
 |   1 

|  M A R C H  2 0 2 0

Solutions, actions 
and benchmarks for 
a net zero emissions 

Australia

M
A

R
C

H
 2

0
2

0



AUTHORS

CAMERON BUTLER

AMANDINE DENIS-RYAN 

PAUL GRAHAM*

ROB KELLY

DR LUKE REEDMAN*

IAIN STEWART 

TOM YANKOS 

All authors ClimateWorks Australia unless indicated.

Other affiliations: *Commonwealth Scientific and 
Industrial Research Organisation (CSIRO).

ClimateWorks Australia, 2020, Decarbonisation 
Futures: Solutions, actions and benchmarks for  
a net zero emissions Australia.



SUPPORTERS
 
The Decarbonisation Futures project is  
supported by funding from: 

Victorian government, Department  
of Environment, Land, Water and Planning; 
Queensland government, Department of 
Environment and Science; the Clean Energy 
Finance Corporation, Climate-KIC Australia.

This financial support assists with undertaking 
the research, analysis and stakeholder 
engagement for the Decarbonisation Futures 
project. It is provided on the basis that 
ClimateWorks retains strict independence,  
and that final decisions on content and 
publication of the research and findings  
rest with ClimateWorks Australia.

ACKNOWLEDGEMENTS
 
We would like to thank those who have 
provided financial and in-kind support for the 
Decarbonisation Futures project. We are very 
grateful to the many experts who provided 
their time and expertise during the scoping and 
development of the project, and during the review 
of inputs and preliminary results.

We would like to acknowledge CSIRO for its 
contribution to this report, particularly related to 
the electricity generation and transport sectors. 

CSIRO Energy is working to ensure economic 
competitiveness and energy security while 
enabling the transition to a lower-emissions 
energy future. It is pioneering energy technologies 
that create value for industry and households 
and provide the knowledge to guide us towards 
a smart, secure energy future. CSIRO Energy 
develops pathways to achieve an enduring legacy 
from energy resources and the social cohesion to 
tackle the environmental consequences of the 
options chosen. 

PARTNERS
 
Decarbonisation Futures is an initiative of 
ClimateWorks Australia, supported by  
CSIRO modelling.



D E C A R B O N I S A T I O N  F U T U R E S  | 

4   |

Contents

2. MOMENTUM 28 

 2.1 Electricity 34 

 2.2 Buildings 40 

 2.3 Transport 45 

 2.4 Industry 55 

 2.5 Agriculture and land 66

Table of figures 06

Executive summary 08

1. INTRODUCTION 22



 |   5 

|  M A R C H  2 0 2 0

4. CONCLUSION 118

References 124

3. MODELLING 74 

 3.1 Electricity 86 

 3.2 Buildings 90 

 3.3 Transport 94 

 3.4 Industry 102 

 3.5 Agriculture and land 112



D E C A R B O N I S A T I O N  F U T U R E S  | 

6   |

FIGURE 1.1: 24
Australian national, state and  
territory commitments 

FIGURE 2.1: 29
Australia’s emissions shares by sector (2018) 

FIGURE 2.2:  30
The four pillars of decarbonisation

FIGURE 2.3:  34 
Australia’s annual electricity generation  
emissions trend (2005-2018) 

FIGURE 2.4:  35 
Electricity generation mix and emissions  
(2010 & 2018) 

FIGURE 2.5:  40 
Australia’s annual buildings emissions  
trend (2005-2018)

FIGURE 2.6:  45 
Australia’s annual transport emissions  
trend (2005-2018)

FIGURE 2.7:  46 
Australia’s transport emissions shares  
by subsector (2018)

FIGURE 2.8:  47 
Projected initial purchase price of  
conventional and electric cars (2020-2030)

FIGURE 2.9:  55 
Australia’s industry emissions shares  
by subsector (2018)

FIGURE 2.10:  56 
Industry emissions by subsector and  
emissions type (2018)

FIGURE 2.11:  57 
Australia’s annual industry emissions  
trend (2005-2018) 

FIGURE 2.12:  66 
Agriculture emissions by subsector  
and emissions type (2018)

FIGURE 2.13:  67 
Australia’s annual agriculture and  
land emissions trend (2005-2018)

FIGURE 3.1:  76 
Illustrative scenario framework  
representation of Decarbonisation Futures’  
three scenarios

FIGURE 3.2:  77 
Driver ‘triangle’ framework for the  
modelled scenarios

FIGURE 3.3:  79 
Overall annual net emissions in the  
modelled scenarios (2005-2050)

FIGURE 3.4:  82 
Australian emissions by sector and  
by scenario

FIGURE 3.5:  87 
Electricity generation mix in the  
modelled scenarios (2020, 2030 & 2050)

FIGURE 3.6:  88 
Electricity emissions intensity in the  
modelled scenarios (2020-2050)

FIGURE 3.7:  88 
Cumulative renewable electricity build,  
2020-2050, and storage capacity by type  
in the modelled scenarios (2030 & 2050)

FIGURE 3.8:  89 
Overall electricity demand and as a  
proportion of final energy use in the  
modelled scenarios (2020-2050)

FIGURE 3.9:  91 
Residential and commercial building  
energy intensity in the modelled  
scenarios (2020-2050)

Table of figures



 |   7 

|  M A R C H  2 0 2 0

FIGURE 3.10:  92 
Residential and commercial buildings  
energy use in the modelled scenarios,  
by fuel type (2020-2050)

FIGURE 3.11:  93 
Overall buildings emissions in the modelled 
scenarios (2020-2050)

FIGURE 3.12:  95 
Road passenger transport emissions in the 
modelled scenarios (2020-2050)

FIGURE 3.13:  96 
Road passenger transport energy use in the 
modelled scenarios, by fuel type (2020 & 2050)

FIGURE 3.14:  97 
Road freight transport energy use in the  
modelled scenarios, by fuel type (2020 & 2050)

FIGURE 3.15:  98 
Road freight transport emissions in the  
modelled scenarios (2020-2050)

FIGURE 3.16:  99 
Non-road transport energy use in the 
modelled scenarios, by fuel type (2020 & 2050)

FIGURE 3.17:  100 
Non-road transport emissions in the  
modelled scenarios (2020-2050)

FIGURE 3.18:  101 
Bioenergy use in transport and other sectors  
in the modelled scenarios (2050)

FIGURE 3.19:  103 
Mining and manufacturing and other  
industry energy use in the modelled scenarios,  
by subsector (2020 & 2050)

FIGURE 3.20:  104 
Industry energy use in the modelled  
scenarios (2020-2050)

FIGURE 3.21:  106 
Australian exports of gas and coal  
in the modelled scenarios 

FIGURE 3.22:  107 
Mining and manufacturing and other  
industry energy use in the modelled scenarios,  
by fuel type (2020 & 2050)

FIGURE 3.23:  108 
Mining and manufacturing and other  
industry non-energy emissions in the modelled 
scenarios, by subsector (2020 & 2050)

FIGURE 3.24:  109 
Industry carbon capture and storage in  
the modelled scenarios (2050)

FIGURE 3.25:  110 
Industry emissions in the modelled  
scenarios (2020-2050)

FIGURE 3.26:  111 
Mining and manufacturing and other  
industry total emissions in the modelled 
scenarios, by sector (2020-2050)

FIGURE 3.27:  113 
Livestock and grains, horticulture and  
other agriculture emissions in the modelled 
scenarios, by subsector (2020 & 2050) 

FIGURE 3.28:  114 
Agriculture emissions in the modelled  
scenarios (2020-2050)

FIGURE 3.29:  116 
Carbon forestry sequestration in the  
modelled scenarios (2020-2050)

FIGURE 4.1:  119 
Summary of emissions reduction solutions  
and actions to support a transition aligned  
with the Paris goals



D E C A R B O N I S A T I O N  F U T U R E S  | 

8   |

Its analysis shows how Australia can reduce 
emissions in line with the Paris climate goals by: 

 + Immediately accelerating the deployment  
of mature and demonstrated zero-emissions  
or best available technologies

 + Rapidly developing and commercialising 
emerging zero-emissions technologies  
in harder to abate sectors.

Decarbonisation Futures provides a guide for 
Australian government and business decision-
makers on priority technologies, deployment 
pathways and benchmarks for achieving  
net zero emissions.

Decarbonisation Futures shows Australia can 
still play its part in meeting the Paris Climate 
Agreement goal of limiting global temperature 
rise to well below 2 degrees Celsius and as close  
as possible to 1.5 degrees. This report identifies 
the priority technologies and actions for  
achieving net zero emissions across all sectors  
of the Australian economy. 

Executive summary

Australia can achieve net zero emissions before  
2050 through accelerated deployment of mature  
and demonstrated zero-emissions technologies,  
and the rapid development and commercialisation  
of emerging zero-emissions technologies in  
harder to abate sectors.

Summary of key zero-emissions solutions and supporting actions, by sector and maturity
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Some of Australia’s largest businesses are 
committing to achieve net zero emissions by 
or before 2050, including software company 
Atlassian, property companies Dexus and Mirvac, 
resources company Rio Tinto and Qantas airlines. 

All Australian states and territories are now 
aiming to achieve the same by or before 2050. 
In addition, Australian capital cities and local 
governments are increasingly setting net zero 
emissions targets for their communities.

Globally and in Australia, major corporations, 
investors and governments are already moving  
to align their strategies with the goal of  
net zero emissions. 

For example, in September 2019, an international 
group of institutional investors – representing 
some US$4 trillion in assets under management 
– came together as the Net-Zero Asset Owner 
Alliance. Collectively, these investors declared that 
they would transition their portfolios by 2050.  

Net zero emissions by 2050 or earlier is fast 
becoming the norm in support of the Paris climate 
goals to limit global temperature rise to 2 degrees 
Celsius and pursue efforts to restrain warming  
to 1.5 degrees. 

Progress in the past five years has closed the 
technical gap – making achieving zero emissions 
possible in many sectors.

Mature technologies capable of achieving zero 
emissions already exist in many sectors. In the 
five years since ClimateWorks Australia released 
its previous comparable research (Pathways to 
Deep Decarbonisation in 2050) many technical 
obstacles have been overcome. 

This report, Decarbonisation Futures, outlines 
progress – in some instances, remarkable progress 
– made in the past five years towards zero-
emissions technologies across major sectors of 
the economy: electricity, buildings, transport, 
industry, and agriculture and land.

Achieving net zero emissions across the  
economy and in every sector still relies on the  
four pillars of decarbonisation:

Energy waste 
reduction, including 
through energy 
productivity and 
a shift away from 
energy-intensive 
products and services

100% renewable 
electricity

Electrification and 
a shift away from 
fossil fuels to zero- or 
near-zero emissions 
alternatives

Non-energy emissions  
reductions and 
offsetting of  
residual emissions
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In electricity, zero-emissions technologies are 
readily available although not yet deployed at 
sufficient scale. In particular, large and small-
scale renewable electricity generation (supported 
by new storage capabilities and demand 
management measures) can fully decarbonise 
Australia’s power supply. The increased uptake of 
new technologies worldwide has led to significant 
cost reductions, with new large-scale renewable 
electricity generation now less expensive than 
new fossil fuel generation, and battery costs per 
kilowatt hour 80% cheaper than in 2010.

Similarly, in the building sector, most of the 
solutions required to achieve zero emissions 
(for instance, deep energy efficiency and 
the electrification – with renewable energy 
– of power, heating and water services) are 
mature and commercially competitive or have 
been demonstrated at scale. Energy-efficient 
technologies continue to become cheaper and 
more effective. For example, LED lighting costs 
have declined 80% in the past five years and 
globally, some 60,000 ‘passive houses’ (including 
a growing number in Australia) illustrate how 
heating requirements in homes can be drastically 
reduced by state-of-the art design and insulation. 
Consumer uptake has, however, not kept pace 
with the technology improvements.

In other sectors, accelerating deployment of 
mature technologies can be supplemented by 
emerging technologies to meet zero-emission 
targets. In transport, the extraordinary fall 
in battery costs (together with supportive 
government policies) means some 3 million 
electric vehicles are already being driven 
throughout the world. The electrification of 
passenger and freight transport (together with 
the optimisation of travel needs, mode-shift, 
and the transition to renewable electricity) 
demonstrates how the transport sector can be 
cost-effectively decarbonised. 

Meanwhile, one- and two-person electric planes 
are beginning to enter the market, suggesting 
new possibilities for air travel. In longer-haul 
road, air and shipping, emerging technologies 
include second- and third-generation biofuels, 
renewable hydrogen and ammonia, and synfuels. 
Current commercial-scale demonstration projects 
in Australia involving renewable ammonia and 
hydrogen have the potential to develop into a  
large energy export market.
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Within industry, however, readily available 
technologies for zero emissions remain scarce. 
In this sector, immediate emissions-reduction 
opportunities such as energy efficiency, 
electrification and renewable energy must 
be maximised. The use of emissions-intensive 
materials (for example, steel) can also be reduced 
through the application of ‘circular economy’ 
principles, and via a shift to zero- or near-zero 
carbon materials. In Brisbane, for example, 
the 10-storey office tower known as ‘25 King’ 
showcases the structural capabilities of cross-
laminated timber as a replacement for emissions-
intensive steel and cement. 

Electrification powered by renewable energy can 
decarbonise industrial processes such as material 
handling and heating. In mining, this technology 
is already mature. In food manufacturing, 
electric heat pumps are being demonstrated for 
low-grade heat. Technologies to fully decarbonise 
other sources of industrial emissions are 
emerging or being demonstrated. Hydrogen, for 
instance, shows potential for replacing coking 
coal in the steel manufacturing process and 
carbon capture and storage could facilitate 
a response to non-energy emissions such as 
fugitive methane in gas extraction.

In agriculture, mature technologies exist to reduce 
energy and water usage, with 80% of farms 
in the grain sector already using information 
communication technology to improve production 
efficiency. The reduction of non-energy emissions 
poses particular technological challenges. Cattle 
(beef and dairy) constitute the sector’s largest 
source of emissions, and, while mature solutions 
exist for incremental improvements in cattle 
emissions, options for zero emissions remain at 
the emerging stage (with, for instance, vaccines 
to mitigate methane under testing in New 
Zealand). Meanwhile, technical improvements 
have made lab- and plant-based meat more 
feasible – with both generating interest from 
investors. Symptomatically, the share price of 
Beyond Meat grew more than 700% in the three 
months following its 2019 NASDAQ release.

Nature-based solutions such as carbon forestry 
will continue to play a role in Australia – although 
carbon forestry can only be a temporary solution 
on a pathway to zero emissions. In order to keep 
offsetting new emissions, new parcels of land 
need to be reforested, a process that cannot 
continue forever. Forestry is also vulnerable to 
bushfires, drought and heatwaves – many of 
which are being made worse by climate change.

Summary table of key emissions-reduction solutions by sector

DEMONSTRATED + MATURE  
SOLUTIONS

EMERGING  
SOLUTIONS

ELECTRICITY
100% renewables, storage 
(including batteries), demand 
management

There are sufficient 
demonstrated and mature 
solutions to decarbonise these 
sectors. However, emerging 
solutions could decrease costs 
and aid deployment at scale.BUILDINGS Deep energy efficiency, 

electrification 

TRANSPORT Electric and fuel-cell vehicles for  
light road transport

Biofuels, synfuels, electrification, 
ammonia or hydrogen for  
other transport

INDUSTRY

Energy efficiency, circular 
economy, proven electrification, 
bioenergy and bio-feedstocks, 
industrial CCS

Material substitution,  
high grade heat electrification,  
solar thermal, hydrogen

AGRICULTURE  
+ LAND

Sustainable agriculture 
practices, plant-based 
substitutes, fertiliser 
management, carbon forestry

Lab food, enteric  
fermentation treatments  
(such as livestock vaccines)
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Decarbonisation Futures utilises the Aus-TIMES 
Model – an Australian adaptation of a techno-
economic modelling framework developed by the 
International Energy Agency (IEA) and used in 
over 60 countries – to explore through ‘scenario 
analysis’ three possible low-emission futures:

 + The first scenario ('2C Deploy') models 
emissions reductions compatible with a two 
degree global temperature limit, achieved 
primarily through direct government 
intervention with policies focused on 
regulating emissions and accelerating the 
deployment of demonstration and mature 
stage technologies

 + The second scenario ('2C Innovate') shows 
how technology at the upper bounds of 
current expectations can facilitate the 
same outcome. In this model, emerging 
technologies create widespread change 
in emissions-intensive sectors – driven by 
supportive government and business action

 + The third scenario ('1.5C All-in') models an 
emissions outcome compatible with limiting 
the global temperature rise to 1.5 degrees. 
It combines elements from the two earlier 
scenarios and assumes governments drive 
policies to limit emissions and facilitate 
technological innovations, with collaboration 
between policy-makers, businesses and 
individuals across all sectors.

All three scenarios in this study achieve net zero 
emissions by or before 2050, with the '1.5C All-in' 
scenario reaching net zero around 2035.

All three scenarios assume current economic 
conditions, and so do not include possible 
structural changes to the Australian economy 
(such as the emergence of large-scale  
hydrogen exports).

It should be noted that not all emerging 
zero-emissions technologies or options could 
be modelled (carbon forestry was used to 
compensate for residual emissions in the models). 
Some of these emerging technologies may prove 
of special significance to the industry sector, 
where global supply chains will continue to shift.

All three scenarios model transitions to zero-
emissions technologies taking place as soon 
as is feasible, with best-available solutions 
implemented to reduce emissions where 
appropriate technology does not yet exist.

In all three scenarios, decarbonisation of 
electricity generation is a precondition for 
decarbonisation throughout other sectors. 
Electricity produced by renewable energy 
facilitates a shift away from fossil fuels in 
buildings, transport and other areas.

All sectors play a part in the transition. 
Decarbonisation Futures scenarios show that 
Australia can still reduce emissions in line with 
limiting the temperature rise to 2 degrees – and if 
governments, businesses and individuals go ‘all-in’,  
a 1.5 degree limit could be within reach.
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Australian emissions by sector and by scenario

'2C Innovate'

'2C Deploy'

'1.5C All-in'

The stacked wedges above the x-axis in the 
figures show emissions (scope 1 and 2) for four 
major sectors of the Australian economy. The 
emissions trajectory of electricity generation 
is depicted as a separate yellow dotted line to 
avoid double counting, as electricity emissions 
have already been included in end-use sectors. 
The amount of sequestration required to offset 
emissions and remain within relevant carbon 
budgets (modelled here as carbon forestry) is 
also presented as a distinct sector with 'negative' 
emissions below the x-axis. Net annual emissions 
– calculated as residual sector emissions minus 
carbon forestry sequestration – are represented  
by the orange dashed line.

Across all scenarios, sectoral emissions 
trajectories reflect the maturity of zero-emissions 
technologies available to them. Buildings and 
electricity, which have access to mature zero-
emissions technologies, achieve zero or near zero 
emissions around 2035. Transport, which has a 
mixture of mature and emerging zero-emissions 
technologies, achieves near-zero emissions by 
2050. Industry and agriculture, at the other end, 
have significant residual emissions by 2050,  
which reflects the technical gap to zero-emissions 
technologies. The impact of a decarbonising 
electricity grid can be observed through those 
sectors that already derive a large proportion 
of their energy use from electricity (such as 
buildings and industry before 2035), and on those 
that are progressively switching from fossil fuels 
to electricity (such as transport and industry 
post-2035.)

Key differences between the scenarios include 
the amount of residual emissions by 2050, which 
are lowest in the '1.5C All-in' scenario, followed 
by the '2C Innovate' scenario. This reflects the 
accelerated efforts to develop and deploy zero-
emissions technologies in hard-to-abate sectors. 
Other differences include the rate of retirement of 
fossil-fuel powered electricity generation assets 
(and therefore the rate of emissions reductions 
in the electricity sector), and the uptake of 
industrial carbon capture and storage, which 
are higher in the scenarios with the strongest 
policy action. Finally, the level of carbon forestry 
required to achieve the 1.5 degrees carbon budget 
is much higher than that required to achieve the  
2 degrees carbon budget.

Net emissions

Transport IndustryBuildings

Agriculture  
and land

Carbon forestry

Electricity 
generation
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2C Deploy (scope 1+2)

Electricity generation

Buildings

Transport

Industry

Agriculture and land

2020 2025 20452030 2035 2040 2050

Carbon forestry
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Decarbonisation of electricity generation is vital in unlocking emissions reductions 
in end use sectors, particularly industry and buildings for which electricity is 
already a major source of emissions [evidenced by these sectors reflecting 

trajectory of electricity line]. Once electricity is decarbonised, other sectors such 
as transport are able to benefit from this [evident in strong reduction post-2035 

as electric vehicles become significant in road transport]
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2C Innovate (scope 1+2) Transport

Buildings

Electricity generation

Industry
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As above, noting comparatively higher buildings and industry emissions in 
the medium term due to a more emissions-intensive electricity grid
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1.5C All-in (scope 1+2)

Electricity generation
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See slide 3 – not much more to add beyond importance of electricity 
decarbonisation [covered in slides 4 and 5]
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Aligning with the Paris climate goals requires 
technology uptake to be significantly accelerated 
compared to current trends. Widespread, rapid 
deployment of mature technologies can achieve 
much of what is needed this decade and can 
accelerate immediately, while substantial 
investment in research, development and 
commercialisation can close the gap to  
zero emissions across sectors.

All three scenarios in Decarbonisation Futures 
show significantly accelerated technology 
deployment and emissions reductions in the  
next decade compared to current trends, as is 
evident in the benchmarks across all sectors  
(see tables overpage).  

For instance, government figures project a decline 
of national emissions by 16% on 2005 levels by 
2030. In contrast, both the '2C Deploy' and  
'2C Innovate' scenarios benchmark a decrease  
of 48–53% while the '1.5C All-in' scenario  
arrives at 74%.

Likewise, government projections suggest 
Australia will generate 48% of electricity  
from renewables by 2030. The '2C Deploy' and  
'2C Innovate' scenarios put the figure at 74% and 
70% respectively; the '1.5C All-in' scenario at 79%. 

In transport, government projections state that, 
by 2030, around one in five new cars purchased 
will be electric. In contrast, that figure becomes 
one in two for '2C Deploy' and '2C Innovate' –  
and three in four for the '1.5C All-in' scenario.

These examples show the challenge ahead.

While the modelled benchmarks might seem 
ambitious, they are by no means impossible. 
The research highlights the progress being made 
– progress that now must be turbocharged, 
with governments, businesses and individuals 
mobilising to achieve faster change than under 
typical market conditions.

In short, action – the deployment of renewables, 
investment in research and development, 
construction of transition infrastructure, 
commercialisation of emerging technologies,  
and other measures discussed in the report – 
cannot wait until 2030 or 2050.

Deploying mature 
and demonstrated 
solutions can achieve 
much of what is 
needed this decade 
and can accelerate 
immediately. 

From 2030 to 2050, the implementation challenge 
shifts to zero-emissions solutions for long-haul 
transport, agriculture and industry, which need 
to be the focus of accelerated RD&D (research, 
development and demonstration) investment  
this decade. 

This is the transformational decade for climate.
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This is the 
transformational  
decade for climate.
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Benchmarks of progress towards net zero emissions by 2050

E M I S S I O N S

BENCHMARK
2°C PATHWAYS 1.5°C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

Net annual emissions 291-322 MtCO2e
37-43% 

decrease1 159 MtCO2e 69% decrease2 

Electricity emissions 62-65 MtCO2e
63-64% 
decrease 46 MtCO2e 73% decrease

Buildings emissions 36-37 MtCO2e
63-64% 
decrease 27 MtCO2e 73% decrease

Total transport emissions 108-115 MtCO2e 2-9% increase3 93 MtCO2e 12% decrease

 + Road transport 
emissions 89-95 MtCO2e 5-12% increase4 76 MtCO2e 11% decrease

 + Other transport 
emissions

18.8-19.5 
MtCO2e

5-8% decrease 17 MtCO2e 16% decrease

Total industry emissions 141 MtCO2e 40% decrease 120 MtCO2e 49% decrease

 + Extractive sectors 
emissions 67-71 MtCO2e

36-39% 
decrease 56 MtCO2e 49% decrease

 + Manufacturing and 
other sectors emissions 70-74 MtCO2e

40-43% 
decrease 63 MtCO2e 49% decrease

Agriculture and  
land emissions 37-75 MtCO2e 6-54% decrease 34 MtCO2e 57% decrease

 + Livestock emissions 19-53 MtCO2e 5-66% decrease 18 MtCO2e 69% decrease

 + Other agriculture 
emissions 18-22 MtCO2e 7-24% decrease 16 MtCO2e 31% decrease

 + Carbon forestry 
sequestration

31-45 MtCO2e 
sequestration

112 MtCO2e 
sequestration

1 This represents a reduction of approximately 48-53% on 2005 emissions levels

2 This represents a reduction of approximately 74% on 2005 emissions levels

3 Emissions peak in 2025, and decline consistently afterwards

4 Emissions peak between 2025-2027 and decline consistently afterwards
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T E C H N O L O G Y

BENCHMARK
2°C PATHWAYS 1.5°C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

Emissions intensity 220-252 tCO2e/
GWh

63-67% 
decrease 177 tCO2e/GWh 74% decrease

Share of renewable 
electricity generation 70-74% 2020 = 25% 79% 2020 = 25%

Additional renewable 
capacity between 2020  
and 2030

24-28 GW added 29 GW added

Additional storage capacity 
between 2020 and 2030

44-66 GWh 
added 56 GWh added

Rooftop solar electricity 
generation 22-26 TWh 85-116% 

increase 26 TWh 116% increase

Electric cars (battery 
electric vehicles and fuel cell 
electric vehicles)

50% of new car 
sales, 15% of 

total fleet

2020 = <1%  
of sales and 
total fleet

76% of new car 
sales, 28% of 

total fleet

2020 = <1%  
of sales and 
total fleet

Electric trucks (battery 
electric vehicles and fuel cell 
electric vehicles)

25-39% of new 
truck sales, 

8-13% of 
total fleet

2020 = <1%  
of sales and 
total fleet

59% of new 
truck sales, 24% 

of total fleet

2020 = <1%  
of sales and 
total fleet

Volume of zero emissions fuels 
(bioenergy and hydrogen) 83-111 PJ 171-265% 

increase 134 PJ 338% increase

Share of electricity in energy 
used for steel production 16-20% 2020 = 11% 27% 2020 = 11%

% clinker in cement 45-75% 2020 = 75% 15% 2020 = 75%

Share of new large buildings 
built using timber 7%-20% 2020 = negligible 20% 2020 = negligible

Carbon forestry ~ 5 Mha 
plantings

~ 8 Mha 
plantings
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E N E R G Y

BENCHMARK
2°C PATHWAYS 1.5°C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

Total final energy use 3-8% decrease 16% decrease

Share of electricity and 
zero-emissions fuels in  
final energy use

31-32% 2020 = 23% 35% 2020 = 23%

Share of electricity in  
total energy 24% 2020 = 20% 27% 2020 = 20%

Residential building  
energy intensity5 

44-48% 
decrease 

(improvement)

49% decrease 
(improvement)

Commercial building  
energy intensity6 

16-25% decrease 
(improvement)

28% decrease 
(improvement)

Share of electricity in 
residential buildings 76-78% 2020 = 49% 75%7 2020 = 49%

Share of electricity and 
zero-emissions fuels in 
transport energy 

9-11% 2020 = 3% 16% 2020 = 3%

Share of electricity and 
zero-emissions fuels in  
road energy use

5-9% 2020 = 2% 17% 2020 = 2%

Fossil fuel use in non-road 
transport 226-233 PJ 5-8% decrease 203 PJ 17% decrease

Total energy use 1684-1785 PJ 4-10% decrease 1580 PJ 15% decrease

Share of electricity and 
zero-emissions fuels in  
total energy use

30-32% 2020 = 25% 33% 2020 = 25%

5 Represented as energy use per household

6 Represented as energy use per m2 commercial building floor space

7 Higher rates of energy efficiency improvements lead to slightly lower levels of building electrification in the  
'1.5C All-in' scenario by 2030 relative to other scenarios
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The transition will not happen in time without  
strong action by every level of government, 
businesses and individuals to support technology 
development, demonstration and deployment.

Decarbonisation Futures identifies three key 
‘drivers’ that help develop and deploy solutions 
when and where they are required: 

 + Policy

 + Businesses and individuals

 + Technology.

 
Policy made by governments can drive emissions 
reductions through legislation, regulation or 
incentives (for example, renewable energy targets, 
vehicle greenhouse gas emissions standards, 
direct procurement and investment in climate 
solutions). Governments can provide essential 
infrastructure to support the rollout of solutions 
(such as investments in electricity transmission, 
rail transport, and electric vehicle charging 
infrastructure), and reduce non-price barriers 
to their adoption (for example, by providing 
consumer information and requiring companies  
to disclose climate strategies and actions).

Businesses and individuals can significantly 
impact emissions reductions through their 
consumption, investment and advocacy. 
Businesses can move their operations away 
from high-emissions processes or inputs to 
zero-emissions alternatives, and transition their 
workforces to be developing low-emissions 
products and services. Individuals can demand 
carbon neutral products in almost every sector 
as well as investments (for example, ethical 
superannuation and banking products) thus 
providing a strong signal to peers, businesses  
and governments.

Technology research, development and 
innovation can help overcome inherent 
challenges, accelerate uptake of solutions 
and provide new ways of working, potentially 
benefiting multiple sectors. But this entails 
support, with all three modelled scenarios 
requiring action by government, businesses and 
individuals. In particular, the '1.5C All-in' scenario 
depends on all three drivers working together: 
everyone needs to go ‘all-in’ for the more 
ambitious goal to remain within reach.

These triangles represent the level of progress/
action taken towards net zero emissions for each 
driver, by scenario.  

Settings closer to the inside of the triangle 
indicate less action, while outer settings indicate 
more/strong action.

2C DEPLOY 2C INNOVATE 1.5C ALL-IN

Technology 
progress

Businesses and 
individuals 

Policy

Technology 
progress

Businesses and 
individuals 

Policy

Technology 
progress

Businesses and 
individuals 

Policy

Overview of the three scenarios modelled



D E C A R B O N I S A T I O N  F U T U R E S  | 

2 0   |

Actions by government, business and individuals 
to achieve these pathways vary depending on 
technology maturity. For both demonstrated 
and mature technologies, actions to support 
deployment at scale are key.  

Indeed, in recent years, most cost reductions and 
performance improvements for new technologies 
have been gained through economies of scale, 
engineering and competitiveness.

Overview of actions government, businesses and individuals can take to accelerate solution 
development and deployment

SOLUTION  
STATUS

ACTIONS

GOVERNMENT BUSINESSES INDIVIDUALS

MATURE

A
C

C
EL

ER
A

TE
 D

EP
LO

Y
M

EN
T

 + Set standards and 
targets to accelerate 
the exit of old solutions 
and uptake of best-
practice solutions

 + Tax emissions-
intensive activities 
and products

 + Provide financial 
support and/or 
market structure 
amendments

 + Invest in supporting 
infrastructure

 + Improve information 
and accessibility

 + Set targets for 
operations and  
supply chains

 + Bring forward 
asset replacement 
investments with net-
zero ready versions

 + Shift products and 
services towards  
low-carbon options

 + Create new business 
models to accelerate 
uptake

 + Policy advocacy

 + Investor engagement 
with companies

 + Shift in consumption 
towards low-carbon 
products and services

 + Shift in behaviour,  
for example transport 
preferences

 + Investment in energy-
efficiency upgrades 
and solar PV

 + Shift in investments 
towards low-carbon 
options

 + Business and  
policy advocacy

DEMONSTRATION

 + Provide incentives for 
early deployment

 + Early demand 
through government 
procurement

 + Invest in supporting 
infrastructure

 + Stimulate private 
investment (such as 
with reverse auctions, 
co-investment or 
market design)

 + Early demand, willing 
to pay price premium

 + Targeted procurement 
for demonstration 
and testing

 + Create consortium for 
risk sharing for earlier 
stage demonstrations

 + Early demand, willing 
to pay price premium

 + Community 
investment in low-
carbon solutions

EMERGING

IN
V

ES
T 

IN
 R

D
&

D

 + Public investment in 
RD&D towards zero-
emissions solutions

 + Incentives for private 
investment in RD&D

 + Place-based 
experimental 
deployment

 + Private investment in 
RD&D towards zero-
emissions solutions

 + Create consortium for 
risk sharing for earlier 
stage demonstrations 
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In short, Australia can reduce emissions in 
line with the Paris climate goals through 
the accelerated deployment of mature and 
demonstrated zero-emissions technologies in 
all sectors, and the rapid development and 
commercialisation of emerging zero-emissions 
technologies in sectors such as agriculture and 
industry that are harder to abate.  

The Decarbonisation Futures report presents 
comprehensive information for decision-makers 
in government and business. It provides, across 
all sectors of the economy, technology pathways 
for achieving net zero emissions, guidance to 
formulate action plans and benchmarks to track 
their implementation. 

An Australia ready for a decarbonised world 
requires ambition and focus from political and  
business leaders.

 

By setting targets 
immediately, decision-
makers can focus 
attention on new 
solutions and prevent 
missed opportunities 
in technological 
investment.

Data released by NASA and the American/ 
National Oceanic and Atmospheric 
Administration shows the past decade to be  
the hottest ever recorded on the planet.

The stark data from such agencies and others, 
show devastating impacts if the current rates  
of global warming continue.

Yet the modelling in Decarbonisation Futures 
establishes that multiple pathways to the  
Paris goals remain open. Australia can still 
achieve a zero-emission future – but only by 
taking action today.
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Under the Paris agreement, 180 countries agreed 
to limit global temperature rise this century to 
well below 2 degrees Celsius above pre-industrial 
levels, and to pursue efforts to limit temperature 
rise to 1.5 degrees Celsius (UNFCCC, 2015). 

As the rise in global mean temperature is directly 
related to cumulative greenhouse gas emissions, 
global emissions must reach net zero to stabilise 
temperature rise. If there is to be any chance of 
keeping global warming below 1.5 degrees, global 
emissions need to reach net zero by around 2050 
(IPCC, 2018). Globally and in Australia, major 
corporations, investors and governments are 
already moving to align their strategies with the 
goal of net zero emissions by mid-century or earlier. 

By mid-2019, almost one-sixth of global GDP 
was covered by a net zero emissions target by or 
before 2050 (ECIU, 2019). In many cases, targets 
are backed by comprehensive policy measures. 
The United Kingdom (UK) has established 
policies, regulations and market measures to 
drive change in the electricity sector and end 
reliance on coal power – alongside a detailed 
zero-emissions transport strategy, legally 
binding emissions-reduction targets and an 
independent committee on climate change to 
advise the government on achieving its targets. 

New Zealand has developed policy and legislation 
targeting electricity and transport (including 
incentives for electric vehicles). California and 
New York are actively pursuing 100% renewable 
electricity (by 2045 and 2040 respectively) and 
net zero emissions across the economy (by 2045 
and 2050 respectively). 

The European Commission has proposed a 
‘Green New Deal’ policy agenda for the European 
Union (EU) ‘to transform the EU into a fair and 
prosperous society, with a modern, resource-
efficient and competitive economy where there 
are no net emissions of greenhouse gases in 2050 
and where economic growth is decoupled from 
resource use’ (European Commission, 2019). 
Norway, whose wealth is heavily linked to the 
extraction of oil, has adopted a target to reach 
net zero emissions by as early as 2030. 

All eight Australian state and territory governments 
have committed to, or aspire to, net zero emissions 
by 2050 or sooner. These commitments and 
aspirations are summarised in Figure 1.1.

Net zero emissions by 2050 or earlier is fast 
becoming the norm in support of the Paris climate 
goals to limit global temperature rise to 2 degrees 
Celsius and pursue efforts to restrain warming  
to 1.5 degrees.
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FIGURE 1.1: Australian national, state and territory commitments

In addition, Australian capital cities and local 
governments are increasingly setting net zero 
emissions targets for their operational and 
community emissions. A recent analysis by 
ClimateWorks found that 37% of the  
local governments assessed – representing 21% 
of the Australian population – have a target, 
aspiration or have made emissions reduction 
commitments aligned with net zero emissions  
by or before 2050 for all, or the majority of,  
their community emissions (ClimateWorks  
Australia, 2020). 

Large investors and businesses are also 
increasingly adopting net zero emissions targets 
by, or before, 2050. The Net-Zero Asset Owner 
Alliance, for instance, brings institutional 
investors from all over the world together in 
a pledge to transition portfolios – collectively 
representing some US$4 trillion in assets under 
management by 2050. 

Around the world, companies in the highest 
emitting sectors – including Germany’s largest 
steelmaker, ThyssenKrupp, and the world’s fourth 
largest cement-making company Heidelberg 

Cement (which owns a 50% participation in 
Cement Australia) – are also starting to set net 
zero targets by 2050 (Geck, 2019). The world’s 
second largest iron ore producer, Vale, has 
committed to net zero by 2050, with a pledge  
that includes emissions resulting from the sale of 
its products (scope 3 emissions). Spain’s largest 
oil company, Repsol, has done the same  
(Geck, 2019). 

The growing expectation around net zero 
commitments is likely to impact Australia’s large 
industrial and mining companies in coming years.  

Already, Australian businesses committed to 
net zero include large listed companies names 
like Atlassian, Dexus, Mirvac, Rio Tinto and 
Qantas. Many businesses are heading in the 
same direction, with 826 companies – including 
Westpac, Origin Energy, Woolworths and Telstra – 
now committed to developing, or have developed, 
a science-based target aligned with the Paris  
goals of keeping global warming well below  
2 degrees Celsius. 

WESTERN AUSTRALIA

2050: Net zero emissions 
(aspirational)

SOUTH AUSTRALIA

2050: Net zero emissions

VICTORIA

2050: Net zero emissions 
(legislated)

2030: 50% renewable energy

TASMANIA

2050: Net zero emissions  
(under review to before 2050)

2040: 200% renewable energy  
(to support a clean export industry)

NORTHERN TERRITORY

2050: Net zero emissions 
(aspirational)

2030: 50% renewable energy

QUEENSL AND

2050: Net zero emissions

2030: 50% renewable energy

NEW SOUTH WALES

2050: Net zero emissions

AUSTRALIAN CAPITAL 
TERRITORY

2045: Net zero emissions 
(legislated)

2020: 100% renewable energy

The ACT legislative assembly 
is also responsible for local 
government functions. 

NATIONAL TARGETS

2030: Emissions 26-28% 
below 2005 levels

2020: 33,000 GWh of 
renewable energy
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Australia, and the world, has limited time to reach 
the net zero emissions required to stay within  
the Paris Climate Agreement goals.

The amount of greenhouse gases that can be 
emitted while keeping warming below a specific 
temperature goal is known as a ‘carbon budget’. 
The carbon budget for 1.5 degrees Celsius of 
warming is necessarily smaller than that for  
2 degrees Celsius. Decarbonisation Futures  
utilises a carbon budget approach to assess  
the compatibility of the scenarios analysed 
against the temperature outcomes.

Table 1.1 shows the global and Australian  
carbon budgets for different likelihoods of staying 
below 2 and 1.5 degrees (IPCC, 2018; GCP, 2019). 
The Australian carbon budgets are calculated 
from the global budgets using assumptions 
consistent with those developed by the Climate 
Change Authority (CCA, 2014). The calculation 
shows that if emissions are not reduced as fast  
as possible, the carbon budgets for 2 and  
1.5 degrees will be consumed very rapidly.

 A 1.5 degrees Celsius goal requires significant 
emissions reductions, in the order of halving global 
emissions every decade (Rockström et al, 2017). 

These emissions reductions will need to occur 
alongside measures to remove emissions from  
the atmosphere through land uses such as forestry 
and negative emissions technologies, so that  
net zero emissions is reached globally by 2050.

Australia’s total greenhouse gas emissions have 
increased over the past three years, although 
they peaked in 2018 (DoEE, 2017; Department 
of Industry, Science, Energy and Resources, 
2019). This has been driven by many factors: 
growing production and exports of liquefied 
natural gas (LNG), but also population growth, 
rising household incomes and increased travel. 
According to 2019 emissions projections, 
Australia’s emissions in 2030 will be 16% below 
2005 levels (DoEE, 2019a) – well short of Australia’s 
emissions reduction target of 26-28% below 2005 
levels, and only achieving a 4% reduction below 
2019 levels. The achievement of a trajectory 
compatible with the Paris goals calls for a step 
change in the pace of emissions reductions  
in Australia.

TABLE 1.1: Global and Australian carbon budgets for 2 and 1.5 degrees

CLIMATE GOAL CARBON BUDGET, 
AS OF 01/01/2020

EQUIVALENT TO X 
YEARS AT CURRENT 
EMISSIONS LEVELS

REQUIRES  
NET ZERO BY

GLOBAL PERSPECTIVE

2⁰C, 67% chance 1,086 GtCO2 26 years ~2070
1.5⁰C, 50% chance 496 GtCO2 12 years ~2050
1.5⁰C, 67% chance 336 GtCO2 8 years ~2050

AUSTRALIAN PERSPECTIVE8 

2⁰C, 67% chance  11.1 GtCO2e  21 years ~2050
1.5⁰C, 50% chance  4.1 GtCO2e  7.6 years ~2035
1.5⁰C, 67% chance  2.1 GtCO2e  4.0 years ~2035 (with overshoot)

8 Calculated using methodology from Meinshausen (2019) drawing on DoEE (2019b).  Assumes Australia’s share of 
0.97%, in-line with CCA (2014).
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BOX 1.1: THE PARIS CLIMATE 
AGREEMENT AND THE 
IMPORTANCE OF TEMPERATURES 
WELL BELOW 2 DEGREES CELSIUS
Global temperatures have already risen 
approximately to 1 degree Celsius above pre-
industrial levels (Allen et al, 2018). Data released 
by NASA and the American/ National Oceanic and 
Atmospheric Administration shows the past decade 
to be the hottest ever recorded on the planet.

The human and environmental impacts of the 
current levels of warming observed in land and 
ocean temperatures since pre-industrial times are 
already being experienced, through, for instance, 
the increased frequency and magnitude of 
extreme weather. Australia’s recent catastrophic 
fire season – a consequence of prolonged drought 
and intense heatwaves – provides one example of 
what the future might look like, with additional 
warming projected to increase impacts further 
(Climate Council, 2019).

Decarbonisation Futures can help leaders in 
government and business leverage positive 
momentum, understand available solutions and 
accelerate their development and deployment.

Research into the relative economic benefits of 
climate targets shows that limiting of warming 
to 1.5 degrees Celsius will likely reduce the 
deleterious consequences for people, the planet 
and the economy – with estimated global benefits 
exceeding US$20 trillion under a 3% discount  
rate. People, the planet and the economy are  
all projected to suffer greatly with warming  
above 2 degrees Celsius (Burke et al, 2018).  
Other benefits include lessened global inequality 
and avoidance of more than 30% reductions in 
per capita output (Burke et al, 2018). Differences 
in the natural environment are expected to be 
significant under higher levels of warming, with, 
for example, 99% of reef-building corals lost  
under warming of 2 degrees or more (Hoegh-
Guldberg et al, 2018) and a 20-40% decline in 
Murray Darling Basin river flows forecast if global 
average temperatures increase by 2 degrees  
(Foley, 2020; Chiew et al, 2008).

While recent action in Australia and globally is not 
yet sufficient to reach net zero emissions before 
2050, the momentum for emissions-reduction 
solutions provides a basis for further action – at 
the greater scale and speed required to align with 
a 1.5 degrees Celsius goal (WMO et al, 2019). 

History has shown that rapid adoption of 
technology, policy and social innovations can 
result in change much faster than has been 
conservatively assumed. For example, the first 
mobile phone prototypes appeared in the 1970s. 
When asked by AT&T in the 1980s to predict the 
uptake of the new phones, the management 
company McKinsey & Company projected that 
less than 1% of the total population would own 
a mobile device by 2000 (The Economist, 1999). 
Mobile phone ownership in the United States is 
now estimated at 96% (Pew Research Center, 
2019), reaching almost complete adoption in less 
than 40 years. The technology is continuing to 
cause rapid societal changes.

Examples of faster than expected progress in 
emissions reduction can be seen particularly in 
the uptake of renewable energy and storage, 
where the speed and scale of cost reductions has 
exceeded even the more optimistic projections. 
Globally, more solar power plants have been 
installed in five years than was projected to take 
place in 20 years (Liebreich, 2018). Similarly, the 
costs of battery packs for electric vehicles have 
fallen more, and years earlier, than expected. 
Recent progress includes cost reductions and 
performance improvements in electric vehicles 
and batteries. This means that larger vehicles 
such as buses and trucks are now being electrified 
in transport, while solar and wind power with 
energy storage dominate the pathway to  
zero emissions in electricity.
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There is no single pathway to reduce emissions 
to net zero economy-wide. But as an alignment 
with net zero emissions by 2050 becomes the 
norm, financial regulators will increasingly expect 
companies and investors to consider climate risks 
and opportunities within their risk management 
frameworks (APRA, 2019).

Scenario testing can help ensure robust and 
resilient strategies, testing the impact of 
alternative futures on a company, an investment 
portfolio or a government policy. Decarbonisation 
Futures utilises the Aus-TIMES techno-economic 
modelling framework to empower decision-makers 
to make high-quality decisions towards  
a net zero goal, by detailing:

 + the maturity of solutions across different 
sectors of the economy

 + the drivers – policy, businesses and individuals, 
and technology – helping to develop and 
deploy solutions

 + ways to track progress, including benchmarks 
indicative of the changes needed this decade 
to remain aligned with the goal of limiting 
global warming to 2 and 1.5 degrees Celsius.

The modelling lays the groundwork for the  
next challenges: the accelerated deployment of 
mature and demonstrated technologies, and the 
rapid development and commercialisation of 
emerging zero-emissions technologies in  
harder to abate sectors.

It is worth noting that the report explores possible 
futures for the Australian economy based on its 
typical structure, and the modelling does not 
include the entry of new industries and global 
markets, such as green hydrogen. 

The body of this document is divided into two 
main sections. Section 2 looks at each sector  
and characterises their emissions profile, as  
well as available solutions and the drivers that 
might contribute to their progress. In Section 3,  
the results of three illustrative scenarios  
are presented, alongside useful tracking 
benchmarks for 2030.
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The achievement of net zero emissions relies on  
four pillars of decarbonisation across all sectors  
of the economy.

Australia generates high levels of greenhouse gas 
emissions, with its economy ranking in the top 10 
in the world for emissions per capita (IEA, 2019a). 
Australia’s emissions are produced primarily by 
the electricity generation, industry and transport 
sectors, as shown in Figure 2.1. When electricity 
emissions in end-use sectors (rather than at 
generation) are counted, buildings and industry 
represent a much larger share.

Australia’s emissions are mostly (79%) due to 
the burning of fossil fuels – coal, gas and oil. 
The remainder come from non-energy sources 
– namely industrial processes and product use, 
agriculture, waste and land use (DoEE, 2019e).

FIGURE 2.1: Australia’s emissions shares by sector (2018). Inside circle: excluding end-use electricity 
(scope 1), outside circle: including end-use electricity (scope 1 & 2)

Buildings Industry Transport Agriculture and land Electricity generation

Source: ClimateWorks Australia analysis9 using DoEE (2018b; 2019d).  
Note: Numbers may not add up to one hundred due to rounding

9 Note: Exact emissions shares by subsector may differ slightly to those published in Australia’s National Greenhouse 
Gas Inventory due to different emissions-accounting treatment and allocation.
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20%
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In Australia, achieving net zero emissions across 
the economy and in every sector still relies on the 
four pillars of decarbonisation (Figure 2.2):

 + Energy waste reduction, including through 
energy productivity and a shift away from 
energy-intensive products and services

 + 100% renewable electricity

 + Electrification and a shift away from 
fossil fuels to zero- or near-zero emissions 
alternatives

 + Non-energy emissions reduction and 
offsetting of residual emissions.

FIGURE 2.2: The four pillars of decarbonisation

Source: ClimateWorks Australia (2014) Pathways to Deep Decarbonisation in 2050. 

Much has changed in five years, with the technical 
gap closing to make zero emissions possible in  
all sectors.

Technical progress in decarbonisation has been 
rapid in recent years. Today, mature technologies 
capable of achieving zero emissions exist in many 
sectors. Decarbonisation Futures outlines progress 

made towards zero-emissions technologies 
across major sectors of the Australian economy – 
electricity, buildings, transport, industry,  
and agriculture and land.

Energy waste 
reduction, including 
through energy 
productivity and 
a shift away from 
energy-intensive 
products and services

100% renewable 
electricity

Electrification and 
a shift away from 
fossil fuels to zero- or 
near-zero emissions 
alternatives

Non-energy emissions  
reductions and 
offsetting of  
residual emissions

THE FOUR PILLARS OF DECARBONISATION
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TABLE 2.1: Summary table of key emissions-reduction solutions by sector

The following section explores the situation in 
each sector of the Australian economy, listing 
emissions sources, the factors contributing to 
their increase and the solutions that could help 
achieve zero emissions. For each sector, the 
solutions are summarised in table format and 
expanded on in text, along with examples.  
The ‘readiness’ of each solution is also  
presented, using three status designations: 

 + MATURE 
These solutions have been proven, or are 
available ‘off-the-shelf’ for deployment.  
Their performance is comparable to  
existing solutions

 + DEMONSTRATION 
These solutions are undergoing simulated  
or real-world demonstrations but may  
require further validation for new 
applications. More development is required 
to improve the price and/or performance 
compared to existing solutions

 + EMERGING 
These solutions are yet to be deployed outside 
the research environment. They are still under 
development and testing to prove feasibility. 
Proof-of-concept is either underway or 
needed to demonstrate viability.

These designations are a simplified representation 
of technology maturity and integration readiness. 
They are intended to provide a high-level 
snapshot of the readiness of the solution for its 
abatement task – relative to other solutions within 
a sector, and in other sectors (Table 2.1).

Each sector must overcome unique challenges 
during the transition to net zero. In the buildings, 
electricity generation and light road transport 
sectors, many of the technologies required for full 
decarbonisation are available, and deployment 
and integration are the main challenges. In other 
sectors – particularly industry, transport, and 
agriculture and land – there is significant scope 
for technological solutions in hard-to-abate 
areas, as well as the scaling-up of currently 
available technologies. 

DEMONSTRATED + MATURE  
SOLUTIONS

EMERGING  
SOLUTIONS

ELECTRICITY
100% renewables, storage 
(including batteries), demand 
management

There are sufficient 
demonstrated and mature 
solutions to decarbonise these 
sectors. However, emerging 
solutions could decrease costs 
and aid deployment at scale.BUILDINGS Deep energy efficiency, 

electrification 

TRANSPORT Electric and fuel-cell vehicles for  
light road transport

Biofuels, synfuels, electrification, 
ammonia or hydrogen for  
other transport

INDUSTRY

Energy efficiency, circular 
economy, proven electrification, 
bioenergy and bio-feedstocks, 
industrial CCS

Material substitution,  
high grade heat electrification,  
solar thermal, hydrogen

AGRICULTURE  
+ LAND

Sustainable agriculture 
practices, plant-based 
substitutes, fertiliser 
management, carbon forestry

Lab food, enteric  
fermentation treatments  
(such as livestock vaccines)
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The transition to net zero emissions in Australia will 
need backing from businesses and individuals and 
every level of government to support technology 
development, demonstration and deployment.  

The growing momentum towards an increasing 
number of zero-emissions solutions in Australia 
is promising. 

However, for Australia to be on a net zero 
trajectory (consistent with limiting global 
temperature rise to well below 2 degrees Celsius) 
the implementation of these solutions will need to 
scale up and accelerate. To achieve the required 
rate of implementation, many challenges must be 
overcome, including technological development, 
deployment and integration. 

Technology progress, policy and business and 
individual actions have been identified as key 
drivers to help develop and diffuse the zero-
emissions solutions discussed.

The extent to which each of these drivers is 
relevant to a sector or particular solution 
depends on how clear the path to zero emissions 
is currently thought to be. For example, where 
a sector is facing a deployment challenge, 
technological development is likely to be less 
important than supportive environmental policy 
or demands by businesses and individuals for 
existing technologies.

The investigation of the differences in the effect 
of each category of drivers is a key part of the 
Decarbonisation Futures analysis. The overall 
hypothesis is that a combination of technological, 
policy and business and individual drivers can 
overcome barriers to the development and 
uptake of solutions. For example, the uptake of 
3D printing would likely grow if continued cost 
reductions are achieved (a technological driver, 
supported by public and private investment), 
and demand from businesses and individuals 
for products and services increases materially. 
Therefore, a scenario where technological and 
business/individual drivers are high, and where 
policy drivers are supporting progress, would see 
high levels of 3D printing. There could also be 
other paths to uptake of 3D printing. 

Examples of how technology, policy, businesses 
and individuals can help address the challenges 
to achieving net zero:

TECHNOLOGY PROGRESS

Technological research, development and 
innovation can drive cost reductions through 
improvements such as production processes 
that enhance economies of scale and the use 
of more economical materials. Technological 
innovations and improvements can also support 
low-carbon technologies. This support can include 
overcoming inherent challenges (for example,  
batteries to store energy for variable renewables), 
providing a way to accelerate uptake or providing 
new ways of working (for example, sensors and 
automation in manufacturing). These supporting 
solutions may not have been developed solely to 
reduce emissions and could potentially benefit 
multiple sectors simultaneously.  

POLICY

Policy can drive emissions reductions through 
legislation, regulation, standards or incentives to 
drive the rapid and widespread uptake of solutions 
(for example, renewable energy targets, vehicle 
greenhouse gas emissions standards, direct 
procurement, and investment in climate solutions). 
This provides essential infrastructure to support the 
rollout of solutions (for example, investments in 
electricity transmission, rail transport and electric 
vehicle charging infrastructure), addressing market 
failures and reducing non-price barriers to adoption 
(for example, consumer information). Policy can 
also provide support for communities and workers 
impacted by the transition to net zero emissions 
(for example, support for low-income households 
to access affordable electricity and transport, and 
just transition plans for communities and workers 
reliant on coal and gas power).   

BUSINESSES AND INDIVIDUALS

Businesses and individuals can have a significant 
impact on emissions reductions through their 
consumption, investment and advocacy. 
Actions such as supply chain procurement 
rules for businesses are an example of shifting 
consumption. Businesses may move their 
operations away from high-emissions processes 
or commodities to low-emissions alternatives. 
For individuals, increasing demand for more 
sustainable products and investments (for 
example, ethical superannuation and banking 
products) provides a strong signal to businesses. 



 |   3 3 

|  M A R C H  2 0 2 0

The involvement of businesses and individuals 
involvement in emissions-reduction leadership 
initiatives, campaigns or advocacy efforts can 
send a strong signal to peers and governments.

Table 2.2 illustrates how actions by government, 
businesses and individuals can help accelerate the 
development and implementation of solutions, 
depending on their current status.

Each sector must overcome unique challenges 
during the transition to net zero. In the building, 

electricity generation and road transport sectors, 
many of the technologies required for full 
decarbonisation are available, and deployment 
and integration are the main challenges. 

In other sectors, particularly industry, transport, 
agriculture and land, there is significant scope for 
technological solutions in hard-to-abate areas, 
as well as the scaling-up of currently available 
technologies. The following sections discuss the 
most pressing challenges for each sector and  
the drivers that can help overcome them.

TABLE 2.2: Overview of actions that government, businesses and individuals can take to accelerate 
solution development and deployment

SOLUTION  
STATUS

ACTIONS

GOVERNMENT BUSINESSES INDIVIDUALS

MATURE

A
C

C
EL

ER
A

TE
 D

EP
LO

Y
M

EN
T

 + Set standards and 
targets to accelerate 
the exit of old solutions 
and uptake of best-
practice solutions

 + Tax emissions-
intensive activities 
and products

 + Provide financial 
support and/or 
market structure 
amendments

 + Invest in supporting 
infrastructure

 + Improve information 
and accessibility

 + Set targets for 
operations and  
supply chains

 + Bring forward 
asset replacement 
investments with net-
zero ready versions

 + Shift products and 
services towards  
low-carbon options

 + Create new business 
models to accelerate 
uptake

 + Policy advocacy
 + Investor engagement 
with companies

 + Shift in consumption 
towards low-carbon 
products and services

 + Shift in behaviour,  
for example transport 
preferences

 + Investment in energy-
efficiency upgrades 
and solar PV

 + Shift in investments 
towards low-carbon 
options

 + Business and policy 
advocacy

DEMONSTRATION

 + Provide incentives for 
early deployment

 + Early demand 
through government 
procurement

 + Invest in supporting 
infrastructure

 + Stimulate private 
investment (such as 
with reverse auctions, 
co-investment or 
market design)

 + Early demand, willing 
to pay price premium

 + Targeted procurement 
for demonstration 
and testing

 + Create consortium for 
risk sharing for earlier 
stage demonstrations

 + Early demand, willing 
to pay price premium

 + Community 
investment in low-
carbon solutions

EMERGING

IN
V

ES
T 

IN
 R

D
&

D

 + Public investment in 
RD&D towards zero-
emissions solutions

 + Incentives for private 
investment in RD&D

 + Place-based 
experimental 
deployment

 + Private investment in 
RD&D towards zero-
emissions solutions

 + Create consortium for 
risk sharing for earlier 
stage demonstrations 
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2.1 ELECTRICITY
 
Electricity generation is Australia’s largest 
emissions source, affecting all downstream 
sectors of the economy. 

Electricity generation is Australia’s highest 
emitting sector, accounting for more than a third 
of the national total (DoEE, 2019f). Electricity also 
plays a significant enabling role in decarbonising 
other sectors, which utilise electricity for energy 
supply. Rapid decarbonisation of the electricity 
sector is essential for Australia to meet Paris 
Climate Agreement targets. 

Most of the solutions required to achieve zero 
emissions in the electricity sector are mature 
and commercially competitive or have been 
demonstrated at scale. The key challenge for  
the sector is to achieve widespread adoption  
over a short period of time.

Electricity emissions have fluctuated over the 
past decade, as shown in Figure 2.3.  

Source: ClimateWorks Australia analysis using DoEE (2018b; 2019d)
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Figure 4 – Australia’s annual electricity generation emissions (2005-2018)
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Australia’s emissions from electricity have fluctuated 
recently, declining by around 8% since 2005. Most of this 

decline has occurred in the past decade as renewables 
comprise an increasing share of overall electricity 

generation [see next slide]

FIGURE 2.3: Australia’s annual electricity generation emissions trend (2005-2018)

Peaking in 2009, they declined over the five 
subsequent years. Several factors facilitated 
this decrease, including policies that supported 
renewable energy, a reduction in demand, and 
carbon pricing from mid-2012 to mid-2014. 
After 2014, emissions rose for two years before 
dropping again between 2017 and 2018.

The most recent fall in electricity emissions 
reflects the closure of coal power stations and 
increasing deployment of renewable sources. 
Wind and solar photovoltaics (solar PV) are 
now the cheapest sources of new electricity 
generation (Graham et al, 2018). The shift to 
renewable energy is likely to continue as existing 
high carbon sources are retired at end-of-life or 
sooner, depending on both financial and social 
drivers. The closure of the Hazelwood power 
station in Victoria in 2017 offers an example of 
these dynamics, with power station age, company 
strategy and difficult market conditions cited as 
reasons for the decision (Engie, 2016). 

In 2018, global investment in renewable energy 
contributed 171 gigawatts of power, more than 
60% of new installed capacity (IRENA, 2019). 
Solar PV (94 gigawatts) and wind (49 gigawatts) 
accounted for most of the new capacity. 
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In the same time period, wind generation has 
more than doubled in capacity, now contributing 
just under 6% of total electricity to the grid.

Over the past decade, electricity demand has 
grown slightly. Much of this additional demand 
has successfully been met by renewable sources. 
This has had flow-on benefits, as new fossil fuel 
capacity has not been ‘locked in’ during this 
period. Ongoing energy-efficiency improvements 
and installations of ‘behind-the-meter’ solar PV 
– where consumers use electricity generated by 
rooftop solar in preference to drawing from the 
grid – will be likely to help decouple grid electricity 
demand from population and economic growth 
in some sectors of the economy. Increased 
production from electricity-intensive industries 
such as LNG production has, and could lead 
to further increases in demand for electricity. 
Widespread electrification in other sectors to 
replace fuels such as gas could also drive  
strong growth in electricity demand.

In Australia, coal-fired electricity generation fell 
to around 60% of total generation in 2018, down 
from 71% in 2010, while gas use has remained 
relatively consistent at around one-fifth of total 
generation (DoEE, 2019b) as shown in Figure 2.4 
below. Australia’s increased reliance on renewable 
energy has been driven by national and state 
renewable energy targets, renewable energy 
agencies (such as the Clean Energy Finance 
Corporation (CEFC) and the Australian Renewable 
Energy Agency), the retirement of coal power 
stations, uptake by business and individuals 
(particularly of solar PV), and substantial global 
cost reductions of new-build renewable energy. 
This is particularly the case for wind and solar PV, 
as well as energy storage technologies such as 
large-scale battery storage (Graham et al, 2018). 
Solar power generation, both small- and large-
scale, has grown to nearly 4% of total generation, 
up from less than 1% earlier in the decade  
(DoEE, 2019b).  

FIGURE 2.4: Electricity generation mix and emissions (2010 & 2018) 

Source: DoEE (2019b; d)
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Figure 5 – Australia’s electricity generation mix and emissions (2010 & 2018)
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[see previous slide] Although 
total electricity generation has 
increased in the past decade, 
emissions have fallen due to 

an increasing share of 
renewables such as hydro, 
wind and rooftop solar PV 
replacing coal generation.
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Renewable energy has continued to gain  
momentum globally and in Australia – spurred by 
policy support and cost reductions. Renewable 
energy is a mature solution, well-positioned for 
widespread deployment.

In the electricity sector, zero-emissions 
technologies are mature. In particular, large- and 
small-scale renewable generation (supported for 
example by new storage capabilities) can fully 
decarbonise the power supply. The increased 
uptake of new technologies worldwide has led to 
significant cost reductions, with new large-scale 
renewable generation now less expensive than 
new fossil fuel generation, and battery costs  
per kilowatt hour 80% cheaper than in 2010  
(Table 2.3).

Recent reports have suggested that Australia 
can transition to 100% renewable electricity 
generation (Blakers et al, 2017; Ueckerdt et al, 
2019), while reducing costs across electricity 
networks (CSIRO & Energy Networks Australia, 
2017). Australia can reach a 50% share of 
variable renewable energy (such as wind and 
solar) without needing significant energy storage 
capacity (Godfrey et al, 2017). Many countries 
(including Denmark, Uruguay, Ireland, Germany, 
Portugal, Spain, Greece and the UK) rely on a 
much greater proportion of variable  renewable 
energy than Australia (IEA, 2017; REN21, 2019). 
Other than South Australia, all Australian states 
and territories currently have less than a 50% 
variable renewable share. Distributed generation 
– such as rooftop solar PV and large-scale 
renewable generation – can meet new demand 
and replace existing fossil fuel generation in a 
commercially competitive way. 

As the proportion of energy and power delivered 
by variable renewables increases above 50%, 
storage and other system-balancing and 
stability technologies may need to be installed. 
Even accounting for the additional cost of such 
technologies, renewables remain the cheapest 
new source of electricity. Battery storage costs 
per kilowatt hour have dropped by more than 
80% since 2010 and are continuing to decline 
(Climate Council, 2018). 

10 If the system can access renewable energy sources which increase and decrease production at different times to 
when existing renewables generate, this smooths aggregate variable renewable electricity supply.

11 A virtual power plant refers to the aggregation, management and control of distributed energy resources such 
as rooftop solar and batteries to deliver services to households and communities, in a similar manner to a 
conventional power plant.

There are also other energy storage options  
(such as pumped hydro) that are in varying 
stages of market and technological readiness.

While energy storage is one solution for  
balancing the variability of renewables, other 
approaches exist. These include the diversification 
of renewable energy sources, the extension 
of transmission networks, the overbuilding of 
renewable energy capacity, and the increased  
use of demand management. 

Building more transmission infrastructure will 
provide access to more diverse renewable energy 
sources, allowing non-coincident10 sources to 
be included in the generation mix. If renewable 
capacity is overbuilt relative to demand, surplus 
electricity can then be used to produce low-
emissions fuels such as renewable hydrogen. 
Finally, demand management can be used to 
make demand more flexible, so that it can  
adapt to changes in supply.

Electric vehicles are expected to be a large future 
source of flexible electricity demand. As their 
charging times are adjustable, electric vehicles 
could be optimised to support grid reliability. 
Hydrogen electrolysers using renewable energy, 
if built at scale and grid-connected, could play 
a role as a flexible source of demand. Business 
models that engage behind-the-meter virtual 
power plants11 to balance supply for the grid are 
also emerging. In addition, both network and 
market operators are investing in monitoring, 
forecasting and controlling behind-the-meter 
energy devices (Energy Networks Australia, 
2018b). Finally, rule changes from the Australian 
Energy Market Operator (AEMO) require that 
retiring plants provide three years' notice of 
the date they will cease generation, so that 
replacement generation capacity can be 
developed in advance.
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BOX 2.1: MANAGING SECURITY  
OF A RENEWABLE GRID
In addition to balancing supply and demand,  
the electricity system requires additional services 
to manage the grid. Services including inertia, 
frequency control and voltage control ensure 
the electricity grid can quickly recover from 
unexpected events. These are largely supplied by 
existing fossil fuel and hydroelectric generation, 
as well as by transmission lines. As fossil fuel 
generation retires, however, new approaches  
have become available.

For example, synchronous condensers, historically 
used for industrial power load management, are 

gaining favour for their ability to regulate grid 
voltage by absorbing and generating reactive 
power. ElectraNet, the main transmission supplier 
for South Australia, recently selected synchronous 
condensers in preference to contracting existing 
generation, a decision approved by the Australian 
Energy Regulator. 

In addition to traditional sources of grid stability, 
wind, solar and battery storage facilities with 
smart inverter technology can also be modified to 
provide regulation, voltage support and frequency 
response services to support grid reliability and 
security (California ISO, 2016).

TABLE 2.3: Summary table of strategies and key solutions for electricity supply emissions reductions 

STR ATEGY KEY 
TECHNOLOGIES STATUS MOMENTUM

PRODUCE AND STORE ZERO-EMISSIONS ELECTRICITY

Meet new 
demand 
and replace 
existing fossil 
fuel electricity 
generation 
with 
renewables 
to achieve a 
zero-emissions 
electricity grid

Distributed 
generation 
(e.g. rooftop 
solar PV)

Mature

Distributed rooftop solar PV is now cost effective 
for many households with sufficient roof space. 
In recent years, rooftop solar PV generation has 
increased by around 20% annually to form over 
3% of total electricity supply13. The rise of small 
generation aggregators is unlocking even greater 
potential for rooftop PV penetration in our grid14. 

Grid-connected 
renewables 
(e.g. solar, 
wind)

Mature

The capital costs of large-scale renewable generation 
in Australia have now fallen below costs for new-
build fossil fuel generation15, making it a more 
commercially viable solution for new generation.

13 Clean Energy Regulator (2018)

14 AEMO (2020)

15 Graham et al (2018)

Australia is, however, unlikely to achieve the pace 
of transition required to reduce emissions through 
market forces alone, and will require policy and 
market intervention or pressure from businesses 
and individuals to retire existing generation, as

12 Refers to a framework developed by labour unions and environmental justice groups to help secure the rights and 
livelihoods of workers affected by transitions away from polluting industries (Climate Justice Alliance, 2018).

well as investment in transmission infrastructure 
and a flexible grid. An additional challenge in the 
transition away from existing generation sources 
is ensuring a ‘just transition’12 for regions heavily 
reliant on these industries (ACTU, 2016).
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Integrate 
high levels of 
renewables

Pumped 
hydro energy 
storage (PHES) 
technology

Mature

Pumped hydro energy storage has been used in 
Australia since the 1970s – including schemes at 
Talbingo, Shoalhaven and Wivenhoe. Additional 
opportunities are increasingly being identified 
across Australia: Hydro Tasmania is investigating 
three high-potential sites under the Battery of the 
Nation initiative16; work has begun on the Snowy 
2.0 pumped hydro project; and the Australian 
Renewable Energy Agency (ARENA) recently 
committed funding to fast-track development of 
the first pumped hydro plant in South Australia17. 

Battery storage 
(large-and 
small-scale)

Mature

Battery costs per kilowatt hour have dropped 
by more than 80% since 2010, and could more 
than halve by 202618. Initiatives such as AEMO’s 
National Electricity Market Virtual Power Plant 
Demonstrations Program aim to increase the 
impact of local battery storage on electricity grids19.

Additionally, large utility-scale batteries are 
already operating in Australia, such as the Neoen 
and Tesla Hornsdale Power Reserve in South 
Australia – the world’s largest battery20. Others are 
currently under testing or construction21. 

Demand 
response and 
commercial 
models for 
valuing storage

Demonstration

The Australian Energy Market Commission is 
currently considering a rule change to better 
integrate demand-side participation in the 
National Electricity Market. This would create 
a more favourable market environment to 
incentivise large energy producers to shift their 
demand response22.

As Australia’s electric vehicle fleet grows, 
opportunities for ‘vehicle-to-grid’ storage and 
demand response mechanisms are also set  
to increase23.

Renewable 
hydrogen Emerging

One work stream of the Council of Australian 
Governments Energy Council’s Hydrogen Working 
Group focuses on hydrogen to support electricity 
systems. The group plans to investigate hydrogen’s 
potential to help balance electrical supply  
and demand24.

ARENA has also awarded $22.1 million in funding 
for hydrogen research and development25,  
while also directly supporting numerous 
demonstration projects26. 

16 Hydro Tasmania (2019)

17 ARENA (2019a)

18 IEA (2018a)

19 AEMO (2018)

20 Neoen (2019)

21 ARENA (2019b)

22 Public Interest Advocacy Centre, Total Environment Centre and The Australia Institute (2018)

23 ARENA (2019c)

24 Australian Government Chief Scientist (2018) 

25 ARENA (2018)

26 ARENA (2019d), ARENA (2019e)
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Integrate 
high levels of 
renewables

Microgrids Demonstration

Victoria’s Microgrid Demonstration Initiative 
has supported seven demonstration projects 
around the state27. Notably, Monash University 
is demonstrating the potential economic 
opportunities for microgrid operators in a 
large-scale trial that also aims to inform state 
policy to address existing barriers to microgrid 
implementation28. 

Inertia-control 
technology Demonstration

Synchronous condensers are an established 
technology – previously used for industrial power 
load management. The technology is now seeing  
a comeback for grid-stability applications29. 

Development of renewable inertia-providing 
generation is also scaling up, with major players 
such as GE and Mitsubishi currently working on 
large-scale hydrogen-powered turbines30. 

27 DELWP (2019)

28 Monash University (2019)

29 Modern Power Systems (2019)

30 Patel (2019)
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2.2 BUILDINGS

Residential and commercial buildings comprise 
around one-fifth of Australia’s emissions, yet 
the sector can achieve zero emissions by pairing 
energy efficiency and electrification with 
renewable electricity.

Residential and commercial buildings, including 
their electricity emissions, comprise around one-
fifth of Australia’s emissions31 (ClimateWorks 
Australia, 2018b). As buildings are used for living 
and working, they consume significant energy to 
power lighting, appliances, hot water and space 
heating and cooling. 
Commercial buildings derive nearly 80% of their 
energy from electricity, with the rest coming 

from gas. Residential buildings use electricity for 
nearly half of their energy needs, gas for one-
third, and biomass – such as firewood – for most of 
the remainder. Given the high rate of electricity 
use, future emissions for the buildings sector are 
likely to be determined by the speed and extent 
to which the electricity grid is supplied by low- or 
zero-carbon sources.

Over the past decade, an increase in Australia’s 
building stock, driven by population and economic 
growth, has resulted in higher energy use in 
both residential and commercial buildings. The 
energy mix has remained similar during this time, 
with electricity the primary source. Emissions 
reductions in the electricity sector have had a 
flow-on effect for buildings – building emissions 
have roughly plateaued despite increased 
demand, as shown in Figure 2.5.

FIGURE 2.5: Australia’s annual buildings emissions trend (2005-2018)

Source: ClimateWorks Australia analysis using DoEE (2018b; 2019d)
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Figure 6 – Australia’s annual buildings emissions (2005-2018)
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of electricity demand in Australia, with electricity 

comprising the majority of energy demand in buildings. As 
such, recent emissions follow a similar trajectory to that 

of electricity generation [see slide 9]
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The technology required for a zero-emissions 
building sector – deep energy efficiency and 
electrification powered by renewables – is already 
available. The key challenge for the sector is to 
achieve widespread deployment.
Most of the solutions required to achieve zero 
emissions in the building sector (for instance,  
deep energy efficiency and the electrification, 
powered by renewables, of heating and 
water services) are mature and commercially 
competitive or have been demonstrated at scale. 
Energy-efficient technologies continue to become 
cheaper and more effective. For example, the 
cost of LED lighting has declined 80% over the 
past five years; and internationally, some 60,000 
‘passive houses’ (including a growing number in 
Australia) illustrate how heating requirements 
in homes can be drastically reduced by state-of-
the-art design and insulation (Table 2.4). The key 
challenge for the sector is to achieve widespread 
deployment over a short period of time.

Reducing energy use is critical. This can be 
achieved through the construction of buildings 
with low energy requirements for lighting, heating 
and cooling. Commercially competitive and 
widespread measures exist, including insulation, 
draught-sealing, electrochromic windows and 
passive house standards. The supply of buildings 
with the most efficient appliances, such as 
LED lighting, is key to reducing energy use. The 
optimisation of equipment through technologies 
like smart systems and lighting controls will 
also reduce building energy demand. Further 
investment in research and development to 
improve the cost-competitiveness or ease-of-
use of commercially-mature solutions (perhaps 
integrated with smart systems) could facilitate 
such deployments.

Both residential and commercial buildings can 
shift reliance on gas to electricity, with many 
electrical appliances now more energy efficient 
and cost effective than their gas counterparts. 
Retrofit options are available for existing 
buildings, while advances in technology mean 
new buildings can be constructed with electricity 
as the sole power source. For instance, electric 
heat pumps – such as split system air conditioning 
– can replace gas heating and deliver a five- to 
seven-fold improvement in the energy efficiency 
of space heating (ASBEC, 2016). When coupled 
with smart technologies, these appliances can 

increase the energy efficiency of buildings and 
reduce peak demand.

Increasing deployment of energy-efficient electric 
technologies is providing opportunities for both 
current and new buildings to become 100% 
electrified. This will allow the sector to be fully 
powered by renewable energy. With sufficient 
deployment of energy-efficient electrical 
solutions, the building sector could reach zero 
emissions by 2040.

As well as reducing building emissions, energy-
efficiency measures can deliver significant cost 
savings. A recent study from the Australian 
Sustainable Built Environment Council (ASBEC, 
2016) estimates that an energy reduction of 50% 
is achievable across the entire building sector, 
at little to no additional net cost – as the long-
term cost savings delivered by energy-efficiency 
measures generally exceed the capital investment 
required.

Buildings can also produce and store their own 
zero-emissions electricity. Rooftop solar PV is 
an economically viable source of energy for 
many Australian consumers, with more than 
two million homes and businesses in Australia 
installing rooftop solar (Clean Energy Regulator, 
2018). On-site solar generation also has wider 
economic benefits, since it diverts demand 
from the centralised grid. This reduces the need 
for new energy generation infrastructure and 
grid network costs, such as those associated 
with transmission and distribution. Increased 
distributed generation could, however, also 
increase some system costs through initial 
connection or ongoing maintenance (Essential 
Services Commission, 2017), highlighting the need 
for forward planning to manage this transition.

Through renewable power options such as the use 
of on-site solar, buildings also have the potential 
to generate more energy than they demand and 
export the remainder back into the grid. This is 
a unique opportunity for building sector assets 
to move beyond zero emissions to achieve net 
negative emissions.
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BOX 2.2: MULTIPLE BENEFITS 
OF ZERO-EMISSIONS BUILDING 
PRINCIPLES
The reduction of energy use, replacement of fossil 
fuels, and production and storage of zero-emissions 
renewable electricity has enabled the construction 
of homes that produce low or zero emissions. 

In 2010, the first Australian net zero emissions 
home was completed in Laurimar, Victoria.  
The home leverages demand-response 
mechanisms, on-site renewable energy 
generation, and a home energy-management 
system. The carbon emissions generated during 
construction, including materials, have been 
calculated and offset.

Another example is the Innovation House in 
Townsville, which uses passive building design 
for natural heating and cooling. The windows are 
designed to allow winter sun to penetrate and 
warm the home in cooler months, while shading 
excludes direct summer sun and openings  
capture cooling breezes.  

The roof and walls use light colours to reflect 
heat, and the dwelling is optimised for solar PV, 
which allows the home to generate sufficient 
electricity for its needs.

In the past decade, government and industry 
have applied a range of design, technology and 
materials solutions to make net zero housing 
available to more consumers. For example, 
adoption has been encouraged by Climate-KIC’s 
Fairwater Living Lab, which collects evidence on 
how houses perform in a real-world context.

To further encourage widespread adoption of  
net zero home principles, Sustainability Victoria  
is leading a pilot program to construct and 
market net zero homes in partnership with 
property developers. The program will introduce 
better quality homes – with lower energy bills and 
reduced emissions – into the market. This may act 
as a catalyst in the building sector, encouraging 
the creation of an endorsement scheme for net 
zero homes for builders and consumers alike. 

In June 2019, national, state and territory building 
ministers agreed to strengthen the National 
Construction Code in 2022 to provide stronger 
minimum energy provisions and a trajectory to 
zero energy and carbon buildings.  

A net zero energy and carbon building is one that 
is highly energy efficient and fully powered from 
on-site and/or off-site renewable energy sources.
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Current and emerging building technologies can 
also support emissions reductions in other sectors 
such as electricity supply. For example, buildings 
can support the transition to a renewable-powered 

electricity grid by using buildings to provide 
demand response. Demand response aggregates 
equipment that uses electricity, collates energy 
needs, and distributes power as required.

TABLE 2.4: Summary table of strategies and key solutions for buildings emissions reductions

STR ATEGY KEY 
SOLUTIONS STATUS EXAMPLES OF MOMENTUM

REDUCE ENERGY USE

Construct 
buildings with 
the lowest 
possible 
lighting, 
heating and 
cooling energy 
requirements

Insulation, 
draught-
sealing

Mature

While building insulation is a well-established, 
cost-effective solution, recent technological 
advances continue to improve performance, 
reduce costs and lower the environmental 
footprint of products32.

Homes built to 
passive house 
standard, 
electrochromic 
windows

Demonstration

The number of certified passive house buildings 
has grown to more than 60,000 globally. There are 
currently less than 100 in Australia, but this number 
is expected to increase in line with global trends33.

The global market for electrochromic windows 
is expanding. Currently worth US$1.5 billion, 
projections estimate the market will reach  
US$5-10 million by 202534.

Ensure that 
the most 
efficient 
equipment is 
installed in 
buildings

LED lighting, 
HVAC35, solar 
hot water, 
appliances 
and other 
equipment

Mature

LED lights are already more energy efficient and 
cost effective than conventional lighting36. Costs 
have declined 80% in the past five years37, while 
efficiency and output are expected to improve by 
3-5% per year38.

HVAC technology efficiency has been steadily 
improving39. For instance, the average efficiency 
for residential air conditioning units in Australia 
increased by 74% between 2001 and 201540.

32 Rubio (2019)

33 Clarke and Marlow (2019)
34 Grand View Research (2018)
35 Heating, ventilation and air-conditioning

36 Viribright (2019)

37 Navigant Consulting (2017)

38 Ramirez (2019)

39 Abergel et al (2019)

40 DoEE (2018c)
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Optimise 
the usage 
of building 
equipment

Total building 
optimisation, 
smart systems, 
demand 
response, 
lighting 
controls

Demonstration

Investment in smart home systems has been 
surging in recent years, with annual growth 
forecast at more than 10% in coming years41.

Demand-response solutions are rapidly emerging 
alongside other technological developments and 
disruptions such as microgrids, standalone power 
systems, peer-to-peer trading and electric vehicles42

SWITCH FROM FOSSIL FUELS TO LOW OR ZERO EMISSIONS ALTERNATIVES

Switch 
remaining 
power 
requirements 
to electricity

Heat pumps 
for residential 
applications

Mature Global sales of heat pumps rose by nearly 10% 
between 2017 and 2018, doubling the previous 
year’s growth rate. China, Japan and the US 
account for most installations, although Europe’s 
market is also expanding quickly43

Heat pumps 
for commercial 
applications

Demonstration

Induction 
cooking Mature

Induction cooking appliances are now more than 
twice as efficient as gas stovetops in transferring 
energy to food44, and their cost-competitiveness 
and model availability have continued to improve

PRODUCE AND STORE ZERO-EMISSIONS ELECTRICITY

Maximise 
the potential 
for buildings 
to produce 
electricity 
onsite

Rooftop solar 
PV

Mature

In recent years, small scale solar PV generation 
has increased by around 20% annually to form 
over 3% of total electricity supply45.

There are now more than two million homes and 
businesses with rooftop PV installations46

Building 
integrated PV  Emerging

The global market for building integrated PV 
products is expected to grow strongly in the near 
term, driven by a range of considerations such as 
flexibility, cost, aesthetics and emissions47.

For example, Onyx Solar develops photovoltaic 
glass for use in building facades, canopies and 
floors48, while Tesla has recently announced the 
official launch of its Solar Roof V349

Support high penetration of renewables in the grid through demand response: see examples above in 
'Optimise usage of building equipment' 

41  Ali and Yusuf (2018), Ablondi (2018)

42  Energy Networks Australia (2018a)

43  Abergel (2019)

44  Sweeney et al (2014)

45  DoEE (2019b)

46  Clean Energy Regulator (2018)

47  Markets and Reports (2016)

48  Onyx Solar (2017)

49  EnergySage (2019)
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FIGURE 2.6: Australia’s annual transport emissions trend (2005-2018)

Australia currently has one of the most energy- 
and emissions-intensive road vehicle fleets 
in the world. Australia’s average emissions 
intensity for passenger vehicles is 45% higher 
than Europe (NTC, 2019). Australia is one of only 
a small number of Organization for Economic 
Cooperation and Development (OECD) countries 
without vehicle greenhouse gas emissions 
standards (CCA, 2014).

Recent increases in road transport emissions have 
been driven by a strong increase in freight activity 
and diesel passenger vehicle sales. In the six years 
to 2019, petrol consumption dropped 4.7% while 
diesel consumption rose by 19.8% (DoEE, 2019f). 

Domestic aviation is the most significant source of 
non-road transport emissions, comprising around 
10% of total transport emissions. Rail freight and 
shipping are responsible for a smaller share, while 
international aviation and shipping is not included 
in Australia’s total emissions (see Box 2.3 below). 
While non-road transport emissions are much 
lower than road vehicle emissions, anticipated 
growth in demand for non-road transport and 
fewer proven alternatives means future non-road 
emissions are likely to grow.

2.3 TRANSPORT

Transport is a significant emitter, and transport 
demand is expected to grow alongside the 
population and the economy. Most transport 
emissions come from passenger and freight  
road transport.

The transport sector is one of Australia’s largest 
and fastest growing sources of emissions.  
Transport has seen the most significant growth 
in recent decades, increasing more than 60% 
since 1990 to account for around one-fifth of 
total emissions in 2019 (DoEE, 2019f). Since 2005, 
emissions have increased by more than 20% 
(Figure 2.6). Demand for all forms of transport  
is expected to rise in the future, as population 
and economic activity grow.

The vast majority of transport sector emissions 
come from road vehicles, with passenger vehicles 
(mostly cars) and freight vehicles accounting 
for 43% and 38% respectively (Figure 2.7). 

Source: ClimateWorks Australia analysis using DoEE (2018b; 2019d)

CLIMATEWORKSAU STRAL I A. ORG   |    12

Figure 7 – Australia’s annual transport emissions (2005-2018)
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Transport emissions have grown steadily, increasing by 
more than 20% since 2005 to account for around a fifth of 

Australia’s total emissions. 
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Recent developments in non-road transport  
have focused on improving energy efficiency. 
Design and operation improvements have not, 
however, prevented increases in emissions for 
the sector, since most non-road transport modes 
remain heavily tied to emissions-intensive fuels 
such as turbine fuel in domestic aviation and 
diesel in long-distance rail. Studies have also 
shown that high-altitude aircraft have a more 
harmful climate impact due to atmospheric 

effects from non-CO2 emissions, which in some 
cases is far greater than the effect of CO2 
emissions (Timperley, 2017).

Given these numerous challenges, the discovery 
of low- or zero-emissions solutions for aviation  
and shipping will become increasingly critical  
as other parts of the economy reduce  
emissions towards zero.

FIGURE 2.7: Australia’s transport emissions shares by subsector (2018)

Source: ClimateWorks Australia analysis50 using DoEE (2018b; 2019d). Note: Numbers may not add up due to rounding

50 Note: Exact emissions shares by subsector may differ slightly from those published in Australia’s National 
Greenhouse Gas Inventory due to different emissions accounting treatment and allocation.

BOX 2.3: HOW IS INTERNATIONAL 
AVIATION MANAGED?
The United Nations Framework Convention on 
Climate Change (UNFCCC) dictates that for 
the purposes of emissions accounting, domestic 
aviation be counted as part of country targets, 
while international aviation is managed by the 
International Civil Aviation Organization (ICAO). 
Member states of ICAO, including Australia, are 
committed to an annual improvement in fuel 
efficiency of 2% until 2050. To strive for carbon-
neutral growth for international aviation from 

2020, on the way to an ultimately carbon-free 
industry. Primary avenues for reaching these 
goals in the Australian context are  
(Department of Infrastructure, 2019):

 + Improvements in flight routes and air  
traffic sequencing 

 + The introduction of new, more efficient aircraft

 + Managing airport emissions contributions,  
for example, such as initiating green 
commercial developments.
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Electric vehicles are the most significant and 
promising technology for reducing road transport 
emissions. When combined with renewable 
electricity supply, electric vehicles offer the 
prospect of zero emissions for road transport. 

Key elements of Australia’s transport system – 
particularly passenger rail services – are already 
electric. Currently, the prospects for further 
electrification are most promising in light 
passenger vehicles such as cars and motorcycles.

Scaled-up global production of electric vehicles, 
combined with the declining cost of batteries, 
has reduced manufacturing costs. This has led 
to improved affordability and increased uptake 
of electric vehicles in many countries, with, for 
example, electric vehicles comprising 46% of  
new cars sold in Norway in 2018 (IEA, 2019d).  

Electric vehicles, combined with renewable 
electricity, can now be deployed at scale to  
achieve zero emissions for light road transport. 

Globally, there are now more than 3 million 
electric vehicles on the road (IEA, 2018a).  
Progress in the Australian market has been, 
however, considerably slower, with less than  
3,000 electric vehicles sold in 2018 (Electric 
Vehicle Council, 2019). Globally there were 
460,000 electric buses operating in 2018,  
a 25% increase on 2017 numbers, with 99%  
operating in China (IEA, 2019d).

Within the next decade, electric vehicles are 
expected to become cost-competitive with, or 
cheaper than, conventional vehicles (Figure 2.8). 
This may significantly shift buying patterns for 
new vehicles (ICCT, 2019). The favourable outlook 
for electric vehicle battery cost and performance 
implies that a greater share of heavier vehicles 
will be electrified.

FIGURE 2.8: Projected initial purchase price of conventional and electric cars (2020-2030)

Source: ICCT (2019) 

CLIMATEWORKSAU STRAL I A. ORG   |    14

Figure 9 – Initial purchase price of conventional and electric cars (2020-2030)
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Electric vehicles are expected to be cost-competitive in 
terms of purchase price some time around 2025. After 

this, it is expected that electric vehicles will comprise an 
increasing share of new road vehicle sales, representing a 

significant opportunity to reduce emissions from the 
largest source of transport emissions (alongside a 

decarbonised electricity grid).
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Electric vehicles using grid electricity are already 
less emissions-intensive than conventional 
vehicles, in all states but Victoria (ClimateWorks 
Australia, 2018a).  They require, nevertheless, 
significant deployment and uptake to reach 
their potential and reduce a significant portion 
of transport emissions. Policy action can assist 
the transition, encouraging rapid uptake 
through investment, incentives, regulation, and 
infrastructure (such as constructing charging 
stations to enable electric vehicle uptake). This is 
being demonstrated around the world, with some 
countries already seeing strong deployment (IEA, 
2019d). Availability and cost are important factors 
for rapid adoption. If lower-cost models of electric 
vehicles do not become locally available in the 
near future, Australia risks another generation of 
vehicles being locked into high-emissions internal 
combustion systems. 

For electric vehicles to deliver full emissions 
reductions, they need to be powered by additional 
renewable electricity. This means recharging 
stations powered by on-site or purchased 
renewable electricity. As supply to the grid 
becomes more sustainable, electric vehicles will 
be able to use grid electricity and still deliver 
significant emissions reductions. 

Reduction of vehicle demand and the overall 
kilometres travelled will support the emissions 
reductions achieved by electrifying road 
transport. Over the past two decades, growth 
in rail passenger travel has outpaced growth in 
road travel as individuals switch from private 
to public transport in urban centres (Bureau 
of Infrastructure, 2018). Similarly, investment 
in public transport infrastructure and services, 
new business models and shifts toward 
teleconferencing and away from business travel 
can reduce overall road transport activity. 

There is significant uncertainty regarding the 
impact emerging transport technologies (such 
as automation) will have on overall transport 
use. Adoption rates and flow-on effects across 
transport systems are hard to predict. For example, 
if managed poorly, autonomous vehicles may lead 
to a reduction in public transport usage, increasing 
rather than reducing overall road congestion. 
As autonomous vehicles are likely to be electric, 
however, any potential increased usage will have a 
limited emissions impact so long as the vehicles are 
powered by additional renewable electricity.

BOX 2.4: AUTONOMOUS  
VEHICLES INCREASE SAFETY  
AT MINING SITES
For heavy road transport, a combination of 
emerging and mature technologies is likely to 
support the transition to zero-emissions transport. 

Sandvik Group, a Swedish engineering firm, 
specialises in machinery and materials for the 
mining and construction industries. Over 20 years 
ago, the company developed autonomous trucks 
and loaders for use on mine sites. 

As every mining site is unique, the machinery uses 
a combination of tools for navigation. A route is 
manually ‘taught’ to the loader, with an operator 
driving it through the required path initially, 
allowing it to collect data. Sensors use lasers to 
scan the walls of the site, developing a pattern 
that the machine can follow later.  

This allows the machinery to adapt to any setting. 
Specifically developed algorithms, gyroscopes and 
angle sensors enable the machines to navigate 
effectively deep underground, out of range of 
GPS networks. Effective functionality in these 
circumstances means that human hours spent 
underground – often the most dangerous part of 
mining – can be kept to a minimum. The latest 
models from Sandvik can load, transport and 
empty materials completely unattended.  
As of 2018, Sandvik autonomous vehicles had 
clocked over 2 million hours without incident.

Larger players including Komatsu, Caterpillar  
and Hitachi are also exploring the role of 
autonomous vehicles for the mining sector,  
with Komatsu and Caterpillar launching a  
range of autonomous trucks, and Hitachi 
investing in research and development.
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Technological development of electric and hydrogen 
small vehicles, and reduced battery prices, have 
stimulated interest from the heavy road transport 
subsector. Rapid growth of the electric vehicle 
industry is likely to reduce upfront costs for 
electric trucks and buses to below those of internal 
combustion engines, although further technological 
development and demonstration will be needed to 
stimulate uptake. Adoption of electrification for 
heavy and long-haul freight will also be determined 
by the deployment of fast-charging infrastructure or 
widespread uptake of autonomous driving. Hydrogen 
has also shown potential as a possible alternative fuel 
for freight (ETC, 2018) – and if produced using new 
renewable electricity, it can be a zero-emissions fuel.

Some ‘drop-in’51 biofuels can be used by 
existing freight vehicles as a replacement for 
diesel and other high-emissions fuels. They are 
a good temporary measure, as electrification 
and hydrogen solutions require new vehicles 
to be introduced to the market, and as such 
are dependent on the retirement of existing 
vehicle stock. Improved fuel efficiency of 
conventional vehicles also has a key role to 
play in the short term to curtail emissions 
growth while zero-emissions technologies  
are further developed.

The shift from fossil fuels to bioenergy, synfuels, 
renewable hydrogen and ammonia will substantially 
reduce emissions in non-road transport. There are, 
however, uncertainties as to whether these zero-
emissions fuels can be delivered cost-effectively  
at the scale required. 

Electrification is also an option, especially for short-
haul travel. While electric aviation is not modelled 
in Decarbonisation Futures, it appears likely 
that it will make some contribution to emissions 
reductions in air transport, at least in regional 
transport segments. Prototype aircraft are able  
to take nine passengers up to 1000 kilometres, 
with an electricity storage of 900 kilowatt hours 
(Eviation, 2018).

Optimising flight routes can deliver further 
reductions, particularly in non-CO2 emissions 
(Timperley, 2017).

In shipping, liquid biofuels and electrification 
have the potential to reduce emissions. Electric 
ferries are already in operation to varying 
degrees in countries such as Norway, where 
the Hordaland county administration has 
committed €140 million to purchase a fleet of 
20 all-electric ferries (Maritime impact, 2018). 
As Australia has mostly small watercraft, it is 
unlikely that ammonia and hydrogen will play 
a significant role as fuels, as they are more 
suited to heavy transport. Table 2.5 provides 
a summary of strategies and key solutions for 
transport emissions reductions.

51  Refers to chemically-identical substitutes for conventional fuels that do not require engine modification

For heavy road transport, short-term efforts can 
focus on improving energy efficiency and increasing 
the use of biofuels, while technology progresses for 
zero-emissions solutions. 

Investment in RD&D will be required to progress 
zero-emissions technologies in non-road transport, 
likely to rely on electrification for short-haul, as well 
as biofuels, synfuels, ammonia and hydrogen for 
long-haul transport.
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BOX 2.5: AUSTRALIAN AIRLINE 
TRIALS SUSTAINABLE JET FUEL
Virgin Australia has run a sustainable aviation 
fuel trial at Brisbane Airport – making it one of 
a small number of airports in the world to be 
capable of deploying sustainable aviation fuel. 
Virgin Australia partnered with the Queensland 
government, US-based biofuel producer Gevo, 
Inc., Brisbane Airport Corporation, DB Schenker 
and Caltex to test the supply-chain readiness of 
these fuels in the Australian market. 

The trial saw four isotainers of sustainable 
aviation fuel imported from the US to Queensland, 
where it was blended, certified as Jet A-1 fuel, 

transported to Brisbane Airport and used to fuel 
aircraft operating in and out of this port. During 
the trial, aircraft operating from Brisbane Airport 
flew over 1 million kilometres, and more than 
700 domestic and international flights were 
supplied with sustainable fuel. The trial provided 
valuable insights into the logistics of supplying 
sustainable aviation fuel within current airport 
infrastructure. 

Sustainable aviation fuel represents a significant 
opportunity to reduce aviation emissions in the 
medium term. This trial paves the way for the 
longer-term supply of sustainable aviation fuel to 
all airlines flying into Brisbane’s international and 
domestic airports.

BOX 2.6: ELECTRIC SHORT-HAUL 
FLIGHTS REDUCE AIRCRAFT 
EMISSIONS
Electric and hybrid passenger aircraft are being 
trialled around the world (The Atlantic, 2019). 
Hybrid aircraft are targeting middle-distance 
flights of up to 1500 kilometres, using a mixture of 
conventional and electric power sources. Multiple 
companies are planning to launch hybrid aircraft 
for passenger transport in 2021. All-electric 
passenger aircraft are emerging, with Electro.
Aero, an Australian company, operating the 
world’s first commercial electric aircraft flight in 
2018 (Electro.Aero, 2019). Israeli firm Eviation also 
launched a craft in July 2019 capable of carrying 
nine passengers 1000 kilometres. The aircraft is 
slated for public release in 2022.

Electric and hybrid aircraft are also being 
researched heavily by larger organisations, 
including Boeing, Airbus and Raytheon. The 
electric aircraft market is estimated to reach 
over US$22 billion in value by 2035. The successful 
transition of the industry to electric propulsion is 
reliant on improving battery storage capability. 

Lithium-ion batteries have replaced traditional 
lead-acid batteries in laptops, phones and electric 
cars. But, for aircraft, advances are needed to 
improve energy storage to meet space and weight 
constraints. This is the primary barrier to the 
introduction of all-electric aircraft. 

To address this challenge, Massachusetts Institute 
of Technology is exploring lithium-ion polymer, 
liquid-based batteries that hold double the 
energy of lithium-ion options of comparable  
size and weight.

Electric or hybrid aircraft also offer additional 
benefits. The Taurus G4, developed by Slovenian 
aircraft manufacturer Pipistrel, requires less 
runway length for take-off than its fuel-powered 
equivalent. Electric planes are also near silent, 
which allows them to fly and land closer to 
dwellings – an increase in flexibility that could 
improve aircraft flight paths. Large-scale 
improvements to flight path efficiency could  
also significantly reduce fuel consumption  
for the industry.
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TABLE 2.5: Summary table of strategies and key solutions for transport emissions reductions 

STR ATEGY KEY 
TECHNOLOGIES STATUS MOMENTUM

REDUCE ENERGY USE

Reduce the 
demand 
for energy-
intensive 
transport 
services

Mode shift Mature

Over the period 2000-01 to 2015-16, rail passenger 
kilometres in Australia grew at twice the annual 
rate of road passenger kilometres  
(2.4% compared to 1.1%)52.

Business models 
and practices Demonstration

New business models are emerging to decrease 
the demand for travel. For instance, retail 
giant Amazon’s use of in-house logistics (often 
automated) and the location of warehouses close to 
demand centres, allows them to save substantially 
on transport costs (and embodied emissions)53.

Autonomous 
vehicles in 
passenger and 
freight transport

Emerging

While autonomous vehicles are not yet 
commonplace, large investments are being made 
into the technology globally54. GM’s autonomous 
division Cruise Automation is now worth over 
US$19 billion55, with investors valuing Uber’s 
equivalent division at US$7.25 billion56.

Improve the 
efficiency 
of road and 
non-road 
transportation

Vehicle design 
improvements, 
route 
optimisation, and 
improved fleet 
maintenance

Mature

The benefits of ‘eco-driving’ principles for road 
freight are gaining research attention57, with 
companies like DHL including eco-driving in their 
emissions reduction strategies58.

Freight load and route optimisation software 
is also becoming more mainstream, with 
demonstrated emissions reductions across several 
case studies59.

Generally, global car fuel efficiency has improved 
by over 18% since 200560, and aviation fuel 
efficiency has recently improved at a rate of  
2.9% per annum61.

Recent studies have shown that airlines’ climate 
impact can be reduced by up to 10% through 
route optimisation measures that only add cost 
increases of 1%62.

52 Bureau of Infrastructure (2018)

53 Schreiber (2016)

54 Lutsey and Nicholas (2019)

55 Hawkins (2019)

56 Conger (2019)

57 Huang et al (2018)

58 Manibo (2015)

59 Li and Yu (2017)

60 IEA (2019b)

61 Scheffer (2019)

62 Grewe et al (2017)
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SWITCH FROM FOSSIL FUELS TO LOW- OR ZERO-EMISSIONS ALTERNATIVES

Electrify road 
transport 
(passenger 
and freight)

Battery-
electric road 
vehicles (cars, 
motorcycles, 
and buses)

Demonstration

Technology advances and expansion of 
production are driving significant cost reductions 
for electric vehicles. The number of models 
available to consumers has increased steadily  
in recent years, and over 20 manufacturers have 
an electrification strategy. For example63:

 + Ford: 40 new electric vehicle models by 2022

 + Toyota: 1 million electric vehicle sales by 2025

 + Infiniti: All models electric by 2021

 + Volvo: 50% of vehicle sales to be electric by 2025.

Bloomberg New Energy Finance has projected 
that over 500 million electric cars will be sold 
cumulatively by 204064, and the IEA more than 
doubled its previous estimate of global electric 
vehicle sales65.

Hydrogen fuel 
cell and electric 
vehicles for 
heavy and long-
haul road freight

Demonstration

Testing of hydrogen freight trucks is planned 
for long-distance routes in Canada66. Several 
manufacturers are leading the low-emissions 
freight movement, including Toyota and 
Kenworth with their jointly developed fuel cell 
electric heavy-duty trucks67 launched in 2019. 
Manufacturer Nikola Motor specialises in the 
development of electric and fuel cell heavy 
freight vehicles, with three models  
currently available68.

Pursue 
alternative 
fuel use in 
aviation, 
water 
transport  
and rail

Bioenergy Demonstration 

In the past few years, several airlines have 
successfully demonstrated 100% biofuel-powered 
flights, including Qantas69, India’s SpiceJet70 and 
Finland’s Finnair71.

Five biofuel blends have been approved by the 
ICAO, and one is commercially available at a 
small number of locations worldwide including 
Brisbane airport72.

63  IEA(2019c)

64  BNEF(2019)

65  ClimateWorks Australia (2018a)

66  Tabak (2019)

67  Toyota Newsroom (2019)

68  Nikola Motor Company (2019)

69  Qantas News Room (2018)

70  The Economic Times (2018)

71  Biofuels International (2019)

72  Le Feuvre (2019)
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Pursue 
alternative 
fuel use in 
aviation, 
water 
transport  
and rail 
(cont.)

Renewable 
hydrogen Emerging

Several companies are investigating the use of 
hydrogen in aviation. ZeroAvia and Alaka’i have 
produced prototype hydrogen-powered small 
aircraft73 74, and NASA recently committed US$6 
million to developing more advanced hydrogen-
electric hybrid technology for aircraft75.

Renewable 
ammonia Emerging

Ammonia has attracted attention as a key  
low-carbon fuel in shipping, given the relative 
ease of retrofitting existing shipping fleets76.  
It is already being investigated by major 
companies including Maersk77.

Electricity  
(rail freight) Demonstration

Electric locomotives are readily available, but 
require electrified rail lines. Hybrid-electric78 and 
hydrogen-powered trains that avoid the need for 
electrified lines are under development, being 
demonstrated in Germany79 and the UK80, with 
feasibility studies showing promise for multiple 
applications across Europe81.

Electricity (other 
short-haul 
applications)

Emerging

One- and two-person electric plane designs are 
already on the market in very limited numbers82, 
and 2019 saw other small aircraft pass several  
key testing milestones83.

Airbus plans to start test flights of their electric 
100-seater E-Fan X planes in 202084(Biofuels 
International, 2019) and the ICAO is monitoring 
developments as they work towards creating  
new standards for electric aircraft85.

Electric ferries are also gaining momentum, with 
the record-breaking 60-metre electric ferry, Ellen, 
completing its maiden journey in Denmark in 201986, 
and a Norwegian local authority recently committing 
to purchase a fleet of 20 all-electric ferries87.

73 ZeroAvia (2017)

74 Alaka’i Technologies (2019)

75 NASA (2019)

76 ETC (2018)

77 Wienberg (2019)

78 Noon (2018)

79 France-Prese (2018)

80 Parkinson (2019)

81 Ruf et al (2019)

82 ICAO Secretariat (2019)

83 Deutsche Welle (2019)

84 Airbus (2018)
85 International Civil Aviation Organization (2019)

86 Lambert (2019)

87 Maritime impact (2018)
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Establish 
alternative 
fuel supply

Bioenergy  
(first 
generation)

Mature

Biofuel-blended fuels are available in most 
jurisdictions, mainly as the result of biofuel 
mandates. There is limited scope for significant 
scale-up given the environmental trade-offs 
associated with production from current sources.

Bioenergy 
(second 
and third 
generation)

Emerging

Future supply of biofuels is emerging from 
feedstocks with no significant impact on 
agricultural production. In Australia, Licella’s 
Advanced Drop-In Fuels project88 and Northern 
Oil’s Advanced Biofuels Laboratory89 are working 
on the production of biocrude and subsequent 
refinement into usable fuels respectively.

Renewable 
hydrogen Emerging

The Australian government has a working group 
to develop a national hydrogen strategy for 
completion by the end of 201990, and  
the Asian Renewable Energy Hub project includes 
up to 15 gigawatts of renewable generation in 
the Pilbara, Western Australia. This will be largely 
dedicated to the large-scale production of green 
hydrogen products91.

Renewable 
ammonia Emerging

A commercial-scale ammonia plant with a 
production capacity of 50 tonnes per day and an 
electrolyser capacity of 30 megawatts is being 
built in Port Lincoln, South Australia. It is powered 
by renewables92.

88 Licella (2019)

89 Southern Oil (2019)

90 Department of Industry (2019a)

91 Asian Renewable Energy Hub (2019)

92 Government of South Australia (2019)
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2.4 INDUSTRY

Industry produces nearly half of Australia’s 
emissions, with a significant proportion from 
non-energy sources. 

The industry sector includes mining, 
manufacturing and construction operations.  
It is currently responsible for over 40% of 
Australia’s annual emissions when electricity use 
is included (ClimateWorks Australia, 2018b). 

 

Source: ClimateWorks Australia analysis93 using DoEE (2018b; 2019d). Note: Numbers may not add up due to rounding

93 Note: Exact emissions shares by subsector may differ slightly to those published in Australia’s National  
Greenhouse Gas Inventory due to different emissions accounting treatment and allocation.

The largest industrial sectors by emissions are 
metals manufacturing, chemicals, coal mining, 
gas extraction and LNG production (Figure 2.9). 
Most industrial emissions result from electricity 
or direct fuel consumption to power process 
heating, material handling, and compression 
equipment in oil and gas operations, as well 
as electric motors, pumping and ventilation 
systems, fans and blowers, and compressed 
air systems (Campey et al, 2017). Electricity 
emissions are a significant component in many 
industry subsectors, such as aluminium and light 
manufacturing, so are heavily influenced by the 
emissions intensity of the grid.

FIGURE 2.9: Australia’s industry emissions shares by subsector (2018)
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FIGURE 2.10: Industry emissions by subsector and emissions type (2018)
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Figure 11 – Industry emissions by subsector and emissions type (2018)
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Direct fuels

Electricity

Non energy

Not only is industry a major sources of emissions, but 
there is significant variance in the source of these 

emissions across different industrial subsectors. Where 
other sectors such as buildings and transport generate 

emissions only from direct fuels (eg gas) and electricity, 
industry has the additional challenge of significant 

fugitive and industrial process (or non energy) emissions. 
This diverse mix of emissions sources provides an 

indication of the range of solutions that will be necessary 
to reduce emissions in industry.

This chart changed

Source: ClimateWorks Australia analysis94 using DoEE (2018b; 2019d) 
 

Just under half of all emissions in industry are 
from non-energy sources. This differs from other 
sectors such as buildings and transport, where 
emissions are entirely the result of direct fuel 
and electricity consumption. Some of the most 
significant sources of non-energy emissions for 
industry are fugitive emissions95 from mining, and 
process emissions96 during the manufacturing of 
heavy metals and materials (Figure 2.10).  

 

94 Note: Exact emissions shares by subsector may differ slightly to those published in Australia’s National Greenhouse 
Gas Inventory due to different emissions accounting treatment and allocation.

95 Emissions from the extraction, production, flaring, processing and distribution of fossil fuels (DoEE, 2019e).

96 Emissions generated during the conversion of raw materials into industrial products such as iron and steel,  
cement and fertilisers. This also includes the production and use of synthetic gases in refrigeration and air-
conditioning (DoEE, 2019e; CCA 2016).

 
 
While process emissions are generally directly 
proportional to production activity, fugitive 
emissions can be more difficult to track and 
abate. This is because they may be the result 
of leaks or other unintended releases of gas 
from industrial operations, often within large 
transmission and distribution systems. 

Direct fuels Electricity Non energy
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In the past decade, emissions from industry 
have fluctuated but increased overall (Figure 
2.11). This is because the growth in industrial 
activity has outpaced reductions in emissions 
intensity of industrial processes (ClimateWorks 
Australia, 2018b), leading to increased energy 
and non-energy emissions (DoEE, 2018a). This has 
been partially offset by a shift to less emissions-
intensive energy – with gas use growing strongly 
as coal use declines. 

This shift has been driven by increased production 
of LNG and decreased demand for coking coal in 
primary iron and steel production. Non-energy 
emissions intensity has also shown promising 
improvements (ClimateWorks Australia, 2018b), 
but without further improvements in energy and 
emissions intensity, sector production growth will 
continue to drive increases in overall emissions. 

The diversity of production processes and high 
proportion of non-energy emissions makes 
industry one of the most challenging sectors  
of the economy to decarbonise. Current emissions 
trajectories show that significant improvement 
is required, which will involve a wider range of 
solutions than in other sectors.

FIGURE 2.11: Australia’s annual industry emissions trend (2005-2018)
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Figure 12 – Australia’s annual industry emissions (2005-2018)
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Industry emissions have remained relatively flat since 
2005. As a significant portion of industry emissions are 
from the use of electricity, the emissions trajectory is 

influenced by the electricity generation mix, evident in the 
fluctuation since 2012.

Source: ClimateWorks Australia analysis using DoEE (2018b; 2019d)
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The technological and commercial readiness of 
industry emissions-reduction opportunities varies 
greatly by subsector, but there are opportunities to 
improve energy efficiency across the sector.
Emissions from industry result from a diverse  
variety of processes and require a range of solutions. 
Broadly, solutions fall into the following categories: 
reducing energy use of emissions-intensive materials; 
shifting from fossil fuels to low- or zero-emissions 
alternatives; and implementing targeted solutions  
for reducing non-energy emissions. Some solutions, 
such as measures of energy efficiency, are mature 
and ready to implement.

Across most industrial subsectors, strong energy-
efficiency improvements can be achieved for 
equipment such as electric motors and fluid or 
material handling systems. Behaviour change  
and process redesign can also enhance  
process productivity. 

For example, the use of more efficient,  
high-pressure grinding rolls in the crushing  
and grinding processes of mining can unlock 
direct energy savings, and indirect savings 
through avoiding energy use to transport 
materials (CEEC, 2019a). Many of these 
energy-efficiency solutions are mature,  
with successful examples of implementation. 
There has been recent momentum, however, 
around additional productivity solutions 
including automation and artificial intelligence 
(Industry 4.097). Some of the more established 
applications include the use of automated 
vehicles in mining and the deployment of 
artificial intelligence for process optimisation.

Material efficiency, substitution and recycling  
allow industries to meet demand for products 
without relying on energy- or emissions-intensive 
primary processing. For example, high levels of 
recovery and recycling – a very mature process – 
could reduce or eliminate the need to mine virgin 
metals (Denis-Ryan et al, 2016). Recent examples 
have showcased the potential for multi-storey 
timber buildings (‘Australia’s tallest engineered 
timber office building opens’, 2018) to replace 
steel and concrete structures, which would reduce 
emissions from steel and cement production. 

There is also a growing role for emerging 
technologies such as 3D printing in 
manufacturing processes, with some 
manufacturers using 3D printing to produce 
jet engine parts (Kover, 2019). Overall, the 
reduction of demand for emissions-intensive 
materials could reduce global industrial 
emissions by about 40% in the highest-
emitting sectors (ETC, 2018).

97 Industry 4.0 (or the Fourth Industrial Revolution) refers to current transformations in industry that are expected 
to deliver improvements in productivity and flexibility through increased adoption of automation, artificial 
intelligence and other data-driven technologies (Department of Industry, Innovation and Science, 2018).

Transitioning demand towards materials with lower 
emissions intensity and implementing circular 
economy principles can reduce industry’s reliance  
on emissions-intensive processes.
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Opportunities for electrification are particularly 
prevalent for material handling of commodities 
and process heating activities. One example of a 
well-established electrical process is the electric 
arc furnace in steelmaking (Commonwealth of 
Australia, 2017), which heats charged material 

BOX 2.7: POTENTIAL BENEFITS 
OF CIRCUL AR ECONOMY 
PRINCIPLES
A circular economy aims to eliminate waste 
and to keep resources in a continually flowing 
loop, using products and materials multiple 
times through reuse and recycling. It seeks to 
close industrial loops, turning outputs from 
one manufacturer into inputs for another. This 
reduces the need to manufacture or mine raw 
materials. Circular economy principles aim to 
maximise value at each point in a product’s life 
and can be applied to a range of sectors. Close 
the Loop is a Melbourne-based initiative providing 
the world’s largest take-back scheme for ink and 
toner cartridges. The materials are reused to 
create an asphalt alternative, moving recycled 
materials into industrial supply chains. With the 
announcement of e-waste being banned from 
landfill in Victoria, recovery and reuse of valuable 
materials common to the industrial sector is 
being encouraged. 

A circular economy is a shift from the current 
predominantly linear approach, where products 
are created and used for a single purpose, and 
then thrown away. New South Wales recently 
launched ‘NSW Circular’, an innovation network 
focused on reducing landfill and recycling 
resources. Victoria released a circular economy 
policy in 2020.

Circular economy principles were officially 
adopted by China in 2002, and legislated 
as a national endeavour. An example of 
effective change from legislative support is 
the proliferation of scavenger and decomposer 
companies, which profit from turning waste into 
reusable organic matter, plastic and metals. 
The Chinese government supports these types 
of companies through preferential industrial 
recruitment and financial policies, such as  
land subsidies and tax incentives.

Wider use of electrical machinery will reduce industry 
emissions as the electricity grid decarbonises. 

using an electric arc. Momentum is building 
behind several other solutions, including 
electrified mining equipment and heat pumps for 
industrial heating. There are also opportunities for 
industry to further develop technologies such as 
electric compression turbines for LNG liquefaction.

BOX 2.8: 3D PRINTING TECHNOLOGY 
INCREASES MANUFACTURING 
ENERGY EFFICIENCY
3D printing, also known as additive manufacturing, 
builds three-dimensional objects from computer-
aided design (CAD) models, successively adding 
to the product layer by layer. This removes the 
need for the moulds or casts used in traditional 
manufacturing. Potential energy savings from  
3D printing have been predicted to reach 5-27%  
of current costs for the global manufacturing 
industry by 2050.

Titomic, an Australian company, has collaborated 
with CSIRO to develop technology for large-scale 

metal 3D printing, and has used it to create 
ultra-lightweight titanium parts. Using only the 
material needed to create the part, the process  
is more efficient and cost-effective than 
traditional methods.

In 2019, Titomic developed the world’s largest 
3D-printed drone, with a 1.8 metre diametre. 
Additive manufacturing creates a lighter and 
higher performing drone, as added complexity in 
the model does not necessarily require additional 
weight (Carlota, 2019). A proprietary cold-gas 
spraying process developed by Titomic allows for 
unusual combinations of metals to create strong 
structures, without the need for energy-intensive 
melting processes.
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Many of the above actions can also lead to reductions 
in non-energy emissions for the sector. Further 
targeted solutions to reduce process and fugitive 
emissions could be developed and deployed.

For instance, metallurgical coal can be substituted 
with bio-coke in steelmaking, or renewable 
hydrogen can be used to produce direct-reduced 
iron to supplement electric arc furnace steel 
production. Emission-reducing catalysts are 
also available for the chemical-manufacturing 
industry, and geopolymer cements can act as a 
low-emissions alternative to traditional cement. 
Improved operational practices around venting and 
flaring can be implemented to manage fugitive 
emissions in oil and gas production. Opportunities 
exist to capture methane from landfill and waste-
processing facilities, producing heat and  
electricity in the process. 

Transitioning to natural refrigerants will also offer 
significant emissions-reduction opportunities. 

Technologies that require more development 
include the substitution of carbon anodes 
with inert anodes in aluminium production, 
and ventilation air methane oxidation98 in 
coal mining. Finally, capture and storage of 
carbon can be used where specific solutions 
do not completely eliminate emissions. This 
technology is particularly suitable for processes 
where CO2 emissions are separated from other 
outputs in the production process, such as LNG 
or chemical production. Table 2.6 provides a 
summary of strategies and key solutions for 
industry emissions reductions.

Changes to the competitive landscape during 
global decarbonisation are likely to favour Australia, 
a nation with abundant renewable energy resources 
such as solar and wind, as well as the land and 
rooftop space to harness these resources (CSIRO, 
2019). A shift to low-carbon supply chains will 
require substantial global production of new 
electricity and other low-carbon industry inputs 
such as hydrogen, ammonia and synthetic fuels, 
which may present new export opportunities for 
Australia. The potential size and benefits of these 
emerging markets, particularly hydrogen, have 
been explored in multiple recent studies (ACIL 

Allen Consulting for ARENA, 2018; Bruce et al,  
2018; Garnaut, 2019; Ueckerdt et al, 2019).

There are substantial uncertainties about 
the degree to which Australian industry can 
capture the opportunities associated with 
a global transition to net zero emissions. 
Understanding these factors will require 
the formation of new alliances of parties 
interested in planning for the transition, 
across and between industrial supply  
chains that do not currently exist.

98 Refers to the capture and use of methane gas during the mining of coal deposits, rather than allowing it to be 
released into the atmosphere.

Australia is well placed to be a key player in  
a global low-carbon industry.
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South Australia recently announced its goal  
to have a 100% renewable hydrogen economy. 
New projects have been greenlighted for funding. 
One example is the Crystal Brook Energy Park, 
which is projected to generate 125 megawatts 
of wind power, 150 megawatts of solar PV, 400 
megawatt hours of battery storage, and 50 
megawatts of hydrogen (up to 25,000  
kilograms per day). 

While Australia has ample opportunity to  
leverage its natural assets and increase hydrogen 
use, a barrier for worldwide adoption is the cost 
of transportation. Countries with the largest 
markets – such as Japan, South Korea, China 
and Singapore – have fewer natural resources to 
generate hydrogen themselves and are likely  
to rely on imports.

BOX 2.9: HYDROGEN A VIABLE 
ALTERNATIVE FOR COMBUSTION-
FUEL APPLICATIONS
Some industrial applications that require 
combustible fuel – such as blast-furnace steel 
production – can be difficult to address through 
direct electrification. Hydrogen can fulfil this 
need, as it provides high-grade heat and can be 
made with renewable energy. Both gas and coal 
can produce hydrogen, but through an intensive 
extraction processes. Renewable hydrogen is 
generated through electrolysis – running currents 
from wind and solar through water to split it 
into hydrogen and oxygen. As wind, solar and 
electrolysis machinery declines in cost, renewable 
hydrogen is expected to become cost-effective 
compared to hydrogen from fossil fuel sources 
(Staffell et al, 2019). 

TABLE 2.6: Summary table of strategies and key solutions for industry emissions reductions

STR ATEGY KEY 
TECHNOLOGIES STATUS MOMENTUM

REDUCE ENERGY USE

Improve the 
efficiency of 
extracting 
and producing 
materials

Behaviour 
change, process 
design and 
controls, and 
equipment 
improvements

Mature

The Coalition for Energy Efficient Comminution 
has successfully propagated more efficient 
crushing and grinding practices in Australia and 
worldwide. For example, they partnered with 
Newmont to improve crusher throughput by 25% 
at the Boddington mine in Western Australia99.

A range of other solutions are available 
for different stages of the mining process, 
ranging from novel drilling processes to more 
efficient trucks and high-pressure grinding 
technology100.

Artificial 
intelligence and 
automation 

Demonstration

Although Industry 4.0101 is not yet widespread, 
some subsectors of Australian industry are 
benefitting from this approach. For example, 
driverless trucks have been operating in 
Australian mines for over a decade, moving 
more than 1 billion tonnes of material during 
that time102.

99 CEEC (2019b)

100 Awuah-Offei (2018)

101 See footnote 97

102 Rio Tinto (2018)
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Transition 
demand 
towards 
materials with 
lower energy 
intensity, and 
implement 
circular 
economy 
principles

Metal recycling Mature

Australia currently recovers 90% of its metals for 
recycling103, including 4.9 million tonnes of steel 
per year104. Much of this scrap is exported, but 
there are significant opportunities for Australia 
to build a circular economy by using scrap for 
domestic production105. Globally, demand for 
recycled metals is predicted to grow by between 
US$64 and $85 billion by 2025106.

Plastic recycling Mature

Australia’s plastic recovery rates have 
significant room for improvement, with just 
11.8% of plastic waste recycled in 2016-17107.  
In 2018, federal and state environment 
ministers agreed to increase Australia’s plastic 
recycling capacity, and endorsed a target of 
100% recyclable plastic packaging by 2025108.

Timber 
buildings 
(residential) 

Mature
In recent years, public buildings such as 
Melbourne’s Library at The Dock109 and 
Brisbane’s 10-storey 25 King office tower110 have 
showcased the structural capabilities of cross-
laminated timber. Australia’s high-strength 
timber construction capacity is ramping up, 
with Hyne Timber currently building a new 
glue-laminated timber plant in Queensland111.

Timber 
buildings (low-
to medium-rise)

Demonstration

Timber 
buildings  
(high-rise) 

Emerging

3D printing Demonstration

The market for 3D printers has more than 
doubled in the past five years112, and this 
trend is expected to continue. The software 
to run and manage 3D printing workflows is 
improving, and investment and development  
of materials is on the rise113.

103 Picken et al (2018)

104 Australian Steel Stewardship Forum (2019)

105 Golev and Corder (2016)

106 Global Market Insights (2019)

107 O’Farrell (2018)

108 Seventh Meeting of Environment Ministers (2018)

109 City of Melbourne (2018)

110 'Australia’s tallest engineered timber office building opens' (2018)

111 Hyne Timber (2019)

112 Statista (2019)

113 Jackson (2019)
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SWITCH FROM FOSSIL FUELS TO LOW- OR ZERO-EMISSIONS ALTERNATIVES

Electrify the 
extraction, 
processing and 
transportation 
of energy 
and mineral 
commodities

Electrification 
of mines 
(conveyors) Mature

A growing number of mining operators are 
reaping the benefits of electric equipment. 
Rio Tinto’s new Silvergrass mine in Western 
Australia includes a nine-kilometre-long ore 
conveyor system114, and BHP has rolled out 
electric Land Cruisers at the Olympic Dam  
site in South Australia115.

Electrification 
of mines 
(vehicles)

Demonstration

Electric mining technology is improving. In 2019, 
Caterpillar launched the R1700 XE electric loader 
in response to demand from global underground 
mine operators for cleaner, more efficient 
machinery116. Anglo American and Engie have 
announced a partnership to develop a  
hydrogen-powered mining haul truck117.

Electric 
compressing 
turbines 
for LNG 
liquefaction

Emerging

Electric compressing turbines for LNG 
liquefaction are rapidly improving – current all-
electric liquefaction systems can be 40% more 
efficient than gas-driven systems, with half 
the operating expenditure118. In 2018, GE tested 
a record-breaking 80 megawatt induction 
motor for the LNG industry, which can reach 
efficiencies of up to 98%, and could replace 
groups of smaller gas turbine motors119.

Electrify 
manufacturing 
processes

Industrial heat 
pumps Demonstration

While relatively new to the global market120, 
industrial heat pumps are gaining traction as  
a viable and efficient alternative to gas for 
many low- and medium-heat applications121. 
Case studies from the food industry have 
highlighted the benefits this technology  
offers to businesses122.

Electric arc 
furnace in 
iron and steel 
production

Mature

Over 25% of Australia’s steel is produced from 
scrap using electric arc furnace processes. 
These facilities operate at a capacity utilisation 
rate of 97% –98% higher than the global 
average123. Combined with a high scrap-
recovery rate, this positions Australia well 
to increase the share of electric arc furnace 
steelmaking in our supply chains.

114 International Mining (2017)

115 Stringer (2018)

116 Australian Mining (2019)

117 Engie (2019)

118 ABB Group (2006)

119 LNG World News (2018)

120 IEA (2014)

121 ARENA (2015)

122 Jutsen, Pears and Hutton (2017)

123 Commonwealth of Australia (2017)
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Switch from 
fossil fuels 
to renewable 
sources for 
industrial heat

Bioenergy,  
solar thermal Demonstration

A recent catalogue of bioenergy activities 
in Australia found over 57 active industrial 
bioenergy plants with over 22 additional projects 
at the feasibility stage or under construction124.

Examples include an integrated waste-to-
biogas system which produces heat and 
electricity at the RichGro site at Jandakot 
WA, and a grape-marc-fuelled biomass boiler 
at an Australian Tartaric Products facility in 
Victoria125. 

Due primarily to high technology costs, solar 
thermal energy generation in Australia is 
currently in the early stages of development, 
with one large-scale plant used to preheat 
feedwater for the Liddell coal-fired power 
station in NSW. If future technology costs 
continue to fall, solar thermal could play a key 
role in providing dispatchable energy supply to 
Australian industrial sectors126.

Geothermal, 
hydrogen Emerging

Geothermal energy could be suitable for low-
heat requirements in industry, and is currently 
most commonly used in food dehydration127.

Currently, there are no major demonstrations 
of using hydrogen to generate industrial 
heat, although opportunities may emerge 
to compete with gas, particularly in certain 
industrial clusters or near hydrogen pipelines128.

REDUCE NON-ENERGY EMISSIONS

Transition 
demand 
towards 
materials with 
lower process 
emissions, and 
implement 
circular 
economy 
principles

Geopolymer 
cement Demonstration

The consumer demand for low carbon products129 
and practical advantages to traditional concrete, 
have led some analysts to predict rapid growth 
in the geopolymer cement market130.

Geopolymer cement is key to decarbonising  
the cement industry, and has been used for 
paving at Brisbane’s West Wellcamp Airport131 
and precast panels at the Melton Library  
in Victoria132

Metal recycling, timber buildings (reducing demand for iron and steel): As above

124 KPMG (2018)

125 ARENA (2019f)

126 Clean Energy Council (2018)

127 EIA (2019)

128 IEA (2019c)

129 Van Deventer et al (2012)

130 BCC Research (2018)

131 Wagners (2011)

132 Aurora Construction Materials (2014)
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Switch to 
low-emissions 
alternatives in 
iron and steel 
production

Bio-coke
Emerging

CSIRO and key industry stakeholders in Australia 
are becoming established as global leaders 
in the research and development of bio-coke, 
already demonstrating that large percentages 
of bio-coke can be used in steelmaking without 
substantial process redesign133.

Direct-reduced 
iron (using 
hydrogen)

Demonstration

Global production of direct-reduced, iron-based 
steel increased by 130% between 2000 and 
2018, including a jump from 87 megatonnes 
per year in 2017 to 100 megatonnes per year in 
2018134. By 2030, the hydrogen demand from 
direct-reduced iron processes could more than 
double compared to current levels135.

Reduce 
emissions 
intensity in the 
production of 
other materials 
and products

Catalysts  
for chemicals Demonstration

Catalytic emissions-reduction technology is 
becoming increasingly accessible to businesses. 
For example, IPL have reduced the nitrous 
oxide intensity of nitric acid production by 35% 
between 2015-2018 using catalyst technology136.
Orica has also implemented successful trials 
of similar technology at the Kooragang Island 
plant, with a view to investing in the technology 
across other assets137.

Inert anodes  
for aluminium Emerging

Momentum is growing to develop inert-anode 
technology to a commercially viable level. 
Research and development is currently focused 
on the selection of ideal inert-anode materials 
from a range of options, and the most effective 
design of reduction cells138.

Ventilation 
air methane 
oxidation in 
coal mining

Demonstration

BHP Billiton pioneered ventilation air methane 
oxidation in Australia with the WestVAMP 
project139. Other operators have since 
started trialling this innovative technique, 
including Centennial Coal’s Mandalong Coal 
Mine140. Progress is also being made globally. 
Gaohe coal mine in Shanxi, China recently 
implemented the world’s largest ventilation air 
methane oxidation system, designed to avoid 
1.4 MtCO2e of emissions per year141.

Capture and 
store remaining 
carbon

Carbon capture 
and storage 
(CCS)

Demonstration

In 2019, the world’s largest CO2 injection project 
started operating at the Gorgon gas processing 
plant in Western Australia. This CCS project 
aims to reduce the Gorgon project’s overall 
emissions by 40%, by capturing and storing up 
to 4 MtCO2e per year142.

133 Mathieson et al (2015)

134 Midrex (2018)

135 IEA (2019c)

136 Incitec Pivot Limited (2019)

137 ORICA (2018)

138 Sai Krishna et al (2018)

139 Hall (2007)

140 Centennial Coal (2014)

141 Dürr Systems Inc (2015)

142  Chevron (2013)
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2.5 AGRICULTURE AND L AND

The majority of agriculture and land emissions 
come from livestock, which means non-energy 
emissions solutions are key for this sector, as 
shown in Table 2.7 at the end of this section.

The agriculture and land sector includes beef 
and dairy cattle, other animal stock such as 
sheep and lambs, grain production, horticulture 
and other agricultural services. The majority of 
emissions from this sector come from non-energy 
sources, such as methane from livestock, with 
a marginal contribution from direct fuels and 
electricity use (Figure 2.12). 

Emissions also come from land use, land use 
change and forestry (LULUCF) – in essence, the 
transformation of the natural landscape by 
human activity. This makes agriculture and land 
different to other sectors in Australia’s economy, 
as energy efficiency and fuel switching will have 
a less significant impact than innovations that 
directly address non-energy emissions reductions. 
For this reason, agriculture and land emissions 
are likely to contribute an increasing proportion 
of Australia’s residual emissions as other sectors 
reduce emissions. Currently, emissions from 
agriculture and land account for around 15%  
of Australia’s total emissions, or around 12%  
when accounting for LULUCF (DoEE, 2018b;  
DoEE, 2019f).

FIGURE 2.12: Agriculture emissions by subsector and emissions type (2018)

Source: ClimateWorks Australia analysis143 using DoEE (2018b; 2019d)

143 Note: Exact emissions shares by subsector may differ slightly to those published in Australia’s National  
Greenhouse Gas Inventory due to different emissions accounting treatment and allocation.
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Figure 13 – Agriculture emissions by subsector and emissions type (2018)
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emissions decreased significantly – by 5.9% – 
due to impacts of drought across much of the 
country, as well as floods in Queensland (DoEE, 
2019f). The impact of the 2019-20 Australian 
bushfires on domestic emissions accounts are  
yet to be formally assessed.

Current Federal Government emissions projections 
anticipate, however, an increase in agricultural 
emissions to 2030 due to a return to average 
levels of production to meet growing global  
and domestic demand.

In recent years, average non-energy emissions 
intensity across the agriculture and land sector has 
decreased rapidly. This is primarily due to strong 
reductions in LULUCF emissions, mostly driven by 
reduced rates of deforestation. Livestock emissions 
have fluctuated with animal numbers, with 
emissions per head of livestock remaining  
relatively constant. 

As a result, emissions from agricultural subsectors 
(excluding LULUCF) have seen little change since 
2005 (Figure 2.13). In the past year, agricultural 

FIGURE 2.13: Australia’s annual agriculture and land emissions trend (2005-2018)
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Figure 14 – Australia’s annual agriculture and land emissions (2005-2018)
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Reducing non-energy emissions, particularly 
from livestock for meat and dairy production, will 
have the greatest impact on overall agricultural 
emissions. However, other subsectors (like grains 
and cropping) can also reduce emissions through 
improved practices and the implementation of 
known, viable solutions. Furthermore, solutions 
such as precision agriculture and efficient 
irrigation can help reduce emissions and energy 
use and improve productivity. 

Livestock’s most significant emission is methane. 
Enteric fermentation – the digestive process 
by which carbohydrates are broken down for 
absorption – causes high levels of methane 
emissions from ruminant animals such as cattle 
and sheep. Emissions from enteric fermentation 
can be combated with vaccinations, feed 
supplements and genetic improvements 
(selecting livestock based on the genetic trait 
of lower methane emissions). This suite of 
solutions could almost eliminate methane from 
livestock digestive processes, but depends on 

Sustainable agricultural practices can be 
implemented today to reduce emissions,  
while more investment in RD&D will be required  
to develop solutions for zero-emissions  
meat and dairy products. 

further research, development and commercial 
demonstration. In particular, for extensive 
production, new delivery mechanisms are needed 
to get feed and vaccine products to animals. 
Emerging technologies such as drones could 
potentially address these issues.

An alternative solution involves a shift from cattle 
farming to the laboratory production of meat. 
Significant advances have been made in this 
domain (Linnane, 2019), but cost reductions are 
needed to make laboratory production a viable 
option. Emissions from agriculture can also be 
reduced through decreasing the demand for 
emissions-intensive products such as beef and 
dairy. Increased awareness of the environmental 
impacts of diet could influence eating habits.  
In other sources of red meat, such as kangaroos, 
enteric fermentation is up to 80% lower per 
kilogram than beef. Poultry and pork also offer 
lower-emissions meat alternatives, and other 
sources of protein are emerging, such as insects 
or plant-based meat alternatives.

BOX 2.10: THE CHANGING 
NATURE OF LIVESTOCK EMISSIONS
The digestive process of livestock generates 
large amounts of methane. Methane traps up 
to 25 times more heat in the atmosphere than 
CO2. The New Zealand Agricultural Greenhouse 
Gas Research Centre is currently developing a 
prototype vaccine that aims to reduce methane 
emissions from both cattle and sheep by 20%. 
Rumen, the first part of a cow’s stomach, hosts 
a huge number of microbes. Approximately 3% 
of these are methane-producing methanogens. 
Once the vaccine is ingested, the animal’s 
immune system attacks these methanogens.

Livestock emissions can also be reduced by using 
chemical inhibitors that make methanogens 
inactive. European advances have identified 
potential inhibitors, but they are based on entirely 
dry diets (grains). Research specific to Australia 

and New Zealand context is required, as livestock 
here is raised primarily in pastures (wet diet).  
New Zealand researchers are attempting to isolate 
the chemicals that will work best for animals 
raised in pastures or on a mixed wet and dry diet.

Some of the variation in the methane output 
of livestock is due to their genetic makeup. 
In the United Kingdom, selective breeding 
programs have been in place for over two 
decades, successfully reducing the environmental 
footprint of milk and meat production by 20%. 
The reduction of methane production could be 
added as a goal of these programs. Another 
option involves changing the diet of animals. 
The amount of methane produced by cows has 
a correlation to the amount of fibre in their diet. 
Adding legumes, linseed and soy can reduce 
methane production. Pilot programs have also 
introduced seaweed to cattle diets to reduce 
methane production (Koreis, 2019).
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Unlike anti-methanogenic treatments for 
cattle, emissions-reduction solutions for the 
grain and cropping subsector do not require 
extensive research and development. For 
example, emissions from grain and cropping can 
be reduced through improved systems for the 
management and storage of fertilisers, such as 
composting and pelletising manure instead of 
storing it in stockpiles. 

144 Insoluble materials that bind to nitrogen in fertiliser to allow it to gradually release.

Covering fertiliser that must be stockpiled 
can also reduce emissions. Other tools show 
significant potential, including sorbers144, waste 
stabilisation ponds, and deep litter systems.  
For chemical fertilisers, nitrification inhibitors 
that reduce nitrogen loss in soil could reduce 
emissions by 60% (Department of Agriculture  
and Water Resources, 2017).

BOX 2.11: EXISTING TECHNOLOGY 
LEVERAGED FOR THE FOOD AND 
L AND USE SECTOR

Precision agriculture uses technological advances 
to increase crop yields, while preserving 
resources. Data from GPS systems, sensor arrays 
on harvesters, satellite imagery and drones are 
combined for highly accurate measurements 
of crop yields, terrain features, organic matter 
content, moisture, nitrogen, chlorophyll and pH 
levels. This allows farmers to optimise their use of 
resources such as water, fertiliser and pesticides.

Precision agriculture first emerged in the United 
States in the 1980s, and is gaining traction around 
the world, due to good returns on investment 

costs and large-scale environmental benefits that 
could secure a long-term sustainable food supply. 

Another benefit is that GPS-enabled 
management devices reduce the requirement 
for physical monitoring using machinery, which 
means less fuel is required on farms. This reduces 
transport emissions and fuel run-off that can 
pollute waterways.

Several emerging technologies are showing early 
promise in further advancing precision farming, 
including agricultural robots. Self-steering 
tractors are being developed to identify ripe fruits 
based on their shape and size, and to pick them 
without damage. Drones are adding detail to 
satellite imagery, allowing harvest yields to be 
predicted based on the level of field biomass.

Nature-based solutions such as carbon forestry  
will continue to play a role in Australia – although 
this can only be a temporary solution on a pathway 
to zero emissions. 

Carbon forestry involves the planting of trees 
to sequester CO2, as living trees absorb more 
CO2 than they release.  Carbon forestry is an 
important aspect of Australia’s transition to net 
zero emissions. Forestry is, however, vulnerable 
to bushfires, drought, and heatwaves – many of 
which are being made worse by climate change 
– which can trigger the release of stored carbon 
back into the atmosphere. 

Forestry can provide an alternative source 
of income for farmers. One example of a 
compensation scheme is the Qantas offset 
program, which pays farmers directly for 
delivering carbon credits.  

In some cases carbon forestry can deliver greater 
economic returns than using certain land for 
agriculture. Farmers can use carbon forestry to 
diversify their holdings, protecting themselves 
against losses from under-performing crops  
or livestock. 

Yet solutions such as carbon forestry require that 
emissions reductions are valued sufficiently to 
make the labour-intensive activity of planting 
cost-effective for farmers. Sequestration also 
requires long lead times, given the preparation 
needed before planting and the time required  
for trees to start sequestering optimum  
amounts of carbon. 
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Carbon forestry requires significant areas of 
land. In addition to reduced land area for food 
and fibre production, trade-offs for the scale of 
planting required include increased water use 
and potential negative effects on biodiversity if 
carbon-focused planting is restricted to limited 
tree species. Carbon forestry needs to be well 
managed to ensure benefits are maximised, by, 
for instance, the inclusion of carbon forestry 
within a mosaic of different land-use practices  
to balance trade-offs (CSIRO, 2019). 

A further challenge is that carbon forestry 
provides a short-term fix for emissions 
abatement. Reforesting can only be carried out 
once, since carbon must remain locked in the 
land for the long term. In order to keep offsetting 
new emissions, new parcels of land need to 
be reforested, a process that cannot continue 
forever. Achieving net zero emissions in the long 

term will require full decarbonisation with no 
offsetting: carbon forestry may delay the need 
for full decarbonisation, but it does not remove 
it. Due to the short-term nature of abatement 
and trade-offs of carbon forestry, the potential to 
decarbonise as much of the energy and industry 
sectors as possible without relying on offsets 
should be investigated. 

In addition to dedicated carbon forestry,  
there may also be other carbon sequestration 
solutions such as the combination of trees and 
pasture, soil sequestration, or ‘blue carbon’  
stored in coastal and marine ecosystems  
(The Blue Carbon Initiative, 2016). While these 
and other sequestration methods could play a 
role in achieving net zero emissions, only carbon 
forestry has been included in the scope of 
Decarbonisation Futures modelling.

TABLE 2.7: Summary table of strategies and key solutions for agriculture and land emissions reductions

STR ATEGY KEY 
TECHNOLOGIES STATUS MOMENTUM

REDUCE ENERGY USE

Improve on-
farm efficiency

Sustainable 
agriculture 
practices and 
energy-efficient 
equipment

Mature

Due to attractive financing options provided by 
the Clean Energy Finance Corporation (CEFC) 
in partnership with major banks145, many 
farms have benefited from energy and cost 
savings from more efficient equipment such as 
variable-speed drives in irrigation systems146. 
For example, the Mareeba Banana Farm in 
Queensland reduced its energy costs by 45%  
by switching to variable-speed drives147.

Precision 
agriculture and 
automation

Mature

Precision agriculture and automation 
techniques are gaining traction in Australia,  
as integrated systems for linking spatial data 
with on-farm autonomous equipment and 
variable-rate technology becomes more  
widely available148. 

Over 95% of Australian farmers have access to 
information and communications technology 
(ICT) equipment, which can help increase 
productivity. For example, 80% of farms in the 
grain sector use ICT to more efficiently operate 
equipment and manage production149.

145 National Australia Bank (2017), Commonwealth Bank of Australia (2017)

146 CEFC (2019)

147 Ergon Energy (2014)

148 Robertson et al (2007)

149 Dufty and Jackson (2018)
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SWITCH FROM FOSSIL FUELS TO LOW- OR ZERO-EMISSIONS ALTERNATIVES

Switch energy 
sources for 
on-farm 
machinery and 
transportation 
to low-carbon 
electricity

Electric 
machinery Demonstration

Electric tractors are available from John 
Deere150 and Fendt151. Farmers in the US and 
UK have led global uptake of this equipment, 
which has benefits including lower running 
costs, increased safety and greater torque152.

On-site 
renewables and 
power purchase 
agreements

Mature

Australian agricultural businesses are 
proactively installing on-site solar PV and 
making use of power purchase agreements 
to decarbonise their electrical operations. 
Examples include the Nine Mile Fresh apple 
processing facility, Swan Hill abattoir and  
MC Herd abattoir153.

REDUCE NON-ENERGY EMISSIONS

Reduce demand 
for emissions-
intensive 
agricultural 
products

Product 
substitutes: 
plant-based

Mature

The global market for plant-based meat 
substitutes is booming. Share prices of the 
company Beyond Meat grew over 700% in the 
three months following their 2019 NASDAQ 
release, and Barclays suggest that, in a 
decade's time, meat alternatives could be 
worth 10% of the current total value of the US 
market for meat products154. Technologies for 
plant-based substitutes are improving at a 
similar rate to actual meat products.

Product 
substitutes: 
laboratory-
grown meat

Emerging

While it is still an emerging technology, 
the cultured-meat industry has seen rapid 
technological developments in recent years, 
accompanied by significant interest  
from investors155.

In Australia, several start-ups are now working 
towards making cultured meat a commercially 
competitive product for Australian consumers156.

150 White (2016)

151 Fendt (2017)

152 National Farmers Union (2019)

153 Australian Financial Review (2019)

154 Linnane (2019)

155 Ackland (2019), Purdy (2019)

156 McCarthy (2019)
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Reduce or 
eliminate 
non-energy 
emissions from 
livestock

Incremental 
improvements 
in breeding, 
feeding and 
pasture 
practices; 
and manure 
management 

Mature

Product trials are underway for CSIRO’s 
‘Future Feed’ livestock feed supplement that 
boosts productivity while reducing methane 
emissions157. The product has already attracted 
$2 million in investment.

Australia is also developing approaches for 
improving manure-management practices  
to avoid nitrous oxide and methane emissions 
via the National Agricultural Manure 
Management program158.

Step-change 
improvements 
to practices 

Demonstration

Anti-methane 
vaccines Emerging

Vaccines to mitigate methane emissions 
from cows are already in the testing phase 
in New Zealand159. These vaccines could be 
commercially available for Australian farmers 
as early as 2028160 (see Box 2.10).

Reduce 
non-energy 
emissions from 
grains and 
horticulture

Precision-
agriculture 
and fertiliser 
management

Mature

Precision-agriculture practices are proving their 
potential to reduce not only energy use, but 
broader emissions on Australian farms through 
methods such as yield mapping, selective 
harvesting and variable rate application of 
fertilisers161 (see Box 2.11).

Australia is leading global research in enhanced-
efficiency fertilisers and fertiliser additives that 
inhibit nitrous-oxide emissions162.

Sequester CO2

Dedicated 
large-scale 
carbon forestry

Mature

Opportunities in carbon forestry are growing, 
with organisations such as Carbon Farmers 
of Australia empowering landholders to 
participate in carbon markets163.

In Tasmania, a Carbon Plantations Kit is 
available for landholders to assess the benefits 
of carbon forestry on their land, and several 
farmers are successfully earning an income 
from carbon credits164.

157 CSIRO (2016a)

158 CSIRO (2016b)

159 Bell (2015)

160 Meat and Livestock Australia and CSIRO (2019)

161 Bramley and Trengove (2013)

162 The University of Melbourne (2015), Primary Industries Climate Challenges Centre (2018)

163 Carbon Farmers of Australia (2019)

164 AK Consulting, Livingston Natural Resources Services, CSIRO Sustainable Agriculture Flagship, Private Forests 
Tasmania and Rural Development Services (2016)
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Sequester CO2 
(cont.)

Soil carbon 
sequestration Emerging

Soil carbon sequestration is a newly emerging 
solution, and an area where Australia could 
become a global leader. The world’s first 
soil carbon credits were recently granted to 
Gippsland farmer Niels Olsen165, and soil carbon 
specialist Agriprove has encouraged further 
participation by offering a cash prize to the 
next farmer to match Olsen’s volume  
of sequestration166.

Silvopasture  
(a combination 
of trees and 
pasture)

Demonstration

Australia is already setting a global example 
in silvopasture, with over 200,000 hectares of 
farmland managed as intensive silvopasture 
with a combination of trees and pasture167. 
The benefits of silvopasture are attracting 
increasing attention from Australian 
landholders. For example, silvopasture played  
a key role in restoring Talaheni, a formerly  
over-grazed and unproductive 250 hectare 
property in Yass168.

165 Corporate Carbon (2019)

166 AgriProve (2019)

167 Cuartas Cardona (2014)

168 Bank Australia (2019)
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Decarbonisation Futures uses scenarios to  
explore a range of possible low-emissions  
futures for Australia.

Due to the inherent uncertainty and complexity of 
the emissions-reduction challenge, it is impossible 
to accurately forecast the future. However, it is 
useful to employ a range of scenarios to test the 
impact of alternative futures on a company, an 
investment portfolio or a government strategy. 
Scenario testing can help ensure that strategies 
are robust and resilient.

Historically, only a few widely used modelling 
exercises have incorporated the substantial 
potential of future low-carbon innovations. 
Modelling generally makes conservative 
assumptions about transitions to low-emissions 
pathways, and assesses the future as a 
continuation of past trends rather than examining 
the potential for innovation. Recent experience 
has shown that innovation can result in change 
much faster than conservative assumptions 
suggest (Centre for Policy Development and 
ClimateWorks Australia, 2018).  

It is, however, difficult to assess in advance  
which innovations will be rapidly adopted and 
which will not progress as fast as expected.  
This complexity is compounded by the fact that 
action on emissions reduction is a global issue, 
with diverse interactions between economic, 
social, technological and environmental systems.

Like any tool, modelling and scenarios should 
be used with knowledge of their strengths, 
weaknesses and limitations. All models are 
stylised, imperfect representations of the world.  
It is unlikely that any single emissions path 
will occur exactly as described in the scenarios 
modelled. These factors do not necessarily diminish 
the usefulness of modelling and scenarios, 
particularly when the process of exploring the 
important and interrelated aspects of such a  
highly uncertain and complex space is valuable.

BOX 3.1: DECARBONISATION 
FUTURES  SCENARIO 
FRAMEWORK
ClimateWorks Australia has developed a scenario 
framework that can help identify climate-
scenario drivers and develop narratives that 
incorporate scenario drivers, relevant for  
the whole economy. 

This framework can be adapted and refined  
based on the organisation’s business. It is not 
aimed at providing an exhaustive list of drivers, 
but rather indicates the wide range of drivers 
to be considered in the scenario-development 
process. This type of scenario framework has  
been used in the development of the scenarios  
in the Decarbonisation Futures project. 

More information on ClimateWorks Australia’s 
approach to scenario development is available in 
Climate Horizons (Centre for Policy Development 
and ClimateWorks Australia, 2018).
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C
O

N
TE

X
T

Population growth Low growth High growth

GDP growth Low growth High growth

Climate ambition 6 degrees 1.5 degrees

Trajectory Insufficient Rapid decline

Transition from fossil fuels Limited High

Policy Weak action Strong action

Business/individual actions Weak action Strong action

Technology progress  
(technology cost reductions) Limited High

SO
LU

TI
O

N
S

BU
IL

DI
N

G
S Energy efficiency &  

demand reduction Limited High

Fuel switch (electrification  
& low-carbon fuels) None 100%

IN
D

U
ST

RY

Energy efficiency Limited High

Fuel switch (electrification  
& low-carbon fuels) None 100%

Automation Limited Widespread

Materials efficiency Limited Widespread

Materials substitution Limited Widespread

Circular economy - recycling Limited Widespread

Process emissions reductions  
(including CCS) None 100%

LA
N

D 
+ 

AG Carbon sequestration - forestry Limited Economic 
potential

Sustainable agriculture practices Limited Widespread

Livestock methane reduction Limited 100%

EL
EC

TR
IC

IT
Y

Renewable generation share 2050 None 100%

Grid-scale batteries Limited Widespread

Behind the meter generation  
and storage Limited Widespread

Coal closure End of life Accelerated

Nuclear, CCS / BECCS generation 
share 2050 None 100%

TR
AN

SP
O

RT

EV share of light vehicles 2050 None 100%

EV share of heavy vehicles 2050 None 100%

Fuel cell share of light vehicles 2050 None 100%

Fuel cell share of heavy vehicles 2050 None 100%

Autonomous vehicles: private 
travel 2050 None 100%

Autonomous vehicles: ride share 2050 None 100%

E-commerce share of sales None 100%

Non-road: shift to low-carbon fuels None 100%

FIGURE 3.1: Illustrative scenario framework representation of Decarbonisation Futures’ three scenarios

2C Deploy 2C Innovate 1.5C All-in
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The chosen scenarios illustrate what Paris-aligned 
transitions could look like for Australia under a 
different set of technological, societal and policy 
drivers (Figures 3.1 and 3.2). Three scenarios are 
described in Decarbonisation Futures:

 + The first scenario ('2C Deploy') models 
emissions reductions compatible with a 
2-degree-Celsius global temperature limit, 
achieved primarily through direct government 
intervention focused on accelerating and 
regulating the deployment of demonstration- 
and mature-stage technologies

 + The second scenario ('2C Innovate') shows 
how technology at the upper bounds of 
current expectations can facilitate the  
same outcome as the previous scenario.  
In this model, emerging technologies create 
widespread change in emissions-intensive 
sectors, driven by supportive government  
and business action

 + The third scenario ('1.5C All-in') models 
an emissions outcome compatible with 
limiting the global temperature rise to 1.5 
degrees Celsius. It combines elements from 
the two earlier scenarios, and assumes 
that governments will drive policies to 
limit emissions and facilitate technological 
innovations, with collaboration between 
policy-makers, businesses and individuals 
across all sectors.

In this report, we explore three illustrative 
scenarios by which Australia might reach net 
zero emissions. The scenarios were developed as 
a result of stakeholder input and internal analysis 
of specific uncertainties around how the end goal 
could be reached. Since the research focused on 
pathways within Australia, the scenarios share 
some consistent contextual assumptions, such 
as population growth and global action towards 
abatement goals.

Key amongst the findings from the scenario 
development process is that a pathway exists for 
Australia that is compatible with limiting global 
temperature rise to 1.5 degrees Celsius, and there 
is potential for strong technological advances 
and action by businesses and individuals to 
influence emissions reductions. A prioritisation of 
solutions based on uncertainty and importance 
was undertaken alongside an investigation of key 
issues in order to focus the research effort.

The scenario-development process and analysis 
was informed by an extensive literature review 
on decarbonisation solutions, which included 
expert peer review. The findings of this process are 
summarised in Section 2. A mapping exercise was 
also undertaken to identify the drivers of uptake 
for each decarbonisation solution. This included 
an assessment of the challenges and potential 
enablers for each solution. More details about the 
modelling tools, scenarios, solutions and driver 
mapping are discussed in the Decarbonisation 
Futures: Technical Report.

FIGURE 3.2: Driver ‘triangle’ framework for the modelled scenarios

These triangles represent the level of progress/
action taken towards net zero emissions for each 
driver, by scenario.  

Settings closer to the inside of the triangle 
indicate less action, while outer settings indicate 
more/strong action.

2C DEPLOY 2C INNOVATE 1.5C ALL-IN

Technology 
progress

Businesses and 
individuals

Policy

Technology 
progress

Businesses and 
individuals

Policy

Technology 
progress

Businesses and 
individuals

Policy
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The scenario narratives are summarised in Table 3.1.

  
TABLE 3.1: Scenario narratives

'2C 
DEPLOY' 

This scenario models emissions reductions compatible with a 2-degree-Celsius global 
temperature shift (>66% probability of staying below 2 degrees), achieved through 
direct government intervention via policies designed to accelerate and regulate the 
deployment of demonstration- and mature-stage technologies. It assumes no major 
technological breakthroughs, major structural changes to the economy, or substantial 
lifestyle shifts by the public. It does not model particular policies but calculates 
outcomes stemming from carbon pricing or legislative equivalents, in an economy 
embracing energy efficiencies, carbon capture and storage, a rapid shift to renewables, 
and other measures.  

'2C 
INNOVATE'

This scenario also models emissions reductions compatible with a 2-degree-Celsius global 
temperature shift (>66% probability of staying below 2 degrees). It assumes technology 
at the upper bounds of current expectations, with emerging technologies creating 
widespread change in emissions-intensive sectors. It models the encouragement of 
new technologies by decision-makers, through increased investment into research and 
development by the public and private sectors. It assumes the facilitation of innovation  
by businesses and individuals (including new business models), as well as significant 
policy intervention in particular sectors.

'1.5C  
ALL-IN'

As its name suggests, the third scenario models an emissions outcome compatible 
with a limiting global temperature rise to 1.5 degrees Celsius. This scenario stays 
within the 50% probability of the 1.5 degrees Celsius carbon budget for Australia 
(achieving net zero by 2035), and then overcompensates with net-negative emissions 
through to 2050 to improve the chances of achieving this goal. This substantially more 
ambitious target requires the combination of elements from the earlier scenarios, 
with governments driving policies to limit emissions and facilitate technological 
innovations. It assumes action across all sectors, with collaboration between policy-
makers, businesses and individuals, and technology providers.

BOX 3.2: LIMITS TO THE SCOPE 
OF DECARBONISATION FUTURES
While Decarbonisation Futures has taken a broad 
and deep approach to the scope of research and 
modelling, there are certain topics that have not 
been covered quantitatively. These include, but 
are not limited to:

 + The potential macroeconomic opportunities 
and structural effects of the transition 
on Australia’s economy. For example, the 
emergence of a renewable hydrogen export 
market, or downstream processing169 of low-
carbon-compatible products such as lithium 
or green steel 

 + Adopting zero-emissions fuels such as hydrogen 
for use in industry or international shipping 
(hydrogen was included as an option for road  
 

169 While Australia has an abundance of valuable minerals, most of these are exported for processing, with significant 
economic value added overseas; for example, less than 1% of iron ore extracted in Australia is converted to steel 
domestically (Lord, 2019).

transport where data existed), ammonia as an 
energy carrier, or renewable synthetic fuels 

 + Electrification of aviation and shipping

 + Negative emissions solutions beyond 
dedicated carbon forestry, such as bioenergy 
with CCS, direct air capture, soil carbon,  
blue carbon, biochar and agroforestry.

Where emerging zero-emissions technologies  
or options could be modelled, carbon forestry  
was used to compensate for residual emissions  
in the model.

ClimateWorks is currently undertaking two  
multi-year programs of work – Land Use Futures 
and the Australian Industry Energy Transitions 
Initiative – that will explore many  
of these issues in greater detail. 
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All Decarbonisation Futures abatement scenarios 
are compatible with the Paris climate objective 
of keeping global warming well below 2 degrees 
Celsius173. All three scenarios in this study achieve 
net zero emissions by or before 2050, with the 

173 The scenarios' cumulative emissions are compatible with the global 1.5- and 2-degree carbon budgets,  
discussed in Section 1.

‘1.5C All-in’ scenario reaching net zero emissions 
around 2035. Each of the scenarios includes 
reductions across all sectors of the economy,  
with variations in magnitude between  
scenarios (Figure 3.3).

The scenarios show that Australia can still reduce 
emissions in line with limiting temperature rise to 
2 degrees – and if governments, businesses and 
individuals go ‘all-in’, a 1.5-degree limit could  
be within reach. All sectors play a part in  
the transition.
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Figure 19 – Overall annual net emissions in the modelled scenarios (2005-2050)
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Similar text to slides 1-6 above. Speed and scale of 
transition is much larger in 1.5C All-in, reflecting the 

increased ambition required for a 1.5 degree consistent 
pathway.

FIGURE 3.3: Overall annual net emissions in the modelled scenarios (2005-2050)
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TABLE 3.2: Benchmarks of progress towards net zero emissions by 2050

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

O V E R A L L  O F  E C O N O M Y  B E N C H M A R K S

Net annual emissions 291-322 MtCO2e
37-43% 

decrease170 159 MtCO2e 69% decrease171 

Total final energy use 3-8% decrease 16% decrease

Share of electricity and 
zero-emissions fuels in final 
energy use

31-32% 2020 = 23% 35% 2020 = 23%

S E C T O R A L  E M I S S I O N S  B E N C H M A R K S

Electricity emissions 62-65 MtCO2e
63-64% 
decrease 46 MtCO2e 73% decrease

Building emissions 36-37 MtCO2e
63-64% 
decrease 27 MtCO2e 73% decrease

Transport emissions 108-115 MtCO2e 2-9% increase172 93 MtCO2e 12% decrease

Industry emissions 141 MtCO2e 40% decrease 120 MtCO2e 49% decrease

Agriculture and land 
emissions 37-75 MtCO2e 6-54% decrease 34 MtCO2e 57% decrease

170 This represents a reduction of approximately 48-53% on 2005 emissions levels.

171 This represents a reduction of approximately 74% on 2005 emissions levels.

172 Emissions peak in 2025, and decline consistently afterwards.
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All three scenarios in Decarbonisation Futures show 
significantly accelerated technology deployment 
and emissions reductions in the next decade 
compared to current trends, as is evident  
in the benchmarks across all sectors.

Government figures project a decline of  
national emissions by 16% on 2005 levels by  
2030. In contrast, both the '2C Deploy' and  
'2C Innovate' scenarios benchmark a decrease  
of 48–53% while the '1.5C All-in' scenario  
puts the figure at 74%.

Likewise, government projections suggest 
Australia will generate 48% of electricity from 
renewables by 2030. The '2C Deploy' and '2C 
Innovate' scenarios put the figure at 74% and 
70% respectively; the '1.5C All-in' scenario at 79%.  

In transport, government projections state that, 
by 2030, around one in five new cars purchased 
will be electric. In contrast, that figure becomes 
one in two for '2C Deploy' and '2C Innovate' –  
and three in four for the '1.5C All-in' scenario.

These examples show the challenge ahead.

Although the modelled benchmarks might seem 
ambitious, they are by no means impossible. 
The research highlights the progress being made 
– progress that must now be turbocharged, 
with governments, businesses and individuals 
mobilising to achieve faster change than under 
typical market conditions.

In short, action – the deployment of renewables; 
investment in research and development; the 
construction of transition infrastructure; the 
commercialisation of emerging technologies;  
and the other measures discussed in this  
report – cannot wait until 2030 or 2050.

Deploying mature and demonstrated solutions can 
achieve much of what is needed this decade and 
can accelerate immediately. From 2030 to 2050, the 
implementation challenge shifts to zero-emissions 
solutions for long-haul transport, agriculture and 
industry, which need to be the focus of accelerated 
RD&D investment this decade.

There are some consistent trends across scenarios, 
which reflect the areas where technologies are 
most mature (Figure 3.4). For example:

 + Energy efficiency improves across all sectors 
and strong, early emissions reductions are 
largely enabled by the decarbonisation of 
electricity generation 

 + Between 2035 and 2040, electricity emissions 
are near-zero, as renewables approach 100% 
of generation. In all scenarios, decarbonisation 
of electricity generation is a precondition for 
decarbonisation throughout other sectors. 
Electricity produced by renewable energy 
facilitates a shift away from fossil fuels in 
buildings, transport and other areas 

 + After an initial increase, transport emissions 
also decline substantially by 2050, due largely 
to the electrification of road vehicles as well 
as uptake of other low-carbon fuels

 + Similarly, buildings achieve significant 
emissions reductions through energy-
efficiency improvements, low-carbon 
electricity and electrification

 + Industry and agriculture, at the other end, 
have significant residual emissions by 2050, 
which reflects the technological gap to zero 
emissions technologies.

All scenarios model transitions to zero-emissions 
technologies taking place as soon as feasible, 
with best-available solutions implemented to 
reduce emissions where appropriate technology 
does not yet exist. Solutions for decarbonising 
the agriculture and industry sectors are the least 
mature, and show the most variation between 
scenarios. Due to residual emissions, particularly 
in agriculture and industry, all scenarios rely 
materially on carbon forestry to remain within 
the Australian carbon budget (see Box 3.2 for 
limitations of modelling).

The stacked wedges above the x-axis in Figure 
3.4 show emissions (scope 1 and 2) for four major 
sectors of the Australian economy. The emissions 
trajectory of electricity generation is depicted 
as a separate yellow dotted line to avoid double 
counting, as electricity emissions have already 
been included in end-use sectors. Presenting 
results in this way highlights the impact of a 
decarbonising electricity grid on those sectors that 
already derive a large proportion of their energy 
use from electricity such as buildings and industry. 
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It also demonstrates the value of increasing 
electrification of other processes throughout the 
economy as they increasingly reap the benefits of 
low- or zero-emissions electricity (see for example 
transport and industry post-2035). 

The amount of sequestration required to offset 
emissions and remain within relevant carbon 
budgets (modelled here as carbon forestry) is 
also presented as a distinct sector with ‘negative’ 
emissions below the x-axis. Net annual emissions 
– calculated as residual sector emissions minus 
carbon forestry sequestration – are represented by 
the orange dashed line.

'2C DEPLOY'

In the '2C Deploy' scenario, emissions reduce 
considerably over time in most sectors. 
Decarbonisation of electricity generation 
unlocks emissions reductions in end-use sectors, 
particularly industry and buildings. As electric 
vehicles (using decarbonised electricity) become 
significant in road segments post-2035, transport 
sees strong emissions reductions. Agriculture 
emissions grow slightly, reflecting the additional 
technological development required to compensate 
for expected growth in demand for emissions-
intensive products for which low-emissions 
solutions are not widely available at present. 
Australia reaches net zero emissions by 2050.
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'2C INNOVATE'

The '2C Innovate' scenario sees emissions reduce 
across all sectors. While electricity generation 
also undergoes a significant transition, this 
is moderated relative to other scenarios due 
to relatively less policy action driving the exit 
of existing fossil fuel generation. Despite this, 
electricity generation still approaches near-
complete decarbonisation between 2040 and 
2045. This relatively slower transition results in 
higher emissions in buildings and industry in 
the medium term. Transport emissions benefit 
from similarly high levels of road transport 
electrification, while additional opportunities 

for fuel switching, particularly in non-road 
transport, unlock further abatement relative to 
'2C Deploy'. Other emerging technologies and 
solutions assumed in this scenario further reduce 
energy demand and emissions, particularly for 
industry and agriculture. In industry, some of 
these benefits are offset by lower levels of carbon 
capture and sequestration relative to other 
scenarios, due to a lower policy incentive for this 
technology. Australia reaches net zero by 2050, 
requiring fewer negative emissions compared to 
'2C Deploy' due to greater levels of abatement 
across the economy.
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'1.5C All-in'

 

'1.5C ALL-IN' 

In the ‘1.5C All-in’ scenario, emissions reduce 
rapidly in all sectors and negative emissions ramp 
up significantly. The emerging technologies and 
stronger policy action assumed in this scenario 
further reduces energy demand and emissions 
across all sectors. This is particularly evident for 
industry and agriculture. Industry energy use 
and emissions are further reduced compared to 
the 2 degrees scenarios, drawing on increased 
efficiencies and process emissions-reduction 
solutions. Australian energy commodities are also 
affected by reduced global demand under this 
temperature goal. The widespread use of solutions 
to reduce or avoid livestock emissions greatly 
reduces emissions in the agriculture sector. 
Rapid decarbonisation of electricity generation 

and high levels of electrification drives buildings 
emissions towards zero between 2035 and 2040. 
An accelerated transition to electric vehicles 
reduces transport emissions in the medium 
term. Further fuel switching to zero-emissions 
energy sources (such as biofuels), greatly reduces 
emissions, particularly in non-road transport. 
This scenario presents the lowest total residual 
emissions in 2050 thanks to the combined efforts 
on accelerated technology development and 
deployment. Assisted by considerable carbon 
sequestration, Australia reaches net zero 
emissions around 2035, and substantial negative 
emissions continue after this time to meet the  
1.5 degrees carbon budget for Australia.
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3 . 1 . 
E L E C T R I C I T Y

TABLE 3.3: Benchmarks of progress towards net zero emissions by 2050, electricity 

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

TECHNOLOGY BENCHMARKS

Share of renewable 
electricity generation 70-74% 2020 = 25% 79% 2020 = 25%

Additional renewable capacity 
between 2020 and 2030 24-28 GW added 29 GW added

Additional storage capacity 
between 2020 and 2030 

44-66 GWh 
added 56 GWh added

ENERGY BENCHMARKS

Share of electricity in  
total energy 24% 2020 = 20% 27% 2020 = 20%

EMISSIONS BENCHMARKS

Annual emissions 62-65 MtCO2e
63-64% 
decrease 46 MtCO2e 73% decrease

Emissions intensity 220-252 tCO2e/
GWh

63-67% 
decrease 177 tCO2e/GWh 74% decrease
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All scenarios reach about 75% renewable electricity 
generation by 2030, and 100% by 2050.

The electricity sector rapidly shifts to 100% 
renewable energy and reaches zero emissions by 
2050 across in all scenarios (despite significant 
increases in overall electricity supply). The 
transition is fastest in '1.5C All-in' (Table 3.3).  
In every scenario, all new power generation assets 
are renewable, even in the absence of a strong 
policy driver, reflecting the cost competitiveness 
of new renewable energy compared with new 
fossil fuel generation.

On an economic basis alone, renewables are  
the preferred source of new generation, and  
come to dominate the generation mix by 2030.  
By that date, renewable electricity is the 

dominant source of electricity generation  
(73 – 79% of electricity generated)(Figure 3.5). 
This means that the major factor influencing the 
speed of the transition to renewable electricity 
is the rate at which coal generation (and then 
gas) exits the system. Additional policy drivers for 
coal and gas closure are needed to unlock faster 
decarbonisation in the sector. The '2C Innovate' 
results reflect a scenario with relatively low policy 
action, particularly in driving the exit of existing 
fossil fuel generation. As a result, the scenario 
involves a slower transition in the sector, with coal 
generation (and therefore associated emissions) 
extended by around 10 years relative to '2C Deploy' 
and '1.5C All-in' (Figure 3.6).

FIGURE 3.5: Electricity generation mix in the modelled scenarios (2020, 2030 & 2050)
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Figure 20 – Electricity generation mix in the modelled scenarios (2020, 2030 & 2050)
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FIGURE 3.6: Electricity emissions intensity in the modelled scenarios (2020-2050)
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Figure 21 – Electricity emissions intensity in the modelled scenarios (2020-2050)
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of existing fossil fuel generation [evident by emissions 
persisting in 2C Innovate with relatively less government 

action]

1.5C All-in 2C Deploy 2C Innovate

FIGURE 3.7: Cumulative renewable electricity build, 2020-2050 (left), and storage capacity  
by type (right) in the modelled scenarios, 2030 & 2050
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Figure 22 – Cumulative renewable electricity build (left) and storage capacity (right) in the modelled scenarios (2020-2050)
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Consistently, though, decarbonisation analyses 
have found that Australia moves to 100% 
renewables, enabled by increases in storage 
capacity and other integration measures. This 
study also excludes modelling of potential 
new export industries built on Australia’s large 
renewable resources, such as green steel, green 
aluminium or hydrogen. 

Recent research has shown that these new 
industries could help reduce the overall system 
costs of managing a renewable grid (Ueckerdt et 
al, 2019). This might be achieved by building more 
renewable generation assets than needed to meet 
domestic demand, and then using the surplus 
electricity to produce valuable goods. 

In all scenarios, the transition to higher 
proportions of renewable electricity is  
managed via energy storage (Figure 3.7, right) 
and flexible demand (such as responsive electric-
vehicle charging in later years in particular).  
Market-dispatch and power-system modelling  
are beyond the scope of this study. 

Decarbonisation Futures presents a generation-
mix composed of a significant share of solar 
thermal generation (with storage). However, this 
is highly sensitive to assumptions around future 
technology costs. Other studies suggest different 
mixes of renewable generation types (e.g. less 
solar thermal and more solar PV, pumped  
hydro and batteries).  

Increased reliance on electricity across other sectors 
forms a major component of Australia’s transition 
towards net zero emissions.
Electrification of end-use sectors (those directly 
used by consumers, such as buildings, transport, 
industry) via renewable electricity offers one of 
the most promising ways to reduce emissions 
across the economy. Future electricity demand 
will be driven by counterbalancing factors – 
particularly the uptake of energy efficiency, rate 
of electrification, and growth of new low-carbon 
export industries. 

In all scenarios, electricity use grows significantly 
relative to 2020. In the '2C Deploy' scenario, 
electricity demand is higher than the other 
Decarbonisation Futures scenarios in absolute 
terms, but it is the lowest as a proportion of 

overall energy use (Figure 3.8). This reflects the 
lower rates of energy efficiency in this scenario,  
as a result of more conservative assumptions 
about technological improvements. In the  
'1.5C All-in' scenario, electricity accounts for 
more than 60% of overall energy use, as a result 
of stronger technology and policy settings that 
increase energy efficiency and electrification.  
The effect of energy efficiency on electricity 
demand is evident when comparing the  
'2C Deploy' and '2C Innovate' scenarios.  
Despite very similar rates of electrification,  
total electricity demand is less in '2C Innovate'  
due to technological advances driving  
energy efficiency.

FIGURE 3.8: Overall electricity demand (left) and as a proportion of final energy use (right)  
in the modelled scenarios (2020-2050)
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Figure 23 – Overall electricity demand (left) and as a proportion of final energy use (right) in the modelled scenarios (2020-2050)
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TABLE 3.4: Benchmarks of progress towards net zero emissions by 2050, buildings 

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

TECHNOLOGY BENCHMARKS

Rooftop solar  
electricity generation 22-26 TWh

85-116% 
increase

26 TWh 116% increase

ENERGY BENCHMARKS

Residential building  
energy intensity174 

44-48% 
decrease 

(improvement)

49% decrease 
(improvement)

Commercial building  
energy intensity175 

16-25% decrease 
(improvement)

28% decrease 
(improvement)

Share of electricity in 
residential buildings 76-78% 2020 = 49% 75%176 2020 = 49%

EMISSIONS BENCHMARKS

Annual emissions 36-37 MtCO2e
63-64% 
decrease

27 MtCO2e 73% decrease

174 Represented as energy use per household

175 Represented as energy use per square metre of commercial building floor space

176 Higher rates of energy-efficiency improvements lead to slightly lower levels of building electrification in the 
'1.5C All-in' scenario by 2030, relative to other scenarios

3 . 2 . 
B U I L D I N G S
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Zero-emissions buildings combine energy efficiency 
with renewable electricity.

In all scenarios, residential and commercial 
buildings approach full electrification by 2040 
(Table 3.4). 

In residential buildings, energy efficiency 
improvements and electrification drive lower 
energy intensity177 for all scenarios in 2050 relative 
to 2020 (Figure 3.9, left). This is most significant 
in '2C Innovate' and '1.5C All-in', where energy 
intensity decreases by more than 60% relative 
to 2020, highlighting the significant role that 
technological innovation and societal demand can 
play in unlocking energy-efficiency improvements. 

177 Calculated as energy use per household.

178 Calculated as energy use per square metre of commercial building floor space.

In commercial buildings, reductions in building 
energy intensity178 are less pronounced than in 
the residential sector, although trends across 
scenarios are fairly consistent (Figure 3.9, right).

In addition to achieving emissions reductions, 
energy-efficient technologies reduce energy  
costs, and enhance comfort and productivity  
for building occupants.
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Figure 24 – Residential (left) and commercial (right) buildings energy intensity in the modelled scenarios 
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FIGURE 3.9: Residential (left) and commercial (right) buildings energy intensity in the modelled 
scenarios (2020-2050)
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Figure 24 – Residential (left) and commercial (right) buildings energy intensity in the modelled scenarios 
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FIGURE 3.10: Residential (left) and commercial (right) buildings energy use in the modelled 
scenarios, by fuel type (2020-2050)
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Figure 25 – Residential (left) and commercial (right) buildings energy use in the modelled scenarios, by fuel type (2020-2050)

0

100

200

300

400

500

2C Deploy
2050

2020

212

2C 
Innovate

2050

1.5C All-in
2050

425

263

208

-51%

0

100

200

300

400

500

PJ

2C 
Innovate

2050

2020 2C Deploy
2050

273
298

1.5C All-in
2050

358

279

-8%

Bioenergy

Electricity

Gas

Both residential and commercial 
buildings can be near-fully electrified 
by 2050, unlocking the possibility of 

zero emissions buildings.

PJ

CLIMATEWORKSAU STRAL I A. ORG   |    27

Figure 25 – Residential (left) and commercial (right) buildings energy use in the modelled scenarios, by fuel type (2020-2050)
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network for an ever-shrinking number of end-
users is likely to become prohibitive. This is a 
consideration that is worthy of further research. 
In most cases, electrification also delivers 
significant energy-efficiency benefits, as one 
unit of electricity can replace between two and 
seven units of gas, depending on the end service 
(ASBEC, 2016).

The emissions trajectory of the building sector 
is strongly linked to the transition to renewable 
electricity generation, as electricity is the primary 
source of building emissions. Across all scenarios, 
the building sector achieves emissions reductions 
of over 60% by 2030, and approaches zero 
emissions by 2040 in '2C Deploy' and '1.5C All-in', 
in line with the electricity generation emissions 
trajectory in those scenarios (Figure 3.11).

By 2050, residential energy use is lower in all 
scenarios relative to 2020, despite significant 
population growth during this period  
(Figure 3.10, left).

Although the energy intensity of commercial 
buildings in the '2C Deploy' scenario declines by 
nearly 30% relative to 2020, total energy use grows 
due to increases in total commercial floor space. 
Technological improvements drive higher rates of 
energy efficiency in '2C Innovate' and '1.5C All-in', 
leading to a slight decrease in overall energy use 
by 2050 in these scenarios (Figure 3.10).

In all scenarios, residential and commercial 
buildings approach full electrification by 2040.  
As buildings reach high rates of electrification, 
the costs of maintaining a gas-distribution 

FIGURE 3.11: Overall buildings emissions in the modelled scenarios (2020-2050)
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Figure 26 – Overall buildings emissions in the modelled scenarios (2020-2050)
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TABLE 3.5: Benchmarks of progress towards net zero emissions by 2050, transport 

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

TECHNOLOGY BENCHMARKS

Electric cars (battery 
electric vehicles and fuel 
cell electric vehicles) 

50% of new-car 
sales, 15% of 

total fleet

2020 = <1%  
of sales and  
total fleet

76% of new-car 
sales, 28% of 

total fleet

2020 = <1%  
of sales and  
total fleet

Electric trucks (battery 
electric vehicles and fuel 
cell electric vehicles) 

25-39% of  
new-truck sales, 

8-13% of  
total fleet

2020 = <1%  
of sales and  
total fleet

59% of new-
truck sales,  
24% of total 

fleet

2020 = <1%  
of sales and  
total fleet

Volume of zero-emissions 
fuels (bioenergy and 
hydrogen)

83-111 PJ
171-265% 
increase

134 PJ 338% increase

ENERGY BENCHMARKS

Share of electricity and 
zero-emissions fuels in  
total transport energy use

9-11% 2020 = 3% 16% 2020 = 3%

Share of electricity and 
zero-emissions fuels in  
road passenger and  
freight energy use

5-9% 2020 = 2% 17% 2020 = 2%

Fossil fuel use in  
non-road transport 226-233 PJ 5-8% decrease 203 PJ 17% decrease

EMISSIONS BENCHMARKS

Total transport emissions 108-115 MtCO
2e 2-9% increase179 93 MtCO2e 12% decrease

 + Road transport 
emissions

89-95 MtCO2e 5-12% increase180 76 MtCO2e 11% decrease

 + Other transport 
emissions

18.8-19.5 
MtCO2e

5-8% decrease 17 MtCO2e 16% decrease

179 Emissions peak in 2025, and decline consistently afterwards.

180 Emissions peak between 2025-2027, and decline consistently afterwards.

3 . 3 . 
T R A N S P O R T
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The high uptake of electric vehicles charged with 
renewable electricity has the potential has the 
potential to achieve close to zero emissions for  
road passenger transport.
With battery costs decreasing faster than 
expected, an increasing share of transport can  
be electrified by 2050 (Table 3.5). This trend 
facilitates a strong uptake of electric passenger 
vehicles in all scenarios  with road passenger 
vehicle emissions approaching zero by 2050, as  
the electricity sector decarbonises (Figure 3.12). 
The most significant change for transport 
emissions occurs shortly after 2030.  

This reflects the delay between electric vehicles 
becoming cost-competitive (around 2025 –  
see Figure 2.8) and uptake in new-vehicle sales.  
The shift to electric vehicles is mainly fostered  
by their anticipated cost-competitiveness,  
but policy is important in expediting and 
supporting this transition. 

FIGURE 3.12: Road passenger transport emissions in the modelled scenarios (2020-2050)
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Figure 27 – Road passenger transport emissions in the modelled scenarios (2020-2050)
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FIGURE 3.13: Road passenger transport energy use in the modelled scenarios, by fuel type (2020 & 2050)
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Figure 28 – Road passenger transport energy use in the modelled scenarios, by fuel type (2020 & 2050)
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The strength of the expected uptake of electric 
vehicles for passenger transport is reflected by the 
similar trends observed across decarbonisation 
scenarios, where electricity dominates the fuel 
mix in 2050 (Figure 3.13). Decarbonisation Futures' 
analysis suggests that more than 90% of cars 
could be electrified by 2050 across all scenarios, 
with most switching to battery electric vehicles. 
It is also estimated that by 2050, up to 60% of 

Australia’s truck fleet could switch to battery 
electric vehicles, with potentially more than 80% 
of the fleet switching to either hydrogen fuel cell 
electric vehicle or battery electric vehicles with 
strong technological improvements. Internal 
combustion engine vehicles persist in some 
medium- and large-passenger vehicle segments, 
but these account for less than 10% of the total 
light vehicle fleet in 2050.

Oil Hydrogen Bioenergy Electricity
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In the '2C Innovate' and '1.5C All-in' scenarios, 
road freight shows a more significant 
shift towards electricity and hydrogen, as 
technological improvements drive the cost of 
those options down compared to biofuels. In 
all scenarios there is a remaining portion of 
fuel use that is very hard to shift away from oil, 
particularly for certain high-volume, long-haul 
applications.

Technological developments and policy support 
could help road freight transport reach near-zero 
emissions in 2050 through shifts to renewable 
electricity, bioenergy and hydrogen.

In each of the scenarios, heavy road transport sees 
a reduction in energy use, a substantial shift to 
electricity, and a transition to zero-emissions fuel 
sources such as biofuels and renewable hydrogen 
(Figure 3.14). All scenarios see traditional fossil 
fuels such (as petrol and diesel) declining in road 
freight as renewable electricity and fuels dominate. 

In the '2C Deploy' scenario, biofuels make up 
a larger share of the fuel mix for road freight 
relative to other scenarios. 

FIGURE 3.14: Road freight transport energy use in the modelled scenarios, by fuel type (2020 & 2050)
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Figure 29 – Road freight transport energy use in the modelled scenarios, by fuel type (2020 & 2050)

0

200

400

600

800

PJ

2020 2C Deploy
2050

1.5C All-in
2050

2C Innovate
2050

503

582

410 394

-32%

Hydrogen

Oil

Electricity

Bioenergy

Check that text doesn’t have to change 
now that 2C Deploy oil use dropped 

significantly

Oil Hydrogen Bioenergy Electricity



D E C A R B O N I S A T I O N  F U T U R E S  | 

9 8   |

In '1.5C All-in', fuel use in non-road transport 
decreases by 2050 relative to current levels 
despite increased demand for non-road transport 
services (Figure 3.16). The importance of energy 
efficiency is reinforced when comparing the  
'2C Deploy' and '2C Innovate' scenarios, where, 
despite a broadly similar fuel mix in 2050, overall 
demand for energy is around 23% lower in '2C 
Innovate', driven by the assumed faster rates of 
technological improvements and cost reductions.

Energy-efficiency improvements, renewable-
fuel cost reductions and demand shift can help 
significantly reduce emissions in aviation  
and shipping.

FIGURE 3.15: Road freight transport emissions in the modelled scenarios (2020-2050)

Demand for aviation, shipping, rail and other 
transport services is expected to increase with 
population and economic growth, making 
the task of reducing the energy and emissions 
intensities of these services vital to achieve  
zero-emissions transport. 

The '1.5C All-in' scenario shows the significant 
effect that vehicle design and performance 
improvements, alongside reduced demand 
through shifting to more efficient transport 
modes such as public transport and rail freight, 
can have on fossil fuel use.  

Emissions for the freight sector reduce in line 
with the volume of oil consumption. Road freight 
emissions reach near-zero by 2050 across all 

modelled scenarios (Figure 3.15) with the uptake 
of renewable electricity and fuel sources.  
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Figure 30 – Road freight transport emissions in the modelled scenarios (2020-2050)
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FIGURE 3.16: Non-road transport energy use in the modelled scenarios, by fuel type (2020 & 2050)

The use of zero-emissions fuels matters, 
particularly in domestic aviation (Box 3.3). 
Aviation currently accounts for more than 
half of all non-road transport energy use, and 
relies exclusively on oil products. In all modelled 
scenarios, domestic aviation makes a significant 
shift to biofuels. In the '1.5C All-in' scenario, 
biofuels almost completely displace oil products 
by 2050, due to strong policies that drive the 
cost competitiveness of zero-emissions fuels 
compared to oil-based fuels. In the '2C Deploy' 
and '2C Innovate' scenarios, some remaining oil 
use is modelled for domestic aviation, although 
this declines by more than 70% by 2050 on 
current levels. Biofuels are also the primary 
modelled solutions for domestic shipping and 
other transport services, replacing fossil fuels in 
all scenarios. Rail freight relies on a more even  
mix of biofuels and electricity by 2050,  

completely decarbonising in 2035, 2040 and 2045 
in the '1.5C All-in', '2C Innovate' and '2C Deploy' 
scenarios respectively.

Electrification is also likely to play a role in 
other non-road segments. All scenarios see an 
increase in electricity use by 2050, led by a shift to 
electricity in rail freight. Due to a lack of available 
data on cost and performance, this modelling 
exercise excluded some emerging technology 
developments in the electrification of short-haul 
air and shipping, as well as the use of hydrogen 
and ammonia in shipping.

The combined impact of reduced demand for 
energy-intensive transport services, improved 
vehicle efficiency and zero-emissions fuels is 
demonstrated by the emissions trajectory of  
non-road transport in Figure 3.17.
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Figure 31 – Non-road transport energy use in the modelled scenarios, by fuel type (2020 & 2050)
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BOX 3.3: MODELLING 
ZERO-EMISSIONS FUELS IN 
DECARBONISATION FUTURES
In sectors of the economy where electrification may 
be more technologically challenging, expensive 
or impractical, other zero-emissions fuels can be 
used in order to achieve emissions reductions. 
Decarbonisation Futures' modelling suggests the 
transport and industry sectors are likely to be 
the most challenging to fully electrify, and that 
these will be likely to rely on significant uptake of 
alternatives to displace fossil fuel sources.

Currently, bioenergy (such as liquid biofuels 
and solid biomass) are the most technologically 
mature and well-understood of these alternative 
energy sources. Given current land use trade-offs 
associated with production of first-generation 
sources, bioenergy is more likely to be produced 
using second- and third-generation feedstocks. 
While estimates of the potential quantity of 
biomass available in Australia by 2050 vary 
(ClimateWorks Australia, 2014), the levels of 

FIGURE 3.17: Non-road transport emissions in the modelled scenarios (2020-2050)

bioenergy consumption in this modelling are 
estimated to be compatible with recent biomass 
availability studies (Crawford et al, 2015).

Other solutions (such as synfuels, hydrogen and 
ammonia) are emerging, and could be significant. 
In most sectors, Decarbonisation Futures' modelling 
only considers fuel switching to electricity or 
bioenergy, due to issues of research scope, data 
availability, and uncertainties concerning future 
costs of those options (such as hydrogen use 
in industrial and commercial settings). Road 
transport – both passenger and freight – is an 
exception, where hydrogen is included in the 
modelling, due to greater data availability on 
technologies and costs of fuel cell vehicles. 

In reality, the future energy mix of industry and 
transport is likely to be a combination of these 
alternative fuels. In particular, enthusiasm for 
a hydrogen economy in Australia is growing 
significantly. Several studies have outlined the 
opportunity for a hydrogen export market  
(ACIL Allen Consulting for ARENA, 2018; Bruce 
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Figure 32 – Non-road transport emissions in the modelled scenarios (2020-2050)
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et al, 2018; Garnaut, 2019; Ueckerdt et al, 2019), 
and a National Hydrogen Strategy was recently 
adopted by the Council of Australian Governments 
Energy Council (Commonwealth of Australia, 
National Hydrogen Strategy, 2019). As more 
research and data emerges, these developments 
will be incorporated in future modelling processes, 
such as the Australian Industry Energy Transitions 
Initiative (see Box 3.2).

This modelling should not, then, be interpreted 
as predicting one zero-emissions energy source 
over another. Rather, modelled bioenergy can 
be thought of as analogous to any future mix of 
zero-emissions fuels, with the magnitude of fuel 
use indicative of the research, development and 
deployment task required. Supplying the amount 
of bioenergy suggested by the Decarbonisation 
Futures modelling would be subject to numerous 
practical considerations.

FIGURE 3.18: Bioenergy use in transport and other sectors in the modelled scenarios (2050)
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Figure 33 – Bioenergy use in transport and other sectors in the modelled scenarios (2050)
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In all scenarios, modelled bioenergy in transport 
accounts for more than half of the total use 
throughout the economy (Figure 3.18). This 
is primarily used in non-road sectors such as 
domestic aviation, and other transport, services 
and storage. In these sectors, electrification is 
not included in the modelling, but the technology 
and policy settings of the scenarios improve 
the prospects for zero-emissions fuels relative 
to fossil fuels, particularly oil. Road freight also 
accounts for a significant amount of bioenergy 
use, reflecting the challenges of fully electrifying 
trucks carrying heavy loads over long distances.
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3 . 4 . 
I N D U S T RY

TABLE 3.6: Benchmarks of progress towards net zero emissions by 2050, industry 

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

TECHNOLOGY BENCHMARKS

Share of electricity in 
energy used for steel 
production

16-20% 2020 = 11% 27% 2020 = 11%

% clinker in cement 45-75% 2020 = 75% 15% 2020 = 75%

Share of new large buildings 
built using timber 7-20% 2020 = negligible 20% 2020 = negligible

ENERGY BENCHMARKS

Total energy use 1684-1785 PJ 4-10% decrease 1580 PJ 15% decrease

Share of electricity and 
zero-emissions fuels in total 
energy use

30-32% 2020 = 25% 33% 2020 = 25%

EMISSIONS BENCHMARKS

Total industry emissions 141 MtCO2e 40% decrease 120 MtCO2e 49% decrease

 + Extractive sectors 
emissions

67-71 MtCO2e
36-39% 

decrease
56 MtCO2e 49% decrease

 + Manufacturing and 
other sectors emissions

70-74 MtCO2e
40-43% 

decrease
63 MtCO2e 49% decrease
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Improvements in energy and material efficiency, 
combined with the uptake of other circular economy 
principles, drives significant energy use reductions in 
the industry sector.

Table 3.6 and Figure 3.19 (below) show the 
changing energy profile of key industry sectors 
observed in the modelled scenarios, which are 
impacted by a range of solutions depending 
on assumptions about technology, policy and 
business and individuals. The overall trajectory 
of industry energy use throughout the modelled 
period is shown in Figure 3.20. In all scenarios, 
total energy use in industry declines – most 
significantly in the '2C Deploy' and '1.5C All-in' 
scenarios, where it is driven by reduced demand 

for fossil fuel commodities (see Box 3.4), 
combined with technological improvements such 
as automation, artificial intelligence, 3D printing 
and electrification. In the '2C Innovate' scenario, 
energy use is slightly lower than '1.5C All-in' for 
certain commodities. This is due to the inclusion 
of international impacts such as circular economy 
principles, and reduced demand for primary 
production of raw materials due to plastic and 
metal recycling (international impacts were not 
included in the '1.5C All-in' scenario).

FIGURE 3.19: Mining (left) and manufacturing and other industry (right) energy use in the modelled 
scenarios, by subsector (2020 & 2050)
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Figure 34 – Mining (left) and manufacturing and other industry (right) energy use in the modelled scenarios, by subsector (2020 & 2050)
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Australian production levels. It is commonly 
accepted that without dramatic improvements  
in the economics of CCS, any effort to 
significantly limit global warming will require the 
phasing-out of fossil fuels such as coal, gas and 
oil. A recent report from the Intergovernmental 
Panel on Climate Change (IPCC) estimated 
that for a 2-degree compatible pathway, global 
emissions from fossil fuels need to decline 
by around 2% per year, while a 1.5-degree 
compatible pathway would require emissions 
reductions of approximately 6% per year  
(Rogelj et al, 2018).

Within this context of necessary emissions 
reductions, the future demand for different fossil 
fuels will depend on many factors. One of these 
is the end-use of particular products, and how 
readily they can be reduced or replaced with other 
energy sources or production inputs. For example, 
renewable electricity generation is already 
cost-competitive with fossil fuels (see Section 
2.2). Combined with falling costs of battery 
storage, this provides an alternative to the use 

BOX 3.4: TREATMENT OF ENERGY 
EXTRACTION INDUSTRIES IN 
DECARBONISATION FUTURES 
MODELLING

CURRENT CONTEXT AND FUTURE 
OUTLOOK OF AUSTRALIAN  
ENERGY COMMODITIES

The extractive resources sector, of which 
energy commodities are a large component, is 
economically significant in Australia. Most of 
Australia’s energy commodities market consists 
of exporting fossil fuels in the form of thermal 
coal, metallurgical coal and LNG. Australia is 
the world’s leading exporter of coal (IEA, 2019e) 
and LNG (EnergyQuest, 2020), with China, India, 
Japan, Korea and Taiwan the primary markets 
(Department of Industry, 2019b).

As Australia is a net exporter of energy (DoEE, 
2019c), demand from highly competitive global 
markets will be a significant driver of future 

FIGURE 3.20: Industry energy use in the modelled scenarios (2020-2050)
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Figure 35 – Overall industry energy use in the modelled scenarios (2020-2050)
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of coal and gas in power generation globally. 
Thermal coal is also used for high-heat industrial 
applications such as cement production, while 
metallurgical coal is used in the manufacture of 
iron and steel. Gas has a range of applications 
throughout the economy, and is commonly used 
in residential, commercial and industrial heating 
and cooling. Gas and oil are also used as an 
input to produce many chemical products such 
as plastics and fertilisers. In these applications, 
oil and gas are more difficult to replace than in 
fuel combustion. Sections 2.3-2.5 outline the 
prospects for electricity and zero-emissions fuels 
to replace coal and gas for some or all of these 
energy and production inputs. Australia’s major 
trading partners have also signalled that they are 
exploring other ways to meet their energy needs 
for various economic, health, environmental and 
energy security reasons (Drew, 2014).

Due to a lower emissions intensity than coal,  
gas is sometimes considered a potential 
'transition fuel', suitable for bridging the gap 
left by reductions in more emissions-intensive 
fuels such as coal or oil (ETC, 2018). Recent 
studies have, however, questioned this assertion 
for a range of reasons (SEI, IISD, ODI, Climate 
Analytics, CICERO, and UNEP, 2019):

 + Methane-leakage emissions from natural 
gas systems, particularly unconventional 
gas, are not consistently measured and often 
significantly underestimated, and could 
counterbalance the reduced emissions  
at the combustion stage

 + Rapid advances in renewable energy and 
battery technologies and declining costs 
indicate there is little need for gas in 
electricity generation

 + Recent research found there is little or 
no room for new gas, coal or oil reserves 
to be developed under the Paris Climate 
Agreement. This is because production 
from existing and committed fossil fuel 
infrastructure already exceeds the carbon 
budget for 1.5 degrees Celsius  
(Tong et al 2019).

Regarding methane-leakage emissions, numerous 
studies conclude that the climate benefits of gas 
replacing coal are lost where fugitive emissions 
from all upstream operations exceed 3% of total 
production (Zavala-Araiza et al, 2015, Schandl et 
al, 2019). National emissions data suggests that 
this could be the case for several of Australia’s 
gas fields, in particular if recent indications 
that industrial methane emissions have been 
underestimated by up to 40% (Hmiel et al, 2019) 
are confirmed.

TREATMENT OF ENERGY COMMODITIES IN 
DECARBONISATION FUTURES  MODELLING

A globally-integrated economic modelling 
approach was beyond the scope of 
Decarbonisation Futures. Instead, assumptions 
were made regarding the prospects for fossil 
fuel extraction and trade in a global context 
compatible with 2 and 1.5 degrees Celsius of 
warming, based on the available literature.  
For the '2C Deploy' and '2C Innovate' scenarios, 
the IEA’s Sustainable Development Scenario  
(IEA, 2018b) was considered the most appropriate 
analogue for global coal and gas demand, 
while for the '1.5C All-in' scenario, aggregated 
projections from 1.5-degree scenarios in the 
IPCC scenario database (Rogelj et al, 2018) were 
used. Some high-level assumptions were then 
made about the future demand for Australian 
production of energy commodities, based on 
current production levels and broad projections 
of demand from Australia’s major trading 
partners (again drawing on the IEA's Sustainable 
Development Scenario (IEA, 2018b)). 

This methodology bears similarities to that 
undertaken in a recent publication The Production 
Gap (SEI, IISD, ODI, Climate Analytics, CICERO, 
and UNEP, 2019), leading to broadly aligned 
results. For further information on the calculation 
approach, see the Decarbonisation Futures: 
Technical report.

Under these assumptions, Australian coal 
production declines by 61% between 2020 
and 2050 in the '2C Deploy' and '2C Innovate' 
scenarios, and 74% in the '1.5C All-in' scenario. 
In all scenarios, metallurgical coal accounts for 
around three-quarters of residual coal production 
in 2050. These results reflect the retirement of all 
domestic coal-fired power generation, reductions 
in global thermal coal demand, and other 
solutions (such as metal recycling and electric 
arc furnace steelmaking removing a significant 
amount of demand for coking coal). This is evident 
in Figure 3.19, where energy use declines to near-
zero for coal mining in all scenarios.

For gas mining and LNG production, global 
demand rises until around 2025, declining steadily 
thereafter across all scenarios. In the '2C Deploy' 
and '2C Innovate' scenarios, 2050 production 
levels are 4% lower than 2020, and 56% lower 
in the '1.5C All-in' scenario. As Australian gas 
mining and LNG production is largely driven by 
export markets, the considerable difference in a 
1.5-degree compatible pathway is indicative of 
both a deeper and faster global transition away 
from fossil fuels, including gas.  

https://www.nature.com/articles/s41586-019-1364-3?WT.ec_id=NATURE-201907&sap-outbound-id=F4E1A24FAC3CDAD55330161AE8567DE13C74AB66&mkt-key=005056B0331B1EE889FBD0F287362DE9
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This decreased production (driven predominantly 
by global demand), combined with energy-
efficiency improvements and liquefaction 
electrification (Section 2.5), leads to significant 
reductions in energy use for gas mining and LNG  
production (Figure 3.21).

Given Australia’s current reliance on exporting 
fossil fuels, reduced global demand for fossil fuel 
commodities of the magnitude suggested by 
these figures would pose significant economic 
challenges for the Australian economy and  
require careful transition planning. As discussed in 
Box 3.2, the scope of modelling in Decarbonisation 
Futures is limited by resource and information 
constraints. As such, this report explores possible 
futures for the Australian economy based on 
its current structure, and does not include the 
entry of new industries and global markets in 
the modelling. For example, if a major renewable 

hydrogen export market was established in 
Australia, it could make use of the infrastructure, 
human capital and trade networks that might 
otherwise feel the impacts of declining fossil  
fuel production. 

The National Hydrogen Strategy estimated 
that Australia is very well placed to capture a 
significant share of the future clean hydrogen 
market, thanks to its resources and experience 
(Commonwealth of Australia, National Hydrogen 
Strategy, 2019). It estimates that the contribution 
to GDP of this new energy export market could be 
between $11 and $26 billion per year by 2050.  
It could also generate over 17,000 new jobs. 

Ross Garnaut also finds that if Australia takes 
appropriate measures to decarbonise its economy, 
it could become a 'global superpower in energy, 
low carbon industry and absorption of carbon in 
the landscape' (Morton, 2019).

FIGURE 3.21: Australian exports of gas (left) and coal (right) in the modelled scenarios
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Figure xx – Australian exports of coal (left) and gas (right) in the scenarios
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Electrification and fuel switching could help most 
industrial processes achieve zero emissions by 2050. 

Figure 3.22 shows the changing fuel profile of 
industry in the modelled scenarios. Consistent 
across all scenarios is a significant reduction 
in total energy use, and a shift to higher 
proportions of low- or zero-emissions fuels  
in meeting this demand. 

The proportion of electrical-energy use in industry 
rises strongly in all scenarios – increasing from 
around 19% of total energy use in 2020 to a 2050 
level of 41% in the ‘1.5C All-in’ scenario. Mineral 
extraction and processing accounts for the 
greatest proportion of industrial electricity use – 
particularly in the alumina and non-ferrous metal 
sectors – while electrification of LNG liquefaction 
also grows strongly. Other industrial sectors, 
such as iron and steel and light manufacturing, 
also see strong increases in electricity use, using 
technologies such as electric arc furnaces, 
electric boilers, induction and microwave heating. 
The combination of renewable electricity and full 
electrification offers the possibility of achieving 
zero emissions for subsectors such as aluminium 
and iron and steel. 

Increases in the use of zero-emissions fuels such 
as bioenergy could deliver additional emissions 
reductions. Bioenergy is particularly well suited 
for high-heat applications that are close to a 
supply of cheap source material. Across the 
scenarios, modelled bioenergy use increases 
from approximately 6% of total energy use in 
2020 to up to 24% of total energy use in the 
‘1.5C All-in’ scenario. 

Despite significant shifts to electricity and 
bioenergy, considerable residual use of fossil 
fuels is evident across the scenarios. In mining, 
the majority of fossil fuel use and emissions 
in 2050 are due to continued production and 
exports of LNG. In manufacturing and other 
industrial sectors, emerging solutions such as 
the use of hydrogen in primary steel production 
and other high-heat industrial applications could 
be significant, but such technologies are not 
included in the modelling due to the lack of data 
on their potential cost and performance.

FIGURE 3.22: Mining (left) and manufacturing and other industry (right) energy use in the modelled 
scenarios, by fuel type (2020 & 2050)
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Figure 36 – Mining (left) and manufacturing and other industry (right) energy use in the modelled scenarios, by 

fuel type (2020 & 2050)
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Figure 36 – Mining (left) and manufacturing and other industry (right) energy use in the modelled scenarios, by 

fuel type (2020 & 2050)
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FIGURE 3.23: Mining (left) and manufacturing and other industry (right) non-energy emissions  
in the modelled scenarios, by subsector (2020 & 2050)
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Figure 37 – Mining (left) and manufacturing and other industry (right) non-energy emissions in the modelled scenarios, by subsector (2020 & 2050)
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There is potential to significantly reduce  
non-energy emissions in key industrial sectors.

As non-energy emissions comprise such a large 
share of overall industry emissions, implementing 
solutions to address them is vital to achieving 
meaningful emissions reductions. Non-energy 
emissions decline significantly in all scenarios 
and industrial sectors. Fugitive emissions from 
mining see the largest decrease (Figure 3.23), 
heavily reliant on the use of CCS in oil and gas 
extraction, and ventilation air methane oxidation 
in coal mining. The impact of these technologies 
is greatest in the '2C Deploy' and '1.5C All-in' 
scenarios due to strong policy driving higher 
uptake of CCS (Figure 3.24).

Industrial process emissions are also reduced 
by more than 70% in all scenarios (Figure 3.23, 
right), with the largest impact in '1.5C All-in'  
due to the combination of strong technology  
and policy drivers. In particular, the use of 
catalysts in chemical production and inert  
anodes in aluminium production decreases 
process emissions in these sectors in all scenarios. 
In the '2C Innovate' and '1.5C All-in' scenarios,  
the use of geopolymer cement unlocks further 
non-energy emissions reductions.
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FIGURE 3.24: Industry carbon capture and storage in the modelled scenarios (2050)
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Figure 38 – Industry carbon capture and storage in the modelled scenarios (2050)
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Substantial emissions reductions are achieved for 
industry in all scenarios, but significant challenges 
remain to achieve zero emissions by 2050. 

Strong emissions reductions are achieved across 
all scenarios, and up to 87% by 2050 in the '1.5C 
All-in' scenario (Figure 3.25). The '2C Innovate' 
scenario sees the least emissions reductions 
(79% by 2050), mostly due to the relatively lower 
levels of CCS in oil and gas extraction discussed 
above. The '1.5C All-in' scenario sees the strongest 
emissions reductions, driven by improvements in 
electrification, energy efficiency and CCS, and 
material efficiency, recycling and substitution.  
It is worth noting, however, that there is significant 
uncertainty around the cost and competitiveness 
of these different technology options. 

While results vary at the subsector level (Figure 
3.26), chemicals and continued LNG production 
and exports present challenges to reaching zero 
emissions in all scenarios. This is due largely 
due to the difficulty of eliminating non-energy 
emissions in these sectors, particularly with lower 
levels of CCS in the '2C Innovate' scenario. 

Subsectors which can be electrified can achieve very 
strong emissions intensity reductions – for example, 
iron and steel, or metals and minerals extraction. 
This reinforces the importance of renewable 
electricity in unlocking the decarbonisation of  
end-user sectors such as industry.

FIGURE 3.25: Industry emissions in the modelled scenarios (2020-2050)
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Figure 39 – Overall industry emissions in the modelled scenarios (2020-2050)
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FIGURE 3.26: Mining (left) and manufacturing and other industry (right) total emissions in the 
modelled scenarios, by sector (2020-2050)

Most of the subsectors with large residual 
emissions are those that use fossil fuel as a 
feedstock rather than a fuel, and those that have 
significant non-energy emissions. These results 
highlight the significance of policy in reducing 
emissions for hard-to-abate sectors such as 
oil and gas extraction and LNG production, 
and the importance of further technological 
breakthroughs that do not rely on CCS. Shifting 
away from fossil fuel based energy exports 
towards renewable energy exports such as green 
hydrogen would also reduce emissions associated 
with these industrial processes.

To tackle the challenge of residual emissions, 
ClimateWorks and Climate-KIC are undertaking 
an industry-led initiative to develop pathways to 
net zero emissions supply chains across critical, 
hard-to-abate sectors in Australia (Box 3.2). 
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Figure 40 – Mining (left) and manufacturing and other industry (right) emissions in the modelled scenarios, by subsector (2020 & 2050)
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Figure 40 – Mining (left) and manufacturing and other industry (right) emissions in the modelled scenarios, by subsector (2020 & 2050)
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TABLE 3.7: Benchmarks of progress towards net zero emissions by 2050, agriculture and land

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

TECHNOLOGY BENCHMARKS

Carbon forestry ~ 5 Mha 
plantings

~ 8 Mha 
plantings

EMISSIONS BENCHMARKS

Agriculture and  
land emissions 37-75 MtCO2e 6-54% decrease 34 MtCO2e 57% decrease

 + Livestock emissions 19-53 MtCO2e 5-66% decrease 18 MtCO2e 69% decrease

 + Other agriculture 
emissions

18-22 MtCO2e 7-24% decrease 16 MtCO2e 31% decrease

 + Carbon forestry 
sequestration

31-45 MtCO2e 
sequestration

112 MtCO2e 
sequestration

3 . 5 . 
A G R I C U LT U R E 
A N D  L A N D
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Technological breakthroughs and change driven by 
businesses and individuals can significantly reduce 
livestock emissions by 2050, but challenges such as 
non-energy emissions from grains and horticulture 
production must also be addressed.
Given that livestock emissions represent around 
70% of agricultural emissions, reducing these 
sources will have the most significant effect on 
overall sector emissions. If emerging technological 
solutions – such as algae feeds and vaccines for 
cattle and lab-grown meat – are developed and 
deployed at scale, they could help significantly 
reduce emissions by 2050. Non-technical solutions 
– such as reduced food waste across the supply 
chain and shifts towards less emissions-intensive 
meat products – could also achieve large livestock 
emissions reductions, facilitated by support from 
businesses and individuals (Table 3.7).

This is visible in the '2C Innovate' and '1.5C All-
in' scenarios, which achieve, respectively, 63% 
and 83% reduction in livestock emissions, due to 
a combination of technical and non-technical 
solutions (Figure 3.27). By contrast, the '2C Deploy' 
scenario includes only limited technological and 
societal change. As a result, emissions are relatively 
flat throughout the modelled period, roughly 

cancelling out the sector’s growing activity.  
The '2C Deploy' scenario sees some emissions 
reductions from enteric fermentation solutions,  
but these are limited to around 40% of the 
reductions achieved in the '1.5C All-in' scenario, 
due to lower technological innovation.

Emissions intensity of grains, horticulture and 
other agriculture improves in all scenarios, driven 
primarily by nitrification inhibitors targeting 
non-energy emissions from fertiliser, combined 
with precision agriculture and automation 
improving energy efficiency. Technology is 
important in unlocking these solutions, with 
emissions-intensity improvements in the '2C 
Innovate' and '1.5C All-in' scenarios more than 
offsetting growth in production and leading to a 
net decrease in emissions by 2050 (Figure 3.27). 
Due to a weaker technology driver, emissions from 
non-livestock sectors increases slightly in the  
'2C Deploy' scenario. 
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Figure 41 – Livestock (left) and grains, horticulture and other agriculture (right) emissions in the modelled scenarios, by subsector (2020 & 2050)
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The trajectory for agricultural emissions in the 
modelled scenarios is shown in Figure 3.28. 
Around 2025, technological innovations such as 
enteric fermentation treatment have the most 
significant impact in the '2C Innovate' and '1.5C 
All-in' scenarios. This leads to a sharp decline in 
emissions, which then levels off, growing in the 
'2C Innovate' scenario with increased production, 
and declining slightly in the '1.5C All-in' scenario 
due to the impact of the social drivers mentioned 

above. The emissions trajectory in the '2C Deploy' 
scenario does not show significant emissions 
reductions, a result that highlights technological 
innovation as the most important driver of 
emissions reductions in agriculture. Additionally, 
the challenge of significant residual emissions 
across all scenarios in 2050 highlights the need 
for further research and development to produce 
low-emissions agricultural commodities.

FIGURE 3.28: Agriculture emissions in the modelled scenarios (2020-2050)

CLIMATEWORKSAU STRAL I A. ORG   |    46

Figure 42 – Overall agriculture emissions in the modelled scenarios (2020-2050)
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Australia’s ample carbon forestry potential can help 
achieve net zero emissions, but this will need to 
be balanced against other land-use needs and its 
vulnerability to extreme weather such as bushfires 
and drought.

The potential amount of profitable carbon forestry 
in Australia was estimated at over 50 mega 
hectares181 by CSIRO182 (Brinsmead et al, 2019; 
Polglase et al, 2013) – around twice the land area of 
Victoria (approximately 23 mega hectares).  
This potential is more than enough to meet 
Australia’s carbon budgets for 1.5- and 2-degree 
pathways. With the sectoral abatement modelled 
in the '2C Deploy' and '2C Innovate' scenarios, 
137 and 96 MtCO2e of carbon forestry is required, 
respectively, to reach net zero emissions by 2050 
(Figure 3.29). This corresponds to 8-10 mega 
hectares of carbon forestry plantation by 2050 
when accounting for profitability and planting 
constraints (ClimateWorks Australia, 2014). 

Under the '1.5C All-in' scenario, strong sectoral 
emission reductions combined with higher planting 
rates of forestry allows net zero emissions to 
be reached 15 years earlier, consistent with a 
1.5-degree pathway. By 2050, carbon forestry 
sequestration reaches 344 MtCO2e in the ’1.5C 
All-in’ scenario, corresponding to about 24 mega 
hectares of plantation. This represents an estimate 
of the amount of sequestration which could help 
Australia return to a higher probability (67% 
chance) 1.5-degree carbon budget after 

181  One mega hectare is equivalent to one million hectares

182  Under a range of scenarios modelling various carbon prices, establishment costs and discount rates

overshooting it. While there is uncertainty around 
the overshoot-and-return mechanism, net-
negative emissions only increases the chance of 
limiting warming to 1.5 degrees Celsius. 

There are, however, considerable challenges and 
uncertainties when aiming to achieve high levels 
of sequestration through carbon forestry. 

In particular, carbon forestry is vulnerable to 
increasingly extreme weather like bushfires, 
drought, heatwaves and storms. There will also 
be increasing competition for land to deliver food, 
fibre and environmental requirements. Although 
presented in the scenarios as a single sequestration 
source in carbon forestry, large-scale negative 
emissions may be possible from other, more diverse 
sources. Additionally, carbon forestry is an interim 
solution only. Maintaining Australia’s emissions at 
net zero through offsets would depend on planting 
new trees each year to offset residual emissions 
in other sectors of the economy. In this regard, 
reducing emissions at their source and achieving a 
truly zero-emissions economy – rather than relying 
on carbon forestry to provide a significant carbon 
offset – is critical to staying within Australia’s 
carbon budget in the longer term.
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FIGURE 3.29: Carbon forestry sequestration in the modelled scenarios (2020-2050)
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Figure 43 – Carbon forestry sequestration in the modelled scenarios (2020-2050)
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The pathway to a zero-emissions future has, in 
many respects, become clearer in recent years. 
As this report has emphasised, solutions such as 
renewable energy, energy storage and electric 
vehicles have developed unexpectedly quickly. These 
are now cheaper and more viable than had been 
anticipated. Many solutions are well-positioned for 
widespread adoption, with reductions in the cost of 
generation and storage exceeding even the most 
optimistic projections of the past.

The stable and reliable decarbonisation of 
electricity generation, through renewable energy 
and storage, opens up exciting possibilities, 
facilitating abatement in transport, buildings 
and industry. In several sectors, the technologies 
necessary for decarbonisation on the scale 
required by the Paris agreement already exist.

The ongoing usage in the Australian economy 
of carbon emissions means that the fulfilment 
of commitments made under the Paris Climate 
Agreement requires an intensification of  
emissions-reduction efforts.

Decarbonisation Futures identifies the priority 
technologies and actions for achieving net zero 
emissions across all sectors of the Australian 
economy (Figure 4.1). It shows that Australia can 
still play its part in meeting the Paris climate goal 
of limiting global temperature rise to 2 degrees 
Celsius, and as close as possible to 1.5 degrees 
Celsius, by:

 + immediately accelerating the deployment of 
mature and demonstrated zero-emissions or 
best-available technologies,

 + rapidly developing and commercialising 
emerging zero-emissions technologies in 
hard-to-abate sectors.

FIGURE 4.1: Summary of emissions-reduction solutions and actions to support a transition  
aligned with the Paris goals
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The scenarios in Decarbonisation Futures model 
significantly accelerated technology deployment 
and emissions reductions in the next decade 

T E C H N O L O G Y

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

Emissions intensity 220-252 tCO2e/
GWh

63-67% 
decrease 177 tCO2e/GWh 74% decrease

Share of renewable 
electricity generation 70-74% 2020 = 25% 79% 2020 = 25%

New renewable capacity 
added between 2020  
and 2030

24-28 GW added 29 GW added

New storage capacity added 
between 2020 and 2030 4-5 GWh added 5 GWh added

Rooftop solar electricity 
generation 22-26 TWh 85-116% 

increase 26 TWh 116% increase

Electric cars (battery 
electric vehicle and fuel  
cell electric vehicle) 

50% of new-car 
sales, 15% of 

total fleet

2020 = <1%  
of sales and 
total fleet

76% of new-car 
sales, 28% of 

total fleet

2020 = <1%  
of sales and 
total fleet

Electric trucks (battery 
electric vehicle and fuel  
cell electric vehicle) 

25-39% of new-
truck sales, 8-13% 

of total fleet

2020 = <1%  
of sales and 
total fleet

59% of new-
truck sales, 24% 

of total fleet

2020 = <1%  
of sales and 
total fleet

Volume of zero-emissions 
fuels (bioenergy and 
hydrogen)

83-111 PJ 171-265% 
increase 134 PJ 338% increase

Share of electricity in energy 
used for steel production 16-20% 2020 = 11% 27% 2020 = 11%

% clinker in cement 45-75% 2020 = 75% 15% 2020 = 75%

Share of new large buildings 
built using timber 7-20% 2020 = negligible 20% 2020 = negligible

Carbon forestry ~ 5 Mha 
plantings

~ 8 Mha 
plantings

TABLE 4.1: Benchmarks of progress towards net zero emissions by 2050, technology

compared to current trends, as shown in  
Tables 4.1 and 4.2. 
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E N E R G Y

BENCHMARK
2C PATHWAYS 1.5C PATHWAY

2030 CHANGE  
versus 2020 2030 CHANGE  

versus 2020

Total final energy use 3-8% decrease 16% decrease

Share of electricity and 
zero-emissions fuels in  
final energy use

31-32% 2020 = 23% 35% 2020 = 23%

Share of electricity in  
total energy 24% 2020 = 20% 27% 2020 = 20%

Residential building  
energy intensity 

44-48% 
decrease 

(improvement)

49% decrease 
(improvement)

Commercial building  
energy intensity

16-25% decrease 
(improvement)

28% decrease 
(improvement)

Share of electricity in 
residential buildings 76-78% 2020 = 49% 75% 2020 = 49%

Share of electricity and 
zero-emissions fuels in 
transport energy 

9-11% 2020 = 3% 16% 2020 = 3%

Share of electricity and 
zero-emissions fuels in  
road energy use

5-9% 2020 = 2% 17% 2020 = 2%

Fossil fuel use in  
non-road transport 226-233 PJ 5-8% decrease 203 PJ 17% decrease

Total energy use 1684-1785 PJ 4-10% decrease 1580 PJ 15% decrease

Share of electricity and 
zero-emissions fuels in  
total energy use

30-32% 2020 = 25% 33% 2020 = 25%

For instance, government figures project national 
emissions will decline by 16% on 2005 levels by 
2030. In contrast, both the '2C Deploy' and '2C 
Innovate' scenarios benchmark a decrease of 
48–53%, while the '1.5C All-in' scenario puts the 
figure at 74%. Likewise, government projections 
have Australia generating 48% of electricity from 
renewables by 2030, compared with 74% and 70% 
respectively in the '2C Deploy' and '2C Innovate' 
scenarios, and 79% in the '1.5C All-in' scenario. 

Such examples reveal the extent of the  
challenge ahead.

Although the modelled benchmarks might seem 
ambitious, they are by no means impossible. To 
reach net zero emissions before 2050, Australia 
must accelerate the deployment of mature and 
demonstrated zero-emissions technologies, and 
quickly develop zero-emissions technologies in 
sectors facing greater challenges.

TABLE 4.2: Benchmarks of progress towards net zero emissions by 2050, energy
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Those mature and demonstrated technologies 
include, in the electricity sector, demand 
management, the use of power produced from 
100% renewable sources and a reliance on new 
storage capabilities; in the building sector, 
deep energy efficiency and electrification; in 
transport, electric and fuel cell vehicles for road 
and short-haul routes; in the industry sector, 
energy efficiency, circular economy principles, 
and industrial CCS; and in the agriculture and 
land sector, sustainable practices, plant-based 
substitutes, fertiliser management and  
carbon forestry. 

The accelerated deployment of these solutions will 
require action from governments as well as from 
businesses and individuals. Governments can set 
standards and targets to encourage uptake of 
best-practice solutions; levy taxes on emissions-
intensive activities and products; provide financial 
support to non-commercial solutions; and 
invest in relevant infrastructure. Governments 
can also improve information and accessibility 
to consumers; provide incentives for early 
development; create demand through government 
procurement; and de-risk private investments. 
Businesses can set targets for operations 
and supply chains, and create new models 
that accelerate the uptake of best-practice 
technologies. Individuals will be required to shift 
their behaviour and consumption preferences.

The plausible emerging technologies for hard-
to-abate sectors include (for transport) biofuels, 
synfuels, ammonia or hydrogen for long haul;  
(for industry) material substitution, electrification, 
bioenergy, solar thermal, geothermal and hydrogen; 
and (for agriculture and land) laboratory food and 
enteric fermentation treatments. 

The development of such solutions at the  
speed and scale required will entail both  
public and private investment in RD&D  
(with governments providing incentives  
to encourage business investment). 

This is a crucial decade 
for carbon emissions. 

To reiterate, this report offers a positive message. 
In the face of extreme weather and other 

frightening manifestations of a changing climate, 
it presents a narrative of hope, buttressed by the 
best-available science.

The evidence shows that emissions reduction 
avoiding the most severe effects of climate 
change remains possible. The '2C Deploy' 
scenario modelled in this report outlines one 
pathway compatible with a two-degree Celsius 
global temperature limit; the '2C Innovate' 
scenario presents a different approach to the 
same outcome. The '1.5 All-in' scenario models 
reductions compatible with a rise of 1.5 degrees 
Celsius, a best-case outcome predicated on the 
collaboration of all relevant actors. 

But that collaboration requires will. If there 
is nothing inevitable about disaster, there is 
also nothing inevitable about its avoidance. 
Decarbonisation will not happen on its own.  
It depends on action by a variety of agents  
across every sector of the economy.

A future based on decarbonisation requires 
ambition from political and business leaders.  
The report calls attention to the solutions already 
available, the new opportunities developing, and 
the tools for tracking progress. But it emphasises 
the necessity of those opportunities being seized; 
and concerted, coordinated and collaborative 
action across all sectors, involving individuals, 
organisations and all tiers of government.  

Increasingly, the goal of net zero emissions by 
2050 or earlier is becoming the norm, both in 
Australia and around the world. By setting 
targets immediately, decision-makers can  
focus attention on new technologies and 
prevent missed opportunities in  
technological investment. 

While the path to zero emissions remains clear, 
the research shows that the coming decade will 
be crucial, with the years before 2030 offering a 
window for action that will not stay open. In the 
face of such a challenge, everyone must step up.

CLIMATE WORK S AUSTR ALIA WELCOME S 

FEEDBACK ON THIS  REP ORT AND 

IS  AVAIL ABLE  TO SUPP ORT IT S 

APPL IC ATION TO SPECIF IC  SECTOR S  

AND AUDIENCE S.
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By setting targets 
immediately, 
decision-makers 
can focus attention 
on new technologies 
and prevent missed 
opportunities 
in technological 
investment.



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 24   |

ABB Group 2006, ‘All electric LNG plants: Better, safer, more reliable - and profitable’,  
https://library.e.abb.com/public/9e770a172afc8d7ec125779e004b9974/Paper%20LNG_Rev% 
20A_lowres.pdf

Abergel, T, Delmastro C & Dulac J, 2019, Tracking buildings: cooling, 2019,  
https://www.iea.org/tcep/buildings /cooling/

Abergel, T, 2019, ‘Heat pumps’, IEA, https://www.iea.org/reports/tracking-buildings/heat-pumps

Ablondi, W 2018, ‘2018 Global Smart Home Forecast’, Strategy Analytics, https://www.strategyanalytics.
com/access-services /devices /connected-home/smart-home/market- data/report-detail/2018-global-
smart-home-devices-forecast#.Wxlwk0gvzIV

ACIL Allen Consulting for ARENA, 2018, Opportunities for Australia from hydrogen exports.

Ackland, L 2019 ‘Would you eat meat grown from cells in a laboratory? Here’s how it works’,  
Conversation, 24 June, https://theconversation.com/would-you-eat-meat-grown-from-cells-in-a-
laboratory-heres-how-it-works-117420

ACTU 2016, Sharing the challenges and opportunities of a clean energy economy: A Just Transition for 
coal-fired electricity sector workers and communities, https://www.actu.org.au/media/1032953/actu-
policy-discussion-paper-a-just-transition-for-coal-fired-electricity-sector-workers-and-communities.pdf

AgriProve 2019, ‘$20K Incentive for farmers to build soil carbon’, AgriProve, https://agriprove.io/2020

Airbus 2018, ‘The future is electric’, 17 July, https://www.airbus.com/newsroom/news /en/2018/07/the-
future-is-electric.html

AK Consulting, Livingston Natural Resources Services, CSIRO Sustainable Agriculture Flagship, Private 
Forests Tasmania & Rural Development Services (2016) Carbon Plantations Kit.

Alaka’i Technologies 2019, ‘Skai’, https://skai.co/

Ali, S & Yusuf, Z 2018, ‘Mapping the Smart-Home Market’, Boston Consulting Group,  
https://www.bcg.com/en-au/publications /2018/mapping-smart-home-market.aspx

Allen, MR, Dube, OP, Solecki, W, Aragón-Durand, F, Cramer, W, Humprhey, S, Kainuma, M, Kala, J, 
Mahowald, N, Mulugetta, Y, Perez, R, Wairiu, M & Zickfeld, 2018 ‘Global Warming of 1.5° C’, IPCC,  
https://www.ipcc.ch/sr15/

Asian Renewable Energy Hub 2019, Low cost renewable energy for local and export markets,  
https://asianrehub.com/

The Atlantic, 2019, Why 2025 matters: The aircraft of the future takes flight, https://www.theatlantic.
com/sponsored/thomson-reuters-why-2025-matters /electric-flight /208/

Aurora Construction Materials 2014, E-Crete: Engineering properties and case studies,  
http://www.acm.com.au/pdf/b69822_d3b9c3173f174bf59e9d3427892ab0c6.pdf

‘Australia’s tallest engineered timber office building opens’ 2018, Architectureau,  
https://architectureau.com/articles /australias-tallest-engineered-timber-office-building-opens /

References



 |   1 2 5 

|  M A R C H  2 0 2 0

Australian Energy Market Operator (AEMO) 2020, Small Generation Aggregators in the NEM,  
https://www.aemo.com.au/-/media/files /electricity/nem/participant_information/ registration/small-
generation-aggregator/small-generator-aggregator-fact-sheet.pdf?la=en

Australian Energy Market Operator (AEMO) 2018, NEM Virtual Power Plant (VPP) Demonstrations Program.

Australian Financial Review, 2019, Apple packers and abattoirs join the solar boom, https://www.afr.com/
property/commercial/apple-packers-and-abattoirs-join-the-solar-boom-20190821-p52j79

Australian Government Chief Scientist, 2018, Proposal for a national hydrogen strategy,  
http://www.coagenergycouncil.gov.au/sites/prod.energycouncil/files/publications/documents/DIIS%20
-%20Hydrogen%20Proposal%20-%2020181219.pdf

Australian Mining, 2019, Caterpillar electrifies the underground with next-gen loader, https://www.
australianmining.com.au/features/caterpillar-electrifies-the-underground-with- next-gen-loader/

Australian Prudential Regulation Authority (APRA) 2019, Climate change: Awareness to action,  
https://www.apra.gov.au/sites/default/files/climate_change_awareness_to_action_march_2019.pdf

Australian Renewable Energy Agency (ARENA) 2015, Renewable energy options for Australian industrial 
gas users, https://itpau.com.au/wp-content/uploads/2018/08/ITP_REOptionsForIndustrialGas_
TechReport.compressed.pdf

Australian Renewable Energy Agency (ARENA) 2018, ‘ARENA awards $22 million to unlock hydrogen 
potential’, Arenawire, https://arena.gov.au/blog/22-million-to-unlock-hydrogen-potential/

Australian Renewable Energy Agency (ARENA) 2019a, ‘$40 million funding for South Australia’s first 
pumped hydro plant’, Arena, https://arena.gov.au/news/40-million-funding-for-south-australias-first-
pumped-hydro-plant/

Australian Renewable Energy Agency (ARENA) 2019b, ‘Gannawarra Energy Storage System’, Arena, 
https://arena.gov.au/projects /gannawarra-energy-storage-system/

Australian Renewable Energy Agency (ARENA) 2019c, ‘Electric Vehicles’, Arena, https://arena.gov.au/
renewable-energy/electric-vehicles/

Australian Renewable Energy Agency (ARENA) 2019d, ‘Toyota Ecopark hydrogen demonstration’, Arena, 
https://arena.gov.au/projects /toyota-ecopark-hydrogen-demonstration/

Australian Renewable Energy Agency (ARENA) 2019e, ‘Renewable hydrogen production and refuelling 
project’, Arena, https://arena.gov.au/projects /renewable-hydrogen-production-and- refuelling-project/

Australian Renewable Energy Agency (ARENA) 2019f, ‘Renewable energy options for industrial process 
heat’, Arena, https://arena.gov.au/assets /2019/11/renewable-energy-options-for-industrial- process-
heat.pdf

Australian Steel Stewardship Forum 2019, ‘Recycling’, http://steelstewardship.com/lifecycle/recycling/

Australian Sustainable Built Environment Council (ASBEC) 2016, Low carbon, high performance:  
How buildings can make a major contribution to Australia’s emissions and productivity goals,  
https://www.climateworksaustralia.org/resource/low-carbon-high-performance-buildings/

Awuah-Offei, K 2018 Energy Efficiency in the Minerals Industry, Springer, Cham.

Bank Australia 2019, ‘Yass farmers leading the charge for Project Drawdown’, https://www.bankaust.
com.au/about-us/news/planet/yass-farmers-leading-the-charge-for-project-drawdown/



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 2 6   |

BCC Research 2018, ‘Global Geopolymer Market Could Reach $12.8B by 2022’, Globenewswire, 2 January, 
https://www.globenewswire.com/news-release/2018/01/02/1276907/0/en/Global-Geopolymer-Market-
Could-Reach-12-8B-by-2022.html

Bell, L 2015 ‘New Zealand vaccine to reduce cattle methane emissions for dairy and beef industry reaches 
testing stage’, ABC, 10 November, https://www.abc.net.au/news/rural/2015-11-10/mitigating-methane-
emissions-from-cattle-via-vaccine/6925676

Biofuels International 2019, ‘Finnair flies first biofuel-powered flight from San Francisco to Helsinki’,  
6 August, https://biofuels-news.com/news/finnair-flies-first-biofuel-powered-flight-from-san-
francisco-to-helsinki/.

Blakers, A, Lu, B & Stocks, M, 2017, ‘100% renewable electricity in Australia’, Energy, Vol. 133, pp 471-482.

Bloomberg New Energy Finance (BNEF) 2019, Electric vehicle outlook 2019,  
https://about.bnef.com/electric-vehicle-outlook/

The Blue Carbon Institute, 2016, Mitigating climate change through coastal ecosystem management, 
https://www.thebluecarboninitiative.org/

Bramley, R & Trengove, S (2013) ‘Precision agriculture in Australia: present status and recent 
developments’, Engenharia Agrícola, 33(3), pp 575-588.

Brinsmead, T, Rendall, A, Baynes, T, Butler, C, Kelly, R, Adams, P, Hayward, J, Reedman, L, Nolan, M, 
Lennox, J, Hennessy, K, Ahmad, M, Marcos-Martinez, R, Collins, L, Lu, Y, Che, N, Qiu, J & Kanudia, A 2019, 
Australian National Outlook 2019: Technical report, CSIRO.

Bruce, S, Temminghoff, M, Hayward, J, Schmidt, E, Munnings, C, Palfreyman, D & Hartley, P 2018, National 
hydrogen roadmap: pathways to an economically sustainable hydrogen industry in Australia, CSIRO.

Bureau of Infrastructure, Transport and Regional Economics (BITRE) 2018, Key Australian infrastructure 
statistics, https://www.bitre.gov.au/sites/default/files/infrastructure-statistics-yearbook-2018-booklet.pdf

Burke, M, Davis, WM & Diffenbaugh, NS, 2018 ‘Large potential reduction in economic damages under  
UN mitigation targets’, Nature, 557(7706), p. 549.

California ISO 2016, Using renewables to operate a low-carbon grid: Demonstration of advanced reliability 
services from a utility-scale solar PV plant, https://www.caiso.com/Documents/UsingRenewablesToOper
ateLowCarbonGrid-FAQ.pdf

Campey, T, Bruce, S, Yankos, T, Hayward, J, Graham, P, Reedman, L, Brinsmead, T & Deverell, J 2017  
Low emissions technology roadmap, CSIRO, https://publications.csiro.au/rpr/pub?pid=csiro:EP167885

Carlota, V, 2019, ‘Titomic 3D prints the largest titanium drone’, 3DNatives,  
https://www.3dnatives.com/en/titomic-080520194/

Carbon Farmers of Australia, 2019, About, https://carbonfarmersofaustralia.com.au/about/

Centennial Coal, 2014, Mandalong Mailbox, https://data.centennialcoal.com.au/domino/centennialcoal/
cc205.nsf/0/ BDAFB2C3EAC39373CA257DF5000E0DA3/%24file/Mandalong%20Mailbox%20December%20
2014.pdf

Centre for Policy Development & ClimateWorks Australia, 2018, ‘Climate Horizons: Strategies and 
scenarios for managing climate risk’, https://cpd.org.au/wp-content/uploads/2018/06/Climate-
Horizons-report-2018.pdf

Chevron, 2013, Fact sheet: Gorgon carbon dioxide injection project, https://australia.chevron.com/-/
media/australia/publications /documents/gorgon-co2-injection-project.pdf



 |   1 2 7 

|  M A R C H  2 0 2 0

Chiew, F, Vaze, J, Viney, N, Jordan, P, Perraud, J-M, Zang, L, Teng, J, Arancibia, J, Morden, R, Freebairn, A, 
Austin, J, Hill, P, Wiesenfeld, C & Murphy, R, 2008, ‘Rainfall-runoff modelling across the Murray-Darling 
Basin’, CSIRO

City of Melbourne, 2018, Sustainability: Library at The Dock, https://www.melbourne.vic.gov.au/
SiteCollectionDocuments/library-dock-sustain-fact-sheet.pdf

Clarke, D & Marlow, A 2019, ‘Mind the gaps: passive house from the inside’, Sanctuary Magazine, Issue 45

Clean Energy Council, 2018, Solar thermal, https://www.cleanenergycouncil.org.au/resources /
technologies /solar-thermal

Clean Energy Finance Corporation (CEFC), 2019, Agribusiness, https://www.cefc.com.au/where-we-
invest/sustainable-economy/agribusiness/

Clean Energy Regulator, 2018, News and updates: Australians install two million solar PV systems,  
http://www.cleanenergyregulator.gov.au/ERF/Pages/Newsandupdates/News-item.
aspx?ListId=19b4efbb-6f5d-4637-94c4-121c1f96fcfe&ItemId=589

Climate Change Authority, 2014, Policies for reducing light vehicle emissions,  
http://climatechangeauthority.gov.au/reviews /light-vehicle-emissions-standards-australia/ policies-
reducing-light-vehicle-emissions

Climate Change Authority, 2014, Reducing Australia’s Greenhouse Gas Emissions - Targets and Progress 
Review Final Report, http://www.climatechangeauthority.gov.au/files/files/Target-Progress-Review/
TargetsandProgressReviewFinalReport.pdf

Climate Change Authority, 2016, Fact sheet: Industrial process emissions. 

Climate Council, 2018, Fully charged: Renewables and storage powering Australia,  
https://www.climatecouncil.org.au/resources/battery-storage-2018/

Climate Council, 2019, Briefing paper, ‘This is Not Normal’: Climate change and escalating bushfire risk, 
https://www.climatecouncil.org.au/wp-content/uploads/2019/11/CC-nov-Bushfire-briefing-paper.pdf

Climate Justice Alliance, 2018, Just Transition: A framework for change,  
https://climatejusticealliance.org/just-transition/

ClimateWorks Australia, 2014, Pathways to deep decarbonisation in 2050: how Australia can proposer in a 
low carbon world, https://www.climateworksaustralia.org/resource/pathways-to-deep-decarbonisation-
in-2050-how-australia-can-prosper-in-a-low-carbon-world/

ClimateWorks Australia, 2018a, The state of electric vehicles in Australia - second report, https://www.
climateworksaustralia.org/resource/the-state-of-electric-vehicles-in-australia-second-report/

ClimateWorks Australia, 2018b, Tracking progress to net zero emissions,  
https://www.climateworksaustralia.org/resource/tracking-progress-to-net-zero-emissions/

ClimateWorks Australia, 2020, Net zero momentum tracker - local government sector, https://www.
climateworksaustralia.org/resource/net-zero-momentum-tracker-local-government-report/

Coalition for Energy Efficient Comminution (CEEC), 2019a, Case study: pebble crushing,  
https://www.ceecthefuture.org/resources/pebble-crushing-by-hpgr  

Coalition for Energy Efficient Comminution, 2019b, Newmont’s strategic approach to plant optimisation 
and design is paying dividends, https://www.ceecthefuture.org/ news /newmont-s-strategic-approach-
to-plant-optimisation-and-design-is-paying-dividends



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 2 8   |

Commonwealth Bank of Australia, 2017, Media release: Farmers driving uptake of finance for energy 
efficient equipment, https://www.commbank.com.au/guidance/newsroom/farmers-drive-eeef-
uptake-201708.html

Commonwealth of Australia, 2017, Australia’s steel industry: forging ahead, https://www.aph.gov.au/
Parliamentary_Business/Committees/Senate/Economics/Futureofsteel45th/Report

Commonwealth of Australia, Department of Industry, Science, Energy and Resources 2019, Australia’s 
National Hydrogen Strategy, https://www.industry.gov.au/data-and-publications/australias-national-
hydrogen-strategy

Conger, K, 2019, Uber’s Self-Driving Cars Are Valued at $7.25 Billion by Investors,  
https://www.nytimes.com/2019/04/18/technology/uber-atg-autonomous-cars-investment.html

Corporate Carbon, 2019, World’s First Soil Carbon Project To Earn Credits Under Paris,  
https://www.corporatecarbon.com.au/news/worlds-first-soil-carbon-project-to-earn-credits-under-paris

Crawford, D, O’Connor, M, Jovanovic, T, Herr, A, Raison, RJ, O’Connell, D & Baynes, T 2015, ’A spatial 
assessment of potential biomass for bioenergy in Australia in 2010, and possible expansion by 2030 and 
2050’, GCB Bioenergy, Vol. 8, issue 4, pp. 707-722.

CSIRO & Energy Networks Australia, 2017, Electricity network transformation roadmap: Final report, 
https://www.energynetworks.com.au/projects/electricity-network-transformation-roadmap/

CSIRO, 2016a, What is FutureFeed?, https://research.csiro.au/futurefeed/

CSIRO, 2016b, National Agricultural Manure Management Program – Greenhouse Gas Mitigation Options 
For Intensive Livestock Industries, https://www.publish.csiro.au/an/content /ResearchFronts?id=1722

CSIRO, Australian National Outlook 2019, https://www.csiro.au/en/Showcase/ANO

Cuartas Cardona, CA, Naranjo Ramírez, JF, Tarazona Morales, AM, Murgueitio Restrepo, E, Chará Orozco, 
JD, Ku Vera, J, Solorio Sánchez, FJ, Flores Estrada, MX, Solorio Sánchez, B & Barahona Rosales, R 2014, 
‘Contribution of intensive silvopastoral systems to animal performance and to adaptation and mitigation 
of climate change’, Revista Colombiana de Ciencias Pecuarias, Vol. 27, no.2, pp 76-94.

Denis-Ryan, A, Bataille C, & Jotzo F, 2016, ‘Managing carbon-intensive materials in a decarbonizing world 
without a global price on carbon’ Climate Policy, Vol. 16 no.1, pp 110-S128.

Department of Agriculture and Water Resources, 2017, Boosting farm productivity: Research findings from 
the Carbon Farming Futures programme, 2012 to 2016, https://www.agriculture.gov.au/ag-farm-food/
climatechange/carbonfarmingfutures

Department of Environment, Land, Water and Planning (DELWP), 2019, Microgrids,  
https://www.energy.vic.gov.au/microgrids

Department of Industry, Innovation and Science, 2019a, COAG Energy Council Hydrogen Working Group, 
https://www.industry.gov.au/about-us /what-we-do/coag-energy-council-hydrogen-working-group

Department of Industry, Innovation and Science, 2018, Industry 4.0,  
https://www.industry.gov.au/funding-and-incentives /manufacturing/industry-40

Department of Industry, Innovation and Science, 2019b, Resources and Energy Quarterly: September, 
https://www.industry.gov.au/data-and-publications/resources-and-energy-quarterly-september-2019

Department of Industry, Science, Energy and Resources, 2019, Quarterly update of Australia’s National 
Greenhouse Gas Inventory: September, https://www.industry.gov.au/data-and-publications/national-
greenhouse-gas-inventory-september-2019



 |   1 2 9 

|  M A R C H  2 0 2 0

Department of Infrastructure, Transport, Cities and Regional Development, 2019, Aviation emissions, 
https://www.infrastructure.gov.au/aviation/environmental/emissions /index.aspx

Department of the Environment and Energy (DoEE), 2017, Quarterly Update of Australia’s National 
Greenhouse Gas Inventory: September 2017. 

Department of the Environment and Energy, 2018a, Australia’s emissions projections.

Department of the Environment and Energy, 2018b, Australian Energy Update,  
https://www.energy.gov.au/publications/australian-energy-update-2018.

Department of Environment and Energy & E3 Equipment Energy Efficiency, 2018c, Decision Regulation 
Impact Statement: Air conditioner, https://www.energyrating.gov.au/sites/default/files/documents/
Decision%20RIS%20air%20conditioners.pdf

Department of the Environment and Energy, 2019a, Australia’s emissions projections.

Department of the Environment and Energy, 2019b, Australian Energy Statistics,  
https://www.energy.gov.au/sites /default/files /2019_aes_table_o_march_2019.xlsx

Department of the Environment and Energy, 2019c, Australian Energy Update.

Department of the Environment and Energy, 2019d, National Greenhouse Gas Inventory,  
http://ageis.climatechange.gov.au/

Department of the Environment and Energy, 2019e, National Inventory Report 2017: Volume 1.

Department of the Environment and Energy, 2019f, Quarterly Update of Australia’s National Greenhouse 
Gas Inventory for June, https://publications.industry.gov.au/publications/climate-change/system/files/
resources/gas-group-2/nggi-quarterly-update-jun-2019-data-sources.xlsx

Deutsche Welle, 2019, Ampaire test-flies world’s biggest electric plane,  
https://www.dw.com/en/ampaire-test-flies-worlds-biggest-electric-plane/a-49098126

Drew, G, 2014, ’Fossil economy’, Beyond Zero Emissions.

Dufty, N & Jackson, T 2018, Information and communication technology use in Australian agriculture: 
A survey of broadacre, dairy and vegetable farms, https://www.agriculture.gov.au/sites/default/files/
sitecollectiondocuments/abares/ict-use-australian-agriculture.pdf

Dürr Systems Inc, 2015, World’s Largest Ventilation Air Methane/Coal Mine Methane Oxidation Project 
Goes Live, https://www.durr.com/en/media/news/news-detail/view/worlds-largest-ventilation-air-
methanecoal-mine-methane-oxidation-project-goes-live-1273/

The Economic Times, 2018, SpiceJet operates India’s first biofuel-powered flight from Dehradun to Delhi, 
https://economictimes.indiatimes.com/industry/transportation/airlines-/-aviation/ spicejet-operates-
indias-first-biojet-fuel-flight /articleshow/65560105.cms

The Economist, 1999, Special report: Cutting the cord,  
https://www.economist.com/special-report /1999/10/07/cutting-the-cord

Electric Vehicle Council, 2019, State of electric vehicles: August,  
https://electricvehiclecouncil.com.au/wp-content/uploads/2019/09/State-of-EVs-in-Australia-2019.pdf

Electro.Aero, 2019, About, https://www.electro.aero/about

Energy & Climate Intelligence Unit, 2019, Countdown To Zero, https://ca1-eci.edcdn.com/reports /ECIU_
Countdown_to_Net_Zero.pdf



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 3 0   |

Energy Information Administration (EIA), 2019, Geothermal explained: Use of geothermal energy,  
https://www.eia.gov/energyexplained/geothermal/use-of-geothermal-energy.php

Energy Networks Australia, 2018a, Demand management is the new black,  
https://www.energynetworks.com.au/news/energy-insider/demand-management-is-the-new-black/

Energy Networks Australia, 2018b, A Joint Energy Networks Australia and Australian Energy Market 
Operator Project, https://www.energynetworks.com.au/projects/open-energy-networks /

Energy Transitions Commission (ETC), 2018, Mission Possible: Reaching net-zero carbon emissions from 
harder-to-abate sectors by mid-century, http://www.energy-transitions.org/mission-possible

EnergyQuest, 2020, Monthly LNGReport: Australia formally becomes world’s #1 LNG exporter in 2019, 
https://www.energyquest.com.au/australia-formally-becomes-worlds-1-lng-exporter-in-2019/

EnergySage, 2019, Tesla Solar Roof: Elon Musk’s solar tile roof complete review version three,  
https://news.energysage.com/tesla-solar-panel-roof-the-next-solar-shingles/

Engie, 2016, Press release: Hazelwood power station in Australia to close at the end of March 2017,  
https://www.engie.com/en/journalists/press-releases/hazelwood-power-station-australia

Engie, 2019, Press release: ENGIE and Anglo American to co-develop renewable hydrogen solution to 
decarbonize the mining industry, https://www.engie.com/en/journalists/press-releases/anglo-american-
develop-renewable-hydrogen-solution-decarbonize-mining-industry

Ergon Energy, 2014, Manage your energy: Agricultural industry, https://www.ergon.com.au/network/
manage-your-energy/agricultural-industry

Essential Services Commission, 2017, The network value of distributed generation: Distributed generation 
inquiry stage 2 final report, https://www.esc.vic.gov.au/sites/default/files/documents/distributed-
generation-inquiry-stage-2-final-report-network-value.pdf

European Commission, 2019, Communication from the Commission to The European Parliament,  
The European Council, The Council, The European Economic and Social  Committee and The Committee  
of the Regions: European green deal.  

Eviation, 2018, Alice commuter, https://www.eviation.co/alice/

Fendt, 2017, Press release, Fendt e100 Vario: The battery-powered compact tractor,  
https://www.fendt.com/int/fendt-e100-vario

Foley, M, 2020, We need a serious conversation: River flows could decline 40% in Australia’s food bowl, 
https://www.smh.com.au/environment/climate-change/we-need-a-serious-conversation- river-flows-
could-decline-40-percent-in-australia-s-foodbowl-20200304-p546t4.html

France-Prese, A, 2018, Germany launches world’s first hydrogen-powered train, https://www.theguardian.
com/environment/2018/sep/17/germany-launches-worlds-first-hydrogen-powered-train

Garnaut, R, 2019, Superpower: Australia’s Low Carbon Opportunity, La Trobe University Press, Carlton

Geck, M, 2019, Seven major companies that committed to net-zero emissions in 2019, https://www.unpri.
org/pri-blog/seven-major-companies-that-committed-to-net-zero- emissions-in-2019/5255.article

Global Carbon Project, 2019, Global Carbon Budget, https://www.globalcarbonproject.org/
carbonbudget/19/files /GCP_CarbonBudget_2019.pptx

Global Market Insights, 2019, Global Recycled Metal Market demand to hit $85 bn by 2025,  
https://www.globenewswire.com/news- release/2019/06/12/1867460/0/en/Global-Recycled-Metal-
Market-demand-to-hit-85-bn-by-2025-Global-Market-Insights-Inc.html



 |   1 3 1 

|  M A R C H  2 0 2 0

Godfrey, B, Dowling, R, Forsyth, M & Grafton, Q, 2017, The role of energy storage in Australia’s future 
energy supply mix, https://acola.org.au/wp/wp-content/uploads/ENRG-final.pdf

Golev, A & Corder, G 2016, ‘Modelling metal flows in the Australian economy’, Journal of Cleaner 
Production, vol. 112, pp 4,296-4,303.

Government of South Australia, 2019, Port Lincoln hydrogen and ammonia supply chain demonstrator, 
http://www.renewablessa.sa.gov.au/topic/hydrogen/hydrogen-projects /hydrogen-green-ammonia-
production-facility

Graham, P, Hayward, J, Foster, J, Story, O & Havas, L 2018, GenCost 2018: Updated 
projections of electricity generation technology costs, https://publications.csiro.au/rpr/
download?pid=csiro:EP189502&dsid=DS1

Grand View Research, 2018, Smart Glass Market Size Worth $9.98 Billion By 2025,  
https://www.grandviewresearch.com/press-release/global-smart-glass-market

Grewe, V, Matthes, S, Frömming, C, Brinkop, S, Jöckel, P, Gierens, K, Champougny, T, Fuglestvedt, J, 
Haslerud, A & Irvine, E, 2017, ‘Feasibility of climate-optimized air traffic routing for trans-Atlantic flights’, 
Environmental Research Letters, Vol. 12, number 3.

Hall, D, 2007, West Cliff powers up, https://www.australianmining.com.au/news/west-cliff-powers-up/

Hawkins A, 2019, GM’s self-driving division, Cruise, raises another $1.15 billion, https://www.theverge.
com/2019/5/7/18535194/gm-cruise-self-driving-car-investment-valuation

Hmiel, B, Petrenko, V V, Dyonisius, M N, Buizert, C, Smith, A M, Place, P F, Harth, C, Beaudette, R, Hua, Q, 
Yang, B, Vimont, I, Michel, S E, Severinghau, J P, Etheridge, D, Bromley, T, Schmitt, J, Faïn, X, Weiss, R F & 
Dlugokencky, E 2020, ‘Preindustrial 14CH4 indicates greater anthropogenic fossil CH4 emissions’, Nature, 
Vol 578, pp 409-412.

Hoegh-Guldberg, O, Jacob, D, Taylor, M, Bindi, M, Brown, S, Camilloni, I, Diedhiou, A, Djalante,R, Ebi, K L & 
Engelbrecht, F 2018, Impacts of 1.5 ºC global warming on natural and human systems https://www.ipcc.
ch/site/assets/uploads/sites/2/2019/02/SR15_Chapter3_Low_Res.pdf

Huang, Y, Ng, E C, Zhou, J. L., Surawski, N C, Chan, E F & Hong, G 2018 ‘Eco-driving technology for 
sustainable road transport: A review’ Renewable and Sustainable Energy Reviews, Vol. 93, pp 596-609.

Hydro Tasmania, 2019, Pumped and primed for a bigger Marinus Link, https://www.hydro.com.au/clean-
energy/battery-of-the-nation/pumped-hydro

Hyne Timber, 2019, Construction Underway for Hyne Timber’s New GLT Plant,  
https://www.hyne.com.au/article/181/construction-underway-for-hyne-timber-new-glt-plant

ICAO Secretariat, 2019, Electric, Hybrid, and Hydrogen Aircraft – State of Play, Environmental Report: 
Aviation and Environment, https://www.icao.int/environmental-protection/Documents/ICAO-ENV-
Report2019-F1-WEB%20%281%29.pdf

Incitec Pivot Limited, 2019, Reducing NOx and SOx, https://www.incitecpivot.com. au/sustainability/ipl-
online-sustainability-report /environment /reducing-nox-and-sox

International Civil Aviation Organization, 2019, Electric and Hybrid Aircraft Platform for Innovation, 
https://www.icao.int /environmental-protection/Pages / electric-aircraft.aspx

The International Council on Clean Transportation (ICCT), 2019, Update on electric vehicle costs in the 
United States through 2030.

International Energy Agency, 2014, Application of industrial heat pumps,  
https://iea-industry.org/app/uploads/annex-xiii-part-a.pdf



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 3 2   |

International Energy Agency, 2017, Getting Wind and Solar onto the Grid,  
https://www.iea.org/reports/getting-wind-and-solar-onto-the-grid

International Energy Agency, 2018a, Global EV outlook 2018: Towards cross-modal electrification,  
https://www.iea.org/reports/global-ev-outlook-2018

International Energy Agency, 2018b, World Energy Outlook 2018,  
https://www.iea.org/reports/world-energy-outlook-2018

International Energy Agency, 2019a, CO2 emissions from fuel combustion 2019,  
https://www.iea.org/reports/co2-emissions-from-fuel-combustion-2019

International Energy Agency, 2019b, Fuel economy in major car markets: Technology and policy drivers 
2005-2017, https://www.iea.org/reports/fuel-economy-in-major-car-markets

International Energy Agency, 2019c, The future of hydrogen: Seizing today’s opportunities,  
https://www.iea.org/reports/the-future-of-hydrogen

International Energy Agency, 2019d, Global EV outlook 2019: Scaling-up the transition to electric mobility, 
https://www.iea.org/reports/global-ev-outlook-2019

International Energy Agency, 2019e, World Energy Statistics and Balances 2019,  
https://www.iea.org/reports/world-energy-balances-2019

International Mining, 2017, Rio Tinto’s $338 million Silvergrass iron ore mine officially open,  
https://im-mining.com/2017/08/30/rio-tintos-338-million-silvergrass-iron-ore-mine-officially-open/

IPCC, 2018, Special report: Global Warming of 1.5° C, https://www.ipcc.ch/sr15/

International Renewable Energy Agency, 2019, Renewable energy now accounts for a third of global power 
capacity, https://www.irena.org/newsroom/pressreleases /2019/Apr/ Renewable-Energy-Now-Accounts-
for-a-Third-of-Global-Power-Capacity

Jackson, B, 2019, Wohlers Associates 2019 State of 3D Printing Report, https://3dprintingindustry.com/
news /wohlers-associates-2019-state-of-3d-printing-report- published-152117/

Jutsen, J, Pears, A & Hutton, L, 2017, ‘High temperature heat pumps for the Australian food industry: 
Opportunities assessment’, Australian Alliance for Energy Productivity.

Koreis, D, 2019, Feeding seaweed to cows: Our livestock methane research lights up,  
https://blog.csiro.au/feeding-seaweed-to-cows-our-livestock-methane-research-lights-up/

Kover, A 2019, ‘Transformation In 3D: How a walnut-sized part changed how GE Aviation builds jet 
engines’, AMTIL, http://amtil.com.au/transformation-in-3d-how-a-walnut-sized-part- changed-how-
ge-aviation-builds-jet-engines /

KPMG, 2018, Bioenergy state of the nation report: A report on Australia’s bioenergy performance.

Lambert, F, 2019, World’s largest all-electric ferry completes its maiden trip,  
https://electrek.co/2019/08/21/worlds-largest-electric-ferry/

Le Feuvre, P, 2019, Commentary: Are aviation biofuels ready for take off? https://www.iea.org/newsroom/
news/2019/march/are-aviation-biofuels-ready-for-take-off.html

Li, Y & Yu, Y, 2017, ‘The use of freight apps in road freight transport for CO₂ reduction’ European Transport 
Research Review, Vol. 9, issue 3, pp36.

Licella, 2019, Sustainability, https://www.licella.com.au/sustainability/



 |   1 3 3 

|  M A R C H  2 0 2 0

Liebreich, M, 2018, Presentation to the Swiss Electricity Congress, https://aee-kongress.ch/files /user/
pages /fr/congres/2018/Praesentationen/AEESUISSE-Congres-2018_Michael_Liebreich.pdf

Linnane, C, 2019, Alternative meat market could be worth $140 billion in 10 years, Barclays says,  
https://www.marketwatch.com/story/alternative-meat-market-could-be-worth-140- billion-in-ten-
years-barclays-says-2019-05-22

LNG World News, 2018, GE tests 80 MW induction motor for LNG industry,  
https://www.lngworldnews.com/ge-tests-80-mw-induction-motor-for-lng-industry/

Lord, M, 2019, From mining to making: Australia’s future in zero-emissions metal, https://www.energy-
transition-hub.org/resource/mining-making-australias-future-zero-emissions-metal

Lutsey, N & Nicholas, M, 2019, Update on electric vehicle costs in the United States through 2030,  
https://theicct.org/publications/update-US-2030-electric-vehicle-cost

Manibo, M, 2015, Greener drive for DHL in Singapore, https://www.eco-business.com/news /dhl-drives-
greener-singapore /

Maritime impact, 2018, Dawn of a new era, https://www.dnvgl.com/expert-story/maritime-impact/
Dawn-of-a-new-era.html

Markets and Reports, 2016, BIPV market worth $26 billion by 2022, https://www.marketsandreports.com/
bipv-market-worth-26-billion-2022/

Mathieson, J, Somerville, M, Deev, A & Jahanshahi, S, 2015, ’Utilization of biomass as an alternative fuel in 
ironmaking’, Iron Ore Elsevier, pp 581-613.

McCarthy, M, 2019, Lab-grown meat industry start-ups join Australian market to tackle issue of mass 
production, https://www.abc.net.au/news /rural/2019-07-30/australia-joins-lab-grown-meat-
industry/11360506

Meat and Livestock Australia & CSIRO, 2019, Greenhouse gas mitigation potential of the Australian red 
meat production and processing sectors, https://www.mla.com.au/research-and-development/search-
rd-reports/final-report-details/Greenhouse-gas-mitigation-potential-of-the-Australian-red-meat-
production-and-processing-sectors/3726

Meinshausen, M, 2019, Briefing for Victoria interim targets panel: Deriving a global 2013-2050 emission 
budget to stay below 1.5°C, based on the IPCC Special Report on 1.5°C, https://www.climatechange.vic.
gov.au/budget-for-Victoria.pdf data/assets/pdf_file/0018/421704/Deriving-a-1.5C-emissions/

Midrex, 2018, World Reduction Statistics.

Modern Power Systems, 2019, Synchronous condensers finding a new purpose,  
http://search.abb.com/library/Download.
aspx?DocumentID=9AKK107492A3905&LanguageCode=en&DocumentPartId=&Action=Launch

Monash University, 2019, Microgrid, https://www.monash.edu/net-zero-initiative /microgrid

Morton, A, 2019, Ross Garnaut: Three policies will set Australia on a path to 100% renewable energy, 
https://www.theguardian.com/australia-news /2019/nov/06/ross-garnaut-three- policies-will-set-
australia-on-a-path-to-100-renewable-energy

National Aeronautics and Space Administration, 2019, NASA Aeronautics Selects Three University Teams 
for Research Help, https://www.nasa.gov/aero/nasa-aeronautics-selects-three-university-teams-for-
research-help

National Australia Bank, 2017, NAB and CEFC announce further $180m for energy efficient assets,  
https://news.nab.com.au/nab-and-cefc-announce-further-180m-for-energy-efficient-assets/



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 3 4   |

National Farmers Union, 2019, Electric tractors - your views revealed, https://www.nfuonline.com/cross-
sector/farm-business /energy-and-renewables /energy-and- renewables-news /electric-tractors-your-
views-revealed/

National Transport Commission, 2019, Information Paper: Carbon Dioxide Emissions Intensity for New 
Australian Light Vehicles 2018.

Navigant Consulting, 2017, Adoption of Light-Emitting Diodes in Common Lighting Applications.

Neoen, 2019, Media release: Neoen and Tesla to deliver Australia’s most innovative battery with the 
expansion of Hornsdale Power Reserve in South Australia.

Nikola Motor Company, 2019, Electric Semi-Trucks, https://nikolamotor.com/motor

Noon, C, 2018, Leading the charge: Battery-electric locomotives will be pushing US freight trains further, 
https://www.ge.com/reports /leading-charge-battery-electric-locomotives- pushing-us-freight-trains /

O’Farrell, K, 2018, 2016-17 Australian Plastics Recycling Survey.

Onyx Solar, 2017, Photovoltaic glass, https://www.onyxsolar.com/

ORICA, 2018, Sustainability report 2018.

Parkinson, N, 2019, UK’s first hydrogen train set for mainline railway testing, https://www.gasworld.com/
uks-first-hydrogen-train-set-for-testing/2017393.article

Patel, S, 2019, High-Volume Hydrogen Gas Turbines Take Shape, https://www.powermag.com/high-
volume-hydrogen-gas-turbines-take-shape/

Pew Research Center, 2019, Mobile Fact Sheet, https://www.pewresearch.org/internet/fact-sheet/mobile/

Pickin, J, Randell, P, Trinh, J & Grant, B, 2018, Department of Environment and Energy in association with 
Randell Environmental Consulting: National Waste Report 2018.

Polglase, P, Reeson, A, Hawkins, C, Paul, K, Siggins, A, Turner, J, Crawford, D, Jovanovic, T, Hobbs, T & Opie, 
K, 2013, ’Potential for forest carbon plantings to offset greenhouse emissions in Australia: economics and 
constraints to implementation’, Climatic Change, vol. 121, no. 2, pp 161-175.

Primary Industries Climate Challenges Centre, 2018, Nitrification inhibitors: performance drivers,  
https://www.piccc.org.au/research/project/269

Public Interest Advocacy Centre, Total Environment Centre & The Australia Institute, 2018, Wholesale 
demand response energy market mechanism: Rule change request.

Purdy, C, 2019, The first cell-cultured meat will cost about $50,  
https://qz.com/1598076/the-first-cell-cultured-meat-will-cost-about-50/

Qantas News Room, 2018, Media release: World first US-Australia biofuel flight takes off,  
https://www.qantasnewsroom.com.au/media-releases/world-first-us-australia-biofuel-flight-takes-off/

Ramirez, L, 2019, Five industrial LED lighting trends to watch in 2019, https://www.electronicproducts.
com/Lighting/Light_Emitting_Diodes/5_industrial_LED_lighting_trends_to_watch_in_2019.aspx

REN21, 2019, Renewables 2019: Global Status Report.

Rio Tinto, 2018, Press release: Rio Tinto’s autonomous haul trucks achieve one billion tonne milestone, 
https://www.riotinto.com/en/news/releases/AHS-one-billion-tonne-milestone



 |   1 3 5 

|  M A R C H  2 0 2 0

Robertson, M, Carberry, P & Brennan, L, 2007, The Economic Benefits of Precision Agriculture: Case Studies 
from Australian Grain Farms.

Rockström, J, Gaffney, O, Rogelj, J, Meinshausen, M, Nakicenovic, N & Schellnhuber, H J, 2017, ‘A roadmap 
for rapid decarbonization’ Science, Vol. 355 no. 6331, pp 1269-1271.

Rogelj, J, Shindell, D, Jiang, K, Fifita, S, Forster, P, Ginzburg, V, Handa, C, Kheshgi, H, Koboyashi, S, 
Kriegler, E, Mundaca, L, Séférian, R & Vilariño, M, 2018, ‘Mitigation pathways compatible with 1.5°C in the 
context of sustainable development’, IPCC.

Rubio, F G, 2019, Development trend of insulation materials, http://www.fernandogonzalezrubio.
com/2019/06/19/development-trend-of-insulation-materials /

Ruf, Y, Zorn, T, Akcayoz De Neve, P, Andrae, P, Erofeeva, S, Garrison, F & Schwilling, A, 2019, Shift to Rail: 
Study on the use of fuel cells and hydrogen in the railway environment.

Sai Krishna, P, Andrey S Y & Peter V P, 2018, ‘Progress of Inert Anodes in Aluminium Industry: Review’, 
Journal of Siberian Federal University, Chemistry, Vol. 11, issue 1, pp 18-30.

Schandl, H, Baynes, T, Haque, N, Barrett, D & Geschke, A, 2019, Final Report for GISERA Project G2 - Whole 
of Life Greenhouse Gas Emissions Assessment of a Coal Seam Gas to Liquefied Natural Gas Project in the 
Surat Basin, Queensland, Australia, https://gisera.csiro. au/wp-content/uploads/2019/07/GISERA_G2_
Final_Report-whole-of-life-GHG-assessment.pdf

Scheffer, S, 2019, IEA: Aviation Energy Efficiency, https://www.iea.org/tcep/transport /aviation/#energy-efficiency

Schreiber, Z, 2016, Amazon logistics services - the future of logistics?, https://www.supplychain247.com/
article/amazon_logistics_services_the_future_of_logistics

SEI, IISD, ODI, Climate Analytics, CICERO & UNEP, 2019, The Production Gap: The discrepancy between 
countries’ planned fossil fuel production and global production levels consistent with limiting warming to 
1.5°C or 2°C.

Seventh Meeting of Environment Ministers, 2018, Agreed Statement - 27 April 2018, Melbourne,  
http://www.environment.gov.au/system/files /pages/4f59b654-53aa-43df-b9d1-b21f9caa500c/files /
mem7-agreed-statement.pdf

Southern Oil, 2019, Northern oil advanced biofuels plant, http://www.sor.com.au/northern-oil-advanced-
biofuels-pilot-plant

Staffell, I, Scamman, D, Abad, A V, Balcombe, P, Dodds, P E, Ekins, P, Shah, N & Ward, K R, 2019, ‘The role 
of hydrogen and fuel cells in the global energy system’, Energy & Environmental Science, Vol. 12, issue 2, pp 
463-491.

Statista, 2019, Global 3D printing market size forecast 2013-2021, https://www.statista.com/statistics 
/796237/worldwide-forecast-growth-3d-printing-market/

Stringer, D, 2018, BHP joins other big world miners in testing electric vehicles at Olympic Dam,  
https://www.afr.com/companies/mining/bhp-joins-other-big-world-miners-in-testing-electric-vehicles-
at-olympic-dam-20181107-h17lkx

Sweeney, M, Dols, J, Fortenbergy, B & Sharp, F, 2014, Induction Cooking Technology Design and Assessment.

Tabak, N, 2019, Hydrogen trucks to get road-tested in Canada’s oil country,  
https://www.freightwaves.com/news/hydrogen-trucks-to-get-road-tested-in-canadas-oil-country

Timperley, J, 2017, Explainer: The challenge of tackling aviation’s non-CO2 emissions,  
https://www.carbonbrief.org/explainer-challenge-tackling-aviations-non-co2-emissions



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 3 6   |

Tong, D, Zhang, Q, Zheng, Y, Caldeira, K, Shearer, C, Hong, C, Qin, Y & Davis, S J, 2019, 'Committed 
emissions from existing energy infrastructure jeopardize 1.5 C climate target', Nature, Vol. 572,  
issue 7769, pp 373-377.   

Toyota Newsroom, 2019, The Future of Zero-Emission Trucking Takes Another Leap Forward,  
https://pressroom.toyota.com/the-future-of-zero-emission-trucking-takes-another- leap-forward/

Ueckerdt, F, Dargaville, R, Gils, H, McConnell, D, Meinshausen, M, Scholz, Y, Schreyer, F & Wang, C, 2019, 
‘Australia’s power advantage: Energy transition and hydrogen export scenarios’, Energy transition Hub.

United Nations Framework Convention on Climate Change, 2015, Paris Agreement,  
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement

The University of Melbourne, 2015, Enhanced Efficiency Fertilisers,  
https://fvas.unimelb.edu.au/research/groups /enhanced-efficiency-fertilisers

Van Deventer, J S, Provis, J L & Duxson, P, 2012, ‘Technical and commercial progress in the adoption of 
geopolymer cement’, Minerals Engineering, Vol. 29, pp 89-104.

Viribright, 2019, Comparing LED vs CFL vs Incandescent Light Bulbs,  
https://www.viribright.com/lumen-output-comparing-led-vs-cfl-vs-incandescent-wattage/

Wagners, 2011, Earth Friendly Concrete, https://www.wagner.com.au/main/what-we-do/earth-friendly-
concrete /efc-home

White, M, 2016, John Deere goes greener with new all-electric tractor,  
https://www.aginnovators.org.au/news /john-deere-goes-greener-new-all-electric-tractor

Wienberg, C, 2019, How the World’s Biggest Shipping Company Plans to Cut Emissions,  
https://www.bloomberg.com/news /articles/2019-03-21/maersk-tests-biofuel-as-it-sets-sail-for-2050-
carbon-neutrality

WMO, UNEP, Global Carbon Project, IPCC, Future Earth, World League & GFCS, 2019, United In Science: 
High-level synthesis report of latest climate science information convened by the Science Advisory Group 
of the UN Climate Action Summit 2019.

Zavala-Araiza, D, Lyon, D R, Alvarez, R A, Davis, K J, Harriss, R, Herndon, S C, Karion, A, Kort, E A, Lamb, B 
K & Lan, X, 2015, ‘Reconciling divergent estimates of oil and gas methane emissions’, Proceedings of the 
National Academy of Sciences, Vol. 112, issue 51, pp 15597-15602.

ZeroAvia, 2017, The first practical true zero emission aviation powertrain, https://www.zeroavia.com/



 |   1 3 7 

|  M A R C H  2 0 2 0



D E C A R B O N I S A T I O N  F U T U R E S  | 

1 3 8   |

For further information about  
Decarbonisation Futures please contact: 

TOM YANKOS  
SENIOR PROJECT MANAGER 
ClimateWorks Australia 
tom.yankos@climateworksaustralia.org
 
AMANDINE DENIS-RYAN 
HEAD OF NATIONAL PROGRAMS  
ClimateWorks Australia 
amandine.denis@climateworksaustralia.org
 
ANNA SKARBEK 
CHIEF EXECUTIVE OFFICER 
ClimateWorks Australia 
anna.skarbek@climateworksaustralia.org

ClimateWorks Australia 
Level 27, 35 Collins Street  
Melbourne Victoria 3000 

ClimateWorks Australia is an expert, independent adviser, committed 
to helping Australia and our region transition to net zero emissions.  
It was co-founded through a partnership between Monash University 
and The Myer Foundation and works within the Monash Sustainable 
Development Institute.

ABOUT US

ClimateWorks Australia is an expert,  
independent adviser, committed to helping 
Australia, South East Asia and the Pacific  
region transition to net zero emissions by 2050. 

It was co-founded through a partnership  
between Monash University and The Myer 
Foundation and works within the Monash 
Sustainable Development Institute. 

ClimateWorks Australia, 2020, Decarbonisation 
Futures: Solutions, actions and benchmarks for a 
net zero emissions Australia. 

Published by ClimateWorks Australia 
Melbourne, Victoria, March 2020 
© ClimateWorks Australia 2020

This work is subject to copyright. Apart from  
any use permitted under the Copyright Act 1968,  
no part may be reproduced by any process  
without written permission from the publisher. 

This publication can be downloaded at:  
www.climateworksaustralia.org


