback that 

changes the functionality of that system with the goal of improving the 

sustainability of the domain. 

Controllable Driver: A controllable driver is a first order function that 

causes changes to the domain as measured by an indicator and is able to be 

changed through direct human intervention, for example through a policy change.  

Domain: The geographic entity under consideration. 
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Functionality: Functionality refers to the performance of a system in relation 

to its reason for being and quantified as such either in aggregate or from a 

particular perspective, where “0” is “dysfunctional” and “1” is functional or “fully 

functional”.   

Inequality (interchanged with inequity): The unequal distribution of 

household or individual income or wealth across residents of a state. Income 

inequality can be presented as a ratio of highest to lowest income or wealth among 

quintiles of residents (e.g. P80/P20) or deciles (e.g. P90/P10); or as an index such 

as the Gini Index. 

Net Present Value (NPV): The value of a dollar today compared with the 

value of that same dollar in the future, after taking inflation and returns into 

account. 

Perspectives: Perspectives relate the functioning of a system from the view 

of an observer. The wealthiest are the 20% of households that have the most 

wealth as defined by their assets in monetary terms with mean income at P90; the 

poorest are the 20% of households that own the least assets with mean income at 

P10; the average wealth households that are in the mid three quintiles of household 

wealth measured as mean wealth and have an expected mean income at P50 level; 

the Environmental perspective is that of native plants and animals whose goal is 

survival, reproduction and protection from pollution; and the economic 

perspective is that which includes productive capacity and power as measured by 

GSP and employment. 

Real Gross State Product: Inflation-adjusted measure that reflects the value 

of all goods and services produced in a given year. 

Revenue: Gross revenue after royalty payments unless otherwise noted.  
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Systems: Systems are a collection of processes that we aggregate for the 

purposes of measuring sustainability. The social system incorporates human 

interactions and man-made functions; the terrestrial environment system includes 

land which provides shelter, water, food and other natural resources; the water 

environment system is the aquatic includes ground and surface water; and the 

Mineral Industry system is the largest industry in Western Australia which 

includes oil and gas, iron ore and other mineral production and processing. 

Triple Bottom Line: the triple bottom line refers to the importance of the 

economy, environment and social aspects that together represent sustainability.  
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Appendix 2B. List of functions and indicators.  

Function (Fi) Indicators (Ii)  

(F1)  To provide a 
feeling of security 

Break and enter rate (I1) equally weighted with proportion 
of people faced with blackmail or extortion (I2). Crime data was 
obtained from Australian Bureau of Statistics (ABS) Category 
Number (Cat. No.) 4102.0 (Australian Social Trends). Data was 
normalised using a lower bound for a functional blackmail and 
extortion rate of 1 per 100,000 people which was bettered four 
times between 1993 and 2007 (when data was available). The 
upper bound was 5 per 100,000 which was exceeded only once 
between 1992 and 2007. The lower bound for unlawful entries 
was 20 per 1000 people (bettered twice between 1993 and 2007) 
and the upper bound 50 per 1000. 

 

(F2) To provide 
fulfilment  

Suicide rate across society (I3). Suicide rate data was 
obtained from ABS Cat. No. 3302.0 (Deaths) and the lower 
bound set at 5 per 100,000 people and an upper bound of 20 per 
100,000 people. The choice of bounds was based on 14 countries 
having suicide rates higher than 20 per 100,000; and 10 countries 
having a rate less than 2 per 100,000 (according to the World 
Health Organisation). From the poorest perspective, another 
indicator of fulfilment was included with equal waiting to 
suicides. This indicator was the waiting time for public housing 
(I4) with a functional bound of 20 weeks and a dysfunctional 
bound of 50 weeks. Data were sourced from the Government of 
Western Australia State Homelessness Strategy (2002-2006), and 
ABS Homeless Survey (2001). 

 

(F3) To provide 
housing 

Change in cost of housing relative to mean income of top; 
middle and bottom wealth quintiles (I5). House prices were 
obtained from ABS 6416.0 and Real Estate Institute of Australia 
(REIA) data. The functional bound was set at annual mean 
income equal to twice annual house prices. The dysfunctional 
bound was set at house prices 20 times higher than mean income. 
Mean income data were taken from ABS category 6523.0 
quarterly publications. The fully functional condition was set at 
annual income equalling average house price, and the 
dysfunctional bound was where the average cost of housing was 
20 times higher than the annual income. 

 

(F4) To provide 
quality healthcare 

Infant mortality rate (I6). The source of data was ABS Cat. 
No. 3302.0 (Deaths, Australia). Data was provided for 1980, 
1990, 2000 and 2006 (filled in with straight line series between 
each data point). The functional bound was where the infant 
mortality rate was 0 per 1000 and the dysfunctional bound was 
20 per 1000 (approximate to the highest OECD figure and 
allowed for a robust time-series comparison).  

 

(F5) To have roads 
clear of congestion 
and easily move 
around  

From the perspective of the wealthy that are more likely to 
drive cars, the greater public transport use the less traffic is on 
the roads. The measure of road congestion is therefore based on 
the annual public transport trips per capita (I7). Data was sourced 
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from ABS 4605.0 (1997) for 1971, 1981, 1991 data; and the 
Public Transport Authority (2008) Annual Report for 2007 and 
2008. The functional condition was set at 100 trips per capita per 
year; and the lower bound at 25. In 1970 the condition was fully 
functional, but since this time there has been a slow and steady 
decline in the rate that reached 49 in 2007. In 2009 there was a 
slight increase to 49.7, most likely as a result of a new train line, 
however this still is less than half the rate of 40 years prior and 
therefore less than a functional condition. 

 

(F6) To provide 
public transport 

This indicator (I7) uses the same data and bounds as F5, 
however from the poor perspective that may not have the same 
car availability. This might be a simplistic analysis as the rate of 
public transport use may be declining overall because the lowest 
socioeconomic group may be able to afford cars. Nevertheless 
the indicator is still relevant. In this case greater public transport 
use would benefit this group for the same reasons as the wealthy. 
Again this indicator has shown a steady decline to below 50% 
functionality. 

 

(F7) To provide 
efficient use of 
energy resources 

This function aggregates, with equal weighting, the energy 
used by industry per unit of GSP (proxy for energy efficiency) 
(I8) with renewable energy use as a fraction of overall energy 
used (I9). Energy use data was sourced from the Australian 
Bureau of Agriculture and Resource Economics (ABARE), 
available from www.abare.gov.au. GSP data was published by 
the ABS 5220.0 (1992-2009).  The bounds for renewable energy 
use were set at 0% (dysfunctional) and 5% (fully functional) in 
accordance with an exponential increase to the Federal 
Government’s 2020 target of 20% renewable energy use.   

 

(F8) To provide 
protection of land 

Data was sourced from ABS 1367.5 (2003). No annual 
change in the area affected by dry land salinity (I10) was 
considered functional and an increase in dry-land salinity of 5% 
dysfunctional.   

 

(F9) To provide 
protection of water 

The number of oil spills (I11) and the volume of oil spilt 
(I12) per annum were aggregated to provide one of the two 
equally weighted indicators. Having no spills was considered 
functional and 3 spills dysfunctional. Spill volumes of less than 
1,000 litres were considered functional (ISF=1) and greater than 
20,000 litres dysfunctional (ISF=0). Data was provided by the 
Australian Maritime Safety Authority.  

 

(F10) To provide a 
growing economy 

Economic growth was measured as annual change in real 
GSP per capita (I13). The dysfunctional bound was set at -5% 
growth (contraction) and fully functional bound at 3% increase. 
Data was provided by ABS Cat. No. 5220.0 (1992-2009). 

 

(F11) To make 
productive use of 
human capital 

The productive use of human capital is represented by the 
unemployment rate (I14). The dysfunctional bound was set at 
30% unemployment; and the functional at 4% unemployment. 
Data was provided by ABS Cat. No. 6202.0 (Quarterly from 
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1993 to Q1 2010). 

 

(F12) To provide 
clean air 

All members of society benefit from clean air and a stable 
climate. Clean air was calculated using absolute production of 
CO2-e (I15). Data was sourced from ABS 4613 (Australia’s 
Environment: Issues and Trends). The fully functional bound for 
WA was set at 50 million tons (mt) CO2-e per annum (1980 
level) and the dysfunctional bound at 200 mt per annum. In 2006 
WA reached 70 mt per annum.  

 

(F13) To provide 
accommodation 

The purpose of the terrestrial environment from the 
perspective of all wealth levels in society is to provide shelter 
and the indicator chosen was the ratio of income to house prices 
(I16). The ability to afford housing is a measure of the terrestrial 
environments functionality in that respect. For the wealthiest, 
mid-wealth and poorest in society, the respective disposable 
income was sourced from ABS 1383.0 (Measures of Australia’s 
Progress). House prices were sourced from ABS 6416.0 (House 
Price Indexes) for 1990 to 2009 and REIA data for 1970-1989. 
The functional bound was set at the average house price 2 times 
the annual disposable income; and dysfunctional bound set at 20 
times the annual disposable income. These bounds were chosen 
based on historical data. 

 

(F14) To provide 
natural resources. 

The terrestrial environments ability to provide natural 
resources is a measure of its functionality from the perspective of 
all society. For the wealthy in WA mining is also a generator of 
income. Data for the percent of the economy derived from 
mining income (I17) was sourced from ABS 5220.0 (annually 
from 1992). As WA is a globally significant mining region10% 
was the dysfunctional bound and 30% was the functional bound. 
Above 30% reduced the functionality as this level was deemed 
very high historically and reduced the ability for other terrestrial 
industries (such as agriculture) to function effectively. 

 

(F15) To provide 
renewable energy. 

The bounds for renewable energy as a percentage of overall 
energy use (I18) were set at 0% (dysfunctional) and 5% (fully 
functional) in accordance with an exponential increase to the 
2020 target of 20% renewable energy use.  Data was sourced 
from ABARE Energy 2009. 

 

(F16) To provide 
food 

The provision of food is an important terrestrial function. 
The fully functional condition was set at 5% agriculture, forestry 
and fishing production as a proportion of total economic activity 
(I19). 1% was the dysfunctional bound. Data was sourced from 
ABS 5220.0,2009 (State Accounts).  

 

(F17) To maintain 
clean ground water 

Maintaining clean ground water is fundamental to the water 
system for the health of all members of society. Levels of arsenic 
(I20) and the pH of ground water (I21) in the northern suburbs of 
Perth were selected as indicators. The functional bounds for 
arsenic was 0.1 parts per million (ppm) and the dysfunctional 
bound 0.5 ppm. The functional pH levels were between 6 and 8; 
and the dysfunctional less than 3 or greater than 10. Data was 
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sourced from Appleyard et al. (2006). 

 

(F18) To provide 
drinking water at 
low cost 

Low cost (and safe) drinking water is vital for the health 
and well-being of all society. The absolute cost of water (per 
kilolitre (kL)) (I22) and cost of water (per kL) relative to 
disposable income (I23) were used to calculate the functionality 
from each wealth level perspective. For the absolute cost, the 
functional bound was set at less than $0.50 per kL (cost of 
surface reservoir supply) and the dysfunctional bound $5 per kL 
(order of magnitude greater). The functional bound relative to 
disposable income was set at 2% of annual disposable income; 
and the dysfunctional bound set at 10% of disposable income. 
These levels were chosen based on historical ranges and 
expected problems in a society for those that spend more than 
10% of disposable income on a basic need such as water. Water 
prices were sourced from DFT (2009) and ERA (2007). 

 

(F19) To provide a 
return on 
investment for 
mineral assets 

From the perspective of the wealthy, mineral assets in WA 
provide income. As WA is a commodity based economy, returns 
were estimated using the Dow Jones Commodities Index (I24). 
Index values ranged between a low of 87 in 1999 and 172 in 
2007. The dysfunctional bound was set at 50; and the functional 
bound at 150. Data was sourced from Reuters and an annual 
average was used. 

 

(F20) To provide 
employment 

The WA mineral industry employs approximately 75,000 
people out of 1,112,000 workers (ABS 1367.5, 2008). For the 
mid-level wealth and poorest members of society, the industry 
provides work. The number of people employed by the minerals 
industry as a percentage of total employment (I26) was used in 
this indicator. Data was sourced from ABS Cat. No. 1367.5 
(annually from 2000-2009). The dysfunctional bound was 1% of 
state employees, and the functional bound 2.5%.  
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Appendix 2C. Controllable drivers for ISF with WA wealth fund. 

Controllable driver (Cdi) with 
corresponding function (Fi) and 

(System/Perspective) 
Description (to be read in conjunction with Appendix 2B) 

Cd1. Waiting time for public housing 

(F2) (Social / Poorest) 

 

Waiting time for public housing forms half of the function to 
provide fulfilment. The dysfunctional bound was changed to 100 
weeks instead of 50 weeks in order to represent a 50% 
improvement in indicator performance (i.e. halving the waiting 
time for public housing for the poor). Cd1 is considered only from 
the perspective of the poorest 20%. 

 

Cd2. Affordable housing 

(F3) (Social / Poorest) 

Affordable housing is the driver of the function to provide 
affordable housing. The functional bound was changed from 20x 
annual income to 10x annual income to represent a combined 
increased 50% disposable income and public housing for the 
poorest; and the flow on effects with greater supply of housing to 
the mid-level (P50) society.   

 

Cd3. Public transport 

(F6) (Social / Poorest) 

The use of public transport in WA has dropped from 97 trips 
per year in 1970 to less than 50 in 2008. The functional bound was 
changed to 50 from 150 to represent the improvement to the poor 
by increasing access to public transport by two thirds. No changes 
were made to the other perspectives even though positive impacts 
would be felt from reduced traffic congestion and additional public 
transport access for all.  

 

Cd4. Renewable energy 

F15 (Social/Environment), 

(Terrestrial/Wealthy, Mid, Poor) 

The proportion of renewable energy used forms half of the 
function to make efficient use of energy. The use of renewable 
energy was doubled while the energy use generated by industry 
per GSP was unchanged. 

 

Cd5. Water protection 

(F9) (Social / Environment) 

 (Minerals / Environment) 

The protection of water was adjusted using the controllable 
driver of more stringent regulations and practices with regards to 
oil spills. The dysfunctional bound was increased to 6 oil spills per 
year (from 3) and the volume increased to 40,000 (from 20,000) 
litres to calculate the impact of halving the occurrence and impact 
of oil spills. 

 

Cd6. Greenhouse gas emissions 

(F12) (Terrestrial/Poor, Mid, 
Wealthy) 

The impact of CO2 emissions will be felt by all (including the 
wealthy with houses near the WA coast) through increased 
insurance and environmental costs. The net greenhouse emissions 
bounds were changed from 200 (MtCo2-e) to 400 to represent 
reducing (or offsetting) half of WA emissions.  

 

Cd7. Agriculture, forestry and 
fishing as percentage of industry 

(F16) (Terrestrial/Poor, Mid, 
Wealthy) 

Increasing the proportion of business based upon improved 
renewable natural resources such as agriculture, forestry and 
fishing (over the long term) through environmental improvements 
such as re-forestation, water quality improvements and aquaculture 
would improve the terrestrial environment’s ability to produce 
food. This is represented in the change of bounds (F16) to double 
the output.    
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Cd8. Clean ground water 

(F17) (Water / Poor, Mid, Wealthy) 

The bounds for pH and arsenic were changed by 10% to reflect 
the ISF result of reducing pollutants in ground water in the Perth 
area. 

 

Cd9. Price of water 

(F18) (Water/Poor, Mid, Wealthy) 

The bounds for the price of water relative to income and 
absolute price was changed by 50% to reflect a 50% reduction in 
price for all members of society. 
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Chapter 3. The impact of land-use change on rainfall and water 

resources in southwest Western Australia21 

 

Abstract 

It is widely recognised that southwest Western Australia has experienced an 

approximate 30% decline in rainfall over the last forty years or so. It is generally 

thought that this decline was due to natural variation and changes induced by global 

warming, but recently evidence has emerged suggesting that a substantial part of the 

decline may be due to changes in land use. These changes involved extensive logging 

close to the coast and the clearing of native vegetation for wheat planting on the higher 

ground. We present a methodology that compares coastal and inland rainfall to show 

empirically that 54 - 60% of the observed decline in rainfall is the result of land clearing 

alone. Using an index of sustainability, we show that the economic consequences 

associated with this change of land use on fresh water resource availability are 

substantial, disproportionately affecting the environment and poorest members of the 

population.   

                                                 

 

 

21 Submitted to International Journal of Sustainable Development and World Ecology as: 
“Andrich, M.A., and J. Imberger. The effect of land clearing on rainfall and fresh water resources in 
Western Australia: A multi-functional sustainability analysis”. Centre for Water Research Reference No. 
2390. 
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3.1. Introduction 

It is likely that changing climate created by land-use change has significantly 

impacted human society in the past. Miller et al. (1999), for example, suggest that 

indigenous land-use practices helped create the semi-arid conditions now found in 

Australian’s interior. Yasuda et al. (2004) found that human induced land-use change 

was likely responsible for the sudden decline in Mesopotamian civilisation 4200-4000 

years before present. Recently Pielke et al. (1999) showed that in Florida, landscape 

changes have reduced summer rainfall by 11%. It has also been shown that existing 

climate assessments do not adequately factor in land-use change (Pielke et al. 2011).  

The present paper focuses on the effect of land-use change on rainfall and the 

consequences of reductions of rainfall on surface water. It demonstrates a method to 

quantify the effect of deforestation on regional water resources where land clearing has 

taken place, or might take place. The same methodology is applicable to other regions 

where rainfall is changing or expected to change due to land clearing. These regions 

include some parts of eastern Australia (McAlpine et al. 2009), Africa (Roy et al. 2005; 

Boone et al. 2009), the Caribbean (Lawton et al. 2001), South America (Werth and 

Avissar 2002) and the United States such as Oklahoma (McPherson et al. 2004). The 

case of southwest Western Australia (SWWA) (Figure 3.1A) is used to show how the 

impacts of land-use change on rainfall and water resources can be quantified.  
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Figure 3.1A Southwest Western Australia (SWWA), which is considered to be all land to the 

southwest of the red line from  Esperance to Geraldton, covers 196,000 km2; calculation made using 

Landgate Map Viewer (Landgate 2011). Figure 3.1A underlying image was created using Landgate 

Vegetation Watch (Landgate 2011). The difference in land use can be seen in the contrasting colours 

of the wheatbelt (brown central region) and the vegetation to the east of the rabbit fence (small black 

line) and to the south western hills. Clearing on the coast can also be seen. The capital city of Perth is 

marked as a red dot. The rainfall station locations used to conduct the rainfall ratio analyses are 

marked as black dots; their exact locations are available from the Australian Bureau of Meteorology 

(BOM 2012). Figure 3.1B is also from BOM (2012) and shows annual the rainfall trend (in absolute 

not percentage terms) since 1970. As shown by the small black line, the boundary of the 0 mm change 

in rainfall roughly matches the delineation of the rabbit proof fence where the vegetation is uncleared 

as shown on Figure 3.1A.  

  

The reduction in rainfall (Cai et al. 2009; Petrone et al. 2010; Feng et al. 2010) 

(Figure 3.1B) over the past 40 years in the SWWA is important as the area relies on 

rainfall for agricultural production (Zhang et al. 2010), and surface water for households 

and industrial production (WC 2010a). The decline has also led to the construction of 

two desalination plants (WC 2012).   

In SWWA almost all of the rain consistently arrives during the months of April to 

October brought on by cold fronts moving west from the Indian Ocean over the coast 

(Wright 1974). Typically the cold fronts moves in a north easterly direction (Figure 
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3.2A), aligned roughly parallel to a line between Cape Leeuwin and Merredin, as shown 

on Figure 3.2B.  

 

Figure 3.2A. Winter cold front reaching southwest Western Australia. The cold front moves in an 

east-north-east direction as shown by the heavy black arrow. Figure 3.2B. The effect of 

orography on rainfall can be seen clearly in the color chart where the green (25-50 mm rainfall) 

matches orography (300-500 m) hills. Both images are available from the BOM (2012).    

 

There are three inter-related methodological components to this contribution. The 

first establishes that based on the winter rainfall conditions described above, the ratio of 

rainfall between coastal and inland meteorological stations should remain stationary (in 

time series) if land-use change has not affected rainfall. These ratios are then compared 

alongside land-use change and ground water change records in order to estimate the 

impact of land-use change on rainfall. The results add to the literature by presenting 

empirical data that measures the intra-regional effects of land-use change on SWWA 

rainfall.  The second component estimates streamflow decline and the economic 

consequences of surface water loss. Thirdly we use the Index of Sustainable 

Functionality (ISF) (Figure 3.3) (Imberger et al., 2007; Andrich et al., 2010; Kristiana et 

al., 2011a, b) to measure the impact of this water loss on sustainable development in 
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SWWA in relation to other land-clearing implications from a range of perspectives, 

including that of low-income households. 

 

Figure3.3. The Index of Sustainable Functionality (ISF) Methodology. 

  

3.1.1 Rainfall decline in SWWA  

There are two hypotheses regarding the inland rainfall decline in SWWA (Kala et 

al., 2010). The first suggests that the decline has been caused by global meteorological 

conditions affected by ‘natural variation’ Cullen and Grierson (2009) and anthropogenic 

greenhouse gas emissions affecting ocean temperatures (Cai and Cowan 2006). Climate 
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models suggest that global climate change may be moving cold fronts southward  (Bates 

et al. 2008; Nicholls et al. 1999; Nicholls 2010) and/or reducing the strength of the 

tropical jet stream through reduced cyclogenesis (Frederiksen and Frederiksen 2007) 

caused by declining pressure gradients resulting from increased ocean temperatures. It 

has been suggested that up to 47% of rainfall decline may be attributed to these causes, 

however global climate forcing cannot explain the decline without other factors being 

included in models, for example land-use change (Cai and Cowan 2006).  

The second hypothesis relates the decline of rainfall to land clearing (Kala et al., 

2010; Pielke et al. 2011). Climate modelling has shown that around 50% of the decline 

in rainfall can be attributed to land-use change (Pitman et al. 2004). Five of the likely 

regional effects of land clearing on rainfall identified include: 

1) Lower transpiration rates with less moisture and latent heat flux in the boundary layer 

(Kala et al. 2010) combined with increased albedo over crops (Lyons 2002; 

Junkermann et al. 2009); 

2) Reduced surface roughness with associated increased horizontal wind speed and 

moisture divergence (Pitman et al. 2004; Cotton and Pielke 2007); 

3) Effectively reducing the surface boundary layer height to ground level by removing 

100 m high trees (Fraser 1904) in a very flat (generally up to 300 m above sea level) 

region. Rainfall changes by ~40 mm for every 100 m in altitude between Fremantle 

and the hill reservoirs (Wright 1974). This orographic effect is likely to be most 

predominant on the coastal plain and into the hills where the land is low-lying and the 

trees are very tall; 
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4) Mitigated biotic pump effects (Makarieva and Gorshkov 2007, 2009; Makareiva et al. 

2009; Sheil and Murdiyarso 2009) 

5) Reduction in cloud and rain forming volatile organic compounds and seeding nuclei 

found in Eucalyptus trees that are found across in the region (King et al. 2004; 

Junkermann et al. 2009; Winters et al. 2009). 

3.1.2	The	implications	of	land‐use	change	on	the	economy,	water	resources	and	

society	

DeFries and Eshleman (2004) describe how understanding the consequences of 

land-use change “requires transcending traditional boundaries between disciplines such 

as hydrology, ecology, geography and even the social sciences”. Furthermore 

researchers including Pielke et al. (1998), Pitman (2004) and Bonan (2008) suggest that 

the socio-economic and political involvement of humans should be factored into 

interactions between the atmosphere and the land surface. However a method to 

quantify these interactions from the perspective of the environment and socio-economic 

groups was not proposed, possibly because the impact of land-use change is difficult to 

separate from other climate effects (Kalnay and Cai 2003). 

Aside from the effect on rainfall, the economic effects of land clearing on SWWA 

have been extensively described in Government reports and in the literature. From the 

perspective of society and the economy, the major benefits of land-use change have 

been agriculture production, worth around $7,500 million/year (M/year) in sales 

(ABARE 2010), and housing for 2.3 million people (ABS 1367.5 2012). However the 

rise in the water table has led to environmental problems, the most recognised being 

dryland salinity (Peck and Williams 1987) that has lowered agricultural production and 
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caused tourism and biodiversity losses (Furby et al. 2010, Mac Nally et al. 2011; Prober 

and Smith 2009).  

The impacts of land-surface change on rainfall and water resources have not been 

separated from other rainfall decline causes, nor have any attempts to quantify the 

impacts been made, except by Pitman et al. (2004), who attributed the expected one-

time cost of the first desalination plant in SWWA (and Australia) of $300 (M) to rainfall 

decline caused by land clearing. However the final cost was $387 M (Crisp 2008) and 

this estimate does not include annual operating costs or the cost of other desalination 

plants that have been built (WC 2012). This paper investigates the streamflow loss 

caused by rainfall decline that is attributable to deforestation only. In doing so it brings 

the effects of fresh water loss arising from land clearing up to date. 

3.2. Methods 

3.2.1	Calculating	the	impact	of	land‐use	change	on	winter	rainfall	

3.2.1.1	Land‐use	change	time‐series	data	analysis	

Geographical and historical land clearing information on SWWA was compiled 

using a wide variety of local information, including from the Australian Bureau of 

Statistics year books (ABS 1300.5: 1886-1988; Fraser 1904) and from the West 

Australian State Library Collection (WASLC 2001). Historical photos and satellite 

images of the coastal strip from the Western Australian Government (Landgate 2011) 

were also used to estimate land-use change near Perth. This was done by visually 

estimating the amount of vegetation at five-year intervals. In order to very historical 

land-use change data with sub-surface hydrology, records of ground water levels were 

sourced from the Department of Water (DoW 2011).  
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3.2.2.1	Rainfall	data	analyses	

All of the monthly rainfall data from more than 100 rainfall stations in SWWA, as 

provided by the Australian Bureau of Meteorology (BOM 2012) were reviewed to 

determine whether they had reliable data, which meant that 90 years or more of monthly 

rainfall data were available, that rainfall stations had not moved, and that little monthly 

winter rainfall data were missing. Data were then aggregated by year over winter, 

considered to be May-September. Any missing data were smoothed by using the nine-

year average monthly rainfall for the missing month. Rainfall station locations were 

then separated into zones from east to west, according to their location, in order to 

visually check for any trends. 

Station locations that had little or no missing winter rainfall data were then 

selected for further analysis. Monthly winter rainfall data (May-September) were then 

aggregated by year. This inland annual rainfall was then divided by coastal station 

location winter rainfall for the same year. These ‘inland to coastal ratio’ data were then 

compared over time to test for stationarity, by using anova tests to compare variances 

and check that data had normal-type distributions; and then by using pairwise t tests 

(Bonferoni method with 2-sided 95% confidence intervals) to compare data for a series 

time periods with equal lengths. Different lengths of time were used (e.g. 5, 8, 10, 20 

etc. year periods) depending on the data that were available and then in larger groups 

where non-stationary rainfall was apparent in order to find periods of non-stationarity. 

By this method the number of original data points and therefore the reliability of the 

results in each test were maximized. The statistical package R (Cran R 2012) was used 

to conduct these analyses. For these time series analyses only original data were used 

and if any monthly rainfall data were missing then the winter rainfall aggregate for that 

year was ignored.  
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In order to test for rainfall stationarity at locations that were assumed to be the 

most independent of land-use change (coastal stations), annual winter rainfall at 

Dongara, Cape Naturaliste and Cape Leeuwin on the west coast were divided by their 

respective historical (1st 10 years of data) rainfall average, and then the aforementioned 

tests for stationarity were carried out. These three station locations were chosen because 

they were the only coastal stations with reliable data. In order to investigate whether 

rainfall had moved southward over time, the ratio of northern to southern west coast 

winter rainfall were also tested for stationarity.  

All rainfall ratios were plotted in time series, both as annual ratios and then as an 

average of the preceding 5-years of annual ratios in order to make the data presentation 

more clear. When a clear variation in the ratio was found, the means of the ratios before 

and after the change were calculated and compared with other periods. 

3.2.2	Measuring	the	impact	of	rainfall	change	on	surface	water	resources		

From 1902 onwards much of greater Perth’s drinking water was supplied by a 

network of nine reservoirs located in the escarpment (WC 2010b). The streamflow into 

each reservoir was added in time series when each dam was built. The loss of 

streamflow resulting from rainfall decline was found by comparing streamflow between 

the 1970 and 2010 with streamflow prior to 1970. Previous research by Petrone et al. 

(2010), Silberstein (2010) and DoW 2010 had shown that in SWWA, a 10% change in 

rainfall causes a 30% change in streamflow, which was used to estimate streamflow loss 

caused by declining rainfall from both land-use change and that resulting from global 

warming.   
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To measure the impact of streamflow loss on society, the water demand and the 

cost of supplying water from each source (surface, ground, and desalination) was found 

using data available from the Government owned water utility, the Water Corporation 

(WC 2008). The annual loss of surface water was then estimated by comparing the 

annual average streamflow decline with the current cost of supplying water from other 

sources, i.e. ground water and desalination. All values were converted to 2010 dollars 

using inflation rates available from the Reserve Bank of Australia (RBA 2012). Loss of 

groundwater recharge resulting from reduced rainfall was assumed to balance the 

increase in groundwater availability caused by removing trees. Another assumption was 

that the capital costs for reservoirs were presumed to have been fully depreciated since 

their construction many decades ago.  

3.2.3	Measuring	the	impact	of	rainfall	decline	on	sustainable	development		

This final analysis was undertaken in order to put the loss of rainfall resulting 

from land clearing into context for households and the environment in SWWA, and in 

relation to better-known effects of land clearing. The Index of Sustainable Functionality 

(ISF) was chosen for this study because was found to be simple, flexible in that 

indicators specifically identified as suitable for the region can be chosen, and thirdly 

because of its ability to view sustainability from different perspectives.  

After choosing the SWWA domain (Figure 3.3, Step 1), the next step was to 

choose systems that make up the domain; in the present paper this meant water-related 

Systems (Ki) that were affected by land clearing. Prior to undertaking such analyses it 

was unclear what the major sustainability indicators and systems might be; however 

they became apparent while following the methodology. The analyzed systems (Ki) are 
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the Agriculture (K1); Water (K2), Infrastructure (K3), Forestry (K4) and Tourism (K5) 

systems.  

The perspectives of three social categories were considered: The ‘poor’ (J1), 

‘average-wealth’ (J2), and ‘rich’ (J3) households. The poor were defined as those 

households with disposable income at the 10th percentile (P10) income level, average-

wealth households had 50th percentile (P50) income, and the rich had household 

disposable income at the 90th percentile income level (P90). Income data was provided 

by the Australian Bureau of Statistics (ABS 6523.0 2011). 

The economic effects of land clearing were used to define the indicators (Ii) for 

ISF calculations. Australian dollars ($) were used unless otherwise noted, and to 

estimate the benefits and losses information was sourced from referenced journal 

articles and Government reports (sources shown in Table 3.1).   

All values from each source identified were averaged with other sources and then, 

because the rainfall and streamflow analyses were conducted up until 2010, converted 

to 2010 dollar values (RBA 2012). Values were then averaged to obtain a final indicator 

value. As shown in Table 3.1, each indicator was calculated by dividing the benefits 

derived from that system with the estimated benefits that would have occurred had land 

clearing not damaged that resource ( measured by summing the benefits and losses); the 

‘opportunity cost’ approach used by (Harou et al. 2010).  

Indicators were then aggregated to calculate the ISF for each system and 

perspective in order to measure the importance of each system to perspective and 

domain functionality. Equation 3.1 describes the ISF aggregation of indicators:  
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where weightings (W) for all systems (Ji) and perspectives (Ki) are considered 
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According to the methodology an ISF value of one (1) indicates full functionality 

(sustainable use of resources); and zero (0) a dysfunctional (unsustainable) use of 

resources. Further details on the ISF can be found in publications by Imberger et al. 

(2007), Andrich et al. (2010) and Kristiana et al. (2011a, b). 

3.3. Results 

3.3.1	Geographic	summary	for	land‐use	change	and	rainfall	analyses	

SWWA (Figure 3.1A) is geographically isolated by the Indian Ocean to the west, 

the Southern Ocean to the south, and deserts to the north and east. In terms of land-use 

and winter rainfall it was found to consist of two distinct regions, firstly a western 

coastal plain around 500 km from north to south and between 30 km and 100 km from 

east to west. This plain, referred to as the “coastal strip”, is 25,000 km2 and leads up to 

small hills (scarp) that are 300-500 m high. To the northeast of the hills there is a second 

region, a large flat plain 300 m above sea level that covers 171,000 km2. This plain is 

used primarily to grow wheat and is known as the “wheatbelt”.  To the east of the 

wheatbelt is separate region called the “goldfields” that extends further east from the 

rabbit fence into desert; it is too dry for agriculture. 
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3.3.2	Land‐use	change	history	

The details of the land-use change investigation for the southwest WA region are 

provided in Appendix 3A. Figure 3.4 summarizes the results of the land-use change 

investigation for the wheatbelt.  

 

Figure 3.4.  Native vegetation (includes revegetation) in the wheatbelt as a proportion of the 

wheatbelt area. Data used to construct the plot were sourced from Landgate (2011), WASLC 

(2001), and ABS 3105.0.65.001 (2006), as described in the land-use history analysis presented in 

Appendix 3A. The population of SWWA is also shown (ABS 1367.5 2011). 

As shown in Figure 3.4, it was found that from colonization in 1829 up until 1910 

around 90% of the wheatbelt was still under native vegetation. Between 1910 and 1940, 

20% of the area was cleared. Clearing accelerated between 1950 and 1980, when 40% 

of land was cleared. By 1980 around 20% of native vegetation remained. Figure 3.4 also 

shows the SWWA population, which increased from around 31,000 aboriginal 

inhabitants in 1829 to 2.2 million in 2010.  Because satellite and aerial photographic 

imagery was available only after almost all of the clearing took place, only the average 

clearing rates can be presented. 

The results of the coastal strip clearing history analysis found that the best way to 

estimate land-use change was to use aerial photographs that were available from 1953 to 
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2010. Frederick Baldwin Park (Figure 3.5), 10 km south of Perth city was used as a 

proxy for the coastal strip land-use change history. Frederick Baldwin Park was chosen 

because it was found to be the only location with continuous water table level 

measurements that included more than one pre-1955 data point.  

 

Figure 3.5. Land-use change since aerial photography began in 1953 until 2010 at Frederick 

Baldwin Park which is 10 km south of Perth city (Figure 3.1A). Each image covers 4 km north to 

south and 5km east to west with the Park at the centre. The area shown is representative of the 

Perth coastal region clearing; the images shown are close-up so that details may be seen. 

Photography does not extend further south until 1980. Nevertheless the area shown is likely to be a 

good proxy for total vegetation change in the coastal strip. It appears that some of the vegetation 

also includes regrowth. The images are available from Landgate (2011). 

Vegetation on the coastal strip was measured using Photoshop from the photos 

shown in Figure 3.5 by zooming and aggregating vegetated areas (areas with trees), and 

dividing by the total area. Any areas that appeared to be revegetated were included as 

vegetation. The results are presented in Figure 3.6, which shows that the rate of land 

clearing between 1880 and 1960 was relatively slow, with 70% of the land area under 

vegetation. Land clearing then accelerated after 1960 with 50% of the coastal strip 

(12,500 km2) cleared between 1960 and 1980.  
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Figure 3.6. Native vegetation remaining, including regrowth as a percentage of the coast strip 

region (25,000 km2) in SWWA. Clearing accelerates after 1960, and slows after 1980. The 

water level also increases around 1960 when clearing begins to accelerate. 

Figure 3.6 also shows that ground water at Frederick Baldwin Park, 10 km south 

of Perth, after assuming an average porosity of aquifer sand of 0.25 (Yesertener 2010; 

Smith and Pollock 2010), increased by 35 mm/year (equivalent to ~5% of annual 

rainfall) between 1965 and 1980, despite a decline in rainfall. Similarly Peck and 

Williams (1987) and Zhang et al. (2001) presented data showing that the 

evapotranspiration over native vegetation is about 15% of the rainfall higher than over a 

crop canopy. Clearing therefore reduces the water flux from the shallow aquifer to the 

atmosphere (Macfarlane et al. 2010). As shown in Figure 3.6, the limited groundwater 

data that is available correlates closely with photographic evidence of land-use change, 

thus supporting the coastal land-use change history results.  
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3.3.3	Rainfall	analyses	results	

3.3.3.1	Regional	rainfall	analyses	

Four regional zones were found for the entire area of SWWA, as well as to the 

east of SWWA, as shown in Figure 3.7.  

 

Figure 3.7 Rainfall zones. Moving from east to west, Zone 1 includes the uncleared region east of 

SWWA, Zone 2 includes the wheatbelt, Zone 3 includes the hills region, and Zone 4 covers 

rainfall station locations along the coast. The station location details and rainfall data are 

available from BOM (2012). The station locations are as follows: 1.1 Bullfinch; 1.2 Lake 

Carmody; 1.3 Ravensthorpe; 2.1 Northampton; 2.2 Beverley; 2.3 Duranillin; 2.4 Broomehill; 2.5 

Deeside; 2.6 Merredin; 3.1 Mundaring Weir; 3.2 Dwellingup; 3.3 Brunswick Junction; 3.4 Collie; 

3.5 Nannup; 3.6 Wilgarrup; 3.7 Manjimup; 3.8 Pemberton; 4.1 Mandurah; 4.2 Cape Naturaliste; 

4.3 Busselton; 4.4 Cape Leeuwin; and 4.5 Albany. All zone station location numbering 

corresponds with the rainfall at station locations shown in Figure 3.8. 

These zones were chosen based on similar rainfall patterns identified by visual 

inspection of annual winter rainfall data. Figure 3.8 shows that the two easterly zones (1 

and 2) are relatively dry areas but there are two striking differences between them. Zone 
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1 has relatively few stations and as seen in Figure 3.8 their most common feature is that 

they all show a slightly increasing rainfall trend over most of the century.  

 

Figure 3.8. 9-year moving average of winter rainfall. Zone 1 has a slight increase in rainfall 

over time, Zone 2 rainfall declines, Zone 3 rainfall has the largest decline, and Zone 4 also 
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declines, but by less than Zones 2 and 3. The zones are shown in Figure 3.7 and exact locations 

are available from the BOM (2012). 

Moving westward, it is seen that Zone 3 is wetter than Zone 2. As seen in Figure 

3.8, the rainfall in Zone 3 appears similar and displays a similar pattern of rainfall lows 

and highs compared with Zone 2, but their variability is greater.  Although the patterns 

of variation remain similar in each zone the rainfall tends to increase southwards, a 

consequence of the rain-bearing cold fronts (Figure 3.2). As in Zone 2 all profiles show 

a trend of gradually decreasing rainfall through the century ending in a steep drop over 

the last decade or so. The heaviest rain is at the southern end of the belt where it grades 

into the coastal zone. 

Zone 4 has the heaviest rainfalls recorded and largely comprises stations on the 

rising ground on the coastal strip. It shows declining rainfall over the century and shows 

a particularly striking fall over the last decade, however there is more variability in the 

rainfall among the stations in this zone.  It also shows the same alternating pattern of 

cyclic dryer and wetter years is seen in the other zones. Overall it can be seen that most 

of the rainfall stations are inland, and that the steepest rainfall declines are at rainfall 

stations located in Zone 3. 

3.3.3.2	Coastal	rainfall	results	

Only three station locations with reliable rainfall data were found on the west 

coast (less than 10 km inland). These station locations (Cape Leeuwin, Cape Naturaliste 

and Dongara) were used as reference locations that were assumed to be the least 

affected by land-use change. The results of the ratio analyses for these station locations 

are shown in Figure 3.9. It should be noted that the rainfall ratio averages presented 

represent the previous five years in order to present the data more clearly, but all 
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calculations were made using annual data. Additionally the boxes in the figures 

represent years where rainfall data are stationary over every period (p-value < 0.05).  
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Figure 3.9. Coastal rainfall ratios for Cape Leeuwin (9A), Cape Naturaliste (9B), and 

Dongara (9C) relative to their historical average, and Dongara compared to Cape Leeuwin 

(9D).  Station locations can be seen in Figure 3.1A. The boxes represent years where rainfall 

data are stationary (using the original annual data). Note that the final two data points for 

Cape Leeuwin (9A) and Cape Naturaliste (9B) use rainfall data that are not quality 

controlled. All y-axes are rainfall ratios. For example, Figure 3. 9A shows that rainfall 

typically ranged between 0.9 and 1.3 times the historical average. 
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Figures 3.9A, B and C show that coastal rainfall was stationary from when 

records began in the 1800s up until the year 1999. After 2000 rainfall at Dongara 

was also stationary (Figure 3.9C), however data are missing from 1999-2004 at 

this station location. Figures 3.9A and 3.9B show that after the year 2000 rainfall 

at Cape Naturaliste and Cape Leeuwin declined steeply compared with their 

historical averages, however all data at both of these locations needs to be treated 

with caution as they are not quality controlled after 1997. Nevertheless on first 

inspection the magnitude of the decline in rainfall data exhibited after 1997 at 

Cape Leeuwin (Figure 3.9A) and Cape Naturaliste (Figure 3.9B) suggests that 

global warming may be playing some part in rainfall decline beyond natural 

variation. However this suggestion needs to be treated with caution, because if the 

same data was presented in 20-year rather than 5-year groups, then stationarity 

would be observed over the entire (1897-2011) period; suggesting that there has 

been stationary rainfall (p-value < 0.05) along the coast since records began. 

The results of the test to the hypothesis that cold fronts had moved 

southward are shown in Figure 3.9C and 9D. Figure 3.9C shows that northern 

coastal rainfall was largely stationary from when records began in 1884 up until 

2010. Figure 3.9D similarly shows stationarity between northern and southern 

coastal rainfall, at least up until 2000. After 2000 too much overlapping station 

data was missing for further tests to be statistically significant. Of all the coastal 

stations, Dongara (Figure 3.9C) has the only quality controlled data after 1997; 

from 1971 onwards rainfall was 12.5% below the 1884-1970 average. As such 

natural variation and global warming can be reliably considered to have reduced 
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the rainfall by at most 12.5%. This doesn’t include taking any possible biotic 

pump effects on coastal station rainfall into account. 

3.3.3.3	Inland	to	coastal	rainfall	ratios	

Figure 3.8 showed that there are numerous inland stations where rainfall 

declined over the past 100 or so years. The only station locations at similar 

latitudes to the southern coastal stations (Cape Leeuwin and Cape Naturaliste) 

with reliable overlapping data were found to be Boyanup, Duranillin, Mundaring 

Weir, Wilgarrup and Merredin (see Figure 3.1A for locations).  Note that 

Mundaring Weir was not at the same latitude but was included in for analysis 

because it was a reservoir station with the largest amount of reliable data.  

The ratios of rainfall at Boyanup compared to the rainfall at the nearby 

coastal stations (Cape Naturaliste and Cape Leeuwin) are shown in Figure 3.10. It 

is seen that compared with their respective historical averages, the rainfall at 

Boyanup decreased by 17% after 1965 compared to Cape Naturaliste, and by 18% 

after 1975 compared to Cape Leeuwin. As shown on Figure 3.10, the decline in 

rainfall at Boyanup relative to the coast was statistically significant.  
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Figure 3.10. Ratio of winter rainfall at the southern inland station of Boyanup compared to 

both Cape Naturaliste and Cape Leeuwin (see Figure 3.1A or BOM (2012) for locations). 

Inland rainfall declined by 16% relative to coastal rainfall after 1965 (compared to Cape 

Naturaliste) and by 18% after 1970 (compared to Cape Leeuwin). 

Similar results were also found at the wheatbelt rainfall station locations. 

Figure 3.11 shows the 5-year winter rainfall ratio for Wilgarrup compared to Cape 

Leeuwin declined by 28% between 1950 and 1970. Similarly the rainfall ratio for 

Duranillin compared to Cape Naturaliste (not shown) in the central wheatbelt 

declined by 13%. The results of pairwise t tests suggest that the rainfall ratio 

decline at Duranillin was statistically significant (p-value < 0.05) after 1957. The 

average rainfall decline in the wheatbelt, compared with the coast, is measured as 

the average of Duranillin and Wilgarrup decline (21%).  
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Figure 3.11. Ratio of winter rainfall at the wheatbelt town of Wilgarrup compared to Cape 

Leeuwin. High quality Wilgarrup data is only available from 1901 to 1997. Mean rainfall 

from 1971-1997 is 28% lower than the mean rainfall prior to 1954. 

 

Merredin (rainfall data not shown) had reliable data and showed stationarity 

in rainfall across the entire period, in relation to its historical average, as well as in 

relation to coastal stations. Notably Merredin is on the wheatbelt / goldfields 

border and the area was cleared of trees from the mid-1800s, well before the 

establishment of a rainfall station in 1903. For both of these reasons we have 

excluded it from our average wheatbelt rainfall calculation. 

Figure 3.12 shows that the ratio of rainfall at Mundaring Weir compared 

with rainfall at Cape Naturaliste averaged 1.38 up to and including 1970 (from 

when records began in 1904). That is, rainfall in the hills was historically 138% of 

nearby coastal rainfall. After 1970 (to 2010), a decline of 15.2% at the reservoir 

station compared with the coast was calculated. Again the decline is statistically 
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significant. In Figure 3.12 the original data, rather than the 5-year average of ratios 

are shown (for the reader to see an example of the rainfall variation). 

 

Figure 3.12. Winter rainfall ratio at Mundaring Weir compared to Cape Naturaliste. The 

only non-stationary inland to coastal ratio data is found after 1970, when the Mundaring 

Weir (inland) rainfall declines by 15.2% relative to the Cape Naturaliste (coastal) rainfall 

pre-1970 period. The effect on streamflow into Mundaring Weir can be seen in Figure 3.13. 

The results of the inland to coastal analyses suggest that land-use change has 

been the dominant factor affecting rainfall decline in SWWA, reducing wheatbelt 

rainfall by 13-28% (average 21%) and coastal strip rainfall by 15.2-18% (average 

16.5%); compared with coastal rainfall decline of 12.5%. The results therefore 

suggest that of the winter rainfall decline observed after the 1970s, 54% and 60% 

of this decline can be attributed to land clearing (for the coastal strip and wheatbelt 

respectively), with the remaining 40% to 46% of the decline attributable to some 

combination of long-term natural variation, global warming and any possible 

biotic pump effects that are affecting regional climate.  
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3.3.4	Correlating	rainfall	decline	with	land	clearing	

Comparing the coastal strip land clearing and rainfall results (Figure 3.6 

compared alongside Figure 3.10-12) suggests that deforestation causing native 

vegetation to reduce from 60% to 30% of the coastal strip correlates with the 

decline in inland winter rainfall relative to rainfall at the coast.  Because of the 

larger size and greater variability in the wheatbelt, the land clearing that correlates 

with the rainfall decline is less obvious but much of it occurred between 1950 and 

1970, when 48,000 km2 or 28% of the wheatbelt area was cleared; again the 

change occurred when native vegetation remaining reduced from around 60% to 

30% of the wheatbelt area.  

3.3.5	The	impact	of	declining	rainfall	on	streamflow		

The rainfall results presented are consistent with the literature review 

(Section 3.1.1) where modelling suggested that at a 50% of rainfall change could 

be attributable to land-use change. Our results, specifically the 54% reduction in 

coastal strip rainfall, are more specific than previously published regional models 

to the coastal strip area where reservoirs are located, and as such are used as inputs 

to calculate the impact of land-use change of streamflow. The impact of declining 

rainfall (from all causes) on streamflow into reservoirs can be seen in Figure 3.13. 

Figure 3.13 shows that streamflow into Mundaring Weir has declined by 36-40%, 

from 50 gigaliters / year (GL/year) from 1902-1965, to 32 GL/year on average 

from 1965 – 2000, and to 30 GL/year on average from 1965-2010.  



Inequality as an obstacle to sustainable development 

 

88 
 

 

Figure 3.13. Inflow into Mundaring Weir from 1904 to 2010. Data from the Water 

Corporation, WC (2011) and the Department of Water (2009b). The 15.2% decline in 

rainfall (relative to the coast) can be compared with streamflow that declined by 36% (50 

GL/year to 32 GL/year) between 1965 and 2000 and by 40% (50 GL/year to 30 GL/year) 

from 1970 to 2010. 

Figure 3.14 shows the combined impact of declining rainfall on streamflow 

for all reservoirs, and the cumulative storage capacity of these reservoirs (602 

GL). By reviewing the inflow into first-built dams (Mundaring Weir and Canning 

Reservoir) for the first 30 years after they were built, it was found that annual dam 

inflow was typically 80% of dam capacity. If rainfall had not declined and a 

similar 80% ratio was used for all reservoirs, it follows that inflow should be 

around 480 GL/year (0.8×602 GL/year); compared with the current (2001-2010) 

inflow of around 80 GL/year; a total reduction of 400 GL/year. The rainfall 

analyses (Section 3.3.3) suggested that 15.5% rainfall decline (at Mundaring Weir) 

from 1970-2010, compared with the pre-1970 average, could be attributed to land-

use change.  
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Figure 3.14 Dam capacity building and inflow into seven largest reservoirs (97% total 

capacity) supplying water to SWWA between 1902 and 2010. Data was sourced from DoW 

(2007, 2009a, b), WC (2010b), Petrone et al. (2010), and Berti et al. (2004). It can be seen that 

new dams were built as streamflow began to decline after 1970. The current demand is 

around 360 GL/year, substantially more than the 80 GL/year inflow being received. 

Because surface moisture impacts runoff and ground water flow, for every 

10% change in rainfall, there is a 30% change in streamflow (Petrone et al. 2010; 

Silberstein 2010; DoW 2010).  Therefore, had there been no rainfall decline 

beyond that caused by natural variation and global warming (12.5%), then at most 

the streamflow loss would be 150 GL/year (1.25×30%×400), the remaining inflow 

being 330 GL/year. On the other hand, had there been land clearing without global 

warming, and assuming the conservative case of 15.2% rainfall decline seen at 

Mundaring Weir, streamflow loss would be around 180 GL/year (1.52×30%×400), 

the remaining inflow being 300 GL/year. By adding these two loss values (150 + 

180 = 300 GL/year) we can see that they are less than the total loss of 400 

GL/year. The implication of this shortfall is that there is likely to be some 

combined effect of the land clearing with global warming, the impact on runoff of 

reduced rainfall is non-linear, or a combination of both. These calculations show 
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that had deforestation not occurred, then reservoirs would be receiving at least 300 

GL/year more in streamflow. 

3.3.6	Quantifying	the	impact	of	land	clearing	on	water	resources	

The demand for municipal water in SWWA is 360 GL/year (WC 2011) and 

therefore without rainfall decline caused by land-clearing, after allowing for 

ground water use of 30 GL/year, surface water would supply all of SWWA water 

needs, assuming that demand was unchanged.  

To supply SWWA with the 300 GL / year in annual streamflow into 

reservoirs that has been lost as a result of land clearing, the water utility has 

sourced desalinated water and ground water (WC 2010a) that it supplies 

households with at a cost of $3 / kiloliter (kL) and $1/kL respectively (WC 2008). 

SWWA desalinated water production is 90 GL (WC 2012); hence the cost of 

replacing this water is $220 M/year (90 GL × $2.50 m-3) since $2.50 / kL is the 

cost difference between supplying desalinated water and surface water ($3 / kL - 

$0.50 / kL) (WC 2008).  

The next 210 GL / year of unavailable surface water have been made up 

from ground water. The difference in cost between surface and ground water, the 

latter having higher pumping costs, is around $0.50 /kL (WC 2008), adding $100 

M/year to operating costs. Thus the impact of land clearing on rainfall causing 

streamflow decline and surface water losses is estimated at $320 M/year ($220 

M/year + $100 M/year). This estimate does not include any effects on the 

environment or societal impacts arising from water restrictions on households and 

businesses. 
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It is well known that land clearing has also resulted in increased salinity in 

about 1,600 km of streams and 21 important wetlands in SWWA (ANRA 2002). 

The implications of this salinization include the loss of freshwater species 

biodiversity and the salinization of reservoirs. Wellington dam, with a capacity of 

186 GL, had an annual average inflow of 70 GL from 2001 to 2010 (DoW, 2007, 

2009, 2010; WC, 2010b) but following its construction the salt levels increased to 

between 950 and 1200 mg/L (DoW 2007) and the reservoir was no longer used as 

a fresh water source.  

In summary, without the rainfall reduction and salinisation of freshwater 

caused by land clearing, the surface water supply would be around 370 GL / year 

higher, 10 GL /year above current demand. Being able to access the water from 

the Wellington Reservoir for drinking purposes would provide a further $30 

M/year (60 GL × [$1 /kL - $0.50 /kL]) of water. As such the reduction in water 

supply costs would be in the order of $350 M/year. This compares with cash 

receipts from residential water consumption of $1,115 M/year (WC 2010). The 

value used for the base case in the ISF analysis is therefore $1,115M/year - $350 

M/year = $765 M/year. That is, if deforestation had been managed in a way that 

did not reduce rainfall at reservoirs or increase streamflow salinity, then SWWA 

residents would be paying as little as $765 M/year for their water (instead of 

$1,165 M/year).  

3.3.7	ISF	Analysis:	Water	loss	in	relation	to	other	land	clearing	effects	

In Section 3.3.6 the economic loss arising from surface water decline from 

the effect of land clearing was estimated at $350 M/year. The full list of 
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implications of land clearing, provided by other sources is summarized in Table 

3.1.  

Table 3.1 shows that lost income resulting from excessive land clearing is 

comprised of the following items (in descending order). The base cases that each 

of the losses are compared with normalize the indicators (Mi) according to the ISF 

methodology (Section 3.2) and are shown in brackets after each loss.  

1) Agriculture income: $970 M/year ($8,430 M/year) 

2) Tourism, biodiversity loss: $610 M/year ($7,560 M/year) 

3) Loss of fresh water inflow: $350 M/year ($1,115 M/year) 

4) Cost of water logging and soil shrinkage on transport infrastructure: $80 M/year  

($5,050 M/year) 

5) Reduced forestry income: $60 M/year ($160 M/year) 

These results show that the loss of fresh water has been the third most 

important effect of excessive deforestation on the economy of SWWA.  

3.3.8	ISF	System	results		

Table 3.1 provides a summary of the ISF system results, showing a system 

aggregate ISF value of 0.90 (out of a possible value of 1). This implies, in ISF 

terms, that land clearing in SWWA has been largely sustainable in terms of the 

economy. All systems, aside from the Forestry and Water systems are fully 

functional. The Water System ISF value is 0.69 and the Forestry System ISF value 

is 0.63. In ISF terms, both of these systems are marginally functional. They are 

significantly less sustainable than the other land-clearing related systems. 
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Table 3.1 System ISF: Loss attributable to excessive land clearing compared with base case. 

System (Ki)  Base case  

($M/year) 

Loss from 

excessive land 

clearing 

($M/year) 

Current value 

($M/year) 

ISF Value 

(current value / 

base case) 

Functionality loss 

compared with 

system potential 

(1-ISF) 

Agriculture (K1) 8,430 970a 7,460b 0.88 12% 

Water (K2) 1,115c 350d 765 0.69 31% 

Infrastructure (K3) 5,050e 80f 4,970 0.98 2% 

Forestry (K4) 160g 60h 100 0.63 37% 

Tourism (K5) 7,560 610i 6,950 j 0.92 8% 

Weighted systems 

aggregate 
22,315 2,070 20,245 0.90 10% 

a Production loss from salinity ($220 M/year) + loss of wheat production from declining rainfall 
($750 M/year) (ABARE, 2010; Cooper et al., 2005; van Gool, 2009; John et al., 2005); b Australian 
Bureau of Agriculture and Resource Economics Crop Reports (2001-2010 average) (ABARE 2010); 
c  Water utility water sales (WC 2011);  d Surface water replacement costs to households (Section 
3.3.6); e Housing construction activity (ABS 1367.5 2010) and Main Roads Budget (Main Roads 
2010); f Repair of cracks in houses ($66 M/year) (RAIA 2010) and increased road and rail 
maintenance ($14M/year) (George et al. 2005);  g Forest value in 1904: $16 Billion in sales implies 
$160M/ year  over 100 years is the potential annual value (Fraser 1904; RBA 2012);  h Current 
forestry sales (FPC 2010); i Value varies widely ($5 and $1,500 per hectare) by source and therefore 
needs to be treated with caution (Wheatbelt Development Commission 2010; ACIL Tasman 1993); j 
Tourism WA (2010). 

3.3.9	ISF	Water	Perspective	results	

Table 3.2 shows the increase in water expenses for each household income 

level group that can be attributed to land clearing, in relation to that household 

group’s disposable income. Because water expenses are $350M/year more than 

they would have been without coastal deforestation, and water supply to 

households and businesses is 360 GL/year, the increase in water expenses is 

$0.97/kL/year. 

 



Inequality as an obstacle to sustainable development 

 

94 
 

Table 3.2. Household Perspectives of the Water System - The effect of water losses on water 

expenses for households 

Income deciles 
(ISF wealth 
level) 

Water 
consumption at 
household income 
level (kL/year)a  

Additional 
household 
water expenses 
b ($/year) 

Disposable 
household 
incomec 

($/year) 

Additional water 
expenses as a 
proportion of 
household disposable 
income (% increase) 

P10 (‘poor’) (J1) 266 $258 $22,508 1.15% 

P50 (‘average- 
wealth’) (J2) 

296 $287 $79,767 0.36% 

P90 (‘rich’) (J3) 326 $316 $170,204 0.19% 
aAverage household water consumption is 296 kL/year (WC 2012) and the difference in 
water use for households with income levels at the P90 and P10 level are 10% above and 
below the median respectively (Loh and Coghlan, 2003).  b$350M/year in additional water 
expenses divided by 360 GL/year in water supplied by the utility (WC 2011). cWealth-level 
income data are provided by the Australian Bureau of Statistics (ABS 6523.0 2011). 

 

 Table 3.2 shows the water consumption for each household type, and shows 

that the water losses arising from land clearing represents 1.1% of household 

disposable income at the lowest (P10) decile income level. For high and median 

income households the losses are less than 0.4% of disposable income and can be 

considered negligible.  

3.4. Discussion 

Pielke et al. (2011) showed that land-use change has been under-studied and 

under-estimated in terms of its importance on climate and rainfall world-wide. The 

rainfall results in the present paper similarly show that land-use change has been 

the dominant mechanism behind winter rainfall decline in SWWA. Furthermore 

the rainfall decline attributable to coastal deforestation has led to streamflow 

losses of around 300 GL/year and to two desalination plants being built at the 

same time as water restrictions are placed on households and businesses (WC 

2012).  
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The only research to date that put forward an estimate of the impact of land-

use change on rainfall and fresh surface water resources was Pitman et al. (2004), 

who suggested that the cost was the one-off expected cost of a desalination plant 

in 2004 ($300 M). Our research adds to the literature by showing that the cost is 

currently $350 M/year.  

The aggregated ISF results show that land-use change has been largely 

sustainable in SWWA. However surface water losses have added $0.97/kL/year to 

household water expenses, thereby disproportionately affecting low-income 

households by reducing their disposable income by around 1%. For median and 

high-income households the impact on their disposable income is negligible.  

Because water is a household necessity, and poor households use just 10% 

less water than average-wealth households (Loh and Coghlan, 2003), rising water 

costs resulting from land-use change have led to an increased disposable income 

gap between poor households and the rest of society. Although our results showed 

that this increase is small, at around half of 1% of disposable income, it is contrary 

to the objectives of sustainable whereby development that benefits the 

environment and the poor should be prioritized development (Brundtland 1987). 

While desalination can replace water for human consumption, desalinated water 

(and ground water) is not used to replace water for the environment that has been 

lost due to rainfall decline. As such this amount of land clearing has also been 

contrary to sustainable development from an environmental perspective.   

Increasing native vegetation along the coastal strip is likely to increase 

rainfall and increase indicators of sustainability related to fresh water resources, 

forestry and tourism in the region. However possible short-term streamflow losses 
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while forests are growing, as described by Petrone et al. (2010) and Silberstein 

(2010) also need to be considered. Our results suggest that mitigating the impacts 

of global climate change through local reforestation would provide greater benefits 

than carbon sequestration or offsets by non-forestry methods.   

3.5. Conclusion 

A method to measure the impact of land-use change on surface water 

resources where deforestation has occurred was shown. This ‘rainfall ratio’ 

methodology was applied to the southwest of the Australian state of Western 

Australia, where the majority of deforestation occurred well after continuous 

rainfall station measurements began in the late 1800s. The methodology used was 

to compare the annual winter rainfall at coastal station locations with station 

locations inland. It was found that rainfall on the west coast, where winter cold 

fronts first arrive, was largely stationary compared to inland stations that recorded 

substantial rainfall declines, and that land clearing was responsible for 54% and 

60% of rainfall decline in the coastal strip and wheatbelt respectively. 

Groundwater and land-use change history further showed that rainfall decline 

coincided with a reduction in vegetation from 60% to 30% in both regions.  

It was found that the declining rainfall caused by land-use change had 

reduced streamflow by 300 GL/year. This compares with current streamflow of 80 

GL/year and water demand of 360 GL/year. It was further found that residents and 

businesses near the capital city of Perth are paying around $350 M/year more for 

water than they would be if deforestation had not occurred along the coast from 

the 1950s-1960s. The loss of freshwater was found to be in the same order of 

magnitude as the loss of agricultural production caused by dry-land salinity, an 



Chapter 3. Impact of land-use change on rainfall and water resources 

 

97 
 

important finding given the political and financial attention given to dry-land 

salinity.  

A multi-dimensional sustainability index, the Index of Sustainable 

Functionality (ISF) showed that the extra expenses from this water loss represents 

1.15% of disposable income for low-income households, but less than 0.2% of 

income at the 90th percentile income level. As such the loss of freshwater 

resources caused by deforestation has increased the wealth gap between rich and 

poor, which is contrary to the objectives of sustainable development.  

3.6 Notation – Chapter 3 

$  Australian dollars unless otherwise noted; 1 Australian dollar ~ 1 US 

dollar. 

ISF Index of Sustainable Functionality - a multi-dimensional measurement 

tool to measure sustainable development from different perspectives. 

GDP Gross Domestic Product - a measure of economic production.  

GL Gigaliter of water, equivalent to 1 ×106 m3 or 810.7 acre foot. 

J  Perspective identifier for the ISF. 

K System identifier for the ISF. 

L  System and Perspective weighting normalization parameter for the ISF. 

kL kiloliters of water, 1 kL = 1 m3. 

M million. 
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SWWA Southwest of Western Australia defined as the 196,000 km2 area of land 

between Geraldton, Esperance and the Indian Ocean in Western Australia 

t  ton, 1,000 kg. 

Appendix 3A: Land-use change history of southwest Western Australia  

In general terms, this region has experienced six stages of evolution: 

1) 4.4 billion years of building the terrestrial geological and eco systems; 

2) Millions of years of building endemic biodiverse DNA; 

3) 50,000 years of Indigenous life; 

4) 120 years (1830 to 1950) of relatively low impact European colonisation; 

5) 30 years (1951 to 1980) of extreme deforestation; 

6) 30 years (1981 to present) of land-use change and remnant forest protection. 

The indigenous population of the region was about 30,000 (ABS 

3105.0.65.001 2006) by the time the European settlers arrived in 1829, implying 

an indigenous population density of 0.06 people km-2. It is considered likely that 

the extinction of megafauna (giant marsupials, reptiles and birds) during the late 

Pleistocene (125 to 12 thousand years ago) occurred in Australia as a result of the 

impact of hunting and/or vegetation changes caused by the lighting of fire (Miller 

et al. 1999; Roberts and Brook 2010). This is consistent with extinctions of fire 

sensitive flora in Australia (Kershaw 1986; Turney et al. 2001) 45,000 years ago. 

According to Miller et al. (2007) this extinction disrupted the vegetation feedbacks 

that promoted moisture penetration into the interior, and began a trend toward 

more arid conditions that is continuing today. Miller et al. (2005) suggests that 

“burning practiced by indigenous human colonizers could have affected vegetation 

across large tracts of the Australian semiarid zone, fundamentally altering 
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boundary conditions” and concluded that “continental-scale changes in moisture 

balance may have been the outcome of low technology hunter-gatherer activities 

of early modern humans.” Thus the aboriginal impact on the southwest of Western 

Australia was likely the creation of a greater, semi-arid interior replacing bush. 

The forests that existed closer to the coast were, and perhaps over time became, 

better able to recover after fire events (Bowman 1998). These species include 

certain types of very tall Eucalyptus endemic to the region, specifically Jarrah 

(Eucalyptus marginata) and Marri (Corymbia calophylla) (Pekin et al. 2009). 

Although the impact of the early indigenous humans was likely 

transformational, the low population density, lack of modern machinery, and long 

time scale for recovery probably allowed the vegetation to evolve without 

dramatic short term devastation. This continued until European settlement began 

in 1829. By 1901, when Western Australia officially became a state of the new 

Australian Federation, the non-indigenous population had reached 184,000 (ABS 

3105.0.65.001 2006), six times the original indigenous population density. In these 

seventy years 4,900 km2 of land had been cleared according to the West Australian 

State Library Collection (WASLC 2001).  

In 1902 it was estimated that the SWWA contained the following forests 

(not including other minority species such as Red Gum): 32,000 km2 of Jarrah; 

4,800 km2 of Karri; 28,000 km2 of Wandoo; and 16,000 km2 of York Gum (Fraser 

1904). It was reportedly not unusual to find trees 300 ft (100 m) in height, 20-30 ft 

(7-10 m) in circumference and 40 tons in weight. Fraser (1904) stated that the 

timber was “ripe and should be removed to make way for crops. It will take many 

generations to cut out the Karri and Jarrah which is now at our disposal.” 
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Understandably, at that time rapid population growth and technological change 

were not factored into his overly conservative estimate.  

From 1900 to 1950 the population more than doubled to reach 550,000 

(ABS 3105.065.001 2006). The introduction of tractors with a ball and chain prior 

to the Second World War allowed land to be cleared quickly and by 1950, 68,000 

km2 (30%) of the SWWA arable area had been cleared (WASLC 2001).  However, 

it was not realized until the 1950’s that the Australian bush held almost all 

available nutrients above ground. As the trees were removed so too were the 

nutrients and trace elements that had once been recycled via leaves (Attiwill 1966) 

and water was no longer adjusted within the soil by hydraulic lifting from the roots 

to the leaves (Whitehead and Beadle 2004). The native vegetation had evolved in a 

salt impregnated soil matrix (Peck 1978) and as transpiration disappeared the 

water table began to rise, bringing the ground water nearer to the surface, where it 

intercepted the salt in the soil matrix, turning the surface ground water saline, 

further impacting vegetation regrowth and reducing agriculture production (Peck 

and Hurle 1973).  

Deforestation significantly intensified after 1950 with the introduction of 

new machinery and active government promotion of large-scale clearing (Gregory 

and Gothard 2009). During the period 1950 to 1980, 42% of SWWA land (82,000 

km2) was cleared (WASLC 2001), larger than the total amount cleared in the 

previous 150 years, bringing the total cleared land to 150,000 km2, more than three 

quarters of arable SWWA. From 1950 to 1980 the population also increased by 

675,000 (55%) to reach 1.25 million, and then by a further 575,000 (46%) between 

1980 and 2000 (ABS 3105.0.65.001 2006). Between 1980 and 2000 the rate of 

land clearing slowed with 9,000 km2 (4%) of native vegetation cleared (WASLC 
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2001) (DEWHA 2006). By this time land clearing had caused water tables across 

the region to rise and become saline, bringing saline groundwater to the surface, 

resulting variously in dryland salinity and water logging (Middlemis 2001). By 

2002 dryland salinity was recognized to affect over 5,000 km2 of previously 

productive agricultural land (ABS 4615.0 2002) and as of 2002, 51% of farms had 

shown some signs of salinity. Recently, trees have been planted on agricultural 

land not only to reduce salinity levels, but also because crop returns generally 

increase with windbreak effects from trees, that are also important in controlling 

soil loss during severe storms (Cooper et al. 2005) while concurrently providing 

ecological benefits (Zohar et al. 2010).   

In 2001 a state forest agreement act was signed protecting 3,310 km2 of 

remaining old growth forests (BRS 2004) and in total an area of 12,600 km2 of 

forest (5.65% of arable SWWA) was listed in conservation areas (FPC 2010).
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Chapter 4. Inequality as an obstacle to sustainable household 

energy use22 

Abstract 

The Australian state of Western Australia could follow a number of different 

paths to satisfy its future energy needs with each path meeting different criteria for 

sustainable development. A number of energy use scenarios were analysed, 

including the present high fossil fuel case, in term of carbon dioxide emissions, 

water consumption, and financial impact on households with income at different 

levels. Scenarios had different combinations of electricity generation sources and 

vehicle type. Several outcomes resulted. First an important consideration was that 

energy expenses for high income households are 4% of their disposable income, 

while in contrast low-income households spend 14% of their income on energy 

needs. Second, health costs from vehicle emissions were found to be a significant 

indirect cost of energy use for households. Because of high income inequality and 

the effects of vehicle emissions on health, it was found that the most sustainable 

use of energy for society overall requires households to use energy differently 

according to their income levels. Median-high income households need to switch 

to electric vehicles for residential driving, then following this change reduce 

carbon dioxide emissions by using renewable energy as much as possible, and 

natural gas, for electricity generation. It was found that low-median income 
                                                 

 

 

22 Sumbitted to Energy for Sustainable Development as: “Andrich, M.A., E.R. Oxburgh, and 
J. Imberger, Inequality as an obstacle to sustainable electricity and transport energy use”. Centre 
for Water Research Reference No. 2630-MA. 
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households have the most to gain from sustainable energy practices, but that these 

same households cannot afford to make changes to their own energy use. We show 

that the differential effects of current energy use is increasing inequality between 

households, and that inequality both results from, and is a cause of unsustainable 

energy use, perpetuating the status quo. As such we conclude that income 

inequality is an obstacle to sustainable energy use across society as a whole. 

Although this study relates predominantly to Perth, Western Australia, its 

methodology and some of its conclusions should be more widely applicable. 

4.1 Introduction 

Households in the Australian state of Western Australia (WA) can follow a 

number of different paths to satisfy their energy needs. However well into the 21st 

century they still rely on 19th century technology for most of their energy needs, 

that is electricity generated by fossil fuels and internal combustion engine vehicles 

(ICEV) for transport. Because they remain convenient and cheap compared with 

other sources, fossil fuels continue to provide the largest amount of energy, even 

though it is well recognised that producing and burning fossil fuels affects the 

environment via carbon dioxide (CO2) production (Bates et al., 2008), consumes 

water (King and Webber, 2008), and can affect human health (Hoek et al., 2002; 

Peirera et al., 2009).   

Over the past few years WA has become one of the wealthiest places in the 

world (Andrich et al., 2010) with gross domestic production of $84,000 / year / 

capita according to the Australian Bureau of Statistics (ABS 1367.5, 2011) and 

average disposable income of $44,000 / capita (ABS 5220, 2011). It therefore 

appears that WA households should have the financial capacity to choose how 
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they use energy. However, over the past 30 years while the average income has 

increased, there has been a growing gap between high and low household income 

levels. Income inequality has been increasing in WA at rates similar to those 

experienced in other Australian states (ABS 6523, 2011). Since 1980 inequality 

has also increased in every English speaking country world-wide (Piketty and 

Saez, 2006).  

The purpose of this paper is to identify the major factors influencing the 

sustainable development of energy use for households from an environmental and 

household income perspective. Although this study relates to WA and its capital 

city of Perth, the methodology and conclusions are more widely applicable, 

including to developing countries that have high wealth inequality. WA is chosen 

because extensive reliable data are available (e.g. from the Australian Bureau of 

Statistics), it has abundant renewable and non-renewable energy resources 

(Department of Resources, Energy and Tourism, 2011), has a single independent 

electricity network (Office of Energy, 2011), and one retail electricity price for all 

households (Synergy, 2011), making it an ideal study domain that is easily 

separated from external influences. 

4.1.1	Energy	use	in	Western	Australia	

Western Australia has 862,000 households, and a population of 2.3 million 

(ABS 1367.5, 2011), with almost all households located in the southwest of the 

state near the capital city of Perth. WA has abundant natural gas, coal, wind and 

solar energy resources (Department of Energy, 2011). Significant infrastructure, 

including pipelines, coal mines, oil and gas platforms, power plants and the 

electricity grid have been built to produce and deliver energy sourced primarily 
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from natural gas and coal, along with imported transport fuel, that together provide 

almost all WA’s energy needs (Schultz and Petchey, 2010; Office of Energy, 

2012). Recently, by using wind power and roof-top solar photovoltaic cells (solar 

PV), electricity from renewable energy has increased and accounts for 5% of total 

electricity generated (from 1% in 2001) (Office of Energy, 2012). A map of 

energy infrastructure in WA is available from the Office of Energy (2010) 

(http://www.energy.wa.gov.au/cproot/2204/2/OOE_Map_2010_web.pdf).   

Total energy use in WA was initially considered as the subject for this paper 

however according to the Australian Bureau of Resource Economics (Cuevas-

Cubria et al., 2010; Petchey, 2010), alumina, LNG and other exports, consume 

1,150 PJ / year to produce, which is around five-times total household energy use. 

Because the majority of WA households have little or no control over the energy 

use of multi-national corporations, and sustainable development choices by 

households in relation to total energy use is extremely limited, we decided to focus 

the research on WA household energy use. 

The Australian Bureau of Statistics (ABS 6530, 2011; ABS 9309, 2009) 

provides data showing that household electricity and transport together comprise 

130 petajoules (PJ) of energy which is 59% of total household energy use. 

Together, they are therefore the most important factors to consider in determining 

household energy use. Manufactured products and food also require significant 

amounts of energy (Petchey, 2010); however their use is indirect, involves imports 

and exports, and is smaller than electricity or transport fuel energy use. As such 

they are not considered further. Air travel comprises 15% of residential energy use 

(Petchey, 2010) and is also not included in the analysis. 



 

 

117 
 

Table 4.1 Household disposable income, energy consumption, energy expenses, carbon dioxide emissions, and water consumption rates. 

Household 
disposable 
income level 

Annual 
household 
disposable 
income 
($/year) a. 

Electricity consumption (kWh & 
GJ), electricity expense ($), CO2 
emissions (tCO2), and water 
consumption from electricity 
production (kL). All values are 
per household per year.b 

Transport distance driven (km) & 
energy used (GJ); transport energy 
expense ($); CO2 emissions (tCO2); and 
water consumed from production of 
transport fuel (kL). All values are per 
household per year.c 

Total energy consumed 
(GJ); total energy cost ($); 
CO2 emissions (tCO2); and 
water consumption (kL). 
All values are per 
household per year. 

P10 (Low 
income, 
‘Poor’) 

$30,683 / 
year 

5,864 kWh, 21.1 GJ 

$1,295 

13.2 tCO2; 14.0 kL H2O 

17,200 km, 67.4 GJ 

$2,915 

4.1 tCO2; 1.46 kL H2O 

88.5 GJ 

$4,210 

17.3 tCO2; 15.6 kL H2O 

Energy expense as % of income: 4.2% 9.5% 13.7% 

 P50 (Median-
income, 
‘Average-
wealth’) 

$68,086 / 
year 

7,162 kWh, 25.8 GJ 

$1,581 

16.2 tCO2; 17.1 kL H2O 

26,740 km, 104.8 GJ 

$4,125 

6.3 tCO2; 2.3 kL H2O 

110.6 GJ 

$5,706 

22.5 tCO2; 19.4 kL H2O 

Energy expense as % of income: 2.3% 6.1% 8.4% 

 P90 (High 
income, 
‘Rich’) 

$146,076 / 
year 

29.5 GJ; 8,189 kWh 

$1,808 

18.4 tCO2; 19.6 kL H2O 

28,070 km, 110.0 GJ 

$4,330 

6.7 tCO2; 2.4 kL H2O 

139.5 GJ 

$6,138 

25.1 tCO2; 22.0 kL H2O 
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Energy expense as % of income: 1.2% 3.0% 4.2% 

a Income data are provided by the Australian Bureau of Statistics (ABS 6523, 2011, available from www.abs.gov.au). Disposable household income is after tax 

income and also includes subsidies that are available to low-income households. “Equivalised” disposable household income is per capita and as such it has been 

adjusted for a WA household of two adults and 0.7 children (ABS 1367.5, 2011) using ABS 6523, Appendix 3 (2006). bDomestic energy expenses are provided by ABS 

6530 (2011). cTransport distances and fuel efficiency data are provided by the Bureau of Infrastructure, Transport and Regional Economics (2007), Cosgrove and 

Gargett (2010), ABS 9208 (2010), ABS 9309 (2009) and King and Webber (2008). Electricity prices are $0.23 / kWh (Synergy, 2011). Transport fuel expenses are 

calculated from average vehicle efficiency rates of 11.3 L / 100 km (ABS 9309, 2010) and an average fuel cost of $1.50 / L (Australian Institute of Petroleum, 2011). 
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Table 4.1 and Figure 4.1 show household energy use (electricity and 

transport fuel), expenses from this energy use, and disposable income for 

households at the 10th (P10, low-income, ‘poor’), 50th (P50, median-income, 

‘average-wealth’) and 90th (P90, high-income, ‘rich’) income percentile levels. 

Household income for ‘poor’ households (P10 income) is 21% of the income of 

‘rich’ households (P90 income), while energy use for poor households is 60% of 

energy use for rich households. Data in Table 4.1 shows that poor households 

travel by car an average of 17,200 km / household / year, while rich households 

travel twice as far, 28,070 km / household / year. Because public transport use in 

Perth accounts for only around 10% of work-related trips (ABS 4102, 2008) it is 

not included in this analysis.  

 

$1,295 $1,581 (electricity 
expense / year) 

$1,808 

$ 2,915 (fuel expense / 
year) 
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Figure 4.1. Household energy use. Household disposable income, energy (vehicle fuel and 

electricity) expenses, water consumption and CO2 emissions for households for each level of 

household disposable income. Income increases at an increasing rate as income decile levels rise. By 

comparison energy consumption, water consumption and CO2 emissions exhibit a linear change as 
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income increases. Transport costs are significantly lower for low-income households compared with 

median-income households, reflecting the fact that low-income households travel less or use public 

transport. The cost of transport fuel for median income and high income groups reflects the similar 

distance that they travel, a result of high-income households living closer to work but having more 

vehicles. Tables4.1 and Appendix 4A, Table A1 provide the data and sources used for Figure 4.1. 

Figure 4.1 shows the annual CO2 emissions and the amount of water 

consumed in producing the energy for each household type. Because energy 

consumption rises linearly with income, CO2 emissions also rise linearly with 

income, from 17.3 tons of carbon dioxide (tCO2) / household / year for low-

income households, to 27.6 tCO2 / household / year for high income households. 

Similarly, the water required to produce household energy increases linearly with 

income, rising from 15.5 thousand litres (kL) / household / year for low-income 

households, to 21.9 kL / household / year for high income households. 

Table 4.1 shows that poor households spend 14% of their disposable income 

on transport and electrical energy, after subsidies, whereas rich households require 

just 4% of their disposable income. Energy consumption is similar for households 

with disposable income at the median and high-income levels. Similarly it can be 

seen from Figure 4.1 that annual electricity expenses for rich households require 

just a few days of disposable income, while in contrast low-income households 

require more than two weeks worth of disposable income for their annual 

electricity expenses. The linear relationship between energy consumption and 

income level can be seen to contrast with the exponential-type relationship 

between disposable income and income level. As such while energy expenses are 

55% more for high income households compared with low-income households, the 

disposable income for high-income households is 476% times greater than that of 

low-income households.  
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4.1.2	Sustainability	and	energy	use	 	

The concept of sustainable development (sustainability) was defined in one 

of the seminal sustainability initiatives by Brundtland (1987) as follows: 

“Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs. It 

contains within it two key concepts:  

 the concept of 'needs', in particular the essential needs of the world's poor, to 

which overriding priority should be given; and  

 the idea of limitations imposed by the state of technology and social 

organization on the environment's ability to meet present and future needs.  

The introduction further states that:  

“...sustainability implies a concern for social equity between generations, a 

concern that must logically be extended to equity within each generation. A world 

in which poverty and inequity are endemic will always be prone to ecological and 

other crises. Sustainable development requires meeting the basic needs of all and 

extending to all the opportunity to satisfy their aspirations for a better life. Yet 

many of us live beyond the world's ecological means, for instance in our patterns 

of energy use. “ 

Since this definition of sustainable development was put forward, little has 

changed in the need for sustainable energy use and inter and intra generational 

equity. For example energy has recently been described as “the single most 

important challenge facing humanity today” (Lewis, 2007). And with regards to 
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equity, the Occupy movement (Schneider, 2011; Mallory, 2011) has highlighted 

growing inequality within countries around the world. 

However even as inequality has increased, most sustainability analyses still 

use average metrics to measure sustainability of the environment, society and the 

economy; for example per capita carbon emissions and energy intensity (Luken 

and Castellanos-Silveria, 2011 ), per capita meat consumption (Eason and 

Cabezas, 2012), and per capita GDP and industrial output (Heil and Selden, 2001). 

Given the definition of sustainable development by Brundtland (1987), it follows 

that measuring sustainability from the perspective (Astrid et al., 2011) of the poor, 

“to which overriding priority should be given”, is critical to sustainable 

development. Even though they may not be poor by world standards, the high cost 

of living in Australia means that poor households may not have food and shelter. 

By definition the poor live on incomes 60% less than the median income 

(Australian Government Social Inclusion Indicators, 2009). That is households 

with income levels at the 20th percentile level (P20) or lower.  

The effect of CO2 emissions on climate (Chattopadhyay, 2010; Bates et al., 

2008) combined with population growth (Engelman, 2009) means that rapidly 

growing energy consumption has intensified the need for renewable energy to 

replace fossil fuel. And the effect of increased levels of CO2 in the atmosphere is 

only one of the implications of households using fossil fuels. The other major 

environmental and societal effects of energy use are indirect water consumption 

(King and Webber, 2008), and vehicle emissions of pollutants including 

particulate matter (PM10), mono-nitrogen oxides (NOx) and carbon monoxide 

(CO) (Small and Kazimi, 1995; Hoek et al., 2002).  
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Contestabile et al. (2011) provide a detailed comparison of well recognised 

studies that describe economic and environmental indicators for sustainable 

development. It is clear from these and other studies (Alvial-Palavicino et al., 

2011; Faulin et al., 2009) that there are many different methods for analysing 

sustainability of energy use. They also show the difficulty and limitations of 

studies comparing the sustainability of vehicle-type (e.g., hybrid electric, fuel cell 

plug in, etc.). Nevertheless one conclusion from all these studies is that improving 

the efficiency of internal combustion engine vehicles (ICEV) is not a long term 

solution to meeting long term energy sustainability objectives (Contestabile et al., 

2011).  

Because of the effect of CO2 pollution on climate (Bates et al., 2008), the 

Environmental Protection Authority (2007) identified atmospheric pollution as a 

major sustainability issue. Notably the health effects of vehicle emissions 

(Kingham et al., 2007; Small and Kazimi, 1995) are not included in Government 

sustainability reports (e.g. Office of Energy, 2011) even though vehicle emissions 

are as important to the environment and society as carbon dioxide emissions 

(Greenstone and Looney, 2011). Water is also a critical sustainability issue for 

WA, with water restrictions imposed on households and desalination plants 

providing, by the end of 2012, half of household water supply (Water Corporation, 

2011). 

4.2 Energy use scenarios and data used 

In order to measure the sustainability of WA household energy consumption, 

five scenarios of energy use, based on commercially available technology and 

costs, were developed and compared in relation to their effect on household 
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disposable income, carbon emissions, water consumption rates and the health 

effects of vehicle emissions. As shown in Figure 4.2, each scenario has various 

rates of renewable energy electricity use (vs. fossil fuel), and rates of use of 

electric vehicles (EV) (vs. ICEV).  

 

Figure 4.2. Household energy use sustainability matrix. Note that vehicle transport and 

electricity comprise around 60% of household energy. The remaining 40% includes 

food, air travel and gas heating that are not considered in this paper. Details of each 

scenario can be found in Appendix 4B. 

Scenario 1 is the ‘current scenario’, representing energy use in 2012 – i.e. 

95% fossil fuel generated electricity and ICEV for transport. Scenario 2 assumes 

no changes to the electricity network or generation by fossil fuels however 75% of 

ICEV are substituted with EV. Scenario 3 has 75% on-grid renewable energy 

(concentrated solar power (CSP) with storage and wind) with an additional 15% 

natural gas and 10% coal. For household transport Scenario 3 has 75% EV and 

25% ICEV. These percentages were chosen, instead of, for example 100% 

renewable energy because whilst substantially reducing carbon dioxide emissions, 
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they also minimise upgrades to the electricity grid and therefore minimise 

electricity price increases. Minimising the cost of upgrading the grid is necessary 

as the ‘South West Interconnected System’ (Office of Energy, 2010) is constrained 

by capacity and as such low voltage transmission lines would need upgrades if 

electricity production is concentrated a long distances from demand (Clifton and 

Boruff, 2010). Scenario 4 has a proportion households operating off-grid using 

solar PV with batteries and natural gas generators to provide storage and night 

time generation. Lastly Scenario 5 has ICEV and 75% of electricity generated 

from renewable sources, mainly CSP with storage. Parabolic CSP with storage 

was selected because of its commercial availability, its ability to deliver baseload 

power (NREL, 2006; NREL, 2011), and its suitability for WA’s climate (Clifton 

and Boruff, 2010).   

Another alternative scenario that is not included in this study is the 

possibility of households increasing their use of public transport. Because this 

scenario would assume changes to lifestyle and given that Perth covers a large area 

and has been designed for cars (Falconer, et al., 2010; Hensher, 1999), this 

scenario requires too many infrastructure and social-change assumptions to be 

compared directly with the other scenarios.  

In order minimise assumptions and provide realistic results, only the most 

recent data based on commercially available technology is used. A summary of 

data used to develop the scenarios are provided in Appendix 4A. Details of all 

scenarios, using the data inputs from Tables 1 and A1, are shown in Appendix 4B 

(Tables 4.B1 and 4.B2). A ‘base case’ scenario against which all scenarios, 

including the current (Scenario 1) are compared against is also shown in Tables 

4.B1 and 4.B2. This base case maximises CO2 emissions by assuming low 
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efficiency internal combustion engine vehicles (ICEV) are used for household 

transport, and coal is used for all electricity production. This base case provides 

indicator bounds, described further in Section 4.3, that are used to normalise and 

compare scenarios. 

4.2.1	Health	effects	from	vehicle	emissions	in	the	context	of	household	

energy	use	

The effect of vehicle emissions on health has been researched extensively 

(Small and Kazimi, 1995; Hoek et al., 2002, O’Neill et al., 2003; Kingham et al., 

2007; Currie and Walker, 2011). The implication of these studies is that the health 

impacts from ICEV need to be considered as a major consequence of household 

energy use. In a highly cited article Hoek et al. (2002) described how: 

“Cardiopulmonary mortality was associated with living near a major road 

(relative risk 1·95, 95% CI1·09–3·52) and, less consistently, with the estimated 

ambient background concentration (1·34, 0·68–2·64). The relative risk for living 

near a major road was 1·41 (0·94–2·12) for total deaths. Non-cardiopulmonary, 

non-lung cancer deaths were unrelated to air pollution (1·03, 0·54–1·96 for living 

near a major road).” 

Consistent with these international results, research by Pereira et al. (2010) 

showed that Perth emergency department visits for respiratory conditions increases 

by 286% for children under 19 with every 1 parts per million (ppm) increase in 

CO levels; that is for those living within 150 m of a major road (greater than 

20,000 vehicles / day) (Pereira et al., 2009; Pereira, 2011, personal 

communications). Furthermore for every 1 ppm increase in average CO levels near 
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their homes, children under four years of age were almost five times more likely to 

go to an emergency department with breathing difficulties (Pereira et al., 2010).  

According to the Department of Environment (2011), motor vehicle 

emissions are the single largest source of air pollutants in Perth. Remote sensing of 

vehicles in Western Australia shows average vehicle emissions of 2.1 g CO / km, 

0.52 g NOx / km, 0.05 g PM10 / km and 0.13 g VOC (volatile organic compounds) 

/ km (Department of Environment, 2006). These values were similar to the earlier 

Perth Photochemical Smog Study (Department of Environmental Protection, 1996) 

which found that vehicle emissions are the largest contributor to air pollution and 

that Perth received 23,100 tons of annual NOx pollution, of which 80% came from 

ICEV.  

Pollution exposure from vehicle emissions have been found to increase with 

declining household wealth level around the world, for example in Europe 

(Stevenson et al., 1999; Kunzli et al., 2000), the U.S. (Gunier et al., 2003; Houston 

et al., 2004), and Western Australia (Pereira et al., 2010). It makes sense for those 

who can afford to live further away from major roads to do so, thereby avoiding 

noise and vehicle pollution, leaving less wealthy households closer to traffic 

congestion. The same results were found in New Zealand by Kingham et al. 

(2007), who showed a high positive correlation between vehicle pollution and low 

income levels; and in Perth, WA, Pereira et al. (2009) showed that a rise in 

affluence was associated with a decrease in vehicle traffic density.  

In quantifying the effect of vehicle emissions on households, Sipes and 

Mendelsohn (2001) found that there would be an increase in the price of fuel of 

$0.15 to $0.40 / litre (L) if society were to incorporate the cost of vehicle 
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emissions on health into fuel prices. Such an increase is unlikely to effect a change 

in driver behaviour however because of price inelasticity of demand, and as such 

any price increase would weigh most heavily on the poor (Sipes and Mendelsohn, 

2001).  

Research by Fisher et al. (2007) showed that the cost to New Zealander’s 

health from vehicle emissions was NZ$165 / capita / year. Separate research by 

Sommer et al. (1999) concluded that the annual cost to Europeans (French, Swiss 

and Austrians), per capita, from vehicle emissions and their effect on health 

ranged from 160 EUR to 540 EUR. On a population weighed basis the annual cost 

to residents of these countries averaged 362 EUR / capita, 420 EUR in 2010 after 

inflation (Reserve Bank of Australia, 2011). If, for example, the same costs were 

applied to WA, the cost would be equivalent to $568 / capita, or with 2.7 people 

per household (ABS 1367.5, 2011), $1,482 / household.  

In 1997, the latest available published data by the Australian Bureau of 

Statistics (ABS 4605, 1997), it was calculated that the cost to society from health 

effects attributable to vehicle emissions was $0.11 / km travelled. Since then 

vehicle efficiency has improved, however the number of vehicles in Perth has 

doubled (ABS 9309, 2010). As such, between 2001 and 2007, levels of principal 

pollutants (NOx, CO2, sulphur dioxide (SO2), PM10 and VOCs) in Perth air 

increased by an average of 2% (Rostampour, 2010). Furthermore some studies 

have recently suggested that precious metal group (PMG) (platinum, palladium 

and rhodium) salts, catalytic converters, designed to reduce harmful emissions, 

may emit compounds that are harmful to health (Whiteley and Murray, 2003; 

Whiteley, 2004; Kalavrouziotis and Koukoulakis, 2008).   
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4.2.2	Electric	vehicles	(EV)	

Electric vehicles (EV) still represent less than 1% of vehicle sales, and are 

expected to account for less than one third of vehicles by 2050 (Graham et al., 

2008). Nevertheless EV are available through converting existing ICEV, or new 

through retail distribution channels, at a cost of $20,000 (Australian Electric 

Vehicle Association, 2012) and $50,000 respectively (Mitsubishi i-MiEV, 

http://www.mitsubishi-motors.com.au). Numerous studies have shown that large 

numbers of electric vehicles can be connected into the electricity network using 

smart grid and vehicle to grid (V2G) technology (Tomić and Kempton 2007; Lund 

and Kempton 2008). In Western Australia, the capacity of the electricity grid has 

been recently upgraded to allow for high peak daytime summer demand from air 

conditioners (Mullan et al., 2010), allowing for off-peak EV charging without 

significant grid capacity investment (Western Power, 2010). By charging 

overnight (between 8pm and 9am), we estimate that the grid could accommodate 

80% of WA’s 1.65 million household vehicles (ABS 9309, 2010). This calculation 

is based on overnight charging of 16kWh lithium-ion batteries that are found in the 

Chevrolet (called Holden in Australia) Volt (http://www.chevrolet.com/volt) and 

Mitsubishi i-MiEV vehicles (http://www.mitsubishi-motors.com.au), but doesn’t 

include specific analysis of each suburb in which overload might occur. However, 

according to Mullan et al. (2010) any such upgrades would be easily manageable.  

4.2.3	Solar	PV	

As of October, 2011, more than 150 MW of solar photovoltaic (PV) capacity 

had been installed by households in WA on suburban rooves. This was partly in 

response to subsidies and feed-in tariffs provided by the Government (Department 
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of Energy, 2012) that ended in late 2011. Feed-in tariff rates were reduced from 

$0.40 / kWh to $0.20 / kWh, and without state subsidies are now only $0.07 / 

kWh, which is substantially lower than the electricity price of $0.2187 / kWh 

(Synergy, 2012). The retail price for installed PV, after federal (Australian) 

government subsidies, varies based on installation costs and panel/inverter 

manufacturer. Over a 20-year life of the solar panels, it is estimated that the 

electricity would cost around $0.25 / kWh, however their installation requires 

upfront payment of several thousand dollars. A recent review of the cost of PV is 

provided by Branker et al. (2011). For large scale solar PV in WA (> 10 MW) the 

price households can expect to pay is around $0.30 / kWh, comprised of $0.20 / 

kWh for production, a further $0.05 / kWh for transmission, and $0.05 / kWh for 

retail distribution (Rayner, 2011, personal communications).  

4.3 Methodology: the Index of Sustainable Functionality 

The Index of Sustainable Functionality (ISF) (Imberger et al., 2007; Andrich 

et al., 2010; Kristiana et al., 2011ab), with steps shown in Figure 4.3, was used for 

this paper. First we selected a domain, in this case Western Australia (WA), and 

separated the domain into systems (Ki).  
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Figure 4.3. The Index of Sustainable Functionality (ISF) methodology. 

 

Since households consume most of their energy via electricity and vehicle 

use, as described in Section 4.1.1, the systems chosen were the household 

electricity system (K1) and household transport system (K2).  
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Table 4.2 ISF Systems and Perspectives Matrix 

             Energy Systems (Ki) 
 

Perspectives (Ji) 
Household Electricity 

(K1) 
Household Transport (K2) 

Poor (J1), Average-
wealth (J2) & Rich 
(J3) households 

F1,2,3: To provide household 
electricity reliably and at low cost 
for each household income level.  

I1,2,3: Electricity expenses for 
households relative to their 
respective disposable income. 

Note: Because of safety standards 
and customer expectations, 
reliability of electricity supply is 
unlikely to vary significantly 
between scenarios, and therefore 
cost is the only differentiating 
factor that is considered. 

F6,7,8: To get from A to B safely, 
quickly, in style, efficiently and at 
low cost. 

I6,7,8:  Transport expenses relative to 
disposable income and health costs 
from vehicle emissions. 

Note: The variability between 
vehicles and tastes makes non-
expense related indicators too 
subjective to incorporate in this 
paper. Therefore cost is the only 
factor considered for this function. 

 

Water (J4) F4: To minimise water consumption 
from electricity production. 

I4: Water consumed to produce 
household electricity.  

F9: To minimise water consumption 
from energy use for transport. 

I9: Water consumed to produce 
transport energy. 

Note: Water required in the 
production and manufacturing of 
lithium-ion batteries is assumed to 
be the same as that required to 
manufacture internal combustion 
engines. 

 

Carbon dioxide 
emissions (CO2) 
(J5) 

F5: To minimise carbon pollution 
from electricity production. 

I5: Quantity of CO2 produced from 
electricity production for 
households. 

F10: To minimise carbon pollution 
from household vehicle transport. 

I10: Quantity of CO2 produced from 
household vehicle transport. 

 

As shown in Table 4.2, these systems are analysed in relation to the 

perspectives (Ji=1-3) of low (P10), median (P50) and high (P90) income-level 

households. These household income level types are also described 

interchangeably as ‘poor’, ‘average-wealth’ and ‘rich’ households respectively. A 
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perspective can be defined as a screen through which people interpret the world, 

which guides them in their actions (Haasnoot et al., 2011). 

Equation 4.1 describes the ISF aggregation of indicators used to measure ISF 

values:  
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where weightings for all systems (Ki) and perspectives (Ji) are considered 

equal and Equation 4.2 is required.  

 

1 1

1
i iJ K

i
jk

j k

W
 


       (4.2) 

 

In ISF terms, a high ISF value represents “functionality”, whereby 

household energy use does not result in environmental damage or energy expenses 

beyond household affordability (e.g. defined as 15% of disposable income - 

indicators I1-3 and I6-8 - Table 4.3).  

 

Table 4.3. ISF Indicators. 

Indicator (Ii) Indicator description and normalization bounds 

I1-3: Electricity expense 

relative to household 

disposable income. 

Upper bound of functionality is energy expenses that are 0% of 

household disposable incomea. The lower bound is 15% of 

disposable household income. The lower bound reflects the fact 

that households have other needs as well as electricity including 

rent/mortgage, transportation, food, healthcare, education, savings 

etc. Household electricity cost is a function of price ($0.22 / kWh)b 

and household income-level demandc.  

I4: Water consumed to 

produce electricity for 

households. 

Consuming the equivalent of 25% of household water demandc,d 

for electricity production is considered dysfunctional; Zero water 
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use for energy production is considered fully functional.  

I5 Carbon pollution 

produced by electricity 

production. 

 

CO2 pollution is a bi-product of energy productionc. Lower bound 

(dysfunctional) CO2 production is considered to be the CO2 

production level assuming all electricity is generated from coal 

without any carbon sequestration technology. The upper bound 

(functional) is zero CO2 emissions from electricity production.  

I6,7,8: Transport expense 

relative to household 

disposable income. 

EV and ICEV are assumed to have similar attributes in terms of 

comfort, style. Although there are differences in terms of range on 

one charge/tank, median-high income households operating in 

residential areas could choose to use EV without impacting 

lifestyle. The major differences between EV and ICEV are: (1) 

energy expenses from the electricity or petrol/diesel; (2) the health 

effects from ICEV emissions; and (3) the upfront cost of EV vs. 

ICEV. The upfront cost of EV is higher than ICEV because of 

economies of scale and battery cost. For the ISF analysis, the 

difference in cost, including depreciation at 12.5% / year for 8-

years, is estimated to be $1,500 / year. The upper bound fuel cost is 

$2 / L for petrol and $0.40 / kWh for electricity. The dysfunctional 

bound for household vehicle energy expenses is met when vehicle 

transport requires 15% of household disposable income, and the 

functional bound $0 / year. 

The health effect from vehicle emissions lower bound is based on 

the use of 100% ICEV with low-efficiency of 15 L / 100 km 

vehicle; and the lower bound 100% EV. Energy expenses and the 

health effect of vehicle emissions are then equally weighted to 

calculate the indicator. 

I9: Water consumed to 

produce transport energy. 

 

Water is required in the production of electricity (for EV) and to 

manufacture petrol and diesel for ICEVd. The normalization 

bounds are somewhat arbitrary. The functional bound considered is 

that no water is consumed when transport occurs. The 

dysfunctional bound is that the equivalent of 25% of average 

annual household water consumptiond is used to produce energy 

for transportc.   

I10: Carbon pollution 

produced from household 

transport. 

EV produce CO2 indirectly via fossil fuel and renewable energy 

electricity generationd. ICEV produce CO2 directly when 

hydrocarbon fuels are combustedc. The functional bound is that no 

CO2 is produced in vehicle transport. The dysfunctional condition 
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is the level of CO2 produced by a petrol vehicle with a low 

efficiency of 15L/100 km at a rate of 2.3 kg CO2 / L fuel. I.e.   

0.345 kgCO2 / km.  

a Household disposable income data are from ABS 6523.0 (2011), available from 
http://www.abs.gov.au.  

b Electricity prices are from the state owned residential utility, Synergy (2011) and includes 
fixed charges of $8.39 / month. 

c Consumption and efficiency data sources are provided in Tables 1 and A.1. 
d Water Corporation (2011) data shows that water consumption is 296 kL / property 

(household) / year. 
 

As Table 4.3 shows, the other indicators of sustainability that are measured 

in relation to ‘base case’ values are CO2 emissions, water consumption, and the 

impact of ICEV emissions on health.  

4.4 Scenario comparison results  

A summary of the results are shown in Figure 4.4.  Because solar PV and 

natural gas require very little water to generate electricity, Scenario 4 has the 

lowest water consumption at 7.4 kL / household / year vs. 19.4 kL / household / 

year currently. The water savings of Scenario 4 over the current scenario are 

therefore 12 kL / household / year, equivalent to 4% of water consumption for the 

average Perth property (296 kL / property / year) (Water Corporation, 2011). At 

the marginal water price of $3 / kL, water savings in Scenario 4 over the present 

scenario are equivalent to $36 /year / household. And therefore these water savings 

are small relative to household income and water use. 
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Figure 4.4. Energy scenario results. Water consumption rates per household per year, 

carbon dioxide emissions per household per year, and overall social sustainability indicator 

(1-ISF) (as a percentage).  

 

In Scenario 3 water consumption is 30.4 kL / household / year higher than 

the current scenario, equivalent to 24.3 GL/year for all households. Overall this 

represents nearly 8% of total household water consumption (WC, 2010) and the 

value of this water at marginal residential water prices of $3 /kL (WC, 2011) is 

equivalent to $90 / household / year. If ground or sea water can be used instead of 

municipal water at the CSP locations, or if low-water CSP technology can be 

commercialised (NREL, 2007) then the replacement cost for this water would be 

substantially less.  

In terms of CO2 production, all scenarios are significantly better than the 

current scenario (Scenario 1) in which 22.4 tCO2 / household is produced 

annually. The results show that increasing renewable energy electricity to 75% of 

total household demand (Scenario 3) would reduce carbon dioxide emissions from 

current rates of 22.4 tCO2 / household/ year, to 7.8 tCO2 / household / year, saving 
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14.6 tCO2 / household / year. At the Australian Government’s carbon price of $23 

/ tCO2 (Australian Government Treasury, 2011), the value of reduced emissions is 

$336 / household / year. Of the alternative scenarios, Scenario 3, with EV and on-

grid renewable energy, provides the least CO2 emissions (7.8 tCO2 / household / 

year), followed by Scenario 5 (10.6 tCO2 / household / year), Scenario 4 (12.6 

tCO2 / household / year) and Scenario 2 (20.3 tCO2 / household / year). 

The household income perspective ISF results shown in Figure 4.4 suggest 

that from the perspective of all households combined, with each given equal 

weighing, that Scenario 2 followed by Scenario 4 and Scenario 3 are more 

sustainable that the current scenario (Scenario 1). And because of increased 

electricity prices and the continued effect of ICEV emissions on health, the current 

scenario (Scenario 1) is more sustainable than Scenario 5 (renewable energy 

electricity and ICEV). The scenarios with the highest sustainability indicators are 

those in which households with different income levels use energy differently, and 

show that the average household would be around 10-15% better off under 

Scenarios 2, 3 and 4 than they are today.  

Figure 4.5 shows the household ISF values according to income-level 

perspectives. It shows that for poor (low-income) households, sustainability is 

greatest under Scenarios 2 and 4, followed by Scenario 3. The current scenario ISF 

value of 0.513 indicates marginal energy sustainability for poor households, a 

result of high energy expenses relative to household income, and the health effect 

of vehicle emissions. Figure 4.5 also shows that all scenarios of energy use are 

sustainable for high income households, however energy use for the rich is more 

sustainable in Scenarios 1-4 compared with Scenario 5. For rich households, ISF 

values are 50% higher than those of poor households.  
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Figure 4.5. Energy scenario results. Results of scenario analysis for household CO2 

emissions, water consumption rates, and 1-ISF value for all households (with each 

household income level ascribed an equal weighting). 

Scenario 5 shows that by increasing rates of renewable energy electricity but 

not increasing rates of EV, electricity prices increase and health effects from ICEV 

remain. Therefore while Scenario 5 has low carbon dioxide emissions, it is the 

least functional from the perspective of all household income-level groups, and 

especially for poor households. However for rich households there is only a very 

minor difference (3%) between current energy use (Scenario 1) and energy use in 

Scenario 5.  

Overall median-income households show similar results to that of high-

income households. The results show that because energy expenses are small 

relative to disposable income for median-high income households regardless of 

energy prices, the relative effect of increasing renewable energy or EV rates on 

higher income households is far less substantial than it is for low-income 
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households. This means that how society produces and uses energy makes a much 

larger impact on low-median income households than it does on median-high 

income households. 

4.5 Discussion 

In describing sustainable development for energy use by communities, 

Alvial-Palavicino et al. (2011) suggest that while strong emphasis is placed on 

renewable energy, little emphasis is placed in the literature on the dynamic 

components of sustainability (del Río and Burguillo, 2008). Figure 4.6 highlights 

this dynamism, showing trade-offs between reducing carbon emissions, water 

consumption, and inequality between households with income at different levels.  

 

Figure 4.6. Energy use sustainability matrix summary. This figure shows the trade-offs between 

carbon emissions, vehicle emissions, and inequality. The key to carbon emission reductions is 

the use of renewable energy. However because electricity expense increases are high relative to 

their income, and there is continuance of the health effects from ICEV emissions, Scenario 5 is 

dysfunctional from the perspective of low-income households. As such substantial benefits 

accrue to low-income households from a reduction in vehicle emissions via increased rates of EV 
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use, and low energy expenses, i.e. moving from Scenario 1 to Scenario 2. This is achieved by 

median-high income households using EV. Scenario 4 has the lowest water consumption rates 

because solar PV and natural gas generate most of the electricity. Scenario 3 uses parabolic 

concentrated solar power with storage to generate electricity and therefore water consumption 

is higher than under Scenario 4. Scenario 5, with high rates of on-grid renewable energy is 

surprisingly unsustainable, and is even less sustainable than current energy use. 

 

Not surprisingly carbon emissions are determined by the amount of 

renewable energy electricity vs. fossil fuel used, however given that natural gas, 

and not coal is the major source of electricity generation in WA (and  EV are more 

efficient than ICEV), replacing ICEV with EV also reduces CO2 emissions. Water 

consumption rates are lowest with high use of solar PV and natural gas generated 

electricity. For households, the major factor determining sustainability is the high 

use of ICEV. However increasing EV use and renewable energy electricity rates 

come at a cost that if passed onto households in proportion to their consumption 

will weigh heavily on the poor. As such all WA households will have even lower 

sustainable development indicators than they do today if electricity is renewable 

(more expensive) but ICEV remain the main method of household transportation. 

Figure 4.4 showed that households changing to grid-based renewable energy 

(Scenario 5) would reduce carbon dioxide emissions by 11.8 tCO2 / household / 

year. At the Australian carbon price of $23 / tCO2, the value of emission savings 

are valued at $271 / household / year (11.8 tCO2 × $23 / tCO2). This can be 

compared to health costs from vehicle emissions that are calculated to be $500 / 

household / year in international studies, and $0.11 / km travelled (see Section 

4.2.1) in Perth. Therefore in Perth the cost could be as high as $1,500 / household / 

year, based on the median household distance travelled of 26,470 km / year (Table 

4.1), and assuming that half of travel is in residential areas. It therefore appears, 
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based on the latest research into CO2 prices and health costs, that for WA 

households replacing ICEV with EV is substantially more valuable in comparison 

to reducing CO2 emissions by replacing fossil fuels with renewable energy 

electricity. Although outside the scope of this paper, comparing the details and any 

assumptions underlying the research on CO2 and health costs, as well as 

comparing local impact of vehicle emissions to the impact of CO2 emissions on 

the world’s poorest world-wide, appears worthy of further investigation. 

Figures 4.4 and 4.6 show that reducing carbon emissions using concentrated 

solar thermal power will increase the rate of water consumption and electricity 

expenses, however because of their low income levels, any increase in electricity 

expenses reduces energy-use sustainability from the perspective of poor 

households; and would also increase the cost of electricity relative to transport 

fuel, thereby reducing the economic incentive for households to replace ICEV 

with EV. Our paper shows that the upfront cost of EV of around $50,000, of which 

batteries make a significant contribution (Ralston and Nigro, 2011), is more than 

one-year’s worth of disposable income for low-median income households in WA, 

making them prohibitively expensive. However for high income households only a 

few months income is required to purchase EV or convert an existing vehicle to 

use an electric motor (Section 4.2.2). The implications of this are that for WA 

households to use energy sustainably, households with different income levels 

must use energy differently. The most sustainable way for WA households to use 

energy is as follows: 

1. Median-high income households reduce their use of internal combustion engine 

vehicles (ICEV) in favour of electric vehicles (EV). Although the upfront cost is 

significant, the overall impact to their disposable income from this change is 
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minimal, especially if vehicles are leased, and significant benefits accrue to all 

households because of a reduction in local pollution (and CO2 emissions). 

2. Low-income households continue to use ICEV and are provided with low-cost 

(fossil fuel) electricity until the cost of renewable energy electricity and EV 

becomes cheaper than fossil fuel alternatives. 

3. Households, after switching to EV, increase their use of renewable energy 

electricity in order to reduce CO2 emissions.  

However, while this is the most sustainable course overall, the results also 

showed that regardless of how rich households consume energy, there is little 

economic incentive for them to change their energy use. Because household 

distance from vehicle pollution is proportional to income levels (see Section 

4.2.1), in terms of health, there is also little incentive for high income households 

to switch to EV.  

This predicament, whereby the only households that can afford to change the 

way they use energy have the least incentive to change, and those households that 

are bearing the worst outcomes from current energy use can’t afford to change, is 

caused by inequality between households. Consequently demand for sustainable 

products such as EV remains lower than it otherwise would, leading to less 

investment in manufacturing and new technology; the relative price of EV 

compared with ICEV remains high and the status quo remains. To break the 

momentum of the status quo it may be necessary to subsidise EV for low-median 

income households, or to remove existing taxes on EV; increasing taxes on petrol 

is unlikely to be effective (Sipes and Mendelsohn, 2000). 
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Other studies have correlated high inequality with poor indicators of social, 

economic and environmental performance among countries and U.S. states, and 

shown that more equal societies perform better across numerous indicators of 

sustainability (Wilkinson and Pickett, 2009). High inequality has been shown to 

lead to environmental degradation (Qu and Zhang, 2011) and is a cause of adverse 

health effects (Boyce et al., 1999). Insofar as energy use in WA is concerned, our 

results are consistent with these other studies, and show that in WA, inequality is 

not only resulting from unsustainable energy use, but is also contributing to 

unsustainable energy use.  

4.6 Limitations 

There are several limitations to this analysis that could affect the results of 

this paper. These include: 

1. The water consumption rate of parabolic concentrated solar power with storage 

is a significant reason for the increase in water consumption with increased 

renewable energy use (Scenarios 3 & 5). Reduced water consumption rates 

would change this result however low water-use solar thermal power is not 

commercially available (NREL, 2007; NREL, 2011). 

2. Energy prices could affect the results however do not change the conclusions 

unless petrol prices are very low, e.g. under $1 / L or electricity prices are very 

high, e.g. greater than $0.50 / kWh. We have used $1.50 / L for petrol and diesel 

and WA electricity prices of $0.22 / kWh. See Table 4.1 for details. 

3. A limitation of the study is that the effect of emissions at fossil-fuel power 

stations on health has not been considered. This limitation is unlikely to change 
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the conclusions given that power stations are located away from Perth and 

particulate emissions from power stations can be more easily filtered compared 

with vehicle emissions. Carbon sequestration was not included as an option 

because it was not commercially available to existing power plants in WA at the 

time of publication (Department of Mines and Petroleum, 2012).  

4. The last publication on the impact of vehicle emissions on health in Australian 

cities is 15 years old (ABS 4605, 1997) and therefore requires updating. To more 

accurately measure the costs of internal combustion engine vehicles, the effects, 

in both dollar and health-impact terms need to be measured near major roads, 

public transport, schools, and nearby to social housing.  

4.7 Conclusion 

In this paper we analysed household energy use in the Australian state of 

Western Australia in relation to household income, health, water consumption, and 

carbon dioxide pollution. Significant trade-offs between reducing carbon dioxide 

emissions, water consumption rates, and household income inequality were found 

and as such, given current technology, there is no single scenario that meets all 

sustainability objectives.  

Sustainable energy use for households in WA requires households to use 

energy differently depending on their income levels. The most sustainable scenario 

is for median-high income households to replace ICEV with EV, and then to use 

solar PV and natural gas for electricity. In the absence of new technology or 

subsidies that provide cheap renewable energy and EV, reducing inequality 

between households would also increase sustainable development indicators; 
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however data on the top 10% of households by income would be needed to 

confirm this.  

Because the majority of median-high income households have little 

economic incentive to switch from ICEV to EV, and low-income households who 

have the most to gain cannot afford EV, we conclude that wealth / income 

inequality is preventing sustainable energy use, and further causing inequality 

between households in WA. Although this paper was applied to Perth, Western 

Australia, its results are likely to be more widely applicable, especially given the 

recent increase in wealth and income inequality world-wide. 
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Appendix 4A, Table A.1 – Energy efficiency and price data 

  

Electricity 

 

Energy content 

(GJ/t)a 

Carbon dioxide production 

efficiency rate (kgCO2 / 

GJ) a 

Water consumed to produce electricity 

(inc. water consumption during mining) 

(m3 / GJ)b 

 

Electricity price for 

households including 

distribution ($ / kWh)c 

 

Coal 19.7 278.9 0.50 $0.15 

Natural gas 38.2 150.8 0.19 $0.25 

Concentrated solar thermal 

power with storage 

 35.0 0.94 $0.35 

Rooftop solar PV  25.0 0.05 (est.) $0.20 

Wind  6.9 0.01 (est.) $0.17 

Transport Energy content 

(GJ / m3) 

Carbon dioxide production 

efficiency rate (kgCO2 / 

100 km)d 

Water consumption rates (L / km)e MJ / km travelled 

($ / km) 
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Petrol 34.2 26.2 (93% of vehicles) 0.084 11.1 L /100 km  3.86 

MJ / km ($0.1665 / 

km) 

Diesel 38.6 32.7 (5% of vehicles) 0.075 12.3 L /100 km  4.75 

MJ / km ($0.1845 / 

km) 

Electric vehicles    0.6912 MJ / km 

($0.0424 / km) 

Battery storage (for EV and 

households) 

0.035   $800 / kWh storage 

capacity 

a Evans et al. (2009);  b U.S. DOE (2006); NREL (2007); King and Webber (2008);  c REN21 (2010); Energy WA (2003); Evans et 
al. (2009); NREL (2006, 2011); Rayner (2011, Personal communications);  d Australian Bureau of Statistics (ABS 9208, 2010; ABS 
9309, 2010) shows an average rate of fuel consumption of 12.3 L / 100 km for diesel vehicles, and 11.1 L / 100 km for petrol 
vehicles. Diesel vehicles are less ‘efficient’ in Western Australia because they are often larger four-wheel drive / sports utility 
vehicles. The remaining 2% of vehicles use liquefied petroleum gas (LPG); e King and Webber (2008); f Note that because diesel 
vehicles are generally 4-wheel drive (Sports Utility Vehicles) in Western Australia, which are larger than passenger cars, overall 
diesel vehicles have lower fuel efficiency (fuel consumed / distance travelled) than petrol vehicles. 
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Appendix 4B, Table B.1 - Scenario descriptions with assumptions 

Base case 
Scenario 1 
(current) Scenario 2 Scenario 3 Scenario 4 Scenario 5 

E
le

ct
ri

ci
ty

 

Fossil fuel electricity 
(100% coal) with current 
grid 

Current 
electricity grid 

56% natural gas;

40% coal; 

3% wind; 

1% solar 
photovoltaic, 
hydro and 
biogas. 

Household 
price:  

$0.22 / kWh 

 

 

 

Current electricity grid 

56% natural gas; 

40% coal; 

3% wind; 

1% solar photovoltaic, hydro 
and biogas. 

Household price 
unchangeed:  

$0.22 / kWh 

Upgraded* electricity grid 
(assumes an additional 
$0.05kWh added to 
electricity cost) 

50% concentrated solar 
thermal with storage; 

15% wind; 

10% solar photovoltaic; 

15% natural gas (inc. 1% 
biogas); 

10% coal. 

Household price:  

$0.35 / kWhd 

*Upgraded grid means 
providing additional capacity 
where necessary on existing 
line routes. 

Current electricity grid 

Off grid electricity for 50% of 
households with income levels 
at P30 and above; with 
following energy source mix: 

·75% energy generation from 
solar PV with battery storage; 

·25% energy generated by 
natural gas with gas mains  

Remaining 50% households 
on-grid with same energy mix 
as Scenario 1 

$0.48 / kWh for off-grid 
households, $0.22/kWh for 
on-grid. $0.48 / kWhaand a 
natural gas price of $0.105 / 
3.6 MJb 

Upgraded electricity grid 
(assumes an additional 
$0.05kWh added to 
electricity cost) 

50% concentrated solar 
thermal with storage; 

15% wind; 

10% solar photovoltaic; 

15% natural gas (inc. 1% 
biogas); 

10% coal. 

Household price:  

$0.35 / kWhd 
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V
eh

ic
le

 T
ra

n
sp

or
t 

Petrol vehicle (15L / 100 
km; equivalent to 16 miles 
/ U.S. gallon)  

Current petrol, 
diesel and LPG 
vehicles 

100% internal 
combustion 
vehicles 
(average petrol 
equivalent 
vehicle 
efficiency 11.3 
L / 100 km)c 

 

Electric vehicles with V2G 
technology 

75% electric vehicles 
(average vehicle efficiency 
0.192 kWh/km) c 

25% internal combustion 
vehicles (average vehicle 
efficiency 11.3 L / 100 km) c 

Households have EV as 
follows: P10 income have 0% 
EV, P20 and above have 70% 
and P80 and above have 90% 
EV. Thus overall 75% of 
households have EV. 

Electric vehicles with V2G 
technology 

75% electric vehicles 
(average vehicle efficiency 
0.192 kWh/km) 

25% internal combustion 
vehicles (average vehicle 
efficiency 11.3 L / 100 km) c 

Households have EV as 
follows: P10 income have 
0% EV, P20 and above have 
70% and P80 and above 
have 90% EV. Thus overall 
75% of households have EV.

Electric vehicles with V2G 
technology 

75% electric vehicles (average 
vehicle efficiency 0.192 
kWh/km) 

25% internal combustion 
vehicles (average vehicle 
efficiency 11.3 L / 100 km) c 

Households have EV as 
follows: P10 income have 0% 
EV, P20 and above have 70% 
and P80 and above have 90% 
EV. Thus overall 75% of 
households have EV. 

Current petrol, diesel and 
LPG vehicles 

100% internal combustion 
vehicles (average petrol 
equivalent vehicle 
efficiency 11.3 L / 100 km) 

c 

a Off-grid price based on an 8.5kWh natural gas generator (Kohler Power, 2011, available from 
http://www.kohlerpower.com/onlinecatalog/pdf/g4097.pdf); b Retail gas price for Perth (Alinta Gas, 2011, available from http://www.alintagas.com.au); c 
In Perth the average vehicle efficiency rate is 11.3 L / 100 km (ABS 9309, 2010, available from http://www.abs.gov.au); d Simulation of WA Energy 
(SWIS) (2011) available from http://www.sen.asn.au; and Rayner, M. (2011, Verve Energy, Personal communication). 
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Appendix 4B, Table B.2 - Scenario energy expenses, CO2 emissions and water consumption by household income levela 

Base case Scenario 1 (current) Scenario 2 Scenario 3 Scenario 4 Scenario 5 

E
le

ct
ri

ci
ty

 

Fossil fuel electricity 
(100% coal) with 
current grid.  

See Table 3 for 
indicator normalization 
bounds. 

 

Retail electricity cost:  

$0.22 / kWh 

Expenditure on electricity at 
P10, P50 and P90 household 
income levels: $1,295 / year, 
$1,581 / year, $1,808 / year. 

Household water 
consumption from 
electricity generation at P10, 
P50 and P90 income levels: 
14.0 kL / year, 17.1 kL / 
year, 19.6 kL / year. 

Household CO2 production 
from electricity generation 
at P10, P50 and P90 
household income levels: 
13.2 tCO2 / year, 16.1 tCO2 / 
year, 18.4 tCO2 / year. 

 

Retail electricity cost:  

$0.22 / kWh 

Expenditure on electricity 
at P10, P50 and P90 
household income levels: 
$1,295 /year, $1,581/year, 
$1,808 /year 

Household water 
consumption from 
electricity generation at 
P10, P50 and P90 income 
levels: 14.0 kL / year, 17.1 
kL/year, 19.6 kL/year  

Household CO2 production 
from electricity generation 
at P10, P50 and P90 
household income levels: 
13.2 tCO2  / year, 16.1 
tCO2  / year, 18.4 tCO2  / 
year. 

 

Retail electricity cost:  

$0.35 / kWh 

Expenditure on electricity at 
P10, P50 and P90 household 
income levels: $2,052 /year, 
$2,506, $2,866 /year 

Household water consumption 
from electricity generation at 
P10, P50 and P90 income 
levels: 34.0 kL / year, 42.4 
kL/year, 48.6 kL/year  

Household CO2 production 
from electricity generation at 
P10, P50 and P90 household 
income levels: 4.4 tCO2  / 
year, 5.3 tCO2  / year, 6.1 
tCO2 / year. 

 

Retail electricity cost: 

$0.22 / kWh (on-grid) 

$0.48 / kWh (off-grid) 

Expenditure on electricity at 
P10, P50 and P90 household 
income levels: $1,295 / year, 
$2,543 / year, $2,908 / year 

Household water consumption 
from electricity generation per 
average household:  6.8 kL / 
year 

Household water consumption 
from electricity generation at 
P10, P50 and P90 income 
levels: 14.0 kL / year, 6.8 kL / 
year, 3.57 kL / year  

Household CO2 production 
from electricity generation at 
P10, P50 and P90 household 
income levels: 16.1 tCO2 / 
year, 3.69 tCO2 / year, 4.2 
tCO2 / year. 

Retail electricity cost: 

$0.35 / kWh 

Expenditure on electricity 
at P10, P50 and P90 
household income levels: 
$2,052 / year, $2,506, 
$2,866 / year 

Household water 
consumption from 
electricity generation at 
P10, P50 and P90 income 
levels: 34.7 kL / year, 42.4 
kL/year, 48.5 kL / year  

Household CO2 production 
from electricity generation 
at P10, P50 and P90 
household income levels: 
3.5 tCO2 / year, 4.3 tCO2 / 
year, 4.9 tCO2 / year. 
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V
eh
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Petrol vehicle (15 L / 
100 km; equivalent to 
16 miles / US gallon). 
See Table 3 for 
indicator normalization 
bounds.  

Current petrol, diesel and 
LPG vehicles 

100% internal combustion 
vehicles (average petrol 
equivalent vehicle efficiency 
11.3 L / 100 km) 

 

Electric vehicles with 
V2G technology 

75% electric vehicles 
(average vehicle 
efficiency 0.192 kWh / 
km) 

25% internal combustion 
vehicles (average vehicle 
efficiency 11.3 L / 100 
km) 

Households have EV as 
follows: P10 income have 
0% EV, P20 and above 
have 70% and P80 and 
above have 90% EV. 
Thus overall 75% of 
households have EV. 

Electric vehicles with V2G 
technology 

75% electric vehicles (average 
vehicle efficiency 0.192 
kWh/km) 

25% internal combustion 
vehicles (average vehicle 
efficiency 11.3 L / 100 km) 

Households have EV as 
follows: P10 income have 0% 
EV, P20 and above have 70% 
and P80 and above have 90% 
EV. Thus overall 75% of 
households have EV. 

Electric vehicles with V2G 
technology 

75% electric vehicles (average 
vehicle efficiency 0.192 kWh / 
km) 

25% internal combustion 
vehicles (average vehicle 
efficiency 11.3 L / 100 km) 

Households have EV as 
follows: P10 income have 0% 
EV, P20 and above have 70% 
and P80 and above have 90% 
EV. Thus overall 75% of 
households have EV. 

Current petrol, diesel and 
LPG vehicles 

100% internal combustion 
vehicles (average petrol 
equivalent vehicle 
efficiency 11.3 L / 100 km) 

   a Scenarios are directly taken from Appendix 4B, Table B.1, and are based on data conversion factors provided in Tables 1 and A.1. 



Inequality as an obstacle to sustainable development 

 

152 
 

4.8 References - Chapter 4 

Alvial-Palavicino, C., Garrido-Echeverria, N., Jimenez-Estevez, G., Reyes, 

L., and Palma-Behnke, R., 2011, A methodology for community engagement in 

the introduction of renewable based smart microgrid Energy for Sustainable 

Development. 15, 314-323.  

Andrich, M.A., Imberger, J., Oxburgh, E. R., 2010. Raising Utility and 

Lowering Risk through Adaptive Sustainability: Society and Wealth Inequity in 

Western Australia. Journal of Sustainable Development, 3(3), 13-35. 

Astrid, O., Marjolijn, H., Pieter, V., 2011. A Method to Explore Social 

Response for Sustainable Water management Strategies under Changing 

Conditions. Sustainable Development, 19(5), 312-324. 

Australian Bureau of Statistics (ABS). All releases are available from 

http://www.abs.gov.au. Canberra, Australia. 

Australian Government Social Inclusion Indicators, 2009. A compendium of 

social inclusion indicators How’s Australia Faring? Australian Government. 

Available from http://www.socialinclusion.gov.au.  

Australian Institute of Petroleum, 2011. Western Australian Retail Petrol 

Prices. Available from http://www.aip.com.au/pricing/retail/ulp/index.htm.  

Australian Treasury (2012). Strong Growth, Low Pollution –Modelling a 

carbon price. Australian Government. Available from 

http://www.treasury.gov.au/carbonpricemodelling/content/update/Modelling_upda

te.asp.  

Bates, B. C., Hope, P., Ryan, B., Smith, I., Charles, S., 2008. Key findings 

from the Indian Ocean Climate Initiative and their impact on policy development 

in Australia. Climate Change, 89, 339-354. 

Boyce, J.K., 1994. Inequality as a cause of environmental degradation. 

Ecological Economics, 11, 169-178.  

Boyce, J.K., Klemer, A.R., Templet, P.H., Willis, C.E., 1999. Power 

distribution, the environment, and public health: A state-level analysis. Ecological 

Economics, 29(1), 29(1), 127-140. 



Chapter 4. Inequality and sustainability of household energy use 

 

153 
 

Brundtland, G., 1987. Our Common Future: Report of the World 

Commission on Environment and Development. United Nations World 

Commission on Environment and Development. Chapter 1.  

Bureau of Infrastructure, Transport and Regional Economics, 2007. 

Estimating Urban Traffic and Congestion Cost Trends for Australian Cities. 

Working Paper 71, Canberra, Australia. 

Chattopadhyay, D., 2010. Modeling Greenhouse Gas Reduction from the 

Australian Electricity Sector. IEEE Transactions on Power Systems, 25(2), 729-

740. doi: 10.1109/TPWRS.2009.2038021. 

Clifton, J., Boruff, B.J., 2010. Assessing the potential for concentrated solar 

power development in rural Australia. Energy Policy, 38(9), 5272-5280. 

doi:10.1016/j.enpol.2010.05.036.   

Contestabile, M., Offer, G., Slade, R., Jaegar, F., 2011. Battery electric 

vehicles, hydrogen fuel cells and biofuels. Which will be the winner? Imperial 

College Centre for Energy Policy and Technology, ICEPT Working Paper. 

Cosgrove, D. and Gargett, D., 2010. Long-Term Trends in Modal Share for 

Urban Passenger Travel, Conference proceedings of Thredbo10: The 10th 

International Conference on Competition and ownership in Land Passenger 

Transport, Hamilton Is: University of Sydney. 

Cuevas-Cubria, C., Schultz, A., Petchey, R., Maliyasena, A., Sandu, S., 

2010. Energy in Australia 2010. Australian Bureau of Agriculture and Resource 

Economics. Canberra, Australia. 

Currie, J.,Walker, R., 2011. Traffic Congestion and Infant Health: Evidence 

from E-ZPass, American Economic Journal: Applied Economics, 3, 65-90. 

doi:10.1257/app.3.1.65. 

del Rio, P., Burguillo, M., 2008. Assessing the impact of renewable energy 

deployment on local sustainability: Towards a theoretical framework. Renewable 

and Sustainable Energy Reviews, 12(5), 1325-1344. 

Department of Energy, 2011. Overview. Government of Western Australia. 

Available from http://www.energy.wa.gov.au/2/2063/64/overview.pm. 



Inequality as an obstacle to sustainable development 

 

154 
 

Department of Energy, 2012. Residential Feed-in Tariff, Government of 

Western Australia. Available from 

http://www.energy.wa.gov.au/1/3652/64/feedin_tariff.pm.  

Department of Environment, 2011. Fuel Quality in Western Australia. 

Available from http://www.dec.wa.gov.au. 

Department of Environment, 2006. Perth Air Quality Management Plan 

Progress Report. Available from www.dec.wa.gov.au.  

Department of Environmental Protection, 1996. Perth Photochemical Smog 

Study. Report 16. Available from www.dec.wa.gov.au.  

Department of Mines and Petroleum, 2012. Carbon Capture and Storage. 

Government of Western Australia. Available from 

http://www.dmp.wa.gov.au/9514.aspx.  

Department of Resources, Energy and Tourism, 2011. Energy in Australia 

2011. Australian Government. Available from 

http://adl.brs.gov.au/data/warehouse/pe_abares99001789/Energy_in_Aust_2011_1

3f.pdf.  

Eason, T., Cabezas, H., 2012. Evaluating the sustainability of a regional 

system using Fisher information in the San Luis Basin, Colorado. Journal of 

Environmental Management, 94(1), 41-49.  

Energy WA, 2003. Energy Western Australia, Office of Energy, 

Government of Western Australia, February, 2003.  

Engelman, R., 2009. Population and Sustainability: Can We Avoid Limiting 

the Number of People? Scientific American, 158.  

Environmental Protection Authority, 2007. State of the Environment Report: 

Towards Sustainability. Western Australian Government. Available from 

http://www.soe.wa.gov.au/report/towards-sustainability/energy.html. 

Evans, A., Strezov, V., Evans, T.J., 2009. Assessment of sustainability 

indicators for renewable energy technologies. Renewable and Sustainable Energy 

Reviews, doi:10.1016/j.rser.2008.03.008. 



Chapter 4. Inequality and sustainability of household energy use 

 

155 
 

Falconer, R., Newman, P., Giles-Corti, B., 2010. Is practice aligned with the 

principles? Implementing New Urbanism in Perth, Western Australia. Transport 

Policy, 17(5), 287-294. 

Faulin, J., Lera-Lopez, F., Arizkun, A., Pintor, J.M., 2009. Energy Policy in 

Renewables and its Economic and Environmental Consequences at Regional 

Level: The case of Navarre (Spain). Nova Publishers, New York. 

Fisher G.W., Kjellstrom, T., Kingham, S. Hales, S., O’Fallon, C., Shrestha, 

R., Sherman, M., 2007. Health and air pollution in New Zealand. Final Report to 

the Health Research Council, Ministry for the Environment and Ministry of 

Transport. Available from http://www.hapinz.org.nz. 

Greenstone, M., Looney, A., 2011. A Strategy for America’s Energy Future: 

Illuminating Energy’s Full Costs. Brookings, Washington D.C.  

Gunier, R.B., Hertz, A., von Behren, J., Reynolds, P., 2003. Traffic Density 

in California: Socioeconomic and Ethnic Differences Among Potentially Exposed 

Children. Journal of Exposure Analysis and Environmental Epidemiology, 13(3), 

240-46. 

Haasnoot, H., Middelkoop, H., van Beek, E., van Deursen, W.P.A., 2011. A 

Method to Develop Sustainable Water Management Strategies for an Uncertain 

Future. Sustainable Development, 19, 369-381, doi: 10.1002/sd.438.   

Heil, M., Selden, T.M., 2001. Carbon emissions and economic development: 

future trajectories based on historical experiences. Environment and Development 

Economics, 6, 63-83. 

Hensher, D.A., 1999. The imbalance between car and public transport use in 

urban Australia: why does it exist? Transport Policy, 5(4), 193-204. 

Hoek, G., Brunekreef, B., Goldbohm, S., Fischer, P., van den Brandt, P.A., 

2002. Association between mortality and indicators of traffic-related air pollution 

in the Netherlands: a cohort study. The Lancet. 360(9341), 1203-1209. 

Houston, D., Wu, J., P. Ong, P., Winer, A., 2004. Structural Disparities of 

Urban Traffic in Southern California: Implications for Vehicle-Related Air 

Pollution Exposure in Minority and High-Poverty Neighborhoods. Journal of 

Urban Affairs, 26(5), 565-592.  



Inequality as an obstacle to sustainable development 

 

156 
 

Imberger, J., Mamouni, E., Anderson, J., Ng, M., Nicol, S., Veale, A., 2007. 

The index ofsustainable functionality: a new adaptive, multicriteria measurement 

of sustainability - application to Western Australia. Int. J. Env. Sust. Dev., 6, 323-

355. 

Kalavrouziotis, I.K., Koukoulakis, P.H., 2008. The Environmental Impact of 

the Platinum Group Elements (Pt, Pd, Rh) Emitted by the Automobile Catalyst 

Converters. Water, Air, and Soil Pollution, 196, 393-402. doi:10.1007/s11270-

008-9786-9. 

King, C.W., Webber, M.E., 2008. Water Intensity of Transportation. 

Environmental Science and Technology. 42(21), 7866-7872.  

Kingham S., Pearce J., Zawar-Reza, P., 2007. Driven to injustice? 

Environmental justice and vehicle pollution in Christchurch, New Zealand. 

Transportation Research Part D: Transport and Environment, 12(4), 254-263. 

doi:10.1016/j.trd.2007.02.004.   

Kristiana, R., Antenucci, J.P.,Imberger, J., 2011a. Using a multi-component 

indicator to identify major variables controlling phytoplankton bloom occurrences 

in the Swan River estuary. Lake and Reservoir Management, 27(1), 70-86. 

Kristiana, R., Imberger, J., Antenucci, J.P., 2011b. Sustainability assessment 

of the impact of the Marina Bay Development on Singapore: Application of the 

Index of Sustainable Functionality (ISF), Int. J. Env. Sust. Dev., 10(1), 1-35. 

Kunzli, N., R. Kaiser, S. Medina, M. Studnicka, O. Chanel et al., 2000. 

Public-health impact of outdoor and traffic-related air pollution: a European 

assessment.  Lancet, 356(9232), 795-801, doi:10.1016/S0140- 6736(00)02653-2. 

Lewis, N.S., 2007. Powering the Planet. Caltech Centre for Sustainable 

Energy Research. Available from 

http://www.ccser.caltech.edu/resources/powering-the-planet.pdf.   

Luken, R., Castellanos-Silveria, F., 2009. Industrial transformation and 

sustainable development in developing countries. Sustainable Development, 19(3), 

167-175.   

Lund, H., W. Kempton, W., 2008. Integration of renewable energy into the 

transport and electricity sectors through V2G. Energy Policy, 36, 3578-3587. 

doi:10.1016/j.enpol.2008.06.007.  



Chapter 4. Inequality and sustainability of household energy use 

 

157 
 

Mallory, M., 2011, Occupy Wall Street... Next Stop, Athens? Forbes, 

188(9), 40.  

Mullan, J., Whitely, S., Harries, D., Braunl, T., 2010. Electrification of 

Personal Transport in Western Australia. Centre for Research into Energy for 

Sustainable Transport, Murdoch University, Western Australia. 

NREL (National Renewable Energy Laboratory), 2006. Economic, energy 

and environmental benefits of concentrating solar power in California. NREL 

Report NREL/SR-550-39291. Available from 

http://www.nrel.gov/csp/pdfs/39291.pdf.    

NREL (National Renewable Energy Laboratory), 2007. Concentrating Solar 

Power Commercial Application Study: Reducing Water Consumption of 

Concentrating Solar Power Electricity Generation. Report to Congress. Available 

from http://www.nrel.gov/csp/pdfs/csp_water_study.pdf.   

NREL (National Renewable Energy Laboratory), 2011. Enabling Greater 

Penetration of Solar Power via the Use of CSP with Thermal Energy Storage, 

Report NREL/TP-6A20-52978. Available from 

http://www.nrel.gov/csp/pdfs/52978.pdf.  

Office of Energy, 2010. Energy Resources and Infrastructure Map. 

Government of Western Australia.Available from 

http://www.energy.wa.gov.au/cproot/2204/2/OOE_Map_2010_web.pdf.    

Office of Energy, 2011. State Government Strategic Energy Initiative 

Directions Paper. Government of Western Australia. Available from 

http://www.energy.wa.gov.au.  

Office of Energy, 2012. Renewable energy usage. Government of Western 

Australia.Available from 

http://www.energy.wa.gov.au/2/3731/64/renewable_energy_usage.pm.  

O’Neill, M.S., Jerrett, M., Kawachi, I., Levy, J., Cohen, A.J. et al., 2003. 

Health, wealth, and air pollution: advancing theory and methods, Environmental 

Health Perspectives, 111(16), 1861-1870. 

Pereira, G., 2011. School of Population Health, University of Western 

Australia. Personal communications. March 16, 2011. Perth, Australia. 



Inequality as an obstacle to sustainable development 

 

158 
 

Pereira, G., Cook, A., De Vos, A.J.B.M., Holman, D., 2010. A case-

crossover analysis of traffic-related air pollution and emergency department 

presentations for asthma in Perth, Western Australia, Medical Journal of 

Australia, 193, 511-514.   

Pereira G., De Vos, A.J.B.M., Cook, A., 2009. Residential traffic exposure 

and children's emergency department presentation for asthma: a spatial study. 

International Journal of Health Geographics, doi:10.1186/1476-072X-8-63. 

Petchey, R., 2010. End use energy intensity in the Australian economy. 

Australian Bureau of Agricultural and Resource Economics. Research report 

10.08. Available from 

http://adl.brs.gov.au/data/warehouse/pe_abares99001743/RR10.08_energy_intensi

ty_REPORT.pdf.  

Piketty, T., Saez, E., 2006. The Evolution of Top Incomes: A Historical and 

International Perspective. American Economic Review, 96(2), 200-205. 

Qu, B.Z., Zhang, Y.F., 2011. Effect of Income Distribution on the 

Environmental Kuznets Curve. Pacific Economic Review. 16(3), 349-370. doi: 

10.1111/j.1468-0106.2011.00552.x.  

Ralston, M., Nigro, N., 2011. Plug-in Electric Vehicles: Literature Review. 

Pew Center on Global Climate Change and Center for Environmental Excellence. 

Arlington, Virginia, U.S. 

Rayner, M., 2011. Verve Energy. Personal communications. April 5, 2011. 

Perth, Australia. 

Ren21, 2010. Renewables 2010 Global Status Report. Available from 

http://www.ren21.net.  

Rostampour, V., 2010. The Perth Vehicle Emissions Inventory, 2006-2007. 

Technical Report. Department of Environment and Conservation. Perth, Western 

Australia. Available from http://www.dec.wa.gov.au.  

Schneider, N., 2011. From Occupy Wall Street to Occupy Everywhere. 

Nation, 293(18), 13. 

Schultz, A., Petchey, R., 2010. Energy Update 2010. Australian Bureau of 

Agriculture and Resource Economics. Canberra, Australia. 



Chapter 4. Inequality and sustainability of household energy use 

 

159 
 

Sipes, K.N., Mendelsohn, R., 2000. The effectiveness of gasoline taxation to 

manage air pollution. Ecological Economics, 36, 299-309.  

Small, K.A., Kazimi, C., 1995. On the costs of air-pollution from motor-

vehicles. Journal of Transport Economics and Policy, 29 (1), 7-32. 

Sommer H., Chanel, O., Vergnaud, J., Herry, M., N. Sedlak, N., Seethaler, 

R., 1999. Monetary valuation of road traffic related air pollution: health costs due 

to road traffic-related air pollution: an impact assessment project of Austria, 

France and Switzerland, Third WHO Ministerial Conference on Environment and 

Health. London: WHO. 

Stevenson, S., Stephens, C., Landon, M., Fletcher, T., Wilkinson, P., 

Grundy, C., 1999. Examining the inequality of car ownership and the effects of 

pollution and health outcomes. Healthy Planet Forum, Environmental 

Epidemiology Unit, London School of Hygiene and Tropical Medicine, London. 

Synergy, 2011. Electricity: Prices and Fees. Available from 

http://www.synergy.net.au/at_home/prices.xhtml.  

Synergy, 2012. Electricity: Shift and save with Smart Power. Available from 

http://www.synergy.net.au/at_home/smartpower.xhtml.  

Tomić, J., Kempton, W., 2007. Using fleets of electric-drive vehicles for 

grid support, Journal of Power Sources, 168, 459-468, 

doi:10.1016/j.jpowsour.2007.03.010.  

U.S. Department of Energy (U.S. DOE), 2006. Energy Demands On Water 

Resources - Report to Congress on the Interdependency of Energy and Water. 

Available from http://www.sandia.gov/energy-water/docs/121-RptToCongress-

EWwEIAcomments-FINAL.pdf.  

Water Corporation (WC), 2011. 2011 Annual Report. Perth, Western 

Australia. Available from http://www.watercorporation.com.au.   

Western Power, 2010. Power Submission to the Strategic Energy Initiative’s 

Issue Paper. Available from http://www.energy.wa.gov.au. Perth, Western 

Australia. 

Whiteley, J.D., 2004. Seasonal Variability of Platinum, Palladium and 

Rhodium (PGE) Levels in Road Dusts and Roadside Soils, Perth, Western 

Australia. Water, Air, and Soil Pollution, 160, 77-93.  



Inequality as an obstacle to sustainable development 

 

160 
 

Whiteley, J.D., Murray, F., 2003. Anthropenic platinum group elements (Pt, 

Pd, Rh) concentrations in road dust and road side soils from Perth, Western 

Australia. The Science of the Total Environment, 317, 1210135. 

doi:10.1016/S0048-9697(03)00359-0. 

Wilkinson, R., Pickett, K., 2009. The Spirit Level. Penguin Group, London, 

England.  



Chapter 5. Conclusion 

 

161 
 

 

Chapter 5. Concluding remarks 

5.1 General discussion and summary 

Most sustainability analyses still use average metrics to measure 

sustainability of the environment, society and the economy; for example per capita 

carbon emissions and energy intensity (Luken and Castellanos-Silveria, 2011 ), 

per capita meat consumption (Eason and Cabezas, 2012), and per capita GDP and 

industrial output (Heil and Selden, 2001). Given the definition of sustainable 

development by Brundtland (1987), it follows that measuring sustainability from 

the perspective of the poor, “to which overriding priority should be given”, is 

critical to sustainable development. 

Recently the use of perspectives (Astrid et al., 2011) has been incorporated 

into sustainability research; either from the perspective of a country, for example 

from the perspective of Australia (Attiwill and Adams, 2008), or from a social 

perspective (e.g. hierarchist, egalitarian, individualist and fatalist perspectives) 

(Hoekstra, 1999; Haasnoot et al., 2011). Imberger et al. (2007) also showed the 

importance of perspectives to sustainability research, and found that measuring 

sustainable development from the perspective of society led to the conclusion that 

increased economic production had not led to increased levels of development or 

well-being from that perspective as a whole.  

This thesis added to the literature on factors affecting sustainable 

development from new perspectives, including that of the poor, by modelling 

sustainable development from the perspective of household income groups, taking 

Western Australia as a case study. The major sustainability-related systems that 
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were modelled included the development of mineral resources; interactions of land 

use, rainfall and water resources; and household energy use; all from the 

perspective of low, median and high income household groups.  

Although this research was applied to Western Australia, its results are likely 

to be more widely applicable, especially given the world-wide similarity of issues 

related to sustainability (e.g. land-use change, water availability, energy 

consumption). It is especially significant and relevant to the world today given the 

recent increase in wealth and income inequality (Piketty and Saez, 2006) and the 

social disorder that has arisen as a consequence of the interests of a wealthy few 

not aligning with that of society (Schneider, 2011). 

It was found that even in a geographically isolated and relatively 

straightforward domain such as Western Australia, there is no easy way to 

combine or analyse the complex interactions that affect sustainability. It was found 

that difficulty arises with regards to the use of assumptions, finding enough 

reliable, consistent and available data, making sure that all outside factors have 

been accounted for and checked for relevance, and then testing the relationships 

between each factor using a consistent methodology.  

Nevertheless, by applying the ISF methodology to Western Australia, 

several important contributions to knowledge resulted. Firstly the thesis showed 

why, or at least presented one reason why, for the resource rich state of Western 

Australia, the economy has been fully functional (low unemployment, low 

inflation and consistent growth) but a reduction in social and environmental 

functionality has occurred. This was done by comparing the economy with other 

domains, including Norway and Saudi Arabia. The results demonstrated the 
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possible beneficial effects that a sovereign wealth fund could have on all 

households, future generations, and the environment.  

The impact of deforestation on the sustainability of southwest Western 

Australia was also investigated in relation to water resource availability. The 

hypothesis that land-use change had caused a decline in rainfall was tested using 

statistical analyses of empirical rainfall data on the coast and inland where 

deforestation had taken place. It was found that from when records began in the 

1890s up until at least the late 1990s coastal rainfall was largely stationary. At the 

same time rainfall at inland station locations where land was cleared had declined 

by 15-25%, thus supporting the hypothesis. It was further found that the impact of 

this decline on surface water resources has affected the environment and low-

income households, but has a negligible effect on median to high-income 

households. 

By measuring the effects of household energy use and comparing scenarios 

of energy use, it was found that sustainable energy use for households in WA 

requires households to use energy differently depending on their income levels. It 

was found that the most sustainable scenario overall is for median-high income 

households to replace internal combustion engine vehicles (ICEV) with electric 

vehicles (EV), and then to use solar photovoltaic panels and natural gas to produce 

electricity, while the poor households that are not in a position to change maintain 

the status quo. 

The research showed that the difference in income between households is 

much larger than the difference in needs that the environment and households 

have. In the case of energy use, it was shown that because the majority of median-

high income households have little to no incentive to switch from ICEV to EV, 
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and low-income households who have the most to gain from this change cannot 

afford EV; thus inequality is one factor preventing sustainable development. 

5.2 Limitations and implications of limitations  

The ISF is a powerful tool used to model and understand the interaction of a 

variety of connected non-linear systems. Nevertheless there are some limitations 

of the ISF analysis and sustainability analyses in general.  

Firstly it is impossible to be an expert on each industry and data from that 

industry (e.g. health, income inequality, economics, environmental engineering, 

climate change, energy, etc.) that is included in the modelling. As such using and 

comparing these data required extensive literature reviews and speaking with 

experts; as well as verifying data between independent sources. A further 

complication is that data and technology is subject to continual change, for 

example continual updates to renewable energy costs, technology, income, and 

rainfall. Because there are so many complex non-linear interactions across 

different fields, calculating margins for error is difficult. To account for these 

limitations the conclusions are, to an extent, generalized. This is done so that they 

are accurate and supported by all results.  

Another limitation is that possible unknown factors that may or may not 

contribute to inequality and inhibit sustainable development were not measured. 

5.3 Future research 

Although results demonstrated that inequality can prevent sustainable 

development, the results do not prove that reducing income inequality will 

necessarily increase sustainable development. For example, low-income 
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households may not choose EV just because their incomes increase, even if it 

would be in their long-term interest to do so. This would require societal change, 

education, and a willingness to provide benefits to others even if it costs a little 

more for oneself in the short term. These factors were not incorporated into the 

second and third chapters of this research, but this does not mean that they are any 

less important and they should therefore be considered in future research. 

Modelling sustainable development indicators from the perspective of 

household income and the environment has opened up areas for new research. 

Some ideas for future research include to: 

(1) Apply the same methodology with the same income-level perspectives to 

other states, regions and countries to further explore the relationship between 

sustainable development and inequality. 

(2) Model social and environmental indicators of sustainable development in 

real-time. 

(3) Incorporate the use of public transport, food consumption, and air travel into 

an energy use ISF model. 

(4) Study the entire energy use for regions rather than limiting it to households. 

(5) Include the perspective of corporations and government into the ISF model.  

(6) Use rainfall ratios between areas of no land clearing and high land clearing in 

other regions to quantify the effects of land-use change on rainfall. Use the 

rainfall-ratio method at local, farm-level scales. For example compare rainfall 

in cleared fields to rainfall in nearby forest. 

(7) In combination with (6), investigate land-use history, deforestation rates, and 

climatic change in the past to test a hypothesis that rainfall in much of the 
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world (e.g. the Mediterranean, Germany, parts of the United States) may be 

linked to land-use change. 

(8) Include data on the top 10% and bottom 10% and model the implications of 

income being shared equally among households.  

(9) The impact of vehicle emissions on health requires substantial research to 

update the values (the latest Australian Bureau of Statistics measurements are 

from 1997) and include the effects and costs in decision making around 

public transport, locations of schools, and locations of social housing.  
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