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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 Grouf he studyidentifies plausible 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, by 2050.

Disclaimer

The inherent and significant uncertainty in key modelling inputs means there is also significantuncertainty 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.
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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 hncludes 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 our Regional Investment modelling with several impor tant
siting considerations, and locates investments on a granular, sub-regional basis. These siting
considerations are numerous and include accommaodation of high conservation value land and sea,
Native Title and Land Rights farm land, higher population de nsity areas and structurally unsuitable
land. Employment and health impacts will also be modelled in the downscaling effort.

This document details theMethods, Assumptions, Scenarios & Sensitivities (MASS) for the Regional
Investment modelling. It does notpresent results from thisanalysis and only discusses some aspects of the
Downscaling modelling such that transmission costs can be represented reasonably in this Regional
Investment modelling. A separate document detailing our Downscaling methodology wi be issued later in
the NZAu project.

It is 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.

Revisionsto 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 f rom Evolved Energy Research (EER).

1. The EnergyPATHWAYS (EP) modelling tool

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

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

The RIO modelling tool uses the 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 also meeting defned gr eenhouse gas emission (GHG)

generated for each of 15 defined regions across Australia.
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Figure 1| Schematic of the overall modelling methodology for the  NZAu Project.
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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 appropria te 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 aspects of the Australian energy system are modelled:

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

= =4 =4 =4 -4 A

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 constrains.

Given the large, uncertain and unprecedented changes that are required to achieve ret 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 apects 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 scenario plaming are well established methods that support long -term strategic decision
making for organisations 4 The Net Zero Australia (NZAu) Project has adopted such an approach by
model | i ng Armestit and dxpod énsrgy dctivities from 2020 to 2060 at 5-year timesteps, for six
core Scenariosd a Reference Scenario which does not impose a constraint on GHG emissins and five net
zero GHG emissions Scenarios. These are summarised ifable 1.

Table 1| Scenario names and descriptions.

Scenario name Scenario description

Reference

[
Rapid electrification

Slower electrification

Rapid electrification with 100% primary energy from renew ables

Rapid electrification with the build rate of renewables constrained above historically high
levels and the CCS constraint also increased.

Rapid electrification with imposed local production of iron and aluminium

For all Scenaios, including REFthe demand for exported energy is held constant at 15.08 EJ/year from
2020 to 2060. This is consistent with the International
Policies Scenario)®

Ofcourse, t he exported energy to 2060 will depend on many f
energy could increase or decreassignificantly 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 for renewable energy production at our primary

trading partners (e.g., Japan and South Korea) or at other significant, regional fossil fuelexporters (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 Scenarios FFigure 2).

1 Domestic emissions: a linear trajectory starting from 601 Mt-CO,e in 2020 to zero in 2050, where the
emissions in 2020 were equal to 2005 levels.

1 Exported emissions: a linear trajectory from 1203 Mt-CO,e 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 206!
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 Commonwaealth and State Laws!® However, the use of nuclear will be
examined in a proposed sensitivity analysis. Finally, a maximum compounding growth rate 10% year on
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year is allowed when adding to the capacity of all renewable energy technologies. This growth rate limit

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 for 2060 demand in the first timestep. In instances where the limit is reached and a portion of the
energy exports is subsequently unserved, we increase the limit to 15% year on year. This ensures the energy
export demand is always met.

Figure 2 | Historical emissions and applied constraint trajectories .

Domestic emissions Fossil fuel energy export emissions
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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 f rom
the net zero emission Scenarios. 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 upiake 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.

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 service 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 switchingare
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.
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1.2.1 E+ (Rapid Electrification) Scenario

The E+Scenario assumes nearlyfull electrification of transport 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 free zing

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 (LDV)

1 medium-duty vehicles (MDV)
1 heavy-duty vehicles (HDV).

The current breakdown of vehicles in each category is presented inSection 6.2. By 2050, all LDV and MDV
sales are battery electric vehicles (EVs)yhilst 50% of HDV sales are EVs and 50% are hydrogen fuel cell
vehicles. The rollout follows an SCurve trajectory with full saturation of transport stocks by 2050 (further
detail in Section 7).

No constraints are applied to th e supply-side energy mix.

1.2.2 E | Slgwer Electrification) Scenario

The EI Scenario assumes a pathway towards electrificati
thus a much lower degree of electrification by 2050. The rollout follows an S-curve trajectory with full

saturation of building stocks ™ by 2100 and full saturation of transport stocks by 2070 (further detail in

Section7).The assumption under t bekctrifidd buBdingsrare eitheo challsnginglioat non
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 air-conditioners. Energy services that are not

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

For the transport sector, 60% of LDV and MDV sales are battery EVs and 40% are petrol and diesel hybrids
running on synthetic fuels by 2050. For HDVs, 25% of sales in 2050 are battery EVs, 2b are hydrogen fuel
cell vehicles and 50% are petrol and diesel hybrids running on synthetic fuels. Their rollout follows an S-
Curve trajectory with full saturation of transport stocks by 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
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Electrification Scenario was chosen aghe base energy demand input for different supply -side Scenarios as
initial model |l ing indicated this was the | ower cost opt]

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., CQ@released 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 CQ.

1.3.2 E+ RET ( Co menéwaldes mollout ) Scenario

The E+REIT Scenario i mposes constr a iofrulity solarPV,orislorema x i mum a |
wind and offshore wind electricity generation, as shown in Figure 3. The constrant for utility solar PV grows
linearly from 3 GW p.a. in2025 to 40 GW p.a. in 2050. For onshore wind this constraint grows from 3GW
p.a. in 2025 to 10 GW p.a. in 2035, while offshore wind has a lower initial constraint but reaches a higher
allowable build rate, growing from 1 GW p.a. in 2030 to 15GW p.a. in2045. These yearly build rates were
chosen to represent roughly 5-10 times the highest historical onshore build rates in Australia. For example,
1.76 GW of utility scale solar capacity was added in2019, 3.3 GW of Rooftop PV capacity was added in
2021, and 1.7 GW of onshore wind capacity was added in 20218l The offshore wind capacity constraint is
speculative since none are currently operational in Australia. Nonetheless, the constraints listed above were
considered optimistic but plausible after consultation with the NZAu Advisory Group and other informed
third parties.

These build rate constraints are chosen to represent a future where wind and solar could not be built at the
pace required to achieve domestic and export net-zero emissionssystemsby mid-century using solely
renewables. Whilst the causes ofthese build rate constraints are not specified, these could include factors
such as:

1 delays in supply chains
1 skilled labour shortages
1 permitting delays

1 delays in accessing transmission infrastructure.

The CCS constraint is also expanded under thisScenario to a total injection of 1166 Mt-CO,/year (Table 32).
Given the build constraints on renewables in this Scenario, expansion of this CCS constrat is required to
meet domestic and exported energy 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 providedin Appendix A.2, and basin specific storage and injection constraints
are provided in section 9.5. We emphasise hat 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
endorsement of their practicality.
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Figure 3 | E+RH annual renewable build rate constraints.
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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.*?

The Onshoring Scenario therebre 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 Scenario, we treat the energy required for onshore alumina refining, aluminium smelting and
iron ore reduction as taking away from energy exports, and not adding to it, as shown in Figure 4.

Figure 4 | Energy Exports in the E+ Onshoring Scenario.

16

. Exported energy displaced
by onshore Alumina
Refining and Aluminium

12 Smelting (EJ)

Exported energy displaced
by onshore DRI (EJ)

e Energy Exports (EJ)

Exported Energy (EJ)
(o]

e Fxported Metallurgical Coal
(EJ)

0

2020 2025 2030 2035 2040 2045 2050 2055 2060

As with all Scenaios, clean energy is exported primarily as liquid ammonia (as discussed in Sectios 10.4.6
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 energy exports as per Figure 5 and
Figure 6. The conversion of ammonia to hydrogen uses typical reformer efficiency of 75%.° The conversion

of ammonia to electricity assumes thé&%'thermal effi
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Figure 5 | Flowchart of energy export transformation for DRI and the impact on E+ Onshoring.
Incorporates efficiencies of 75% of ammonia reforming and 50% of ammonia to power

Export 11.66 GJ Import 11.12 GJ Ammonia 8.34G) DRI 1 tonneiron
Terminal Ammonia Terminal Ammonia Reforming Hydrogen ore reduced
0.54 GJ Electricity 0.27 GJ
Ammonia Production Electricity

Figure 6 | Flowchart of energy export transformation for Aluminium Production and the impact of E+
Onshoring. Incorporates efficiencies of 75% of ammonia reforming and 50% of ammonia to power %

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

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 ' 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 Table
2. Any hydrogen and electricity used in the reduction of iron ore to pig iron is subtracted fro m the total
energy exports as shown inFigure 5.

Table 2 | Inputs for iron ore reduction from coking coal compared to DRI using hydrogen ~ [*418

Input into process Tonnes per tonne of pig iron

Iron Ore 16

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 forDRI production*#8 is used and is described in more detail in section 10.4.14

1 The DRI furnaces are located in the WAport zone, which contains both hydrogen scheduled for expo rt,
existing iron ore export terminals, and sufficient electricity infrastructure for the production 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 US6 7]

Alumina and Aluminium

TheE+Onshor i ng Scenario assumes that all of Australiaf6s cur
refined to alumina domestically and that all alumina is smelted into aluminium domestically using a

combination of electricity, 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.*2 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.
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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 ol 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 Oil (Casting) 0.37
Natural Gas (Castng) 1.70
Diesel (Casting) 0.004
Hydrogen (casting) 2.07
Electricity (Casting + smelting) 0.25 + 52.25

Australiaf6s existing alumina and aluminium industry, co

net 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 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 suppl y forms part of our imposed National GHG emissions
constraint traj ecsationrtasgk. and RI Ods opti mi

We also make the following assumptions for this Scenario:

1 Additional alumina refinery capacity is required for the additional 5 Mtpa of alumina that must be
processed onshore in this Scenario. We assume existing facilities are expandetb 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

! 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 ?2 and adjusted to 2020 assuming a 13.8% improvement in all process het efficiency
from 2002-2020. This is based on the improvement in cell efficiency over the same time period.
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Capex costs for alumina refining range from $1300-2125/t (2020 AU$) of annual alumina
production for greenfield alu mina refineries and NZAu uses $1300/t of annual alumina production
(AUS$ 2020) to reflect that we will instigate brownfield expansions of existing capacity rather than a
single new build. Fixed operating costs are set2% CapEx based on the maturity of Austalian
refineries 2% 21 The cost of infrastructure to transport the alumina to the upgraded smelters for
aluminium production is assumed to be equivalent to the exi sting export infrastructure.

Additional aluminium smelting capacity is required for the ad ditional 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 occursin line with the age of the existing facilities as per the schedule in Table 4 and Figure 7.

1

Capex costs for greenfield aluminium smelters range from to $4200 - $5600 (AU$ 2020) per tonne
of aluminium production per year 23 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 upg rade. Operating
costs are set at 2% CapEx based on the maturity of Australian smelters.

We impose a +/1 20% per hour ramping rate constraint on the electricity load of the aluminium

Table 4 | Location of Existing Alumina and Aluminium Facilities

- . Nameplate Capacit

smelters for load balancing purposes.
Upgraded 2060
Capacity (kta)

Alumina refineries 21020 25750
Kwinana WA-south 1870 (9%) 2291
Pinjarra WA-south 4700 (22%) 5758
Wagerup WA-south 2800 (13%) 3430
Worlsey WA-south 4600 (22%) 5635
Yarwun QLD-south 3100 (15%) 3798
QAL QLD-south 3950 (19%) 4838

Aluminium Smelters 1640 12875
Boyne QLD-south 502 (31%) 3941
Tomago NSW-central 590 (36%) 4631
Portland VIC-west 358 (22%) 2810
Bell bay TAS 190 (12%) 1492
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Figure 7 | Scheduled Production for Aluminium Export by Region
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1.4 Scenario sensitivities

Some of the Core Scenarios with emissions constraints may also be studied further asSensitivitiesto
address specific questionsthat emerge through the study . Potential examples are presented inTable 5. The
purpose of Sensitivities is to explore their potential im pact on key characteristics of the transition, e.g.,
supply-side technology and resource mix, costs, etc. The specific Sensitivities that will be modelled remain
under consideration by the NZAu team, and it is not intended that this will include all those listed in Table
5, nor will the Sensitivities be downscaled due to the intensive nature of that work.

Table 5 | Scenario Sensitivities 8 names and descriptions.

Core

Scenario

Sensitivity

Description

Est Export+ Energy exports are linearly increased to 30EJ from 2040 to 2060
E+ Exportl Energy exports decline linearly to 5EJ from 2040 to 2060
E+ Incomplete Export embodied emissions do not need to go to zero (some importing countries may
Export have option of sequestration). 50% export decarbonisation by 2060.
Emissions constaint is applied to domestic emissions in a linear trajectory from 2020 to
E+ Faster . . . .
2040, and to export emissions in a linear trajectory from 2020 to 2050.
Fugitive methane emissions associated with fossil fuel supply chains do not decline in
propo rtion with declining fossil fuel extraction. In the REF Scenario, fugitive emissions
are assumed to respond in proportion to producti on levels; however, this is based on
the assumption that mine sites and extraction wells are rehabilitated in a timely manner.
E+ RE Methane+ By contrast, this sensitivity keeps fugitive methane emissions constant after site closure
with rehabilitation assumed to be defe rred as long as possible/ beyond 2050 where
possible.
In this sensitivity the 20-year GWP forall gases (including k) is applied.
E+ Drivers+ GDP growth 2.5% pa from 2020; population growth 1.5% pa from 2020
E+ Drivers| GDP growth 1.5% pa from 2020; population growth 0.9% pa from 2020
Nuclear power is allowed, with first capacity to serve from 2035 onwards. This requires
E+ RE Nuclear reform in the Commonwealth and some State laws that currently prohibit nuclear power
and the local enriching of uranium. Cost of AU$10,000 / kW in 2035; reducing 3% per
year
. Elevated costs of capital using a multiplier of 1.5 on both inflation and WACC
E+ Cost_of_Capital+ . .
assumptions across all asset categories
Use a less ambitious capital cost trajectory for solar PV. Currently in core scenarios solar
PV undergoes cost learning of 59% between 2020 and 2050 to a 2050 capital cost of
E+ Solarl ~650 $/kW. Wind undergoes 18% capital cost reduction to ~1700 $/kW. Link solar PV

cost learning to the trajectory used for wind, which would give solar PV 2050 capital cost
of ~1300 $/kW .
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Core
Scenario

Sensitivity Description

all core E+ technologies (wind, solar, CCS, electrolysis, DAC) undergo more rapid cost

Ei RE Cost+ . .
reductions (2x assumed learning rate

E+ Transmissionl All interstate transmission is fixed at current capacities for electricity, CH, H2 and CQs.

Additional dry biomass resource available as a result of planting 5 million ha of new
E+/El Biomass+ trees for negative LULUCF emissions. Would be lag in timing of this resource
availability, probably available in ~2045 at earliest.

Greater restrictions on land use. No infrastructure built on lands that have: been
E+ Landusel determined exclusivefor native title , more than 1 threatened species been classified as
rainfed cropping land .

E+ Fossil+ Fossil pricesare increased. Gas prices
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2 Projections of population, GDP growth and other
primary drivers

Demand drivers are the characteristics of society that in part determine how people consume energy.
Examples include popul ati on, metrics of heating
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 these 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, po pulation
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 numb er 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 Energ y Market Operator (AEMO)
2022 Integrated System Plan? 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 &ontinuation of the 2020 § 2050
trend. Table 6 summarises these energy demand drivers used, the related extrapolation method and the
data source.

A visualisation of key drivers is given inFigure 8.
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Table 6 | The twelve energy service demand drivers developed in this work with data source and
extrapolation method if data does not extend over the modelled years (
statistical divisions used to organise ABS data.

Energy
services
driver

Native
geography

Native d ata
years

Extrapolation
method

2020 0 2060). SA2/SA4 refer to

Source

Population people State 2017062066 Not needed ABS, Population Projections,
Australia 2017 (base)d 2066 [8

Gross 2020 AU$ State 1990062050 1.5% per year Historical ABS data [ projections

domestic growth provided in AEMO 2022 ISP

product

Annual hdd SA2 198062080 Not needed Interpolation between different

heating HDD points and assuming 0.25

degree days degrees warming per decade ™

Annual cdd SA2 1980062080 Not needed Interpolation between different

cooling CDD points and assuming 0.25

degree days degrees warming per decade

Median AU$ National 201262018 1.5% peryear ABS, Personal Income in Australid®

income growth

Total number  dwellings SA4 2018 Tied to number  Australian Institute for Family

of dwellings of households  Studies®

Number of households National 195482050 Tied to Australian Institute for Family

households population Studies ¢!

after 2050

Residential m? State 2018 Tied to total ABS, Building Activity, Australial”

floor area dwellings

Total freight 8 tonne-km National 197402018 Tied to gross Department of Infrastructure,

articulated state product Transport, Regional Development

trucks and Communication, Australian
Infrastructure Statisticsfi Yearbook
2020, Table T 4.58

Total freight 8 tonne-km National 197402018 Tied to gross Department of Infrastructure,

light state product Transport, Regional Development

commercial and Communication, Australian

vehicle Infrastructure Statisticsfi Yearbook
2020, Table T 4.58

Total freight 8  tonne-km National 197462018 Tied to gross Department of Infrastructure,

rigid trucks state product Transport, Regional Development
and Communication, Australian
Infrastructure Statisticsfi Yearbook
2020, Table T 4.58

Clinker tonne SA2 202062050 Tiedto Internal calculations 8 based on

production population 1.7% per year growth of domestic

after 2050 cement industry and assumed
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Figure 8 | Projections of GDP and populati on drivers in absolute units (top), and the relative change in
the other 10 energy service demand drivers (middle and bottom) over NZAud modelled 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 tte base currency. All scenarios are underpinned byassumptions 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 generaed, in
acknowledgement of the uncertainty around future costs and technology uptake, by imposing 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 sea6GDbP.ce expenditur

Net-zero transitions are fundamentally much more capital intensive than traditional 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 and low
inflation in relation to energy transition equipment and materials, constructi on services, and labour input
costs.

The assumptins in relation to inflation (as a proxy for economic growth and input cost inflation on the
energy sector) and the Weighted Average Cost of Capital (WACC) used in the model are therefore critical.

3.1 Literature and data sources

Inflation, 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 proportion s that each contributes to the capital formation for the project. 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 (renewable power, clean fuels, transmission, etc.,) ignoring heterogeneity due to
individual project characteristics, with regard to their technology ma turity, location, policy environment,
experience of the developer, depth of supply and end -user market and the approach taken by the
developer, etc.

The following inflation and interest rate trends provide guidance 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 30year transition period, these lending rates and equity returns will vary significantly.

3.1.1 Inflation rate

Inflation in Australia has averaged 4.7% in the 60 years from 1951 until 2021 Figure 9?). It reached a high
of 23.90 percent in the fourth quar tietheseconddquarierof and a r e«
1962. Since 2000 inflation has trended lower, averaging around 2.6% with a high just over 6%, and a low
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during the COVID-19 pandemi ¢ of around 1 0. 3 %yearavarage imd09t Wertherefera t
assume an inflation rate of 2.6% for this project.

Figure 9 | 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 10°! 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 risk-free rate has ranged from the current record low of 0.1% to almost
18% in 1980. The rate has averaged around 3.% 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.

Figure 10| Historical RBA cash rate (risk-free rate) in Australia.
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3.1.3 Businesscredit rate

Figure 11 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 average of just
over 6% since 2000.

Figure 11| Historical large business interest rate (weighted average variable rate on credit outstanding).
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3.1.4 Equity returns

Equity returns are more variable, and as a result are difficult to generalise 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 lower and either in line with, or with a smal premium over the
business credit rate, shown at3.1.3 which is consistent with the recent AER review”
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3.2 Basis of cost of capital assumptions

The WACC for projects is thepercentage 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:

(0] e A Q .o IV
7TV H## —— #] (.3 E | A
o o oo %a-l\l—g H#IUO O A $4ANAD O
For the purposes of the NZAu transition modelling, real WACC assumptions are required for the different
asset categories including:
1 regulated assets (e.qg., electricity transmission and Hand CO; 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 re sources or
elevated permitting risk (combined cycle gas and super-critical pulverised coal with CCS, bioenergy with
CCS, blue hydrogen, green hydrogen, FischefTropsch fuels production, direct air capture, subsea
electricity cables)

1 higher risk generation and production technologie s (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.

Table 7 | Table of proposed Real WACC for project investment decisions across the asset categories in
NZAu Modelli ng assuming an inflation rate of 2.6 % and a corporate tax rate of 30%.

Asset Category 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 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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3.3 Proposed sensitivity

Figure 9 through Figure 11 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. It is therefore proposed that one modelling sensitivity be run to
explore the impact of elevated costs of capital d using a multiplier of 1.5 on both inflation and WACC
assumptions across all asset categories.
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4 Emissions accounting

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

timeframe for meeting the net zero GHG emission target. ™ TheNZAupr oj ect wuses Australiads
National Greenhouse Accounts® 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 UNFCC category and the specific gases included in the

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

12. Table 8 shows that carbon dioxide (CO,)isthe | ar gest contributor to Australie
emissions, but methane (CH,) and nitrous oxide (N2O) are also significant, particularly from agriculture,

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

the various gases are aggregated on a carbon dioxide equivalent bass (CQe) using the 100-year global

warming potentials (GWP-100) contained in the IPCC Fifth Assessment Report (ARS¥ The GWR 100 values

for CH4 and N0 are 28 and 265, respetively. Any update to the GWP-100 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).[?!

UNFCCC category GHG emissions (Mt-COze)

Carbon dioxide Methane Nitrous oxide

Energy 394.5 36.8 2.7 0.0 434.0
Industrial processes 19.4 0.0 2.0 10.3 31.8
Agriculture 2.7 60.7 115 0.0 74.8
Waste 0.0 131 0.6 0.0 13.8
LULUCF 1427 14.8 29 0.0 1251
Total 373.9 125.5 19.6 10.3 529.3
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Figure 12| Historical A ustralian domestic GHG emissions and net zero trajectories modelled in this
work .1
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4.1 Domestic emissions

The net zero scenarios 0fNZAu are constrained to a linear trajectory to net zero domestic GHG emissions n
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 12.

Net-zero emissionsrequires any residual flow of GHG emissions 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 plausi ble contribution to emissions abatement from
the agriculture, waste and LULUCF sectors (outlined irSection 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 miigation 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 basisThese are base on the GHG emissions embodied in a
unit of energy.

Methods, Assumptions, Scenarios & Sensitivities| 25 August 2022



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 caal 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 @ported losses
in the Surat Basin of 0.25% from upstream activities and 0.07% from midstream and transmission ativities.
“ The factor was then calculated to be 1.8kg-COe / GJ usi ng mel@0hf28 and igheGWwaing
value of 49 GJ/t-CH,s. We then incorporate reductions in this fugitive emissions factor, based on concerted
industry effort to mitigate fugit ives. 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 CSGfugitive emissions from the total oil and natural gas fugitive emissions in the nat ional
inventory™ using the above calculated factor and the total CSG produced. ™ The remaining fugitive
emissions in the national inventory were then divided by the tota | conventional natural gas produced, to
obtain a factor of 6.1 kg-CO,e/GJ.Thisfactor 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-COze/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 calculated withan energy content of 10.2 GJ/t for brown coal 8! The black
coal fugitive emissions factor of 2.2 kg-C0O,e/GJ was then estimated as the remainder of total coal fugitive
emissions in the inventory per total energy content of black coal produced Bl.
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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

emi ssions embodied in Australiads energy exports.

fossil fuels (Figure 13), 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 zero in 2060, as shown inFigure 13. A u s tprodudti bnaoBesergy exports is then
optimised, such that the volume of exports (on an energy basis) remains constant at 2019 20 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 -CQOze / 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 foms
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 f ossil 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 [ 8 Nevertheless, our expectation is that any global
warming impact of the hydrogen economy will be small. Additionally, this analysis does not account fo r
GHG emissions associated with international shipping.

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

that some of Australiads trading partner ssjudgerhent not

Austr

achi

has been vindicated to some degree by Chi nen®d078dopti on

However, 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 12 and Figure 13).

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 deliberately exalded 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 13| Left: historical Austr alian 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 in
Fgure 14, 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 neecded 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 transmission builds
between regions.

Fgure 14| 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

topol ogy used in AEMO®&s modelling of the Nati dhThd El ect r
three most populous states & New South Wales (NSW), Victoria (VIC) and Queensland (QLO) each have

more than one modelled region, while the three least populous states/territories, South Australia (SA),

Tasmania (TAS) and the Northern Territory (N'), are modelled each as a single region. The Ausalian

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 nor thern

extractive resource and export hubs.

Thedest i nati on for Australiaf6s export energy flows is mod«¢
has 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 theefore do not differentiate between the various potential
destinations for Australiads energy exports, as the mai!l
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comparable distances from Australia and total shipping costs are typically not strongly dependent on the
distance from port of 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 in sectiort. Energy flows
supplied to the modell ed 6export zoned can come
defined port locations that are discussed 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) Tablel¥: The AES data is @composed by state and territory into
economic sectors according to the Australian and New Zealand Standard Industry Classification (ANZISCH
The EnergyPATHWAYS database (which is described in more detail irestion 7, with the full methodology
described previously®4) uses different categorisations compared to the AES data, and the mapping

between datasets is shown in Table 12.

EnergyPATHWAY'S uses different categorisations of fuel typegompared to the AES and the mapping of

different categories is shown in Table 13.

Table 12| Mappin g Australian Energy Statistics industry cat egories with EnergyPATHWAYS input

database.

Australian Energy Statistics Industry Categories

EnergyPATHWAYS 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 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
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Coal mining
Oil and gas extraction

Other mining

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 chemical and chemical; pdymer and rubber product
manufacturing

Non-metallic mineral products
Glass and glass products
Ceramics

Cement; lime; plaster and concrete

Other non-metallic mineral products



Australian Energy Statistics Industry Categories

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

Rail transport

Water transport @ International bunkers
Water transport & Coastal bunkers
Domestic air transport

International air transport

Other transport, services and storage
Residential

Residential
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EnergyPATHWAYS Industry Categories
Iron and steel

Basic non-ferrous metals

Fabricated metal products

Machinery and equipment

Furniture and other manufacturing

N/A

N/A

Water supply; sewerage and drainage services

Passenger vehicles
Motorcycles

Buses

Light commercial vehicles
Rigid and other trucks
Articulated trucks

Rail transport

International watertransport
Domestic water transport
Domestic air transport
International air transport

Other transport; services andstorage

Resdential 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



Australian Energy Statistics Industry Categories EnergyPATHWAYS Industry Categories

Residential space heating
Residential water heating
Residential lighting
Residential fans

Residential other appliances

Other

Agriculture, forestry and fishing Agriculture forestry and fishing
Construction Construction

Commercial and services Commecial and services

Solvents, lubricants, greases and bitumen 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 Black coal
Coke

Bitumen

Brown coal Brown coal

Coal by-products

Brown coal briquettes

Wood, wood waste Biomass wood
Bagasse

Liquid/gaseous biofuels Biomass/biofuel
Natural gas Natural gas
Town gas

LPG LPG
Automotive gasoline & leaded Gasoline

Automotive gasoline & unleaded

Aviation gasoline

Aviation turbine fuel Aviation fuel 8 (kerosene)
Kerosene and Heating oil Kerosene
Diesel Diesel
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Australian Energy Statistics Fuel Types EnergyPATHWAYS Fuel Types

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 subcategories, or across states. In order to fillin the missing
data for each individual NZAu region, a least norm optimisation was applied. An example is shown below
for iron, steel, glass and wood products.

1 The objective was to minimise: ==L «

o
I+ O

1 subject to: «

1 where:

9 £ T contains the variables being solved for, that is the subdivision of final energy data at the
state level, by sector (Figure 15d)

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

1« is populated with the available data that is aggregated to total state -based final energy (Figure
15¢), and total sector-based final energy (Figure 15b).

=£|
QLD iron anq st eel )
P T[T[T[T[I,In’ VIC iron and n,steTeOIta' i ron lnd steel
U mop poTOT, ::QLD gl ass and :,:gllTaostsalprgoldauSes’E gand tel as s
:n T momop p.:: VI C glass and,’,g:ITQ&"‘?O'Odr oNyd (wooud products
Lf_)[gg[gg[gL'yIQLD wood and woqd proTooJcatlls (\?/II%ILIJ’
’ uwl C wood and whbod prooOL}cats

An example of the sourced (Figure 16) and then adjusted (Figure 16) 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 15| AES Manufacturing energy consumption data before adjustment s (see Note).
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Figure 16| 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, commodity 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 FY Division B-06) was split out into

black and browncoalby st ate. The division 60ther Miningd was spli
using the Resources and Energy Quarterly” These included: Iron Ore, Metallugical 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 opera ted mines, annual production levels, mining

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

reports .51 Where production data was not available for specific mines, the unassigned production was

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

The energy demand for individual mines was either collected from Environmental Impact Statements or
calculated from Run of Mine (ROM) and GHG emissions ROM indicates the total moved material for each
state and commodity and is directly related to the 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
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individual 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 specificenergy usage based on GJ/tROM was back calculated using greenhouse account factors that
were reported in the relevant EIS reports. Diesel and electricity were identified as the major energy sources
and the energy breakdown was reported based on Diesel vsElectricity and Machinery vs Transport for
open-cut and underground mines (Table 14).

Table 14| Energy Breakdown per fuel type and energy serv ice for underground and open -cut mines.
Values presented represent averages obtained across multiple EIS reports . (1053

Energy Underground Open-Cut

GJ/ROM

GJ/t-ROM

Diesel usage breakdown

Diesel for Transport 43% 65%

Diesel for Stationary 57% 35%

Energy type break down

Diesel 0.038 35% 0.346 75%
Electricity 0.07 65% 0.117 25%
Total Energy Demand 0.108 100% 0.463 100%

6.1.2 Decomposition of historical energy demand in the manufacturing
sector

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 Systentr®) 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 datd" organised by ANZSIC classifications!®? was compared and
normalised to USA equivalent >3
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6.2 On-road transport

On-road transport statistics were sourced fromthe Aust ral i an Bureau of Stati
(MVC) for the years 20108 2020, ! and Survey of Motor Vehicle Usg([SMVU) spanning the years 19983
20202 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 accordingto

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 17). The MVCY provides data on this initial stock for each
Australian post code, which was aggregated to the 15 modelled NZAu zones. The initial stock is presented
in Figure 17 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 18. 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 17| Initial stock of on -road transport vehicles, by vehicl e type, fuel type, and state/territory of

registration (see Note).l
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Figure 18| Left: historical Australian on -road transport fuel consumption, and rig ht: historical Australian
on-road transport fuel economy (see Note).[?
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6.3 Buildings

6.3.1 Residential buildings

Existing residential building energy demands were characterised using the 2015Residential Energy Baseline
Study!! 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 > and stock
efficiency sourced from Navigant North Americal®, which allowed the tracking of sales of different
technologies across future modelled years.

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

Residential airconditioning 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
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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 Buildings Survey. Both
of these issues have been acknowledged by otherd® and a new but currently unpublished Commercial
Building Survey is expected to help fill gaps in current understanding.

As a workable alternative, a representation of total commercial building u se 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?.
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6.4 Electricity load shapes including disaggregated rooftop solar
PV

The speciic 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 EnergyPATHWAY SKP) bottom-up process, illustrated in Figure 19. 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 19| Illustration of the bottom -up method u sed 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 the bottom -up demand shapes, has two
components: operational demand met by utility -scale generators (typcally >30 MW); and demand met by
behind-the-meter resourcegparticularly rooftop solar PV generation).

Half-hourly operational demand data were sourced from AEMO for each Australian state and for the years
2014 & 2021 (by financial year, 1 Julyd 30 Jure).>? These halfhourly data were converted to hourly

demand profiles, and are shown for FY2018 inFigure 20, plotted as load/demand durat ion 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 re
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 theepresentative 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 & particularly by
rooftop solar PV generation 8 were then added to the operational demand data to obtain th e 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,
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because these data do not cover FY2018 and all regions, these were not used directly as inputs into the
modelling, but were used as validation for simulations of hourly rooftop PV resource availability, as
discussed below in section9.4. The historical generation duration curves for rooftop solar PV in the NEM
states during FY2020 are shown inFigure 21.

Figure 20 | Electricity operational demand duration curves for FY2018 and the 6 Australian states.
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Figure 21| Rooftop solar PV generation duration curves for FY2020 and the 5 states of the Nat ional
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 previous®® and its application to Australia is summarised in this
section.

The EP model assumes decisiormaking stasis as a taseline.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 develpment
which 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 technologytype, 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 & the characteristics of the energy economy that determine how people consume
energy over time.

2. Technology efficiency 6 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 th at 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 subsectors are in the residential and
transport sectors. For the remaining 32 subsectors, futureenergy services are projected with an energy-only
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 report ed in the documentation for the development of
EnergyPATHWAY &3

For subsectors with technology stock representations, EnergyPATHWAYS determines energy demand for
every year over the modelled time horizon using service demand and service efficiency estimatesA generic
example (data not from NZAu) for the light duty transport subsector is shown in Figure 22. The demand
drivers in this example include population and vehicle kilometres travelled per capita. The energy service
demand & 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 optons 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. Not e tiotdeldys thelsaturaivh of e salesahare switching by 20 years for the
transport sector, and by 60 years for the residential sector, as defined in Sectionl.
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Figure 22 | 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 aergy efficiency 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, which increases linearly tdb15/GJ in 2050. Fuel
switching measures are applied by subsectorand are based on expert judgment and previous experience
% Thesefuel 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, which declines linearly to $5/GJ by
2040. This declining cost trend moves counterto 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 in Table18i s del ayed in the EI Scenar
for the transportation sector, and 60 years for the industry, residential and commercial sectors, as defined in

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

2100 in the EI scenario, buildings and industrial sectol
net-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 inTable 16 constitutes the final energy demand for
the whole of Australia, to be supplied through the provision of electricity a nd 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.

Methods, Assumptions, Scenarios & Sensitivities| 25 August 2022 | 54 |



Table 16| List of all subsectors used in th e EnergyPATHWAYS model for Australia, with details of the

methodology for projecting energy and service demand.

Sector

Subsector

Model

methodology

Projection basis

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 Energyonly 1% per year output growth
Industry Pulp, paper and printing Energy only 1% per year output growth
Industry Other petroleum and coal product Energy only 1% per year output growth
manufacturing
Industry Basic chemical, polymer and rubber Energy only 1% per year output growth
product man ufacturing
Industry Non-metallic mineral products Energy only 1% per yearoutput growth
Industry Glass and glass products Energy only 1% per year output growth
Industry Ceramics Energy only 1% per year output growth
Industry Cement, lime, plaster and concrete Energy only Tied to clinker production estimates
Industry Other non -metallic mineral products Energy only 1% per year output growth
Industry Iron and steel Energy only 1% per year output growth
Industry Basic non-ferrous metals Energy only 1% per year output growth
Industry Fabricated metal products Energy only 1% per year output growth
Industry Machinery and equipment Energy only 1% per year output growth
Industry Furniture and other manufacturing Energyonly 1% per year output growth
Industry Water supply, sewerage and drainage  Energy only Tied to population
services
Industry Construction Energy only 1% per year output growth
Industry Solvents, lubricants, greases and Energy only 1% per year output growth
bitumen
Transportation  Rail transport Energy only 1% per year output growth
Transportation Domestic water transport Energy only Tied to population
Transportation International water transport Energy only Tied to population

Transportation

Domestic air transport

Service and energy

Tied to population and median

income

Transportation

International air transport

Energy only

Tied to gross state product

Transportation

Other transport, services and storage

Energy only

1% per year output growth

Transportation

Passenger vehicles

Stock and service

Tied to population

Transportation Motorcycles Stock and service Tied to population
Transportation Buses Stock and service Tied to population
Transportation Light commercial vehicles Stock and service Tied to light commercial freight

Transportation

Rigid and other trucks

Stock and service

Tied to rigid freight
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Sector

Transportation

Subsector

Articulated trucks

Model

methodology

Stock and service

Projection basis

Tied to articulated truck freight

Residential Residential clothes drying Stock and energy  Tied to total number of dwellings
Residential Residential clothes washing Stock and energy  Tied to total number of dwellings
Residential Residential dishwashing Stock and energy  Tied to total number of dwellings
Residential Residential freezing Stock and energy  Tied to total number of dwellings
Residential Residential refrigeration Stock and energy  Tied to total number of dwellings
Residential Residential IT & home entertainment Energy only Tied to residential floor area
Residential Residential pools Energy only Tied to total number of dwellings
Residential Residential cooktops and ovens Stock and energy  Tied to total number of dwellings
Residential Residential microwave Energy only Tied to total number of dwellings
Residential Residential air conditioning Stock and energy  Tied to residential floor area and
cooling degree days
Residential Residential space heating Stock and energy  Tied to residential floor area and
heating degree days
Residential Residential water heating Stock and energy  Tied to residential floor area
Residential 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

Transportation

Transportation

Transportation

Transportation

Transportation
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Subsector

Passenger vehicles and buses

Motorcycles (*sale saturation is reached in 2035)

Light commercial vehicles

Rigid and other trucks

Articulated trucks

Technology group

Reference
Electric
Hydrogen
Reference
Electric
Reference
Electric
Hydrogen
Reference
Electric
Hydrogen
Reference
Electric

Hydrogen

2020 2040*
98% 0%
2% 90%
0% 10%
97% 10%
3% 90%
100% 0%
0% 80%
0% 20%
100% 0%
0% 70%
0% 30%
100% 0%
0% 50%
0% 50%



Residential

Residential

Residential

Residential

Residential

Residential

Not e:

Residential clothe s washing/drying, dishwashing, = Reference 100% 0%
refrigeration/freezing (*sale saturation is reached . .
. High Efficiency 0% 100%
in 2035)
Residential lighting (*sale saturation is reached in ~ Reference 90% 0%
2030) . -
High Efficiency 10% 100%
Residential water heating Reference 48% 3%
Electric 52% 97%
Residential cooktops and ovens Reference 59% 6%
Electric 41% 94%
Residential air conditioning Reference 100% 3%
High Efficiency 0% 97%
Residential space heating Reference 28% 5%
Electric 72% 95%
The EI Scenario delays the saturation of the

electric/hydrogen by 20 years for the transport sector, and by 60 years for the residential sector.

Table 18| Energy efficiency and fuel switching measures applied for subsectors with an energy -only

representation, for the E+ Scenario (see Note).

Sector

Industry

Industry

Industry

Industry

Industry

Industry

Industry

Industry

Subsector

Agriculture, forestry and fishing;
Textile, clothing, footwear and
leather; Machinery and
equipment; Water supply,
sewerage and drainage services
Other mining

Food, beverages and tobacco

Pulp, paper and printing

Non-metallic mineral products

Glass and glass produce

Ceramics

Basic non-ferrous metals; Other
non-metallic mineral products

Energy

efficiency

1%lyear

1%/year

1%lyear

1%lyear

1%lyear

1%lyear

1%lyear

1%lyear
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Fuel switching

All fossil fuel use is converted to electricity by
2045 (2050 for agriculture, forestry and fishing).

80% of diesel/gasoline use is switched to
electricity by 2045. All remaining fuel use
switched to hydrogen by 2045.

80% of all fossil fuel use is switched to electricity,
and 20% is switched to hydrogen by 2045.

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.

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.

33% of gas use is switched to electicity, and 67%
is switched to hydrogen by 2045.

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.

30% of gas use is switched to electricity, and 70%
of gas use is switched to hydrogen by 2045. All
other fossil fuel use is switched to hydrogen by
2045.

sal es

shar e



Sector Subsector Energy Fuel switching

efficiency

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 1%lyear All non-diesel fossil fuels are switched to

manufacturing electricity by 2045.

Industry Construction 1%lyear 80% of non-diesel use is switchedto electricity,
and 20% is switched to hydrogen by 2050.

Industry Wood and wood products; 1%lyear N/A

Other petroleum and coal
product manufacturing; Basic
chemical, polymer and rubber
product manufacturi ng;
Fabricated metal products;
Solvents, lubricants, greases and

bitumen.
Industry Cement, lime, plaster and N/A N/A
concrete
Transportation  Air transport (domestic and 1.5%l/year N/A
international)
Transportation ~ Water transport (domestic and 1%lyear 100% of international shipping switched to
international) ammonia by 2050. 67% of domestic shipping
switched to ammonia/hydrogen and 33%
switched to electric by 2050
Transportation  Rall N/A 90% of fossil fuel use is switched to
ammonia/hydrogen and 10% switched to electric
by 2050
Residential IT & home ent ertainment; 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 All gas and diesel use is switched to electricity by
2045
Note: Fuel switching measuresaren ot appl i ed to any current biomass use.

Scenario is delayed 20 years in the transportation sector, and 60 years in thandustry, residential and commercial
sectors. The Reference scenario assumes 0.5% efficien@yprovement 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 wastas 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
Emissions from agricultural soil, application of nitrogen to soils.

Land use, land use change Net emissions from activities occurring on forest lands, forests converted to other land
and forestry 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 abusiness as usual (BAU) future, which assumes stas 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.

The BAU trajectory i s us e &ctioml), NHethed\8M tragetteryicusedmalls cenar 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 produ ction and livestock activities, focusing on
methane and nitrous oxide emissions. However, it only accounts for carbon storage changewithout
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 againg each 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 proje cted for the agriculture, LULUCF and waste sectors.

Emissions trajectory Narrative descriptor

0Bus itases s al  Emissions are projected forward using 2019 as the most recent year of reported emissions

(BAU) data. While GHG emissions vary with changes iragricultural 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
emissionsare difficult to measure and to manage, and there are many contradictory
arguments for how agricultural production 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 GH G

measur es 0 ( emissions. The logic behind thistrajectory is that there will be pressure from the supply
chain to reduce agricultural GHG emissions, plus incentives 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 fertiliser management, and emerging technologies,
such as methane inhibitors and vaccines, that are expected to be avdable 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 techno logy
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 & the relative concentration pathway to a
2100 radiative forcing value of 8.5 W/m? (RCP8.5f & together with the expectation of imp roved agricultural
production throu gh 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 ) o f A u s%greanhduse gas (GRI®) Inventory!
Of this, enteric methane is the largest source of GHG emissions making up72% 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 of agricultural residues (<1%),
and rice cultivation (<0.1%) make up the remainder of agriculture emissions.

Sectors covered can be ranked by emssions from around 47% of GHG emissions from the beef sector,
followed by 18% for the sheep sector, 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 cdton industry.
Final GHG emissions are made up of 2% Cg& 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 tha t are a feature of many
global climate change mitigation pathways .2 %

8.1.1 Dairy Industry

The dairy industry GHG emissions accounted for 10% (7.3Mt-CQO,e) of agricultur al 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-COze for
manure management and lastly 0.2 Mt-CQze for irrigated pastures. Further information on emissions from
enteric fermentation is provid ed by Black et al/¥ and nitrous oxide emissions from fertiliser application by
Eckard et al®® 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 20) emissionsl®!

The dairy industry expanded throughout the 199008s but
Millennium drought have impacted it, with severe droughts affecting almost all region s in Australia between

2002 and 201078 According to the literature, the long -term droug ht 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 23) reflect these industry trends.
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Figure 23 | Historical (1990 6 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 23 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 constant 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 @ an anticipated increase in milk yield per cow,
which would result in a decrease in emission intensity of dairy cattle activity.[*11213

The WMM trajectory includes the effect of three different strategies:those aimed at reducing emissions
from 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).l241518]

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

S 2019
C:;;C;y GHGs 2035 2040
(Mt-CQCze)
) 50% 50% 50% 50% 50% 50%
Enteric . L L L Lo L
PR 6.3 reduction in reduction in reduction in reduction in reduction in reduction in
10% of herd  50% of herd  80% of herd  87% of herd  93% of herd 100% of herd
50% 50% 50% 50% 50% 50%

Manure reduction, reduction, reduction, reduction, reduction, reduction,
1.0 15% 32% 49% 66% 83% 100%

management . . . : . )

adoption adoption adoption adoption adoption adoption

rate rate rate rate rate 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
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The next strategy targets manure management. We project emissionsreduction 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
Australia unless strongly 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.!7 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 CO,).*8 Table 21
lists our assumptions of gradual uptake of CAPswith 100% of emitted methane captured when adopted 1
suggesting that emissionsfrom dairy cattle manure management can be reduced to 0.02 Mt-COelyear 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. Thesebenefits include reduction of nitrogen
loss through leaching and volatilisation, increased dry matter yield, and decreasedoverall costs for the
farmers with a reduction in fertiliser application rates!?*?! The projected plausible fertiliser strategy then
encompasses management options and technologies currently available to farmers or deemed as current
best management practice in Australia. TheWMM trajectory assumes that SRF reduces pD emissions by
30%, a decrease from 0.17in BAU to 0.12 Mt-COze from irrigated pastures in 2050.

8.1.2 Pasture-fed beef industry

The Australian pasture fed beef industry is a significant contributor to GHG emissions in Australia, with an
estimated emission of 35.3 Mt-COse 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 relat ed 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 mortality rates.?2 With
the reduction in female cattle slaughter and improvement of seasonal conditions, producers have since
rebuilt th e herd somewhat, to approximately 26.4 million head by the end of 2020-21 encouraged by
reasonable saleyard prices and strong international demand.?2??

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 in Figure 24. 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 CH, fermentation emissionsin this industry by estimating
the plausible effect of dietary supplementation of 3-NOP for grazing ruminants, based on the experiencein
the literature 442528 Here we assumethat when 3-NOP is fed, CH, emissions decreaseby 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 wdie 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 24. In modelling the effect of 3 -NOP on methane emissions, we estimate that the
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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-COse), as shown inTable 22.

Table 22 | GHG mitigation assumptions used in the WMM for the beef ca ttle industry.

2019
GHGs 2025 2030 2035 2040
(Mt-COze)

Source

category

40% 40% 40% 40% 40%
Enteric 323 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 24 | Historical (1990 6 2019) and projected (2020 6 2050) beef sector GHG emissions, for both the
BAU and WMM trajectories .
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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%dllowed by NSW (37%), Victoria (39%) and Western

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

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

inputs for the sector, such as grain and feed production. In the last 20 years, the sector shifed from
6opportunisticd operations in times of poo-qualgydeets on al
all year round to satisfy market demand, as producers seek to increase the value of their product?”

Because of this shift, grainfed 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 grain-fed 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. Weassumed the Australian
herd size will remain constant based on the historical trend, so that in the BAU trajectory, enteric CH
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emissions and manure management of lot fed beef cattle start from a baseline of 2.4 Mt-CO,e 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.!*!

The WMM trajectory projects the reduction of m ethane emissions through the adoption of 3 -NOP in
intensive feeding systems. According to the literature 24?829 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 wasassumed to
have 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-COse (80% reduction), resulting in higher efficiency production.

For the projection of manure management emissions in the WMM trajectory, methane capture with
covered anaerobic ponds CAPs was again selected as a feasiblmethod 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.

Source 2019
cniEmEny GHGs 2035
(Mt-CQze)
80% 80% 80% 80% 80% 80%
Enteric 207 reduction in  reductionin  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 reduction reduction reduction reduction reduction reduction
15% 32% 49% 66% 83% 100%
management . . . : : :
adoption adoption adoption adoption adoption adoption
rate rate rate rate rate rate

Figure 25 | Historical (1990 6 2019) and projected (2020 & 2050) feedlot sector GHG emissions, for both
the BAU and WMM trajectories .[3
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8.1.4 Sheep Industry

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 wool demand, competition from substitute synthetic fibres,
and the Millennium Drought that contributed to a s teeper 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 of173
million head to 69 million in 2019, and are now projecte d to remain relatively stable 4

The BAU trajectory therefore depicts that the flock size would remain constant, thereby halting the previous
downward trend, as shown in Figure 26. Acoording 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%.2
However, we assumed a decrease 0#10% in methane emissions, with an adoption rate that reaches 50% by
2050, as listed inTable 24. While this compound offers a great mitigation 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 in  dustry

Source 2019
Sy GHGs 2025
(Mt-CQze)
40% 40% 40% 40% 40%
Enteric 13.04 : reduction in  reductionin  reductionin  reduction in  reduction in
fermentation 1% of the 10% of the 20% of the 35% of the 50% of the
flock flock flock flock flock
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Figure 26 | Historical (1990 6 2019) and projected (2020 6 2050) sheep sector GHG emissions, for both
the BAU and WMM trajectories. 3
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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 53 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 their production efficiency to remain in the industry and resulted in the
swine industry becoming decoupled from dai ry and grain, leading to a more stable herd size*3

Australian pig housing can be classified into three different types: outdoor, conventional, and deep litter,
which employ various manure management systemst4 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 ismainly 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 2

The BAU trajectory is projected to remain at a constant level (1.64 Mt-COselyear), 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 inFigure 27, 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, emissions 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).
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Table 25 | GHG mitigation assumptions used in the WMM for the swine industry.

Source 2019
S GHGs 2025 2030 2035 2040
gory (Mt-COze)

100% 100% 100% 100% 100% 100%

M reduction reduction reduction reduction reduction reduction

anure

management 15% : 32% : 49% : 66% : 83% : 100%_
adoption adoption adoption adoption adoption adoption
rate rate rate rate rate rate

Figure 27 | Historical (1990 6 2019) and projected (2020 & 2050) swine sector GHG emissions, for both the
BAU and WMM trajector ies.
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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 ©o6dbackyardd producers and | ar gdlyintebratedi | v oper at i
enterprises or Ointegrator6 systems that consistently i/
production was achieved through improved genetic selection, nutrition, and husbandry and the

development of processing technologies 7 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 recentlyshifted 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 lanb) .28 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 o ver the last few yearst® We considered these historical records, in
addition to the estimated emissions from the national inventory report [ 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 will remain constant.
Despite the growth in domestic consumption of Australian chicken meat, we assumed a flatline in emisions
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then caused by improved production efficiency with the employment of best management practices when
handling and storing poultry litter and manure to reduce GHG emissions.

The WMM trajectory proje ctions 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 manureto air with a capture efficiency
of 100% of CH, emissions. Likewise, we assume a gradual uptakeTable 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 demorstration of economic advantages under local
conditions to encourage farmers >

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

S 2019
Ot“rce GHGs 2025 2030 2035 2040

category (Mt-COse)
100% 100% 100% 100% 100% 100%
reduction reduction reduction reduction reduction reduction

Manure 15% 32% 49% 66% 83% 100%

management . . ) : . .
adoption adoption adoption adoption adoption adoption
rate rate rate rate rate rate

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 [40] 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 0.4 Mt-CO.e. In contrast, the WMM trajectory projects
a 40% reduction in N,O emissions (Figure 28), 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 assumptions used in the WMM for the cotton industry.

Source 2019
category GHGs 2025 2030 2035 2040
(Mt-COve)
40% 40% 40% 40% 40% 40%
. reduction reduction reduction reduction reduction reduction

;qurf:;r'c 0.4 10% 70% 100% 100% 100% 100%
adoption adoption adoption adoption adoption adoption
rate rate rate rate rate rate
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Figure 28 | Historical (1990 6 2019) and projected (2020 & 2050) cotton industry GHG emissions, for both

the BAU and WMM trajectories. 3

07 0.7
06 0.6
’a.
o 05 0.5
<
204 04
v
[
°
803 03
E
[ah]
202 0.2
o
0.1 0.1
0 0
O o F W 0O oS WO NS WO NS W00 Y WO S WO
QD O O D O 0 90 90 0 ddd dd ool oodoedo o0 0o oo S Od S S S w
o g g v O O O O O O O O OO0 o0 o o o oo oo oo OO o oo o
L B B B Y oV o B o O ot B o B oY I o I oV s I S e O o B ot I ot I o I oY IR o I o ¥ I oV I o I o B S I S S e B |
BAU Cotton Industry WMM Cotton Industry
8.1.8 Sugar Cane Industry
The Australian sugarcane industry is one of the

all raw sugar produced being exported as bulk raw sugar, primarily from Queensland. In 2016, around 4,0®

farms grew sugar cane on approximately 380thousand hectares. The distribution of sugar industry
production is about 95% located in QLD and 5% in NSW, withgr ower s6 f ar ms and

mi

along 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.

The production of sugar cane relies heavily in the application of large amounts of inorganic nitroge n
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 emissons. This is of particular concern in Australia
where the nitrogen pollution of sugarcane cropping is sign ificant due to inefficiencies caused by

wo r |

mismatched nittogen s uppl y and cr op de ma n ditrogenaccunmalatignaphasea n e 4 s

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 lost nitrogen from volatilisat ion 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 rdease or

nitrogen stabilisation in urea with polymer coating *%

The BAU trajectory reflects the historical trend of GHG emissions, where the 1990 level was from 0.80 to
around 0.6 Mt-COse in 2019, a decline of 24% with existing harvesting management practices. Figure 29
shows the estimated reduction in the WMM emission trajectory of 40% (to 0.4 Mt-COe in 2050) through

the plausible application of SRF, with assumptims listed in Table 28.
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Table 28 | GHG mitigation assumptions used in the WMM for the sugar cane industry.

2019
Source GHGs 2025
category (Mt-COse)
40% 40% 40% 40% 40% 40%
reduction reduction reduction reduction reduction reduction
Inorganic
fertiliser 0.6 10% 70% 100% 100% 100% 100% of
adoption adoption adoption adoption adoption adoption
rate rate rate rate rate rate

Figure 29 | Historical (1990 6 2019) and projected (2020 & 2050) sugar cane industry GHG emissions, for
both the BAU and WMM trajectories. 3
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8.1.9 Projections of agriculture emissions trajectories

Figure 30 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.
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Figure 30 | Historical (1990 0 2019) and projected (2020 8 2050) agriculture sector GHG emissions, for

both the BAU and WMM trajectories .U
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8.2 LULWUCF

Inrecent years Aust r alusexliange,lara forkstry (W UCF) saatodhas been a net sink of
carbon dioxide emissi MirBQe indhe @0dUGHG invegtonyiiamhile Eepabn. 1
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 possibé through reforestation, affo restation, reduction of deforestation, and sustainable
management of forests.

This section on Australiads LULUCF emissions comprises
GHG emissions/removals within each LULUCFategory; 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 44

8.2.1 Historical trends in net LULUCF emissions

Australiads national greenhouse i nvoethetlandugesandchangest s f or
among:

1 forestland

1 cropland

1 grassland

1 wetland

1 settlements

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

Figure 31 presents the historical (19906 2019) GHG emissions from the various land types and use changes

that make up the total LULUCF GHG emissions iwentory M. We discuss these categories below.

Figure 31| Historical (1990 8 2019) GHG emissions from the various land types and use changes that
make up the total LULUCF GHG emissions
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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-CQO.e in 2019,
as shown in Figure 31.11

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-COselyear or 30%
of total GHG emissions in the base year of the Kyoto Protocol (1990)*4 Between 1990 and 2019, a long
term 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-COyelyear 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 yers (20L062019), an

esti mat ed avMtiCag/eear hals bebndrd@noved 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!#44% |t can be seen in Figure 31 that net CO, removal in land converted to
forest land increased to maximum levels between 2011 and 2017 due © the previous establishment of
timber plantations in 1990-2007. However, this sirk 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 .[8]

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 20116 2017, due to the
lag of several years between planting and the maximum rate of removals for a newly established plantation
as it matures.*s!

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 d marginal plantations to other land uses,
leading to a reduced capacity of the national plantation estate to support emissions removals. In 2019,
around 12,000 ha 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 crieria 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
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forests; plantations established prior to 1990 (that do not qualify for afforestation/reforestation under the
Kyoto Protocol); and privately-operated native forests. From datain 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 | and vWi-C@e ih 2DB0. 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 otheruses andforest land remaining forestland categories in recent years, as

shownin Figure3l. As a supplementary effect, Australiads total
rapidly and, to some extent, keeping a relatively constant timber yield despite the decline in harvests from

native forests.[4950

Figure 31 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 CQ,, but fluctuates considerably with prevailing climat e 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 perid, 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 estimatedtohavecont r i but ed a Mi€6e in 2009kwhictfis alsignificant
reduction on the 1990 level of +25 Mt-CO,e. 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 grasslandremaining 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 vegetatiot! Grassland
remaining grassland accounted for anetsinki n 2 0 1 Mt-6Ce. T 5

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 mangro/es, are also accounted. The wetlands category was
estimated as a net source of 4Mt-COe in 2019 and has remained relatively steady since he 1990s!

Emissions/removals from the settlements remaining settlements category, account for very small net GHG
emi ssions | ev£ing019. This edlimate Mdm@riSes net changes in sparse woody vegetation
around urban infrastructure ! Although settlements have a very small sequegration capability, urban
forests have in recent years played a role in the overall net increase in carbon sequestratiorf*®5°54
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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, ishe
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 LUWUCF 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 & 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 32 presents the historical and projected LULUCF emissions for the BAU trajectory. Théorest 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 curren t policies. Theland 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 futu re, with annual net emissions in each of these categories being equal to the average of the
previous 10 0230Bpanmd emis@dhd Dhigs 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 32 also shows the total net emissions from the LULUCF sector for the BAU trajectory. It shows that

the LULUCF sector is projected to be a small net source of emis®ns in 2020 with +9 Mt-CO,e, and
gradually becomes a s ma IMi-COueeltshosld be koteth that (#ojeétifg pharitation 1 2
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 business as-usual conditions, based on current evidence and expectations.
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Figure 32 | Historical (1990 6 2019) ard projected (2020 6 2050) BAU GHG emissions from the LULUCF
sector.
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With mitigation measure s

Figure 34 presents the historical and projected LULUCF emissions for theWith Mitigation Measures (WMM)
emissions trajectory. Here, weproject that land clearing in the forest converted to other land sescategory
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 estalished to reduce land clearing rates. This approach is consistent with the
recent Australian Government commitment in Glasgow COP26.

Within the land converted to forest landcategory we project that d with a concerted effort & the balance of

new commercial plantations, conversion of plantations to agriculture, environmental plantings and human -

i nduced natur al regeneration results in i nMtCeaimed car bol
2050, as shown inFigure34. Thi s r epr es e n tMt-C@®of andudl sequesiratian by 10501

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 trees 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 33 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 33 also shows the resulting net negative
emissions trajectories (WMM) from this enhanced sequestration in trees, as compared with the BAU
trajectory.

We assumethat these new tree plantings will be located predominantly on land designated by the ABS as
land mainly used for cropping and improved pastures which 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 enlanced sequestration would have minimal impact on farming
production, through strategic placement of vegetation on agricultural land. In addition, there are some
potential co-benefits, such as addiional potential revenue streams, mitigation of wind erosion ,
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improvement of dryland salinity, and improved livestock production through the provision of stock shade
and shelter.3

Figure 33 | (left) the assumed annual rate and cumulative area o f 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 trajectary. These categories are not subject

to significant mitigation effort, as they are, in general, small contributors to tota | net LULUCF emissions, and
are therefore projected to be equal t68019) aneual@missiors g e

Figure 34 also shows the resulting net emissions from the LULUCF sector for the WMM trajectoy. It shows
that, with these mitigation measures discussed above, LULLLF i s proj ected t Mt-GCGe a
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 34 | 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 Austr al i ads
inventory, and this is predominantly composed of emissions of methane from anaerobic digestion of
organic matter ! The total GHG emissions from this sector have progressively decreasedy 10%

(3.2 Mt-CQzelyear) over the last decade.”

Table29|Li st of the waste subsectors accounted for i
classification, together with details of the emissions source .

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 sol id 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 ac ctblu2019ehe lafestrof i n

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

NZAubd BAU emissions trajectory projects waste sector emissions to be 14Mt-COselyear from 2020 to 2050,
as shown in Figure 35. This assunes 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 inFigure 35 is used in all NZAu modelled
scenarios. This implies that the residual 14Mt-CO,e/year from the waste sector needs to be offset by
negative emissionsin other sectors.
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Figure 35 | Historical (1990 0 2019) and projected (2020 d 2050) GHG emissons from the waste sector, by
specific sourcel,
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8.4 Combined projections

Figure 36 presents the historical (1995 6 2019) and projected (2020 6 2050) net GHG emissions from the
agriculture, LULUCF and waste sectors, for thd8AU trajectory. The emissions trajectories are shom by
state/territory (left), UNFCCC sector (middle), and specific GHG type (right). Net engsions are shown bythe
black line. This shows that under BAU future conditions, agriculture, LULUCF and waste emissiond which
include CO2, CH4, N20 & are projected to reduce slightly to +92.0 Mt-CQO2elyear by 2050.

Figure 36 | Historical and projected net GHG emissions from the agriculture, LULUCF and waste sectors,
for the BAU trajectory.
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Figure 37 presents historical (19950 2019) and projected (2020 & 2050) net GHG emissions from the
agriculture, LULUCF and waste sectors, for th&VMM trajectory. The emissions trajectories are shown by
state/territory (left), UNFCCC sector (middle), and specific GHG type (right). Net emissions are shown by
theblack line. It can be seen that a concerted effort to ad opt plausible mitigation measures 0 particularly
the active abatement of methane emissions from agriculture and enhanced CO; sequestration through new
tree planting & the net emissions are projected to reach +19 Mt-CO.elyear 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 37 | Historical and projected net GHG emissions from the agriculture , LULUCF and waste sectors,
for the WMM trajectory.
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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 Plaf! and the
WA g o v er mimderoftS§ssem Plarf? A summary of these cost projections is shown in Figure 38 by
NZAu zone, with costs assumed to be constant from 2050 to 2060. This workalso characterises all existiny
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 projedions of international crude oil prices. Since NZAu examines deep decarbonisation

pat hways, it is appropriate to source these prices from
detailing their modelled Net Zero by 2030 scenariof! These oil prices are also shown inFigure 38, with units

converted to 2021 AU$/GJ, and with prices assumed constant from 2050 to 2060. We also characterise the

capacityand | ocati on of Australiads existing Geelong and Lyt:t
modelling as initial existing energy infrastructure.

Figure 38 | Black and brown coal cost and imported oil price projections used as input to NZAu
modelling .23 Qil 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 39. These values
are sourced from t he d$EagethhastraliavGags Market Madefliargl she Weastérn
Australia Gas 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 declining
conventional natural gas production in the Cooper Basin and the Bass Strait, as discussedurther 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 4,000 PJ/year distributed across the country, existing CSG extraction capacity is

1,400 PJl/year located in QLD and NSW, and existing LNG capacity is 4,40BJ/yea, located in QLD, NT and
WA. We also apply a constraint to any modelled future gas extraction activity, that approximately maintains
the current proportional distribution of natural gas production between Western Australia and the rest of
the country.

Figure 39 | Natural gas capex (left) and opex (right) production cost compo nent inputs to NZAu
modelling. (4*]
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9.2 Renewable availability traces

Onshore renewable traces (generation availability profiles) are praduced by simulating generation from
potential solar PV and wind projects at selected locations in Australia, and are required to represent the
temporal variability of ele ctricity generation in highly carbon -constrained, sector-coupled energy systems.
The process of producing these renewable traces follows the steps laid out in Figure 40, and involves the
selection of locations, the sourcing of weather data, the selection of model parameters for use in NZAu, the
simulation of wind/s olar PV projects at the selected locations, and the aggregation of traces from individual
wind/solar proje cts in a region into a representative regional wind/solar PV trace for use in RIO.

Figure 40 | NZAu process of producing rene wable traces.
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9.2.1 Preparation Steps

Select locations

Simulation locations have been selected using the solarPV 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 capadty in the NZAu supply curve, with fewer sites being selected in regions where the NZAu
supply curve has less capacity.

Source weather data

Climate data used in solar PV simulations is sourced from the NREL Natioal 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)
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1 elevation (e).

Weather data used in onshore wind simulations is sourced from the Australian Bureau of Meteorology
Atmospheric high-resolution Regional Reanalysis for Australia (BARRA) dataset! 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 WINDU-COMP (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 Fixedtilt at site | atitude NA
tracking
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 mount NA
temperature estimation [3] sheet, open rack
Shadow derating factor no Yes =(1-e”( - (altitude of the NA
sun / weibull_| ) ** 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 identif ied 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:
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1 the climate data sets used for the simulation (The last complete financial year available in theBARRA!
dataset is FY2018 and the first avéable 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 PV simulation parameters were benchmarked against the reported annual FY capacity
factors of existing utility -scale solar PV systems (known tchave experienced little or no curtailment during
the FY)®! A discussion of the benchmarking for the ro oftop PV can be found in section 9.4.

Wind simulation parameters, including most notably the wind power law exponent, wer e benchmarked
against the capacity factor map supplied by Geoscience Australi&! and Briggs et all*® 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:

T 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 al*®) at each simulation site using the
wind power law!

ind power | aw exponent

wind speed Watndlﬁmmedﬁt 10m

T estimating the power output for a 3.6 kW turbine (maximum considered in reference study and
capacity factor layer*®l) having a hub height of 150 metres (100 metres for offshore) at each
simulation site, using the bounding power wind -speed curve datd”

1 estimating the hourly (and annual average) capacity factor of the turbine by dividing the estimated
power output by the turbi nedskWiaaachhoumand theméakingout put of
the average over the entire year)

1 comparing the estimated annual average capacity factor with the capacity factor for the site in the
Geoscience Australia supplied capaity factor layer at a 150 metre hub height®, or with the Briggs
et al*™ 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.

9.2.2 Validate simulation process

To validate the simulation process, the NZAu modelling team ran simulations at the sites of existing wind
and solar farms. The atual technical parameters of existing projects (e.g. hub height, turbine model) were
used in these simulations when such data was &ailable. Figure 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 | Validati on 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 simulatio n 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 ae performed for every hour of the simulation
year at every selected simulation site and consist of:

3 calculating solar angles (azimuth, zenithangles)*®

4 calculating angle of solar radiation incidence using utility -scale solar PV parameters (orientation and
panel azimuth) and the solar angled'!

5. adjusting the NSRDBY reported DNI for the an gle of incidence,*? and the shadow derating factor
6 adjusting DHI using the NSRDBY reported DHI and GHI, solar angles, and orientatior*?!

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

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

% estimating the temperature derating using the utility -scale solar PV parameter fnodule type,
temperature derating constant, standard conditions cell temperature), and the NSRDBY reported wind
speed and air temperaturel!

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)

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 Far 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). Represertative 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 traes 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 simulation locations are geogrghically 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 WA south.
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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 t races 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 d 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.
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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 transmission costs 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 ifrigure 46, and applies to both
onshore and offshore CPAs.

Figure 46 provides an overview of entire VRE supply curve creation process followed in NZAu, with different
colour boxes highlighting the portions of this process de scribed in this section (green), transmission costing
described in section 10.6 (black), capital costing of VRE projects described in sectionsl0.1and 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

1. Select endpoints for each transmission
type

Capital costs of
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Uses project

3. Select and prepare routing and costing Supply Curve chara(_:te.ristics and
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estimate LCOE and

compare projects

4. Route and then cost transmission lines

5. Generate transmission supply curve(s) for Costs of transmission
use in RIO for projects

6. Downscale RIO results by selecting and ]
mapping projects from the supply curve J'

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 ea ch 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
Non-irrigated farms 6 Land Majority dthe  95% exclusion 95% exclusion NA
Cover Typel (implemented in majority value
downscaling) of the CPA
Determined and scheduled Majority 95% exclusion 95% exclusion NA
parcels 8 National Native Title
Tribunal Type @ (implemented
in downscaling)
Population Density B! Mean & the <100 people/km ? <100 people/km 2 NA
mean value (domestic); <0.1 (domestic); <0.1
for the CPA people/km? over SA2  people/km 2 over SA2
area (export) area (export)
Threatened Species Richnes¥! Mean <10 species <10 species NA
Elevation/ocean depth B Mean NA NA 0to -60
metres =
Fixed bottom;
61 to I
metres =
Floating
platform; > -
1000 metres =
not allowed
Capacity Factor [ (for export Mean NA Exclude < 0.28 Exclude < 0.45
only)
Distance to nearest existing VRE Distance Exclude <5km until Exclude < 5km until NA
project assumed retirement assumed retirement of
of existing site existing site
Overlap with other NZAu CPA Overlap Must overlap wind Must overlap solar PV NA
(for export only)
Distance to node for export Distance < 200 km < 200 km < 300 km
energy aggregation 9 straight
line
Aggregate population at nearest  Sum Project availability in the supply curve will be NA

load destination (for domestic
only) [

limited in proportion to the aggregate

population at nearest load centre as well as
the aggregate popul ati
largest load centre.

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.

The limiting of project avail ability based on populations at the nearest load destination builds on prior work

from Pr iNetzero America(NZA)project®t he Nat ur e CRowesd PlaceaWespyoieat

and t he Pr i nc BEPEApProga.t)dhelmathod is only 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
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capacity factor projects near to remote load centres (especially those that are not connected to the NEM or
SWIS) from dominating supply curves that should largely serve distant and much larger cities.

Figure 47 shows the location and capacity factors of the projects with the lowest levelized cost of capital
(LCC) (payment functon using the NZAu Weighted Average Cost of Capital) left in the solar PV (2.3 TW) and
onshore wind (1.4 TW) domestic wind supply curves after applying all filters in Table 31.

Figure 47 | Location and capacity factors of projects left in the solar PV (2.3 TW) and onshore wind (1.4
TW) domestic supply curves after applying all 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 in the solar PV (7.1 TW) and onshore wind (1.9 TW)
export supply curves after applying all filters in  Table 31 (note that m_cf_noloss represents the mean
capacity factor with no losses).
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Figure 49 | Location and capacity factors of projects in th e offshore wind domestic (2.4 TW) and export
(0.2 TW) supply curves after applying all filters in  Table 31 (note that 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)

A
B

Renewable supply curves are combined with the capital costs of renewable projects (section10.1 and 10.2)

and transmission |

supply.

osses

as

part

of

t he

r iengof eaengy | i

This integration of the supply curves into the RIO modelling first involved comparing the valu e of the solar
PV capacity factor layef®? with actual data from 21 sites over the years 20178 202119 (when available and
without curtailment). 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%A more robust treatment of solar
PV capacity factors for Austrdia would involve using Himawaril*!! data to generate a new capacity factor
layer for NZAu. This however is a substantial undertaking which is expected to yield marginal kenefits.
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9.4 Rooftop solar PV

NZAu6 s macale modelling 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 ! This postcode data is then aggregated to NZAu zone level and used as the initial capacity
input to the modelling. Figure 50 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 50 | Historical installed capacity of rooftop solar PV by state/territory [,
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Projections of future rooftop solar PV capacity across Australia have been undertaken by CSIROZ] and
Green Energy Markets (GEM¥! which are both inputs to the AEMO ISP NZAu uses the same assumptions
as the | SP&8s Ne obashputtotheInddsodscadeanedelbng; namely the average of the
CSIRO and GEM mjections of rooftop solar PV. This input is shown in Figure 51 (left hand side), again by
state/territory, but is used by NZAu zone in the modelli ng. The disaggregaion 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 growth 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 51 (right hand side)
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Figure 51| Projected installed capacity of rooftop solar PV by state/territory 2% and capital cost. !
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To incorporate the contribution of rooftop solar PV gen:

to historical aggregate system load shapes (see section6.4), hourly rooftop PV generation & and therefore
also annual generation @ is simulated following a similar method to that discussed for utility -scale solar
generation (section 9.2). That is, the same source of historical solar radiation data is usef! for the same
FY2018 reference year, and the same combination of simulation step& 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 PV.!Y 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 locati on (the centroid of the geographic shape of
each postcode selected)d 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 ofl

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

The average of the 10 postcodesd simulated normalised g:¢
the NZAu zone. Figure 52 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 normali sed profile by the
FY2018 monthly installed capacity, and

2. asinputinto RIO for modelling of future rooftop solar PV generation (with the normalised p rofile
multiplied by the projected future capacity of rooftop solar PV in Figure 51).
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Figure 52 | The annual capacity factor (left) and a select 7 -day hourly profile (right) of rooftop solar PV
generation in South Australia during FY2020, showing t he comparison between simulated mean (of top
10 post-codes) and actual data.®
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9.5 CO, geological storage capacities and unit ¢ osts

Carbon capture, utilisation and storage (CCUS) refers to a suite of techniques which either capture C@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 fro m the atmosphere. The Net-
Zero Australia study has adopted a similar analytical framework as the Net-zero Americastudy, in which
CCUS was one of the si 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 costsof 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 mod els.

9.5.1 Literature and data sources

Australi a i s prospective for the deployment of CCUS,
geological storage basins?®! An overview of the geological storage basis in illustrated in Figure 53.

Figure 53 | Overview of Australia's sedimentary basins and the Carbon Storage Taskforce assessment of
their suitability for CO , storage.?
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Australia’s basins ranked for CO2 storage potential (NCMIP, 2009, Figure 18)

The Gl obal CCS I,Sterage ResdureeiCataldyid? 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 being classified as contingent, 13.40 Gigatonne inaccessible (sub
commercial) and the balance being prospective.®l While these figures are estimated using the Society of
Petroleum Engineers Storage Resources Management System (SRMS), they do not shed light on the GO
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storage capacity likely to be commercialised, with less than 0.1% of the total resource having been
appraised as Ostoragoedi agentéss than 4% as Oc

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 [+ 3

This connection between static and dynamic estimates of CQ storage capacity is illustrated in Figure 54.
Two important messages are implied by this CGO; storage capacity pyramid. Firstly, capacity estimates
reduce as we advancethe evidence for storage capacity through different classifications. Secondly, how
much the capacity estimate reduces is uncertain and could in fact be negligible.

Figure 54 | Modified version of CO , storage capacity pyramid (Gar nett!® 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 Americastudy. For that other study, CO,
transport costs were estimated using published guidelines and models were developed for the US by the
Department of Energyés Natiorm Energy Technol ogy

A challenge for establishing a CO, sequestration supply curves is that they are reliant on the availability of
subsurface geological data sets, exploration and appraisalresults and engineering and field development
studies. Such activities caninvolvesee r al years to a decade of explrt
Limited studies of this type have been undertaken in Australia. Notable exceptions include the following
projects which have successfully conpleted site appraisal and 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.

f  Chevron Gorgon projecton Barrow | sl and in Western Aust Padkiads

notional capacity appraised & 4 Mtpa, status d operational, integrated CCS project for natural gas
processing.
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f CarbonNet project i n ¥inotibnalrappmises camiity dsMtpm, sttusBa s i n
awaiting CO, capture project opportunities.

f Santos Moomba project perBasi8Y ndidnal dppraised caphditygd®.5 MtEap o
status 0 awaiting FID on integrated CCS project for natural gas processing.

§ CTSCo project in Qu&eaatsnhl apprdised cafhcity &2t5 Mipa awaiting 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 55.

Figure 55 | Overview of Australia's sedimentary basins showing C O, storage appraisal sites.
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Australia’s basins ranked for CO2 storage potential (NCMIP, 2009, Figure 18)

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 dtransition, notionally 2035, we reviewed project information in the public
domain including media reports and elicited the views of a v ariety of expert views with experience

developing CCS projects. The latter included four project operators, along with Prof Andrew Garnett (with
prior experience of CO; projects at Shell, Schlumberger Carbon Services, Queensland Geological Survey and
ZeroGen) and Dr Christopher Consoli (Senior Consultant, Storage at the Global CCS InstituteAppendix A.2).
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-year period) and overallnotional st orage costs were developed.
(exploration, appraisal and permitting), unit development costs (wells, local distribution pipelines and

facilities), operations (operations and maintenance) and compliance (measurement monitoring, verification
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and reporting). We have also constrained the target basins to the locations in which current CO, appraisal
activities have been indicated plus the Browse and Bonaparte Basins due to the development capabilities of
oil and gas operators in those locations.

Notional capacities and unit costs are also based on expert elicitation and, where available, sitespecific
analysisi* © These will be applied to the E+, E, and RE+ scenarios. Upside case estimates are based on a

simple assumption that 50% of the P10 estimate of capacities publishedbyAus t r al i ads 2009 Car bon

Taskforcd? are able to be fully appraised and developed, resulting in the ability to inject safely, steadily and
cost-effectively into a formation over a 50 -year period. The upsideestimate will be applied t o t he RET
scenario, to a scenario 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 TechnolCoOmya Road
competitive benc lpmssionkHub teanspof &nd staCagen!

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

Basin name Storage resource Appraised Potential capacity in | Unit costs of
P10 (Mt-COy) capacity o 2035 storage

2021 est. (Mt-CQylyear) (AU$/t-COy)
(Mt-COylyear) BN EIMNELSLEN 5 Note 1

Gippsland Offshore 30,100 5 50 301.0 10
Cooper/Eromanga Onshore 15,700 24 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 116,600 150 1166

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 potential bioenergy demand in the recent Australian Government Bioenergy Roadmag® The CSIRO
estimates observe resource use constraints that avoid clearing of native vegetation, minimising impacts on
domestic food security, retaining a portion of agric ultural 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 thesetypes of biomass in each of 60 statistical divisions
(administrative areas) across Australia for 2010 and projected to 2030 and 2050.

NZAu uses the Crawford et al/? estimates for the 2010, 2030 and 2050 availalility of crop stubble, native
grasses,residuesfrom plantation and native forest processing, and municipal solid waste, with the resource
for the interme diate years then calculated as a linear interpolation of this data. Figure 56 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 significant

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 eachmodelled timestep, and that variations across 5-year
timesteps are the result of the resource availability analyses performed by Crawford et al!? Furthermore,

whil e Queensl and and Ne wur&aswnot mcoiaated lsefe fobnavghdosnsrgy r e s o
practice, its continued 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 2600PJ/yeartheoretical resource potential quoted
in the recently published Australian Government Bioenergy Roadmapl®. This is becaug our estimates
observe technical and sustainable resource constraints that will naturally preclude a significant portion of

any theoretical bio-r esour ce apprai sal . I n addition, the Bioenergy
potential demand for bioenerg y of 559 PJ/year by 2030 and 870PJ/year by 2050 in their most ambitious
060Targeted Depl oyment 6 s c bdldAadrbioenergywnekourcetestimaes.al i gned wi t h
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Figure 56 | Annual Australian biomass resource availability by biom ass 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 biomas s 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 12/GJ for
municipal solid waste and 6, 8 and 10$/GJ for all other biomass types/®
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We al so not e t ha alsuatairmblerbemassaadadalility OFtgwren56)irepresents a significant
difference between the NZAu and the Net Zero Americd” studies. Net Zero Americasourced biomass

availability and costdatafrom t he U. S. De par t mBilioh Too $tud§®h whictypyoliided 2 0 1 6
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 are 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 hiomass resource (whether

through 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 cont r ikg-C®/Gh less ang CASsapturmetficiendy lossé¥! be 1 89
Fossil fuels used in the production, collection and transport of biomass fuel are also accounted for

elsewhere n 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 >

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, biodiversity and local

industries, and will also need to manage any environmental and social impacts of large-scale change in land

use or management* 112 A further consideration for the use of biomass for bioenergy , is the competition

for food and feed crops. AsaresultNZAud s bi of uel resource inputs mostly con
organic matter, which are less likely to provide significant competition to existing agriculture and forestry
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industries. The use of these waste streams may even beomplementary to current agricultural and forestry
production through the establishment of new revenue streams *¢13 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 -prod uct.[*3

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 Australi a*¥ This resource is comprised of urban waste, agricultural crop residues,
livestock residues and food processing residues. Of these resources, tle 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 th e need for fertilisers and agricultural production processes and will be subject to land use
competit ion [14-15]

NZAu therefore constrains the annual amount of biogas available in each region to that available from
urban waste, livestock residues and food processing esidues, which is approximately 50PJ/year, as shown
in Figure 57.

Figure 57 | 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 and upgrading 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 *>!¢ 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 ['115 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. This is possible by diverting biowaste feedstocks to anaerobic digestion and avoiding manure and
waste handling that otherwise results in methane emissions!*?” There is significant value in avoiding these
met hane emi ssi on s latgvelwhgmglobabwatmaapoténsial. m addition to avoided
methane emissions, the solid by-product of anaerobic digestion & the digestate 6 can be used to displace
fossil-derived mineral fertilisers, thereby also avoiding GHG emissions associated withtheir energy-
intensive production .*'7 This provides further justification for using wet waste streams as the major
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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:

" the NEM ar e s ourlotegcted System PlajfE spexiically the 2020-21 Inputs,
Assumptions and Scenarios report and workbook,?

1 the Western Australian SWI'S are sourced fFam t he WA go

T theNorthern Ter r i t o r Kaherin® AliceASprings and Tennant Creek power systems are sourced
from the Utilites Co mmi s s i o n Nofthermn Teeritony Elécsicity Outlook Repot.!

The current installed capacity of existing technologies is shown in Figure 58, presented according to
technology type and regional distribution (i.e., NZAu zone). This work considers only projects listed as
existing 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 expcted to
come into operation in 2026 with capacity of 2.04 GW/343 GWh?

It can be seen from Figure 58 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 capured by the projections of ener gy demand outlined in Section 7.

Figure58s hows the nati onal &Wefcdar(blackiandprowniis lbcatedingust o& . 4

NZAu zones while other resources are distrbuted across the modelled zones, with most zones having at

|l east some wind and solar capacity. Austr aNewSoite hydroel
Wales alpine region and Tasmania. Batteries have recently been deployed in the SA and VI@vest zones,

with their energy capacity (or 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 59 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 60, 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 incorporat es thermal efficiency and capacity factor
data from the various planning studies >34 Figure 61 presents the capacity-weighted thermal efficiencies of
the existing thermal plant, noting that in the modelling, each existing plant is gi ven its own thermal
efficiency. We also observe a 75% maximum capacity factor for NSW coal plant, basedn data in the 2022

| SP, which oOrepresent a number of factors such®Pas coal
To avoid coal plant (existing and any new) running at extremely low capacity factors, we also apply a
mi ni mum capacity factor of 10%, so that <coal pl ant are |

electricity is less thanthis minimum capacity factor.
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Figure 58 | Existing installed capacity of electricity technologies, by NZAu zone.
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es, based on the

[2,3,4]

Figure 59 | Maximum yearly installed capacity of currently existing electricity technologi
70

expected retirement year listed in the various planning studies.
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Figure 61| Capacity-weighted thermal efficiency of existing electricity generation technol  ogies. 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 62 shows the
distribution of this installed capacity by state. NZAu includes all this existing capacity and does not allow
any new, non-pumped hydroelectric generation.

Figure 62 | Regional distribution of installed h ydroelectric capacity.
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For the existing sites, a daily generation envelope isdeveloped by considering historical average and
minimum/maximum generation data sourced from AEMO & Figure 63 shows the average historical
generation in each month over the years FY20158 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 w hich hydroelectric generation is used as peaking
generation. Hgure 64 presents the mean historical capacity factor of eachday against the maximum and
minimum (normalised) generation in any hour of that day for the existing hydroe lectric plant aggregated to
their regions. Each data point represents a day in the years FY201% FY2020. These scatter plots are used to
determine the constraints on maximum and minimum hourly generation, which are shown in Figure 65.
These scatter plots show that NSW and VIC hydro are used as peakingjeneration, more often than
hydroelectric generators in TAS.
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Figure 63 | Monthly hydroelectric generation budget, based on average historical generation.

Fgure 64 | 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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