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The Net Zero Australia (NZAu) project is a collaborative partnership between the University of Melbourne, The University of
Queensland, Princeton University and management consultancy Nous Group. The stuéxamines pathways and detailed
infrastructure requirements by which Australia can transition to net zero emissions, and be a major exporter of low emission
energy and products.

Disclaimer

The inherent and significant uncertainty in key modelling inputs means there is also significant uncertainty in the associated
assumptions, modelling, and results. Any decisions or actions that you take should therefore be informed by your own
independent advice and experts. All liability is excluded for any consequences of use or reliance on this publication (in part
or in whole) and any information or material contained in it. Also, the authors of this report do not purport to represent
Net Zero Australia Project Sponsors and Advisory Group member positions or imply that they have agreed to our
methodologies or results.
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Overview

The Net Zero Australia (NZAu) Project is undertaking its modelling in two stages, as follows.
1. Regional Investment modelling

This modelling determines the investments that will occur in 15 defined regions across Australiasuch
that net zero emissions is achieved for both our domestic energy system and for our energy exports by
mid-century on a least-cost basis. This modelling includes projections of emissions from agriculture,
waste and Land Use, Land Use Change and Forestry (LULUCF), along with projections of energy demand.

2. Downscaling

This modelling integrates the outputs of o ur Regional Investment modelling with several important
siting considerations, and locates investments on a granular, subregional basis. These siting
considerations are numerous and include accommodation of high conservation value land and sea,
Native Title and Land Rights farm land, higher population density areas and structurally unsuitable land.
Employment impacts are also be modelled in the downscaling effort.

This document details theMethods, Assumptions, Scenarios and Sensitivities (MASS) for the Regional
Investment modelling. It does not present results from thisnalysis and only discusses some aspects of the
Downscaling modelling such that transmission costs can be represented reasonably in this Regional Investment
modelling. Documentation of our Downscaling methodologes has been published in companion Downscaling
reports.

Itis also noted that drafts of this document have already been reviewed by the NZAu Advisory Group, several

of their nominated specialists and several specialists nominated by the NZAu Steering Committee. Revisions
to this document have then been made where the NZAu Steering Committee considered the views

expressed to be reasonable and/or supported by evidence.

Context

Figure 1 is a schematicrepresentation of the two modelling stages 0 the Regional Investment modelling and
the Downscaling modelling & in the NZAu Project. The Regional Investment modelling that is discussed in
this document uses the following two modelling tools from Evolved Energy Research (EER).

1. The EnergyPATHWAYS (EP) modelling tool

The EP modelling tool enables us to develop demand pathways for a wide range of different energy
services from today to mid-century. These pathways for different energy services are consistent with
the Scenarios and Sensitivities that are defined in this document.

2.  The Regional Investment and Operations (RIO) modelling tool

The RIO modelling tool usesthe demand pathways developed with the EP modelling tool. It determines
the lowest cost mix of the required supply -side and network investments to meet this demand, whilst

al so meeting defined greenhouse gas e mnesatedforeaci GHG)

of 15 defined regions across Australia.
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Figure 1| Schematic of the overall modelling methodology for the  NZAu Project.

Asset capacities by region

I 1
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(EER) Tool from EER
An additional set of
Construct demand-side Modelling that produces the models that take into
scenarios, specifying in 5- lowest-cost mix of supply-side account local siting
year time steps the evolution and network infrastructure to considerations to locate
of end-use devices that meet meet the specified energy solar, wind, transmission,
specified energy service demand in different (macro) bioenergy and GHG sinks.
demands. regions across Australia.
T | | Outputs
Some iteration required for Sited assets that meet
internal consistency regional capacities

This document is intended to present a comprehensive and transparent summary of the methods used to
complete the EP and RIO modelling.This modelling is intended to be appropriate for the task at hand, and

based upon input assumptions that are stated clearly and which use authoritative sources. This includes
descriptions of how the following aspe cts of the Australian energy system are modelled:

1
1

the emissions from agriculture, waste and LULUCF;

domestic energy demand,;

demand for Australian energy exports;

domestic energy supply;

emissions constraints imposed on our domestic energy demand and energy exports; and

capital and operating costs of our domestic energy system, such that domestic and exported energy
demands are met at least cost subject to the specified GHG emissions constraints.

Given the large, uncertain and unprecedented changes tha are required to achieve net zero emissions over
the next few decades, there will inevitably be different views of the plausibility of different projections. Rather

than seeking consensus on all aspects of this modelling, the NZAu Project therefore intends to develop a
methodology that is transparently defined, appropriate and based upon input assumptions that are stated

clearly and from authoritative sources. The NZAu Project will then examine different net zero pathways using
a scenario-based approach, without stating that any of these pathways are more or less plausible.
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1 Core Scenarios

Scenarios and scenarioplanning are well established methods that support long -term strategic decision

making for organisations.? The Net Zero Australia (NZAu) Project has adopted such an approach by

model |l ing Australiads domestic and ex pyeartimeseepseforgiy act i vi
core Scenariosd a Reference Scenario which does not impose a constraint on GHG emissions and five ne

zero GHG emissions Scenarios. These are summarised ifable 1.

Table 1| Scenario names and descriptions.

Scenario name Scenaio description

REF Reference

E+ Rapid electrification

ET Slower electrification

E+RE+ Rapid electrification with 100% primary energy from renewables

E+RET Rapid electrification with the build rate of renewables constrained above historically high levels

and the CCS constraint also increased.

E+ONS (Onshoring) Rapid electrification with imposed local production of iron and aluminium

For all Scenarios,ncluding REF, the demand for exported energy is held constant at 15.08EJ/year from 2020

to 2060. This is consistent with the International Ener c
Scenario)® We also note that this required supply of energy for export is maintained at a constant level

across every hour of the year (1.7PJ/hour), as a conservative assumption that means the exporsystem does

not solve domestic renewable balancing, and explicitly represents export energy storage and associated costs

in Australia.

Of course, the exported energy to 2060 wil/l depend on m
energy could increase or decreassaignificantly depending on the growth and decarbonisation policies of our

major energy importers and the prospects of other nations in producing low emission exports. This is

especially so given the relative lack of land available forrenewable energy production at our primary trading

partners (e.g., Japan and South Korea) or at other significant, regional fossil fuel exporters (e.g., Indonesia

and Malaysia). Such factors were considered out of scope for the NZAu Project but might be justified in

another study. As a result, the limitations of our assumed constant demand for exported energy should be

kept in mind.

A greenhouse gas emissions constraint is imposed for all net zero ScenariosEigure 2).

1 Domestic emissions: a linear trajectory starting from 640 Mt-CO,e in 2020 to zero in 2050, where the
emissions in 2020 wereset to be unconstrained, with all following years constrained.

1 Exported emissions: a linear trajectory from 1,215 Mt-COze in 2030 to zero in 2060 with no emissions
constraint before 2030 and no new fossil export capacity from 2030. This is considered to be consistent
with the Net Zero pledges announced in the lead up to COP26 by several of our major energy trading
partners, several of whom have 2050 net zero emissions targets, whilst China and India target 2060 and
2070° respectively.

Figure 2 also shows accelerated decarbonisation trajectories for both domestic and exported energy, with
these reaching zero by 2040 and 205Q respectively. Nuclear power was not permitted in any of the core
Scenarios, consistent with existing Commonwealth and State Law¥! However, the use of nuclear will be
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examined in a proposed sensitivity analysis. limits, notwithstanding the significant scale of the net zero
transition.

Finally, in all Core Scenarios we apply constraints on the annual growth rate of utility-scale solar PV, onshore
wind and offshore wind electricity generation capacities. This growth rate constraint acts as a smoothing
function for the model and is intended to represent plausible limits, notwithstanding the significant scale of
the net zero transition. In short it prevents the model from building all the capacity required fo r 2060 demand
in the first timestep.

Specifically, the initial growth rate constraints are 2.5 GW/year and 1 GW/year from 2020 for solar PV and
onshore wind, respectively. From this initial constraint in 2020 the actual modelled growth rate is allowed to
compound year-on-year by a maximum of 30% in the 2020s, 20% in the 2030s and 10% from the 2040s
onward. For offshore wind, the initial growth rate constraint is 0.5 GW/year from 2026, which is allowed to
compound by a maximum of 30% until 2037, 20% until 2047 and 0% from then on. Note that while we model
capacity additions in 5-year timesteps, we nevertheless account for compounding maximum growth rates in
the intermediate years.

Figure 2 | Historical domestic and energy export emissions and applied constraint trajectories .

Domestic emissions Fossil fuel energy export emissions
640 Mt-CO,e p.a. in 2020, to zero in 2050 1,215 Mt-CO,e p.a. in 2030, to zero in 2060
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1.1 Reference Scenario

The Reference Scenario (REF) is included to model businesas-usual without policies to support emissions
reductions on domestic and exported energy and includes investments to be made to continue energy supply
to mid -century. The outputs of this analysis, such as the total costs, the built and retired generation capacities
and employment impacts, will then be a reference for comparison with equivalent outputs from the net zero
emission Senarios. The Reference Scenario will not be subject to downscaling given its likely significantly
reduced use of land for renewable generation.

1.2 Demand side Scenarios

Demand side Scenarios vary with the uptake of electrification, particularly in transport and buildings. All other
assumptions are held constant, including energy service projections (outlined in the following section) as well
as the cost and performance of both demand -side and supply-side technologies. Electrification and energy
efficiency improvements for the industrial sector are applied consistently across all core Scenarios.
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In this study, electrification means the switching of combustion technologies to electric alternatives. These
include, for example, the replacement of natural gas heating with electric heat pumps for heat provision in
residential and commercial buildings, or replacement of liquid fuel powered transport with electric vehicles.
Energy efficiency improvementsare measures that increase the efficiency of providing an energy rvice for a
specific energy carrier; for example, the improved efficiency of residential water heaters that arise through
technological progress or reductions in fuel use per passenger km travelled in aviation. Fuel switching are
measures that change the share of a delivered energy service satisfied by a specific energy carrier; for
example, switching an industrial combustion process from natural gas to hydrogen.

1.2.1 E+ (Rapid Electrification) Scenario

The E+ Scenario assumes nearly full electrification of trasport and building stocks by 2050. All residential
and commercial building energy services will be electrified by 2050. These include:

1 air conditioning and space heating
1 ventilation

1 water heating

1 lighting

1 refrigeration and freezing

1 clothes washing and drying

1 dishwashing and cooking.

The rollout follows an S-Curve trajectory with full saturation of building stocks achieved by 2050 (further
detail in Section 7).

The transport sector is divided into:

1 light-duty vehicles (LD\5), including passenger vehicles light commercial vehicles, motorcyles;
1 heavy-duty vehicles (HDVs); including rigid , articulated and other trucks; and

1 buses.

The current breakdown of vehicles in each category is presented inSection 6.2. By 2040, 88% of LDV sales
are battery electric vehicles BEVs)and 11% are hydrogen fuel cell vehicles (HFCVs)whilst 65% of HDV sales
are BEVs and34% are HFCVs The rollout follows an S-Curve trajectory with full saturation of BEVs and HFCVs
in transport stocks by approximately 2050 (further detail in Section 7).

No constraints are applied to the supply -side energy mix.

1.2.2 E 1 Slgwer Electrification) Scenario

The EIT Sc en a slower transitorutonards ekectrification of transport and building stocks , reaching

full electrification by 2100, and thus a much lower degree of electrification by 2050, compared with E+. The

rollout follows an S-curve trajectory, delaying the full saturation of building appliance and technology sales

switching by 60 years, [l and the full saturation of transport vehicle sales switching by 20 yearg(further detail

in Section 7). The assumption under -elaceifieEbuildiBgs areathei challengingt hat nor
to retrofit because of their age, density or heritage status, or the peaks in heating demand during the coldest

months cannot be met with heat pumps or reverse cycle airconditioners. Energy services that are not

electrified can then undergo fuel switching with energy demand met by hydrogen or synthetic methane.

For the transport sector, the transition of vehicle sales is delayed by 20 yearsyrelative to E+. That is in 2050
84% of LDV salesare BEVs and10% are HFCVs, whils60% of HDV sales are BEVs and 31%re HFCVs. The
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balance of vehicle sales remain as the incumbent internal combustion engine technology, which may run on
synthetic fuels by 2050. Their rollout follows an S Curve trajectory with full saturation of BEVs and HFCVs in
transport stocks by approximately 2070.

No constraints are applied to the supply -side energy mix.

1.3  Supply side Scenarios

Energy supply portfolios are selected using the Regional Investment and Operations (RIO) tool to provide the
lowest cost energy supply mix to meet energy demand and emissions constraints. The E+ High Electrification
Scenario was chosen as the base energy demand input for different supplyside Scerarios as initial modelling
indicated this was the | ower cost option compared

1.3.1 E+RE+ (Full renewables rollout ) Scenario

The E+RE+ Scenario assumes no fossil fuel use is allowed domestically by 2050 and for exports by 2060.
Carbon Capture and Storage is only permitted for non -fossil sourced carbon. This includes but is not limited
to:

1 non-fossil process emissions from industry, e.g., CQreleased from calcining calcium carbonate in cement
production

1 bioenergy carbon capture and storage (BECCS) for biofuels and hydrogen production through fast
pyrolysis or gasification of biomass

1 direct air capture (DAC) of CG.

132 E+REIT ( Co menéwaldes molleut ) Scenario

The E+REI Scenario imposes more r est kbiidateswkutlity escaet r ai nt s

solar PV and onshore wind electricity generation capacities than the other Core Scenarios. Specifically, the
same initial growth rate constraints of 2.5 GW/year and 1 GW/year from 2020 for solar PV and onshore wind
are used,but this is allowed to compound at half the rate used in the other Core Scenarios. That is, for utility -
scale solar PV the modelled growth rate is allowed to compound year-on-year by a maximum of 15% in the
2020s, 10% in the 2030s and 5% from the 2040s onvard. For onshore wind, the modelled growth rate is
allowed to compound year -on-year by a maximum of 15% in the 2020s, and 0% from the 2030s onward. This
Scenario does not alter the growth rate constraints for offshore wind.

If utility -scale solar PV and orshore wind are installed up to these applied build rate constraints in every
modelled year, the compounding of the build rates would allow 17 GW of solar PV and 7 GW of onshore
wind to be installed in 2025 and 51 GW and 20 GW to be installed in 2030. Theseconstraints were chosen to
allow modelled build rates that are, in the near term, roughly 5 -10 times the highest historical onshore build
rates in Australia, and many times greater in the long term. For example, 1.76 GW of utility scale solar capacity
was added in 2019, 3.3 GW of Rooftop PV capacity was added in 2021, and 1.7 GW of onshore wind capacity
was added in 2021! ® Nonetheless, the constraints listed above were considered optimistic but plausible
after consultation with the NZAu Advisory Group and other informed third parties.

This Scenario is designel to represent a future where wind and solar could not be built at the pace required
to achieve domestic and export net-zero emissions systems by midcentury using solely renewables. Whilst
the causes of the applied build rate constraints are not specified, these could include factors such as:

1 delays in supply chains

1 skilled labour shortages
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1 permitting delays

1 delays in accessing transmission infrastructure.

The CCS constraint is also expanded under this Scenario to a totapossible injection of 1166 Mt-CO,/year
(Table 32). Given the build constraints on renewables in this Scenario, expansion of this CCS constraint is
required to meet domestic and exported e nergy demand whilst helping provide a distinctive Scenario relative
to the others that do not feature build constraints on renewables. Evidence supporting the choice of this
expanded CCS constraint is provided in Appendix0, and basin specific storage and injection constraints are
provided in section 9.5. We emphasise that inclusion of this constraint is not an endorsement of its practicality,
just as the modelling of unconstrained renewable build rates in the other Scenarios is not an endomsent of
their practicality.

1.3.3 E+ONS (Onshoring) Scenario

In addition to being a major energy exporter, Australia is of course also a major exporter of other
commodities. Of the numerous commodities that we export, the emissions generated offshore by processing
these non-energy commodities are dominated by the reduction of Australian iron ore to iron, as well as the
processing of Australian bauxite and alumina into aluminium %2

The Onshoring Scenario therefore seeks to examine how some of our energy exports might be used to
displace our iron ore, bauxite and alumina exports with domestically processed pig iron and aluminium for

export. In this Scenarig we treat the energy required for onshore alumina refining, aluminium smelting and

iron ore reduction as taking away from the modelled energy exports, and not adding to it, as shown in Figure
3.

Figure 3 | Energy Exports in the E+ONS Onshoring Scenario.
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g_ e Exported Metallurgical Coal (EJ)
L
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As with all Scenarios, clean energy is exported primarily as liquid ammonia (as discussed in Sectic10.4.6
and 10.4.7). However, the energy required for iron reduction, alumina refining or aluminium smelting is either

in the form of hydrogen or electricity. As such, the efficiency of ammonia conversion into hydrogen or
electricity at the port of delivery is incorporated into the reduced energ y exports as per Figure 4 and Figure
5. The canversion of ammonia to hydrogen uses typical reformer efficiency of 75% . The conversion of
ammonia to electricity assumes the Ehermal effici
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Figure 4 | Flowchart of ammonia energy export displaced by the onshoring of DRI in the E+ONS Onshoring
Scenario, assuming that exported ammonia would have been used to process raw Australian iron ore in
the impo rting country. This incorporates efficiencies of 75% for ammonia reforming and 50% for ammonia

to power 1913

Export
Terminal

11.66 GJ

Ammonia

DRI

1 tonneiron
ore reduced

Import 11.12 GJ Ammonia 8.34GJ
Terminal Ammonia Reforming Hydrogen
0.54 GJ Electricity 0.27 GJ
Ammonia Production Electricity

Figure 5 | Flowchart of ammonia export displaced b y the onshoring of aluminium production in the E+ONS
Onshoring Scenario, assuming that exported ammonia would have been used
bauxite or alumina in the importing country.
and 50% for ammonia to power .15

to process Australian
This incorporates efficiencies of 75% for ammonia reforming

Export 107.7 GJ Import 2.7G) Ammonia 2.1GJ Aluminium 1 tonne
Terminal Ammonia Terminal Ammonia Reforming Hydrogen Smelter aluminium
105 GJ Electricity 52.5GJ
Ammonia Production Electricity
Iron
The EONSOnshoring Scenario assumes that Australiads iron

progressively transformed into pig iron domestically by using hydrogen and the Direct Reduction Iron (DRI)

process. Australia exported 867Mt of iron ore and 172 Mt of metallurgical coal in 2020.1*? In this Scenario,
these exports are held constant out to 2029 in line with our export emissions constraint described above.
From 2030, iron ore exports are then reduced linearly to 0 by 2060 and a corresponding amount of domestic
DRI production using locally produced, clean hydrogen is brought online using the data in Table2. The energy
exports that would have been used in the importing country to undertake the DRI are then considered as

displaced by the onshoring process, and are subtracted from the total energy exports according to Figure 4;
1 tonne of onshored DRI displaces 11.66 GJ of exported ammonia

Table 2 | Inputs for iron ore reduction from coking coal compared to DRI using hydrogen .[2418

Input into process Tonnes per tonne of pig iron

Iron Ore 1.6

Coke 0.45
Metallurgical Coal 0.68
Hydrogen (for Reduction only) 0.058
Hydrogen (for heating) 0.040
Electricity 0.45 (GJ)
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We also make the following assumptions in this Scenario:
1 The Circored process for DRIproduction 48 js used and is descibed in more detail in section 10.4.14

1 The DRI furnaces are located in the WAport zone, which contains both hydrogen scheduled for export,
existing iron ore export terminals, and sufficient electricity infrastructure for the pro duction of pig iron at
scale. The port facilities for export of pig iron are also placed within the WA-port zone.

1 Capex costs of $600/t of annual pig iron production and fixed operating costs at 3% of CapEx are used.
These are based on projections from recent DRI projects in the USI*6. 7]

Alumina and aluminium

TheE+ONSOnshori ng Scenario assumes that all of Australiads
are refined to alumina domestically and that all alumina is smelted into aluminium domestically using a

combination of electrici ty, inert anodes™™® and hydrogen for heat provision in either the Bayer process or an

aluminium smelter. Australia produced 103 Mt of bauxite, 20.8 Mt of alumina and 1.58 Mt of aluminium metal

in 2020.'4 The majority of bauxite is refined to alumina onshore already with only 0.35 Mt exported. Of the

20.8 Mt of alumina produced in Australia, 18.6 Mt are exported. Of the 1.58 Mt of aluminium produced, 1.40

Mt are exported. For the Onshoring Scenario the production of bauxite is held constant out to 2060. From

2030, more aluminium is produced onshore, scaling linearly so that by 2060 all bauxite is converted to alumina

and all alumina is converted to aluminium within Australia. The inputs for the processing of alumina and

aluminium are given in Table 3.

Table 3 | Inputs for alumina and aluminium for existing and net zero emissions technologies .

Process input Energy (PJ) per million tonne of product
Alumina*

Bauxite 4 tonne per tonne alumina

Thermal Coal 6.20

Fuel oil 0.05

Natural Gas 12.36

Diesel 1.19

Hydrogen (for heating) 19.81

Electricity 0.48

Aluminium

Alumina 1.92 tonne per tonne aluminium

Fuel Qil (Casting) 0.37

Natural Gas (Casting) 1.70

Diesel (Casting) 0.004

Hydrogen (casting) 2.07

Electricity (Casting + smelting) 0.25 +52.25

Australiabds existing alumina and aluminium industry, cor

zero emissions by 2050 as per the E+ Scenario. The location of each plant, the nameplate capacity and the
upgraded capacity by 2060 is given in Table 4. The transition to domestically produced, clean alumina and

! The fuel mix was obtained on a per region basis from [https://international -aluminium.org/statistics/] and converted to a per
tonne basis using the associated production numbers.

2 Casting inputs were determined from 22 and adjusted to 2020 assuming a 13.8% improvement in all process heat efficiency
from 2002-2020. This is based on the improvement in cell efficiency over the same time period.
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aluminium involves swapping fossil fuelled heat for the same thermal energy from hydrogen in the alumina
refinery, and the use of inert anodes rather than carbon anodes in the aluminium smelter. The direct GHG
emissions from these expanded refineries and smelters are then zero, and the GHG emissions from and costs
of their hydrogen and electricity supply forms part of our imposed National GHG emissions constraint
trajectory asattbnt&k.O6s opt i mi

We also make the following assumptions for this Scenario:

1 Additional alumina refinery capacity is required for the addition al 5Mtpa of alumina that must be
processed onshore in this Scenario. We assume existing facilities are expandedo meet this additional
capacity so that by 2060 the National distribution of production remains the same. The upgrade of
existing facilities occurs in line with the age of the existing facilities as per the schedule in Table 4

0 Capex costs for alumina refining range from $1300-2125/t (2020 AU$) of annual alumina production
for greenfield alumina refineries. We use $1300/t of annual alumina production (AU$ 2020) to reflect
that we will instigate brownfield expansions of existing capacity rather than a single new build. Fixed
operating costs are set as 2% of CapEx based on the maturity of Australian refineriesi?® 24 The cost
of infrastructure to transport the alumina to the upgraded smelters for aluminium production is
assumed to be equivalent to the existing export infrastructure.

1 Additional aluminium smelting capacity is required for the additional 11.3 Mtpa of aluminium that must
be processed onshore in this Scenario. We assume existing facilities are expanded to meet this additional
capacity so that by 2060 the share of production remains the same. The upgrade of existing facilities
occurs in line with the age of the existing facilities as per the schedule in Table 4 and Figure 6.

0 Capex costs for greenfield aluminium smelters range from to $4200 - $5600 (AU$ 2020) per tonne
of aluminium production per year .2® NZAu uses the lower range of $4500 per tonne of aluminium
production per year (AU$ 2020) to reflect that we will instigate brownfield expansions of existing
capacity rather than new greenfield projects at one of our export port regions. The cost of the
upgrade of export facilities is assumed to be included in the brownfield facility upgrade. Operating
costs are set at 2% CapEx based on the maturif of Australian smelters.

0 We impose a +/T 20% per hour ramping rate constraint on the electricity load of the aluminium
smelters for load balancing purposes.

Table 4 | Location of Existing Alumina and Aluminium Facilities .

Nameplate Capacity|Upgraded 2060 Capacity

Location (kta)
Alumina refineries 21020 25,750
Kwinana WA-south 1870 (9%) 2,291
Pinjarra WA-south 4700 (22%) 5,758
Wagerup WA-south 2800 (13%) 3430
Worlsey WA-south 4600 (22%) 5,635
Yarwun QLD-south 3100 (15%) 3,798
QAL QLD-south 3950 (19%) 4,838
Aluminium Smelters 1640 12875
Boyne QLD-south 502 (31%) 3,941
Tomago NSW-central 590 (36%) 4,631
Portland VIG-west 358 (22%) 2,810
Bell bay TAS 190 (12%) 1,492
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Figure 6 | Scheduled Production for Aluminium Export by Region
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1.4 Scenario sensitivities

The purpose of Sensitivities is to explore their potential impact on key characteristics of the transition, e.g.,
supply-side technology and resource mix, costs, etc. The specific Sensitivities that were modelled are listed
in Table 5.

Table 5 | Scenario Sensitivities d names and descriptions.

(o] (=}
Scenario(s)

Sensitivity Description

Domestic emissions are decarbonised by 2040 andexport emissions are

E+ EI Faster
decarbonised by 2050 (both linear from 2020).

Es Drivers+ GDP growth 3% pa from 2020; population growth 1.5% pa from 2020.
Es Driversl GDP growth 1.5% pa from 2020; population growth 0.9% pa from 2020.
E+ E+ONS Export+ Energy exports are linearly increased to 30EJ from 2040 to 2060.
E+ Exportl Energy exports decline linearly to 5EJ from 2040 to 2060.
Export embodied emissions do not need to go to zero (some importing
Es Cl eanExpor t Icountriesmay have option of sequestration). 50% export decarbonisation by
2060.
E+ E + R ERemoteCost+ Remote northern regions of Australia have higher capital costs.

Export task is more evenly distributed across the country. Each of SA, WA, N

E+ E + R EDistributedExport . I
P and QLD can contribute individually at most 20% to export task.

Use a less ambitious capital cost trajectory for solar PV2050 solar PV cost i<

E+ Sol T
orar 1300 $/kW (cf. 653 $/kW in Core Scenarios).

Allinter-regional transmission is fixed at current capacities for electricity, CH,

E+ Transmi ssi on
HzandCOZ.

Nuclear power is allowed from 2035 onwards. Modelled as a Nuclear SMF

E+RET Nuclear ) .
with capital cost: 7,200 $/kW.

Cheaper nuclear power is allowed from 2035 onwards.Modelled as a Nuclear

E+ E + R ECheapNucl
capiiuciear SMR with capital cost: 5,200 $/kW.

Combined land sector (agriculture, waste, LULUCF) go to modest net negative

iR Land+ emi ssions by -ZO&yearih2030L. 5 Mt

Constraint on geologic sequestration of CO, is expanded to 1166 Mt-

E+ E | Sequestration+
q Co/year, which is the upside of ap

Constraint on geologic sequestration of CO, is reduced from 1166 Mt-

E+REI Sequestratio o :
g CO,/year to 150 Mt-CO,/year, which is the same as other Core Scenarios.

Elevated costs of capital using a multiplier of x2 on real WACC assumptions
E+ Sequestration+ WACC+ across all asset categories and x1.5 on social discount rate. We also expan
the constraint on geologic sequestration of CO, to 1166 Mt-COz/year.

Fossil fuel costs are increased by factor of x2.We also expand the constraint

= SEQUESELE FoEslh on geologic sequestration of CO, to 1166 Mt-CO,/year.
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2 Projections of population, GDP growthan d
other primary drivers

Demand drivers are the characteristics of society that in part determine how people consume energy.
Examples include population, metrics of heatingndand air
vehicle kilometres travelled. Sets of demand drivers are tied to services in particular subsectors $ection 7)

and become the basis for projecting the future demand for th ese energy services.

A total of twelve energy service demand drivers were developed for this study, which are divided into:

1 five base drivers (population, heating and cooling degree days required, median income and gross state
product); and

1 seven additional drivers which are an extrapolation of historical data based on assumed relationships
with at least one base driver. For example, to arrive at a projection of residential floor area, population
projections by state were gathered from the Australian Bureau of Statistics(ABS). A chain of relationships
was then developed as follows: population A number of households A total number of residential
dwellings A residential floor area. At each step, historical trends were used to inform the assumptions
made.

For the gross state product base driver, historical data is sourced from the Australian Bureau of Statistics
(ABS M while projections of future growth are provided by the Australian Energy Market Operator (AEMO)
2022 Integrated System Planf with the assumption of 1.5% compound annual growth for years beyond

those included in the ISP projection. The 1.5% number was chosen as a continuation of the 202® 2050 trend.
Table 6 summarises these energy demand drivers used, the related extrapolation method and the data source.

A visualisation of key drivers is gven in Figure 7.
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Table 6 | The twelve energy service demand drivers developed in this work with data source and
extrapolatio n method if data does not extend over the modelled years (2020 8 2060). SA2/SA4 refer to
statistical divisions used to organise ABS data.

Energy services Unit

driver

Population

Gross domestic
product

Annual heating
degree days

Annual cooling
degree days

Median income

Total number
of dwellings

Number of
households

Residential
floor area

Total freight o

articulated
trucks

Total freight o
light
commercial
vehicle

Total freight o
rigid trucks

Clinker
production

people

2020 AUS$

hdd

cdd

AU$

dwellings

households

m2

tonne-km

tonne-km

tonne-km

tonne

Native
geography
State

State

SA2

SA2

National

SA4

National

State

National

National

National

SA2

Native data
years

2017 8 2066

19906 2050

198006 2080

198006 2080

201262018

2018

1954 8 2050

2018

19746 2018

197462018

197462018

20206 2050
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Extrapolation
method

Not needed

1.5% per year
growth

Not needed

Not needed

1.5% per year
growth

Tied to number
of households
Tied to
population after
2050

Tied to total
dwellings

Tied to gross
state product

Tied to gross
state product

Tied to gross
state product

Tied to
population after
2050

Source

ABS, Population Projections, Australia
2017 (base)d 2066 [

Historical ABS data ™ projections
provided in AEMO 2022 ISP

Interpolation between different HDD
points and assuming 0.25 degrees
warming per decade

Interpolation between different CDD
points and assuming 0.25 degrees
warming per decade !

ABS, Personal Income in Australid®

Australian Institute for Family Studies
[6]

Australian Institute for Family Studies
61

ABS, Building Activity, Australial”l

Department of Infrastructure,
Transport, Regional Development and
Communication, Australian
Infrastructure Statisticsfi Yearbook
2020, Table T 4.5¢

Department of Infrastructure,
Transport, Regional Development and
Communication, Australian
Infrastructure Statisticsfi Yearbook
2020, Table T 4.5¢

Department of Infrastructure,
Transport, Regional Development and
Communication, Australian
Infrastructure Statisticsfi Yearbook
2020, Table T 4.5¢

Internal calculations 6 based on 1.7%
per year growth of domestic cement
industry and assumed lifetimes of
existing plants.



Figure 7 | Projections of GDP and population drivers in absolute units (top), and the relative change in the
other 10 energy service demand drivers (middle and bottom) over NZAud sodelled time period, 2020 to
2060.
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3 Costs of capital

Energy supply models used in the NZAu generate deep decarbonisation pathways by minimising total system
costs expressed as a net present value (NPV) over the transition period (e.g., 202@060), with 2020 Australian
dollars (2020AU$) as the base currency. All scenans are underpinned by assumptions about technology
performance and costs over time, both of which become increasingly favourable over time, as each
technology follows its respective learning curves. Alternate pathways are generated, in acknowledgement of
the uncertainty around future costs and technology uptake, by i mposing different constraints in relation to
end use electrification and deployment of specific supply -side technologies.

The Net-Zero America study™ and other studies which adopt such approaches, generally find that the
incremental NPV of the total system costs of net-zero pathways relative to the reference case results in only
a modest, if any, increase in energy service expenditur

Net-zero transitions are fundamentally much more capital intensive than traditiona | energy systems. These
higher system capital costs are generally incurred up front, but the increased capital spend is at least partly
offset by lower operating and fuel costs. The transition can result in affordable energy services, if the required
rapid rate of capital mobilisation is met and maintained, with a low cost -of-capital applied to capital
investments and low inflation (escalation) in relation to energy transition equipment and materials,
construction services, and labour input costs.

In addition, the modelling framework uses a social discount rate to discount the future benefits and costs of
the transition to society, to real (2020) dollars. The assumptions in relation to inflation (as a proxy for
economic growth and input cost inflation on th e energy sector), the Weighted Average Cost of Capital
(WACC)and the social discount rate used in the model are therefore critical.

3.1 Literature and data sources

Inflation rates, population growth and productivity improvements effect projections for energy demand
growth during the transition. Procurement costs for energy assets (plant, materials and labour) will also be
subject to escalation over time and are likely to be at least partially linked to inflation metrics.

The WACC that can be attributed to energy investments is a function of the returns on equity appropriate to
the firms making the investments and to the commercial lending rates charged by banks providing debt in
the relative proportions that each contributes to the capital formation for the pr oject. Each have
dependencies on the other and relate to the risk profile of the project. The risk profile of a project is a complex
mix of technology, completion, commercial, policy and market risks. WACC values are estimated for each
asset category (renavable power, clean fuels, transmission, etc.,) ignoring heterogeneity due to individual
project characteristics, with regard to their technology maturity, location, policy environment, experience of
the developer, depth of supply and end -user market and the approach taken by the developer, etc.

Finally, the social discount rate reflects how much we discount the benefits of the transition (including climate
benefits) to society. A high social discount rate implies that society places less weight on the future and
therefore is not prepared to invest now to guard against future costs (e.g. damages from climate change),
and vice versa.

The following inflation and interest rate trends provide guidance in selecting operating and capital cost input
escalation, valwes of the weighted average cost of capital applied to capital investment decisions, and the
social discount rate, for the Australian context. In each case, the available data are averages, and lending rates
and equity returns will vary according to a distribution based on the assessed risk profile of the project and
investors, with the exception of the inflation and risk -free rates. Over a 3Gyear transition period, these lending
rates and equity returns will vary significantly.
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3.1.1 Inflation rate

Inflation in Australia has averaged 4.7% in the 60 years from 1951 until 2021 Figure 8@). It reached a high of

23.90 percent in the fourth quarter of 1951 and a recor
Since 2000 inflation has trended lower, averaging around 2.6% with a high just over 6%, and a low during the

COVID19 pandemi ¢ of around T 0. 3 %yearhlemge is@.8%. We therefore tassum@ an

inflation rate of 2.6% for this project. In this work we have also nominated this inflation rate to inform the

selection of the social discount rate (2.7%)

Figure 8 | Historical inflation rate (Consumer Price Index, CPI, year ended percentage change) in Australia.

Excludes interest charges prior to September quarter 1998 and adjusted for the tax changes of
1999-2000
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3.1.2 Risk-free interest rate (the RBA cash interest rate)

Figure 98! shows the historical trend in the cash rate of the Reserve Bank of Australia (RBA) which is essentially
the (near) risk-free rate for Australian dollars at which the RBA lends on an unsecured basis overnight to
commercial banks. The riskfree rate has ranged from the current record low of 0.1% to almost 18% in 1980.
The rate has averaged around 3.5% since 2000. The average since 2010 has been 2% and since November
2020 it has been held at the record low of 0.1%, in an effort to maintain economic activity during the COVID -

19 pandemic.
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Figure 9 | Historical RBA cash rate (risk-free rate) in Australia.
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3.1.3 Businesscredit rate

Figure 10“ shows the historical lending rates to large businesses in Australia since 1980. Rates have ranged
from the current lows of just over 3% to more than 20% in the mid to late 1980s, with an a verage of just over
6% since 2000.

Figure 10| Historical large business interest rate (weighted average variable rate on credit outstanding).
%
24.00
22.00
20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00

0.00
1980 1985 1990 1995 2000 2005 2010 2015 2020

Source: RBA

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023



3.1.4 Equity returns

Equity returns are more variable, and as a result are difficult to genealise compared to interest rates. For the
200 largest companies listed on the Australian Stock exchange, equity returns have averaged 9.4% (after tax)
over the last 30 years and 9.3% over the last 10 year$* ¢!

For regulated assets, equity rates are lover and either in line with, or with a small premium over the business
credit rate, shown at 3.1.3 which is consistent with the recent AER review”!

3.2 Basis of cost of capital assumptions

The WACC for projects is the percentage rate of return an investment needs to generate in order to
compensate, on average, both the debt and equity capital providers to the business. It is determined using
the following formula:

0666 oo #100 1 /& HROEGIIO0 T A MMM 2 AOA

wx . P @000
wWwo0o0o ﬁ

wWo @ is nominal WACC

Wo @ is real WACC

(6] is the amount of equity

(0] is the amount of debt

Q is the inflation rate

For the purposes of the NZAu transition modelling, real WACC assumptions are required for the different
asset categories including:

1 regulated assets (e.g., electricity transmission and Hand CQO; trunk lines)

1 mature® and relatively low-risk generation and production technologies (e.g., wind, solar, Lithium-ion
batteries, pumped hydro, Open Cycle Gas Turbines)

1 mature and moderate-risk generation and production technologies involving natural resources or
elevated permitting risk (combined cycle gas and super-critical pulverised coal with CCS, bioenergy with
CCS, blue hydrogen, green hydrogen, FischeiTropsch fuels production, direct air capture, subsea
electricity cables)

1 higher risk generation and production technologies (nuclear).

Each category will involve a different debt to equity ratio, and historical data and judgement have been used
to set the values used in the study, which are shown inTable 7, with the full list of WACC values for the NZAu
modelling provided in Appendix A .1.

3 In the context of net -zero emissions, the scale and pace of investments is such that for Australia, principally a fast follower on
many technologies, technologies adopted over the major part of the transition will have been matured.
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Table 7 | Table of proposed Real WACC for project investment decisions across the asset categories in
NZAu Modelling assuming an inflation rate of 2.6% and a corporate tax rate of 30%.

Asset Category E D E Cost D Cost Nom. WACC Real WACC
Regulated Assets 30% 70% 6% 6% 4.7% 2.1%
Low-risk Gen & Prod 40% 60% 12% 7% 7.7% 5.0%

Mod -risk Gen & Prod 45% 55% 12% 8% 8.5% 5.7%

High -risk Gen & Prod 50% 50% 15% 9% 10.7% 7.8%

Tax rate 30%

Inflation rate 2.6%

3.3  Sensitivity : E+ Sequestration+ WACC+

Figure 8 through Figure 10 show that the past decade has seen a period of historically low inflation, interest
rates and equity returns, starting from the Global Financial Crisis and amplified during the COVID-19
pandemic. It is possible that Australia and other countries will experience considerable periods of higher
inflation and costs of capital in future. One modelling sensitivity was run to explore the impact of elevated
costs of capital 8 using a multiplier of 1.5x on inflation /societal discount rate and 2x on WACC assumptions
across all asset categories.
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4 Emissions accounting

A rigorous net zero plan should specify the greenhouse gases (GHGSs) to be abated, their sources, and the

timeframe for meeting the net zero GHG emission target. ™ TheNZAupr oj ect uses Australiads
Greenhouse Accountd? under the UNFCCC classification system as the starting point for its net zero emissions

calculations, and therefore includes all anthropogenic GHGs and covered sectors.

Table 8 summarises the GHG emissions for each UNFCCC category and the specific gases included in the

Australian GHG inventory for 2019, while a historical view of these GHG emissions trends is shown ifrigure

11. Table 8 shows that carbon dioxide (CO,) is the largest contributor to Austr al i ads t ot al d ome st
emissions, but methane (CHs) and nitrous oxide (N20) are also significant, particularly from agriculture, waste

and Land Use, Land Use Change and Forestrfl ULUCF). It should be noted that the GHG emissions of the

various gases ae aggregated on a carbon dioxide equivalent basis (CO:e) using the 100-year global warming

potentials (GWP-100) contained in the IPCC Fifth Assessment Report (AR5¥ The GWR100 values for CH,

and N0 are 28 and 265, respectively. Any update to the GWP100 in future IPCC documents will have some

impact on the required net -zero transition, however this is expected to be a second-order impact that mostly

affects agriculture, waste and LULUCF.

Table8|Summary of Australiads 2019 greenhouse gas inventor
are presented on a carbon dioxide equivalent basis (Mt -CQO,e).[?

GHG emissions (Mt-CCOze)

UNFCCC category

Nitrous o xide

Carbon dioxide  Methane

Energy 394.5 36.8 2.7 0.0 434.0
Industrial processes 19.4 0.0 2.0 10.3 318
Agriculture 2.7 60.7 11.5 0.0 74.8
Waste 0.0 131 0.6 0.0 13.8
LULUCF 1427 14.8 2.9 0.0 1251
Total 373.9 125.5 19.6 10.3 529.3
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Figure 11| Historical Australian domestic GHG emissions and net zero trajectories modelled in this work .[4
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4.1 Domestic emissions

The net zero scenarios ofNZAu are constrained to a linear trajectory to net zero domestic GHG emissions in
2050. This is applied as an upper limit on annual net CQe GHG emissions, for all UNFCCC sectors, and with
the linear trajectory of this domesticlimit taking effect from 2020 and reaching net -zero in 2050, as shown in
Figure 11.

Net-zero emissionsrequires any residual flow of GHG emissims to the atmosphere to be offset by a
permanent removal of the equivalent CO; from the atmosphere. To meet this domestic emissions constraint,
the work first sets out projections for the plausible contribution to emissions abatement from the agriculture,
waste and LULUCF sectors (outlined irBection 8). The total GHG emissions trajectory for those sectors is then
fixed for the years 2020 to 2050. We then directly model emissions in the domestic energy and industrial
sectors, such that GHG mitigation and fuel switching within those sectors, are least cost optimised to meet
the domestic emissions constraint, given the fixed trajectory of emissions from the agriculture, waste and
LULUCF sectors.

Within the modelling of the energy and industrial processes sectors, the annual domestic emissions level is
equal to the total direct GHG emissions arising from the domestic consumption of fuels and feedstock, plus

fugitive emissions associated with the production of fossil fuels, less any permanently sequestered emissions
in geologic formations. Table 9 provides the emissions factors used to account for direct consumption GHG

emissions on an energy basis. These are based on the GHG emissions embodied in a unit of energy.
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Table 9 | Emissions factors used to account for direct consumption GHG emissions on an energy consumed
basis.

Fuel/feedstock Embodied GHG emissions factor (kg -COze / GJ)

Black coal 90.2
Brown coal 93.8
Natural gas 51.6
Oil 69.9
Refined fossil liquids 69.6
Uranium oxide 0

Biomass (incl. bagasse, municipal waste, waste methane) 0

Table 10 provides the fugitive emissions factors on a basis of energy content produced for a given fossil fuel.
The coal seam natural gas(CSG) fugitive emissions factor for 2020 was calculated using e€ported losses in
the Surat Basin of 0.25% from upstream activities and 0.07% from midstream and transmission activities!
The factor was then calculated to be 1.8kg-COe / GJ usi ng meloOhoa28 ard High& Wdating
value of 49 GJ/t-CH,. We then incorporate reductions in this fugitive emissions factor, based on concerted
industry effort to mitigate fugitives. For CSG it is assumed that fugitive emissions are halved by 2030 and
eliminated by 2040 (Table 10).

The fugitive emissions factor of conventional natural gas for 2020 was estimated by first subtracting the
estimated 2020 CSG fugitive emissions from the total oil and natural gas fugitive emissions in the national
inventory® using the above calculated factor and the total CSG produced.® The remaining fugitive emissions
in the national inventory were then divided by the total conventional natural gas produced, to obtain a factor
of 6.1 kg-CO,e/GJ. This factor is similarly assumed to reduce with time, based on industry effort to mitigate
fugitive methane emissions. The remaining non-zero fugitive emissions factor for conventional natural gas in
2040 accounts for the carbon dioxide component extracted from existing natural gas reservoirs (which can
be captured and stored from 2025 onwards, forming part of the CCS in all allowable scenarios).

The fugitive emission factor for brown coal is estimated from the factor 0.0003 t-COye/t-raw coal reported in
the National Greenhouse Accounts Factors report® for open cut mines in Victoria. The fugitive emissions
factor of 0.03 kg-CO,e/GJ was cdculated with an energy content of 10.2 GJ/t for brown coal ® The black coall
fugitive emissions factor of 2.2 kg-CO,e/GJ was then estimated as the remainder of total coal fugitive
emissions in the inventory per total energy content of black coal produced .

Table 10| Emissions factors used to account for fugitive GHG emissions on an energy produced basis.

Fossil fuel production Fugitive GHG emissions factor (kg -COze / GJ)

Black coal 2.18 2.18 2.18
Brown coal 0.03 0.03 0.03
Coal seam natural gas 1.83 0.91 0.00
Conventional natural gas 6.06 5.34 4.62
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4.2  Export emissions

In addition to modelling domestic GHG emissions abatement, NZAu models the abatement of the emissions
embodied in Australiafds energy exports. Australia has h
(Figure 12), which have a GHG emissions footprint when used in the importing country ™ The core scenarios

of NZAu apply a constraint to these embodied export emissions, from 2030 onwards, as a linear trajectory to

zeroin 2060, as shown inFigure12. Austr ali ads production of energy expor
volume of exports (on an energy basis) remains constant at 201920 levels as the embodied emissions are

decarbonised. The GHG emissions factors outlined inTable 11 are used to calculate the emissions associated

with fossil fuel energy exports.

Table 11| Embodied emissions factors for various energy exports on an export energy basis.

Energy export Embodied emissions factor (kg -COze / GJ)

Coal 90.2
Natural gas 51.6
Oil products 69.6
Hydrogen (or derivatives) 0
Biogenic (or direct air capture derived) hydrocarbons 0
Uranium oxide 0
Electricity 0

We assume that the zero export emissions constraint can be satisfied by replacing fossil exports with forms
of energy that either have no associated GHG emissions when used (e.g., hydrogen, hydrogen derivatives and
electricity) or the carbon content of whi ch is biogenic or directly captured from the atmosphere. No allowance
is made in the model for exported fossil fuels to be used in conjunction with carbon capture and storage in
importing countries.

This work assumes the transport and use of hydrogen hasno global warming impact, the validity of which is
the subject of significant international debate ."-& Nevertheless, our expectation is that any global warming
impact of the hydrogen economy will be small. Additionally, this analysis does not account for GHG emissions
associated with international shipping.

2060 was chosen as the year in which the zero export emissions constraint is achieved in the expectation that

some of Australiads trading partners wisjudgemerdihasteenhi eve ne
vindicated to some degree by Chinads adoption of a 2060
earlier decarbonisation timeframes will also be considered in key sensitivity studies, where the constraints on

net-zero domestic and export emissions, are brought forward to 2040 and 2050 respectively (as also indicated

in Figure 11 and Figure 12).

Finally, no international emissions offsets are allowed in this modelling as a means of reaching either the
domestic or export net zero emissions constraint. These have been deliberatdy excluded because of the
significant implications for land use, our conservative expectations of soil carbon sequestration, and the
implicit contradiction in allowing for a major clean fuel exporting nation , to import offsets.
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Figure 12 | Left: historical Australian energy exports. Right: Historical and constrained future export
embodied GHG emissions.[®
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5 Modelled regions

NZAud macro-energy system modelling incorporates the 15 domestic regions (NZAu zones) shown inFigure
13, each with its own energy service demand, initial stock of energy infrastructure and resources. The number
of regions chosen is a balance between computational complexity of the macro-energy system modelling
optimisation , and the spatial resolution required to thoroughly represent the geographically dispersed energy
resources and infrastructure needed in highly carbon-constrained energy systems. The modelling considers
the energy service demand and existing energy infrastructure in each modelled region along with the
potential for energy and CO- flows between neighbouring regions. The modelling then optimises the required
energy investments in each region, as well as incremental energy transmision builds between regions.

Figure 13| The 15 domestic regions (NZAu zones) and one export region modelled with the macro -energy
system model.
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The choice of domestic regions in the eastern and southern states was informed by the sub-regional topology

used in AEMOG&s modelling of the National MHhedheemostci ty Mar
populous states & New South Wales (NSW), Victoria (VIC) and Queensland (QLeach have more than one

modelled region, while the three least populous states/territories, South Australia (SA), Tasmania (TAS) and

the Northern Territory (NT), are modelled each as a single region. The Australian Capital Territory is

incorporated into the NSW -south region. Western Australia (WA) is modelled by three regions reflecting the

divide between the southern population centres, and the central and northern ext ractive resource and export

hubs.

The destination for Australiads export energy flows is n
its own demand for energy that can be served by various forms, including solid, liquid and gaseous fuels, and

in some cases electricity flows. We therefore do not differentiate between the various potential destinations

for Australiabds energy exports, as the main export trad:
from Australia and total shipping co sts are typically not strongly dependent on the distance from port of
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origin to port of destination. Note that the export energy supply is subject to a separate emissions constraint
to the 15 domestic NZAu zones as discussed insectiod. Ener gy fl ows supplied to the

can come from any of a range of domestic NZAu zones, through defined port locations that are di scussed
later in this document.
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6 Historical demand

6.1 Decomposition of final energy into energy use types

Historical Australian energy consumption (equivalent to total primary energy supply) was sourced from the

Australian Energy Statistics (AES) Tablé The AES data is decomposed by state and territory into economic
sectors according to the Australian and New Zealand Standard Industry Classification (ANZISGY The
EnergyPATHWAYS database (which is described in more detail in sectiory, with the full methodology

described previously® %) uses different categorisations compared to the AES data, and the mapping between
datasets is shown inTable 12.

EnergyPATHWAYS useslifferent categorisations of fuel types compared to the AES and the mapping of
different categories is shown in Table 13.

Table 12| Mapping Australian Energy Statistics industry categories with EnergyPATHWAY'S input database.

Australian Energy Statistics Industry Categories

Mining

Coal mining

Oil and gas extraction

Other mining

Manufacturing

Food, beverages and tobacco
Textile, clothing, footwear and leather
Wood and wood products

Pulp, paper and printing

Petroleum refining

Other petroleum and coal product manufacturing

Basic cremical and chemical, polymer and rubber product Basic chemical and chemical; polymer and rubber product

manufacturing

Non-metallic mineral products

Glass and glass products

Ceramics

Cement, lime, plaster and concrete
Other non-metallic mineral products

Iron and steel

Basic non-ferrous metals

Fabricated metal products

Machinery and equipment

Furniture and other manufacturing
Electricity, gas, water and waste services
Electricity supply

Gas supply

Water supply, sewerage and drainage services
Transport, postal and warehousing

Road transport

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023

EnergyPATHWAYS Industry Categories

N/A 6 modelled on the supply -side
N/A & modelled on the supply -side

Other mining

Food; beverages and tobacco
Textile; clothing; footwear and leather
Wood and wood products

Pulp; paper and printing

N/A & modelled on the supply -side

Other petroleum and coal product manufacturing

manufacturing

Non-metallic mineral products
Glass and glass products

Ceramics

Cement; lime; plaster and concrete
Other non-metallic mineral products
Iron and steel

Basic non-ferrous metals

Fabricated metal products
Machinery and equipment

Furniture and other manufacturing
N/A 6 modelled on the supply -side
N/A 6 modelled on the supply -side

Water supply; sewerage and drainage services

Passenger vehicles



Australian Energy Statistics Industry Categories

EnergyPATHWAYS Industry Categories

Rail transport

Water transport 9 International bunkers
Water transport d Coastal bunkers
Domestic air transport

International air transport

Other transport, services and storage
Residential

Residential

Other

Agriculture, forestry and fishing
Construction

Commercial and services

Solvents, lubricants, greases and bitumen

Motorcycles

Buses

Light commercial vehicles
Rigid and other trucks
Articulated trucks

Rail transport

International water transport
Domestic water transport
Domestic air transport
International air transport

Other transport; services and storage

Residential clothes drying
Residential clothes washing
Residential dishwashing
Residential freezing

Residential refrigeration
Residential IT & home entertainment
Residential pools

Residential cooktops and ovens
Residential microwaves
Residential air conditioning
Residential space heating
Residential water heating
Residential lighting

Residential fans

Residential other appliances

Agriculture forestry and fishing
Construction
Commercial and services

Solvents; lubricants; geases and bitumen

Table 13 | Mapping Australian Energy Statistics Fuel type categories with EnergyPATHWAYS input

database.

Australian Energy Statistics Fuel Types EnergyPATHWAYS Fuel Types

Black coal
Coke
Bitumen

Brown coal
Coal by-products
Brown coal briquettes

Wood, wood waste
Bagasse

Liguid/gaseous biofuels

Natural gas
Town gas

LPG
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Black coal

Brown coal

Biomass wood

Biomass/biofuel

Natural gas

LPG



Australian Energy Statistics Fuel Types EnergyPATHWAYS Fuel Types

Automotive gasoline 0 leaded Gasoline
Automotive gasoline o unleaded
Aviation gasoline

Aviation turbine fuel Aviation fuel & (kerosene)
Kerosene and Heating oil Kerosene

Diesel Diesel

Fuel oil Fuel oil

Crude Oil and other Refinery feedstock Other Petroleum

Petroleum products
Solvents Solvent
Lubricants and greases

Electricity Electricity
Solar energy

Least-norm optimisation

In some categories above, particularly in the mining and manufacturing sectors, the sourced energy
consumption was aggregated either across sub-categories, or across states. In order to fill in the missing data
for each individual NZAu region, a leastnorm optimisation was applied. An example is shown below for iron,
steel, glass and wood products.

1 The objective was to minimise: ==L «

o
=

1 subject to: .
1 where:

o < 1 contains the variables being solved for, that is the subdivision of final energy data at the state
level, by sector (Figure 14d)

o =is alogical matrix (with only 0 and 1) that maps = and «,

0 « is populated with the available data that is aggregated to total state -based final energy (Figure
14c), and total sector-based final energy (Figure 14b).

=£|
LD iron an st eel
PP nnnnl,lfY ?/IC iron an4d NsteTeoltal i ron nd steel
U TP op T, ::QLD glass and :,:gllTaostsalprgoldauscSt sand glass
T TR Pr Vi C oglass and,v,g:ITQEQ"_PP"’SBHC?Qd':'WOOd
uf_)[nf_)[nf_)[wngLD wood and wpqd proTooJ tlls (\Q/IIDCILIJ’
e P P uVl C wood and wbod prOOOL}CatS

An example of the sourced (Figure 15) and then adjusted (Figure 15) energy demand by subcategory is shown
below. For the final decomposition into the sub -state regions, employment figures™ were used rather than
population.
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Figure 14| AES Manufacturing energy consumption data before adjustment s (see Note).
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Figure 15| AES Manufacturing energy consumption data after adjustment s (see Note).
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6.1.1 Decomposition of historical energy demand in the mining sector

Decomposition of the energy demand for the mining sector by state, commodit y and fuel type was

undertaken using the Australian Energy Statistics’¥ National Greenhouse Gas Inventory® Resources and

Energy Quarterly”! and IBISWorld Database® Coal mining (AES Table F! Division B-06) was split out into

bl ack and brown coal by state. The division 60ther Mini
using the Resources and Energy Quarterly” These included: Iron Ore, Metallurgical Coal, Thermal Coal, Gas

(LNG), Qil, Aluminium (Bauxite), Copper, Nickel, Gold, Uranium, Zinc and Lithium. In order to split each

commodity out into regional production, the location of operated mines, annual product ion levels, mining

methods and ore grades were collected from Geoscience Australia, IBISWorld Database and company

reports B3 Where production data was not available for specific mines, the unassigned production was

spread evenly across the remaining mines for which production data was unavalable.

The energy demand for individual mines was either collected from Environmental Impact Statements or
calculated from Run of Mine (ROM) and GHG emissionsROM indicates the total moved material for each
state and commodity and is directly related to t he energy intensity of mining operations. The ROM per mine
was calculated by dividing Annual Production by the average grade of the mine. In instances where there was
no reported data on ore grade, the average grade of the ore in a particular state was applied to individual
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mines in that state. Then total ROM was calculated to determine percentage breakdown of commodity per
state. The percentage of commodity breakdown, energy consumption per state and commodity market per
state, were employed to calculate the energy intensity of each commodity per state as input data to the

model.

The specific energy usage based on GJAROM was back calculated using greenhouse account factors that
were reported in the relevant EIS reports. Diesel and electricity were identifed as the major energy sources
and the energy breakdown was reported based on Diesel vs Electricity and Machinery vs Transport for open

cut and underground mines (Table 14).

Table 14| Energy Breakdown per fuel type and energy service for underground and open

presented represent averages obtained across multiple EIS reports .1%5%

Energy Underground
GJ/t-ROM

Diesel usage breakdown

Diesel for Transport

Diesel for Stationary

Energy type break down

Diesel 0.038
Electricity 0.07
Total Energy Demand 0.108

6.1.2 Decomposition of historical energy demand in the manufacturing

sector

%

43%
57%

35%
65%
100%

Open-Cut

GJ/ROM %
65%
35%

0.346 75%

0.117 25%

0.463 100%

-cut mines. Values

Decomposition of the energy demand for the manufacturing sector by state, sub-division and fuel type was
calculated by assuming that the United States energy usage (according to the North American Industry
Classification Systenf?®l) applied in the NetZero America study, also applied for Australian manufacturing
sectors. Exceptions were made for heating, ventilation and airconditioning (HVAC) demand, which differ due
to the regional climate. The AES dat&! organised by ANZSIC classifications!®@ was compared and normalised

to USA equivalent®®
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https://majorprojects.planningportal.nsw.gov.au/prweb/PRRestService/mp/01/getContent?AttachRef=MP08_0101-MOD-8%2120190618T234622.242%20GMT
https://majorprojects.planningportal.nsw.gov.au/prweb/PRRestService/mp/01/getContent?AttachRef=MP08_0101-MOD-8%2120190618T234622.242%20GMT
https://www.fmgl.com.au/docs/default-source/approval-publications/cloudbreak/cloudbreak-public-environmental-review-(april-2011).pdf?sfvrsn=bd3c5c29_2
https://www.fmgl.com.au/docs/default-source/approval-publications/cloudbreak/cloudbreak-public-environmental-review-(april-2011).pdf?sfvrsn=bd3c5c29_2
https://www.goldfields.com/integrated-annual-reports.php
https://www.bhp.com/-/media/bhp/regulatory-information-media/copper/olympic-dam/0000/draft-eis-main-report/odxeischapter2existingoperation.pdf
https://www.bhp.com/-/media/bhp/regulatory-information-media/copper/olympic-dam/0000/draft-eis-main-report/odxeischapter2existingoperation.pdf
https://www.abs.gov.au/ausstats/abs@.nsf/0/20C5B5A4F46DF95BCA25711F00146D75?opendocument
https://www.census.gov/naics/reference_files_tools/2017_NAICS_Manual.pdf

6.2 On-road transport

On-road transport statistics were sourced fromthe Austral i an Bureau of St@®MVG)sticso

for the years 20108 2020, ¥ and Survey of Motor Vehicle UsgSMVU) spanning the years 19985 2020.17 These
two sources provided data for the total number of vehicle registrations, average vehicle age, total fuel

consumption and average fuel economy. These statistics were collected according to state/territory and post
code of registration, vehicle type and fuel type.

Data for the following vehicle types were included as input to the NZAu modelling:
1 passenger vehicles

1 light commercial vehicles

1 rigid trucks

1 articulated trucks

1 non-freight carrying trucks

1 Dbuses

1 motorcycles.

The statistics for these vehicle types were also disaggregated by fuel type, including petrol, diesel,
LPG/CNG/dual/other, and electric.

The initial stock (in 2020) of on-road registered transport vehicles numbered 19.7 million, the largest
proportion being passenger vehicles (Figure 16). The MVCY provides data on this initial stock for each
Australian post code, which was aggregated to the 15 modelled NZAu zones (section 5, Figure 13). The initial
stock is presented in Figure 16 on a state/territory basis but used in the modelling on a NZAu zone basis.

The SMVU? provides trends on historical on-road transport fuel consumption and fuel economy by
state/territory, vehicle type, and fuel type, as shown in Figure 17. Although the data are presented here for
the whole of Australia, state/territory-based data are used in the modelling. We assume that each NZAu zone
within an Australian state has a fuel consumption that is proportional to the number of vehicles and vehicle -
weighted fuel economy. This provides a general representation although different driving distances by zone
are not captured. This was not seen as a material issue for the modelling.
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Figure 16 | Initial stock of on -road transport vehicles, by vehicle type, fuel type, and state/territ ory of
registration (see Note).l

s o 4M
P T
Passenger L u ﬁ
Vehicles g f';.'uz; ZM
= =
oM - — -
. 5 o 800K
Light A
. 0 E "
Comln&rtlal g %_E 400K M Electric
Vehicles ER 200K . M LPG/Dual fuel
— - .DiESEl
5o, 150K M Petrol
T
Trucks 2 &5 100K
5o
el 50K
BT .,
=98 20k
]
Buses -g &z
0K — ——
© % g 200K
L T
Motorcycles -g i
= =
oK — -

WA NT QLD  NSW VIC TAS SA

Note: Vehicle numbers are presented here by state/territory of registration but were organised for the modelli ng into the
15 modell ed NZAu zones. O0Trucksd her e i-freightaardyimgtruaks, whicldaret r uc k s,
each treated separately in the modelling.

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023 |44



Figure 17| Left: historical Australian on -road transp ort fuel consumption, and right: historical Australian
on-road transport fuel economy (see Note).[?

Fuel
consumption

Fuel Fuel Fuel
consumption consumption

consumption

Fuel
consumption

rate (L/100km) rate (L/100km) rate (L/100km) rate (L/100km) rate (L/100km)

although

15
10

DS
e

10
5
40 B
B LPG/CNG/dual/other
20 M Diesel
0 M Petrol
L

20 .

0
6~ ——
4
2

2000 2005 2010 20152020

state/territory

here includes rigid trucks, articulated trucks and non-freight carrying trucks, which are each treated separately in the

e
@ 15K -/M'_ﬁ-——q_
5
Passenger o 10K
. S =
vehicles o= gy
©
Z 0K
s
u
Light EA K
. L
commercial £ =
. g = 2K
vehicles =
@ 0K ~— ~——
e
LF]
v o
Trucks S= 4K
o=
T 2K
Z
b 600 ~___P‘b/___/\/--_
g —. 400
[
Buses 5=
O = 200
E _A_
@ 0 —— — =
© 150
=
2 =~ 100
Motorcycles § =
o= 50
[F]
Z 0
2000 2005 2010 2015
Note: These data are presented forallofAu st r al i a,
modelling.
References

1. Australian

Bureau

of Statidics, 2020,

Motor

Vehicle Census Australia,

https://www.abs.gov.au/statistics/industry/tourism -and-transport/motor -vehicle-censusaustralia/31-jan-2020.

2. Australian

Bureau

of Statistics 2020, Survey

of

Motor Vehicle Usge Australia,

https://www.abs.gov.au/statistics/industry/tourism -and-transport/survey-motor -vehicle-use-australia/12-months-

ended-30-june-2020.

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023

145

speci fic


https://www.abs.gov.au/statistics/industry/tourism-and-transport/motor-vehicle-census-australia/31-jan-2020
https://www.abs.gov.au/statistics/industry/tourism-and-transport/survey-motor-vehicle-use-australia/12-months-ended-30-june-2020
https://www.abs.gov.au/statistics/industry/tourism-and-transport/survey-motor-vehicle-use-australia/12-months-ended-30-june-2020

6.3 Buildings

6.3.1 Residential buildings

Existing residential building energy demands were characterised using the 2015Residential Energy Baseline
Studyt! with recent years benchmarked against residential consumption from the Australian Energy
Statistics'?

Data from the Residential Energy Baseline Stdy was used to decompose household energy use into the 15
subsectors listed in Table 15. For most subsectors, historical energy service demand was represented by
estimates of equipment stock; energy consumption as provided by the above two references > 2 and stock
efficiency sourced from Navigant North Americal®, which allowed the tracking of sales of different
technologies across future modelled years.

Table 15| Residential sub-sectors used to decompose total residential energy use.

Subsector name Representation

Residential air conditioning Stock and energy
Residential clothes drying Stock and energy
Residential clothes washing Stock and energy
Residential cooktops and ovens Stock and energy
Residential dishwashing Stock and energy
Residential freezing Stock and energy
Residential lighting Stock and energy
Residential refrigeration Stock and energy
Residential space heating Stock and energy
Residential water heating Stock and energy
Residential fans Energy only
Residential IT & home entertainment Energy only
Residential microwave Energy only
Residential other appliances Energy only
Residential pools Energy only

All residential building stock and energy demand estimates were sourced on a state basis and apportioned
to NZAu zones, based on the total number of households in each region , together with the projected heating
and cooling degree days for space heating and cooling. The aggregate of the resulting residential energy use
from these state-level stock and service estimates showed close agreement with the Australian Energy
Statistics data in recent years, and no additional adjustments were therefore considered necessary to align
with top -down data.

6.3.2 Commercial buildings

Significant challenges were encountered when attempting to replicate the same stock-level representations
of energy consuming equipment for commercial buildings. In analysing the state -level data in the 2012
Australian Commercial Buildings Survey it was found that building sampling was too sparse to provide
estimates for the major commercial building energy use categories when aggregated back to a national level.
In addition, commercial building energy use estimates from the Australian Energy Statistics are significantly
higher than can be built from a bottom -up basis using the Commercial Buildngs Survey. Both of these issues
have been acknowledged by others!® and a new but currently unpublished Commercial Building Survey is
expected to help fill gaps in current understanding.
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As a workable alternative, a representation of total commercial building use by state and final energy type,
was therefore taken from the Australian Energy Statistics data. Projections of future commercial building
energy are then discussed in section?7.
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6.4  Electricity load shapes including disaggregated rooftop solar
PV

The specific hourly fluctuations of electricity demand across a full year are important for planning and
operating electricity systems. In this work, hourly electricity load shapes for each of the future modelled years
were therefore built using the EnergyPATHWAYS (EP) bottorrup process, illustrated in Figure 18. In this
approach, each electricity-consuming sub-sector in the model has a normalised annual load shape with
hourly time steps, which is multiplied by the electrical final energy demand of that subsector, to obtain the

hourly load in absolute units. These are then aggregated to provide estimates of the bulk hourly system load.

The bottom-up aggregated load shapes are iteratively benchmarked and calibrated against historical system
load shapes, to ensure that the calculated bottom -up load-shape in the first modelled year, matches historical
system-wide electricity load. Correction factors used in this calibration are then carried forward and used for
calculations of future load-shapes. The same process is used to create bottoraup demand shapes for key
fuel blends including hydrogen and pipeline gas.

Figure 18] lllustration of the bottom -up method used in EnergyPATHWAY S to build electricity load shapes
from electricity -consuming sub -sectors.
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The historical electricity load/demand data used for benchmarking t he bottom -up demand shapes, has two
components: operational demand met by utility -scale generators (typically >30 MW); and demand met by
behind-the-meter resourceqparticularly rooftop solar PV generation).

Half-hourly operational demand data were sourced from AEMO for each Australian state and for the years
2014 8 2021 (by financial year, 1 Julyd 30 June)i*2 These halthourly data were converted to hourly demand
profiles, and are shown for FY2018 inFigure 19, plotted as load/demand duration curves. Load data for the
Northern Territory were unavailable and instead load data from South Australia were decomposed by sector
(residential, commercial, and industrial) based on assumed load factors, then e-scaled proportionally to
those same sectors in the Northern Territory. The 2018 financial year (FY2018, i.e., 1 July 2017 to 30 June
2018) was chosen as the representative weather year for the annual demand and renewable generation
profiles used in NZAu. The state-based data were disaggregated to the NZAu zones, assuming the same
shape for each member zone.

Historical data for the hourly demand met by behind -the-meter electricity generation 8 particularly by
rooftop solar PV generation 0 were then added to the operational demand data to obtain the hourly
load/demand data used for benchmarking. This is a growing component of total electricity demand and can
have significant influence on the need for ramping utility -scale generation in particular. Aggregate historical
half-hourly rooftop solar PV generation data were sourced from AEMO for the NEM states!¥ However,
because these data do not cover FY2018 and all regions, these were not used directly as inputs into the
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modelling, but were used as validation for simulations of hourly rooftop PV resource availability, as discussed
below in section 9.4. The historical generation duration curves for rooftop solar PV in the NEM states during
FY2020 are shown inFigure 20.

Figure 19| Electricity operational demand duration curves for FY2018 and the 6 Australian states.
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Figure 20 | Rooftop solar PV generation duration curves for FY2020 and t he 5 states of the National
Electricity Market.
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7 Projections of energy demand

To project future energy services, NZAu uses a model called EnergyPATHWAYS (EP), which is a bottoemmp
stock-rollover model of all energy-using technologies in the economy. The methodology for
EnergyPATHWAYS has been published previously? and its application to Australia is summarised in this
section.

The EP model assumes decisiormaking stasis as a baseline For example, when projecting energy demand

for residential space heating, EP implicitly assumes that consumers will replace their water heater with a water
heater of a similar type. This baseline does include efficiency gains and technology development whch are

anticipated based on techno-economic projections. Any departure from the decision-making stasis baseline
is then explicitly specified in the scenario definition. For example, certain scenarios may specify the share of
sales for a technology type, the adoption of a specific technology in a specific year, or changes of stock in a

specific year.

Factors used to determine final energy demand include:

1. Demand drivers 0 the characteristics of the energy economy that determine how people consume
energy over time.

2. Technology efficiency & how efficiently energy consuming technologies convert fuel or electricity into
end-use energy services.

3. Technology stock & what quantity of each type of energy -using technology is present in the population
and how that stock changes over time.

A total of 49 subsectors are used to represent the Australian energy system, as shown inTable 16. However,
the availability of current stock data is only sufficient for 17 of these subsectors to project future energy
service demand with energy and technology stocks. All these 17 subsectos are in the residential and transport
sectors. For the remaining 32 subsectors, future energy services are projected with an energyonly
representation. Different methods are therefore used to project future energy services for each subsector,
depending on the availability of data for representing technology stocks. Additional detail on the methods
of projecting future energy and service demand is reported in the documentation for the development of
EnergyPATHWAY$-2

For subsectors with technology stock representations, EnergyPATHWAYS determines energy demand for
every year over the modelled time horizon using service demand and service efficiency estimates. A generic
example (data not from NZAu) for the light duty transport subsector is shown in Figure 21. The demand
drivers in this example include population and vehicle kilometres travelled per capita. The energy service
demand 0 the total vehicle kilometres travelled in this instance & are then derived from these two drivers. In
parallel, vehicle sales change over time, as the economics of different options change and/or new policies are
put in place. Vehicle sales and retirement then result in changes to the composition of the vehicle stock. By
dividing service demand by service efficiency for each vehicle type in the stock, the final energy demand for
electricity and fuels in this subsector are then derived.

Prescribed technology type sales shares for the subsectors with stock representation are shown inTable 17,
for the E+ Scenario and for 2020 and 2040 with an assumed Scurve for sales in the intermediate years. The
stock rollover model and an accounting of the relevant technology lifetimes then determine the technology
fleet composition, with all subsectors reaching their new technology saturation level by around 2050. Energy
efficiency and fuel switching assumptions and their cost of implementation within these subsectors are
therefore defined at the technology level by the efficiencies and composition of the technology stock

model | ed. Note that the EI Scenario delays the saturat:i

transport sector, and by 60 years for the residential sector, as defined in Sectionl.
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Figure 21| The process of calculating energy service demand for a subsector with stock representation,
shown here as an example for the light duty vehicle fleet.
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For subsectors that are modelled without technology -level detail EnergyPATHWAYS determines aggregate
energy-only demands, over the modelled time horizon based on various demand drivers, and energy

efficiency and fuel switching measures defined per scenario (Sectionl). These energy efficierty and fuel

switching measures are presented inTable 18, for the E+ Scenario.

Energy efficiency measures are applied as a yeaon-year efficiency improvement, which has an associated
levelised cost per unit of energy saved of $10/GJ in 2020, whid increases linearly to $15/GJ in 2050. Fuel
switching measures are applied by subsector and are based on expert judgment and previous experience®

2 These fuel switching measures have an associated levelised cost per unit of fuel switched of $2/GJ for
commercial buildings and $10/GJ for industry/transportation in 2020, wh ich declines linearly to $5/GJ by
2040. This declining cost trend moves counter to the cost of energy efficiency accounts for technology

learning that should reduce the cost of fuel switching to electric or hydrogen -based processes over time.

The timing of the fuel switching measures presented inTable18i s del ayed in the EI Scenar
the transportation sector, and 60 years for the industry, residential and commercial sectors, as defined in

Section 1). Because the present modelling ends in 2060 and fuel switching saturation does not occur until

2100 in the EI scenario, buildings and industrial sector
zero emissions are reached. Tis is made possible by the decarbonisation of fuels upstream of final

consumption.

The final energy demand of all subsectors presented in Table 16 constitutes the final energy demand for the
whole of Australia, to be supplied through the provision of electricity and fuels. The final energy demand for
each subsector is then an input into the supply side optimisation step of the modelling, with supply
determined separately for each modelled region.

Table 16| List of all subsectors used in the EnergyPATHWAYS model for Australia, with details of the
methodology for projecting energy and service demand.

Sector Subsector Model Projection basis
methodology

Industry Agriculture forestry and fishing Energy only 1% per year output growth
Industry Other mining Energy only Tied to gross state product
Industry Food, beverages and tobacco Energy only 1% per year output growth
Industry Textile, clothing, footwear and leather Energy only 1% per year output growth
Industry Wood and wood products Energy only 1% per year output growth
Industry Pulp, paper and printing Energy only 1% per year output growth
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Subsector

Model

Projection basis

Industry

Industry

Industry
Industry
Industry
Industry
Industry
Industry
Industry
Industry
Industry
Industry
Industry

Industry
Industry
Transportation
Transportation
Transportation

Transportation

Transportation
Transportation
Transportation
Transportation
Transportation
Transportation
Transportation
Transportation
Residential
Residential
Residential
Residential
Residential
Residential
Residential
Residential
Residential

Residential

Residential

Other petroleum and coal product
manufacturing

Basic chemical, polymer and rubber
product manufacturing

Non-metallic mineral products
Glass and glass products

Ceramics

Cement, lime, plaster and concrete
Other non-metallic mineral products
Iron and steel

Basic non-ferrous metals

Fabricated metal products
Machinery and equipment

Furniture and other manufacturing

Water supply, sewerage and drainage
services

Construction

Solvents, lubricants, greases and bitumen

Rail transport
Domestic water transport
International water transport

Domestic air transport

International air transport

Other transport, services and storage
Passenger vehicles

Motorcycles

Buses

Light commercial vehicles

Rigid and other trucks

Articulated trucks

Residential clothes drying
Residential clothes washing
Residential dishwashing

Residential freezing

Residential refrigeration

Residential IT & home entertainment
Residential pools

Residential cooktops and ovens
Residential microwave

Residential air conditioning

Residential space heating
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methodology

Energy only

Energy only

Energy only
Energy only
Energy only
Energy only
Energy only
Energy only
Energy only
Energy only
Energy only
Energy only
Energy only

Energy only
Energy only
Energy only
Energy only
Energy only

Service and energy

Energy only

Energy only

Stock and service
Stock and service
Stock and service
Stock and service
Stock and service
Stock and service
Stock and energy
Stock and energy
Stock and energy
Stock and energy
Stock and energy
Energy only

Energy only

Stock and energy
Energy only

Stock and energy

Stock and energy

1% per year output growth

1% per year output growth

1% per year output growth
1% per year output growth
1% per year output growth

Tied to clinker production estimates

1% per year output growth
1% per year output growth
1% per year output growth
1% per year output growth
1% per year output growth
1% per year output growth

Tied to population

1% per year output growth
1% per year output growth
1% per year output growth
Tied to population
Tied to population

Tied to population and median
income

Tied to gross state product

1% per year output growth

Tied to population

Tied to population

Tied to population

Tied to light commercial freight
Tied to rigid freight

Tied to articulated truck freight
Tied to total number of dwellings
Tied to total number of dwellings
Tied to total number of dwellings
Tied to total number of dwellings
Tied to total number of dwellings
Tied to residential floor area
Tied to total number of dwellings
Tied to total number of dwellings
Tied to total number of dwellings

Tied to residential floor area and
cooling degree days

Tied to residential floor area and
heating degree days



Sector Subsector Model Projection basis

methodology
Residential Residential water heating Stock and energy  Tied to residential floor area
Resdential Residential lighting Stock and energy  Tied to residential floor area
Residential Residential fans Energy only Tied to residential floor area
Residential Residential other appliances Energy only Tied to residential floor area
Commercial Commercial and services Energy only Tied to population

Table 17| Technology type sales shares for the subsectors with stock representation, for the E+ Scenario

(see Note).
Sector Subsector Technology group 2020
Transportation Passenger vehicles and buses Reference 98%
Electric 2%
Hydrogen 0%
Transportation Motorcycles (*sale saturation is reached in 2035)  Reference 97%
Electric 3%
Transportation Light commercial vehicles Reference 100%
Electric 0%
Hydrogen 0%
Transportation Rigid and other trucks Reference 100%
Electric 0%
Hydrogen 0%
Transportation Articulated trucks Reference 100%
Electric 0%
Hydrogen 0%
Residential Residential clothes washing/drying, dishwashing, Reference 100%
refrigeration/freezing (*sale saturation is reached in High Efficiency 0%
2035)
Residential Residential lighting (*sale saturation is reached in Reference 90%
2030) High Efficiency 10%
Residential Residential water heating Reference 48%
Electric 52%
Residential Residential cooktops and ovens Reference 59%
Electric 41%
Residential Residential air conditioning Reference 100%
High Efficiency 0%
Residential Residential space heating Reference 28%
Electric 72%
Not e: The ET Scenario del ays t he saturati

electric/hydrogen by 20 years for the transport sector, and by 60 years for the residential sector.
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Table 18 | Energy efficiency and fuel switching measures applied for subsectors with an energy -only
representation, for the E+ Scenario (see Note).

Subsector Energy Fuel switching
efficiency
Industry Agriculture, forestry and fishing;  1%l/year  All fossil fuel use is converted to electricity by 2045
Textile, clothing, footwear and (2050 for agriculture, forestry and fishing).

leather; Machinery and
equipment; Water supply,
sewerage and drainage services

Industry Other mining 1%l/year  80% of diesel/gasoline use is switched to electricity
by 2045. All remaining fuel use switched to hydrogen
by 2045.

Industry Food, beverages and tobacco 1%l/year  80% of all fossil fuel use is switched to electricity, and

20% isswitched to hydrogen by 2045.

Industry Pulp, paper and printing 1%l/year  80% of coal, gas and oil use is switched to electricity,
and 20% is switched to hydrogen by 2045. All liquid
fuels are switched to electricity by 2045.

Industry Non-metallic mineral products 1%l/year  30% of coal and gas use is switched to electricity,
and 70% of coal use and 60% of gas use is switched
to hydrogen by 2045. All other fossil fuel use is
switched to hydrogen by 2045.

Industry Glass and glass produce 1%l/year  33% of gas use is switched to electricity, and 67% is
switched to hydrogen by 2045.

Industry Ceramics 1%l/year  80% of diesel use is switched to electricity and 20%
is switched to hydrogen by 2045. 67% of all other
fossil fuel use is switched to electricity, and 33% is
switched to hydrogen by 2045.

Industry Basic non-ferrous metals; Other 1%/year  30% of gas use is switched to electricity, and 70% of
non-metallic mineral products gas use is switched to hydrogen by 2045. All other

fossil fuel use is switched to hydrogen by 2045.

Industry Iron and steel N/A All coal use is switched to hydrogen, and all gas,
petroleum, diesel use is switched to electricity by
2040.

Industry Furniture and other manufacturing 1%/year  All non-diesel fossil fuels areswitched to electricity
by 2045.

Industry Construction 1%/year  80% of non-diesel use is switched to electricity, and

20% is switched to hydrogen by 2050.

Industry Wood and wood products; Other  1%/year N/A
petroleum and coal product
manufacturing; Basic chemical,
polymer and rubber product
manufacturing; Fabricated metal
products; Solvents, lubricants,
greases and bitumen.

Industry Cement, lime, plaster and concrete N/A N/A
Transportation  Air transport (domestic and 1.5%l/year N/A
international)
Transportation Water transport (domestic and 1%/year  100% of international shipping switched to ammonia
international) by 2050. 67% of domestic shipping switched to
ammonia/hydrogen and 33% switched to electric by
2050
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Subsector Energy Fuel switching

efficiency
Transportation  Rail N/A 90% of fossil fuel use is switched to
ammonia/hydrogen and 10% switched to electric by
2050
Residential IT & home entertainment; pools; 1%l/year  Any gas use is switched to electric by 2040
other appliances
Residential Microwaves; fans N/A N/A
Commercial Commercial and services 1%/year All gas and diesel use is switched to electricity by
2045
Not e: Fuel switching measures are not applied to any current

Scenario is delayed 20 years in the transportation sector, and 60 years in the industry, residential and commercial sectors.
The Reference scenario assumes 0.5% efficiency improvement per year across industry, but without any fuel switching.
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8 Projections of agriculture, LULUCF and waste

NZAu has examined historical trends in GHG emissions (C@ CH,, N;O) from three sectors: agriculture; land
use, land use change and forestry (LULUCF); and wasi&s shown in Table 19.

Table 19| UNFCCC sectors and the activities covered within the emissions trajectories projected by NZAu
and used as fixed input to the macro -scale energy system modelling.

Sector Coverage

Emissions from livestock as enteric fermentation and manure management.

Agriculture . . . o . .
Emissions fromagricultural soil, application of nitrogen to soils.

Net emissions from activities occurring on forest lands, forests converted to

Land use, land use change and forestr
9 y other land uses, grasslands, croplands, wetlands, and settlements.

Waste Emissions from the disposal of material to landfill and wastewater.

Estimates of two future net emissions trajectories within these sectors from 2020 to 2050 were then
developed, based on different assumptions about the GHG emissions mitigation efforts at national and state
levels. These two projections are:

1 a business as usual (BAU) future, which assumes status quo within the established framework for
Australian agricultural and environmental policies, meaning that substantial emissions mitigation
measures were not included; and

1 a future with mitigation measures (WMM), which assumes a plausible concerted effort to reduce
emissions and enhance carbon dioxide sinks, resulting in uptake of mitigation-related strategies from
2021 to 2050.

TheBAUt r aj ectory is used i n SaetiorAl), dvisile theeNfMdrtraectorgis utsedénralar i o (
other NZAu scenarios that model net zero emissions. Mitigation strategies projected in WMM were added to

the BAU trajectory without fine -tuning, to give an estimated range of values for GHG reduction. A summary

of the assumptions for the BAU and WMM trajectories is provided in Table 20.

This approach allows for collecting data regarding crop production and livestock activities, focusing on

methane and nitrous oxide emissions. However, it only accounts for carbon storage change without
attempting to estimate carbon soils stocks in the landscape or the marine environment. The collected

information is assembled at a state level and aggregated to national level. Where possible, the report provides
relevant national scale data against ead industry. The historical GHG emissions were sourced from the
Australian Government National GHG Inventory!! for the period 1990-2019.
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Table 20 | Two emissions trajectories projected for the agriculture, LULUCF and waste sectors.

Emissions trajectory Narrative descriptor

O0Bus tasessal | Emissions are projected forward using 219 as the most recent year of reported emissions

(BAU) data. While GHG emissions vary with changes in agricultural production (e.g., methane
emissions reflect changes in cattle and sheep populations), this trajectory does not predict
changes in land use and livestock populations, nor associated changes in emissions.
Agricultural emissions are comparatively hard to predict because their associated emissions
are difficult to measure and to manage, and there are many contradictory arguments for
how agricultural pro duction may change in the future. For example, livestock production
may increase to 2050 to meet the needs of a growing middle-class population, but also
could decrease due to the impacts of a warmer and drier climate in southern Australia.

6 Wi -mitigation - The WMM trajectory implements current and emerging technologies to reduce GHG

measur es 6 ( emissions. Thelogic behind this trajectory is that there will be pressure from the supply chain
to reduce agricultural GHG emissions, plus incettives through government programs such
as the Emission Reduction Fund and the supply chain where many exporfocused
companies and industry bodies have already set targets for carbon neutrality. There are
existing technologies, such as precision fertilisermanagement, and emerging technologies,
such as methane inhibitors and vaccines, that are expected to be available in the future. This
project intended to make plausible assumptions about the potential emission reductions
and adoption of these technologies into the future. These assumptions are detailed under
each industry sector.

We note that activities within the sectors covered in this section are particularly sensitive to changing
environmental conditions, particularly global average temperatures that are rising due to ongoing climate
change. At the same time, we also note that a general feature of agricultural production is that technology
of all forms should improve over the coming years so that agricultural practices will adapt to offset potential
losses due to climate change. The following projections of agricultural and LULUCF activity incorporate a
conservative estimate of future global warming 0 the relative concentration pathway to a 2100 radiative
forcing value of 8.5 W/m? (RCP8.5f 8 together with the expectation of improved agricultural production
through technology learning. The resulting BAU projections maintain current production trends and
emissions levels. Our specific assumptions for each activity are outlined below.
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8.1 Agriculture

The agriculture sector made up 14% (74.8Mt-CO,e ) of Australiads 2019 gtleenhouse

Of this, enteric methane is the largest source of GHG emissions making up 72% of agriculture emissions,
followed by nitrous oxide emissions from agricultural soils (15%), and methane and nitrous oxide emissions
from manure management (9%). Urea application (2%), liming (2%), burning ofagricultural residues (<1%),
and rice cultivation (<0.1%) make up the remainder of agriculture emissions.

The agricultural sectors covered can be ranked by emissions from around 47% of GHG emissions from the
beef sector, followed by 18% for the sheep sedor, 10% from dairy sector, 3% from feedlots, 2% from the

swine sector and 0.1% for the poultry sector. Sugar cane accounted for about 0.8%, and 0.5% from the cotton
industry. Finaly, GHG emissions are made up of 2% CQ@ 82% CH and 16% N,O on a carbon dioxide

equivalent (CO:e) basis.

The details of both the BAU and WMM based emissions trajectories for agriculture emissions are provided
below. Trade-offs and co-benefits between strategies for emission reductions on farms are also assessed. All
mitigation measures addressed below are now considered to be no more speculative than giga-scale
deployment of bioenergy with carbon capture and land sequestration options that are a feature of many
global climate change mitigation pathways .2 %

8.1.1 Dairy industry

The dairy industry GHG emissions acounted for 10% (7.3 Mt-CQOe) of agricultural emissions in 2019. The
majority of GHG emissions from the dairy sector is from farms and is primarily CH, emissions™ Overall, the
values of direct emissions in 2019 for this sector was 6.3Mt-CO,e for enteric fermentation, 1.0 Mt-CO,e for
manure management and lastly 0.2 Mt-COe for irrigated pastures. Further information on emissions from

enteric fermentation is provided by Black et al.™ and nitrous oxide emissions from fertiliser application by

Eckad et al.l® The dairy industry is mainly located in high rainfall areas or in areas that are irrigated to
supplement rainfall. In this analysis, we considered dairy as thelargest user of irrigated pasture in Australia
when accounting for fertiliser (N .0) emissions!®

The dairy industry expanded throughout the 199060
Millennium drought have impacted it, with severe droughts affecting almost all regions in Australia between
2002 and 201078 According to the literature, the long -term drought impacts have resulted in a decrease of
approximately 25% of the national dairy herd size with farmers responding to increasing debt and reduced

fodder availability, rising feed prices and poor pasture growth during drought conditions .°% The historical
GHG emissions Figure 22) reflect these industry trends.
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Figure 22 | Historical (1990 0 2019) and projected (2020 6 2050) dairy sector GHG emissions, for both the
BAU and WMM trajectories .
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The BAU trajectory projection shown in Figure 22 is based on the GHG emissions and dairy cattle population
of 2.4 million animals in 2019. The BAU trajectory projects GHG emissions to be costant at 2019 levels
through to 2050. It is important to note that this constant GHG emissions projection does not preclude
increases in dairy production. This is because of an anticipated increase in milk yield per cow, which would
result in a decrease inemission intensity of dairy cattle activity 111213

The WMM trajectory includes the effect of three different strategies:those aimed at reducing emissionsfrom
enteric fermentation; manure management; and inorganic fertilisers. First,we estimated the potential change
obtained from feeding 3-nitrooxypropanol (3-NOP)in the diet composition and determine how these affect
enteric CH; emissions. The assumptions needed for this calculation include the uptake across the years,
technology development, and the impact of the additive on the enteric methane yield was assumedthat the
fraction of the Australian dairy herd consuming this additive gradually increased, as shown in the summary
in Table 21, resulting in a 50% reduction in enteric methane emissionsin 2050 (3.6 Mt-CO,e).141516]

Table 21| GHG mitigation assumptions used in the WMM for the dairy cattle industry.

Source 2019 GHGs
2025 2030 2035 2040 2045 2050
category (Mt-CQze)
Enteric 50% 50% 50% 50% 50% 50%
ermentation reduction in  reduction in  reduction in  reduction in  reductionin  reduction in
10% of herd 50% of herd 80% of herd 87% of herd 93% of herd 100% of herd
100% 100% 100% 100% 100% 100%
Manure 1.0 reduction, reduction, reduction, reduction, reduction, reduction,
management ' 15% adoption 32% adoption 49% adoption 66% adoption 83% adoption 100%
rate rate rate rate rate adoption rate
40% 40% 40% 40% 40% 40%
Inorganic 0.1 reduction, reduction, reduction, reduction, reduction, reduction,
fertilisers ’ 10% adoption 70% adoption 100% 100% 100% 100%
rate rate adoption rate adoption rate adoption rate adoption rate

The next strategy targets manure management. We project emissions reduction in the WMM trajectory
through the installation of covered anaerobic ponds (CAPs)on dairy farms to reduce CH, from the existing
reported storage units. Although this technology is readily available, CAPsare not likely to be adopted in
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Australia unlessstrongly encouraged by new incentives, together with stricter regulations of manure effluents,
even though dairy production systemsin Australia are well-suited to the capture of methane from manure
slurry!1 CAPsallow for all CH, produced during the oxygen-free manure degradation to be captured and
combusted in a flare, with no CH, emitted to the atmosphere (only biogenic CQ,).*® Table 21 lists our
assumptions of gradual uptake of CAPs,with 100% of emitted methane captured when adopted,*%
suggesting that emissions from dairy cattle manure management can be reduced to 0.02 Mt-COel/year in
2050.

Finally,to address N,O emissionsfrom nitrogen fertilisers, slow-release nitrogen -based fertilisers (SRF)were
considered as apossible alternative to conventional fertilisers asthey improve the efficiency of nitrogen use,
not only reducing emissions but with other co-benefits. These benefits include reduction of nitrogen loss
through leaching and volatilisation, increased dry matter yield, and decreased overall costs for the farmers
with areduction in fertiliser application rates.?°?Y The projected plausible fertiliser strategy then encompasses
management options and technologies currently available to farmers or deemed as current best management
practice in Australia. The WMM trajectory assumes that SRF reduces bD emissions from 0.17 in BAU to
0.12 Mt-COze from irrigated pastures in 2050.

8.1.2 Pasture-fed beef industry

The Australian pasturefed beef industry is a significant contributor to GHG emissions in Australia, with an
estimated emission of 35.3Mt-CQOe in 2019, or 47% of the agricultural sector. The main source of GHG
emissions from beef cattle is again enteric fermentation, with the total amount produced directly related to
the number of ruminant livestock.

The Australian beef herd and associated GHG emissions fluctuate according to seasonal and market
conditions. In recent years, the Australian cattle herd has declined significantly from its high of 29.3 million
head in 2013 to approximately 23.7 million in 2015. The fast decline in the national herd numbers was due to
unfavourable seasonal conditions, lower calving rates, and higher than average mortalty rates.?? With the
reduction in female cattle slaughter and improvement of seasonal conditions, producers have since rebuilt
the herd somewhat, to approximately 26.4 million head by the end of 2020-21 encouraged by reasonable
saleyard prices and strong international demand.?22%

The BAU emissions trajectory assumes a steady state of the national herd, where calving, weaning,
replacement and culling rates remain constant until 2050. This assumption estimates the national herd to be
a beef cattle population of 22.5 million heads in 2019. On this basis, the GHG emissions were estimated to
remain constant, as shown inFigure 23. While we have applied this simplifying assumption, trends in meat
consumption are complex and changing. Beef consumption is predicted to decline over time, attributed partly

to long -term trends in retail prices.’?¥

The WMM trajectory focused on reducing enteric CHs fermentation emissionsin this industry by estimating
the plausible effect of dietary supplementation of 3-NOP for grazing ruminants, based on the experiencein
the literature 1425261 Here we assumethat when 3-NOP is fed, CH, emissionsdecreaseby 40% with no effect
on dry matter intake or average daily gain (Table 22). Although it is feasible to supplement diets for ruminants,
it is also challenging to implement in grazing systems(e.g.,feed additives are easierto implement in feedlot
and dairy productio n where ¢ o wdiets are regularly supplemented, compared to the beef industry which is
dominated by more extensive grazing systems).We have therefore assumedthat a slow-releaseformulation
or delivery mechanism would be developed to administer the required daily dose for grazing ruminants in
the coming years'4. The projected WMM trajectory with this mitigation measure is shown in Figure 23. In
modelling the effect of 3 -NOP on methane emissions, we estimate that the percentage of the national beef
herd consuming this additive will progressively increase, leading to a reduction of around 20% enteric
methane in 2050 (27.7Mt-CO:€e), as shown inTable 22.
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Table 22 | GHG mitigation assumptions used in the WMM for the beef ca ttle industry.

2019
Source category GHGs 2025 2030 2035 2040
(Mt-COze)
40% 40% 40% 40% 40%
Enteric 223 No change  reductionin reductionin reductionin reductionin reduction in
fermentation from BAU 1% of beef ~ 10% of beef 20% of beef 35% of beef 50% of beef
herd herd herd herd herd

Figure 23 | Historical (1990 & 2019) and projected (2020 & 2050) beef sector GHG emissions, for both the
BAU and WMM trajector ies.™
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8.1.3 Feedlot industry

Australia's feedlot industry grew by 60% between 2000 and 2017. The most significant growth was in

Queensland, where the capacity increased by 89% followed by NSW (37%), Victoria (39%) and Western

Australia (57%). In contrast, the South Australian feedlot capacity fell by 8% during this period. Queensland

and New South Wales account for the largest feedlot activity mainly due to relatively easy access to primary

inputs for the sector, such as grain and feed production. In the last 20 years, the sector shifted from
6opportunisticd operations in times of pooquaktyebees on al co
all year round to satisfy market demand, as producers seek to increase the value of their product?’ Because

of this shift, grain-fed cattle turnoff is less likely to fluctuate in response to seasonal conditions, with decisions

on utilisation driven by factors such as demand growth and feed costs.?”

To ensure that feedlot heads are not double counted, the national inventory report calculated feedlot cattle
numbers from beef cattle numbers (pasture-fed), as grainfed cattle spend on average 70-300 days in the
finishing phase prior to slaughtering. Feedlot cattle are assumed to derive from steers that are greater than
1 year old from the beef cattle class, reaching up to 1.1 million heads in 2019. We assumed the Australian
herd size will remain constant based on the historical trend, so that in the BAU trajectory, enteric CH,
emissions and manure management of lot fed beef cattle start from a baseline of 2.4 Mt-COe in 2019 and
remain constant to 2050, where the main methane source is associated with the intake of dietary
carbohydrates derived from feedlot fed diets , consisting of main grains and concentrates.
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The WMM trajectory projects the reduction of methane emissions through the adoption of 3 -NOP in intensive
feeding systems. According to the literature *4?%2% the higher frequency of feeding the 3 -NOP feed additive
in intensive feeding systems, could significantly reduce CH, by about 80%. In addition, we assumed higher
uptake rates than pasture-fed beef, as shown in Table 23, as this sector was assumed tohave minimal
adoption inhibitors, which increases uptake speed on individual farms, regionally and nationally .>® Hence,
combined with a gradual increase in adoption rates, the enteric emissions are projected to decline to about
0.4 Mt-CQOce (80% reduction), resulting in higher efficiency production.

For the projection of manure management emissions in the WMM traject ory, methane capture with covered
anaerobic ponds CAPs was again selected as a feasible method to reduce emissions from intensive livestock
waste. Under Australian conditions, it was assumed that manure would be taken directly from the pen to the
covered anaerobic pond resulting in 100% methane capture as a management practice with gradually
increasing uptake rates (Table 23).

Table 23 | GHG mitigation assumptions used in the WMM for the feedlot industry.

2019 GHGs
2025 2035
(Mt-CQze)
80% 80% 80% 80% 80% 80%
Enteric 21 reduction in  reduction in  reduction in  reductionin  reduction in  reduction in
fermentation ’ 10% of the 70% of the 100% of the 100% of the 100% of the 100% of the
herd herd herd herd herd herd
100% 100% 100% 100% 100% 100%
Manure 0.4 reduction reduction reduction reduction reduction reduction
management ' 15% adoption 32% adoption 49% adoption 66% adoption 83% adoption 100%
rate rate rate rate rate adoption rate

Figure 24 | Historical (1990 & 2019) and projected (2020 ¢ 2050) feedlot sector GHG emissions, for both
the BAU and WMM trajectories .[3
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8.1.4 Sheepindustry

The Australian wool industry has had relatively low wool returns over the last 15 years, with a steady reduction
in sheep numbers, a drop in wool production and an increase in lamb returns. The main driver of the declines
is the long-term reduction in raw woo | demand, competition from substitute synthetic fibres, and the
Millennium Drought that contributed to a steeper decline in sheep numbers °! Subsequently, this sector
underwent a significant structural adjustment of wool towards mutton production and prime lamb, which led
to increased specialisation within the sheep industry in accommodating the growing demand for Australian
lamb exports % Since the 1980s, the national sheep numbers have declined from a peak of 173 million head
to 69 million in 2019, and are now projected to remain relatively stable 54

The BAU trajectory therefore depicts that the flock size would remain constant, thereby halting the previous
downward trend, as shown in Figure 25. According to the national inventory report, emissions from the sheep
industry consist entirely of methane with 90% methane from enteric fermentation and 10% from manure
management.!

The WMM trajectory estimates the effects of 3-NOP in the CH, emissions of sheep, based on experimental
demonstration that supplementing methane inhibitors to sheep led to an emissions reduction of 86 -95%.32
However, we assumed a decrease of 40% in methane emissions, with an adoption rate that reaches 50% by
2050, as listed inTable 24. While this compound offers a great miti gation potential, it effectively mitigates
emissions only with frequent administration. This might not be feasible with grazing ruminants. Hence, we
again assume the development of a slow-release formulation mechanism to provide the required daily
dosage.

Table 24 | GHG mitigation assumptions used in the WMM for the sheep industry

2019 GHGs
Source category (Mt-Coze)q2025
40% 40% 40% 40% 40%
Enteric 13.04 reduction in  reduction in  reductionin  reductionin  reduction in
fermentation ' 1% of the 10% of the 20% of the 35% of the 50% of the
flock flock flock flock flock

Figure 25 | Historical (1990 6 2019) and projected (2020 & 2050) sheep sector GHG emissions, for both the
BAU and WMM trajectories.
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8.1.5 Swine industry

Over the last decade, there has been a relatively small fluctuation in herd size in the swine industry. Previously
a declining trend started from 3.3 million head in 1973, then to about 2.3 million in 2011 2 and to 2 million
in 2020. Historically, the Australian pig industry was bound to dairy or grain farming. However, these
industries changed due to deregulation of the dairy industry and the introduced wheat quotas which
pressured producers to increase ther production efficiency to remain in the industry and resulted in the swine
industry becoming decoupled from dairy and grain, leading to a more stable herd size.

Australian pig housing can be classified into three different types: outdoor, conventional , and deep litter,
which employ various manure management systems®¥ In 2020, CAPs were reported to be used in 15.6% of
total manure treatment in 2020, with solid storage (19%) and uncovered anaerobic ponds (56%) also used.
The relatively low uptake of CAPs is mainly due to the investment required, which is a barrier for smaller scale
piggery operations. Therefore, in an Australian context, the specific GHG emissions from piggeries vary across
the country depending on the type of housing system and manure management system used, with the
highest methane emissions stemming from open anaerobic ponds *

The BAU trajectory is projected to remain at a constant level (1.64Mt-COyel/year), with this flatline likely due
to improved herd productivity and enhanced environmental efficiency, with changes in land occupation and

water management.® In comparison, as shown in Figure 26, the WMM emissions trajectory drops by 91%
with the employment of covered anaerobic ponds (CAPS).

The WMM trajectory projects the installation of CAPs in all piggeries. All effluent from current operation of

the industry was assumed to be treated in CAPs, with a gradual uptake out to 2050. Approximately 100% of
the CH, emissionsfrom manure management are projected to be captured in 2050, and any biogas produced
is to be used in combined heat and power systems to satisfy the local demand for electricity and heat, with

any remaining emissions flared (Table 25). Residual GHG emissions in the swine industry are attributed to
enteric fermentation, for which we have not projected any mitigation measure.

Table 25 | GHG mitigation assumptions used in the WMM for the swine industr .

Source 2019 GHGs
2030 2035 2040 2045
category (Mt-CQze)
100% 100% 100% 100% 100% 100%
Manure 16 reduction reduction reduction reduction reduction reduction
management 15% adoption 32% adoption 49% adoption 66% adoption 83% adoption 100%
rate rate rate rate rate adoption rate

Figure 26 | Historical (1990 6 2019) and projected (2020 d 2050) swine sector GHG emissions, for both the
BAU and WMM trajectories .
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8.1.6 Poultry industry

In Australia, both the egg industry and broilers (chicken meat industry) are based on intensive animal

production systems. Until the late 1990s, the production of chickens and eggs were often located in the hands

of O6backyardd pr oduc eatioss. This ansitienedgoeverticdllyaimagrdatgd entgrpeises or
6integratord systems that consistently increased produ
achieved through improved genetic selection, nutrition, and husbandry and the developme nt of processing
technologies " Like the other agricultural industries following the millennium drought, the poultry industry

was impacted by the rise of historically high grain prices due to the shortage of feed grains and raw material

availability. Several companies have also recently shifted from traditional production in peri-urban areas

towards regional Australia, accompanied by significant growth in the free -range sector.?")

Demand for chicken meat in Australia is likely to continue at similar levels to current, supported by the income
growth of consumers and the trend towards low -cost foods, which could likely compete with other more
expensive meat products (e.g., beef and lamb)*® On the other hand, the national flock size, which includes
all laying stock (16 million head), meat chickens (101 million head) and other poultry (3 million head) were
projected to diminish over the last few years.®® We considered these historical records, in addition to the
estimated emissions from the national inventory report !l to serve as a means of outlining assumptions to
estimate possible trajectories for this industry conservatively.

The BAU trajectory assumes that emissions from manure management systems wiltemain constant. Despite
the growth in domestic consumption of Australian chicken meat, we assumed a flatline in emissions then
caused by improved production efficiency with the employment of best management practices when

handling and storing poultry lit ter and manure to reduce GHG emissions.

The WMM trajectory projections are based on a study of the main environmental issue related to this sector:
the emissions from the accumulation of waste such as manure and litter. Under this trajectory, we assume
that effluent is treated with CAPs reducing the exposure of manure to air with a capture efficiency of 100%
of CH, emissions. Likewise, we assume a gradual uptakeT@able 26), and adoption will be dependent on the
increasing demand for low-emissions production, the financial incentives related to the GHG markets and
emissions reductions with the demonstration of economic advantages under local conditions to encourage
farmers.*?

Table 26 | GHG mitigation assumptions used in the WMM for the poultry industry.

Source 2019 GHGs

2025 2030 2035 2040 2045 2050
category (Mt-CO2e)

100% 100% 100% 100% 100% 100%
Manure o1 reduction reduction reduction reduction reduction reduction
management ' 15% adoption 32% adoption 49% adoption 66% adoption 83% adoption 100%

rate rate rate rate rate adoption rate
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8.1.7 Cotton industry

The Australian cotton industry is located mainly in New South Wales (66%) and Queensland (33%), with about
1,500 farms (53% increase since 2008), a large fractiomf which belong to families (90%) producing about

80% of the total crop. Historically, the main factors influencing production have been seasonal conditions,

market price, agricultural policy, fashion trends and synthetic fibre competition. Over the last decade, the

price reduction from roughly $1,000 per bale to about $590 per bale ¥ might also stem from the build -up in

stocks, leading to a continued downward price pressure due to a fall in textile mill capacity.

The BAU trajectory assumes that that cotton production will remain, on average, constant over the next 30
years, with the projected 2050 fertiliser emissions of 0.4Mt-CO.e. In contrast, the WMM trajectory projects a
40% reduction in N,O emissions igure 27), with a progressive uptake of slow-release nitrogen-based
fertilisers as summarised in Table 27, and discussed above. We assumed a 100% adoption rate of this
technology from 2035 onwards !

Table 27 | GHG mitigation assumptio ns used in the WMM for the cotton industry.

Source 2019 GHGs 2030
category (Mt-CQze)

40% 40% 40% 40% 40% 40%
Inorganic 04 reduction reduction reduction reduction reduction reduction
fertiliser ' 10% adoption 70% adoption 100% 100% 100% 100%

rate rate adoption rate adoption rate adoption rate adoption rate

Figure 27 | Historical (1990 0 2019) and projected (2020 & 2050) cotton industry GHG emissions, for both
the BAU and WMM trajectories. (3
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8.1.8 Sugar cane industry

The Australiansugarc ane i ndustry is one of the worl dés biggest su
all raw sugar produced being exported as bulk raw sugar, primarily from Queensland. In 2016, around 4,000

farms grew sugar cane on approximately 380 thousand hectares. The distribution of sugar industry

production is about 95% located in QLD and 5% in NSW, withgr ower s f arms and mills | oc
the eastern Australian coastline, from Mossman in far north QLD to Grafton in northern NSW. These sugar

cane producing areas are still dependent on high rainfalls and humid, sunny conditions during the wet season

period, which is from January to March.
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The production of sugar cane relies heavily in the application of large amounts of inorganic nitrogen

fertilizer.*2 However, fertiliser application in excess of crop needs can result in loss of nitrogen to the

environment, which results in N,O greenhouse gas emissions. This is of particular concern in Australia where
the nitrogen pollution of sugar cane cropping is significant due to inefficiencies caused by mismatched
nitrogen supply and crop demand over sugar ¢ a n e 0 itrdgen ragcumulation phase.

Moreover, the lost nitrogen in a sugar cane production system is mainly through (1) the removal of harvested
produce, (2) the loss because of denitrification or leaching of nitrate to the environment, and (3) crop residue
burning. (Note, the lo st nitrogen from volatilisation of ammonia fertiliser is not considered in this approach).
Similar to the cotton and dairy sectors (i.e., irrigated pasture), NbO emissions reduction can be achieved by
developing enhanced efficiency slow release fertilisers, aimed to delay nitrogen release or nitrogen
stabilisation in urea with polymer coating .*3

The BAU trajectory reflects the historical trend of GHG emissions, where the 1990 level was from 0.80 to
around 0.6 Mt-CO.e in 2019, a decline of 24% with existing harvesting management practices.Figure 28
shows the estimated reduction in the WMM emission trajectory of 40% (to 0.4 Mt-COze in 2050) through the
plausible application of SRF, with assumptions listed inTable 28.

Table 28 | GHG mitigation assumptions used in the WMM for the sugar cane industry.

2019 GHG
Source category (Mt-CO 2e)S 2025 2030 2035 2040 2045 2050
40% 40% 40% 40% 40% 40%
Inorganic 06 reduction reduction reduction reduction reduction reduction
fertiliser ' 10% adoption 70% adoption 100% 100% 100% 100% of
rate rate adoption rate adoption rate adoption rate adoption rate

Figure 28 | Historical (1990 6 2019) and projected (2020 & 2050) sugar cane industry GHG emissions, for
both the BAU and WMM trajectories. @
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8.1.9 Projections of agriculture emissions trajectories

Figure 29 presents the aggregated BAU and WMM emissions trajectories for the agriculture sector. With the
plausible mitigation measures detailed above, the WMM trajectory projects a reduction in total agriculture
emissions of 23% (from 79.9 to 61.7Mt-CO,e) between 2020 and 2050 due to multiple actions detailed in the
sections above.

Figure 29 | Historical (1990 6 2019) and projected (2020 & 2050) agriculture sector GHG emissions, for both
the BAU and WMM trajectories .U
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8.2 LULUCF

Inrecent years Aust r al-useadiange) aachforesty {L&JL.UCH) aector has been a net sink of
carbon dioxide emissi oMsGOe anctieo201®tGHG dgnveritooyf! Whilg Bertdin
deforestation activities 8 such as clearing mature forest and harvesting native forestsd cause net positive
carbon dioxide flows to the atmosphere, net negative flows/removals from the atmosphere into terrestrial
reservoirs are also possible through reforestation, afforestation, reduction of deforestation, and sustainable
management of forests.

This section on Australiabds LULUCF e mihistaricabtrerslsicGH@pr i ses
emissions/removals within each LULUCF category; and details of projected emissions trajectories of each

LULUCF category in both a BAU future, and a future with plausible concerted reforestation and emissions

abatement efforts, with discussion of the underpinning assumptions and the accounting rules of the Kyoto

Protocol 4

8.2.1 Historical trends in net LULUCF emissions

A u s t r raatiohahgdesnhouse inventory accounts for net LULUCF emissions for the land uses and changes
among:

1 forestland

1 cropland

1 grassland

1 wetland

1 settlements

1 as well as an estimation of emissions associated with harvested wood products.

Figure 30 presents the historical (1990 6 2019) GHG emissions from the various land types and use changes

that make up the total LULUCF GHG emissions inventory!. We discuss these categories below.

Figure 30 | Historical (1990 6 2019) GHG emissions from the various land types and use changes that make
up the total LULUCF GHG emissions

250 mmmmm Harvested wood products
B Grassland (incl/ wetlands and settlements) remaining
Cropland remaning cropland

200 Forest land remaining forest land

= am & Net LULUCF emissions

2 N

5 Land converted to forest land

] 150 . Forest land converted to other uses

2

o @ ||

© > 100 =—m_ BB ..

I = . [ |

ul

o O |

8 s |

Q -

1]

=

s 0

= --. - A Y

)} . - |

= . ------ - - e ‘-’-

BE=
-50 — |
_-_
-100

O = M T N W~ 00 0O = M s WM~ 0000 e NS W W M~ 0
a O Y O O O Y & o O © © © © © O © © © © ™ =~ =~ =~ =~ =~ &=~ =~ =~ =~
a o v Y O Y O O O O O O O O O O O O O O O O O O O O O QO
~ e o~ e o e o e o = NN N NN NN N N NN NN NN NN N NN

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023

t



Forest land converted to other land uses

This category accounts for the net change in carbon dioxide flows due to anthropogenic forest loss since
1990. It incorporates changes to lands where the forest has been removed due to direct human activities and
has been replaced with other land uses. These land uses include conversion to cropland, grassland, wetlands
and settlements, and the extent of this activity was estimated to contribute +35 Mt-CO.e in 2019, as shown
in Figure 30.1

Deforestation and land clearing have been major contributors to human -induced climate change, including
in Australia, where peak deforestation and land clearing emissions had a value of 176Mt-CO,e/year or 30%
of total GHG emissions in the base year of the Kyoto Protocol (1990)*4 Between 1990 and 2019, a longterm
trend of gradual decline in the rate of land clearing has taken place due to policy reforms promoting
biodiversity conservation, sustainable development, and regulations on deforestation to end broadscale
clearing of remnant native vegetation *4 Deforestation and land clearing emissions have then declined by
80% (a 141Mt-COselyear reduction) between 1990 and 2019, so that the average emissions from land
converted to other land uses over the last decade has been 48.5Mt-CO.e/year.

Land converted to forest la nd

According to the National Inventory Report, the emissions and removals under this category include those
associated with grassland, cropland, settlements, and wetlands being converted to forest land, which results
in a rise in woody vegetation cover. This is manifested in the establishment of new commercial plantations,
environmental plantings, natural regeneration (from seed or rootstock) or, in other words, forest growth on
land that has previously been cleared for other land uses. Over the past ten yars (2012019), an estimated
aver age MbEOelygdhas been removed from the atmosphere through land being converted to
forest land.

The data reported here for afforestation and reforestation of land converted to forest land , only includes
forests established from 1 January 1990 on land that was clear of forest on 31 December 1989 according to
the Kyoto Protocol Classification.!444% |t can be seen in Figure 30 that net CO, removal in land converted to
forest land increased to maximum levels between 2011 and 2017 due b the previous establishment of timber
plantations in 1990-2007. However, this sink effect is projected to stabilise in the coming years, mainly
because the rate of removals associated with the conversion to forest will gradually approach zero as these
forests reach maturity, in contrast to younger trees that tend to have higher rates of growth and carbon
fixation .[48]

Since the 1990s, growth intimber plantations has gradually increased to an average annual rate of 77,000
hectares (ha) in 20071 During this period, the timber industry exp erienced significant growth, mainly
attributable to private investment, influenced by incentives for plantation establishment such as the taxation
treatment of Managed Investment Schemes. With a short rotation management for these plantations (10-15
years) their associated aggregate removals peaked in the period 20110 2017, due to the lag of several years
between planting and the maximum rate of removals for a newly established plantation as it matures .1*°!

However, there is emerging evidence that Australia's established plantation area has decreased in size over
the last few years* This is likely caused by the conversion of marginal plantations to other land uses, leading
to a reduced capacity of the national plantation estate to support emissions removals. In 2019, around
12,000ha in Australia's plantation estate were converted to other land use, which may lead to a gradually
flattened (i.e., less negative) sequestration rate in this category of the emissions inventory.

Forest land remaining forest land

This category includes lands holding vegetation that meets the UNFCCC criteriafor a forest on a permanent
basis. The criteria require the vegetation to be at least 2 meters high with a minimum of 20% canopy
coverage!*! This caegory includes areas harvested for commercial timber products and silvicultural practices
designed to enhance sinks. The accounted forests under this category are multipleuse public forests;
plantations established prior to 1990 (that do not qualify for afforestation/reforestation under the Kyoto
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Protocol); and privately-operated native forests. From data in National reports ¥ it is apparent that drivers
of net emissions in this category are primarily the demand for Australian wood and wood products, the
substitution of these supplies between plantations and native forests, and the incidence of wildfire.

Net emissions from forest land remaining fores t Il and wWWIC8e ih 2099. This net sink can be

attributed to the trend of greater removals through forest regrowth on land that has been cleared in the past,

and reduced net emissions from the harvest of native forests*#? This native forest trend is a significant

contributor, as there has been a significant decline in the clearing of native forest for plantation
establishments, with new tree plantations instead being established on previously cleared land, such as

former grazing lands Australia-wide. The effect of this trend is visible in the decreasing net emissions from

both the land converted to other uses and forest land remaining forest land categories in recent years, as
shown in Figure30. As a supplementary effect, Australiads tot al
rapidly and, to some extent, keeping a relatively constant timber yield despite the decline in harvests from

native forests.[4950

Figure 30 shows that the forest land remaining forest land category has therefore varied considerably between
contributing a net source and a net sink of CO; since 1990. Forest regrowth corresponds wit increased
uptake of CO,, but fluctuates considerably with prevailing climate conditions (e.g., drought), and to some
extent, through the decomposition of dead biomass that naturally occurs over long -term periods. This
principle underpins the balance between carbon stocks and the accumulated concentration of CO; in the
atmosphere. Historical fire regimes also have a significant effect on carbon stock over various temporal scales.
Fire (including bushfire) leads to carbon losses occurring over a short periad, but can itself, subsequently lead
to increased rates of carbon uptake, by regenerating vegetation during favourable climate conditions,
counterbalancing the carbon losses to some extent.

Cropland remaining cropland

This category is estimated to have cont r i but ed a MeCG0Oe sni20189, whidh isla &ignificant
reduction on the 1990 level of +25 Mt-COe. Emissions and removals from this category fluctuate from
changes in land use, cyclical effects from climate variation, changes in management pratices on cropping
lands, and from changes in crop type, generating changes in the levels of soil carbon or woody biomass
stocks over the longer term.

Grassland/wetland/settlements remaining grassland/wetla nd/settlements

This category includes the grassland remaining grassland wetland remaining wetland and settlement
remaining settlement classifications of the national GHG inventory!!! According to the national inventory
report, net emissions from grassland remaining grassland are related to changes in fire management from
savanna rangelands, changes in soil carbon from grazing, and changes in shrubby vegetatiord Grassland
remaining grassland accountve-680d or a net sink in 2019 of

In comparison, net emissions from wetlands remaining wetlands, are predominantly methane emissions from
constructed ponds and reservoirs. Small amounts of nitrous oxide emissions are also present, stemming from
aquaculture uses in tidal marsh areas and, while net carbon dioxide emissions from the dredging of seagrass
as well as changes in mangrores, are also accounted. The wetlands category was estimated as a net source
of 4 Mt-CQee in 2019 and has remained relatively steady since the 19908

Emissions/removals from the settlements remaining settlements category, account for very small net GHG
emi ssions | ev eelins2019.1This eBtimatevbbnipses net changes in sparse woody vegetation
around urban infrastructure ! Although settlements have a very small sequestration capability, urban forests
have in recent years played a role in the overall net increase in carbon sequestration#%5051
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8.2.2 Projections of net LULUCF emissions

NZAu has developed estimates of future net emissions trajectories for the various LULUCF sector categories
described above. The basis for these projections, as well as the central structure of the categories, is the
National Inventory Report ¥ with assumptions on future trends drawn from expert advice.

We project two trajectories within the LULUCF sector:
1. Business as usua(BAU), which assumes no change in current LULUCF emissions abatement policies; and

2. With mitigation measures (WMM), which assumes a plausible concerted effort to make the LULUCF a
net sink of emissions.

These trajectories combine top-down assumptions d such as existing policies, industry production trends,
and climate variation & with bottom -up disaggregated sectoral information. We aimed to make these
projections with assumptions judged as plausible by experts in the NZAu team.

Business as usual

Figure 31 presents the historical and projected LULUCF emissions for the BAU trajectory. Thdorest land
converted to other land usescategory continues to decline as a net source of emissions, following the
continued trend of a gradual decline in the rate of land clearing with current policies. The land converted to
forest land category is projected to gradually become less of a sink without significant additional policy
incentive, having reached peak negative emissions in 20115 2017.

Net emissions from the forest land remaining forest land, cropland remaining cropland,

grassland/wetland/settlements remaining grassland/wetland/settlements and harvested wood products
categories have fluctuated around net zero emissions in recent years. We project this behaviour to continue

in the future, with annual net emissions in each of these categories being equal to the average of the previous

10 vy ear &2019)(an0aletissions. Thigs a simplifying assumption, noting that the actual net emissions

will vary between years, due to differences in climate, climate policies, economic growth rates, etc.

Figure 31 also shows the total net emissions from the LULUCF sector for the BAU trajectory. It shows that the
LULUCEF sector is projected to be a small net source of emissions in 2020 with +9t-CO.e, and gradually
becomes a small net Ms-Cek It dhould BeOnbtéd thatiptojacting glantation rates,
climate variation and technological development 30 years into the future inevitably leads to significant
uncertainty. The outlined trajectories should therefore be interpreted as a reasonable estimate of future
emissions under businessas-usual conditions, based on current evidence and expectations.
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Figure 31| Historical (1990 6 2019) and projected (2020 6 2050) BAU GHG emissions from the LULUCF
sector.
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With mitigation measure s

Figure 33 presents the historical and projected LULUCF emissions for theWith Mitigation Measures (WMM)
emissions trajectory. Here, we project that land clearing in the forest converted to other land usesategory
will continue to be a source of emissions only until 2030, at which point emissions will be net-zero in this
category. To deliver this significant emissions abatement an increase of regulatory control and market drivers
are assumed to be established to reduce land clearing rates. This approach is consistenwith the recent
Australian Government commitment in Glasgow COP26.

Within the land converted to forest landcategory we project that & with a concerted effort & the balance of
new commercial plantations, conversion of plantations to agriculture, environm ental plantings and human-

i nduced natur al regeneration results in i nadit-EQesired

2050, as shown inFigure 33. Thise pr esent s an MtdCke dfiammunahsequdstBation by 2050
compared with the BAU trajectory.

This projection of increased sequestration through conversion to forest land involves new investment to
expand the forest area through a combination of t rees integrated with farming, commercial plantations,
environmental plantings, technology development, and active efforts to increase the establishment of new
plantations, leading to larger forest land areas.

Figure 32 presents the assumed annual rate of tree planting area, and the cumulative area of tree planting,
that enables the projected increased sequestration from 2022. The rate of carbon dioxide sequestration in
these new plantations is assumed to be 10t-COy/halyear. Figure 32 also shows the resulting net negative
emissions trajectories (WMM) from this enhanced sequestration in trees, as compared with the BAU
trajectory.

We assume that these new tree plantings will be located predominantly on land designated by the ABS as
land mainly used for cropping and improved pastureswhich currently accounts for 67 million ha of Australian
land area!®@ The land used for new tree planting represents 8% of this agricultural land area in 2050, with the
regional distribution of these new plantings assumed to be proportional to the distribution of agricultural
land.

This works also assumes that this enhancedequestration would have minimal impact on farming production,
through strategic placement of vegetation on agricultural land. In addition, there are some potential co -
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benefits, such as additional potential revenue streams, mitigation of wind erosion, improvement of dryland
salinity, and improved livestock production through the provision of stock shade and shelter 5%

Figure 32 | (left) the assumed annual rate and cumulative area of new tree planting on agricultural land in
the WMM trajectory, with (right) the resulting annual emissions sequestration.
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The WMM trajectory also projects net emissions from the forest land remaining forest land, cropland

remaining cropland, grassland/wetland/settlements remaining grassland/wetland/settlements, and

harvested wood products categories to be the same as the BAU trajectory. These categories are not subject

to significant mitigation e ffort, as they are, in general, small contributors to total net LULUCF emissions, and

are therefore projected to be equal t68019) éneualemissions.ge o f

Figure 33 also shows the resulting net emissions from the LULUCF sector for the WMM trajectory. It shows
that, with these mitigation measures discussMdOabove,
by 2050. It is important to note that this net sink is not expected to fully compensate for agriculture and waste

emissions by 2050.

Figure 33 | Historical (1990 6 2019) and projected (2020 6 2050) GHG emissions from LULUCF sectorwith
assumed mitigation measures (WMM)
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8.3 Waste

Emissions accounted under thewaste sector include those produced during:

1 solid waste disposal, via landfill and biological treatment (composting)

1 incineration of waste

1 wastewater treatment from domestic, commercial, and industrial wastewater.

The total GHG emissions from these activities accounted for +14Mt-COe i n Australiads 2019 Gt
and this is predominantly composed of emissions of methane from anaerobic digestion of organic matter .1

The total GHG emissions from this sector have progressively decreasd by 10% (3.2Mt-COse/year) over the

last decade"

Table29 | Li st of the waste subsectors accounted for in Aus:
classification, together with details of the emissions source .1

Waste subsector Source

Solid waste disposal The waste deposited into landfills, including municipal solid waste,
commercial and industrial waste, and construction and demolition waste.

Biological treatment of solid waste Composting and enclosed anaerobic digestion, for example.
Waste incineration Solvents and municipal and clinical waste that contain fossil carbon.

Anaerobic digestion of organic matter in domestic, commercial, and

Wastewater treatment and discharge . .
industrial wastewater.

Table29pr esents the waste subsectors accllo2019the lafgestof i n Aust
these subsectors by total emissions wassolid waste disposalin landfills (74%), followed by domestic and

industrial wastewater treatment (23%), with small contributions from biological treatment of solid waste (2%)

and incineration of waste (0.2%). The increased capture and combustion (flaring) of landfill gas since 2015

has led to a reduction in GHG emissions from this source® with flaring of biogenic methane considered to

be GHG emissions neutral. On a regional basis New South Wales (35%) had the largest share of emissions

from the waste sector, followed by Victoria (21%), and Queensland(19%).

NZAud BAU emissions trajectory projects waste sector emissions to be 14Mt-COselyear from 2020 to 2050,
as shown inFigure 34. This assumes that current waste generation and emissions abatement measures remain
in place and is calculated as the average annual GHG emissions over the last decade.

To date, the NZAu project has not considered the effect of any waste sector emissions mitigation measures.
Therefore, the reference case emissions trajectory shown irFigure 34 is used in all NZAu modelled scenarios.
This implies that the residual 14 Mt-CO,e/year from the waste sector needs to be offset by negative emissions
in other sectors.
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Figure 34 | Historical (1990 6 2019) and projected (2020 6 2050) GHG emisdons from the waste sector, by
specific sourcel,
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8.4 Combined projections

Figure 35 presents the historical (1995 & 2019) and projected (2020 & 2050) net GHG emissions from the
agriculture, LULUCF and waste sectors, for theBAU trajectory. The emissions trajectories are shown by
state/territory (left), UNFCCC sector (middle), and specific GHG type (right). Net emissions are shown byhe
black line. This shows that under BAU future conditions, agriculture, LULUCF and waste emissiond which
include CO,, CH;, N,O 0 are projected in the long run to reduce slightly to +92.0 Mt-CO,elyear by 2050.

Figure 35 | Historical and projected net GHG emissions from the agriculture, LULUCF and waste sectors,
for the BAU trajectory.
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Figure 36 presents historical (1995 d 2019) and projected (2020 & 2050) net GHG emissions from the
agriculture, LULUCF and waste sectors, for theV\MM trajectory. The emissions trajectories are shown by
state/territory (left), UNFCCC sector (middle), and specific GHG type (right). Net emissions are shown byhe
black line. It can be seen that a concerted effort to adopt plausible mitigation measures & particularly the
active abatement of methane emissions from agriculture and enhanced CO, sequestration through new tree
planting 0 the net emissions are projected to reduce to +19 Mt-CO,e/year by 2050. It should be noted that
these combined sectors do not reach net-zero and will therefore require negative emissions in another sector
to offset the residual emissions shown here.
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Figure 36 | Historical and projected net GHG emissions from the agriculture, LULUCF and waste sectors,
for the WMM trajectory.

200
Agriculture
180
= [ Waste
g 160 M LULUCF
@ 140
(o]
S 120
o
S 100
2 80
.0
a 60
E 40
£ 20
O
*_3 0
= -20 B NSsw [ TAS
40 QLD MW WwWA
[ NT W sA
_60 .
[ vic M ACT -
-80
o o o o o o o o o o o o o o o o o o
o — [aN} o < N o — [aN} ™ < [¥p] o — [aN] o < LN
o o o o o o o o o o o o o o o o o o
(o} [oV} [V} [V} N (QV] [V} [V} [V} N [V} (o} [V} [V} [V} [V} [V} [V}

References

1. Australian Government Department of Industry, Science,
2 0 1 Btips://www.industry.gov.au/data -and-publications/national -greenhouse-accounts-2019

2. The Intergovernmental Panel on Climate Change 2014,&Climate Change 2014: Synthesis Report. Contribution of
Working Groups I, Il and Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate Changé, [Core
Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland.

3. Reisinger, A, Clak, H, Cowie, AL, EmmetBooth, J, Gonzalez Fischer, C, Herrero, M, Howden, M, Leahy, S 202ow
necessary and feasible are reductions of methane emissions from livestock to support stringent temperature goals?®
Philos Trans A Math Phys Eng Scl5;379(22.0):20200452.

4. Black, J. L., Davison, T. M. & Box, | 202#@Methane Emissions from Ruminants in Australia: Mitigation Potential and
Applicability of Mitigation Strategies 6 Animals, 11, 951.

5. Eckard, R., Johnson, I. & Chapman, D2 0 0 ®pdelling nitrous oxi de abatement strategies in intensive pasture
systemsd International Congress SeriesElsevier, 7685.

6. Bethune, M. & Armstrong, D. 2004. dOverview of the irrigated dairy industry in Australiaé Australian Journal of
Experimental Agriculture 44,127-129.

7. Boult, C€. and Chancellor, W., 2019. 0Pr oduc t1 &A4gtcyltura f
Commodities, 9(1), pp.155168.

8. Sheng, Y. & Xu, X. 20190The productivity impact of climate change: Evidence from Australia's Millennium drought &
Economic Modelling 76, 182191.

9. Heberger, M., 2012. OAustraliads millennium dr d25yIsland
Press, Washington, DC.

10. Howden, M. & Zammit, K. 2018. GAustralian agricultural overviewd Agricultural Commodities, 8, 5-12.

220

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023 | 78|

Energ

austra

| mpacts


https://www.industry.gov.au/data-and-publications/national-greenhouse-accounts-2019

11.

12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.

26.

27.

28.

29.

30.

31.
32.

Ashton, D., CuevasCubria, C., Leith, R. & Jackson, T. 201&roductivity in the Australian dairy industry: pursuing new
sources of growthd ABARES Research Reppfi4.11).

Valle, H., 2016. aRPrbdoeadawvi ¢ ya n dAgrédtisal Gomihaidites, §(1)rpp.Z52@5.
Mccarthy, O. 2016.dDairy: Outlook to 2020-216. Agricultural Commodities, 6, 134-145.

AlvarezHess, P. S., Little, S. M., Moate, P. J., Jacobs, J. L., Beauchemin, K. A. & &cRard. 20190A partial life cycle
assessment of the greenhouse gas mitigation potential of feeding 3-nitrooxypropanol and nitrate to cattle &
Agricultural systems 169, 14-23.

Haisan, J., Sun, Y., Guan, L., Beauchemin, K., Iwaasa, A., Duval, S., Barreda, D. & Oba, M. @&0teleffects of feeding
3-nitrooxypropanol on methane emissions and productivity of Holstein cows in mid lactation & Journal of dairy science
97,3110-31109.

Hristov, A. N., Oh, J., Giallongo, F., Frederick, T. W., Harper, M. T., Weeks, H. L., Branco, A. F., Moate, P. J., Deilyhton,

H. & Williams, S. R. O. 20150An inhibitor persistently decreased enteric methane emission from dairy cows with no
negative effect on milk production & Proceedings of the national academy of science412, 10663 10668.

Wilkinson, K. G. 20110A comparison of the drivers influencing adoption of on -farm anaerobic digestion in Germany
and Australiad Biomass and bioenergy35, 1613 1622.

Laubach, J., Pratt, C., Guieysse, B., Chung, M. & Shilton, A. 20fReview of gaseous emissions of methane, nitrous
oxide and ammonia, and nitrate leaching to water, from farm dairy effluent storage and application to land &
https://www.mpi.govt.nz/dmsdocument/30131/direct [Accessed November 2021].

Tait, S., Harris, P. W. & McCabe, B. K. 202Biogas recovery by anaerobic digestion of Australian agro-industry waste:
A reviewd Journal of Cleaner Production 126876.

Eckard, R. & Clark, H. 201&Potential solutions to the major greenhouse -gas issues facing Australasian dairy farming.
Animal Production Science 60, 10-16.

Smith, A. P., Christie, K. M., Rawnsley, R. P. & Eckard, R. J. 2@F@rtiliser strategies for improving nitrogen use
efficiency in grazed dairy pasturesd Agricultural Systems 165, 274 282.

Deards, B. 20150Beef and veal: Outlook to 2019-206 Agricultural Commodities, 5, 102111.
Mullumby, J. 2018a.cBeef and veal: Outlook to 2022-236. Agricultural Commodities, 8, 96-102.
Rees, C. & Mullumby, J. 20176Trends in Australian meat consumptiond Agricultural Commodities, 7, 82-85.

Vyas, D., Alemu, A. W., Mginn, S. M., Duval, S. M., Kindermann, M. & Beauchemin, K. A. 2018The combined effects
of supplementing monensin and 3-nitrooxypropanol on methane emissions, growth rate, and feed conversion
efficiency in beef cattle fed high-forage and high-grain diets@ Journal of Animal Science 96, 2923.2938.

Vyas, D., Mcginn, S., Duval, S., Kindermann, M. & Beauchemin, K. 201d&ffects of sustained reduction of enteric
methane emissions with dietary supplementation of 3-nitrooxypropanol on growth performance of growing and
finishing beef cattled Journal of Animal Science 94, 20242034.

MLA. 2018. Regional feedlot investment study, https://www.beefcen tral.com/wp -
content/uploads/2018/10/B.FLT_.8011_Final_Report.pdfAccessed November 2021].

Black, J. L., Davison, T. M. & Box, I. 202@Vethane Emissions from Ruminants in Australia: Mitigation Potential and
Applicability of Mitigation Strategies 6 Animals, 11, 951.

McGinn, S., Flesch, T., Beauchemin, K., Shreck, A. & Kindermann, M. 20tMicrometeorological Methods for
Measuring Methane Emission Reduction at Beef Catditileé
Journal of environmental quality, 48, 1454 1461.

Berry, P. 201505heep meat and wool: Outlook to 2019-204 Agricultural Commodities, 5, 112-123.
Rees, C., Berry, P. & Mullumby, J. 2018Vool: Outlook to 2022 -234 Agricultural Commaodities, 8, 115119.

Martinez-Fernandez, G., Abecia, L., Arco, A., Cantalapiedtdijar, G., MartinGarcia, A., MolinaAlcaide, E., Kindermann,
M., Duval, S. & YafiezRuiz, D. 2014.cEffects of ethyl-3-nitrooxy propionate and 3 -nitrooxypropanol on ruminal
fermentation, microbial abundance, and methane emissions in sheep Journal of dairy science 97, 3790-3799.

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023

Feedl ot


https://www.mpi.govt.nz/dmsdocument/30131/direct
https://www.beefcentral.com/wp-content/uploads/2018/10/B.FLT_.8011_Final_Report.pdf
https://www.beefcentral.com/wp-content/uploads/2018/10/B.FLT_.8011_Final_Report.pdf

33.

34.

35.

36.

37.
38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

ABARES. 2011. 7124.0 Historical Selected Agriculture Commodities, by State (1861 to Present), 201611,
https://www.abs.gov.au/ausstats/abs@.nsf/Lookup/7124.0Chapter112010-11 [Accessed October 2021].

Wiedemann, S., McGahan, E. J. & Murphy, C. M. 2016bEnvironmental impacts and resource use from Australian pork
production assessed using life-cycle assessment. 1. Greenhouse gas emissionsAnimal Production Science56, 1418
1431.

Wiedemann, S. & Watson, K. 2018. 6The low emission future of porkd https://porkcrc.com.au/wp -
content/uploads/2018/02/4C -121-FinalReport.pdf

Watson, K. J. L., Wiedemann, S. G., Biggs, L. & McGahan, E. J. 2@T®ends in the environmental impacts from the
Australian pork industry: 1980-20206 Advances in Animal Biosciencesl0, s23s23.

Dutra, K. 2016.0Chicken meat: Outlook to 2020-2164 Agricultural Commodities, 6, 130-133.
Mullumby, J. 2018.0Chicken meat: Outlook to 2022-236. Agricultural Commodities, 8, 113-114.

Cockerill, S. A., Gerber, P., WalkdeBrown, S. & Dunlop, M. W. 2020. dSuitability of liter amendments for the
Australian chicken meat industryd Animal Production Science 60, 14631481.

Agbenyegah, B. K. 20170Cotton: Outlook to 2021 -224 Agricultural Commodities, 7, 63-72.

Macdonald, B. C., Latimer, J. O., Schwenke, G. D., Nachimuthu, G. & Baird, J. C. 2@TI8e current status of nitrogen
fertiliser use efficiency and future research directions for the Australian cotton industry & Journal of Cotton Reearch
1, 1-10.

Thorburn, P. J., Biggs, J. S., Palmer, J., Meier, E. A., Verburg, K. & Skocaj, D. M. 2ZPkibritizing crop management to
increase nitrogen use efficiency in Australian sugarcane crop$. Frontiers in plant science 8, 1504.

Zhao, Z., Veburg, K. & Huth, N. 2017.dModelling sugarcane nitrogen uptake patterns to inform design of controlled
release fertiliser for synchrony of N supply and demanda. Field Crops Researci213, 51-64.

Hamilton, C. & Vellen, L. 19994 and-use change in Australia and the Kyoto Protocold Environmental Science & Policy
2,145152.

Australian Government Department of the Environment. 2015. Australian Land Use, Land Us&€hange and Forestry
emissions projections to 2035, https://www.industry.gov.au/sites/default/files/2020 -07/lulucf-emissions-projections-
2014-15.pdf [Accessed August 2021].

Mackey, B., Keith, H., L Berry, S. & B Lindenmayer, D. 20@&reen carbon: the role of natural forests in carbon storageg,
p 47, ANU Press.

McEwan, A.,Marchi, E., Spinelli, R. & Brink, M. 20200Past, present and future of industrial plantation forestry and
implication on future timber harvesting technology & Journal of Forestry Researct81, 339-351.

Evans, M. C. 2016dDeforestation in Australia: drivers, trends and policy response®. Pacific Conservation Biology 22,
130-150.

ABARES. 2021. QAustralian plantation statistics and log availability report 20216
https://www.awe.gov.au/abares/forestsaustralia/plantation -inventory-and-statistics [Accessed December 2021].

ABARES. 2020 cPlantation and log supplyd https://www.awe.gov.au/abares/research-topics/forests/fores t-
economics/plantation -and-log-supply#previous-australian-plantation -statistics-reports [Accessed December 2021].

Pataki, D. E., Alberti, M., Cadenasso, M. L., Felson, A. J.Ddanell, M. J., Pincetl, S., Pouyat, R. \Setala, H. & Whitlow,
T. H. 2021.6The benefits and limits of urban tree planting for environmental and human health & Frontiers in Ecology
and Evolution, 9, 155.

ABS. 2017. Land Management and Farming in Australiahttps://www.abs.gov.au/statistics/industry/agriculture/land -
management-and-farming -australia/latest-release [Accessed November 2021].

Nuberg, I., Reid, R. & George, B. 2000Agroforestry as integrated natural resource management. Agroforestry for
natural resource managementd CSIRO Publishing, Collingwood, 120.

Bourne, G., Stock, A., Steffen, W., Stock, P. & Brailsford, L. 208 Wo r k i n gAudraigserising greenhouse gas
emissionsd Climate Council of Australia

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023


https://www.abs.gov.au/ausstats/abs@.nsf/Lookup/7124.0Chapter112010-11
https://porkcrc.com.au/wp-content/uploads/2018/02/4C-121-Final-Report.pdf
https://porkcrc.com.au/wp-content/uploads/2018/02/4C-121-Final-Report.pdf
https://www.industry.gov.au/sites/default/files/2020-07/lulucf-emissions-projections-2014-15.pdf
https://www.industry.gov.au/sites/default/files/2020-07/lulucf-emissions-projections-2014-15.pdf
https://www.awe.gov.au/abares/forestsaustralia/plantation-inventory-and-statistics
https://www.awe.gov.au/abares/research-topics/forests/forest-economics/plantation-and-log-supply#previous-australian-plantation-statistics-reports
https://www.awe.gov.au/abares/research-topics/forests/forest-economics/plantation-and-log-supply#previous-australian-plantation-statistics-reports
https://www.abs.gov.au/statistics/industry/agriculture/land-management-and-farming-australia/latest-release
https://www.abs.gov.au/statistics/industry/agriculture/land-management-and-farming-australia/latest-release

9 Resource availabilities

9.1 Coal, gas and oil costs and production

The coal cost projections from 2021 to 2050 are sourced from the AEMO Integrated System Plaft! and the

WA g o v er nMhaenof System Plar? A summary of these cost projections is shown in Figure 37 by

NZAu zone, with costs assumed to be constant from 2050 to 2060. This work also characterises all existing
black and brown coal mining activity, with existing infrastructure having a capacity of 12,600 PJ/year of black

coal and 500 PJ/year of brown coal, regionally allocated to the NZAu zones in which the existing mines are

located.

This work also uses projections of international crude oil prices. Since NZAu examines deep decarbonisation

pat hways, it is appropriate to source these prices fron
detailing their modelled Net Zero by 2050scenario® These oil prices are also shown inFigure 37, with units

converted to 2021 AU$/GJ, and with prices assumed constant from 2050 to 2060. We also characterise the
capacity and | ocation of Australiads existing Geelong
modelling as initial existing energy infrastructure.

Figure 37 | Black and brown coal cost and imported oil price projectio ns used as input to NZAu
modelling .[*?% Oil import costs have been converted to 2021AU$/GJ from 2019US$/boe.
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The cost of natural gas production from both conventional extraction and coal seam gas extraction methods

is separated into fixed capex and variable opex canponents, as shown in Figure 38. These values are sourced

from the Productivity Commi ssi on 8sandBhe SMesternrAusthaliasGas al i a Ga
Statement of Opportunities ! We separate these cost components to account for changes in the utilisation

of capital assets.

These production cost inputs also differentiate between the eastern states, Western Australia and the
Northern Territory and are modelled as coal seam gas extraction in the QLD-outback region, conventional
gas extraction in the WA-north region, and conventional gas extraction in the NT region, respectively. This
simplified representation of regional production is due to current production in these regions and declini ng
conventional natural gas production in the Cooper Basin and the Bass Strait, as discussed further in section
10.7.1 Finally, these natural gasproduction costs are related to equivalent delivered costs to different users
using a modelling approach detailed in section 10.7.1

We also characterise all existing conventional and coal seam gas extraction facilities, as well as existing LNG
facilities and include these in the modelling as existing energy infrastructure. Existing conventional extraction
capacity 4,000PJ/year distributed across the country, existing CSG extractiorcapacity is 1,400PJ/year located
in QLD and NSW, and existing LNG capacity is 4,40@J/year, located in QLD, NT and WA. We also apply a
constraint to any modelled future gas extraction activity, that approximately maintains the current
proportional distr ibution of natural gas production between Western Australia and the rest of the country.

Figure 38 | Natural gas capex (left) and opex (right) production cost component inputs to NZAu
modelling. [4®]
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9.2 Renewable availability traces

Onshore renewable traces (generation availability profiles) are produced by simulating generation from

potential solar PV and wind projects at selected locations in Australia, and are required to represent the
temporal variability of electricity generation in highly carbon -constrained, sector-coupled energy systems.
The process of producing these renewable traces follows the steps laid out in Figure 39, and involves the
selection of locations, the sourcing of weather data, the selection of model parameters for use in NZAu, the
simulation of wind/solar PV projects at the selected locations, and the aggregation of traces from individual

wind/solar projects in a region into a representative regional wind/solar PV trace for use in RIO.

Figure 39 | NZAu process of producing renewable traces.
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9.2.1 Preparation steps

Select locations

Simulation locations have been selected using the solar PV and wind supply curves generated for NZAu and
discussed in section9.3. More sites were considered for simulation in NZAu zones that have greater aggregate
capacity in the NZAu supply curve, with fewer sites being selected in regions where the NZAu supply curve
has less caacity.

Source weather data

Climate data used in solar PV simulations is sourced from the NREL National Solar Radiation Database
(NSRDBJ! The hourly parameters accessed from the NSRDB include:

1 global horizontal irradiance (GHI)
1 diffuse horizontal irradiance (DHI)
1 direct normal irradiance (DNI)

1 albedo (a)

1 temperature (t)

1 wind speed (ws)

1 elevation (e).
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Weather data used in onshore wind simulations is sourced from the Australian Bureau of Meteorology
Atmospheric high-resolution Regional Reanalysis for Australia (BARRA) dataséd The relevant single level
variables accessed from the BARRAR forecast dataset represent mean hourly wind speed at a 10metres
above ground level. The specific variables used are:

1 METRE WIND UCOMP (Mean), x_wind, av_uwnd10m

1 METRE WIND VCOMP (Mean), y_wind, av_vwnd10m.

Select modelling parameters

The simulation of wind and solar PV projects requires the selection of the technical parameters that
characterise generation from the representative wind or solar PV plant at the select location. The technical
parameters used in NZAu simulations are listed in Table 30.

Table 30 | Technical parameters used in NZAu simulations of renewable availability profiles.

Parameter Utility -scale PV Rooftop PV Wind
Simulation year FY2018 FY2018 FY2018
Simulation time -step hourly hourly hourly
Orientation Single-axis tracking Fixed tilt at site latitude NA
Panel Azimuth 0 degrees (North) 0 degrees (North) NA
DC/AC nameplate ratio 1.3 1 NA
Inverter efficiency 0.955 0.955 NA
Module Type o for module Glass/cell/polymer Glass/cell/glass, Close Roof NA
temperature estimation [3] sheet, open rack mount
Shadow derating factor no Yes = (1 e~(I (altitude of the NA
sun / weibull_l)*weibull_k)),
where weibull_| = 0.308 and

weibull_k =1.98

Non-inverter fixed system 0.9 0.9 NA

derating

Cell temperature derating 0.0045 0.0045 NA

constant per °C

Standard test conditions cell 25 25 NA

temperature °C

Soiling factor 1 0.95 NA

Hub height NA NA 150 (100 offshore)

Turbine NA NA Bounding power wind -speed

curve [4] used to generate
capacity factor layer [5]

Wind power law exponent NA NA 0.0050 0.305

As listed in Table 30, the NZAu modelling team identified financial year (FY)2018 as the simulation year for
all onshore renewable resources as it was the only crossover data year which was available in both:

1 the climate data sets used for the simulation (The last complete financial year available in the BARRA
dataset is FY2018 and the first awilable site in the NSRDBY in FY2016, leaving FY2016, FY2017, and
FY2018 as crossover years), and

1 the historical electricity demand benchmarking data (see section 6.4).

Utility -scale solar P/ simulation parameters were benchmarked against the reported annual FY capacity
factors of existing utility -scale solar PV systems (known to have experienced little or no curtailment during
the FY)¥! A discussion of the benchmarking for the rooftop PV can be found in section 9.4.
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Wind simulation parameters, including most notably the wind power law exponent, were benchmarked
against the capacity factor map supplied by Geoscience Australi&! and Briggs et al*® The benchmarking of
the wind power law exponent for each selected site involves:

1. Accessing the 10 metre hourly wind speeds for the simulation year from wind climate data
2. lteratively estimating the capacity factor at the selected site by:

0 estimating the wind speed at 150 metres height (or 100 metres height for offshore as that is the hub
height used by the capacity factor layer from Briggs et all*™)) at each simulation site using the wind
power law!”

ind power | aw exponent

v it
wind speed wzitndlEs(‘praed%a;_[t 10m
o estimating the power output for a 3.6 kW turbine (maximum considered in reference study and
capacity factor layer*®) having a hub height of 150 metres (100 metres for offshore) at each
simulation site, using the bounding power wind -speed curve datd*

0 estimating the hourly (and annual average) capacity factor of the turbine by dividing the estimated
power output by the tur bi ne &Wforreach houn(and therotakiegtheout put o
average over the entire year)

0 comparing the estimated annual average capacity factor with the capacity factor for the site in the
Geoscience Australia supplied capacity factor layer at a 150 metre hub heigh®, or with the Briggs et
all*™ capacity factor layer at 100 metre hub heigh for offshore wind. If the estimated capacity factor
is less than the benchmark capacity factor and more than 0.1% different from the benchmark capacity
factor, then incrementally increase the wind power law exponents (which starts on the first iteration
at 0.005) by +0.005 and iterate all of step two again.

Offshore wind capacity factor layer note

Two offshore wind (OSW) capacity factor layers havebeen developed specifically for use in Australian waters.

A team from the Blue Economy Cooperative Research Centre (BECRC) developed an offshore wind (OSW)

capacity factor layer for use in the 2021 Offshore Wind Report!' The BECRC team provided that layer

(hereafter BECRC202)Lto NZAu on request in 2021. The BECRC2021 layer combines hourly ER3 global

climate datal*® with the power curve for the IEA 15 MW reference wind turbine !”) The BECRC2021 layer
corresponds to a 100m hub height and isresolvedto 30x3 0 km cel | s. BECRC202106s offsh
range from 0 to 91%. The BECRC report suggests that a layer having a 150m hub height would be more useful

for offshore wind energy modelling around Australia and states t hat oO0capacity factors at
canbeupto~4-5% greater 6 than those reprted in the BECRC2021

In 2022, a team from Monash University, in collaboration with Geoscience Australia, released offshore wind

capacity factor layers for three turbines at hub heights of 150m '8 The layers are based on climate data
supplied by the Australia BuPeaaduare cebolvdd déotae-b3kno grid. Jeds B ARR/
turbines used to estimate capacity factors at the 150m hub height are the Vestas V126 3.45MW, the GE V130

3.2MW, and a generic turbine mode ' ©fishoresadpacity faatorsdrb o un d e d
the core layer on offer (hereafter GA2022c orr espond t o the generic O6bounded cu
0 to 94%. A description of the method used to estimate capacity factors can be found in the supplementary

materials provided with GA2022.

Comparison of the two OSW capacity factor layers (BECRC2021 and GA2022) is made difficult as the teams
did not select the same turbine when generating capacity factor layers. When comparing the GA2022 layer
with the BECRC2021 layer, the GA2022 layer reports higher capacity factors than the BECRC2021 layer in
nearly all comparable regions (main exception being off the coast of Cairns & see Figure 40). The difference
between the two layers (shown in Figure 40) appears to be less pronouncedd having a difference of less than

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023


https://www.dropbox.com/s/nzrhz0bqwy3vu6y/BECRC_OWE%20in%20Aus%20Project%20Report_P.3.20.007_V2_e190721.pdf?dl=1

10% between capacity factorsdal ong Qu e e n s-éastarndcdast framoGlatistone around to Nanum,
off the coast of Darwin, off the WA coast from Geraldton to Exmouth, and in the waters off Victoria and
around Tasmania. Most other offshore areas have capacity factors at least 10% higher than the BECRC2021
layer. Due to differing grid sizes, the comparison fails in many nearstore areas.

Neither layer can be validated against actual OSW speeds and turbine/farm performance until such data
becomes available.

Until validating data becomes available or GA2022 and BECRC2021 authors provide data with which to better
compare the layers (e.g. average wind speed maps at rated hub heights along with wind speed data for a
number of agreed on offshore location which might be used to simulate wind turbine/farm output & including
lossesdusing the NREL®s Sy NAAMhad dectedsto cogtinudesihg the supplied
BECRC2021 layer.

Figure 40 | Capacity factor difference found by subtracting the BECRC2021 layer from the GA2022 layer .
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9.2.2 Validate simulation process

To validate the simulation process, the NZAumodelling team ran simulations at the sites of existing wind and

solar farms. The actual technical parameters of existing projects (e.g. hub height, turbine model) were used
in these simulations when such data was availableFigure 41 and Figure 42 show comparison of the simulated

traces with data from Macarthur and Capital Hill Wind projects. Figure 43 and Figure 44 show comparison of

the simulated traces with data from Nyngan and Broken Hill solar PV projects.
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Figure 41| Validation of wind simulation process against Macarthur wind farm data
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Figure 42 | Validation of wind simulation process against Capital Hill wind farm data
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Figure 43 | Validation of solar PV simulation process against Nyngan solar PV farm data
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Figure 44 | Validation of solar PV simulation process against Broken Hill solar PV farm data
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9.2.3 Run project simulations

Utility -scale solar PV

Solar PV simulations combine hourly climate data from the NREL National Solar Radiation Database
(NSRDBY! with the model parameters listed in in Table 30, and a simplified version of the modelling steps
prescribed by Sandia National Laboratories® These steps are performed for every hour of the simulation
year at every selected simulation site and consist of:

1. calculating solar angles (azimuth, zenith angles}'?

2. calculating angle of solar radiation incidence using utility -scale solar PV parameters (orientation and
panel azimuth) and the solar angleg'¥

3. adjusting the NSRDBY reported DNI for the angle of incidence, ! and the shadow derating factor
4. adjusting DHI using the NSRDB! reported DHI and GHI, solar angles, and orientatior*®!

5. estimating the irradiance reflected from the ground using the NSRDB! reported GHI and albedo, and
orientation 4

6. estimating total insolation by adding the adjusted DNI, the adjusted DHI, and ground -reflected irradiance

7. estimating the temperature derating us ing the utility -scale solar PV parameter (module type, temperature
derating constant, standard conditions cell temperature), and the NSRDB! reported wind speed and air
temperature®

8. estimating the hourly capacity factor by multiplying total insolation (in watts) by the temperature derating
and utility -scale solar PV parameters (norinverter fixed system derating, inverter efficiency, DC/AC ratio,
soiling factor)

9. estimating the annual capacity factor for the FY at the location by averaging the hourly capacity factors
over the entire FY.

Rooftop PV

Please see sectiord.4 for a description of the rooftop PV simulation and validation process.
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Wind (onshore and offshore)

Wind project simulations combine hourly climate data from the BARRA dataset? with the model parameters

listed in Table 30. The hourly (and annual) capacity factors of wind projects at selected sites are estimated
using steps 1, 2a, 2b, and 2c from the wind simulation benchmarking in section 9.2.1 For wind simulations,
the steps are not estimated iteratively, but only once using the weather data and estimated wind power law

exponent for each hour at each simulation site.

9.2.4 Generate representative regional traces

Utility -scale solar PV,wind and offshore wind

Three representative traces are generated for each resource (solar PV, wind, offshore wind) in each of the 15
NZAu regions (section 5). Representative traces are generated by:

1. apportioning all selected simulation sites of each resource into three national bins, based on capacity
factor (lowest third of capacity factors, middle third of capacity factors, highest third of capacity factors),
and

2. taking the average across all traces in each of the capacity factor bins of a region (maximum allowed in
any regional bin is ten traces), for each resource and each hour of the simulation FY.

For NZAu zones in which the selected simudation locations are geographically dispersed, the aggregation of
traces from the individual selected locations will likely result in traces that have greater smoothness and are
less temporally-varying than those generated from closer more correlated sites. Figure 45 presents a one-
week sample of the representative renewable availability traces in WAsouth.
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Figure 45 | A one-week sample of the solar PV (top), and onshore and offshore wind availability traces in
WA-south.
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Note that the medium capacity factor traces for onshore and offshore wind are not shown here for clarity.

Rooftop solar PV

One representative rooftop solar PV trace is generated for each of the 15 NZAu regions. Representative
rooftop solar PV traces are generated by taking the average across all simulated rooftop solar PV traces in a
region for each hour of the simulation FY. The locations of these rooftop solar PV simulations were chosen
to be the centroids of select postcodes within each NZAu region that have significant existing installed
capacity. See section9.4 for further details.

References

1. NREL, O-NH8rRMBBPSMV3(2016-2019) .6 Nati onal Renewabl e Energy Laborat

https://developer.nrel.gov/docs/solar/nsrdb/himawari -download/

2. C-H.Suetal, OBARRA v1.0: the Bureau orfedMeltetoiron oRegiAd mals pRhean al s

Geosci Model Deyvol. 12, no. 5, pp. 20492068, May 2019, doi: 10.5194/gmd 12-2049-2019.

3. National Technology and Engineering Sol uti onsPV®érfor®ancedi a,
Modeling Collaborative.  https://pvpmc.sandia.gov/modeling -steps/2-dc-module -iv/module -temperature/sandia-
module-temperature-model/ (accessed Dec. 06, 2021).

4, S. D. C. Wal s h, L. Easton, Z . Weng, C. Wang, J. Mol oney,

production i nAnt. A ukydroga Enemyy wol. 46, no. 73, pp. 3598®35996, Oct. 2021, doi:
10.1016/j.ijhydene.2021.08.142.
5, Geoscience Australia, ORenewable Energy Capacity Factor

Accessed: May 17, 2021. [Online]. Availablenttp://pid.geoscience.gov.au/dataset/ga/145109

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023 90|



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

AEMO, oOMar ket Dat a BxdgyMdEket.Operafoy 2021r Axdessed: Sep. 27, 2021. [Online]. Available:
https://visualisations.aemo.com.au/aemo/nemweb

E. W. Peterson and J. P. Hennessey Jr, 00On the O%ppl of power
Meteorol. Climatol, vol. 17, no. 3, pp. 39@394, 1978.

S. D. C. Wal s h, L. East on, A. Feitz, and M. Woods, ORenewabl
Jul. 01, 2021. [Online]. Available: http://pid.geoscience.gov.au/dataset/ga/145109,
https://researchdata.edu.au/renewable-energy-capacity-maps-2021

Nati onal Technol ogy and Engineering S o PV Performasice Mbdelimga ndi a, L
Collaborative, 2018. https://pvpmc.sandia.gov/modeling -steps/ (accessed Dec. 07, 2021).

B. Rhodes,Skyfield:High precision researchgrade positions for planets and Earth satellites generator2019. Accessed:
Dec. 07, 2021. [Online]. Availablehttps://ui.adsabs.harvard.edu/abs/2019ascl.soft07024R/abstract

National Technology and Engineering Solutions of Sandia,L L C, 0Angl e BV Pefformariced Moddlirg, 6
Collaborative. https://pvpmc.sandia.gov/modeling -steps/1-weather-design-inputs/plane -of-array-poa-
irradiance/calculating-poa-irradiance/angle-of-incidence/ (accessed Dec. 09, 2021).

National Technology and Engi neer i nBV P8rotmance Modelng GollabdBative d i a , LLC
https://pvpmc.sandia.gov/modeling -steps/1-weather-design-inputs/plane -of-array-poa-irradiance/calculating- poa-
irradiance/poa-beam/ (accessed De. 09, 2021).

National Technol ogy and Engineering Solutions of Sandi a,
https://pvpmc.sandia.gov/modeling -steps/1-weather-design-inputs/plane -of-array-poa-irradiance/calculating-poa-
irradiance/poa-sky-diffuse/simple - sandia-sky-diffuse-model/ (accessed Dec. 09, 2021).

National Technol ogy and Engineering Sol uRViPerformancefModellmgn di a , L L
Collaborative. https://pvpmc.sandia.gov/modeling -steps/1-weather-design-inputs/plane -of-array-poa-
irradiance/calculating-poa-irradiance/poa-ground -reflected/ (accessed Dec. 09, 2021).

C. Briggs et al., o0Offshore Wind Energy in Australia, o6 Blue
2021. Accessed: Jul. 26, 2021. [Online]. Availahléttps://blueeconomycrc.com.au/projects/offshore -wind-potential -
australia/.

CS3 CDS, oComplete ERA5 from 19709: Fifth generation of ECMYV
Copernicus Climate Change Service (CS3) Data Store (CDS), 2017, Accessed: Sep. 20, 2022. [Online]. Available:
https://confluence.ecmwf.int/display/CKB/ERA5%3A+data+documentation

E. Gaertner et al ., o0l EA Wi nd-M&a&awtt Offsherdk Referénce Viirel fTurbime, t6i avaraf t he
2020, doi: 10.2172/1603478.

Geoscience Australia, 00f fshore Wind Capacity Factor Map. o6 (
Aug. 18, 2022. [Online]. Availablehttps://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/146703

N. Bl air et al ., 0System Advisor Mo d e | ( SAM) Gener al Descri
Laboratory, Gdden, CO, Technical Report NREL/T#A20-70414, May 2018. Accessed: Sep. 21, 2022. [Online].
Available: https://www.nrel.gov/docs/fy180sti/70414.pdf

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023


https://blueeconomycrc.com.au/projects/offshore-wind-potential-australia/
https://blueeconomycrc.com.au/projects/offshore-wind-potential-australia/
https://confluence.ecmwf.int/display/CKB/ERA5%3A+data+documentation
https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/146703
https://www.nrel.gov/docs/fy18osti/70414.pdf

9.3 Renewables supply curves

9.3.1 Overview

The process described in this section involves using the attributes of VRE projects (hereafter called candidate
project areas or CPAs in this document) and the associated transmissioncosts to determine a filtered and
geospatially resolved list of candidate projects and related transmission costs, hereafter referred to as the
VRE supply curve. This process is shown in green iRigure 46, and applies to both onshore and offshore CPAs.

Figure 46 provides an overview of entire VRE supply curve creation process fotbwed in NZAu, with different
colour boxes highlighting the portions of this process described in this section (green), transmission costing
described in section 10.6 (black), capital costing of VRE projects described in sectionsl0.1 and 10.2 (orange),
the final combination of supply curves and project costs in RIO to allow project selection (yellow), and the
downscaling of RIO results which will be covered in project reports and outputs (white).

Figure 46 | Overview of entire VRE supply curve creation process followed in NZAu
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9.3.2 Project attributes and selection of project filters

Project attributes leaving the CPA determination process (covered in section10.6) are listed in Table 31 along
with the attribute type (over the area of each project), and the filter settings. It is expected that interaction
between project results and stakeholders may lead to changes in the selection of these filters in future
modelling efforts (as part of NZAu or follow -on).
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Table 31| CPA attributes entering supply curve filtering and compilation process.

Filters settings

CPA Attribute Attribute Type

Solar PV Onshore wind Offshore wind

<100 people/km 2 <100 people/km 2
Mean & the mean (domestic); <0.1 (domestic); <0.1
value for the CPA people/km? over people/km 2 over

SA2 area (export) SA2 area (export)

Population Density 4

0 to 160 metres
161 to T 1, 0Md@tng

Elevation/ocean depth @ Mean NA NA -
pl atfor m; > |10
allowed

Capacity Factor 34 (for

pactty ( Mean NA Exclude < 0.28 Exclude < 0.45
export only)
Exclude <5km Exclude < 5km
Distance to nearest existing . until assumed until assumed
. Distance . . NA
VRE project retirement of retirement of
existing site existing site
Distance to node for export
energy aggregation o Distance < 200 km < 200 km <320 km

straight line

Region for energy delivery

based on least-cost

determination of NZAu Region
transmission run (see

transmission section 10.6)

Each potential resource is assigned to the supply curve of load delivery
region rather than energy production region.

Project availability in the supply curve
is proportionately tailored to the
aggregate population at nearest load
centre as well as the aggregate
popul ation in eac
load centre.

Aggregate population at
nearest load destination Sum
(for domestic only)

While most filters in Table 31 arise from simple geospatial analyses and metrics (distance to existing or
planned infrastructure, mean value over an area, the majority value over an area, geospatial overlap), the last
item involves a more complex method.

Thetailoring of project availability based on populations at the nearest load destination s builds on prior work
from Pr iNekezerv America(NZA) project®t he Nat ur e CRowesdad PlacaWesprofest,”
and the Princ BEPEAProgda.f the methodisonly applied to domestic resources and aims
to maintain the availability of high -quality resources within each modelling region while also accounting for
differences in the geographical distribution of population within regions. The method prevents high-capacity
factor projects near to remot e load centres (especially those that are not connected to the NEM or SWIS)
from dominating supply curves that will largely serve distant and much larger cities.

Figure 47 and Figure 48 show the location and capacity factors of the projects with the lowest levelized cost
of capital (LCC) (payment function using the NZAu Weighted Average Cost of Capital)left in the solar PV (4.0
TW) and onshore wind (3.1 TW) and offshore wind (2.3 TW) supply curves for domestic and export markers
respectively after applying all filters in Table 31 and Table 63.
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Figure 47 | Location and capacity factors of projects having the lowest LCC in the solar PV (4.0 TW) and
onshore wind (2.1 TW) and offshore wind ( 2.3 TW) domestic supply curves after applying the filters in
Table 31 (note that m_cf_noloss represents the mean capacity factor with no losses).
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Figure 48 | Location and capacity factors of projects having the lowest LCC in the solar PV (7.1 TW) and
onshore wind (1.9 TW), and offshore wind ( 0.3 TW) export supply curves after applying the filters in Table
31 (note th at m_cf_noloss represents the mean capacity factor with no losses).
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9.3.3 The use of supply curves in regional investment modelling (RIO)

Renewable supply curves are combined with the capital costs of renewable projects (section10.1 and 10.2)
and transmission | osses as part of the regional

supply. As noted in Table 31, supply curves are constructed in RIO according to the region of the load they
are mapped to serve (using the least-cost transmission path mapping in section 10.6) rather than the region
they are geographically located in. While this change may have political implications when a state boundary

is crossed as a projectds transmissi on erodetterseflectthe m

geospatial distribution of resources in modelling.
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This integration of the supply curves into the RIO modelling first involved comparing the value of the solar
PV capacity factor layef® with actual data from 21 sites over the years 2017 8 2021 (when available and
without curtailm ent). We found that the capacity factors of existing projects were systematically higher than
those in the layer supplied by Geoscience Australia® To adjust for the observed discrepancy, the capacity
factors of all solar PV projects considered in RIO were increased by 15%of reported capacity factor, not
absolutely). A more robust treatment of solar PV capacity factors for Australia would involve using Himawari
(19 data to generate a new capacity factor layer for NZAu. This however is a substantial undertaking which is
expected to yield marginal benefits.
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9.4 Rooftop solar PV

NZAu6 s macale odelling does not optimise the installation of rooftop solar PV, but rather uses historical
installed capacity data and projections of future growth from various sources. The Australian Government
Clean Energy Regulatoprovides historical monthly installed capacity data for each postcode in the country .M
This postcode data is then aggregated to NZAu zone level and used as the initial capacity input to the
modelling. Figure 49 presents the historical rooftop PV installed capacity in Australia, noting that capacities
are shown here by state/territory of installation, but are used in the modelling by NZAu zone.

Figure 49 | Historical installed capacity of rooftop solar PV by state/territory .1
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Projections of future rooftop solar PV capacity across Australia have beenundertaken by CSIR® and Green
Energy Markets (GEMJ® which are both inputs to the AEMO ISP NZAu uses the same assumptions as the

| SP6s Net Zero 2050 s c e-scalemodellirg;snaniely {helaverageoof thelCSIRGnand r o
GEM projections of rooftop solar PV. This input is shown inFigure 50 (left hand side), again by state/territory,

but is used by NZAu zone in the modelling. The disaggregation of state-based projections to NZAu zone
assumes a proportional distribution of capacity between NZAu zones within a state. Furthermore, as
projections for the rooftop solar PV g rowth in the NT were not made, this work assumes a growth rate in the

NT that is the average of all other regions.

The cost of rooftop PV is provided by the CSIRO GenCost project, which is the same source as other cost
data,® and is shown in Figure 50 (right hand side)
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Figure 50 | Projected installed ca pacity of rooftop solar PV by state/territory 2% and capital cost. %
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To incorporate the contributi on o 5&electocyfsupgydin RI@)larmito PV gene
historical aggregate system load shapes (see sectior6.4), hourly rooftop PV generation & and therefore also

annual generation ¢ is simulated following a similar method to that discussed for utility -scale solar generation

(section 5). That is, the same source of historical solar radiation chta is used® for the same FY2018 reference

year, and the same combination of simulation steps'® and packaged” is used, but with different PV generation

settings and different representative locations.

We simulate the aggregate rooftop solar PV generation in each NZAu zone by first simulating the normalised
generation at the centroid of the 10 postcodes in each zone with largest current install ed capacity of rooftop
solar PVIY The key settings for the rooftop solar PV generator located at each of these locations are:

1 afixed orientation (0 degrees - North)

1 atilt angle equal to the latitude of the simulation location (the centroid of the ge ographic shape of each
postcode selected) & this is the default tilt for small -scale fixed solar PV installations

1 ashadow derate factor as in Table 30

1 asoiling factor of 0.95

1 aDC:AC ratio of 1

1 module temperature settings provided by Sandia National Laboratories [9], as in Table 30.

The average of the 10 postcodes® simulated normalised g
the NZAu zone. Figure 51 shows a comparison of the simulated rooftop solar PV generation profiles and

annual capacity factor for South Australia in FY2020, against actual data sourced from AEM® This same

comparison was made for all the NEM states over two years (FY2019, FY2020), noting that actual rooftop

solar PV generation data were not available for WA and NT.

The simulated normalised rooftop solar PV generation profiles are then used:

1. in historical electricity demand benchmarking (section 6.4) by multiplying the normalised profile by the
FY2018 monthly installed capaity, and

2. as input into RIO for modelling of future rooftop solar PV generation (with the normalised profile
multiplied by the projected future capacity of rooftop solar PV in Figure 50).
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Figure 51| The annual capacity factor (left) and a select 7 -day hourly profile (right) of rooftop solar PV
generation in South Australia during FY2020, showing the comparison between simulated mean (of top

10 post-codes) and actual data.®
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9.5 CO, geological storage capacities and unit costs

Carbon capture, utilisation and storage (CCUS) refes to a suite of techniques which either capture CO, from
stationary point sources or engineer the direct carbon dioxide removal (CDR) from the atmosphere, before
then either recycling this CO; into products such as low-carbon fuels and building materials (utilisation), or
permanently sequestering it in deep underground geologic formations (storage). Ultimately, CCUS achieves
mitigation via reducing CO, emissions to the atmosphere or withdrawing it from the atmosphere. The Net
Zero Australiastudy has adopted a similar analytical framework as theNet-Zero Americastudy, in which CCUS
was one of the six pillars of decarbonization. This section sets out the basis for the assumed supply curves
defining the location of prospective basins to host geological storage of CO ; in Australia, the associated unit
costs of storage, and the relationship between CO; transportation costs, flowrate and distance between CG,
emissions point sources and geologic sinks. These supply curves are used in the RIO energy supply
optimisation models.

9.5.1 Literature and data sources

Australia is prospective for the depl caethelasd to suifableCCUS,
geological storage basins.?® An overview of the geological storage basis is illustrated in Figure 52.

Figure 52 | Overview of Australia's sedimentary basins and the Carbon Storage Taskforce assessment of
their suitability for CO , storage.?

I 20°S

Basin Ranking
I Highty sutable [l Gas Fielos

Suitable Gas Pipelines

1000 km
Possible Il o Fields ? 1
Uniike! —— Oll Pipelif
L iois = i Qil Pipelines
I unsuitable ‘an Encom Petroleum Iaformation Pty Ltd produet

MO'E 120°E 130°E 140°E 150°E 180°E
M L " " " i

The Global CCS Instt ut e 6 s, SPofagelResGuie Catalogud? identified a total potential CO , storage
capacity in Australia of 502.4 Gigatonne CO; storage of which just 0.1 Gigatonne is declared capacity and
with approximately 18.0 Gigatonne classified as contingent, 13.40Gigatonne inaccessible (subcommercial)
and the balance being prospective.®! While these figures are estimated using the Society of Petroleum
Engineers Storage Resources Management System (SRMS), they do not shed light on the GOstorage
capacity likely to be commercialised, with less than 0.1% of the total resource having been appraised as
6storaged and | ess than 4% as O6contingentd.
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9.5.2 The importance of storage dynamics

There are two reasons to be cautious about the available published storage estimates. Firstly, the available
estimates classified as contingent are static (volumetric) estimates, which have limited utility for planning and

investment decision-making. The injection rate rather than the volume of pore space, determines the

feasibility of storage as they determine the rate at which CO; injection that can be sustained with a given field

design (injection, well design, and configuration) and hence the capital and operating costs. Therefore, a
meaningful expression of storage capacity requires the explicit combination of a dynamic term (the rate of

injection) over a defined period of time [

This connection between static and dynamic estimates of CQ storage capacity is illustrated in Figure 53. Two

important messages are implied by this CO, storage capacity pyramid. Firstly, capacity estimates reduce as
we advance the evidence for storage capacity through different classifications. Secondly, how much the

capacity estimate reduces is uncertain and could in fact be negligible.

Figure 53 | Modified version of CO , storage capacity pyramid (Garnett © after Kaldi & Gibson -Poolel™).

9.5.3 Basis of estimate CO, storage capacity and cost estimates

In this section we focus only on establishing plausible locations, capacities and unit costs of CQ storage
following a similar approach to that adopted for the Net-Zero America study.! For that other study, CO;,
transport costs were estimated using published guidelines and models were developed for the US by the
Department of Energyo6s Natiof® Energy Technology

A challenge for establishing CO, sequestration supply curves is that they are relant on the availability of
subsurface geological data sets, exploration and appraisal results and engineering and field development

Labor

studi es. Such activities can involve several yelars to e

Limited studies of this type have been undertaken in Australia. Notable exceptions include the following
projects which have successfully completed site appraisaland are either operational or awaiting a final
investment decision. Note that the appraised capacity figures are notional and obtained through media
releases or through discussions with the project proponents.

1  Chevron Gorgon project on Barrow IslandinWe st ern Australiads Soufh%®rn

Notional capacity appraised: 4 Mtpa; status: operational; integrated CCS project for natural gas
processing.

f CarbonNet project i n YiNotorarapmased capaciy® $tpa; status: Bveaising n
CO;, capture project opportunities.
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1 Santos Moomba project i n S 8UNotionalhapmaisedachpacityd 25 Mpa;o p e r B a

status: awaiting FID on integrated CCS project for natural gas processing.

§ CTSCo project in Qué&%Nosohahapgtaised c&acityaz5 MBoa; swaiting FID on
integrated CCS project for coal fired power with post-combustion capture retrofit.

It is also understood that several other LNG project operators may have considered the prospects for CCS in
the Browse and Bonaparte Basins although no information is available in the public domain. These project
sites are identified in Figure 54.

Figure 54 | Overview of Australia's sedimentary basins showing CO , storage appraisal sites.

F30°S

Basin Ranking
I Highy sutabie [l Gas Fields

Suitable Gas Pipelines

1000 km
Possible - Oil Fields ? 1
s I uniikely —— Ol Pipelines
I unsuitable e Emeom Putroairs ifermton Poy L1e roduet

MN0E 120°E 130°E 140°E 150°E 180°E
i L " i i L

Figure notes: (1) Chevron Gorgon; (2) CarbonNet Gippsland; (3) Santos Cooper, (4) CTSCO SuratAlso highlighted are
additional locations consider prospective for development & Browse and Bonaparte (*).

To establish plausible estimates of (dynamic) CQ storage rates that might be available for commercial CO;,
storage by the middle of the d&transition, notionally 2035, we reviewed project information in the public
domain including media reports and elicited the views of a variety of expert views with experience developing
CCS projects. The latter included four project operators, along with Prof Andrew Garnett (with prior
experience of CQ, projects at Shell, Schlumberger Carbon Services, Queensland Geological Survey and
ZeroGen) and Dr Christopher Consoli (Senior Consultant, Storage at tie Global CCS Institute Appendix 0). A
co-author of this MASS document, Dr. Chris Greig is also a former CEO of ZeroGen.

As a result of these enquiries, a basecase estimates of capacity (a sustainable injection rate over at least a
50-y ear period) and overall notional storage costs
(exploration, appraisal and permitting), unit development costs (wells, local distribution pipelines and
facilities), operations (operations and maintenance) and compliance (measurement, monitoring, verification
and reporting). We have also constrained the target basins to the locations in which current CO, appraisal
activities have been ndicated plus the Browse and Bonaparte Basins due to the development capabilities of

oil and gas operators in those locations.
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Notional capacities and unit costs are also based on expert elicitation and, where available, sitespecific

analysis!* ® These will be applied to the E+, H , E+RE+and E+ONS Core $enarios. Upside caseestimates

are based on a simple assumption that 50% of the P10 es
Carbon Storage Taskforcé? are able to be fully appraised and developed, resulting in the ability to inject

safely, steadily and costeffectively into a formation over a 50 -year period. The upside estimate will be applied

to the E+R E Bcenario, in which wind and solar expansion is constrained, and fossil fuel utilisation coupled

with CCS plays a significantly larger role.

Note that these notional estimates assume a steady supply of on-specification CO, and a minimum scale of
development to be viable, but do not consider the nature of CO , source or its location. For reference, the
Commonweal th Governmentds Australian Technol-@gasaRoad Ma
competitive benchmark for COmo Comfpression, Hub transpor

Table 32 | Potential CO; storage capacities (dynamic) available in 2035 in key Australian basins.

Basin name Type Storage Appraised capacity Potential capacity in 2035 Unit costs of
resource P10 02021 est. (Mt-CGQzlyear) storage
(Mt-CQ) (Mt-CQzlyear) . (AUS/t-COp)

Upside d Note 1

Gippsland Offshore 30,100 5 50 301.0 10

Cooper/Eromanga Onshore 15,700 2.4 20 157 20

Carnarvon Offshore 25,500 4 20 255.0 15

Browse Offshore 7,000 N/A 20 70.0 15

Bonaparte Offshore 32,200 N/A 20 322.0 15

Surat Onshore 6,100 15 20 61.0 20

Total 15,600 150 116

Note 1: The Levelised cost of CQ storage includes the capital cost of exploring/appraisal, site development (wells/unit
facilities e.g., additional compression/local pipelines) and operating and maintenance costs. This excludes transmission
pipelines and the required infrastructures.
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9.6 Biofuel

9.6.1 Biomass

Estimates of the Australian biomass resource that can potentially be diverted for new bioenergy uses were
informed by CSIRO studies published by Farine et al! and Crawford et al? and are aligned with estimates
of potenti al bioenergy demand in the recent Australian Government Bioenergy Roadmag® The CSIRO
estimates observe resource use constraints that avoid clearig of native vegetation, minimising impacts on
domestic food security, retaining a portion of agricultural and forest residues to protect soil, and minimising
the impact on local processing industries. The types of biomass appraised are:

1 crop stubble
1 native grasses

1 pulpwood and residues (either from forest harvesting or wood processing) from plantation and native
forests

1 bagasse
1 organic municipal solid waste
1 potential future sustainable managed short-rotation tree crops grown specifically for bioenergy.

Crawford et al!? estimate the dry mass of each of these types of biomassin each of 60 statistical divisions
(administrative areas) across Australia for 2010 and projected to 2030 and 2050.

NZAu uses the Crawford et all? estimates for the 2010, 2030 and 2050 availability of crop stubble, native
grasses,residuesfrom plantation and native forest processing, and municipal solid waste, with the resource
for the intermediate years then calculated as a linear interpolation of this data. Figure 55 presents the energy
values of this annual biomass availability, which is used as the input to this work, calculated with energy
densities of 12.2 GJ/t for stubble, grasses and waste, and 16.25J/t for woody residues.”

We note that certain biomass types, such as crop stubble and native grasses, can have ghificant interannual

variability which is not captured in this work. It is assumed that the annual biomass availability is constant

across the 5 years contained within each modelled timestep, and that variations across 5year timesteps are

the result of the resource availability analyses performed by Crawford et al?! Furthermore, while Queensland

and New South Walesd bagasse resource is not incorporat
use in small-scale heat and power applications is captured in the overall modelling through the projections

of domestic industry energy demand (Section 7).

The biomass availability of ~1000 PJ/year is less than the 2600 PJ/yeartheoretical resource potential quoted

in the recently published Australian Government Bioenergy Roadmapl®l. This is because our estimates

observe technical and sustainable resource constraints that will naturally preclude a significant portion of any

theoretical bio-r esour ce apprai sal . In addition, the Bioenergy R
demand for bioenergy of 559 PJ/year by 2030 and 870PJ / year by 2050 in their most
Depl oyment &8 scenar i oNZAud bioegelgy respurca ésiinptese d wi t h
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Figure 55 | Annual Australian biomass resource availability by biomass type (left) and by NZAu zone
(right). &
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Biomass for use in bioenergy has low density, high moisture content and is typically harvested and
transported from diffuse sources, so that the cost of biomass is highly case specific and sensitive to
transportation distances!®. While noting that biomass will follow a complex supply cost distribution, we use

a simplified supply cost curve, by dividing the biomass resource in each NZAu zone into three even bins of
resource (on an energy basis) and using biomass supply costs for those bins of 5, 9 and 125/GJ for municipal
solid waste and 6, 8 and 10$/GJ for all other biomass types!®
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We also note that Australiads pocFigune b5) redresests & digaficanta bl e b i o
difference between the NZAu and the Net Zero Americd” studies. Net Zero America sourced biomass

availability and cost data from the U.S. Department of En e r g y & Rillio T Sudy®, which provided year-

by-year county-level projections of biomass feedstocks potentially available for energy uses with

corresponding costs in the U.S. through to 2040. Total resource estimates in the Billion Ton Study ae an

order of magnitude greater than the present study. Also, to date, no biomass resource appraisal of

comparable detail has been undertaken for Australia.

This work assumes that any CQ emissions associated with the use of the biomass resource (whether hrough
combustion or other chemical conversion processes) are biogenic and, therefore, do not contribute to GHG
emissions. On the other hand, if the biogenic CO, emissions are captured with CCS facilities and permanently
sequestered, this contributes a net negative flow of CO, from the atmosphere. This net negative emissions
contribution i s kysQOi/Gddesseady CCD capiuee efficBcy lossé¥! Fossil fuels used in
the production, collection and transport of biomass fuel are also accounted for elsewhere in the modelling,
with their use subject to decarbonisation constraints. These are, however, typically small, accounting for less
than 10% of the embodied carbon in the biomass .*1%

This work also assumes best practice largescale use of biofuels for energy purposes. Any collection of organic

material from forestry and agriculture should minimise impacts on soil, water, bi odiversity and local industries,

and will also need to manage any environmental and social impacts of large-scale change in land use or
management.t: 112 A further consideration for the use of biomass for bioenergy , is the competition for food

and feed crops. As a result,NZAué s bi of uel resource inputs mostly compr
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matter, which are less likely to provide significant competition to existing agriculture and forestry industries.

The use of these waste streams may even beeomplementary to current agricultural and forestry production

through the establishment of new revenue streams.[*531 However, any policy that promotes the use of waste
organic streams for bioenergy should also carefully consider the impacts of incentivising this use on the
production of the primary bio -product 23

9.6.2 Biogas

A recent report has found that an estimated 371 PJ per annum of organic material is available for the
production of biogas in Australia [*4 This resource is comprised of urban waste, agricultural crop residues,
livestock residues and food processing residues. Of these resources, the wet waste streams are likely to have
lower cost and better suitability to biogas production through anaerobic digestion than the drier, agricultural
crop residues. Furthermore, agricultural biomass resource will have greater emissions intensity due to the
need for fertilisers and agricultural production processes and will be subject to land use competition 2419

NZAu therefore considers the annual amount of biogas available in each region to be that available from

urban waste, livestock residues and food processing residues, which is approximately 5(PJ/year, as shown in

Figure 56. This 50PJ/yearbiogas resource isnotincluded as an available resstalr ce i n |
energy system modelling with RIO. However, the prospects of biogas are assessed during downscaling, by
reference to the energy system optimised with RI O in NZ,

Figure 56 | Annual Australian biogas availability by the source of organic waste and region. 4
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The delivered cost of biogas is composed of raw biogas production costs (building and operating a digester,

feedstock costs), any gas treatment andupgrading costs, and any gas network injection costs. The delivered
cost can vary widely depending on the source of the feedstock, the transport requirements, and the scale of
production 518 Indeed, there is typically a trade-off between the low cost of waste feedstocks used locally,
and the higher cost of aggregating such streams from diffuse sources in a larger processing hub*1® We
therefore use a nominal biogas fuel cost of 7 $/GJ across all years.

The use of biomethane in the energy sector provides the opportunity to avoid emissions in the agriculture

sector. Thisis possible by diverting biowaste feedstocks to anaerobic digestion and avoiding manure and

waste handling that otherwise results in methane emissions!*2™ There is significant value in avoiding these

met hane emi ssions given methaneds relatively high gl obal
emissions, the solid by-product of anaerobic digestion & the digestate & can be used to displace fossilderived

mineral fertilisers, thereby also avoiding GHG emissions associated with their energyintensive

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023



production 51 This provides further justification for using wet waste streams as the major feedstock for
biogas production, rather than agricultural crop residues for which the cultivation, harvesting and transport
is relatively emissions-intensive [*”]
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9.7 Existing electricity generation and storage

Data for existing electricity technologies in:

1 the NEM ar e s ou riutegdtedSystemPlanEddeDifically the 2020-21 Inputs, Assumptions
and Scenarios report and workbook,?

9 the Western Australian SWI'S are sourced fPfrandn t he WA

1 the Northern Ter r i t o r AKdtherin® alicenSpnngs and Tennant Creek power systems are sourced
from the Utilities Northenniiersitery EentricityOutlbok Repdilf & s

The current installed capacity of existing technologies is shown in Figure 57, presented according to
technology type and regional distribution (i.e., NZAu zone). This work considers only projects listed asexisting
in the 2022 ISP and not those listed as either committed or anticipated. The one exception is the high -
profile, very large-scale pumped hydroelectric storage project, Snowy 2.0. This is currently expected tocome
into operation in 2026 with capacity of 2.04 GW/343 GWh?

It can be seen from Figure 57 that the entire WA SWIS is located within the WA-south region, with no existing
capacity located in WA-central and WA-north. The current and future electricity demand of off -grid locations
in these zones are captured bythe projections of energy demand outlined in Section 7.

Figure57s hows the national &GMWeot doal (black angl brawa) riskoeated & just ®ur 4
NZAu zones while other resources are distributed across the modelled zones, with most zones taving at least

some wind and solar capacity. Austral i aéNew8BoytdWaes!| ectri c

alpine region and Tasmania. Batteries have recently been deployed in the SA and VIGvest zones, with their
energy capacity (number of hours of storage duration) also included as input data sourced from the 2022
ISP

In addition to current installed capacities, a schedule of expected retirement years is incorporated in the
modelling, so that in each year modelled there is a maximum capacity of existing generation remaining in
the system. Figure 58 shows this schedule of expected capacity retirements, noting that the modelling
optimisation may choose to retire some capacity early if it is economic to do so, given the emissions constraint
applied.

For each existing plant, their current fixed and variable operating and maintenance costs are included in the
cost optimisation. These costs are shown inFigure 59, as capacityweighted values for each plant type. It is
assumed that the capital costs of all existing plant are sunk, and therefore are not included in the cost
optimisation. Early retirement of course avoids O&M costs for existing capacity.

In addition to those data already mentioned, this work incorporates thermal efficiency and capacity factor
data from the various planning studies >4 Figure 60 presents the capacity-weighted thermal efficiencies of
the existing thermal plant, noting that in the modelling, each existing plant is given its own thermal efficiency.

We also observe a 75% maximum capacity factor for NSW coal plant, basedon data in the 2022 ISP, which

orepresent a number of factors such as co#&Moavaoidicdal | i mi t at

plant (existing and any new) running at extremely low capacity factors, we also apply a minimum capacity
factor of 10%, so that coal plant are retired if the
this minimum capacity factor.

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023

mo



Figure 57 | Existing installed capacity of electricity technologies, by NZAu zone.
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[2,34]

Figure 58 | Maximum yearly installed capacity of currently existing electricity technologies, based on the
70

expected retirement year listed in the various planning studies.

R > I ?&@
T £ _ £ I 0, %,
o = S T _ 0 -y
g s o 2 2 N /5, 70, Y 0s,
E > 2£2€ 2 8 © Y6, P, %,
@ e OB ® o B 4= e 7S 4 o
§_ 5 55 & s ° B 50
E2 3 90 wwo g g g B %Yo, e,
g £ E S S 9 3 — 3 3 o g, %0, 7€
Zseges 2 g 2 2 3 e —— AL N AT
T @ 928 5 =0 O o o ) by s,y Py
e 5 9 2 2 2 o = = O O O Ik@.&@b@
ephemppp_l_l_IWkk c ,uO ru.Ok_w\x
£ EE 2T oo o000 38T 5 I o,
T 5 £ § > o o © L 9 O & 2 © c 5] e,
ma O 3 I e O OO O @ @ @ I} Ib.a 9
I | | " B B EERN c oue
090C .m . /e, "o,
8507 5 e, %,
c Wy, s
950¢ ® T N O 0 W F N O P /€0,
- /8, o)
=2 o] e,
502 c Oy, 19
c0z = [UMIN/SNV TZ0Z] 1500 INBO 3lqeliep o
@
0502 = 1 Ty,
80T = I g
9v07 S b,e.c,wEo
> B o,
o) 7
14414 2 My, 10
ot °
]
ooz >
©
8€07 =
9€0¢ =)
Q
te0e ~
°© .
(4114 e 3
0£02 5 8
29
820¢ c c
[@) e
9202 28
v70zT .-
[441]4 SR
0202 g2
o L =t 12 o~ — m =
[AnD] 1eaA 1ad Suiuiewas _% 3 | a 9989329090 ce,._,\m Yoo
Ayoedeo ASojouyaay ANol3oa|a pajjeisul Sunsixy 5 5 ARSI < %, ‘g
290 | (maA/M/$NVTZ0) 1509 WO pax Yo

|110]

Methods, Assumptions, Scenarios & Sensitivities| 19 April 2023



Figure 60 | Capacity-weighted thermal efficiency of existing electricity generation technologies. Note that
in the modelling, each existing plant has its own thermal efficiency, which will vary around the values
presented here.
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9.8 Hydroelectric generation

Australia currently has 6.8GW of grid-connected hydroelectric generation,™ not including pumped
hydroelectric, all of which participates in the National Electricity Market (NEM). Figure 61 shows the
distribution of this installed capacity b y state. NZAu includes all this existing capacity and does not allow any
new, non-pumped hydroelectric generation.

Figure 61| Regional distribution of installed hydroelectric capacity.
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For the existing sites, a daily generation envelope is developed by considering historical average and
minimum/maximum generation data sourced from AEMO 2 Figure 62 shows the average historical
generation in each month over the years FY20156 FY2020 for all hydroelectric sites in a given region. This
monthly budget for each region is converted to a capacity factor, which is then applied to the regional

hydroelectric generation in each day, so that each day in a month has the same assumed capacity factor.

In addition, a minimum and maximum hourly generation limit is applied based on historical maximum and
minimum generation to replicate the historical extent to which hydroelectric generation is used as peaking
generation. Figure 63 presents the mean historical capadty factor of each day against the maximum and
minimum (normalised) generation in any hour of that day for the existing hydroelectric plant aggregated to
their regions. Each data point represents a day in the years FY201% FY2020. These scatter plots areised to
determine the constraints on maximum and minimum hourly generation, which are shown in Figure 64. These
scatter plots show that NSW and VIC hydro are used as pe&ing generation, more often than hydroelectric
generators in TAS.
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Figure 62 | Monthly hydroelectric generation budget, based on average historical generation.

Figure 63 | The mean capacity factor of each day, against the maximum and minimum (normalised)
generation in any hour of that day, for the aggregated hydroelectric plant in QLD, Snowy Hydro
(NSWI/VIC), VIC (non-Snowy Hydro) and TAS.1!
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